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Life comes from light and so does human civilization. In our vocabulary, the terms 
optics and photonics were coined to describe light. Indeed, the evolution of human 
civilization goes hand in hand with optics and photonics; particularly, since the 
invention of the laser in the last century, optics and photonics have progressed 
extremely rapidly and influenced human civilization significantly. Today, our daily 
lives as we know them wouldn't be possible without optics and photonics, a fact 
that has moved the United Nations (UN) to declare 2015 the International Year 
of Light and Light-based Technologies (IYL 2015). Hopefully, this will help the 
light-based technologies to be promoted even further in solving the global prob-
lems concerning energy, education, agriculture, health, environment, etc. One of 
the most effective ways to achieve these goals is to provide updated and reliable 
content on the subject to the public, which is the aim of this book.

As opposed to covering all fields of optics and photonics, instead, the book will 
highlight a number of currently interesting topics that might be useful for further 
research and development. In Part I we present the latest developments concerning 
optical thin films and metamaterials. Optical thin films play a vital role in optics 
and photonics, and without them the two fields might well not be where they are 
today. We introduce the theory of and manufacturing technique for a gain layer 
to make coatings with reflectance greater than 100 %, then describe a method for 
producing large useful coating areas of filters for DWDM with record-breaking 
uniformity, better than +/−0.003 % over an area of 50 mm in diameter. We exam-
ine the design and production of antireflective coatings with hydrophobic and 
hydrophilic characteristics, residual color to decorate solar cells and blackness, 
then illustrate the advantages of coatings with a negative refractive index layer. 
Monitoring is the key technique to accomplishing new designs and is extremely 
important in the coating process; accordingly, five advanced monitoring methods 
are proposed.

Metamaterials are artificial structures designed for controlling electromagnetic 
and acoustic waves or fields, and exhibit exceptional properties that are unexpected 
on the basis of their chemical constituents. These properties lead to some fasci-
nating phenomena such as negative refraction, sub-wavelength imaging, and field 
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enhancement. A simple review on metamaterials research and discussion of the 
problems that still need to be resolved round out the second part of Part I (Chap. 2).

Since the invention of the laser in the 1960s of the last century, several kinds 
of lasers have been produced. A recently developed rare-earth-elements-doped 
fiber laser stands out for its special characteristics, such that of a movable focus-
ing element for material process; its compact size, which makes it easy to install 
in a device; tunable spectrum and high output power; diffraction-limited and high-
quality optical beam; low cost, etc. In this context, femtosecond Yb-doped fiber 
oscillators and amplifiers are the most important candidates, and their theory and 
development are examined in Part II (Chap. 3). Here, we demonstrate high-power 
femtosecond fiber lasers employing diode-pumping as well as novel mode-locking 
techniques for fiber-based oscillators. In fundamental mode, the ultimate fiber laser 
system generates a peak power of over 45 kW and burst pulse energy of 350 nJ. Its 
harmonics have peak powers of 6.7 kW (532 nm) and 0.6 kW (266 nm). The gen-
eration of a supercontinuum using noise-like pulses propagating through ~100 m 
of single-mode fiber in the normal dispersion region with a low threshold (43 nJ) 
and flat spectrum over 1050–1250 nm is also illustrated.

The optical free-space transmission scheme has recently been developed to pro-
vide high-speed and secure wireless connections, and visible light communication 
(VLC) systems in particular have proven to be a suitable candidate for delivering 
these wireless connections between fiber backbone networks and mobile devices. 
Therefore, a modern VLC communication system based on laser pointer lasers (LPL) 
for providing high transmission rates and long free-space links is introduced in Part III 
(Chap. 4). Different technical aspects of VLC, which include enhancing the transmission 
data rate, mitigating optical background noise, achieving a bi-directional transmis-
sion, and using AC-LED for VLC are demonstrated. In Chaps. 5–7, we subsequently 
propose a novel approach to nonlinear distortion compensation employing the sub-
carrier-to-subcarrier intermixing interference (SSII) cancellation technique in the con-
text of an electroabsorption modulator (EAM)-based orthogonal frequency-division 
multiplexing and intensity-modulation-direct-detection (OFDM-IMDD) transmis-
sion system. In order to develop the universal transmitters for the next-generation 
wavelength division multiplexing passive optical network (WDM-PON), the color-
less weak-resonant-cavity Fabry-Perot laser diode (WRC-FPLD), which is injection-
locked with the help of a highly coherent master laser is used, reducing the relative 
intensity noise peak at 5 GHz by 18 dB and increasing its throughput frequency 
response by 5 dB. This enhances the signal-to-noise ratio from 10.5 dB to 18.9 dB  
and the on/off extinction ratio from 10.4 dB to 11.4 dB, enabling the error-free on-
off-keying (OOK) transmission at 10 Gbit/s with a requested receiving power sensi-
tivity of −15 dBm at a bit-error-rate (BER) of 10−9.

Given their energy efficiency, longer service life, comparative environmental 
friendliness, and compact size, the light-emitting diodes (LEDs), are now utilized 
in many fields, such as lighting, displays, interferometry, biophotonics, biomedical 
applications, agriculture, transportation, art and decoration, communication, safety, 
and in the military, and will eventually replace, at least partially, the traditional  
fluorescent lamps and high-pressure halogen lamps, making them an important 
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new light source. The key issues concerning LEDs for high lumen/watt efficiency 
are the internal quantum efficiency, light extraction, heat dissipation, and device 
packaging. Several techniques for addressing these issues, such as substrate pre-
treatment, nano-pillar sapphire substrate, structure design with graded quantum 
wells, quantum dots, nano-particles and novel electron blocking layers, epitaxial 
technology, Joule heating minimization, transparent conductive layer patterning, 
and improved packaging and light extraction are described in Part IV (Chap. 8).

The depletion of fossil energy sources and dramatic change in our climate 
have sparked a new interest in renewable energies, with solar energy being one 
of the important among them. As solar cells are used to harvest solar energy and 
directly convert it to electricity, Part V (Chap. 9) discusses in great detail several 
types solar cell, including inorganic and organic variants. Recent advances are also 
briefly described.

Over the last few years, advances in display technology have greatly benefited 
people in their work and daily lives, and it would be fair to say that “displays” 
are among the most important and ubiquitous devices in today’s society. One of 
the most essential elements for display is liquid crystal technology. In addition to 
displays, liquid crystals are also an important component applied in many optics 
and photonics context, such as holographic gratings, beam steering, q-plates for 
shaping laser beams, photo-alignment technology, optical attenuators, bio-sen-
sors, lenses, polarization convertors, spatial filters, lasers, etc. The physics of liq-
uid crystals and essential device skills, as well as the emerging new type of liquid 
crystal displays, are described in Part VI (Chaps. 10–12). Novel applications of 
cutting-edge liquid crystal technology in 3D displays, non-display applications 
and biomedical technology are also proposed (Chaps. 13–15).

Nanophotonics have opened up a new research field and allow us to manipulate 
light at the nanometer scale with characteristics that may not be limited by the 
physical and chemical composition of natural materials or the diffraction limit of 
electromagnetic waves. Now that highly interesting fundamental research works 
have been published, scientists and engineers have started searching for potential 
applications. In Part VII (Chaps. 16–25) several novel applications are illustrated 
such as plasmonic nano-lasers, nano-structure light-emitting diodes, one-dimen-
sional photonic crystal nanowires with small footprints and ultrahigh Q-factors, 
nano-structured waveguides with slow light effect, thin films with a negative 
refractive index, anti-reflection with nano-structures for solar cells, high-sensi-
tivity plasmonic biosensors, etc. We hope the illustrations in Part VII will inspire 
people to pursue further cutting-edge breakthroughs in nanophotonics.

The principles and applications of the interactions between photons and biolog-
ical samples have recently been established as a field of study and are collectively 
referred to as biophotonics. Many novel photonic technologies and molecular 
probes have now been developed, making it possible to carry out multi-modality 
studies with unprecedented spatial and temporal resolutions that provide not only 
structural, but also functional information. In Part VIII (Chaps. 26–29), we pre-
sent a brief historical/chronological overview to highlight the key technological 
developments in four specific biophotonics techniques based on laser microscopy, 
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namely, Fluorescence Life-time Imaging/Foster Resonance Energy Transfer 
(FLIM/FRET) Microscopy; Optical Coherence Tomography (OCT); Super resolu-
tion Microscopy, and Harmonic Generation Microscopy, all of which have made 
tremendous strides in the last decade not only in terms of their technological 
development, but also in niche biological and biomedical applications.

Chung-Li, Taiwan, June 2014 Cheng-Chung Lee
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Chapter 1
Thin Film Optical Coatings

Cheng-Chung Lee

© Springer Science+Business Media Dordrecht 2015 
C.-C. Lee (ed.), The Current Trends of Optics and Photonics,  
Topics in Applied Physics 129, DOI 10.1007/978-94-017-9392-6_1

1.1  Introduction

Optical thin films are widely used and increasing their importance in nearly all 
technologies of optics and photonics. They not only improve the optical perfor-
mance of optical devices, but also are vital parts in optical operations. The films 
can be composed of dielectric or metallic materials or a combination of the two. 
The optical thin films discussed in this chapter mainly have a thickness on the 
order of wavelengths so that optical interference take place, although some are in 
nano scale and come out from the interaction between electromagnetic waves or 
photons with electrons in the media and quantum effect has to be considered.

There are many thin films have been applied in optics and photonics, from daily 
consumer goods to defense and scientific research. The examples are thin films 
for cell phones, lattices—invisible touch panels, digital cameras, binocular tele-
scopes, CD and DVD, projection TV, TFT LCD display, fax machines, eyeglasses, 
sunglasses, telecom, LED, Organic LED (OLED), solar cells, smart windows, 
green buildings, head-up displays, E-cars, security, anti-counterfeiting on docu-
ments, currency notes, decorations, telescopes, aircraft, satellites, interferometers, 
microscopes, fluorescence analysis, plasmonics and biosensors, lasers, nonlinear 
optics, ultra-short pulse laser mirrors, laser fusion, nanotechnology and meta-
material, etc., covering the spectral ranges from IR to EUV. In terminology those 
coatings are described as anti-reflection, anti-glare, transparent conduction, high 
reflection, omni-directional coating, beam splitting neutrally, color separation, 
UV-IR cut, polarizing separation, non-polarizing filter, long-wave pass, shortwave 
pass, band pass, band stop or minus or notch or rugate filters, gain flatten, chirped 
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Thin Film Technology Center/Department of Optics and Photonics,  
National Central University, 300 Chung-Da Road, Chung-Li 32001, Taiwan
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mirrors, high power laser, interferometry, lighting, display, optical  communication, 
 security, energy conversion, colorimetry, thermal management, biophotonics, 
structural and stratified films, etc.

Although powerful thin film software is very helpful to design an optical thin 
film assembly to meet the specification through modern numerical synthesis and 
refinement techniques, the basic theory of optical thin films is still the essential. 
Some theoretical aspects of optical interference coatings are developed essen-
tially for scientific interest, others are required for progress in optics and pho-
tonics. However, the techniques to manufacture thin film interference coatings 
were developed to satisfy the needs of best performance in optics and photonics. 
Therefore the challenging requirement in theory and fabrication from optics and 
photonics are never stopped, particular when nanotechnology, quantum dots and 
meta-material are concerned.

In this chapter we are not intend to cover all topics, instead, some current 
technologies about theory, design and manufacture of optical thin films will be 
described.

1.2  Extra-High Reflection Coating with Negative 
Extinction Coefficient

A simple metallic film, such as Ag and Al can also act as a high-reflection coat-
ing. However, to have low absorption it is necessary to have an all-dielectric multi-
layer. One may find in nature such as the shell of abalone, scales that any periodic 
system of stratified layers with alternating high and low refractive indices will 
give high reflectance, but only the quarter-wave stack has the highest and broad-
est reflection zone. This is the basic structure for high reflection mirrors and laser 
cavity mirrors. The basic design of a quarter-wave stack is S/H(LH)p/A, where S is 
the substrate, A is incident medium, air in general case, and H and L indicate the 
quarter-wave layers of high and low band filter for DWD. The equivalent refrac-
tive index of the quarter wave stack, nE, can be expressed as in (1.1), where nS, nH, 
and nL are the substrate index, high and low layers’ refractive indices, respectively. 
It is easy to find that the higher the p, the higher the reflectance, R, from (1.2)

Accordingly, the maximum of R is 0.99999…. but can’t equal to 1, not even 
greater than 1. Recently, an extra-high reflector, eHR, by using multilayers with 
a negative k, commonly referred to as gain layers was demonstrated that R can be 
greater than 1 theoretically and experimentally [1].

In theory, the admittance locus of a perfectly dielectric single layer always 
traces clockwise and forms a circle while an absorbing layer shrinks the circle to 

(1.1)nE = (nH/nL)
2pn2H/nS .

(1.2)R = [(1− nE)/(1+ nE)] [(1− nE)/(1+ nE)]
∗.
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form a vortex [2]. Instead, the admittance locus of a gain layer expands the circle 
and spirals anticlockwise when the locus on the left side of the complex plane [3]. 
Figure 1.1 shows the admittance locus of a gain layers with refractive index 
n = 2.57, negative extinction coefficient k = −0.2 and optical thickness 30H 
deposed on a substrate with refractive index 1.515. The locus starts from point A, 
passes to negative side of real part of the admittance axis at point B where the 
reflectance is greater than 100 % and ends at point D.

The gain layer was fabricated by embedding CdS quantum dots in a dielectric, 
SiO2, layer. The effective k value is around −0.0008, as shown in Fig. 1.2 [1]. 
Let L′ be the gain layer and deposited as the last second layer of a conventional 
quarter wave stack, (HL)8 L′H. Admittance locus of L′ turns from a conventional 
clockwise direction into an anticlockwise one. The magnification of the square 
area of the sub-diagram demonstrates that this transition occurs in the gain layer 
after a conventional high reflector, HR, as shown in Fig. 1.3. R is greater than 1 at 
wavelength 393 nm as shown in Fig. 1.4 for HRs (HL)8 L′. To push R even higher, 
a H layer is added as the last layer: (HL)8 L′H.
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Fig. 1.1  a Admittance locus of a gain layers with refractive index n = 2.57 and negative 
k = −0.2; b Corresponding reflectance, R, is great than 1 after point B

Fig. 1.2  Refractive index 
and negative extinction 
coefficient of SiO2 layer with 
CdS quantum dots [1]
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A gain medium has a negative extinction coefficient at a specific wavelength. Such 
unusual behavior does not violate energy conservation. The extra energy at emission 
wavelength is generated by the down transition owing to the discrete energy levels 
of quantum dots, explaining why some of the energy associated with shorter wave-
lengths is transferred to longer wavelengths. Figure 1.5 indicates the energy transfer 
mechanism. This phenomenon implies that the media provided extra absorption and 
gain at some specific wavelengths. The application of gain layers is very forward-
looking, such as efficiency increase in solar cell [4–7] and LED [8], LD [9], display 
[10], biology [11] and a loss compensation layer for metamaterials [12–14], etc.

Fig. 1.3  Admittance 
locus of (HL)8 L′H turns 
from a conventional 
clockwise direction into 
an anticlockwise one. The 
magnification of the square 
area of the sub-diagram 
demonstrates that this 
transition occurs in the gain 
layer, L′, after a conventional 
HR [1]

Fig. 1.4  Gain layer L′ 
improve the reflectance [1]

Fig. 1.5  Extra energy at 
emission wavelength is 
generated by the down 
transition owing to the 
discrete energy levels of 
quantum dots
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1.3  Narrow Band Pass Filter for Optical Communication 
with the Half-Peak Bandwidth in Order of Nanometer

One of the techniques to increase the channels so that more optical carrier sig-
nals can be multiplexed into a light stream and transmitted on a single optical 
fiber is utilizing subnano-bandwidth narrow band pass filters, the so called dense 
wavelength division multiplexing/demultiplexing (DWDM) technology. The 
design of such filters is based on Fabry-Perot type filter HR-Sp-HR, where HR 
is a high reflector which is made of quarter stacks, (HL)qH or (HL)q and Sp is a 
multiple half-wave layer called a spacer, m2L or m2H. The center wavelength λ0 
is determined by the optical thickness of the spacer nd and reflection phase shift 
of HRs φa and φb as indicated by (1.3), while half-peak bandwidth Δλh is differ-
ent for high and low refractive indices spacers and dependent on the order m and 
refractive indices of layers as expressed by (1.4) and (1.5), respectively [2].

Taking an mth order spacer, we obtain a filter: S/H(LH)pm2L(LH)pHL/A, where 
the last layer L is an antireflection coating layer. It is called a single-cavity filter 
and is approximately triangular in shape. To have a square top and sharp edge, 
we need multiple cavities, as is the case for example in a three-cavity filter: |HR
|Sp|HR|L|HR|Sp|HR|L|HR|Sp|HR|, where L is the coupling layer. Figure 1.6 
depicts the spectra of the single (S), two (D) and three-cavity (T) narrow band-
pass filters.

(1.3)
1

�0
=

1

2nd
·
(

m +
φa + φb

2π

)

(1.4)
∆�h

�0
=

4n2x−1
L nS

mπn2xH
·

(nH − nL)

(nH − nL + nL
/

m)
for a low - index spacer m2L;

(1.5)
∆�h

�0
=

4n2xL nS

mπn2x+1
H

·
(nH − nL)

(nH − nL + nL
/

m)
for a high - index spacer m2H.

Fig. 1.6  Spectra of single 
(S), two (D) and three-cavity 
(T) narrow band-pass filters
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Another approach to design a narrow band pass filter is using the theory of 
symmetrical combinations of films and the Herpin index, derived by Epstein in 
1952 [15]. The equivalent of a symmetric stack with long period such as [(L H L 
H L H L H L H L H L H L H) L (H L H L H L H L H L H L H L H L)]3 changes 
very rapidly such that only a small range of wavelengths can have high transmis-
sion. Therefore, such a symmetric assembly potentially can be a narrow band pass 
filter. Adding matching layers H L H L H L H L H L H L H L H L on both sides of 
above symmetric assembly, creates a narrow band pass filter for dense wavelength-
division multiplexing (DWDM): S/H L H L H L H L H L H L H L H L[(L H L 
H L H L H L H L H L H L H) L (H L H L H L H L H L H L H L H L)]3 L H L 
H L H L H L H L H L H L H/S. The spectrum is shown in Fig. 1.7a. There are 
two dips in the pass band, yielding features like rabbit ears, which are due to the 
mismatch of refractive index between the symmetric assembly and its surround-
ing media. An absentee layer, a multiple of half-wave layer, sometimes called a 
flattening layer, such as 4H may solve this problem. By adjusting the symmetric 
assembly and adding 4H in the assembly, the design becomes: S/H L H L H L H 
L H L H L H L H[(H L H L H L H L H L H L H L H) L (H L H L H L H L H L 
H L H L H)(4H H L H L H L H L H L H L H L H) L (H L H L H L H L H L H L 
H L H 4H) (H L H L H L H L H L H L H L H) L (H L H L H L H L H L H L H L 
H)]H L H L H L H L H L H L H L H/S. The spectrum is shown in Fig. 1.17b. The 
rabbit ears are eliminated [16].

The fabrication of such narrow band pass filters for DWDM is very rigorous. 
Any tiny error may ruin the filter. A narrow band pass filter with layers thick-
ness error 0.0001 will destroy the optical performance as show in Fig. 1.8. The 
solid line is the designed spectrum and the three dash lines are with standard 
deviation 0.0001. Figure 1.9 indicates the spectra of a 5-cavity narrow band pass 

Fig. 1.7  Narrow band pass filter designed by using symmetric layers: a S | H L H L H L H L H 
L H L H L H L[(L H L H L H L H L H L H L H L H) L (H L H L H L H L H L H L H L H L)]3 
L H L H L H L H L H L H L H L H | S, λ0 = 1,500 nm; b S | H L H L H L H L H L H L H L 
H[(H L H L H L H L H L H L H L H) L (H L H L H L H L H L H L H L H) (4H H L H L H L H 
L H L H L H L H) L (H L H L H L H L H L H L H L H 4H) (H L H L H L H L H L H L H L H) 
L (H L H L H L H L H L H L H L H)]H L H L H L H L H L H L H L H | S [16]
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filter with thickness error 0.0005, 0.001 and 0.005 at the last spacer. All of these 
explain the thickness error tolerance is very tight. Fortunately, by using error self-
compensation effect through turning point optical monitoring, cutting layer with 
sensitive monitoring wavelength and in situ error compensation, [16–20] we are 
able to manufacture DWDM filter successfully. Figure 1.10 shows the  comparison 
of designed and fabricated 5-caity narrow band filter for DWDM. The Half-
maximum bandwidth Δλh at 3 dB is less than 0.8 nm as required.

Since filters for is extremely sensitive to the optical thickness error in each 
composite layer. Therefore to have large useful coating area is extreme difficult 
because of the uniformity problem. For 100 GHz DWDM filters the uniformity 
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must be better than ±0.005 %. The tooling factor, that is ratio of the optical thick-
ness deposited outside the center to the optical thickness deposited at the center, of 
high and low layers at the different positions are different as indicated by Fig. 1.11 
that makes coating a large useful area even difficult.

To enlarge the useful coating area it is necessary to improve the design and 
the fabrication of DWDM filters. By using an etching technique on the deposit-
ing layers with oxygen ion and a new technique, shaping tooling factor, STF, 
100 GHz DWDM filters, S/L(HL)5 H10LH(LH)5 [L(HL)6 H10LH(LH)6]3 L(HL)5 

Fig. 1.10  Narrow band pass filter for DWDM, a design; b comparison of design and fabrication 
(courtesy of Apogee Optocom Co., Ltd., Taiwan)
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H10LH(LH)4 L′H′/Air have been successfully fabricated with the uniformity bet-
ter than ±0.003 % over an area of 50 mm in diameter and better than ±0.0006 % 
over a 20 mm in diameter as illustrated by Fig. 1.12 [21].

Since the half-peak bandwidth Δλh is determined by the refractive indices of 
layers as indicated by (1.4) and (1.5), Δλh is can’t be arbitrary. This sometimes 
will be a problem to make narrow band pass filters for DWDM, coarse WDM, 
CWDM and 4-skipt-0, etc. By adjusting the coating parameters such as the Ar 
flow of an ion source in an E-gun in an ion-assisted deposition, IAD, process, 
to vary the refractive index of the thin film material, one is able to fine tune the 
bandwidth of a narrow band pass filter to an arbitrary value [22]. The fabrica-
tion results are shown in Fig. 1.13 for 4-skipt-0 and CWDM narrow band pass 
filters.

1.4  Antireflection Coating (AR Coating)

Almost all optics components need anti-reflection coatings not only for increase 
transmission, but also to eliminate image deterioration due to ghost images and 
glare. Therefore there are millions of pieces of anti-reflection coatings are processed 
every day, not including other huge-volume anti-reflection coatings for non-imaging 
systems, such as solar cells for light absorption and LEDs for light extraction.

In theory a single-layer with a refractive index n =
√
n can make reflectance 

R = 0. However, there is no robust material where n as small as 
√
n. Therefore we 

need multilayers of alternating TiO2 or Ta2O5 or Nb2O5 and SiO2 to reduce the 
reflectance. Coated glasses and plastics are much clearer in transmission than an 
uncoated pair as shown in Fig. 1.14a, b [23]. However, there can still be a residual 
magenta or green color in reflection as shown in Fig. 1.15. Figure 1.14c shows a 
green residual color of an antireflection coating on plastics glasses. Coated optical 

Fig. 1.11  Tooling factors of sources Ta2O5 (solid line) and SiO2 (dash line)
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Fig. 1.12  Spectra of the 100 GHz filters measured every 5 mm from the center of the substrate: 
a fabricated by conventional method; b by modified method; c distribution of the center wave-
length on a substrate [21]
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Fig. 1.13  Narrow band pass filter with arbitrary half-peak bandwidth: a Sketch of the 4-skip-0 
[22]; b measured 4-skip-0 filter; c measured CWDM filter (courtesy of Apogee Optocom Co., 
Ltd., Taiwan)
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surfaces in, for example, camera lenses, will frequently display some residual 
color and this is taken as an indication of the presence of an antireflection coating, 
no other instruments being necessary for its detection.

To remove the residual color usually implies more layers. Alternatively, an 
inhomogeneous or gradient index layer has also been proposed. As we under-
stand that a single layer with gradient-refractive-index can represent a broad-
band wide-angle anti-reflection coating [16, 23, 24]. Such examples occur in 
nature, the moth eye for example. Researchers have fabricated such films by 
plasma etching [25, 26], nano-imprint lithography to produce a pyramid array 
[27], constructing an array of subwavelength-sized features in the form simi-
lar to a moth eye [28]. Alternatively, utilize negative refractive index layer may 
have a broader band and wider angle low reflection, if the negative refractive 
index layer could be realized [29]. The material with negative refractive index 
sometimes called as metamaterial which is not easy to fabricate on the conven-
tional substrate with current technology unfortunately. Coatings designed with 
negative refractive index layer has been will be illustrated in Sect. 1.5. More 
description about material with negative refractive index will be addressed  
in Chap. 2.

Nevertheless, in some cases, we may take residual color for decoration. 
Figure 1.16 shows colored solar cells with different colors without too much loss 
of efficiency by adjusting the thickness of the layers for antireflection. That gives 
color appearance of the solar cells. Those solar cells are now in production and 

Fig. 1.14  Uncoated glasses a and coated glasses b and c, c has residual green color in the reflec-
tion [23]

Fig. 1.15  Antireflection 
coating with residual 
magenta and green colors

http://dx.doi.org/10.1007/978-94-017-9392-6_2
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have been installed on the roof of the China Pavilion at the Shanghai World Expo 
2010, 2012 Yeosu Expo, Italy Bari Airport, Ontario, Utah University, etc.

The anti-reflection and anti-glare coatings to reduce the annoying disturbance 
from external sources such as bright ambient lights, and to enhance the contrast of 
the images for the screens of flat panel displays need an absorbing layer combined 

Fig. 1.16  Colored solar cells with different colors installed on the roof of China Pavilion at the 
Shanghai World Expo 2010 (courtesy of LOF Solar Corp., Taiwan)
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with dielectric layers such as Cr/CrOx, Fe/FOx, ITO/SiO2, TiNOx/SiO2 [30], and 
TiNxWy/SiO2 [31] To keep the screen free from contamination, as well as easy to 
clean with a soft cloth or tissue, a hydrophobic coating has been suggested. The 
hydrophobic coating should have low surface energy. Usually, the water contact 
angle should be greater than 110° [32]. Perfluoropolyether polymers modified 
with organofunctional silanes have been developed to present a hydrophobic sur-
face [33, 34]. However, the durability of such material still needs to be improved. 
Alternatively, coating a film with nanoroughness has been proposed [35]. Contact 
angles as high as 152° have been obtained. Instead of hydrophobic coating, apply-
ing hydrophilic coating to increase the surface energy of the substrate may split 
the water droplets and reduce stray light and unwanted reflections. A hydrophilic 
coating can be realized by short wavelength, such as UV or near UV illumina-
tion of photo catalytic material, for example TiO2 and Nb-doped TiO2 (TNO) film, 
so that organic contamination, for example fingerprint, was decomposed through 
photo-catalysis.

An antireflection for metallic surface may be achieved by utilizing absorbing 
layers combined with dielectric layers. Figure 1.17 is an example antireflection 
coating on aluminum plate [16, 23], Al/Nb2O5 (36.78 nm)/Nb (12.67 nm)/Nb2O5 
(28.70 nm)/SiO2 (61 nm)/Air. Since there is almost no light reflected, it looks very 
dark and called as “black dark coating” or “dark film”. It is darker than the black 
note book. It can be even darker if the metal surface is roughed before coating.

1.5  Coatings with Negative Refractive Index Layer

Normally, the phase thickness of optical thin film increases with the thickness of 
optical thin film. However, the phase thickness of negative refractive index mate-
rial, NIM decreases as the thickness of the film increases. Therefore NIM might 
be possible be used for phase compensation in normal thin film design. The result 
could affect the spectra of the thin films have less sensitivity in wavelength and 
incident angle.

Fig. 1.17  Antireflection coating, black dark coating on aluminum made by thin film: a normal 
incidence; b oblique incidence [16, 23]
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If the antireflection coatings are designed with NIMs, the low reflection range 
is broader than without NIM and the average reflection is lower. Another applica-
tion for NIM is to replace the spacer layer using NIM in a narrow band pass filter. 
Thus the narrow band pass filter can be designed as a wavelength-non-shift filter 
with incident angle.

Although an antireflection using negative refractive index layer may be not 
achievable at this moment, it is still interesting to know the advantage of its 
application. Figure 1.18 shows admittance loci of a two-layer V-coat of antire-
flection on a glass with refractive index 1.52. The first refractive indices of the 
first and second layers are 2.23 and 1.45 respectively, let it be design A. All the 
loci trace in clockwise. Figure 1.19 shows admittance loci of a two-layer V-coat 
similar as Fig. 1.18 except the refractive index of the second layers is negative, 
−1.45, let it be design C. The locus of the second layer traces in counterclock-
wise so that it has phase compensation. It is obvious that the reflectance of design 
C is much lower over wider spectral range than that of design A as indicated by 
Fig. 1.20. Figure 1.21 shows that design C is less sensitive in the average reflec-
tion from 400 to 700 nm with incident angle than that of design C, particular for 
S-polarization light.

Usually a filter shows an annoying blue shift in spectrum at tilt angle and 
s-polarization and p-polarization shift differently. This is particular intolerable for 
a narrow band pass filter. By utilizing negative refractive index negative layer as 

Fig. 1.18  Admittance loci of two-layer V-coat antireflection coating on a glass with refrac-
tive index 1.52. The first refractive indices of the first and second layers are 2.23 and 1.45 
respectively

Fig. 1.19  Admittance 
loci of two-layer V-coat 
antireflection coating similar 
to Fig. 1.18, except the 
refractive index of the second 
layers is negative, −1.45 (red 
color) [29]
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one of the spacer can solve this problem. Figure 1.22 is a narrowband pass fil-
ter design with NIM layer in the spacer: Sub|(HL)7 H 3NL 6H 3NL H (LH)7|Air.  
The spacer 3NL 6H 3NL, inserted two three-quarter-wave layers 3NL with nega-
tive refractive index −1.47. The shift in peak wavelength is less than 0.1 nm for 
incident angle 10°, and less than 0.4 nm for s-polarize light and almost no shift for 
p-polarize light for incident angle up to 18°.

Fig. 1.20  Comparison of reflectance spectra of designs A and C [29]
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Fig. 1.21  Change of average reflection from 400 to 700 nm with angle for AR designs A and C [29]
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1.6  Optical Monitoring

A reliable monitoring for thin film deposition is very important to achieve a the-
oretical multilayer design. Various monitoring methods, such as time counting, 
color recognition, quartz monitoring and optical monitoring, have been devel-
oped to control thickness during thin-film deposition [17, 18, 36]. Monitoring by 
time counting is simpler than other monitoring methods, but it needs a very sta-
ble deposition rate. Quartz monitoring is also simple but may not be suitable for 
a coating in plasma environment or a coating with many layers. Besides, in time 
counting and quartz monitors, the errors in the layer thickness cannot be compen-
sated for and will accumulate with each successively deposited layer. Monitoring 
by color appearance only works for a simple design. And most of times the opera-
tor may loss his/her color cognitive sensitivity after a long looking at the colors. 
Optical monitoring is based on changes of reflectance (R)/transmittance (T) as the 
film thickness increases and it has several advantages that to realize a sophisti-
cate design. For example, the turning point method, TPM, is the most commonly 
used, and has the advantage of error compensation for a coating which composed 
of quarter-wave layers and multiple of quarter-wave layers [17]. The turning point 
monitoring is the layer deposition terminated when the signal of R/T reaches its 
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extreme value. For nonquarterwave stacks, the wavelength of the monitoring sys-
tem must be changed to an appropriate wavelength for monitoring each individual 
layer. In this case, the level monitoring method, LM, is more suitable [36]. The so 
called level monitoring is the deposition of a layer terminated when the signal of 
reflectance/transmittance reaches its theoretical predicted level. General speaking, 
the monitoring sensitivity of TPM is low, while in LM, the monitoring wavelength 
can be selected to make the signals sensitive to changes in thickness near the ter-
mination point of the deposition, but the error compensation ability is lower. If R/T 
are measured on the coating to be fabricated, we call it is a direct monitoring. It is 
usually applied on coatings which composed of quarter-wave layers and multiple 
of quarter-wave layers because of a powerful self-compensation effect. For non-
quarterwave stacks, to avoid a rapid error acumination, layer thicknesses are moni-
tored on one or several separate witness chips, and called as indirect monitoring, 
is applied. Several numerical methods and the optimum trigger point method have 
been developed to improve the performance, sensitivity and compensation associ-
ated with the TPM and the LM methods [18, 37–41].

1.6.1  In Situ Sensitive Optical Monitoring with Error 
Compensation (ISMEC)

The conventional monitoring methods use runsheet diagrams to control the 
thickness of the films, based on their transmittance or reflectance, and no phase 
information can be provided. The fact is that the refractive index n, the extinc-
tion coefficient k, and the thickness d are not independently determined in real-
time, which make phase extraction difficult. In a growing thin-film stack, the 
refractive index of the materials may change with time due to variations in the 
coating parameters or environmental fluctuations in the chamber, meaning we 
cannot terminate the current layer at the point specified in the original design. 
Therefore real-time determination of n, k and d is necessary for precision coat-
ings. Ellipsometric and phase extraction methods have been proposed to solve 
this problem. Ellipsometric monitoring [42, 43] requires algebraic computation 
to obtain the optical constants that fit the measurements, but require so many 
parameters that they are difficult to solve analytically. In the case of multilayer 
coatings, this could lead to the accumulation of errors, which would cause the 
final optical performance to differ from that of the original design. To avoid 
this type of error accumulation, in situ sensitivity monitoring with proper error 
compensation, ISMEC, has been proposed to find the correct refractive index 
and physical thickness of each deposited layer [20]. An operator can choose the 
sensitivity monitoring wavelength that offers better error compensation for the 
reference wavelength. Figure 1.23 shows the experimental results of the moni-
toring of a narrow band-pass filter with a center wavelength at 800 nm by the 
ISMEC, TPM and LM methods [20]. The better performance of ISMEC method 
is clear. The Half-maximum bandwidth Δλh and the position of the maximum 
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transmittance are closer to the designed values than are those obtained using 
the other two methods. This is because TPM offers error compensation only for 
previous layers, but lacks sensitivity at termination points, which results in a 
broadening of the Δλh. The level monitoring method has higher sensitivity, but 
no error compensation, which results in a shift of the output spectrum. ISMEC 
method on the other hand, combines the advantages of both methods, the sensi-
tivity at termination points and the error compensation for previous layers.

1.6.2  Optical Monitoring and Real Time Admittance Loci 
Calculation Through Dynamic Interferometer

To get rid of the influence of the variations in the coating parameters caused by 
environmental fluctuations in the chamber, a polarization Fizeau interferometer-
based monitoring system has been developed [44]. This is a vibration-insensitive 
in situ system, whereby one can instantly obtain the real-time phase and magni-
tude of the reflection coefficient and/or the transmission coefficient. The layout 
of a reflection monitoring system with a short coherence light source is shown 
in Fig. 1.24. The test surface is located on the side of thin film growth, while 
the other side of the substrate is the reference surface, as shown in Figs. 1.25 
and 1.26 for transmission and reflection monitoring system, respectively. The 
tunable retarder is composed of two wedge x-cut uniaxial birefringent crystals. 
The crystal-induced phase difference between two orthogonally polarized beams 
has to match the difference in the optical phase induced by the reference surface 
and the test surface. The interference will therefore occur only between either 
the S-polarized reference beam and the P-polarized test beam or the P-polarized 
reference beam and the S-polarized test beam. Other reflections from the inter-
faces will be suppressed, because of the short coherence length of the light 

Fig. 1.23  Spectra of narrow band-pass filters monitored by the three methods [20]
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source [45]. Interference will occur when the transmission axes of the polariz-
ers are oriented 45° and −45° to the fast axis of the birefringent crystal. These 
two polarizers, as well as the other two (whose transmission axes are oriented 0° 
and 90° to the fast axis of the birefringent crystal) are combined, and detected 
by the compact polarizer detector array, as shown in Fig. 1.27. After mathemati-
cal analysis using (1.6–1.7), the magnitude of the reflection coefficient and the 
phase can be acquired from the phase-shifted interferograms of two orthogo-
nal polarization beams on the detector array, where we assumed the transmis-
sion coefficient of the film stack (from air to films) is τat = |τat | exp(iδat), the 

Fig. 1.24  Schematic representation of the transmission and reflection optical monitoring system 
through dynamic interferometer [44]
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Fig. 1.25  Multiple reflections in the substrate for transmission monitoring system [44]
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reflection coefficient of the film stack (from substrate to the deposited film stack) 
is ρst = |ρst| exp(iδst), and the reflection magnitude of reference surface (from 
the substrate to air) is equal to ρr. Only the paired beams that are path matched 
and drawn in the same type of lines will interfere with each other, since the light 
has short coherence length. The reflection magnitude of the reference surface is 
assumed equal to ρr, and the optical phase difference between two orthogonal 
polarizations induced by one pass through the substrate and the retarder are s and 
Γ, respectively. The complete information about the growing film stack thus can 
be obtained, and the thickness of the whole stack can be monitored accurately.

(1.6)
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Fig. 1.27  Layout of the 
polarizer detector array
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where Ij is the reflectance of j = 0°, −45°, +45° and 90° on the detector array; 
and θ = φst + φ0. φ0 = 2s− Γ , is the phase shift caused by the optical path dif-
ference between two orthogonal polarizations as they pass through the substrate, s, 
and the retarder, Γ. φ0 can be acquired before the deposition of the thin film.

Thus by applying an interferometer the optical phase information for a growing 
film stack can be obtained. Both the magnitude and phase of the reflection coeffi-
cient can be found and give us access to the complete information about reflection 
coefficient, optical admittance, refractive index and actual thickness of the grow-
ing film stack at every moment. The optical admittance during the coating process 
can then be extracted. This system is simple, compact, and will be useful in the 
fabrication of precision optical coatings.

1.6.3  Optical Monitoring Using Admittance Diagram

Better monitoring performance can be achieved from an admittance diagram 
than a runsheet diagram, because of the higher sensitivity and larger amount 
of physical and visual information. It has therefore been proposed that they be 
used in an optical monitoring method [44, 46–48]. The diagram is obtained by 
plotting the locus of the effective admittance during the deposition process. 
Changes in the refractive index during the coating process can be easily observed 
and immediately compensated for from layer to layer as shown in Fig. 1.28. 
An error occurred at the first layer, b is the predicted termination point and B is 

(1.7)
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Fig. 1.28  An error occurred at the first layer, b is the predicted termination point and B is the 
deposited point. Thin-solid line is the simulated loci. In experiment, thickness error was compen-
sated resulting in a new locus, bold-dot [48]
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the deposited point. The refractive index of the deposited film is higher than the 
designed film, since the locus is outward expansion. Thin-solid line is the sim-
ulated loci. In experiment, thickness error was compensated resulting in a new 
locus, bold-dot. Figure 1.29 shows plots of the optical performance of an antire-
flection coating monitored using a real-time admittance diagram and the conven-
tional runsheet method.

1.6.4  Broadband Monitoring Through Equivalent Optical 
Admittance Loci Observation

The precision of single wavelength monitoring is lower than that of the broad-
band monitoring, BM, because only one wavelength signal is provided. Not only 
is it not as comprehensive as broadband monitoring, but the signal errors for the 
monitoring wavelength dominate the monitoring results. Therefore it is sometimes 
difficult to obtain the equivalent optical admittance precisely from one single 
wavelength measurement. Thanks to the highly developed processing technology 
such as charge-coupled device (CCD) and data extraction and analysis software, 
the real-time BM is easy to install in a conventional coating machine [49, 50]. In 
BM, T and/or R values are evaluated simultaneously in different wavelengths. The 
proper termination time is typically thought to be when the real-time spectrum 
is the closest to the design spectrum of the termination point. Therefore, a novel 
method to obtain the refractive index and thickness from the broadband spectrum 
measurements instead of from a single wavelength measurement and convert this 
information into the equivalent optical admittance loci of a single wavelength to 
process the monitor, called as equivalent optical admittance monitoring, EOAM, 
can be realized [51, 52]. The admittance values can be acquired with higher 
precision and less noise. This method combines the advantages of both broad-
band and single wavelength monitors, to let operators terminate the deposition 

Fig. 1.29  Optical performance of an antireflection coating monitored by the admittance diagram 
and the conventional runsheet method [48]
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process at one predicted point, with good error compensation. A 4-layer antire-
flection coating with physical thicknesses from the first to forth layer are 14 nm 
(Ta2O5), 33 nm (SiO2), 130 nm (Ta2O5), and 85 nm (SiO2) has been fabricated. 
In the third and fourth layers, a phase of π was added to the reflection phase, to 
improve the monitoring sensitivity as shown by Fig. 1.30. The experimental results 
in Fig. 1.31 clearly show that EOAM performs better than the other methods.  
A 20 % thickness excess in the 2nd layer has been compensated by the suc-
cessively deposited layers (Fig. 1.30b). EOAM combines the advantages of 
the broadband and single-wave monitoring methods without their drawbacks. 
A phase-adding technique increases the monitoring sensitivity. This should greatly 
improve the fabrication precision and decrease the defection rate of optical filters, 
especially for the fabrication of multilayer filters where good error compensation 
and higher monitoring precision are needed.

Fig. 1.30  EOAM monitoring loci and the forth layer monitoring locus with phase-shifting 
technique

Fig. 1.31  Optical performance of an antireflection coating monitored by various methods: 
a physical thicknesses from the first to forth layer were 14, 33, 130, and 85 nm; b 20 % thickness 
excess in the 2nd layer [51, 52]
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1.6.5  Reflection Coefficient Monitoring Through  
Broadband Spectrum

In this section the reflection coefficient locus will be introduced. Comparing 
with Turning-Point Monitoring, TPM, Level Monitoring, LM, and Broadband 
Monitoring, BM, the reflection coefficient monitoring method, RCM, of one sin-
gle wavelength was acquired through the real time broadband spectrum and it then 
was used for providing better error compensation and easier termination judgment 
during the multilayer deposition [53]. BM monitors the real-time broad-band spec-
trum and terminates the deposition when the real-time spectrum coincides with 
the design spectrum at the termination point. Therefore, there may be many local 
minimums of the difference between the real-time spectrum and the design spec-
trum during the deposition process. In RCM, one wavelength is selected for the 
reflection coefficient loci monitoring during the coating process. The reflection 
coefficient, r, is a function of refractive indices n, thicknesses, d, and the moni-
toring wavelengths. As the thickness grows, the value of r is changed. The moni-
toring signal changes with respect to the change in thickness is called monitoring 
sensitivity. If there is noise interference, the sensitivity determines whether the 
deposition termination point is easy to be correctly judged. Figure 1.32 shows a 
comparison of the simulation results for the signal change per 5 nm thickness for 
different optical monitoring methods. The loci are plotted for one layer of Ta2O5 
film deposited on a glass. The figure shows that the transmittance locus and optical 
admittance locus monitoring will have low monitoring sensitivity at certain areas. 
On the other hand, the reflection coefficient has more uniform monitoring sensi-
tivity than the other monitoring methods. For multilayer stacks, the difference in 
the uniformity of the monitoring sensitivity between the monitoring methods will 
be enormous in the later deposited layers. The operator can choose a monitoring 
wavelength that has a larger reflection coefficient change near the deposition ter-
mination point for easier judgment of termination. Since only one point can be 
determined as the termination point, the best choice for termination will be if the 
deposition is ended when the reflection coefficient at the monitoring wavelength is 
the closest to its designed value. Similarly, for some coatings which are sensitive 
to phase variations, the reflection phase provided in this method can be used to 
precisely terminate the locus at the designed phase.

Fig. 1.32  Reflection coefficient, transmittance, and optical admittance loci (from left to right) [53]
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In the monitoring, one wavelength is selected for the reflection coefficient loci 
monitoring during the coating process. However, for higher precision calculation, 
the broadband transmittance or reflectance spectrum is used to calculate the real 
time refractive indices n, and thicknesses, d, in order to acquire the corresponding 
reflection coefficient value r of the selected wavelength. The deposition of each 
layer should be terminated when the reflection coefficient value is the closest to 
the design value. The selected wavelength could be the reference wavelength of 
the design.

The refractive index, n, and thickness, d, then can be obtained from the real 
time broadband spectrum, and derived the reflection coefficient, both of the reflec-
tion phase and amplitude, from the obtained refractive index and thickness. The 
more wavelengths that are used in the calculations, the more accurate will be 
the n and d obtained through the numerical algorithm. Then, re-optimization of 
the design is carried out after the termination of the deposition of each layer. The 
selected wavelength for the reflection coefficient monitoring may not be one of the 
wavelengths for T or R measurements. Unlike the general BM using multi-wave-
length signals to evaluate the differences in the design, only the reflection coef-
ficient of the monitoring wavelength is used for the monitor. In this way we can 
avoid ambiguity in finding the minimum of the merit function.

Long-wave pass filters with a total of 14 layers have been fabricated by 
various monitoring methods with only one monitoring chip through the whole 
coating process, i.e., direct monitoring, for comparison. An ion-beam sputter-
ing deposition system with an ion beam source 6-cm in diameter was employed 
to prepare the filters. Ta2O5 and SiO2 were used as the high and low refractive 
index materials, respectively. The substrate was B270 glass. The intensity of the 
monitoring light passing through the monitoring chip was measured by a CCD 
spectrometer. The edge of the long-wave pass filter was designed at 550 nm. 
Figure 1.33 shows the results of comparisons between different monitoring 
methods. We can see that the reflection coefficient monitoring, RCM, has the 

Fig. 1.33  Long-wave pass filters made by various monitoring methods [53]
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best performance. Time Counting Monitoring, TCM, in a stable ion-beam sput-
tering system has a similar efficiency to quartz monitoring. The accumulated 
errors introduced a large shift from the design. In Level Monitoring, LM, the 
position of the spectrum edge was close to the design, but there was obvious dis-
tortion in the shape of the spectrum possibly arising from the low precision of 
thickness control. Broadband monitoring, BM, gives the correct spectrum shape, 
but the spectrum shift coming from the excess deposition shows the defects. The 
spectrum of the coating made by RCM was 82 % closer to the design than that 
made by BM.

When the experiments were done in five continuous runs, the results show that 
the reflection coefficient monitoring has good error compensation ability, as shown 
in Fig. 1.34. The shift of the edge from 550 nm (design) was lower than 0.5 %. 
The reproducibility is also remarkable. In five continuous runs, the shift among 
each run was below 0.3 %.

In conclusion, the correct choice of monitoring method is extreme important to 
realize multilayer thin film optical coatings. If thickness error and refractive index 
change during the deposition are unavoidable, the strategies about optical monitor-
ing for thin film coatings always be the issues. More examples about the strategies 
of optical monitoring may be found in several articles [54].

1.7  Summary

Optical thin films not only improve the optical performance of optical devices, but 
also are vital parts in optical operations. The progress of the theory, design and 
manufacture techniques of optical thin films is never suspended to promote the 
growth of optics and photonics. Some current technologies about theory, design 
and manufacture of optical thin films have been described.

Fig. 1.34  Long-wave 
pass filters made with 
direct monitoring for five 
continuous runs by RCM
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The reflectance can be transcended over the limited of quarter wave stacks 
and photonic crystals, by using gain layer with negative extinction coefficient. 
Coatings with reflectance more than 100 % have been realized. The gain layer can 
be made by embedding quantum dots, QDs, in a dielectric film. More information 
about thin film embedded with QDs can consult with Flory et al. [55–57]. The 
extra energy at emission wavelength is generated by the down transition owing to 
the discrete energy levels of quantum dots, so that such unusual behavior does not 
violate energy conservation. The energy associated with shorter wavelengths is 
transferred to longer wavelengths. The application of gain layers is very promis-
ing, such as efficiency increase in solar cell and LED, LD, display, biology and 
loss compensation for metamaterials.

The design theory and fabrication techniques of subnano-bandwidth narrow 
band pass filters are very important and rigorous for dense wavelength division 
multiplexing/demultiplexing, DWDM, technology. The detail of theory has been 
introduced and the techniques of coatings has been explained and demonstrated. 
A useful coating area has been enlarged with the uniformity better than ±0.003 % 
over an area of 50 mm in diameter and better than ±0.0006 % over a 20 mm in 
diameter, by using an etching technique on the depositing layers with oxygen ion 
and a new technique, shaping tooling factor, STF.

Anti-reflection coatings are indispensable for optics elements, since not only 
transmission can be increased but also image deterioration due to ghost images 
and glare can be eliminated. The design principle has been explained and some 
practical antireflection coatings with hydrophobic and hydrophilic characteris-
tics have been investigated. The utilization of the residual color of anti-reflection 
coatings as a decoration is interesting and has been applied to the solar cells so 
that the appearance of solar cells is bright and lively but not so dim and gloomy. 
A black film based on antireflection coating has many applications such for 
better contrast in display has been designed and fabricated and shown that the 
black film is darker than a conventional black notebook since almost no light is 
reflected.

To obtain a theoretical multilayer design needs a reliable monitoring during the 
thin film deposition. The thickness error of deposited layer and change of refrac-
tive during the deposition during the deposition are inevitable and unavoidable. 
The monitoring technology to achieve the coating as the design one is very crucial. 
Various advanced monitoring methods, such as in situ sensitive optical monitor-
ing with error compensation, monitoring with real time admittance loci calculation 
through dynamic interferometer, optical monitoring using admittance diagram, 
broadband monitoring through equivalent optical admittance loci observation and 
reflection coefficient monitoring through broadband spectrum have been intro-
duced. Several excellent coatings have been successfully fabricated by utilized the 
proposed monitoring methods.

Nevertheless, the requests of new technologies about theory, design and manu-
facture of optical thin films will be tougher and more challenging with the rapid 
progress in the optics and photonics.



311 Thin Film Optical Coatings

References

 1. Y.-J. Chen, C.-C. Lee, S.-H. Chen, F. Flory, Extra-high reflection coating with negative 
extinction coefficient. Opt. Lett. 38, 3377–3379 (2013)

 2. H.A. Macleod, Thin-Film optical Filter, 4th ed (CRC Press, New York, 2010)
 3. H.A. Macleod, Gain optical coatings: part 1. Bull. Soc. Vac. Coaters Issue Fall, 22–27 

(2011)
 4. A.J. Nozik, Quantum dot solar cells. Phys. E 14, 115–120 (2002)
 5. Prashant.V. Kamat, Quantum dot solar cells. Semiconductor nanocrystals as light harvesters. 

J. Phys. Chem. C 112(48), 18737–18753 (2008)
 6. H.-J. Lin, S. Vedraine, J. Le-Rouzo, S.-H. Chen, F. Flory, C.-C. Lee, Optical properties of 

quantum dots layers: application to photovoltaic solar cells. Sol. Energy Mater. Sol. Cells 
117, 625–656 (2013)

 7. J. Wu, Z.M. Wang (eds.), Quantum Dot Solar Cells (Springer, New York, 2014)
 8. J. Zhao, J.A. Bardecker, A.M. Munro, M.S. Liu, Y. Niu, I.-K. Ding, J. Luo, B. Chen, A.K.-Y. Jen, 

D.S. Ginger, Efficient CdSe/CdS quantum dot light-emitting diodes using a thermally polymer-
ized hole transport layer. Nano Lett. 6(3), 463–467 (2006)

 9. H. Liu, T. Wang, Q. Jiang, R. Hogg, F. Tutu, F. Pozzi, A. Seeds, Long-wavelength InAs/GaAs 
quantum-dot laser diode monolithically grown on Ge substrate. Nat. Photonics 5, 416–419 (2011)

 10. T.-H. Kim, K.-S. Cho, E.K. Lee, S.J. Lee, J. Chae, J.W. Kim, D.H. Kim, J.-Y. Kwon, 
G. Amaratunga, S.Y. Lee, B.L. Choi, Y. Kuk, J.M. Kim, K. Kim, Full-colour quantum dot 
displays fabricated by transfer printing. Nat. Photonics 5, 176–182 (2011)

 11. S. Jin, Y. Hu, Z. Gu, L. Liu, H.-C. Wu, Application of quantum dots in biological imaging. 
J. Nanomaterials 2011(834139) (2011). doi:10.1155/2011/834139

 12. A. Fang, T. Koschny, M. Wegener, C.M. Soukoulis, Self-consistent calculation of 
 metamaterials with gain. Phys. Rev. B 79, 241104(R) (2009)

 13. S.M. Xiao, V.P. Drachev, A.V. Kildishev, X.J. Ni, U.K. Chettiar, H.K. Yuan, V.M. Shalaev, 
Loss-free and active optical negative-index metamaterials. Nature 466, 735–740 (2010)

 14. M. Decker, I. Staude, I.I. Shishkin, K.B. Samusev, P. Parkinson, V.K.A. Sreenivasan, 
A. Minovich, A.E. Miroshnichenko, A. Zvyagin, C. Jagadish, D.N. Neshev, Y.S. Kivshar, 
 Dual-channel spontaneous emission of quantum dots in magnetic metamaterials. Nat. 
Commun. 4(2949) (2013). doi:10.1038/ncomms3949

 15. L. Ivan Epstein, The design of optical filter. J. Opt. Soc. Am. 42, 806–810 (1952)
 16. C.-C. Lee, Thin Film Optics and Coating Technology, 7th edn. (Yi Hsien, Taipei, 2012)
 17. H. Angus Macleod, Turning value monitoring of narrow-band all-dielectric thin-film optical 

filters. Optica Acta 19, 1–28 (1972)
 18. H.A. Macleod, Monitoring of optical coatings. Appl. Opt. 20, 82–89 (1981)
 19. C.-C. Lee, W. Kai, C.-C. Kuo, S.-H. Chen, Improvement of the optical coating process by 

cutting layers with sensitive monitor wavelengths. Opt. Express 13, 4854–4861 (2005)
 20. C.-C. Lee, W. Kai, In situ sensitive optical monitoring with error compensation. Opt. Lett. 

32(15), 2118–2120 (2007)
 21. C.-C. Lee, S.-H. Chen, C.-C. Kuo, Fabrication of DWDM filters with large useful area. SPIE 

Optics and Photonics, paper #6286-15, San Diego, USA, 13–17 Aug 2006
 22. C.-C. Lee, S.-H. Chen, C.-C. Kuo, C.-Y. Wei, Achievement of an arbitrary bandwidth for a 

narrow bandpass filter. Opt. Express 15, 15228–15233 (2007)
 23. C.-C. Lee, Optical interference coatings for optics and photonics (Invited). Appl. Opt. 52, 

73–81 (2013)
 24. S.R. Kennedy, M.J. Brett, Porous broadband antireflection coating by glancing angle deposi-

tion. Appl. Opt. 42, 4573–4579 (2003)
 25. Y.F. Huang, S. Chattopadhyay, Y.J. Jen, C.Y. Peng, T.A. Liu, Y.K. Hsu, C.L. Pan, H.C. Lo, 

C.H. Hsu, Y.H. Chang, C.S. Lee, K.H. Chen, L.-C. Chen, Improved broadband and quasi-
omnidirectional anti-reflection properties with biomimetic silicon nanostructures. Nat. 
Nanotechnol. 2, 770–774 (2007)

http://dx.doi.org/10.1155/2011/834139
http://dx.doi.org/10.1038/ncomms3949


32 C.-C. Lee

 26. U. Schulz, C. Präfke, C. Gödeker, N. Kaiser, A. Tünnermann, Plasma-etched organic layers 
for antireflection purposes. Appl. Opt. 50, C31–C35 (2011)

 27. B. Päivänranta, T. Saastamoinen, M. Kuittinen, A wide-angle antireflection surface for the 
visible spectrum. Nanotechnology 20, 375301 (2009)

 28. J.-Q. Xi, M.F. Schubert, J.K. Kim, E.F. Schubert, M. Chen, S.-Y. Lin, W. Liu, J.A. Smart, 
Optical thin-film materials with low refractive index for broadband elimination of Fresnel 
reflection. Nat. Photonics 1, 176–179 (2007)

 29. J.-L. Tsai, Applications of negative refraction index materials for antireflection and nar-
row band pass filters. MS Thesis, Department of Optics and Photonics, National Central 
University, Taiwan, 2009

 30. H. Ishikawa, B. Lippey, in Two layer broad band AR coating. Proceedings of 10th International 
Conference on Vacuum Web Coating (Bakish Materials Corporation, 1996), pp. 221–233

 31. G. McHale, N.J. Shirtcliffe, M.I. Newton, Contact-angle hysteresis on super-hydrophobic 
surfaces. Langmuir 20, 10146–10149 (2004)

 32. L. Mascia, T. Tang, Polyperfluoroether-silica hybrids. Polymer 39, 3045–3057 (1998)
 33. K.C. Camargo, A.F. Michels, F.S. Rodembusch, M.F. Kuhn, F. Horowitz, Visibly transpar-

ent and near infrared, wideangle, anti-reflection coatings with simultaneous selfcleaning on 
glass. Opt. Mater. Express 2, 969–977 (2012)

 34. M. Flemming, A. Duparre, Design and characterization of nanostructured ultrahydrophobic 
coatings. Appl. Opt. 45, 1397–1401 (2006)

 35. K. Zhang, F. Zhu, C.H.A. Huan, A.T.S. Wee, Indium tin oxide films prepared by radio fre-
quency magnetron sputtering method at a low processing temperature. Thin Solid Films 376, 
255–263 (2000)

 36. B. Vidal, A. Fornier, E. Pelletier, Wideband optical monitoring of nonquarter wave multilayer 
filter. Appl. Opt. 18, 3851–3856 (1979)

 37. F. Zhao, Monitoring of periodic multilayer by the level method. Appl. Opt. 24, 3339–3343 
(1985)

 38. C.J. van der Laan, Optical monitoring of nonquarterwave stacks. Appl. Opt. 25, 753–760 
(1986)

 39. B. Bobbs, J.E. Rudisill, Optical monitoring of nonquarterwave film thickness using a turning 
point method. Appl. Opt. 26, 3136–3139 (1987)

 40. C. Zang, Y. Wang, W. Lu, A single-wavelength monitoring method for optical thin-film coat-
ings. Opt. Eng. 43, 1439–1443 (2004)

 41. A.V. Tikhonravov, M.K. Trubetskov, Eliminating of cumulative effect of thickness errors in 
monochromatic monitoring of optical coating production: theory. Appl. Opt. 46, 2084–2090 
(2007)

 42. J. Lee, R.W. Collins, Real-time characterization of film growth on transparent substrates by 
rotating-compensator multichannel ellipsometry. Appl. Opt. 37, 4230–4238 (1998)

 43. S. Dligatch, R. Netterfield, B. Martin, Application of in-situ ellipsometry to the fabrication 
of multi-layered coatings with sub-nanometre accuracy. Thin Solid Films 455–456, 376–379 
(2004)

 44. C.C. Lee, K. Wu, S.H. Chen, S.J. Ma, Optical monitoring and real time admittance loci cal-
culation through polarization interferometer. Opt. Exp. 15, 17536–17541 (2007)

 45. B. Kimbrough, J. Millerd, J. Wyant, J. Hayes, Low coherence vibration insensitive Fizeau 
interferometer. Proc. SPIE 6292, 62920F (2006)

 46. Y.R. Chen, Monitoring of film growth by admittance diagram. Master Thesis, National 
Central University, Taiwan, 2004

 47. B.J. Chun, C.K. Hwangbo, J.S. Kim, Optical monitoring of nonquarterwave layers of dielec-
tric multilayer filters using optical admittance. Opt. Express 14, 2473–2480 (2006)

 48. C.-C. Lee, Y.J. Chen, Multilayer coatings monitoring using admittance diagram. Opt. Express 
16(9), 6119–6124 (2008)

 49. S. Wilbrandt, N. Kaiser, O. Stenzel, In-situ broadband monitoring of heterogeneous optical 
coatings. Thin Solid Films 502, 153–157 (2005)



331 Thin Film Optical Coatings

 50. B. Badoil, F. Lemarchand, M. Cathelinaud, M. Lequime, Interest of broadband optical moni-
toring for thin-film filter manufacturing. Appl. Opt. 46, 4294–4303 (2007)

 51. W. Kai, C.-C. Lee, T.-L. Ni, Advanced broadband monitoring for thin film deposition through 
equivalent optical admittance loci observation. Opt. Express 20, 3883–3889 (2012)

 52. C.C. Lee, K. Wu, T.L. Ni, Optical Admittance Loci Monitoring for Thin Film Deposition 
(Lambert Academic, Saarbrücken, 2012) (ISBN 978-3-659-00198-7)

 53. C.-C. Lee, W. Kai, M.-Y. Ho, Reflection coefficient monitoring for optical interference coat-
ing depositions. Opt. Lett. 38, 1325–1327 (2013)

 54. A.V. Tikhonravov, T.V. Amotchkina, in Optical Thin Film and Coatings, ed. by A. 
Piegariand, F. Flory. Optical monitoring strategies for optical coating manufacturing, Chap. 3 
(Woodhead, Cambridge, 2013). (ISBN 978-0-85709-594-7) (2013)

 55. F. Flory, Y.J. Chen, C.C. Lee, L. Escoubas, J.J. Simon, P. Torchio, J. Le Rouzo, Optical prop-
erties of dielectric thin films including quantum dots. Appl. Opt. 50, C129–C134 (2011)

 56. F. Flory, L. Escoubas, G. Berginc, optical properties of nanostructured materials a review. 
Nanophotonics 5(1), 052502 (2011). doi:10.1117/1.3609266

 57. A. Sytchkova, in Optical Thin Film and Coatings, ed. by A. Piegariand, F. Flory. Complex 
materials with plasmonic effects for optical thin film application, Chap. 5 and F. Flory, 
Y.J. Chen, H.L. Lin, Optical thin films containing quantum dots, Chap. 12 (Woodhead, 
Cambridge, 2013). (ISBN 978-0-85709-594-7)

http://dx.doi.org/10.1117/1.3609266


35

Chapter 2
Metamaterials and Transformation Optics

Pi-Gang Luan

© Springer Science+Business Media Dordrecht 2015 
C.-C. Lee (ed.), The Current Trends of Optics and Photonics,  
Topics in Applied Physics 129, DOI 10.1007/978-94-017-9392-6_2

2.1  Introduction

Metamaterial is not a well-defined terminology. In fact, this terminology does not 
mean any specific material, but instead a new way of thinking. Usually this term 
means carefully engineered material structures composed of carefully designed 
inclusions that can exhibit unusual electromagnetic properties not inherent in the 
individual constituent components [1]. These properties include, for example, arti-
ficial magnetism [2], negative permeability [3], negative index of refraction [4], 
and hyperbolic dispersion [5, 6]. These properties lead to many fascinating phe-
nomena such as negative refraction of light [7], sub-wavelength imaging [8], field 
enhancement [9], and evanescent-to-propagating wave mode conversion [5, 6], etc. 
Novel devices such as superlens [8–10], hyperlens [5, 6], invisibility cloak [11, 
12], and plasmonic waveguide [13] based on these ideas have been designed, fab-
ricated, and tested in the last decade.

The original purpose of initiating metamaterials research might be to con-
struct artificial structures that can respond to electromagnetic waves intensively 
at any frequency we desire [2]. After this goal had been achieved, researchers 
then made a metallic periodic structure which behaves like an effective medium 
for EM waves having both negative permittivity [14] and negative permeability 
[3], and hence has a negative refractive index [4], realizing the ‘bending light to 
the wrong way’ phenomena predicted by V. G. Veselago more than 4 decades ago 
[7]. Furthermore, Pendry pointed out that a slab of negative refraction medium 
having appropriate negative permittivity and permeability not only cancels the 
phase accumulation of propagating waves but also amplifies the evanescent 
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waves, thus can focus the light from a tiny source into a spot narrower than one 
wavelength, overcoming the diffraction limit [8, 9]. This ‘supelensing effect’ 
stems from the coupling between the source’s near fields (evanescent waves) and 
the surface plasmon-polariton (SPP) waves propagating along the slab bounda-
ries. Pendry also argued that even if the relative permeability is nonnegative 
(close to 1), subwavelength imaging can still occur if the ‘quasi-static condition’ 
is satisfied [10].

After these concepts and predictions had been studied at the early stage, a 
tremendous amount of theoretical/numerical works have been done and a lot of 
experimental tests have been implemented. These developments finally helped to 
confirm the reality of negative refraction and subwavelength imaging phenomena 
[7–9] in the microwave frequency regimes. Recent studies further convinced that 
these notions still hold for optical waves [15]. However, some subtleties of meta-
materials unnoticed before have been revealed [16–18]. For example, although a 
superlens can focus the light of a tiny source into a subwavelength spot; the image 
is located at the near filed zone and cannot be further processed by conventional 
optical devices. The efforts to resolve this problem then led to the development of 
hyperlens [5, 6].

In addition to the above mentioned developments, there are many related 
research works, which include: negative refraction and subwavelength imaging of 
EM and acoustic waves by photonic crystal slab [19–28] and sonic crystal slab 
[29–32], negative refraction and subwavelength imaging of water waves [33, 34], 
acoustic metamaterials [35–37] and acoustic cloaking devices [38, 39], matter 
wave cloaks [40, 41], and plasmonic devices [42].

In this chapter we introduce some important topics in the metamaterials 
research and explain the essential physics related to them. However, we are not 
able to discuss all topics of this research area because it covers phenomena of too 
wide range and is evolving too fast. We provide very detailed discussions about 
wire array and split-ring resonator array structures in this chapter and derive the 
effective permittivity and permeability formulas for them, which might be helpful 
to a beginner.

2.2  Negative Refraction, Flat Lens, and Perfect Lens

A. Negative refraction and left handed media
Now we discuss the refraction behavior of a beam of light incident from an empty 
space to a left-handed medium (LHM) or double-negative medium (DNM). By DNM 
we mean the medium’s permittivity ε as well as its permeability µ are negative. In 
Fig. 2.1, the medium above the interface (which is represented by a black horizon-
tal line) is an LHM, and the medium below the interface is an empty space. The red 
arrows, white cross circles, and the orange colored arrows indicate the directions of 
the electric field E, magnetic field H, and Poynting vector S = E×H. For simplicity 
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we assume that ε ≈ −ε0 and µ ≈ −µ0 so that the impedance of the LHM is matched 
to that of the empty space, and the reflected waves can thus be neglected. According 
to Maxwell’s equations, four boundary conditions (not all of them independent) 
should be satisfied at the interface, they are: the continuity of the normal components 
of the electric displacement field (Dn) and magnetic induction (Bn); and the continuity 
of the tangential components of the electric field (Et) and magnetic field (Ht).

Set the orientations of the x, y, z axes to be along the rightward, upward, and 
outward directions of the page respectively, and choose the polarizations of the 
E and H fields as that shown in the empty space region of Fig. 2.1 (TM polari-
zation), then the incident light has Einc

x > 0, Dinc
y = ε0E

inc
y > 0, Hinc

z < 0,  
and Sincx < 0, Sincy > 0. Using the boundary conditions for Dn, Bn, Et and Ht,  
we conclude that the refracted light has Eref

x = Einc
x > 0, Dref

y = Dinc
y > 0, and 

H
ref
z = Hinc

z < 0. However, since the LHM has ε < 0, so Dref
y = Dinc

y > 0 implies 
E
ref
y = D

ref
y /ε < 0, and thus Srefx > 0, S

ref
y > 0, as indicating in the LHM region 

of Fig. 2.1. Now, if we apply the Snell’s law to the incident and refracted beams, 
a negative refractive index (n < 0) must be assigned to the LHM because the 
refracted beam bends to the ‘wrong way’. This argument explains why a DNM 
is a negative index medium (NIM), and similar argument can be applied to the 
TE polarization case. Furthermore, since the wave phase at the interface must be 
continuously connected, the wave front (the phase front) in the LHM region must 
propagate towards the interface, that is, the wave vector k is antiparallel to the 
Poynting vector S. Remember that in a usual medium with positive permittivity 
and positive permeability the E, H, and k triplet forms a right-handed coordinate 
system. However, the same triplet in a DNM forms a left-handed coordinate sys-
tem. This explains why a DNM is called a LHM [7].

B. LHM and metamaterials
Experimentally the LHM can be realized by fabricating artificial structures called 
metamaterials (see Fig. 2.2). In general metamaterils are not naturally exsiting 
materials or their simple mixtures or chemical products, instead, they are carefully 
designed structures such like thin metallic wires array, split-ring resonators (SRR) 
array, metal-dielectric multilayers [5, 6], fishnet structures [43], and helical metal-
lic resonators array [44] etc. We will discuss in this chapter about how to realize 
negative permittivity and permeability by using wires and SRR arrays, and how to 
realize hyperbolic metamaterial [45] or indefinite medium [46] using metal-dielec-
tric multilayers.

Fig. 2.1  Negative refraction. 
Above the black line is the 
left-handed medium with 
ε < 0 and µ < 0
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In general metamaterials are dispersive media, which means the response of a 
metamaterial medium to the applied fields is frequency dependent. Usually they 
are also lossy or absorptive, which will degrade the NIM properties seriously. In 
fact, in the early stage of metamaterial research some researchers argued that due 
to the dispersive and absorptive properties, the negative refraction phenomenon in 
a metamaterial violates causality because it implies the possibility of superlumi-
nal propagation of signals. Besides, they even claimed that although the continu-
ous waves of single frequency can deflect negatively, wave packet or beats always 
propagate positively [47]. However, after more careful analysis finally these argu-
ments were found to be incorrect and thus these claims have been denied [48–50].

A simulation about beam propagation through a slab of LHM is shown in 
Fig. 2.3. The field strengths at 6 different times are revealed in the subplot (a) to 
(f), respectively. Comparing (b) with (c) or (e) with (f), one can find that the beam 

Fig. 2.2  Two typical metamaterials consisting of metallic structures, both have negative 
refractive index in a certain frequency range. The metallic wires or rods provide the negative  
permittivity and the split-ring resonators provide the negative permeability. (Images: Physics 
Today, May 2000, 17; Science Vol. 292: 77, 2001)

Fig. 2.3  A Gaussian beam penertrates through an LHM slab that has a refractive index close to 
−1 (n ≈ −1). a–f are the results of 6 successive times
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propagating direction changes a little during the time interval between two succes-
sive instants. This fact implies that the LHM is a dispersive medium so the beam 
cannot keep its propagation direction unchanged.

C. Electromagnetic energy density in metamaterials
There is another interesting issue concerning the LHM, that is, the electromagnetic 
energy density inside the metamaterials. We learned in the electrodynamics course 
that the electromagnetic energy density of time varying electromagnetic fields in a 
nondispersive medium is written as [51] 

Here E2 and H2 are the square of the instantaneouse E and H fields. Now if the 
permittivity and permeability become negative, what will be the expression of 
energy density? The above formula seems to imply the energy density becomes 
negative in such a medium, however, this is incorrect. In fact, for a dispersive 
medium without loss, Brillouin [52] and Landau [53] have already provided 
the following formula for the time average of the energy density (here E and 
H are the complex vector representation of the electric and magnetic field, 
respectively)

which, if substituted the effective (relative) permittivity and permeability of the 
wire-SRR medium (referring to (2.12) and (2.26)), assuming the loss has been 
turned off, we get a positive result. For the cases with finite loss and the spe-
cific expressions for the electric and magnetic dipoles inside the medium are 
given, instantaneous energy density can also be derived, which is always posi-
tive and include three parts: the pure EM energy, the electric dipole energy, and 
the magnetic dipole energy [54]. In the latter two parts, the dipole energies may 
contain both the electric energy stored in the capacitors as well as magnetic 
energy stored in the inductances of the resonators that consist the medium.

D. Flat lens and perfect lens
A very interesting consequence of negative refraction is that a slab of NIM is in fact 
a flat lens (see Fig. 2.4), which can focus the light emanating from a point source to 
two images, one inside and one outside of the slab, if the slab is thick enough [7]. 
This phenomenon can be understood in two ways, based on the languages of geo-
metrical optics or wave optics. For simplicity we assume the refractive indices for 
the lens and the medium outside are −1 and 1, respectively. According to geometrical 
optics, light rays refract negatively across the interface between the positive and neg-
ative index materials. Since the flat lens has two interfaces, negative refraction hap-
pens twice, and the intersection points of different rays yield the two images. On the 
other hand, a focal point according to wave optics is a point having stationary wave 
phase. Since the regions inside and outside the slab lens have refractive indices −1 
and 1, the two image points are just the two points having the same phase as that of 
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the source point. Light propagating outside the slab accumulates positive phase incre-
ment along the propagation direction, while negative phase difference is accumulated 
inside. The two images locate at the two points where the positive and negative phase 
accumulations cancel with each other completely.

Although the possibility of making a flat lens from a NIM had already been 
found by Veselogo in 1967, people did not know before Pendry claimed that such 
a flat lens is a ‘perfect lens’, and it can be used to break the diffraction limit [8]. 
According to the traditional concepts of optics, light can be focued into a small 
spot, but the spot size (spot width) cannot be made much smaller than the wave-
length. Such a restriction comes from the wave nature of light, and is sometimes 
called ‘diffraction limit’. In 2000, Pendry studied the EM properties of a slab made 
of a LHM having εr = µr = −1, and found that such a slab has n = −1 and it not 
only can cancel the phases of propagating waves, but also can amplify the ampli-
tudes of evanescent waves. Here εr = ε/ε0 and µr = µ/µ0 are the relative permit-
tivity and relative permeability. This finding is astonishing because it implies that it 
is possible to achieve perfect imaging using such a flat lens. According to Pendry’s 
analysis, diffraction limit is mainly due to the fact that the information encoded in 
the evanescent waves of the light source is lost in the imaging process because of 
its exponential decay characteristic. However, the evanescent waves from the source 
can be amplified by the slab so they can contribute to the image. If the propagating 
and evanescent waves can be added properly at the image plane without lossing any 
information, which Pendry claimed an n = εr = µr = −1 slab in an empty space 
can do, then perfect imaging will happen. Notice that the choice of εr = µr is for 
the purpose of impedance matching so there would be no reflection and no informa-
tion can be lost, whereas n = −1 is for perfect phase cancellation of the propagating 
waves and perfect amplitude compensation of the evanescent waves.

The amplification of evanescent waves is relying on the mechanism of exciting 
the surface plasmon polaritons (SPPs). The condition εr ≈ µr ≈ −1 in fact implies 
that the effective surface plasmon-polaritons (SPP) corresponding to both the electric 

Fig. 2.4  Flat lens made of a 
slab of LHM. It can focus the 
light from a point source
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polarization resonance and the magnetization resonance have been excited efficiently 
by the evanescent fields from the source. Pendry further argued that even if the perme-
ability is nonnegative, if εr ≈ −1 is satisfied, subwavelength imaging can still occur if 
the slab thickness is much smaller than the wavelength (quasi-static condition). This 
kind of flat lens using only negative permittivity has already been fabricated and tested 
[10]. A flat lens having the ability of focusing light into a subwavelength spot no matter 
it uses perfect LHM or not is now called a ‘superlens’ [55].

The physics of surface plasmon can be understood as follows. In a metallic 
material of high conductivity such as silver or gold the conduction electrons or free 
electrons inside the material can move a long distance without being scattered. If 
we apply sinusoidally varying (harmonic) electromagnetic fields to the material, the 
free electrons would oscillate with the applied fields and move freely before being 
scattered by the phonons, disloacations, and defects, etc. However, if these electrons 
were moving close to the boundary of the metal, they would not be able to move 
outside far from the boundary and escape from the metal if they have no enough 
energy to overcome the ‘work function’. Note that inside the metal these electrons can 
move freely because the attractive forces due to the positive ions form all directions 
cancel with each other. However, once an electron move to the boundary, the positive 
ions appear only on one side (the interior side) so a net ‘restoring force’ acts on it, 
forbiding the escaping of the electron from the metal. Note that the restoring forces 
acting on these electrons work just like many springs connected with them, which 
provide a resonance mechanism for forming SPPs. In the case of LHM slab the metal 
is replaced by a metamaterial having negative permittivity and negative permeability, 
and the true plasmon waves are replaced by the effective plasmon waves caused by 
the resonances of electric polarization and magnetization resonance of the medium.

No matter how great a perfect lens sounds like, any realization of such an ideal 
lens suffers from a number of restrictions due to the materials used or the struc-
tures being chosen. The first limitation comes from loss. A real material must 
absorb a part of the light energy, this effect limits the amplification of the evanes-
cent waves, degrades the coherence of the light, and distortes the field distribution. 
All of them restrict the possibility of further reducing the spot size of the image. 
Another restriction is from the space period or lattice constant of the metamate-
rial. Such a characteristic length plays the role of cutoff length, and which implies 
that it is impossible to make an image narrower than the lattice constant [17]. In 
fact, in the early stage of perfect lens study, some researchers argued that the ide-
alest perfect lens operating at the condition of ε = µ = −1 is physically impos-
sible because the energy stored in such a lens would be infinite, or some boundary 
conditions such as the continuity condition of wave phase would not be possible to 
satisfy [16]. This kind of controversies have never stopped but all of them are not 
directly related to the practical issues concerning applications [18]. Now we know 
that in practice the not-so-perfect negative refaction and subwavelength imaging 
are indeed realizable when properly designed metamaterials are used in making 
the lens (see Fig. 2.5).

Besides the above mentioned restrictions, people also found that the origi-
nal designs of metamaterials which work well in the microwave frequency regime 
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cannot do as well in the much higher frequency regime because the original circuit 
models for deriving the effective permittivity and permeability should be modified. 
For example, the resonance effect of SRRs becomes weaker at higher frequency due 
to electron’s nonzero inertial mass, so that the desired negative permeability property 
becomes more difficult to achieve [56]. Thus for realizing negative refraction at opti-
cal or visible frequency regime some different structures must be used [57].

2.3  Photonic Crystals and Subwavelength Imaging

Negative refraction and subwavelength imaging can also be observed in photonic 
crystals (PhCs) made of nondispersive dielectric materials (see Fig. 2.6). The 
beam propagation direction inside a PhC is determined from the equal-frequency-
surface (EFS) or constant frequency curve of the PhC [19–28]. The group velocity 
of the beam is along the direction normal to the constant frequency curve.

There are two kinds of slightly different mechanisms being used to achieve 
the unusual refraction/deflection and subwavelegth imaging phenomena. The first 

Fig. 2.5  Field strengths (|E|) and images made by a LHM flat lens. a1–a3 show the case that 
the image size is within the diffraction limit, whereas b1–b3 show the case of subwavelength  
imaging. The two boundaries of the lens are parallel to the x (vertical) axis, and the horizontal  
axis is the z axis. a2 and b2 are the (normalized) field strengths at the image plane. a3 and b3 are  
the (normalized) field strengths at the YZ plane
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is the negative group index usually happening in the PhC with triangular lattice 
structures, the other is called all-angle negative refraction or canalization effect 
commonly encountered in the PhC with square lattice structures [20]. Deep sub-
wavelength imaging is more easily to be achieved by using the canalization effect 
but the image always appears at the near field zone close to the PhC surface (see 
Fig. 2.7). However, negative refraction phenomenon is more easily to be observed 
using the negative group index mechanism [21]. Interested readers can learn the 
detailed knowledge from the textbook by Joannopoulos et al. [58].

2.4  Resonance, Constraints, and Metamaterials

The first experimental realization of DNM is a metallic structure consisted of 
periodically arranged metallic wires and split-ring resonators (SRRs) [3, 4]. In 
1996, Pendry et al. [14] found that an array of thin wires behaves like an artificial 

Fig. 2.6  A Gaussian beam penertrates through an slab of photonic crystal which has a negative 
effective refractive index. a–d are the results of 4 successive times

Fig. 2.7  Subwavelength 
imaging using photonic 
crystal slab
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plasma, which yields a negative effective permittivity under the influence of an 
incident wave, if the frequency of the wave is appropriately chosen. This find-
ing opened the doors of constructing these artificial media called ‘metamaterials’ 
using carefully designed metallic structures. In 1999, these researchers further 
showed theoretically that the periodically arranged Swiss roll structures or SRR 
array provide negative effective permeability in a range of frequency [2]. In the 
following two subsections we will give simple explanation about why a wire-array 
is an effective plasma medium, and then in the next subsection we will further 
argue why an SRR array can provide negative effective permeability in a certain 
range of frequency.

A. Realization of negative permittivity
We first review briefly the concept of plasma medium. For simplicity we define 
plasma medium as the medium containing a lot number of charges that can move 
long distances without scattering. Many metals (for example, gold and silver) 
can be treated as plasma media at appropriate frequencies. The simplest model 
for describing the electromagnetic behaviors of plasma is the Drude model. 
According to this model, the free charges (electrons) are accelerated by the applied 
external (electric) field and move freely until being scattered by the defects, 
dislocations, and phonons etc. inside the medium (the metal). The scattering 
causes the relaxation of the kinetic energy of these charges, and the generation of 
heat. In Drude model, every free charge is assumed to be moving independently, 
and the energy relaxation process is described effectively by including a 
phenomenological damping force in the equation of motion.

For simplicity, we assume the applied electric field is along the x axis, and each 
charge is q. The equation of motion is written as

Here v = dx
dt

 is the velocity of the charge, −bv is the damping force, x is the dis-
placement of the charge. Under the condition of harmonic (single frequency) 
applied field, we adopt the complex representation (phasor representation) of the 
physical quantities and assume the time factor being eiω t, that is, x = x0e

iωt and 
E = E0e

iωt, we can find the solution

where Ŵ = b/m is a dissipation coefficient, corresponding to the damping force.
We now derive the relative permittivity ε(ω). The constitutive relation between 

the E and D fields is

were P is the polarization field. For the sake of simplicity, here we have dropped 
the subscript r of the relative permittivity notation. Assume that the concentration 

(2.3)m
dv

dt
+ bv = qE

(2.4)x = −
qE

m

(

1

ω2 − iŴω

)

(2.5)D = ε0E + P = ε0ε(ω)E
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of the free charge is N, we get P = Nqx, here qx is the electric dipole of a single 
charge. From (2.4) and (2.5) we find

where ωp is the plasma frequency, defined by

When Ŵ is negligible, we have ε(ω) < 0 if ω < ωp. That is, for electromagnetic 
wave with ω < ωp, the plasma medium has negative permittivity.

Now we turn to the discussion of wires array medium. For simplicity we con-
sider only the two dimensional case. We assume the wires are located at the lattice 
points of a square lattice, and the applied field is parallel to the wires (along the 
direction of the z axis). Denote the lattice constant as a, the radius of the wires 
as r, and assume the charge concentration inside the wires is N. The array is in 
fact a metallic photonic crystal (MPC), thus the electromagnetic behaviors of this 
structure can be understood from the results of its photonic band structure (PBS). 
However, in 1996, Pendry et al. found that if the wavelength of the applied field 
is much longer than the lattice constant, then an effective medium theory for 
this MPC can be constructed without referring to the PBS. Here we show how 
to derive the relative permittivity of this effective medium. Before we derive this 
result, first note the following differences between the ‘true plasma medium’ and 
the wire array structure: 1. The charges are confined inside the wires, and the 
current caused by the charge motion can only flow along the z direction, 2. The 
cross section area πr2 of each wire is much smaller than the unit cell area a2 of 
the lattice, thus the effective concentration Neff = πr2N/a2 is also much smaller 
than the true concentration N inside the wires, 3. Every wire has a non-negligible 
self-inductance because there is an azimuthal directed magnetic field around the 
wire, and this magnetic field is not appearing in the original Drude model. Pendry 
argued in [14] that the vector potential of this magnetic field provides a modifica-
tion to the charge’s canonical momentum, and if we treat the canonical momen-
tum as a kinetic momentum without vector potential, than the effective mass of the 
electron should be redefined as a function of a and r. Here we provide an alterna-
tive derivation of Pendry’s result as follows.

Consider a segment of a wire, which has length l, self-inductance L, and resist-
ance R. Apply the harmonic E field to the wire, than the potential drop along this 
segment is V = El. Suppose the current in the wire is I, than we have the circuit 
equation

(2.6)ε(ω) = 1+
P

ε0E
= 1−

ω2
p

ω(ω − iŴ)

(2.7)ωp =

√

Nq2

mε0
.

(2.8)L
dI

dt
+ RI = El.
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Simple observation indicates that the (2.8) can be cast into the same form as (2.3)

provided that we define the effective mass meff  and damping coefficient beff  as

The drift velocity v of the charges is related to the current I through I = πr2(Nqv), so

From (2.9) we find the formula of relative permittivity

where the plasma frequency ωp and dissipation coefficient Ŵ are given by

The permittivity formula in (2.12) is indeed the same form as that of the plasma 
media in (2.6). We can further calculate approximately the self-inductance 
L = �/I of the wire and rewrite the effective mass meff  and plasma frequency ωp 
using geometric parameters. To estimate the magnetic flux � around a wire, we 
ignore the contribution from neighboring wires and that inside the wire, and calcu-
late the magnetic flux through the rectangle defined by the conditions (using cylin-
drical coordinates): z = 0 to z = l and R = r to R = a

According to (2.11), this leads to

These results are the same as those obtained in [14].
In fact, from (2.8) and (2.9) the following energy relations can be derived by 

multiplying them with I and v, respectively

(2.9)meff

dv

dt
+ beff v = qE.

(2.10)meff =
qLI

lv
, beff =

qRI

lv
.

(2.11)meff =
Nπr2L

l
q2, beff =

Nπr2R

l
q2.

(2.12)εeff (ω) = 1−
ω2
p

ω(ω − iŴ)

(2.13)ωp =

√

Neff q
2

meff ε0
=

1

a

√

l

Lε0
, Ŵ =

R

L
.

(2.14)L =
�

I
=

µ0

I

a
∫

r

HldR =
µ0l

I

a
∫

r

I

2πR
dR =

µ0l

2π
ln

(a

r

)

.

(2.15)meff =
µ0Nr

2q2

2
ln

(a

r

)

, ωp =

√

2πc2

a2 ln
(

a
r

) .

(2.16)
d

dt

(

LI2

2

)

+ RI2 = IV ,
d

dt

(

meff v
2

2

)

+ bv2 = qEv
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Note that the magnetic energy LI2/2 is stored in the magnetic field around a wire, 
and its value is the same as Nπr2lmeff v

2/2, which is the effective kinetic energy 
of the charges inside the volume of a unit cell la2:

This equality implies that in the effective theory of wire-array medium the mag-
netic energy around the wire is identified with the kinetic energy carried by the 
massive charged particles in the corresponding Drude model (see (2.9)). This 
identification transforms the wire array structure to the effective plasma medium 
described by the equations of motion in the Drude model (see (2.3) and (2.9)).

B. Realization of negative permeability
We have shown in the previous subsection that the free moving charges inside the 
metal provide a means to realize the negative permittivity of the medium effec-
tively. However, such a mechanism is not possible for realizing negative perme-
ability because there has no magnetic monopole been found yet. One thus should 
use different method to make the effective permeability negative. From the consti-
tutive relation

which relates the B field (magnetic induction), H field (magnetic field) and M field 
(magnetization), one can imagine that if resonance effect can be used to make 
µ0M > B, then the directions of B and H become opposite to each other, and the 
desired µ(ω) < 0 result can be realized. Since magnetization M is defined as the mag-
netic dipole moment per unit volume, and a magnetic dipole is physically a current 
loop, thus negative permeability can be realized in principle by an array of resonant 
current loops. The array of split-ring resonators (SRR array) is the most studied struc-
ture for realizing the negative permeability experimentally [3, 4]. If a harmonic H field 
perpendicular to the ring plane is applied to the SRR array, alternating current can be 
induced in each ring if the frequency is properly chosen. For each ring the split gaps 
of the ring stop the currents and help to accumulate the positive and negative charges 
on the two sides of each gap, thus they provide the capacitance C, whereas the cur-
rents circulating in the ring generate magnetic field and hence provide the inductance 
L [2]. Therefore, each SRR is an LC resonator having resonance frequency ω0 = 1√

LC
. 

When the frequency ω of the applied H field approaches the resonance frequency ω0, 
the resonance of currents occurs, and the condition µ0M > B can be satisfied. This 
leads to the negative effective permeability.

We now derive the effective relative permeability µ(ω)[2]. The details may 
refer to [59]. Consider the SRR structures shown in Fig. 2.8. A number of SRRs 
are piled up in the y direction to form an SRR stack, which can be viewed as a 
solenoid. These SRR stacks are periodically arranged in the xz plane at a square 
lattice of lattice constant a. The y spacing between two successive SRRs in one 
stack is l. This array structure can be viewed as solenoids array.

(2.17)Nπr2l
meff v

2

2
=

LI2

2

(2.18)B = µ0(H+M) = µ0µ(ω)H
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Now we apply an external harmonic H field of y direction, strength H0 to this 
SRR-stacks array. According to Faraday’s Law, a current I is induced in each ring, 
thus a ring acquires a magnetic dipole moment m = Iπr2, here r is the radius of 
the ring. In a real structure, the number of rings in a stack is finite. Thus the field 
lines of the induced magnetic field which relate to the induced currents of the 
these rings ‘spill out’ from the terminals of the SRR stacks, contributing to the 
‘depolarization field’. If the wavelength of the incident H0 field is much longer 
than the lattice constant a and the y-spacing l, we can approximate the magnetic 
fields inside and outside the solenoid as two homogeneous fields Hin and Hout, 
respectively. According to Ampere’s Law, the difference of them is given by

Approximately assume that the depolarization flux is homogeneously distributed 
in the entire xz plane, and remember that the total flux caused by the induced cur-
rents is zero (because each of these magnetic field lines is closed), we get

where F = πr2/a2 is the area filling fraction of a stack in a unit cell of the xz 
plane.

From (2.19) and (2.20) we find

The magnetic induction B is defined as magnetic flux per unit area, therefore 
B = µ0H0. Besides, from (2.18) and the meaning of magnetization we have

where M is the magnetization and la2 is the volume occupied by a ring. 
Comparing (2.21) with (2.22), one can make the identification: H = Hout. That is, 

(2.19)Hin − Hout =
I

l
.

(2.20)FHin + (1− F)Hout = H0,

(2.21)Hin = H0 + (1− F)
I

l
, Hout = H0 − F

I

l
.

(2.22)H0 = H +M, M =
m

la2
= F

I

l

Fig. 2.8  Array of split-ring resonators (SRRs). a A single SRR in a unit cell. b Array of SRR 
stacks. c An SRR stack formed by several SRRs arranged along the y direction
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the magnetic field H in the effective medium is just the average magnetic field 
Hout in the ‘connected region’ outside the SRR stacks [2].

Now we calculate the magnetization M and derive the explicit expression of 
µ(ω). The self-inductance L = µ0Fa

2/l of an SRR in a chosen SRR-stack can 
be derived from the formula L = Φs/I, where Φs = πr2µ0I/l is the flux through 
the SRR. In addition to L, the SRR also has a resistance R, a capacitance C, and 
a mutual inductance M = −FL due to the depolarization fields spilled out from 
all the other SRR stacks in the array [2, 54, 59]. Under the influence of the H0 
field, the current I in the SRR satisfies (note that the charges stored in the capaci-
tance of the SRR is q =

∫

I dt)

Using the relation LI = µ0Ma2 and (2.22), (2.23) becomes

where the dissipation coefficient γ and the resonance frequency ω0 are defined as

Since the applied field is a harmonic field with frequency ω, every dynamical 
quantity acquires the same time factor eiω t. Thus from (2.18) and (2.24) we get the 
relative permeability:

This result is the relative permeability of the SRR medium. If γ is ignorable, µ(ω) 
becomes negative in the frequency range ω0 < ω <

ω0√
1−F

. Note that in this deriva-
tion we did not use the specific expression of the capacitance C [2, 59].

2.5  Indefinite Media/Hyperbolic Metamaterials 
and Hyperlens

We have shown before that negative permittivity and negative permeability can 
be realized by using periodically arranged wires and SRRs, respectively. Simple 
observation tells us that these structures do not provide isotropic permittivity 
and permeability automatically if we do not arrange the orientations of these 
inclusions properly. For example, if in the 2D wire array all the wires are paral-
lel to the z axis, than the standard effective plasma behavior will appear only 
when the electric field is also parallel to the z axis. In fact, if the wires are really 
thin enough, and we apply an E field perpendicular to them, then the structure 

(2.23)(1− F)L
dI

dt
+ RI +

q

C
= −

d

dt

(

Fa2µ0H0

)

,

(2.24)
dM

dt
+ γM + ω2

0

∫

Mdt = −F
dH

dt
,

(2.25)γ =
R

L
, ω0 =

1
√
LC

.

(2.26)µ(ω) = 1−
Fω2

ω2 − ω2
0 − iγ ω

.
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responds to the incident field just like the background medium (i.e., the empty 
space without these wires) does. Based on this consideration, it is not difficult 
to predict that the effective permittivity tensor for the array consisting of merely 
z-oriented wires has two different eigenvalues: εz = ε� and εx = εy = ε⊥, so the 
z-oriented wires array is an uniaxial anisotropic medium. In this medium ε⊥ 
is in general positive but ε‖ takes negative value if the frequency is lower than 
the effective plasma frequency (see (2.12)). When the permittivity tensor of a 
uniaxial medium gives negative determinant, this medium is called ‘indefinite 
medium’ or ‘hyperbolic medium’. Metamaterials behave like hyperbolic media 
are called hyperbolic metamaterials. A multilayer structure made of one-dimen-
sional photonic-crystal which contains one dielectric layer and one metal layer 
in one unit cell (one space period) also belongs to this category if the operating 
frequency is correctly chosen.  In this chapter we will derive the effective per-
mittivity of this structure and introduce the most important application of hyper-
bolic metamaterials: the hyperlens.

We have learned in the previous sections that a LHM has negative permittiv-
ity (ε < 0) and negative permeability (µ < 0), leading to the negative refraction 
phenomena. Here we show that indefinite media or hyperbolic metamaterials with 
ε⊥ < 0 can also bend the light beam to the ‘wrong way’ and gives an apparent 
negative refractive index referring to Snell’s law.

We refer to Fig. 2.1 again and consider TM polarized light, but now we replace 
the LHM region by an indefinite medium with ε‖ > 0 and ε⊥ < 0. Here ε‖ and ε⊥ 
are the permittivity along the directions parallel and perpendicular to the interface, 
respectively. When this TM beam penetrates through the indefinite medium, the 
horizontal components of the E and H fields do not change. The vertical compo-
nent of the D field does not change too. However, since we have ε⊥ < 0, so the 
vertical component of the E field changes sign just like that in the LHM case. We 
thus conclude that the Poynting vector S (the light beam) bends negatively. Notice 
that in this argument the key point is the sign change of the vertical component of 
the E field, and this happens only in the TM wave case (Ez = Hx = Hy = 0) and 
does not apply to the TE wave case (Hz = Ex = Ey = 0). Furthermore, we stress 
here that the phase propagation direction (i.e., the direction of the k vector) in 
general is not along the direction of the beam direction (i.e., the direction of the 
Poynting vector S), so indefinite media are not LHM.

Now we derive the effective permittivity of the multilayer structure. Suppose 
the period of the structure is along the x direction, so the interface between the 
empty space and the structure is the yz plane. Consider a TM wave (P wave) inci-
dent from the empty space, and we choose the plane of incidence to be the xy 
plane, so the H field is parallel to the z axis. Let the permittivities of the metal and 
dielectric layers to be εm and εd, and their thicknesses are am and ad, respectively, 
so the period or lattice constant is a = am + ad. To satisfy the continuity condi-
tion of the wave phase, ky must be the same in each layer. We denote the kx in the 
two layers as km and kd, and use K to represent the Bloch wave number. When the 
wavelength of the incident wave is much longer than the lattice constant, ωa/c, 
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kmam, kdad and Ka take very small values. Under this condition, starting from the 
dispersion relation of one-dimensional photonic crystals [60] 

and expand the cosine and sine terms up to second order, we get the effective dis-
persion relation

where

Now define k� = ky, k⊥ = K, ε� = �ε�, and 1/ε⊥ = �1/ε�, we get the dispersion 
relation for this anisotropic effective medium

Choosing the filling fraction of the metal layer f = am/a and frequency (remem-
ber that εm = εm(ω)) properly, we can make ε� > 0, ε⊥ = −|ε⊥| < 0, and thus 
the dispersion relation in (2.30) becomes the hyperbolic form

This dispersion relation implies that both the propagating waves with |k�| ≤ ω/c

and the evanescent waves with |k�| > ω/c in an empty space can excite the propa-
gating waves inside this indefinite medium, because for a finite ω/c, k‖ and k⊥ can 
take arbitrary large values.

We have explained in the previous sections that a slab of negative permittivity 
material such as a silver thin film behaves like a superlens, which means it can 
make a subwavelength image of a tiny light source. However, since the imaging 
mechanism of a slab lens relies on the evanescent waves, the image can appear 
only in the near field zone. Besides, the subwavelength image cannot be processed 
by conventional optical devices easily, thus a device that can make amplified image 
at the far field zone is desired. Hyperlens is indeed this kind of device to fulfill 
this requirement. A hyperlens is in fact a cylindrical device formed by curling up 
the multilayered structure of the dielectric-metal 1D photonic crystal (see Fig. 2.9). 
In a hyperlens, the ε‖, ε⊥, k‖, and k⊥ are replaced by εθ, εr, kθ, and kr, so we have 

εθ > 0, εr < 0, and the dispersion relation (2.31) becomes k2r
εθ

− k2θ
|εr | =

ω2

c2
.

(2.27)cosKa = cos kmam cos kdad −
1

2

(

kmεd

kdεm
+

kdεm

kmεd

)

sin kmam sin kdad

(2.28)
K2

�ε�
+

〈

1

ε

〉

k2y =
ω2

c2

(2.29)�ε� =
amεm + adεd

a
,

〈

1

ε

〉

=
am/εm + ad/εd

a

(2.30)
k2⊥
ε�

+
k2�
ε⊥

=
ω2

c2

(2.31)
k2⊥
ε�

−
k2�
|ε⊥|

=
ω2
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A small light source close to the inner surface of the hyperlens if emitting TM 
polarized light, then its evanescent waves can be coupled into the hyperlens and 
transformed into propagating waves inside. However, unlike in the flat lens case, the 
propagating modes inside this cylindrical structure are the products of Bessel function 
Jm(kr) and Neuman function Nm(kr) with the phase factor eimθ, where m is the order 
of the Bessel/Neuman function and k = ω

c
n is the wavenumber. The azimuthal com-

ponent of the wave vector kθ = 2π
�θ

= 2π
(2πr/m)

∼ m/r reduces as the radius increases.

If the outer radius is large enough so that kθ (R) = m/R < ω/c, then the image 
would be made of propagating waves and can appear in the far field zone [5, 6].

2.6  Invisibility Cloak and Transformation Optics

Now we introduce the concept of invisibility cloak and transformation optics [11, 
12]. An invisibility cloak by definition is a shell made of carefully designed mate-
rials, and an object hidden inside as well as the shell itself would not be observed 
from outside. Light incident upon the cloak would not be scattered, and it can 
only propagate along the shell and goes back to the free space without penetrat-
ing through the cavity region enclosed by the shell. After leaving the cloak the 
light would propagate along the same direction as the original incident light, and 
no shadow will be formed (see Fig. 2.10). Since light does not penetrate into the 

Fig. 2.9  Hyperlens and 
imaging through it. (Images 
courtesy of Zhang group, UC 
Berkeley)
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cavity region, the objects hidden inside would not have any electromagnetic inter-
action with the outside world.

In optics we know that the refractive indice of media can influence the propa-
gating direction of light. If the refractive index of a medium can be made a smooth 
function of position, then in principle a carefully arranged distribution of refractive 
index can guide light around a finite cavity region just like the desired invisibility 
cloak can do. However, this guiding would never be perfect and light scattering 
caused by internal reflection would make the cloak visible.

Is this fate unavoidable? To answer this question, remember that according to 
the electromagnetic theory of light, the refraction and reflaction behaviors of light 
are in fact influenced by the relative permittivity εr = ε/ε0 and relative permea-
bility µr = µ/µ0, or equivalently by the refractive index n = √

εrµr  and relative 
impedance Zr =

√

µr

εr
. For usual optical media the magnetic response is weak 

so we can assume µr = 1 and get n = √
εr = 1

Zr
. This reduces the independ-

ent material parameters from two to one and restricts the optical behaviors of the 
medium. In fact, the interface reflection of EM wave is caused by the impedance 
change, and not by the refractive index change. Thus if both the permittivity and 
permeability can be used, then it would be possible to guide light around an object 
without internal reflection.

To realize an invisibility cloak, John Pendry et al. proposed in 2006 a physi-
cally plausible scheme based on the idea of coordinate transformation [11]. In fact, 
it is known that the form of Maxwell’s equations is invariant under a continuous 
and smooth coordinate transformation, although the expressions of the permittivity 
and permeability tensors after this transformation become anisotropic and inhomo-
geneous. That is, they are not simple constants or scalars but tensor densities [61]. 
After this early development, the same idea has been generalized to design other 
novel devices for controlling the light flows. Such kinds of researches are now cat-
egorized as ‘transformation optics’(TO) [62, 63].

Fig. 2.10  Electromagnetic 
waves propagating around 
an invisibility cloak. The 
white arrows indicate the 
direction and magnitude of 
the Poynting vectors. The 
triangle represents the object 
being hidden inside the cavity 
region
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Now we explain why coordinate transformation can tell us how to design an 
invisibility cloak or other TO devices. We first choose a ‘target virtual space’ and 
define a coordinate transformation between the original space and this virtual 
one. The electromagnetic fields, light trajectories, and the media parameters 
(permittivity and permeability) would get their new expressions, directions, and 
values in this virtual space after the coordinate transformation. We then can treat 
the transformed media parameters as the true medium parameters in the original 
space and thus the transformed trajectories become the true trajectories of light in 
this original space if filled with the transformed medium. If the original space is 
empty, and we transform the space points inside a sphere of radius b to the shell 
region between a and b (a < b) without changing the points outside the sphere, 
then a light ray originally goes straight through the sphere would become curved 
inside the shell and around the cavity r < a, and goes back to its original direction 
after leaving the shell. Thus the shell filled with the transformed medium is 
nothing but the desired invisibility cloak (see Fig. 2.11).

Now we derive the material parameters for the spherical cloak. First note that in 
the inner region r < b, the empty space has material parameters ε = µ = 1. Here 
ε and µ represent the relative permittivity and relative permeability, respectively. 
Now transform every point inside the sphere from (r, θ ,ϕ) to 

(

r′, θ ′,ϕ′) using the 
transformation:

A cavity of radius a is thus created, which corresponds the central point of the 
sphere. The shell region a < r′ < b is from the whole interior region inside the 
sphere, except the central point. The new material parameters can be calculated 
according to the formula [64] 

(2.32)r
′ =

(

b− a

b

)

r + a, θ ′ = θ , ϕ′ = ϕ

(2.33)ε′ =
JεJT

det J
, µ′ =

JµJT

det J

(a) (b) (c) 

Fig. 2.11  Invisibility cloak, the ray trajectories, and the phase of the electromagnetic waves.  
a A spherical region of empty space. b and c represent the effect of a invisibility cloak designed 
according to coordinate transformation. The curves with arrow heads are the ray trajectories, and 
the white and black colors in c represent the wave crests and wave troughs. (Images a, b: Science 
313, 1399 (2006))
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which yields

These arbitray material parameters in principle can be realized by using 
metamaterials. We have learned in the previous sections that in the long wavelength 
limit, periodic structures consisted of arrays of small electric and magnetic 
resonantors such like wires and SRRs can work like a homogeneous medium 
having certain unusual permittivity and permeability, no matter it takes positive, 
negative, close to zero, or very large values. We can replace the smooth TO devices 
by an artificial structure consisted of a large amount of ‘metamaterial elements’ and 
approximate the material parameters as continuous functions if the changes of these 
parameters from an element to its neighboring element are really small enough.

Experimental realization of a 2D cylindrical cloak was first demonstrated in 
2006 by David R. Smith’s group at Duke University [12]. They designed the 2D 
cloak for cloaking microwaves about 10 GHz, and their experiments confirmed 
that the cloak, though not perfect, can reduce the scattered wave dramatically. 
However, the parameters they used were not referring to the theoretical values 
directly from the coordinate transformation. The theoretical parameters were 
replaced by a set of reduced parameters, in which only the permeability tersor 
is varied along the radial direction, and the permittivity is a constant. A light ray 
propagating inside the shell region (now replaced by a ring region) would have 
the same trajectory as in the perfect cloak. However, reduced parameters do not 
satisfy the impedance matching conditions at the outer surface of the ring, so the 
scattered waves cannot be eliminated completely and thus the cloak is not perfect. 
In fact, designing transformation optics devices using metallic metamaterials 
with resonance property has some disadventages. First, resonance implies the 
loss. As we have mentioned before, the energy loss of the electromagnetic wave 
causes the modification of the strength and phase of the wave, and they lead to 
the degration of the device function such as the invisibility. Besides, resonance 
implies narrowband, so an invisibility cloak based on resonance mechanism can 
only work in a very narrow bandwidth, which is undesireable. Finally, it is difficult 
to fabricate metamaterials from nanostructures of resonant type, and as mentioned 
before, their resonance property are usually not good enough.

In order to avoid the above mentioned disadvantages, new designs of cloaking 
devices often use the idea of gradient index and they are built with common die-
lectric materials. One of them is the carpet cloak [65–67]. When covers this kind 
of cloak on an object lying on a table, the cloak can cancel the scattered light from 
the object completely, changing the table optically equivalent to a flat surface.

In addition to the various cloaking devices for controlling the electromagnetic 
waves, recently the similar ideas have been utilized and generalized for designing 

(2.34)εr′ = µr′ =
b

b− a

(

r′ − a

r′

)2

(2.35)εθ ′ = µθ ′ =
b

b− a
= εϕ′ = µϕ′
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devices for cloaking other kinds of waves. To build an acoustic cloak, we have to 
fabricate the acoustic metamaterials having the required effective mass density and 
bulk modulus or Lame’s constants. Such kind of cloaks have already been built 
and tested [38, 39]. People have also designed a cylindrical shaped water wave 
cloak for cloaking water waves by varying the water depth gradually along the 
radial direction around the cavity region [68]. This kind of cloaks may someday 
be used for protecting coastlines from tsunamis by making the land invisible to 
the incoming waves. Quantum wave cloaks or matter wave cloaks have also been 
considered, which guides the propagation of matter waves around a cloaked 
region by designing the effective mass and potential functions in the Schrodinger 
equation [40, 41]. A very interesting novel device called time cloak has also been 
proposed recently [69]. The fundamental concept of the previously mentioned 
cloaking devices is this: creating a hole in the space, and guide the waves around 
the hole by using properly designed artificial materials. The basic idea of time 
cloak is instead creating a gap in the time, and cheat the prob wave, making it 
unable to detect the event happening in the time gap. This description also explains 
why such a device is also called ‘history editor’ [70]. Reader may refer to the 
original papers and review articles for understanding these new developments [71].

2.7  Summary

In this chapter we have reviewed some topics in metamaterials research, which 
include: negative refraction, left-handed media, perfect lens or superlens and their 
relation with subwavelength imaging, the energy density problem, wire array and 
negative permittivity, SRR array and negative permeability, indefinite media or 
hyperbolic metamaterials and hyperlens, invisibility cloak and other transforma-
tion optics devices.

Metamaterials is in fact not materials but is a new way of thinking. With this new 
way of thinking people try every possible method to design structures for applica-
tion and use them as materials. The most used mechanisms in designing metama-
terials include resonance (SRR array), constraints for current flows (wire array), 
and high anisotropies (hyperbolic metamaterials). The effective media theories are 
useful but only accurate enough at the long wavelength limit. If the wavelength is 
not long enough we must treat metamaterials as what they really are, for example, 
 photonic crystals consisting of periodic arranged metallic wires and split-rings. 
In that situation we must know the band structures or dispersion relations before 
we can make any predictions about the wave propagation properties inside these 
structures. Another very important issue is how to design broadband metamaterial 
devices which can work in a wide rage of frequency. We are not able to discuss all 
the topics in this research area in only one section because it covers phenomena 
of too wide range and is evolving too fast. However, readers may find the materi-
als provided in this chapter are essential and useful which can help them to pass 
through the main obstacles of understanding metamaterials.
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3.1  Introduction

Recently, high-speed and high-power fiber lasers have emerged not only as a 
workhorse for information technology but also as a viable alternative to current 
generation of main-frame lasers for industrial and scientific applications [1, 2]. 
Laser machining and processing of materials, e.g., welding, drilling and precision 
cutting, are among the most important conventional applications of the laser. In 
the past two decades, femtosecond laser ablation [3] was shown to exhibit unique 
capabilities for micro- and nano-machining in a variety of materials, including 
transparent materials [4]. Machining platforms based on ultrafast fiber lasers was 
reported recently [5].

Ytterbium (Yb)-doped fiber-based laser systems [6–8] are currently the laser 
system of choice for the applications mentioned above. This is primarily due to 
their efficiency, broad gain bandwidth, and operational wavelength near 1,060 nm 
(that of Nd: YAG lasers, one of primary workhorses of the industry) [8]. Figure 3.1 
shows the energy level diagram of Yb-doped silica fiber and the corresponding 
absorption and emission spectra. The laser transitions occur between the sublevels 
of 4F5/2 and 4F7/2 states in Yb-doped silica. YDF has a very broad absorption and 
emission band and can be pumped efficiently by 915 nm or 975 nm laser diode. 
Absorption at 975 nm is much stronger than that at 915 nm though its bandwidth 
is comparatively narrow. As a result, relatively complicated temperature stabiliza-
tion schemes are required for the pump laser diodes emitting at the wavelength of 
975 nm versus that at 915 nm. The fluorescence lifetime of the upper laser level in 
YDF, τf = 0.8 ms.

C.-L. Pan (*) · A. Zaytsev · C.-H. Lin · Y.-J. You 
Department of Physics, Institute of Photonics Technologies, National Tsing Hua University, 
Hsinchu, Taiwan
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Although the long length and tight beam confinement make active fibers suit-
able for high-power amplification, output of fiber laser systems soon reach peak 
powers approaching or surpassing thresholds for undesirable nonlinear effects. 
Therefore achieving high peak power associated with high-power ultrashort pulses 
with good beam quality constitutes a major challenge. Techniques such as chirped 
pulse amplification [9, 10] were introduced to reduce peak power in the fiber 
amplifier and consequently minimize nonlinear effects. This method is well suited 
for achieving high-energy pulses but typically involves a complex optical arrange-
ment. In practice, direct amplification appears more practical for scaling average 
power because of its simplicity. This implies that adequate management of nonlin-
earities in the YDF laser systems tailored to specific applications, e.g., nonlinear 
frequency conversion, is essential. Nevertheless nonlinearities such as self-phase 
modulation (SPM) can also be very attractive for the generation of high-power 
pulses and their subsequent compression.

In this chapter, we describe our recent work on picosecond and femtosecond 
Yb-doped fiber oscillators and amplifiers. Beginning with a brief description of the 
master-oscillator power amplifier technology and its capabilities, Sect. 3.2 reviews 
some of the basic theories useful to understand amplification in fiber amplifiers 
and describes the various nonlinearities encountered by short pulses propagating 
in an optical fiber. Such analyses are useful for optimum design of the YDF laser 
systems. Experimentally, we demonstrated direct fiber amplification of a picosec-
ond passively mode-locked diode-pumped solid-state (DPSS) seeder through a 
chain of amplifiers using low-cost non-polarization-maintaining (non-PM) YDF. 
The YDF laser system generated ~11 ps-wide pulses at 250 MHz and an aver-
age power as high as 60 W with 73 W pumping. Moreover, the output beam qual-
ity was excellent, with M2 ~ 1.6. Detrimental effects such as stimulated Raman 
Scattering (SRS) and amplified spontaneous emission (ASE) were minimized.

In Sect. 3.3, we showed that a ring-type YDF laser cavity with nonlinear polari-
zation evolution (NPE) port can be configured to generate either continuous-wave 
mode-locked pulses or noise-like pulses (NLP) with a super-broadband spectrum. 
Simulation results showing the buildup dynamics for the two regimes were also 
presented. Self-starting noise-like operation of the laser can be maintained over a 

Fig. 3.1  Energy level diagram (a) and Absorption (solid) and emission cross-sections (dashed) 
of Yb in silica fiber (b) as a function of wavelength [6]
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relatively large range of pumping powers (4–13 W). The maximum 3 dB spectral 
bandwidth of the noise-like pulses was ~48 nm which the output energy can be 
as high as 47 nJ, limited by optical damage of the fiber components. Generation 
of supercontinuum (SC) by NLPs propagating through ~100 m of single-mode 
fiber in the normal dispersion region was also demonstrated. The SC exhibits low 
threshold (43 nJ) and a flat spectrum over 1,050–1,250 nm.

Finally, we consider amplification of picosecond bursts in Yb-doped fiber 
amplifiers its impact on frequency conversion applications. A theoretical and 
experimental comparison between regular pulse trains and pulse bursts shows sig-
nificant enhancement in terms of conversion efficiencies.

3.2  The MOPA Approach to High-Power Short-Pulse  
Yb-Doped Fiber Lasers

High-power fiber lasers have been increasingly used in scientific applications  
[11, 12] as well as material processing [5, 13]. These systems are typically based 
on master oscillator power amplifier (MOPA) designs. For wavelengths around 
1 μm, ytterbium-doped fiber is widely adopted for fiber-based high-power lasers 
and amplifiers [6]. Yb-doped double-cladding (DC) fibers can be used to build 
laser systems with output power up to several kilowatts. Such laser systems also 
exhibit desirable characteristics such as high gain, good efficiency and excellent 
beam quality [14–19]. For example, C. Zheng et al. reported an all-fiber master 
oscillator power amplifier (MOPA) system which can generate ~10 ns pulses with 
energies of 1.2 mJ/pulse [19]. The output beam quality M2 ≈ 1.4.

The broad gain bandwidth of Yb-doped fiber is also suitable for the amplifi-
cation of ultrashort pulses [17, 18]. High-power short-pulse fiber lasers, however, 
must meet challenges from the onset of unwanted nonlinear effects, like self-phase 
modulation or stimulated Raman scattering, which limit the maximum output 
power and degrade output pulse shape and duration. Recently developed pho-
tonic crystal fiber (PCF) is able to overcome many of the difficulties mentioned 
above. PCFs, however, are still very expensive. If a linearly-polarized high-power 
short-pulse laser is required, it can be based on a master oscillator fiber amplifier 
(MOFA) design where polarization-maintaining (PM) fibers are used. Further, the 
PM fibers are well suited to amplify and deliver linearly polarized optical beams 
to targets with excellent extinction ratio. The PM fibers, however, are much more 
expensive than conventional non-PM fibers. Further, the thresholds of nonlinear 
effects in non-PM fibers are higher [20, 21].

A stable seed laser is required for the MOFA. Currently, several research 
groups adopted fiber mode-locked oscillators as seed lasers [22, 23]. For the 
moment, however, long-term reliability of modern fiber oscillators is still the 
main challenge which may affect on the overall MOFA performance. Vertical 
external-cavity surface-emitting semiconductor lasers (VECSELs) producing 
nearly transform-limited ps pulses and quasi-diffraction limited beams are suitable 
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for MOFAs [24]. The output power of VECSEL, however, is well below 1 mW. 
As a result, multiple amplification stages are required. On the other hand, diode-
pumped solid-state (DPSS) lasers can provide transform-limited pulses at moder-
ate power levels. In this section, we presented progress of relatively high-power 
picosecond MOFAs using non-PM Yb-doped fiber amplifiers seeded by a compact 
and robust passively mode-locked DPSS Nd:GdVO4 laser which can provide 12 ps 
duration, at ~200 MHz repetition rate with average power of ~400 mW [25]. An 
average power of ~28 W at a repetition frequency of 250 MHz was achieved with 
a single stage of 10-μm-core Yb-doped fiber amplifier in the MOFA. A pulse dura-
tion of ~1.4 ps was obtained after recompression with a grating pair [26]. With 
two stages of non-PM Yb-doped fiber amplifiers, Stimulated Raman scattering 
(SRS) and amplified spontaneous emission (ASE) can be suppressed by optimiz-
ing the active fiber lengths and pumping powers of the amplification stages. We 
achieved an average output power as high as 60 W, with an optical conversion effi-
ciency 82 % [26]. The SRS peak at 1,120 nm is suppressed by 30 dB. No distor-
tion or other unwanted effects were found at the system output. The output beam 
quality is measured to be M2 ~ 1:6.

3.2.1  Theoretical Analysis and System Design

For theoretical analysis and optimum design of the MOFA, we employed the 
analytical model for rare-earth-doped fiber amplifiers and lasers first proposed by 
Saleh et al. [27]. Certain simplifying assumptions have to be used in these models:  
(1) The power extracted by ASE must be negligible. This is valid for a fiber amplifier 
with input seed power significantly higher than equivalent ASE noise in the channel. 
(2) The field and dopant distributions must be homogeneous. This is typically 
the case for single mode doped fiber cores. (3) Excited state absorption must be 
negligible, which is true for Ytterbium-doped fibers. Further, we neglected the 
influence of optical feedback on the signal. This is reasonable because angle-cleaved 
fiber ends were employed in our experimental setup. Following Barnard et al. [28], 
we can write down the steady-state rate equations for the amplifier as follows:

(3.1)N1 + N2 = Nt

(3.2)
∂Pp

∂z
= Ŵp

[

σ e
pN2 − σ a

p N1

]

Pp

(3.3)
∂Ps

∂z
= Ŵs

[

σ e
s N2 − σ a

s N1

]

Ps

(3.4)
N2

N
=

(

σ e
s + σ e

s

)

σ a
p PpP

sat
s +

(

σ a
p + σ e

p

)

σ a
s PsP

sat
p

(

σ a
s + σ e

s

)

(

σ a
p + σ e

p

)(

PpPsat
s + Psat

p Psat
s + PpPsat

s

)



653 Progress in Short-Pulse Yb-Doped Fiber Oscillators and Amplifiers

In  (3.1–3.4), Nt is the doping density of Yb3+ ions in the active fiber. N1 and N2 
are the population densities of lower and upper lasing levels, respectively. Pp is 
the pump power, z is the spatial coordinate along the fiber axis, Ps is the signal 
power. σse and σpe are the emission cross-sections of the signal and the pump 
light, respectively. Similarly, σsa and σpa are the absorption cross-sections of the 
signal and the pump light, in that order. Other parameters used include the life-
time of the lasing transition, τ; the overlap integral of pump and signal, Γs and Γp; 
the effective area of the fiber core, A; Planck constant, h; the velocity of light, c. 
Equations (3.2–3.4) can be solved analytically and expressed as follows [29]:

where δ = Psat
s /hvs

Psat
p /hvp

 is the ratio of saturation powers, G is a signal gain, 

Gmax = exp
[(

ŴpNσ a
p

δ
− ŴsNσ a

s

)

L
]

 is the maximum gain. Pin
p ,P

in
s  are total power 

of pump and signal lights at the input of the amplifier, respectively.
Using the formula summarized above and the physical parameters of Yb-doped 

double-cladding fibers provided by fiber manufacture (Liekki), we calculated the 
output power as the function of active fiber length (see Fig. 3.2). The calculations 
were made assuming fiber’s cross-sections from [6], 100 mW of average seed 
power and pumping power at 20 W. These are summarized in Table 3.1.

Simulations indicated that the optimal fiber length for a 10-μm-core fiber 
amplifier stage would be ~10–12 m. Similarly, the optimal fiber length of 
30-μm-core diameter fiber is ~3–5 m. These are plotted in Fig. 3.2.

(3.5)
PIN
p

hvp

(

1−
(

G

Gmax

)δ
)

=
Psat
s

hvs

(

ŴsNσ a
s L + lnG

)

+
PIN
s

hvs
(G− 1),

Fig. 3.2  Simulation for the dependence of output power as a function of fiber length of two dif-
ferent Yb-doped fibers (YB1200-10/125DC, Liekki with 10 μm core diameter—blue curve, and 
YB1200-30/250DC, Liekki with 30 μm core diameter—red curve) for single stage amplification. 
The input power and pump power are assumed to be 100 mW and 20 W, respectively, for both fibers
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In comparison, the 10-μm-core fiber amplifier stage with optimal fiber length 
appears to exhibit higher power than the optimized 30-μm-core fiber amplifier 
stage (see Fig. 3.2). The above analysis, however, does not consider the nonlin-
ear effects such as the stimulated Raman scattering (SRS) and self-phase mod-
ulation (SPM). These nonlinearities are non-negligible at high signal powers 
and result in pulse distortion and other undesirable consequences. A rough esti-
mate shows that the Raman threshold for our input condition and the optimal 
fiber length is below a peak power of 2.3 kW or an average signal power of 7 W. 
Therefore, the output power of a single 10-μm-core fiber amplifier stage is lim-
ited in order to avoid significant pulse distortion and efficiency degradation. On 
the other hand, the output power of a 30-μm-core fiber amplifier stage is rela-
tively small (~0.4 W, see Fig. 3.2) with the same input signal and pump power. 
Due to the large core size, a seed signal power higher than 1 W is required to 
achieve a good pump to signal conversion efficiency. It is reasonable, there-
fore, to consider the design of a dual-stage amplifier system, using a length of 
10-μm-core fiber as the preamplifier and another length of 30-μm-core fiber for 
the main amplifier.

For optimization of such a dual-stage fiber MOPA system, we first used the 
formalism above to optimize each stage separately in order to achieve the highest 
gain. It is well known that larger core size and shorter fiber length will increase 
the nonlinear thresholds. Therefore, effects such as SRS and SPM are expected to 
be more likely to happen in the first or the preamplifier stage, which employs fib-
ers of smaller core size. The SPM will broaden the spectrum, which is distributed 
about the signal wavelength. The SRS will create new wavelengths which are far 
from the signal. The signal power limitation of SRS is more serious than the SPM. 
Using the formula in [30] and assuming a Raman gain coefficient gR ~ 3.2 × 1013 
mW−1 [31], we estimated that the SRS threshold is ~2.3 kW for a 10-μm-core 
fiber with optimized length of 7 m. For a 30-μm-core-fiber and ~5 m in length, the 
SRS threshold increases by a factor of more than ten to ~27 kW.

In our design, we set the output power of the preamplifier stage at ~3 W, which 
is below the SRS threshold for the 10-μm-core fiber preamplifier. Assuming 2 W 
of power was injected into the 2nd or main-amplifier stage. In Fig. 3.3, we have 
calculated and plotted the normalized gain of the first stage (10-μm-core fiber) 
and second stage (30-μm-core fiber) of MOPA as a function of their respective 

Table 3.1  Main parameters 
of the 10-μm-core Yb-doped 
double-clad fiber

Parameter Value Parameter Value

Ν 9.5 × 1025 m−3 Γs 0.82

τ 0.84 ms Γp 0.01

σs
a 5 × 10−27 m2 λp 915 nm

σs
e 3.4 × 10−25 m2 λs 1,064 nm

σp
a 7.8 × 10−25 m2

σp
e 3.1 × 10−26 m2
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length. The optimal fiber length of the main amplifier stage is ~5 m (see solid 
curve of Fig. 3.3). Actually, the optimal fiber length of the 10-μm-core fiber can 
be reduced in the dual-stage amplifier system. In order to achieve an output power 
of ~3 W in the preamplifier stage, the needed fiber length is only ~5 m (see dashed 
curve of Fig. 3.3), further reducing the possible detrimental nonlinear effects.

3.2.2  Picosecond Laser Seeder

For the master laser, we designed and constructed a compact and robust pas-
sively mode-locked DPSS Nd:GdVO4 laser which can provide 12 ps duration, 
at ~250 MHz repetition rate with average power of ~400 mW [25].

The laser employed a linear cavity, as shown in Fig. 3.4. A Brewster-cut 
Nd:GdVO4 laser crystal with a dopant concentration of 1.5 % Nd and the 

Fig. 3.3  Simulated gain as a function of the fiber length of the 1st (dashed red curve) and 2nd 
(solid blue curve) stage amplifiers in a dual-stage Yb-doped fiber amplifier. The core diameters 
are 10 and 30 μm, respectively. The input signal power is 100 mW in the 1st stage and 2 W in 
the 2nd stage, respectively. The pump power is 5 W in the 1st stage and 80 W in the 2nd stage

F1=75mm or 

150 mm
F2=75mm

Nd:GdVO4

808nm LD

SOC 

R=98%

Fig. 3.4  Schematic of the DPSS laser. SOC Saturable Output Coupler
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dimensions of 2 × 2 × 3 mm3 was used. One of its light-passing facets was coated 
for high reflection (HR) at the lasing wavelength of 1,064 nm and high trans-
mittance (HT) at the pump wavelength of 808 nm, the other side (Brewster-cut) 
was coated for HT at 1,064 nm. The laser was pumped by a C-mounted 808 nm 
laser diode (LD) with integrated fast axis collimator and maximum output power 
of ~2 W. For simplicity and cost reduction, we did not use any optics for re-imag-
ing the pumping spot into the laser crystal. Instead, we placed laser crystal at a 
short (~0.2 mm) distance from the LD chip surface. The LD and Nd:GdVO4 crys-
tal, wrapped with indium film, were embedded in a copper heat sink that is part 
of a compact module [25]. The cavity contains a saturable output coupler (SOC, 
made by BATOP Gmbh, Weimar, Germany) that serves as the saturable absorber 
as well as the output coupler. In our experiments, we used a SOC of 2 % transmis-
sion not to achieve the lowest possible threshold but to find the laser condition 
optimally matched with the laser diode used for pumping.

The HR-coated crystal’s facet, two HT-coated convex lenses (F1 and F2), and 
the SOC form the two-mirror cavity of the laser. We adjusted the cavity length 
from 0.6 to 1 m and experimented with F1 lens of which the focal lengths, f1, 
were 75 and 150 mm, respectively. The focal length of F2 was fixed at 75 mm. 
The calculated and experimentally measured critical average powers Pout for sev-
eral variations of the cavity design are summarized in Table 3.2. Here, Pout is the 
minimal output average power corresponded to the CW mode-locked state [25]. 
An example of measured laser spectrum in the mode-locked state is shown in 
Fig. 3.6a.

We found that measured Pout is slightly higher than theoretically predicted val-
ues. This is tentatively attributed to additional intracavity loss mechanisms, e.g., 
reflection losses, scattering losses, mode areas mismatch. From Table 3.2, it is 
clear that increasing the cavity size and using F1’s with shorter focal length result 
in increasing intracavity pulse energy, reduced mode-locking threshold, and sup-
pression of Q-switching instabilities. On the other hand, longer cavity length is 
undesirable for the design of a compact system and also reduces the repetition rate.

In Fig. 3.5, we have plotted laser output powers versus pumping power for 
different cavity configurations. Note that the cavity with f1 = 150 mm exhibited 
higher efficiency than ones with f1 = 75 mm. We attribute this to enlarging the 
mode area and better mode matching with the pumping beam in the former. The 
improvement in efficiency, however, is accompanied by higher mode-locking 
thresholds.

The envelope of the interferometric autocorrelation trace with the Gaussian 
fitting curve is shown in Fig. 3.6b. From fitting parameters, we can estimate the 

Table 3.2  Calculated and 
measured critical average 
powers

Cavity length 1 m 60 cm 1 m 60 cm

f1 (mm) 75 75 150 150

Calculated Pout (mW) 170 250 340 510

Measured Pout (mW) 185 260 350 NA
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pulse duration at ~12 ps. The calculated time-bandwidth product 0.49 obtained by 
using the measured optical spectrum (see Fig. 3.6a) shows that DPSS laser irradi-
ates almost transform-limited pulses.

In the case of optimal condition (60 cm cavity and F1 = 75 mm) the laser 
generates ~12 ps pulse trains at ~250 MHz (see Fig. 3.7) with an average output 
power Pout of about 260 mW when the pumping power is 1.3 W.

For the condition that the output power of the laser was ~270 mW which was 
slightly higher than that of the CW mode-locking threshold, the fluctuation of 
average output power for 11 h operation was recorded (see Fig. 3.8). For compari-
son, we also presented the fluctuation data if active cooling was used to stabilize 
the temperature the basement of LD and laser crystal mount at 20 °C (red dot).

Fig. 3.5  Output power versus the pump power curves for cavity configurations listed in 
Table 3.1

Fig. 3.6  a Measured optical spectrum of mode-locked Nd:GdVO4 laser; b The measured enve-
lope of an interferometric autocorrelation trace and its Gaussian fitting curve
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We can observe from Fig. 3.8 that the average power fluctuations in long-term 
operation do not reach more than ±2 % which was slightly higher than in the 
case when active cooling was used (±1 % fluctuations). We attribute this supe-
rior performance to several factors. First of all, we achieved good thermal sta-
bility through reduction of excessive absorbed heat and good thermal sinking of 
the pumping module consisting of the laser crystal and the pumping LD [25]. 
Secondly, the cavity configuration is simple and thus mechanically stable. The last 
feature also suggests easer alignment of laser cavity.

3.2.3  Multi-Stage Fiber Laser Amplifiers

The experimental setup of the proposed high power picosecond laser system is 
shown schematically in Fig. 3.9 [32]. It is constructed in a dual-stage MOFA configu-
ration. The mode-locked DPSS seed laser has been reported previously (see Fig. 3.4).

Fig. 3.7  The pulse train at 60 cm cavity

Fig. 3.8  Long-term fluctuations of laser output with active cooling (solid) and without of active 
cooling (dot)
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In the two fiber amplifier stages, all fibers are non-PM fibers. We used the theo-
retical model in Sect. 3.2.1 to determine the optimum fiber length with a given 
pump power for maximum power output while minimizing undesired nonlinear 
effects. Thus, a 7-m-long, 10-μm-core double-cladding Yb-doped fiber (YB1200-
10/125DC, Liekki) was used in the preamplifier stage. The absorption per unit 
length of this fiber 1.8 dB/m at 915 nm. Another 5-m-long 30-μm-core double-
cladding Yb-doped fiber (YB1200-30/250DC, Liekki) was used in the main-
amplifier stage. The absorption per unit length for either fibers was 3.6 dB/m at 
915 nm. A (2 + 1) × 1 optical combiner was used to couple the signal and pump-
ing light together before being sent into the active fiber. The signal fiber core size 
of the combiner was matched with that of the active fiber core. Due to the large 
wavelength tolerance of absorption near 915 nm, pump laser diode at this wave-
length were used in order to provide stable absorption in the active or gain fibers 
[33]. Between the two stages, we used a polarization-independent optical isolator. 
This is essential to prevent the reflection from the output end and avoid self-oscil-
lation in the amplifier stages. At the pigtail of fiber amplifiers, we also used angle-
cleaved ends to prevent any feedback. A home-made second-harmonic intensity 
autocorrelator and an optical spectrum analyzer (MS9780A, ANRITSU) were used 
for pulse characterization. The beam quality was determined by a home-made M 
square measurement setup.

In the main or second amplifier stage, either forward or backward pumping 
is possible. The pumping efficiencies for the two cases are shown in Fig. 3.10. 
Clearly, backward pumping is superior. This is consistent with reports by previous 
workers [34, 35].

Fig. 3.9  Schematic drawing of the MOFA system. LD laser diode; SOC saturable output cou-
pler, ISO isolator
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3.2.4  MOPA Performance

The output power of the first stage fiber amplifier or the preamplifier is plotted as a 
function of pumping power in Fig. 3.11a. The solid curve is the theoretical predic-
tion according to  (3.5). A maximum average output power of 28 W was obtained 
by employing a 7-m-long 10-μm-core double-cladding Yb-doped fiber pumped 
at 50 W [26]. The corresponding optical conversion efficiency is ~56 %. At low 
pumping powers (below 12 W), the experimental results are in good agreement 
with the theoretical curve. At higher pumping powers, the experimentally meas-
ured output powers are lower than the simulation results. This is attributed to the 
SRS effect. Simple estimation shows, when the pumping power is up to 13 W, the 
peak power from the preamplifier is ≤2.2 kW, which is close to the estimated SRS 
threshold of 2.3 kW (see Sect. 3.2).

Figure 3.11b shows the output spectrum of the preamplifier for several val-
ues of the pump power. The peak at 1,120 nm wavelength, corresponding to the 
first Raman Stokes line [21], became visible when pumping power reaches 13 W. 
Larger pump power will cause more serious Raman amplification in the spectral 
region around 1,120 nm. As a result, signal depletion at 1,064 nm became evident. 
This is not desirable.

Moreover, at high pump powers, self-phase modulation (SPM) significantly 
broadens the output spectrum. On the one hand, SPM is unwanted phenomena 
because it may cause pulse distortion. On the other hand, it opens the way to rec-
ompress the pulse by employing an anomalous dispersion line. In [26] we dem-
onstrated such a possibility. A gratings pair in Littrow configuration was used to 
compensate the positive phase shift in fiber. We found that the minimal full-width 
half-maxima (FWHM) of autocorrelation trace of the pulses was ~2 ps. This was 
observed at a grating separation of ~30 cm. A comparison between autocorrela-
tion traces at 10 W average output power measured on the amplifier output before 

Fig. 3.10  Experimentally 
measured output power of the 
main-amplifier as a function 
of the pumping power for 
forward (black squares) 
and backward (red circles) 
pumping schemes
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and after gratings compressor is shown at Fig. 3.12. Fitting curve assuming double 
exponential pulse shape matches the experimental data very well for both cases. 
From extracted parameters we can estimate that the pulse width duration at ~12 ps 
before and ~1.6 ps after compression, respectively. Further increasing of output 
power of the pre-amplifier beyond 10 W results in pulse broadening that cannot be 
compensated by adjusting the gratings compressor. Obviously, at the higher power 
levels the spectrum shape at the amplifier output is beyond typical SPM and in 
order to get shorter pulses the high-order nonlinearity should be taken into account 
and more comprehensive study should be done.

To obtain higher output power and suppress the SRS effect, the 30-μm-core 
fiber was chosen for the gain fiber of the second amplification stage. About 2 W 
of average power was measured at the input of the main or second-stage amplifier 
(after the second fiber-type optical isolator). This is significantly below the SRS 

Fig. 3.11  Performance of the preamplifier: a Output power versus (forward) pumping power. 
The solid curve is the theoretical prediction according to (3.5); b optical spectrum of the output 
of the preamplifier at different pumping power levels

Fig. 3.12  Measured autocorrelation trace of the amplified a and recompressed b pulses at 10 W 
average power output
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threshold. The pump-power scaling of the output of the main amplifier stage is 
shown in Fig. 3.13a. With 73 W of pumping power, an average output power of 
60 W or a peak power ~21.8 kW was measured at the output of the main amplifier. 
The corresponding optical conversion efficiency was 82 %. The simulation results, 
according to  (3.5), are plotted as the solid curve in Fig. 3.13b. Clearly, the experi-
mental results are in good agreement with the simulation curve.

Figure 3.14a above shows the spectrum of the MOFA output as a function of 
the pumping power. The spectrum broadens from 1.6 to 6.4 nm when the pump-
ing power was 62.7 W. This is in good agreement with theoretical estimation of 
the broadened spectral width, which is 8 nm. The spectral broadening is attributed 
primarily to self-phase modulation in the active fiber.

Fig. 3.13  Performance of the 2nd-stage or main amplifier with 30-μm-core fiber: a experimen-
tally measured output power versus pumping power; The solid red line is the fitting curve, corre-
sponding to an efficiency of ~82 %. b the comparison of simulated and experimentally measured 
gain

Fig. 3.14  Spectral and temporal characteristics of the output of the 2nd-stage or the main ampli-
fier: a optical spectra as a function of pumping powers; b the second-harmonic intensity autocor-
relation trace of the pulse train
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The peak power of the MOFA output was lower than that for the SRS thresh-
old, estimated to be 27 kW. The SRS was therefore negligible in our MOFA sys-
tem. This is consistent with the observation that SRS peak is at least 30 dB smaller 
than the main peak at the highest pumping power level used (see Fig. 3.14a). 
Therefore, most of the output power concentrates at the seed laser wavelength. 
The second-harmonic intensity autocorrelation trace of the MOFA output is shown 
in Fig. 3.14b. It can best be fit by a double-exponential function. The correspond-
ing FWHM of the electric field waveform of the pulse was ~11 ps (see Fig. 3.14b). 
This is about the same as that of the seed laser.

The beam quality or propagation factor (M2) of the MOFA, as measured by a 
home-made setup, was ~1.6 (See Fig. 3.15).

For now, the output power of our MOFA system was limited by the pump 
power. That is, the main amplifier had not yet reached saturation. Making sure that 
we operate below the SRS threshold of the main amplifier stage, we estimate that 
the maximum output power of the present MOFA can reach 75 W, if we provide 
enough pump power up to ~92 W.

In summary, an average power as high as 60 W with 73 W of pumping was 
achieved with an optimized pico-second ytterbium-doped non-PM fiber-based 
dual-stage amplifier (MOFA) system seeded by a compact modelocked solid-state 
laser. The corresponding optical conversion efficiency is 80 %. The laser system 
generates a steady pulse train at the repetition rate of 250 MHz with pulse width of 
11 ps or a peak power of 21.8 kW. The output beam quality M2 ≈ 1.6. The length 
and pumping power for the Yb-doped fibers were optimized to suppress stimulated 
Raman scattering (SRS) and amplified spontaneous emission (ASE) while main-
taining desirable output characteristics.

Fig. 3.15  Beam profile 
measurement of the MOFA 
system. Wx and Wy are the 
beam radii in horizontal 
directions, respectively
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3.2.5  Mode-Locked Yb-Doped Fiber Laser

Mode-locking technique is commonly employed to generate ultrashort pulse train 
from a laser oscillator. One popular approach, passive mode-locking is achieved 
by using a fast saturable absorber and a gain medium with broad gain bandwidth. 
In the fiber laser, fast saturable absorber (SA) action can be realized using nonlin-
ear polarization evolution (NPE) [36] due to the optical Kerr effect in the fiber. It 
can be easily implemented with the help of a polarizing beam splitter (PBS) and a 
few wave plates as shown in Fig. 3.16. Fast saturable absorption action based on 
NPE can be explained as follows. The linear polarization after the PBS is made 
elliptical using a quarter wave plate. As the pulse propagates through the fiber, the 
axes of the polarization ellipse rotate continuously from the peak to the valley of 
the pulse due to Kerr nonlinearity. At the fiber exit, the polarization directions are 
adjusted using a quarter wave and a half wave plates so that the peak of the pulse 
sees high transmission and the wings are attenuated.

In this way, the NPE acts like a fast saturable absorber and leads to the intensity 
discrimination and narrowing of the pulse. Usually, a unidirectional ring cavity is 
required for NPE to be effective and for self-starting operation of the laser. There 
are, however, several important characteristics that distinguish NPE from the more 
traditional SESAM mode-locking mechanism. First of all, it differs from a saturable 
absorber material since high intensities can “overdrive” the transmittance, causing 
the negative slope regions (see Fig. 3.17). Secondly, the NPE transmission func-
tion becomes periodic at high energies. This can be explained by the dependence of 
NPE on the angle of rotation of the elliptically polarized light. This over-driving of 
the mode-locking creates limitations in the attainable pulse energy. Further, because 
it is a polarization-based mechanism, NPE is extremely sensitive to environmental 
changes. Any disturbances (mechanical, temperature) may cause unstable operation.

According to the fluctuation mechanism of mode-locked pulse generation 
using a saturable absorber, there are two stages of pulse formation. In the linear 
stage, a large number of axial modes interfere to create a strong burst of intensity 

Fiber section

PBS QWP2QWP1 HWP

Fig. 3.16  Fast saturable absorption action based on nonlinear polarization rotation
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fluctuation. In the nonlinear stage, when the saturable absorber is bleached, the 
most intense fluctuation peak is compressed in time and amplified further. Pulse 
narrowing by the SA is balanced by the gain filtering effect of the active medium 
leading to the formation of bandwidth-limited mode-locked pulse [21]. In a fiber 
laser, however, the stable pulses will be generated only when the interplay of non-
linearity, gain and dispersion will be such that the chirping in the pulse can be 
managed with the help of a dispersion compensating elements, like a grating pair, 
so that the pulse shape repeats itself after each round trip. Hence, a prior simula-
tion is required for designing the mode-locked fiber oscillator to find the operat-
ing regime at which the stable mode-locked pulses can be evolved from the initial 
intensity noise fluctuations. The propagation of noise fluctuation in each segment 
of the oscillator can be modeled by the generalized coupled nonlinear Schrodinger 
equations (NLSE) given by [37]

Equation (3.6) also includes the effects of gain and gain filtering due to the finite 
gain bandwidth. If the parameters given for the oscillator are favorable for mode-
locking, then a stable pulse shape will evolve from the initial intensity noise fluc-
tuation after many round trips.

Various types of ultrashort pulse shapes can be generated by mode-locking 
Yb-doped fiber oscillator by adjusting the interplay of dispersion, nonlinearity 
and gain. YDF oscillator can be operated mainly in three different mode-locking 
regimes, namely stretched pulse, similariton and all-normal dispersion depending 
on the net value of GVD in the cavity as discussed below:

Stretched pulse mode-locked YDF laser: The stretched pulse YDF laser was 
first demonstrated by Lim et al. [38]. It is so named because the mode-locked 
pulse undergoes periodic stretching and compression in each round trip. Under the 
condition of negative GVD, the natural solution of  (3.6) is a hyperbolic secant 
pulse. Such pulses are referred to as soliton pulses as the negative GVD and the 
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nonlinearity cancel each other leading to the pulse shape whose temporal and 
spectral profiles do not change with the propagation distance. Under normal dis-
persion (for wavelength ~1 μm in silica fibers), conventional soliton pulse cannot 
be generated. Instead, soliton-like pulses known as the dispersion managed (DM) 
soliton or stretched pulses can be formed by employing a negative dispersing ele-
ment like a grating pair in the cavity to cancel the phase introduced by the positive 
GVD and SPM in the fiber [39].

The schematic of a typical stretched pulse YDF laser is shown in Fig. 3.18 [40]. 
The laser set-up comprises of a segment of single-mode silica fiber followed by a 
gain segment. NPE is implemented by a PBS and wave plates. A grating pair in 
the near-Littrow configuration is placed after the PBS to provide negative disper-
sion in the cavity. The grating is therefore also known as the dispersive delay line 
(DDL). The net GVD of the cavity is kept slightly positive. An optical isolator is 
placed in the air space to ensure unidirectional operation of the laser so that the 
mode-locking process is self-starting. By adjusting the wave plates, stable mode-
locked pulses are readily observed. As the pulse propagates through the SMF 
and the gain segment, the temporal and spectral widths increase with a positive 
chirp due to the interplay of GVD and nonlinearity. The pulse becomes negatively 
chirped after passing through the grating pair. Afterwards, propagation in the SMF 
adds positive dispersion. This leads to spectral and temporal compression of the 
pulse and bringing it back to its original shape. The output can be taken directly 
from the NPE ejection port (Fig. 3.19).

In Fig. 3.20, we show the simulation results of the temporal and spectral 
buildup dynamics of the stretched pulse mode-locked YDF laser. It illustrates the 
following process: An initial burst of broadband thermal noise photons serves as 
the seed starting the laser oscillation. The nonlinearity begins to affect propaga-
tion of these noise photon burst only after its flux reaches some value (after few 

Fig. 3.18  Schematic of dispersion managed soliton fiber laser: FC fiber coupler; HWP half-
wave plate; QWP quarter-wave plate, GP grating pair; PI-ISO isolator; M1, M2, mirrors
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roundtrips). Then, NPE mechanism gets involved in the pulse formation process. 
Finally, regular pulses start to circulate in the laser cavity after several tens of 
round trips.

The pulses are chirped inside the gain segment in a stretched pulse mode-
locked YDF laser. As a result, their energies can be scaled up significantly as 
compared to that of a soliton pulse. Pulse energy of 5 nJ with a compressed pulse 
duration of 50 fs has been demonstrated from a stretched pulse YDF laser [41]. 
The shortest pulse duration of 33 fs from a YDF oscillator was also achieved using 
the stretched pulse configuration by employing simultaneous third-order-disper-
sion (TOD) compensation [42]. Further energy scaling is unfortunately limited by 
the wave breaking of the pulses and over-driving of the NPE due to strong nonlin-
ear effects in the fiber.

Fig. 3.19  Spectrum (left) and autocorrelation trace (right) of the dispersion-managed soliton 
fiber laser like on Fig. 3.18

Fig. 3.20  Simulated build-up dynamics in time a and spectral b domains of the fiber oscillator 
based on NPE SA



80 C.-L. Pan et al.

Similariton laser: Similariton pulses are the asymptotic solution of the NLSE 
under normal dispersion. That is, if certain conditions are satisfied, any input 
pulse shape would evolve as a parabolic one after propagating through the fiber 
[43]. Mathematically, a similarton pulse has a parabolic temporal shape as well 
as quadratic phase profile. This would naturally lead to linear frequency chirping. 
A similariton pulse propagates through the fiber in a self-similar manner. That is, 
the spectral and temporal profiles are always a scaled version of itself even in the 
presence of high gain or loss. The configuration of this class of lasers is similar to 
that of the dispersion managed soliton laser (See Fig. 3.18) but has a large amount 
of net positive GVD obtained by increasing the undoped single-mode fiber length. 
The purpose of the grating pair is to compress the pulse to its initial width. For 
the self-similar pulse to evolve to the steady state, its pulse energy should be high 
enough (requirement of high gain) and should pass through long distance in the 
undoped fiber. It should be noted that the pulse always has a linear positive chirp 
even in the presence of negative dispersion of elements such as the grating pair. 
The temporal shape of a similariton pulse has a quadratic phase profile, a unique 
signature of such a pulse. Therefore, similariton pulses are best-suited for fiber 
amplifiers as they are resistant to wave-breaking even in the presence of strong 
nonlinearity. Due to the linear chirp, there is no limitation on energy scaling as the 
pulse would not suffer from wave-breaking.

All-normal dispersion (ANDi) laser: An all-normal dispersion laser is perhaps 
the simplest kind of mode-locked Yb-doped fiber oscillators. There is no need for 
components for dispersion compensation such as the grating pair [44]. Typically, 
the dispersion in the cavity of an ANDi laser is managed by a narrow-bandwidth 
interference filter. The wings of a highly chirped pulse will be cut by the filter, 
resulting in a shorter pulse. Thus, the filter leads not only to pulse width manage-
ment but also to a strong self-amplitude modulation by transmitting the peak of the 
pulse and attenuating the wings. Further, the central wavelength of the pulse can 
be tuned by changing the peak transmission wavelength of the filter. As there is no 
negative dispersing element, the net GVD in the cavity is very high and positive. As 
the pulse propagates through the SMF, the pulse spectrum broadens significantly 
and develops a structured profile with steep edges due to strong SPM. The narrow 
band filter cuts down the edges of the spectrum and hence the pulse wings to restore 
it to its initial form. Even with highly structured spectral profile, the temporal shape 
is smooth with a linear chirp near the center of the pulse. The breathing of spectrum 
and the temporal shape are not as large as the other regimes of the mode-locking.

3.2.6  Noise-Like Pulse Generation from a YDF Laser

There has been increasing interests recently in the study of a special regime of 
passively mode-locked fiber lasers, that of the so-called noise-like pulses [45–49]. 
These pulses are relatively long (sub-ns) wave packets, which exhibit a fine inner 
structure of sub-ps pulses with randomly varying amplitude and duration [50, 51]. 
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The properties of such kind of pulses include: (1) a very large optical bandwidth 
(usually of several tens of nm); (2) a double-scaled autocorrelation trace with a 
sub-ps peak riding a wide sub-ns pedestal; (3) low temporal coherence. Moreover, 
it was found [50] that narrow peak in the autocorrelation trace of noise-like pulses 
or NLPs could be maintained even after the pulses propagated through a long 
dispersive medium. This unique property of noise-like pulses contrasts drasti-
cally with the propagation characteristics of transform-limited pulses of similar 
bandwidth. Light sources with such narrow autocorrelation trace and broadband 
spectrum which can propagate for a long distance are very useful in such areas as 
optical metrology (for example, in optical coherent tomography or lidar), where 
short coherence lengths are essential and ultimately required [52]. It was also 
demonstrated [53, 54] that amplified noise-like pulses could be successfully used 
for SC (supercontinuum) generation.

Recently, it was found [45–47, 49, 55] that different laser structures can oper-
ate in noise-like regime. The current challenges are focused on new wavelength 
bands [47], higher pulse energy generation [48, 55] and tuning the temporal and 
spectral properties of the noise-like pulses [45, 51]. To the best of our knowledge, 
28 nJ as the highest pulse energy was achieved for noise-like pulses [48]. This was 
achieved using an ultra-long laser cavity (>100 m).

In our studies, we used a modified ring fiber laser cavity, similar to those used 
for the stretched pulse mode-locked YDF laser (see Fig. 3.18). The same compo-
nents, e.g., an Yb-doped fiber, NPE-port, dispersive delay line, and an isolator, 
were employed. Details can be found in [40].

After the single-pulse operation was obtained in this laser, we tuned one of the 
wave plates while holding all the other experimental conditions unchanged. It is 
possible to shift the laser operation from the conventional single-pulse operation 
into the noise-like pulse emission regime. This behavior was also reported by pre-
vious workers [46, 48]. Figure 3.21a shows the oscilloscope trace of the laser out-
put as measured by a fast InGaAs detector. It is found to be typical for noise-like 

Fig. 3.21  Oscilloscope trace of the train of noise-likes pulse (a); Output power of the noise-like 
pulse laser versus pumping power (b)
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pulse emission state [41–43, 46]. We observed, however, self-starting noise-like 
laser operation for a relatively large range of pumping powers. The output powers 
of noise-like pulses can be varied from <0.1 to >1.6 W (see Fig. 3.21b).

We attribute this improved stability to the laser design where nonlinear polari-
zation evolution is accompanied by self-amplitude modulation induced by spectral 
filter. The role of negative group velocity dispersion (GVD) induced by grat-
ings pair is also important. In our experiments, this term was set to −0.11 ps2. 
According to our estimation, that value is smaller than the total net positive GVD 
due to the fiber (~0.15 ps2). Finally, the observed maximal pulse energy at ~13 W 
pumping power reaches 45 nJ. After increasing pumping power higher than 14 W, 
one of the fiber couplers was damaged.

In the experiments, we found that by translating the iris transversely across the 
laser axis, it is possible to modulate the central wavelength of generated pulses. 
Figure 3.22 demonstrates such results for both narrowband (left) and broadband 
(right) noise-like pulses. The tuning range for both cases reaches 12 nm. That 
could be important for some applications. For example, in the case of further 
amplification of generated pulses by fiber amplifiers, it is necessary to match the 
bandwidth of oscillator with the gain spectrum of amplifier.

We also found that the diameter of the iris determining filter bandwidth also 
affects (see Fig. 3.23) the output spectral bandwidth (left) and duration (right) of 
generated noise-like pulses. In order to understand NLP formation, we simulate 
the buildup dynamics of our laser cavity by recognizing it as consisting of several 
connected fiber components. Pulse propagation in each fiber section was described 
by the corresponding nonlinear Schrodinger coupled-mode equations [see (3.6)]. 
Dispersive delay line was modeled by introducing a negative GVD of ~0.02 ps2. 
High-order dispersion terms were neglected. Wave plates and the polarization 
beam splitter (PBS) in the cavity were represented by their equivalent Jones matri-
ces in the calculation. For modeling of propagation through each fiber section, we 
employed the split-step Fourier method [20]. Assuming a thermal Gaussian noise 
as a source of oscillations, we found the conditions where repeated noise-like 

Fig. 3.22  Optical spectra of the measured pulses for different positions of the iris with 1 mm 
(a) and 3 mm (b) widths
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pulses begin to circulate in the laser cavity after just a few round-trips (see 
Fig. 3.24). It is significant that all nonlinear terms (self-phase modulation, cross-
phase modulation, four-wave mixing, etc.) in (3.6) contribute to NLP creation.

The simulation results for the steady state are in good agreement with experi-
mental observations. The estimated iris filter bandwidth, corresponded iris diam-
eter, output bandwidths and bunch duration are listed in Table 3.3.

Fig. 3.23  Measured (top) and simulated (bottom) optical spectra (left) and autocorrelation traces 
(right) of output pulses for different (1, 2, and 3 mm) widths of the iris

Fig. 3.24  Building up dynamics in time (a) and spectral (b) domains of a fiber ring oscillator 
generating NLPs
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We noted that larger output bandwidth corresponds to smaller duration of wave-
forms. This is in agreement with observation by previous workers [45]. The dura-
tions of wave packets in our case are, however, an order of magnitude shorter than 
those reported in [45]. Tuning the 3-dB wavelength bandwidth of the NLP laser 
from 7.6 to 48.2 nm, we were able to vary the duration of NLPs from 90 to 5 ps.

In summary, by using cladding-pumped Yb-doped active fibers and high-power 
multimode laser diodes, we demonstrated that a passively mode-locked fiber laser 
can be tuned to generate noise-like pulses with relatively large energies. To the 
best of our knowledge, the pulse energy of 45 nJ obtained in this work is the high-
est for noise-like pulses generated in fiber oscillators reported to the date. The 
achieved energy is only limited by damage threshold of available fiber couplers. 
We also found simple method to control temporal and spectral characteristics of 
noise-like pulses in a large range.

3.2.7  Supercontinum Generation by the Noise-Like Pulsed 
YDF Laser

Supercontinuum (SC) light sources are widely employed in optical communica-
tion systems, as wavelength tunable sources, gas sensing, and optical metrology. 
SC generation using photonic crystal fibers (PCF) or microstructured fibers [56], 
which provide higher nonlinearity and allow one to blue-shift the zero-disper-
sion wavelength (ZDW), is quite popular. PCF-based supercontinum sources can 
be pumped by efficient powerful light sources at ~800 nm and ~1 μm. However, 
PCFs are still expensive and not widely available.

Standard single-mode fibers (SMF) for optical communication, on the other 
hand, are inexpensive and easy to integrate. Compared to PCFs for generation of 
SC, which normally feature a non-circular symmetry, light propagated through 
SMF usually exhibits much better spatial beam profile. On the other hand, SC gen-
eration in SMFs operating in the normal dispersion regime is not so efficient. It 
requires much more pulse energy to excite SC compared to the anomalous regime. 
Also, the SC spectrum so generated exhibits very strong oscillations [57].

Recently, SC generation was reported in a piece of standard fiber (SMF-28) 
using as the pump a train of NLPs at the central wavelength of 1.5 μm [54]. To 
excite a flat broadband SC, the energy threshold was as low as ~12 nJ.

Table 3.3  The summary of measured and simulated results for NLPs

Iris diameter 
(mm)

Iris band-
width (THz)

Measured 
output band-
width (THz)

Calculated 
output band-
width (THz)

Measured 
autocorrela-
tion trace 
half-width 
(ps)

Calculated 
autocorrela-
tion trace half-
width (ps)

1 5 2.1 5 5 7

2 10 4.2 9 20 12

3 20 13.4 15 90 20
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In the previous section, we demonstrated that a dispersion-mapped Yb-doped 
fiber laser based on the ring cavity design can generate noise-like pulses with ener-
gies as high as ~45 nJ and controllable characteristics at ~1 μm wavelength. The 
use of negative dispersion delay line and the spatial spectral filter were found to 
be important for such high-power noise-like operation (see Fig. 3.25). In the NLP 
regime and pumped at ~10 W, the oscillator irradiates typically a pulse train (see 
inset at Fig. 3.25) with repetition rate of ~31.5 MHz, average power of ~800 mW 
and average noise-like bunch duration of ~35 ps.

The iris in the cavity was used to tune the center wavelength from ~1,030 
to ~1,070 nm with a bandwidth of ~11 nm (FWHM) [37]. These noise-like 
pulses were then boosted up to ~3 W in a single 2.3 m-length Yb-doped amplifier 
stage and used as a pump to excite the SC. A spool of 100 m length of standard 
SMF (SMF28, POFC, Taiwan) was directly spliced to the output fiber end of the 
amplifier.

We studied theoretically SC generation in a standard SMF by pumping with 
either NLP or mode-locked Gaussian pulses of similar pulse energy. The results 
are calculated by solving the general nonlinear Schrodinger equation in the fre-
quency domain [58]

where A and A′ represent the electric field envelopes [58], F{} denotes the Fourier 
transform, R(t) is the Raman response function [20]
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Fig. 3.25  Schematic of the experimental setup: FC fiber coupler; HWP half-wave plate; QWP 
quarter-wave plate, GP grating pair; PI-ISO polarization-insensitive isolator; ISO Faraday isola-
tor; M1 and M2 mirrors; MM LD multi-mode laser diodes
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where fR = 0.18 is the fractional contribution of the delayed Raman response; 
τ1 = 12.2 fs, and τ2 = 32 fs. Θ(t) is the Heaviside step function and δ(t) is the 
Dirac delta function. In (3.7), L(ω) is the linear operator representing dispersion 
and absorption behaviors of the SMF, given by L(ω) = i(β(ω) − β(ω0) − β1(ω0) 
(ω − ω0)) − α(ω)/2. GVD and third-order dispersion (TOD) were assumed to be 
0.02 ps2/m and 25 × 10−6 ps3/m, typical for SMF28. The non-linear coefficient 
γ was assumed to be 0.0025 (W m)−1. Absorption in fiber was neglected. This 
approach allows us to treat (3.7) as an ordinary differential equation (ODE) and 
to use powerful numerical methods, e.g., the 4th order Runge-Kutta method, to 
solve it. The simulation results for three different types of pulses with pulse energy 
of 200 nJ each and propagating through 50 m of SMF are presented in Fig. 3.26.

Examining Fig. 3.26, we find that SC evolution in the case of NLP pump-
ing is different from those of mode-locked picosecond or femtosecond Gaussian 
pulses. It is interesting to note that NLPs, in comparison to mode-locked Gaussian 
pulses of similar waveform duration (~40 ps), exhibit similar broadening in the 
time domain after propagation [see Fig. 3.26b and d]. On the other hand, NLPs 
can generate very broad SC covering the spectral range from 1,030 to 1,700 nm 
[see Fig. 3.26a and c]. Note that picosecond Gaussian pulses (~40 ps) can only 
generate three clear Raman peaks in its spectrum (Fig. 3.26c). As for the shorter 
mode-locked Gaussian pump pulse (200 fs), it can also generate SC from 830 
to 1,500 nm (Fig. 3.26e) but the peak pump power needed is 2 orders of magni-
tude higher than the corresponding NLP of similar pulse energy (~200 nJ). Also, 
200 fs-wide Gaussian pump pulses excite SC in first tens of centimeters of the 
SMF (see inset in Fig. 3.26). Then, its spectrum does not change (see Fig. 3.26e). 
The evolution of NLP-excited SC takes longer distance in the fiber. Moreover, the 
spectral broadening occurs mainly in the longer-wavelength (relative to the pump 
wavelength) region. Recently, it was theoretically predicted that Raman-induced 
spectral shift, which may happen even in the normal dispersion region is respon-
sible for such an asymmetry [59]. Because of the relative narrow band of the 
NLPs, this could not be the most effective process for SC generation. The distinc-
tive Raman orders in Fig. 3.26c for mode-locked pulses suggested that multiple 
Raman processes, i.e., cascaded Raman scattering could have happened for NLP 
pumped SMF. Therefore, we have tentatively attributed our calculated behavior of 
the broadband SC emission to Raman amplification of noise in the SMF [56]. The 
smooth SC spectrum in the case of NLP pumping can be explained by broadband 
pumping [60], which is a feature of NLP [50].

The spectra of the SC output for different values of average power at the 
fiber input are shown in Fig. 3.27a (dotted lines). The corresponding simulated 
SC spectra are plotted as solid lines in Fig. 3.27a. The characteristic asymmet-
rical spectra hinted that the broadband emission is due to Raman amplification 
of NLPs [50]. The pulse energy threshold (~43 nJ) to achieve significant spec-
tral broadening, which corresponds to ~1 W of average pump power, is ~4 times 
larger than that found in the case of work in the anomalous dispersion regime 
[54]. On the other hand, compared to other reports of SC generation pumped 
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in the normal-dispersion regime [57, 60–62], the measured threshold is from 1 
to 3 orders of magnitudes lower. The measured spectra generated by cascaded 
Raman scattering is quite uniform, in particular for the 1,050–1,250 nm region. 
Also, as it can be seen from Fig. 3.27a that the simulated SC spectra matched 

Fig. 3.26  Calculated SC evolution in spectral (a, c, e) and time (b, d, f) domains for different 
pump pulses: noise-like pulse (a, b), 40 ps-wide mode-locked Gaussian pulses (c, d), and 200 fs-
wide mode-locked Gaussian pulses (e, f)
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with experimentally measured ones quite well. The discrepancy is only observed 
when the generated components approach ZDW. We think that is because of lim-
ited number of dispersion terms used for the simulation (only up to 3rd order). It 
is well known that near the ZDW, higher-order dispersion terms become much 
more important [20].

Figure 3.27b shows the simulated spectral evolution of NLPs propagating 
through 100 m of SMF. The average power of the NLP at the input of the SMF is 
assumed to be 3 W. It can be seen that even after 50 m of SMF, the evolution of 
SC spectrum is not finished yet. Here underlies some unique features of SC gener-
ation by NLPs. First of all, they are broadband just like mode-locked femtosecond 
pulses. Secondly, they can propagate for much longer distance without distortion 
and breakup just like mode-locked picosecond pulses. Yet, NLPs contribute new 
spectral components as they propagate along the SMF.

In summary, we have successfully demonstrated broadband SC generation by 
noise-like pulses propagating in a piece of 100 m-long standard single-mode fiber 
operating in the normal dispersion regime. A low energy threshold (43 nJ) and 
flat SC spectrum over the wavelength range of 1,050–1,250 nm were achieved. 
Theoretical simulations based on the Schrodinger coupled-mode equations and 
the general nonlinear Schrodinger equation indicate that the possible physical 
mechanism of SC generation by this approach is due to cascaded Raman scattering 
and Kerr effect in the SMF. The Raman effect is responsible for significant spec-
tral broadening the longer wavelength regions whereas the Kerr effect results in 
smoothing of SC generated spectrum pumped by NLPs.

We believe the achieved low energy threshold and flat SC spectrum are caused 
by special properties of NLP (broadband spectral range and ability to propagate 
over a long distance). This new SC light source exhibit attractive characteristics 
that are potentially competitive to those of the currently used technologies includ-
ing PCF-based approaches.

Fig. 3.27  a Experimental (dotted) and simulated (solid) SC spectra generated in 100 m of SMF 
by pumping with different average NLP input powers (1, 2 and 3 W); b simulated spectral evolu-
tion of 3 W average power NLP propagating through 100 m of SMF
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3.2.8  Nonlinear Conversion of Picosecond Bursts from  
Yb-Doped Fiber Laser Amplifiers

Nowadays, UV lasers with the central wavelength at 266 nm are widely used in 
the fields of medical surgery, chemistry, photolithography, and material sciences. 
For example, UV light source provide higher resolution and better alignment 
control in photolithography. Also, the semiconductor industry requires optical 
inspection tools using lasers with shorter and shorter wavelengths. Because of the 
continuous reduction in feature size, such sources are essential in order to reach 
the necessary imaging resolution for wafer inspection [63].

UV laser sources are also popular for scribing and cutting of sapphire and 
GaN [63]. LED manufacturers increasingly employed either the Q-switched 
(Nd:YAG or Yb-doped fiber) lasers or cutting tools with diamond blades for 
wafer scribing. By using the Q-switched laser, the precision of scribing is 
smaller than 100 μm. This is much better than that achieved by using the dia-
mond blade for scribing. The peak power of the high-repetition-rate Q-switched 
Nd:YAG or Yb-doped fiber laser, however, is typically not high enough to reach 
the ablation threshold of many materials. To get better performance in mate-
rial processing, high pulse energy and shorter wavelength laser sources are 
desirable.

Recently, laser ablation of metals using bursts of picosecond pulses has been 
investigated [64–67]. Compared with nanosecond single pulses, there are some 
benefits for material micromachining in terms of material removal efficiency and 
the surface quality by using bursts of picosecond pulses. Most of ultrafast laser 
systems have pulse trains with pulses that are equally spaced in time. There are 
much interests in lasers that generated a burst of limited number of short pulses. 
One of the reasons why burst pulses are advantageous for material ablation is that 
they can keep thermal effect minimized. Thermal effect always depends on the 
average power irradiated but ablation depends on the peak power. By controlling 
the repetition rate of the burst, one can easily reduce the unwanted thermal effect. 
On the other hand, highly repetitive pulses with high pulse energy within the burst 
not only can enhance the efficiency of material ablation but also improve the effi-
ciency of frequency conversions.

To date, burst-pulse lasers are almost always based on solid-state laser systems. 
In this work, we constructed Yb-doped fiber based laser amplifier systems that can 
generate bursts of high-repetition rate picosecond pulses. The energy stored in 
the gain fiber can be extracted efficiently. We also found the improvement of fre-
quency doubling and frequency quadrupling efficiencies by using LBO and BBO 
nonlinear crystals respectively using such burst pulses.

Our theoretical analysis is based on our previous work [32] and summa-
rized in Sect. 3.2.1. The small-signal gain G0 and the saturation energy Esat for 
the active optical fiber can be determined accordingly. Extending similar works 
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on nanosecond burst pulses, [68–70] the output power P0 due to amplification 
of the picosecond burst pulses with energies of Ei(t) can be calculated using the 
following:

where

The energy Ei(t) of the input picosecond burst can be calculated by integration 
of input burst in time from 0 to the current time t. From our previous experiment 
[28], we estimated that the saturation energy of the YDF, Esat ~ 36.7 μJ. The small 
signal gain is about 30 dB. Assuming rectangular shape for the input burst, the The 
experimentally measured and simulated input burst pulses are shown in Fig. 3.28a 
and b, respectively. In the simulation, we assume 500 ns-wide burst at a repetition 
rate 700 kHz. Within each burst, there are 10 ps-wide Gaussian pulse at a repeti-
tion rate of 150 MHz. These are in accordance with our experimental conditions.

Figure 3.29a and b, on the other hand, show the experimentally measured and 
theoretically simulated amplified bursts. They indicate a dynamically saturated 
behavior of fiber amplifier. Compared Figs. 3.28 and 3.29 it can be seen that ini-
tially quasi-rectangular envelope input bursts are transferred to exponentially-
modulated ones on the amplifier output. That behavior is similar to the case of 
ns-pulse amplification [68].

Assuming the fundamental beam from the amplified YDF output is not 
depleted, the intensity of the second-harmonic signal generated in the plane wave 
approximation is given by

(3.9)P0(t) =
Pi(t)

1− (1− 1/G0)e(−Ei(t)/Esat)
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Fig. 3.28  Experimental measurement (a) and simulated data (b) of input burst pulse with burst 
duration 500 ns and 700 kHz repetition rate within 10 ps pulse duration and 150 MHz repetition rate
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where Z = (μ0/ε0)1/2/n is the impedance of the crystal, κ = deff ω/c0 n is the cou-
pling coefficient, Δk is the wave vector mismatch and z is the crystal length. The 
intensity of fourth-harmonic signal can be represented in a similar way. Figure 3.30 
shows the simulated pulse trains after frequency doubling (a) and quadrupling (b) 
of the fundamental pulse burst (see Fig. 2.29b). It can be seen that the shapes of 
doubled and quadrupled pulse burst become more and more asymmetrical.

We then estimate the nonlinear conversion efficiency for SHG by the pulse 
burst by integrating the converted SHG within the burst:

where τ is the period of the burst and A is the effective area of the beam on the 
nonlinear crystal. Equation (3.12) predicts a conversion efficiency η of about 
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Fig. 3.29  Experimental measurement (a) and simulated data (b) of output burst pulse train after 
amplification
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17.6 % for the pulse burst versus 8 % for the CW pulse train at 150 MHz. 
Frequency quadrupled output of the pulse burst can similarly be simulated. The 
experimental setup is shown schematically in Fig. 3.31.

The MOFA has been described in the previous section. LBO and BBO crys-
tals were used for frequency doubling and quadrupling of the MOFA output. 
Since non-PM fibers were used, we realized the desired polarization states with 
appropriate wave plates and polarizing beam splitters. An acousto-optic modulator 
(AOM) was used to create the desired pulse bursts and control their repetition rate.

To enhance the frequency conversion efficiency, higher peak power from the 
amplifier output is desirable. For the system described in [25], the output peak 
power is limited by the pumping power. To enhance the peak power without fur-
ther pumping, we take advantage of dynamically saturated gain of the fiber ampli-
fier. That is, the front part of pulse burst would experience much larger gain than 
the tail part of the burst.

We plotted the average output power of the MOFA as a function of pumping 
power in Fig. 3.32a for the case of regular pulse train (without AOM) and for the 
case of pulse burst (with AOM). It should be mentioned that the only the spec-
tral output near 1,064 nm was taken into account. From Fig. 3.32a, it is apparent 
that the output signal power (wavelength at 1,064-nm) become saturated when the 
pulse burst was amplified at relatively high pumping power (larger than 50 W). 
Figure 3.32b indicates that the SPM and SRS became significant at these high 
pumping powers. Thus saturation of the amplifier output is attributed to the pres-
ence of these nonlinear effects.

In order to optimize the amplifier performance, we need to prevent the ampli-
fied pulse burst from reaching thresholds of these nonlinear effects. One possible 
way is to reduce the fiber length [20]. The fiber lengths for the preamplifier and 
the main-amplifier were reduced to 3 and 3.5-m long, respectively. Figure 3.33a 

Fig. 3.31  Schematic drawing of the MOFA system and frequency conversion. AOM acousto-
optic modulation. ISO isolator; LD laser diode; QWP quarter-wave plate. HWP half-wave plate. 
PBS polarization beam splitter. DM dichroic mirror
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illustrates that the output peak power of the 3.5-m long fiber length in main-ampli-
fier with using AOM is significantly higher than in the other cases. This is advanta-
geous for applications such as frequency conversion.

In Fig. 3.33b, we show the spectral bandwidths of the burst-mode MOFA as a 
function of the peak powers for fiber lengths of 5 and 3.5 m in the main amplifier. 
The bandwidth for the MOFA with shortened fiber can be controlled to ~3 nm at 
the highest pumping power studied. This is suitable for frequency doubling. The 
pulse width of the amplified burst was measured by a second-harmonic intensity 
autocorrelator. The typical second-harmonic intensity autocorrelation trace and 
corresponding optical spectrum of the burst pulse are shown in Fig. 3.34. The 
autocorrelation trace is best fit by a double-exponential with FWHM of the pulse 
intensity profile ~18 ps.

For SHG, we focused the burst-mode MOFA output to a waist size of ~60 μm 
in the center of a critically phase-matched lithium triborate (LBO) nonlinear crys-
tal. The LBO crystal was 10-mm-long (θ = 90°, φ = 11.2°) and operated at room 
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temperature. After the LBO crystal, a dichroic mirror (DM) is employed to remove 
the unconverted fundamental light. Lenses were installed to reimage the second-
harmonic beam frequency quadrupling.

Figure 3.35 shows the second-harmonic signal generated by the burst-mode 
MOFA with two different fiber length for the main amplifier. The results show that 
the output power for MOFA with 3.5-m long Yb-doped fiber is larger than that by 
the 5-m long Yb-doped fiber in the main-amplifier stage. This is due to the higher 
fundamental peak power (Fig. 3.33a) and the smaller spectral width (Fig. 3.32b) 
output generated by the shorter active fiber. Both of these characteristics contribute 
to the higher conversion efficiency of SHG process (Fig. 3.34b). The 10-mm LBO 
crystal is expected to have spectral bandwidth acceptance for phase matching of 
around 3 nm. This matched the spectral bandwidth of the fundamental output from 
the MOFA system with the shorter active fiber, as can be seen from Fig. 3.32b.

Fig. 3.34  The autocorrelation trace (a) and corresponded optical spectrum (b) of burst pulse on 
the MOFA output at ~80 W pump power
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b efficiency generated by the burst-mode MOFA with two different fiber length for the main 
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We have compared performance of SHG by the regular pulse train output and 
burst-mode MOFA using the 3.5-m long Yb-doped fiber in the main-amplifier 
stage. The results are presented in Fig. 3.36. It is obviously to see that the burst 
pulse have better results than the regular pulse train. The main reason is not only 
the burst pulse provides the higher peak power, but also the lower thermal influ-
ence on crystal when beam passing through LBO. That is caused by lower average 
fundamental power applied for nonlinear crystal. So, the temperature stabilization 
is more stable than in the case of regular pulses. The results show that we can 
obtain ~3 W of SHG power in the burst pulse condition.

We also report fourth harmonic generation (FHG) of our YDF MOFA system. 
The nonlinear crystal for generation of 266-nm UV light is a beta-barium borate 
(BBO) crystal, 5-mm-long and cut for type I critical phase matching (θ = 47°, 
φ = 0°) and operated at room temperature. The second DM installed after the 
BBO crystal serves to remove the unconverted green light.

Because the efficiency of FHG in the case of regular pulse train is quite low 
(~1–2 % at maximum), we only present results for the burst-mode of the MOFA. 
At an average second harmonic input power of 0.5–2.5 W, the typical power of 
fourth harmonic beam is 20–200 mW. The efficiency of frequency doubling 
from 532 nm beam is 2–8 % (see Fig. 3.37a). Figure 3.37b summarized the pulse 
energy and efficiency for generated second and fourth harmonic as a function the 
fundamental pulse energy. From the figures, we can see that peak powers in excess 
of 6.7 kW for the second harmonic (532-nm) and 0.6 kW for the fourth harmonic 
(266-nm) of the MOFA in burst-mode were generated.

In summary, we present an experimental and theoretical study of the genera-
tion of picosecond bursts by an Yb-doped fiber MOFA system, which was used to 
generate 3 W of green and 200 mW of UV light with the conversion efficiencies 
are 16 and 8 %, respectively. The enhancement of conversion efficiency by the 
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pulse burst compared with regular pulses was analyzed and attributed to dynami-
cally saturated gain of the pump-power-limited fiber amplifier. The length and 
output power of Yb-doped fiber were optimized to suppress stimulated Raman 
scattering (SRS) and self-phase modulation (SPM). The ultimate fiber laser sys-
tem generates a peak power of fundamental higher than 45 kW and burst pulse 
energy of 350 nJ. Its harmonics have the peak powers of 6.7 kW (532 nm) and 
0.6 kW (266 nm).

3.3  Conclusions

In this chapter, we first considered practical aspects in design and construc-
tion of relatively high-average-power picosecond Yb-doped fiber laser systems. 
Employing a highly stable diode-pumped solid-state laser as the seed source 
together with proper design of the fiber amplifiers, we were able to achieve an 
average output power of ~60 W with 73 W pumping using just 2 amplifier stages 
based on regular non-PM Yb-doped fiber. Applying modulation technique to 
generate pulse bursts at 700 kHz allowed us to optimize dynamically saturated 
amplifier and extract higher energies from the MOFA. This was used to improve 
the nonlinear conversion efficiency in the cases of second (16 % vs. 4 %) and 
fourth (8 % vs. 2 %) harmonic generation compared to regular pulse trains 
at ~250 MHz.

We also described mode-locking techniques of fiber-based oscillators based on 
ring type cavities with NPE port. Our simulation results based on coupled non-
linear Schrödinger equations showed the possibility to generate either regular 
mode-locked pulse trains or noise-like pulses in such oscillators. Novel scheme 
of supercontinuum generation by noise-like pulses in normally dispersive single-
mode fibers was demonstrated. The SC exhibits low threshold (43 nJ) and flat 
spectrum over the wavelength range of 1,050–1,250 nm.
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Part III
Optical Communications

Gong-Ru Lin and Yin-Chieh Lai

Introduction

The earliest history of optical communication technologies can be dated back to 
ancient times when smoke and beacon fires were used for signaling attacks from 
the enemy. One historical example is the ancient defensive system of the Great 
Wall in China, where beacon towers are built around every 5 km to observe 
enemies and to send/transmit messages. It is commonly believed that the oldest 
beacon towers actually appeared earlier than the Great Wall and can be dated back 
to the West Zhou Dynasty (Eleventh Century BC–771 BC). When enemy attacks 
were observed, alarm messages were sent by releasing smoke in daytime or by 
lighting fires at night. The amount of smoke or the number of fires indicated the 
size of the enemy. In modern terminology, this ancient system is an optical wireless 
communication system which utilized an incoherent light source (sun or firelights) 
with the “intensity” modulation scheme aiming for propagation distance around 5 
km. The equivalent data rate was of course very low. Other visual techniques like 
hydraulic telegraphs, ship flags, and semaphore lines were also the earliest forms 
of optical communication. The modern break-through in optical communication 
occurred when A.G. Bell invented and demonstrated the first photophone in 1880. 
It was still an optical wireless system which utilized an incoherent light source 
(initially sunlight and later arc lamps). The modulation scheme is by using a 
flexible mirror attached to a speaking tube. The mirror oscillates between convex 
and concave when there are voices, encoding the audio vibration onto the optical 
beam divergence. The receiver was a parabolic mirror with a photoconductor (the 
selenium cells) placed at its focal point. The optical beam divergence modulation 
signal is converted into the electrical amplitude modulation signal due to the 
altering amount of light incident on the photoconductor through the optical setup. 
The equivalent data rate was now the audio rate and the achieved propagation 
distance is about 200 m initially and eventually up to 14 km by 1935. With the 
concept of low loss optical fibers proposed in 1966 by C.K. Kao and practically 
demonstrated in 1970 by Corning, the early commercial optical fiber telephone 
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systems were successfully developed around 1977. The system was now an optical 
wire system which utilized a coherent light source (GaAs semiconductor laser 
around the wavelength of 850nm). The graded-index multimode fiber is used as 
the transmission medium and the employed modulation scheme should be the 
fundamental digital intensity modulation scheme (on-off keying). The data rate 
was of the order of 45 Mb/s and the optical propagation distance (or the repeater 
spacing) was up to 10 km. In the 1980s, the light source for fiber communication 
was switched to InGaAsP semiconductor lasers around the wavelength of 1300 nm 
to reduce fiber loss and single-mode fiber was used to eliminate modal dispersion 
for achieving longer propagation distance. The bit rates were now of the order of 
Gb/s with repeater spacing up to 50 km. In the 1990s, with the availability of Er-
doped fiber amplifiers and wavelength-division multiplexing (WDM) technologies, 
the optical wavelength for long-distance fiber transmission was shifted to 
wavelength around 1550 nm. The dispersion-shifted fiber was developed to reduce  
fiber dispersion at this wavelength. By properly engineering the dispersion map of 
the fiber link for reducing the impacts of fiber nonlinearity, the maximum optical 
propagation distance was extended long enough to across the biggest ocean with 
use of  Er-doped fiber amplifiers to compensate for fiber loss at every 10 km. The 
maximum system capacity was multiplied using the WDM and other multiplexing 
technologies up to the Tb/s level with reasonable long propagation distance. 
Continual development in the 2000s has further increased the possible system 
capacity to the tens Tb/s level with the use of advanced optical modulation formats 
like differential phase shift keying (DPSK), quadrature amplitude modulation 
(QAM), and orthogonal frequency division multiplexing (OFDM) for better 
performance and higher spectral efficiency. In particular, the coherent optical 
OFDM modulation scheme allows the direct/adaptive compensation of various 
channel linear/nonlinear responses through digital signal processing techniques to 
achieve greater flexibility and better performance. In 2010, with the recent space 
division multiplexing (SDM) techniques that utilize multi-core or multimode fibers 
for another multiplexing degree of freedom, net transmission rates in the hundreds 
Tb/s level per fiber have been made feasible. These heroic optical transmission 
achievements clearly indicate that we have already developed systematic methods 
and efficient technological solutions to utilize the wide bandwidth offered by 
optical fibers.

Besides the goal of achieving the highest data rates at longer propagation 
distance, which mainly aims at core network applications, optical communication 
technologies are also driven by another important goal of achieving cost-effective 
high data rates at shorter propagation distance, which mainly aims toward access 
network applications. The passive optical network (PON) structure has been well 
accepted as the solution for fiber access networking systems. To achieve higher data 
rates, coarse wavelength-division multiplexing (CWDM) or even dense wavelength-
division multiplexing (DWDM) technologies will also be needed in access 
networks. Since the cost issues become more dominant when the technologies 
are brought closer to  end users, cost-effective optical communication solutions 
have become the R&D focus for access network applications. Among the various 
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challenges that can be investigated, cost-effective light sources for CWDM/DWDM 
PON systems are certainly much desired. Distributed feedback (DFB) 
semiconductor lasers have been the mature light sources for optical communication. 
The possibility of using other lower cost light sources for fiber communication 
systems has been continually investigated in many research studies. Some notable 
examples include the various proposals of utilizing light emitting diodes (LED), 
amplified spontaneous emission (ASE) broadband sources, semiconductor optical 
amplifiers (SOA), as well as injection-locked Fabry-Perot (FP) semiconductor lasers 
for transmitting optical data with the propagation distance of the 1–100 km order. 
On the other hand, optical communication technologies also become more important 
for applications that require high data rates at even shorter propagation distances. 
Optical fiber cables for ethernet and high speed USB links have been commercially 
available. Parallel optical fiber transmitter/receiver modules for computer board-
to-to-board connection have also been practically used. For these applications, the 
propagation distance is of the order of meters and the data rate is at the level of 1–10 
Gb/s per fiber. Vertical cavity surface emitting lases (VCSEL) around 800nm are 
typically employed with the use of multi-mode fibers for reducing the packaging 
cost. In these applications, the cost-effective VCSEL and other surface emitting type 
laser sources also play a central role for related technology development. 

In recent years, optical wireless communication for in-building applications 
emerges as another R&D focus. The propagation distance is of the 1–10 m order 
with the free space as transmission medium. This development trend is mainly 
motivated by the success of radio wireless communication for networking 
applications. Among the possible approaches, visual light communication (VLC) has 
attracted a lot of research interest mainly because the possibility of using lighting 
LEDs for transmitting data potentially offers a new cost-effective light source for 
new optical communication applications. The light source is now an incoherent one 
and the channel bandwidth is severely limited by the LED modulation bandwith. 
The challenges are thus how to cost-effectively achieve high enough data rates 
under severe modulation bandwith constraints. Coding and signal processing 
techniques are the main tools that can be explored to boost the performance, besides 
the improved design of the LED modules. It is also possible to explore the use of 
cheap visible lasers for transmitting optical wireless data. The modulation bandwith 
constraint can be greatly relaxed in this way, although the possible combination with 
lighting applications has been sacrificed. These proposals may eventually lead to 
whole new applications of optical communication in our daily life.

In view of the above technology trends, in this chapter we present some of our 
recent research results in the following three focus area:

(1) Visual light communication based on lighting LEDs
(2) Visual light communication based on laser pointer lasers
(3) Colorless laser diode sources for DWDM PON applications

The emphases are on the development of innovative approaches including 
new optical sources and new transmission schemes for solving emergent optical 
communication problems. The main contents are summarized below:
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(1) Visual light communication based on lighting LEDs

LED-based VLC offers many transmission advantages, making it a promising 
technology for future short-range communication applications. A common 
advantage offered by VLC is that the visible electromagnetic spectrum is not 
regulated (license-free), which makes it relatively easy to develop new products 
for VLC. Most importantly, LED-based VLC can also be further integrated with 
lighting/signaling systems to develop innovative optical communication solutions. 
We first discuss the VLC R&D activities that are happening in the world. Then 
we discuss important technological aspects of VLC, including the main challenges 
and possible solutions. Topics to be covered include enhancing the transmission 
data rate of VLC, mitigation of optical background noise, achieving bidirectional 
transmission, and finally, using AC-LED for VLC.

(2) Visual light communication based on laser pointer lasers

We provide an overview of modern VLC systems based on laser pointer lasers 
(LPL) that can offer higher transmission rate and longer free-space link than 
those based on high-brightness LED (HB-LED), red-green-blue (RGB) LED, 
and phosphor-based LED. The methodologies used to improve the LPL free-
space transmission are theoretically discussed. With the simultaneous assistance 
of the preamplifier and adaptive filter, the amplitude and phase errors can be 
nicely compensated. The signal-to-noise ratio (SNR) and bit error rate (BER) of 
the systems can also be further improved. In addition to the discussion of VLC 
communication systems, the feasibility of integrating various bidirectional passive 
optical fiber networks with the LPL free-space VLC transmission schemes are also 
explained. These integrated transport systems are shown to be distinguished not 
only because of the simplicity in hybrid integration of PON and VLC applications, 
but also because of the convenience for installation.

(3) Colorless laser diode sources for DWDM PON applications

The weak-resonant-cavity Fabry-Perot laser diode (WRC-FPLD) injection-
locked by three master sources with different degrees of coherence, and 
directly modulated by either the on-off-keying (OOK) at up to 10 Gbit/s or the 
16 quadrature-amplitude-modulation (QAM) orthogonal frequency division 
multiplexing (OFDM) at 12.5 Gbit/s are demonstrated. The injection master 
coherence shows impacts on noise, bandwidth, and bit-error-rate (BER) 
performances of the slave WRC-FPLD transmitter. By using the highly coherent 
master, the injection-locked WRC-FPLD reduces its relative intensity noise 
peak at 5 GHz by 18 dB and increases its throughput frequency response by 5 
dB. This enhances the signal-to-noise ratio from 10.5 dB to 18.9 dB and the 
on/off extinction ratio from 10.4 dB to 11.4 dB, enabling the error-free OOK 
transmission at 10 Gbit/s with a requested receiving power sensitivity of −15 dBm 
at BER of 10−9. Simulated eye diagrams from modified rate equations are also 
performed to show such improvements. With highly coherent injection-locking, 
the back-to-back transmitted BER of the WRC-FPLD carried 16-QAM OFDM 
data with a modulation bandwidth of 3.1 GHz can be minimized to 1.6×10−13. 
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In comparison, the WRC-FPLD injection-locked WRC-FPLD pair with partial 
coherence can also provide an 8-Gbit/s OOK with a receiving power sensitivity 
of −19 dBm at BER of 10−9. Such a cost-effective colorless source also supports 
a 12.5-Gbit/s 16-QAM OFDM transmission with a BER of 5.6×10−12 to serve 
multi-channel passive optical network in next generation.
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4.1  Worldwide VLC Activities

Visible light communication(VLC) is a kind of optical communication using 
 visible wavelength of the electromagnetic spectrum from 380 to 780 nm. VLC 
based onlight emitting diode (LED) lamps has attracted much attenuation recently 
for the future secure and high speed data transmissions. The continuous improve-
ment in power efficiency and cost reduction have made LED lamp gradually 
replacing the traditional lamps. According to the IMS Research, by 2013, the LED 
lamp market is the largest in the lighting market, and has 40 % market share of the 
total [1]. The IMS Research has forecast there will be a significant increase in LED 
lamp sales in coming years due to the “banning” of incandescent lamps in many 
countries [1].

LEDbased VLC provides many transmission advantages, making it a promis-
ing technology for future short-range communication. One advantage offered by 
VLC is that it is using the visible electromagnetic spectrum, which is not regu-
lated, or license-free. Hence, it is relatively easy to develop new products for VLC. 
Besides, VLC can be used to broadcast real-time traffic information using traffic 
lights to the vehicles; hence, drivers can be updated continuously for the  real-time 
traffic conditions [2]. Moreover, it can be a secure channel between different 

C.-W. Chow (*) 
Department of Photonics and Institute of Electro-Optical Engineering,  
National Chiao Tung University, Hsinchu 30010, Taiwan
e-mail: cwchow@faculty.nctu.edu.tw

C.-H. Yeh 
Information and Communications Research Laboratories,  
Industrial Technology Research Institute (ITRI), Hsinchu 31040, Taiwan
e-mail: yehch@fcu.edu.tw

C.-H. Yeh 
Department of Photonics, Feng Chia University, Taichung 40724, Taiwan



108 C.-W. Chow and C.-H. Yeh

mobile devices, since the light beam is visible and users can securely limit the 
coverage of illumination for communication. In addition, VLC does not penetrate 
through walls; hence, there is no interference among users in different rooms [3].  
VLC is also desirable to provide optical wireless communication (OWC) in some 
areas where radio frequency (RF) communication is prohibited, such as in hospi-
tals or aircrafts. In addition, radio waves do not propagate for a long distance under 
water; hence VLC is particularly suitable for under water communication [4].  
Apart from communication purposes, VLC can be used in a three dimensional 
position measuring system with high accuracy [5, 6].

As mentioned before, VLC offers many transmission advantages and it has 
attracted much attenuation recently. VLC is being extensively studied by a num-
ber of universities and companies worldwide. In November 2003, the Visible Light 
Communication Consortium (VLCC) was established in Japan to explore different 
applications of VLC. It invited companies to contribute in VLC development [7].  
In 2007, the VLCC proposed two standards: Visible Light Communication System 
Standard and Visible Light ID System Standard to the Japan Electronics and 
Information Technology Industries Association (JEITA), which then accepted these 
standards as JEITA CP-1221 and JEITA CP-1222 [8]. In 2008, the OMEGA Project 
[9] funded by the European Commission under the Seventh Research Framework 
Program (FP7) started to develop a home area network capable of delivering high-
bandwidth services and content at a transmission speed of 1 Gb/s. The OMEGA 
Project consisted of 20 European partners from industries and academia. In 2010, 
the Center for Ubiquitous Communication by Light (UC-Light) was established 
in the United States [10]. Its mission was to enable wireless communications 
by embedding signals into the light emitted by next-generation LED systems. 
Besides, the Smart Lighting Engineering Research Center was established to pro-
mote researches leading to smart lighting systems with adaptive and controllable 
properties [11]. Communication using light to send information and enable light-
ing information processing was within the scope of the Smart Lighting Engineering 
Research Center. In 2011, an international platform, called Li-Fi Consortium was 
formed [12]. Its goal was to foster the development and distribution of optical 
wireless technologies such as communication, navigation, natural user interfaces 
and others. An IEEE standard (IEEE 802.15.7—Short-Range Wireless Optical 
Communication Using Visible Light) was finalized in 2011 [13], enhancing the 
prospects for commercializing VLC. The standard covers both the physical (PHY) 
layer interface and the medium-access control (MAC) layer. However, several 
aspects, such as flicker mitigation, dimming control, implementation of advanced 
modulations, background noise mitigation, and effective bi-directional transmission 
have not been specified [14]; and further research and development for the VLC are 
still going on.

In this chapter, we discuss different technical aspects (the challenges and pos-
sible solutions) of VLC, which include enhancing the transmission data rate of 
VLC, mitigation of the optical background noises, achieving a bi-directional 
transmission, and using AC-LED for VLC. Finally, a conclusion was presented to 
summary the section.
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4.2  Different Technical Aspects of VLC

4.2.1  Enhancing Transmission Data Rate

When the VLC is incorporated into the lighting system, white-light LED is need. 
There are two kinds of white LED used in general lighting. One type consists of a 
blue LED chip with a phosphor layer on top of it. The emitted blue light is partly 
absorbed by the phosphor layer to produce yellow light. Hence, the blue and yellow 
lights result in white light. Another type of white LED is fabricated using three pri-
mary colored chips: red, green and blue (RGB). The combination of the RGB pro-
duces white light. The phosphor-based LED is low cost, but the limited response 
time of phosphor makes the direct modulation speed of this phosphor-based LED 
only a few MHz. On the other hand, the RGB white LED is higher cost; however 
the direct modulation speed of each chip can be as high as several tens of MHz.

When using the phosphor-based LED for VLC, a blue optical filter at the 
receiver (Rx) is used to remove the slow yellow component. However, this 
increases the attenuation of the VLC transmission link and decreases the 
transmission distance and performance. Electrical pre-equalization or post- 
equalization for the LED driving and Rx circuits can be used [15–22] respectively 
to enhance the transmission data rate of the VLC. Yeh et al. [23] demonstrated 
using quaternary-amplitude-shift-keying (4-ASK) modulation and digital filter-
ing to increase the transmission data rate of a white-light LED VLC system by 
20 times. A white-light LED commercially available for lighting application with 
a direct modulation speed of 1 MHz was used. Figure 4.1 shows the normalized 
frequency response of the white phosphor-based LED used in the experiment. 
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Figure 4.2 shows the diagrams for generation of the 4-ASK modulation format. 
The binary data logic sequence was mapped to the 4-ASK symbol having dif-
ferent amplitude levels. The up-sampling process in-creased the sampling rate 
by inserting zeros between the original sample points. Then, the digital finite 
impulse response (FIR) filter provided a frequency domain compensation for the 
system channel response. Besides, matched square-root raised cosine (SRRC) fil-
ters were used in the transmitter (Tx) and Rx, respectively.

Figure 4.3 shows the experimental bit-error-rate (BER) measurement by using 
the proposed scheme. No optical blue filter was used in this experiment. A clear 
and wide open 4-ASK eye diagram can be achieved, as shown in Fig. 4.3a, in 
which the total transmission data rate was 20 Mb/s and the transmission length 
was 1 m. BER of <10−10 can be achieved. Figure 4.3b shows the eye diagram 
without using the proposed scheme. The measured eye-diagram was completely 
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closed. This is because the data rate of the applied signal was much beyond the 
direct modulation bandwidth of the white-light phosphor-based LED. No BER can 
be measured in this case.

Advanced modulation, such as orthogonal frequency division multiplex-
ing (OFDM) provides high spectral efficiency; hence allowing high data rate 
(>1 Gb/s) transmission in the bandwidth limited LED communication. Figure 4.4 
shows the logic flow diagram of the OFDM LED VLC described in [24]. At the 
Tx, the pseudo-random binary sequence (PRBS) data was first mapped to quad-
rature phase shift keying (QPSK) or quadrature amplitude modulation (QAM). 
Then the data was serial-to-parallel converted, render to N − 1 symbol streams 
and modulate N − 1 OFDM subcarriers (note that the DC subcarrier was un-mod-
ulated). To pro-duce real-value signal for the inverse fast Fourier transform (IFFT), 
conjugate symmetry was needed. By performing the conjugate symmetry conver-
sion, the X0 = XN = 0; X*n = X2N−n, where X and X* were the input symbol 
and its conjugate symmetry respectively. Hence at the output, 2 N OFDM sym-
bols were obtained. After the IFFT, a section of the 2 N symbols were inserted 
for the cyclic prefix (CP). After the CP insertion, the OFDM symbols were re-
sampled two times. Then the OFDM data was applied to the LED via a digital-
to-analog converter (DAC), which was an arbitrary waveform generator (AWG). 
The received VLC signal was captured by a real-time oscilloscope (RTO), which 
was an analog-to-digital converter (ADC). The digital signal was then down-sam-
pled, CP removed and FFT. The channel estimation was implemented at the Rx 
side to perform the one-tap equalization for enhancing the channel capacity. After 
the channel estimation and equalization, the QAM de-mapping and decoding were 
performed. Then the average signal-to-noise ratio (SNR) was calculated by aver-
aging the SNRs of all the subcarriers, and the BER was calculated based on the 
average SNR [24].
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The OFDM system needs precise synchronization for the IFFT/FFT opera-
tions. Besides, channel estimation is also needed to provide parameters for sig-
nal equalization enhancing the transmission performance. One method to achieve 
synchronization and equalization is to use training symbol. The idea of training 
symbol is to use a known data to estimate the channel response. However, one 
or more OFDM symbol is used to carry the training symbol; hence, the effective 
capacity of the system may be reduced. Another scheme to achieve equalization 
is using pilot-tone. Since the pilot-tone is embedded into some or all OFDM sym-
bols, the particular OFDM symbol carrying the training sequence can be used for 
 carrying the payload data. As the channel response (both amplitude and phase) 
of the VLC system is relatively flat and continuous, channel estimate using pilot-
tone could be effective. In the OFDM system, CP is copied from the end of the 
OFDM symbol to the front for reducing the inter-symbol interference (ISI). It can 
be assumed that the front part of OFDM symbol is still similar to the end after 
the channel. Then, auto-correction can be used to create a period relationship for 
synchronization.

Figure 4.5 shows the experimental results for using adaptive bit-loading for 
different OFDM subcarriers in a RGB LED. In adaptive bit-loading, the num-
ber of bits that can be transmitted in each subcarrier is determined by the SNR 
of that subcarrier. As SNR varies from user to user on the same subcarrier and 
also changes over time, channel utilization and data rate can be improved by using 
adaptive bit-loading. In the demonstration, RGB LED with data rate ~1 GHz can 
be achieved.
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Fig. 4.5  Adaptive bit-loading for different OFDM subcarriers in a RGB LED. Insets 
Constellation diagrams for the red, green and blue LEDs
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4.2.2  Mitigation of Optical Background Noises

Background optical noises can affect the performance of the VLC significantly. 
Scenarios may happen when the LED lamps and conventional fluorescent lamps or 
AC-LED lamps coexist in the same place. Chow et al. [24] reported the experimen-
tal results of the background noise mitigation by using white-light LED OFDM 
VLC. 64 OFDM subcarriers were used (each subcarrier was in 4-QAM). The 
transmission data rate was 12 Mb/s, and the bandwidth was 6.25 MHz. The OFDM 
carrier spacing was 97.66 kHz. A fluorescent lamp was used to produce different 
optical interference noise powers. The spectral characteristics of the fluorescent 
lamp noise were shown in Fig. 4.6. The gas discharge lamps, like the fluorescent 
lamps, needed a ballast to operate. The ballast converted the main supply 60 Hz 
frequency to higher frequencies for efficient lighting. The fluorescent lamp had a 
dominant frequency tone at 90 kHz, and harmonic tones at 180, 270 kHz.

Figure 4.7a, b show the SNR of each OFDM subcarrier at the data rate of 
12 Mb/s. Different fluorescent noise powers (5 and 15 dB) were introduced in the 
VLC link. These noise powers were defined as the ratio of fluorescent power to 
the Rx thermal noise. The Rx thermal noise power was measured when all light 
sources (LED and fluorescent light) were switched off. When the fluorescent 
noises were added, the SNR at lower frequency OFDM subcarriers were affected, 
since the dominate tone of the fluorescent noise was at 90 kHz. It corrupted the 
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Fig. 4.6  RF spectra of the fluorescent light at noise powers of a 5 dB, b 15 dB
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lower frequency OFDM subcarriers. The fluorescent noise can be mitigated by 
dynamically control the number of OFDM subcarriers. This can be easily achieved 
in the Tx by not applying the data onto these subcarriers, or neglecting these sub-
carriers at the Rx. Since the first OFDM subcarrier was at 97.66 kHz, by switching 
off the first subcarrier, the VLC link can be restored. However, the total capacity 
was decreased from 12.3  to 12.1 Mb/s.

Besides using OFDM, modulation format such as Manchester coding can 
also mitigate the optical background noise. Chow et al. [25] demonstrated using 
Manchester coding to mitigate the optical noise. Another advantage of the 
Manchester coding is that it can provide signal synchronization and enhance the 
clock recovery. Figure 4.8 illustrates the encoding and decoding of the Manchester 
signal. In Manchester coded signal as shown in Fig. 4.8b, the transition from low-
to-high represents logic “1”, and the transition from high-to-low represents logic 
“0”. The Manchester signal was generated by using exclusive-or (XOR) opera-
tion of the original non-return-to-zero (NRZ) data and the clock. At the Rx, the 
Manchester signal was power divided (Fig. 4.8b), one part was half-bit delayed as 
shown in Fig. 4.8c. Then, one part subtracted the other part using different ampli-
fier for decoding. Finally logic decision can be made at the time interval as shown 
in Fig. 4.8d. By comparing the original NRZ signal shown in Fig. 4.8a, it illus-
trates that the received signal can be correctly decoded.

Conventional NRZ coding VLC was compared with the Manchester coding 
VLC, and the signals were experimentally evaluated using Q-factors under differ-
ent “fluorescent noise power/thermal noise power” ratios in [25]. It is observed 
from Fig. 4.9 that Manchester coding can significantly mitigate the noise. The 
Manchester coded signal showed error-free optical wireless communication 
(Q > 6) in all the measurements, while the transmission of the NRZ coded sig-
nal produced high error even at low noise level. The insets show the correspond-
ing eye-diagrams. The eye-shape of the received Manchester signal had a half-bit 

Fig. 4.8  Schematic bit-pattern: a NRZ signal, b Manchester signal, and c half-bit delayed 
Manchester signal and d decoded Manchester signal
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period of the NRZ. This was due to the received Manchester signal subtracted its 
half-bit delayed signal in the demodulation.

The explanation of the noise mitigation principle of the Manchester signal was 
as follow. Figure 4.10a, b show the simulated power spectra of the NRZ coding 
and Manchester coding, both with the optical noise at frequency of 0.08/τ. Due 
to the high spectral overlap of the optical noise with the power spectrum of the 
NRZ signal, high signal distortion was observed in NRZ case. In the Manchester 

Fig. 4.9  BER of NRZ and Manchester coded signal
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decoding process, the received signal went through the decoding, which was 
equivalent to passing through a periodic band-pass filter as shown in Fig. 4.10c. 
As a result, the optical noise can be effectively suppressed as shown in Fig. 4.10d.

4.2.3  Bi-Directional Transmission

Since VLC is basically a broadcast transmission, providing an uplink path in VLC 
is challenging. Komine et al. [26] described an uplink VLC path by using modu-
lated retro-reflecting link; however the available modulators are generally low 
speed and costly. Besides, the location of the Rx needs further study. Hou and 
O’Brien [27] described using radio-frequency (RF) to provide the uplink path; 
however it cannot be used in some RF restricted areas. Liu et al. [28] demonstrated 
a bi-directional transmission link using white-light LED VLC in both downlink 
and uplink paths. Time-division-duplex (TDD) was implemented to significantly 
eliminate the reflection interference in VLC.

Figure 4.11 shows the experimental setup of TDD VLC system reported in 
[28]. The downlink and uplink data were generated by function generator (FG1 
and FG2) respectively. The uplink signal from FG2 was applied to a single white-
light LED, while the downlink signal from FG1 was applied to a 5 × 8 LED array 
with a DC bias of 10 V (the 40-LED array had a maximum driving voltage of 
12 V). Both the downlink and uplink signals were modulated using NRZ for-mat. 
To study the reflection interference, two mirrors were placed at about 25 cm away 
from the LEDs as shown in Fig. 4.11.

Figure 4.12 shows the uplink path analysis in the bi-directional TDD VLC 
experiment [28]. It shows the SNR of uplink signal under different interference 
power ratios with and without using the TDD. The interference power ratio was 
defined as the power ratio of the interference signal to the uplink signal. By tun-
ing the mirror angles, the interference powers were adjusted accordingly. The SNR 
degraded when the interference power increased without using the TDD mode. By 
using the TDD mode, the uplink signal was nearly not affected by the reflected 
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Fig. 4.11  Experimental setup for the TDD VLC system
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interference signal, showing the proposed scheme can significantly eliminate the 
reflection interference even at high reflection power.

Besides using visible light to provide the uplink path in the bi-directionalcom-
munication, infrared (IR) can also be used to provide the uplink path. Figure 4.13 
shows the bidirectional VLC system together with its corresponding module 
design demonstrated by Industrial Technology Research Institute (ITRI) and 
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National Chiao Tung University (NCTU). In LED lighting side, phosphor based 
white-light LEDs served as the Tx for lighting and VLC simultaneously. In cli-
ent side, an 850 nm IR LED was used as Tx for uplink traffic. Two correspond-
ing optical PIN Rxs with 50 MHz bandwidth were placed in lighting and client 
sides. There were two main designs for the LED lighting and client sides. One was 
the analog front end (AFE), and the other was digital signal processing (DSP), as 
illustrated in Fig. 4.13. In AFE part, it combined the DC power and modulation 
data and received the optical signal. Pre-equalization technology was performed in 
the AFE part. In the DSP part, real-time OFDM-based DSP chip was used. A real-
time video demonstration was also performed, as shown in Fig. 4.14.

4.2.4  Using AC-LED for VLC

It is more energy-efficient to use AC-LED instead of DC-LED for lighting, and 
many AC-LED technologies have been developed. It is highly desirable using 
AC-LED for the VLC. One main challenge for the AC-LED VLC is the synchro-
nization issue for modulating the data during the turn-on period of the AC-LED. 
A microcontroller was used in previous research of using AC-LED for VLC [29, 30]. 
Liu et al. [31] demonstrated an AC-LED based system, which was designed using 
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Fig. 4.14  Real-time bi-directional LED VLC system using IR uplink
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a synchronized signal modulation with clock recovery and bias-tee circuits. It was 
verified to support 5 ms time slot without distortion caused by the threshold volt-
age limitation of LED.

Figure 4.15 shows the experimental setup for AC-LED based system in [31]. 
The 110 Vrms with a frequency of 60 Hz was provided from power outlet and 
converted to 9 Vrms by transformer (optional). A 60 Hz square wave synchronized 
to the AC power bias signal was generated by the clock recovery circuit, with duty 
cycle of ~50 %. Then, the signal was used to synchronize the AWG. The sinusoi-
dal wave was rectified to have positive voltage only at the output of the full-wave 
rectifier. Finally, the bias-tee circuit combined the signals from the AWG and the 
full-wave rectifier for driving the LEDs.

The received waveform of the AC-LED VLC system is shown in Fig. 4.16a 
using QPSK formats. The rectified AC power bias signal was modulated by the 

Transformer
(Optional)

Full-wave Rectifier Bias Tee

Clock Recovery AWG

AC power Message
(QPSK)

5*8 LED 
ArrayRx

Real-time Oscilloscope

2m

Fig. 4.15  Experimental setup of the AC-LED biased communication system

3.84 3.86 3.88 3.9 3.92 3.940 2 4 6 8
-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

Time (ms) Time (ms)

S
ig

n
al

 A
m

p
lit

u
d

e

In-phase Quadrature-phase

Band-pass Filtering

(a)

(b)

(c)

Fig. 4.16  a Received waveform of the AC-LED VLC system, b filtered waveform and c the cor-
responding eye-diagrams



120 C.-W. Chow and C.-H. Yeh

QPSK data signal. Then, by using a band-pass filter, the received signals can 
 further be processed to remove the 60 Hz AC power signal. The filtered waveform 
and the eye-diagram were shown in Fig. 4.16a, b, respectively.

Recently, power line communication (PLC) has emerged as a promising wired 
communication for in-home communication using already installed mains power 
cables. It is convenient over traditional Ethernet since no additional cables are 
needed. Researchers are planning to integrate the PLC and the VLC [32]. Hence, 
the further integration of PLC and AC-LED could increase the network flexibility 
and scalability.

4.3  Summary

VLC is a kind of optical communication using visible wavelength of the elec-
tromagnetic spectrum from 380 to 780 nm. VLC using LED lamps has attracted 
much attenuation recently for providing secure and high speed data transmissions. 
We have discussed the worldwide VLC activities. We also discussed different tech-
nical aspects of the VLC. These include enhancing the transmission data rate of 
VLC, mitigation of the optical background noises, achieving a bi-directional trans-
mission, and using AC-LED for VLC.
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Optical free-space transmission scheme is recently developed by engineers and 
researchers to provide high-speed and secure wireless connections, and visible 
line communication (VLC) systems are particularly proofed to be an appropriate 
candidate to deliver such wireless connections among fiber backbone networks 
and mobile devices which are connected to VLC in-building networks. This chap-
ter is therefore providing an overview of modern VLC communication systems 
based on laser pointer lasers (LPL) that can provide higher transmission rate and 
longer free-space link than that in high-brightness LED (HB-LED), red-green-blue 
(RGB) LED, and phosphor-based LED. The methodologies utilized to improve the 
LPL free-space transmission are theoretically discussed in the chapter. With the 
assistance of preamplifier and adaptive filter simultaneous, the pars of amplitude 
and phase errors can be compensated as well as the systems’ signal-to-noise ratio 
(SNR) and bit error rate (BER) can be further improved. In addition to discuss 
the VLC communication systems, the feasibility of integrating various bidirec-
tional passive optical networks(PONs) with the LPL free-space VLC transmissions 
schemes is also clarified. These integration transport systems are shown to be a 
distinguished one not only to present its simplicity in PON integration with VLC 
application but also to reveal its convenience to be installed. This chapter will help 
readers get close to the development of modern VLC communication systems.
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5.1  Development Progress on Fiber-Wireless 
Communications

During this decade, optical communication systems have been deployed extensively 
with high expectations to provide broadband integrated services. Optical fiber with 
its low attenuation, high capacity, and electromagnetic noise interference (EMI) free 
characteristics provides an proper pathway to distribute broadband signals to their 
destinations [1–3]. With the rapid development of various communication technolo-
gies, the increasing requirements in bandwidth raise the needs for high-speed and 
secure communication links, not only for the single-mode fiber (SMF)-based back-
bone networks, but also for the free-space visible light communication (VLC)-based 
in-house network. SMF is widely employed in fiber optical communication sys-
tems, and has already established an undisputable position to distribute high qual-
ity signals over long-haul transmissions. As a widespread medium, SMF provides 
good performances in terms of attenuation and security et al. However, when the 
SMF is deployed toward in-house networks, the installation convenience and cost 
are beyond disputed issues needed to be solved. To overcome the challenge, a new 
kind of in-building network medium is required. Recently, wireless communication 
network is a promising technology to provide broadband services in the consumers’ 
premises. Optical free-space transmission scheme is particularly developed recently 
by researchers and engineers to create high-speed and long-haul free-space link. 
Such optical free-space transmissions can provide many benefits, like composing 
wireless communication link in specific areas in which radio frequency (RF) com-
munication signals are prohibited, such as in the aircraft or hospital [4–7]. However, 
due to their high attenuation characteristics in the air, employing wireless commu-
nication to bridge the access point (AP) and the head-end will place serious limita-
tions on the allowed repeaterless distance. Instead, it is much more possible to link 
the AP and the head-end by long-haul fiber link. By integrating optical fiber with 
optical free-space transmission systems, the broadband signal is converted into the 
optical signal format and delivered to the remote APs by fiber link, in which provid-
ing broad bandwidth and low attenuation characteristics [8, 9].

The schematic diagram of bidirectional passive optical network (PON) inte-
gration with free-space VLC is illustrated in Fig. 5.1. This brilliant system is 
the potential candidate to solve the problem of in-building connection and is an 
ideal scheme to integrate in-building networks with fiber backbone ones. For the 
application at the premises, VLC systems use modulated light wavelengths emit-
ted and received by a variety of suitably adapted standard sources. Generally, 
the VLC light source can be classified into two categories: the diffused sys-
tem and the line-of-sight (LOS) one. The former utilizes diffused beam to cover 
a wide service area and to provide the mobile service to the end-users, primar-
ily through the use oflight emitting diode (LED). In the published studies, high-
brightness LED (HB-LED), red-green-blue (RGB) LED, and phosphor-based 
LED are employed as the light sources for VLC systems [6, 7, 10]. However, 
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those VLC communication systems are difficult to obtain long free-space 
link and high-speed transmission rate due to low optical power per unit area. 
Alternatively, the line-of-sight (LOS) one employs a convergence beam, such 
as laser pointer lasers (LPL), to establish a point-to-point long free-space link. 
Nevertheless, no mobility is provided in the LOS system even though it can pro-
vide high-speed transmission rate. Because, rapid performance degradation may 
happen in the LOS system as blocking occurs. However, with the rapid progress 
of wireless broadband services, the increasing bandwidth requirements raise the 
needs for high-speed transmission rate and long free-space link. The LOS sys-
tem employing LPL light source is the potential candidate to meet the demands. 
As to the mobility (non-line-of-sight) problem, optical signal auto-tracking 
scheme and optical coupling system [11–15] in which consisting of multiple 
lenses and a fiber collimator, can be added at the receiving site to overcome it.  
As a result, the LPL free-space transmission techniques, with high optical power 
and light beam convergence characteristics, are shown to be a prominent one to 
present their advantages in wavelength-division-multiplexing (WDM) VLC 
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Fig. 5.1  The schematic diagram of bidirectional PON integration with free-space VLC systems [1]
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applications. Of course, theinfrared LD could be engaged as the light source to 
replace the LPL in free-space light communication systems. Nevertheless, the 
infrared light is invisible, yet it is a challenge to aim the invisible laser light at 
the photodiode (PD) so it is difficult to obtain good free-space transmission per-
formance due to infrared laser light misalignment between the transmitter and the 
receiver. As laser light misalignment problem occurs, rapid performance degrada-
tion will happen in the connection links. Thereby, the LPL is more suitable than 
the infrared LD to be employed as the light source in free-space light communica-
tion systems.

To guarantee successful design of a full-duplex lightwave transport system, sys-
tem designer will have to optimize the overall architecture to obtain the best trans-
mission performances. This section illustrates the progress of modern researches 
on the LPL-based VLC communication systems in the following sequence. Firstly, 
a WDM VLC system employing red and green LPLs with directly modulating data 
signals is illustrated and discussed. In this discussion, the methodology of employ-
ing a preamplifier and an adaptive filterat the receiving sites to improve the free-
space transmission performance is illustrated and their operation principles and 
functionalities are theoretically discussed. Consequently, to provide suitable end-
to-end communication environment among a central office (CO) and consumers’ 
devices, the feasibility of various bidirectional PON integrations with free-space 
VLC are illustrated and discussed. Such PON integration with VLC lightwave 
transport systems are shown to be a distinguished one not only to present its sim-
plicity in PON integration with VLC application but also to reveal its convenience 
to be installed.

5.2  WDM Visible Light Communication Systems

LED VLC systems are recognized as creating possible valuable portfolios for 
future generations of technology, which have the potential to use light for commu-
nication at data rate larger than that in the current wireless communication systems. 
In the published schemes, HB-LED is employed not only as the lighting devices 
but also as the light sources for LED VLC systems [16, 17]. The dual functions 
of HB-LED, for lighting and communication, emerges many new and interesting 
applications. Nevertheless, HB-LED array and convex lens are required for longer 
free-space link in LED VLC systems [4, 10]. To overcome the limitations, a basic 
LPL-based VLC system is developed as shown in Fig. 5.2 [14]. A LPL is a small 
portable device with a power source embedded (usually a battery). A LPL can 
emit a visible light with very narrow coherent light beam to highlight something of 
interest by illuminating it with a small bright spot of colored light. LPLs, with high 
optical power and light beam convergence characteristics, are expected to further 
improve the performance of the LED-based VLC systems with longer transmission 
distance and higher data rate. Furthermore, with the assistance of preamplifier and 
adaptive filter at the receiving sites to eliminate parts of nonlinear distortions and to 
compensate transmission errors, low bit error rate (BER) at 10 m length 500 Mbps 
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data rate operation is experimentally achievable for each wavelength [13, 14]. Such 
LPL features create a new category of good performance with high-speed data rate, 
long transmission length and easy handling and installation.

In the basic LPL-based VLC system, the schematic diagram of the preamplifier 
(push-pull amplifier), is illustrated in Fig. 5.3. Since the even-order harmonic dis-
tortions of the systems can be eliminated by the push-pull amplifier, the preampli-
fier output can be given by [14]

where vo is the preamplifier output voltage, vi is the preamplifier input voltage, and 
a1, a3, a5 are the amplitude coefficients (a3 and a5 are coefficients characterize non-
linearities). Generally, a VLC system with high order nonlinear distortions can be 
described as

(5.1)vo = a1 · vi + a3 · v3i + a5 · v5i

(5.2)q = b1 · n+ b3 · n3 + b5 · n5
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where q is system’s output voltage detected from PIN-PD, n is system’s input volt-
age, and b1, b3, b5 are the amplitude coefficients (b3 and b5 are coefficients charac-
terize nonlinearities). It is clear that q is equal to v1. If the (5.2) is substituted into 
the (5.1) and neglecting higher order nonlinear terms, then yields

While achieving linearity means cancelling out the nonlinear terms, a RF amplifier 
pre-distorter would have to cancel out the third-order nonlinear term by setting the 
appropriate nonlinear coefficient to

Then (5.3) can be changed as

It is clear that, from (5.5), the third-order nonlinear distortion can be removed by 
properly adjusting the nonlinear coefficient. Furthermore, the amplitude of the 
harmonic distortion decreases with the increases of the harmonic order. Thus, the 
amplitude of the 5th harmonic distortion will very small, and it will not induce any 
serious distortion in the VLC systems.

(5.3)
vo = (a1 · b1) · m + (a1 · b3 + a3 · b31) · m

3 + (a1 · b5 + a5 · b51) · m
5

(5.4)a1 · b3 = −a3 · b31

(5.5)vo = (a1 · b1) · m + (a1 · b5 + a5 · b51) · m
5

a(n)

(n)

aer(n)

er(n)

Amplitude

Comparator

Phase

Comparator

+

+

Stored Copy
Amplitude

Stored Copy
Phase

error

error

Adaptive Filter

d(n)der(n)

Fig. 5.4  A functional block of the adaptive filter, in which including an amplitude/phase com-
parator [14]
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In parallel with the application of push-pull amplifier, the functional block of 
the adaptive filter is illustrated in Fig. 5.4, in which an amplitude/phase compara-
tor is included to make error corrections. In implementing the adaptive filter, the 
transmitter has to firstly send out an arbitrary data pattern as a protocol, and at 
the receiver site, the adaptive filter must have a pre-stored copy of data signal in 
the adaptive filter before starting communication. Let the transmitted signal, d(n),  
has an amplitude a(n) and phase θ(n), then the signal can be displayed as [13, 14]

After transmission through free-space links, the received signal der(n) may have a 
distorted amplitude aer(n) and phase θer(n), and can be illustrated as

If the power of a transmitted symbol is P(n), and a received symbol is Per(n):

To make error corrections, the adaptive filter has to estimate the d(n) from the 
der(n). The errors between the pre-stored copy of the arbitrary data pattern and 
the output of the comparators are fed into one input of the comparators, and the 
received data signals are applied to another input. For amplitude comparison, 
the output of the amplitude comparator is compared with the pre-stored copy of the 
a(n), the amplitude comparator has to estimate the a(n) from the aer(n). For phase 
comparison, the output of the phase comparator is compared with a pre-stored copy 
of the θ(n), the phase comparator has to estimate the θ(n) from the θer(n). During 
communication, an adaptive algorithm will update the amplitude and phase errors 
every time so that the errors can be minimized. Amplitude and phase errors com-
pensation are crucial for ensuring maximum nonlinear distortion suppression, the 
use of adaptive filter offers significant amplitude and phase errors compensation.

The functionalities of the preamplifier and adaptive filter can be further ensured 
by the BER performance. At a free-space transmission distance of 10 m and data 
rate of 500 Mbps; without the assistance of the preamplifier and the adaptive fil-
ter, the BER is around 10−5; with preamplifier scheme alone and adaptive filter 
alone, the BER are all about 10−7, and with the assistance of both the preamplifier 
and the adaptive filter simultaneously, the BER can reached to 10−9 [13, 14]. It is 
clear that as the preamplifier and the adaptive filter are employed in the system, 
impressive BER performance improvement (104 orders) can be achieved. This 
means that the VLC systems with the assistance of the preamplifier scheme alone 
or with adaptive filter scheme alone, their BER performance improvement is lim-
ited. The results indicate that the preamplifier and the adaptive filter play impor-
tant roles for error correction functions, and they can further improve systems’ 
signal-to-noise ratio and BER performance for 104 orders to accomplish high per-
formance VLC systems.

(5.6)d(n) = a(n)ejθ(n)

(5.7)der(n) = aer(n)e
jθer(n)

(5.8)P(n) = a2(n)/2

(5.9)Per(n) = a2r (n)/2
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5.3  Integrating FTTH and Free-Space VLC  
Transport Systems

As discussed above, the free-space VLC system can provide many benefits, like pro-
viding communication links in specific areas in which RF communication is pro-
hibited. Nevertheless, the VLC transport system is a short distance communication 
technique. To provide suitable end-to-end communication environment among a cen-
tral office (CO) and clients’ devices, integrating fiber to the home (FTTH) and free-
space VLC transport systems together would be a suitable solution to accomplish the 
expectation by directly delivering broadband multimedia signals among the CO and 
the clients’ devices. This section is therefore sequentially introducing various modem 
methodologies in integrating FTTH and free-space VLC transport systems.

5.3.1  Integrating OFDM FTTH and Free-Space  
VLC Transmission

The schematic diagram of a bidirectional passive optical network (PON) integra-
tion with free-space LPL VLC is illustrated in Fig. 5.5 and its experimental config-
uration is displayed in Fig. 5.6, where a 2.5 Gbps/2.5 GHz 16-QAM OFDM signal 
is transmitted over a 20 km SMF link, detected by a PIN-photodiode (PIN-PD), 
and supplied to the 15 m VLC systems. In this structure, broadband services origi-
nated from a CO can be communicated over a span of SMF to consumers’ prem-
ises and then wirelessly indicated into mobile devices via the LPL VLC link. The 
upstream signal can be sent back by reversed processes using different LPL and 
optical fiber to avoid the crosstalk of the downstream signal. In this configuration, 
laser light will send out the data signal wirelessly, so the maximum light inten-
sity should be limited to accomplish eye safety. The European authority has put an 
additional prerequisite for the maximum light intensity, 25 W/m2. If an eye pupil 
diameter is 7 mm, the maximum light intensity for each eye is roughly 0.96 mW. 
In this condition, directly facing to the class IIIa lasers lights could be dangerous. 
However, the risk of injury is very small as the LPL conformed to the FDA Class 
IIIa limit is used. Besides, the natural motion of a person who might be exposed 
makes a person difficult to expose his eyes for a long period of time. People also 
have a natural aversion to bright lights and are likely to close their eyes or turn 
their heads away if exposed. It can be seen from Fig. 5.5 that the bidirectional 
optical paths in each room are transmitted among the ceiling and the desks, so 
people will not look straight at the LPL when stay in their office. Therefore, it is 
safe for the eyes to use an LPL conformed to the FDA Class IIIa limit as the VLC 
light source under such conditions. Experimental results shown in the [13, 14] 
proof that such integrated 20 km FTTH and 15 m free-space VLC in-building net-
works can provide good BER performances and constellations maps, as the data 
rate is 2.5 Gbps.
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5.3.2  Optimizing FTTH and Free-Space VLC  
Integration System

In fiber optical communication systems, phase modulation (PM) schemes are 
proofed to be an efficient method to reduce noise and distortion induced by 
communication pathway, so the performance of the previously discussed FTTH 
and free-space VLC integrated transport system could be further promoted by 
replacing the intensity modulator by a phase modulator. Nevertheless, the 
phase-modulated signal needs a delay interferometer (DI) to transfer it into 
the intensity-modulated one before been received by an optical receiver. Even 
the overall transmission performances are greatly promoted, the sophisticated 
and expensive DI will be a serious limitation in promoting such systems. To 
simplify the network structure by cutting down the complexity of the required 
DI, an injection-locked distributed feedback laser diode (DFB LD) could be 
employed as a duplex transceiver to receive phase-modulated downstream signal 
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Fig. 5.5  The schematic diagram of a bidirectional PON integration with free-space VLC [3]
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and to transmit upstream data in the system, as displayed in Fig. 5.7 [1]. With 
the operation characteristic of the PM scheme, the noise and distortion induced 
amplitude fluctuation effect can be reduced dramatically resulting in better 
transmission performances. It should be noted that the transmitted RF signal 
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will be detected only when the DFB LD is properly injection-locked to the 
phase-modulated signal. An optimum injection locking can be achieved when 
the wavelength of the master laser (DFB LD1) is roughly 0.12 nm longer than 
that of the slave laser (DFB LD2) [18–20]. As a slave laser is injection-locked, 
its output optical spectrum will slightly shift to longer wavelength direction, 
matching to that of the master laser.

Similar with the previous discussed VLC systems, thePM-based FTTH and 
free-space VLC integration system also employ red and green LPLs in the VLC 
systems, as illustrated in Fig. 5.8. Generally, the visible light LD (LPL) in the 
free-space VLC systems could be replaced byinfrared LD. Nevertheless, when an 
infrared LD is employed to communicate signal, the VLC system is difficult to 
obtain proper transmission performance since the infrared light is invisible, yet it 
is a challenge to aim the invisible laser light at the PD. As laser light misalign-
ment problem occurs, rapid performance degradation will happen in the systems. 
Thereby, the LPL is much more suitable than theinfrared LD to be employed as 
the light sources in free-space VLC systems.

5.3.3  Long-Haul SMF and Optical Free-Space 
Transmissions

To deliver optical signal in urban area, the transmitted optical fiber length in 
most of the published FTTH transport system is generally set to 25 km only. 
Nevertheless, when the communication area is extended from urban area to rural 
area, a longer transmission length could be set based on WDM and optical add-
drop multiplexing (OADM) techniques, as well as optical free-space transmission 
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scheme. The WDM and optical add-drop multiplexing techniques can further sim-
plify network structure and promote the deployment of APs since they enable full-
duplex transmission on one fiber [21]. Besides, such techniques also enable a large 
number of APs to share LDs remotely located at the head-end. The configuration 
of such long-haul SMF and VLC integration system is shown in Fig. 5.9 and the 
structure of the relative optical free-space AP is displayed in Fig. 5.10. Usually, 
a long-haul fiber link transmission will employ many erbium-doped fiber ampli-
fiers (EDFA) to compensate the optical attenuation during transmission. This 
will increase the overall construction complexity and boost up the maintenance 
cost. To reveal a prominent one with simpler and more economic advantages in 
the long-haul system, high optical output power DFB LDs could be utilized to 
replace the EDFAs. In this direction, the signals generated at the head-end can 
be modulated by individual wavelengths and then distributed to the remote APs 
by OADMs. Similarly, the upstream wavelength can also be added into the fiber 
backbone through the same OADM. When the optical carrier is dropped by the 
OADM, the downstream wavelength can be directly transmitted to the air by a 
fiber transmitter, and detected by a broadband PD. As shown in the Fig. 5.10, the 
fiber transmitter can be composed by a fiber end, a lens, and a coupling subsystem. 
The lens is utilized to enlarge the divergence of the emitted optical beam to cover 
a wider area, and the coupling subsystem is employed to focus the diverged optical 
beam into a receiver point. Similar with the discussed LPL VLC systems, the qual-
ity of the transmitted signal can be amplified by a push-pull amplifier and passed 
through an adaptive filter for error correction.
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In this kind of long-haul transmission systems, crosstalk (XT) between the 
downstream and upstream optical signals will limit the overall BER performance. 
Crosstalk that arises from the imperfect isolation of the OADM add/drop channels 
can be expressed as [22, 23]:

where Pa is the optical power of add channel, and Pd is the optical power of drop 
channel. The effective isolation factor, Kad, is the ratio of the power transmission 
of drop channel to the add channel. It is expected that the lower crosstalk level 
from the adjacent channel the better BER performance will present, so system 
designers must ensure a proper add/drop channel isolation property of the OADM 
to prevent crosstalk from the add/drop channel.

In addition to provide suitable isolation property of the OADM, utilizing push-
pull amplifier and adaptive filteralso play import roles for error correction. The 
relationship between SNR and BER is given by [24]:

Since the push-pull amplifier and the adaptive filterschemes can eliminate parts 
of the unwanted noise form the system, an enlarged signal-to-noise ratio (SNR) 
value will cause system with better BER performance and leading to an improve-
ment of free-space transmission distance. Furthermore, to obtain a suit transmis-
sion performance a trade-off between the data stream and the beam radius as 
well as a trade-off between the data stream and the distance from beam center are 
required.
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5.4  Summary

Recently, wireless communication techniques are developed to provide broadband 
service to the premises, and optical free-space VLC transmission scheme is, in par-
ticularly, developed by researchers and engineers to provide communication link 
in specific areas in which RF communication is prohibited. This brilliant system 
is the potential candidate to solve the problem of in-building connection, and is an 
ideal scheme to integrate fiber backbone networks and in-building ones. To over-
view the progress of the modernLPL-based VLC communication systems in this 
chapter, a WDM VLC system employing red and green LPLs with directly modu-
lating data signals is firstly illustrated and discussed. Its methodologies of employ-
ing a preamplifier and an adaptive filter to eliminate parts of unwanted noises at 
the free-space transmission links are theoretically discussed. Consequently, the 
feasibility of integrating bidirectional PON with free-space VLC is clarified by 
transmitting 2.5 Gbps/2.5 GHz 16-QAM OFDM signal over 20 km SMF and 15 m 
free-space VLC links. This integration system not only presents a simplicity meth-
odology in integrating PON with VLC application but also reveals its convenience 
to be installed. Following this, a bidirectional lightwave transport system employ-
ingPM scheme and light injection-locked DFB LD as a duplex transceiver for 
PON; as well as employingLPLs with directly modulating data signals for WDM 
VLC is discussed. Such bidirectional system is proofed to providing better trans-
mission performance than IM transport scheme since the amplitude fluctuation 
caused by downstream noise and distortion can be reduced dramatically. Finally, 
a long-haul full-duplex lightwave transport system employing WDM and OADM 
techniques, as well as optical free-space transmission scheme is discovered. Such 
integration architecture can not only present its advancement in lightwave applica-
tion, but also reveal its simplicity and convenience for the real implementation.
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6.1  Historical Review and Challenges on Injection-
Locked Laser Diode Transmitters for DWDM-PON 
Transmission

6.1.1  Historical Review on the Roadmap of Injection-Locked 
Transmitters for DWDM-PON

Since the requirement on data transmission capacity of the broadband internet 
access network is persistently increasing, the remarkable efforts have been paid 
on both optical wavelength and electrical frequency usages of the data trans-
mitters emerged for developing the next-generation passive optical network 
(NGPON). The dense-wavelength-division-multiplexed passive-optical-network 
(DWDM-PON) is regarded as one of the promising candidates for the fiber-to-
the-home network owing to its simple architecture with extremely large trans-
mission capacity at low cost of power budget [1, 2]. In consideration of practical 
optical distribution within a short-distant metropolitan network (≤20 km), the 
wavelength injection-locked colorless laser diode is usually considered as the 
universal transmitter at user end due to its broadband gain-spectral range that 
ensures single-mode operation with enhanced modulation bandwidth at multiple 
DWDM channels [3, 4]. Versatile master light sources were employed to approach 
the injection-locking of different colorless transmitters to meet the demand of 
the DWDM-PON system. The historical progress and existed problem of dif-
ferent injection-locked transmitter with various master light sources are shown 
in Fig. 6.1. In 2000, Kim et al. [5] proposed an amplified spontaneous emission 
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(ASE) injection-locked Fabry-Perot laser diode (FPLD) with single-mode out-
put as a low-cost DWDM transmitter. The side-mode suppression ratio (SMSR)  
and the extinction ratio (ER) of the wavelength-locked FPLD were larger than 
29 and 13 dB, respectively. Owing to the high injection budget, lower output 
power and thermally unstable behavior, the FPLD with a finite gain spectral linewidth 
is hard to be externally injection-locked and thus not an ideal transmitter for broad-
band spectral sliced DWDM-PON system (Fig. 6.1a). Later on, the ASE injection-
locked reflective semiconductor optical amplifier (RSOA) based DWDM-PON 
transmitter [6] was proposed to successfully provide eight DWDM channels 
with 1 nm wavelength spacing. With each channel modulated at a data rate of 
1.25 Gbit/s, the non-return-to-zero (NRZ) on-off-keying (OOK) data transmis-
sion is shown to propagate over 25-km. However, the transmission performance is  
limited by the bad relative intensity noise (RIN) performance of the ASE injection 
source (Fig. 6.1b).

In order to reduce the ASE noise and release the limited injection-locked wave-
length range, the single-mode laser (SML) injection-locked RSOA has been dem-
onstrated. Since 2005, Lee et al. have proposed a bidirectional DWDM-PON by 
using a SML injection locked RSOA at gain saturation mode [7], which achieved 
1.25 Gbit/s for upstream and 2.5 Gbit/s for down-stream data transmission over 
20 km. Although the upstream data carried by the SML injection-locked RSOA 

Fig. 6.1  The roadmap of DWDM-PON transmitters with external injection light source
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can be generated by remodulating the data-erased [8–10] down-stream carrier, 
such a down- and up-stream wavelength preserved solution is not practical for 
DWDM-PON due to its high cost with the need of an additional data eraser and 
its increasing noise caused by Rayleigh backscattering (Fig. 6.1c). In the mean-
time, the mutually injection-locked [11, 12] AR-coated FPLDs pair has prelimi-
narily emerged as an alternative broadband light source (BLS) for controlling the 
wavelength of the slave AR-coated FPLD at user-end optical network unit (ONU) 
[13]. The mutually injection-locked AR-coated FPLD master exhibits a narrow 
channel spacing of 0.2 nm associated with an extremely low RIN, however, which 
requires two identical FPLDs with exactly same end-facet reflectance and cav-
ity length to guarantee the flattened master gain spectrum with equivalent mode 
spacing (Fig. 6.1d). Later on, the continuous-wave (CW) injection-locked FPLD 
has demonstrated in 2007 [14] to solve the wavelength matching problem and pro-
vide up- and down-stream transmission up to 10 Gbit/s, due to the highly-coherent 
injection (Fig. 6.1e). However, the injection-locking of commercial FPLDs with 
high end-facet reflectance (R = 30 %) usually requires a relatively large injec-
tion level, which inevitably causes the high power budget and high equipment cost 
from the highly coherent single-mode master lasers. This makes the CW injection-
locked FPLD less comparable with an ideal cost-effective transmitter for DWDM-
PON system.

6.1.2  Development of a Promising Universal Transmitter  
for Colorless Operation in DWDM-PON

Recently, the AR-coated colorless FPLD with long weak-resonant-cavity 
(hereafter referred as WRC-FPLD) has been considered as a more potential 
candidate to provide dense and weak longitudinal modes for next-generation 
DWDM-PON system than previous works because of its broad gain-spectrum, 
which provides more DWDM transmission channels than common FPLD and 
better throughput coherence than the RSOA. The illustrated WRC-FPLD spec-
trum and the WRC-FPLD and traditional FPLD channelized by the 200-GHz 
arrayed waveguide grating (AWG) are shown in Fig. 6.2a. With the 200-GHz 
channel spacing, the WRC-FPLD possesses more modes in one channel than 
the traditional FPLD due to its smaller mode spacing. As more longitudinal 
modes can be modulated in one channel, the ASE injection-locked WRC-FPLD 
transmitter provides a better transmission performance [15]. On the other hand, 
the WRC-FPLD can be channelized by the AWG based multiplexer/de-multi-
plexer with narrower channel spacing to providing more DWDM channels in 
its finite gain spectrum. Figure 6.2b shows the illustrated spectrum of WRC-
FPLD with ASE, WRC-FPLD and tunable single-mode laser (TSL) injection-
locking. Hence, the ASE injection-locked WRC-FPLD used for DWDM-PON 
was proposed in previous work [15, 16], providing a bit-error-rate (BER) of 
10−13 at receiving power of −31 dBm with a bit rate of 622 Mbit/s at least. 
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Owing to the fluctuant noise of the ASE source, the AWG channelized ASE 
injection-locked WRC-FPLD presents the highest noise, which was then con-
sidered to be reduced by changing the ASE source with the partial-coherent 
master WRC-FPLD. However, it is inevitable to inject-lock two or three mode 
within one channel when the channel spacing of AWG is not narrow enough, 
which may result in the unexpected dispersion during long-distant transmis-
sion. This dispersion effect can be solved by using the dispersion compen-
sation fiber (DCF) [16] but is not practical for the existing long-haul fiber 
network. Another solution is the use of the TSL to injection-lock WRC-FPLD, 
which shows a perfectly single-mode output with the highest SNR, narrowest 
linewidth and lowest dispersion to provide a better transmission quality. When 
comparing the conventional FPLD (front facet reflectance of 30 %) with the 
WRC-FPLD (front facet reflectance of 1 %) [17], the WRC-FPLD possess 
the higher SMSR at the same injection power level and the wider detuning of 
injection-locked wavelength [18] than the traditional FPLD [19] owing to its 
weak-resonant-cavity feature.

To effectively increase the network capacity of the DWDM-PON system with 
the injection-locked WRC-FPLD transmitter, both the 200-GHz and the 50-GHz 
AWG were considered to slice the ASE injection source with their chirp, 
noise and transmission performances compared each other [20]. Although the 
DWDM-PON system with 50-GHz AWG can provide more channels with lower 
negative frequency chirp than those with the 200-GHz AWG, the 200-GHz AWG 
channelized ASE injection minimizes the intensity noise of WRC-FPLD trans-
mitter to perform better transmission performance. With the additional AWG fil-
tering, the RIN induced by ASE source and the intraband crosstalk [21] between 
the upstream transmitted data and the reflected ASE signal are two important 
issues of the DWDM-PON system with the ASE injection-locked WRC-FPLD 
transmitter. A solution has been proposed in previous work by using the SOA 
based noise  reduction [22] to squeeze the ASE noise at local ONU part to solve 

Fig. 6.2  a The illustrated WRC-FPLD spectrum and WRC-FPLD or traditional FPLD chan-
nelized by 200-GHz AWG. b Schematic of slave WRC-FPLD with TSL, ASE and master WRC-
FPLD injection-locking
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these problems, and the RIN and the crosstalk effect can be reduced by 4.5 and 
6.3 dB, respectively [23]. Although the noise of the ASE injection source could 
be minimized by the saturable RSOA, the extra RSOA in each ONU channel 
inevitably raises the cost for the DWDM-PON system. After considering the 
noise and cost of the ASE injection-locked WRC-FPLD applied to the DWDM-
PON system, the mutually injection-locked FPLD [24] was proposed to meet 
these demands. Afterwards, the partially coherent WRC-FPLD injection-locked 
WRC-FPLD has also emerged [25], which shows an SMSR of up to 40 dB and 
a Q factor of 9.5 dB to provide a receiving sensitivity of −24.4 dBm at a BER 
of 10−12 in the 2.5-Gbit/s DWDM-PON transmission. More recently, the highly 
coherent tunable CW fiber laser was employed to solve the wavelength match-
ing problem between the master and slave lasers [26]. Particularly, the transmis-
sion performance of the injection-locked WRC-FPLD transmitters with different 
front-facet reflectances were also investigated [27]. In contrast to the WRC-
FPLD injection-locked WRC-FPLD, the TSL injection-locked WRC-FPLD 
has also been proposed, as shown in Fig. 6.1h, which offers the highest SNR to 
obtain the ultimate transmission performance when comparing with the ASE and 
the WRC-FPLD injection-locking cases.

6.1.3  Using Long-Cavity Colorless Laser Diodes  
for OOK/OFDM Transmission in DWDM-PON

When considering the back-to-back and 25-km single-mode fiber (SMF) 
transmissions, the measured eye-diagrams of the free-running and ASE injec-
tion-locked WRC-FPLDs under direct on-off keying (OOK) modulation are 
compared in Fig. 6.3. The back-to-back transmitted eye-diagram of WRC-FPLD 
without injection-locking is clearer than that of the ASE injection-locked WRC-
FPLD, since all longitudinal modes of the free-running WRC-FPLD under direct 
modulation are received without spectral slicing. However, the eye-diagram of 
the free-running WRC-FPLD is seriously distorted after 25-km SMF transmis-
sion because these longitudinal modes covering a broadband gain spectrum 
results in strong modal dispersion after long-distant transmission. In contrast, 
the single-mode injection-locked WRC-FPLD exhibits a narrower linewidth 
to minimize the dispersion effect and provide a clearer eye-diagram after the 
25-km transmission. For increasing the transmission data rate, it is necessary to 
enhance the modulation bandwidth of such a broadband WRC-FPLD transmitter 
by enlarging its bias current or injection-locking power. An alternative approach 
of carrying the high capacity data in finite bandwidth can be achieved by using 
the orthogonal frequency-division multiplexing (OFDM) modulation format 
[28, 29]. Transmission of the OFDM data were successively demonstrated with 
the distributed feedback laser diodes (DFBLDs) [30, 31], the vertical-cavity 
surface emitting laser diodes (VCSELDs) [32, 33], the TSL injection-locked 
WRC-FPLD [34] and the down-stream reusable RSOA [35, 36]. The OFDM 
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modulated WRC-FPLD or RSOA transmitter provides the high spectral usage 
to achieve the data rate of 4 or 7.5–10 Gbit/s by efficiently using the modulation 
bandwidth of only 1 GHz. Not long ago, the TSL injection-locked WRC-FPLD 
with the data transmission rate up to 20 Gbit/s by pre-leveling technique was 
reported [37]. It is known that the OFDM modulation format consisted of inten-
sity and phase signals is sensitive to the coherence of transmitters; however, 
the comparisons on the OFDM performance of the WRC-FPLD transmitters  
injection-locked by master sources with different degrees of coherence have 
never been discussed.

Although the laser throughput properties and transmission performance 
can be improved by enhancing the coherence of injection light source, higher 
coherent injection light also inevitably raises the equipment cost. In this work, 
the effect of injection coherence on the noise, bandwidth and error rate perfor-
mances of the long-cavity colorless WRC-FPLD with an end-facet reflectance of 
0.5 % is demonstrated for OOK and OFDM transmission. By using three kinds 
of master sources with different degrees of coherence including an AWG chan-
nelized ASE, free-running WRC-FPLD and TSL, several key parameters of the 
wavelength injection-locked slave WRC-FPLD transmitter such as the RIN, the 
frequency response, the signals to noise ratio (SNR) and the bit error rate (BER) 
of OOK and 16-QAM OFDM transmitted data are characterized. In addition to 
the throughput response and transmission performance, the simulated eye dia-
grams from a set of modified rate equations are compared with the experimental 
results.

Free-running back-to-back Free-running 25-km transmission

ASE injected back-to-back ASE injected 25-km transmission

Fig. 6.3  The measured back-to-back and 25-km transmitted eye-diagrams of the WRC-FPLDs 
without and with spectrum-sliced ASE injection
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6.2  OOK or OFDM Data Transmission Performances  
of Directly Modulated Slave WRC-FPLD  
Injection-Locked by Master Sources with  
Different Degrees of Coherence

6.2.1  Methods for Building up the DWDM-PON  
with Directly Modulated Slave WRC-FPLD  
Injection-Locked by Master Sources with  
Different Degrees of Coherence

The Fig. 6.4 illustrates a DWDM-PON system based on the up-stream WRC-
FPLD transmitter with a front-facet reflectance of 0.5 %. The slave WRC-FPLD 
is injection-locked by the channelized ASE light source, master WRC-FPLD or 
tunable laser (Agilent, 8164A) in the central office, respectively. The external 
injection-locking was performed by seeding the non-coherent, partial coherent or 
high coherent light sources with fixed output power of −6 dBm into the WRC-
FPLD through a polarization controller, and passing through a 100-GHz AWG 
multiplexer.

In the transmission part of the ONU, the DC bias current and the modulation 
signal with OOK or OFDM modulation format was coupled into a bias-tee (Mini-
circuits, ZX85-12G-S+) for driving the WRC-FPLD. The bias current of WRC-
FPLD directly modulated by a 1.25-Gbit/s OOK data-stream with a pattern length 
of 223 − 1 was set nearby 34 mA corresponding to 2 Ith to achieve the optimized 
ER for transmission diagnosis. The peak-to-peak amplitude of the electrical PRBS 
digital data was set at 500 mV. In the receiver part of the ONU, the eye-diagram 
and BER of the slave WRC-FPLD based up-stream transmitted data was analyzed 
by a digital sampling oscilloscope (Agilent, 86100A + 86109B) and commercial 
error detector (Agilent, 70843A). The OFDM signal was sent to an arbitrary wave-
form generator (Tektronix 7102B) with a central frequency at 1.5625 GHz, a car-
rier number of 122, a sampling rate of 12.5 GHz, a total bit rate at 12.5 Gbit/s and 
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Fig. 6.4  A DWDM-PON system with a coherent laser, WRC-FPLD or ASE injection-locking 
source located at central office
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a modulation bandwidth of 3.125 GHz. The transmitted OFDM signal delivered 
by the slave WRC-FPLD injection-locked with different master sources were ana-
lyzed by a real-time digitized oscilloscope analyzer (Tektronix CSA7404B) with a 
sampling rate of 100 GS/s.

6.2.2  The Effect of the Injection Coherence on Mode, Noise 
Characteristics and Frequency Response

The full-band spectra of the WRC-FPLD at free-running condition or under 
injection-locked by using non-coherent ASE, partially coherent WRC-FPLD and 
highly coherent TSL are compared in the upper row of Fig. 6.5. The free-running 
WRC-FPLD exhibits an extremely wide gain spectrum with numerous weak- 
resonant longitudinal modes covering the wavelength from 1,530 to 1,585 nm. 
Such a broad lasing spectrum of the WRC-FPLD is comparable with the gain 
spectrum of a free-running SOA, indicating that the extremely weak Fabry-Perot 
etalon effect is introduced by the relatively small end-facet reflectance of 0.5 %. 
With same injection level of −6 dBm, all the injection-locked spectra reveal single 
mode operation. However, the zoom-in lasing spectra (see middle row of Fig. 6.5) 
of the single-mode WRC-FPLD injection-locked by three master sources with 
different degrees of coherence can still be distinguished from one another. After 
injection-locking with the broad-band ASE source channelized by using an AWG 
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demultiplexer with a channel spacing of 100 GHz (0.8 nm), the slave WRC-FPLD 
presents a much broader mode linewidth of up to 0.724 nm. In contrast, the WRC-
FPLD injection-locked WRC-FPLD pair results in a mode linewidth as narrow 
as 0.146 nm. In comparison with those master sources with lower coherence, the 
highly coherent TSL consists of more coherent photons at a cavity resonant wave-
length to shrink the slave WRC-FPLD linewidth to 0.086 nm and suppress its rela-
tive intensity noise. Owing to the higher coherence and lower ASE noise of TSL, 
the TSL injection-locked WRC-FPLD presents a narrowest mode spectrum.

After 1.25 Gbit/s OOK modulation, the OOK modulated modal linewidths of 
the WRC-FPLD injection-locked by 100-GHz AWG channelized ASE, master 
WRC-FPLD and TSL are 0.8, 0.21 and 0.09 nm respectively (see the lower row of 
Fig. 6.5). Because the 100-GHz AWG channel spacing (0.8 nm) is much broader 
than the mode spacing (0.5 nm) of the WRC-FPLD, the adjacent side-modes near 
by the major injection-locked mode of the WRC-FPLD are inevitably injected 
by channelized ASE slightly. The inevitably injected side-modes and broader 
linewidth of laser transmitter are not beneficial for long-distance transmission due 
to the mode-beating and dispersion effects. Technically, the adjacent side-modes 
of the slave WRC-FPLD injection-locked by the ASE and the master WRC-
FPLD can be filtered out by using an AWG demultiplexer with channel spacing of 
50 GHz in DWDM-PON. However, the AWG channelized ASE injection-locked 
WRCFPLD also degrades its transmission performance when narrowing down the 
AWG bandwidth as which inevitably increases the intensity noise [20]. In com-
parison with the ASE injection-locking case, the master WRC-FPLD and TSL 
not only suppress the side-modes of the slave WRC-FPLD but also lead to a nar-
rower linewidth. With the same injection power, the side-mode suppression ratios 
(SMSRs) of WRC-FPLD injection-locked by ASE, master WRC-FPLD and TSL 
are 27, 40.5 and 45.3 dB, respectively.

Besides, the wavelength tunability of the master WRC-FPLD and TSL enables 
the exact wavelength coincidence with the slave WRC-FPLD. The injection mas-
ter with higher coherence ensures more stimulated emitting photons created in 
the injection-locked mode, which provides the slave WRC-FPLD transmitter bet-
ter coherent throughout and higher SMSR. Undoubtedly, the non-coherent ASE 
master consists of large intensity and phase noise, and the phase noise also cross-
correlates with the intensity noise through the rate equations [38]. Improving the 
master coherence effectively reduces both phase and intensity fluctuations due to 
the enhanced stimulated emission. As evidence, the RIN spectra of master ASE, 
WRC-FPLD and TSL at constant power of −6 dBm after passing through the 
100-GHz channelized AWG are shown in Fig. 6.6. The non-coherent ASE shows 
the RIN floor as high as −95 dBc/Hz, which is 5–12 dB worse than the WRC-
FPLD and TSL masters. The WRC-FPLD master exhibits comparable RIN with 
the TSL at frequency higher 5 GHz, whereas its low-frequency RIN level is 
degraded by 5 dB with frequency decreasing from 5 to 1 GHz. After injection-
locking by masters with different degrees of coherence, the RIN spectra of slave 
WRC-FPLDs under injection-locking powers of −12 and −6 dBm are compared 
in Fig. 6.7.
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The free-running WRC-FPLD reveals a relaxation oscillation peak with intensity 
of −95 dBc/Hz at 5 GHz. Improving the coherence of master not only suppresses 
the RIN floor but also shift the relaxation oscillation peak of slave WRC-FPLD 
under injection-locking. The ASE injection-locking fails to improve the RIN of the 
slave WRC-FPLD. At −12 dBm injection, the slave WRC-FPLD shows a RIN peak 
that is 7 dB larger than that of the original ASE master. The non-coherent injec-
tion greatly degrades the RIN by raising its floor up to 10 dB, which cannot be 
improved simply by enlarging the injection-locking power, as shown in Fig. 6.7b. 
In contrast, the injection of a partially coherent WRC-FPLD master slightly up-shift 
the RIN peak to 6 GHz and reduces its intensity by 10–15 dB as compared to the 
ASE injection-locking case. The 6-dB increment on the injection level could further 
reduce the entire noise background linearly. Both the WRC-FPLD and TSL mat-
ers improve the RIN of the slave WRC-FPLD; however, the TSL shows a superior 
capability on suppressing the RIN background at smaller frequencies. Furthermore, 
the relaxation oscillation peak up-shifts and even disappears with enlarging injec-
tion level. Such a lowest RIN floor explains why the highly coherent TSL inject-
locked WRC-FPLD exhibits the highest SMSR.

Subsequently, the analog modulation response of the slave WRC-FPLD injec-
tion-locked by different masters with injection powers of −12  and −6 dBm are 
compared in Fig. 6.8a, b. With injection-locking, the modulation response in 
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high-frequency region can be enhanced at a cost of sacrificing the throughput 
power in low-frequency region. The enhanced coherence of master simultaneously 
suppresses the RIN floor and improves the modulation bandwidth with up-shifted 
relaxation oscillation frequency. The ASE injection-locked WRC-FPLD shows 
lowest modulation throughput with its power-to-frequency slope increasing from 
−2.2 to −3.4 dB/GHz by enlarging the injection from −12 to −6 dBm. The injec-
tion-locked master-slave WRC-FPLD pair performs an increment on the relaxation 
oscillation frequency from 5 GHz (free-running case) to 6–6.5 GHz; however, the 
enlarged injection power from −12 to −6 dBm pays more the throughput power 
attenuation than the frequency bandwidth extension. The highly coherent TSL 
injection-locks the slave WRC-FPLD and further up-shifts its relaxation oscilla-
tion frequency from 5 to 7 GHz. In comparison, the slave WRC-FPLD exhibits a 
larger throughput at lower injection level, and a trade-off is set between injection 
level and modulation bandwidth.

6.2.3  The Effect of Injection Coherence on OOK 
Transmission Performances of the Slave WRC-FPLD 
Laser Transmitter with Different-Locking Master 
Sources

The measured and simulated eye-diagrams of the directly modulated and AWG 
channelized WRC-FPLD injection-locked by versatile light sources with different 
degrees of coherence are compared in Fig. 6.9a, b. When comparing with other 
two cases, the measured eye-diagrams of the ASE injection-locked WRC-FPLD 
shows an ER of 8.02 dB and a relatively low SNR of 6.07 dB owing to its intense 
noise at on-level. That is, the ASE process continues in the slave WRC-FPLD to 
cause more non-coherent photons with randomized phases. Increasing the degree 
of coherence by changing the master from ASE to WRC-FPLD could effectively 
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improve the SNR of the slave WRC-FPLD transmitted data from 6.07 to 7.61 dB 
at same power level. Obviously, the TSL injection-locked WRC-FPLD shows 
greatly optimized ER of 9.6 dB and SNR of 10.8 dB with a injection-locking level 
of −3 dBm. Note that the increment of ER is attributed to the noise suppression of 
off-level data, and the enhancement on SNR is owing to the reduction of the RIN 
at on-level. Increasing the coherence of injection-locking master effectively con-
tributes to a significant suppression on the on- and off-level noises such that the 
better enhancement of both the SNR and the ER can be achieved.

In simulation, the following rate equations adopting by the theoretical model 
of a single-wavelength FPLD [38] under external injection-locking condition are 
shown below,

where N(t), Φ(t) and S(t) are the time dependent functions of carrier number, 
phase and photon number of the slave WRC-FPLD, respectively. In these equa-
tions, I denotes the biased current, ηi the internal quantum efficiency, a the differ-
ential gain, Γ the optical confinement factor, νg the velocity, τp the photon lifetime, 
τs the spontaneous carrier lifetime, κ the coupling efficiency, α the linewidth 
enhancement factor, Sinj the injection photon and Δωinj the detuning frequency.

To present all simulated eye-diagrams of the WRC-FPLD injection-locked 
by master sources of different degrees of coherence, the related parameters are 
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Fig. 6.9  a The measured and b the simulated eye-diagrams of WRC-FPLDs without and with 
TSL, WRC-FPLD and ASE injection
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summarized in Table 6.1. The degrees of injection coherence indicate the phase 
consistency of photons in WRC-FPLD, which directly induces the noise fluctuation 
through the phase-intensity conversion in the WRC-FPLD or after passing through 
dispersion material such as optical fiber. In approximation, the degree of coher-
ence can be approached by changing the weighting factor of randomized inten-
sity term from master source. During simulation, the injection light with different 
coherences is approached by substituting the Sinj into the Sinj + ΔS·Rand(t), where 
Rand(t) is a random function presenting the noise fluctuation, ΔS the percent-
age of the non-coherent photon number. As expected, the decreased coherence of 
injection also increases the fluctuation of stimulated emitting photon number as 
well as the intensity noise in slave WRC-FPLD cavity, as shown in Fig. 6.9(b). 
The eye-pattern of the free-running WRC-FPLD is hardly recognized due to the 
spreading modulation power over all longitudinal modes of the WRC-FPLD. 
Nevertheless, the eye-diagrams can be significantly improved by implementing the 
injection-locking with enhanced coherence.

With the definition of Q = [(ER-1)/(ER + 1)](M•SNR)0.5 (which decides the 
lowest BER in a DWDM-PON with an optical receiver gain of M). The least 
Q factor to perform error-free transmission at BER < 10−9 is 6, and the ASE injec-
tion-locked WRC-FPLD with degraded ER and SNR shows a smallest Q of 6.2. 
The slave WRC-FPLD can enhance its Q factor from 6.95 to 8.5 by changing 
the master from partially coherent WRC-FPLD to highly coherent TSL. Under 
back-to-back transmission at bit rates of 1.25 and 2.5 Gbit/s, the BER responses 
of the slave WRC-FPLD injection-locked with different masters are compared in 
Fig. 6.10. Non-coherent ASE injection-locked WRC-FPLD causes a large amount 
of the transmission errors to limit its minimal BER of 10−9 at a receiving power 
of 21.8 dBm. The partially coherent WRC-FPLD injection achieves better ER and 

Table 6.1  The parameters of the WRC-FPLD injection-locked by master sources of different 
degrees of coherence

Master sources ASE WRC-FPLD TSL

The percentage of non-coherent photons (%) 60 40 <10

Active layer thickness (μm) 0.081

Cavity length (μm) 681

Active layer width (μm) 1.5

Rear facet reflectance 93 %

Front facet reflectance 0.5 %

Carrier number at transparency 8.27E7

Carrier number at threshold 1.67E8

Carrier lifetime (ns) 1.00

Photon lifetime (ps) 1.39

Optical confinement factor 0.23

Mirror loss (cm−1) 78.75

Threshold gain (cm−1) 364.14

Group velocity (cm/s) 8.57E9
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SNR, thus providing a receiving power as low as −25.5 dBm for BER of 10−9. 
The WRC-FPLD injection-locked by a highly coherent TSL greatly promotes its 
receiving sensitivity to −33 dBm at a BER of 10−9. When comparing the 1.25- 
and 2.5-Gbit/s transmissions carried by the slave WRC-FPLD injection-locked 
with masters of different coherences, the receiving power penalty of 2–3 dB is 
observed by upgrading the bit rates from 1.25 to 2.5 Gbit/s. The ASE injection-
locked WRC-FPLD transmitter at a bit rate of 2.5 Gbit/s shows a BER floor at 
around 3 × 10−7 even with the receiving power enlarging up to −20.5 dBm.

On the other hand, the performances of 16-QAM OFDM carried by using the 
slave WRC-FPLD injection-locked with different masters are compared with their 
transmitted data-stream in time and frequency domains shown in Figs. 6.11 and 
6.12. In contrast to the electrical 16-QAM OFDM shown in Fig. 6.11a with a sam-
pling rate of 12.5 GS/s, the ASE injection-locked WRC-FPLD delivers a distorted 
and noisy OFDM waveform with its cyclic prefix and training symbol lost dur-
ing transmission (see Fig. 6.10b). The OFDM signal carried by the master WRC-
FPLD injection-locked WRC-FPLD shows smaller peak-to-peak amplitude with 
clearer cyclic-prefix and training symbol (Fig. 6.11c), which is correlated with its 
broadened modal linewidth with larger intensity noise at lower frequency region. 
When injection-locked by partially coherent WRC-FPLD or non-coherent ASE, 
a nonlinearly distorted OFDM trace in time domain may by induced by modula-
tion distortion and frequency chirp of the slave WRC-FPLD with a wider modal 
linewidth [16]. The completely non-distorted OFDM waveform carried by directly 
modulated WRC-FPLD is received when injection-locking by the highly coherent 
TSL master.

Since OFDM utilizes multiple subcarriers to encode the digital data-stream in 
parallel, the SNR feature at all subcarriers plays an important role on the over-
all OFDM transmission performance. From the OFDM spectrum in frequency 

Fig. 6.10  BER of ASE, WRC-FPLD and TSL injection-locked WRC-FPLDs
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domain shown in Fig. 6.12, the OFDM data-stream carried by ASE injection-
locked WRC-FPLD reveals a totally reshaped and didtorted spectrum dominated 
by RIN. The whole data carried by both low- and high-OFDM subcarriers are 
covered with RIN and the ASE carrier is too noisy to provide high-SNR OFDM 
transmission, as shown in Fig. 6.12b. Owing to its lowest frequency response as 
well as the highest RIN, the received OFDM spectrum from the ASE injection-
locked WRC-FPLD is similar to the RIN performance of the ASE injection source 
shown in Fig. 6.7a. In contrast, the master WRC-FPLD injection-locked WRC-
FPLD scales down its noise floor with the greatly suppressed RIN (see Fig. 6.12c); 
however, the lower OFDM spectral power is observed due to its low modulation 
throughout. With the modulation response improved by highly coherent TSL 
injection-locking, the 16-QAM OFDM data-stream can be correctly analyzed with 
lowest noise floor as well as distinguished SNR at high subcarriers, as shown in 
Fig. 6.12d.

The constellation plots of the decoded 16-QAM OFDM data also present dif-
ferent degrees of amplitude and phase errors by injection-locking the WRC-FPLD 
with masters of different coherences, as shown in Fig. 6.13. The phase noise is 
mainly attributed to the frequency chirp affected by the modal linewidth of the 

Fig. 6.11  Time-domain waveforms of 16-QAM OFDM data-streams carried by lave WRC-
FPLD injection-locked by different masters. a Electrical waveform. b ASE. c WRC-FPLD. 
d TSL
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injection-locked slave WRC-FPLD, whereas the amplitude error results from the 
clamped OFDM output with limited modulation response of the WRC-FPLD. In 
Fig. 6.12b, the ASE injection-locked WRC-FPLD with largest RIN and lowest 
bandwidth fails to demonstrate a clear constellation plot, leading to an extremely 
large EVM as compared to its original value of 2 % (see Fig. 6.12a). The master 
WRC-FPLD injection-locked WRC-FPLD performs a resolvable constellation plot 
with an EVM of 6.9 %, as depicted in Fig. 6.12c. The clearest constellation plot 
of the 16-QAM OFDM data carried by the highly coherent TSL injection-locked 

Fig. 6.13  The constellation plots of up-stream 16-QAM OFDM data-streams carried by the 
slave WRC-FPLD injection-locked with ASE, WRC-FPLD and TSL masters. a Electrical wave-
form. b ASE. c WRC-FPLD. d TSL
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WRC-FPLD with a minimized EVM of 4.5 % is obtained and shown in Fig. 6.12d. 
In summary, the EVM, SNR and BER of the decoded OFDM data carried by the 
slave WRC-FPLD injection-locked with masters of different coherences are listed 
in Table 6.2.

Obviously, the ASE injection-locked WRC-FPLD shows the worst BER 
response for both OOK and OFDM transmissions because the disordered OFDM 
waveform experiences finite modulation response with enormous noise. The master 
WRC-FPLD injection-locked slave WRC-FPLD can transmit the 16-QAM OFDM 
data-stream with a acceptable BER of 5.9 × 10−3. The best OFDM transmis-
sion is obtained with the TSL injection-locked WRC-FPLD, which presents the 
narrowest mode with lowest noise to carry the OFDM data with a receiving BER 
as low as 4.38 × 10−9. Note that the WRC-FPLD injection-locked WRC-FPLD 
pair with partial coherence could also provide an OOK receiving power sensitiv-
ity of −25.5 dB at a BER of 10−9 and a 16-QAM OFDM transmission BER of 
5.9 × 10−3, which is considered as the most cost-effective master source to con-
currently support multi-channel wavelength injection-locking when comparing 
with other candidates.

6.3  Summary

The effect of master coherence on the OOK and 12.5-Gbit/s OFDM signal trans-
mission of the injection-locked slave WRC-FPLD in a 100-GHz channelized 
DWDM-PON system has been investigated. Increasing the coherence of the mas-
ter source improves the frequency response and suppresses the RIN of injection-
locked WRC-FPLD. By changing the injection master from ASE to TSL, the RIN 
of the injection-locked WRC-FPLD can be decreased by at least 15 dB. The SNR 
of the OOK signal carried by the slave WRC-FPLD increases from 6.07 to 10.8 
by enhancing the injection coherence from non-coherence to high coherence. 
Increasing the master coherence suppresses the on-level noise of the transmitted 
OOK data such that the SNR is enhanced more than ER. When comparing the 
1.25- and 2.5-Gbit/s transmissions carried by the slave WRC-FPLD injection-
locked with masters of different coherences, the receiving power penalty of 3 dB 
is observed by upgrading the bit rates from 1.25 to 2.5 Gbit/s. On the other hand, 
the BER of the 16-QAM OFDM data is significantly enhanced from 1.5×10−1 to 

Table 6.2  BER and SNR 
of 16-QAM OFDM signals 
transmission with TSL, 
WRC-FPLD and ASE 
injection

Source TSL WRC-FPLD ASE

Coherence Complete Partial None

EVM (%) 4.5 6.9 ≫20

SNR (dB) 22.8 14.7 10.2

BER 4.38E-09 5.90E-03 1.50E-
01
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4.38×10−9 by increasing the master coherence. Although the use of QAM-OFDM 
data could enhance the spectral efficiency, the degradation of the transmission 
performance with decreasing the injection coherence is more significant than that 
using the OOK data format. The QAM-OFDM data reveals a stronger correlation 
with the enhanced master coherence than the OOK for the injection-locked WRC-
FPLD. Therefore, the coherence of injection light source is more important for the 
OFDM than OOK signals carried by injection-locked WRC-FPLD. Although the 
highest coherence leads to the best transmission performance, the TSL injection-
locked WRC-FPLD is inappropriate for a cost-effective DWDM-PON, whereas 
the partially coherent WRC-FPLD injection-locked WRC-FPLD pair with a 
favorable cost could be considered as a more practical transmitter for the DWDM-
PON system.
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7.1  Introduction to the OFDM for Long-Reach PONs

As the development of broadband services, such as IPTV, HDTV, blue ray disk, 
telepresence, 3D HDTV, and super HDTV, increases, so is people’s demand for 
high bandwidth and a high quality entertainment experience. So far, we have many 
access network solutions to support the broadband services, such as Fiber to the x 
(FTTx), WiMAX, LTE, and so on. Among these, FTTx is the most expensive, due 
to costly fiber deployment. However, optical fiber can provide huge bandwidth, 
ultra-low power loss of transmission, and is not necessary to be upgraded for many 
years, thus it is a long-term solution. Therefore, many operators have invested in a 
lot of budget to deploy the FTTx infrastructures.

Figure 7.1 shows the typical architecture of passive optical network (PON) [1], 
which is composed of optical line terminal (OLT) in central office side, optical 
distribution network (ODN), and optical network units (ONUs) in user side. PON 
is the most popular and cost-effective FTTx solution [1–3], since ODN is passive, 
and operators don’t need to maintain ODN and provide the electricity. Besides, the 
network topology of PON is point-to-multi-point (P2MP), and the cost of OLT and 
ODN can be shared by many ONUs, thus the cost can be further reduced.

Currently, 1.25-Gbps Ethernet PON (EPON) and 2.5-Gbps Gigabit PON 
(GPON) are being rapidly deployed and 10-Gbps 10GEPON and XGPON have 
been ready for field trails [2–4]. However, with the exponentially increasing of 
customer needs for broadband services, the international PON standard organi-
zation Full Service Access Network (FSAN) has been developing the standard 
for next-generation PON (NG-PON) to provide higher bandwidth, said at least 
40-Gbps aggregated capacity and 1-Gbps data rate for each ONU, to meet the 
bandwidth requirements in the future [5–7]. Besides, recently, there have been 
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growing interests in the new type of optically amplified large-split long-reach 
PON (LR-PON) [4, 8–12]. Thus, as shown in Fig. 7.2, integrated the access net-
work with the metro network within the 100-km target range, LR-PON claims 
to considerably reduce the capital and operational expenditures by increasing 
the coverage of the central office and supporting large number of ONU (≥128), 
and consolidating the O/E/O conversion interfaces inside the existing networks. 
Besides, LR-PONs can simplify the network hierarchies and thus reduce the net-
work latency, which is very important for the real-time broadband services and 
cloud computing. Thus, the trend of next generation PON networks will be high 
bandwidth LR-PONs, which can support at least 40-Gbps capacity and 100-km 
standard single mode fiber (SSMF) transmission [5, 6].

Current EPON/GPON and 10GEPON/XGPON use non-return-to-zero (NRZ) 
on-off keying (OOK) modulation format [2]. If the 40-Gbps LR-PON still uses 
NRZ-OOK modulation format, the bandwidth requirement of optical transceiver 
will be about 30–40 GHz. However, the opto-electronic performance and disper-
sion tolerance degrade quickly with bandwidth over 10 GHz. As shown in Fig. 7.3, 
for example, the equivalent input noise density of 40-Gbps PIN-TIA is 3 times 
bigger than 10-Gbps PIN-TIA, and the responsivity of the photodiode is also 
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Fig. 7.1  Passive optical network (PON) [1]

End
Customer

Core Metro Edge Aggregation Access

Metro
Edge Nodes Logical

Nodes

End
Customer

Optical core 
Network

Optical 
Amplifier

40Gbps & 100Km PON 

10Gbps & 20Km PON 

Current

Future

Fig. 7.2  Development tends of optical access networks



1617 Cost-Effective OFDM Transmission …

degraded from 0.9 to 0.75 A/W. These two issues will seriously reduce the signal 
to noise ratio (SNR) of received signal. Besides, fiber chromatic dispersion toler-
ance is inverse proportional to the data rate and the occupied bandwidth, thus dis-
persion tolerance of 40 Gbps is only 1/16 one of 10 Gbps. In Fig. 7.3, we can see 
that the chromatic dispersion tolerance of 40 Gbps is 50 ps/nm, which only sup-
ports less than 10-km SSMF transmission. From the simulation results as shown 
in Figs. 7.1, 7.2 and 7.3, we can also see the performance of 40-Gbps OOK optical 
signal at wavelength of 1,550 nm is seriously limited by the chromatic dispersion. 
If we change the wavelength to 1,310 nm, which has zero chromatic dispersion, 
the performance is also degraded quickly because of poor SNR. Therefore, a 
higher spectral efficiency modulation format is necessary. If the spectral efficiency 
can be improved, we can get better component and transmission performance, 
like receiver thermal noise, linearity, dispersion, and also the cost-effective optical 
components.

Against this backdrop, as shown in Fig. 7.4, thanks to advances in digital signal 
processing technology, one such prominent modulation candidate for next-genera-
tion PONs is optical orthogonal frequency division multiplexing (OFDM) [13–17]. 
Optical OFDM can achieve high data rate by adopting higher order quadrature-
amplitude modulation (QAM) for each sub-carrier. OFDM is known for its high 
spectral efficiency, which brings a benefit of a lower optical-component bandwidth 
requirement [13–17]. For example, based on 64-QAM, one can achieve a 40-Gbps 
data rate by using a low-bandwidth 7-GHz optical transceiver as shown in Fig. 7.4, 
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or based on 16-QAM and 10-GHz optical transceiver. Due to the lower bandwidth 
usage, as a result, the optical OFDM system not only increases the transmission 
data rate in a cost-effective manner, but it is also more immune to both chromatic 
dispersion (CD) [15, 16] and polarization mode dispersion (PMD) [17], and the 
receiver thermal noise, linearity, and dispersion, can be also reduced.

To realize next-generation high-bandwidth LR-PON systems, several mul-
tiplexing schemes are viable candidates to support more ONUs with higher data 
rate, such as time-division multiplexing (TDM), OFDM, and wavelength-division 
multiplexing (WDM). In particular, OFDM LR-PON, which boasts to offer high 
spectral efficiency and flexible bandwidth allocation, has attracted a lot of atten-
tion recently [18–32]. In an optical OFDM LR-PON, in the downstream, all the 
OFDM subcarriers are broadcasted to the all ONUs due to using P2MP topology 
of PON systems based on an optical splitter, and ONUs will choose their own 
subcarriers. Thus, multi-user access is enabled by assigning different subcarriers 
to different users. For frequency-domain bandwidth assignment, the fundamen-
tal unit of granularity is the OFDM per-subcarrier data rate. Greater capacity can 
be achieved by adopting a higher-order modulation format on a given subcarrier 
or several subcarriers can be combined to satisfy ONUs with more bandwidth 
demand. In the upstream, multiple access can be supported by similar frequency-
domain subcarrier assignment, or by dedicated timeslot for each active ONU, just 
the same as traditional time-division multiplexing access (TDMA)-PON, or such 
that an ONU group can flexibly share a group of subcarriers in combined OFDMA 
and TDMA mode. If TDMA is used for upstream multiple access, the burst mode 
optical receiver is necessary in the OLT [22].

Both TDM and OFDM LR-PONs can easily support numerous ONUs by using 
an optical splitter with large splitting ratio and can broadcast the aggregated data 
to all ONUs on a single wavelength, thus have the benefit of simple wavelength 
management [11]. However, the aggregated data rate on a single wavelength will 
be very high, and each ONU has to process very high-speed aggregated data in 
order to receive and transmit a small portion of data (e.g. <1/128) [19]. In [21] and 
[23], a 108-Gbps OFDM PON over single wavelength is demonstrated employing 
two Mach-Zehnder modulators, polarization multiplexing and two receivers. For 
cost-sensitive ONUs, the proposed scheme will be too complicated and expensive 
to be a practical solution in the near future.

An alternative solution is WDM LR-PON [33, 34], where each ONU can be 
assigned a wavelength, thus each ONU doesn’t have to process the aggregated 
data and the speed requirement of each transceiver can be considerably lower. 
Besides, instead of using a large-splitting-ratio optical splitter, WDM LR-PON can 
use a wavelength multiplexer/demultiplexer (waveguide grating router, WGR), and 
the optical power loss of WGR is much lower than the optical splitter and insen-
sitive to wavelength number. Unfortunately, even though the speed requirement 
of each transceiver is lower in a WDM system, numerous color optical transmit-
ters are costly and undesired. To preserve the colorless upstream architecture, 
an RSOA (reflective semiconductor optical amplifier) is employed for upstream 
service [33–35]. Currently, employing RSOAs are still facing some technical 
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challenges such as limited bandwidth, ASE noise, and Rayleigh backscattering, 
needed to be overcome. Besides, the systems fail to allocate bandwidth flexibly 
among ONUs of different wavelengths. In particular, since a LR-PON is needed 
to be coexisted with the current PONs, such as GPON and XGPON. As shown 
in Fig. 7.5 [36], excluding guard bands, the available enhancement bands provide 
very limited bandwidth at C-band for future LR-PONs.

For the reasons stated above, a more practical solution will be a hybrid 
WDM/OFDM LR-PON, which optimizes the trade-off between the number of 
wavelength channels and the cost of transceivers. For instance, if a cost-effective 
transceiver can provide 40-Gbps capacity, only four wavelength channels are 
required for each direction (downstream and upstream) to support a LR-PON with 
128 ONUs and 1-Gbps data rate per ONU.

Based on the trade-off between wavelength channel number and transceiver 
cost and the requirements of NG-PON discussed in [5–7], some criteria have been 
contemplated for a feasible LR-PON. Though some of the proposed numbers are 
open to discussion and may change with the development of technologies, these 
are the important issues that need to be addressed prudently: (a) Sustainable sym-
metric data rate of each ONU is 1 Gbps for supporting future broadband multime-
dia services [5–7]; (b) Power splitting ratio (N) is 32 for a reasonable optical loss 
budget and the aggregated data rate on a single wavelength is at least 40 Gbps; 
(c) Supporting ONU number is ≥128 for sharing the capital and operational expen-
ditures; (d) Using WDM technology to stack four (W = 4) 40-Gbps PON, thus at 
least 128 (N × W) ONUs can be achieved by four wavelengths for each direction, 
and (e) Cost effective transceiver design is achieved by a 10-GHz intensity-modu-
lation-direct-detection (IMDD) scheme. Notably, four wavelengths for each direc-
tion (downstream and upstream) are recommended due to very limited wavelength 
resources, as shown in Fig. 7.6. Thus, the proposed architecture of a LR-PON and 
the corresponding parameters of the above criteria are illustrated in Fig. 7.6, and 
the proposed LR-PON can meet the requirements of NG-PON [5–7] by using a 
cost-effect and feasible architecture. Wavelength management of four channels is 
not technique challenging, but the most crucial part turns out to be achieving the 
expected data rate of ≥40 Gbps via a cost-effective transceiver.

To reach the target transmission distance of up to 100 km, nonetheless, will 
require better performance and more expensive components. To further reduce 
costs, optical IMDD scheme is expected. Additionally, it is desirable to gener-
ate high-speed signals by low-bandwidth cost-effective transceivers, such as 
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commercially matured 10-GHz directly modulated DFB lasers (DMLs) or elec-
tro-absorption modulated lasers (EMLs) and 10-GHz PIN detectors, assisted by 
spectrally efficient modulation format, such as QAM. Nonetheless, one critical 
drawback of DMLs or EMLs is the generated optical signal will be double-side 
band (DSB), namely, an electrical OFDM subcarrier will be translated into two 
conjugated optical subcarriers on both sides of an optical carrier. After transmis-
sion in fiber link, however, the residual dispersion destroys their conjugated prop-
erty and results in a well-known power fading [144]. Moreover, since an optical 
signal modulated by a DML or an EML is chirped, the additional phase modu-
lation also weakens the conjugated property between subcarriers. Accordingly, 
both frequency chirp and fiber dispersion will affect the received power [24–28]. 
As a result, after 100-km transmission over SSMF, the bandwidth of the transmis-
sion system is limited to a few GHz [24–26, 29]. Thanks to the advance in DSP 
technology, both power levels and modulation levels of OFDM subcarriers can be 
adaptively allocated to efficiently utilize very limited transmission bandwidth at 
baseband, and make the best of bandwidth efficiency to overcome the limitations 
of bandwidth by detrimental dispersion- and chirp-related power fading.

High spectral efficiency orthogonal frequency-division multiplexing (OFDM) 
with quadrature amplitude modulation (QAM) format has become one of the 
viable schemes in LR-PONs, because it can provide high capacity with low-band-
width requirement of components. However, intensity modulation, employing an 
EAM, generates optical double-sideband and frequency-chirped OFDM signals. 
The signals suffer series damages, such as dispersion-induced power fading and 
nonlinear transmission distortion. Since the power fading is periodic, the available 
bandwidth of a fading channel can be efficiently used by employing the dynamic 
multi-band optical OFDM scheme. In this scheme, the discrete passbands can be 
dynamically allocated by OFDM subcarriers with adaptive modulation formats to 
make the best bandwidth utilization. Thus, the power fading may not be the major 
bottleneck in the IMDD systems. Besides, OFDM signals will also be degraded by 
the dispersion- and chirp-related nonlinear transmission distortion, which has been 
theoretically and experimentally investigated as subcarrier-to-subcarrier intermix-
ing interference (SSII) [32, 36]. Based on the SSII model, an SSII cancellation 

Fig. 7.6  Proposed feasible architecture for a cost-effective WDM/OFDM LR-PON
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scheme has been proposed to eliminate the dispersion-induced distortion and to 
improve the transmission performance. Alternatively, nonlinear Volterra filter-
ing has also been proposed to compensate the dispersion-induced distortion [37]. 
Since an OFDM signal has inherently high peak to average power ratio (PAPR) 
and the transfer curve of an EAM has rather narrow linear region, the optical mod-
ulation index (OMI) is usually kept relatively small to avoid severe nonlinear dis-
tortion. To combat with the modulator nonlinearity, several pre-distortion schemes 
have been proposed to linearize optical transmitters [38, 39]. Nonetheless, no 
previous works have presented the nonlinear compensation of an OFDM-IMDD 
system with considering the combination of the modulator nonlinearity and the 
dispersion-induced distortion.

Based on the 2nd-order approximation, this work proposes a novel small-signal 
model to analyze the combined nonlinear distortion of an EAM-based OFDM-
IMDD system, consisted of the modulator nonlinearity and the dispersion-induced 
distortion. The combined nonlinear distortion is regarded as SSII in the proposed 
model, and therefore, it can be estimated by calculating the theoretical SSII. 
Furthermore, an SSII cancellation technique is also employed to compensate the 
combined distortion and experimentally demonstrated in an EAM-based OFDM 
transmission system for the first time. Thus, the EAM nonlinearity and the dis-
persion-induced nonlinear distortion can be eliminated at the receiver simultane-
ously. Accordingly, employing the proposed SSII cancellation technique, the OMI 
of the system can be increased to reach better performance, and the experimen-
tal results reveal the performance improvement in both configurations of optical 
back-to-back (BtB) and fiber transmission. To accommodate possible longer dis-
tance of current metro networks and to accomplish the data rate of 1 Gb/s for each 
of 32 ONUs, this work also demonstrates a 32-Gb/s OFDM system over 150-km 
uncompensated SSMF. By incorporating the proposed SSII cancellation scheme 
into the system, the maximum of 5-dB signal-to-noise ratio (SNR) improve-
ment and a 3.3-dB sensitivity improvement at the FEC limit are experimentally 
demonstrated.

7.2  Theory of SSII and SSII Cancellation Technique

To simplify the analysis of the dispersion-induced distortion of a chirped OFDM 
signal, a 2nd-order small-signal model has been used to approximate the distortion 
as the SSII. In the experimental demonstration, the model in has been modified to 
more precisely estimate the chirp-related nonlinear distortion. Another underlying 
assumption of the model is its linear intensity modulation, i.e. constant modulation 
slope, but a practical EAM shows deceasing modulation slope as increasing reverse 
bias (see for instance [40]) to result in nonlinear E/O conversion. Hence, the EAM 
nonlinearity cannot be neglected, especially when the OMI is increased. This sec-
tion will extend the 2nd-order small-signal model to include the EAM nonlinearity. 
At the optical transmitter, the modulation voltage of OFDM signals can be expressed 
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as V = Vb +ΣN
n=1ℜ{vnejnωt}, where Vb is the bias voltage, N is the subcarrier num-

ber, ω/(2π) is the subcarrier spacing, vn is the encoded complex information of 
the nth subcarrier, and ℜ{·} represents the real part. If an EAM-based transmitter is 
a linear E/O system, the power of each optical subcarrier is linearly proportional to 
ℜ{vn·HT (n)}, where HT (n) is the whole frequency response of the transmitter. To 
consider only the 2nd-order nonlinearity for simplicity, the normalized optical power 
could be approximated as P ∼= 1+ X + p2X

2, where X = ΣN
n=1ℜ{xnejnωt} is the 

normalized AC power envelop, xn = (vn/Vb)·[HT (n)/HT (0)], and p2 is the weight-
ing of the 2nd-order nonlinear distortion induced by an EAM. Moreover, since the 
measured chirp parameter of the EAM [11] is approximately a linear function of 
the modulation voltage, it could be represented as α ∼= α0 + α1X. As a result, the 
normalized envelop of the chirped optical field, E =

√
P exp(jα ln(P/2)), can be 

approximated as

where X2 is the 2nd order term, and the higher order terms of xn are neglected. 
Considering only chromatic dispersion, the response of fiber transmission is 
HCD(n) = exp(jn2ω2β2L/2), where L and β2 are the fiber length and the dispersion 
parameter, respectively. Thus, if �{·} represents the effect of dispersive transmis-
sion, it follows, for instance, �{X} = X·HCD(n) =

∑N
n=1ℜ{xnejnωt}HCD(n) and 

�{X2} = X2·HCD(n). After square-law photo-detection and the 2nd-order approxi-
mation, the normalized received signal is

where θp ≡ tan−1(4(α1 + α0p2)/(1+ α
2
0 − 4p2)). The 2nd term at the RHS of R 

corresponds to the desired OFDM signal; the 3rd and 4th terms indicate the inter-
mixing terms among subcarriers, and the combination of the 2nd order terms is the 
modified SSII, including the nonlinear distortion induced by an EAM. In addition, 
at optical BtB (L = 0), the SSII will turn into p2|X|2, which will be 0 without con-
sidering the EAM nonlinearity. From the new SSII model, after the related param-
eters are obtained, the combined distortion of an EAM-based OFDM transmission 
can be estimated.

To mitigate the influence of nonlinear distortion, we developed an SSII can-
cellation technique at the receiver and the block diagram is shown in Fig. 7.7 
[27]. The received OFDM data with the nonlinear distortion are demodulated 
and detected as the normal OFDM demodulation process. Then the detected data 
are used as X to calculate the SSII based on the SSII model and (7.2), and the 
calculated result is further fed back to carry out the SSII cancellation. Then the 
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OFDM data after the SSII cancellation are demodulated again to get the more cor-
rect detected data. When the SSII dominates the error, the correlation between cal-
culated SSII and error will be high, and the required parameters can be decided. 
Based on (7.2), α0, α1 and p2 are combined into a single parameter θp, thus we can 
decide a θp to achieve maximum value of correlation. Hence, the nonlinear distor-
tion induced by the EAM nonlinearity can be compensated optimally by adjusting 
θp as applying different OMI. Besides, through measuring the responses of optical 
BtB and optical fiber transmission by the training symbols, the responses of HT 
and HCD can be estimated.

7.3  Experimental Setup and Results

The experimental setup is shown in Fig. 7.8. The baseband electrical OFDM 
signal is generated by an arbitrary waveform generator (AWG, Tektronix® 
AWG7122) with 12-GS/s sampling rate and 8-bit resolution using Matlab® pro-
grams. As shown in inset (a) of Fig. 7.1, the channel-1 OFDM signal is located 
in the 1st passband, which consists of 23.4375-MSym/s 16-QAM and symbols 
encoded at subcarriers 2nd–182th. The channel-2 OFDM signal is modulated 
at the same symbol rate and same order of QAM and is encoded at subcarriers 
2nd–61th, as shown in inset (b) of Fig. 7.8, and then, it is up-converted to 247th–
306th and 310th–369th located in the 2nd passband via a local oscillator with 
the frequency of 7.22 GHz (308th subcarrier), as shown in inset (c) of Fig. 7.8. 
Consequently, as shown in inset (d) of Fig. 7.1, two OFDM bands are then com-
bined to modulate an EAM (CIP 10G-LR-EAM-1550), and there are two tunable 
attenuator to adjust the power of each band. The EAM has small signal 3-dB band-
width of 14-GHz, and dynamic extinction ratio under NRZ modulation of 9 dB. 
Then, a variable attenuator is used to control the amplitude of the electrical driving 
voltage and the OMI of the optical OFDM signal. After EAM-based modulation, 
150-km SSMF transmission and direct-detection, the received electrical signal, as 
shown in inset (e) of Fig. 7.1, is recorded by a digital oscilloscope (Tektronix® 
DPO 71254) with a 50-GS/s sampling rate and a 3-dB bandwidth of 12.5 GHz and 
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Signal SSII
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Fig. 7.7  The block diagram of the SSII cancellation technique
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demodulated by an off-line Matlab® DSP program. Then, the SSII, including the 
nonlinear distortion induced by the EAM, is calculated and cancelled based on the 
SSII cancellation technique shown in Fig. 7.7. Lastly, we measure the SNR and 
count the number of errors to calculate the bit error rate (BER).

Figure 7.9 shows the electrical spectra of the OFDM signals and the estimated 
SSII at optical BtB or after 150-km transmission. Four different modulation 
conditions, presented in Table 7.1, are adopted to investigate the effect of non-
linear distortion induced by the EAM, yet the detected optical powers are fixed 
for all conditions in Fig. 7.9. Lower attenuation indicates that the OFDM signal 
has higher modulated power and higher OMI, which would induce more nonlin-
ear distortion. As shown in Fig. 7.9a, higher signal power is achieved with higher 
OMI at the price of more nonlinear distortion of the EAM nonlinearity at opti-
cal BtB. Since the dispersion is zero at optical BtB, the SSII will be p2|X|2 as 
mentioned in Sect. 7.2, and the SSII mostly locates at the baseband and degrades 
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Table 7.1  Driving 
conditions of the EAM

Case 1 Case 2 Case 3 Case 4

Attenuation 0 dB 2 dB 4 dB 6 dB

Driving  
voltage (RMS)

190 mV 150 mV 115 mV 90 mV
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the performance of the 1st passband. After 150-km transmission, as shown in 
Fig. 7.9b, the estimated SSII turns out to be the combined nonlinear distortion, 
and in addition to the SSII at the baseband mainly contributed by the EAM non-
linearity, the dispersion-induced SSII is centered at ~6 GHz [25]. Since the SSII is 
related to the square of the modulated signal, the SSII power grows more quickly 
than the signal power. Thus, higher OMI by increasing the amplitude of the driv-
ing signal would result in worse signal-to-interference ratio in both configura-
tions of optical BtB and fiber transmission. Ceaselessly decreasing the amplitude 
of the driving signal, however, does not imply better performance, because the 
signal of the lower OMI and a fixed optical power would suffer from more noise 
relatively. Figures 7.10a, b exhibit the demodulated SNR with −8-dBm received 
power at optical BtB and after 150-km SSMF transmission, respectively. When 
the amplitude is decreased from Case 1 to Case 3, evident SNR improvement can 
be observed in both configurations of Figs. 7.10a, b. Nevertheless, from Case 3 
to Case 4, in which additive noise turns to dominate the performance, very lim-
ited SNR improvement is shown in Fig. 7.10a, and some subcarriers suffer from 
SNR penalty in Fig. 7.10b. Figure 7.11 shows the SNR improvement by SSII 
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cancellation. Notably, the cancellation is implemented with the full knowledge 
of the transmitted data, since the fixed 16-QAM is used and the SNRs of some 
subcarriers are relatively low to result in too many decision errors. Thus, the iter-
ation is not required in this work. For a practical application [27], the required 
knowledge of the transmitted data would be replaced by the detected data, when 
the bit-loading technique is applied to reach the equal BER of all subcarriers. For the 
training process, the iteration would be needed with high BER, thus increasing 
the complexity. Since the block of emulated SSII calculation involves the discrete 
convolution of the frequency components of the corresponding 1st-order terms, 
it dominates the overall extra computational complexity. In (7.2), |�{X}|2 and 
�{X2} include the discrete convolution, and the discrete convolution can be real-
ized by multiplying their inverse Fourier transforms in the time domain followed 
by applying Fourier transform. Each transform and inverse transform requires 
O((2N)× log2(2N)) operations, and the multiplication requires O(2N) operations. 
Thus, the extra computational complexity of O((2N)× log2(2N)) is required for 
each iteration. The number of iteration depends on the required performance of 
received signal. As expected, the improvement is increased from Case 4 to Case 1  
owing to more distortion by increasing the amplitude of the driving signal. 
Compared to Fig. 7.11a, in which the improvement is mainly at the baseband, 
Fig. 7.11b exhibits extra SNR improvement at higher frequencies of ~6 GHz, cor-
responding to the dispersion-induced distortion. Moreover, the SNR after SSII 
cancellation is plotted in Fig. 7.11. Compared to the SNR in Fig. 7.10, in addition 
to better SNR, the best conditions are different thanks to the less nonlinear dis-
tortion. When the nonlinear distortion is lessened by the SSII cancellation, higher 
OMI would be preferred. At optical BtB, the best cases are Case 3 and Case 4 in 
Figs. 7.12a and 7.3a, respectively. After 150-km uncompensated SSMF transmis-
sion, the best case is Case 2 in Fig. 7.12b, while the best one is Case 3 or Case 4 in 
Fig. 7.10b.

Lastly, adopting 2-dB attenuation of Case 2 and applying the bit-loading 
technique to set the data rate of 32-Gb/s, excluding 1.5 % CP, the SNR and the 
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Fig. 7.12  SNR of each subcarrier a at optical BtB and b after 150-km SSMF transmission with 
SSII cancellation
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corresponding number of bit as shown in the Fig. 7.13. The measured BER curves 
are plotted in Fig. 7.10, where the cancellation is implemented without the knowl-
edge of the transmitted data. The total number of OFDM blocks of 1,000, which 
including 1.388 × 106 bits, are used to calculate the BER. At the FEC limit (the 
BER of 3.8 × 10−3), the sensitivities of the OFDM signals with and without SSII 
cancellation are −14.8 and −13.1 dBm at optical BtB, respectively. The sen-
sitivities after 150-km transmission with and without SSII cancellation are −13 
and −9.7 dBm, respectively. As a result, the 1.7 and 3.3-dB sensitivity improve-
ments are successfully achieved at optical BtB and over 150-km SSMF transmis-
sion, respectively. Furthermore, Fig. 7.15 exhibits the constellations of 64- and 
128-QAM of the 32-Gb/s OFDM signal over 150-km SSMF transmission at the 
received power of −8 dBm. The clear constellations can be obtained after apply-
ing the SSII cancellation technique (Fig. 7.14).

Fig. 7.13  The SNR and the 
corresponding number of bit 
of a 32-Gb/s OFDM signal 
with SSII cancellation at 
receiver power equal to − 
13-dBm after 150-km SSMF 
transmission
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7.4  Conclusion

A novel nonlinear distortion compensation employing the SSII cancellation tech-
nique is proposed in an EAM-based OFDM-IMDD transmission system. Both 
EAM nonlinearity and dispersion-induced nonlinear distortion can be eliminated 
simultaneously for the first time, and accordingly, the OMI can be increased as 
optimizing the system. The experimental results show that the maximum SNR 
improvement of 7-dB and 6-dB can be accomplished in the highly-distorted cases 
at optical BtB and after 150-km uncompensated SSMF transmission, respectively. 
Moreover, for the 32-Gb/s OFDM signal, the proposed nonlinear compensation 
can reach the sensitivity improvement of 3.3 dB after 150-km uncompensated 
SSMF transmission.
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Fig. 7.15  The constellations of 64- and 128-QAM before and after SSII cancellation with 150-km 
SSMF transmission and the receiver power of −8 dBm
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Chapter 8
Light Emitting Diodes

Chien-Chung Lin, Kuo-Ju Chen, Da-Wei Lin, Hau-Vie Han, Wei-Chih Lai, 
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Introduction: Light Emitting Diodes Light emitting diodes, or LEDs for short, 
invented in the mid-20th century, are one of the key technologies that are thriv-
ing in the past decade. With small volume and high wall-plug efficiency, LED is 
poised to take over the traditional light bulb invented by Thomas Edison in the 
next few decades. Besides indoor/outdoor lighting, the LED also plays a versatile 
role in traffic signal, display, automobile lights etc. The importance of LED tech-
nology is needless to say. In this chapter, the history of LED development and the 
essential features of the LED will be reviewed, and the critical results in efficiency 
improvement and light extraction can be revealed.
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8.1  LED History and Application

Even though the phenomenon of electroluminescence was discovered in the beginning 
of 20th century and revisited in semiconductors at both forward and reverse-biased 
point-contact diodes [1–4], it was not until the 1950–1960s, that the band theory 
of solids was applied and light emission from direct bandgap semiconductor was 
observed. In 1962, Nick Holonyak, Jr., at General Electric Company, developed the 
first practical visible-spectrum (red) LED [5, 6] using the concept of direct-bandgap 
alloys. Prof. Holonyak predicted from his previous data on GaAsP LED devices that 
a laser with such a material structure would operate in the visible red spectral region 
[7]. He and his colleagues demonstrated the first semiconductor injection laser oper-
ating in the visible in 1962 [8, 9]. Professor Holonyak is recognized as the “father 
of the light-emitting diode” due to his contribution to light-emitting diode and laser 
diode. In about 50 years, the development of direct-bandgap alloys in the III-V com-
pound semiconductor system was the first step leading to the development of “an 
ultimate lamp.”

Next, Allen in 1963 and Grimmeiss and Scholz in 1964 reported red LEDs 
with p-n junction fabricated by GaP [10]. Compared with GaAsP LED systems, 
GaP LED systems had higher efficiency; however, GaP’s radiation efficiency was 
limited because of its indirect bandgap. In addition, the concept of alloy com-
pound can be applied by doping N, Zn and Oiii, to the semiconductor materials. 
By changing the bandgap of the alloy materials, light with wavelength between 
red and green could be emitted. Later in 1972, a former graduate student of Prof. 
Holonyak, M. George Craford, invented the first yellow LED by N-doping to 
GaAsP/GaAs systems and improved the brightness of red and red-orange LEDs 
by a factor of ten [11, 12]. In 1976, T.P. Pearsall applied high-brightness, high-effi-
ciency LEDs to optical fiber telecommunications using new semiconductor alloy 
materials (for example, GaxIn1−xAsyP1−y by liquid-phase) with light emission in 
the optical fiber transmission wavelengths [13].

During 1980s, double heterostructure was applied to LED epitaxial struc-
ture. Due to the enhancement of carrier-confinement by double heterostruc-
ture, the rate of electron-hole recombination was improved. Thus, AlGaAs 
LED increased the efficiency of emission in the history of red-light LED. After 
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1985, Japanese researchers used AlGaInP system with double heterostructure of 
AlGaInP/GaInP as active layer as materials of visible-spectrum laser [14, 15]. 
By adjusting the proportion of the quaternary material AlGaInP, LED with 
625 nm (red), 610 nm (orange), and 590 nm (yellow) spectral wavelength were 
successfully developed. In addition, compared with LED fabricated with GaAsP, 
AlGaInP LEDs had longer lifespan under higher temperature and humidity. In 
the 1990s, the efficiency was further improved by the development of process-
ing technique of epitaxial growth and transfer transparent substrate technique 
[16, 17]. The sidewall of LED bare chips was tapered in order to improve 
light-extraction efficiency. At this stage, the development of red-light LED has 
become mature and stable.

Compared with the prosperity of the progress of red and green LEDs, the 
development and research of blue LEDs, which is the last color that comprises 
three primary colors, was rather slow. Utilizing GaN heteroepitaxial films grown 
on sapphire, Isamu Akasaki and Hiroshi Amano introduced stimulated emission 
of blue light in 1990 [18]. The process was known as “two-step MOCVD pro-
cess”, which included low-temperature AlN buffer layer and succeeding high-
quality GaN epitaxial growth. For bright GaN p-n junction blue LEDs, these 
accomplishments are notable because of their pioneering works [19–21]. In 1994, 
Nichia Corporation demonstrated the first InGaN/GaN-based high-brightness 
blue LED [22–24]. The presence of blue LEDs and high-efficiency LEDs quickly 
led to the development of the first white LED, which employed a Y3Al5O12:Ce, or 
“YAG”, phosphor coating to mix down-converted yellow light with blue to pro-
duce white light [25].

Along with the development of LED technology, the efficiency and light out-
put of LED rose exponentially, with a doubling occurring approximately every 
36 months since the 1960s [26]. The advance is in parallel with development of 
other semiconductor technologies, optics and material science [26]. In particular, 
novel ideas such as semiconductor alloy, heterostructure, multiple quantum well, 
chip bonding, chip shaping, flip chip, surface texturing, etc. have been proposed 
and realized over the years to increase lumen output and efficiency. Without these 
technological innovations, it is impossible for us to reap the fruit of highly efficient 
light emitting devices today. In the following, we will review several key issues of a 
light emitting diode and many of the challenges we still need to face today.

8.2  Improvement of Droop and Internal Quantum 
Efficiency for GaN-Based LEDs by Epitaxial 
Technology

One of the most important characteristics of an LED is its quantum effi-
ciency. Since its invention, most of the researches were actually put on the 
improvement of this factor. From epitaxial technology, from device design, 
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the scientists will try everything they can to increase the efficiency to  
convert the electron-hole pairs into photons. For the GaN-based LEDs, this 
topic becomes even more important due to the infamous “efficiency droop” 
phenomenon, which inflicts this electron-to-photon conversion badly at high 
currents. In this section, in order to obtain an LED with high efficiency and low 
efficiency droop, several epitaxial technologies were proposed. For enhancing 
the readability, this chapter would be classified into two sections, including epi-
taxial template with nano-scale patterns and epitaxial structure design. In the 
first section, we will introduce SiO2-based nanorod-array for patterned sap-
phire substrate (NAPSS), etched nano-pillars with embedded SiO2 nano-masks, 
and a GaN epilayer with embedded air voids grown on Ar-implanted AlN/sap-
phire substrate. In the second section, we will review some epitaxial structure 
designs, including chirped multiquantum barrier and AlGaN staircase electron 
blocking layer. Our studies showed that these approaches can achieve high 
crystalline quality growth and effectively improve the internal quantum effi-
ciency and efficiency droop behavior.

8.2.1  Introduction

To achieve the next generation applications in projectors, automobile head-
lights, and high-end general lightings, further improvements on the optical out-
put power and the external quantum efficiency (EQE) of light-emitting diodes 
(LEDs) are required. Due to the difficulties and high cost to fabricate native GaN 
substrates, sapphire substrates still have been playing a major role for nitride-
based LED production. The development of GaN-based LEDs has shown sig-
nificant progress over the past decade, in particular for the growth of GaN on 
lattice-mismatched sapphire substrates using metal-organic chemical vapor 
deposition (MOCVD) [27, 28]. It has been shown that the epitaxial lateral over-
growth (ELO) using a micro-scaled SiNx or SiOx patterned mask on as-grown 
GaN seed crystal can effectively reduce the threading dislocation density (TDD) 
[29–31]. However, the two-step growth procedure and the need for a sufficient 
thickness for GaN coalescence are costly and time consuming. Meanwhile, high-
quality GaN-based LEDs were demonstrated on a microscale patterned sapphire 
substrate (PSS) [32], where these patterns served as a template for ELO as well 
as the scattering centers for the guided light. Both the epitaxial crystal qual-
ity and the light extraction efficiency were improved by utilizing the PSS. On 
the other hand, with the advances in fabrication processes, nanoscale patterned 
substrates have become available and the improvements in LED performances 
are more significant than some of micron-scale techniques. Several studies 
indicated that the LEDs grown on the nanoscale PSS showed more enhance-
ment in the EQE than those grown on the microscale PSS. However, the fab-
rication of nanoscale PSS generally required electron-beam lithography [33] or 
nanoimprinting techniques [34, 35], making it unfavorable for mass production.  
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In this chapter, we will review several nanotechnologies to fabricate a template 
for the nanoscale ELO (NELO) of GaN regrowth by MOCVD to produce high-
efficiency GaN-based LEDs.

On the other hand, for lighting application, one often needs to inject a signifi-
cantly larger current into these LEDs. These devices, however, inevitably suffer 
from a reduction in efficiency due to a high injection current administered [36].  
In other words, the external quantum efficiency (EQE) of LED reaches its peak 
at a relatively low current density and monotonically decreases with a further 
increase in current. Although the origin of efficiency droop is still a topic of 
debate, it is generally recognized that the electron current leakage plays an impor-
tant role in this regard [37]. In the following sections, we will further review some 
epitaxial structure designs, including chirped multiquantum barrier and AlGaN 
staircase electron blocking layer. These structures can improve the efficiency 
droop behavior of LED devices.

8.2.2  Nanoscale Epitaxial Patterned Template

8.2.2.1  Nanoscale Epitaxial Lateral Overgrowth of GaN-Based  
Light-Emitting Diodes on a SiO2 Nanorod-Array Patterned 
Sapphire Template

One of the simplest methods to carry out nano-patterned substrate is to use the 
nano-scaled SiO2 mask for lateral overgrowth. Previous researchers focused on 
micron-scaled masks [38, 39] have produced a robust technology that are widely 
applied in current LED industry. It is nature to shrink down the mask as the fab-
rication technique progresses. To form nano-patterns, self-assembled metal layer 
was considered for masking material [40].

GaN-based LEDs were grown on a 2 in. SiO2 NAPSS using a low-pres-
sure MOCVD system (Aixtron 2400 G). The preparation of the SiO2 NAPSS 
template started with the deposition of a 200-nm-thick SiO2 layer on a c-face 
(0001)  sapphire substrate by plasma enhanced chemical vapor deposition, fol-
lowed by the evaporation of a 10-nm-thick Ni layer, and the subsequent rapid 
thermal annealing with a flowing nitrogen gas at 850 °C for 1 min. The result-
ing self-assembled Ni clusters then served as the etch mask to form a SiO2 
nanorod array by etching the semiconductor layers in a reactive ion etch sys-
tem for 3 min. Finally, the sample was dipped in a heated nitric acid solution 
(HNO3) at 100 °C for 5 min to remove the residual Ni masks. As shown in 
Fig. 8.1a, the field-emission scanning electron micrograph (FESEM) indicated 
that the fabricated SiO2 nanorods were approximately 100–150 nm in diame-
ter with a density of 3 × 109 cm−2. The spacing between nanorods was about 
100–200 nm. Figure 8.1a also shows that the exposed sapphire surface was flat 
enough for epitaxy. As the deposition process began, localized and hexagonal 
island-like GaN nuclei were first formed from the sapphire surface to initiate 
GaN overgrowth, as shown in Fig. 8.1b. Figure 8.1c shows the cross-sectional 
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FESEM image of the GaN epi-layer, where voids with a size varying from 150 
to 200 nm were observed between the highlighted SiO2 nanorods. The exist-
ing of the voids between nanorods observed from the micrographs suggested 
that not all the exposed surface enjoyed the same growth rate. Hence, only the 
regions with higher growth rates, which might be originated from larger exposed 
surface, could play the role of a seedling layer, facilitating the lateral coales-
cence of GaN epitaxial growth. Lastly, the growth of a conventional LED struc-
ture, which consists of ten periods of InGaN/GaN multiple quantum wells and a 
100-nm-thick p-GaN layer, was completed by MOCVD. The p-GaN layer of the 
NAPSS LED was grown at the relatively low temperature (800 °C), leading to 
the formation of hexagonal pits due to insufficient migration length of Ga atoms 
[41]. The FESEM image of the roughened p-GaN surface with randomly distrib-
uted pits is shown in Fig. 8.1d.

The TEM was employed to investigate the crystalline quality of GaN layers 
grown on a planar sapphire substrate and on a NAPSS. As shown in Fig. 8.2a, the 

Fig. 8.1  FESEMs of a the fabricated SiO2 nanorod array, b GaN nuclei on the SiO2 NAPSS as 
growth seeds, c the GaN epilayer on a NAPSS in the cross-sectional view, and d the epitaxial pits 
on the p-GaN surface [42]
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TDD of GaN on the planar sapphire substrate was greater than 1010 cm−2 due to 
both the large lattice mismatch (13 %) and the high thermal coefficient incom-
patibility (62 %) between sapphire and GaN. On the other hand, the crystalline 
quality of GaN epi-layer on a NAPSS was drastically improved from that grown 
on a planar sapphire substrate, as shown in Fig. 8.2b. We found that a number 
of stacking faults often occurred above the voids between SiO2 nanorods, where 
visible threading dislocations (TDs) were rarely observed in the vicinities. It is 
believed that the presence of stacking faults could block the propagation of TDs 
[43]. Moreover, the TDs of the GaN layer on a NAPSS mainly originated from 
exposed sapphire surface, which could be bent due to the lateral growth of GaN. 
The inset of Fig. 8.2b shows the TEM image of the dislocation bending with vis-
ible turning points.

The completed epitaxial structure then underwent a standard four-mask LED 
fabrication process with a chip size of 350 × 350 μm2 and packaged into TO-18 
with epoxy resin on top. The schematic of a fabricated NAPSS LED is shown 
in the inset of Fig. 8.3a. The current-voltage (I-V) characteristics of the NAPSS 
LED and a conventional LED with the same chip size were measured at room 
temperature, as shown in Fig. 8.3a. The forward voltages at 20 mA were 3.27 V 
for the conventional LED and 3.31 V for the NAPSS LED. The nearly identical 
I-V curves indicate that the nanoscale roughness on the p-GaN surface had little 
impact on the I-V characteristics. Moreover, the NELO of GaN did not deteriorate 
in the electrical properties.

Figure 8.3b shows the measured light-output power versus the forward con-
tinuous dc current (L-I) for the NAPSS and conventional LEDs. At an injection 
current of 20 mA, the light-output power was approximately 22 and 14 mW for 
NAPSS- and conventional LEDs, respectively. The output power of the NAPSS 
LED was enhanced by a factor of 52 % compared to that of the conventional 

Fig. 8.2  The TEM images of the GaN/sapphire interface for the GaN epilayer grown on a a 
planar sapphire substrate and b on a NAPSS. The inset of (b) shows the dislocation bending 
 phenomenon with visible turning points [42]
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LED. The inset shows the normalized electroluminescence spectra for both 
devices at an injection current of 20 mA. A minor wavelength blue-shift of ~2 nm 
was observed for the NAPSS LED, attributed to the partial strain release by 
adopting the NELO scheme [44]. The EQE of the NAPSS LED was calculated 
to be ~40.2 %, which is an increase of 56 % when compared to that of the con-
ventional LED (~25.7 %.) We believe that the 56 % enhancement in EQE origi-
nates from the improved internal quantum efficiency and the enhanced extraction 
efficiency. The SiO2 NAPSS-assisted NELO method effectively suppresses the 
dislocation densities of GaN-based LEDs, which increases the internal quantum 
efficiency. Moreover, the embedded SiO2 nanorods in the GaN epilayer contribute 
to the enhanced light extraction efficiency due to the scattering at the interfaces of 
different refractive indices.

8.2.2.2  Highly Efficient and Bright LEDs Overgrown on GaN 
Nanopillar Substrates

While nano-scale masks can improve the quality of LEDs, a more elaborated 
method based on this technology can be used, i.e., the GaN nano-pillar array sub-
strate. The formation of nano-pillar is one more step than the previous two meth-
ods: dry etch to the saphhire surface. The benefit of this method is to maximize 
the dislocation bending because of stronger lateral growth, and a larger air-void 
array embedded in the substrate to scatter the light and increase the light-extrac-
tion efficiency.

The preparation procedures of the GaN epilayer with embedded micro voids 
and SiO2 nanomask are discussed as follows. First, we deposited a 200-nm-thick 
SiO2 layer on a 2-µm thick undoped GaN layer by plasma enhanced chemical 
vapor deposition (PECVD), followed by the evaporation of a 10-nm-thick Ni 

Fig. 8.3   Electrical and optical properties of a NAPSS and a conventional LED: a the current-
voltage (I-V) curves, where the inset shows a schematic of a NAPSS LED, and b the current- 
output power (L-I) curves, where the inset shows the electroluminescence spectra for both 
devices at a driving current of 20 mA [42]
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layer, and subsequent RTA process in the nitrogen gas ambient at 850 °C for 
1 min. The resulting self-assembled Ni clusters then serve as etch masks to form 
SiO2 nanorod arrays in an RIE system for 20 min to reach the sapphire surface. 
Finally, the sample was dipped in a heated nitric acid solution (HNO3) at 100 °C 
for 5 min to remove the residual Ni. The 2-µm-tall GaN nanorods (NRs) with 
SiO2 nanomask are produced as shown in Fig. 8.4a. It can be seen that GaN NRs 
with an average diameter of about 250–500 nm were formed. It was also found 
that GaN NR’s density was around 3.3 × 108 cm−2 as shown in Fig. 8.4b. Next, 
we deposited a GaN-based LED structure on this GaN NRs template by a low 
pressure MOCVD (Veeco D75) system, denoted as NR-LEDs. At the same time, 
the identical GaN-based LED structure was also grown on sapphire without 
GaN NRs for comparison, denoted as conventional LEDs (i.e., C-LEDs). During 
the growth, trimethylgallium (TMGa), trimethylindium (TMIn) and ammo-
nia (NH3) were used as the sources for gallium, indium, and nitrogen, respec-
tively. Silane (SiH4) and biscyclopentadienyl magnesium (CP2Mg) were used as 
the n-dopant and p-dopant sources, respectively. The epitaxial structure of the 
GaN-based LED overgrowth on GaN NRs template consists of 3 μm n-doped 
GaN (n-GaN), 10-pairs InGaN/GaN multi-quantum wells (MQWs), and 0.2 μm 
p-doped GaN (p-GaN) cap layer. Figure 8.4c shows the cross-sectional SEM 

Fig. 8.4  a Cross-sectional; b tilted SEM image of GaN NRs template. c and d Cross-sectional 
SEM image of GaN epilayer [40]
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image of GaN/InGaN epitaxial layers with voids and SiO2 nanomasks after all 
the growth is completed. The estimated diameter of these voids ranges from 0.5 
to 1 μm. These embedded voids and SiO2 nanomasks (as shown in Fig. 8.4d) 
shall be able to increase the LEE due to extra light scattering [45].

Figure 8.5a–c show the mechanisms of the air gap formation by nanoscale 
epitaxial lateral overgrowth (NELOG) techniques on top of SiO2 nanomask. 
First, GaN NRs with the SiO2 nanomask were formed on sapphire substrate 
by top-down methods in Fig. 8.5a. As the GaN NRs grows upwards, there is 
also the lateral growth on the sidewall of individual NRs. Such lateral growth 
eventually narrows the gap between columns and forms holes with embedded 
air pockets as shown in Fig. 8.5b. Our pervious study showed this growth pro-
cess adding extra m-plane (1010) GaN on the side walls of the etched pillars 
and inclined r-plane facets (1102) close to the top of nano-pillars [46]. Frajtag 
et al. [47] also reported that the semi-polar planes coalesce first due to their 
higher growth rates relative to the growth rates on the nonpolar side faces of 
nanowires. All of these growth mechanisms help the formation of voids in 
between nanorods. The final step consists of a planar epitaxial GaN overgrowth, 
and air-voids and SiO2 nanomasks were encapsulated as show in Fig. 8.5c. 
To analyze the detailed epitaxial layer quality, we took the TEM pictures of 

Fig. 8.5  a, b and c The procedure of the air-voids formation between a GaN NRs and u-GaN 
epitaxial layer. d TEM image of GaN epilayer overgrowth on GaN NRs, e HRTEM image of 
region I in (d). The diffraction condition is g = 0002 [40]
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GaN epi-layers overgrowth on GaN NRs shown in Fig. 8.5d, and calculate the  
dislocation densities. Fewer TDDs are observed within the range in view. 
The dislocation density on the top of u-GaN is calculated to be around 
5 × 107 cm−2. Meanwhile, we found TDDs were bent near SiO2 nanomasks. 
The behavior is similar to those occurred in the NELOG method on a SiO2 
nanorod-array patterned sapphire substrate [42]. The reduction of TDDs can 
be attributed to the misfit (mainly perpendicular to the c-axis) and dislocation 
bending occurred just above the voids, as shown in the inset of Fig. 8.5e.

Figure 8.6a displays the typical power-current-voltage (L-I-V) characteristics 
of NR-LEDs and C-LEDs. With an injection current of 20 mA, the forward volt-
age is 3.37 and 3.47 V, and the output power is 21.6 and 13.1 mW, for NR-LEDs 
and C-LEDs, respectively. The enhanced L-I-V characteristics can be attributed to 
the following factors. First, the TDD reduction of epitaxial layers leads to much 
fewer non-radiative recombination events and increases the photon generation effi-
ciency. Second, more light can be extracted from the LED because of the light 
scattering effect from the embedded micro/nano-scale voids and SiO2. In addition, 
at the reverse bias, the leakage current of the NR-LEDs is smaller than C-LEDs, as 
shown in Fig. 8.6b. Several types of dislocations can contribute to the reverse-bias 

Fig. 8.6  a Forward I–V 
characteristics of all 
fabricated LEDs. b Reverse 
I–V characteristics of all 
fabricated LEDs [40]
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leakage current, and one of the dominant types is the screw dislocation [48]. The 
reduction of screw dislocations can certainly help to reduce the reverse-bias cur-
rent [48], and our measurement indicates a better crystal quality of NR-LEDs, 
which is confirmed by the TEM results.

8.2.2.3  Gallium Nitride-Based Light-Emitting Diodes with Embedded 
Air Voids Grown on Ar-implanted AlN/Sapphire Substrate

In this study, an approach aimed at achieving a light scattering layer beneath the 
active layer of GaN-based LEDs was demonstrated to improve the light-extrac-
tion efficiency (LEE). The AlN nucleation prepared by radio-frequency (RF) sput-
tering was initially deposited on sapphire substrate, and then a selective area Ar 
ion implantation was performed to periodically create damage regions on the AlN 
layer. The Ar-implanted AlN/sapphire (AIAS) substrates were served as templates. 
Next, the AIAS templates were loaded into MOVPE reactor to grow GaN-based 
LEDs without the request of a conventional low temperature nucleation layer [49–
51]. Consequently, a series of air voids were formed around the sapphire/AlN/GaN 
interfaces to achieve a light scattering structure beneath the active layer for 
improving the LEE of LEDs. This technique features the fact that the surface mor-
phology of AIAS was substantially flat in contrast to the surface of conventional 
PSS with concaves and convex. Detailed processing procedures and related results 
are discussed subsequently.

A 25 nm-thick ex situ sputtered AlN nucleation layer was deposited onto the 
sapphire substrates to serve as templates. During the RF sputtering process, AlN 
targets were used to deposit AlN thin film [50]. The typical growth rate and tem-
perature of AlN thin films were 5 nm/min and 750 °C, respectively. Before the 
growth of LED epitaxial structures, Ar ion implantation, in which the dosage and 
energy were 1 × 1016/cm2 and 100 keV, respectively, was selectively performed 
on the AlN/sapphire templates. For the creation of periodically implanted regions, 
a 2 μm-thick photoresistor layer served as the mask layer. Circular openings on 
the PR mask layer with a diameter of 3 μm were defined using standard photo-
lithography. In addition, a 90 nm-thick SiO2 layer was then deposited in the 
opening, so that the implanted Ar ions would accumulate next to the surface of 
the AlN/sapphire templates. After the Ar-implantation process and removal of the 
mask layers, the diameter of the Ar-implanted regions and the spacing between 
the circular implanted regions were 3 μm. Figure 8.7a shows a schematic illus-
tration in cross-section view of the AIAS substrate. Next, the AIAS substrates 
were loaded into the MOVPE reactor to grow LED epitaxial structures; these 
were labeled as LED-I. LED epitaxial structures grown on the AlN/sapphire 
templates, without the Ar ion implantation, were also prepared for comparison 
and labeled as LED-II. The epitaxial layers of the LEDs included a AlN nuclea-
tion ex situ layer prepared by RF sputtering, a 3 μm-thick unintentionally doped 
GaN (u-GaN) grown at 1,050 °C, a 1.7 μm-thick Si-doped n-GaN layer grown 
at 1,050 °C, a ten-pair In0.3Ga0.7N/GaN multi-quantum-well (MQW) structure 
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grown at 750 °C, a 0.05 μm-thick Mg-doped p-Al0.15Ga0.85N electron blocking 
layer, and a 0.2 μm-thick Mg-doped p-GaN top contact layer grown at 1,000 °C. 
The carrier concentrations of the n-GaN and p-GaN layers were around 8 × 1018/
cm3 and 5 × 1017/cm3, respectively. Afterwards, a heavily Si-doped InGaN 
top layer was grown on the p-GaN contact layer [52]. During the growth of the 
InGaN/GaN LED epitaxial structure on the AIAS substrates, the u-GaN epitaxial 
layer was initially grown on the implantation-free regions, whereas the deposition 
of the u-GaN layer on the Ar-implanted regions did not occur because of the dif-
ference in lattice constants between the implanted and implantation-free regions. 
Consequently, selective growth occurred during the growth of the u-GaN epitax-
ial layer on the AIAS substrates to form a series of hexagonal concaves on the 
u-GaN layer, as shown in Fig. 8.7b, c. Next in sequential, u-GaN layer grew later-
ally over the implanted area to form air voids in the u-GaN layer under the MQW 
active layer, corresponding to Fig. 8.7d. Figure 8.8a shows the typical top-view 
micrograph of u-GaN layer grown on AIAS substrates obtained through scanning 
electron microscopy (SEM). Periodic holes on the SEM image indicate that selec-
tive growth took place during the growth of the u-GaN layer. This result could be 
attributed to the relatively lower growth rate of GaN at the Ar-implanted regions 
than at the implantation-free regions. The difference in the growth rates of the two 
aforementioned regions resulted from the difference in their lattice constants. In 
general, the crystal structure of semiconductor undergoing high-dose and/or high 
energy ion bombardment produces an amorphous layer [53]. In this study, the 
implanted Ar ions created a damage layer with a depth of approximately 50 nm 

Fig. 8.7  Schematic illustration of a Ar-implanted AlN/sapphire template, b u-GaN layer grown 
on the AIAS, c lateral epitaxial growth occurs over the Ar-implanted regions on the AIAS, and  
d air voids embedded in the u-GaN layer [55]
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from the sapphire surface estimated by simulation. According to a previous report, 
critical doses for the amorphization of sapphire or nitride semiconductors were 
shown to be around 1016/cm2, and the lattice constant of AIAS increased with the 
increase of implantation dose and/or energy [53, 54]. Figure 8.8a indicates con-
caves existing in the u-GaN layer grown on the AIAS. After forming the concaves 
in the u-GaN layer, the lateral coalesce eventually results in a continuous layer and 
leaves voids over the Arimplanted regions. Next, the remaining layers of a typical 
GaN-based LED structure were sequentially grown on the u-GaN layer with air 
voids embedded at the sapphire/AlN/u-GaN interfaces. Accordingly, GaN-based 
LEDs with embedded air voids beneath the InGaN/GaN MQW active layer could 
be formed using the AIAS substrates, as shown in Fig. 8.8b. On the other hand, 
GaN-based LEDs grown on conventional sapphire without the Ar-implantation 
process exhibited a flat and void-free sapphire/u-GaN interface (i.e., LED-II). For 
device process, all the LED wafers were applied to general mesa and electrodes 
formation procedures. Light output powers characteristics of the bare-chip LEDs 
were measured with an integral sphere and the HP 4156 semiconductor parameter 
analyzer, respectively.

Figure 8.9a shows the relative output power-current (L-I) characteristics of 
LED-I and LED-II. With a 20 mA current injection, the output power of LED-I 
has an enhancement in magnitude of 25 % compared with the LED-II. For the 
LED-I, embedded air voids resulted in a light scattering layer at the sapphire/AlN/
u-GaN interfaces. The voids induced index steps at the sapphire/AlN/u-GaN inter-
faces that led to an increased probability of the photons escaping from the LED. 
In other words, light emitted from the active layer of LED-I experienced a sig-
nificant reflection and redirection around the air voids, and thereby resulted in a 
shorter average path before the photons escaped into the free space, as shown in 
Fig. 8.9b [56]. Figure 8.9c shows the micrograph taken from the LED-I under an 
operation current of 10 mA. A periodic feature resulting from the light scattering 
at the embedded air voids could be observed on the near-field image, as indicated 
in the inset of Fig. 8.9c.

Fig. 8.8  SEM images (a) typical top-view micrograph from u-GaN epitaxial layer grown on an 
AIAS, (b) cross-section view obtained from a representative LED grown on an AIAS [55]
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8.2.3  Low Efficiency Droop Epitaxial Structures

8.2.3.1  GaN-Based LEDs with a Chirped Multiquantum 
Barrier Structure

In general, the conventional method used to reduce electron current leakage is to 
insert a p-AlGaN electron blocking layer (EBL) between the multiquantum well 
(MQW) active region and the p-GaN cap layer [57]. With a large bandgap intro-
duced, this EBL provides a potential barrier which can reduce the probability for 
the injected electrons to overflow from the MQW active region into the p-GaN 
cap layer. One possible method to further reduce electron current leakage is to 
use a multiquantum barrier (MQB) structure [58, 59]. MQB structure consists of 
alternating layers of narrow and wide bandgap semiconductor materials. Similar 
to crystal lattice, such an arrangement forms the allowed and forbidden carrier 
states over a very short range. By properly design the MQB structure, it is pos-
sible to achieve an effective barrier height which is much larger than classical bar-
rier. Although MQB structure has already been used extensively in AlInGaP-based 
LEDs and laser diodes, only few reports on GaN-based LEDs with MQB structure 
can be found in the literature [59–61]. Furthermore, it has been shown that chirped 
MQB (CMQB) structure can provide an even larger electron blocking efficiency 
for AlInGaP-based LEDs, as compared to uniform MQB (UMQB) [62]. It should 
be noted that thicknesses of each narrow and wide bandgap semiconductor materi-
als were kept the same for UMQB structure. In contrast, thicknesses of each narrow 

Fig. 8.9  a Relative output power of the LED-I and LED-II as a function of injection current, b 
illustration of photons paths in the LED-I, and c nearfield image from the LED-I driven under a 
current of 10 mA [55]
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and wide bandgap semiconductors were different from each other for CMQB 
 structure. A structure such as CMQB has never been applied to GaN-based LEDs. 
In this study, we report the fabrication of GaN-based blue LEDs with a CMQB 
structure. The electro-optical properties of the fabricated LEDs are also reported.

Samples used in this study were all grown on c-plane sapphire substrate by metalor-
ganic chemical vapor deposition (MOCVD). Details of the growth can be found 
elsewhere [63, 64]. For comparison, samples with the three different EBLs, i.e., a 
conventional AlGaN, UMQB and CMQB were prepared. The structure of the con-
ventional sample consists of a 50-nm-thick GaN nucleation layer grown at 550 °C, 
a 3-μm-thick n-type Si-doped GaN layer with electron concentration of 5 × 1018 cm−3 
grown at 1,050 °C, a unintentionally doped MQW active region grown at 770 °C, a 
45-nm-thick p-type Mg-doped Al0.15Ga0.85N EBL grown at 1,050 °C and a 15-nm-
thick p-type Mg-doped GaN cap layer with hole concentration of 1.2 × 1019 cm−3 
grown at 1,050 °C and a Si-doped n+-InGaN/GaN short-period-superlattice (SPS) tun-
nel contact structure [65]. The electron and hole concentrations were determined by 
Hall measurement from the n-type and p-type epitaxial layers with the same growth 
conditions. The MQW active region consists of eight 2-nm-thick In0.12Ga0.88N well 
layers separated by nine 15-nm-thick GaN barriers and the SPS structure consists of 
four pairs of 5-Å-thick In0.23Ga0.77N layers and 5-Å-thick GaN layers.

The structures of UMQB LED and CMQB LED were identical to that of the 
conventional LED, except the UMQB and CMQB structures were used in place of 
AlGaN EBL for UMQB and CMQB LEDs, respectively. The UMQB structure con-
sists of four 50-nm-thick GaN layers separated by five 5-nm-thick Al0.15Ga0.85N 
layers. On the other hand, the CMQB structure consists of five Al0.15Ga0.85N lay-
ers (7.5, 33.75, 60, 86.25, 112.5 Å, arranged in sequence from n-side to p-side) and 
four GaN layers (65.625, 46.875, 28.125, 9.375 Å, arranged in sequence from n-side 
to p-side) with different thicknesses. It should be noted that thicknesses of the five 
Al0.15Ga0.85N layers were increased monotonically while thicknesses of the four 
GaN layers were decreased monotonically. It should also be noted that the total thick-
nesses of the UMQB and CMQB structures were each maintained at 45 nm, which 
is identical to that of Al0.15Ga0.85N EBL used in conventional LED. Figure 8.10 

Fig. 8.10  The diagram of three different fabricated devices [66]
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demonstrates the cross-sectional diagram of the samples used in this study. The 
 as-grown samples were then annealed in the furnace at 750 °C in N2 ambient to acti-
vate Mg in the p-layers. Standard procedures were subsequently used to fabricate the 
200 × 200 μm LED chips with indium-tin-oxide (ITO) p-contact and Ti–Al–Ti–Au 
n-contact. The current-voltage (I-V) characteristics of the fabricated devices were 
then measured at room temperature using an HP4156 semiconductor parameter ana-
lyzer. The chips were subsequently packaged as LED lamps. The intensity-current 
(L-I) characteristics of the packaged lamps were measured with the molded LEDs 
attached to an integrating sphere detector.

In order to minimize joule heating effects, electro-optical properties of the fab-
ricated LEDs were all measured with pulse current injection. During these meas-
urements, pulse current with 20 μs width and 1 % duty cycle was injected into 
these devices. Figure 8.11 shows the pulsed L-I characteristics measured from 
these three LEDs. From the L-I curves, it was found that output power observed 
from the CMQB LED was the largest, followed by the UMQB LED while the out-
put power of the LED with a conventional AlGaN EBL was the smallest. With 
20 mA injection current administered, it was found that the LED output pow-
ers were 27.5, 27.2 and 25.4 mW for CMQB LED, UMQB LED and LED with 
a conventional AlGaN EBL, respectively. When compared with the conventional 
LED with AlGaN EBL, an 8.3 and 7.1 % enhancement in output power from 
CMQB and UMQB LEDs were respectively achieved. The improvement was in 
fact obtained due to a larger effective barrier height provided by the MQB struc-
ture. It should be noted that output power measured from the CMQB LED was 
larger than that of the UMQB LED. It has been pointed out by Fujii et al. [67] 
that the reflection characteristics of MQB structure for electrons are analogous to 
the reflection characteristics of multilayer coating for light wave. Although UMQB 
could provide a high peak reflectivity, its bandwidth for electron wavelength or 
equivalently the electron energy is narrower. In other words, only electrons with 
energy either too high or too low could still overflow from the MQW active 
region into the p-cladding. In contrast, the thickness of the AlGaN and GaN layer 

Fig. 8.11  Experimental L-I 
performance curves of the 
three different fabricated 
devices [66]
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changes monotonically for the CMQB structure. Such a design could provide a 
larger bandwidth with a highly reflective energy band extended toward the both 
ends of the reflection spectrum [67]. Consequently, more electrons are expected to 
be reflected and a larger output power is obtained from the CMQB LED in return.

Figure 8.12 shows the normalized external quantum efficiency (EQE) as a func-
tion of injection current for these three LEDs. In this figure, the EQE was nor-
malized to their respective maximum values. It can be seen clearly that we can 
indeed effectively mitigate the drooping effect by replacing the AlGaN EBL with 
UMQB structure or CMQB structure. As we increased the injection current to 
150 mA, it was found that normalized EQE had reduced to 57.9, 55.8 and 51.5 % 
for CMQB LED, UMQB LED and LED with conventional AlGaN EBL, respec-
tively. Figure 8.12 also shows I-V characteristics measured from these devices. 
With 20 mA current injection administered, it was found the forward voltages 
for CMQB LED, UMQB LED and LED with conventional AlGaN EBL were 
3.163, 3.174 and 3.183 V, respectively. With MQB structure (i.e., either UMQB 
or CMQB), it is possible that some of the injected holes are confined and sub-
sequently spread out in the in-plane direction before they enter the MQW active 
region. As a result, a better current spreading and thus a lower forward voltage can 
be achieved. These values also suggest that we can simultaneously improve the 
electrical property of the LEDs by using the CMQB structure.

8.2.3.2  InGaN-based Light Emitting Diodes with an AlGaN Staircase 
Electron Blocking Layer

In this study, we employed polarization engineering to prepare AlxGa1−xN stair-
case EBLs in InGaN-based MQWs LEDs. Furthermore, we discuss herein the the-
oretical mechanisms in comparison with those of conventional AlxGa1−xN EBLs 

Fig. 8.12  Experimental EQE and forward voltage performance curves of the three different 
 fabricated devices [66]
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(with a constant composition of Al), in terms of their external quantum efficiencies 
(EQEs) and calculated energy band diagrams.

All the InGaN-based blue LEDs were grown on c-plane (0001) sapphire sub-
strates using an atmospheric pressure metal-organic chemical vapor deposition 
(AP-MOCVD) system (Taiyo Nippon Sanso: SR2000). A 25-nm-thick GaN nucle-
ation layer, a 1-μm-thick undoped GaN buffer layer, and a 3-μm-thick Si-doped 
n-GaN layer, were sequentially deposited on the sapphire substrate. Next, the 
active region, consisting of five pairs of 3-nm-thick In0.17GaN wells and 12-nm-
thick GaN barriers with emission peak around 450 nm, was deposited on the 
n-GaN layer. Three samples with different EBLs were prepared: an LED featur-
ing a conventional p-Al0.21Ga0.79N EBL having a thickness of 30 nm and two oth-
ers with specifically designed AlxGa1−xN staircase EBLs, in which the EBL was 
divided into three parts, with Al compositions (from low to high) of 0.07, 0.14, 
and 0.21 in one and (from high to low) of 0.21, 0.14, and 0.07 in the other. By 
adjusting the trimethylaluminum (TMAl) flow rate and growth time, the thick-
ness of each staircase was controlled at 10 nm, meaning that the total thick-
ness of each EBL was approximately 30 nm, similar to that of the conventional 
p-Al0.21Ga0.79N EBL, and the p-type doping level for all EBLs are 1 × 1020 cm−3. 
Finally, a 100-nm-thick p-GaN layer (doping level: 5 × 1019 cm−3) was deposited 
on the EBLs in all samples. Schematic structures of the three LEDs are shown 
in Fig. 8.13. All the LED chips (dimensions: 1 × 1 mm2) were fabricated using 
the standard process. All electrical characteristics were measured; however, using 
a semiconductor parameter analyzer (Agilent B1500A), with the output power 
measured using an integrating sphere (photodetector: Si for use as photoreceiver). 
To avoid the effect of heat on the EQE, a pulsed mode (width: 1 ms; duty cycle: 
0.1 %) was employed to measure the output power. Moreover, SiLENSe software 
was employed to simulate the band structures of the LEDs.

Figure 8.14 displays the EQEs and forward voltages of the LEDs plotted with 
respect to the current density (up to 100 A cm−2) for the conventional AlxGa1−xN 

Fig. 8.13  Schematic representations of the reference structure and three-stepped p-AlxGaN 
EBLs [68]
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EBL and the two AlxGa1−xN staircase EBLs. The forward voltages for the two 
AlxGa1−xN staircase-EBL LEDs were lower than those of the conventional 
AlxGa1−xN EBL LED over the entire range of current densities, presumably because 
the lower average Al contents in the two staircase-EBL LEDs decreased the potential 
barriers at the MQWs-EBL interfaces. Furthermore, the LED incorporating the com-
position-stepped p-AlxGa1−xN EBL (x: 0.21, 0.14, 0.07) exhibited the highest peak 
EQE, up to 43 % at a current density of 1.5 A cm−2. In contrast, the LED featuring 
the composition-stepped p-AlxGa1−xN EBL (x: 0.07, 0.14, 0.21) exhibited the low-
est peak EQE, up to 32 %, at a current density of 10 A cm−2, which the peak delay 
was significantly improved than those of the conventional AlxGa1−xN EBL LED and 
composition-stepped p-AlxGa1−xN EBL (x: 0.21, 0.14, 0.07).

To determine the mechanisms behind these phenomena, Fig. 8.15 presents 
the calculated band diagrams for these samples at a current density of 2 A cm−2. 

Fig. 8.14  EQEs and forward voltages, plotted with respect to current density, for the reference 
p-AlxGaN EBL LED and the three-stepped p-AlxGaN EBL LEDs [68]

Fig. 8.15  Calculated a conduction and b valence band diagrams of the reference p-AlxGaN EBL 
LED (black dashed line), the three-stepped p-AlxGaN EBL LED (x: 0.07, 0.14, 0.21; red line), 
and the three-stepped p-AlxGaN EBL LED (x: 0.21, 0.14, 0.07; blue line) at a current density of 
2 A cm−2 [68]
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In contrast to the LED featuring the composition-stepped p-AlxGa1−xN EBL 
(x: 0.07, 0.14, 0.21), the other two LEDs exhibited a sharp notch at the interface 
between the last barrier and the EBL, due to the stronger piezoelectric field of 
GaN relative to AlGaN. Meanwhile, the accumulated holes at the notch formed 
between EBL and p-GaN can easily tunnel into MQW region via EBL with the 
assistance of intermediate states in EBL, even though EBL appears to block holes 
in the valence band [69]. For the LED incorporating the composition-stepped 
p-AlxGa1−xN EBL (x: 0.21, 0.14, 0.07), which had the sharpest V-shaped notch, 
thereby resulting in the higher EQEs at low current densities. The LED with the 
composition-stepped p-AlxGa1−xN EBL (x: 0.07, 0.14, 0.21), however, exhibited 
lower EQEs at low current densities. Upon increasing the current density to 25 
A cm−2 (see Fig. 8.14), the EQEs for the LED featuring the composition-stepped 
p-AlxGa1−xN EBL (x: 0.07, 0.14, 0.21) began to surpass those of the other LEDs. 
Moreover, at a current density of 35 A cm−2, we estimated the efficiency droops 
for the LEDs incorporating the composition-stepped p-AlxGa1−xN EBL (x: 0.21, 
0.14, 0.07), the reference LED (x = 0.21), and the LED featuring the composition-
stepped p-AlxGa1−xN EBL (x: 0.07, 0.14, 0.21) to be 17, 11, and 4 %, respec-
tively, relative to their peak values.

Furthermore, Fig. 8.16 reveals interesting phenomena in the calculated band 
diagrams for the three LEDs at a current density of 100 A cm−2. The band-bend-
ing of the conduction band (Fig. 8.16a) became more severe than that at a current 
density of 2 A cm−2 (Fig. 8.15a), presumably because of the larger electric field 
when the current density reached 100 A cm−2. According to the calculated con-
duction band diagram for our particular EBL design, the LED incorporating the 
composition-stepped p-AlxGa1−xN EBL (x: 0.07, 0.14, 0.21) exhibited the strong-
est electron confinement, followed by the reference LED (x = 0.21), with the LED 
featuring the composition-stepped p-AlxGa1−xN EBL (x: 0.21, 0.14, 0.07) display-
ing the poorest electron confinement. These results can be explained by consider-
ing the degrees of electron leakage across the EBLs (simulation data not shown 
here). Moreover, Fig. 8.16b reveals severe downward band-bending at the interface 

Fig. 8.16  Calculated a conduction and b valence band diagrams of the reference p-AlxGaN EBL 
LED (black dashed line), the three-stepped p-AlxGaN EBL LED (x: 0.07, 0.14, 0.21; red line), 
and the three-stepped p-AlxGaN EBL LED (x: 0.21, 0.14, 0.07; blue line) at a current density of 
100 A cm−2 [68]
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between the last barrier and the EBL for both the reference LED (x = 0.21) and 
the LED incorporating the composition-stepped p-AlxGa1−xN EBL (x: 0.21, 0.14, 
0.07). In the LED featuring the composition-stepped p-AlxGa1−xN EBL (x: 0.07, 
0.14, 0.21), the last barrier against the first-step EBL was p-Al0.07Ga0.93N, the 
lower Al composition of which meant that less lattice mismatch existed between 
the last GaN barrier and the AlGaN EBL. Therefore, the piezoelectric field at the 
interface would decrease, thereby, mitigating the degree of band-bending. While 
at high current density, the tunneling process of holes can be negligible. As dis-
cussed above, the LED incorporating the composition-stepped p-AlxGa1−xN EBL 
(x: 0.07, 0.14, 0.21) possessed a flat valence band and a much lower value of △EV 
at the interface between the last barrier and the EBL; as a result, holes could pass 
more readily through the interface into the active region. Therefore, the recombi-
nation rate was enhanced at high current densities.

Theoretically, the amount of the piezoelectric polarization in the direction of 
the c-axis can be determined using the equation [70]:

where a0 is the equilibrium value of the lattice parameter, e31 and e33 are piezo-
electric coefficients, and C13 and C33 are elastic constants. Because the value of 
[e31 − e33(C13/C33)] was less than zero for AlGaN over the entire range of com-
positions, the piezoelectric polarization was negative for tensile strain (i.e., from 
GaN to AlGaN) and positive for compressive strain. In addition, for the Ga-face 
heterostructure, spontaneous polarization is negative, directing to the substrate as 
well [71]. Therefore, the total polarization (piezoelectric polarization plus spon-
taneous polarization) would induce the opposite electric field toward p-GaN and 
resist the transport of holes to the active layer. According to the formula above, 
the low lattice mismatch (i.e., from GaN to Al0.07Ga0.93N), relative to those of the 
reference LED (x = 0.21) and the LED incorporating the composition-stepped 
p-AlxGa1−xN EBL (x: 0.21, 0.14, 0.07), would result in a lower degree of piezo-
electric polarization between the last barrier and the EBL. Thus, the hole injection 
efficiency would increase, resulting in higher EQE performance.

8.3  LED Light Extraction Improvement

In recent years, LED dies have been extensively used in application about back 
light of monitor and lighting. In the application, higher brightness is always 
required. And therefore higher optical power of LED die is necessary. In the ideal 
LED die, each electron produces one photon in the active region and all pho-
tons emitted by the active region are also emitted into free space. However, in 
a real LED die, not all photons emitted from the active region are emitted into 
free space. Some photons may never leave the LED die to result in lower opti-
cal power. For example, in Fig. 8.17a photons generated in the active region tend 

PPE = 2
a− a0

a0
(e31 − e33

C13

C33
),
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to be partially absorbed by transparent conductive layer, which is on top side of 
epitaxial layer in GaN-based LED die [72]. And in GaN-based LED die, there 
are usually two top metal pads for wire bonding and top metal fingers for cur-
rent spreading. However, in Fig. 8.17b such metal pads and fingers will hinder 
the extraction of light radiating from the active region. Furthermore the phenom-
enon of total internal reflection in the interface between LED die and air space in 
Fig. 8.17c, also referred to as the trapped light phenomenon, reduce the ability of 
the light to escape from the LED die [73].

The light extraction efficiency is defined as

Thus higher optical power of LED die could be achieved by increasing light 
extraction efficiency in LED die.

8.3.1  Improvement in Transparent Conductive  
Layer with ITO Material and Patterned Structure

Once upon a time, most commercial nitride-based LED dies used semitransparent 
metal layer (i.e., Ni–Au) as transparent conductive layer. But the transmittance of 
the metal layer for LEDs is an important issue to consider since photons gener-
ated in the active region tend to be partially absorbed by this metal layer. It has 
been reported that the transmittance of conventional p-metal layer (i.e., Ni–Au) 
is only around 60–75 %. Hence, by increasing the transmittance of p-metal layer, 
it is expected that the LED output intensity should have been enhanced accord-
ingly. Thus the semitransparent Ni–Au can be replaced by the transparent indium-
tin-oxide (ITO) as the p-contact material. It is well known that ITO is a hard and 
chemically inert transparent material with high electrical conductivity and low 
optical absorption coefficient. Therefore, it is considered to be a good candidate 

(8.1)ηextraction =
number of photons emitted into free space per second

number of photons emitted from free active region per second

Fig. 8.17  Schematic drawings of a light partially absorbed, b light hindered, c light of total 
reflection in GaN-based LED die
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for using as transparent contacts to many optoelectronic devices [74]. All of these 
advantages render ITO an attractive material for fabricating nitride-based LEDs. In 
fact, ITO has already been adopted in AlGaInP-based LEDs and AlInGaAs verti-
cal-cavity surface-emitting lasers as transparent current spreading layers [75, 76].

For comparison, an 80-nm-thick e-beam evaporated ITO film and a thermal 
evaporated Ni(5 nm)–Au(10 nm) contact were individually deposited on the epi-
taxial layer of LED die and also deposited on glass substrates for transmission 
studies. Figure 8.18 shows the transmission spectra of the two different kinds of 
contact layers. In this figure, the transmittance of each film was normalized with 
respect to the transmittance of the glass substrate. It can be seen clearly that ITO 
was substantially more transparent than Ni–Au. At 465 nm, the transmittance of 
Ni–Au is only 63.7 % while the transmittance of ITO is able to reach 93.2 %; the 
results suggest that ITO indeed is an optical material suitable for use as upper con-
tacts for nitride-based LEDs.

In the inset of Fig. 8.19, the electroluminescence (EL) spectra obtained for 
LEDs with ITO and Ni–Au individually on epitaxial layer, all measured at 20 mA, 

Fig. 8.18  Normalized 
optical transmittance as a 
function of wavelength for 
Ni(5 nm)–Au(10 nm) and 
ITO(80 nm) [72]

Fig. 8.19  L-I characteristics 
of LEDs with ITO and Ni–Au 
individually on epitaxial 
layer. The inset shows 20-mA 
EL spectra of LEDs with ITO 
and Ni–Au individually on 
epitaxial layer [72]
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are depicted. It is clearly shown that even though the EL peak positions of these 
two LEDs were nearly identical, the EL intensity of the LED with ITO on epitaxial 
layer was about 30 % larger than that of the LED with Ni–Au on epitaxial layer. 
In Fig. 8.19, the intensity-current (L-I) characteristics of these two LEDs were 
compared. Again, that EL intensity of the LED with ITO on epitaxial layer was 
still larger than that of LED with Ni–Au on epitaxial layer. When a 20-mA cur-
rent injection was administered, the EL intensity of LED with Ni–Au on epitaxial 
layer was measured to be 52 mcd. In contrast, the EL-intensity reaches 69 mcd for 
the LED with ITO on epitaxial layer. The output power of lamped LEDs with ITO 
p-contact was found to be 8.4 mW and at 20 mA, which is substantially larger than 
the other normal Ni–Au LEDs (i.e., 4.1 mW). A significant enhancement in EL 
intensity can be explained by the highly transparent nature of ITO, as compared to 
Ni–Au. As a result, more photons are emitted from the devices [72].

However, it has also been shown that good ohmic contact is difficult to achieve 
for ITO deposited on p-GaN [77–79]. In some study [80], the as-deposited 250 nm 
ITO films onto p-GaN in situ annealed in the RF sputtering chamber at 250 °C for 
30 min in vacuum has improved electrical and optical property. Figure 8.20 shows 
optical transmittance as a function of wavelength of these contacts. It was also found 
that the in situ annealing could further increase the transmittance of the deposited 
ITO films. At 450 nm, the transmittance of in situ annealed ITO could reach 97.8 %. 
The high 97.8 % transmittance observed from the in situ annealed ITO films sug-
gests ITO is indeed suitable optically to serve as the upper p-contact for nitride-
based LEDs. The electrical properties of the ITO layers are also important. By using 
the Lehighton contactless measurement system, we found that the sheet resistance 
of as-deposited ITO films and in situ annealed ITO films was 25 Ω/□ and 15 Ω/□, 
respectively. Such a result suggests that post-deposition in situ annealing could not 
only improve the optical transmittance of ITO film but also could reduce its sheet 
resistance, which is important for the current spreading of LEDs.

Figure 8.21 shows the current-voltage (I-V) characteristic of the LEDs with 
different p-contacts. It can be seen that the LED forward voltage measured with 
a 20 mA current injection was 3.16, 5.74 and 4.28 V for the LEDs with Ni/Au, 

Fig. 8.20  Optical 
transmittance as a function 
of wavelength for Ni(5 nm)/
Au(10 nm), as-deposited 
ITO(250 nm) and in situ 
annealed ITO(250 nm) 
films. In this figure, the 
transmittance of each film 
was corrected taking into 
account the absorption of the 
glass substrate [81]



204 C.-C. Lin et al.

as-deposited ITO and in situ annealed ITO p-contact layer, respectively. It was 
found that we could effectively reduce the LED operation voltage by post deposi-
tion in situ annealing of ITO. It is believed such a decrease is due to the barrier 
height lowing of ITO on p-GaN after in situ annealing.

Figure 8.22 shows the EL intensity as a function of injection current of nitride-
based LEDs with Ni/Au, as-deposited ITO and in situ annealed ITO p-contacts. 
With the same amount of injection current, it can be seen that the LED with in 
situ annealed ITO p-contact has the largest output EL intensity. With a 20 mA cur-
rent injection, it was found that the EL intensity of LED with in situ annealed ITO 
p-contact was 55.4 mcd, which was much larger than the 35.4 mcd EL intensity 
observed from LED with Ni/Au p-contact. Such a significant increase in EL inten-
sity can again be attributed to the more transparent nature of the in situ annealed 
ITO upper p-contact layer.

Besides, growing an n -InGaN-GaN short-period-superlattice (SPS) tunneling 
contact on top of the p-GaN cap layer could further reduce forward voltage with 
ITO contact [72]. It was found that we could achieve a nonohmic contact with a 
rectifying property by depositing ITO directly onto p-GaN. However, a rectifying 
contact can be converted into an ohmic contact with a specific contact resistance 

Fig. 8.21  I–V characteristics 
of LEDs with Ni/Au, 
as-deposited ITO and in situ 
annealed ITO p-contacts [81]

Fig. 8.22  L-I characteristics 
of LEDs with Ni/Au, 
as-deposited ITO and in situ 
annealed ITO p-contacts [81]
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of 1.6 × 10−3Ω cm2, if a Si-doped n -InGaN-GaN SPS structure is inserted 
between ITO and p-GaN layers. Even though the specific contact resistance of 
ITO on n -InGaN-GaN SPS structure is still higher than that of Ni–Au on n -SPS 
structure; nevertheless, this combination is still electrically plausible to be used as 
an upper contact to the nitride-based LEDs. Figure 8.23 depicts the I-V charac-
teristic of the fabricated nitride-based LEDs. It was found that the operation volt-
age measured from the LED with ITO contact on p-GaN was much higher than 
those measured from the other three LEDs. It was also learned that inserting an n 
-SPS structure could significantly reduce the LED operation voltage, particularly 
for devices with ITO contact. The 20-mA forward voltage measured from LEDs 
with ITO on p-GaN, Ni–Au on p-GaN, ITO on n -SPS, and Ni–Au on n -SPS 
upper contacts was 6.01, 3.85, 3.24, and 3.07 V, respectively. When compared to 
the LED with Ni–Au on n -SPS upper contact, a slightly larger forward voltage at 
20 mA was measured from the LED with ITO on n -SPS upper contact. However, 
a better electrical performance can still be obtained from LEDs with ITO on n 
-SPS upper contacts, in comparison with the conventional nitride-based LEDs 
with Ni–Au on p-GaN upper contacts.

According to Snell’s law, the critical angles of total reflection at ITO/GaN 
interface and air/ITO interface are around 57° and 28°, respectively. Thus, a sig-
nificant amount of photon will be reflected at the sample surface for conventional 
ITO LEDs, as shown in Fig. 8.24a. With the textured ITO surface, photons gen-
erated in the multi—quantum—well region should experience multiple scatter-
ing at the sample surface and could escape from the device easily [81], as shown 
in Fig. 8.24b. Thus, we can achieve larger output powers from the LEDs with 
imprinted ITO electrode.

Compared with conventional photolithography, imprint lithography is simple, 
low cost, and mass producible [82]. Chang et al. performed imprint lithography 
to pattern the ITO layer [83]. Detailed proceeding steps for imprint lithography 
are shown in Fig. 8.25. Subsequently, dilute hydrochloric acid (HCl) is used to 

Fig. 8.23  I–V characteristic 
of the fabricated nitride-based 
LEDs with different upper 
contacts [72]
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partially etch the exposed ITO. Finally, acetone was used to remove the PMMA 
(Polymer) on the patterned ITO layer. Two circular patterns were used for imprint 
lithography. For the first pattern, the circular hole diameter and the spacing 
between holes of the first pattern were 1.75 and 1 μm, respectively. For the second 

Fig. 8.24  Schematic drawings of a conventional ITO LED and b LED with imprinted ITO 
 electrode [84]

Fig. 8.25  Detailed proceeding steps for the imprint lithography [84]
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pattern, the circular hole diameter and the spacing between holes were 0.85 and 
0.5 μm, respectively.

Figure 8.26 shows measured intensity-current-voltage L-I-V. characteristics 
of the fabricated LEDs. Under 20 mA current injection, it was found that for-
ward voltages were 3.24, 3.25, and 3.24 V for the conventional ITO LED, ITO 
LED patterned with 1.75 μm holes, and ITO LED patterned with 0.85 μm holes, 
respectively. The almost identical forward voltages can be attributed to the same 
epitaxial layers used in these devices. It also indicates that imprint lithography 
will not degrade the electrical properties of the LEDs. It was also found that out-
put power increased with the injection current and no intensity saturation was 
observed up to 100 mA for all these three LEDs. Furthermore, it was found that 
we achieved the largest output power from the ITO LED patterned with 0.85 μm 
holes, followed by the ITO LED patterned with 1.75 μm holes while the output 
power of the conventional ITO LED was the smallest. With 20 mA injection cur-
rent, it was found that the LED output powers were 11.7, 12.6, and 13.3 mW for 
the conventional ITO LED, ITO LED patterned with 1.75 μm holes, and ITO LED 
patterned with 0.85 μm holes, respectively. In other words, output powers could 
be enhanced 12 % by using the simple imprint lithography to pattern 0.85 μm 
holes on the ITO electrode.

8.3.2  Enhanced Light Extraction Efficiency  
Using Flip-Chip Structure

For top emitting III-N LED die with upper contacts, a significant amount of 
 photons will be obscured by the bonding pads and metal fingers of the devices. 
One effective way to further increase LED output power is to use flip-chip tech-
nology [84–86]. As shown in Fig. 8.27, we should be able to achieve a larger 

Fig. 8.26  Measured 
L-I-V characteristics of the 
fabricated LEDs [84]
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output power with flip-chip technology since no bonding pads or wires exist on 
top of the devices so that photons could be emitted freely from LED die to air 
[87]. Figure 8.28a shows photograph of the entire chip after electroplating and lift-
off. As shown in this figure, the two Sn/Au bumps were well defined after lift-
off. Figure 8.28b shows photograph of the LED after flip-chip. And ITO/Ni (LEDI 
Flip-Chip), ITO (LEDII Flip-Chip), Ni (LEDIII Flip-Chip) were used as transpar-
ent ohmic layer and Ag layer was used as reflective mirror in nitride-based LED 
die. For comparison, conventional LED die with ITO (LEDIV Non-Flip-Chip) and 
Ni/Au (LEDV Non-Flip-Chip) upper contacts were also fabricated.

Figure 8.29 shows measured intensity-current-voltage L-I-V characteristics of 
the fabricated devices [88]. With 20 mA current injection, it was found that output 
powers were 21.0, 14.3, 16.0, 9.1, and 5.6 mW for LEDI, LEDII, LEDIII, LEDIV 

Fig. 8.27  Schematic diagrams of flip-chip LED with transparent ohmic contact and reflective 
mirror [88]

Fig. 8.28  Photographs of the chip a after electroplating and lift-off, and b after flip-chip [88]
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and LEDV, respectively. In other words, FC LEDI with ITO/Ni/Ag is 3.75 times 
brighter than the conventional NFC LEDV with Ni/Au upper contact.

Figure 8.30 shows measured I-V characteristics of the fabricated LEDs. With 
20-mA current injection, it was found that forward voltages were 3.16, 3.36, 3.15, 
3.26, and 3.07 V for LEDI, LEDII, LEDIII, LEDIV and LEDV, respectively. It can 
be seen that the FC LED with ITO/Ni/Ag (i.e., LEDI) exhibited smaller opera-
tion voltage than NFC LED with ITO upper contact (i.e., LEDIV) and the voltage 
differences would be more obvious at higher curret injection. This is because FC 
LED with a large Ni-containing p-contact layer of lower sheet resistances, cover-
ing the entire p-type mesa can indeed provide more uniform current spreading and 
lower contact resistances.

Figure 8.31 shows life tests of relative luminous intensities measured from the 
fabricated LEDs, normalized to their respective initial readings. During life test, 
all five LEDs were driven by 30 mA current injection at room temperature. After 

Fig. 8.29  Measured 
L-I characteristics of the 
fabricated devices [88]

Fig. 8.30  Measured 
I-V characteristics of the 
fabricated LEDs [88]
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1,200 h, it was found that luminous intensities of LEDI, LEDII, LEDIII, LEDIV 
and LEDV decreased by 5.0, 10.0, 4.5, 29, and 20 %, respectively. It was found 
that FC LED dies were more reliable. It is known that the most of the heat is gen-
erated in the MQW active region. Since thermal path between the MQW active 
region and heat sink is much shorter for FC LED dies, most heat could flow away 
more easily, compared with NFC LED dies. With less thermal effect, FC LED dies 
achieved a longer lifetime.

For FC LED dies with flat surface, a significant portion of the light emitted 
from active region will be reflected at sapphire/air interface due to total reflection. 
This issue can be partially solved by either shaping or texturing the backside sur-
face of sapphire substrate [89–92]. To shape or texture sapphire substrate, how-
ever, one needs to either use an inductively coupled plasma (ICP) etcher for dry 
etching or immerse sapphire into H2SO4 + H3PO4 solution at high temperatures 
for wet etching. It is also necessary to deposit a hard mask layer onto the sam-
ple and perform photolithography prior to etching. These processes are complex, 
costly, and time consuming. But we could use easier process of grinding to thin 
the sapphire substrate without polishing to rough the backside surface of sapphire 
substrate [93].

For the backside roughened FC LEDs (i.e., LED-I), sapphire substrate was 
thinned to around 90 μm by a SHUWA SGM-8000 grinding system. It should be 
noted that no polishing was performed after grinding. The conventional process 
of lapping and polishing were used to prepare FC power LEDs with flat backside 
surface (i.e., LED-II). For comparison, NFC power LEDs with Al backside reflec-
tor (i.e., LED-III) were also prepared. Figure 8.32a, b show schematic diagrams of 
LED-I and II, respectively.

Figure 8.33 shows measured output power as a function of injection current 
for these three LEDs. Under the same injection current, it was found that output 
powers observed from the two FC LEDs (i.e., LED-I and II) were larger than that 
observed from the NFC LED (LED-III), particular under high-current injections. 

Fig. 8.31  Life tests of 
relative luminous intensities 
measured from the fabricated 
LEDs, normalized to their 
respective initial readings. 
During life test, all five 
LEDs were driven by 30-mA 
current injection at room 
temperature [88]
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Fig. 8.32  Schematic diagrams of  a LED-I with rough sapphire backside surface and b LED-II 
with conventional flat sapphire backside surface [94]

Fig. 8.33  Measured output 
power as a function of 
injection current for these 
three LEDs [94]
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It should be noted that the maximum output intensity occurred at 1,400 mA for 
the two FC LEDs while occurred at 700 mA for the NFC LED. These results 
should be attributed to the much better thermal property of the FC LEDs. Under 
350 mA current injection, it was found that output powers were 366.5, 271.8, and 
185.1 mW for LED-I, II, and III, respectively. In other words, we can increase the 
output power of the power FC LEDs by about 35 % by roughening the backside 
surface of the sapphire substrate.

Further, technology of double-side PSSs was used to fabricate nitride-based FC 
LEDs to achieve larger output power [94]. Samples processed by this technology 
were all grown by metal-organic chemical vapor deposition. Prior to the growth of 
epitaxial layers, we first patterned the sapphire substrates by an inductively cou-
pled plasma (ICP) etcher. During ICP etching, a 100-nm-thick Ni layer was used 
as the etching mask while Cl, BCl, and Ar were used as the etching gases. We 
designed our mask and controlled the etching parameters so as to achieve a peri-
odic hole pattern with hole etching depth, hole diameter, and spacing of 1, 3, and 
3 μm, respectively. We then removed the Ni mask to complete the preparation of 
PSS. After the growth of epitaxial layers and process, the epitaxial wafers were 
then lapped down to 150 m. We then used photolithography and ICP etching again 
to define textures on the backside surface of sapphire substrates. Using the same 
Ni mask and etching parameters, we patterned the sapphire backside surface with 
hole etching depth, hole diameter, and spacing of 1, 3, and 3 m, respectively. It 
should be noted that the hole patterns on the backside surface were not intention-
ally aligned with the PSS hole patterns. Schematic diagram of the fabricated FC 
LED with double-side PSS is shown in Fig. 8.34. For comparison, conventional 
FC LED without any patterning and FC LED prepared on PSS were also fabri-
cated using exactly the same epitaxial layers.

Figure 8.35 shows room-temperature intensity-current-voltage (L-I-V) char-
acteristics of the fabricated LEDs. Under the same current injection, it was also 
found that we achieved the largest output intensity from the FC LED with dou-
ble-side PSS, followed by the FC LED on PSS. On the other hand, output power 
of the conventional FC LED was the smallest among the three devices. With 
350-mA injection current, it was found that the LED output powers were 79.3, 
98.1, and 121.5 mW for the conventional FC LED, FC LED prepared on PSS, 
and FC LED with double-side PSS, respectively. It should be noted that the peak 

Fig. 8.34  Schematic 
diagram of the fabricated FC 
LED with double-side PSS 
[92]
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electroluminescence (EL) wavelength of the three LEDs all occurred at around 
458 nm. Compared with conventional FC LED without any patterning, the 24 % 
EL intensity enhancement observed from the FC LED on PSS should be attributed 
to reduced dislocation density in the epitaxial layer and to enhanced light scatter-
ing at GaN-sapphire interface [95–98]. On the other hand, we can further improve 
the LED output intensity by texturing the sapphire bottom surface so that photons 
can experience multiple scattering and escape easily from the roughened sapphire 
surface, as shown in Fig. 8.35. It should be noted that the 121.5-mW output inten-
sity observed from the FC LED with double-side PSSs is 53 % larger than that 
observed from the conventional FC LED. It should be noted that no optimization 
was performed in the current study. By optimizing the etching geometry (i.e., hole 
etching depth, hole diameter, and spacing) on both sides of the sapphire substrate, 
we should be able to further enhance the LED output intensity.

8.3.3  High-Efficiency LED Chip with High-Voltage 
Structure

There is conventionally one p-n junction in one LED die. This LED die has size 
of 500 μm × 1,000 μm and has 3 V at 120 mA for example, shown in Fig. 8.36. 
However longer path of light emitted frequently results in total internal reflection 
and photons absorbed by epitaxial layer, shown in Fig. 8.37. And relatively large 
chip size also results in the phenomenon of current crowding, especially in high 
power LED die with larger chip size.

Therefore a novel chip structure of High-Voltage type is studied, shown in 
Fig. 8.38a. High-Voltage LED die is separated into three p-n junctions for exam-
ple and three p-n junctions are connected electrically by metal layer. This High-
Voltage LED die has chip size of 500 μm × 1,000 μm and has 9 V at 40 mA. 
Figure 8.38b shows photons could be emitted into free space from the side wall of 

Fig. 8.35  Room-temperature 
L-I-V characteristics of the 
fabricated LEDs [92]
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Fig. 8.36  Top-view diagram of convenional LED die

Fig. 8.37  Schematic drawings of conventional LED die

Fig. 8.38  a Top-view diagram of high-voltage LED die. b Schematic drawings of high-voltage 
LED die
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p-n junction due to shorter path of lighting. Thus the phenomenon of total inter-
nal reflection and photons absorbed by epitaxial layer will be avoided and light 
extraction efficiency will increases. Besides smaller size of every p-n junction will 
decrease deviation of current flowing path to let current spread more uniformly. It 
could lower operation voltage.

Figure 8.39 shows Wall Plug Efficiency (WPE) of High-Voltage LED die and 
conventional LED die at various input power. At 0.36 W of input power, High-
Voltage LED and conventional LED have WPE of 52 and 50 %, individually and 
WPE of High-Voltage LED is higher 4 %, compared to conventional LED. We 
could also find conventional LED has droop effect more seriously at higher input 
power than High-Voltage LED. It is due to High-Voltage LED has lower operation 
voltage, higher light extraction efficiency, and more uniform current spreading.

In application, less IC drivers, converters, and transformers are needed to pack-
age with High-Voltage LED dies due to high-voltage property of LED die. On the 
other hand, because p-n junctions of High-Voltage LED are connected by depos-
ited metal of semiconductor process, less processes of wire bonding are needed 
to package LED. Therefore High-Voltage LED chips could help the LED package 
house decrease cost of products.

8.4  LED Package for Better CCT, UV LED  
and QDs Application

In the modern LED system, one important but often overlooked characteristics is 
its package. The technologies applied for packages can affect the final cost of the 
module, and the end-user experiences. So it is important to develop an easy, cost-
effective, and efficient packaging platform. As the LEDs are evolving into vari-
ous applications, so are their package technologies. In a current LED system, as 
shown in Fig. 8.40, there are several parts that need to be addressed: (a) the lens 
for encapsulation and focusing (b) phosphor materials (c) LED chip (d) Submount 

Fig. 8.39  WPE (%) of a high-voltage LED and b conventional LED at various input power
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and others. The LED chip issues are discussed in previous sections, and the 
remaining parts belong to the realm of packaging. In this section, several advanced 
concepts about LED packages will be reviewed, including the application of nano-
particles for light scattering, the elimination of non-uniform color temperature, 
and the introduction of highly efficient quantum dots as the packaging substances. 
Compared to traditional packaging concept, the progress of the nano-scale mate-
rials is really the true thrust of the next generation of packaging, and it marks 
another quantum jump of this field. In the following, several novel designs of the 
LED packaging technologies will be reviewed and discussed for their implication 
towards the actual module performances.

8.4.1  General Introduction of a LED Package

Recently, white light-emitting diodes (LEDs) have been regarded as the next-
generation light sources due to the small size, environmental friendly process and 
high luminous efficiency, [99–101]. Generally, there are three methods to fabri-
cate the white light LEDs including individual red, green and blue LEDs mixing, 
UV-LEDs exciting red, green and blue phosphors and blue-LEDs converting yel-
low phosphors, as shown in Fig. 8.41 [102]. Although the first two methods could 
fabricate the high CRI value white light, the high cost and low conversion effi-
ciency become the serious disadvantages for high power white LEDs. Therefore, 
among different ways to produce the white light, combining the blue LED chip 
with the yellow phosphor is the most common method [103, 104].

Fig. 8.40  The cross-sectional view of a generic LED package

Fig. 8.41  Schematic diagrams of a individual red, green b UV-LEDs exciting red, green and c 
blue-LEDs converting yellow phosphors
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The significant progress in phosphor-converted white LEDs had been strongly 
motivated by the advances in III-Nitride LEDs [105–113] serving as excitation 
sources. There are many new approaches of III-Nitride LEDs to reduce the charge 
separation issues in active region [105–107], efficiency-droop [108, 109], and the 
dislocation density in materials [109–113]. Furthermore, for the phosphors, there 
are also some novel materials developed to use in the solid-state lighting such as 
oxyfluoride [114], nitride [115], boride [116] and phosphide [117] hosts. In addi-
tion to the chip and material issues, the packaging engineering is becoming more 
and more important. From the package perspective, several issues can also directly 
affect the output of the white light LED. Among these issues, high luminous effi-
ciency and uniformity of angular-dependent correlated color temperature (CCT) 
for white LEDs are two major challenges in order to meet the practical need in the 
solid state lighting [118].

Figure 8.42 shows the generic diagrams of dispense, conformal, remote and 
dispense with les phosphor LEDs. For dispense phosphor package, the phos-
phor was uniformly mixed with the silicone, and then filled in the lead-frame by 
dispensing technique. This approach is the most common method to use in the 
industry because of the easy fabrication, low cost and time. For remote phosphor 
packages, the phosphor layer is separated away from the chip, and this arrange-
ment could effectively reduce the backscattering and exhibit higher conversion 
efficiency. To obtain high luminous efficiency, there are many examples demon-
strated before such as the scattered photon extraction package and the ring-remote 
structure [119–121]. However, the disadvantages of remote phosphor structure are 
the concave surface and the non-uniform angular CCT. Therefore, the patterned 
structure of remote phosphor structure was proposed to improve the uniformity of 
CCT [122]. Conversely, conformal phosphor structure can get uniform color distri-
bution and improve the distribution of angular CCT [123, 124]. However, accord-
ing to the study, there are nearly 60 % re-emitted light from the phosphor layer 

Fig. 8.42  Schematic diagrams of a dispense, b conformal and c remote d dispense with lens 
phosphor structure



218 C.-C. Lin et al.

are reflected backward, which influences the scattering and reflection characteris-
tics of the phosphor particles [125]. Therefore, in the conformal phosphor struc-
ture, the lower light output power could be attributed to the large amount of light 
reflected back and forth and eventually lost inside the package. In addition, higher 
light extraction could be achieved by adding the design of a half-spherical lens on 
the LED package.

8.4.2  Improvement in Uniformity of Emission by ZrO2 
Nano-Particles for White LEDs

For the LED packages, the remote phosphor structure has higher luminous effi-
ciency compared with the conventional dispensing phosphor structure due to the 
reduction of the backscattering light. However, there are still some disadvantages 
for the remote phosphor structure such as the concave encapsulant surface, which 
leads to non-uniform phosphor thickness during the fabrication. This phenomenon, 
called the yellow ring effect, could be attributed to the different optical paths of 
blue and yellow light, which leads to the inhomogeneous distribution of emission.

Here, the ZrO2 nano-particles were used to improve the uniformity of corre-
lated color temperature (CCT) distribution in remote phosphor WLEDs [126]. The 
superior scattering capability for the light can be provided by these ZrO2 nano-
particles. As a result, the intensity of blue light in large angle could be enhanced 
and thus the uniformity of CCT improves as well. In addition, because of the 
refractive index gradient between air and phosphor layers, the luminous flux also 
could be enhanced by ZrO2 layer.

Figure 8.43 shows the process flow charts of the experiment. The follow-
ing steps are the detail descriptions of the fabrication of the samples with remote 

Fig. 8.43  Schematic diagram of process flow charts a without; b with ZrO2 nano-particles 
remote phosphor structure [126]
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phosphor structures: (1) the 24 mils square size blue LED chips with 450 nm peak 
emission wavelength are placed in the plastic lead-frame package. When the driv-
ing current is 120 mA, the radiant fluxes of bare blue LED chips were 95 mW. (2) 
The lead frame filled the transparent silicone by dispensing and baked at 150 °C 
for 1 h. (3) The pulse spray method was employed to spray phosphor slurry which 
is made of phosphor powders, silicone binder and alkyl-based solvent. The compo-
sition of the phosphor powders is Y3Al5O12 (YAG) phosphors and the particle sizes 
are about 12 μm. Then, the conventional remote phosphor structures are formed 
when the phosphor slurry is sprayed onto the surface of transparent silicone, as 
shown in Fig. 8.43a. In Fig. 8.43b, the final step is fabricating the ZrO2 nano-parti-
cles remote phosphor structure. The concentration of ZrO2 nano-particles in phos-
phor slurry are 5 %. The ZrO2 nano-particles are mixed with silicone binder and an 
alkyl-based solvent and sprayed onto the surface of the phosphor layer.

For comparing, when the driving current is 120 mA, the LED is picked with the 
same color temperature and color chromaticity coordinate. In the cross-sectional 
scanning electron microscopic (SEM) image, the ZrO2 nano-particle dimension is 
around 300 nm, as shown in Fig. 8.44a. In Fig. 8.44b image, we also used the 
Energy Dispersive Spectrometer (EDS) to analyze the element of ZrO2 nano-parti-
cles with silicone encapsulant. The existence of Zr and O elements in the silicone 
encapsulant can be confirmed by the EDS analysis.

In general, we can define the angular-dependent CCT uniformity by the dif-
ference between the max and min of CCT. In order to optimize the CCT devia-
tion, different weights of ZrO2 nano-particles with silicone layer on the remote 
phosphor structure are fabricated, as shown in Fig. 8.45a. When the weight of 
ZrO2 nano-particles is 10 mg/cm2, the CCT deviations is the lowest. Moreover, 
this result has 58 % improvement compared to the conventional remote phosphor 
structure. The far field images for conventional and ZrO2 nano-particles remote 
phosphor structures are shown in the inset pictures of Fig. 8.45a. In Fig. 8.45b, 
the angular-dependent CCT of the conventional and 10 mg/cm2 ZrO2 nano-par-
ticles remote phosphor structures are measured. In the range of −70–70° of 
angular-dependent CCT results, the CCT deviation of ZrO2, nano-particles and 

Fig. 8.44  a A cross sectional view of SEM image of the ZrO2 nano-particles in silicone encap-
sulant. b The energy dispersive spectrometer (EDS) was taken by a JEOL JEM-2100F system 
[126]
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conventional remote phosphor structures are improved from 1,000 K to 420 K. For 
the conventional remote phosphor structure, the blue light at a large angle being 
trapped and reflected in the phosphor layer cause the inferior angular-dependent 
CCT deviation. Because the ZrO2 nano-particles could provide an effective scat-
tering capability to improve the ratio of yellow to blue lights in large angles, the 
sample with ZrO2 nano-particles on the top of the phosphor layer has smoother 
angular-dependent CCT distribution.

As shown in Fig. 8.46a, the angular-dependent relative intensity of blue and 
yellow light are measured to investigate how the scattering of nano-particles 
affects the emission of remote phosphor structure. For the remote phosphor 
structure sample with ZrO2 nano-particles, the blue light in normal direction is 
reduced and the divergent angle of blue light is larger than that of the conven-
tional structure. Because the scattering effect by ZrO2 nano-particles strongly 

Fig. 8.45  a The CCT deviation of different weight of ZrO2 layer in remote phosphor. b The 
angular-dependent correlated color temperature of conventional and ZrO2 nano-particles remote 
phosphor [126]

Fig. 8.46  a The intensity of blue and yellow light of conventional and ZrO2 nano-particles 
remote phosphor structures, b the weight-dependent ZrO2 nano-particles versus relative intensity 
of blue light in the 70° [126]
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influence the optical path of blue light, the CCT deviation is improved. However, 
the  yellow-light distribution of the conventional and ZrO2 nano-particles remote 
phosphor structures are almost the same. Moreover, the dependent-wavelength 
haze ratio is analyzed to understand this phenomenon. For the 10 mg/cm2 sam-
ple, the haze is around 30 % for yellow light (around 600 nm), and 35 % for blue 
light (around 450 nm). The higher haze ratio indicates that the stronger scattering 
effect of photons. Thus, the yellow photons are scattered much less than the blue 
ones, which might be beneficial for color mixing and cause less variation on CCT 
for ZrO2 samples. In the remote phosphor structure, the CCT deviation is mainly 
associated with the divergent angle of blue light. Moreover, we also measured the 
weight-dependent relative intensity of blue light with different weights of ZrO2 
nano-particles in the 70°, in Fig. 8.45b. The ZrO2 nano-particles of 10 mg/cm2 has 
the optimized condition because the highest intensity of blue light at large angle.

8.4.3  Enhanced Luminous Efficiency of WLEDs Using 
a Dual-Layer Structure of the Remote Phosphor 
Package

In the following experiments, in order to increase light output power, we use a 
dual-layer phosphor structure in a remote phosphor package, and the result is bet-
ter than the conventional remote phosphor structure at the same CCT [127]. It can 
be shown both in experiment and simulation that a dual-layer phosphor structure 
yielded higher light transmission than a conventional phosphor structure. The 
TFCalc32 simulation tool is employed to demonstrate that the power intensity was 
enhanced between the silicone layer and the phosphor layers.

In order to create a uniform phosphor layer, we use the pulse spray coating 
method to fabricate a dual-layer structure in remote phosphor package structure. 
The phosphor powder was YAG:Ce3+ with the particle size of 13 μm. A peak emis-
sion wavelength at 450 nm InGaN-based blue LED was bonded on silver glue with 
gold wire in a lead-frame package. Figure 8.47 shows the schematic cross-sectional 

Fig. 8.47  Schematic cross-
sectional view of a dual-layer 
and b conventional remote 
phosphor structures [127]
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view of a dual-layer remote phosphor structure. For comparing to different sam-
ples, the total density of the phosphor in dual-layer is set up as 6 mg/cm2 for all 
the samples. Meanwhile, the spray coating step can control the density of phos-
phor at approximately 1.0 mg/cm2 in each layers. The thickness of the top and bot-
tom phosphor layers was adjusted to obtain the better luminous efficiency of the 
devices. Thus, the ratio of the sample A, B, and C represent the different density 
of phosphor layer in the dual-layer structure, which are 1:1, 2:1 and 5:1 for the top 
and bottom phosphor layers, respectively.

In Fig. 8.48a, it shows that the wavelength-dependent transmission of different 
ratios of the first and the second layers of the phosphor structure. In all of samples, 
sample C produced greater transmission than the other samples and we believe 
this is the optimized ratio. The high transmission means that the LED device can 
deliver more photons out of the package and increase the light output. However, 
the transmission curves have the intensity drop at 460 nm, this phenomenon can 
be attributed to the phosphor absorption. Figure 8.48b is a comparison of the 
lumen enhancement of the different samples. There is 5 % lumen enhancement 
of Sample C over the conventional remote phosphor structure. Increasing light 
extraction is critical to improving the luminous efficiency of LED structures.

Figure 8.49a shows the emission spectra of Sample C and the conventional 
remote phosphor structure. The dual-layer structure had higher light output than 
the conventional structure because a higher intensity in blue and yellow spectrum. 
With the current drives from 20 to 420 mA, the luminous flux and the luminous 
efficiency of both Sample C and the conventional remote phosphor structure are 
shown in Fig. 8.48b. Because of the self-absorption of phosphor, the optical trap-
ping in the phosphor layer degrades device luminous efficiency. The dual-layer 
structure can reduce the optical trapping of the phosphor layer and increase lumi-
nous flux comparing to the conventional remote phosphor structure.

When the phosphor pumped by a blue ray, the direction of yellow rays will 
scatter to random ways. Therefore, most of the downward rays are lost in the 

Fig. 8.48  a The lumen enhancement of the amount of phosphor in second layer. b The transmis-
sion of the different ratio with the wavelength [127]
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package and light output is reduced. Conversely, a thin silicone layer with a low 
refractive index is inserted into the phosphor layer in the dual-layer phosphor 
structure. The refractive indices of the phosphor and silicone encapsulants used 
in this study were 1.8 and 1.4, respectively. The total reflection angle needed to 
be increased despite of the small difference between the refractive indices of the 
phosphor and silicone. In order to increase the probability of phosphor excitation, 
increasing the reflection of blue ray is necessary. Therefore, we use the TFCalc32 
to simulate the actual effect of blue photons coupling to the phosphor layer.

In the simulation model, the thickness of the first and second silicone layers 
were approximately 850 and 70 µm, respectively. On the other hand, the lengths 
of the first and second phosphor layers were approximately 100 and 20 µm. In 
the conventional phosphor structure, the silicone layer was approximately 850 µm, 
and the phosphor layer was roughly 120 µm. In Fig. 8.50, it shows that the elec-
tric field intensity for the different thicknesses of dual-layer and conventional 
phosphor structures. The electric field intensity in the second silicone layer was 
higher than in the conventional phosphor structure. Therefore, the advantage of 

Fig. 8.49  a The emission spectra. b Luminous flux and luminous efficiency of the dual-layer 
and the conventional remote phosphor structures driven at currents from 20 to 420 mA [127]

Fig. 8.50  Thickness-dependent |E|2 of a the dual-layer and b the conventional LEDs by 
TFCalc32 simulation [127]
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the dual-layer structure is that the incident blue ray can be trapped in the lower 
 refractive index medium, increasing the absorption of the phosphor layer and 
transferring more yellow rays than the conventional structure.

8.4.4  Resonant-Enhanced Full-Color Emission  
of  Quantum-Dot-Based Display Technology 
Using a Pulsed Spray Method

Recently, colloidal CdSe/ZnS quantum dots (QDs) are considered as possible 
candidates in solid-state lighting [128, 129]. Figure 8.51 shows the emission and 
absorption spectrum of blue, green, yellow, orange, and red QDs. The high-pho-
toluminescence efficiency, wide absorption spectrum and size-tunable band-gap 
of QDs have become very attractive features [130, 131]. With these available fea-
tures, CdSe/ZnS QDs can be used as color conversion nanophosphors to improve 
the CRI for solid-state lighting. Although the conversion efficiency of phosphor is 
higher than QDs, the main problems for the rare-earth-based phosphors are chemi-
cal unstability, low efficiency and high cost when using in the white LEDs [132]. 
Accordingly, several studies focused on the enhancement of the quantum yield for 
QDs by multi-shell structure, thus suitable light source can be realized by quantum 
dots [133]. More importantly, the various diameters of CdSe/ZnS QDs offer the 
variable solution for the use in the display devices. Consequently, colloidal QDs 
have recently been used as.

In this study, the large-area and small footprint QDLEDs were fabricate by 
pulsed spray coating method. Furthermore, HfO2/SiO2 DBR with a stopband cen-
tered at 400 nm and a full width of approximately 60 nm was used to enhance 
the use of UV pumping photons, thereby increasing RGB emission intensity. 
Therefore, such RGB QDs with highly reflective DBR exhibits high color purity 
and provides an alternative method for display applications.

Fig. 8.51  The emission and absorption spectrum of blue, green, yellow, orange, and red QDs
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The process flowcharts of the pixelated RGB QD arrays and non-patterned 
white light source on a 2-in substrate, as shown in Fig. 8.52. The concentrations 
of the RGB QD were approximately 1 mg/ml. The pixelated arrays are fabricated 
using the following steps: (1) an 11-pairs HfO2/SiO2 DBR was evaporated in an 
ion-assisted e-gun system on the top of the glass; (2) the mask was placed on the 
top of the substrate for alignment; and (3) the RGB QDs were sprayed onto the 
surface of the glass in the sequence of green, blue, and red. Similar steps can be 
followed for a 2-in. wafer white light source; however, no mask alignment is used.

The mask in our experiment was composed of an aluminum plate with an array 
of square (2 mm × 2 mm) holes. The interval of the each pixel was 5.22 mm. The 
alignment between the various colors can be achieved by visual inspection and XY 
translational stage adjustment. After PS QD deposition, AFM images were meas-
ured to inspect the surface, as shown in Fig. 8.53. The QDs aggregated and clus-
tered after layer-by-layer deposition. The AFM measurement of the blue, green, 

Fig. 8.52  a UV–Visible absorbance (red) and photoluminescence (blue) spectra of CdS QDs 
measure in toluene. The PLE spectrum was taken at the maximum of PL intensity (~470 nm). 
For the PL spectrum, the sample was excited by a light beam with 365 nm. The inset is the CdS 
quantum dot solution under UV excitation. b The measured reflectance spectra for QD-coated, 
No-QD coated, and AR-coated solar cells [134]

Fig. 8.53  AFM image of thea  blue, b green and c red QD layer by pulsed spray coating method 
[134]
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and red QD layer revealed a root-mean-square (RMS) roughness of 1.18, 0.816, 
and 0.788 nm, respectively. The RMS results indicate that uniform dispensing is 
possible with this technology.

The relative intensity of the large-area samples with DBR and the reference 
without DBR under a injection current of 350 mA for a UV pumping LED, as 
shown in Fig. 8.54a. It is indicated that that the large-area samples with DBR have 
higher intensity in red, blue, and green components than the reference without 
DBR. Moreover, the CIE color coordinates of the large-area samples with DBR, 
which provide a white light output, are (0.29, 0.29) and the enhancement of each 
color from the DBR sample over the non-DBR sample from 100 to 400 mA is 
shown in Fig. 8.54b. The enhancement ratio of red, green, and blue QD emissions 
is steady with the increase of the inject current. Moreover, the red emission shows 
higher enhancement than that of the other colors, which can be attributed to the 
proximity of red QD layers to the UV source. Conversely, the green QDs exhibited 
a weaker enhancement in general. This may have been caused by the substantial 
aggregation of green QDs when they were sprayed and dried on the substrate.

Figure 8.55 shows the image of the pixelated structure and 2-in. full-wafer 
sample under UV excitation. This result demonstrate the feasibility of this novel 
approach. If we focus on the control the volume of each color, it is possible to 
obtain any mixture of color on the chromaticity map via this QD technology.

To make this QD spray possible for lighting application, it is necessary to 
demonstrate the same capability in the regular LED package level, as shown in 
Fig. 8.56a. In this structure, QDLED is composed with the quantum dots/PDMS 
layer, a highly reflective DBR layer and a UV LED. Furthermore, The electrolumi-
nescence (EL) spectra of QDLED with and without the DBR structure is measured 
in Fig. 8.56b. It is obviously that three emission peaks occurred at 460 nm (blue 
band), 530 nm (green band), and 640 nm (red band), which were contributed by 
the RGB QDs. This indicated that EL with the DBR has stronger visible emission 

Fig. 8.54  a The relative intensity of the large-area samples with and without DBR operated 
under 350 mA. The inset shows the CIE color coordinates of the large-area samples with DBR. 
b Enhancement ratio of the intensity of large-area samples with and without DBR under various 
currents from 100 to 400 mA [134]
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than that without the DBR structure. A good mixed white light can be generated 
via proper QD ratio, as can be seen in the inset of Fig. 8.56a.

8.4.5  Summary

In this section, we reviewed several advanced ideas for the LED packages. A suc-
cessful package design should have a good lumen/watt efficiency and tolerable 
costs. The emission characteristics such as uniformity of CCT might be important 
for different applications. Some issues, such as the “yellow ring”, can be solved 
by the nanoparticle doping and the extra scattering. Some of the novel materials, 
such as colloidal quantum dots, can be introduced to provide more variety of the 
delivered color. The target for LED package can be versatile and remain to be one 
of the key components of the overall system.

Fig. 8.55  Image of the a pixel pattern, b a 2-in. full wafer structure under UV excitation [134]

Fig. 8.56  Image of the a pixel pattern, b a 2-in. Full wafer structure under UV [134]
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8.5  Conclusion

Since its first introduction half a century ago, light emitting diodes have been an 
important part of scientific community. Nowadays, the prevalence of the solid state 
lighting and the quest of eco-friendly technology have become crucial for our sur-
vival and the role of LED is quickly changing and not just a lab toy any more. As 
we could see from this chapter, the development of LED followed closely with 
the progress of material epitaxial growth, and the improvement of its efficiency 
has been experienced from every technical aspect. Accompany with the advanced 
packaging efforts, we believe this device is and will be important for our daily life.
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Im  Maximum current
Vm  Maximum voltage
FF  Fill Factor
η  Efficiency
Pin  Power input
Ec  Conduction band
S  Ground state
S*  Excited state
h  Planck constant
µm  Micrometer
I−  Iodide ion
I3

−  Triiodide ion
e−  Electron
Pb  Lead

9.1  Introduction

Since 1765, the world had been reshaped with the steam engine invented by James 
Watt. This is generally known as the first industrial revolution. After then, human 
labors and animal power were replaced with machines and fossil energy became 
the major resources to power modern industry. Energy consumption from fossil 
fuels that include coal, oil, and natural gases grows almost 40 times from 1900 to 
2000. No reverse trend is foreseen in the near future.

The use of fossil energy for more than one hundred years had created three 
crises. The first is certainly the possible depletion of fossil energy. The sec-
ond is the global warming due to the emission of greenhouse gases. The emis-
sion of carbon dioxide reached the historical record of 30,600 million tons in 
2010. In comparison, it was less than 15,000 million tons in 1970. Even the 
worse, after 2004, non-OECD countries generated more carbon dioxide than 
OECD countries. Such fact certainly worsens the emission of carbon dioxide. 
Many experts attribute the global worming to the emission of greenhouse gases 
like carbon dioxide. A recent report from NASA, USA, states that the global 
temperature has an obvious increase since 1980. As compared to the average 
temperature between 1951 and 1980, the global temperature has increased 0.5–
0.6 °C. The north hemisphere has even more increase. Many glaciers disap-
peared. The worst part is that, on Greenland, the ice melts to dilute and lower 
the salinity of the Arctic sea and then significantly influences the conveyed 
ocean currents.

The global warming had further led to the third crisis of dramatic weather 
change. Many places have record rainfalls or extreme wind speed in recent years. 
For example, the Mississippi River in the United States had huge floods in April 
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and May 2011 because two major storms created record levels of rainfall. Such 
flood spread over several states, including Missouri, Illinois, Kentucky, Tennessee, 
Arkansas, Mississippi, and Louisiana. In the coming year, October, 2012, hurri-
cane Sandy also severely damaged east coast of the United States. Its wind diame-
ter is nearly 2,000 km, covering a broad range of area, from eastern part of the US 
and Canada. It affected twenty-four states, including south state of Florida and the 
north state of Maine. Although it is controversial to directly attribute the dramatic 
weather change to global warming, such phenomena cannot be experimented in 
the laboratory. The coincidence between the temperature rise and the detrimental 
weathers in recent years give us a strong warning. It is time for us to reduce global 
warming. Therefore, using other energy resources that do not emit greenhouse 
gases to replace fossil energy is an important issue.

Solar, hydropower, ocean wave, tide, biomass, wind, and geothermal ener-
gies are all included in renewable energies. Hydropower has a long history of 
being used by human beings and still generates about 15 % of global electricity. 
Unfortunately, hydropower relies deeply on large rivers with steady water cur-
rent. Ocean waves and tides need to take into account the corrosion of salty water 
and are still not mature enough for practical implementation. Biomass needs huge 
lands to grow plants and could possibly cause food crisis due to its land compe-
tition with agricultural crops. Geothermal also relies on particular areas that are 
closely linked to earthquake zones. Thus, among all renewable energies, wind and 
solar are probably the two mostly developed technologies that have the potential to 
generate significant electricity worldwide. The global wind power has the potential 
of approximately 1.3 × 1016 kW. This amount is about 850 times of global power 
demand nowadays. Some estimate that about 72–170 TW is extractable in a cost-
competitive manner. This amount is still much larger than human needs. However, 
the wind power is usually not stable and dramatically influenced by geographical 
conditions.

In comparison with other renewable energies, solar energy has more advan-
tages. First, it is almost everywhere. For the most populated areas, from equator 
to 40° of latitude, sunshine is abundant. Second, solar power is 174,000 TW. The 
human demand of power is about 16 TW, so solar energy is about 11,500 times 
of human needs. With the solar intensity of 1 kW/cm2 and 15 % of efficiency, 
to generate 16 TW of power for global consumption, we need an area of about 
1 × 105 km2, which is only 0.07 % of total land area on earth surface. For a regu-
lar house with 100 m2 roof, even with only 10 % efficiency, using solar panels on 
the roof will give 10 kW of power. If the house is in the region that has 3.5 h of 
equivalent sunshine, it will have 35 kWh of electricity each day. Then it will gen-
erate energy of over 1,000 kWh per month. Such energy can sufficiently provide 
the need for a usual household.

Because solar energy has the above potential, this chapter will focus on the 
topic of solar cells. We will start with the operation principles. Then several types 
of solar cells will be discussed in depth.
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9.2  Principles of Solar Cells

9.2.1  Semiconductor p-n Junction Solar Cells

The first solar cell had been invented for more than 70 years. In 1940, R. Ohl 
discovered that the silicon p-n junction was light sensitive [1]. He patented it in 
1941. Then D. Chapin, C. S. Fuller and G. Pearson reported 4.5 and 6 % from a 
silicon solar cell [2] in 1954. This solar cell was also based on p-n junction. The 
first energy crisis in 1973 had sparked the fast development of solar cells, so less 
than 15 years later the first Si solar cell beyond 20 % was reported in 1985. The 
Si-based solar cells are still the main stream of commercial use. Other semicon-
ductor types of solar cells are also rapidly developed. They all have similar opera-
tion principles that are based on p-n junction. Therefore, the operation principle of 
semiconductor p-n junction solar cells will be first discussed here.

Before discussing p-n junction, we shall review p-type and n-type semicon-
ductors briefly and take Si as an example of semiconductors to understand their 
characteristics. A silicon semiconductor that is not doped with any impurity is 
called intrinsic. When an intrinsic Si semiconductor is doped with impurity 
atoms that have one more electron than Si in the outer electronic orbit, e.g. P, 
then there will be more electrons than holes. This extra electron can move freely 
in the semiconductor. Because electron is negatively charged, such doped semi-
conductor is called n-type semiconductor. However, the n-type semiconductor 
is not negatively charged. The atom with one more electron than Si becomes 
positively charged when this extra electron leaves it. The extra electrons and the 
positively charged atoms are equal in numbers, so the overall charge of the semi-
conductor is neutral.

Similarly, when an intrinsic Si semiconductor is doped with impurity atoms 
that have one electron less than Si in the outer electronic orbit, e.g. B (Boron), 
there will be less electrons than holes. A hole represents that the orbit is lack of an 
electron. Thus a hole is positively charged and such semiconductor is thus called 
p-type. The electron in the neighboring locations can move to this orbit that is lack 
of an electron. This is equivalent to hole moving to another location. Therefore 
a p-type semiconductor has more holes than electrons. Also, the p-type semicon-
ductor is not positively charged. Because the atom with one electron less than Si 
becomes negatively charged when another electron comes to fill up this orbit. The 
numbers of the holes and the negatively charged atoms are equal, so the overall 
charge of the semiconductor is neutral.

A p-n junction is formed when a p-type semiconductor and an n-type semi-
conductor are brought together to have a close contact. Figure 9.1 shows a 
schematic of the p-n junction. Near the junction, the holes in the p-type semicon-
ductor diffuse to the n-type semiconductor because the hole concentration there is 
higher than the n-type semiconductor. As holes move to the n-type semiconduc-
tor, the left-behind atoms become negatively charged ions. Similarly, electrons 
in the n-type semiconductor diffuse to the p-type semiconductor, so the atoms 
there become positively charged. Although the positively charged ions and the 



2419 Solar Cells

negatively charged ions are close near the p-n junction, they cannot move because 
those ions are located at the lattice sites in the semiconductor crystal. However, 
the positively charged ions and the negatively charged ions will create a huge elec-
tric field, called built-in field. The region that is occupied with the charged ions is 
called depletion because there are very few electrons and holes in this region. Thus 
the built-in field is in the depletion region. The direction of the field is indicated by 
the arrow signs in Fig. 9.1.

This built-in electric field in the depletion region is very important for the 
operation of semiconductor p-n junction solar cells. First, let’s assume that an 
extra electron-hole pair is generated in the depletion region no matter how it 
is generated. Because this field is very strong, the electron and the hole will be 
pulled away and transport toward opposite directions. Electron will be forced 
to move to the n-type semiconductor and the hole is pulled toward the p-type 
semiconductor.

Next, let’s discuss how the extra electron-hole pair is generated. One of the 
possibilities is that the p-n junction is illuminated by light. In this case, light is 
usually viewed as a collection of many photons. The energy of a photon is propor-
tional to the light frequency. If the frequency of light is ν, then the corresponding 
photon energy is equal to hν, i.e., E = hν. If the energy of photon is larger than 
the bandgap of semiconductors, it can be absorbed and cause the electron in the 
valence band to transit to the conduction band. That is, an electron in the conduc-
tion band and a hole in the valence band are generated. From this point of view, 
the bandgap of semiconductor is an important factor that influences the absorption 
of light in the semiconductors. For Si, its bandgap is 1.12 eV, so light with energy 
E = hν > 1.12 eV will be absorbed. In other words, if the wavelength of light is 
less than 1,100 nm, it can be absorbed by Si.

The photo-generated electron-hole pair can form an exciton, which is a particle 
similar to a hydrogen atom with the negatively charged electron orbiting around 
the positively charged hole. The exciton has an energy less than an electron-hole 
pair that is not bonded. This energy is called binding energy of exciton. In semi-
conductors, the exciton binding energy is small. For example, in Si, it is only 
15 meV. This energy is much smaller than thermal energy, so most of the excitons 
in Si will dissociate and become freely moving electrons and holes. Then those 
electrons and holes will move according to what is described previously.

Fig. 9.1  A schematic of the 
semiconductor p-n junction
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On the other hand, if extra electron-hole pairs are generated outside of the deple-
tion region, what will happen? Let us take n-type semiconductor as an example. 
When there are more electrons in the n-type semiconductors at a certain location, 
those electrons will diffuse. Similarly, when there are more holes than background, 
those holes will diffuse. Nonetheless, because holes are minority carriers in the n-type 
semiconductor, they will recombine with electrons sooner or later, depending the dif-
fusion length or carrier lifetime of holes therein. If those holes are able to diffuse to 
the depletion region, they will not be recombined. Instead, the built-in electric field 
will pulled them toward the p-type semiconductor. If the distance between the deple-
tion region and the location that extra holes are generated is less than the diffusion 
length, the extra holes will very likely move to the depletion region before being 
recombined with electrons. As a result, the carrier lifetime or diffusion of minority 
carriers is a very important parameter for semiconductors. Similarly, as extra electron-
hole pairs are generated in the p-type semiconductors, extra electrons will be recom-
bined if they cannot diffuse to the depletion due to recombination with holes. On the 
contrary, if the location that generates extra electrons is within the diffusion length 
from the depletion region, the electrons are most likely able to move to the depletion 
region and then pulled by the electric field toward the n-type semiconductor. From 
another point of view, if the minority carriers, i.e., electrons in the p-type semicon-
ductor or holes in the n-type semiconductor, are generated at the locations that are far 
from the depletion region, more than the diffusion distance, they will mostly recom-
bine with majority carriers and disappear, so cannot move to the opposite side of the 
p-n junction.

As mentioned previously, if extra electrons or holes are generated in the deple-
tion region or at a location not far from the depletion region, they will possibly 
move to the opposite side of the p-n junction and then accumulate there. Now if 
the p-n junction is connected through an external circuit, as shown in Fig. 9.2, the 
accumulated electrons in the n-type semiconductor can flow through the circuit to 
the p-type semiconductors and then recombine with holes there. The accumulated 
holes in the p-type semiconductor recombine with electrons and disappear. This 
process gives us the current in the external circuit, which can be utilized for practi-
cal applications. This current is generated from the light illumination and so called 
photo current, usually indicated as Ipc.

Fig. 9.2  A p-n junction 
is connected through an 
external circuit



2439 Solar Cells

However, if the p-n junction is not connected externally, it becomes open cir-
cuit, as shown in Fig. 9.3. Then there will be no current flowing through the exter-
nal circuit. As a result, electrons and holes that transport to the n-type and p-type 
semiconductors, respectively, will accumulate there. Because electrons and holes 
are charged particles, they will give rise to another field and a measurable voltage 
from the external circuit. This field can counter-balance the built-in field in the 
depletion region. Thus, when the forces from these two fields are equal, electrons 
and holes will not move further to cross the p-n junction. The voltage between the 
p-type semiconductor and the n-type semiconductor is given implicitly in the fol-
lowing formula.

where I0 is the dark current.
In (9.1), the current consists of two parts. One is the photo current. The other 

is the current due to the voltage between the p-type semiconductor and the n-type 
semiconductor. As explained previously, when light is illuminated on the semicon-
ductor, electrons will move toward the n-type semiconductor and vice versa for 
holes. Hence the photo current flows from the n-type semiconductor to the p-type 
semiconductor. However, for the current due to the voltage between the two types 
of semiconductors, because positively charged holes accumulate in the p-type 
semiconductor, the voltage is higher at this side than the other side of n-type semi-
conductor. The induced current has the direction from the p-type semiconductor to 
the n-type semiconductor. Therefore, the two currents have the opposite directions 
and the total is then given by (9.1). When the external circuit is open, because 
there is no current passing through the external, the total current is equal to zero. 
This leads to the open-circuit voltage given as follows.

On the other hand, if the resistor in Fig. 9.2 has zero resistance, it becomes short-
circuit. Then the voltage across the p-type semiconductor and the n-type semicon-
ductor is zero. The current is represented as Isc. According to (9.1), this current is 
given by

(9.1)I = I0[exp(
eV

kT
)− 1] − Ipc = 0

(9.2)Voc =
kT

e
ln

(

Ipc

I0
+ 1

)

(9.3)I = Isc = Ipc

Fig. 9.3  A p-n junction 
under open circuit
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The direction of current flow in the external circuit is from the p-type semicon-
ductor to the n-type semiconductor. Substituting (9.3) to (9.2) gives the following 
equation.

Thus the short-circuit current, Isc, and the open-circuit voltage, Voc, are not inde-
pendent. In typical applications, the solar cell is connected to some appliance in 
the external circuit. This appliance can be represented by a resistor, R, as shown in 
Fig. (9.2). Then the relation between the voltage and the current is given by

In (9.5), the direction of current is defined as from the p-type semiconductor to 
the n-type semiconductor inside the p-n junction, so its direction is opposite to 
the arrow sign shown in Fig. 9.2. The current-voltage (I-V) curve is schemati-
cally shown in Fig. 9.4. This curve has an interception with the horizontal axis 
at Voc and an interception with the vertical axis at Isc. The actual operation point 
depends on the resistor in the external circuit. The relation of voltage and the cur-
rent of the resistor is given by

Here the direction of current I is the same as the arrow sign shown in Fig. 9.2. To 
make the two equations (9.5) and (9.6) have the same direction of current flow, 
(9.6) should be replaced with (9.7).

The operation point is the interception of the two curves from (9.5) and (9.7), 
as shown in Fig. 9.5. This point will certainly vary with the resistance. At one 
extreme, if the resistance is zero, the curve of V = IR is the vertical axis. Then the 
interception is at I = Isc and V = 0. Because V = 0, there will be no output power. 
For another extreme, if the resistance is infinite, then I = 0, so the curve of V = IR 
is the horizontal axis. The interception becomes I = 0 and V = Voc. There will be 
no output power, either, because there is no output current.

The above two cases are extreme situations. In practical conditions, the curve 
of V = −IR, which is actually a straight line, locates between the vertical axis and 

(9.4)Voc =
kT

e

ln

(

Isc

I0

+ 1

)

(9.5)I = I0[exp(
eV

kT
)− 1] − Isc

(9.6)V = IR

(9.7)V = −IR

Fig. 9.4  Current-voltage 
curve of a  solar cell under 
light illumination
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the horizontal axis. As schematically shown in Fig. 9.5, the output voltage is Vo 
and the output current is Io. The output power is given by Po = IoVo. As we vary 
the resistance R, the output power will vary and has a maximum, denoted as Pm. 
Its corresponding voltage and current are Vm and Im, respectively.

The maximum power is less than the product of Isc and Voc. The ratio of Pm to 
the product of Isc and Voc is named as Fill Factor (FF).

Therefore, the output power Pm can be written as Pm = Isc × Voc × FF.
The efficiency of a solar cell, η, is then given by

where Pin is the incident power of sunshine. Because solar intensity varies with 
the latitude and weather, it is not a constant value. To make the evaluation of solar 
cells trustful, a standard solar intensity is defined as 100 mW/cm2 or 1 kW/m2. 

Hence, the evaluation of solar cells is usually taken from a unit area.

9.2.2  Organic Solar Cells

Organic solar cells had been developed before 1983 [3]. The first noticeable 
device of organic solar cells was the two-layer structure with 1 % efficiency dis-
covered by Tang [4] and then 5 % device invented in 2000 [5]. By convention, 
organic solar cells are made of organic materials that are conductive. Organic 
materials differ from usual inorganic semiconductors in several aspects. First, 
conductive organic materials have much smaller mobility than inorganic semi-
conductors. Second, the binding energy of excitons in organic materials is much 
larger than that in inorganic semiconductors. Third, the lifetime and the diffusion 
length of excitons in organic materials are much shorter than the lifetime and the 
diffusion length of carriers in inorganic semiconductors. Such differences make 

(9.8)Pm = Im × Vm

(9.9)FF =
Pm

IscVoc

=
ImVm

IscVoc

(9.10)η =
Pm

Pin

=
ImVm

Pin

Fig. 9.5  Current-voltage 
curve of a solar cell intercepts 
with the curve of an external 
resistor
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the operation principle of organic solar cells different from semiconductor p-n 
junction solar cells. However, there is one similarity between these two types of 
materials. They have a bandgap. For inorganic semiconductors, the bandgap is 
the energy difference between the edge of the conduction band and the edge of 
the valence band. For organic materials, the bandgap is between the lowest unoc-
cupied molecular orbital (LUMO)  and the highest occupied molecular orbital 
(HOMO). Similar to the edge of the conduction band, LUMO is the lowest 
energy level of a group of closely spaced energy levels. Also, HOMO is the high-
est energy level of a group of closely spaced energy levels. Between LUMO and 
HOMO, there are no energy levels.

There are also two types of organic materials, named donor and acceptor. 
Donor is the kind of molecules that are easier to give away electrons than accept-
ing electrons when they are close to another type of molecules. On the contrary, 
acceptor is the kind of molecules that easily receive electrons. Whether a molecule 
is easy to give away or to receive electrons is determined by the electronegativ-
ity. The larger the electronegativity of a molecule is, the more it is likely to attract 
electrons. Thus a donor has a smaller electronegativity than an acceptor.

Because the binding energy of excitons in organic materials is large, it is 
unlikely that electrons and holes are unbounded. Hence there are not many freely 
moving electrons and holes in organic materials. Therefore, when the donor and 
the acceptor are in touch with one another, electrons and holes do not move from 
one side to anther like in semiconductors. Therefore, there is no depletion region. 
As a result, there is no built-in field to pull electrons from the donor to the accep-
tor and to pull holes from the acceptor to the donor. Then how excitons dissociate 
and release electrons and holes? Also, how electrons and holes are separated and 
move toward the opposite directions to form current flow in the external circuit?

First, the organic solar cells have two electrodes of anode and cathode with dif-
ferent work functions. Usually anode has a higher work function than the cathode. 
In equilibrium, the work function will be forced to be at the same energy, so caus-
ing the energy levels to tilt, as shown in Fig. 9.6a. The tilted energy levels make 
electrons tend to move toward the cathode and the holes toward anode. The tiled 
energy field also indicates that there is an electric field between the anode and the 
cathode. However, this field is not as strong as the built-in field in the depletion 
region of the p-n junction in semiconductors. Next, when a photon incident on the 
donor, it will be absorbed and cause the electron below the HOMO level transit to 
the energy level above the LUMO level, as shown in Fig. 9.6b, leaving the empty 
energy level near the HOMO level, which is equivalent to a hole. Then in a very 
short period of time, the electron and hole will form an exciton. The electron in the 
exciton corresponds to an energy level lower than the LUMO level, as shown in 
Fig. 9.6c. An exciton has neutral charge, so it is actually not influenced by the tilted 
energy level. The excitons may move toward all directions. Here we focus on those 
that move toward the interface between the donor and the acceptor, as shown in 
Fig. 9.6d. If the energy level of the electron in the exciton is larger than the LUMO 
level of the acceptor, this electron will transit to the LUMO level of acceptor, as 
shown in Fig. 9.6e. At this point, the electron and the hole will separate. That is 
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Fig. 9.6  a Schematic energy levels of an organic solar cell; b incidence of a photon causing 
the electron under the HOMO level to transit to the high energy level; c the electron at the high 
energy level relax to another energy level lower than the LUMO level of donor-; d the electron and 
the hole forms an exciton and move toward the interface of the donor and the acceptor; e at the 
interface, the electron transit to the LUMO level of the acceptor; f the separated electron and hole 
transport toward the opposite directions; g) under open circuit, electrons and holes accumulate in 
the acceptor and the donor-, respectively, causing the energy levels to reverse the tilting direction
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the exciton dissociate at the interface of the donor and the acceptor. As long as the 
electron and the hole are separated, they will move to the opposite electrodes, as 
shown in Fig. 9.6f, due to two reasons. One is the tilted energy level or the electric 
field that pulls the electron to the cathode and the hole to the anode. The other is 
caused by the diffusion because there are more electrons near the interface of the 
donor and the cathode than near the electrode and similarly for holes.

If the organic solar cell is connected with an external circuit, the electrons near 
the cathode will pass through this external route to the anode and recombine with 
holes in the donor. If the organic solar cell is under open circuit, electrons and 
accumulate in the acceptor and holes will accumulate in the donor. Because of the 
negative charge of electrons and the positive charge of holes, they will build an 
electric field that has the direction opposite to the one set up by the cathode and 
anode. In the extreme case, it will be even larger than the original one, making the 
energy levels tilted oppositely, as shown in Fig. 9.6g. Such tilted energy levels will 
stop electrons further move to the acceptor and prevent holes from moving toward 
the anode, so there will be zero current at the open-circuit voltage. Its I-V curve 
will be similar to the one shown in Fig. 9.4 for the semiconductor p-n junction.

As mentioned previously, the photo-generated excitons can move toward all 
directions. If they move toward the anode instead of the donor-acceptor interface, 
the electron in the exciton will relax to the lower energy levels in anode, too, lead-
ing the dissociation of exciton, while holes will also move to anode. Then elec-
trons and holes will recombine quickly in the anode, so there will be no current 
generated. To avoid this situation, a sandwiched structure is proposed. In this 
structure, two more layers are added to sandwich the donor and the acceptor 
materials. The energy diagram is shown in Fig. 9.7. The additional layer placed 
between the anode and the donor is called the electron-blocking layer. It has a 
conduction-band edge higher than the LUMO of donor, so electrons are blocked. 
Also, the exciton cannot dissociate and is bounced back, then moving toward the 
donor-acceptor interface. Similarly, the layer inserted between the cathode and the 
acceptor has a valance-band edge much lower than the HOMO of the acceptor, so 
holes are blocked. It is hence called hole-blocking layer. This layer is particularly 
important if the acceptor also absorbs light and exciton can be generated in this 
layer. The process is similar to the one described for the donor.

The above description is still too ideal. Because the exciton of organic materials 
has very short diffusion length, typically around 10 nm or less, most of the excitons 
will disappear before they move to the donor-acceptor interface if the thickness of 
the donor is larger than 20 nm. As a result, only those excitons generated approxi-
mately within 10 nm from the donor-acceptor interface can dissociate and contribute 
to the photo current. Those that are generated far from the interface will disappear. 
If the layer of donor is thick and light is incident from the donor side, most of light 
will be absorbed by the donor material near the anode. Although they will generate 
excitons, but very few are able to move to the interface without recombination. To 
increase the ratio of excitons able to reach the donor-acceptor interface, the layer of 
the donor has to be thin. However, a thin donor- layer cannot absorb much light, so 
not much light is converted to electricity. This becomes a contradictory condition. 
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To overcome this deadlock, a bulk heterojucntion structure is proposed. A schematic 
of the structure is shown in Fig. 9.8. In this structure, the donor and the acceptor 
inter-penetrate into each other with many fingers. Ideally, each finger has the cross 
section of less than 20 nm, so the photo-generated excitons can meet the donor–
acceptor interface quickly to provide fast dissociation of excitons. In the mean-
time, the effective thickness of the donor- and the acceptor is increased, so the light 
absorption is also increased. The structure in Fig. 9.8 is usually called inter-pene-
trated nano-network because those penetrated fingers are in the nanometer scale.

9.2.3  Hybrid Heterojunction Solar Cells

Hybrid heterojunction solar cells include several types. Here we focus on the type 
that consists of an inorganic semiconductor and an organic material. The heter-
ojunction formed by an inorganic semiconductor and an organic material is dif-
ferent from the semiconductor p-n junction. Figure 9.9a schematically shows the 
relative energy levels of the two materials before they are in contact. Here we use 

Fig. 9.7  Band diagram with 
two more layers added to 
sandwich the donor- and the 
acceptor materials

Fig. 9.8  Inter-penetrated 
nano-network of the donor- 
and the acceptor
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the example with the junction formed from the n-type silicon and poly(3,4- ethyle
nedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). When the two materials 
are brought to contact one another,  they will interact and then achieve equilib-
rium. Because the work function of PEDOT:PSS is very close to the valence-band 
edge of Si, the excitons in PEDOT: PSS can possibly dissociate and the cor-
responding holes may transport to Si. As the holes move to n-type Si, they will 
quickly recombine with an electron. As a result, the bands of Si near the inter-
face will bend, as shown in Fig. 9.9b. Because the electrons near the interface are 
recombined with holes, there will be much less electrons. There will be also a 
depletion region due to the lack of electrons. There will also be a built-in field in 
the depletion region, which mainly locates in the silicon side.

As light is illuminated on the Si, it will be absorbed and electron-hole pairs will 
be generated. Because of the band bending, electrons will be forced toward the 
electrode at the Si side and holes will move to PEDOT:PSS and then to the elec-
trode connected with PEDOT:PSS. If the solar cell is connected with an external 
circuit, electrons will pass through it, then enter the PEDOT:PSS, and recombine 
with holes there. If the solar cell is under open circuit, electrons will accumulate 
in Si, while holes will accumulate in PEDOT:PSS. The accumulate electrons and 
holes at the opposite sides will create another field to balance the original built-in 
field, leading to the flat band and so a measurable open-circuit voltage.

9.2.4  Dye-Sensitized Solar Cells

The conventional device structure of a dye-sensitized solar cell (DSSC) consists of 
the mesoporous TiO film, the dye adsorbed on the TiO2 film, the iodine based redox 
electrolyte (I−I3

− electrolyte), and the counter electrode, as shown in Fig. 9.10.
The mesoporous TiO film is usually coated on a fluorine-doped SnO transpar-

ent electrode (FTO) as the photoelectrode. The process starts from coating TiO2 
paste. The paste is then sintered at 450–500 °C. It produces a TiO2 film with thick-
ness of ~10 µm. Then the dye is adsorbed on the surface of the porous structure of 
the TiO2 film. Because this mesoporous film is composed of TiO2 nanoparticles  

Fig. 9.9  a The relative energy levels of Si and PEDOT:PSS; b The band diagram when the sys-
tem is in equilibrium
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(~10–30 nm), it has huge surface area and the amount of dye adsorbed is very 
large. The amount of dye adsorbed significantly influences the light harvesting 
efficiency. Practically, in order to scatter the incident light effectively to increase 
the light absorption, this TiO2 film normally contains large TiO2 particles (~250–
300 nm). Theoretically, the larger thickness of TiO2 film is expected to adsorb 
more dyes. However, a thick film may increase the charge recombination between 
the injected electrons and the dye due to the numerous grain boundaries between 
TiO2 nanoparticles and the low electron diffusion coefficient in the TiO2 film [6]. 
Thus the TiO2 film should be controlled to near the optimized thickness [7].

For the adsorption of dye, the dye is attached to the TiO2 surface through the 
carboxyl groups (COO− and COOH moieties). It can be verified by Raman spec-
troscopy [8]. Under the illumination of light, in the anode, the excited electron is 
injected from the dye to the TiO2 photoelectrode. For the typical Ru complex dye, 
the metal-to-ligand charge-transfer (MLCT) transition is observed [9]. Furthermore, 
in the cathode, the transition of electrons between the dye and the counter electrode 
is conducted by the electrolyte. Typical electrolyte used in the DSSC contains I−/
I3

− redox ions. Pt-coated TCO substrate is usually used as the counter electrode.
The operation principle of the DSSC and the energy band diagram are illus-

trated in Fig. 9.11.
Under the illumination, the dye is excited from the ground state (S)  to the 

excited state (S*).

The excited electrons are injected into the conduction band of the TiO2 photoelec-
trode, resulting in the oxidation of the dye. Injected electrons in the conduction band 
of TiO2 are transported between TiO2 nanoparticles with diffusion toward FTO.

The oxidized dye (S+) accepts electrons from I− ion mediator (redox electrolyte), 
regenerating the ground state (S). I− is oxidized to the oxidized state, I3

−.

The oxidized redox mediator, I3
−, diffuses toward the counter electrode and is 

reduced to I− ions.

S+ hv → S∗

S∗ → S+ + e−(TiO2)

2S+ + 3I− → 2S+ I−3

I−3 + 2e− → 3I−

Fig. 9.10  The conventional 
device structure of DSSC
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Thus, the electric power is generated. The obtained photocurrent is determined by 
the energy gap of the dye. The open-circuit voltage produced is determined by the 
energy gap between the Fermi level of TiO2 and the potential of electrolyte. In the-
ory, the smaller LUMO-HOMO energy gap of dye is, the larger photocurrent will 
be achieved. However, the LUMO and the HOMO energy levels of the dye need to 
be appropriately designed with the consideration of the energy levels of TiO2 and 
electrolyte. For the efficient charge injection, it requires a driving force of about 
100–200 meV [10]. In order to inject electrons effectively, the LUMO level of dye 
must be sufficiently negative in comparison with the conduction band of TiO2. 
Also, in order to accept electrons effectively, the HOMO level of dye must be suf-
ficiently positive in comparison with the potential of electrolyte.

Unfavorable back-reaction processes in a typical DSSC include (1) the relaxation 
of the excited state of dye, (2) the charge recombination between the injected elec-
trons and the dye cations, and (3) the charge recombination between the injected 
electrons and the electrolyte [11], as shown with red arrows in Fig. 9.11. Electron 
injection from the dye into the TiO2 photoelectrode typically happens in the fem-
tosecond to picosecond time scale [12]. The process is much faster than the charge 
recombination process, which typically happens in the micro to millisecond time 
scale. In addition, the back reaction of a conduction band electron to the oxidized 
dye is much slower than the reduction of the oxidized dye by the electrolyte. Thus 
this cell structure gives the electrons sufficient time to be collected by the contacts.

9.2.5  Tandem Solar Cells

The above solar cells all use single junction. The single-junction solar cells 
all have their output voltage limited by the bandgap of materials because of 

Fig. 9.11  Energy-band diagram and operation principle of a typical DSSC. The electron trans-
fer processes are illustrated with blue arrows. Unfavorable back-reaction processes are illustrated 
with red arrows
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significant thermal loss. As illustrated in Fig. 9.12, as the photon energy is much 
larger than the bandgap, the electron will transit to an energy level much higher 
than the conduction-band edge of the semiconductors or the LUMO level of 
organic material. This high-energy electron will then experience very fast electron-
phonon scattering. The energy of electron will be transferred to phonons until its 
energy reaches the band edge or it becomes bounded in the exciton. The holes will 
experience similar process, too. Such process is very fast, only a few picoseconds. 
Therefore, before electrons and holes transport to the external circuit, they have 
already relaxed to the band edges or form excitons. As a result, lots of energy will 
be lost. For example, if the photon energy is 2.24 eV, being absorbed by Si, the 
thermal loss will be 1.12 eV because Si has a bandgap of 1.12 eV. The thermal 
loss will be as large as 50 %.

To reduce the thermal loss, one can use large bandgap materials. However, 
those materials can then only absorb light with energy larger than the bandgap. 
Sunlight covers a wide range of optical spectrum. As shown in Fig. 9.13 [13], the 
solar spectrum covers from 300 nm up to 4000 nm. If the entire solar spectrum is 
converted to current, there will be a large current density of around 62 mA/cm2. 
Nonetheless, large bandgap materials can absorb only a small portion of light. As 
a result, there is a conflicting reality. Large bandgap will lead to small photo cur-
rent, while small bandgap will lead to small output voltage due to the thermal loss. 
Consequently, the output voltage and the output current are contradictory. A trade-
off has to be made. The evaluated maximum device efficiency is about 31 % from 
a single junction solar cell.

To surpass this limitation due to the tradeoff, multiple junctions are proposed. 
Each junction is only responsible for absorbing a short range of solar spectrum. 
To absorb a broad spectrum of the sunlight, each junction is certainly made of 
one type of semiconductor that has different bandgap from other semiconductors 
used for other junctions. The layout is schematic shown in Fig. 9.14. Solar cell I 
is made of the material that has the largest bandgap. Solar cell II is made of the 
material that has the second largest bandgap. Others follow the same order.

Each junction of solar cell in the multi-junction structure is similar to the sin-
gle junction described previously. When they are made of tandem cells, the neigh-
boring cells have their p-side and n-side connected together. As a result, the holes 
from the p-side will recombine with the electrons in the n-side of another solar 

Fig. 9.12  Illustration of 
electron-phonon scattering 
process that causes electron 
to lose energy and relax to 
the band edge or the LUMO 
level
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cell. It has to be one to one correspondence. That is, each hole will recombine 
with one electron. If there are more holes or electrons, they will transport to the 
neighboring cell and eliminate the holes or electrons generated there, leading to 
the reduction of the photo current. This will result in the waste of photo-generated 
carriers in certain cells and so the power conversion efficiency. To maximize the 
power conversion efficiency, each cell should have the same current. Therefore, 
the tandem cells need very delicate design. Each cell should absorb the same pho-
ton number of sunlight and generate the same amount of electron-hole pair.

9.3  Progress of Various Types of Solar Cells

In this section, we will introduce various types of solar cells and their recent progress.

9.3.1  Crystalline Si Solar Cells

Crystalline Si solar cells are the most conventional type and are the main stream of 
solar-cell industry. The fabrication starts from the formation of raw Si materials, 

Fig. 9.13  solar spectrum [13]

Fig. 9.14  Layout of multi-
junction solar cells



2559 Solar Cells

which are then further refined to a high purity. The high-quality Si are made as 
ingots, which are sliced to Si wafers using diamond saws. Afterwards, standard 
semiconductor processing steps are applied to form p-n junction, metal contacts, 
and then cells. The p-n junction will have a built-in electrical field, so as electrons 
and holes are generated, they are pulled away and move to opposite electrodes, 
following the principles described previously. Currently the best efficiency of 
single-crystalline Si solar cells and the multiple-crystalline solar cells is 25 and 
20.4 %, respectively [14]. The overall cost of using solar cell to harvest solar 
energy and to convert to electricity is still larger than using fossil energies, so quite 
many efforts are still required to make solar energy using crystalline Si solar cells 
become a significant portion of future energy supplies.

9.3.2  Amorphous Si Solar Cells

Amorphous Si (a-Si) solar cells are usually with the p-i-n structure. The p-layer 
and the n-layer provide the function of creating a built-in electrical field. The 
i-layer is sandwiched between the p-layer and the n-layer. It is responsible for light 
absorption. The thickness of this layer is around 0.2–0.5 um. Because the a-Si has 
a larger bandgap than crystalline, it absorbs photons with energy larger than 1.5–
1.8 eV, depending on the fine structure of a-Si. This energy is larger than 1.1 eV, 
bandgap of Si, so the absorption spectrum of a-Si is narrower than crystalline 
Si, but it has a much larger absorption coefficient, 104–105 cm−1. Increasing the 
thickness of the i-layer can enhance the light absorption, but will also increase the 
probability of electron-hole recombination and hence decrease the photo-current 
and the open-circuit voltage.

The p-, n-, and i-layers are usually deposited using plasma-enhanced chemi-
cal vapor deposition (PECVD). They can be placed on stainless-steel foils, glass 
substrates, or plastics. If the flexible substrates like stainless-steel foils or plastics 
are used, the fabrication can be done with roll-to-roll production, which will have 
great advantages in mass-production, shipping, and implementation on the house 
roofs and racks in the fields. The a-Si solar cells still use transparent conducting 
oxide for light transmission and current conduction. Also they highly rely on huge 
vacuum processing. Thus the overall cost is only slightly lower than crystalline 
solar cells. In addition, the best efficiency of a-Si solar cells is only slightly larger 
than 10 % [14], making it less preferable than crystalline Si solar cell for practical 
implementation.

9.3.3  III-V Semiconductor Solar Cells

The III-V semiconductor solar cells are made of compound semiconductors that 
consist of group III and group V chemical elements in the periodic table. Typical 



256 C.-F. Lin

III-V compound semiconductors used for solar cells are based on GaAs, InP, and 
GaN. Because they are also semiconductors, the operation principle is similar to 
crystalline Si solar cells, as described previously. A great advantage of III-V com-
pound semiconductors is that the bandgap can be engineered using different ratio 
of III-V chemical elements. For example, AlGaAs has the bangap between AlAs 
and GaAs, depending on the chemical ratio between Al and Ga. Also, most of the 
III-V compound semiconductors are direct-bandgap materials, so their light absorp-
tion coefficient is much larger than that of Si. It can be as large as 105 cm−1, so 
95 % of light can be absorbed with only 1 um of thickness. The disadvantage of the 
III-V semiconductor solar cells is that those semiconductors are usually grown using 
metalorganic vapour phase epitaxy (MOCVD)  or molecular beam epitaxy (MBE), 
which is very expensive. Therefore, the cost of III-V semiconductor materials is very 
high. To reduce the material cost, III-V semiconductor solar cells are usually used in 
concentrated solar system, which a lens of concentrator is applied to collect a large 
area of sunlight to be focused on the chip of the III-V semiconductor solar cells.

On the other hand, the epitaxial growth and the possibility of bandgap engi-
neering make the III-V semiconductor solar cells most likely formed in tandem 
structures, so extremely high efficiency is possible. So far, the highest efficiency 
is achieved from the III-V tandem solar cells in a concentrated solar system [14].

9.3.4  CIGS Thin-Film Solar Cells

CIGS thin-film solar cells are made of compound semiconductors that consist 
of four different chemical elements: copper, indium, gallium and selenium. The 
n-type or p-type of CIGS compound is controlled from the ratio of Cu2Se and 
In2Se3. It is also a direct-bandgap semiconductor, so has a large absorption coef-
ficient, ~105 cm−1 and about 1-um of thin film could absorb about 95 % of sun 
light. CIGS can be deposited on flexible substrates, so roll-to-roll production is 
possible, making it very attractive for relatively easy mass-production, shipping, 
and implementation on the house roofs and racks in the fields. In addition, a very 
good efficiency of 19.6 % [14] has been demonstrated, so it attracts significant 
attention recently. However, it also faces some challenges. It uses toxic chemical 
of Cd and Se. In addition, the storage of In on earth is small, limiting the possible 
expansion of CIGS solar cells to a very large scale. The processing steps and con-
trols to obtain good CIGS crystal for high efficiency solar cells are complicated 
and involve expensive vacuum apparatuses.

9.3.5  CdTe Thin-Film Solar Cells

CdTe thin-film solar cells are formed from p-type CdTe compound semicon-
ductor and the n-type CdS compound semiconductor. The p-type CdTe is about 
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2 um, while the n-type CdS is only 0.1 um. Therefore, light is mainly absorbed by 
the CdTe layer, which has absorption coefficient slightly less than 105 cm−1. Its 
bandgap is about 1.45 eV, so it is able to absorb light from UV to about 855 nm. 
Because either the p-type CdTe layer or the n-type CdS layer consists of only two 
chemical elements, the material processing is simpler than CIGS. Its best effi-
ciency is also 19.6 % [14]. Now some portion of commercial solar panels is made 
of CdTe thin-film solar cells. However, there are still some concerns. First, it uses 
Cd, which is toxic, so recycling Cd material is important to avoid environmental 
contamination. Second, the storage of Te element on earth is small, so imposing its 
limitation on possible expansion to a very large scale.

9.3.6  Dye-Sensitized Solar Cells

In dye-sensitized solar cells (DSSCs), dye molecules are used for light absorp-
tion. However, dye is not a conductive material, so the layer of dye has to be 
very thin, so photo-generated electrons and holes can be transferred to their 
neighboring conducting layers. Because the layer of dye is very thin, it absorbs 
very small amount of light. To increase the light absorption, porous structure 
of electron-conducting materials, e.g., TiO2, is used and dye molecules are 
adsorbed on its surface. As the overall thickness of the porous electron-con-
ducting material is thick enough, significant absorption of light can be achieved. 
Fortunately, quite mature technologies had already developed to fabricate the 
porous electron-conducting material (TiO2) and to adsorb dye molecules. Also, 
to achieve good contact of dye with the hole transportation material, liquid elec-
trolyte containing I− and I3

− ions is used. Such DSSCs exhibit efficiency of 
11.9 % [15]. The fabrication steps are simple. Roll-to-roll production is also pos-
sible. Thus it has been deemed as a very promising technique. However, the use 
of liquid electrolyte makes it inconvenient to use. As a result, solid-state elec-
trolytes become an attractive direction of improvement. Solid-state DSSCs now 
could have the best efficiency of 10.2 %. As long as the efficiency is further 
increased from the solid-state DSSCs, it should be pretty promising for practical 
applications. Nonetheless, its efficiency does not have significant progress over 
these years.

Some research groups replace the dye molecules with the perovskite materi-
als in the similar structure. Because the perovskite material has better conductiv-
ity than dye molecules, no porous structure is required. Hence, its fabrication is 
even simpler than conventional DSSCs. Perovskite solar cells can be fabricated 
using solution process or evaporation. The solution-processed ones can have the 
efficiency of 11.4 % and 19.3 % [16, 17], while the evaporated ones have the 
efficiency of 15.4 % [18]. The only concern is the use of heavy metal Pb in per-
ovskite, giving some risk of environmental contamination and increased cost of 
recycling.
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9.3.7  Organic Solar Cells

Organic solar cells have the advantages of low cost, light weight, simple pro-
cess, and flexibility. Compared to semiconductor types, organic solar cells can 
be fabricated with solution processes such as spin-coating, spray, screen-print-
ing, dip-coating, blade coating, and so on. They can certainly be fabricated using 
roll-to-roll production. However, due to the short diffusion length of excitons in 
organic polymers, some nano-morphology of inter-link configuration is neces-
sary. It is not easy to control. Currently the best efficiency of organic solar cells 
is around 10 % [14], but is limited to small areas. Large-area organic solar cells 
do not have high efficiency although they have great potential of low lost. Also, 
the easy interaction of organic material with air and moisture makes organic solar 
cells short lifetime, so encapsulation will be necessary.
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Part VI
Liquid Crystal Technology

Symbols

A  Absorbance
�n  Birefringence
d  Cell gap
Tc  Clearing Temperature
DR  Dichroic Ratio
Δε  Dielectric Anisotropy
ň  Director Axis
neff  Effective Index
ne  Extraordinary Refractive Index
⇀
q  Grating vector
n  Index of Refraction
S  Order Parameter
no  Ordinary Refractive Index
Ŵ, δ  Phase Retardation
Vth  Threshold Voltage
φ  Twisted Angle
⇀

k  Wave vector
�  Wavelength
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10.1  Brief History

Liquid crystals (LCs) are matter in a state that has properties between those of 
conventional liquid and those of solid crystals. The discovery of LCs can be track 
back to the end of the 19th century [1, 2]. In 1888, an Austrian botanical physi-
ologist, Friedrich Reinitzer examined the physic-chemical properties of choles-
terol derivatives. He found that cholesteryl benzoate has two melting points. At 
145.5 °C it melts into an intermediate cloudy liquid, and at 178.5 °C the cloudy 
liquid becomes clear. With the help of Otto Lehmann and von Zepharovich, they 
identified that the intermediate “fluid” was crystalline. After his accidental discov-
ery, Reinitzer did not pursue studying LCs further. The research was continued by 
Lehmann. Eventually he realized that the cloudy liquid was a new state of matter 
and coined the name “liquid crystal”, illustrating that it was something between a 
liquid and a solid, sharing important properties of both. However, LCs were not 
popular among scientists and the material remained a pure scientific curiosity for 
about 80 years.

LCs became a hot research topic for the flat panel since 1962 at RCA 
Laboratories. In 1970, the twisted nematic field effect in LCs was filed for patent 
by Hoffmann-LaRoche in Switzerland, with Wolfgang Helfrich and Martin Schadt 
listed as inventors. James Fergason, while working with Sardari Arora and Alfred 
Saupe at liquid crystal institute, Kent State University, filed an identical patent in 
the United States in 1971. Then the company of Fergason ILIXCO (now LXD 
Incorporated) produced the first LCDs based on the TN-effect. The invention of 
TN LCDs then opened a new era for flat panel displays.
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10.2  LC Phases

The LC phases (called mesophases) occurs between the crystalline (solid) and isotropic 
(liquid) state [3]. The constituents are elongated rod-like (calamitic) or disk-like (dis-
cotic) organic molecules, as shown in Fig. 10.1. The size of the molecules is typically 
a few nanometers (nm). The ratio between the length and the diameter of the rod-like 
molecules, or the ratio between the diameter and the thickness of the disk-like mol-
ecules is about 5 or larger. In mesophases, the molecules of the organic compound have 
not only the orientational order like crystal solids but also fluidity like isotropic liquids.

According to the formation methods, LCs can be categorized as lyotropic and 
thermotropic types. Thermotropic phases are occurred in a certain temperature 
range. If the temperature is raised too high, thermal motion destroys the coopera-
tive ordering of the LC phase, pushing the material into a conventional isotropic 
liquid phase. If the temperature is too low, most LC materials will become a con-
ventional crystal. Many thermotropic LCs exhibit various phases as temperature 
is changed. For instance, a particular rod-like LC molecule (called mesogen) may 
exhibit various smectic following nematic (and finally isotropic) phases as temper-
ature is increased, as shown in Fig. 10.2. Most thermotropic LCs are composed of 
rod-like molecules and applied extensively on displays and electro-optical devices. 
Figure 10.2b, c illustrate the smectic phases with one dimensional translation 
order and orientation order. Figure 10.2d shows the nematic phase in which only a 
long range orientational order of the molecular axes exists. The cholesteric phase 
is also a nematic phase except that it is composed of chiral molecules. Therefore, 
the structures acquire a spontaneous twist about a helical axis normal to the direc-
tor, as shown in Fig. 10.3. Notably, in each plane normal to the helical axis, the LC 
is in a nematic phase. A smectic LC possesses the higher degree of order, and thus 
is close in structure to the solid crystals. However, it is the nematic and cholesteric 
phases that have the greatest number of electro-optical applications.

Fig. 10.1  a Rod-like 
molecule, and b disk-like 
molecule

Fig. 10.2  Schematic representations of phases of rode-like LC molecules
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A lyotropic LC consists of two or more components that exhibit liquid-crystal-
line properties in certain concentration ranges. A compound that has two immis-
cible hydrophilic and hydrophobic parts within the same molecule is called an 
amphiphilic molecule. Many amphiphilic molecules show lyotropic liquid-crystal-
line phase sequences depending on the volume balances between the hydrophilic 
part and hydrophobic part. Soap is an everyday example of a lyotropic LC.

10.3  Nematic LC

10.3.1  Order Parameter

Figure 10.4 depicts the collective arrangement of the rod-like mesogenic mol-
ecules in the nematic phase. They have long-range orientational order but lack of 
positional order. On the average, they have the tendency to parallel to a certain 
direction called director, n̂. In the figure, θ is the angle between the director n̂ and 
the long axis L̂ of the single molecule.

The order of the collective LC molecules can be described by a quantity, called 
order parameter S, which is defined as

(10.1)S =
1

2

〈

3 cos2 θ − 1

〉

,

Fig. 10.3  a Nematics, b cholesterics
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where bracket “< >” denotes the average of the entire molecules. The order 
parameter represents the directional order of a certain kind of material macro-
scopically. In theory, the order parameter S of the material is in between 0 and 1, 
because the order parameter of the isotropic liquid (out of order) is 0, but that of 
the crystalline solid is 1 (in perfect order). The order parameter of the nematic 
LCs is approximately between 0.4 and 0.6, and decreases with increasing tem-
perature. The following equation describes the order parameter, S, with ambient 
temperature T,

where TC is the clearing temperature and β is the material constant. The order is 
associated with a variety of physical properties, including refraction index, dielec-
tric, magnetic, elastic and viscosity constants of the LCs.

10.3.2  Birefringence

LC is an optical anisotropic substance; its index of refraction is dependent on 
the polarization and propagation direction of the incident light [4]. In optics, 
nematic LC is uniaxial crystal with optical axis parallel with the director of the 

(10.2)S =
(

1−
T

TC

)β

,

Fig. 10.4  Schematic 
representation of the 
collective arrangement of 
rod-like mesogenic molecules
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LC molecules. As shown in Fig. 10.5, when the incident light propagates in the 
⇀

k
 direction and have angle of θ on the y-z plane, the refraction index of the light 

in the y-z plane become the effective index of refraction, neff(θ). The formula for 
neff(θ) can be written as,

The birefringence can then written as,

where no is the ordinary index of refraction of the LC molecules.

10.3.3  Dielectric Anisotropy

The dielectric anisotropy means the difference of the dielectric constants along 
the long axis and the short axis of the LC director. When the applied electric field 
is parallel (perpendicular) to the director of the LC molecules, the measured die-
lectric constant is ε//(ε⊥). The dielectric anisotropy is defined as Δε = ε// − ε⊥. 
The main cause of the dielectric anisotropy is that the dielectric displacement and 
the induced polarization of the substance are not parallel with the direction of the 
applied electric field.

(10.3)
cos2 θ

n
2
o

+
sin2 θ

n
2
e

=
1

n
2
eff
(θ)

,

(10.4)�n(θ) = neff (θ)− no,

Fig. 10.5  Schematic 
representation of the index 
ellipsoid for effective 
refraction index calculation
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When an external electric field E is applied to a nematic cell, the electric dis-
placement ⇀

D
 can be written as

where 
⇀

E =
⇀

E// +
⇀

E⊥, in which 
⇀

E// is the electric field parallel with, and 
⇀

E⊥ is the 
electric field perpendicular to the long axis of the LC director. The electric contri-
bution to the free energy density felec of the nematics can be written as

10.3.4  Elastic Continuum Theory of Nematic LCs

Similar to liquids and solids, LCs possess the curvature elasticity. The elastic 
constants of LCs govern the restoring torque that arises when the LC system is 
deformed from its equilibrium state. In elastic continuum theory, the basic defor-
mations of the LC molecules can be divided as splay, twist and bend, as shown in 
Fig. 10.6. The elastic free energy density of the nematic molecules is [5],

where k11, k22, and k33 are the splay, twist and bend elastic constants of nematic 
LCs, respectively. LCs can be deformed easily by external fields, such as electric 
field, magnetic field or pressure. For most LC materials, the elastic constants are in 
the range of 3–25 p N (10−12 N).

(10.5)

⇀

D = ε//
⇀

E// + ε⊥
⇀

E⊥

= ε⊥
⇀

E + (ε// − ε⊥)(n̂ ·
⇀

E)n̂,

= ε⊥
⇀

E +�ε(n̂ ·
⇀

E)n̂

(10.6)felec = −
1

2
εo�ε(n̂ ·

⇀

E)2,

(10.7)fe =
1

2

[

k11

(

∇ · ⇀n
)2

+ k22

(

⇀
n · ∇ × ⇀

n

)2

+ k33

(

⇀
n ×∇ × ⇀

n

)2
]

,

Fig. 10.6  Schematic drawing of a splay, b twist, and c bend deformations of nematics
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Fig. 10.7  Fundamental molecular alignments of nematics on substrate surface. a Parallel, b per-
pendicular, c small tile from parallel, d small tilt from perpendicular

Fig. 10.8  Fundamental 
molecular alignments 
of nematic cells. a 
Homogeneous, b 
homeotropic, c twisted, and d 
hybrid alignments
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10.4  Surface Alignment

The orientation of LCs plays an essential role in electro-optical application of the 
LC devices, in which uniform and well pre-defined orientation of the LC mole-
cules is required. Without special surface treatment, the LCs will generally have 
many domains, each with different orientation direction. Surface treatment of the 
employed substrate has been one of the convenient methods to control the align-
ment of the LCs. The factors that affect the alignment of LCs including dipolar 
interactions, chemical bonding, van der Waals interactions, steric factors, surface 
topologies and the elasticity of LC molecules.

The two basic surface alignments of the LCs on the substrate surface are paral-
lel and homeotropic alignments [6], as shown in Fig. 10.7a, b. Rubbing the sub-
strate surface with linen cloth and lens tissue has been a simple way to promote 
parallel alignment. The etched glass surface causes the LCs to have the homeo-
tropic alignment. Some crystalline cleavages (Al2O3, LiNbO3) also orient nemat-
ics homeotropically. However, the most popular technique for the homeotropic 
alignment is the coating of surfactants on the substrate surface. In practice, a small 
tilt from the parallel and perpendicular conditions, as, shown in Fig. 10.7c, d, 
namely, pretilt, is important for obtaining domain free orientation under external 
fields. In nematic LC cells, there are several commonly used combinations of sur-
face alignment as shown in Fig. 10.8. As for the cholesteric LC cell, the two fun-
damental alignments are shown in Fig. 10.9.
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LCDs are used in many everyday devices, including mobile phones, notebook 
computers and wide screen televisions. A typical LCD is composed of two glass 
substrates between which is a gap that is filled with LC. The arrangement of the 
LC is controlled by the boundary condition of an alignment film. A long-range 
orientational interaction causes the preferable alignment of a LC by the surface 
boundary to extend into the LC bulk. The alignment layer is typically rubbed with 
a special cloth to induce a unidirectional alignment of the LC. In the first devices 
based on twisted LCs, these LCs were aligned only by rubbing transparent elec-
trodes. The rubbing technique became much more reliable when the glass sub-
strate was covered with a rubbed polymer layer. The rubbing of polymers is a very 
simple technique and it is now extensively utilized in both small scientific labora-
tories and large LCD factories.

Despite the extensive use of rubbing in LCD manufacturing, it has some seri-
ous shortcomings that arise from the contact involved in rubbing. These critically 
affect the production of the most recent generation of LCDs and miniature LC 
photonic devices. First, rotational rubbing for the polymer surface causes the accu-
mulation of static charges and the formation of fine dust particles. The accumu-
lation of static electricity may destroy the transistors or diodes in the LCD. The 
second shortcoming is the effect of decreasing in manufacturing yield. Rubbing 
for large and high-resolution active matrix LCDs (AMLCDs) involve additional 
difficulties that are associated with the precise control of the rubbing character-
istics. Other problems are the difficulty of producing local structures with the 
required LC director alignment in the selected areas of the device. Finally, this 
method cannot be used to align LCs in closed volumes.

For all of the above reasons, new alignment solutions and approaches are 
sought. There are some alternative methods of rubbing include laser writing, 
micro-rubbing, ion beam irradiation and photoalignment. Of these methods, the 
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photoalignment method has the greatest potential for industry. Photoalignment has 
been studied and developed for a long time. To perform photoalignment, a sub-
strate must be coated with a layer of photosensitive material whose molecules can 
orientate in an ordered manner under irradiation by light. Anisotropic interfacial 
interaction between the alignment film and the LC enable the alignment of the 
LCs to be controlled by the action of light on the aligning layer.

The photoalignment technique has not only display applications but also 
potential advanced applications in telecommunications and organic  electronics, 
in which rubbing is very problematic. Accordingly, the synthesis of photoalign-
ing materials and the development of different photoalignment approaches 
have become some of the most important topics in applied LCs science. Over 
the last 20 years, a  variety of photoalignment techniques have been developed 
and improvements have been made. The required materials are now readily 
 commercially available.

Truly revolutionary events concerning the industrial use of photoalignment 
have recently occurred. In 2009, Sharp Corporation of Japan announced the devel-
opment of a new LCD, the Ultraviolet-induced multi-domain Vertical Alignment 
(UV2A) display. One year later, this technology was used at Sharp’s largest fac-
tory anywhere in the world, their Sakai Plant, to produce tenth-generation LCD 
panels. The company is now implementing a complete changeover from Advanced 
Super View (ASV) mode panels in its televisions. Some other applications of pho-
toalignment are also close to practical realization, and even current applications 
of photoalignment provide new incentives for research in this field. This chapter 
introduces several main photoalignment mechanisms. These are (i) photo-isomer-
ization in azo-compound-containing polymer/dye films [1–5]; (ii) bulk-mediated 
photo-isomerization and adsorption effects [6–9]; (iii) photo-crosslinking in cin-
namic side-chain polymers [10–14], and (iv) photo-degradation in polyimide films 
[15–17].

11.1  Photo-Isomerization in Azo-Compound-Containing 
Polymer/Dye Films

Of the four aforementioned photoaligning mechanisms, azobenzene-based 
methods support the tuning of alignment direction owing to a reversible trans-
cis transformation of azobenzene. Photoalignment using photo-responsive layers 
is more thermally stable than bulk-mediated photoalignment. Surface treatment 
of the substrate is the key to aligning mesogenic molecules. The surface (layer), 
which comprises photochromic molecules, and modifies the molecular orien-
tation of the LCs, is generally called the “command surface” [18]. Ichimura 
et al. were the first to propose the idea of using photochromic monolayers to 
regulate the LC arrangement [5]. Under irradiation by ultraviolet (UV) light 
(365 nm), the azo-molecules changed from the trans- to cis- isomers, causing 
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planar alignment. They changed back to the trans-conformation, and a verti-
cal alignment, under visible light (440 nm). Both trans- and cis- states of the 
photochemical material were thermally stable. Generally, trans-azobenzene is 
dichroic, absorbing light whose polarization is parallel to the long axes of the 
dye molecules. When the azo-dye is optically excited by polarized light, the 
increase in internal energy forces the molecules to reorient in cycles of trans-
cis-trans isomerization to release that energy. Rotational motions consequently 
occur till the absorption oscillator of the azobenzene is orthogonal to the inci-
dent polarization. Concurrently, vibrational motions may also be established in 
the process of the release of internal energy but these are not thought to influ-
ence the photoalignment. Herein, most of the internal energy is transferred by 
isomerization and the thermal reactions are negligible. Finally, almost all of the 
azo-molecules rotate until the absorption axes are perpendicular to the direction 
of polarization of the pump light, yielding a uniform arrangement. This claim 
can be confirmed by measuring the absorption spectra of a dye layer before 
and after exposure to polarized UV as the probing light. Owing to the geom-
etry of the trans-isomer, the interfacial mesogenic molecules line up with the 
azo-compound, and the elastic continuum will simultaneously lead to a planar-
aligned LC. Surprisingly, the resultant alignment seems to be stable and not to 
undergo any thermal disturbance. According to Chigrinov et al, who studied 
the birefringence relaxation of a photoaligned LC film after the pumping light 
was switched off, the order parameter firstly dropped slightly and thereafter 
remained constant [19]. The direction of alignment can be altered by exposing 
the LC again to UV.

Owing to such features of photoalignment as the absence of ion and impurity 
problems, rewritability, usability on flexible and curved surfaces, ease of pat-
terning, the spatially distributed optical axis orientation and control of the pretilt 
angle and anchoring energy, it has been extensively applied to fabricate LC-based 
optical devices that cannot be formed by conventional rubbing [20]. Here we 
introduce some applications of surface-mediated photoalignment. An optical axis 
grating is a polarization grating whose optical axis has an orientation that var-
ies periodically in the direction parallel to the substrate [21]. It can be regarded 
as a periodic arrangement of multiple waveplates. LC polarization gratings are 
able to be simply fabricated by two-beam holographic photoalignment. In gen-
eral, one beam interferes with the other, whose polarization is orthogonal to 
that of the first, on the aligning film, creating a spatially distributed vector field. 
The orientation of these molecular axes on the surface is able to determine the 
arrangement of the LC in the bulk. A mesogen-based polarization grating has 
been demonstrated to be a promising diffractive optical element, which typically 
exhibits insensitivity to wavelength and high diffraction efficiency (>97 %) [22, 
23]. Such polarization gratings are used to develop polarimeters [24] and imaging 
systems [23, 25]. Combining two optical axis gratings can produce various inter-
esting diffraction outcomes [23]. The Q-plate is another type of waveplate whose 
optical axes are distributed as a function of the topological charge “q” [26]. This 
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device is usually used for shaping wavefronts by spin-to-orbital angular momen-
tum conversion. A mesogen-based q-plate can be realized by photoalignment. In 
the fabrication setup, a linear polarizer, a “V” mask and a plano-convex cylin-
drical lens are positioned between the pumping light source and the photoalign-
ment film [27]. The q plate can be formed with any desired semi-integer q value 
by control of the rates of rotation of the polarizer and the aligning film in the 
photoaligning process. In practice, an electric field is applied to adjust the effec-
tive indices to satisfy the phase retardation requirements. Therefore, not only is 
the manufacturing procedure simplified, but also the conversion efficiency can be 
increased to 99 % [27]. A micropolarizer array is now an important component of 
an imaging system, because polarization analysis provides valuable information 
about the (physical, chemical, geometric and other) characteristics of objects and 
the removal of unpolarized light eliminates the ambient scattering noise [28, 29].  
A mesogen-based micropolarizer normally consists of a linear polarizer and 
a patterned, micron-sized waveplate array that is composed of twisted and 
untwisted nematic pixels and/or electrically controlled birefringence pixels [27, 
29, 30]. The micron-sized pattern of LC alignment is difficult to achieve by rub-
bing but easy to achieve by photoaligning. Surface-mediated photoalignment is 
also effective for the fabrication of flexible and rewritable displays [31], gradient-
index lenses [32], and other devices [33].

To enhance the thermal stability of the alignment film and its durability against 
exposure to strong light after the aligning process, Takada et al. synthesized a new 
azobenzene material SDA-1 [33, 34], which is typically co-doped with a small 
amount of thermo-polymerization initiator V-65 into an organic solvent. The pho-
toaligning and subsequent thermal polymerization processes yield a thermally sta-
ble azo-polymer at ambient temperatures of up to 250 °C. SDA-1 can also intact at 
a UV intensity of 175 MJ/m2. Notably, the absorption band shifts to the UV range, 
following polymerization, enhancing its stability under exposure to visible light. 
SDA-2 was designed by replacing the COOH substituent with CF3 to prevent the 
damp-induced hydrolysis and/or any effect of the polarity of water on the rota-
tional reorientation of LC [33, 35].

11.2  Bulk-Mediated Photo-Isomerization  
and Adsorption Effects

Voloschenko et al. [36] were the first to identify the adsorption effect in homo-
geneously aligned azo-dye doped LC films. They found that the absorption band 
of methyl red (MR) resulted in the photoalignment of LC on an isotropic sur-
face of a polyninylcinnamate (PVCN) film, as depicted in Fig. 11.1. The authors 
posited that phototransformation of the MR molecules close to the surface sig-
nificantly changed their adsorption capacity. Komitov et al. suggested that trans-
isomers near the substrates absorbed light and transformed to the cis- form, 
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which adsorbed at the surface [37, 38]. Since the MR molecules are anisotropic 
and dichroic and are in an anisotropic matrix, light-induced adsorption should be 
anisotropic and sensitive to the polarization of the exciting beam. Magyar et al. 
observed the planar alignment of nematic LC 5CB on a fused quartz surface 
upon illumination by polarized UV light [39]. The axis of easy orientation was 
perpendicular to the polarization of the incident light. The authors suggested that 
the observed phenomenon was caused by the light-induced rearrangement of the 
LC layer that was adsorbed on the quartz surface. The authors also suggested 
that the absorption dichroism of LC molecules caused the anisotropic desorption 
of these molecules from the surface, making the adsorbed layer anisotropic with 
the long molecular axis perpendicular to the direction of polarization. Ouskova 
et al. [40, 41] showed that photoalignment of LCs in an MR-doped LC system 
depends strongly on the intensity of the pumping beam. They attributed the pho-
toalignment effect to two mechanisms—adsorption and desorption, which domi-
nate in strong- and weak-intensity regimes, respectively. These mechanisms tend 
to reorient LC molecules perpendicular to the direction of polarization of the 
pump beam. The observation of the LC alignment perpendicular to the polariza-
tion in the cells with pure LC, supposedly owing to the light-induced desorption 
of LC molecules, suggested the possibility of an analogous effect in a dye-doped 
LC. Subsequent studies demonstrated that in LC that is doped with MR, light-
induced desorption from the spontaneously adsorbed MR layer results in the 
alignment of the LC perpendicular to the polarization upon exposure to light of 
weak intensity.

Lee et al. [42] suggested that the surface morphology of the adsorbed substrate 
depends considerably on not only the intensity but also the duration of the pump-
ing. In the weak-intensity regime, the homogeneous and fine layer of adsorbed 
dyes and the layer with microgrooves dominate in the early and late stages, 
respectively, tending to cause the LCs to reorient perpendicular and parallel to the 
direction of polarization of the pump beam. The inhomogeneous ribbon-like and 
rough adsorbed layer dominates in the strong intensity regime, perhaps severely 
disturbing the orientation of the LCs. Dark adsorption does not occur on substrates 
that are not coated with PVCN. Additionally, the authors found that long exposure 

Fig. 11.1  Process of bulk-mediated photoalignment: when the sample is pumped by linearly 
polarized light, azobenzene molecules adsorb on the illuminated substrate and reorient parallel/
perpendicular to the polarization leading to the alignment of the LC
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produces ripple structures with periods of the order of 100 nm and microgrooves 
oriented in the direction of polarization in polyvinyl-alcohol (PVA) films and some 
vertically aligning layers.

The bulk-mediated photoalignment technique can be used not only to control 
the direction of the easy axis in the azimuthal plane but also to adjust the orien-
tation of the axis in the zenithal plane. The pretilt angle is achieved by control-
ling the parameters of the ripple structure in the cell with initially vertically 
aligned LCs [43]. The combination of the fixed alignment force that is exerted by 
the homeotropically aligning layer and the variable one that is induced by light-
induced ripple structures supports a method for generating various LC pretilt 
angles from 24° to 63.5°. Additional control of the pretilt angle by field-assisted 
photoalignment in a vertically aligned LC that is doped with a dichroic azo dye 
has also been proposed [44]. Sharp switching from homeotropic alignment to pla-
nar alignment is possible in LC cells that are doped with MR and oligomeric nano-
particles [45]. Light-induced adsorption of MR dopant changes the homeotropic 
alignment that is induced by these particles to planar.

The basic mechanism of the alignment effect is the light-induced reorienta-
tion of azobenzene chromophores, which is promoted by trans-cis isomerization 
cycles. When light irradiates dye-doped LC films, azo dye molecules undergo 
trans-cis isomerization, reorientation, diffusion, and adsorption toward the irradi-
ated surface. Based on the model of Fedorenko et al. [46], the evolution of light-
induced anchoring involves competition between light-induced desorption and 
adsorption of the dye molecules on the aligning surface, and the total light irra-
diation dose determines the final anchoring. Firstly, this evolution causes the drift 
of the initial easy axis away from the polarization owing to light-induced desorp-
tion of dye molecules from the surface at low exposures. Then, the light-induced 
adsorption begins to dominate and longer exposures result in the drift of the easy 
axis toward the polarization of the incident light.

The morphology of the adsorbed MR layers PVA films observably changed 
upon long exposures [47]. SEM and AFM were used to identify smooth layers of 
adsorbed molecules on the surfaces following exposures that caused the reorienta-
tion of the directors perpendicular to the direction of polarization and layers with 
well-oriented ripples upon exposures that caused alignment toward the direction 
of polarization [42, 48]. The adsorbed layer consists of MR molecules with their 
long axes perpendicular to the ripples. The ripples are parallel to the polarization 
and contribute to the final alignment. The ripples are associated with the interfer-
ence between the exciting beam and the light that is scattered from the surface. 
The ripple structures were not observed on the PVCN surfaces. The doses to 
which the cells with PVCN surfaces were exposed were supposedly too low to 
form significant microgrooves. A well-established layer of spontaneously adsorbed 
MR molecules is also likely to be necessary for the formation of the ripple struc-
ture; however, the MR molecules don’t adsorb on PVCN surface spontaneously. 
It is suggested that excited MR molecules close to the surface undergo trans-cis 
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isomerization, reorientation, diffusion and finally adsorption onto the substrate 
with their long axes perpendicular to the directions of both the polarization and the 
propagation of the impinging light.

The proposed photoalignment scheme is highly effective in fabricating LCDs 
and photonic devices. Lin et al. developed optically rewritable LCDs [49, 50] 
in which an image is written, erased, and rewritten by bulk-mediated photoa-
lignment. Jau et al. demonstrated a photo-rewritable transmissive flexible-LCD 
that was based on the aligning effect of the photo-induced adsorption of azo 
dye on a flexible indium zinc oxide/polycarbonate (IZO/PC) substrate. A polar-
izer-free, electrically switchable and optically rewritable display that is based 
on dye-doped polymer-dispersed LCs has been developed [51]. Owing to bulk-
mediated alignment, the adsorbed dye in the illuminated region aligns the LC 
homeotropically and thereby generates a transparent pattern on the scattering 
film without any polarizer. The adsorbed dyes can be erased and readsorbed by 
thermal and optical treatments, respectively. The combination of bulk-medi-
ated hybrid photoalignment and homeotropic alignment in a single pixel sup-
ports the fabrication of LCDs with a controllable viewing-angle, [52] on which 
simultaneously displays two images that can be seen from different viewing 
angles. Other applications in photonic devices, such as optical gratings [53–55] 
and Fresnel lenses have also been investigated [56–60]. Photoalignment is a 
unique tool for achieving LC alignment in mechanically inaccessible volumes. 
As displayed in Fig. 11.2, it has been successfully applied to align LCs in 
photonic crystal fibers so as to reduce scattering loss and improve their opti-
cal performance [61, 62]. LC configuration can be controlled by varying the 
photoirradiation. A line-shaped and linearly polarized beam is applied onto a 
rotated homogeneous dye-doped LC cell to fabricate axially symmetric photoa-
lignment devices for helical twisting power measurement and modulations of 
polarizations and beam profiles [63–70].

Fig. 11.2  a Schematic depictions and microscopic photographs of a methyl red-doped photonic 
liquid crystal fiber before and after photoalignment. b Transmission spectra of a photonic liquid 
crystal fiber photoaligned at pump intensity of 80, 160 and 320 mW/cm2
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11.3  Photo-Crosslinking in Cinnamic Side-Chain Polymers

LC molecules can be aligned by causing them interact with the side-chains of 
photo-crosslinkable polyimides that are coated on the surface of a substrate. These 
polyimides can be small molecules [71–73], polymers [10, 74, 75], or polymer 
blends [76]. Linear photo-polymerization results in the preferred depletion of the 
cinnamic side-chain molecules by the [2 + 2] cycloaddition that is induced by 
irradiation with linearly polarized UV light. In the cycloaddition reaction, cyclob-
utane is formed from the double bonds following the delocalization of π electrons. 
The long axis of cyclobutane molecules preferably aligns perpendicular to the 
direction of the polarized UV light (�P). The van der Waals’ (or dispersion) interac-
tion causes the LC molecules to align perpendicular to �P.

The [2 + 2] cycloaddition is a general reaction that is undergone by cinnamate 
[10, 74, 75], coumarin [12, 77–79], chalconyl [11], tetrahydrophthalimide [13] and 
maleimide [13, 14] photosensitive polyimides. The [2 + 2] cycloaddition of cin-
namate and chalcone species, is accompanied by trans-cis isomerization [80, 81]. 
However, materials with a rigid molecular structure, such as coumarin, tetrahy-
drophthalimide and maleimide, cannot undergo trans-cis isomerization [77]. One 
can fabricate materials containing several photosensitive fragments of different 
nature. The materials combining the fragments that undergo trans-cis isomeriza-
tion and polymerization [82, 83], trans-cis isomerization and [2 + 2] cycloaddi-
tion [84, 85], and [2 + 2] cycloaddition and polymerization [72, 86] have been 
demonstrated. Although mechanisms of photoalignment are not well established 
for these materials, the superior thermal stability, extraordinary optical and dielec-
trical properties make them very promising for some applications.

The photoaligning molecular structure is designed to enable the direction of the 
easy axis on its irradiated surface to be easily predicted. Reznikov et al. [87] found 
that the direction of the easy axis in the azimuthal plane depends upon the posi-
tion of the cinnamate fragments in the side polymer chains. Owing to the [2 + 2] 
cycloaddition of the cinnamate moieties of the polymer, the direction of alignment 
is the direction of the axis of geometric anisotropy of the crosslinked fragments. 
Obi et al. [88] and Kawatsuki et al. [89] identified other cinnamate polymers that 
exhibited “parallel” LC alignment. These polymers, as well as some of cinnamate 
monomers [72], gave both “parallel” and “perpendicular” alignment, depending on 
the degree of exposure [77].

The structure of photosensitive molecules can be manipulated to adjust the 
direction of the easy axis in the zenithal plane. The pretilt angle can be controlled 
by attaching hydrophobic groups such as fluorine, alkyl, alkoxy, fluoroalkyl, 
fluoroalkoxy and others to photosensitive molecules. These groups can be attached 
as individual side chains [90, 91], as terminal groups of photosensitive side chains 
[72, 92] or fragments of main polymer chains. They can also be blended with the 
photoaligning materials [76, 93, 94]. The method by which photosensitive frag-
ments are connected to the polymer chain is important. For example, the position 
of azobenzene fragments in the main chain can promote the photosensitivity and 
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thermal stability of alignment. The attachment of the fragments to a side chain 
increases the reaction rate and the photoinduced ordering. It also enables LC 
pretilt angles to be controlled over a wide range [95]. According to Akiyama 
et al.’s study [96], the attachment of azobenzene in the ortho position provides 
alignment with much greater photo- and thermal stability of the than that in the 
para position. Therefore, the molecular structure of the photoaligning materials 
determines their photoaligning characteristics.

Owing to their irreversible photochemistry and highly constrained molecular 
motions, photocrosslinking materials may combine excellent photosensitivity with 
high resistance of the LC alignment to heat and light. Actually, the photoaligning 
materials that are available commercially are such photocrosslinking materials.

11.4  Photo-Degradation in Polyimide Films

Photo-degradation includes photodissociation, which is the breakup of molecules 
into smaller pieces by the absorption of light. It also includes the irreversible 
shape alteration of molecules. Photo-degradable organic films comprise materials 
(commonly polymers) that are susceptible to irreversible photo-destruction, such 
as by chain scission, photooxidation or other processes. The targets of these reac-
tions are normally aromatic fragments of main or side polymer chains. Apart from 
PIs [17, 93, 97, 98], polysilanes [99, 100], polystyrene, polyesters and some other 
aromatic polymers [101] undergo photoalignment upon photodestruction. Photo-
destroyable PIs usually have a sufficiently high anchoring energy of 10−5 J/m2 
[102, 103]. Characteristics of these materials include pronounced image sticking 
and display flicker.

Photosensitive fragments of organic photoaligning materials have aromatic 
groups, which frequently π conjugate with other parts of the fragments, determin-
ing their absorption spectra. Hence, the rate of photodegradation of photoaligning 
materials is rather sensitive to the structure of the aromatic fragments. The manner 
in which photosensitive fragments are connected to the polymer chain is impor-
tant. For example, the position of azobenzene fragments in the main chain can 
enhance the photo- and thermal stability of LC alignment. The attachment of such 
fragments to a side chain increases the reaction rate and the photo-induced order-
ing. This position also increases the range of controllable LC pretilt angles [95]. 
The molecular mass of the photoaligning polymer also importantly affects pho-
toalignment properties. Increasing the molecular weight often improves the ther-
mal stability of photoalignment by reducing the mobility of the polymer chains. 
Molecular weight may also affect the rate of photoreactions and photo-ordering 
[104].

Since PI materials have high thermal stability and are generally used in the 
LCD industry, their modification for photoalignment applications is highly desir-
able. The first efforts so to do revealed that polarized light at λ = 257 nm can 
induce LC alignment perpendicular to the direction of the incident polarized UV 
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light [17]. Accordingly, the direction of the maximum density of unbroken PI 
chains, which is perpendicular to the direction of the polarization of the light, is 
the direction of LC alignment. The photoaligning direction can be changed by var-
ying the direction of polarization of the UV light [97]. Therefore, before UV expo-
sure, PI chains in the film are randomly oriented. PI chains parallel to the direction 
of polarization of the UV light to which they are exposed are selectively decom-
posed, and the corresponding photoproducts become randomly relocated in the PI 
film. The residual PI chains that are perpendicular to the polarization of the UV 
remain unaffected, causing the anisotropic van der Waals’ forces to align the LC 
molecules along the optical axis of the film [105].

Numerous applications depend on large pretilt angles. For example, larger 
pretilt angles cause the bend mode to be more stable at a zero bias voltage [106]. 
Large angles are also required to establish the so-called stressed splay-twist (SST) 
mode, which may be useful for rapid LC switching and field-sequential-color LCD 
[107]. Although pretilt angles of close to 90° for in the vertical alignment nematic 
mode is possible, angles in the range of 10°–80° are difficult to achieve.

The mechanism of the generation of such a large pretilt angle is particularly 
interesting. The photoalignment mechanism involves preferential bond breaking. 
The deep-UV light breaks bonds in some preferred direction, inducing alignment 
at the surface. However, the control of the pretilt angle depends on an additional 
mechanism of competition between the horizontal and vertical PIs. The pretilt 
angle of the LC molecules depends on the deep-UV dosage in the vertical PI layer 
owing to and is governed by controlled photo-degradation [108]. For a pure verti-
cal PI that is not exposed to DUV, an angle of 90° is necessarily obtained, but 
exposure to deep-UV reduces the anchoring strength by degrading the material. As 
the deep-UV radiation destroys the vertical alignment, the pretilt angle is reduced. 
In fact, control of the dosage of light enables any pretilt angle between 0° between 
90° to be achieved [94]. This method of generating large pretilt angles under deep-
UV radiation is quite useful and universal. However, since deep-UV must be used, 
the light source is more difficult to control. Furthermore, the exploitation of photo-
degradation is not desirable as it may cause the alignment surface to become 
contaminated.
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Nowadays, in your daily lives, the applications of LCs, such as LCD TVs,  
computer/laptop monitors, mobile phones, navigators, digital cameras, and so on, 
are widely used worldwide. Even, wherever you are whatever you do, you can take 
your electronics out of your pocket to check your e-mails, listen to music, watch 
movies, find your way, and so many others. LCDs provide high performance in 
regard to the weight, volume, contrast ratio, viewing angle, low power consump-
tion, etc. That’s why the high-quality applications of LCDs are indispensable and 
paid much attention by scientists and electronics industries in the recent decade. 
Undoubtedly, LCDs have acted as a leader in the field of flat panel displays, in 
not only small-sized displays, but also large-sized ones. Refer to cathode ray tube 
(CRT) monitors; LCDs have almost completely replaced CRT monitors in the 
display market because of their bulky and high power consumption, despite their 
good response time, viewing angle, image quality. However, in addition to the pre-
sent status of LCD applications, some emerging technologies, such as wide view-
ing angle displays, fast response displays, blue phase LCDs, flexible displays, 3D 
displays, high resolution displays, in-cell touch panel, electronic papers, tablets, 
etc., have also attracted much attention. In this chapter, the introductions of the 
present status of LCD industry, as well as the emerging technology for improving 
the performances of LCDs will be given.

12.1  Liquid Crystal Display Modes

Regarding the commercial products of LCDs [1–3], their operating principles 
for modulating light intensity and/or light polarization include polarization rota-
tion, phase retardation, scattering, absorbance, etc. LCs possess, as described in 
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Chap. 10, several anisotropic properties, such as refractive index (birefringence, 
Δn), dielectricity (dielectric anisotropy, Δε), elastic constants, susceptibility, 
and others. Briefly, without applying any external field, LCs are aligned along 
the direction corresponding to the alignment layers. Because of the properties 
of dielectric anisotropy and flow of LCs, LCs can be oriented by applying an 
external field, resulting in light modulation based on phase retardation, polariza-
tion rotation, light reflection and transmission, etc. Additionally, if the applied 
external field is removed, LCs can recover to its initial orientation state due to 
the elasticity and viscosity. Notably, LCs in LCDs do not emit light, they only 
control whether light gets through LCs or not, so that back-light/front-light units 
are needed for LCDs according to transmissive or reflective modes. In terms of 
the operating mechanisms, the commercially adopted LCDs are divided into the 
following modes [1–3], including twisted nematic (TN), super twisted nematic 
(STN), mixed-mode twisted nematic (MTN), vertical alignment (VA), optically 
compensated bend (OCB, π-cell), in-plane-switching (IPS), ferroelectric LC 
(FLC), guest-host (G-H), polymer dispersed LC (PDLC), cholesteric reflection, 
LC on silicon (LCoS), reflective, transflective modes, and so on. Typically, for 
a LCD, each pixel is divided into three (red, green and blue) or four (red, green, 
blue and yellow/white) sub-pixels with the color based on additive color prin-
ciple. For another kind of LCDs, called field sequential color (FSC), or color 
sequential displays, all of the pixels display the image for only one color of RGB 
at the one third frame time, indicating that its mechanism is based on separating 
color temporally not spatially. In this section, we will focus on several modes 
those attach importance to LCD industry recently.

(a) polarization rotation mode

The physical mechanism for LCDs using polarization rotation mode is based on 
waveguiding effect [4, 5], showing that the polarization direction of the incident 
light beam follows the twist of LC director in a LC cell. Hence, the polarizations 
of incident and output light are two points to be discussed. Briefly, if the polariza-
tion direction of the incident light is selected to be parallel to the LC director near 
the incident layer, the polarization state will be rotated to the direction of the LC 
director close to the output layer. However, strictly speaking, the polarization rota-
tion effect is valid with the limitation, called Mauguin condition,

where φ, d, Δn and λ are, respectively, the twisted angle, thickness of LC cell, 
birefringence, and wavelength of light [4]. In LC industry, the representative 
is twisted nematic (TN) LCD, extensive commercially used in the recent dec-
ade. It was first proposed by Schadt and Helfrich in 1971 [5]. For example, in 
a typical 90° TN cell, the polarization direction of the incident linearly polar-
ized light is rotated by 90°. In other word, the polarization direction of the 
output light remains linearly polarized if the condition of Mauguin limitation 

(12.1)φ ≪
2πd�n

�
,
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is satisfied. Otherwise, the polarization of the output beam will be changed 
to elliptic polarization, indicating that the transmission will be reduced under 
cross- or parallel- polarizers. For a special case of 90° TN cell (φ = 90o), the 
Mauguin condition can be reduced to

Here, we do not talk about its details of electromagnetic wave, but operating prin-
ciple of 90° TN-LC cell will be shown. First of all, a LC cell having a pair of 
orthogonal rubbing directions, resulting in a total twisted angle of 90°, is consid-
ered. In brief, the polarization of linearly polarized light can be rotated by 90°, 
indicating that the polarization will follow the twist of the local director. It should 
be noted that in order to ensure the unidirectional rotation of the LCs, a little frac-
tion of chiral dopant will be doped into the TN-LC cells. A typical 90° TN-LC cell 
can be divided into two kinds of operating mode; they are normally white (NW) 
and normally black (NB) modes. The word “normally” means that the state with-
out applying any voltage. Hence, the transmissions of NW and NB modes at volt-
age-off state are, respectively, bright and dark. According to the layout, the only 
difference between NW and NB modes is the transmission axes of polarizer and 
analyzer. As shown in Fig. 12.1a, b (Fig. 12.1c, d), it is the NW (NB) mode that 
the transmission axes of polarizer and analyzer are set perpendicular (parallel) to 
each other. Considering the NW mode TN-LC cell, it is bright state if no voltage 
is applied (Fig. 12.1a). However, when a voltage is applied onto the TN-LC cell, 
the LCs (Δε > 0) will be aligned along the direction of electric field if the volt-
age is high enough. At this moment, the TN-LC cell changes to homeotropic LC 
cell so that zero transmission can be obtained under cross-polarizers (Fig. 12.1b). 

(12.2)
�

4
≪ d�n,

Fig. 12.1  Schematic diagrams of twisted nematics, a bright (field-off) and b dark states (field-
on) of normally white TN LCDs; c dark (field-off) and d bright (field-on) states of normally 
black TN LCDs
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Moreover, if the amplitude of the applied voltage is between zero and that to align 
LCs homeotropically, gray scales can be obtained. Here, we give the formula 
describing the transmittance of a NW 90° TN-LC cell.

where β is the angle between the polarization axis and the front LC director, φ the 
twisted angle, X =

√

φ2 + (Ŵ/2)2, Ŵ = 2πd�n/�, d, Δn and λ are, respectively, cell 
gap, birefringence, and wavelength. For a special case, cosX = ±1, i.e. X = mπ, m is 
an integer; T is independent of β and the Gooch-Tarry condition can be obtained [4].

For m = 1, it’s the Gooch-Tarry first minimum. Notably, 90° TN-LC cell has 
been widely used for many kinds of displays, such as transmissive, projective and 
reflective LCDs, using two polarizers. However, the narrow viewing angle and 
gray scale inversion, caused by optical anisotropy of LCs, off-axis light leakage 
from cross-polarizers, and others, are the major drawback of TN-LC cells even the 
performances are acceptable for notebook computer applications. Therefore, com-
pensated films are employed to enhance their performance.

The mixed twisted nematic (MTN) mode is developed based on TN mode. The 
main difference between TN mode and MTN mode LCDs are the setting of polar-
izers and the total twisted angles. For MTN mode LCD, the angle of intersection of 
polarizer axis and rubbing is set to be non-zero angle, and the total twisted angle of 
90° is unnecessary. The mixed mode means the combination of polarization rotation 
and phase retardation. Usually, it should be noted that MTN mode can be adopted to 
fabricate a reflective LCD, and will be introduced in next section [1–4].

(b) phase retardation mode

First of all, phase retardation should be introduced and defined. Supposing one 
uniaxial crystal or LC, whose ordinary and extraordinary refractive indexes are no 
and ne, respectively, is prepared. When a light beam is normally incident into the 
material through a linear polarizer, the output light beam will experience corre-
sponding phase retardation, Γ, according to the intersection angle of the polariza-
tion direction and the optical axis of the uniaxial material. The formation of the 
phase retardation is caused by the difference of refractive indexes between no and 
ne, resulting in the different propagating velocities of ordinary and extraordinary 
beams inside the uniaxial material. The phase retardation, Γ, can be given as [1–4] 

where d is LC cell gap, Δn is birefringence and λ is the wavelength of incident 
light. For two special cases, polarization direction of the incident light parallel or 

(12.3)T = cos2 X +
(

Ŵ

2X
cos 2β

)2

sin2 X,

(12.4)
d�n

�
=

√

(

m2 −
1

4

)

,

(12.5)Ŵ =
2πd(ne − no)

�
=

2πd�n

�
,



29312 Liquid Crystal Display—Present Status and Emerging Technology

perpendicular to optical axis of the uniaxial material, the phase retardation equals 
zero. Otherwise, the effective phase retardation causes the transformation of polar-
ization of the output beam. For example, just like half-waveplates, if the effective 
phase retardation is π/2, the incident linearly polarized light will be transferred to 
elliptically polarized light (be rotated by 2θ, θ: intersection angle). Accordingly, if 
a uniaxial LC layer is sandwiched between two cross polarizers, the transmission 
can be electrically tuned because of the variation of Δn by applying voltage, or the 
so-called electrically controlled birefringence (ECB) effect. Many types of LCDs, 
including vertical alignment, homogeneous alignment, hybrid alignment, in-plane-
switching (IPS) modes, and others, are operated using this ECB effect.

In principle, the relationship between transmittance and phase retardation under 
crossed (T⊥) and parallel (T//) polarizers can be given as,

where θ is the angle between the polarizer direction and the LC director.

(c) scattering mode

In scattering mode for modulating light intensity, LCs and polymers are two candi-
dates for use in such kind of LC devices, including displays, light shutters, diffusers, 
etc. Initially, they will be homogeneously mixed with each other, and then, will be 
phase separated. Two famous catalogs—polymer-dispersed LCs (PDLCs) and poly-
mer-stabilized LCs (PSLCs) are developed according to their morphologies.

Regarding PDLCs, the micron- or sub-micron-size LC droplets, isolated from 
one another, will be formed and dispersed in polymer matrix. The incident light will 
be scattered because of the mismatch of refractive indexes of LCs and polymers at 
zero applied voltage. Notably, the concentration of polymer and LCs are comparable 
with each other. In PSLCs, divided into scattering and non-scattering devices, the 
concentration of LCs is much higher than that of the polymer. Here, the scattering 
devices, where exist multi-domain LC structures, are discussed only. The size of LC 
domain is comparable to the scattered light. Notably, the size of LC domains in both 
of PDLCs and PSLCs can be controlled during phase separation processes. Here, a 
brief introduction of the operation mechanism for scattering mode LC devices will 
be shown following. As depicted in Fig. 12.2a, the material of polymer matrix is 
optically isotropic with its refractive index, np, and the LC droplets are randomly ori-
ented in polymer matrix in the absence of an applied voltage. Regarding the bound-
ary of two materials with discontinued refractive indexes, the refractive indexes 
mismatch between the LC droplets and polymer matrix leads to strong scattering in 
the voltage-off state (scattering state). On the other hand, the director of LCs with 
Δε > 0 are aligned along the applied electric filed in the voltage-on state (transpar-
ent). A very important key is that the ordinary refractive index (no) of the used LCs 
should be as close as np for the application of light shutters. Accordingly, the unidi-
rectional director provides almost insignificant differences (no = np) in the refractive 
indexes of neighboring polymers such that the PDLC appears perfectly transparent, 
as shown in Fig. 12.2b. However, the polymer matrix walls produce a strong surface 

(12.6)T⊥ = sin
2
2θ sin

2

(

Ŵ

2

)

, T// = 1− sin
2
2θ sin

2

(

Ŵ
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)
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anchoring effect that increases driving voltages, indicating that the operated voltage 
of a traditional PDLC scattering mode light shutter is high [6, 7]. Accordingly, many 
scientists have recently paid much attention to such approaches as surface rubbing 
effect [8], dichoric dyes [9], and others, to reduce the operated voltage of PDLCs. 
Next, a newly proposed approach, particular thermally-induced phase separation 
(TIPS), is introduced [6]. Fuh et al. reported particular TIPS method that involves a 
combination of dissolution process of LCs and poly(N-vinylcarbazole) (PVK), and 
TIPS. Briefly, a nematic LC cell fabricated by two substrates coated with uniform 
PVK films is heated and then cooled, generating the rough PVK layers onto the 
surfaces of the substrates. The LC cell having rough PVK layers produces micron-
sized, multiple domains of disordered LCs that can scatter incident light. The fabri-
cated LC light shutter possessed the advantages of low driving voltage, fast response 
in the order of milliseconds, independent of polarization, high contrast ratio, and 
being polarizer free.

Moreover, scattering mode light shutters can also be used to fabricate many LC 
devices, such as holography [10], smart windows [11], etc.

(d) absorbance mode

So far, we have introduced several physical mechanisms, such as polarization 
rotation, phase retardation and scattering, for modulating the transmissive light 
through a LC cell. In the following section, we’d like to discuss another mode for 
modulating light intensity, absorbance mode. The famous LCD type using absorb-
ance mode is guest-host (G-H) display that does not need any polarizer. To intro-
duce G-H LCD, dichroic dyes should be paid attention to firstly. The LC and dyes 
play the roles of host and guest, respectively, because of the properties of elec-
trical switching of LCs and anisotropic absorbance of dichroic dyes. Usually, the 
LC host is highly transparent in visible wavelength, and the selected dyes should 
strongly absorb one polarization direction of incident light, and unabsorb the other 
one. Importantly, the rod-like dichroic dyes are aligned along the long axis of 
LCs. Thus, the mechanism of G-H LCDs is electrically controllable light absorp-
tion. About the dichroic dyes, dichroic ratio, DR, the most important parameter in 
determining the performance of a G-H LCD, is defined as

(12.7)DR ≡
A�
A⊥

=
1+ 2S

1− S
,

Fig. 12.2  Schematic diagrams of polymer-dispersed LCs; a scattering (field-off) state and 
b transparent (field-on) state
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where A// and A⊥ are the absorbances when the polarization direction of the incident 
light is, respectively, parallel and perpendicular to the optical axis of the dyes. S is the 
order parameter [12]. According to the absorbance performance, the contrast ratio, 
defined as the transmittance ratio at voltage on and off states, of G-H LCDs increases 
with increasing DR. Additionally, the contrast ratio is also dependent on the cell 
thickness and concentration of dyes, but the prices are the increases of operating volt-
age, response time, etc. Notably, powder dyes exhibit extremely low solubility into 
LCs. Several LC dyes are developed to enhance the concentration of dyes [13, 14].

Next, we’d like to introduce the most commonly used G-H LCDs—White-Taylor 
cell, which does not need any polarizer [15]. The materials used in the cell are 
nematic LC (Δε > 0), about 2 wt% absorbing dyes and about 1 wt% chiral dopant. 
Due to the doping chiral dopant, the dye-doped chiral nematic LCs present twisted 
structures, in which the twisted aligned dyes can absorb incident unpolarized light at 
voltage-off state (dark state, Fig. 12.3a). Moreover, at voltage-on state (bright state, 
Fig. 12.3b), LCs and dyes are aligned along the direction of electric field, result-
ing in the low absorbance. Since no polarizer is required, the brightness is excel-
lent, which is very suitable for fabricating reflective mode LCDs. Additionally, other 
kinds of G-H LCDs, which need polarizers or quarter waveplates, using dye-doped 
nematic LCs have also been developed [16]. Also, Toshiba group demonstrated a 
prototype of reflective color LCDs using 3-layer guest-host mode [17].

(e) cholesteric reflection mode

In recent decade, cholesteric LCs (CLCs), also known as chiral nematic LCs, 
have been studied by many scientists [18–23]. CLCs usually consist of nemat-
ics and a chiral dopant, as well as have two stable textures, planar (P) and focal 
conic (FC) textures. The P textures (Fig. 12.4a) present reflective state due to 
the Bragg reflection. Briefly, circularly polarized light with the same handed-
ness as that of the P textures of CLCs is selectively reflected. The central 
reflection wavelength (λc) of the selective reflection band by P textures can be 
described by p and n̄, and can be expressed as �c = n̄ pcosθ (θ = 0 for normally 
incident light, n̄ = (n� + n⊥)/2). Pitch length (p) is determined by the concen-
tration (c) of the chiral dopant and the relative helical twisting power (HTP) 
according to their relationship HTP = 1/pc. Positive (negative) values of HTP 

Fig. 12.3  White-Taylor guest-host cell; a dark (field-off) state and b bright (field-on) state
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represent right- (left-) handed helix. Moreover, the FC textures (Fig. 12.4b) 
show strong light scattering because of the randomly arranged helical axes. 
Such various potential bistable (reflective planar and scattering focal conic 
states) LCD technologies have been developed because they present low power 
consumption [22, 23].

Moreover, P textures can be switched to FC ones by applying a voltage with 
relatively low amplitude. In this state, the Bragg reflection can be eliminated 
mostly, and the incoming light is scattered. The FC textures are transformed into 
homeotropic texture, which is a transparent state, if a relative high voltage is 
applied. When the applied high voltage is switched off rapidly, CLCs in home-
otropic textures can be relaxed back into P textures. Notably, the homeotropic 
textures can also be switched back to FC textures by reducing the high applied 
voltage to a low bias voltage, or removing the high voltage gradually. Figure 12.5 
presents the possible texture transitions of CLCs. Importantly, both of P and FC 
textures are stable states, and can be used to achieve bistability with applying 
any external voltage to maintain them. Accordingly, cholesteric reflection modes 
LCDs are widely used because of their low power consumption, bistability, read-
able under sun, good viewing angle, etc. Also, polymer-stabilized cholesteric tex-
tures, full-color reflective LCDs, and others, are developed to improvement their 
performance.

(f) LC on silicon (LCOS) mode

LC on silicon mode, which is a reflective LCD, has been widely adopted for 
developing projection systems and virtual display (micro-display). Such a kind of 
reflective LCDs is fabricated by only one glass substrate (front substrate) and a 
silicon wafer (back substrate), containing the corresponding circuits for address-
ing each pixel. Briefly, the pixel electrodes of LCOS displays are coated with a 
flat and highly reflective aluminum mirror and an alignment layer, as shown in 
Fig. 12.6. LCOS can be adopted to achieve high-resolution LCDs because of the 

Fig. 12.4  Observations of cholesterics under cross-polarized optical microscope; a planar and b 
focal conic textures
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existing silicon technology. Moreover, considering the color display using LCOS 
technology, three methods, including color pixellization, multiple LCOS panels, 
and field sequential color, can be used to achieve color. However, because of a 
small size of LCOS display, the second and third approaches are commonly used 
in projectors and virtual displays, respectively. It should be noted that the mecha-
nism of field sequential color (FSC), or the so-called color sequential display, is 
based on separating color temporally rather than spatially (sub-pixels), so that the 
switching time of LC cell is extremely important.

However, LCOS mode still has some drawbacks, resulting from the tem-
perature. The stability of surface alignment layer will be reduced due to the high 
temperature inside the LCOS system so that the LC director alignment will be 
disturbed. Accordingly, usually, the used materials to form the alignment layers 
are inorganic materials, such as SiOx. Additionally, color breakup is another issue 
should be solved in color sequential display.

Fig. 12.5  Schematic diagrams of cholesterics; a planar texture, b focal conic texture, c finger-
print texture and d homeotropic textures

Fig. 12.6  Basic 
configurations of LC on 
silicon cell
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12.2  Emerging Technology

LC technology has been widely paid much attention to over the past decade. LCs 
are not only applied for fabricating flat displays, but also for developing many 
non-display applications, such as gratings, spatial filters, polarization convertors, 
lenses, and so on. They will be introduced in Chap. 14. Moreover, in LC fields, 
some emerging technologies, such as flexible LCDs, high resolution LCDs, green 
technologies, reflective LCDs, transflective LCDs, three-dimension (3D) LCDs, 
fast response LCDs, touch panels, and others, have attracted considerable interest 
recently. Among them, flexible displays have been developed in recent years for 
applying in many products, such as smart cards, e-books, e-papers, mobile phones, 
and others. The challenges include the uniformity, reliability, etc. Commercially, 
customers can buy a flexible LCD based on bistable cholesteric reflective displays. 
The detailed mechanism can be read in the previous Sect. 12.1. About high resolu-
tion, the famous 4K2K and 8K LCDs (ultra high definition, UHD) are believed 
to dominate the mainstream market. To achieve such high resolution, the techni-
cal processes, including high aperture ratio TFT pixel design, high accurate pro-
cess equipments, optimization of the processes, and so on, are the main keys. 
Moreover, green technology in LC fields can be extended to multi-stability, low 
power consumption, simple fabrication processes, and so on. The techniques of 
polymer stabilizations, LED backlight units, frontier LC materials are developed 
to achieve the issue. 3D LCD technologies will be described in detail in Chap. 13. 
Touch panel, combined with high definition flat display, is another challenge in LC 
fields. In this section, in-plane-switching (IPS)/fringing field switching (FFS), blue 
phase, and reflective/transflective LCDs will be introduced.

(a) in-plane-switching (IPS)/fringing field switching (FFS) LCD

Conventionally, as shown above, the direction of the applied voltage to drive LCs 
is perpendicular to the substrates (parallel to the normal direction of the sub-
strates). With the applied voltage, the electrically controllable birefringence results 
in proper phase retardation, and can be adopted to control gray scales with polar-
izers. However, the phase retardations obtained from right and left sides are differ-
ent due to the directional asymmetry of tilted LC. Such a shortage causes narrow 
viewing angle and asymmetric transmittance, especially along the vertical direc-
tions. To overcome the problems, it is in-plane-switching (IPS) technique that 
was proposed in 1970s by Soref et al. [24, 25]. IPS mode is, in brief, a driving 
scheme by a fringing electric field, which keeps the directors of LCs lying paral-
lel to the surface of substrates during the treatment of electrical driving. Restated, 
the directors of LCs are rotated in the plane parallel to the direction of the applied 
transverse electric field, so that the viewing angle and asymmetric transmittance 
can be improved. In IPS mode, to provide a transverse electric field, the periodi-
cally interdigital electrodes are fabricated onto one of the substrates to generate 
the fringing field in the transverse plane. It should be noted that the distance (l) 
between the electrodes should be larger than the cell gap (d) (l > d) and the width 
of the electrode. Refer to the previous Sect. 12.1(b), the phase retardation mode 

http://dx.doi.org/10.1007/978-94-017-9392-6_14
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can be achieved in both of homogeneous (planar) and homeotropic (vertical) 
alignments using longitudinal fields. In the IPS mode, both of them can also be 
switched by transverse fields [26]. Especially, in homeotropic alignment, LCs hav-
ing either positive or negative dielectric anisotropy can be adopted. The famous 
electronics, including iphone, ipad, LG smart phone, etc., are employed IPS mode 
as their displays.

The first design of the IPS cell, using positive dielectric anisotropy LCs in 
homogeneous alignment cell, was proposed by Hitachi [27, 28]. Such a LC cell, as 
shown in Fig. 12.7, shows normally black mode under cross-polarizers, indicating 
that in the field-off state, the LCs are aligned by the homogeneous alignment layer 
in parallel to the direction of the polarizer, so that no phase retardation can be 
experienced. Finally, the incident light is thus blocked by the analyzer. Moreover, 
in the field-on state, the LCs are electrically rotated so that the phase retardation 
modulates the polarization of the incident light. Hence, the transmittance can be 
electrically switched. Additionally, IPS modes using positive dielectric anisot-
ropy LCs in homeotropic alignment layers were also developed by Hyundai [29] 
and Samsung [30]. To overcome the dark lines, existing between the electrodes, 
Hyundai and Samsung groups proposed different approaches to achieve four-
domain configurations. The viewing angle can be improved further.

Furthermore, to improve the performance of LCDs, such as aperture ratio, 
viewing angle, small-size high-resolution, large-size ultra-hugh-resolution, etc., 
Hydis group developed fringing field switching (FFS), which also utilizes the 
transverse field to switch LC directors [31]. The configuration of the FFS mode 
is very similar to that of the IPS mode. The main difference between these two 
modes is the electrode gap. In the FFS mode, the electrode gap (l) is smaller than 
the cell gap (d) (l < d), so that the fringing field can reorient the LCs just above the 
electrodes. Hence, the high transmittance can be achieved because of the absence 
of the dead zones. Also, LCs with both positive and negative dielectric anisotropy 

Fig. 12.7  Basic 
configuration of the IPS 
mode LCD in voltage-on 
state with a homogeneous 
alignment LCs (Δε > 0) 
parallel to the stripes of 
electrodes
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can be used in the FFS mode. Figure 12.8 shows the basic configuration of the 
FFS mode LCD with a homogeneous alignment parallel to the stripes of elec-
trodes. The used LCs are with positive dielectric anisotropy. Clearly, the fringing 
field distributes over the electrodes and their gaps, resulting in high transmittance. 
The LCDs, produced by the FFS mode, are called Super-LCDs. Recently, the 
Hydis group also developed Advanced FFS (AFFS) technique, providing superior 
performance, low power consumption, wide viewing angle, high transmittance, 
fast response, and color gamut with high luminosity, as well as the improvement 
of outdoor readability [32]. Additionally, high aperture FFS has also been devel-
oped for small size LC panels [33]. AUO also proposed several techniques, includ-
ing VA-IPS with positive dielectrically anisotropic LCs, VA-FFS using inverse 
electric fields, etc., to improve the performances of LCDs.

In summary, IPS and FFS modes provide some advantages, such as wide view-
ing angle, high contrast, and others, resulting from the principle of in-plane reori-
entation of LCs. The incoming light from any directions experiences the short axis 
of LCs so that the viewing angle can be widened and symmetric. Additionally, IPS 
and FFS modes LCDs are hard screen mode LCD, suitable for the applications of 
touch panel displays. However, the yields and the cost are the main keys for IPS 
and FFS modes to compete with the general LCD panels with wide viewing angle.

(b) blue phase LCD

BP-LCs, including PBI (body-centered cubic symmetry), BPII (simple cubic sym-
metry) and BPIII (amorphous structures), are LC phases that appear in a narrow 

Fig. 12.8  Basic 
configuration of the FFS 
mode LCD in voltage-on 
state with a homogeneous 
alignment parallel to the 
stripes of electrodes
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temperature range, usually less than a few K, between chiral nematic and iso-
tropic phases. Unlike the cholesteric LCs with single twisted structures, BP-LCs 
are assembled by double twisted structures. Such two twisted structures are 
crossed with each other and generate double twisted cylinders (DTCs), as shown 
in Fig. 12.9. BP-LCs exhibit selective Bragg reflections due to their three-dimen-
sional cubic structures with lattice periods in the order of 100 nm. Moreover, 
observing BP-LCs under polarized optical microscope, BPI and BPII present 
colorful platelet textures, while BPIII fog-like textures. [34]

For application in LCDs, because BP-LCs present extremely fast response (μs), 
wide viewing angle, alignment layer free process, cell gap insensitivity, etc., they 
are much benefit for the next generation of display and electro-optical devices if 
the temperature range can be broadened. Briefly, the isotropic sphere will be elon-
gated or flattened to be ellipsoid, depending on whether the LCs are positive or 
negative dielectric anisotropic materials, when electric field is applied. In 2008, 
Samsung announced its prototype TFT-LCD panel with 240 Hz image frame rate 
based on blue phase LCs (BP-LCs) at 2008 SID (Society for Information Display) 
[35]. Moreover, not only the direct-view, but also the projection displays based 
on Kerr effect using BP-LCs high have potential for LCDs. Regarding projection 
displays, field-sequential, or the so-called color-sequential, projection LCDs with 
several advantages of high optical efficiency, low cost, and others, are newly and 
famous displays in the recent decades. However, color breakup, resulting from 

Fig. 12.9  Blue phase LCs, a observation under cross-polarized optical microscopy; b double 
twisted cylinders (DTCs); c PBI (body-centered cubic symmetry); d BPII (simple cubic symme-
try) and e BPIII (amorphous structures)
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slow response time, should be paid much attention. Hence, BP-LCs are the prom-
ising candidates for such display applications due to their fast response [36–41].

Regarding to the temperature range, recently, it is demonstrated that the poly-
mer can be used to stabilize BP-LCs to extend the temperature range more than 
60 K, including room temperature [42]. Also, other approaches were developed 
to broaden the temperature range of BP-LCs [43]. Accordingly, the stabilized 
BP-LCs at room temperature possess the electro-optical switching with extremely 
fast response (μs).

Under the application of electric field, the optically isotropic LCs can be 
changed to anisotropic LCs with the optical anisotropy parallel to the applied field. 
It indicates that the described IPS or FFS modes are adopted to produce birefrin-
gence for BP-LCDs. Notably, the optically anisotropy follows the Kerr Effect [37]. 
In order to increase the phase retardation, the birefringence can be increased with 
the increase of the applied field until the saturated birefringence appears. However, 
the extremely high operating voltage of BP-LCDs based on IPS mode is not suit-
able for practical application. To reduce such high operating voltage, several modi-
fied structures of IPS electrodes, such as protrusion electrodes [44], wall-shaped 
electrodes [45], double-penetrating fringe fields [38], and corrugated electrodes 
[36], are developed. Also, Kim et al. and Wu et al. also proposed vertical field 
switching (VFS), whose electric field is in longitudinal direction and uniform, in 
BP-LCs [40, 46, 47]. However, although BP-LCs were discovered a 100 years ago 
and were also improved technically, they were almost failed to be really applied 
for fabricating practical devices due to the described instinct shortages.

(c) transflective mode LCD

Nowadays, transmissive LCDs have been widely developed in most of the display 
electronics. As described above [1–4], the mechanisms for operating principle 
of light modulations include polarization rotation, phase retardation, scattering, 
absorbance, and so on. The performances, including wide viewing angle, fast 
response, low power consumption, high contrast ratio, etc., are also improved. 
However, an inevitable issue for transmissive LCDs is the continued “on” back-
light source as long as the display is turned on. Restated, the relatively high power 
consumption cannot be reduced according to this point. Of course, light emitting 
diodes are great for reducing the power consumption of backlight unit. However, 
it is worth to be noticed. Additionally, if you bring your electronics out of doors 
under sunlight, the contrast of the displayed image onto your electronics can be 
reduced by the sunlight. So, it is reflective LCDs that have been developed [1]. It 
is clear to understand that the reflective LCDs do not include built-in backlights 
so that the undesired ambient light for transmissive LCDs can be used to be the 
“front light” to reflective LCDs for displaying information. Accordingly, compar-
ing reflective LCDs with transmissive ones, not only the outdoor readability can 
be improved, but also the power consumption can be reduced. But, how about 
bring your electronics with reflective LCDs into a dark room? Reflective LCDs do 
not work there. Combing transmissive and reflective LCDs can keep their advan-
tages in one LCD, which is named transflective LCDs.
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As described above, transflective LCDs, whose light sources are the ambient 
light or backlight units, are developed to be used under both bright and dark ambi-
ent, and can simultaneously or independently display images based on the trans-
missive and reflective modes. Hence, the transflective LCDs can be applied onto 
the electronics, which can be used indoors and outdoors, such as mobile phones, 
watches, digital cameras, navigators, and so on. Briefly, transflective LCDs can be 
divided into several categories according to the operating mechanisms [48]; they 
are absorption, scattering, reflection and phase retardation modes. Among them, 
the phase retardation mode, requiring two polarizers usually, has higher poten-
tial for commercial applications than the others, due to their higher contrast ratio, 
lower driving voltage, and so forth. Here, we will introduce two main types of 
transflective LCDs based on phase retardation mode, one is dual-cell-gap trans-
flective LCDs, and the other one is single-cell-gap transflective LCDs. The key 
point is the identical phase retardation from the transmissive region (T-region) and 
reflective region (R-region) after the light leave the LCs regions when any ampli-
tude of the electric field is applied.

(1) dual-cell-gap transflective LCDs

Figure 12.10 shows the schematic configuration of a simple dual-cell-gap trans-
flective LCD with the homogeneous aligned LCs in both the T- and R-regions. The 
cell gaps of these two region, dT and dR are different, and the relationship between 
dT and dR is dT = 2dR. Notably, the LC alignments in T- and R-regions are the 
same so that the complicated alignment process is unnecessary. Regarding the 
waveplates in the configuration, a half- and a quarter-wave plate are setup on both 
sides of T- and R-regions. It should be noted that the combination of these tow 
waveplates with a linear polarizer equals a broadband circular polarizer [49], and 
can be employed to achieve a normally white mode transflective LCD. Restated, 
good dark state can be obtained, and is not too sensitive to the variation of cell gap 
in T- and R-regions. Although the mechanism for such a dual-cell-gap transflective 

Fig. 12.10  Schematic configuration of a simple dual-cell-gap transflective LCD with the homo-
geneous aligned LCs in both the T- and R-regions. a bright and b dark states
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LCD is very simple, several problems, including the different response time in 
T- and R-regions, narrow viewing angle, complicated fabrication process, etc., 
should be considered [50]. Fortunately, so far, the manufacturing processes are 
completely compatible with the existing technique, so the dual-cell-gap transflec-
tive LCDs are the first candidate for the commercial transflective LCD products.

Furthermore, many scientists worldwide have also proposed several kinds of 
dual-cell-gap transflective LCDs, such as dual-cell-gap transflective vertical align-
ment LCD [51], dual-cell-gap transflective hybrid alignment LCD [52], dual-cell-
gap transflective FFS LCD [53, 54], and so on. The detailed operating principles 
of these kinds of transflective LCDs follow the electrically controllable birefrin-
gence LCDs, as describe above.

(2) single-cell-gap transflective LCDs

It is clear to understand that the difference between dual-cell-gap and single-cell-
gap transflective LCDs. An identical cell gap in T- and R-regions of single-cell-
gap transflective LCDs is made. Ideally, similar to the dual-cell-gap transflective 
LCDs, the electro-optical properties, including the dynamic responses, viewing 
angles, gray-scale controls, and others, in T- and R-regions, are identical to each 
other. The backlight travels the LC film once in the T-regions, while the ambient 
light twice in the R-regions. General speaking, single-cell-gap transflective LCDs 
are more favorable because they are easier to fabricate, but the matching phase 
retardation between T- and R-regions is difficult to achieve. In recent decade, 
many single-cell-gap transflective LCDs has been developed, for example, trans-
flective TN, transflective STN, transflective MTN, transflective HA/hybrid, trans-
flective BP, transflective IPS LCDs, and so on.

For instance, Fig. 12.11 depicts that the dual LC alignments, comprising the 
homogeneous (HA) and hybrid (HB) alignments, sandwiched between two crossed 

Fig. 12.11  Schematic configuration of a single-cell-gap transflective LCD with the dual LC 
alignment of homogeneous and hybrid alignments both the T- and R-regions, respectively. 
a bright and b dark states



30512 Liquid Crystal Display—Present Status and Emerging Technology

polarizers. Such a binary configuration can be used to examine the electro-opti-
cal characteristics of the transmissive and reflective pixels in one kind of single-
cell-gap transflective LCDs. [55]. Theoretically, the optical path of the reflective 
pixel (hybrid alignment) is twice as long as that of the transmissive pixel (homo-
geneous alignment) by a reflector, and the phase retardation for the bright state 
in the T-region should be set as λ/2 (=π), while that in the R region λ/4 (=π/2). 
Therefore, the quarter-wave plate is set between the substrate and polarizer to opti-
mize the bright and dark states. Moreover, the angles between the transmission 
axes of the polarizers and the rubbing direction (along the y-axis) were +45° and 
−45°. The same phase retardation (2πdΔn/λ) in the T- and R- (with a reflector) 
regions can be essential in achieving high optical performance of the transflective 
LCDs. Hence, it schematically depicts the designed single-cell-gap transflective 
LCD. In this design, according to the electrically controlled birefringence (ECB) 
mode LCD, the transmittance observed under the cross-polarizers can be given by 
sin22β sin2(δ/2), where β and δ denote the angle between the polarization direc-
tion of the incident light and the rubbing direction, and the phase retardation 
[2πd(n-n)/λ], respectively [2–4]. In this case, the transmittance observed under 
the cross-polarizers equals sin2(δ/2) when β is set to 45°. Therefore, the maxi-
mum (minimum) transmittance implies that the phase retardation equals (2n + 1)π 
[(nπ)], where n represents an integer. Additionally, the phase retardation in T- and 
R-regions decreases when the applied voltage increases, ultimately reaches nearly 
zero. The ratio of phase retardation in the R-region to that in T-region at an applied 
voltage should be optimized to be around 0.5. The bright, dark, and grayscale 
states that originated from the phase retardation between 0 and π, therefore, can be 
obtained by applying an AC voltage in the LCDs.

In summary, as discussed herein, the single-cell-gap transflective LCDs based on 
dual LC configuration require either dual-rubbing process or complicated electrode 
designs, so such kind of transflective LCDs have not been commercialized yet.
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3D display was expected to be the dominant next-generation display technology 
for producing more natural images. For autostereoscopic 3D technologies, observ-
ers could perceive 3D images with the naked eyes, yet still has the degradation of 
image quality for a given autostereoscopic 3D display. In this chapter, various LC 
lens (LC-lens) technologies for improving the issues are illustrated, followed by 
the future developments of LC-lens on 3D applications.

13.1  Introduction of 3D Display

Three-dimensional display technologies can be categorized into stereoscopic 
type and auto-stereoscopic type, as listed in Fig. 13.1. The stereoscopic 3D dis-
plays require the viewers to wear glasses or special devices such as active shutter 
glasses type, passive polarizer type, or head-mounted display (HMD), to perceive 
3D images [1–8]. Thus, viewers perceive correct left and right images for the cor-
responding eyes through the special devices. Moreover, the stereo technique only 
provides the same two-view stereo image that there are no perspective images for 
arbitrary positions. Hence, the auto-stereoscopic (glasses-free) 3D displays are 
definitely the future trend.

The glasses-free 3D displays include holographic type [9–12], volumetric 
type [13, 14], multi-plane type [16–18], integral imaging and multiplexed-2D 
type [19–27]. The holographic displays use the concept of interference to recon-
struct the 3D scene through reconstruction of wave intensity and phase. However, 
this method now is too complicated to reconstruct good dynamic and full color 
3D scene due to the special light source, complicated image content, and high 
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quality display requirement. The volumetric displays and multi-plane displays are 
good approaches while they require huge space. Therefore, recently, researchers 
are more attracted on the compact multiplexed-2D displays for 3D applications 
because it can be achieved with flat panel displays.

The spatial-multiplexed 3D displays generally includes two components, opti-
cal device and display panel. The optical device, such as the lenslet array or barrier 
sheet, is used to project different images to the corresponding directions. And the 
display panel is used to display the images. Two common optical devices, for exam-
ple, used for these 3D displays are fixed barrier [21, 28] and lenticular lens sheet 
[25–27, 29–31]. This method provides different information to the corresponding 
left and right eyes simultaneously. Hence, human brain fuses this different informa-
tion and then 3D sensation can be obtained. Besides, the two-view or multi-view 
3D displays can be achieved by generating two or more view information to be the 
image content. However, current spatial-multiplexed method will much decreases 
the resolution of 3D images, especially can’t be used for reading the text contents. 
Therefore, liquid crystal lens (LC-lens) was proposed for 2D/3D switching func-
tion. Except 2D/3D switching, the 3D rotation and 3D scanning function of LC-lens 
were also been reported to extend the application of 3D displays.

13.2  LC Lens for 3D Display

In 1979, the LC material was first employed for lens applications [32]. The LC is 
injected into the space between the plano and concave glass substrates, or plano 
and convex glass substrates, respectively. The transparent electrodes are coated on 

Fig. 13.1  Classification of 3D technologies
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the glasses, as shown in Fig. 13.2. Applying the driving voltages on the electrodes, 
the LCs is re-aligned according to the potential distribution within the cells. Thus, 
the optical powers of the concave and convex lenses can be tuned without physi-
cally change the lens shape. The polarized light is also needed in order to meet 
effective refractive index changing of the LC lens (i.e., the un-polarized light can-
not meet the index changing that the incident light path cannot be changed after 
passing through the LC cell).

13.2.1  2D/3D Switching Function of LC-Lens

For 2D/3D switching LC-lens, three approaches, polarization active micro-lens, 
Active LC lenticular lens, Electric-field-driven LC(ELC) lenticular lens, had been 
reported and described in detail in this session.

13.2.1.1  Polarization Active Micro-Lens

The polarization activated micro-lens was proposed by G.J. Woodgate, and J. 
Harroldas in 2003 [33, 34], which the basic structure is shown in Fig. 13.3. The 
polarization of incident light is not changed after encountering the polarization 
switching cell (TN cell) when applying driving voltage on the TN cell. Thus, 
the 2D mode can be obtained when the polarization of polarized light do not be 
changed. On the other hand, the polarization of polarized light is changed that the 
light is focused after passing through micro-lens layer without applying driving 
voltage on the TN cell. Hence, the 3D mode is achieved.

Fig. 13.2  The first proposed LC lenses in 1979. a Plano-convex cell, and b plano-concave cell
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13.2.1.2  Active LC Lenticular Lens

Just like the structure of inhomogeneous LC-lens, S.T. de Zwart et al., developed 
an active LC lenticular lens for 2D/3D switchable display [35, 36]. As shown in 
Fig. 13.4, the LC molecules (positive dielectric anisotropy)are aligned perpendicu-
lar to the plane. The refractive index of the concave glass lens, ng, is chosen equal 
to ordinary refractive index, no. The incident polarized light from the underlying 
LCD is with polarization perpendicular to the plane (i.e., extra-ordinary light). 
Hence, the polarized light encounter a difference of refractive index distribution 
from ne (the extra-ordinary refractive index of LCs) to no (the refractive index of 
glass lens) without applying driving voltage. It results in a net lens-action to form 
a 3D mode, i.e., the spatial-multiplexed type 3D display; on the other hand, the 
LCs reorient according to the potential distribution thus the incident extra-ordinary 
light encounters the ordinary refractive index of LCs, no, when applying the driv-
ing voltage on the planar electrodes. Since the ordinary refractive index matched 
the refractive index of the glass lens, the LC lens acts as a normal glass plate and 
the light is not refracted. A display which can display normal 2D images could be 
achieved.

Nevertheless, there are some drawbacks of the above two methods, active LC 
lenticular lens and polarization active micro-lens, such as mismatching of LC 
alignment at the interface and the tough fabricating process for the concave lens. 

Fig. 13.3  On and off state of polarization active micro-lens
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Hence, the simplest LC lens, homogeneous LC layer and homogeneous glass 
structure, for 3D displays was invented to overcome these issues.

13.2.1.3  Electric-Field-Driven LC (ELC) Lenticular Lens

For the Electric-field-driven LC (ELC) lens [37–40], the electrodes are designed to 
be the symmetric structure with respect to the centerline, and the different driving 
voltages are connected to the electrodes which are located at different layers, as 
shown in Fig. 13.5. The electrode layers are fabricated on the side of bottom sub-
strate, and an insulator layer (SiO2 layer) is sandwiched between these electrode 
layers. Applying specific different voltages on the different electrode layers, the 
phase retardation profile, which approach to the parabolic curve, of the LC layer 
can be obtained. The ELC lens also can be utilized for switching between 2D and 
3D mode by changing the driving voltage on and off. However, the assembly and 
response time are two issues of this kind of LC lens.

Fig. 13.4  Active LC lenticular lens

Fig. 13.5  Principle of electric-field-driven LC lens [20–24]
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13.2.2  Rotation Function for Mobile Application

Due to the raising requirement of portable device, the rotatable function of display 
on 3D mode, as shown in Fig. 13.6, also become popular. To achieve rotatable 
function of lenticular LC lens, the two sets of stripe electrode should be arranged 
in different directions. However, when we apply the voltage to the top or bottom 
electrode, there is no full flat electrode on the other side. According to the struc-
tures and electrode field of LC cell, the LC cell won’t be generated as a lenticular 
lens. To form the shape of lenticular lens, the variation of electrode field should be 
change only in one direction. Therefore the function of high resistance layer can 
be used to overcome this issue.

According to the switchable function of electrode, Chang et al. [41] proposed 
rotatable lenticular LC lens which is coated high resistance on both inner elec-
trodes. In order to form lenticular lens in two directions, the top electrodes and 
the bottom electrodes should almost perpendicular to each other. To achieve 
switchable function in two directions, top and bottom electrodes are coated with 
high-resistance material, as shown in Fig. 13.7. When all bottom electrodes are 
connected to Vcom and top electrodes are driven by interlaced voltage, VD and 
Vcom, the LC lenticular lens will arrange in horizontal direction. Due to the same 
driving voltage, the bottom high resistance layer becomes a full electrode with 
ground voltage. On the other hand, distribution of voltage on the top side becomes 
a gradient and continuous distribution, because of the function of high resistance 
layer. Alternatively, in vertical direction, the bottom electrodes are driven by VD 
and Vcom individually, and whole electrodes on the top are operated by Vcom.

Except crossed electrodes, M. Kashiwagi and S. Uehara optimized the LC align-
ment direction (LCAD) and Electrode array direction (EAD) to realize the rotatable 
2D/3D display with wider vertical and horizontal viewing angles in both landscape 

Fig. 13.6  The schematic plot of rotatable 3D display for mobile application
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and portrait orientations [42]. The conditions of two electrode directions and LC 
alignment direction are both less than 50° of θR, the results show that 3D viewing 
azimuth angle is over 30° in both landscape and portrait orientations (Fig. 13.8).

Fig. 13.7  The schematic plot of rotatable LC lens and the focused pattern on vertical and hori-
zontal direction



316 Y.-P. Huang

By using LC lens, the reduction of 2D resolution can be solved, yet 3D image 
isn’t. For having more freedom of views for multi-users, the view-points have to 
be increased. The pixel resolution (spatial domain) for 3D image has to be sacri-
ficed for yielding more views to widen the viewing angle (Spatial-multiplexed). 
Consequently, in order to have a full resolution 3D display, “temporal domain” or 
“time-multiplexed” technologies have to be considered.

13.2.3  3D Scanning LC-Lens for Full Resolution 3D Image

Resolution decreasing is always a major issue of auto-stereo 3D display. To 
improving the resolution. Huang, et al., proposed the active scanning Multi-
electrode Driven LC lens (MeD-LC lens) [43, 44]. The MeD-LC lens can not only 
formed ideal parabolic lens curvature for 2D/3D switch with low crosstalk, but 
also can scan the electrode voltage to move the lens for multi-view points.

At the voltage on state, local electric fields are formed by the gradient distri-
bution of electric field. Hence, the lenticular MeD-LC lens array can be obtained 
by making repeated patterns as well. In addition, by applying the operating volt-
age sequentially on each electrode, the LC in MeD-LC lens reorients and builds 

Fig. 13.8  Optical model and luminance measurement results of non-orthogonal electrodes array 
system proposed by Uehara et al. [42]
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in a lens-like shape, thus the lens could move (shift) sequentially on the horizontal 
direction to project the images to different viewing angle, as t he schematic shown 
in Fig. 13.9.

Due to the multi-electrodes are periodic, the scanning function could be oper-
ated by changing the voltage sequentially. The captured image with scanning 
MeD-LC lens is demonstrated in Fig. 13.10. Currently, however, the response time 
of MeD-LC lens is still not adequate for super time-multiplexed 3D display.

13.3  Conclusions and Future Developments

For various types of the 2D/3D switching displays, the liquid-crystal (LC) lens 
was one of the most favorable designs for such display applications. The LC lens 
would focus and just pass the incident light with and without supplying the operat-
ing voltage.

Three types of LC lens, polarization active micro-lens, Active LC lenticular  
lens, and Electric-field-driven LC (ELC) lenticular lens, had been reported 

Fig. 13.9  Multi-electrode structure and scanning of LC-lens

Fig. 13.10  Experiment results of scanning effect
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and successfully demonstrated. To further using crossed electrode coated by 
high resistance material or controlling the LC alignment direction (LCAD) and 
Electrode array direction (EAD), 3D rotation display can be obtained.

However, the resolution decreasing is still an issue with 3D images. Therefore, 
temporal scanning mode, Multi-electrode Driven (MeD) Fresnel LC-lens was pro-
posed. Although the response time of above LC-lens were not adequate in current 
stage due to the thick cell-gap, but illustrated a future development on wide view-
ing angle with high resolution 3D display.
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As discussed in the previous Sections, LCs are highly birefringent. Also, 
their birefringence can be electrically controllable, the so-called Electrically 
Controllable Birefringence (ECB) effect [1]. The voltage required to change the 
birefringence is significantly low. Moreover, LCs is highly transparent in the vis-
ible and near-infrared wavelength regions [2]. All these are the main features that 
LCDs (LCDs) are based on. No doubt, these features also make LCs be applied 
for many non-display photonic devices, for example, LC gratings [3–28], spatial 
filters [29–33], polarization converters [34–54], lenses [55–73], q-plate for shap-
ing laser beams [47–51, 74–93], and lasers [94–100]. The advantages of these LC 
devices are electrically switchable due to the ECB effect of LCs. In this Section, 
some of these non-display devices are presented. Moreover, devices fabricated by 
doping azo dyes in LC will be introduced.

14.1  Liquid Crystal Gratings

Among the LC devices, a diffraction grating is the simplest one to fabricate. 
Optical diffraction gratings play a central role in current photonic technologies 
such as in multiplexing and processing optical signals (optical interconnection, 
beam steering, and sensor array interrogation). Various types and structures of 
LC gratings can be made with the uses of pure nematic LCs (NLCs), NLC doped 
with azo dye [3–9], doped with nano-particles, mainly the carbon 60, carbon 
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nano-tube [3, 10, 11], cholesteric LCs [12–18], and polymer-LC composites [19, 
20], etc. The doping of azo dye, carbon 60 or carbon nano-tube induces the grat-
ing effect through the photo-refractive effect in the sample. A persisting grating 
can be formed with these doping materials adsorbed periodically onto the sub-
strate inner surfaces, which gives rise to the formation of binary LC alignment 
configurations. The PDLC gratings are most fabricated using the holographic 
method (discuss below). The polymerization preferentially initiates in the high-
intensity regions. The consumption of monomers in these regions thus lowers 
their chemical potential. This gives rises to the diffusion of monomers from the 
low-intensity regions towards the high-intensity ones. On the other hand, as the 
LCs are not consumed, their chemical potential increases in the high-intensity 
regions over the low-intensity ones due to the consumption of monomers. Hence, 
there is a diffusion of LC molecules from the high-intensity regions towards the 
low-intensity ones to equalize the chemical potential in the writing area. The 
detailed dynamics of such a PDLC-grating formation can be found in the [21]. 
Apparently, PDLC films can be used to record the interference patterns of the 
light beams [22], and holograms [23].

Basically, there are two main approaches to fabricate LC gratings. One is to 
form alternate binary domains using, for example, the patterned electrodes, or pat-
terned alignments [24–26]. The other is the holographic method [6]. Two coherent 
laser beams are applied to overlap on the sample at an intersecting angle. Among 
these two methods, the latter one has been more commonly used due to its flexibil-
ity to adjust the grating spacing. Thus, LC gratings fabricated by the holographic 
method are presented here.

Referred to Fig. 14.1, two coherent plane waves 
⇀

Ea and 
⇀

Eb, are incident on the 
recording material in x-z plane with an intersection angle of α.

(14.1)
⇀

Ej(r, t) = Aj exp(i
⇀

k j r− iωt); j = a or b

Fig. 14.1  Schematic drawing of interference produced by two coherent plane waves
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Their wave vectors, amplitudes are 
⇀

ka and 
⇀

kb, 
⇀

Aa and 
⇀

Ab, respectively. The grating 
vector  of the grating pattern produced by the interference is given by

With reference to Fig. 14.1, q satisfies 
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, and 

the spatial period of the two interfering beams, called the grating spacing, is

where λ and α are the wavelength of the writing beam and the intersection angle, 
respectively.

Generally, when two coherent waves with arbitrary polarizations interfere, the 
amplitude of the intensity modulation and the state of polarization of the total 
field varies spatially in both magnitude and direction, as determined by the phase 
variations between these two waves. The final form of the interference region has 
various contributions from the intensity and/or polarization distribution, which are 
determined by the polarization states of these two interfering waves. Therefore, 
the gratings that exhibit an intensity (polarization) distribution are called inten-
sity (polarization) gratings. In most experiments, the angle of interference, the 
so-called intersection angle, α, is very small. This condition causes the intensity 
modulation ∆I to be zero when 

⇀

Aa⊥
⇀

Ab, such as for (Âa, Âb) of (s, p), (+45°, 
−45°) and (RCP, LCP) polarizations. RCP and LCP are right- and left-circularly 
polarized light, respectively. In the three cases of interest herein, the interfering 
patterns generate pure polarization gratings [9, 27, 28]. For (s, s), (p, p), (+45°, 
+45°), (−45°, −45°), (RCP, RCP) and (LCP, LCP), the interfering patterns pro-
duce pure intensity gratings. The total interference field pattern, as shown in 
Table 14.1, is determined for one cycle for a small angle of interference, α.

14.2  Spatial Filters

A Spatial filter is commonly used in the Fourier optical signal process. Controlling 
the spatial distribution of optical information is very important. Such control has been 
practically applied in the fields of photographic image enhancement, pattern recogni-
tion and image-inversion, using a highly nonlinear dye-doped NLC film as a phase-
modulation element. Another form of selective spatial frequency reconstruction was 
demonstrated using functionalized mesogenic composites with holographic capabil-
ity. Both the linear and nonlinear spatial filters can be fabricated using LC cells.

Kato et al. presents a nonlinear spatial filtering using an azo dye-doped liquid-
crystal cell [29]. Photoisomerization of azo-dye molecules leads to local align-
ment changes in the LC molecules because of interaction among the molecules. 
Consequently the polarization of transmitted light is modulated, depending on 

(14.2)⇀
q = ±

(

⇀

ka −
⇀

kb

)

= ±2kxx̂.

(14.2)Λ =
2π

q
=

�

2 sin
(

α
2

) ,
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Table 14.1  The total field vector distribution for different polarization combination of the 
 interfering waves

The spatial variations of intensity or polarization in x-direction dependent on different polariza-
tion combinations of the interfering waves can cause so-called intensity or polarization gratings

δ ≡ 2πx
Λ

Total field interference pattern 
in the x-y plane

Comments

Polarization of  interfering 

wave 

(

⇀

Ea,
⇀

Eb

)

δ 0 π/2 π 3π/2 2π

θ o

ŷ

x̂

x̂'ŷ'

ẑ

x 0 Λ/4 Λ/2 3Λ/4 Λ

(s, s) Intensity grating (arb. α)

(p, p) in x-y plane Intensity grating (arb. α)

(p, p) in x-z plane Polarization grating (large α)

(s, p) Polarization grating (arb. α)

(+45°, +45°) Intensity grating (small α)

(+45°, −45°) Polarization grating (small α)

(RCP, RCP) Intensity grating (small α)

(RCP, LCP) Polarization grating (small α)

the induced light intensity. By selection of suitable polarization of the transmit-
ted light self-aligned filtering is realized. Fuh et al. reported the fabrication of a 
few linear spatial filters. An electrically switchable spatial filter using a polymer-
dispersed LC (PDLC) cell [30] is demonstrated based on the fact that the size of 
the LC droplet formed in a PDLC film is inversely proportional to the intensity of 
curing. Controlling the driving voltage on the PDLC sample can filter particular 
spatial frequencies in the Fourier optical signal process. A polarization controlla-
ble spatial filter based on azo-dye-doped LC film [31] is realized. The fabrication 
of such a polarization controllable spatial filter relies on the fact that the various 
intensities of the diffracted orders are responsible for various changes of the polar-
ization state induced by the photo-aligned DDLC film. Particular spatial orders in 
the Fourier optical signal process can be filtered using an analyzer placed behind 
the sample by controlling the polarization state of the diffracted orders. Later, a 
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transflective spatial filter based on azo-dye-doped cholesteric LC (DDCLC) films 
is presented [32]. The mechanism is due to the fact that the various intensities of 
the diffracted orders are responsible for various degree of transparency induced 
by the photoisomerized DDCLC film. High- and low-pass images in the Fourier 
optical signal process can be observed simultaneously through the reflected and 
transmitted signals, respectively. Another novel electro- and photo-controllable LC 
spatial filter is fabricated in a LC film with a photoconductive layer [33]. Such a 
spatial filter is formed because of the controllability of the photoelectro-induced 
screen effect of the space charge in the LC cell. An applied DC voltage or incident 
pumped intensity can be controlled to enable different spatial distributions of the 
diffraction pattern of the target object to be selected for filtering by the LC cell, 
such that various reconstructed images can be obtained.

14.3  Polarization Converters

LCs are commonly employed as polarization-converting materials because its 
director, which is an unit vector along the common axis of LC molecular orien-
tation, can be modulated by an external field. Numerous methods have been 
realized. The first approach utilizes an LC spatial light modulator to cause axial 
polarization [34]. The second method is to control LC directors by concentrically 
circular rubbing [35]. Recently, Wu et al. presented a polarization converter using 
a sheared polymer network LC and LC gel [36, 37]. Some common concerns 
about the aforementioned approaches are their complex fabrication processes, and 
flexibility.

Tzeng et al. [38] reported the fabrication of LC polarization converters, 
which can be used to produce axially symmetrical polarization beams using the 
photo-alignment method. Photo-alignment techniques are discussed in Chap. 11. 
As seen, one of the photo-alignment methods is based on the azo compounds. 
Suitable LC alignments can be obtained via two approaches; one is to firstly spin-
coat a layer of azo material on the substrates and followed by the light exposure, 
the other is the doping of azo material in LCs and then the cell is photo-excited 
by a suitable laser beam [38, 39]. Figure 14.2a shows the obtained homogeneous-
radial sample, which can convert a linearly polarized beam into a radially polari-
zaed one. Figure 14.2b shows the image of the homogeneous-radial LC film 
under a crossed-polarized optical microscope (POM). The result is reasonable, 
and expected with the radially polarized emerging light. In the POM setup, the 
polarizer axis is parallel to the front LC director. Hence, the region from which the 
emerging beam is polarized perpendicular (parallel) to the analyzer axis is dark 
(bright), and a brightness gradient exists between these two directions. If the inci-
dent linearly polarized light with its polarization is set perpendicular to the front 
LC director (Fig. 14.2c), then the linearly polarized beam is converted to an azi-
muthally polarized beam. The image of the homogeneous-radial LC film under a 
crossed POM becomes that in Fig. 14.2d, as expected.

http://dx.doi.org/10.1007/978-94-017-9392-6_11
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Axially symmetric polarized beams have attracted much interest in recent 
years. They can be adopted in diffractive optics and imaging systems [34]. An 
important property of these beams is their unique cylindrical symmetry polariza-
tion, which enables the amplification of axially polarized beams to high power and 
good beam quality [40]. Radially and azimuthally polarized beams can be gen-
erated inside a laser cavity [41–43]. The adopted approaches, however, are based 
on complex resonator configurations, or require special fabricating techniques. 
Alternatively, radially or azimuthally polarized beams can be obtained directly 
from a Gaussian beam, outside the laser cavity, with specially designed mode con-
verters. Such a conversion can be performed using various interferometric arrange-
ments by interferometric superposition of linearly polarized beams [44, 45] or the 
use of a spatially varying retarder [46].

Ko et al. further reported the fabrication of the azimuthal-azimuthal (Fig. 14.3a) 
and radial-radial (Fig. 14.3b) samples using the so-called double-side photo-align-
ment method [39]. To fabricate a hybrid azimuthal-radial LC cell, two substrates 
were disassembled from both azimuthal and radial samples were combined to 
fabricate a new azimuthal-radial cell, as presented in Fig. 14.3c. Figures 14.3d, e 
show images of the axially symmetric azimuthal and radial LC samples, respec-
tively, under crossed POM.

The hybrid azimuthal-radial cell can be used as a polarization converter. 
Figure 14.4a presents the polarization converter effects based on azimuthal-radial 

Fig. 14.2  Generations of a radially and c azimuthally polarized light by a homogeneous-radial 
LC film; b, d show images of a and c, respectively, under the crossed polarized optical micro-
scope. R rubbing direction. P polarizer, A analyzer
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LC cell in an axially symmetric optical system. Initially, a homogeneous-radial LC 
film (polarization converter) [38] was adopted to transform linearly polarized light 
into radially polarized light. The radial polarization was analyzed using an analyzer 
with transmission along the y-axis; Fig. 14.4b presents the corresponding image. 
The region in which the polarization is perpendicular to the analyzer is in the dark 
state. When an azimuthal-radial LC cell was placed behind the homogeneous-
radial LC film, it converted radially polarized light to azimuthally polarized light. 

Fig. 14.3  Axially symmetric a azimuthal, b radial and c twisted nematic LC structures. Images 
of axially symmetric d azimuthal, e radial and f and g twisted nematic LC devices under a polar-
ized optical microscope. P polarizer, A analyzer

Fig. 14.4  a Setup for converting polarization of linearly polarized beam using axially symmetric 
LC devices; b radially polarized light and c azimuthally polarized light analyzed using an ana-
lyzer (y-axis) under POM
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Figure 14.4c presents the analyzed (using a y-axis analyzer) image. This image is 
the opposite of the image of radial polarization (Fig. 14.4b) in transmission.

The radial-radial (Fig. 14.3b) LC cell can be utilized to modulate laser-beam 
shape. Laser-beam shape modulation is a rapidly developing field, which is driven 
by both technological improvements and the ever-increasing demand for its use 
in optical trapping (OT) and other applications [47–51]. Figure 14.5a presents 
the experimental setup. Figures 14.5b presents the image of an axially symmet-
ric LC sample under a cross polarizing optical microscope. A Gaussian He–Ne 
laser beam passes through a polarizer and is incident onto the center of the radial-
radial device, to which is applied an AC voltage (1 kHz). The diameter of the 
laser beam is ~1.5 mm. The upper figure in Fig. 14.5c presents the shapes of the 
beams that emerge from the sample at voltages of 0 V (donut-shaped) and 17 V 
(Gaussian), while the bottom figure gives their cross sectional irradiance distri-
butions. Notably, the conversion efficiency from the incident linearly polarized 
Gaussian beam to donut-shaped beam was measured to be ~86.9 %. The donut 
shape is caused by the phase retardation that is provided by the axially symmet-
ric LC cell [52–54], when no external voltage is applied. The transmitted beam 
undergoes destructive interference at its center when it passes through the axially 
symmetrically distributed LC molecules. When the applied voltage is sufficiently 
(~17 V), the LC molecules are re-oriented almost perpendicular to the substrates. 
Therefore, the transmitted laser retains its original Gaussian shape. Figure 14.6 
presents the images of the beam shape which is formed by a radial-radial cell with 
varying applied voltage.

14.4  Liquid Crystal Lenses

As mentioned above, LCs possess a high birefringence, and a low control volt-
age. Thus, the use of LCs for adaptive systems has significantly increased in 
the last decade. Much research on the use of LCs is focused on the switchable 
lenses. Basically, the LC lenses are mainly based two designs; one is to establish 
a LC distribution that leads to a LC gradient index (GRIN) lens; the other one 
is through the use of a LC Fresnel plate. The former usually uses the patterned 
electrodes, and thus focal length and/or intensity are electrically controllable. Such 
a LC lens is first proposed by Sato [55] with the focal length switched between 
150 and 230 mm. Several electrode designs have been presented, for examples, 
the stacked planar electrode geometry [56] or forming a certain electric field [57–
60] by spherical electrode, the high resistance electrode [61], the hexagonal-hole-
patterned electrode [62], double LC layers [63], four sub-electrodes [64] and hole 
and ring electrodes [65]. Different LC materials such as ferroelectric material [66], 
blue-phase LCs [67] were also proposed for improving the electro-optics proper-
ties. Various LC Fresnel lenses have been developed, the polymer-dispersed LC 
(PDLC) [68], polymer-stabilized LC [69], polarization-insensitive LC (PILC) [70] 
and dye-doped LC (DDLC) [71].
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Notably, the focal effects of all above-mentioned LC lenses are electrically 
controllable. Huang et al. demonstrates the feasibility of a microlens array (MLA) 
with a focal intensity that can be optically tuned by controlling the polarization 
of incident light [72]. The proposed MLA has a focusing unit based on birefrin-
gent liquid crystalline polymer (LCP), and a tuning unit with a photo-alignment 
layer for controlling the polarization state of incident laser light. The optically 

Fig. 14.5  a Experimental setup, b the images of a radial LC device under a cross-polarizer opti-
cal microscope, c the beam shapes (upper) and the irradiance distributions (bottom) of the output 
donut-shaped beam (0 V) and the Gaussian beam (17 V). P polarizer, A analyzer
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variable refractive indices of LCP allow a positive or negative MLA to be real-
ized by controlling the polarization of the incident light. Further, the same authors 
demonstrate a liquid crystalline polymer microlens array (LCP MLA) with an all-
optically tunable and multi-stable focal intensity through photochemical phase 
transition [73]. The operational mechanism of the optical tuning is associated with 
the photo-isomerization effect. The proposed LCP MLA device has a focusing unit 
based on a birefringence LCP and a tuning unit with a light responsive material 
to control the polarization state of the incident probe beam. The optically variable 
refractive indices of LCP enable a positive or negative MLA that can control the 
polarization of incident light to be realized.

14.5  Liquid Crystal Q-Plates

Gaussian beams (in transverse electromagnetic wave (TEM00) mode) are the most 
common used laser beam-profiles. Their particular distribution is preserved as the 
beams propagate, and such beams can be focused into a diffraction-limited spot. In 
recent decades, the manipulation of the shapes of laser beams has rapidly devel-
oped because of technological improvements in beam-shaping devices and the 
ever-increasing demand for their applications [47–51]. The profile intensity of a 
laser-beam can be shaped by modulating the amplitude [74, 75] or the phase [76, 
77] of the beam. Although amplitude modulation is effective, it usually wastes 
much of the energy of the laser beam. When properly performed, phase modula-
tion can almost losslessly reproduce the intensity of a beam. Hence, phase modu-
lation methods are more efficient in practice. A novel device, called a q-plate (QP), 

Fig. 14.6  Various beam shapes obtained using an ASDDLC device under various applied 
voltages
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which is based on the phase modulation of LC, has been developed [78]. It can 
be patterned with a specific transverse topology and contains a well-defined inte-
ger or semi-integer topological charge at its center [79–81]. This device has been 
applied to convert a Gaussian into a beam with orbital angular momentum [79, 82] 
and it has been used in various areas in the field of optics [83–85]. Vector vortex 
beams that are produced by the modulating circularly polarized Gaussian beams 
are commonly coincident with corresponding singular points in the optical phase. 
Vortex beams are strongly correlated to singular optics with the optical phase sin-
gular point and can be used in optical tweezers [86, 87], imaging [88, 89], atomic 
trapping [90], and quantum information [91].

Huang et al., recently, present LC QPs with positive or negative integer and 
semi-integer q values, using the axially symmetric photo-alignment method [92]. 
The shift in the phase-retardation that is caused by fabricated LC QP devices 
when a voltage is investigated and the fabricated QPs are shown to be useful for 
the electrical tuning the beam shapes. Moreover, the polarization distribution of 
a linearly Gaussian beam after it has been modulated by an LC QP is analyzed. 
Numerical simulation was performed to confirm the LC alignment structures on 
the substrates and for comparison of the results with observations made under a 
crossed-POM. The results of the simulation are consistent with the experimental 
results. The LC QPs were utilized to modulate a linearly polarized Gaussian laser 
beam and the distributions of linear polarization in three modes upon the applica-
tion of a suitable voltage were studied. The LC QP device can be utilized as a 
beam shape modulator and a spatial polarization converter in diffractive optics and 
imaging systems.

Figure 14.7 shows the images of the beams that were modulated by LC QPs 
with q values of ±1.5 and ±2 under suitable applied voltages. LC QPs with the 
same absolute q values identically modulate a linearly polarized TEM00 Gaussian 

Fig. 14.7  Various beam shapes were obtained by modulation by LC QP with q values of ±1.5 
and ±2 when suitable voltages were applied
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beam, as revealed in the POM images. As the applied voltage is varied, each LC 
QP has three modes, which are a donut-shaped mode and two beam structures 
with 2q dark spots. The dark spots are resulting from the phase singularities that 
caused by far-field beam interference, and can be calculated using the Fraunhofer 
diffraction [93] for the propagation of a linearly polarized Gaussian beam through 
the center of LC QP. These devices can be used as beam-shaped modulators and 
spatial polarization converters in diffractive optics and imaging systems. Also, 
the proposed beam-shape manipulation can be used in an advanced optical twee-
zers system. The intensity profile and polarization distribution were simulated by 
MATLAB and 1D-DIMOS. The results of the simulation were consistent with 
experimental findings.
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Thermotropic nematic LCs can modulate light in phases, amplitudes, and polariza-
tions [1]. Many photonic applications based LCs have developed, such as displays, 
electro-optical switches, lenses, optical vortex generators, variable optical attenu-
ations, solar cells and so on. Thermotropic nematic LCs have great potential in 
bio-medical applications. In this session, we mainly introduce two the bio-med-
ical applications based on thermotropic nematic LCs: biosensors and ophthal-
mic lenses. In biosensors, the key is interfacial interactions between biosamples 
and LC molecules. We will introduce a LC and polymer complex system, the LC 
and polymer composite film (LCPCF), whose surface free energy is electrically 
switchable. LCPCF can help to test the sperm quality and high-density-lipoprotein 
(HDL). In ophthalmic applications, we will introduce the challenges and require-
ments for design of ophthalmic lenses. A polarizer-free LC lens with large aper-
ture size is also introduced.

15.1  Biosensors Using Nematic Liquid Crystals

In general, interfacial interactions between LCs and bio-samples (or sensing tar-
gets) are the key to design a biosensor using nematic LCs [2–7]. Such an interfa-
cial interaction often causes the re-orientations of LC molecules at the interface. 
As a result, optical properties of LC change and the change of the orientation of 
LC can be read out by observing under a polarizing microscopy. LC can opti-
cally amplify the biological binding events and help us to study the biology. The 
main approach is to immobilize thermotropic nematic LC onto a solid surface as 
a sensing interface for bio-samples. 5CB is a commonly used a LC material for 
biosensing. In the literatures, 5CB has been proved for sensing many bio-samples, 
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such as biotin/antibiotin-IgG, phosphopeptide, DNA, proteins, phospholiqid, bac-
teria and viruses, human embryonic stem cells, and protein-peptide binding events 
[6, 8–15]. The thermotropic nematic LC materials are soft condensed materials 
which have to be sustained in reservoirs and it takes times to sense the biosam-
ples (30 min ~ few hours). In order to sustain thermotropic nematic LC materials, 
LC and polymer complex systems are great candidates to turn the soft LC mate-
rials into film-like structures which are easy to apply voltage to further stimu-
late the LC orientations for biosensing. Recently, we develop a LC and polymer 
composite film (LCPCF) whose wettability (or surface free energy) is electri-
cally tunable due to the orientation of LC molecules on LCPCF [16–21]. LCPCF 
is a film fabricated through photoinduced phase separation process. The ingre-
dients are thermotropic nematic LC E7 (Merck), a liquid crystalline monomer 
(4-(3-Acryloyloxypropyloxy)-benzoic acid 2-methyl-1, 4-phenylene ester) and 
a photoinitiator. LCPCF is a platform for realizing biosensing devices on a basis 
of droplet manipulation induced by interfacial interaction between anisotropic LC 
molecules and bio-materials.

The physical mechanism of electrically tunable wettability of LCPCF is based 
on the electrically tunable surface free energy of LCPCF. Figure 15.1 illustrates 
a typical LCPCF device. Generally speaking, a surface free energy of a smooth 
solid surface can be determined by placing a fluidic droplet on the solid surface 
and the surface free energy is described according to the Young’s contact angle, a 
result of a balance of three phases: vapor, liquid and solid. The surface free energy 
is re-modified by the roughness according to the Wenzel’s magnification of wet-
tability. When the solid surface consists of several materials or so-called chemi-
cal heterogeneity, the surface free energy can be further re-modified according to 
the Cassie’s linear composition of interfacial energies of materials. The Young’s 

Fig. 15.1  The illustration of the droplet on LCPCF on a glass substrate with patterned electrodes. 
The magnification of the interface is exaggeratedly depicted in the inlet. The four chemical struc-
tures of LC (E7) compounds of LCPCF are listed as well. The monomer is a liquid crystalline 
monomer (4-(3-Acryloyloxypropyloxy)-benzoic acid 2- methyl-1, 4-phenylene ester) [21]
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balance of three phases, Wenzel’s magnification of wettability and Cassie’s chemi-
cal heterogeneity are the factors that can help us to describe the wetting properties 
or surface free energy of a surface. However, one more factor, molecular orien-
tations, can also be considered when we design an actively switchable surface, 
LCPCF for example. The surface free energy of the LCPCF in the air (γLCPCF-air) 
with an unit of J/m2 can be expresses in 15.1 according to the Chibowski’s film 
pressure model [21]: 

where γL-air is the surface free energy of the testing fluid (L) in the air, θa is 
advancing angle of a fluidic drop on the LCPCF, θr is a receding angle of a fluidic 
drop, V is an applied voltage, and φ is the average tilt angle of LC molecules with 
respect to x-axis in Fig. 15.1. The advancing angle (θa) and the receding angle (θr) 
are the angles at which the contact line changes when the volume of the fluidic 
drop increases and decreases, respectively. In experiments, the surface free energy 
of the LCPCF (γLCPCF-air) increases from 36× 10−3 to 51× 10−3 J/m2 with the 
applied pulsed voltage [21]. According to Cassie’s model, the surface free energy 
of LCPCF in the air is a linear composition of the surface free energies of poly-
mer (γp-air) and the surface free energy of LC (γLC-air). The surface free energy of 
LCPCF can also be expressed as:

where Rw is the roughness factor defined as the ratio of the actual surface 
area to the geometric surface area, fLC is the fraction of LC and fp is the frac-
tion of polymer. The LC materials (E7) of LCPCF consisting of 4 com-
pounds can simply be divided by three parts: the alkyl/alkoxy chain, the 
cyano (CN) group, and the phenyl/terphenyl part. The surface free energy of 
the LCs anchored among the polymer grains on LCPCF can be expressed as: 
γLC−air(φ(V)) = γCN × sin2 φ(V)+ γph−ter × cos2 φ(V), where γph-ter, and γalky-

alko are the surface free energy of phenyl/terphenyl part, alkyl chain, and cyano 
group, respectively. γph-ter is ~29× 10−3 J/m2, γalky-alko is ~29× 10−3 J/m2, and 
γCN is ~154× 10−3 J/m2 [21]. The averaged LC molecules tilt up from 0 to 32° 
with the applied pulsed voltage under calculations from experiments.

The detail physical mechanism near the surface of LCPCF is also depicted 
in Fig. 15.2a, b. At voltage-off state, the strong anchoring force which is pro-
vided by polymer grains results in the LC molecules aligned along x-direction. 
The surface free energy of LCPCF results from the interaction between phenyl/
terphenyl part of LC (E7) and the testing water. When the applied pulsed volt-
age overcomes the anchoring force of the polymer grains and elastic proper-
ties of LC materials, the LC molecules change the orientations gradually. The 
CN-group tilts up with the applied pulsed voltage because of the fringing elec-
tric field, and the strong interaction between polar CN-group and polar fluid 

(15.1)γLCPCF−air(φ(V)) =
γL−air × (1+ cos θa(V))

2

2+ cos θr(V)+ cos θa(V)
,

(15.2)γLCPCF−air(φ(V)) = Rw × [fLC × γLC−air(V)+ fp × γp−air],
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(de-ionized water). Figures 15.3a–d show scanning electron microscope images 
of the surface of LCPCF at different magnification. The surface show elongated 
aggregation of polymer grains and void holes for LC molecules. The size of the 
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Fig. 15.3  a, b, c SEM images of the surface of LCPCF at different magnification. d SEM image 
of the side view of rolled LCPCF. The arrows indicate the direction of LC anchored the polymer 
grains
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LC domains is around 100–200 nm. The root-mean-square (RMS) roughness of 
the LCPCF is ~30 nm. The domain size and roughness can be adjusted by phase 
separation process. Figure 15.3d shows SEM image of the side-view of a rolled 
LCPCF. LCPCF is a thin film and the thickness is around 4–30 μm. The wet-
ting properties of LCPCF indicate the potentials of alignment layers to LC mol-
ecules for photonic applications. However, LCPCF is thicker, the applied voltage 
is higher.

To manipulate a polar droplet on LCPCF, the two regions of the interdigitated 
chevron electrodes are patterned identically, as depicted in Fig. 15.4a. At V = 0, 
the contact angles on both sides of the droplet are identical. When we apply a volt-
age in the left interdigitated region, the left region of LCPCF is more hydrophilic 
because of the tilts of LC molecules anchored to the polymer grains, so the drop-
let experiences an imbalanced Young’s force [22] and the droplet is forced to move 
toward the left, as depicted in Fig. 15.4b. Figure 15.5a shows the dynamics of water 
droplet when we applied ~250 Vrms square pulses (f = 1 kHz) to the left electrodes 
in Fig. 15.4a for a time duration of 600 ms. Figure 15.5b shows the water contact 
angle on the left and right of the droplet as a function of time. The contact angles 
on both sides of the droplet are the same at V = 0. When we turned on the pulsed 
voltage in the left region in Fig. 15.5a at 0.6 s, this region became more hydrophilic 
due to the reorientation of the LC directors. The contact angle on the left (~56.77°) 
became smaller than that on the right (~79.54°). The droplet then experienced an 
imbalanced net force (~98 μN) causing the droplet to move toward left. The net 
force (F) can be calculated according to: F = π × ro × γLV (cos(θright)− cos(θleft)) 
where γLV represents the surface free energy of the liquid–vapor interface 
(~72.5× 10−3 J/m2), ro is the radius of the drop (~1.18 mm for a 3 μL water drop), 
and θright and θleft stand for the local contact angles on the right and on the left of 
the droplet. Between 0.6 and 0.65 s, the contact angles on the left and on the right 
of the water droplet oscillate to overcome the resistive force of the surface resulting 
from the hysteresis of LCPCF, as shown in Fig. 15.5c. The hysteresis of LCPCF, 
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Fig. 15.4  a The droplet manipulation on LCPCF, and b the magnification of the surface of 
LCPCF near two adjacent electrode regions. At voltage-off, rod-like LC molecules anchored 
among the polymer grains are aligned along y-direction. At voltage-on states, LC molecules tilt 
up by the electric fields. The tilted LC molecules result in more hydrophilic surface properties of 
LCPCF [20]
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the difference between advancing (~64°) and receding angle (~52°), is ~12°. After 
0.65 s, the water droplet slides toward the smaller contact angle on the left. At 1.2 s, 
the voltage is turned off and the droplet contracts, with high contact angles on both 
sides. The reason why we used periodic electric fields is mainly to overcome the 
LCPCF’s hysteresis and keep the droplet moving forward. The net force is around 
50–150 μN for droplet volume 1–9 μL. Gravity begins to have an effect on the 
water droplet when the droplet volume is larger than 6 μL. The high driving voltage 
(250 Vrms) can be reduced by reducing the thickness of LCPCF.

15.2  Sperm Testing Devices Using Droplet Manipulation

The great motivation in developing sperm testing devices is that I suffered from 
a difficulty for having a baby and the sperm testing device is an intermediate 
amazement during the process I was figuring out solutions. The quality of human 
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spermatozoa, such as concentration, motility, and morphology, is one of the factors 
for infertility which is a global human issue. Figure 15.6 shows the microscopic 
image of human spermatozoa (or sperm). Most of men are not comfortable to do 
the sperm test at a hospital. Up to now, no handy testing devices on the market test 
sperm quality. Manipulating orientations of LC molecules can help to test sperm 
quality. When a water droplet is placed on LCPCF, the water droplet can be manip-
ulated utilizing the surface wettability gradient induced by an inhomogeneous 
reorientation of LC molecules among polymer grains. The LCPCF can sense the 
semen through the motion of a semen droplet which in turn depends on the infor-
mation of spermatozoa in the semen. We first demonstrated a sperm testing device 
by either a back-and-forth stretch or a collapse of a semen droplet on LCPCF [20].

The sperm sensing mechanism of LCPCF is depicted in Fig. 15.7. Based on 
the experimental results, two semen drop motions: the back-and-forth stretch 
(Figs. 15.7a–c) and the collapse (Figs. 15.7d–g) of semen drops, are related to the 
sperm quality. The semen drop simply consists of infertile sperms (gray), fertile 
sperms (black), and seminal plasma, a fluidic medium for sperms. In the begin-
ning, the LC molecules anchored among the polymer grains are aligned along 
y-direction and all the sperms uniformly disperse in the semen drop (Fig. 15.7a). 
When we apply the electric field at the left region of LCPCF, the LC molecules 
tilt up. The cyano terminal group of LC molecules is more hydrophilic; as a result, 
the left side of the LCPCF is more hydrophilic as well. The semen drop experi-
ences a net Young’s force resulting from the change of the wettability. A fluidic 
flow (or the flow of seminal plasma) inside the semen drop is then induced. (The 
white arrow in Fig. 15.7b) All the sperms are then flushed by such a fluidic flow. 
However, the fertile sperms swim upstream against the fluidic flow because of 
the nature of the fertile sperms [23]. (Figure 15.7b) When we turn off the volt-
age, the LC molecules reorientate back along y-direction owing to the elastically 
essential properties of LC and the anchoring force of polymer grains. The wet-
tability of LCPCF goes back. The fertile and infertile sperms then dispersed inside 
the semen drop (Fig. 15.7c). Therefore, we observe the back-and-forth stretch of 
a semen drop when the voltage is on and off periodically. The high concentra-
tion, high motility, better morphology, the high percentage of sperms swimming 
in a linear trajectory represent that more sperms can swim upstream against the 

Fig. 15.6  Microscopic 
image of human spermatozoa 
(sperms)
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flow current of seminal plasma induced by the wettability gradient of LCPCF. The 
mechanism of the collapse of the semen drop is also illustrated in Figs. 15.7d–g. 
When the semen drop has lots of infertile sperms, the infertile sperms are washed 
away by the fluidic flow induced by the wettability gradient due to the orientation 
of LC molecules. (Figure 15.7e) Because the infertile sperms have weak ability to 
swim against the flow, the infertile sperms are attracted and trapped by the field 
of LCs and weak fringing electric fields on the surface of LCPCF. (Figure 15.7f) 
The surface of LCPCF is then re-modified. As a result, the switchable properties 
of LCPCF are invalid by the deposition of the sperms on LCPCF. Therefore, the 
collapse of semen drop and the aggregation near the voltage region are observed 
(Fig. 15.7g).

The droplet manipulation on LCPCF can realize a sperm testing device. The 
better quality spermatozoa results in back-and-forth stretches of a semen drop 
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Fig. 15.7  a, b, c The schematic mechanism of stretches of a semen droplet. a At V = 0, LC 
molecules are aligned along y-direction. The fertile (black) and infertile (gray) sperms swim ran-
domly. b When the voltage is applied to the left of LCPCF, the LC molecules tilt up and the left 
LCPCF is more hydrophilic. The induced fluidic flow (white arrow) washes away all the sperms 
meanwhile the fertile sperms swim upstream against the flow. c When the voltage turns off, the 
wettability of LCPCF is same as (a) and the semen drop stretches back. d At V = 0, the infertile 
sperms disperse in the semen drop. e When the voltage is applied to the left region of LCPCF, the 
induced fluidic flow (white arrow) washes away all the sperms. f and g The infertile sperms are 
deposited on the left region [20]
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on LCPCF; otherwise, the semen drop collapses. From the experimental results, 
stretching of a semen droplet indicates the high concentration (>100 million/
mL), good morphologies (>15 %), good motility (>50 %) of spermatozoa, and 
more than 30 % of spermatozoa swimming jointly forward. The stretching dis-
tance is linearly proportional to the motility of sperm. In fact, human fertilization 
involves not only sperm quality, but also sperm-oocyte processes. However, good 
sperm quality is still a significant factor for fertility potential. The experimen-
tal results indicate the great capabilities of LCPCF to be used as a sperm quality 
tester. Potential applications for this device include sperm testers and microfluidic 
devices for Assisted Reproductive Technology.

15.3  Sensing for High Density Lipoprotein  
in Human Serum

High-density lipoprotein (HDL) is one of the major carriers of cholesterol in the 
human blood for carrying cholesterol back from tissues/organs to the live. In the 
clinics, the high-density lipoprotein cholesterol (HDL-C), the cholesterol easters 
inside HDL, are usually measured to indicate the risk of diseases, such as cardio-
vascular diseases, breast and lung cancers, non-Hodgkin’s lymphoma, and reduc-
ing the risk of Alzheimer’s disease and dementia [24]. In fact, HDL concentration 
is proportional to a HDL-C concentration. Actually, HDL has high surface polarity 
compared to other particle existed in human serum because of special apolipopro-
teins [25]. LCPCF is suitable to sense polar fluids. By manipulating the orienta-
tions of LC molecules, the surface of LCPCF can be switched from less polar 
surface to polar surface when the biphenyl/terphenyl parts of LC molecules fac-
ing to LC/fluids interface flip to cyano (CN) group of LC molecules. The sensing 
mechanism of HDL is illustrated in Fig. 15.8 [26]. The LC molecules of LCPCF 
consist of three part: cyano(CN)-group (terminal group), alkyl-group (terminal 
group), and biphenyl/terphenyl part (core part). When a HDL drop is placed on 
LCPCF, the interface between HDL and LCPCF is illustrated in Figs. 15.8a, b. At 
a null voltage (i.e.V = 0), LC molecules are aligned along x-direction. The biphe-
nyl/terphenyl of LC molecules contacts with the HDL/LC interface and LC mole-
cules have a relative weak interaction with HDL compared to the case of the titling 
CN-group (i.e. the right figure in Fig. 15.8a) When the applied voltage V exceeds 
threshold voltage (Vth), the CN-group (or one of the terminal groups) of LC mole-
cules tilts up toward the HDL because of the polar-polar interaction between HDL 
and LC molecules. In addition, the polarity of HDL concentration increases as the 
HDL concentration increases [25]. As a result, the biosensor is designed based on 
HDL droplet manipulation on LCPCF, as illustrated in Fig. 15.8b. A HDL drop 
is placed on LCPCF and the glass substrate is patterned by two regions of ITO 
electrodes. At V = 0, HDL drop is placed on the right region of electrodes. In the 
right figure in Fig. 15.8b, the HDL drop collapses to the left as we apply pulsed 
voltages on the left region of electrodes because the left region of LCPCF is more 
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hydrophilic to HDL resulting from the tilting CN-groups of LC molecules in the 
left region of LCPCF. As a result, the HDL drop experiences a net Young’s force 
to move the HDL drop. In addition, the viscosity of HDL drop is high and then the 
HDL drop collapses instead of doing the translation motion. When HDL concen-
tration is higher, the polar-polar interaction at HDL/LC interface is larger and then 
the region applied electric fields on LCPCF is more hydrophilic. Thus, the col-
lapse distance d is larger as HDL concentration is higher. By droplet manipulation 
on LCPCF, a biosensor for HDL can be realized.

In order to prove the LCPCF indeed can sense HDL of human serum, we col-
lected the blood samples directly from human beings and removed the blood 
cells to obtain human serum. Human serums consist of water, proteins and lipo-
proteins. The lipoproteins also consists of many particles, such as chylomicron 
(CM), very low density lipoprotein (VLDL), low density lipoprotein (LDL), and 
high density lipoprotein (HDL). The parameters of the samples are pre-measured 
and we selected the samples of human serum with different HDL-C concentra-
tions (i.e. the cholesterol easters inside HDL) ranging from 18 to 92 mg/dL, but 
other parameters are controlled in the relatively small variation range of individ-
ual parameter, such as such as LDL-C ranging from 103 to 153 mg/dL, triglycer-
ide (TG) ranging from 102 to 165 mg/dL, total protein (i.e. Albumin + Globulin) 
ranging from 6.1 to 7.6 mg/dL, albumin ranging from 3.7 to 4.9 mg/dL, and A/G 
(i.e. the ratio of albumin to globin) ranging from 1 to 1.9. LCPCF is actually used 
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for sensing HDL in human serum, not HDL-C. Since we could not measure the 
HDL concentration directly, we used an indirect parameter, HDL-C concentration 
which can be measured in a standard process in clinics, to show the sensing effect 
of LCPCF for sensing HDL concentration. Then we performed the experiments 
of contact angles at V = 0 and V = 200 Vrms, and collapse distance at different 
HDL-C concentrations, as shown in Fig. 15.9. The contact angles at V = 0 and 
V = 200 Vrms decrease with HDL-C concentrations. The contact angle difference 
between 0 and 200 Vrms increases with HDL-C concentrations. The collapse dis-
tance increases with HDL-C concentration. This means LCPCF can sense HDL 
which embraces HDL-C. The polar HDL affects the orientations of LC near the 
interface. Actually, the collapse distance can also be affected by other particles of 
liproproteins, such as LDL, VLDL, and CM. We can also design sensing device 
for LDL, VLDL and CM as well as long as exhibit the polarity.

15.4  Ophthalmic Lenses Using Nematic Liquid Crystals

Human eyes are delicate imaging systems. The incident light passes through a 
cornea, a crystalline lens and retina of a human eye to form an image. The per-
formances of eyes degrade due to refractive anomalies and then result in myo-
pia, hypermetropia, and presbyopia. Myopia and hypermetropia mainly result 
from anomaly of the length of eyes or anomaly of focusing power of cornea and 
the crystalline lens. However, presbyopia mainly originates from the age-related 
degradation of the crystalline lens and then affects the eye’s ability to focus, 
so-called amplitude of accommodation [27]. Declination of the amplitude of 
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accommodation means that the difference between the farthest vision and the near-
est vision is decreased or become shorter. Such an amplitude of accommodation 
decreases linearly with the age and then turns out static (around 0–2 D diopter, or 
m−1) after age of 50 [28, 29]. The crystalline lenses of eyes are actually tunable-
focusing lenses whose lens powers or focal lengths change with the curvature of 
the lens surfaces [30, 31]. By adopting an extra-artificially tunable focusing lens 
using LCs or a LC lens with a tunable accommodation, the degradation of the 
crystalline lens of eye can be compensated. In this way, the visional malfunction 
resulting from an aging crystalline lens can be corrected. Even though the natural 
accommodations of eyes disappear, elderly can still have their accommodations in 
vision. In addition, people who suffer from myopia and presbyopia need two pairs 
of eyeglasses. The solutions on the market are bifocal eyeglasses, two focuses in 
two areas of an ophthalmic lens, and progressive eyeglasses, multiple focuses in 
an ophthalmic lens. However, it is not easy for people to get used to bifocal or pro-
gressive eyeglasses. The tunable LC lenses possessing both adjustable positive and 
negative lens powers are suitable for the tunable eyeglasses of myopia-presbyopia.

The illustration of the image system of a human eye with an ophthalmic LC 
lens can be simplified as depicted in Fig. 15.10. The system consists of a LC lens 
(ophthalmic lens), a cornea, a crystalline lens and a retina as an image sensor. The 
LC lens and the crystalline lens of the eye are tunable-focusing lenses. On a basis 
of the image formations, the distance between the solid lens and object (do) can be 
expressed as [32]: 

where PLC is the voltage(V)-dependent lens power of the LC lens, Pcryst is the lens 
power of the crystalline lens in the eye, and S(Pcryst) is the effective lens power of 
eyes which satisfies (15.4).

where dg is the distance between the LC lens and cornea, and S′(Pcryst) satisfies 
(15.5).

(15.3)do =
1

PLC(V)+ S(Pcryst)
,

(15.4)S(Pcryst) =
−1

dg − 1
S′(Pcryst)

,

(15.5)S′(Pcryst) = Pc −
1

d1
n
− 1

Pcryst− n
d2

,

Fig. 15.10  Illustration of LC 
lens in a human eye image 
system [32]

LC lens

do dg d1 d2

Cornea Crystalline lens
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A



34915 Liquid Crystals for Bio-medical Applications

where d1 is the distance between the cornea and the lens in the eye, d2 is the dis-
tance between the retina and the lens in the eye. n is the refractive index of the 
eye ball (~1.333 in average), and Pc is the lens power (or the inverse of the focal 
length) of the cornea (~42.735 m−1) [31]. In (15.3), the objective distance (do) 
can be adjusted to see nearer or further by adjusting the lens power of crystalline 
lens and the lens power of LC lens. LC lens power could be positive and negative 
depending on the orientation of LC directors. Therefore, the LC lens could be an 
ophthalmic lens for myopia-presbyopia. The lens power of the LC lens (PLC(V)) 
can be expressed as [33]: 

where dLC is the thickness of the LC layer, r is the radius of the aperture of the LC 
lens, and δn(V) is the difference of the refractive indices between the rim and the 
middle of the aperture. By design proper electrodes to generate an inhomogene-
ous electric field, the proper orientational distribution of LC directors results in 
lens-like phase profile or spatial optical phase difference of a lens. PLC can also 
be positive or negative. The concept of wavefront conversion of LC lens is illus-
trated in Fig. 15.11. From optical theory, the idea is simple. However, to realize 
LC lenses as an ophthalmic lenses is not easy. The main challenges of the oph-
thalmic lenses using LC are: polarizer-free, large aperture (>20 mm), large tunable 
range of the lens power (i.e. an inverse of focal length), image quality, scattering-
free, and aspherical phase profile.

A LC lens usually requires a polarizer which decreases the light efficiency at 
least of 50 %. To remove the requirement of a polarizer, a polarization independ-
ent LC phase modulation is required. Many polarization independent LC phase 
modulations are demonstrated and proposed [35–43]. Table 15.1 lists the perfor-
mances of polarization-independent phase modulations in the literatures, such as 
phase shift, driving voltage and response time. Among the proposed polarization 
independent LC phase modulations, the double-layered type LC phase modulation 
with large phase shift is more suitable for designing ophthalmic lenses. The opti-
cal mechanism of the polarization independency of the double-layered type LC 
phase modulation is that two eigen-polarizations of incident light experience the 
same phase shift contributed by two orthogonal orientations of LC layers. In the 
double-layered type LC phase modulation, the phase shift is proportional to the 

(15.6)PLC(V) =
2 · δn(V) · dLC

r2
·

No focusing Positive lens Negative lens

Wavefront

Polarized incident light

LC

Fig. 15.11  Concept of wavefront conversion of LC lens [34]
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birefringence of LC and the thickness of the LC layer. The double-layered type LC 
phase modulation shows lensing effect after we apply an inhomogeneous electric 
field to generate a parabolic phase profile for a good image quality.

For the large aperture size (>10 mm), the LC lenses on a basis of diffractive 
Fresnel lenses have been demonstrated in ophthalmic applications of presbyopia 
[44]. Such LC lenses require complex Fresnel electrodes and they have only two 
steps switches, on (focus) and off (no focus). As a result, delicate Fresnel patterns 
of such lenses need to be customized individually for different people. To further 
enlarge the aperture size (>20 mm), the limitation is fabrication process. The most 
important is that the image quality of any types of Fresnel lens can not be good 
enough for vision care. Without Fresnel lenses, it is still difficult to realize oph-
thalmic lenses using LC materials.

In order to maintain the uniform thickness of the LC layer for the considera-
tion of uniform response time, the inhomogeneous electric fields must be applied 
to the LC layer. When the aperture size of the LC lens is large than 10 mm, the 
inhomogeneous electric fields of the hole-patterned electrode are difficult to apply 
to the LC layer for generating the parabolic phase profile (or spatial phase differ-
ence). In addition, when the tunable range of the lens power of the LC lenses is 
up to 10 D for the ophthalmic applications, the LC layer has to be thick (>1 mm). 
In this way, and the scattering is unavoidable and the response time is slow. By 
using LCPCF, we can separate the LC thickness into several thin layers as a mul-
tilayer structure. In this way, the aperture size can be enlarged to >10 mm and 
the phase increases with the number of layers. Figure 15.12 shows the proposed 
double-layered structure of polarizer-free LC lens [33, 45]. LCPCF is the uniax-
ial polymeric layer in Fig. 15.12. Without applied voltages, the lens power of the 
LC lens is zero. When the applied voltage V2 > V1, the LC lens is a negative lens 
because the LC directors around the rim of the aperture are parallel to the glass 
substrates and the LC directors inside the aperture are more perpendicular to the 

Table 15.1  The list of performance of polarizer-free LC phase modulations [36–43]

Mode Phase shift (Δϕ), 
radians (π)

Driving voltage 
(Vrms)

Response time References

Double-layered 
LC

8.1 40 τtotal = 300 ms Ren and Wu [35]

Double-layered 
LC gel

1.1 180 τrise = 0.2 ms
τdecay = 0.5 ms

Lin et al. [37]

Homeotropic 
LC gel

0.08 180 τrise = 590 μs
τdecay = 150 μs

Ren et al. [38]

PDLC 0.09 60 τrise = 0.8 ms
τdecay = 1.9 ms

Ren et al. [39]

PSCT 0.025 160 τrise = 75 μs
τdecay = 793 μs

Ren et al. [40]

SP-PDLC 0.1 40 τtotal = 3.8 ms Lin et al. [41]

T-PNLC 0.28 30 τtotal = 1.6 ms Lin and Tsou [42]

PSBP-LC 1 π 150 τtotal = 3.0 ms Lin et al. [36]
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glass substrates. As a result, an incident plane wave is converted to a diverging 
parabolic wave by the LC lens. Similarly, the LC lens is a positive lens when the 
applied voltage V2 < V1. An incident plane wave is then converted to a converging 
parabolic wave by the positive LC lens. By changing the magnitude of the volt-
ages, the focal length or lens power of the LC lens is electrically switchable. The 
functions of LCPCF (the uniaxial polymeric layer) are cell separators and align-
ment layer. By proper design, LCPCF is optically isotropic and does not contribute 
an extra focusing property to the LC lens.

Figure 15.13a shows the image performance of the double-layered structure of 
polarizer-free LC lens with aperture size of 6 mm for the object charts placing at 50, 
100, and 360 cm away from the LC lens. The thickness of two LC layers (Merck, 
MLC-2070) is 50 μm. The average lens power of the LC lens switches from −1.17 
D (Diopter or m−1) to +1.99 D, which means the total tunable lens power is 3.16 
D for the positive lens. Without the LC lens power (i.e. PLC = 0 D), the image 
system is set to mimic a myopic eye and the farthest point of vision is at 100 cm. 
When PLC = −1 D, the farthest point the eye can see is extended at 360 cm. When 
PLC = +2 D, the nearest point the eye can see can be closer to 50 cm. In fact, we 
are also developing the double layered LC lens with different aperture sizes of 6, 
10 and 20 mm, as show in Fig. 15.13b. The tunable ranges of the lens powers of the 
LC lenses are: −1 to +2 D for the aperture of 6 mm, −2.5 to +3 D for the aperture 
of 10 mm, and −0.4 to +0.8 D for the aperture of 20 mm. The tunable range of 
the lens power of the LC lens can be improved by adding LC layers, increasing the 
thickness of the LC layer, and adopting LC materials with high birefringence. We 
are keeping working on polarizer-free LC lens with large aperture size and large 
tunable range of the lens power for ophthalmic lens applications.

Besides ophthalmic lens, the LC lenses have many applications, such as the 
imaging systems of portable devices, pico-projection systems, holographic projec-
tion systems, solar cells, ophthalmic lenses for myopia/presbyopia and endoscopic 
systems [33, 46–51]. In the imaging system, LC lenses can help to realize auto-
focusing system and optical zoom system for the portable devices, such as cell 
phones and cameras [46]. As to the pico-projection systems, attached a LC lens to 
a pico-projection system can help to electrically adjust the focusing properties of 
the projected image without mechanically adjusting position of a projection lens 
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Fig. 15.12  The structure of the polarization independent LC lens. a When V1 = V2 = 0, the LC 
lens has no lensing effect. b When V1 > V2, the LC lens is a positive lens. c When V1 < V2, the 
LC lens is a negative lens [33]
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[47]. For the holographic projection system, a LC lens can help to correct the mis-
match of chromatic image size which is important for the full-color holographic 
projection system [49]. As to the endoscopic system, a LC lens can be adopted 
to electrically enlarge the depth-of-field of the endoscopic system [50]. LC lenses 
can also be used as a concentrator and a sun tracker in a concentrating photovol-
taic (CPV) system to stabilize the output power of CPV system [48, 51].

An active eyewear device is a future trend. Vision care has great market in the 
world. LC is a great material to modulate light with mature development of tech-
nology. Up to now, LC lenses for ophthalmic application still have lots to improve 
for practical application. We can foresee that active eyewears based on LC oph-
thalmic lenses can be a platform for integrated multi-functions, such as function 
of displayed images, image captures, light shutters, attenuations, CPV system for 
charging, and optical zoom for superman’s vision and so on.
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Part VII
Advanced Trends of Nanophotonics

Wei Ting Chen and Din Ping Tsai

Introduction

Nanophotonics is the study of the behavior of light-matter interaction at the 
nanometer scale. By adding the dimensions of optical devices and components to 
sub-wavelength scale, nanophotonics provides new opportunities for fundamen-
tal science and practical applications. One of the goals of nanophotonics devel-
opment is to manipulate light at the nanoscale, which may not be limited by the 
chemical composition of natural materials and the diffraction limit of electromag-
netic wave. Nanophotonics has several advantages with such diffraction-unlimited 
properties for functional applications: (i) nanoscale footprints-smaller compo-
nents and devices; (ii) photon-electron process in nanoscale—faster processing 
speed, and (iii) nanoscale confinement of optical radiation and electromagnetic 
fields—enhancing the light-matter interactions and dramatically reducing the 
optical energy consumption. The characterization of drastic optical localization 
within such components strongly enhances the typically weak interaction between 
light and matter, which increases the energy efficiency to obtain desired effects 
and phenomena. This chapter covers two major parts of the latest trends of nano-
photonics, plasmonics, and metamaterials. Several cutting-edge approaches har-
vested from the extraordinary properties of nanophotonics, which are conducted 
to advanced trends relate to: Micro/nano-lasers with the smallest plasmonic nano-
laser, theoretical models of the micro/nano-cavity, and semiconductor micro-lasers 
with tuning functions on a flexible substrate (Chap. 16, 17 and 19), nanostructures 
light-emitting diode (LED) with better light extraction and reduced piezoelectric 
field induced by strain (Chap. 18, 24), one-dimensional photonic crystal nanowires 
with small footprints and ultrahigh Q-factors (Chap. 20), nano-structured wave-
guides with slow light effect (Chap. 21), negative refraction index generated by 
glancing angle deposition (Chap. 22), improving the light harvest of solar cell with 
anti-reflective nanostructures (Chap. 23), high-sensitive plasmonic biosensors with 
Fano-like resonance (Chap. 25) are addressed.
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Plasmonics, the coherent electrons oscillation of noble materials driven by 
photons, has abilities to confine electromagnetic field to be smaller than the wave-
length of incident electromagnetic wave. There are two branches of plasmonics: 
“surface plasmon polaritions” (SPP) and “localized surface plasmons” (LSP). 
Surface plasmon polaritions are supported by metallic thin film, and can be usu-
ally excited by either grating coupling or total internal reflection to provide addi-
tional wave vector to match the phase difference between free space propagating 
wave and surface plasmon polaritions. On the contrary, the localized surface 
plasmons of a given metallic nanoparticles can be directly excited by free space 
propagating wave, and its resonance frequency can be tailored by its geometrical 
dimensions and the refraction index of environment as well as polarization state 
of incident electromagnetic wave. At both surface plasmon and localized surface 
plasmon resonance, the electromagnetic field is strongly enhanced in the imme-
diate vicinity, and therefore the light-matter interaction is enhanced. As a result, 
plasmonics show a wide range of potential applications—nanocavity, high-sensi-
tive bio-sensing, LED, nano-laser, etc.

Artificial materials with sub-wavelength structure, which are so-called metama-
terials, have attracted a lot of attention. The optical properties of metamaterials are 
determined by their artificial structures rather than their material composition. The 
Greek word “meta” is translated as “beyond,” which means that the central con-
cept is to construct new materials with those optical properties that are not found 
or hardly observed in nature. For instance, the negative refraction is the typical 
example of metamaterials that reword the formula of Snell’s law. Moreover, the 
function of metamaterials as artificial atoms or molecules provides an entirely new 
route to further enhance the capability to design and create novel material prop-
erties. While through the near-field interaction between metamaterials, they can 
offer and generate more fascinating physical and optical properties unavailable in 
nature or chemically synthesized materials. Metamaterials therefore enable us to 
tailor the propagation of electromagnetic wave, even more transformation optics 
and optical cloaking. Till date, the research agenda on metamaterials is shifting 
from fundamental researches to functionalities for practical applications, such as 
tunable, switchable, and biosensing devices. It will also pave a new way to inte-
grate photonics with electronics in not only telecommunication systems but also 
opto-electron circuit devices and applications.

Finally, I hope this chapter proves to be a useful guideline for both current and 
future researchers, and inspires people toward cutting-edge breakthroughs in the 
field of nanophotonics. Any comment and suggestion related to this chapter is 
highly appreciated.
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Symbols

λ  Wavelength
n  Effective index

16.1  Main Text

In 2003, it was proposed that utilizing plasmonic cavities can break this limit—a 
new class of lasers based on surface plasmon amplification by stimulated emis-
sion of radiation (spaser) has been proposed by Bergman and Stockman [2]. In 
such cavities, surface plasmon polaritons (SPPs) excited in noble metal structures 
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adjacent to gain media shrink the optical mode volume and provide the necessary 
feedback mechanism for a spaser. However, it remains to be seen whether one 
indeed can overcome the high losses in three-dimensional (3D)-confined, deep-
subwavelength plasmonic cavities with the currently available noble metals and 
semiconductor gain materials (Fig. 16.1).

In this work, an important breakthrough is reported in the growth of atomi-
cally smooth, epitaxial Ag films on Si substrates, which can be used as the 
platform material to fabricate low-loss plasmonic cavities due to their superior 
material properties. In particular, by using single, shape-controlled InGaN/GaN 
core–shell nanorods via plasma-assisted molecular beam epitaxy (PAMBE) 
growth as the gain media with a large gain coefficient in the green spectral 
region, we were able to realize diffraction-unlimited nanolasers that can be 
operated under continuous-wave (CW) conditions with an ultralow threshold 
power above liquid nitrogen temperature. Nearly 100 % polarized lasing mode 
was experimentally observed. According to the numerical simulations, a large 
proportion of energy emissions are transformed into in-plane directional and 
coherent surface plasmon in the near filed (a spaser) which is in agreement 
with the experimental results of measured temporal coherence signature. These 
nanolasers, with record-small cavity and mode volumes are orders of magni-
tude smaller than the 3D diffraction limit and the feature sizes are comparable 
with that of the state-of-the-art metal-oxide-semiconductor (MOS) transistors in 
nanoelectronics (Fig. 16.2).

Size mismatches between electronics and photonics have been a huge barrier to 
realize on-chip optical communications and computing systems. The recent surge 
of research interest in nanoplasmonics has been largely due to its capability to 
break the diffraction limit. However, the lossy nature of conventional plasmonic 

Fig. 16.1  a Schematic of metal-oxide-semiconductor (MOS) structure plasmonic laser, con-
tain a single InGaN@GaN core-shell nanorod on a SiO2-covered epitaxial Ag film (28 nm). b 
Scanning transmission electron microscopy (STEM) image of a single-crystalline InGaN@GaN 
core-shell nanorod. c The calculated energy-density distribution, the sandwich structure is uti-
lized to confine SPPs within the low-k dielectric nanogap [1]
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materials requires a remedy to overcome this difficulty. Most plasmonic devices 
are based on granular polycrystalline Ag films where surface roughness and 
grain boundaries lead to scattering losses of surface plasmons [3]. This means 
that atomically smooth plasmonic structures with single-crystalline structures 
are highly desirable building blocks for low-loss plasmonic applications. On the 
other hand, the growth of high-quality nitride semiconductor nanorods by using 
PAMBE [4, 5] offers several advantages, including broadband-tunable light emis-
sions in the full visible region and amphoteric doping [5] (n- and p-type GaN) for 
electrically injected devices.

In summary, the present all-epitaxial approach opens a scalable platform for 
low-loss, active nanoplasmonics. In particular, the nitride semiconductor-based 
plasmonic nanolasers are expected to be compatible with the existing multi-
functional on-chip devices (e.g., integrating these nanolasers with state-of-the-
art CMOS electronics) or future integrated plasmonic circuits for advanced 
applications.

References

1. Y.-J. Lu et al., Plasmonic nanolaser using epitaxially grown silver film. Science 337, 450 
(2012)

2. D.J. Bergman, M.I. Stockman, Surface plasmon amplification by stimulated emission of radia-
tion: quantum generation of coherent surface plasmons in nanosystems. Phys. Rev. Lett. 90, 
027402 (2003)

3. R.F. Oulton et al., Plasmon lasers at deep subwavelength scale. Nature 461, 629 (2009)
4. C.-Y. Wu et al., Plasmonic green nanolaser based on a metal–oxide–semiconductor structure. 

Nano Lett. 11, 4256 (2011)
5. Y.-J. Lu, H.-W. Lin, H.-Y. Chen, Y.-C. Yang, S. Gwo, Single InGaN nanodisk light emitting 

diodes as full-color subwavelength light sources. Appl. Phys. Lett. 98, 233101 (2011)

Fig. 16.2  CW lasing spectra from a single nanorod at 78 K under varying optical power den-
sities excited by a CW semiconductor diode laser at 405 nm. It also revealed the temperature 
dependent lasing signatures, including the concurrent lasing thresholds of output intensity kink 
and spectra linewidth narrowing
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Symbols

Ω  Computation domain
Ωa  Active region
r  Position vector
E(r)  Electric field
Js(r)  Current-density source
ω  Oscillation frequency of the field and source
c  Speed of light in vacuum
ε0  Vacuum permittivity
μ0  Vacuum permeability
εr(r,ω)  Relative permittivity tensor
n  Label of basis modes
fn(r, ω)  Modal profile of basis mode n
js,n(r, ω)  Current-density source of basis mode n
Δεr,n(ω)  Permittivity variation related to basis mode n
U(r)  Indicator function of the active region
ωn  Natural oscillation frequency of basis mode n
Va  Volume of the active region Ωa

P(ω)  White-source power spectrum
FWHM  Full width at half maximum
Δωn  Full-width-at-half-maximum linewidth of basis mode n
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Qn  Quality factor of basis mode n
gth,n  Threshold gain of basis mode n
Gn  Multiplication rate of basis mode n
τp,n  Photo lifetime of basis mode n
ΓE,n  Energy confinement factor of mode n
vg,a(ωn)  Group velocity in the active material
ng,a(ωn)  Group index of the active material
na(ω)  Refractive index of the active material
εg,a(ω)  Group permittivity of the active material
Ŵ
(old)
E,n (�)  Conventional energy confinement factor

εg(r,ω)  Group permittivity tensor
Veff,n  Effective mode volume in the rate equation
VQM,n  Effective mode volume for the Purcell effect and cavity quantum 

electrodynamics
WGM  Whispering gallery mode
TEr  Radially transverse-electric
R  Radius of the dielectric sphere
L  Angular momentum quantum number of whispering gallery modes
M  Magnetic quantum number of whispering gallery modes
θ  Polar angle
φ  Azimuthal angle
YLM(θ, φ)  Spherical harmonic
fL(r)  Radial modal profile
k0  Propagation constant in vacuum
ka  Propagation constant in the active sphere
h
(1)
L (k0r)  Spherical Hankel function of the first kind
jL(kar)  Spherical Bessel function of the first kind
Δεr,L(ω)  Permittivity variation of the whispering gallery mode
�ωL  Resonance photon energy of the whispering gallery mode
QL  Quality factor of the whispering gallery mode
Qrad,L  Quality factor of the whispering gallery mode due to radiation loss
Qmat,L  Quality factor of the whispering gallery mode due to material loss
gth,L  Threshold gain of the whispering gallery mode
ΓE,L  Energy confinement factor of the whispering gallery mode
Veff,L  Effective modal volume of the whispering gallery mode
VQM,L  Quantum mechanical effective modal volume of the whispering gallery 

mode
Rb  Integration radius of the spherical computation domain

17.1  Introduction

The laser cavity, in addition to the gain medium, plays an important role in 
active photonic devices. While the intrinsic photon emissions and multiplica-
tions originate from gain materials, the spectral (resonance) properties, modal 
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characteristics, and couplings (communication) to other optical components, 
which can be systematically refined or engineered for specific purposes, are deter-
mined by laser cavities. Proper cavity designs usually boost up the power effi-
ciency of lasers and bring about various functionalities aiming at different goals. 
Such requirements/concerns are commonly encountered in practical applications 
of quantum electronics and active optoelectronic/photonic devices. In views of the 
small laser devices nowadays, these issues will become even more critical as laser 
cavities shrink down to the micro and nanoscale [1–13] since device characteris-
tics become quite sensitive to the size and geometry variations of cavities.

To understand a laser and its basic features before the real device fabrica-
tion, some calculations are often helpful in the evaluations and optimizations of 
its performance under the existing fabrication constraints and system specifica-
tions. A typical computation tool adopted in investigations of laser cavities is 
the finite-difference-time-domain (FDTD) method [14–17]. In this scheme, the 
electric and magnetic fields are solved by directly propagating them through 
the time-dependent Maxwell’s equations. The advantages of this approach are 
the easiness of numerical implementations, small memory usages, and simul-
taneous searches of spectral resonances (cavity modes). Its disadvantages, 
however, include the stability issue related to sizes of time steps [15], source-
dependent outcomes, long computation times for modes with high quality (Q) 
factors, being less capable of dispersions beyond Debye or Lorentz-Drude 
types [18–22], and so on. In addition, for some device parameters such as con-
finement factors, threshold gain, and modal volumes, which are indicative to 
the performance of ultrasmall active photonic devices, the FDTD method can-
not provide them directly. Usually, some post processings or numerical esti-
mations using the evolved fields have to be performed in order to obtain these 
parameters [23, 24], which turn out to be unreliable in quite a few cases of 
ultrasmall lasers.

In this contributed chapter, we will introduce an alternative computation 
scheme aimed at laser cavities [25]. The approach originates from viewpoints of 
gain and lasing of cavity modes in Maxwell’s equations, namely, active and self-
induced oscillations rather than passive resonances. The formulation is based on 
a generalized eigenvalue (GE) problem for lasing mode [25–30], in which the 
eigenvalue is the amount of permittivity variation. Contrary to time evolutions 
based on the FDTD method, the memory usage in this type of GE problems is the 
main concern. However, this approach does have its own advantages. Since the 
GE problem is carried out in the frequency domain, in principle, any frequency 
dispersions that obey the causality but are not necessarily limited to the Debye 
or Lorentz-Drude types can be incorporated in the formalism. In addition, except 
for the intrinsic degeneracy of various cavity modes, the GE problem does not 
mix different categories of modes together, and hence the source-dependent phe-
nomena in the FDTD method is prevented. This approach has been applied and 
compared to real experimental data [31, 32] with decent agreements. In the fol-
lowing, we shall also show that merely from the information of the eigenvalue, 
a few important parameters of laser cavities can be directly evaluated rather than 
ambiguously estimated [33].



364 S.-W. Chang

17.2  Formulation Based on Generalized Eigenvalue 
Problem

In Fig. 17.1, we show the computation domain of a generic laser cavity and denote 
it as Ω. The cavity contains a so-called active region Ωa, in which the photon 
amplification due to the populated-inverted gain medium takes place. Since the 
coherent radiation of the laser can be effectively thought of as being generated by a 
finitely-sized source, the fields far away from the cavity have to be outgoing waves. 
Therefore, in practical computations, perfectly-matched layers (PMLs) are usually 
utilized to avoid artificial reflections from the truncated computation domain.

We now consider the frequency-domain wave equation of the electric field E(r) 
in the presence of a source Js(r) which oscillates at a frequency ω and only exists 
in the active region Ωa:

where c is the speed of light in vacuum; μ0 is the vacuum permeability; and 
εr(r,ω) is the relative permittivity tensor of the cold cavity, that is, no gain is pre-
sent in Ωa yet. To expand the source Js(r) and field E(r) at least partially, we need 
some set of basis functions. For this purpose, we choose a simple linear relation 
for the mode profile fn(r, ω) and associated current source js,n(r, ω) of a basis 
labeled by n:

(17.1a)∇ × ∇ × E(r)−
(ω

c

)2

εr(r,ω)E(r) = iωµ0Js(r),

(17.1b)Js(r) = 0 ∀ r /∈ �a.

(17.2a)∇ × ∇ × fn(r,ω)−
(ω

c

)2

εr(r,ω)fn(r,ω) = iωµ0js,n(r,ω),

(17.2b)js,n(r,ω) = −iωε0�εr,n(ω)U(r)fn(r,ω),

Fig. 17.1  The computation 
domain Ω of a generic laser 
cavity. The cavity contains an 
active region Ωa. PMLs are 
inserted on the rims of Ω to 
avoid field reflections

Active region 

a

PML

PML

PML PML

Computation domain

Cavity

Ω

Ω



36517 Modeling of Micro and Nanolaser Cavities

where ε0 is the vacuum permittivity; Δεr,n(ω) is a proportional constant at this 
stage; and U(r) is an indicator function ensuring that the source is only present in 
Ωa:

After substituting (17.2b) into (17.2a), we obtain the following GE problem in the 
differential form:

where the parameter Δεr,n(ω) now plays the role of eigenvalues. The physical 
meaning of Δεr,n(ω) can be understood by moving the right-hand side (RHS) of 
(17.4) to its left-hand side (LHS). In this way, the parameter Δεr,n(ω) is interpreted 
as the amount of permittivity variation in Ωa that is required for the self oscillation 
(lasing) of basis mode n at a given frequency ω. The real part Re[Δεr,n(ω)] shifts 
the oscillation frequency of mode n to ω while the imaginary part Im[Δεr,n(ω)], 
which is a negative number in passive cavities, characterizes the corresponding 
threshold gain at this frequency. We note that the frequency ω is not the natural 
resonance frequency ωn of mode n. However, through the dependence of eigen-
value Δεr,n(ω) on ω, we can determine this frequency.

In the following sections, we will describe how to obtain useful information of 
mode n from the frequency-dependent parameter Δεr,n(ω).

17.3  White-Source Spectrum and Spectral Property

In addition to the interpretation of the required permittivity variation in the active 
region for self oscillations, the parameter Δεr,n(ω) is also connected to the source 
js,n(r, ω) through (17.2b). Alternatively, the mode fn(r, ω) may be regarded as the 
response field to the driving source js,n(r, ω) at a frequency ω.

Suppose that a specific source Js(r) has a spectrum proportional to js,n(r, ω) at 
all the positions in Ωa, namely,

where a(ω) is the strength at ω. Let us impose the white-source condition to 
Js(r) by requiring that the integral of the square magnitude |Js(r)|2 in Ωa is 
frequency- independent:

(17.3)U(r) =
{

1, r ∈ �a,

0, otherwise.

(17.4)∇ × ∇ × fn(r,ω)−
(ω

c

)2

εr(r,ω)fn(r,ω) =
(ω

c

)2

�εr,n(ω)U(r)fn(r,ω),

(17.5)Js(r) = a(ω)js,n(r,ω),

(17.6)

∫

�a

dr|Js(r)|2 = ϑ
2Va,
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where ϑ is an average strength; and Va is the volume of the active region. We then 
substitute (17.2b) into (17.6) and obtain the following constraint

Using this relation and (17.2b) again, the power spectrum P(ω) generated by the 
white source Js(r) has a simple form as follows:

Note that the white-source condition in (17.6) is meant to provide an equal footing 
on the driving source at each frequency ω. In this way, if the power spectrum P(ω) 
is frequency-dependent, this dependence should be the intrinsic nature of the mode 
rather than from the magnitude of the source.

Equation (17.8) indicates that the spectrum P(ω) may be significant if the 
denominator ωΔεr,n(ω) inside the imaginary part nearly vanishes. Motivated by 
this fact, we define the natural resonance frequency ωn of mode n as the one mini-
mizing the magnitude of this denominator, namely,

We then expand the white-source power spectrum P(ω) around the resonance fre-
quency ωn. Note that the perturbation of ωΔεr,n(ω) around ω = ωn has to lead or 
lag ωnΔεr,n(ωn) by π/2 in the phase angle (or simply proportional to −i) so that 
|ωnΔεr,n(ωn)| is an extreme value [25]:

where Δωn is a real parameter related to the frequency derivative of Δεr,n(ω) at 
ωn. If we apply this expansion to (17.8), the spectrum P(ω) around ωn, aside of 
some proportional constant, is approximately

(17.7)|a(ω)|2 =
ϑ
2Va

ε20ω
2
�

��εr,n(ω)
�

�

2







�

�a

dr|fn(r,ω)|2







−1

.

(17.8)

P(ω) = −
1

2

∫

�a

drRe
[

E(r) · J∗s (r)
]

= −
|a(ω)|2

2

∫

�a

drRe
[

fn(r,ω) · j∗s,n(r,ω)
]

=
ϑ
2Va

2ε0
Im

[

1

ω�εr,n(ω)

]

.

(17.9)
∣

∣ωn�εr,n(ωn)
∣

∣ = min
[∣

∣ω�εr,n(ω)
∣

∣

]

.

(17.10a)ω�εr,n(ω) ≈ ωn�εr,n(ωn)

[

1− i
(ω − ωn)

(�ωn/2)

]

,

(17.10b)�ωn ≡ −2i
[

ωn∆εr,n(ωn)
]

{

∂[ω∆εr,n(ω)]
∂ω

∣

∣

∣

∣

ω=ωn

}−1

∈ IR
+

(17.11)

P(ω) ∼
�ωn/2

(ω − ωn)2 + (�ωn/2)2
−

Re[�εr,n(ωn)]
Im[�εr,n(ωn)]

(ω − ωn)

(ω − ωn)2 + (�ωn/2)2
.
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For modes with sufficiently high Q factors, we usually have |Re[Δεr,n(ωn)]| ≪  
|Im[Δεr,n(ωn)]|, namely, these cavity modes are nearly resistive, or equivalently, 
slightly capacitive/inductive. In that case, the white-source power spectrum P(ω) 
is dominated by the symmetric Lorentzian [the first term at RHS of (17.11)], as 
shown in Fig. 17.2, and the parameter Δωn has an interpretation of the full-width-
at-half- maximum (FWHM) linewidth. From this linewidth, we then obtain the Q 
factor of mode n as follows:

Equations (17.10b) and (17.12) reveal that once the frequency behavior of 
Δεr,n(ω) around ωn is known, the FWHM linewidth and Q factor can be obtained 
through the frequency derivative of this parameter at resonance.

For lossy cavity modes or those which exhibit additional coupling to some con-
tinuum modes, the magnitude of the ratio Re[Δεr,n(ωn)]/Im[Δεr,n(ωn)] may be 
comparable to unity. Under such circumstances, the spectrum P(ω) become the 
skew-symmetric Fano lineshape, as indicated in Fig. 17.2. The peak of the line-
shape may tilt toward the blue (red) side of ωn if Re[Δεr,n(ωn)] is positive (neg-
ative). Although this asymmetric lineshape is derived under the white-noise 
condition, it can be still present on the emission spectrum once a physically mean-
ingful model of the source Js(r) is utilized in calculations of the emission spectrum.

17.4  Threshold Gain, Confinement Factor,  
and Modal Volume

We can utilize the permittivity variation Δεr,n(ωn) of mode n to estimate the cor-
responding threshold gain gth,n. For simplicity, let us assume that the active 
region is locally homogeneous and isotropic with a relative permittivity εr,a(ω) 
(Re[εr,a(ω)] > 0 for ω ~ ωn). The threshold gain is proportional to the difference 

(17.12)Qn =
ωn

�ωn

=
i

2�εr,n(ωn)

∂[ω�εr,n(ω)]
∂ω

∣

∣

∣

∣

ω=ωn

.

Fig. 17.2  The lineshape 
of the white-source 
power spectrum P(ω) as 
Re[Δεr,n(ωn)] = 0 (red 
solid, Lorentzian) or 
Re[Δεr,n(ωn)] > 0 (blue 
dashed, Fano lineshape tilted 
toward the high-energy side)

ω

P (ω)

ωn

∆ωn

Re[∆ε r,n(ωn)]=0

Re[∆ε r,n(ωn)]>0
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between the imaginary parts of the complex propagation constants at ωn before 
and after the gain insertion:

For typical cavity modes, the real part Re[εr,a(ωn)] of the permittivity in Ωa is the 
dominant one among various permittivity terms in (17.13). In this way, we can use 
the binomial expansion for the two square roots in (17.13) and derive an approxi-
mate expression for the threshold gain gth,n as

Equations (17.13) and (17.14) indicate that once the permittivity variation 
Δεr,n(ωn) at resonance is known, the threshold gain gth,n of mode n is immediately 
accessible, in contrast to the indirect approach based on FDTD calculations.

The expressions of the Q factor Qn (17.12) and threshold gain gth,n [(17.13) and 
(17.14)] enable us to calculate the confinement factor directly using the gain-loss 
balance of the photon density in the laser rate equation. Without the consideration 
of spontaneous emissions, the steady-state multiplication rate Gn of the photons 
in mode n, which is the inverse of the photon lifetime τp,n, has to balance the loss 
rate:

where ΓE,n is the energy confinement factor of mode n; and vg,a(ωn) is 
the group velocity of the active material at resonance. The group veloc-
ity vg,a(ωn) = c/ng,a(ωn) is inversely proportional to the group index ng,a(ωn), 
which can be calculated through the frequency derivative of the refractive index 
na(ω) ≈ Re[εr,a(ω)]1/2 in the active region and is approximated as [34]

where εg,a(ω) = ∂ Re[ωεr,a(ω)]/∂ω is called the group permittivity in the active 
region. Equating (17.15a) to (17.15b), we derive an expression of the inverse of 
the confinement factor of mode n as follows:

(17.13)gth,n = −2
(ωn

c

)

Im
[

√

εr,a(ωn)+�εr,n(ωn)−
√

εr,a(ωn)

]

.

(17.14)gth,n ≈ −
(ωn

c

) Im[�εr,n(ωn)]
√

Re[εr,a(ωn)]
.

(17.15a)
1

τp,n
=

1

�ωn

=
ωn

Qn

= Gn,

(17.15b)Gn = ŴE,nvg,a(ωn)gth,n,

(17.16)ng,a(ωn) =
∂[ωna(ω)]

∂ω

∣

∣

∣

∣

ω=ωn

≈
εg,a(ωn)+ Re[εr,a(ωn)]

2na(ωn)
,

(17.17)
1

ŴE,n

=
2QnIm[�εr,n(ωn)]

εg,a(ωn)+ Re[εr,a(ωn)]
.
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The conventional expression of the inverse of the energy confinement factor is 
often written as the ratio between two field integrals:

where the superscript “old” means that the expression is due to the conventional 
definition; and εg(r,ω) = ∂Re[εr(r,ω)]/∂ω is called the group permittivity tensor. 

The factor Ŵ(old)
E,n (�) can be intuitively thought of as the ratio between the elec-

tromagnetic energies of mode n in the active region Ωa and whole computation 
domain Ω. For the two integrands in the numerator and denominator of (17.18), 
the parts related to εg(r,ωn) and εg,a(ωn) originate from the electric energies cor-
responding to the (dispersive) media in Ω and Ωa, respectively. On the other hand, 
the two counterparts related to εr(r,ωn) and εr,a(ωn), after some approximations, 
reflect the magnetic energies. Ideally, the energy confinement factor is a physi-
cal parameter and should be fixed once the active region and cavity structure have 
been known. However, the definition of Ŵ(old)

E,n (�) in (17.18), in fact, depends on 
the computation domain Ω. The reason is that far-field magnitudes of any lasing 
modes in the free space behave asymptotically as

where r = |r| is the distance between a far observation point and the laser cavity 
roughly located at the origin. With this characteristic, if the computation domain 
Ω is a ball with a volume V, the numerator in (17.18) goes as V1/3 as the ball 
becomes sufficiently large. Hence, the conventional expression Ŵ(old)

E,n (�) is not 
invariant to Ω, which is nonphysical. The correct energy confinement factor is ΓE,n 
in (17.17), and it is manifestly invariant to any computation domains. In fact, one 
can show that ΓE,n is closely related to the conventional one Ŵ(old)

E,n (�) as follows 
[33]:

where “counter terms” are composed of some volume and surface integrals of fn(r, 
ω) in Ω and on its surface, respectively. These counter terms do depend on the 
computation domain Ω, but the two dependencies of Ŵ(old)

E,n (�) and counter terms 
on Ω cancel each other, and the net effect is the energy confinement factor ΓE,n 
that is invariant to Ω.

With the correct energy confinement factor ΓE,n, we can then write down well-
defined expressions for modal volumes of mode n. There are two modal volumes 

(17.18)
1

Ŵ
(old)
E,n (�)

=
∫

�
drf∗n(r,ωn) · ε0

4
{εg(r,ωn)+ Re[εr(r,ωn)]}fn(r,ωn)

∫

�a
drf∗n(r,ωn) · ε0

4
{εg,a(ωn)+ Re[εr,a(r,ωn)]}fn(r,ωn)

,

(17.19)lim
r→∞

|fn(r,ω)| ∼
1

r
,

(17.20)
1

ŴE,n

=
1

Ŵ
(old)
E,n (�)

+ [counter terms],
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commonly encountered in active nanophotonics. One is the modal volume Veff,n 
used in the rate equation for the photon density of the lasing mode, which can be 
connected to ΓE,n as

where Va is the volume of the active region; the counter terms here are differ-
ent from those in (17.20) but still maintain the invariance of Veff,n to Ω; and the 
remaining term other than counter terms in the last equality is the conventional 
but ill-defined expression of Veff,n. The other one, VQM,n, is related to the quantum 
nature of photons associated with a particular cavity mode (“QM” refers to quan-
tum-mechanical) and is commonly utilized in the Purcell effect and cavity quan-
tum electrodynamics [35]. Its expression is

where rp is the location at which the field strength is maximal; and the rest is 
the conventional expression of VQM,n. Again, the corresponding counter terms 
also make VQM,n invariant to Ω. We note that the modal volume Veff,n, which is 
inversely proportional to ΓE,n, usually reflects how well a lasing mode overlaps 
with the gain medium. On the other hand, the modal volume VQM,n is more indica-
tive of physical sizes of modes.

17.5  Example: Whispering Gallery Modes

We take whispering gallery modes (WGMs) in a dielectric sphere as a demonstra-
tion of the presented approach in previous sections. For simplicity, only the funda-
mental radially transverse-electric (TEr) modes are considered. These modes do 
not have the radial electric field and can be regarded as the standing waves con-
fined near a certain equatorial surface of the dielectric sphere, as shown in the 
inset of Fig. 17.3a. They are characterized by the angular momentum mode num-
ber L, twice of which is just the number of wave packets in their standing wave 
patterns. In this example, we set the radius R of the dielectric sphere to 2.5 μm. 
In addition to the cavity, the sphere also plays the role of the active region Ωa. Its 
relative permittivity εr,a is assumed to be nondispersive but complex with a value 
(1.5 + 0.0005i)2. In this way, the dielectric sphere is intrinsically absorptive. Its 
surrounding is air, of which the relative permittivity is unity.

(17.21)Veff,n =
Va

ŴE,n

=
Va

Ŵ
(old)
E,n (�)

+ [counter terms],

(17.22)

VQM,n =
1

ŴE,n

∫

�a
drf∗n(r,ωn) · ε0

4
{εg,a(ωn)+ Re[εr,a(r,ωn)]}fn(r,ωn)

f∗n (rp,ωn) · ε0
4
{εg(rp,ωn)+ Re[εr(rp,ωn)]}fn(rp,ωn)

=
∫

�
drf∗n(r,ωn) · ε0

4
{εg(r,ωn)+ Re[εr(r,ωn)]}fn(r,ωn)

f∗n (rp,ωn) · ε0
4
{εg(rp,ωn)+ Re[εr(rp,ωn)]}fn(rp,ωn)

+ [counter terms],
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The mode profiles of these TEr modes depend on the polar angle θ and azi-
muthal angle φ through the spherical harmonic YLM(θ, φ)|M=L and its partial 
derivatives. After the separation of the θ and φ dependencies, these modes are 
characterized by some functions fL(r) which only spatially depend on the radial 
coordinate r. These functions fL(r) can be written in terms of the spherical Hankel 
function of the first kind h(1)L (k0r) and spherical Bessel function of the first kind 
jL(kar) outside and inside the sphere, respectively, where k0 = ω/c is the propaga-
tion constant in the air, and ka = k0

√

εr,a +�εr,L(ω) is the propagation constant 
in the sphere (active region) with the permittivity variation Δεr,L(ω) taken into 
account. After demanding the continuity of the electric and magnetic fields trans-
verse to the radial direction (r̂), we can write down the transcendental equation for 
Δεr,L(ω) as

The permittivity variation Δεr,L(ω) in (17.23) is then solved self-consistently via 
the transcendental equation.

Figure 17.3a shows the resonance photon energies �ωL of various fundamental 
TEr modes obtained through the criterion in (17.9). The spectral spacings between 
neighboring resonance photon energies labeled by different L are nearly identi-
cal, which reflects the standing-wave characteristic of these WGMs. In Fig. 17.3b, 
we show the Q factors QL of these WGMs as a function of L. The counterparts 
without any absorption loss (εr,a = 1.52) are shown for comparisons. The Q fac-
tors in both cases increase with L because the radiation loss of these WGMs is 
suppressed as L becomes larger. However, for modes in the lossy sphere, while 
the corresponding Q factors nearly coincide with those in absence of the absorp-
tion at the low-L side, they gradually saturate at the large-L side, in contrast to the 

(17.23)
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Fig. 17.3  a The resonance energies �ωL of the fundamental TEr WGMs as a function of L. The 
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sphere (red circles) are also shown for comparisons
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exponentially-increasing counterparts of the lossless sphere. The clamping of QL 
at the large-L side for the lossy sphere is a result of the material absorption. From 
a hand-waving argument on the constituents of Q factors:

where Qrad,L and Qmat,L are the components of QL due to the radiation and mate-
rial losses, we can see that the exponentially-increasing Qrad,L with L would ulti-
mately have no influence on QL, and the relatively L-independent component 
Qmat,L should take over. This explains the gradual saturation of QL as L turns larger. 
We note that the resonance energies �ωL and the radiation Q factors Qrad,L of these 
modes calculated through the presented approach are nearly identical to their coun-
terparts obtained through the asymptotic expansion of Bessel functions [36, 37].

In Fig. 17.4, we show the threshold gain gth,L of these fundamental TEr WGMs 
as a function of L. The counterparts in the lossless sphere are also shown for 
comparisons. In both cases, the high threshold gains at the low-L side are mainly 
caused by the radiation loss, and therefore they are nearly identical. In accordance 
to the trends of Q factors, the threshold gains of the lossy sphere stop decreasing at 
the high-L side due to the material loss. On the other hand, the counterparts of the 
lossless sphere decrease exponentially with L, reflecting that the radiation loss is 
the only loss mechanism under such circumstances.

From the Q factors QL and threshold gains gth,L of the WGMs, we can calculate 
their energy confinement factors ΓE,L and modal volumes Veff,L and VQM,L through 
(17.18), (17.21), and (17.22), respectively. The results are shown in Fig. 17.5a, 
b, where the two modal volumes are presented in the unit of the volume of the 
active region Va = 4πR3/3. For most of the modes, the energy confinement fac-
tor ΓE,L is an increasing function of L, indicating that the WGM with the larger L 
overlaps better with the active region. We note that the energy confinement fac-
tor ΓE,L calculated from the presented formulation is always smaller than unity, 
which is physical because some fractions of the WGMs are always distributed 

(17.24)
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Fig. 17.4  The threshold 
gains gth,L of the fundamental 
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outside the active region, and hence the modes cannot overlap perfectly with the 
gain medium. On the other hand, since the whole dielectric sphere is the active 
region, the confinement factor ΓE,L is quite high and can be close to unity at the 
high-L side. Corresponding to ΓE,L < 1, the modal volume Veff,L is always larger 
than Va but decreases with L in most of the cases. As mentioned above, the modal 
volume Veff,L is inversely proportional to ΓE,L and mainly indicates how well a 
particular WGM overlap with the active region. It does not really reflect the size 
of the mode. The other modal volume VQM,L, in fact, does a better job than Veff,L 
does in this sense. As shown in Fig. 17.5b, in addition to the decreasing behavior 
with L, the modal volumes VQM,L are only a few percents of Va. These small frac-
tions actually make sense since the mode profiles of these WGMs are well con-
fined near the rim of the sphere at a sufficiently large L. These field profiles do not 
occupy the whole sphere. Such a tight confinement becomes more prominent as L 
increases and can be observed by comparing the square magnitudes |fL(r)|2 of the 
two modes at L = 10 and L = 30 in Fig. 17.5c. The mode at L = 30 is much less 
extended into the sphere and free space than its counterpart at L = 10 is.

As the last illustration, let us demonstrate the uncertainty hidden in the conven-
tional but ill-defined expressions of modal volumes. Let us set the computation 
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domain Ω as a ball which has a radius Rb > R = 2.5 μm and is concentric to the 
dielectric sphere. In Fig. 17.6a, b, we show the outcomes as calculated from the 
conventional definition corresponding to VQM,L [see the expression other than 
the counter terms in (17.22)] as a function of the integration boundary Rb for the 
WGMs at L = 10 and L = 30, respectively. For the low-Q mode (L = 10) shown 
in Fig. 17.6a, since its leaky field is quite significant outside the sphere, the corre-
sponding conventional expression intercepts with the correct value VQM,L = 10 at 
Rb ≳ R but soon deviates from it significantly. The conventional expression would 
ultimately approach the nonphysical infinity as Rb increases, and the divergence 
is more prominent for modes with the lower Q factor. On the other hand, for the 
counterpart of the high-Q mode (L = 30) in Fig. 17.6b, the corresponding diver-
gence seems to be much milder as Rb increases. This phenomenon indicates that 
for high-Q modes, the conventional expression of the modal volume might pro-
vide a reasonable estimations if the computation domain Ω is decently but not 
excessively big. However, one has to keep in mind that the divergence of the con-
ventional expressions of modal volumes as the size of the computation domain 
increases is destined to occur sooner or later, no matter the target mode has a low 
or high Q factor.

17.6  Conclusion

In summary, we have presented an alternative approach to model the lasing modes 
in micro and nanolaser cavities from viewpoints of active photonic devices. This 
approach is based on a frequency-domain GE problem which incorporates sources 
in the form of permittivity variations and can take any material frequency disper-
sions constrained by the causality into account. In addition, with this formulation, 
many important parameters specific to the active photonic devices can be directly 
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evaluated. No post processing via field integrations is required in this case. The 
parameters obtained in this way do not bear any uncertainties and ambiguities as 
compared with those brought by the indirect estimations through field integrations. 
The presented method here can be helpful for the performance evaluation of ultra 
small lasers, in which the variations due to the geometry and material become 
critical.
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Symbols

τr  Radiative life time
τnr  Non-radiative life time
τPL  Photoluminescent life time
η  Internal quantum efficiency (IQE)

Nano structure light emitting devices have gained great research interests in 
recent years. Conventional light emitting devices are often fabricated on 2D pla-
nar substrates. The device structure as well as device design follow the planar 
geometry. Recently, there are new trends in using 3D structure for light emit-
ting device design. It potentially provides a new design dimension to improve 
device performance and may reveal new device physics. In recent developments,  
III-nitride based light emitting diode (LED) has gain significant progress in power 
efficiency and wavelength coverage. Its’ high efficiency and long life time make 
it the choice of future lighting device. The large bandgap coverage from UV to 
near IR of the III-nitride semiconductor compound can potentially open up many 
useful new device applications. However, there are still many challenges waiting 
to be resolved. The current device structure is still based on a 2D planar design. 
Using nano structure can potentially offer opportunities to further increase its effi-
ciency and also resolve some of the problems faced in 2D planar structure. There 
are many different possible nanostructure design depending on the material and 
method used to fabricate them. This section is devoted to report the fabrication and 
properties of III-nitride based crystalline nanopyramid LEDs.
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The band gap of InGaN semiconductor can be potentially varied from UV 
(3.4 eV) to near infrared (0.7 eV) [1]. In principle, such devices can cover the 
entire visible spectrum, thereby promising multiple color lighting applications 
without the use of down-converting phosphors which have significant Stokes shift 
energy loss. Conventional InGaN/GaN multiple quantum wells (MQWs) are often 
grown on a polar c-plane substrate. The typical emission wavelength is in the blue 
region, where the efficiency is optimal. To have emission wavelength in the green 
to red region, it is required to increase In incorporation in InGaN/GaN MQWs. 
However, the efficiency drops rapidly as In concentration increases [2, 3]. One of 
the primary causes is the large strain induced piezoelectric field due to the lattice 
mismatch among the sapphire template, GaN, and InGaN. The piezoelectric field 
can significantly reduce the spatial electron-hole wave function overlap and leads 
to low internal quantum efficiency (IQE) [4, 5]. One way to reduce this problem is 
to grow MQWs on other crystal planes with lower polarization field. Experimental 
demonstrations have shown improved emission efficiency for MQWs grown on 
semipolar and nonpolar substrates [6–8]. These substrates are, however, not read-
ily available.

The semipolar and nonpolar crystal surfaces can be found in naturally formed 
crystalline structure using 3-dimensional epitaxial growth. Nano size hexagonal 
pyramids can be grown by selective area growth on the opening holes of a SiO2 
masked c-plane GaN substrate, which is more readily available [9]. The pyramid 
facets are typically {10-11} or {11-22} semipolar planes. In addition to the low 
polarization field of these crystal planes, the small footprint of 3D nano structure 
on a substrate can also provide better strain relaxation, resulting in lower defect 
density and the further reduction of the piezoelectric field. The small footprint 
can significantly relieve the lattice mismatch problem in planar hetero-epitaxy. 
There have been strong interests in using these semipolar pyramid facets for LED 
applications, in particular high In content LEDs [10, 11]. Photoluminescent (PL) 
studies of these nano scale facets have demonstrated significant reduction in the 
polarization field and better IQE [12, 13]. The reduced polarization field leads 
to better electron-hole wave function overlap and faster radiative recombination 
rate. The IQE enhancement is however not in full proportion to the enhancement 
of radiative recombination rate. The reason lies in the fact that the non-radiative 
recombination rate of semipolar InGaN QWs is also shorten, which has not been 
well investigated. Reports for electrically driven high In content nanopyramid 
LEDs are also very limited [14].

Here, we report the fabrication and properties of electrically driven nanopyra-
mid LEDs. High In content MQWs for green, olivine, and amber color emission 
were fabricated. A thin p-GaN layer conformal to the nanopyramid geometry was 
grown on the nanopyramid facets. The time-resolved photoluminescence (TRPL) 
measurement shows fast sub-ns radiative recombination lifetime. The peak emis-
sion wavelengths of these samples monotonically decrease with increasing tem-
perature, indicating less localized potential [15–18]. This in turn cause faster 
non-radiative lifetime, partly compromising the faster radiative lifetime. The inter-
nal quantum efficiencies (IQEs) of the green, olivine, and amber color LED were 
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30, 25, and 21 %, respectively, which are hard to achieve for c-plane MQWs in the 
similar wavelength range. The efficiency decreases with increasing wavelength is 
attributed to the increase of the residual piezoelectric field in MQWs as In content 
increases.

The fabrication steps are shown in Fig. 18.1a–d. Nanopillars were first fabri-
cated by patterned top-down etching of an n-doped GaN substrate (Fig. 18.1a). 
The nanopillar side walls were coated with spin-on-glass (Fig. 18.1b), followed 
by a MOCVD regrowth to grow nanopyramids and InGaN/GaN MQWs on the 
tops of nanopillars (Fig. 18.1c). The spin-on-glass coating was to prevent GaN 
from growing on the side walls during the regrowth. A thin layer of p-GaN  
conformal to the pyramid facets was subsequently grown to form arrays of nano-
pyramid LEDs. A standard LED fabrication process was used to fabricate LED 
chips, where indium tin oxide (ITO) was used as a transparent conducting layer 
(Fig. 18.1d). Three LEDs with different In concentrations were fabricated. The 
peak emission wavelengths were 500, 550, and 600 nm, respectively. Their vis-
ual colors appear to be green, olivine, and amber color. For the convenience of 
reference, each is referred as G-, O-, and A-LED. The high resolution tunneling 
electron microscope (HRTEM) image taken by a JEOL JEM-2,100 electron 
microscope at 200 kV is shown in Fig. 18.1e, showing the MQWs grown on the 
inclined pyramid facets. The measured QW and barrier widths are 2 and 8 nm, 
respectively. The widths are uniform due to the crystalline facet growth. The 
darker color at the bottom pyramid coalescent boundaries implies possible higher 
In content and/or coalescent defects. There are also some coalescent defects at 
the apex region.

The photoluminescent properties of the nanopyramids were investi-
gated by spectrally resolved cathodoluminescent (CL) microscopy, as 
shown in Fig. 18.2a–f. The images taken from the G-LED sample are shown 

C-Sapphire
GaN
SiO2

MQWs
ITO
Pad

(a) (b) (c)

(d)

200 nm

(e)

Fig. 18.1  The fabrication steps of a nanopyramid LED. a Nanopillars by patterned top-down 
etch. b Nanopillar sidewall coated with oxide. c Nanopyramids grown on the top of nanopillars, 
followed by MQW growth. d Top surface indium tin oxide (ITO) deposition and metal pad fab-
rication. e HRTEM cross-section image taken from a nanopillar sample right after MQW growth
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here to illustrate the general characteristics. Figure 18.2a is the plane view  
scanning electron microscope (SEM) image, showing the nanopyramid structure. 
Figure 18.2b–f are the spectrally resolved CL images taken from 460 to 560 nm 
at every 20 nm step. The bright pattern indicates the emission location of the 
selected wavelength on the pyramid facets. The much lower CL intensity in 
Fig. 18.2f is attributed to defects in MQWs at the apex region. The bright trian-
gle contour becomes smaller as the wavelength is scanned from 480 to 560 nm, 
as shown in Fig. 18.2b–f, indicating that it moves up the pyramids as the wave-
length increases. The bright triangle pattern basically follows the pyramid height 
contour, as can be seen by comparing it with the pyramid SEM image Fig. 18.2a. 
This indicates that the MQW emission redshifts as location moves from the bot-
tom to apex region on the pyramid facets. It is attributed to the increase of In 
incorporation as the region moves up the facet. The variation of In concentration 
in MQWs was confirmed by an energy dispersive spectrometer (EDS) Oxford 
X-Max. The same specimen used for the previous cross section HRTEM analysis 
was used for the EDS analysis. The e-beam was focused on the InGaN QW and 
scanned along the QW. The In content increases from 15 to 30 % as the QW is 
scanned from bottom to apex region. There is no noticeable QW thickness vari-
ation in the HRTEM image. We therefore attribute this redshift mainly to the In 
incorporation changes.

The internal quantum efficiencies (IQE) of these samples were investi-
gated by the temperature dependent PL measurement. Figure 18.3a shows the 
integrated PL intensity over the emission spectrum versus temperature from  
20 to 300 K. The IQE is assumed to be close to unity at low temperature because  

Fig. 18.2  a SEM top view. b–f Spectrally resolved CL images at various wavelength. The bright 
pattern follows the pyramid height contour, indicating a redshift of MQW emission as the loca-
tion moves from the bottom to top of nanopyramids
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non-radiative recombination is mostly suppressed at low temperature [19]. The 
IQE was obtained by normalizing the integrated PL intensity to its low temperature 
value. The measured room temperature IQEs of G-, O-, and A-LED are 30, 25, 
and 21 %, respectively. These values are hard to achieve for c-plane MQWs, 
e.g. 12 % was reported for c-plane MQWs at 570 nm [20]. The decrease in effi-
ciency as the sample changes from G- to A-LED is because the increase of In 
content induces larger internal polarization field which results in larger electron-
hole wave function separation. We have also measured the PL lifetimes by TRPL, 
as shown in Fig. 18.3b. The PL lifetime decreases with increasing tempera-
ture because the non-radiative process is thermally activated. The PL emission 
peak energy versus temperature is shown in Fig. 18.3c. The peak energy mono-
tonically decreases with increasing temperature. It is different from the often 
observed red-blue-red shift (S-curve) in the c-plane MQWs, which is attributed 
to the localized states due to the fluctuations of In distribution in InGaN MQWs 
[16, 21]. The absence of S-curve implies a significant reduction of localized 
potentials for MQWs grown on the nanopyramid facets. This could be due to the 
better strain relaxation provided by the nanostructure and/or the growth property 
of the pyramid semipolar facets [10, 11].

The PL lifetime τPL is related to the radiative and nonradiative lifetime, τr 
and τnr, by 1/τPL = 1/τr + 1/τnr. The IQE η is defined as η = τPL/τr. From 
the measured τPL and η, we can obtain the temperature dependent τr and τnr, as 
shown in Fig. 18.4a–c. The τr remains constant at low temperature below ~50 K 
and increases about linearly at higher temperature. This relates to the well known 
behavior that the radiative lifetime is nearly constant for a localized exciton and 
increases linearly with temperature for a 2D confined exciton [22]. The meas-
ured result indicates that, at low temperature, the excitons are trapped in local-
ized potentials due to inhomogeneous In composition in MQWs. As temperature 
increases, excitons are excited out of the traps and become free excitons in the 2D 
MQWs, resulting in approximately linearly increasing radiative lifetime with tem-
perature. The rather low temperature transition implies small localized potentials. 
The measured room temperature (τr, τnr) for G-, O-, and A-LED are (0.92, 0.40), 
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(1.3, 0.42), and (1.5, 0.43) ns, respectively. These τr values are about two orders 
of magnitude smaller than the typical hundreds of ns value reported for c-plane 
MQWs [20, 25]. The faster radiative recombination is attributed to the lower 
polarization field in the nanopyramid facets. It is worth to note that the IQE is not 
determined by τr alone. τnr also plays an equally important role. The measured τnr 
is also significantly shortened as compared with the reported hundred ns lifetime 
[20]. This is attributed to the above observed less localized potential in semipo-
lar MQWs. The localized potential has been considered as one of the important 
factors in preventing the capture of excitons by the threading dislocation defects 
[23, 24]. The suppression of localized potentials will result in the increase of the 
probability of the capture of excitons by the defects and therefore shorten τnr. As 
a result, the improvement of IQE by the large enhancement in τr is partly compro-
mised by the faster τnr.

The three substrates were fabricated into 300 μm × 300 μm LED chips using 
standard LED fabrication steps. Figure 18.5a–c shows the optical microscope 
images of these LEDs under electrical injection along with the measured light-cur-
rent-voltage (L–I–V) curves. The dark pats are the p- and n-metal contacts. The 
I–V curves show typical diode turn on behavior around 3 volts. The turn-on thresh-
old becomes less distinct as the sample changes from G- to A-LED. Above turn-
on, the voltage increases significantly up to 6 volts at 200 mA. This is higher than 
the normal c-plane LED driving voltage, indicating a higher serial resistance. It is 
attributed to the imperfection in the current spreading ITO layer on the corrugated 
nanopyramid surface. The L–I curves shows a slow turn on of light. It becomes 
worse in particular for A-LED, where the light does not turn on until the current 
reaches 40 mA. It implies a considerable current leakage. The leakage paths are 
likely at the pyramid coalescent boundaries and the apex region, where defects 
are high. The EL spectra versus injection current are shown in Fig. 18.5d–f.  
The peak emission wavelength blue shifts as the current increases. It is likely 
related the gradual turn on of the gradient In content MQWs from top to bottom. 
The blue shifts for G-, O-, and A-LED are about 13, 25, and 50 nm, respectively. 
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The increasing blue shift is due to the increasing polarization field in MQWs as 
In concentration increases. These blue shift values are, nevertheless, still rela-
tively small compared with that in a c-plane MQW [10, 25]. The peak emission 
wavelengths at 100 mA are 500, 550, and 600 nm, respectively. Their emission 
colors appear to be green, olivine, and amber, respectively. The slightly redshifted 
color appearance with respect to their peak emission wavelength is due to the long 
wavelength tail in the emission spectrum. The full-width-at-half-maximum band-
widths are 60, 80, and 110 nm. The broad spectrum is due to the gradient In dis-
tribution in the MQWs. This could be a useful feature in phosphor free white light 
LED applications if the bandwidth can be further extended.

In summary, electrically driven green, olivine, and amber color nanopyramid 
LEDs were demonstrated. MQWs were grown on the nanopyramid semipolar fac-
ets. Temperature dependent PL measurement shows high IQEs despite the high 
In content in InGaN/GaN MQWs. The measured fast radiative lifetime indicates 
improved radiative recombination efficiency due to the low polarization field in 
semipolar MQWs. Low localized potential was also observed. It leads to reduced 
non-radiative lifetime, which partly compromises the enhancement of IQE by the 
faster radiative lifetime. The electrical injection demonstrates the promising poten-
tial of using nanopyramid design for high In content LED applications.
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Fig. 18.5  a–b Optical microscope images of the G-, O-, and A-LED under electrical injection, 
showing green, olivine, and amber color. d–f EL spectrum versus injection current, showing the 
blue shift of peak emission as current increases due to the screening of polarization field
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Symbols

λL  lasing wavelength
R  bending radius
n  refractive index
Hz  magnetic field in z component
Q  quality factor
m  azimuthal number
1/R  bending curvature
Δλ  wavelength shift
ΔR  bending radius variation
Δλ/ΔR  sensitivity
M  1st Brillouin zone symmetry point in hexagonal lattice
K  1st Brillouin zone symmetry point in hexagonal lattice
Γ  1st Brillouin zone symmetry point in hexagonal lattice

19.1  Introduction

In recent decade, the semiconductor lasers have been widely study for light source 
and photonic integrated circuit. Focused to small size semiconductor laser, the 
microdisk lasers and photonic crystal lasers have been followed with interest. 
Semiconductor microdisk cavities have attracted a lot of attention for applica-
tions in photonic integrated circuits due to their promising and versatile optical 

M.-H. Shih (*) 
Research Center for Applied Sciences, Academia Sinica, Taipei, Taiwan
e-mail: mhshih@gate.sinica.edu.tw

K.-S. Hsu 
Department of Photonics, National Chiao Tung University (NCTU), Hsinchu, Taiwan



388 M.-H. Shih and K.-S. Hsu

functions, for instance, lasers [1], modulators [2] and sensors [3]. The microdisk 
cavity is a good choice for study of the photonic device due to high quality fac-
tor and small size. On the other way, the two-dimensional (2-D) photonic crystal 
(PhC) lasers become a promising technology as novel light sources in dense chip-
scale optical systems due to high quality factor (Q) and small mode volume. A 
number of photonic crystal lasers have been reported in a suspended membrane 
[4] or on the dielectric substrates such as Si/SiO2 [5], III-V compound semicon-
ductor [6] and sapphire [7]. Such lasers exhibit excellent optical properties includ-
ing small mode volume, high quality factors and ultra-low thresholds. To increase 
the functionality of the photonic crystal lasers, the tunable optical properties are 
necessary. A possible approach to achieve the wavelength-tunable lasers is to 
vary the environmental refractive index of the device [8]. Conversely, the index 
variation can be highly detected by photonic crystal lasers via measuring the las-
ing wavelength shift with high spectral resolution and excellent sensitivity. It has 
been studied extensively for applications in bio-chemical detections [9], gas sens-
ing [10]. However, there are only few reports for wavelength-tunable lasers by 
deforming the lithographic laser geometry [11]. In particular, most of the photonic 
crystal lasers are formed in a suspended membrane [12] or fabricated on a hard 
substrate with low refractive index [7]. All of those reports, the device are fabri-
cated on a hard substrate. With these configurations, it is hard to modify the laser 
geometry to make the optical properties tunable. Therefore, polymer or organic 
photonic devices are commonly used because of their flexible applications and low 
cost. Recent studies have reported on III-V materials-based light emitting diodes 
[13, 14] and compact lasers [15–17] on flexible and stretchable polymer/organic 
substrates. Because the optical properties of compact lasers are sensitive to its 
geometry, this organic or polymer-semiconductor hybrid platform allows fine-tun-
ing of optical properties for small devices.

In this section, we have introduced different laser cavities on a flexible polydi-
methylsiloxane (PDMS) substrate. The tuning ability in lasing wavelength, thresh-
old  and lasing wavelength were investigated by bending the compact cavities to 
varied curvatures. With a flexible platform, those microdisk laser and photonic 
crystal laser can not only function as a micrometer size tunable light source, but 
also be applied for the laser/sensor array on the non-flat surfaces. And the opti-
cal curvature sensor had been studied widely with the long period fiber grating 
system [18]. This optical fiber technology can be applied in the curvature monitor-
ing for larger structures such as bridges and buildings. However, these fiber grat-
ings are not suitable for curvature sensing in either chip-scale integrated circuits or 
 two-dimensional in-plane detection due to its structure size and special geometry.

19.2  Flexible Microdisk Cavity Laser

First, a compact optical curvature sensor with the InGaAsP microdisk laser on 
a polydimethylsiloxane (PDMS) substrate has been presented. Figure 19.1a 
shows the illustration of an InGaAsP microdisk cavity on a PDMS substrate. The 
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InGaAsP microdisk is embedded inside a flexible PDMS layer which is benefit to 
the bending ability of the cavity. Figure 19.1b shows the cross section-view of the 
InGaAsP microdisk cavity.

The low index (n = 1.41) of the PDMS also improve the vertical confinement 
of the optical mode in the disk, compare to microdisks on Si or GaAs substrates. 
With a flexible platform, this novel laser can function not only as a light source 
for the photonic integrated circuits on the non-flat surface, but also as a compact 
sensing device for the curvature of the bent substrate. The microdisk cavities were 
implemented in a 240 nm thick InGaAsP layer on the InP substrate. The InGaAsP 
layer consists of four 10 nm thick strained InGaAsP quantum wells (QWs) which 
is designed for the lasers operated near 1,550 nm wavelength. A silicon nitride 
(SiNx)  layer and a polymethylmethacrylate (PMMA) layer are deposited subse-
quently for the dry etching processes and  electron beam lithography. The micro-
disk patterns were defined by electron beam lithography followed by two dry 
etching steps with CHF3/O2 mixture and CH4/Cl2/H2 mixture gas in the inductive 
couple plasma (ICP) system. The microdisk structures then flipped and mounted 
to a 250 μm thick  substrate. The InP substrate was removed by HCl solution. 
The size of the fabricated microdisk array is from 0.5 to 10 μm in diameter for 
studying the compact lasers. Figure 19.2a shows the flow chat of the fabrication 
process and 19.2b shows the photograph of the InGaAsP microdisk cavity array on 
a PDMS substrate.

Figure 19.3a shows the SEM images of a microdisk array with varied diam-
eters on the PDMS substrate. Figure 19.3b is a close-up view of a microdisk cavity 
with a diameter of 4.75 μm. Before characterizing the curvature sensing ability 
of the flexible lasers, the lasing action of the microdisk cavities has to be verified. 
The cavities were optically pumped at room temperature by an 850 nm wavelength 

Fig. 19.1  The illustrations of an InGaAsP microdisk cavity on a PDMS substrate from a angle 
view and b cross section view
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diode laser at normal incidence with a 1.5 % duty cycle and a 30 ns pulse width. 
The pump beam was focused on the devices by a 100x objective lens. The pump-
ing spot size is approximately 2 μm in diameter. The output power of the device 
was then collected by a multi-mode fiber connected to an optical spectrum ana-
lyzer (OSA) for spectrum characterization.

During experiment, the lasing action of the flexible microdisk cavities was 
achieved with the low threshold power. We also measured the photoluminescence 
(PL) spectra from non-patterned region of the InGaAsP QWs membrane before 
and after bonding it on the PDMS substrate. The PL spectrum shows no much dif-
ference before and after bonding process. This result implies the stress between 
InGaAsP layer and the PDMS substrate can be ignored for this device. Figure 19.4a 

Fig. 19.2  a The flow chats of the fabrication process. b Photograph of a InGaAsP microdisk 
laser array on a PDMS substrate after fabrication procedure
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Fig. 19.3  a The SEM image of the different size microdisk cavity. b The close-up view of a 
microdisk cavity

Fig. 19.4  a A lasing 
spectrum from a microdisk 
laser with 4.75 μm diameter. 
b The light-in-light-out (L-L) 
curve of this laser
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shows a lasing spectrum from a microdisk laser with 4.75 μm diameter. The las-
ing wavelength is around 1,572 nm. The light-in-light-out (L-L) curve of this laser 
is shown in the Fig. 19.4b. The threshold of the laser happened at 0.18 mW of 
incident pumped power. This corresponds to an effective threshold power is only 
9.8 μW after estimating the material absorption, surface reflectivity of the cavity 
structure. This low threshold power of a single laser will minimize thermal effects 
of the devices, and benefit the further integration of the laser array.

In order to understand the cavity mode of the flexible microdisk cavity on the 
PDMS substrate, three-dimensional (3-D) finite-difference time-domain (FDTD) 
method was used to perform the simulation. Figure 19.5a shows the simulated 
spectrum for a 4.75 μm InGaAsP microdisk cavity on the PDMS substrate. There 
are three first-order whispering-gallery modes (WGMs) within the QWs gain 
region. Their azimuthal numbers (m) of WGMs are 22, 21, and 20 which are label 
with M1,22, M1,21, and M1,20. Due to the index contrast of InGaAsP and PDMS, 
the higher order WGMs have lower response and lower quality factor (Q) values. 
Therefore the lasing action of higher order  WGMs is not expected. By comparing 
the measured and simulated spectra, the lasing mode from the measured microdisk 
was verified to be the first-order mode M1,20. The calculated Hz components of the 
M1,20 mode of a 4.75 μm microdisk cavity is shown in Fig. 19.5b.

19.3  Optical Curvature Sensor with the Microdisk Laser

After the demonstration of the InGaAsP microdisk laser on a flexible polydi-
methylsiloxane (PDMS) substrate, a compact optical curvaturesensor with the 
flexible microdisk laser was presented in the section. The dimension of the sen-
sor is less than 10 microns. This small size makes it suitable for monitoring the 
local curvature within few μm regions and for performing the curvature detection 
or mapping in two-dimensional planes with the microdisk sensor array. The 3-D 
FDTD was used to perform the simulation for a bent microdisk cavity.

Fig. 19.5  a The simulated spectrum for the microdisk cavity on the PDMS substrate. b The cal-
culated Hz components of the M1,20 mode of a 4.75 μm microdisk cavity
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To characterized curvature sensing ability of the flexible microdisk laser, 
the cavity was bended along the diameter of the disk on a bent metal surface. 
Figure 19.6 illustrates the microdisk cavity with the curvature 1/R after bend-
ing. We expected the lasing characteristics of the microdisk can be manipulated 
by varying the bending radius R, which could be applied as sensing parameters 
of a curvature sensor. The microdisk was mounted on the metal plates with dif-
ferent bending radius. These curved metal surfaces were formed by bending the 
metal plates in the slots with varied bending radii with a homemade curvature 
component. Figure 19.7a shows the real devices with the bending. In the experi-
ment, the devices were placed on a bent metal surface at the bending stage, and 
the bending radius R was controlled by the micrometer. The stage is shown in the 
Fig. 19.7b. We also verify the surface curvature of the device with optical micro-
scope and SEM images after the device is mounted on the bent metal surface. In the 
experiment, the variation of output power, lasing threshold and lasing wavelength 
were all observed by bending the microdisk cavity and fixing the pumped condi-
tions. However the lasing wavelength is a better sensing parameter by consider-
ing convenient operation of the compact sensors. Therefore we demonstrated the 
optical curvature sensor based on the lasing wavelength of the flexible microdisk 
laser. Figure 19.8 shows the lasing spectra of a 4.75 μm microdisk laser at the var-
ied bending radius (R = infinity, 45, 15 and 12.5 mm) under the same pumping 

Fig. 19.6  The illustration 
of a microdisk cavity with a 
bending radius R during the 
experiment

Fig. 19.7  a Bent photonic 
device. b Curved sample 
on a bent mental surface at 
bending stage
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conditions and a fixed 2.0 mW incident pumped power. According to the data, the 
lasing wavelength reduces and output power decreases as the bending curvature 
increases. We have to note that the microdisk achieved lasing at all these bending 
radii.

To understand the relation between the lasing wavelength and bending 
radius, the 3-D FDTD method was also used to perform the simulation for the 

Fig. 19.8  The lasing spectra 
of a 4.75 μm microdisk laser 
at the varied bending radius 
(R = infinity, 45, 15 and 
12.5 mm) under the same 
pumping conditions and fixed 
2.0 mW incident pumped 
power
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Fig. 19.9  a The comparison 
of the 3D-FDTD simulation 
and measurement at different 
curvature. b The curvature 
dependence of lasing 
wavelength in this linearly 
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wavelength of the bent microdisk at varied bending curvatures. Figure 19.8 
shows the comparison of the 3-D FDTD simulation and measurement at different 
radii. The black curve is the calculated lasing wavelength of the bended micro-
disk cavity on a PDMS substrate at varied radii. The wavelength of the operated 
mode is blue-shifted linearly as the bending radius decreases from flat to 20 mm, 
and the wavelength decrease dramatically once the bending radius is smaller than 
20 mm. The measured lasing wavelength is also plotted in Fig. 19.9a with the 
red open-circles. The experiment results agree with the FDTD simulation very 
well. The difference between the simulation and measurement in wavelength 
is approximately 2 nm, which is less than 0.2 %. This difference is believed 
to be caused by the small difference in refractive index used in the simulation 
and experiment. The lasing wavelength is varied linearly in a wide bending 
region between flat to 20 mm radius which is suitable for the curvature sens-
ing. Figure 19.9b shows the curvature dependence of lasing wavelength in this 
linearly region. The sensitivity of the curvature sensor (∆�

/

∆R
) is verified to be 

approximately 0.01 nm/mm. Although it is not higher than other larger size cur-
vature sensors [19], this value is good enough for the micrometer-size sensor to 
detect the local curvature variation within the few μm region. The micrometer 
size, flexible platform also stands on a vantage point for the high-density integra-
tion of the sensor arrays in a single chip.

19.4  Tunable Photonic Crystal Laser with on the PDMS 
Flexible Substrate

In this section, the lasing wavelength fine-tuning by manipulating the curvature of 
flexible PhC lasers have been demonstrated, as shown in Fig. 19.10a. Band-edge 
lasers exhibit single mode emission characteristics over large areas and high out-
put powers [20–23].

PhC patterns were fabricated in a 240 nm thick InGaAsP layer on the InP sub-
strate. The InGaAsP layer consisted of four strained InGaAsP QWs with an emis-
sion peak at 1,550 nm. A 240 nm thick silicon-nitride (SiNx) layer and a 300 nm 
thick polymethylmethacrylate (PMMA) resist were deposited on the epitaxial 
wafer for dry etching and electron-beam lithography. Triangular-lattice air holes 
were defined on PMMA using electron-beam lithography. After the RIE and ICP 
dry etching processes, the patterns were transferred to the SiNx layer. The QW 
layer was then bonded to a 500-µm-thick PDMS substrate. The structure was 
formed by removing the InP substrate with a solution of HCl. Figure 19.10b shows  
scanning electron microscope (SEM) images of fabricated PhCs. The area of each 
photonic crystal cavity is about 15 µm ×15 µm.

The devices were optically pumped at room temperature. The structure 
achieved lasing at a low threshold power. Figure 19.11a shows the lasing spec-
trum from the PhC band-edge laser with a lattice constant of 395 nm. The lasing 



396 M.-H. Shih and K.-S. Hsu

wavelength is approximately 1,581 nm. Figure 19.11b shows the light-in light-out 
(L-L) curve for the laser with a threshold power of 160 µW, which is estimated 
by the thickness and absorption of the InGaAsP QWs. The linewidth (blue dots) 
narrowing effect dependence of pumping power was also plotted in Fig. 19.11b 
and the estimated quality factor (Q) at transparence in experiment is about 3,000. 
To confirm the operating lasing modes of the band-edge laser, structures with dif-
ferent lattice constants were optically-pumped and their lasing wavelengths were 
recorded. Figure 19.11c shows the lasing wavelengths from the PhC lattices with 
different lattice constants. Two groups of these data were identified as operation 
lasing modes with normalized frequencies of 0.249 and 0.264. These lasing wave-
lengths can cover most of the InGaAsP QWs gain region (the gray area). To under-
stand the lasing modes, the corresponding band structure for the TE-like modes 
was calculated using the three-dimensional (3-D) plane-wave expansion (PWE) 
method. Figure 19.11d shows the band structure. Band-edge lasing modes are 
likely to occur near highly symmetrical band structure points. The flat dispersion 
curve near the band-edge indicates a low group velocity of light and strong locali-
zation. Compared to the simulation and measurements, the 0.249 normalized fre-
quency lasing mode corresponds to the first M (M1) band-edge point and the 0.264 
mode corresponds to the first K (K1) band-edge point. Other band-edge modes 
were not observed because they fell outside the gain spectrum.

The PhC devices were then bent along the Г-M direction of the lattices by 
our homemade bending stage as shown in Fig. 19.7b. Figure 19.12a shows the 
illustration of bent PhC lattices with bending radius R along Г-M direction and 
Fig. 19.12b shows the illustration of Г-M and Г-K direction of the flat PhC lattices. 
The maximal bending curvature reached an approximate bending radius of 20 mm. 
This is sufficiently large for most applications. At the same pumping conditions 
and pumping position, the fabricated structure achieved lasing at various bending 
curvatures.

During the bending, PhC lattices were extended along the Г-K direction, which 
is shown in Fig. 19.13a. In real, the PhC lattices were extended to 0.15 % when 

Fig. 19.10  a The illustration of a triangular-lattice photonic crystal band edge laser on a PDMS 
substrate. b The SEM image of the fabricated structure
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the bending radius reached 20 mm and the lattice extension percentage is linearly 
as the bending curvature from flat to 0.04 mm−1 which is shown in Fig. 19.13b. 
The extended percentage value was obtained through the real cavity with extended 
lattices and simulation (3-D PWE method). The lasing wavelength bending prop-
erty was measured to ensure that mechanical wavelength tuning of PhC band-edge 
lasers on flexible substrates is repeatable and reliable. Figure 19.13c, d show las-
ing wavelengths of the K1 and M1 modes as the bending radius decreased from the 

Fig. 19.11  a Lasing spectrum of the triangular-lattice PhC band-edge laser on a PDMS sub-
strate. b The laser L-L curve. c The lasing wavelength versus the lattice constant of the band-
edge laser and the InGaAsP QW PL gain region. The normalized frequencies of the lasing modes 
are approximately 0.249 and 0.264. d Band structure of the triangular-lattice PhC with a 0.25 r/a 
ratio

Fig. 19.12  a Illustration of 
the bent PhC laser. b The 
Illustration of the flst PhC 
laser
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flat (R = ∞). The solid lines in the Fig. 19.13c, d are the calculated wavelengths 
of the lasing modes from the 3-D PWE simulation. The lasing wavelength was 
red-shift as the bending radius decreased. The K1 and M1 band-edge modes had 
different red-shift responses to the bending radius change. In Fig. 19.13d, the M1a 

Fig. 19.13  a Diagram of PhC lattice distortion. b Photonic crystal lattices extended percentage 
varied with bending curvature c and d Comparison between measured lasing frequency (dots) 
and lattice distortion frequency (lines). e Calculated Hz mode profiles of the K1, M1a, and M1b 
band-edge modes. f The quality factor of the laser with different bending curvature
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and M1b modes split from the M1 mode when the laser was bent. On the other 
hand, the quality factor (Q) of laser in bending experiment is decreased around 
15 % when the laser was bent to 50 mm which was shown in Fig. 19.13e. And the 
threshold pumped power raised about 20 % when the laser was bent.

The solid lines in Fig. 19.13c, d show the simulated wavelength of the band-
edge modes by using the 3-D PWE method. The resonant frequencies of the K1 
and M1 modes decreased with two distinct peak shifts and the M1 mode split into 
two modes: M1a and M1b. Figure 19.13e shows the simulated Hz field mode pro-
file corresponding to modes K1, M1a, and M1b. The lasing oscillation of the M1 
band-edge mode exists in three M directions of the triangular lattices [22]. When 
the lattice was extended in the Г-K direction, M1 band-edge mode degeneracy 
was broken and split into two modes. The lasing oscillation of the M1a band-edge 
mode occurs along the bending direction and the M1b mode is composed of las-
ing oscillations in two other Г-M directions. By contrast, the K1 band-edge mode 
did not split significantly when the lattice is extended in the Г-K direction. This 
is because the K1 band-edge mode consists of three nonparallel wave vectors 
which form a closed loop [22], so the K1 mode has less impact due to the lat-
tice deformation in the Г-K direction. A good agreement is observed between the 
simulation and measurement. The small difference between the measurement and 
simulation results is attributed to an inaccuracy in the PDMS index variation [24]. 
The wavelength tunability by bending of the K1, M1a and M1b modes are 16.5, 
9.6 and 28.9 nm/mm−1, respectively. Since the propagation directions of the M1b 
mode are more parallel to the Г-K direction, and it has the stronger dependence to 
the lattice extension. Therefore the M1b mode has a higher tunability, as expected. 
Figure 19.13f shows the experimental quality factor (Q) with different bending 
radius and the Q value was decreased around 10 % from flat to 50 mm in bending 
radius. The results indicate that the flexible PhC laser can serve as a wavelength-
tunable light source by mechanically deforming the laser structure. It could also be 
used as a novel, highly sensitive, ultra-compact optical sensor for local geometry 
deformation.

In conclusion, we had discussed the flexible InGaAsP micro-/nano-lasers, and 
a chip-scale optical curvature sensor. Compact microdisk and photonic crystal 
structures were fabricated on a flexible polydimethylsiloxane (PDMS) substrate. 
The lasing of the flexible compact cavities was achieved with a low threshold 
power around 1,550 nm wavelength. The lasing wavelength fine tuning of the flex-
ible microdisk and photonic crystal lasers were also demonstrated by bending the 
micro-cavities from flat to 10 mm bending radius. The lasing wavelength shift is 
attributed to cavity distortion. A good agreement between experiment and mod-
eling was also obtained. We also demonstrated a compact optical curvature sensor 
with the flexible microdisk laser. The curvature dependence of lasing wavelength 
was characterized by bending the cavity at different bending radii. The measure-
ments showed that the lasing wavelength decreases monotonously with an increas-
ing bending curvature. The curvature sensitivity, which is lasing wavelength to the 
bending radius (∆�

/

∆R
) is approximately 0.01 nm/mm from the experiment.
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Symbols

Γ, γd  Confinement factor in dielectric
εSi  Dielectric constant of silicon
εSiO2  Dielectric constant of silicon-dioxide
λ  Wavelength
σε  Emission cross section of the Er
a, an  Lattice constant
kx  Wavevector number in x direction
n  Number of photonic crystal periods
nNB  Refractive index of nanobeam
nr  Refractive index of nanoring
r, r’  Air hole radius
tNB  Thickness of nanobeam
tNFB  Thickness of nano-fishbone
tr  Thickness of nanoring
tSiO2  Thickness of SiO2 slot
w  Width of nanobeam and nano-fishbone
wr  Width of nanoring,
E  Amplitude of electric field
Ex  Amplitude of electric field in x component
Ey  Amplitude of electric field in y component
Ez  Amplitude of electric field in z component
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EzSi  Amplitude of electric field in silicon in z component
EzSiO2  Amplitude of electric field in silicon-dioxide in z component
NEr  Concentration of the Er
Q  Quality factor
Qlasing  Quality factor for lasing
QN1  Quality factor of N1 nanocavity
QN2  Quality factor of N2 nanocavity
R  Bending radius
Veff  Effective mode volume

20.1  Background: Two-Dimensional Photonic  
Crystals on Slabs

Since the first show up [1, 2], photonic crystals (PhCs) have caused a revolution 
in manipulating lightwave in wavelength scale. In the past two decades, two-
dimensional (2D) PhCs on thin slabs are the most widely-used structure owing 
to its feasibility in fabrication process. Engineering the photonic bands of 2D 
PhCs results in various novel effects of lightwave, for example, photonic band 
gap (PBG), slow light [3], negative refraction [4], and so on. Among these 
effects, PBG effect provides possibilities to further design PhC defects with 
different freedoms, for example, waveguides and nanocavities, which have long 
been the key components for constructing versatile devices in photonic inte-
grated circuits (PICs). PhC waveguides can guide lightwave with very low 
loss, bend the light propagation in tight angles, produce slow light propaga-
tion [5], and even be used for optical manipulation [6]. And PhC nanocavities 
can confine the photon flows with very low loss (that is, ultrahigh quality fac-
tors (Qs)) in wavelength-comparable regions (that is, ultrasmall mode volumes 
(Veff)), which had obtained tremendous successes in nanolasers [7, 8], optical 
sensors [9, 10], and other functional passive components [11, 12]. Comparing 
with traditional micro-optical devices [13] based on total internal reflection 
(TIR), using 2D PhCs for realizing these of devices can provide new scenario 
in manipulating photons in wavelength scale.

Although 2D PhC devices have long been regarded as the superior candidate 
to control the photons on-demand in planar PICs [14], using 2D PhCs to realize 
nanocavities and waveguides has two drawbacks. First, for nanocavities, a huge 
amount of lattice periods is essential for maintaining their excellent properties 
and leads to very large device footprint even larger than the micro-optic resona-
tors [13] (micro-disks, -toroids, -rings, and so on) based on TIR. Second, in addi-
tion to very large device footprint, using 2D PhCs to construct waveguides also 
increases the complexity in fabrication and restricts their integration abilities with 
other components because of PhC lattice geometry.
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20.2  Minimizing Device Footprint: One-Dimensional 
Photonic Crystals on Nanowires

A feasible approach to overcome above drawbacks is to manage light by PhCs 
arranged in only one dimension, that is, using one-dimensional (1D) PhCs. This 
structure can be a traditional ridge waveguide with periodic air-holes (PhCs) 
at the center for engineering the propagating mode of the ridge waveguide [15], 
as shown in Fig. 20.1a, which is also known as 1D PhC nanowire or nanobeam 
(NB). With parameters defined in Fig. 20.1a, including NB width w = lattice 
constant a, NB thickness tNB = a, air-hole radius r over a (r/a) ratio = 0.34, and 
refractive index (nNB) of 3.4 (for InGaAsP), theoretic transverse-electric(TE)-
like band diagram of 1D PhC NB via plane wave expansion (PWE) method is 
shown in Fig. 20.1b. The 1st and 2nd bands from low to high frequencies (curves 

Fig. 20.1  a Scheme of a suspended NB with 1D PhCs and b its TE-like band diagram. 
Theoretic |E|2 field distributions of the dielectric and air bands are shown as the inset of b. 
Illustration of forming mode-gap for the dielectric band by hetero-interface of PhCA/PhCB on 
NB is also shown in b
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with solid circles) are the dielectric and air bands, whose electric fields at band 
edges (kx = π/a) concentrate in dielectric and air regions respectively, shown as 
the insets of Fig. 20.1b. According to their field distributions, the dielectric band 
can provide good gain enhancement for an active light emitters and the air band 
is suitable for optical sensors. Based on this kind of 1D PhC NB, in the following 
sub-sections, we will show various nanocavity designs on different type NBs for 
different polarizations, which show small device footprints, highly flexible integra-
tion abilities, and various unique features.

20.3  Photonic Crystal Nanobeam: Efficient Nanolasers

To form a nanocavity and confine the propagation modes in 1D PhC NB, one can 
utilize the PhCs as the mirrors via PBG effect, as illustrated in Fig. 20.2a, which 
was a very common design in early stages. However, this kind of cavity design 
usually shows relatively low Q owing to the significant radiation loss caused by 
the abrupt PBG confinement [16]. The other approach illustrated in Fig. 20.2a is 
designing double hetero-PhCs to produce mode gap effect [17]. As shown in the 
inset of Fig. 20.1b, a PhC hetero-interface can be formed via two different 1D 
PhCs with different r/a on the same NB, for example, PhCA and PhCB with r/aA 
and r/aB, where r/aA is larger than r/aB. Frequency of the first (dielectric) band in 
PhCB (red curve with hollow circles) is lower than that in PhCA (red curve with 
solid circles) on NB. The frequency difference represented by the shadow region 
in Fig. 20.1b forms the mode gap, where the dielectric mode in PhCA with fre-
quency inside cannot propagate in PhCB. Therefore, this hetero-interface of 
PhCA/PhCB can serve as a mirror and double hetero-interfaces can form a nano-
cavity. In addition to r/a ratio, similar cavities with mode gap can be designed via 
tuning waveguide width [18], effective index [19], and so on. Via proper design, 
1D PhC NB nanocavity will show high Q and small Veff, which mean low loss 
and strong light-matter interaction. These two factors are the essentials for highly 
efficient nanolasers with thresholdless lasing actions. Most importantly, 1D PhC 
NB nanocavity shows very small device footprint. In this sub-section, we show a 
nanocavity design with mode gap effect for dielectric mode to demonstrate highly 
efficient nanolasers.

As shown in Fig. 20.2b, PhC mirror of the proposed N1 nanocavity is formed 
by n air holes with gradually-increased lattice constant on both sides [20]. From 
the center of NB, the lattice constant an is linearly increased by a 5 nm increment, 
where a1 is 360 nm and r is fixed at 126 nm. In fabrication, tuning lattice constant 
to form the hetero-PhCs shows higher controllability and precision than changing 
air hole size. This kind of multi-step double-hetero PhCs will result in a gently var-
ied frequency cave with mode gap effects, as shown in Fig. 20.2c. With n = 14, 
theoretic Q and Veff of fundamental (0th-order) dielectric mode in N1 nanocavity 
are 106 and 0.37(λ/nNB)3. Furthermore, in Fig. 20.2c, different high order (1st- and 
2nd-order) modes also exist in this N1 nanocavity, but with lower Qs and larger Veff.
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One significant benefit of PhC nanocavity is that the mode properties can be 
significantly altered via slight change in lattice parameters. To show this fea-
ture, we design a nanocavity with larger cavity size of 2a1 than that of N1 nano-
cavity, named N2 nanocavity, as shown in Fig. 20.3a. Unlike the dielectric vein 
locates at the center of N1 nanocavity, the center of N2 nanocavity is an air hole. 
In Fig. 20.3a, mode profiles in Ey field (dominant field) of the 0th-order dielectric 

Fig. 20.2  a Using PBG (top) and mode gap (bottom) effects to form nanocavities for confining 
the propagation mode in 1D PhC NB. b Design of 1D PhC NB N1 nanocavity with mode gap 
effect via lattice gradually-shifted PhC mirrors. c Different order dielectric modes confined in N1 
nanocavity with mode gap

Fig. 20.3  a Theoretic profiles in Ey field in xy-plane and time-averaged power flow distributions 
in xz-plane of the 0th-order dielectric modes in N1 and N2 nanocavities. b Theoretic radiation 
patterns of the dielectric modes in N1 and N2 nanocavities in xz-plane
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modes confined in N1 and N2 nanocavities show even and odd symmetries  
respectively owing to their different cavity geometries, which lead to very dif-
ferent dielectric mode properties. For example, Q of the dielectric modes in N1  
nanocavity (QN1) is always smaller than that in N2 nanocavity (QN2) under dif-
ferent n. With n = 14, QN2 is 3 × 106. As shown in Fig. 20.3a), because the odd 
symmetry in Ey field of the 0th-order dielectric mode in N2 nanocavity leads to 
mode cancellation in far-field, less power flow distributes above and below the 
slab (means less optical loss) than that in N1 nanocavity, which makes QN2 always 
larger than QN1. This argument is confirmed by the theoretic time-averaged power 
flows of 0th-order dielectric modes in N1 and N2 nanocavities in xz-plane, shown 
in Fig. 20.3a. Furthermore, the difference in field symmetry also leads to stronger 
vertical and directional radiation into the air of 0th-order dielectric mode in N1 
nanocavity than that in N2 nanocavity. This is confirmed by theoretic radiation 
patterns in |E2| fields (20 μm above the slabs) of the 0th-order dielectric modes 
in these two nanocavities shown in Fig. 20.3b. Therefore, above results show the 
modal properties can be greatly changed via slightly tuning different lattice param-
eters, for example, the nanocavity symmetries shown here.

To demonstrate and verify above features, the designed N1 and N2 nanocavi-
ties are realized on the epitaxial structure consisted of compressively strained 
InGaAsP multi-quantum-wells (MQWs) on InP substrate via a series of electron-
beam lithography with proximity correction, dry-, and wet-etching processes 
[21]. Figure 20.4a shows the tilted- and top-views of N1 and N2 nanocavities 
under scanning electron microscope (SEM). Via optical pulse pumping (15 ns 
pulse duration and 100 kHz repetition rate) at room temperature, light-in light-
out (L-L) curves and single-mode lasing spectra with low lasing thresholds from 
the 0th-order dielectric modes in N1 and N2 nanocavities are shown in Fig. 20.4b. 
Both lasing emissions are linearly polarized, which are the nature of the dielec-
tric modes dominated by Ey fields. Furthermore, we observe two reasonable 

Fig. 20.4  a Tilted- and top-view SEM pictures of 1D PhC NB N1 and N2 nanocavities. b L-L 
curves, measured linear polarizations, and single-mode lasing spectra of the 0th-order dielectric 
modes in N1 and N2 nanocavities with the same lattice parameters
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phenomenons from the L-L curves of N1 and N2 nanocavities with the same lattice 
parameters. First, the threshold of N2 nanocavity is smaller than that of N1 nano-
cavity, which is always observed in all samples. This is because QN2 is always 
higher than QN1 under the same lattice parameters, as we predicted. Second, the 
slope efficiencies of 0th-order dielectric modes in N1 nanocavities are always 
larger than those in N2 nanocavities, that is, the dielectric mode in N1 nanocavity 
shows stronger vertically directional emission than that in N2 nanocavity, which 
agrees with the prediction in Fig. 20.3b. These results show that the modal sym-
metries can greatly affect the lasing properties, including lasing thresholds and 
emission directions/intensities.

In addition, 1D PhC NB nanocavity is also a good candidate for the robust and 
efficient nanolasers on a flexible platform [22], owing to its simple architecture 
and very small cavity size. To verify this application, we first manufacture a 1D 
PhC single-defect nanocavity on a suspended InGaAsP NB [21] shown in the inset 
of Fig. 20.5, which is consisted of a central missing air hole, the tapered and outer 
PhC mirrors. The tapered PhC mirrors are designed for efficiently reducing the 
scattering loss, which have fixed r/a ratio and linearly varied lattice constant from 
cavity to the outer PhC mirror. Then the NB nanocavity is directly transferred 
onto a flexible polypropylene substrate via acrylic-based optical glue (refractive 
index ~ 1.48) stamping process [23] illustrated in Fig. 20.5.

As shown in Fig. 20.6a, the flexible-NB nanocavity is fixed on mounts with 
different bending radii R and pumped by strictly-fixed power of 1 mW. Lasing 
wavelengths and linewidths of the flexible-NB nanocavity show only 0.15 nm 
and 0.1 nm variations under different R from ∞ (without bending) to 2.5 mm. 
In addition, from the lasing spectra of flexible-NB nanocavity under R = ∞ and 
2.5 mm shown in Fig. 20.6b, the laser emission intensity shows less than 4.8 % 
variation. These results guarantee the robust lasing properties of the flexible-NB 

Fig. 20.5  Illustration of transferring the NB nanocavity onto a flexible substrate. The inset 
images are the SEM (left) and optical microscopic (OM) (right) pictures of NB nanocavity 
before and after transferring onto the flexible substrate
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nanocavity in large experimental bending radius range, while there is only very 
slight deformation on the nanocavity because of its relatively small cavity size. 
This argument is verified by theoretic wavelengths of the 0th-order dielectric mode 
under different R from 5 to 0.0625 mm via three-dimensional (3D) finite-element 
method (FEM) shown in Fig. 20.6c. The lasing wavelength is almost invariant 
when R > 1.0 mm, which confirms the experimental results. Once R becomes 
smaller than 1.0 mm, the wavelength shows a significant red-shift, which is caused 
by the considerable nanocavity elongation owing to the NB bending. Theoretic 
mode profiles in electric-field of the 0th-order dielectric mode when R = ∞ and 
0.0625 mm are shown as the insets of Fig. 20.6c. This kind of flexible-NB nano-
cavity with low threshold, small device footprint, and robust lasing properties 
under different bending radii will be very suitable for serving as an efficient nano-
laser in future flexible PICs with ultrahigh component density.

20.4  Photonic Crystal Nanoring

2D PhC ring resonators (PhCRRs) [24, 25] have been widely applied in add-drop 
filters, logical units, optical buffers, and sensors for constructing versatile PICs 
via proper bus PhC waveguides. Comparing with traditional microring resonators, 
light can operate at slow light region [3] or recycle with low loss via PBG effect in 
2D PhCRRs with compact ring sizes, which are also beneficial for efficient lasers 
in PICs. However, in addition to the drawback of large device footprint caused by 
2D PhCs, using 2D PhC waveguides are the essential to efficiently lead the light 
into or out from the ring, while the PhC lattice geometry limits the waveguide 

Fig. 20.6  a (Top) Scheme and picture of the flexible-NB nanocavity on the home-made mount 
surface with bending radius R. (Bottom) Lasing wavelengths and linewidths of the flexible-NB 
nanocavity under different R from ∞ to 2.5 mm. b Lasing spectra of flexible-NB nanocavity 
when R = ∞ and 2.5 mm. c Theoretic wavelength variation of the flexible-NB nanocavity under 
different R from 5.0 to 0.0625 mm via 3D FEM. The insets show the theoretic mode profiles in 
electric-field of the flexible-NB nanocavity when R = ∞ and 0.0625 mm
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arrangement and restricts the integration ability, as shown in Fig. 20.7a. To over-
come these drawbacks, one can encircle 1D PhC NB to form a 1D PhCRR [26], 
which has small device footprint and high integration flexibility in PICs via ridge 
waveguide coupling without PhC lattice geometry restriction, that is, the ridge 
waveguides can be arranged in arbitrary directions, as illustrated in Fig. 20.7a.

Design of 1D PhCRR and its parameter definitions are shown in Fig. 20.7b 
along with theoretic dielectric mode profile in electric field, which is similar to 
that at the dielectric band edge in 1D PhC NB shown in Fig. 20.1b. This dielectric 
mode in 1D PhCRR also shows good field overlapping with the dielectric region 
(that is, high confinement factor γd, defined as the ratio of mode energy in dielec-
tric region) and slow light effect for enhanced light-matter interactions in serving 
as an efficient laser. However, this 1D PhCRR cannot be realized on the widely 
used suspended slab structure owing to the lack of mechanical support. Therefore, 
as shown in Fig. 20.7c, an underlying SiO2 substrate with low refractive index is 
used to provide mechanically stable supporting without inducing significant opti-
cal losses. Via this structure, 1D PhCRR can be applied in realizing InGaAsP/SiO2 
hybrid lasers. With a = 400 nm, refractive index of ring nr = 3.4, thickness 
tr = 190 nm, and total period number n of 28, theoretically, Q and γd will increase 
when r/a ratio decreases or ring width wr increases, as shown in Fig. 20.8a. With 
r/a ratio = 0.27 and wr = 1.3a, Q (~5,800) and γd (~0.460) of the dielectric mode, 
two important factors for lasing in a nanoresonator, are sufficient for lasing.

To realize this structure, first, 800 nm SiO2 layers are deposited on 
InGaAsP MQWs and silicon (Si) wafers by plasma enhanced chemical vapor 

Fig. 20.7  a Differences in arrangements of coupling waveguides between (top) 2D and (bottom) 
1D PhCRRs. b Parameters of 1D PhCRR and PhCR-nc and their theoretic dielectric mode pro-
files in electric field via 3D FEM. c Scheme of 1D PhCRR on SiO2 with adhesive layer
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deposition at 80 °C. These two wafers with SiO2 are spin-coated diluted DVS-
bis-benzocyclobutene (BCB) and then jointed under uniform pressure of 130 kPa 
at 250 °C for 2 h. Subsequently, the substrate and capping layer of MQWs are 
removed via diluted HCl wet etching at room temperature to leave MQWs on SiO2. 
The MQWs are followed by electron-beam lithography and dry-etching to manufac-
ture PhC nanostructures [21]. Tilted-, top-views, and BCB bonding interface cross-
sectional SEM pictures of 1D PhCRR on SiO2 are shown in Fig. 20.8b.

Under optical pulse pumping, single-mode lasing spectrum from the dielec-
tric mode is obtained and shown in Fig. 20.9a), which has low lasing threshold of 
0.57 mW (effective threshold ~ 36 μW) estimated from the L-L curve shown in 
Fig. 20.9b. Dissimilar to highly linear-polarized laser emissions of the dielectric 

Fig. 20.8  a Theoretic Q and γd factors of the dielectric modes in 1D PhCRRs on SiO2 as func-
tions of (left) r/a ratio and (right) wr. b Tilted-, top-views, and BCB bonding interface cross-
sectional SEM pictures of 1D PhCRR on SiO2

Fig. 20.9  a Single-mode lasing spectra, b L-L curves, and polarizations of the dielectric modes 
lasing in 1D PhCRR and PhCR-nc
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modes in NB nanocavities shown in Fig. 20.4b, the emission from PhCRR exhibits 
a low polarized degree (PD) of 2.3 owing to the rotational symmetry of the ring, 
shown as the inset of Fig. 20.9b. Ideally, PD should be one because laser emission 
from the dielectric mode has identical Ex and Ey fields. Experimentally, PD > 1 is 
attributed to the fabrication imperfections of the characterized device.

Comparing with traditional microring resonators, an important feature of PhCRR 
is that the mode properties can be altered via purposely-tuned PhCs. To show this 
capability, the air-hole radii of 1D PhCRR is linearly shrunk from the top (r) to the 
side region (r′) under fixed a, as shown in Fig. 20.7b, which forms a PhC ring nano-
cavity (PhCR-nc) with mode gap illustrated earlier. In Fig. 20.7b, with Δr/a (r/a 
– r′/a) of 0.02 and the same parameters as for PhCRR, the dielectric mode in 1D 
PhCR-nc shows 1.4 times field enhancement in the cavity, which leads to a reduced 
Veff of 1.7(λ/nr)3 (for PhCRR, Veff is 2.9(λ/nr)3) without significant reductions in Q 
(~5,700) and γd (~0.456). In Figs. 20.9a and b, single-mode lasing with lower effec-
tive threshold of 29 μW, larger slope efficiency, and stronger emission than those 
in PhCRR are observed. With almost the same Q and γd of the dielectric modes in 
PhCRR and PhCR-nc, the reduced threshold is attributed to smaller Veff in PhCR-nc 
than that in PhCRR because small Veff leads to strong coupling between spontaneous 
emissions and lasing mode [27]. In addition, inducing a nanocavity breaks the rota-
tional symmetry of the ring and changesfar-field profile of the dielectric mode, which 
leads to stronger vertical emissions and larger slope efficiency in PhCR-nc than those 
in PhCRR. These results mean that we can easily obtain two different nanolasers 
with planar or vertical emissions via controlling the symmetry of the PhC ring.

Moreover, SiO2 layer below PhC ring has good thermal conductivity and plays the 
role of efficient heat sinker, where most heat flux is through, as shown by theoretic 
total heat flux as a function of time in Fig. 20.10a. Therefore, the nanolasers based on 
PhCRR and PhCR-nc on SiO2 ought to have long-term thermal stabilities. In experi-
ments, the devices are excited continuously by fixed pump power of 1.5 mW. After 
6 h, both of them show almost invariant lasing linewidths and slight blue-shifts of 
0.2 nm in lasing wavelength owing to the surface oxidation of InGaAsP, as shown in 
Fig. 20.10b. These results also confirm the thermal stability of the BCB adhesive layer.

Fig. 20.10  a Theoretic total heat flux in PhC ring, top SiO2, BCB, and bottom SiO2 as a func-
tion of time. b Lasing wavelengths and linewidths of 1D PhCRR and PhCR-nc as a function of 
time
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20.5  Photonic Crystal Nano-Fishbone: Ultralow Loss 
TM-Polarized Mode

So far, most studied modes in PhC nanocavities are TE-polarized, which had 
shown their capabilities of serving as various functional active and passive com-
ponents [7–12, 20, 21, 23–26]. Although transverse-magnetic (TM)-polarized PhC 
nanocavities draw less attentions on the roadmap, they are still very important in 
various applications, especially for quantum cascade lasers (QCLs) [28], silicon 
lasers with horizontal gain slots [29], plasmonic nanophotonics [30], and so on. 
However, in 2D PhC system, TM-polarized PhC nanocavities are usually designed 
via dielectric rods for large TM-polarized PBG. In addition to large device foot-
print, there are two serious drawbacks. First, the structural discontinuity of dielec-
tric rods makes current injection difficult when serving as an active light source. 
Second, the claddings and substrates with refractive indices larger than air are the 
essentials for supporting the discontinuous rods, which limit Qs of the nanocavities.

Actually, via properly choosing lattice parameters, TE-polarized 1D PhC NB 
shown in Sect. 20.3 can exhibit large TM-polarized PBG at the same time [31]. 
This continuous structure can simultaneously overcome the disadvantages of large 
device footprint, difficulty of current injection, and low Q in 2D TM-polarized 
PhC nanocavity based on dielectric rods. To achieve ultrahigh Q, we applied 
a nanocavity design based on Bloch mode index matching [19] on silicon (Si) 
NB, which has 10-period outer PhC mirrors and 12-period gradually-varied PhC 
mirrors with linearly varied lattice constant an (n = 1–13) with 5 nm increment 
under the fixed air-hole radius (rn) over an (rn/an) ratio of 0.32, as illustrated in 
Fig. 20.11a. With NB width w of 340 nm, theoretic Qs of the TM00 mode in nano-
cavities with different NB thickness tNB are shown in Fig. 20.11b, which shows 

Fig. 20.11  a Design of 1D PhC NB nanocavity based on Bloch mode index matching and b 
Theoretic Qs of TM00 modes in 1D PhC NB nanocavities with different tNB from 300 to 1,100 nm. 
TM00 mode profile for Ez-field in xy-plane confined in the nanocavity with tNB = 900 nm is 
shown as the inset. c Scheme of 1D PhC NB nanocavity with a horizontal SiO2 slot



41520 Driving Lightwave in Nanopatterned Nanowire

a saturated value higher than 107 when tNB > 900 nm. The simulated TM00 mode 
profile for Ez-field in xy-plane is shown as the inset in Fig. 20.11b.

Although this design shows an ultrahigh Q TM00 mode never seen before in 
PhC nanocavities, the mode volume is still quite large (Veff ~ 1.2(λ/nSi)3) owing 
to the gradually varied PhC mirrors. To reduce Veff without degrading Q, we fur-
ther design a horizontal SiO2 slot with thickness tSiO2 and refractive index nSiO2 of 
1.44 through the entire Si NB for providing TM00 mode an index discontinuity in 
z-direction, as shown in Fig. 20.11c. Theoretic TM00 mode profiles for Ez-field in 
xy-, yz-, and xz-planes when tSiO2 = 20 nm are shown in Fig. 20.12a, where the 
Ez field is strongly enhanced inside the SiO2 slot. This is because the electric flux 
density has to satisfy Maxwell equation. The Ez field of TM00 mode will obey the 
relationship of εSiEzSi = εSiO2EzSiO2 [32], where εSi, εSiO2, EzSi, and EzSiO2 repre-
sent the dielectric constants and Ez fields in Si and SiO2. Thus, the Ez field in the 
SiO2 slot shows εSi/εSiO2 times enhancement compared to that in Si, which leads 
to a greatly reduced Veff of TM00 mode. With fixed tNB of 900 nm, theoretic Q and 
Veff of TM00 modes in 1D PhC NB nanocavities with SiO2 slots under different 
tSiO2 are shown in Fig. 20.12b. Q increases to a optimized value of 1.5 × 107 when 
tSiO2 = 20 nm, which is even higher than that of nanocavity without the SiO2 slot 
because the presence of low index SiO2 slot can further fine tune Bloch mode index 
matching. In addition, the Veff monotonically decreases with decreasing tSiO2. When 
tSiO2 = 10 nm, Veff and Q/Veff are 0.176(λ/2nSiO2)3 and 5.9 × 107(λ/2nSiO2)−3 
respectively. This ultrahigh Q/Veff cannot be achieved by most optical nanocavities, 
which is beneficial for realizing nanolasers and useful to the researches of quantum-
electro dynamics and applications requiring strong light-matter interactions.

This horizontally-slotted PhC nanocavity shows several unique features and 
advantages. First, the horizontal slot formed on the entire NB efficiently reduces the 
Veff and optimizes the Q simultaneously. Second, the most important advantage, the 
horizontal slot can be easily made via sputtering or chemical vapor deposition with 
nanometer scale precisions without needing the optimized electron beam lithography 
and dry etching processes used in PhC vertically-slotted nanocavities [33]. Third, 
the optical gain medium, for example, rare-earth doped SiO2, can be placed in the 

Fig. 20.12  a Theoretic TM00 mode profiles for Ez-field in xy-, yz-, and xz-planes when 
tSiO2 = 20 nm. b Theoretic Q, Veff, c Qlasing, and Γ factor of TM00 modes in 1D PhC NB nano-
cavities with SiO2 slots, where tSiO2 = 10–160 nm
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horizontal slot by co-sputtering or ion-implantation process during or after the slot 
formation to extend the radiative photon life time [34], which cannot be achieved 
in most reported PhC vertically-slotted nanocavities. Therefore, with the enhanced 
mode properties and easiness to insert the optical gain medium, we evaluate this hor-
izontally-slotted nanocavity for realizing Si-based nanolasers via required minimum 
Q for lasing (Qlasing), gain condition of the erbium (Er) dopant, and optical loss of 
the nanocavity, which are illustrated by the following equation [35]:

where the terms σε and NEr represent the emission cross section and concentration 
of the Er, which are set as 4 × 10−21 cm2 and 1 × 1022 ions/cm3. The overlap Γ 
factor with the Er-doped SiO2 slot is defined as the ratio of mode energy inside the 
slot. Theoretic Qlasing and Γ factor under different tSiO2 are shown in Fig. 20.12c, 
which strongly correlates with each other. For tSiO2 = 10 nm, Γ factor is 0.193 
and Qlasing reaches the highest value of 7.6 × 103. Comparing with the results in 
Fig. 20.12b, Qs of nanocavities with present tSiO2 range are more than two to three 
orders higher than Qlasing, which show they are sufficient for lasing.

Although we can get ultrahigh Q and Q/Veff from the TM00 mode in above 1D PhC 
NB nanocavity with horizontal SiO2 slot, these marvelous values only appear for suf-
ficiently thick NB and nanocavity with sufficient large PhC periods. Such device size 
may be too massive for some applications, and also increases the complexity in manu-
facturing. Therefore, to further reduce the device volume, we show a different design 
named PhC nano-fishbone (NFB) nanocavity [36]. Unlike 1D PhC NB with periodic 
air-holes located at the center, 1D PhC NFB is consisted of periodic half air-holes on 
both sides of the ridge waveguide, as shown in Fig. 20.13a. For 1D PhC Si NFB with 
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Fig. 20.13  a Schemes and lattice parameters of 1D PhC NFB and NB. b The first three TM-like 
bands in 1D PhC NFB and their theoretic mode profiles in Ez field at kx = 0.5(2π/a) via PWE 
method. c Design of 1D PhC NFB nanocavity with the tapered and outer PhC mirrors based on 
Bloch mode index matching
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w = tNFB = a and r/a = 0.34, theoretic TM-like band diagram with Ez fields of the 
first three bands at the band edge (kx = 0.5(2π/a)) are shown in Fig. 20.13b. Instead 
of the fundamental TM00 modes (1st and 2nd bands) with very small PBG region and 
weak slow light effect near the band edge, we focus on the odd-like TM10 mode (3rd 
band) with field concentrating in the regions between the half air-holes. To well con-
fine the TM10 mode at the band edge, we propose a NFB nanocavity design with the 
outer and tapered PhC mirrors on both sides as illustrated in Fig. 20.13c, which is 
based on the same principle of Bloch mode index matching for designing NB nano-
cavity. However, the outer and tapered mirrors are formed by only 5-period PhCs 
with fixed a and 8-period gradually-varied PhCs with lattice constant an = (1–0.02n)
a (n = 1–8) and fixed rn/an ratio of 0.34, which has less PhC periods than the NB 
nanocavity in Fig. 20.11a. With tNFB = 0.90a and w = a, theoretic TM10 mode profile 
in |Ez| field in xy-plane in 1D PhC NFB nanocavity is shown in Fig. 20.14a, which 
has ultrahigh Q of 1.8 × 107 and small Veff of 1.14(λ/nSi)3. In addition, as shown in 
Fig. 20.14b, with fixed tNFB = 0.90a, Q is always larger than 106 in the studied ranges 
of w = 0.85a–1.03a and r/a = 0.29–0.36, which shows very large tolerances of 1D 
PhC NFB nanocavity in design and fabrication.

For comparison, TM00 mode in NB nanocavity with the same parameters 
defined in Fig. 20.13c is shown in Fig. 20.14a, which has much lower Q of 900 
and larger Veff of 2.8(λ/nSi)3 than those of TM10 mode in NFB nanocavity. The dif-
ferences in Q and Veff between TM00 and TM10 mode can be understood by their 
cross-sectional |Ez| field distributions along x-axis shown in Fig. 20.14a. TM10 
mode in NFB nanocavity shows a Gaussian distribution with narrow linewidth 
and strong field enhancement, which are responsible for its small Veff and high Q. 
However, for TM00 mode in NB nanocavity, thirteen PhC periods on each side of 
the nanocavity are insufficient to form a complete Gaussian distribution, thus leads 

Fig. 20.14  a (Top) Theoretic mode profiles in |Ez| field in xy-plane and (Bottom) cross-sectional 
|Ez| field distributions along x-axis with Gaussian fittings of TM10 and TM00 modes confined in 
1D PhC NFB and NB nanocavities with the same parameters. b Theoretic Q mapping of the 
TM10 mode in 1D PhC NFB nanocavity as functions of w and r/a
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to considerable optical losses into the light cone and results in a relatively low Q 
and large Veff when the device size is too compact.

Furthermore, in addition to the advantage in device size, another important 
feature of NFB nanocavity is the reduced total etched surface area. Minimizing 
etched surface area can reduce unnecessary carrier losses from non-radiative sur-
face recombination in active optoelectronic devices. For comparison, under the 
same thickness of 0.90a and width of a, NFB nanocavities show 30 to 33 % reduc-
tion in total etched surface area than NB nanocavities in the r/a range of 0.29–0.36.

20.6  Summary

In summary, we have introduced a variety of ultrahigh Q nanocavities for TE and 
TM polarizations based on different types 1D PhC NBs. These devices not only 
have small device footprints, but also show good integration abilities without lattice 
geometry restriction in design. Most importantly, via slightly changing PhCs on pur-
pose, we can greatly alter the mode properties. Comparing with the massive 2D PhC 
devices, this kind of 1D PhC NB devices can provide new scenarios as efficient active 
light sources or other functional passive devices in ultra-condensed planar PICs.
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Symbols

ng  Group index
c  Velocity of the light in vacuum
k  Wavenumber
ω  Angular frequency of the light
vg  Group velocity
Δf  Frequency bandwidth

An optical pulse can be decomposed by several different sinusoidal waves with 
different frequencies. The velocity of the sinusoidal waves is the phase velocity. 
The velocity of the optical pulse is so-called the group velocity. In vacuum, the 
velocity of the light with the different frequencies is identical to be 3 × 108 m/s. In 
non-vacuum environments, the phase velocity of the light could be different. This 
phenomenon is called the dispersion. The dispersion can be presented by different 
ways such as refractive-index versus frequency curve or frequency versus wave-
number curve, etc. The group index is expressed by ng = cdk/dω where c, k and ω 
are the velocity of the light in vacuum, the wavenumber and the angular frequency 
of the light, respectively. The group index can be simply obtained by the slope in 
the refractive-index versus frequency curve. The group velocity which is defined 
to be vg = dω/dk can also be obtained.

The devices to reduce or to control the propagation velocity of optical pulses 
can be used in the optical communication systems. The technique is called dis-
persion engineering. The devices are often called optical delay lines. The delay 
of optical pulses can be achieved by moving some mechanical mirrors to enlarge 
the propagation length of the optical pulse in free space or by tuning the refractive 
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index of the materials where the pulses propagate through. Electromagnetically 
induced transparency is a method to delay the optical pulses using the transition 
between the atomic systems in dilute gasses [1]. The group velocity has been 
reduced to the speed of bike around 17 m/s [1]. However, the size of the experi-
mental setup is hard to be integrated to the practical use. An alternative method to 
provide the large delay time for optical pulses is to use the materials or structures 
with a large dispersion property. The phenomenon in which the optical pulses can 
be significantly delayed is named slow light.

To provide the large delay time and to miniaturize the devices, it is found 
that the nano-structures such as the photonic crystals can produce the large dis-
persion. Figure 21.1a, b show the nano-structure and the schematic dispersion 
relation of the waveguide mode in the photonic band structure, respectively. 
The nano-structure consists of a photonic crystal waveguide formed by a line 
defect of missing air holes. In Fig. 21.1b, the slope of the waveguide mode mul-
tiplied by a factor of 2π is the group velocity (dω/dk). A more flattened curve 
means a lower group velocity within the corresponding frequency (vertical axis). 
This phenomenon can be often observed in the waveguide mode of the pho-
tonic band structure. Since the size of the devices is in micrometers, the devices 
might be integrated into the circuit of integrated optics or the devices of optics 
communications. Therefore, the nano-structure waveguides to obtain the slow 
light have been intensively investigated [2–5]. To measure the group index, the 
Fabry-Pérot resonance or Mach-Zehnder interference can be used in frequency 
domain [2]. In time domain, the measurement of the delayed phase or time of 
the transmitted light can also be implemented [3]. In [2] the slow-light photonic 
crystal waveguide is fabricated in silicon membrane. The group index has been 
experimentally obtained to be 300 [2].

In Fig. 21.1b, we can observe that the bandwidth with low group veloc-
ity is narrow. However, a pulse signal in time domain corresponds to a signal 
consisting of wide bandwidth light source in frequency domain. Therefore, 
the uniformity of the group velocity within the bandwidth of the light source 
which is expressed by group velocity dispersion (GVD) d2k/d2ω is impor-
tant. The group velocity is uniform as the value of GVD is close to zero. With 
wide-bandwidth uniform group velocity, the pulse will keep the form in time 
domain. In opposite, in the case with large GVD, the pulse in time domain 
will be spread during the propagation in the slow light material or structure. 
In this case, the dispersion compensation structure should be applied to solve 
the problem of pulse deformation. Figure 21.2 illustrates schematically the 
problem of large GVD.

Therefore, the capacity to slow down an optical pulse is decided by the delay 
time which is controlled by the group index and also by the frequency bandwidth 
in which the optical pulse can be delayed with the similar group index (low GVD). 
The product ngΔf/f where Δf is the frequency bandwidth becomes an important 
factor. In [3], as the group index is 233, the product ngΔf/f is 0.257. The result 
in [4] is also in the same order of magnitude. It seems to have a bottleneck to 
improve the performance.
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Fig. 21.1  a nano-structure waveguide in photonic crystals, b schematic dispersion relation of 
the waveguide mode
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Fig. 21.2  Schematic drawing of the deformation of a pulse after the propagation in a zero 
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To enhance the light-matter interaction, the slow or even stop light might be 
the solutions. The application of this phenomenon is to ameliorate the efficiency 
of the active devices such as lasers or photodiodes [5–7]. However, for the appli-
cations of the optical buffers or delayed lines, the enhanced light-matter interac-
tion could induce the strong absorption of the light pulse or wavelength change 
due to high-order optical non-linearities. One of the solutions is to use the hol-
low waveguides. The idea has been proposed in [8] in which the radiation pressure 
was studied in an omnidirectional-reflector waveguide. The semiconductor hollow 
waveguides formed by omnidirectional reflectors (SHOW-ODR) have been real-
ized by two methods as shown in Fig. 21.3 [9, 10]. The omnidirectional reflec-
tor is formed by periodically deposited Si and SiO2 thin films. The first method 
uses the wafer bonding technique. The propagation loss is around 1 dB/cm for 
both the TE and TM modes which is close to the specification of commercial use. 
However, the end polishing is required [9]. The second method uses the photore-
sist as the sacrificing layer [10]. The end polishing is waived. The experimental 
result has also demonstrated that the 90° bending loss of the waveguide can be as 
low as 1 dB.

An alternative structure of the hollow waveguide is so-called doughnut wave-
guides [11]. The structure is formed by tori as illustrated in Fig. 21.4a. The light 
is confined in the center of the structures as shown in Fig. 21.4b. The usage of 

Fig. 21.3  Semiconductor 
hollow waveguide formed by 
omnidirectional reflectors a 
by wafer bonding [9], b by 
using sacrificing layer [10]
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the dielectric materials of the doughnut waveguide might be less than the SHOW-
ODR leading to lessen the problem of material absorption and non-linearities.

In summary, the device with slow light effect has been demonstrated recently. 
The device size is in the scale of micrometer. The feature can facilitate the 
integration of the devices into optical communication system. The enhancement 
of the product ngΔf/f of the device is required. To reduce the problem of the 
absorption and the non-linearities problem, the hollow waveguides may be one of 
the solutions.
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Symbols

θv  The angle of incoming vapor flux
ε  Equivalent permittivity
μ  Equivalent permeability
GLAD  Glancing angle deposition
LPM  Longitudinal plasmon mode
NRA  Nanorod array
SWF  Sandwiched film
TPM  Transverse plasmon mode

22.1  Introduction

Metamaterials with subwavelength structures have been demonstrated to have 
novel optical properties, including negative refractive indices. Technological 
development has led to the reduction of the scale of metamaterials, which now 
exhibit a negative refractive index from microwave to visible wavelengths. Since 
a typical metamateiral is a kind of metal-dielectric composite, its optical perfor-
mance is always affected by the absorption problem, preventing such applications 
as perfect lens and cloaking [1]. However, between the discovery of metamate-
rials and the development of metadevices, the mass-produce of metamaterials is 
an important issue. Apart from lithography, glancing angle deposition has been 
demonstrated to be a simple method of coating a nano-structured thin film with 
a negative refractive index at visible wavelengths. Basically, the glancing angle 
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deposition (GLAD) is a technique that involves tilting the substrate such that 
the incoming vapor flux makes an angle θv with respect to the substrate normal, 
causing the shadowing effect, which ensures that incident atoms join the nuclei 
that have already formed on the surface [2]. The shadowing effect reveals that a 
larger deposition angle results in the formation of a film with a larger porosity. 
Therefore, the fraction of metal in the film can be controlled by varying the depo-
sition angle. In 2007, GLAD was used applied to control the effective refractive 
index of a dielectric thin film [3]. The tunable refractive indices of a five-layered 
structure realize broadband and wide angle antireflection. The birefringence of the 
dielectric thin film was also exploited to form a multilayered structure that per-
forms achromatic phase retardation.

22.2  A Nanostructured Thin Film with Negative Index

Metal nanorod arrays (NRAs) can also be prepared using GLAD. Owing to the prop-
erty of metal, the fabrication of a metal nanorod array requires a very large deposition 
angle between the surface normal and the direction of the vapor flux. Slanted silver 
nanorods were grown at around 70° to the surface normal when the deposited vapor 
flux was incident at a deposition angle of 85°. The non-unity permeability must be 
considered in determining the equivalent electromagnetic parameters, because when 
the fraction of metal exceeds about 30 %, the traditional effective medium approxi-
mation fails to apply in the prediction of the refractive index of the film. When the 
equivalent permittivity ε = ε′ + iε′′ and permeability µ = µ′ + iµ′′ satisfy the ine-
quality ε′µ′′ + ε′′µ′ < 0, the real part of the refractive index becomes negative.

A slanted silver NRA exhibits negative refractive index at visible wavelengths. 
When it is illuminated by p-polarized light (with the direction of the oscillat-
ing electric field along the rods) and s-polarized light (the direction of the oscil-
lating electric field is perpendicular to the rods), the longitudinal plasmon mode 
(LPM) and the transverse plasmon mode (TPM) are excited, respectively. In the 
LPM, the film exhibits high absorption over a broad range of wavelengths. The 
TPM typically applies at wavelengths that are shorter than the wavelengths to 
which the LPM applies. The slanted Ag NRA exhibits both an anisotropic refrac-
tion index and extinction coefficient. The huge phase retardation, measured nor-
mally from the Ag NRA, suggests that one of the plenary refractive index is 
negative real while the other is positive. The strong positive to negative birefrin-
gence is demonstrated by measuring the polarization-dependent refractive index 
and impedance. A walk-off interferometer is used to measure the transmission and 
reflection coefficients, which are used to calculate the equivalent permittivity and 
permeability. The associated optical parameters including refractive index and 
impedance can then be derived from the permittivity and permeability using the 
equations. A slanted Ag NRA with average diameter of 108 nm average separation 
of 191 nm, length of 336 nm and tilt angle of 76° with respect to surface normal 
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exhibits negative real refractive index when the NRA is normally illuminated with 
polarization along the rods [4]. The negative real part is measured to be around 
−0.6 in the green light and −0.9 for the red light.

22.3  Interference Observation from a Low Loss Film 
with Negative Index

In recent work, a sandwiched Al-SiO2-Al upright nanorod array was fabricated by 
rotating a substrate rapidly during deposition. Such a sandwiched NRA exhibits 
a polarization-independent negative refractive index and equivalent permeability 
over visible wavelengths. The loss of the sandwiched film (SWF) is low enough 
to allow light to propagate through, and to be reflected back from the film produc-
ing the interference effect. Besides exhibiting negative real refractive index, the 
extinction coefficient is reduced to be around 0.1. The figure of merit defined as 
the ratio of real part to imaginary part of refractive index becomes 50 at red light. 
Notably, this film has low reflectance over the visible regime. The antireflection 
that is caused by destructive interference from the film observed and demonstrated 
herein. The negative phase change that is caused by the backward propagation of 
a wave in a medium with a negative refractive index contributes to the destructive 
interference between the first two orders of reflected waves. Figure 22.1 presents 
the first two reflected waves with a wavelength of 676 nm traced through a sand-
wiched Al-SiO2-Al film with average diameter of 161 nm, average separation of 
323 nm, average Al thickness of 195 nm and average SiO2 thickness of 50 nm. 

Fig. 22.1  Wave tracing for the SWF normally illuminated by light with an electric field ampli-
tude of unity at wavelength of 676 nm
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The bianisotropic parameters including equivalent permittivity, equivalent permea-
bility and bianisotropic parameter are measured using walk-off interferometer [5]. 
The negative phase change that is associated with the backward wave propagation 
is approximately 180°, causing the first two reflected waves to cancel each other 
out in complete antireflection.

22.4  Summary

Newly designed optical coatings are expected to comprise multilayered structures 
that comprise one or more films with negative indices. More compact structures 
will can replace traditional multilayered structures, providing the same optical 
responses such as antireflection, high reflection and absorption [6]. Thin films with 
negative refractive indices represent a new alternative for use in optical coating 
design. Additionally, the mutually independent impedance and refractive index 
also give designers of optical coatings one more parameter to control. Tailoring 
a nanostructured thin film with a specific impedance and refractive index is an 
important issue, and depends on accurate control of the near-field electric and 
magnetic field distributions within the nanostructure in the future.
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Symbols

neff  Effective refractive index
n0  Refractive indices of air
ns  Refractive indices of substrate
ni  Refractive indices of intermediate films
R  Reflectance
ARC  Antireflection coating
AOI  Angle of incident
EMT  Effective medium theory

The AR coatings (ARCs) are utilized to suppress undesired Fresnel reflec-
tion between different media, directly enhancing amount of photons to enter the 
devices. The development of ARCs is a long process with multiple stages.

23.1  Thin Film AR

The concept of ARCs can be proposed by Lord Rayleigh in the 19th century 
when he found that the glass with tarnished surface can increase the transmit-
tance of incident light [2]. Scientists later realized the AR effects can be achieved 

H.-P. Wang · J.-H. He (*) · H.-C. Chang 
Department of Electrical Engineering, Institute of Photonics and Optoelectronics,  
National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei 10617, Taiwan
e-mail: jhhe@cc.ee.ntu.edu.tw

H.-P Wang 
e-mail: chicken19860813@hotmail.com

H.-C Chang 
e-mail: b94505047@ntu.edu.tw



432 H.-P. Wang et al.

by the idea of light destructive interference, and the first ARC was demonstrated 
by Fraunhofer [3] who used the etched surface to suppress reflection. After a 
long period of development, now the most widely used ARCs in industry are the 
quarter-wavelength-thick dielectric layers, due to their simplicity and high fabri-
cation rate.

23.1.1  Single Layer ARC

Inthe design of quarter-wavelength ARCs, the single antireflective layer is 
assumed to be sandwiched by two semi-infinite media, which are usually the air 
and the substrate. For this simple layer structure, the refractive index of the inter-
mediate film should be equal to 

√
n0ns in order to attain the minimized reflectance, 

as dictated by the following equation: [4–6]

where R is reflectance, n0, ns, and ni are the refractive indices of air, substrate, and 
intermediate films, respectively. To fulfill the requirement of Eq. (23.1), the mate-
rial selected for quarter-wavelength ARCs are usually the dielectrics with proper 
ni, such as ZnO, ITO, TiO2, SiO2, Si3N4, etc. For example, on Si-based solar cells, 
where the substrate is of ns ~ 4.2 at the wavelength of 528 nm, the ARC made of 
SiNx with ni ~ 2.05 gives near zero reflectance at 528 nm. However, quarter-wave-
length ARCs only render the minimized reflectance at a narrow wavelength range, 
as shown in Fig. 23.1a [6, 7]. Therefore, this type of ARC may not be suitable for 
broadband AR applications.

(23.1)R =

(

n0ns − n
2

i

n0ns + n
2

i

)2

Fig. 23.1  a Reflection of (a) uncoated silicon (b) coated SiO single quarter wavelength opti-
cal thickness (c) coated MgF2 + SiO double layer with equal quarter wavelength thickness. b 
Reflection of (a) uncoated silicon (b) coated CeO2 single quarter wavelength optical thickness (c) 
coated MgF2 + CeO2 double layer with equal quarter wavelength thickness. c Reflection of (a) 
uncoated silicon (b) coated ZnS single quarter wavelength optical thickness (c) coated MgF2 + ZnS 
double layer with equal quarter wavelength thickness. Reprinted with permission from [7]
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23.1.2  Multi-layer ARC

To solve the disadvantages in single ARCs, double or multi-layer ARCs are  
fabricated to suppress reflection over a wide range of wavelengths. The broadband 
AR abilities of a multi-layer structure are attained via the destructive interferences 
among the waves reflected from layer interfaces. For double ARCs, the two die-
lectric layers are usually of identical thicknesses and have the refractive indices 
that follow the rule: n0ns = n1n2, where n1 and n2 are the indices of the two lay-
ers. Figure 23.1a–c show the effectiveness of three different types of double ARC, 
which are made of MgF2 (n = 1.38), SiO (n = 1.85), CeO2 (n = 2.2), and ZnS 
(n = 2.3) [7]. Compared with the bare surface and the single-layer ARCs, all of the 
double ARCs exhibit two valleys in reflectance. The positions of two reflectance 
minima can be controlled through suitable selection of layer thicknesses and refrac-
tive indices. Although multi-layer ARCs can increase the range of working wave-
length, it should be noted that multi-layer ARCs only function properly at nearly 
normal incident angles. The reflections generally exhibit gradual increase for the 
angles away from normal incidence. To eliminate the reflectance in wide ranges 
of wavelengths and incident angles, many groups have developed the ARCs with 
subwavelength nanostructures. For instance, Xi et al. utilized the oblique-angle 
deposition technique to create a graded refractive index by controlling the poros-
ity of the deposited TiO2 and SiO2 films, as shown in Fig. 23.2a. The oblique-
angle nanostructures exhibit nearly zero reflectance not only in a very wide range 
of wavelengths, but also in a wide range of incident angles, which can be seen in 
Fig. 23.2b, c [8].

Fig. 23.2  a ARC with Graded index transition of cross-sectional SEM image. b Simulation and 
measurement of ARC with graded index. c TE and TM reflectance in different angle of incident. 
Reprinted with permission from [8]
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23.2  Nanostructured ARC

Due to their superior AR performances, antireflective nanostructures have recently 
drawn extensive research efforts. Depending on the geometric features, nanostruc-
tured ARC are commonly grouped into two important types:

23.2.1  Homogeneous Nanostructured ARC

The homogeneous nanostructured ARC displays an unchanged feature from 
bottom to top of the nanostructure. In this type of ARC, the refractive index of 
ARC can be seen as a specific value according to the effective medium theory 
(EMT) [9–11]. The mathematical models of EMT were proposed by Garnett and 
Bruggeman, who calculate the effective refractive index (neff) of a homogeneous 
nanostructured ARC with the following equations: [9–11]
Maxwell-Garnett model:

Bruggeman approximation:

where n1 and n2 are the refractive indices of two constituent layers, and f1 is the 
corresponding volume ratio. With EMT models, one can see the neff of the ARC 
can be tuned via the filling ratio of the nanostructure. For instance, Wang et al. [12] 
reported the Si nanopillar arrays fabricated by colloidal lithography combined with 
metal-assisted chemical etching exhibit excellent AR properties in broadband wave-
lengths and angles of incident (AOIs) regions. The authors demonstrated that the 
neff of the nanopillar arrays can be varied by controlling the diameter of nanopillar, 
causing different AR performance. The excellent AR properties were achieved by 
the optimized value of neff, which minimizes the impedance between the air and the 
Si substrate and thus facilitates light traveling through the interface. Figure 23.3a–d 
show the SEM image of the Si nanorods with controlled diameters and the corre-
sponding reflectance spectra over the wavelength range of 200–1,900 nm.

23.2.2  Inhomogeneous Nanostructured ARC

In contrast to the homogeneous counterpart, theinhomogeneous nanostructured 
ARC shows a gradualchange in geometry from the bottom to the top. The changed 
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geometry usually leads to a grading in the neff, which can further suppress the 
undesired reflectance in comparison with the performances of the homogeneous 
ARCs. The other advantage of inhomogeneous ARCs is that their graded index 
is attained by a single material, not by the deposition of different dielectrics with 
varied refractive indices, which tends to encounter adhesion problems due to the 
difference in thermal expansion coefficients. Seeing the merits of inhomogene-
ous nanostructured ARCs, many research labs have developed the techniques to 
obtain various inhomogeneous nanostructures. Fan et al. reported that the dual-
diameter nanostructures can obtain broadband absorption, as shown in Fig. 23.4 
[13]. They systematically analyzed reflectance, transmittance, and absorption of 
nanorod arrays with varied diameters. The small diameter rod on the top is for 
minimizing the reflectance and increasing the amount of light entering the struc-
tures, and then the large diameter in the base is for maximal optical absorption 
once the photon enters the nanorod array. As a result, the optimized Ge dual-
diameter nanorod array exhibits 95–100 % absorption for wavelength from 300 to 
900 nm, which is a drastic improvement over single-diameter nanorod arrays. Yeh 
et al. also proposed a syringe-like nanorod array with an ultrasharp tip, providing 
a gradual broadening in diameter, as presented in Fig. 23.5 [14]. The syringe-like 
nanorods were found to exhibit lower reflectance than that caused by the flat-top 
nanorods. The results were also attributed to the improved impedance match-
ing at the air/nanorods interface. Chao et al. also reported a flower-like nanorod 
array, whose nanorod filling ratio gradually increased from the top area to the bot-
tom area, as shown in Fig. 23.6 [15]. Similarly, the flower-like nanorods display 
improved AR properties, including broadband working range, omnidirectional-
ity, and polarization-insensitivity, as compared with the well-aligned nanorods.  

Fig. 23.3  a–d SEM of Si nanorods with controlled diameters. e–f Reflectance of nanorods. 
Reprinted with permission from [12]



436 H.-P. Wang et al.

Chang et al. [16] reported wafer-scaled nanowire arrays by one-step galvanic etching 
method to create the micro-roughened interface underlying the etched nanow-
ires, which exhibit excellent AR properties (Fig. 23.7). Chang et al. compared the 
reflectance of three samples: (a) the 5.21 ± 0.09 μm nanowire arrays with abrupt 

Fig. 23.4  a Schematic of Ge nanorods with dual diameters. b Simulation of Ge nanorod. 
c–d TEM of Ge nanorods with controlled diameters. e Absorption of different Ge nanorods. 
Reprinted with permission from [13]

Fig. 23.5  a Schematic of syringe-like ZnO nanorods. b Reflectance of GaAs solar cells with 
Si3N4 and syringe-like ARC. c EQE and d I–V measurement of GaAs solar cells. Reprinted with 
permission [14]
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interfaces, (b) the 4.52 ± 0.95 μm nanowire arrays with the rough interfaces, 
and (c) the 3.68 ± 0.10 μm inverted micropyramid texturing combined with the 
100 nm Si3N4 layer on the Si solar cell (Fig. 23.7e). The nanowire arrays with 
the rough interfaces suppressed the specular reflectance to <0.1 % in the wave-
lengths from 200 to 850 nm, even superior to the surfaces purely consisting of 
longer nanowires with up to 5.21 ± 0.09 μm in length. The AR performance of 
nanostructures can be further improved when the slope of the refractive index pro-
file becomes minimum.

23.2.3  Combination of Thin Film ARC and Nanostructures

Although nanostructures hold the advantage of broadband working range, the very 
low reflectance generally requires lengthened nanostructures (>2 μm), which not 
only cost much material and fabrication time but also is vulnerable to mechani-
cal damages. To obtain the improved AR performances in a cost-effective way, 
some research groups proposed that combining quarter-wavelength and nano-
structured ARCs is a feasible method [14, 17]. Since a quarter-wavelength layer 
is typically of the thickness less than 0.5 μm, the composite ARCs can effec-
tively reduce the length of nanostructures while maintain favored AR properties. 

Fig. 23.6  a and b Cross-sectional SEM of different aligned ZnO nanorods. c Specular and d 
total reflectance of ZnO nanorods. Reprinted with permission from [15]



438 H.-P. Wang et al.

Lin et al. [17] showed only the 500 nm-long ZnO nanorod arrays grown on Si3N4 
thin film ARCs reduce the surface reflections over a wide range of wavelengths 
and incident angles, as show in Fig. 23.8. The AOI limit is pushed to 65°, below 
which the reflectance is less than 0.3 % for wavelengths of 300–850 nm. The Jsc 
of Si solar cell exhibits strong increase from 32.48 (Si3N4/microgrooved struc-
tures) to 38.45 mA/cm2 (ZnO nanorod arrays/Si3N4/microgrooved structure).  

Fig. 23.7  The cross-sectional SEM images of Si nanowire array layers fabricated with a 20 mM, 
b 30 mM, and c 50 mM AgNO3. The inset shows the calculated refractive index profiles of cor-
responding Si nanowire arrays. d Total reflectance of the nanowire arrays obtained with differ-
ent AgNO3 concentrations. e The total reflectance of the nanowire arrays with abrupt interfaces 
(height: 5.21 ± 0.09 μm), the nanowire arrays with rough interfaces (height: 4.52 ± 0.95 μm), 
and the inverted micropyramid texturing in combination with 100 nm-thick Si3N4 of a commer-
cial Si solar cell (height: 3.68 ± 0.10 μm). f A photographic image of the nanowire arrays with 
rough interfaces structures on 5-inch wafers. Reprinted with permission from [16]
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In the antireflective structure reported by Yeh et al. [14] a hierarchical ARC made 
of syringe-like ZnO nanorods and quarter-wavelength Si3N4 thin film was fabri-
cated on GaAs solar cells. The Si3N4 thin film was designed to suppress the reflec-
tance at 750 nm, which is the wavelength giving peak efficiencies of the solar cell. 
The 1.5-μm nanorods were then employed to further reduce the reflectance at 
the wavelengths around 750 nm. Shown in Fig. 23.5, the hierarchical AR struc-
ture effectively reduced the reflectance at the wavelengths of 400–900 nm, where 
external quantum efficiencies of the device were maximized. As a result, the con-
version efficiency under the illumination of air mass 1.5 G was enhanced by 32 %.

23.3  Future of ARC

Numerous types of ARCs have been developed for the last few decades. From  
quarter-wavelength thin films, mirostructures to nano-structures, extremely low 
reflectance has been achieved in broad wavelengths and in wide range of incident 
angles. However, challenges still remain. For instance, although many nanostructures 
are of superior AR properties compared with quarter-wavelength thin films, main-
taining the uniformity and the low reflectance over wafer-scale dimensions in a cost-
effective way has been shown to be difficult. In future, the advanced ARC structures 
with improved AR performances should attract continuous research efforts to attain 
the higher uniformity, the lower cost, and the superior optical properties.

Fig. 23.8  Cross-sectional SEM images of a the Si solar cell with 70 nm Si3N4-coated micro-
grooved and b the Si solar cell with the ZnO nanorod arrays/Si3N4-coated Si microgrooves. A 
photographic image of c the Si solar cell with 70 nm Si3N4-coated microgrooved and d the Si 
solar cell with the ZnO nanorod arrays/Si3N4-coated Si microgrooves. The reflectance spectra 
as a function of AOIs and wavelengths on the Si solar cells with the surfaces of e bare micro-
grooves, f Si3N4/microgrooves and g ZnO NRA/Si3N4/microgrooves. Reprinted with permission 
from [17]
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24.1  Fabrication of Nanorod LED

Wide bandgap GaN-based light emitting diodes (LEDs) have been intensively 
developed and revolutionized the solid-state lighting market in the past 10 years 
due to their ability to emit light ranging from ultraviolet to the short-wavelength 
part over the visible spectrum. However, there are some difficulties that limit the 
performance of GaN-based LEDs. The low light-extraction efficiency and strain-
induced quantum-confined Stark effect (QCSE) are the bottlenecks for high-power 
LEDs. For a GaN-based LED epi-structure, the lattice mismatch between InGaN 
and GaN results in strain and induces piezoelectric field. The field leads to the tilt 
of energy band structure and thus the separation of carriers in the active region, 
which decreases internal quantum efficiency (IQE) and causes wavelength shift of 
light emission. Great efforts are needed to overcome these obstacles in order to 
further improve the performance of LEDs.

Low dimensional structures such as nanorods and nanowires have become 
prominent in recent years. With a diameter in nanoscale, the diode arrays may 
have advantages of increased surface to volume ratio due to sidewall etching and 
strain relaxation due to the vacant spaces among the rod array. Most researches 
on nanorod structure are restricted at material characterization. The process to 
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fabricate nanorod LEDs is difficult especially on the issue of large leakage current 
under reversed bias. The synthesis of a nanorods or nanowires structure is gener-
ally divided into bottom-up and top-down approaches. In the bottom-up method, 
the vapor-liquid-solid (VLS) growth has been widely employed. This common 
approach uses metal nano-particles such as Fe, Au, and Ni as catalysts during the 
growth to control the critical nucleation and subsequent elongation steps of the 
nanowires [1–4]. High density GaN nanorods have also been grown by molecu-
lar-beam-epitaxy (MBE) or metal organic vapor phase epitaxy (MOVPE) [5–7]. 
Furthermore, vertically aligned and faceted GaN nanorods have been fabricated 
on a GaN layer with a patterned SiO2 template [8]. Despite various proposed 
and demonstrated growth methods, most bottom-up approaches have difficulty in 
controlling the exact diameter over the entire sample or achieving excellent spa-
tial alignment of nanostructures. The fabrication of nanorods that contain hetero-
structure or active layers for light emission is also challenging. In the top-down 
approach, the process simply uses nanoscale etching masks followed by dry or 
wet etching to form the nanorod structure. Nickel metal or polystyrene nano-
particles have been widely used as the etching mask [9]. However both of them 
encountered a lack of high density and uniformity. A practical way to fabricate 
InGaN/GaN nanorod LED arrays with p-i-n structure is by using nanosphere 
lithography. By deploying self-assemble SiO nanoparticles into IPA (Isopropanol) 
solution with particular concentration and followed by spin-coating process, a 
monolayer of silica nanosphere on the p-GaN surface with high density and uni-
formity can be achieved [10]. The silica monolayer act as an etching mask for the 
subsequent reactive ion etching (RIE) process. Figure 24.1 shows the (a) SEM 
image of the monolayer silica nanoparticle mask and (b) cross-section SEM image 
of the nanorod arrays [11].

The critical issue in nanorod LED fabrication is to prevent shorting of the 
p- and n-type semiconductors when depositing the top metal contact. Several solu-
tions have been proposed, including the insertion of spin-on glass (SOG) as the 
space layer with rod tips exposed by RIE [12], oblique indium tin oxide (ITO) 

Fig. 24.1  a SEM image of the monolayer silica nanoparticle mask and b cross-section SEM 
image of the nanorod arrays
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deposition [13], and the photo-enhanced chemical (PEC) wet oxide process. 
However, these approaches are not practical due to the high leakage current under 
reversed bias. Some works have reported a reduction of the reverse bias current 
to the μA range [12, 14, 15]. The optical power of GaN-based nanorod arrays is 
as high as 3700 mW/cm2 at an injection current of 20 mA [7]. Despite the report 
of light emission from nanorod arrays, a reliable manufacturing process with high 
production yield and excellent performance isn’t yet available. The current-voltage 
curves of such nano-devices reveal that they suffer from large leakage currents, 
large ideality factors, and low optical output power, as compared with conven-
tional planar GaN-based LEDs. A solution to the high leakage current can be done 
by employing plasma enhanced chemical vapor deposition (PECVD) grown SiO2 
as the space layer to prevent shorting of the p- and n-type semiconductors and fol-
lowed by chemical mechanical polishing (CMP) process to remove SiO2 deposited 
right on the rod tips. Thus, the contact of current spreading layer can be deposited 
uniformly. The nano-device achieved a reverse current of 4.77 nA at −5 V, an ide-
ality factor 7.35, and an optical output intensity 6,807 mW/cm2 at the injection 
current of 20 mA [16]. Sah-Noyce-Shockley theory [17] suggests ideality factors 
between 1 and 2 for typical diodes due to the competition between the drift-diffu-
sion and generation-recombination processes. However, for GaN based diodes, the 
ideality factors usually fall in the range between 5 and 7 [18, 19], which results 
from the large p-type contact resistance and the polarization-induced triangular 
band profiles of the quantum barriers [20]. As for nanorod diodes, the formation 
process using the top-down etching may damage the rod sidewalls and creates a 
current leakage path; thus larger ideality factors such as 11.2 ± 0.56 in [21] and 18 
in [22] were reported. The sidewall passivation and the subsequent CMP process 
can significantly reduce the sidewall leakage as well as prevent the shorting paths 
along the nanorods.

24.2  Properties of Nanorod LED

Nanostructure light sources have attracted considerable attention as they may 
have the potential of better light extraction due to the increased sidewall areas and 
higher radiation directionality due to the vertical light guiding effect along the 
rods. In the past couple of years, GaN-based nanorod LED arrays have been fab-
ricated and characterized at room temperature. As mentioned previous, it is well-
known that GaN-based LED epi-structure suffer from strain-related QCSE. This 
phenomenon is related to the piezoelectric field and the strain between the mis-
matched layers of InGaN and GaN. By analyzing the results of Raman scattering 
measurement, which is a standard optical characterization technique for studying 
various aspects of solids such as lattice properties, electronic properties, and mag-
netic properties, the effect of the nanorod structure on the GaN-based epi-struc-
ture can be further verified. It has been found that the InGaN EH

2
 phonon mode of 

nanorods shows a lower wavenumber than that of the planar structure [11]. Since 
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the nanoscale diameter (100–200 nm) nanorods are not small enough for the effect 
of phonon confinement, the Raman shift toward a lower frequency in the nanorod 
structure is mainly due to strain relaxation. Strain relaxation in the InGaN/GaN 
multiple quantum well (MQW) layers will result in a reduced QCSE and thus a 
nearly constant peak wavelength with various injection currents [12]. The miti-
gated QCSE can further improve the overlapping ratio between the electron and 
hole’s wave function. The degree of strain relaxation in the MQW layers is related 
to the etching depth of the nanorod. Generally, a larger nanorod etching depth 
possesses more relaxed strain in the InGaN/GaN layer and a smaller efficiency 
droop [23]. However, it should be noticed that during the definition of nanorods, 
the effect of strain relaxation is accompanied by the formation of sidewall defects 
picked up from dry etching. The larger etch depth results in the increase of defects 
states in the sidewall of nanorods, which reduces the effective current for radiative 
recombination. Both the effects of reduced strain and increased defect states are 
competing factors that determine light output efficiency of nanorod LED arrays. A 
shorter nanorod etching depth is preferred for a higher light output. Nevertheless, 
the longer nanorod structure has a less severe droop effect and a higher operating 
current, which may eventually lead to higher optical output if the defects can be 
properly suppressed.
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ε  Dielectric constants of outside environment
εm  Dielectric constants of metal
n  The refractive index of outside environment
Lspp  Propagating length
kspp  Propagation constant of surface plasmon
kg  Grating wavevector
Ex  x-component of the electric field
Ez  z-component of the electric field
θ  Angle of incidence in a medium
λ  Wavelength
λ0  Reference wavelength
RIU  Refractive index unit
P  Period
i, j  Orders of Bragg condition
Sλ  Wavelength sensitivity
SI  Intensity sensitivity
neff  Equivalent refractive index of surface plasmon
w  Width of the gold nanoslit
h  Thickness of the gold film
φ  Phase shift
R  Integrated response
n0  Reference refractive index
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λ1,λ2  Integrated wavelength range
Ti  ith order of the resonant transmission
δλ  Wavelength resolution of the spectrometer
Δλ  Full width at half maximum (FWHM) bandwidth

25.1  Introduction

There are increasing demands in improving technologies that allow noninva-
sive, label-free, and high sensitivity with temporal and spatial resolution in high 
throughput screening (HTS) measurement. Surface plasmon resonance (SPR) 
biosensor technology has been established for almost three decades due to the 
advantages of label-free and real-time detection [1]. SPR biosensor provides 
high sensitivity to the refractive index change near the sensor surface resulting 
from molecular interaction. The most popular method in SPR detection employs 
a prism to couple the electromagnetic wave associated with an incident light to 
surface plasmon polaritons (SPP) at metal/medium interface [2]. Based on this 
technique, there are some commercial instruments, such as BIAcore, developed 
as a standard tool for molecular interaction analysis. However, the prism-based 
SPR method is expensive, bulky and difficult for HTS detections. On the other 
hand, SPR sensors based on metallic nanostructures permit a scalable sensing area 
and easy to integrate with other system [3, 4]. In addition to scalability, localized 
SPP resonance (LSPR) excited around the nanostructures is non- or short propa-
gating, which yields a lateral resolution of a few microns and potentially facili-
tates SPR imaging [5–7]. Many types of LSPR-based nanoplasmonic sensors have 
been developed, such as gold nanoparticles [8], non-concentric ring/disk cavity 
[9], plasmonic nanoparticle clusters [10], planar metamaterial [11] and nanocross 
structures [12], etc. In this article, we introduce highly sensitive SPR biosensors 
based on periodic gold nanostructures and their applications for label-free and 
HTS bio-detections.

25.2  Surface Plasmon Resonance, Excitation  
and Sensitivity

In 1902, Wood first described the unexplained narrow dark bands in the dif-
fracted spectrum of metallic grating, named Wood’s anomaly [13]. This anoma-
lous diffraction is a phenomena resulting from the interaction between light and 
free electrons on the metal surface. Some years later, Fano [14] re-examined the 
theory and indicated that the intensity of waves propagating along the metal-
lic surface were influenced by the elements of the wavelength of the light, the 
angle of incidence, and the geometry of grating. This phenomenon was then 
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explained in terms of surface plasmon resonance. The works by Wood and Fano 
undoubtedly made the foundation to the field of surface plasmon and opened 
the growing interests of this field. Since then, surface plasmon has been inten-
sively studied and the major properties have been assessed. Surface plasmon, 
also known as surface plasma wave (SPW) or surface plasmon polariton (SPP), 
is the charge-density oscillation of electromagnetic excitation at the interface 
between two media with opposite dielectric constants, for instance, a metal and 
a dielectric. Figure 25.1 illustrates the electromagnetic wave decays evanes-
cently into both media in the perpendicular direction and the field vectors reach 
their maxima at the interface. These evanescent fields are asymmetric distrib-
uted (larger decay in metal; small in the dielectric) and majorly concentrated in 
the dielectric part.

The electromagnetic wave of surface plasmon can be excited by electrons and 
photons. In the electrons excitation, the energy from the firing electrons trans-
fers into bulk plasmon. When the component of scattering vector is parallel to the 
metal surface, it leads to SPPs. On the other hand, the transfer of optical energy 
into SPPs (photons excitation) is achieved by the coupling mechanism, such as 
the prism or grating coupling method, in order to match the wave vectors between 
photon and surface plasmon. It is known that the SPP is a transverse-magnetic 
(TM polarization or p-polarized) wave and the magnetic vector is perpendicular 
to the direction of SPP propagation and in parallel with the plane of interface. The 
physics of SPP can be further explained by the Maxwell’s equations with appro-
priate continuity boundary condition. In the consideration of dispersion relation, 
the wave vector (kspp) of SPP can be described in following equations.

where ε and εm are the dielectric constants of outside environment (the refractive 
index is n) and the metal, respectively. The SPP loses its energy in the metal due to 
the ohmic absorption. It also can be understand from the complex dielectric con-
stant of metal (εm =ε2r + iε2i) of which ε2r is related to the effective index and 
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Fig. 25.1  The schematic illustration of charge density oscillations at a metal–dielectric interface 
in x direction. The electromagnetic fields exponential decay from the interface into dielectric (d1) 
and metal (d2) shown on the right
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ε2i is associated with the attenuation of surface plasmon in the direction of propa-
gation. The propagating length (Lspp) is defined as the length when SPP energy 
decays to e−1 of original intensity.

The SPP can only be excited under the condition of ε2r < −n2. Several metals can be 
used, such as gold (Au), silver (Ag), copper (Cu) and aluminum (Al). Au and Ag are 
chosen at most of time due to its low ε2i. The major characteristics of the SPP and 
their comparisons between Au and Ag for SPR excitation are shown in Table 25.1.

SPR is excited by the light wave as the phase matching condition is fulfilled, 
i.e. The kx, the wave vector of light in the projection of the x-axis, needs to match 
the wave vector of SPP. In general, the kspp is larger than kx. It means that the 
SPP cannot be excited by the incident light directly. To increase the kx of incident 
light reaching the kspp, there are some coupling methods, such as prism, grating 
or optical waveguide coupling methods. There are two types of prism coupling 
configuration demonstrated by Kretschmann [15] and Otto [16]. In prism coupling 
configuration, the phase-matching to the SPP can be achieved by a three layer sys-
tem including a thin metal layer between two insulators. When the light passes 
through an optically denser medium, high refractive index (np) material, the light 
will be totally reflected and show minimum intensity of reflection light at a spe-
cific angle (θ), where npk0 sin θ = kspp. The SPP is excited at the interface between 
metal and dielectric with lower refractive index. It should be noted that the SPP 
cannot be excited at the interface of metal/prism. In grating coupling configuration 
[17, 18], the mismatch between the in-plane wave vector kx and kspp is overcome 
by the diffraction grating which produces a lateral wave vector, kg. The phase 
matching condition is satisfied when kspp = kx + kg.

The sensor performance is always the priority being considered. It can be 
understood from the sensitivity and detection limit. Usually, to evaluate the sen-
sitivity, we apply different refractive index solution, which can be prepared by 
glucose, salt, and glycerol solution at different concentration, into sensor device 
and monitor the sensor response. The sensitivity can be calculated by the linear 
fit of sensor response as a function of refractive index to have the relationship 
between sensor response to environmental refractive index change. The sensitiv-
ity is defined by the amount of sensor response changes per refractive index unit 
(RIU). More precisely, the resolution of instrument should be considered (the res-
olution of angular, wavelength, intensity). It decides the detection limit which is 

(25.2)Lspp =
1

2× imag(kspp)

Table 25.1  The properties of 
surface plasma waves at the 
metal-water interface

Metal layer supporting SPW Silver (Ag) Gold (Au)

Wavelength (nm) 630 850 630 850

Propagation length (µm) (Lspp) 19 57 3 24

Depth in metal (nm) (d2) 24 23 29 25

Depth in dielectric (nm) (d1) 219 443 162 400

Field concentration in dielectric (%) 90 95 85 94
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the minimum detectable refractive index value. Table 25.2 shows the sensitivity 
of prism and grating based SPR at different interrogations [1]. The prism coupler 
based SPR has higher sensitivities than grating coupler. The angular detection has 
a higher resolution than other methods in both prism and grating couplers.

Currently, the development of SPR biosensor are focusing on several objec-
tives: improving sensitivity, minimizing the sensor system, tuning the opera-
tion range including wavelength and detection refractive index, high throughput 
detection, and SPR image [19–21]. The refractive index change on sensor surface 
associated with the molecular binding on the sensor surface can be detected quan-
titatively by monitoring the change in intensity, resonance wavelength or angle 
of the reflected beam. In the sensitivity performance, prism coupler based SPR 
in the angular interrogation is with the best resolution than others. However, the 
prism-based SPR method is expensive, bulky and difficult to be scaled up. It is 
complicated in the optical system, the optical alignment is hard to minimize the 
device to integrate with other system. In addition to improve the system, high 
throughput detection and imaging the SPR in 2D are also in the mainstream of 
SPR development. However, the SPR configurations mentioned before are limited 
either in the optics, light distortion, or difficult in image reconstruction. Recently 
developed Nano-Plasmonics [22] provides a way to overcome the drawback of 
conventional SPR sensors such as small-area, chip-based, high-throughput detec-
tions, easy to be combined with microfluidic system and simple optical measure-
ment system.

25.3  Surface Plasmon Resonances in Nanostructures

Ebbesen et al. [23] first demonstrated the unique optical property of extraordi-
nary transmission by nanohole arrays coated with silver in 1998. According to 
Bethe theory [24], the light passes through the aperture with a size smaller than 
the wavelength, the intensity of light would decay quickly from the aperture exit. 
However, when the light shines on the nanostructure with a period, there is an 

Table 25.2  Theoretical sensitivity and resolution of SPR detection [1]

Angle unit Sensitivity/Resolution = degRIU−1/RIU (the resolution: 1 × 10−4 deg)
Wavelength unit Sensitivity/Resolution = nm RIU−1/RIU (the resolution: 0.02 nm)
Intensity unit Sensitivity/Resolution = % RIU−1/RIU (the resolution: 0.2 % of optical power)

Detection 
approach

Angle Wavelength Intensity

Configuration Sensitivity/resolution

λ = 630 λ = 850 λ = 630 λ = 850 λ = 630 λ = 850

Prism 191/5 × 10−7 97/1 × 10−6 970/2 × 10−5 13,800/ 
1 × 10−6

3,900/5 × 10−5 15,000/1  
× 10−5

Grating 43//2 × 10−6 39//2 × 10−6 390/6 × 10−5 630/ 
3 × 10−5

1,100/2 × 10−4 4,400/5  
× 10−5
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extraordinary optical transmission (EOT) at particular wavelengths. This unusual 
optical property is due to the coupling of plasmons-electronic excitation. The SPPs 
in these periodic structures are directly excited by subwavelength metallic aper-
tures. There are no needs for prism or gratings. Such chip-based plasmonic nano-
structures can be applied for SPR sensors. Currently, there are two major periodic 
nanostructures for the plasmonic biosensors. They are periodic nanoslits and nano-
holes as shown in Fig. 25.2.

In periodic nanostructures, an EOT occurs when the SPP wavelength meets 
the Bragg condition. It is a Bloch wave surface plasmon polariton (BW-SPP). For 
normally incident light, the BW-SPP condition for two-dimensional periodic struc-
tures is described by

where i, j are the orders in the x-y directions, P is the period of the nanostructure. 
When the surface molecular density increases, the resonant wavelength is red-
shifted due to the increase of n. Using the peak EOT wavelength as signals, high 
density sensing arrays have been demonstrated. The theoretical and experimental 
studies indicate that the wavelength sensitivity (Sλ) is close to the period of the 
nanostructures, i.e. Sλ ~ P nm/RIU. On the other hand, the redshift of the resonant 
wavelength also induces an intensity change at a fixed wavelength near the reso-
nant condition. For a small wavelength shift, the intensity sensitivity (SI) is propor-
tional to the wavelength sensitivity and the differential of the spectrum.

If we assume a Gaussian profile for the resonant spectrum, I
′
(�) = exp(−(

�−�0
d

)2),  
the maximum I′ happens at � = �0 ± d/

√
2 and the maximum value, 
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Fig. 25.2  a The optical image of a 10 × 10 microarray on a glass slide. Each green area was 
consisted of a 600 nm-period gold nanoslit array. The area was 150 μm in square. b The SEM 
image of a 600 nm-period gold nanohole array. c The SEM image of a 600 nm-period gold 
nanoslit array
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I ′(max) = ±
√
2I/d. It indicates the maximum intensity sensitivity is proportional 

to the inverse of the bandwidth. The resonant bandwidth is dependent on the size 
and shape of the metallic structures. For the same period, a small bandwidth will 
have a large sensitivity in the intensity measurement.

Table 25.3 shows the wavelength and intensity sensitivities for gold nanohole 
structures by different research groups. The wavelength sensitivities are ~333–
1,570 nm/RIU and the intensity sensitivities are ~1,010–4,400 %/RIU. For a 
0.1 nm wavelength resolution or 0.2 % intensity resolution, the detection limit is 
only ~10−4–10−5. As compared to Table 25.2, this limit is comparable with the 
grating coupling biosensors but still smaller than the prism-based sensors with 
angular detection. To increase the wavelength sensitivity, the period has to be 
increased to several micrometer long and the resonant wavelength will be shifted 
to the infrared region. However, the long-period sensors will suffer from low-
transmission light and the absorption of water in the IR range.

Nanohole arrays were first demonstrated and used commonly. The inten-
sity sensitivity of SPR increases by decreasing the linewidth. However, there is 
a light cut-off effect while the diameter of hole down to the scale of ~100 nm. 
Alternative, we have demonstrated that nanoslit arrays can overcome the light 
transmission in small linewidth down to ~20 nm [25]. In the metallic nanoslit, 
only TM mode can exist. The theory of the TM polarized light propagation and 
reflection in a nanoslit in metal related with surface plasmon was presented by 
Gordon [26]. Different from conventional surface plasmon wave, this plasmon is 
confined in a nano metallic gap, which is the gap plasmon. The x component of the 
electric field of lowest order mode within the slit can be described:
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Table 25.3  The SPR sensitivity of gold nanohole arrays

Periodicity 
(nm)

Diameter 
(nm)

Depth 
(nm)

Refractive index sensitivity

600 200 100 400 nm/RIU, Langmuir 20, 4,813–4,815 (2004)

1,400 200 200 1,022 nm/RIU, Opt. Lett. 31, 1,528–1,530 (2006)

400 100 50 200 nm/RIU Opt. Express 15, 18,119–18,129 (2007)

450 150 100 333 nm/RIU, Anal Chem 79, 4,094–4,100(2007)

600 200 100 270 and 600 nm/RIU, Appl. Phys. Lett. 90, 243,110 
(2007)

1,530 300 150–200 1,570 nm/RIU (1 × 10−5 RIU), Appl. Phys. Lett. 91, 
123,112 (2007)

600 90–250 110 420 and 561 nm/RIU Plasmonics 3,119–125 (2008)

450 150 220 1,010%/RIU (Detection limit 2 × 10−4 RIU), Nano 
Lett. 8(9), 2,718–2,724 (2008)

454 170 100 350 nm/RIU and 750 %/RIU(3 × 10−4 RIU) Biosensors 
and Bioelectronics 24, 2,334–2,338 (2009)
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where s is the field inside the slit, k0 is the wave vector in free space, and w is the 
width of slit. The propagation constant is

As we know, the kspp inside the slit is as a function of slit width. The wave vec-
tor of gap plasmon increases as the decreasing of slit width and leads increasing 
the resonance in the metallic slit. This kind of gap plasmon resonance is the cavity 
resonance [27]. From the Fabry-Perot cavity model, the resonant wavelength can 
be estimated by

where neff is the equivalent refractive index of gap plasmon, h is the thickness of 
the gold film, and φ1 and φ2 are the phase shifts at the top and bottom interfaces, 
respectively. The increase of refractive index in the slit increases the cavity reso-
nant wavelength.

In nanostructure SPR, there are cavity and BW-SPP modes which are 
the resonances inside the nanoaperture and on the surface, respectively 
(Fig. 25.3a). The Fano-resonance can be described by the coupling of cavity 
and SPR modes [28, 29]. In general, the Fano resonance is understood in terms 
of coupling of a broadband wave (a continuum state) with the surface-bound 
state of a periodic array (a discrete state). In the gold nanoslit array, the gap 
plasmon, i.e. cavity mode in the slits, forms a broadband and localized reso-
nance. On the other hand, the BW-SPP mode in periodic nanostructures has a 
discrete resonance. The constructive and destructive interferences of these two 
modes result in the asymmetric Fano-resonance as depicted in the schematic in 
Fig. 25.3b. In our previous study (Fig. 25.3c), the experimental evidence has 
shown the Fano spectrum causing by the coupling of cavity plasmon and BW-
SPP [30]. If there is only one slit in the structure in terms of only cavity mode 
existing, a broad band is shown in the spectrum. However, if we introduce some 
periodic structures, the cavity mode and SPR mode interferes to each other 
leading to asymmetric Fano resonance.

Different from conventional SPR sensors, the periodic gold nanostructure 
exhibits complex resonant behaviors due to cavity resonance in the apertures and 
BW-SPP on the outside surfaces.

The typical transmission spectra of the periodic gold nanoslit arrays (Fig. 25.4) 
demonstrate two asymmetric resonances at two different interface condi-
tions (medium/gold and substrate/gold). Using P = 500 nm, ε2 = −16 + 1.1i, 
n = 1.3345 for water and n = 1.58 polycarbonate substrate, the predicted BW 
SPP peaks are 689.8 and 807.5 nm for the water/gold and substrate/gold inter-
faces, respectively. The observed BW SPP peaks in Fig. 25.4, at 692.2 nm (water/
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Fig. 25.3  The resonance modes in the nanostructure. a There are cavity mode and SPR mode 
which are inside the aperture and along the surface, respectively. b The schematic depiction of 
Fano-resonance is resulting from the coupling of cavity and SPR modes. c The experimental 
evidence: Fano-like spectrum is shown by inducing the periodic groove structure (SPR mode) 
around the slit

Fig. 25.4  The measured 
transmission Fano-like 
spectra in water and 10 % 
glycerol/water
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gold interface) and 830.7 nm (substrate/gold interface), respectively, well match 
the predicted values. When the surrounding solution changes from water to 10 % 
glycerol in water, the Fano resonance at water/gold interface has an obvious red-
shift. Note that the Fano resonance near 790–850 nm is associated with the sub-
strate/gold interface and is not affected by the bulk solution.

25.4  Enhancing Sensitivity of Nanoplasmonic Biosensors

It is noted that the extraordinary transmission in gold nanostructures are caused by 
different orders of LSPRs, BW-SPPs and their mutual couplings. It is possible to 
improve the signal-to-noise ratio of the system and enhance the sensing capability 
by summing up all the transmission changes in the spectrum [31, 32]. The idea has 
been applied in quasi-3D plasmonic crystals to increase the detection limit [33]. 
A multispecral integration method was employed for various 2D gold nanosturt-
cures which consider all the wavelength shifts and intensity changes near the res-
onances. The integrated response (R) is defined by the root mean square (RMS) 
difference of the normalized transmission spectra.

where Ti(n,λ) is the ith order of the resonant transmission under different exter-
nal refractive index (n), n0 is the reference refractive index, λ1 and λ2 are the 
integrated wavelength range, and δλ is the wavelength resolution of the spec-
trometer. Figure 25.5 shows the experimental results comparing the sensing 
capabilities of gold nanoslit and nanohole arrays with different aperture sizes 
using the multispectral integration approach. Under the identical experimental 
condition, the integration method can enhance detection resolution about one 
order of magnitude larger than the simple wavelength and intensity methods. 
The sensitivity of this method is dependent on the aperture size of the nano-
structures. It increases with the decrease of apertures. However, the cut-off 
transmission greatly reduced the transmission intensity of nanoholes and thus 
caused a large noise floor. As a result, the detection resolution for nanohole 
arrays becomes worse when hole size is below 100 nm. On the other hand, the 
nanoslit array has a low noise floor due to its non cut-off transmission. The RIU 
detection limit for nanoslit array is improved by ~7 times when reducing the slit 
width to 40 nm. It achieves 4.5 × 10−6 RIU when the intensity resolution is 
0.2 %. This resolution is comparable with the bulky prism-based sensors using 
complicated angular detection method.

The sensitivity of gold nanostructures can be enhanced by using spectral inte-
gration method with very narrow nanoslits. Another important factor to enhance 
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Fig. 25.5  The refractive index sensing using a multispectral integration method. Normal 
incidence transmission spectra of a 500-nm-period, 65-nm-wide nanoslit array in water and 
different water/glycerin mixtures for TM polarized wave. a Normalized transmission change 
as a function of different RI mixtures at a 697 nm wavelength. Linear correlation between 
the normalized transmission change and refractive index changes is shown in the inset. b 
Multispectral integration responses as a function of different RI mixtures. The inset shows the 
linear correlation between the responses and refractive index changes. c RIU sensitivity as a 
function of slit width for different analysis approaches, single-wavelength intensity measure-
ment and multispectral analysis. The sensitivity increased with the decrease of the slit width. 
The sensitivity is highest for 42-nm-wide nanoslit array. d Comparisons of the detection limit 
using intensity measurement and the multispectral analysis for each array. e RIU sensitivity as 
a function of hole size for different analysis approaches, single-wavelength intensity measure-
ment and the multispectral analysis. The sensitivity increased with the decrease of the hole 
size. The sensitivity is highest for 109-nm-diameter nanohole array. f Comparisons of detec-
tion limit using intensity measurement and the multispectral analysis for individual nanohole 
arrays
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the sensitivity is to make high-quality gold film, which can reduce the SPP loss 
and reduce the resonant bandwidth [34, 35]. The figure of merit (FoM) of metallic 
nanostructures in wavelength unit is often defined as S�/��, where �� is the full 
width at half maximum (FWHM) bandwidth. The FWHM is related to the loss of 
SPR. It is dependent on gold film properties and would be different from different 
fabrication processes. The majority of the fabrication techniques for gold nano-
structures utilize focused ion beam (FIB) milling to directly pattern gold films or 
electron-beam lithograthy (EBL) combined with a dry etching method or a lift-off 
process to generate a nanostructure on a substrate. However, these writing tech-
niques are not suitable for massive production. Besides, the gold film made from 
the vacuum deposition leads to higher SPP loss due to the scattering of electrons 
at gold grain boundaries. To solve the mass-fabrication problem, many groups 
have proposed methods, such as interference lithography, nanoimprint lithography, 
nanosphere lithography and soft lithography techniques, etc. To solve the SPP loss 
problem, the gold film can be annealed at an elevated temperature to form large 
gold grains [36, 37].

A simple thermal-annealed template-stripping method [38, 39] can be used 
to fabricate large-area gold nanoslit arrays on polymer films with low cost and 
high SPR sensitivities. The template stripping method is a simple and easy fab-
rication process. Typically, this method make use of the poor adhesion of noble 
metals on the patterned templates with smooth surfaces. The exposed surface 
of the metal is then attached to another substrate with an epoxy adhesive. 
When the template and the substrate are separated, ultra-flat metal surfaces on 
the substrate can be obtained. It does not require additional photoresist, expo-
sure, etching or lift-off processes. Combining the thermal annealing and tem-
plate-stripping with epoxy can fabricate nanostructures with smooth gold or 
silver surfaces and larger grain sizes. Optical epoxy was applied as an adhe-
sion layer to attach the silver film to a clean glass slide and was cured with a 
UV lamp. After peeling off from the template, the template-stripped grating 
with sharp bandwidths (~10 nm) in the reflection spectrum were made. The 
method can also be used for making gold nanostructures on plastic films, 
such as polycarbonate (PC) films. The gold film is coated on the patterned 
silicon template and then directly imprinted on polycarbonate films at a tem-
perature higher than the glass transition temperature of PC films (~150 °C). 
The gold nanostructures are embedded on the PC film after peeling off from 
the silicon template. Figure 25.6 show an example of gold nanoslit arrays 
with a 500-nm period and various slit widths, from 30 to 165 nm, made by 
the thermal-annealed template-stripping technique. The transverse-magnetic 
(TM) polarized wave in these gold nanostructures generated sharp and asym-
metric Fano resonances in transmission spectra. The full FWHMs of Fano 
resonances decreased with the decrease of the slit width and the narrowest 
bandwidth was smaller than 10 nm.

To verify the high sensitivity of sensors fabricated by the thermal-annealed 
template-stripping method, nanoslit-based sensors on a glass substrate 
was compared by electron-beam lithography combined with a dry etching 
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technique. Figure 25.7 show the comparisons. Both samples had the same 
500-nm-period, 60-nm-wide, and 50-nm-deep nanoslit arrays. The bulk sen-
sitivities of these sensors were measured by injecting purified water mixed 
with various ratios of glycerin into the microfluidic devices. There are Fano 
resonant profiles in the spectra. Obviously, the template stripping sample 
has a higher transmission and shaper Fano resonances. The slopes of the fit-
ting curves show that the intensity sensitivities (wavelength sensitivities) are 
5,226 %/RIU (451 nm/RIU) and 7,615 %/RIU (431 nm/RIU) for the dry etch-
ing and template stripping methods, respectively. Obviously, the template 
stripping sample has a higher intensity sensitivity compared with nanostruc-
tures made by EBL. It is noted that the intensity sensitivity for 60-nm-wide 
nanoslits can be further improved by narrowing the slit width. For 30-nm-wide 
nanoslit array, the intensity sensitivity is increased to 10,367 %/RIU and a 
FoM up to 55. This value is much higher than those of previous nanoslit and 

Fig. 25.6  a A process flowchart for the fabrication of a silicon template. b The SEM and opti-
cal images (inset) of the fabricated silicon template. The slit width is 105 nm and the area of the 
slit array is 1 × 1 cm. c The measured transmission spectra of the 500-nm-period, 30-nm-wide 
nanoslit array in air and water for normally-incident TM-polarized light. The inset depicts the 
TM-polarized light with E and k vectors versus the structures. d The normalized transmission 
spectra of 500-nm-period nanoslit arrays with various slit widths. The slit widths are from 30 to 
165 nm
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nanohole arrays fabricated by the EBL and FIB methods. From atomic force 
microscopy images, it is confirmed that such enhanced intensity sensitivity 
for the template-stripped nanoslit array is attributed to a smoother gold sur-
face and larger grain sizes during the thermal annealing process. It results in a 
decrease of surface plasmon propagation loss.

25.5  Applications of Nanoplasmonic Biosensors

In the optical measurement system of SPR in the gold nanostructures, there are 
two ways: The transmission spectrum measurement and the intensity measurement 
at a fixed wavelength. Figure 25.8a shows the setup for the spectroscopic measure-
ment. A 12 W halogen light was spatially filtered by using an iris diaphragm and 

Fig. 25.7  Refractive index sensing capabilities of the 500-nm-period, 60-nm-wide nanoslit 
nanoslits made by the dry etching and template stripping methods. a The measured transmis-
sion spectra of the 500-nm-period nanoslit arrays made by both methods in water for normally-
incident TM-polarized light. b The intensity spectra of the nanoslits made on a glass substrate 
and a PC substrate with various water/glycerin mixtures for a normally-incident TM-polarized 
wave. c The intensity change against the refractive index of the outside medium. d The resonant 
wavelength against the refractive index of the outside medium
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a collimation lens. Its incident polarization was controlled by a linear polarizer. 
The polarized light was then focused on a single array by using a 10× objective 
lens. The transmission light was then collected by another 10× objective lens and 
focused on a fiber cable. The transmission spectrum was taken by using a fiber-
coupled linear CCD array spectrometer. Figure 25.8b shows the intensity measure-
ment, the array images were taken by using a low-amplification objective and a 
large-area TE-cooled CCD to reduce the noise. The incident light wavelength was 
selected near the resonant wavelength.

The nanoplamonic biosensor has advanced tremendously in the past few years 
[34, 35, 40, 41]. Compared with the conventional SPR sensors, metallic nanostruc-
tures permit a scalable sensing area and easier miniaturization. Currently, devel-
opments in metallic nanostructures based sensors are low cost, easy fabrication, 
multiplex sensing with small sample volume, integration with microfluidic system, 
fast detection, and portable system toward the point-of-care clinical evaluation.

An application for high-throughput and label-free detections of antigen-anti-
body interactions were shown in Fig. 25.9. In this antigen-antibody study, the 
interactions between BSA (bovine serum albumin) (Sigma-Aldrich) and anti-
BSA (Sigma-Aldrich) were measured. Figure 25.9a shows the setup for the inten-
sity detection of the microarray. In the experiment, the buffer solution, 10 mM 
phosphate-buffered saline (PBS) (UniRegion Bio-Tech), was first injected to the 
microarray chip. Then 50 μΜ BSA was injected on the nanoslit surface. Due to 
the physical absorption of BSA on gold surface, the BSA will be coated on the 
slit arrays. The BSA solution flew for 1 h in order to make sufficient BSA fixed 
on the gold surface. The PBS buffer then washed the chip to remove the unbound 
proteins. Finally, 5 nM anti-BSA was injected into the microarray surface. After 
3 h protein-protein interactions, the unbound anti-BSA was washed away by the 
PBS buffer. The intensity images of the microarray at different interaction time 
were taken by using the measurement system shown in Fig. 25.8b. Figure 25.9b 
shows the intensity images of the 10 × 10 nanoslit arrays captured at three-hours 

Fig. 25.8  a The optical setup for measuring the transmission spectrum of single periodic gold 
nanostructure in aqueous condition. b The optical setup for measuring the transmission intensi-
ties of multiple periodic gold nanostructures at a fixed wavelength
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interaction time. The images were obtained by subtracting the measured time-
lapsed images I(x,y;t) with the initial CCD image I(x,y;t = 0). The intensities indi-
cate the amounts of the surface refractive index changes. It can be found that the 
slit arrays decreased the transmission intensity due to surface binding of BSA and 
Anti-BSA molecules. There were two defects (1,1) and (4,1) in the microarray, 
which had no nanoslit structures inside. These two areas did not show any inten-
sity changes during the interactions. This is an evidence that the measured inten-
sity changes are related to the SPR in gold nanostructures. Figure 25.9c shows 
the normalized transmission intensity as a function of the interaction time for one 
of the nanoslit array (5,5). The intensity signal is stable with time when the PBS 
buffer is injected into the microfluidic device. The BSA coated on the gold surface 
resulted in an intensity change of 5 %. For the Anti-BSA, the 5 nM concentra-
tion caused an intensity change up to 12 %. The Anti-BAS has a larger intensity 
change because the molecular weight of anti-BSA (150 kDa) is much larger than 
that of BSA (66 kDa). These measurement results verify the multiple dynamic 
detections of the gold nanoslit arrays. Using the intensity measurement, the detec-
tion sensitivity for Anti-BSA molecules is up to 83.3 pM when the intensity stabil-
ity is 0.2 %.

Fig. 25.9  a The setup for measuring the antibody-antigen interactions on the microarray. The 
interactions were monitored by the intensity changes as detected by the CCD camera. b The 
intensity images of the 10 × 10 nanoslit arrays. c The normalized intensity as a function of the 
interaction time for one of the nanoslit array (5,5) shown in Fig. 25.8b. The BSA results in an 
intensity change of 5 %. The 5 nM Anti-BSA caused an intensity change of 12 %
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While SPR in gold films is widely used for sensitive and label-free detection of 
biomolecular interactions, the application for living cell function analysis is also an 
advantage of the gold nanostructures for its easy integration with the microfluidic 
system [42–44]. Figure 25.10a shows a cell culture microfluidic device combined 
with the nanoslit arrays based SPR detection system to detect the cell secretion in 
real time. In this work, the gold nanoslits measure the dynamic secretion behav-
ior of a small number of human monocytic leukemia cells (THP-1) without the 
need of labeling. Upon continuous lipopolysaccharide (LPS) stimulation, matrix 
metallopeptidase 9 (MMP-9) secretion is detected within 2 h. The polycarbonate 
substrate is bonded with a PDMS microfluidic channel and the gold nanosilt sur-
face is further coated with an antibody for detecting specific antigen binding. The 
microfluidic channel immobilizes cells from a suspension to pre-defined locations 
facing the nanoslit array. A schematic of the PDMS microfluidic channel is shown 
in Fig. 25.10b which contains an array of U-shaped cell traps. The opening of the 
each trap is ~18 μm to favorably accommodate single cell [45]. Figure 25.10c 
shows an optical image of the trap array and individual cells in the cell traps.

Fig. 25.10  a The sensor chip used in this study contains two major components: a nanoslit 
based SPR sensor and a microfluidic cell culture channel. b A schematic drawing of the microflu-
idic chamber. The height of the chamber is 10 μm. The chamber contains an array of cell traps. 
The traps are staggered to maximize cell capture. c A bright field image showing THP-1 cells 
captured in the traps. Each arrow points to one cell
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Figures 25.11a and b show the real-time cell secretion responses measured 
from different numbers of cells deposited on the chip. The cell responses are 
grouped according to the total number of cells initially loaded into the devices, 
2, ~30, ~500, ~800, and more than 1,500 cells respectively. The number of cells 

Fig. 25.11  a Dynamic secretion of MMP-9 from THP-1 cells after exposure to 10 μg/mL 
LPS. The cell numbers are determined by optical microscopy after cell loading and flushing. b 
A zoom-in image of the low concentration range shows minimal intensity changes in control 
groups. Two of the controls are LPS stimulated cells exposed to sensors passivated by casein 
or coated with non-specific anti-IgA. The third control uses un-stimulated cells cultured with an 
anti-MMP-9 sensor. The cell numbers in all three control experiments are over 1,500/device. c 
End point MMP-9 concentrations in control and test groups. MMP-9 binding is only observed 
with the LPS treated cells exposed to the specific antibody. d MMP-9 concentration versus 
cell number up to 800 cells. The linear fitting indicates that each cell secrete 0.14 ng/(mL cell) 
MMP-9 over the culture period of 13 h
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inside the devices is determined by optical microscopy after cell loading and 
flushing off un-captured cells. The signals are recorded for 13 h, which is shorter 
than the average doubling time (~26 h) of THP-1 cells, thus cell proliferation is 
neglected. As observed from the kinetic curves, cells start to secrete MMP-9 
almost immediately after stimulation, suggesting an intracellular reservoir. An 
intermediate shoulder is observed on most kinetic curves involving stimulated 
cells. It might be related to cell responses, such as a secretion slow down or pause 
due to reservoir depletion before MMP-9 production. Figure 25.11c summarizes 
the MMP-9 concentration as a function of cell number in the device. The average 
secretion from 2, ~30, ~500, ~800 and >1,500 cells after 13 h are 1.20 ± 0.32, 
10.30 ± 1.02, 56.75 ± 11.07, 113.28 ± 5.94, and 105.08 ± 2.69 ng/mL MMP-9 
respectively. When the end point data are compared by student’s t-test, we observe 
significant differences between LPS treated versus untreated cells in terms of 
MMP-9 secretion, even for a low cell number of 2 cells per device. The early pla-
teau from 1,500 cells after 4 h of measurements is likely a result of saturation of 
the surface antibody. For the other cell numbers, the end-point secretion increases 
with the number of cells in the device. Linear fitting of average secretion ver-
sus cell number (Fig. 25.11d) shows that the amount of secretion is 0.14 ng/mL 
per cell. As the volume of microfluidic chamber is 5 µL, each cell secrets around 
0.7 pg MMP-9 in the culture period of ~13 h. This value is on the same order of 
magnitude as that obtained from ELISA (~0.35 pg/cell under 1 ng/mL LPS stimu-
lation in 48 h) [46]. This result supports the utilization of a nanoslit SPR sensor for 
quantitative cell secretion studies.

25.6  Conclusions

Surface plasmon resonance biosensors are widely used in sensitive chemical, 
biological and environmental sensing. The common SPR biosensors utilize the 
prism or grating coupling method to meet the momentum matching conditions. 
The typical refractive index detection limit is about 10−5 refractive index unit for 
prism-based sensors and 5 × 10−5 RIU for grating-base sensors using intensity 
interrogation. In addition to the prism or grating methods, the SPR can be directly 
excited by using metallic nanostructures. Biosensors based on EOT of periodic 
nanohole arrays and nanoslit arrays in gold have been proposed. These sensors uti-
lize normally incident transmitted light to excited SPR, which provide an easier 
optical setup than prism-based sensors. Compared to prism-based sensors, the gold 
nanostructure, combined with a charge-coupled device (CCD), is better for chip-
based and high-throughput label-free detections. In periodic metallic nanostruc-
tures, the extraordinary transmission is usually accompanied by an asymmetrical 
resonant spectrum. The observed Fano resonance profile is understood in terms of 
the coupling of the surface-bound state of a periodic array (a discrete state) with the 
incoming wave (a continuum state). A higher wavelength sensitivity and a small 
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peak bandwidth will have a higher intensity sensitivity. The resonant bandwidth is 
related to the structure and dielectric function of metal. There are several ways to 
increase the detection resolution and bandwidth of the SPR in gold nanostructures:

1. Increasing the period: the wavelength sensitivity is increased proportionally.
2. Decreasing dimension of the nano-apertures: The nanoslit is better than nano-

hole due to its non cut-off condition for TM wave.
3. Using Fano resonance to reduce the resonance bandwidth and make a sharp 

slope.
4. Using the spectral integration analysis method to reduce the noise and enhance 

the S/N ratio.
5. Using thermally annealing nanoimprint method to fabricate smooth gold film: 

The SPP propagation loss is reduced which results in a sharp SPP resonance.

By using above methods and nanostructures, the detection sensitivity and resolu-
tion will be comparable or higher than conventional prism-based SPR system.

In the applications, the gold nanostructure sensors take advantages of small 
detection area, chip-based/high-throughput detection and ease of integration with 
microfluidic devices. It can be used for label-free microarray biochips, such as 
DNA microarray, protein microarray and cell microarray. Different from con-
ventional labeling methods, the nano-plasmonic SPR sensors provide real-time, 
dynamic responses of the bio-interactions without any labeling. When combining 
with the microfluidic devices, the new platform can be applied to various kinds of 
bio-interaction studies in different physical and chemical environments as well as 
fast diagnosis of various diseases.
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Part VIII
Biophotonics

Arthur Chiou and Chi-Kuang Sun

In the most generic sense, “Biophotonics,” can probably be interpreted as a scien-
tific/technical discipline involving the study of the principles and applications of 
the interactions of photons with biological samples. Under this generic umbrella, 
the scope of “Biophotonics” has expanded in many ways in recent years. In the 
“photonics” arm, the range of energy (or the frequency) spectrum may extend 
from microwave to x-ray; and in terms of biological/biomedical applications, the 
samples (or objects) of interest extendfrom single molecule study for the funda-
mental understanding of the basic molecular interactions at one end to subcellular 
organelles, live cells, tissues, organ, animals, and humans for the ultimate goals of 
disease prevention, diagnosis, and therapeutics. In addition, many novel photonics 
technologies and molecular probes have been developed such that multi-modality 
studies with unprecedented spatial and temporal resolutions have been realized to 
provide not only structural, but also functional information. Apparently, it is unre-
alistic and impractical to give a comprehensive overview of this field in a short 
chapter like this. Hence, we have deliberately chosen to narrow down our scope, 
and focus on four specific biophotonics techniques based on laser microscopy, 
namely FLIM/FRET (Fluorescence Life-time Imaging/Foster Resonance Energy 
Transfer) Microscopy; OCT (Optical Coherence Tomography); Superresolution 
Microscopy, and Harmonic Generation Microscopy; hence, contextually, this 
chapter represents a small, but important subset of biophotonics, which has made 
tremendous progress in the last decade not only in technological development, but 
also in niche biological and biomedical applications.

The chapter is subdivided into four relatively independent sections (Chap. 26 
through 29), each covers one selected topic listed above. Each section begins 
with a brief historical/chronological overview to highlight the key technological 
developments, followed by the underlying principle and the basic experimental 
configurations, procedures, and analysis. Microscopic images of a wide variety 
of biological samples obtained by these different approaches show that, to a large 
extent, these different approaches complement one another in terms of spatial and 
temporal resolution, field of view, and penetration depth. A fairly extensive list of 
references is included so that readers interested in a specific technique or applica-
tion can consult the appropriate references to get detailed information.

http://dx.doi.org/10.1007/978-94-017-9392-6_26
http://dx.doi.org/10.1007/978-94-017-9392-6_29
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26.1  Introduction

The number of publications using FLIM/FRET (Fluorescence lifetime imag-
ing and Forster resonance energy transfer) technique is increasing over the past 
10 years [1]. Fluorescence lifetime measurements, a excited state phenomenon, 
acquired with both spectroscopy and microscopy is a powerful tool in investi-
gating the effects of various biological and chemical factors (DNA sequence, 
pH, ions, and molecularity) in biological systems [2, 3]. The empire of fluores-
cence microscopy spread over a wide range of applications in biotechnology, flow 
cytometry, medical diagnosis, DNA sequencing, forensics, and medical diagnosis 
[2]. The spatial organization and quantification of protein-protein interaction with 
FRET using multiphoton FLIM microscopy has emerged a powerful technique 
both in vivo and in vitro analysis [4, 5]. The assay based on FLIM by using time 
correlated single photon counting [6] to measure the FRET between two proteins. 
Noninvasive and nondestructive capability makes auto-fluorescence techniques a 
very useful candidate in the characterization of live cell and tissue imaging [3, 7, 
8]. A fluorophore excited to the higher energy state and return to the ground state 
with a certain probability based on the decay rates through a number of different 
radiative and/or nonradiative decay pathways [7, 8]. For a homogenous ensemble, 
the fluorescence emitted will decay with a time according to a single exponen-
tial decay function [3]. Physically, the lifetime is the average time that a molecule 
spend in the excited state prior to return to the ground state [2]. The fluorescence 
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lifetime is a marker for specific fluorophore, but for multi exponential decays the 
direct correlation between decay components and structural conformations are not 
simple [9]. Therefore, time-resolved fluorescence anisotropy imaging, essentially 
polarization resolved FLIM, is a complementary method which has been applied 
to monitor DNA digestion, mobility of fluorophores in living cells [10, 11].

26.2  Autofluorescence in Biological Specimen

Two photon fluorescence lifetime imaging microscopy (TP-FLIM), is a noninva-
sive and nondestructive technique, which reveals the sensitivity of endogenous 
fluorescent elements such as Reduced nicotinamide adenine dinucleotide (NADH) 
and its phosphate forms (NAD(P)H) along with flavins and flavoproteins in cells 
as well as collagen, elastin in tissues. TP-FLIM is applied to visualize the altera-
tion of metabolic state in various cancerous tissues [12–17] such as skin, cervix, 
bladder, breast, stomach, and Alzheimer disease [18–24]. NADPH is an essen-
tial cofactor for oxidation-reduction reaction and energy metabolism in living 
cells [16, 17, 25, 26], while NADH is a major electron donor within the cells for 
both oxidative phosphorylation and glycolytic pathways. These molecules have 
their particular lifetime signature and specific functioning in maintaining cellular 
physiology. NADH and FAD have been extensively exploited to monitor relative 
cellular metabolic activity [27, 28, 29]. Both NADH and FAD are co-enzymes 
associated with the electron transport system (ETS) that generates ATP, the most 
important molecule which holds the energy for a cell in the form of a phosphate 
bond. While NADH serves as a primary electron donor, FAD is among the elec-
tron acceptors. These electron transporters exists in two physiological forms, free 
and bound to the dehydrogenage of complex-I; one of the mitochondrial inner 
membrane proteins while they are associated with energy generation [27, 29]. 
Thus, the knowledge about relative quantities of free and bound species of these 
two co-enzymes can give an insight to the metabolic state of a cell.

The discovery of fluorescence properties of pyridine nucleotides in the early 
1950s [30] led to a new field of study: that uses fluorescence spectroscopy to 
observe the processes in live mitochondria. The discovery leads to sudden increase 
in mitochondrial bioenergetics studies mainly with the fluorescence detec-
tion. Previous reports suggest that NADH has a single-photon excitation peak 
at ~340 nm, with the fluorescence emission peak at ~460 nm [2]. Unlike NADH, 
FAD absorbs blue light, at ~470 nm and emits green-yellow, peak at ~540 nm 
[2]. However, the autofluorescence spectroscopy technique does not provide 
enough contrast between free and enzyme-bound forms of each of these mol-
ecules. The solution of this problem lies in the use of FLIM technique, which is 
based on the measurement of the average time a fluorophore spent in the excited 
state. Lakowicks et al., pioneered the work on NADH FLIM imaging of free and 
bound form in solution [31]. Fluorescence lifetime measurement is the only tech-
nique that gives a noninvasive way to assess the free/bound ration of NADH and 
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FAD, where the short lifetime ~400 ps is usually attributed to the free and the long  
lifetime ~2,500 ps to the bound form of NADH [31]. It is reported that the fluores-
cence lifetime of free FAD is to be around 2.3 ns [32] and fluorescence lifetime of 
bound FAD is 0.3 ns, which is lower than that of free FAD [29].

Tryptophan is an amino acid essential for human life, which can’t be synthe-
sized by our body, and therefore must be part of our diet. Tryptophan has spe-
cial importance in our body physiology and protein metabolism that can be 
observed inside the cell. The tryptophan residues has single photon excitation peak 
at ~270 nm and emission maximum at ~350 nm [2]. Recently, Jyothikumar et al. 
has reported the use of FLIM/FRET technique between tryptophan and NADH to 
investigate the metabolic activity of cell [33].

26.3  Multiphoton Excitation

Multiphoton microscopy provides some advantages in autofluorescence imaging 
than a single photon confocal microcopy, such as photo-bleaching [34, 35], photo-
damage [36], less scattering for live cell and tissue imaging. Generally, multiphoton 
microscopy uses photons at near infra red (NIR) light. It is noted that the fluores-
cence lifetime measurement from endogenous fluorophores doesn’t interfere with 
the intrinsic metabolism of the cells in tissue. Multiphoton microscopy has the capa-
bility of optical biopsy nondestructively under in vivo physiology conditions with 
a similar resolution as the microscope of the pathologists without any slicing and 
staining [37, 38]. Multiphoton excitation was proposed and theoretically investigated 
by [39].  However, the developments in the field of nonlinear optical detection halted 
due to lack of a suitable laser source. With the invention of femtosecond lasers in the 
1980s multiphoton absorption has been materialized. In 1990, the decisive study of 
Denk, Strickler, and Webb on two-photon laser scanning fluorescence microscopy 
clearly demonstrated the capability of two-photon excitation microscopy for biology 
[40]. A multiphoton excitation absorbs more than one, two photon at 2λ (two photon 
excitation) or three photon at 3λ (three photon excitation), instead of one photon at a 
given wavelength λ at an instance. Multiphoton excitation requires a higher photon 
density (100 MW/cm2 to 100 GW/cm2), from a picoseconds or femtosecond pulsed 
laser source. Use of high numerical aperture objective lens can focus the pulse laser 
beam to gather the power density required for multiphoton excitation without photo 
damaging effects due to the short time of the laser excitation. The most distinguish-
ing advantage of multiphoton microscopy over one-photon fluorescence imaging 
is that the one-photon process excite the molecules in a full double-cone through 
the sample, while the two-photon process excite only a few micron volume around 
the laser focal point [40]. Unlike one photon microscopy, multiphoton microscopy 
doesn’t require the pinhole to suppress out of focus fluorescence photons for 3D 
imaging. Thus, it avoids using of special filters, and non-descanned collection pos-
sibilities increases number of photons detection. These advantages of multiphoton 
microscopy make cellular and tissue autofluorescence imaging possible.
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26.4  Measurements and Data Analysis

Fluorescence lifetime can be measured in two ways: the time domain and fre-
quency domain. In time domain method, the fluorophores are excited with a train 
of pulsed light [3]. The width of the pulse is made as small as it become much 
smaller than the decay time τ of the fluorophore. The time dependant intensity is 
measured following the excitation pulse, and the decay time τ is calculated from 
the slope of a plot of log I(t) against t called decay curve [2]. For time domain 
measurements most common implementation of fluorescence lifetime imaging are 
based on laser scanning microscopes both confocal and multiphoton mode with 
single photon lifetime detection methods. These microscopes usually amalgamated 
with picoseconds or femtosecond pulsed lasers, detectors with same time resolu-
tions (PMT, MCP), and special single photon detection electronics. Time corre-
lated single photon counting (TCSPC) uses a high frequency pulse laser to scan 
the sample. Data recording is done by detecting single photons of the fluorescence 
light and determining the arrival times of the photons with respect to the laser 
pulses as well as the position of the laser beam in the moment of photon detection 
[3, 41]. A typical TCSPC instrumentation uses a mode-locked Ti:sapphire Mira 
F-900 laser (Coherent, United States), capable of producing 76 MHz femtosecond 
laser pulses in the spectral range from 700 to 1,000 nm, pumped by a solid-state 
frequency-doubled 532 nm Verdi laser (Coherent, United States) for the two-pho-
ton excitation of cellular autofluorescence [27, 28] .

Lifetime calculation from the multi-exponential decay was done by mathemati-
cal convolution of a model function and the instrument response function (IRF) 
by fitting with the experimental data. Lifetimes from the composite decays of bio-
molecules can be derived by convolution of an IRF, Iinstr, with a double-exponen-
tial model function, defined in (26.4.1), with offset correction for the ambient light 
and/or dark noise I0 to obtain calculated lifetime decay function Ic(t) in (26.4.2)

where a1e−t/τ1 and a2e−t/τ2 denote the contributed fluorescence decays from short 
and long lifetime components of NADH, respectively; τ1 and τ2 represent their 
corresponding lifetime constants; and a1 and a2 refer to the corresponding relative 
amplitudes. The Iinstr can be measured experimentally with the periodically poled 
lithium niobate (PPLN) crystal at 370 nm (i.e. the second harmonic of 740 nm 
from the Ti:Sapphire laser). The average lifetime was calculated as an amplitude-
weighted parameter of the two lifetime components:

(26.4.1)F(t) = a1e
−t/τ1 + a2e

−t/τ2

(26.4.2)Ic(t) =
∞
∫

−∞

Iinstru(t){Io + F(t)}dt

(26.4.3)τm =
a1τ1 + a2τ2

a1 + a2
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The model parameters (i.e. ai and τi) were derived by fitting the decay Ic(t), from 
(26.4.2), to the actual data Ia(t) by minimizing the goodness-of-fit function defined 
in (26.4.3), using the Levenberg-Marquardt search algorithm,

where n denotes the number of data (time) points (equal to 256), and p represents 
the number of model parameters. A good fit is characterized by a χ2 close to 1 and 
residuals showing no noticeable systematic variations. Figure 26.1 schematically 
represents a typical bi-exponential model fitting of NAD(P)H fluorescence decay 
standard fitted curve along with representative color-coded image of NAD(P)H 
lifetimes in Huh7 cells and NAD(P)H fluorescence intensity. Both lifetimes (t1 and 
t2) and amplitudes (a1 and a2—population sizes of molecules with the different 
decay rate) were obtained from fitting optimization software. In case of NADH 
energetic measurements the ratio of a1 and a2 is the best indicator for free and pro-
tein-bound states of NADH, which can be used to depict the status and changes in 
cellular metabolism [2, 42]. Note that higher value of a2 represents higher fraction 

(26.4.4)χ2
R = [

∑n

k=0
[Ia(t)− Ic(t)]2/Ia(t)]/(n− p)

Fig. 26.1  Typical bi-exponential model fitting of NAD(P)H fluorescence decay curve. a 
Standard fitted curve is shown with χ2 close to 1 and residuals showing no noticeable system-
atic variations. b Representative color-coded image of NAD(P)H lifetimes in Huh7 cells and c 
NAD(P)H fluorescence intensity. Scale bar = 10 μm
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of protein bound NADH. Thus, the value of a1/a2 ratio is inversely related to the 
metabolic activity.
In the case of frequency-domain or phase-modulated light, the fluorophores are 
excited with intensity-modulated light. The intensity of the excited light is modu-
lated at a high frequency typically around 100 MHz, so its reciprocal frequency 
is comparable to the reciprocal of decay time τ [3]. The fluorescence emits at the 
same modulation frequency but phase shifted due to the delay caused by the life-
time of the fluorophore relative to the excitation time. This delay is measured as 
a phase shift (φω), which can be used to measure the decay time, where ω is the 
modulation frequency in radian/sec. The lifetime of the fluorophore also cause 
demodulation to the modulated excitation beam by a factor mω, by introducing 
changes in the peak-to-peak power as a function of the decay time and light modu-
lation frequency. Suppose the modulation of the excitation is given by b/a, where 
‘a’ is the average intensity and ‘b’ is the peak-to-peak height of the incident light. 
And the modulation of the emission is also defined as B/A. The modulation of the 
emission relative to the excitation is measured as, m = (B/A)/(b/a).The phase angle 
(φω) and the modulation can be employed to calculate the lifetime using (26.4.5) 
and (26.4.6).

Note that, if the intensity decay is a single exponential, then (26.4.5) and (26.4.6) 
yield the correct lifetime. If the intensity decay is multi-exponential, then (26.4.5) 
and (26.4.6) yield apparent lifetimes that represent a complex weighted average of 
the decay components [42]. The time-domain and frequency-domain are related 
to each other through Fourier transform. Time-domain data have intensity values 
in subsequent time channels, whereas, frequency-domain translate into amplitude 
and phase values at multiples of the signal repetition rate [3].

26.5  Applications of FLIM/FRET and Significance

Spectrally resolved fluorescence microscopy technique easily discriminate differ-
ent fluorophores. FLIM has the novelty in discriminating different fraction of the 
same fluorophore in different state of interaction with environment or in various 
structural conformations. FLIM technique is very sensitive to the environmental 
conditions which can be measured through lifetime of the inherent fluorophore. 
Thus, FLIM is a desirable tool to investigate molecular effects inside cells and tis-
sues by detecting the lifetime of autofluorescent molecules present in unknown 
at various concentration-in body physiology [2, 42, 43]. The parameters effect 

(26.4.5)tan φ = ωτφ τφ = ω−1 tan φ

(26.4.6)m =
1

√
1+ ω2τm2

τm =
1

ω

[

1

m2
− 1

]1/2
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the fluorescence lifetime at a specific cellular condition. Some of them are listed 
below:

1. Binding of a fluorophore to protein and protein configuration: The fluores-
cence lifetime is sensitive to the conformational changes and surroundings of 
a fluorophore [9]. The fluorophore may bind with biomolecules; membranes, 
enzymes or proteins in the cellular system which in turn change the internal 
non-radiative decay profile. The fluorescence lifetimes of endogenous fluo-
rophores NADH and FAD are different upon binding to the protein during 
the electron transport chain [44, 45]. Both the relative components of pro-
tein bound and free as well as their lifetime are sensitive to the metabolic 
state of cells and tissues [31–33]. Vladimir et al. have used FLIM to moni-
tor cellular metabolism in a culture of HeLa cells by detecting the change 
in NADH lifetime and relative components of free and bound forms. It 
have been illustrated the capacity of NADH-FLIM to properly characterize 
the metabolism of normal and pathological states to reveal the dynamics of 
NADH lifetime at different cell densities, cell death pathways, and inhibition 
of mitochondrial electron transport chain [27]. The real time event of bacte-
rial infection on cell in situ has been studied non-invasively by Buryakina 
et al. They have observed decrease in metabolic activity in terms of NADH 
free to protein bound ration with time passes after infection, which they 
compare with STS induced cell death process [28]. A similar kind of study 
reported by Nirmal Mazumder et al., in alteration of cellular metabolism by 
domain 2 of the Hepatitis C virus core protein. Their findings suggest that 
HCV causes a shift of metabolic control away from the use of the co-enzyme 
in mitochondrial electron transport and towards glycolysis, lipid biosyn-
thesis [46]. FLIM has also contributed in stem cell research. Koning et al. 
have imaged 3D-stem cell spheroids during differentiation by NADH-FLIM. 
Their findings elucidate that stem cells increased their autofluorescence life-
times and decreases their total fluorescence intensity during the adipogenic-
differentiation process [47]. Not only in cellular levels, NADH-FLIM has 
also been used to study different layers of the skin tissue from epidermis 
to dermis layer; components in skin autofluorescence in various skin strata; 
imaging and quantification of coexisting drugs and their metabolites; skin 
pH; nanoparticle zinc oxide skin penetration; liposome delivery of drugs 
to deeper tissues; and observations in skin ageing and in various skin dis-
eases [37]. Work has also been done on ex vivo human skin deterioration by 
using NAD(P)H auto-fluorescence intensity and lifetime imaging to assess 
ischemic necrosis at different temperature [48]. Recently Deka et al., have 
studied wound healing process in vivo by monitoring the relative metabolic 
activity of cells involved in the process. They have used rats to create some 
fresh wounds and studied the time lapsed dynamics of the metabolic activity 
in terms of relative ratio of the component of free and protein bound NADH. 
They conclude that, if wound healing can be divided into three main phases, 
such as inflammation, proliferation and remodeling, then metabolic activity 
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is higher during first phase and gradually decreases in the successive phases 
[38]. Multiphoton FLIM is also a powerful tool for the noninvasive charac-
terization and detection of cancers and pre-cancers tissues [49]. Low-grade 
pre-cancers (mild to moderate dysplasia) and high-grade pre-cancers (severe 
dysplasia and carcinoma) can be discriminated from normal tissues by their 
decreased protein-bound NADH lifetime. Inhibition of cellular glycolysis 
and oxidative phosphorylation in cell mono-layers produces an increase and 
decrease, respectively, in the protein-bound NADH lifetime, which indicates 
the decrease in protein-bound NADH lifetime with dysplasia is due to a shift 
from oxidative phosphorylation to glycolysis, consistent with the predic-
tions of neoplastic metabolism [49]. Recently, it is reported that FLIM-FRET 
technique can be used to investigate interaction between two endogenous 
auto-fluorescent molecules; tryptophan and NADH. Higher quenching of 
tryptophan lifetime is observed in response to the increase in protein-bound 
NADH as the cells were treated with glucose. This suggests the increase in 
interaction between tryptophan and NADH [33].

2. pH indicator: Many auto-fluorescing molecules in biological system are a pro-
tonated and a deprotonated form. The equilibrium depends on the pH, if the 
protonated and deprotonated forms have different lifetimes; the apparent life-
time is an indicator of the pH. Intracellular pH is one of the most important 
factor for understanding physiological states of cells, and significant changes in 
intracellular pH occur in close relationship with a variety of cellular functions 
such as ion transport and cell cycle [50, 51]. Ogikubo et al., observed that fluo-
rescence lifetime of NADH become shorter monotonically with increasing pH, 
which indicates that the intracellular pH of a single cell can be evaluated using 
fluorescence lifetime imaging of NADH [52].

3. Local viscosity: Fluorescence lifetime is sensitive to molecular rotation. There 
are auto-fluorescing molecules that have higher degree of internal flexibility. 
Change in rotational behavior in a fluorophore can introduce a difference in 
internal radiation less decay profile. Usually the rotation of a molecule is sen-
sitive to the viscosity of the surrounding solvent medium [53]. Diffusion rate 
of species in condensed media is a function of the viscosity of the medium. 
In bio-systems, changes in viscosity have been linked to disease and malfunc-
tion at the cellular level [54, 55]. The perturbations in viscosity are caused 
by changes in mobility of chemicals within the cell, influencing fundamental 
processes such as signaling and transport and the efficiency of bimolecular 
processes governed by diffusion of short-lived intermediates, such as the dif-
fusion of reactive oxygen species during an oxidative stress attack. It has been 
reported on imaging local micro viscosity using the fluorescence lifetime of 
a molecular rotor [53]. In principle, theoretically changes in autofluorescence 
lifetime of cellular bio-molecules at deferent biological situation can be a 
marker of a specific viscosity of the cytosol.

4. Presence of other molecule, atom or ions in proximity or change in their con-
centration: Quenching of autofluorescence lifetime of some bio-molecules 
can be related to the interaction with intermediate reactive species or ions. In 
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neuronal system, signaling is mainly mediated through Ca2+ and Cl+ ion dis-
charge [54, 55]. Influx of these ions can trigger metabolic changes in mito-
chondria, endoplasmic reticulum or other intra cellular compartments, which 
in-turn can change their lifetime of intracellular fluorophores. Oxygen is 
also an efficient fluorescence quencher for a number of fluorophores [2, 42]. 
Oxygen has strong effect on the fluorescence lifetime of the endogenous 
fluorophores NADH and FAD. Its effect on the redox state can be measured 
through the reduced NADH, whilst oxidized NAD+ is not. Interestingly, the 
oxidized form of the cell redox marker FAD/FADH shows the opposite effect, 
i.e. FAD is fluorescent, whereas FADH is not. Chance et al. defined ‘redox 
ratio’ is a direct indicator of the amount of oxygen used in the mitochondria 
of the cells [56, 57]. Effects of oxygen probably exist for other endogenous 
fluorophores as well [58]. Oxygen-induced lifetime changes can be expected 
to become important research area with the introduction of FLIM into clinical 
applications.

26.6  Conclusion

FLIM is a unique technique with huge potential and application in biomedical 
field. However, autofluorescence lifetime comes with few inconveniences, since 
high photon count is required for best FLIM statistical analysis. Autofluorescence 
occurs with less photon counts and it causes problematic for double exponen-
tial data fitting. Additionally, in case of biological samples there is a possibility 
for more than one fluorophores in a single pixel, which brings a huge difficulty 
in interpreting the data. Those problems can be addressed by using an improv-
ing the microcopy technique and analyzing algorithm. The photo statistics can 
be improved with combination of high sensitive detector and cooling system. 
Introduction of hybrid detectors with GaAsP cathodes can solve the problem 
[59]. The phasor plot, a new algorithm for the FLIM data analysis, helps to detect 
different fluorophores at each pixel of the image frame. Application of phasor 
approach helps to analyze the lifetime decay in great detail even if the number 
of fluorophore is more than two, where number of photon count is not a serious 
issue [60]. With the new invention of techniques and algorithm FLIM can be a 
potential tool in clinical diagnosis, such as skin wound healing study and cancer 
detections [28, 38]. It will be a great future perspective if FLIM technique become 
multimodal with coherent anti-Stokes Raman scattering microscopy (CARS) [61], 
high resolution microscopy systems like stimulated emission depletion micros-
copy (STED) [62], stochastic optical reconstruction microscopy (STORM), photo-
activated localization microscopy (PALM), near-field scanning optical microscopy 
[63]. TCSPC can investigate the fast dynamic changes in metabolic activity by 
recording the data in time series by stimulating the sample repeatedly which trig-
gered accumulation of a time series [64].
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27.1  Introduction

In recent years, biomedical imaging technology has made rapid advances that 
enable the visualization, quantification, and monitoring of morphology and func-
tion. There are several tomography modalities which are currently used in clin-
ics, such as computed tomography (CT), positron emission tomography (PET), 
magnetic resonance imaging (MRI), ultrasound (US), etc. These modalities have 
been developed for in vivo structural and functional imaging in humans, but fre-
quently require large, expensive and complex systems. The penetration depth of 
these tomographic techniques is long, but the spatial resolution is typically on the 
order of several millimeters or hundred of micrometers.

Currently, the use of optical tomographic techniques for biomedical imaging is 
gaining considerable attention. Optical coherence tomography (OCT) is one of a 
class of optical tomographic techniques. It was developed in 1991 and is analo-
gous to ultrasound B-mode imaging except reflections of near-infrared light are 
detected rather than sound. The attractive features of OCT include high cellular-
level resolution, real-time acquisition rates, no exogenous fluorophores are neces-
sary in a compact noninvasive instrument. Repeated OCT imaging also reduces 
the need to sacrifice specimens to obtain histological images. In particular, the 
development of new broad bandwidth light sources has led directly to ultrahigh 
resolution OCT (UHR OCT). For example, the combination of superluminescent 
diodes with different central wavelengths into one broadband sources [1] and the 
use of mode-locked solid state lasers [2–4] or supercontinuum light source [5–8] 
have all been proposed in the literature. The subcellular axial resolution (1–5 μm) 
now available from these advances has made it possible to obtain in vivo OCT 
tomograms close to the level of histology, which holds enormous promise for early 
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cancer detection and the assessment of tissue pathologies [9, 10]. Therefore, OCT 
can function as a type of “optical biopsy”, enabling visualization of tissue micro-
structure with a resolution approaching that of histology, but without the need for 
tissue excision and processing.

OCT’s development was initially started by researchers who were trying to find 
a way to see the minute details of the layers of the retina. Initial OCT technol-
ogy was licensed by MIT to Carl Zeiss, which commercialized the technology for 
ophthalmic applications, released its first unit in 1996, gained FDA clearance in 
2002, and has sold more than 6,000 of its Stratus OCT™ systems to date. Now, 
OCT has become a key diagnostic technology in the areas of ocular diseases and 
the microscopic changes associated with treatment. Although OCT was originally 
developed for the field of optometry, it has now been applied to a wide range of 
biological, medical, and materials investigations.

27.2  Overview of Optical Coherence Tomography

OCT is based upon low coherence interferometry. In conventional Michelson inter-
ferometer with coherence light source, interference of light occurs over a distance of 
meters. In OCT which using low coherence sources, this interference is shortened to 
a distance of micrometers. This is because any light that is outside the short coher-
ence length will not interfere. Thus, by scanning the mirror in the reference arm of a 
Michelson interferometer, a reflectivity profile of the sample can be obtained (this is 
time domain OCT). This reflectivity profile, called an A-scan, contains information 
about the spatial dimensions and location of structures within the item of interest. 
Areas of the sample that reflect back a lot of light will create greater interference 
than areas that don’t. A cross-sectional tomograph (B-scan) may be achieved by 
laterally combining a series of these axial depth scans (A-scan). En face imaging 
(C-scan) at an acquired depth is possible depending on the imaging engine used.

Further developments in the refinement of OCT is the transformation of tech-
nology from the “time-domain” OCT to the “Fourier domain” OCT (FD-OCT). 
In FD-OCT, the reference path length is fixed and the detection system is replaced 
with a spectrometer. FD-OCT of this type has been called Spectro-domain OCT 
(SD-OCT). The detected intensity spectrum is then Fourier Transformed into the 
time domain to reconstruct the depth resolved sample structure. FD-OCT can also 
be performed using a single detector by sweeping the source spectrum and detect-
ing the intensity due to component frequencies. FD-OCT of this type has been 
called swept source OCT (SS-OCT), and has been demonstrated using a tunable 
laser. Scientific studies have shown that the change from TD to FD detection ena-
bles one to increase the acquisition rate over 100 times. Since that no moving parts 
are required, the full axial image can be retrieved through a Fourier transform of 
the spectral interferogram, with the speeds limited by the electronic capture rate of 
the imaging sensor, currently greater than 300 kHz for both FDOCT approaches 
can be achieved.



48527 Optical Coherence Tomography for Quantitative Diagnosis …

The advances of high-speed and high resolution OCT instruments during the 
past 5 years have opened new fields of applications and perspectives for further 
development of OCT imaging. Moreover, the use of fiber-optics and the ability 
to combine with endoscope and catheters allows OCT to access the small parts 
of the body. Therefore, doctors can actually use OCT not only on the body but 
within the body. For example, from the mid-1990s, the ability of intravascular 
optical coherence tomography (OCT) to provide high-resolution (10–20 μm) 
cross-sectional images of both in vitro human aorta and coronary arteries was 
demonstrated [11, 12]. Moreover, OCT has also been shown to quantify plaque 
macrophage content [13] in lipid-rich plaques and to assess the success of 
intracoronary stent implantation in patients with coronary artery disease dur-
ing percutaneous intra-arterial procedures [14]. Also, functional imaging based 
on Doppler flow, spectroscopy, and polarization is possible. Following sections 
review our previous works by constructing SS-OCT and PS-OCT systems for 
quantitative diagnosis in cardiology research.

27.3  Applications of Quantitative OCT

27.3.1  Rapid Quantification of Heartbeat Parameters  
in Drosophila Using Swept Source Optical Coherence 
Tomography (SS-OCT)

Drosophila melanogaster has been a useful myocardial model for investigating 
human heart disease. In previous studies using time-domain (TD) OCT, given 
the limitation of imaging speed, a number of heartbeat parameters have been 
obtained by manual counting. By using the recently developed frequency-swept 
lasers, making real-time B-mode and Doppler OCT imaging possible [15–17], 
high-throughput studies in Drosophila are now feasible. Figure 27.1 demon-
strates a two-dimensional (2D) OCT images, which were obtained in the longi-
tudinal direction. The arrows in Fig. 27.1a, b identify the conical chamber (CC) 
of the heart. After acquiring several 2D images, a 3D reconstructed image can 
be obtained, as shown in Fig. 27.1c. Moreover, by continuous in-depth scans in 
the midline of a fly’s cardiac chamber over time, an M-mode OCT images were 
obtained, as demonstrated in Fig. 27.2.

Currently, we proposed a rapid OCT-based method for obtaining quantitative 
cardiac parameters from adult flies. Briefly, we adopted the random walker algo-
rithm for semiautomatic cardiac chamber segmentation in B-mode OCT images. 
As shown in Fig. 27.3, Random walker is a semiautomatic segmentation method 
based on graph theory by Leo Grady [19]; it requires that the user give some 
labels as input seed points for the cardiac chamber area and background. First, 
we created an initial set of seed points for the random walker algorithm on the 
first frame. In the next frame, the cross-sections of the heart tube are automatically 
segmented in a total of 2,000 frames (i.e. Fig. 27.3e), and the size of the inner 
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margin is represented by area for each Drosophila. Then, depending on the his-
togram distribution of the changing area during each heartbeat cycle, an optimum 
threshold can be chosen automatically by an iterative process [20], as demon-
strated in Fig. 27.3f. Thus, each heart period (HP) is subdivided into two meaning-
ful sections, which are used to represent diastolic and systolic intervals (DI and 
SI), respectively. These two parameters are important for detailed heartbeat anal-
ysis. The proposed method combines high-speed swept-source OCT (SS-OCT), 

Fig. 27.1  a A representative B-mode OCT image. The arrow shows the coni-cal heart chamber 
(CC), b in longitudinal orientation. c 3D reconstructed OCT image

Fig. 27.2  A representative M-mode OCT image in 1-week-old fly [18]

Fig. 27.3  The process of implementation of the autosegmentation algorithm. a Original image. 
b Enhanced image. c Related probability distribution. d, e Red circle indicates the heart segmen-
tation result. f Change in area inside the segmented boundary of the heart tube in two heart peri-
ods [18]
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for optical recording of beating hearts, with robust, semiautomatic analysis to 
rapidly detect and quantify, on a beat-to-beat basis, not only heart rate (HR) and 
HP but also DI and SI, and end-diastolic (EDA) and end-systolic area (ESA). 
These parameters can be used to determine dynamic parameters of heart function, 
including the arrhythmia index (AI) and percent fractional shortening (%FS) [18].

Figures 27.4 summarize eight heartbeat parameters of male Drosophila w1118 
derived and quantified by our automated algorithm, in their first, third, fifth, and 
ninth week, respectively. Data points represent the mean [±standard error of the 
mean (SEM)] for 10 files per datum point. The quantitative heartbeat param-
eters measured using our proposed method show that as flies age, HP lengthens 
(Fig. 27.4a), resulting in an age-related decline in HR (which is the inverse of HP; 
Fig. 27.4b). We also found that the age-dependent decrease in HR may be due to a 
disproportionate increase in DI, compared to SI, with age (Fig. 27.4c). Moreover, 
the current algorithm not only measures HR but also quantitatively expresses the 
age-dependent increase of heartbeat arrhythmicity (i.e., AI), which may be due to 
large variations in DI associated with age, particularly when comparing flies in 
their fifth and ninth weeks of age (Fig. 27.4d).

The Renin-angiotensin system (RAS) is an important regulator of blood pres-
sure homeostasis, in which the protease renin cleaves the angiotensinogen into 
the angiotensin I (Ang I), followed by further cleaving of the Ang I by the angi-
otensin-converting enzyme (ACE) into angiotensin II (Ang II), thereby resulting 
in blood vessel contraction and hypertension [21]. Prior studies have established 
the necessity of Angiotensin-converting enzyme-related (ACER) gene for the 
heart morphogenesis of Drosophila. Nevertheless, the physiology of ACER has 
yet to be comprehensively understood. Herein, we employed RNA interference 

Fig. 27.4  Cardiac parameters in male Drosophila w1118 at 1, 3, 5, and 9 weeks of age showing a 
HP, b HR, c DI and SI, d AI, e EDA and DSA, and f FS [18]
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to down-regulate the expression of ACER in Drosophila heart and the abobe 
mentioned quantitative analysis to assess whether ACER is required for cardiac 
functions in living adult flies. We found that several contractile parameters of 
Drosophila heart, including the HR, EDD, ESD, FS, and stress-induced cardiac 
performance, are age dependent. These age dependent cardiac functions declined 
significantly when ACER was down-regulated. The age-dependent physiological 
functions of the heart were significantly reduced in ACER knock-down flies, as 
shown in Fig. 27.5 [22].

27.3.2  PS-OCT Imaging and Quantitative Characterization 
of Human Atherosclerosis

Polarization sensitive OCT (PS-OCT), a functional mode of OCT, combines the 
advantages of OCT with additional image contrast obtained by using the birefrin-
gence of the specimen as a contrast agent. Many biological tissues have microscopic 
fibrous structure and as a result of intrinsic birefringence. For, example, Fig. 27.6 is 
the in vivo swept source PS-OCT images demonstrating intrinsic birefringence prop-
erties in a human nail. The reflectivity image (Fig. 27.6a) reveals several structures 
including epidermis, dermis, cuticle, nail plate, and nail bed. The retardation image 
(Fig. 27.6b) displays the PR values in color-coding from 0° (blue) to 90° (red). If 
the sample was non-birefringent, no phase retardation was observed (0°, blue). A 
value of 90° (red) corresponded to a phase lag of a quarter wavelength between two 
orthogonal polarization directions due to birefringence. White arrows denote the 
birefringent layers. Since changes in birefringence may indicate changes in func-
tionality, structure, or viability of tissues in the early stages of disease [23]. From 
2004, we presented the first application of PS-OCT in human atherosclerosis, and 
proposed an approach to characterize a plaque lesion based on its birefringence 
property [24–26]. For demonstration, two fibrocalcific plaques are shown in 

Fig. 27.5  Cardiac parameters in male wild-type control (twi-24B gal4/+) and ACER silencing 
lines (twi-24B > ACER-Ri9) at 1, 3, and 7 weeks of age showing a HR, b ESD, c EDD, and d 
%FS. Data points represent the mean (+SEM) for 20 flies per data point [22]
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Fig. 27.7. The PS-OCT image showed a large sharply delineated, signal-rich area 
of heterogeneous backscattering (Fig. 27.7b, f), and strong birefringence (Fig. 27.7c, 
g). Different structural orientations were also indicated by the PS-OCT image (i.e., 
different orientations of fast-axis angle signal in three parts of the tomogram; see 
Fig. 27.7h) but not by the H and E stained specimen (Fig. 27.7e). Because the calci-
fied lesion was damaged during the sectioning process, only a large empty hole with 
a few calcified fragments appeared within the calcified plaque. We found that the 
normal vascular intima has a low intrinsic birefringence property, while change in 
birefringence characteristics was apparent in fibrous and calcified plaques and dif-
fered from that in normal vessels and lipid loaded lesion.

Moreover, we also assessed arterial characteristics in human atherosclerosis by 
quantitatively determining several optical properties of vessel tissue from PS-OCT 
images [26–28]. Based on our findings, a quantitative PS-OCT image criterion 
for plaque characterization was constructed. Briefly, following PS-OCT imaging, 
an algorithm was used to determine both scattering and birefringence properties 
of vessel tissue from the PS-OCT images. First, the user selected regions corre-
sponding to those evaluated by histopathology from different area of the images. 
After laterally (i.e. along the x-axis) delineating and averaging the R, Φ, and β 
signals within each ROI, the μs and root-mean-square scattering angle (θrms), 
which can be used to calculate the effective anisotropy factor (geff = cos(θrms)), 
were extracted by fitting the reflectivity signals as a function of depth to an 
extended Huygens-Fresnel model [27–30]. Furthermore, Δn could be calculated 
by linear least-squares fitting through the averaged Φ data over the depth of the 
ROI and then determined its slope. In addition, the mean fast-axis angle calcu-
lated by averaging across the width of the ROI at each depth could be determined. 
The extracted data, μs, geff, Δn, and β are summarized in Fig. 27.8, where each 
box shows the median, 25th and 75th percentiles, and extreme values within a 
category. Open circles and stars indicate outlier data.

Fig. 27.6  In vivo PS-OCT 
images of a human nail 
fold. a Reflectivity image: 
a epidermis; b dermis; c 
cuticle; d nail plate; e nail 
bed. b Retardation image. 
White arrows denote the 
birefringent layers
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Our preliminary data indicated that more than 80 % normal arterial sam-
ples had μs between 10 and 39 mm−1 and have significant differences from 
other different types of plaques (p < 0.05), which is consistent with results 
obtained by Levitz [29]. From the multiple comparison tests, we also noticed 
that the significant difference in scattering property exists between fibrous and 
fibrocalcific plaques. These findings are consistent with results obtained with 
qualitative image-based plaque characterization methods where fibrous and 
fibrocalcific plaques can be distinguished by the signal-rich versus signal poor 
region [31, 32]. However, the effective anisotropy factor demonstrates no signif-
icant difference between normal and other atherosclerotic lesions (p = 0.104), 
perhaps because the geff of the fibrocalcific and fibrous lesions were correlated 
with the μs and Δn properties, respectively. In relation to the birefringence 
property of the vessel that has not yet been quantitatively analyzed before. 
β values in the most atherosclerotic lesion were over 70°, whereas smaller 
β values were presented in most fit areas of normal vascular intima. The Δn 
values were small and more concentrated in normal intima, but demonstrated 
larger variations in the entire atherosclerotic lesion. Both β and Δn values have 
 significant differences between normal arterial vessel and other different types 
of plaques (p < 0.05).

Fig. 27.7  Histological and PS-OCT images of fibroucalcific plaques: a, e Histology (H and E); 
b, f Back-scattered intensity image; c, g Phase retardation image (linear color scale degrees); d, h 
Fast-axis angle image (linear color scale degrees) [26]
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27.4  Summary

It is well known that optical properties can be used to indicate whether a tissue 
is in a normal or pathological state. Accurate knowledge of optical properties is 
essential for optimum use of light in diagnosis and treatment of diseases. OCT 
can provide not only subsurface morphology but also functionality. Combining 
with quantitative parameters extraction, OCT can be a quantitative diagnosis 
tool for monitoring the morphological and functional changes. For example, in 
our study of quantification of heartbeat parameters in Drosophila, our findings 
are consistent with results obtained with a movement detection algorithm by 
Fink et al. [33]. Ocorr et al. [34] also suggested that age-related cardiac dys-
function in the fly heart is due to a decrease in the efficacy of cardiac relaxation. 
Since age-dependent decreases in intrinsic HR, and increases in the incidence of 
AI, have also been documented in humans [35–38], our observation of the age-
related changes in heart function of flies has correlates in humans. Regarding 
to our study of quantitative characterization of human atherosclerosis, collagen 

Fig. 27.8  Distributions of μs, geff, Δn, and β in normal vascular intima (N), lipid laden (L), 
fibrous (F), and fibrocalcific (C) plaques [27]
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fiber constitutes up to 60 % of the total atherosclerotic plaque protein, uncon-
trolled collagen accumulation leads to vascular stenosis, whereas excessive 
collagen breakdown weakens plaques making them prone to rupture. Thus, by 
quantifying the collagen content in atherosclerotic lesions may provides sig-
nificant pathophysiological information, and influence clinical decision-making 
in patients with risk factors. The quantitative information on both arterial scat-
tering and birefringence properties can also be integrated with the qualitative 
visual information provided by PS-OCT images that will be supportive for facil-
itating image-based plaque characterization method. Our preliminary results 
present an important step in validating this new imaging modality and will 
provide a basis for the interpretation of PS-OCT images obtained from human 
specimens. However, an analysis from a much larger set of specimens and the 
analysis considering of the effect of cluster data (i.e. specimens come from the 
same person) will be required in the future for developing a more suitable pre-
diction model.
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28.1  Introduction

Since the time of Janssen and Hooke, optical microscopy has made great impact to 
human civilization. There are several important parameters in optical microscopy, 
including contrast, resolution, penetration depth, noninvasiveness, etc. Among 
them, contrast might be the most important factor. During the last century, the 
most significant progresses in the field of optical microscopy are the advancement 
in new contrast mechanism, such as phase contrast, and differential interference 
contrast techniques. On the other hand, spatial resolution, i.e. how small a feature 
can be distinguished, is another equally important parameter as contrast. However, 
in late nineteenth century, a German scientist Ernst Abbe proved that the resolu-
tion in optical microscopy is restricted by the diffraction limit, which states that 
the best optical resolution is about half of wavelength.

Rigid mathematical proof of diffraction limit can be found in many text-
books, see for example [1, 2]. Alternatively, here I would like to provide an intui-
tive explanation toward the concept of diffraction limit. According to Arnold 
Sommerfeld, diffraction can be broadly defined as “any deviation of light rays 
from a rectilinear path which cannot be interpreted as reflection or refraction.” 
Experimentally, diffraction refers to the phenomenon of light bending at the edge 
of an obstacle. When a beam of light passes through a tiny hole in space, a con-
centric diffraction pattern is formed. It is well known that the smaller the pinhole, 
the larger is the divergence angle, and thus the larger is the central lobe of the dif-
fraction pattern on screen.

When a parallel beam is focused by a converging lens, it forms a focus at one 
focal distance from the lens. In the viewpoint of ray optics, the effect of the 
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converging lens is to bend every ray in the beam to form a tight focus. If there is no 
effect of diffraction, the focus should be infinitesimal. However, with diffraction as a 
natural property of light, when a light beam is focus into a small region, diffraction 
results in divergence of the beam, similar to the case of pushing the beam through a 
pinhole. During the progress of focusing a light beam, the size of the beam becomes 
smaller and smaller when moving toward the focus, and thus the diverging power 
from diffraction becomes larger and larger. In the vicinity of focal point, the converg-
ing power of the lens reaches equilibrium with the diverging power of diffraction, 
resulting in a spot size with finite diameter. Therefore, the focus spot is never infini-
tesimal with the presence of diffraction, and that’s why this effect is named diffrac-
tion limit.

Under plane wave incidence, the focus exhibits the Airy pattern, whose size can 
be derived through Fraunhofer diffraction theory. In modern microscopy, the image 
of a point light source, i.e. point spread function (PSF), also exhibits the Airy pat-
tern. It is because that the emission of the point light source is first transformed into a 
plane wave by an objective, and then projected to form an image via another camera 
lens. Considering two adjacent point sources, the resolution of optical microscopy 
can be defined when the center of the Airy pattern generated by one point source 
falls exactly on the first zero of the Airy pattern generated by the other, known as 
Rayleigh criterion [2]. The minimal resolvable separation is approximately d = �

2NA
, 

where λ is wavelength, and NA is numerical aperture of the lens system.
During the past century, there have been numerous theoretical and experimental 

attempts to increase resolution in optical microscopy. In the last decade, several 
clever techniques are invented to push optical resolution over diffraction barrier. 
There have been many in-depth reviews of the recent progress of superresolution 
microscopy, just to list a few [3–8]. The purpose of this review is to illustrate the 
fundamental principle of superresolution microscopies, and describes the latest 
progresses in the improvement of contrast mechanism in this active field.

28.2  Fundamentals of Superresolution Microscopy

28.2.1  Spectral Separation with Localization

Currently, most superresolution techniques rely on nonlinear properties of fluores-
cence, including saturation and switch on/off effects. Let’s start from the simplest 
case to illustrate the basic principles. Imagine a blue laser forms a microscopic 
focus, and that there are two fluorescent molecules located within the focus, as 
shown in Fig. 28.1a. Due to diffraction, the image of individual fluorescent mol-
ecule, which can be viewed as a point source, exhibits the Airy pattern. When 
the distance between the two molecules is less than the Rayleigh resolution crite-
rion, the Airy patterns are overlapped and the two molecules cannot be resolved. 
However, there is one special case that the two molecules can be distinguished, 
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i.e. when their emission wavelengths are different. In this case, the emission of 
the two molecules can be easily separated via filters, so that we know there are 
two molecules within the focus. However, this spectral separation along does not 
increase spatial resolution. Here we shall introduce an important concept called 
localization, which is the key step toward superresolution.

The fundamental concept behind localization is that the center of the emission 
profile (Airy pattern) should correspond exactly to the position of the molecule. 
Therefore, by collecting enough photons from an individual fluorescent molecule, 
the center of the emission profile can be found by fitting with the two-dimensional 
Airy function or the Gaussian function. The more photons that are collected, the 
more precise is this localization process. To the first order of approximation, the 
precision is proportional to the inverse square root of the number of collected 
photons. Therefore, the resolution of localization microscopy can be estimated as 
d ≈ �

2NA
√

Nph
, where Nph is the number of collected photons from individual fluo-

rescence molecule.
In 1996–1997, Prof Christoph Cremer and his colleagues in Germany demon-

strated localization of fluorescent samples, with accuracy as high as 1 nm, lay-
ing down the foundation for fluorescence localization microscopy [9]. Later on, 
they proposed to use fluorescent molecules with different spectral emission wave-
length to enhance microscopy resolution, termed as spectral precision distance 
microscopy (SPDM) [10, 11]. The basic principle is outlined in Fig. 28.2. When 
there are a lot of fluorescent molecules in the sample, their fluorescence can be 
distinguished via spectral fingerprint, i.e. absorption spectrum, emission spec-
trum, and/or fluorescence lifetime, etc. In Fig. 28.2, we show the case that emis-
sion spectra are different among fluorophores. In the diffraction-limited imaging in 
Fig. 28.2a, all different colors are mixed together. With the aid of barrier filters in 

Fig. 28.1  a Schematics of two point fluorescent sources (green and red dots) within a single 
excitation focus spot (blue) and their resulting emission photon distribution before localization 
(green and red lines). b When the emission wavelengths are different, it is possible to enhance 
resolution by localization, which can effectively reflect the position of molecule with higher 
precision
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a fluorescent microscope, it is possible to select out specific emission wavelength, 
as shown in Fig. 28.2b–d. It is important to control the labeling density of same-
color fluorophores to be low enough so that the distance between any two of the 
same-color fluorophores is larger than diffraction limit. In this case, high-precision 
localization of individual fluorophore is allowed, no matter how many different 
labelings are used, and the resultant image looks like Fig. 28.2e.

28.2.2  Switch On/Off (Temporal Separation)  
of Fluorescence with Localization

Other than spectral separation, in the case that the two adjacent molecules exhibit 
same fluorescent wavelengths, we need different methods to distinguish them. 
A possible way is to separate the fluorescence emission temporally, as shown in 
Fig. 28.3. In Fig. 28.3a, when both fluorophores emit fluorescence at the same 
time, it is not possible to resolve them with conventional optics. If there is a 

Fig. 28.2  a Isolated molecules arranged in an “NTU” pattern, which were labeled with several 
different colored fluorophores. When observed with a diffraction-limited microscope, the image 
is significantly blurred. b–d With the aid of filters, it is possible to split different wavelength 
channels. With appropriate labeling strategy, the density of same-color fluorophores is not too 
high, enabling the localization process for each type of fluorophores. e By combining the locali-
zation results of individual fluorophores, the detailed distribution of molecules is found
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method that allows the two fluorophores to emit at different timing, it is possible 
to distinguish the fluorescence from them (Fig. 28.3b). Then localization calcula-
tion can be performed on individual PSF (Fig. 28.3c), and as the result, the effec-
tive resolution is greatly enhanced (Fig. 28.3d).

That is, if the fluorescence emission from individual fluorophores can be dis-
tinguished in time, superresolution microscopy can be achieved with the aid of 
localization. So the key question is how to achieve temporal separation of fluores-
cence. In principle, under wide-field illumination in conventional microscopy, all 
fluorescent molecules within the excitation field emit fluorescence simultaneously. 
The most important factor to achieve such temporal separation is the photoacti-
vable or photoswitchable fluorophores. Photoactivable means that the fluorophore 
is initially found in a non-fluorescent state (“off” state), and can be activated to 
become fluorescent (“on” state) via light illumination. On the other hand, photo-
switchable in general refers to reversible conversion between “off” state and “on” 
state, and the conversion is also controlled by light. Thanks to the quick devel-
opment of biochemical technologies, there has been a large set of photoactivable 
and photoswitchable fluorescent probes, organic or inorganic, that are suitable for 
superresolutioin applications [7, 12–14].

To achieve superresolution, in the initial state, all fluorophores have to stay 
in the “off” state. Then with the aid of an activation beam, a small portion of 

Fig. 28.3  a Schematics of two point fluorescent sources within a single focus spot and their 
resulting emission photon distribution before localization. In this case, the emission wavelengths 
of the fluorophores are the same. b If the fluorescent sources emit light sequentially, the photon 
distribution profiles can be collected individually. c With individually collected PSF, localization 
helps to reduce the full width at half maximum, and thus to enhance spatial resolution. d The 
resultant profiles are added together, to show a high-resolution distribution of fluorophores
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the fluorophores is turned into the “on” state. It is important that the activation 
(switch) probability has to be low enough so that within a diffraction-limited 
region, only one fluorophore is turned “on”. The localization calculation is then 
applied to each the  “on” molecule to find its central position. Since the preci-
sion of localization is strongly dependent on the number of photons collected from 
individual fluorophore, the photon emission from the “on” molecules needs to be 
maximized by driving the molecule until its bleaching. Once these specific fluoro-
phores have been bleached, they can no longer be turned on, so they will not affect 
the next activation/switch process.

The schematics of resolution enhancement in microscopy by temporal separa-
tion and localization are shown in Fig. 28.4. In Fig. 28.4a, which is a diffraction-
limited situation, a blurred image with red photoswitchable fluorophores is shown. 
In Fig. 28.4b–d, the sample is send into dark state initially, and a small group of 
fluorophores is switched “on” each time. Similar to the illustration in Fig. 28.2, as 
long as the density of “on” fluorophores is not too high, localization calculation 
can be applied to each PSF to determine the position of the fluorophore with high 
precision, effectively reduce the size of PSF. After repeating the switch on and 

Fig. 28.4  a Isolated fluorophores arranged in an “NTU” pattern, where the fluorescence exhibits 
the same emission wavelength. When observed with a diffraction-limited microscope, the image 
is significantly blurred. b–d With the capability to turn on only a small subset of fluorophores at 
one time, it is possible to separate the fluorescence among adjacent molecules. Localization cal-
culation is allowed to enhance resolution within this subset of “on” molecules. By repeating the 
switch process for many times, all fluorophores can be localized, resulting in a high-resolution 
image in (e)
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localization process for many times, a high-resolution distribution map of fluoro-
phores is reconstructed, as shown in Fig. 28.4e.

The representative methods in this category are photo-activated localization 
microscopy (PALM) [15, 16] and stochastic optical reconstruction microscopy 
(STORM) [17]. Their principles are basically the same: both rely on random acti-
vation of fluorophores within the specimen. In PALM, photoactivable fluorescence 
proteins or dye pairs are used, while in STORM, photoswitchable proteins are 
used. On the other hand, in STORM, photoblinking is adopted to separate the fluo-
rophores in time, while in PALM, photoactivation and subsequent photobleaching 
is the key factor to distinguish fluorophores. From the concept of localization, res-
olution of both techniques can be estimated as d = �

2NA
√

Nph
. With efficient fluo-

rophores, typically the resolution of PALM and STORM is around 20–30 nm in 
lateral direction. Axial localization has also been achieved with 50–80 nm resolu-
tion recently by introducing astigmatism [18], by bi-plane acquisition [19], or by 
adopting a double helix-shaped PSF [20].

The main limitation of such temporally separated fluorescence techniques is the 
speed of acquisition. Since only a very small subset of fluorophores are activated in 
a frame, it routinely requires accumulation of hundreds to a few thousands of images 
to form a complete image of the specimen. Even with a fast real-time camera that can 
capture 30 frames/sec, typically a few minutes are necessary to finish the superresolu-
tion imaging. There are currently various efforts to enhance the acquisition speed of 
localization microscopy, enabling the potential to monitor fast cell dynamics [21, 22].

28.2.3  Switch On/Off Fluorescence with Spatial 
Engineering of Beam Focus

In case we have the capability to turn on and turn off fluorescence signals as we 
wish, it is also possible to achieve superresolution without localization. In a gen-
eral context, assuming that the fluorescence can be turned on and off optically, 
and the turn-on and turn-off wavelengths are different, by spatially engineer the 
geometrical distribution of the two beams, it is possible to eliminate the fluores-
cence in the peripheral of the turn-on (excitation) focal spot, and thus enhance 
resolution. This concept can be realized under a laser-scanning scheme. As shown 
in Fig. 28.5a, when a diffraction-limited focal spot with correct excitation wave-
length (shown in blue) scans across a fluorescent molecule, the resulting spa-
tial distribution of fluorescence exhibits the Airy pattern. Imagine that there is a 
“magic” light with specific wavelength (shown in red) that can turn off fluores-
cence upon illumination. In Fig. 28.5b, by engineering the beam focus to be a 
hollow shape, when the turn-off beam scans across the fluorescent molecule, the 
molecule is only allowed to emit fluorescence in the hollow area, and thus the 
spatial resolution can be effectively enhanced. However, in Fig. 28.5b, there is no 
excitation light, so no fluorescence would emit. To realize such superresolution 
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microscopy, the turn-off beam (in donut shape) has to be aligned concentrically 
with the excitation beam, as shown in Fig. 28.5c. One important concept here is 
that the higher the intensity of turn-off beam, the better the resulting resolution, 
since the central hollow region that allows fluorescence emission becomes smaller, 
as shown in Fig. 28.5d.

Apparently, the key question is how to turn off fluorescence in a well-controlled 
manner? One of the most successful methods is proposed by Wichmann and Hell 
in 1994 [23]. Their simple but elegant method is to suppress spontaneous fluores-
cence emission by stimulated emission. When a fluorescence molecule is at the 
excited state, it can be driven back to the ground state via stimulated emission 
with an additional beam whose wavelength located at the red side of the spontane-
ous fluorescence band. Since the wavelength of stimulated emission is exactly the 
same as the incident photon that triggers the stimulated emission, it can be easily 
separated from spontaneous emission by a spectral filter. This technique is termed 
as stimulated emission depletion (STED) microscopy [24].

It is important to notice that the suppression effect is “saturable”. Since the 
number of excited fluorophores within a PSF is finite, with high intensity of turn-
off light, the fluorescence can be completely suppressed. For a specific labeling 
molecule with a certain density, saturation intensity can be defined as the required 
turn-off beam intensity that results in 50 % suppression of fluorescence emission. 
As a result, the resolution of STED microscopy can be estimated as d = �

2NA
√
I/IS

, 
where I is turn-off beam intensity, IS is saturation intensity [25, 26].

In Fig. 28.6, the concept of STED microscopy implementation is shown. 
Figure 28.6a presents the situation of conventional laser scanning microscopy, 
where a diffraction-limited excitation spot (blue color) scans across the sample, 
resulting in blurred fluorescent image (green color) in Fig. 28.6b. To implement 

Fig. 28.5  a When a focused excitation laser spot (blue color) scan across a tiny fluorescent 
source (green dot), a broad distribution of fluorescence, equivalent to the PSF, is formed in the 
detection channel (green line). b For the turn-off light (in red) that can suppress fluorescence, 
at focal point, it is shaped into a donut, where the intensity approaches zero in the center. When 
this pattern is scanned across the tiny fluorescent source, the fluorescence is only allowed in the 
center of the donut beam. c Combining both excitation and turn-off beams together, and scanning 
across the fluorescent source, the FWHM of the emission can be effectively reduced; i.e. resolu-
tion enhanced. The black dashed line represents the level of saturation intensity. d To achieve 
higher resolution, either the intensity of turn-off light is increased, or equivalently, the saturation 
intensity is reduced
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STED microscopy, an additional STED beam (red color) is converted into a donut 
beam via a phase plate or a birefringent plate [27], and is overlapped with the 
excitation spot. Both beams are scanned together across the sample, as shown in 
Fig. 28.6c. Since the effective resolution is enhanced with the aid of the STED 
beam, the scanning density has to be increased to cover the whole sample. 
Figure 28.6d shows the result of resolution enhancement with STED beam inten-
sity comparable to the saturation intensity. To further enhance spatial resolution, 
the STED beam intensity has to be much larger than the saturation intensity, and 
the scanning density has to be high enough, as shown in Fig. 28.6e. As a result, the 
detailed distribution of fluorescent sources can be revealed.

In principle, the resolution of STED microscopy is unlimited, before sample 
damage occurs. In most of the applications, STED provides resolution among 
30–80 nm. After its invention, this technique has been quickly adopted to study 
biological samples [28, 29], and has been extended to live-cell experiments [30–
32]. Currently, the best resolution that STED achieved is about 6 nm, relying on 
non-bleaching fluorescence from diamond color centers [33].

Fig. 28.6  a Isolated fluorophores arranged in an “NTU” pattern, where the fluorescence exhibits 
the same emission wavelength  (shown as green). In a conventional laser scanning microscope, 
a diffraction-limited spot is raster scanned across the sample, and the resultant blurred image is 
shown in (b). c To enhance resolution, the turn-off beam in donut shape is added together with 
the excitation beam, and scans across the sample. Note that since the effective PSF becomes 
smaller, the density of sampling should increase. As the result, d shows the resultant image 
with better resolution. e To further increase spatial resolution, the intensity of turn-off beam is 
increased, and the resultant image f shows clear distribution of individual fluorophores
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Compare to localization microscopy, the setup of STED microscopy is significantly 
more complex, and many factors such as timing/duration of excitation and STED 
pulses, quality of donut beam, and wavelength selection of STED beam, have to be 
considered. The intensity required for STED beam is typically higher than the inten-
sity requirement in PALM or STORM microscopy. However, in STED microscopy, 
superresolution is achieved without the need of any reconstruction and calculation 
processes, so it can avoid all the artifacts from the mathematical manipulations.

28.2.4  Saturation of Fluorescence with Temporal 
Modulation

Another possibility to enhance spatial resolution relies on the saturation of fluo-
rescence. It is known for a long time that with strong excitation intensity, fluo-
rescence can be saturated [34, 35]. The basic concept of enhancing resolution by 
saturation is not difficult to perceive, as shown in Fig. 28.7. In Fig. 28.7a, once 
again, a point fluorescent source at microscopic focus produces an Airy pat-
tern, whose intensity is higher in the center than in the peripheral. Therefore, 
as the excitation intensity grows up, saturation starts from the center, as shown 
in Fig. 28.7b. When the central part of the PSF is saturated, the peripheral part 
still maintains linear. So if we can extract the saturated part, the resolution can be 
effectively enhanced, as shown in Fig. 28.7c.

One way to extract the saturated part to enhance spatial resolution of optical 
microscopy is invented by Fujita et al. [36], with the name of saturated excita-
tion (SAX) microscopy. The idea is shown in Fig. 28.8. The key concept here is 
to add a temporal sinusoidal modulation (fm) to the excitation. In the peripheral 
part of the PSF, where the intensity is low and no saturation is occurred, the fluo-
rescence intensity follows exactly  the sinusoidal modulation. Thus, in the Fourier 

Fig. 28.7  a One point fluorescent source is inside an excitation focus spot, and its resultant PSF 
at detection channel. No saturation is found at low intensity of excitation. b When the excitation 
intensity grows up, saturation of fluorescence starts from the center. c By extracting the saturated 
part, the resolution can be effectively enhanced
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domain, there is only one frequency component (fm) for the fluorescence inten-
sity. On the other hand, in the central part of PSF, where the excitation intensity is 
higher and saturation can start to occur here, the fluorescence intensity no longer 
follows perfectly   the sinusoidal modulation. As a result, in the Fourier domain, 
components with harmonics of modulation frequency appear due to the nonlinear 
saturation. By using the harmonic terms (2 fm, 3 fm, …), it is equivalently to extract 
the saturated part, and thus the resolution can be enhanced. Note that the resolu-
tion enhancement is achieved in all three dimensions simultaneously.

Similar to STED microscopy, the implementation of SAX microscopy is com-
bined with a laser-scanning scheme. The diffraction-limited situation in laser scan-
ning microscopy is depicted again in Fig. 28.9a, b. With the capability to extract 
saturated part of fluorescence, the PSF of SAX microscopy is effectively reduced. 
By raster scanning the smaller PSF across a sample, as shown in Fig. 28.9c, fluo-
rescent image with higher resolution is obtained.

In principle, there is no resolution limit as long as extremely deep saturation 
can be reached. However, in practice, the saturation behavior, as well as resolu-
tion, is limited by the damage threshold of samples. Currently, the best resolution 
that has been achieved is about 100 nm [37]. Compared to STED and localiza-
tion microscopy, the resolution enhancement of SAX microscopy is lower. SAX 
microscopy has also been applied to live-cell observations recently [38].

28.2.5  Saturation of Fluorescence with Spatial Modulation

The last concept we shall introduce is based on saturation of fluorescence signals 
plus spatial modulation of excitation to enhance spatial resolution. We will start 
from resolution enhancement by spatial modulation of excitation, and then explain 
how incorporating saturation of fluorescence significantly improves the resolution.

Fig. 28.8  The concept of extracting saturated fluorescence signal with the aid of temporal 
modulation
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Structured illumination microscopy (SIM) [39] is introduced in year 2,000, and 
allows resolution enhancement by a factor of two. The basic principle is described 
in Fig. 28.10. In brief, the sample is illuminated with sinusoidal striped patterns, 
which is typically generated by a grating placed in a conjugated plane of image. 
The fine structures of the sample create the so-called Moiré fringe under such 
patterned illumination. By translating and rotating the striped patterns to acquire 
multiple Moiré fringes with different phases and angles, it is then possible to find 
out the high-resolution distribution of the underlying structure via reconstruction 
algorithms.

The resolution enhancement of SIM is two-fold compared to conventional 
wide-field microscopy. Competed with other superresolution microscopy, the res-
olution enhancement is not significant. But one major advantage of SIM is that 
most standard staining or fluorescent proteins can be used directly, no prerequisite 
of saturation or switching capability. In addition, it is wide-field observation, and 
only ten to twenty images are required to reconstruct high-resolution image, so the 
imaging speed can be relatively fast, especially when compared with wide-field 
localization microscopy. Axial resolution enhancement can be achieved by gener-
ating a special interference pattern, enabling three-dimensional SIM [40, 41].

Apparently, the resolution of SIM can be further enhanced if the period of 
sinusoidal modulation pattern is smaller. However, the minimal period of the pat-
tern is limited by the diffraction limit, so it is not realistic to reduce the period. 
Alternatively, the duty cycle of the modulation pattern can be changed by satu-
ration. The concept is shown in Fig. 28.11, where the width of the non-excited 
region becomes smaller due to saturation of fluorescence signals in the excited 
region [42, 43]. The technique is named as saturated SIM (SSIM). Similar to the 
principle of SIM, by phase shift and rotation of the grating sinusoidal patterns, 

Fig. 28.9  (a, b) Conventional laser scanning microscopy with a diffraction limited spot. c With 
the aid of SAX, the PSF becomes smaller when fluorescence is driven into saturation, resulting in 
better resolution in (d)
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better resolution can be obtained in SSIM via reconstruction. Since the width of 
non-excited stripes are smaller, more images with finer phase shift and rotation are 
required.

Similar to SAX, the resolution of SSIM is theoretically unlimited as long as 
deep saturation can be achieved before photodamage occurs. In practice, SSIM 
can provide 50-nm spatial resolution [43, 44].

Fig. 28.10  Schematics of SIM. a A grating pattern with sinusoidal modulated excitation inten-
sity is formed at the image plane. Excitation light is shown in blue while fluorophores are 
shown in green. b The resulting diffraction-limited fluorescence image from a recording cam-
era, showing the blurred image and the modulation pattern. c, d To achieve resolution enhance-
ment, the phase of the grating modulation pattern is shifted laterally. It requires at least three 
different phase shifts to enhance resolution in lateral direction. e, f The grating modulation 
pattern has to be rotated in at least three different directions, with additional three phase shift 
movement in each direction, to accomplish resolution enhancement in vertical direction. g In 
total (shift + rotation), it requires ten to twenty images to reconstruct an image with resolution 
enhanced by a factor of two
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28.3  Realization of Superresolution Microscopy Based on 
Non-fluorescence Contrast

For all the techniques mentioned above, the key concept to achieve superresolution 
relies on switching and saturation properties of fluorescence. However, fluores-
cence exhibits issues of photo-bleaching and switching reversibility after repetitive 
excitation. Recently, there have been several attempts to achieve superresolution 
without fluorescence. One possibility is to use saturation of absorption as contrast 
agents [45]. Our approach is to adopt saturation of scattering [46, 47]. In the fol-
lowing, we shall give a short introduction to our recent results.

Fig. 28.11  Schematics of SSIM. a, b The intensity of the grating pattern is increased to reach 
the saturation threshold, resulting in the narrowing of non-excited region. c, d Similar to SIM, 
phase shift is required to enhance lateral resolution. But in SSIM, more shifts are required to 
retrieve better resolution. e, f Rotation of the pattern is necessary to enhance resolution in verti-
cal direction. Again, because the width of stripe is smaller, more rotations are required. g After 
repetitive phase shifting in each rotation, a superresolution image is reconstructed
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It is well known that scattering from plasmonic particles is particularly strong 
with resonant excitation wavelength due to surface plasmon resonance (SPR), so 
we will examine the nonlinearity in scattering from metallic nanoparticles. The 
study of SPR has recently attracted extensive interests because it provides light 
manipulation capability for photonic integrated circuits, nano laser, biosensing, 
and near-field superresolution imaging applications [48–51]. The spatial resolution 
of plasmonic nano-imaging can be improved by incorporating nonlinear optical 
phenomena, such as coherent anti-Stokes Raman scattering [52, 53] and satura-
tion. To our knowledge, neither saturation, nor switching of scattering from SPR 
structures has been reported, but there are plenty of reports on saturable absorption 
of plasmonic nanoparticles embedded in dielectric matrix [54–56]. Since in nano-
particles, scattering and absorption are closely linked via Mie theory [57], we set 
out to examine saturable scattering in a single gold nanoparticle.

Figure 28.12a shows the attenuation spectrum of 100-nm nanoparticles, mani-
festing a clear SPR peak. Three different wavelengths, namely 405, 532, and 
671 nm, are selected for scattering measurement, and the corresponding saturation 
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Fig. 28.12  a The attenuation spectrum of 100-nm gold nanoparticles in oil, showing a SPR peak 
around 580 nm. b The dependency of scattering on excitation intensity for a single gold nano-
particle with three different excitation wavelengths. With stronger intensities, clear saturation is 
observed for green and red excitations, which correspond to plasmonic bands in (a)
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behaviors are given in Fig. 28.12b. Among the excitation sources, 532 and 671 nm 
are located inside the plasmonic band, while 405 nm is not. The attenuation at 
405 nm is mainly the consequence of the bulk absorption of gold.

For each excitation wavelength, a dashed line with slope equal to unity is 
shown to highlight linear dependency of scattering versus excitation intensity. 
Deviation from this line manifests saturation behavior, and the 50 % saturation 
intensity can be defined as the input intensity at which half of the maximal satu-
rated output signal is obtained. From Fig. 28.12b, the 50 % saturation intensity 
is lowest for the excitation closest to the peak of SPR, i.e. the 532-nm line. The 
50 % saturation intensity with green laser is ~105 W/cm2, which is easily achieva-
ble with <1-mW laser power at the focus of a high-NA objective. As the excitation 
wavelength moves away from SPR, the required intensity for saturation quickly 
increases. For blue excitation, which is not in the plasmonic band, saturation of 
scattering is not observed even with 108 W/cm2 intensity level, revealing that the 
saturation is dominated by SPR.

Now we know that scattering from plasmonic particles can be saturated, so it is 
straightforward to adopt a superresolution technique to enhance resolution of scat-
tering images. Here, we combine the saturation of scattering and SAX microscopy. 
To demonstrate resolution enhancement, 100-nm particles were used with 532-
nm excitation. Figure 28.13a shows the experimental verification of emergence of 
modulation harmonics in scattering signal when the excitation intensity increases 
over the threshold intensity. The gray dotted line represents the shot noise level of 
the detection system. It should be noted that for higher order harmonics, the inten-
sity dependence is steeper. As a consequence, the peripheral of PSF is suppressed 
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by this nonlinear dependence, so the optical resolution is enhanced, as shown in 
Fig. 28.13b, c. In Fig. 28.13b, an image from scanning electron microscope in 
the corresponding area is provided for comparison. It is evident that resolution 
enhancement is universal for isolated particles. The white arrow shows two parti-
cles that can only be resolved when we took signals from modulation harmonics. 
In Fig. 28.13c, the FWHM with fundamental modulation frequency is 230 nm, and 
is reduced to 110 and 65 nm when extracting second and third harmonic frequen-
cies, respectively. Since only scattering is involved, no photobleaching is expected/
observed for prolonged observation here.

One more note from Fig. 28.13b is that when two or more particles are closely 
packed to each other, our technique cannot distinguish these aggregated particles 
because plasmonic coupling occurs [58]. The arrowheads mark particle aggrega-
tions, showing that the 2fm and 3fm intensities drop very fast due to SPR wave-
length shift. The sub-70-nm FWHM we are claiming is for plasmonic modes, not 
for particle itself. As can be seen from the arrowheads in Fig. 28.13b, the intensi-
ties of 2nd and 3rd harmonics are significantly weaker than those of isolated parti-
cles, since the plasmonic coupling results in resonant band shift.

One expected applications of our technique is to provide high-resolution inspec-
tion of plasmonic patterns in nanostructures. In Fig. 28.13d, we show an example 
with an irregularly shaped gold nanostructure, which is found within the same solu-
tion of the gold nanoparticles for our experiment. It can be the aggregate of nano-
particles or the result of fabrication imperfection to form a large particle. As can be 
seen in the leftmost image in Fig. 28.13d (with fundamental modulation frequency 
fm), there are some regions with strong scattering on the gold structure, reflecting 
the position of SPR. This is similar to the structure of a random gold island film, 
where multiple plasmonic hot spots can be formed on such randomly-shaped gold 
nanostructures [59]. Comparing the images with fundamental modulation frequency 
fm, second harmonic 2 fm, and third harmonic 3 fm, it is obvious that the resolution 
of plasmonic imaging is improved when taking signals with higher harmonics.

28.4  Future Perspective

In the field of optical microscopy, there are several vital parameters, including con-
trast, resolution, imaging depth, imaging speed, noninvasiveness, etc. In the past 
decade, great advances in respect to spatial resolution have been achieved, over-
coming the long-lasting diffraction barrier. The key concepts of superresolution 
microscopy are saturation and switching of imaging contrast agents. Less than 
30-nm resolution has been demonstrated with several different techniques. All these 
superresolution techniques have been quickly adopted in biology researches, allow-
ing researchers to visualize biochemical/biophysical processes with unprecedented 
clarity. Nevertheless, there are still many challenges and opportunities in this active 
field. For example, in terms of contrast, although two-color imaging has been dem-
onstrated in most superresolution techniques [60–62], multicolor imaging capability 
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is still a grand challenge, especially toward the optically complex system such as 
STED. In addition, the photostability is one of the major issues when selecting fluo-
rescence probes [63], and thus it is vital to find slow-bleaching fluorescent species, 
or alternatively, to explore other non-fluorescent contrast agents, as we mentioned in 
the last section.

In terms of resolution, although the resolution in cellular environment has been 
improved to more than one order less than diffraction limit, it is still less than elec-
tron microscopy or scanning probe microscopy. There have been efforts in com-
bining superresolution imaging with correlative electron microscopy [64]. For no 
doubt, better resolution with optical modality itself is still highly desirable. One 
way to achieve this goal is to find fluorescent probes with less switching threshold 
and higher quantum yield.

In terms of imaging depth, most superresolution techniques are limited to thin 
samples. It is possible to achieve deep-tissue imaging by means of post processing 
or adaptive optics [65]. Two-photon excitation has been incorporated into different 
superresolution modalities to enhance penetration depth [66, 67]. Recently, more 
than one millimeter depth has been demonstrated with three-photon fluorescence 
microscopy [45]. It will be very interesting to combine the deep penetration of 
three-photon imaging and superresolution imaging.

In terms of imaging speed, for scanning-based superresolution techniques, such 
as STED and SAX, it is possible to reach video-rate recording [68]. For wide-
field based superresolution techniques, such as PALM, STORM, and SSIM, much 
longer acquisition time is required since they need many frames to reconstruct the 
details. There have been many efforts in speeding up localization microscopy to 
allow image acquisition on the sub-second scale [22, 62], but not yet video rate.

Finally, in terms of noninvasiveness, live cell imaging has been achieved in 
most superresolution techniques, with compromises in resolution and versatility. 
Since high-intensity laser is typically required to achieve superresolution, special 
take has to be taken in sample preparation. To reduce phototoxicity loading of bio-
logical cells, more sensitive detection with brighter labeling will be very helpful.

Within a decade of development, superresolution techniques have now made 
strong impacts in not only cell biology, but also material science and semiconduc-
tor lithography fields. The overall trend is toward development of high-contrast, 
nanometer-resolution, deep-imaging, fast-acquisition, and noninvasive observation 
tools. In the near future, more novel microscope architecture along with more excit-
ing new insights in biological structure/function correlations are to be expected.
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29.1  Introduction

Since the second-harmonic generation (SHG) and two-photon fluorescence 
(2PF) microscopies were demonstrated in 1961 [1], two-photon microscopy has 
emerged as one of the most common technique used in biomedical applications. 
Based on the various endogenous fluorophores or extrinsic fluorescent staining, 
2PF microscopy can provide cellular, morphological, and molecular information 
in bio-tissues [2, 3]. On the other hand, SHG is known to arise from the non-cen-
tro-symmetric materials which have non-zero second-order susceptibility, χ(2).  
In bio-tissues, SHG can be applied to the studies of microtubule polarity, nerve 
fibers, muscles, collagen fibrils, and so on [4–7]. With a quadratic dependence 
of excitation probability, the two-photon excitation is restricted to the tiny focal 
volume resulting in rejection of off-focus excitation and photodamages, and thus 
optical sectioning can be achieved. However, since 2PF microscopy is a fluores-
cence-based technique, issues of photodamage and photobleaching are always of 
concern in the imaging process. To avoid such fluorescence-induced concerns, 
third harmonic generation microscopy (THG), a third-order nonlinear optical 
microscopy is used instead of 2PF microscopy. THG microscopy is indicated 
to be a general-purpose microscopy which has interface sensitivity and can be 
used to provide morphological information of the tissues [8–10]. Recently, THG 
microscopy has been applied to various biological investigation like microscopic 
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imaging of zebrafish embryos, drosophila embryo, mouse skin, mouse eye, human 
skin, human oral cavity, and so on [9–13]. SHG and THG have the characteristics 
of virtual-level transition and the generation process of SHG and THG follows the 
energy conservation rules. Since there is no energy deposition during the process, 
the problems of fluorescence-induced photodamage and photobleaching could be 
avoided so as to reduce the optical invasiveness. Due to its higher-order nonlinear-
ity of SHG and THG microscopy, both of them can provide the optical section 
power for investigations of thick bio-tissues. In this chapter, the harmonic gen-
eration microscopy (HGM), combining SHG and THG microscopy will be intro-
duced, including the principles, system setup, and the biomedical applications 
accomplished.

29.1.1  Principle

SHG and THG are both higher-order nonlinear processes which imply the polari-
zation intensity of a molecule produced has a nonlinear dependence on the electric 
field of the excitation light. Induced by the electrical field, the polarization inten-
sity of a molecule can be described by [14]

where χ(2) and χ(3) are the second-order and third-order nonlinear susceptibili-
ties, respectively. According to (29.1.1), the intensity of second-order nonlinear 
polarization, P̃(2)(t), has a quadratic dependence on the excitation electric field 
Ẽ(t), while the intensity of third-order nonlinear polarization, P̃(3)(t), has a cubic 
dependence. This dependence indicates that the excitation volume is confined 
right near the focal spot and high axial resolution can be achieved. Compared with 
the second-order process, the third-order process is less efficient but can provide 
higher spatial resolution than the second-order process.

SHG is a second-order nonlinear optical process described by χ(2) (2ω: ω, ω). 
Because each element of tensor χ(2) vanishes in the materials with inversion sym-
metry, SHG is well-known to occur only in a material that is non-centrosymmetric 
(without inversion symmetry). On the other hand, THG is a third-order nonlin-
ear optical process described by terms χ(3) (3ω: ω, ω, ω) involving three elec-
tric fields with the same frequency. Third-order susceptibility χ(3) is non-vanishing 
regardless of the symmetry of materials. However, due to the Gouy phase shift 
under strong focusing conditions, THG is found to vanish in isotropic materi-
als with a negative phase mismatch (normal dispersion). Efficient THG can only 
be produced at interfaces, where constructive interference possibly occurs due 
to changes of dispersion or to the nonlinear susceptibility of materials. As illus-
trated in Fig. 29.1a, b, two photons and three photons with a frequency ω are up-
converted to a photon with a frequency 2ω and 3ω in SHG and THG processes, 

(29.1.1)
P̃(t) = ε0χ

(1)
Ẽ(t)+ ε0χ

(2)
Ẽ(t)2 + ε0χ

(3)
Ẽ(t)3 + · · ·

≡ P̃
(1)(t)+ P̃

(2)(t)+ P̃
(3)(t)+ · · · ,
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respectively and only virtual-level transition is involved. Since the up-conversion 
processes obey the energy-conservation rule, no energy is deposited in the inter-
acting material.

29.1.2  System Setup

Because of the higher-order nonlinearity, extremely high excitation intensity 
is needed to generate SHG and THG. Tightly focusing of the excitation laser 
and point-scanning geometry are basically required. The HGM is composed 
of four main parts—excitation laser, scanning units, microscope, and detec-
tors. For pixel-by-pixel imaging, a scanning unit is used to achieve real-time 
2D beam scanning. Before guided into a scanning system, the excitation beam 
has to be shaped and collimated by a pair of telescopes to fill the scan mir-
ror size. Depending on the applications, an upright microscope or an inverted 
microscope can be connected to the scanning system with an aperture fitting 
tube lens. After passing through the tube lens and the optics in the microscope, 
the scanned laser beam is focused onto the specimen by a high NA objective 
and the laser beam has to fill the objective back aperture. With the forward-
collection geometry, the generated SHG and THG signals are collected by a 
condenser and guided into photomultipliers (PMTs) for detection (Fig. 29.2a). 
A dichroic beamsplitter with a suitable cut-off wavelength should be used to 
separate SHG and THG signals and two individual PMTs are used to obtain 
SHG and THG images. In front of the PMTs, a color filter is inserted to filter 
out the laser radiation to avoid noise and damages of PMT, while band-pass fil-
ters are inserted to block the background noise to increase the signal-to-noise 
ratio (SNR). For the backward-collection geometry, the excited epi-SHG and 
epi-THG signals are epi-collected by the same objective (Fig. 29.2b). The col-
lected signals are then reflected by a dichroic beamsplitter, which can transmit 
the laser beams and reflect the HG signals, which are then directed into PMTs. 
The signal detection geometry is the same as that used in the forward-collection 

Fig. 29.1  a Energy-level 
diagram of second-harmonic 
generation. b Energy-level 
diagram of third-harmonic 
generation
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imaging system. To obtain simultaneous SHG and THG images, two PMTs 
should be perfectly synchronized with the scanning system for intensity map-
ping. As the laser beam is 2D scanned over the specimen, the signals are record 
point-by-point simultaneously to form 2D SHG and THG images.

In this chapter, a home-made Cr:forsterite (Cr:F) 1,230 nm laser is used for 
excitation. In contrast to the Ti:sapphire (Ti:S) laser, which is commonly used for 
multiphoton microscopy [7, 15, 16], the Cr:F laser provides three advantages in 
HGM. Firstly, with the 1,230 nm excitation, the THG wavelength is shifted into 
the visible region, while the THG wavelength falls within the deep UV region 
under a 800 nm (Ti:S) excitation [17]. The serious absorption and scattering of 
THG signals in the bio-tissue can thus be avoided to increase the signal collec-
tion efficiency [9, 18]. Secondly, the attenuation (combination of scattering and 
absorption) is found to reach a minimum value in the bio-tissues around 1,200–
1,300 nm [19]. The Cr:F 1,230 nm laser, well within this penetration window, is an 
optimal laser source for reducing the attenuation and increasing the imaging pen-
etrability [9, 20, 21]. As shown in Fig. 29.3, Cr:F-based HGM (forward-collection 
geometry) was applied for in vivo imaging of zebrafish embryo with a diameter 
of 1.5-mm thick [9]. From the upper chorion structures (Fig. 29.3a), top cellular 
layer (Fig. 29.3b), yolk cells (Fig. 29.3c–e), bottom cellular layer (Fig. 29.3f), 
to the bottom chorion structures (Fig. 29.3g), the cellular structures of the whole 
embryo (Fig. 29.3h) can be clearly observed with a penetration depth of ~ 1.5 mm. 
Finally, the previous studies show that mouse embryos under 10 min continuous 
observation with >120-mW average power and >21.6-J total exposure per embryo 
have survival rates same as the non-imaged embryos [22, 23]. In contrast to the 
exposure energy limit of 0.2 and 2 J under 730–800-nm and 1,047-nm excitation, 
respectively [24, 25], photodamages are found to be obviously reduced under Cr:F 
laser excitation.

The imaging system is adapted from a commercial confocal scanning system 
(FV300, Olympus) combined with an upright microscope (BX51, Olympus) or an 
inverted microscope (IX71, Olympus). All optical components in the system are 

Fig. 29.2  Schematic diagrams of the HGM with a forward-collection and b backward-collection 
geometry. DBS dichroic beamsplitter; CF color filter; BF bandpass filter; PMT photomultiplier
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modified for the excitation of near-infrared light (~1,230 nm). Objectives with NA 
1.2 (UPLSAPO 60XW, Olympus) or NA 0.9 (LUMPLFL 60 W/IR2, Olympus) are 
used for focusing the laser beam, depending on the applications. Sing the wave-
lengths of SHG and THG are 615 and 410 nm, dichroic beamsplitters with cut-off 
wavelength of 665 nm (FF665-Di02, Semrock) and 490 nm (490DRXR, Chroma 
Technology) are used to reflect the HG signals and separate SHG and THG sig-
nals, respectively.

29.1.3  3D Spatial Resolution

In contrast to the confocal pinhole in a confocal microscope, the restriction of 
SHG and THG excitation can be considered to be a virtual pinhole. Not only 
the off-focus information can be eliminated to increase the spatial resolution but 
also the off-focus photodamages can be reduced. In HGM, image can be consid-
ered as a convolution result of the excitation PSF and the features of the speci-
mens. Since the SHG and THG intensity has a quadratic and cubic dependence 
on the excitation light intensity, the size of the effective SHG and THG PSF is 
reduced by a factor of 

√
2 and 

√
3, respectively [26]. The lateral resolution is 

given by

(29.1.2)rSHG=
1
√
2
·
0.51�

NA
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,

Fig. 29.3  In vivo combined SHG/THG images of a zebrafish embryo obtained at different 
depths beneath the top chorion surface. The structures of the a top chorion, b top cellular layer, 
c–e yolk cells, f bottom cellular layer, and g bottom chorion can be observed within a depth of 
~1.5 mm. The corresponding imaging planes are indicated in h. THG is represented by purple 
colors. Scale bar 50 μm



522 S.-Y. Chen and C.-K. Sun

and the axial resolution is given by

Based on the high axial resolution, virtual optical sectioning of bulky tissues can 
be easily achieved and 3D images can be reconstructed from the obtained stack 
of HGM images versus depth. Figure 29.4a shows the 3D image of the zebrafish 
heart [27], including the 3D structures of the cardiac muscle, cardiac cells, and 
red blood cells; while Fig. 29.4b, c show the 3D structures of the zebrafish brain, 
including the 3D structures of the nerve fibers, neural tubes, and otic vesicles 
(arrows) [21].

29.1.4  Imaging Contrasts of SHG and THG in Bio-tissues

In the previous ex vivo and in vivo studies, various imaging contrasts of SHG 
and THG were revealed in different animal models and human tissues. In the 
studies of zebrafish embryos [9, 21, 28], SHG was found to arise from non-
centrosymmetric structures like spindle fibers (arrow in Fig. 29.5a), skele-
ton muscles (arrow in Fig. 29.5b), cardiac muscles (arrow in Fig. 29.5c), and 
nerve fibers (arrow in Fig. 29.5d), while THG was found to arise from cell 
membranes (arrowhead in Fig. 29.5a) and tissue inhomogeneity. In the in vivo 
investigations, the structural changes during the embryo development can be 
revealed by THG microscopy [21, 28]. In the studies of mouse embryos [22], 
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Fig. 29.4  In vivo 3D images of a a zebrafish heart and b–c a zebrafish brain. The 3D images are 
reconstructed from stacks of HGM images versus depth. a The 3D structures of the cardiac mus-
cles (arrow; SHG), cardiac cells (dashed arrow; 2PF), and red blood cells (arrowhead; THG); b 
and c the 3D structures of the neural tube (THG), otic vesicles (arrows; THG), and the nerve fib-
ers (arrowhead;  SHG) can be observed with a submicron resolution. Image size 240 × 240 μm2
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SHG can reveal zona pellucida (arrow in Fig. 29.5e) and mitotic spindles of 
the mouse embryos, while THG contrasts were contributed by cytoplasmic 
organelles (arrowheads in Fig. 29.5e). In mouse skin [29], strong SHG contrast 
were observed from collagen fibers (Fig. 29.5f–h), while THG contrasts from 
cytoplasm of keratinocytes (Fig. 29.5f), adipocytes (Fig. 29.5g), and red blood 
cells (Fig. 29.5h) revealed the cellular morphology of epidermis (ED) and der-
mis (D). HGM can also be applied to human tissues like teeth [30], lung [11], 
cartilage [31], eye [10, 21], and skin [12]; [32]. The strain status of the abnor-
mal enamel (arrow in Fig. 29.5i), type II collagen in the cartilage (Fig. 29.5k) 
and collagenous structures of the skin (Fig. 29.5l) can be revealed by SHG 
microscopy, while THG microscopy was shown to be able to reveal rod struc-
tures of the tooth enamel (Fig. 29.5i), elastic fibers in the lung tissues (arrow 
in Fig. 29.5j), chondrocytes in the cartilage (arrow in Fig. 29.5k), and cellu-
lar morphology of the skin (Fig. 29.5l). Based on the rich imaging contrasts of 
SHG and THG in bio-tissues, HGM shows the capability for various biological 
and medical applications. Additionally, since the contrast sources of SHG are 
different from those of THG, the SHG-sensitive structures can be easily identi-
fied in bio-tissues through HGM.

Fig. 29.5  a–d In vivo HGM images of zebrafish embryos. THG contrasts are provided by cell 
membranes (arrowhead in a) and tissue inhomogeneity; SHG contrasts are provided by spindle 
fibers (arrow in a), skeleton muscles (arrow in b), cardiac muscles (arrow in c), and nerve fibers 
(arrow in d). e In vivo HGM image of a mouse embryo. THG contrasts are contributed by cyto-
plasmic organelles (arrowheads in e); SHG contrasts are contributed by zona pellucida (arrow 
in e). f–g Ex vivo and h in vivo HGM image of mouse skin. THG contrasts are provided by 
cytoplasm of keratinocytes in epidermis (ED), and adipocytes (arrow in g) and red blood cells 
(arrowhead in h) in dermis; SHG contrasts are provided by collagen fibers (arrow in h) in der-
mis (D). i–l Ex vivo HGM images of excised human i teeth, j lung, k cartilage, and l skin. THG 
microscopy reveals rod structures of the tooth enamel (i), elastic fibers in the lung tissues (arrow 
in j), chondrocytes in the cartilage (arrow in k), and cellular morphology of epidermis (ED) of 
the skin (l); strain status of the abnormal enamel (arrow in i), type II collagen in the cartilage 
(k) and collagenous structures of dermis (D) of the skin (l) can be revealed by SHG microscopy. 
Scale bar 20 μm
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29.2  Biomedical Applications of HGM

29.2.1  HGM Imaging of Zebrafish Embryo

Zebrafish embryos have many advantages in developmental studies like much 
genetic material the same as humans’, similar but simpler embryonic developmen-
tal programs, rapid developing rate, precisely-defined developing stages, transpar-
ency and small size of embryos, and external development. Therefore, zebrafish 
embryos are used as an animal model for studies of complex developmental pro-
cesses of vertebrate embryos. Observing the embryos by HGM with a forward-
collection geometry, SHG modality provides valuable information, including 
mitosis spindle fibers [9, 21, 28], nerve fibers [21], muscle fibers [9, 28], and 
stacked membranes [21], to study the embryonic development of different sys-
tems at different stages. THG modality, which can reflect the structural informa-
tion of the embryos, can help to localize the SHG signals and identify and contrast 
sources of the SHG signals.

In the in vivo investigation of cell mitosis in zebrafish embryos, strong SHG 
can be observed from centrosomes and mitotic spindles which are known to be 
made up of spatially organized dynamic microtubules and of which the opti-
cal centro-symmetry is broken [7]. On the other hand, based on the sensitivity to 
optical inhomogeneity, THG contrast can reflect various interfaces inside a single 
cell [33–35] such as nuclear membranes, cell membranes, and the cytoplasmic 
organelles [22]. Under the HGM, the dynamic changes of spindle and membrane 
between two daughter cells can be imaged in vivo without any exogenous markers 
(Fig. 29.6). At the initial prophase stage, two centrosomes are revealed by SHG 
signals, while THG signals show a circular cell nuclear membrane (Fig. 29.6a). 
At the prometaphase, the microtubules, revealed by SHG signals, begin to elon-
gate from the centrioles to form the spindle (Fig. 29.6b). During the anaphase, the 
separation of spindle fibers and the alternation of the cell contour are picked up by 
the SHG and THG modalities, respectively (Fig. 29.6c). At the telophase, the end 
of the mitosis, since the spindle microtubules disperse into the cells and exhibit no 
more crystalline characteristic, SHG signals vanish at this stage (Fig. 29.6d).

Fig. 29.6  SHG/THG time series of the mitosis process in the 1-k-cell-stage zebrafish embryo. 
During a the prophase stage, b the metaphase, c the anaphase, and d the telophase, the cell 
nuclear membrane (arrowhead), centrosomes (arrows in a), and mitotic spindles (arrow in b) can 
be visualized through THG and SHG respectively. Scale bar 10 μm
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Utilizing the SHG contrast from nerve fibers and spindle microtubules, HGM 
is a good tool for investigation of the zebrafish embryonic brain development. 
Without any fluorescence markers, >20-h long-term observation of the brain 
development in the same live zebrafish embryo hours was performed by using 
HGM [21]. At the bud stage, the right beginning of the brain development, the 
plate-like neural plate is observed to be formed by a cluster of cells which are 
still under differentiation and division with no neural fibers. Through strong SHG 
signals from spindles, the cells under mitosis for differentiation or division can 
be clearly recognized, while THG images help to localize the position of those 
cells (Fig. 29.7a). After 1 h, at the 3-somite stage, the thickened neural plate with 
a middle line, named neural keel, can be revealed through the THG modality 
(Fig. 29.7b). At this stage, the rate of cell mitosis is retarded and no nerve fib-
ers have been developed. Almost no SHG signals can be observed. As the embryo 
developed into the 5-somite stage, the first neuron inside the neural keel begins 
to differentiate and grow the nerve fibers [36]. SHG signals which arise from the 
nerve fibers begin to appear in the middle of the neural keel and gradually extend 
to be linear-like (Fig. 29.7c). From the 5-somite to prim-15 stage (Fig. 29.7d–f), 
SHG modality dynamically records the growth of the nerve fibers and the SHG 
signals become much stronger and more linear-like. On the other hand, the 

Fig. 29.7  Continuous 20-h in vivo HGM imaging of the brain development in the same 
zebrafish embryo from the bud-stage to the prim-15-stage. The structural changes of brain from a 
neural plate (NP) at the bud stage; b neural keel (NK) at the 3-somite stage; c NK at the 5-somite 
stage; d neural tube (NT) at the 14 somite-stage; e midbrain at the 22-somite stage; to f NT and 
eye at the prim-15 stage can be revealed by THG microscopy. The nerve fibers (arrows) in both 
the NT and the retina (R) can be revealed by SHG. Scale bar 50 μm
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morphological changes from neural keel, rod-like neural rod, to neural tube with 
a hollow structure can all be revealed by THG modality. During the whole pro-
cess of the brain development, interface-sensitive THG provides the 3D sketch of 
different structures from a neural plate to a hollow neural tube; nerve-fiber- and 
mitotic-spindle-sensitive SHG can tell us much more stories about how cells 
behave during the development process. In addition, the axons elongated from the 
ganglia in the retina were observed through the SHG, while THG also showed the 
structure of the eyes, including the retina and the lens (Fig. 29.7f).

29.2.2  HGM Imaging of Mouse Tissues

Mouse is popularly-used as the standard animal model for many biomedical stud-
ies. Applying HGM to mouse tissues can help to identify various image contrasts 
of SHG and THG and examine the imaging capability of HGM in mammal tis-
sues. The strong SHG signals arising from the collagen fibers can be utilized to 
investigate the fibril structures in the connective tissues like the dermis of skin [12, 
32], the stroma layer of cornea [10], and the sub-mucosa of oral cavity [13]. THG 
modality can generally provide morphological information to reveal the cellular 
structures of the skin, cornea, lens, oral mucosa, cartilage, and so on. Moreover, 
THG is found to be enhanced by specific kinds of molecule like hemoglobin [37–
39], lipid [40], and elastin [11] through the mechanisms of real-level absorption 
resonance enhancement. Therefore, THG modality is suitable for the investigation 
of red blood cells (RBC), adipocytes, and elastic fibers. In the studies of the mouse 
tissues, HGM with a backward-collection geometry was used.

By obtaining the optical sections of mouse abdomen skin at different depths, 
the cellular structures of the epidermis and the collagenous structures of the der-
mis can be revealed by THG and SHG modality, respectively (Fig. 29.8). Since 
THG is well-known to be sensitive to local optical inhomogeneity [34, 41, 42] and 
lipid [40], the outermost stratum corneum, composed of multi-layers of lipid and 
corneocytes, can be revealed by THG modality with ultra-strong THG contrast 
(Fig. 29.8a, b). Within 40 μm beneath the skin surface, THG modality shows the 
cellular structures of the epidermis based on the contrast from cytoplasmic orga-
nelles (Fig. 29.8a–d) [22]. The cytoplasm of the keratinocytes appears THG-bright, 
while the nuclei of the keratinocytes appear THG-dark. The strong SHG contrasts 
from the type I collagen fibers help to show the collagenous structures of the der-
mis (Fig. 29.8c–h). At the depths of 60 and 100 μm, SHG-revealed collagenous 
structures sketch the hair follicle in the dermis, while the hair root in the hair fol-
licle is shown by THG modality (Fig. 29.8e, f). In addition, since THG signals can 
be enhanced by lipid and the sebaceous gland is made of lipid-filled cells, the seba-
ceous gland shows the strong THG contrasts. In the skin, it is believed that there 
are discrete populations of epidermal stem cells in the stratum basale, hair follicles, 
sebaceous glands, apocrine glands, and eccrine glands. To study the activation of 
these stem cells, an imaging tool with the ability for in vivo observation is desired. 
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Our results of the mouse skin show that THG microscopy has strong imaging con-
trast in the hair follicles and the sebaceous glands. This also indicates the capabil-
ity of THG microscopy for studies of the epidermal stem cells. On the other hand, 
since more abundant fat cells are in the mouse abdomen skin, the polygonal fat 
cells are easily revealed by THG modality (Fig. 29.8g), while the loose collagen 
fibers surrounding the fat cells are revealed by SHG modality. Even at 120 μm 
(Fig. 29.8h), the fat cells can still be observed with a submicron spatial resolution.

Mouse eye has similar structures to human eye, including cornea, aqueous, 
lens, vitreous, and retina. The outermost layer of eye, cornea, can be roughly 

Fig. 29.8  a–f An exampled series of SHG/THG images of the mouse ear skin obtained at a 
0 μm, b 12 μm, c 20 μm, d 40 μm, e 60 μm, and f 100 μm beneath the skin surface. The seba-
ceous glands surrounding the hair follicles in the ear skin were observed at a more superficial 
layer of the dermis and were shown with stronger THG intensity and higher density. g–h The fat 
cells in the hypodermis were observed at g 70 μm and h 120 μm in the abdomen skin of a fat 
mouse. Even at 120 μm, the submicron of THG microscopy was still preserved. a-S–h-S The 
separated SHG images corresponding to a-h. Scale bar 50 μm
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divided into three main components—the corneal epithelium (EP), corneal stroma 
(CS), and corneal endothelium (ED) [43, 44]. The EP and ED are layers com-
posed of epithelium and endothelium cells, while the CS between them consists 
of hundreds of layers of regularly-organized collagen fibers, including mainly 
type I collagen, but also types III, V, and VI [45]. SHG is highly sensitive to the 
type I collagen fibers [46–48] and is a good tool for revealing the collagen fiber 
arrangements in the stroma. On the other hand, more structural and cellular infor-
mation in the CS can be given by THG modality, as shown in Fig. 29.9a, b. In 
the combined SHG/THG image (Fig. 29.9c), the SHG-overlapped THG signals 
are recognized to arise from the collagen fibers, while the non-SHG-overlapped 
THG signals reflect the keratocytes lying within the collagen fiber meshes (arrows 
in Fig. 29.9c). By combining SHG with THG modality, not only the collagen-
ous structures can be observed but also the cellular information in the CS can 
be distinguished and obtained more easily. In addition to the CS, the EP and ED 
are responsible for protection and governing the fluid transportation of the eye, 
respectively. ED covers the anterior surface of the cornea and has 5–6 cell layers 
thick, while the ED is a mono-layer of flattened and polygonal ED cells. Based on 
the THG contrast arising from the cytoplasmic organelles [22], the cytoplasm of 
the EP cells appeared bright in contrast to the dark nuclei (Fig. 29.9d). The mor-
phology of the EP cells (Fig. 29.9d–e) is shown to be consistent with the histol-
ogy results [44]. Figure 29.9f shows the THG image of the ED at 120 μm where 
the uniformly-sized polygonal cells in this monolayer are revealed. Beneath the 

Fig. 29.9  SHG/THG images of an excised mouse eye obtained at different depths beneath the 
corneal surface. a and b show the SHG and THG images of the corneal stroma and c shows the 
corresponding combined SHG/THG image. The collagenous structures can be revealed by SHG, 
while the keratocytes lying within the collagen fibers can be recognized from the non-SHG-over-
lapped THG signals (arrows). Through THG modality, the cellular structures of the d upper cor-
neal epithelium, e deeper corneal epithelium, and f corneal endothelium can be revealed, while g 
the lens fibers in the lens were shown clearly along the direction of the arrow. THG and SHG are 
represented by purple and green colors, respectively. Scale bar 50 μm



52929 Harmonic Generation Microscopy

cornea is the aqueous humor (AH), which is mainly composed of water and has no 
THG contrast due to its optical homogeneity. Passing through the AH is the lens 
(L), consisting of three main parts: the membrane-like lens capsule (LC), cellular 
lens epithelium (LE), and lens fibers (LF). At a depth of 430 μm beneath the ante-
rior corneal surface, the lens fibers (Fig. 29.9g) with a width of ~5 μm (along the 
arrow in Fig. 29.9g) can be highly-resolved through THG signals. No significant 
SHG signals can be observed from the lens fibers. Even at a depth of >700 μm, 
the structure of the lens fibers can still be revealed through THG. Since the total 
thickness of the human cornea is about 535 μm [49], a penetration depth greater 
than 700 μm indicates the ability to investigate even the deepest part of the human 
cornea. With different imaging contrasts of SHG and THG, not only the collagen-
ous structures of the CS but also the cellular morphology of the EP, ED, and the 
structures of the lens fibers can be resolved with high resolution. Based on the 
imaging capability, HGM is shown to provide a suitable tool for cornea diagnoses.

29.2.3  HGM Imaging of Human Skin

From the HGM results of animal models, the imaging capabilities of SHG and 
THG modalities are demonstrated. With the SHG contrasts in the collagen fibers 
and the ability of THG to reveal the cellular structures, HGM is shown to be a 
potential clinical tool for skin diseases diagnosis [23, 32, 50]. In following pre-
liminary studies of human skin, backward-collection geometry is used to construct 
the HGM for future clinical applications.

Using an excised normal human skin as sample, Fig. 29.10 shows a series of 
HGM images obtained at the epidermis (Fig. 29.10a–c), the demo-epidermal junc-
tion (Fig. 29.10d), and the dermis (Fig. 29.10e–h). Epidermis can be divided into 
four cellular layers—the stratum corneum, stratum granulosum, stratum spino-
sum, and the stratum basale. The cellular morphology of the epidermis is clearly 
revealed by the THG modality. At the skin surface, the dead and cornified stratum 
corneum (arrow in Fig. 29.10a) shows strong THG contrasts which are caused by 
the interfaces of the multi-layered structure [8, 51] and the lipids within the cor-
neocytes [40]. Due the THG contrasts from cytoplasmic organelles [22], the nuclei 
of the epidermal cells, including the stratum corneum (arrowheads in Fig. 29.10a), 
granular cells (arrows in Fig. 29.10b), spinous cells (arrowheads in Fig. 29.10b), 
and basal cells (dashed arrows in Fig. 29.10b) appear dark in contrast to the bright 
cytoplasm. The honeycomb cellular structures are found throughout all levels of 
the epidermis. In addition, the progressively changes of nuclear diameter, cell 
diameter, and cell density revealed in different layers can clearly show the kerati-
nization process in the skin. At the bottom layer of the skin, the stratum basale 
(Fig. 29.10c), clusters of basale cells (arrowheads) show very strong THG con-
trasts relative to the surrounding cells. These strong THG contrasts are found to 
strongly correlate with the distribution of melanin and are identified to be contrib-
uted by the absorption resonance enhancement of the melanin [23]. The dermis of 



530 S.-Y. Chen and C.-K. Sun

the human skin can be divided into two layers—the papillary dermis and reticu-
lar dermis. In the papillary dermis (Fig. 29.10d, e), the collagen fibers are shown 
to be loose and areolar; in the thick reticular dermis, the fibers are found to be 
dense and irregular (Fig. 29.10f–h). In addition to the collageneous structures, the 
intra-dermal cellular information, including the inactivate melanocytes (arrow in 
Fig. 29.10d) and the fibroblasts (arrowheads in Fig. 29.10e) can be revealed by 
THG. Depending on the different ages, sexes, positions, colors, and so on, the pen-
etrability in the skin samples can vary within 270–300 μm. The penetrability is 
simply defined as the maximum depth at which the fine collagenous structures or 
the sub-cellular structures can still be distinguished.

Based on the sensitivity to the collageneous and cellular structures, HGM was 
also demonstrated on the diseased human skin, including three different pigmented 
skin lesions—superficial spreading melanoma (SSM), compound nevus, and pig-
mented basal cell carcinoma (BCC). These three pigmented skin lesions have dif-
ferent pathological changes and major diagnostic characteristics but are usually 
misdiagnosed due to their similar clinical and dermoscopical presentation [52]. 

Fig. 29.10  A series of SHG/THG images of the normal human skin obtained at a 0 μm,  
b 35 μm, c 65 μm, d 80 μm, e 95 μm, f 120 μm, g 140 μm, and h 170 μm beneath the skin 
surface. In a, the stratum corneum (arrow) with ultra-strong THG contrast and THG-dark nuclei 
of the granular cells (arrowheads) are shown; b shows the granular cells (arrows), spinous cells 
(arrowheads), and basal cells (dashed arrows). c The THG-brighter basal cells (arrowheads) 
covering the peak of the dermal papilla. d At the dermo-epidermal junction, the collagen fibers 
in the peak of the dermal papilla surrounded by the basal cells are shown by SHG microscopy 
and the inactivated melanocyte (arrow) can be found in the dermis. e Fibroblasts (arrowheads) 
can be observed within the collagen fibers in the papillary dermis. f–h The collagenous structures 
of the reticular dermis and the fibroblasts (arrows) within the fibers. d-S–h-S The separated SHG 
images corresponding to d-h. Scale bar 50 μm
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Using HGM to reveal the typical characteristics of each skin lesion can help to 
increase the diagnosis accuracy and accurately distinguish between benign and 
malignant skin lesions.

Superficial spreading melanoma (SSM) is the most common form of mela-
noma [53, 54]. In the lesional region, large epithelioid melanocytes, called mela-
noma cells, can be found to distribute singularly or in nests within all levels of 
epidermis. The melanoma cells disrupt the normal architectures of epidermis and 
replace the normal epidermal cells. The epidermis accumulation of the melanoma 
cells causes the thickening of the epidermis and the increasing of the melanin con-
centration. Figure 29.11a–d show the HGM images of the freshly-excised SSM 
specimen. Due to the stronger THG attenuation resulting from absorption of mela-
nin, the imaging depth in the SSM specimen is limited to around 130 μm. THG 
signals reveal the larger nuclear diameter and varied cell shapes of the superfi-
cially-spreading melanoma cells which can be used as diagnostic characteristics. 
Because of the thickened epidermis, dermis is far beyond the penetration depth 
and no SHG signals from collagen fibers can be observed. Therefore, the THG-
revealed information becomes much more significant for diagnosis.

Figure 29.11e–h show the HGM images obtained from an excised com-
pound nevus specimen at different depth. Compound nevus is a common mel-
anocytic lesion which is often misdiagnosed as pigmented basal cell carcinoma. 
According to the pathological evidences [55, 56], compound nevus demonstrates 
nevomelanocytes (i.e., nevus cells) at both the dermo-epidermal junction and the 
superficial dermis. At a depth of 180 μm in the specimen, SHG modality helps to 
reveal the thickening of fiber bundles while THG modality shows the increasing 
of fibroblasts (Fig. 29.11e). These two morphological characteristics both indicate 
the hosts response with fibrosis in the nevus. In the deeper dermis (Fig. 29.11f–
h), intra-dermal nevomelanocytes which are the most significant characteristic 
for compound nevus, are revealed by THG modality. The nevomelanocytes are 
shown to group in round clusters (arrows) and be surrounded by the SHG-revealed 
collagen fibers. Even deep inside the reticular dermis at 300 μm, the grouping 
nevomelanocytes can still be observed by THG modality because of the much 
stronger THG contrast enhanced by melanin.

BCC is the most common type of skin cancer and pigmented BCC is a variant 
of nodular BCC. Due to the abundant pigment in this lesion, it is sometimes misdi-
agnosed as malignant melanoma. From the histology studies [57], pigmented BCC 
is characterized by tightly-packed tumor cells bud from epidermis to papillary der-
mis. The tumor cells form a nodular pattern which is enclosed by collagen fib-
ers and the nuclei of the tumor cells appear as a parallel arrangement (palisading). 
Throughout the tumor nodules, melanin pigment is non-uniformly distributed. 
Figure 29.11i–l shows the HGM images obtained from an excised pigmented BCC 
specimen at different depth. In the superficial epidermis (Fig. 29.11i), the honey-
comb pattern of the granular cells is shown by THG modality to remain the same 
as that in the normal skin. At the dermo-epidermal junction, the cells are shown 
with elongated and polarized shapes (arrowheads in Fig. 29.11j, k), while the col-
lagen fibers are shown with a much wavier pattern (arrows in Fig. 29.11j, k) and 
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failed to form the dermal papilla architectures. In the reticular dermis, the tumor 
nodules with parallel cell arrangement (palisading) which are the most significant 
diagnostic characteristic of BCC are clearly revealed by THG modality (dotted 
arrow in Fig. 29.11k; arrows in Fig. 29.11l). SHG modality shows the loose col-
lagen fibers enclosing the tumor nodules (arrowheads in Fig. 29.11k, l). Moreover, 
within the tumor nodules, bright THG spots (circled in Fig. 29.11l) are frequently 
found to be randomly distributed and these spots with isolated THG signal 
enhancements indicate the high melanin contents and also the melanophages in the 
nodules.
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Fig. 29.11  a–d Ex vivo SHG/THG images of the freshly-excised SSM specimen. Throughout 
the first 100-μm layer in the darker region, THG-bright melanoma cells (arrows in a) with varied 
shapes and larger nuclei were irregularly distributed to replace the normal keratinocytes and d 
no collagenous structure can be observed due to increased thickness of epidermis and limited 
penetrability. e–h Ex vivo SHG/THG images of a freshly-excised compound nevus specimens 
obtained at e 180 μm; f 240 μm; g 270 μm; and h 300 μm beneath the skin surface. In con-
trast to the normal skin, the increased number of the fibroblasts (arrowheads in e), clustered 
nevomelanocytes in the dermis (arrows in f–g), and dermal fibrosis with thickened collagen fiber 
bundles and can be observed in the compound nevus specimen. i–l Ex vivo SHG/THG images 
of freshly-excised pigmented BCC specimen. The spindle-like keratinocytes (arrowheads in b 
and c) were usually found in epidermis and collagen fibers in a much wavier pattern (arrows in c 
and d) can be found at the dermo-epidermal junction. Without the normal pattern of rete ridges, 
tumor nodules (dashed arrow in c) enclosed by collagen fibers (arrowheads in d) were found to 
occupy the normal dermis. The parallel arrangement of the tumor cells (palisading; arrows in d) 
can be identified at the edges of the nodules and bright HG spots (circled in d) can suggest the 
high melanin contents. e-S–h-S and k-S–l-S The separated SHG images corresponding to each 
e-h and k-l respectively. Scale bar 50 μm



29.3  Conclusion

In this section, the HGM, combining SHG and THG modalities, has been intro-
duced, including the principle, system setup, and biomedical applications. In this 
system, a Cr:F laser with a wavelength located within 1,200–1,300 nm is used for 
excitation. Based on the Cr:F excitation, the wavelength of THG locats within the 
visible range to facilitate the efficient detection of THG signals. The Cr:F exci-
tation (1,230 nm) can also reduce both the scattering and absorption in the bio-
tissues, which can help to increase the imaging penetrability and reduce the 
photodamages. Since the SHG and THG processes obey the energy conservation 
and no energy is deposited in the interacted tissues, the HGM is said to be nonin-
vasive. Utilizing the different characteristics of SHG and THG microscopy, vari-
ous image contrasts can be provided by SHG and THG microscopy respectively 
to reveal valuable information in the bio-tissues. Based on its noninvasiveness 
nature, HGM is very suitable for in vivo and clinical investigation. Compared with 
fluorescence-based microscopy, no issues about photodamges and photobleaching 
have to be taken into consideration in HGM even when the illumination power is 
around 100mW.

Making use of the strong SHG contrasts provided by collagen fibers in the der-
mis and the THG contrasts from cellular structures, the HGM can help to reveal 
both the connective tissue distribution in the dermis and the cellular morphology 
in the epidermis of human skin. In addition, since THG contrasts can be enhanced 
by melanin through real-level resonance, THG microscopy can provide additional 
information on the pigmentation distribution. All previous studies thus show that 
SHG and THG microscopy are with the capability to reveal the diagnostic char-
acteristics of various skin diseases such as nevus, melanoma, and BCC. With the 
diagnostic significance, its noninvasiveness nature, >300-μm imaging penetrabil-
ity, and sub-micron spatial resolution, the HGM is an undoubted desirable tool for 
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clinical diagnosis. For further practical usage in clinical diagnosis, a reliable data 
base for disease diagnosis has to be first established and robust systems for both 
imaging and data analysis are also required.
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