Chapter 1
Thin Film Optical Coatings

Cheng-Chung Lee

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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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, ng, can be expressed as in (1.1), where ng, ny,
and ny, 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)

ng = (nH/nL)Z"n%,/nS. (1.1)

R={[(1—np)/(1+np)] [(1 —ng)/(+np)]*. (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
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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
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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,
SiO,, 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)3 L'. To push R even higher,
a H layer is added as the last layer: (HL)® L'H.
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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.
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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)4H or (HL)9 and Sp is a
multiple half-wave layer called a spacer, m2L or m2H. The center wavelength ¢
is determined by the optical thickness of the spacer nd and reflection phase shift
of HRs ¢, and ¢}, as indicated by (1.3), while half-peak bandwidth AAj, 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].

1 ba+ ¢
o 2nd <m+ e (1.3)
Al AnP ! -
e ZZS . (nez — ni) for a low - index spacer m2L; (1.4)
Ao mang (ng —np + nL/m)

Al 4n%n ng —n
- Lz Sl . (1 L) for a high - index spacer m2H. (1.5)
do  munFtl (ng —np+np/m)

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
ISpHRILIHRISp/HRILIHRISpIHRI, 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.

Fig. 1.6 Spectra of single 1-cavity, 2-cavity and 3-cavity narrow band pass filters
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Fig. 1.7 Narrow band pass filter designed by using symmetric layers:aSIHLHLHLHLH
LHLHLHL(LHLHLHLHLHLHLHLH LMHLHLHLHLHLHLHLHL)]
LHLHLHLHLHLHLHLHIS %=1500nm;bSIHLHLHLHLHLHLHL
HMHLHLHLHLHLHLHLHLMHLHLHLHLHLHLHLH 4HHLHLHLH
LHLHLHLH) LHLHLHLHLHLHLHLH4H (HLHLHLHLHLHLHLH)
LHLHLHLHLHLHLHLH)HLHLHLHLHLHLHLHIS/[16]

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.
HLHLHLHLHLHLHLMLHLHLHLHLHLHLH L)]? 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 HLHLHLHLHLHL HL HL on both sides of
above symmetric assembly, creates a narrow band pass filter for dense wavelength-
division multiplexing (DWDM): SHLHLHLHLHLHLHLHL[(LHL
HLHLHLHLHLHLHLMLHLHLHLHLHLHLHL)J]PLHL
HLHLHLHLHLHL 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: SHL HL HL H
LHLHLHLHMHLHLHLHLHLHLHLHLMHLHLHLHLHL
HLHLHMAHHLHLHLHLHLHLHLH LMHLHLHLHLHLHL
HLH4H HLHLHLHLHLHLHLHLMHLHLHLHLHLHLHL
HIHLHLHLHLHLHLHL 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
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Fig. 1.8 Spectra of a narrow band pass filter with thickness error 0.0001 in each layers
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Fig. 1.9 Spectra of a 100 GHz DWD filter with thickness error 0.0005, 0.001 and 0.005 at the
last spacer

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 AAj 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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Fig. 1.10 Narrow band pass filter for DWDM, a design; b comparison of design and fabrication
(courtesy of Apogee Optocom Co., Ltd., Taiwan)

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)> HIOLH(LH)> [L(HL)® HIOLH(LH)®]? L(HL)>
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Fig. 1.11 Tooling factors of sources TayOs (solid line) and SiO; (dash line)

H10LH(LH)* 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 A)j, is determined by the refractive indices of
layers as indicated by (1.4) and (1.5), A)j, 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 = 4/n can make reflectance
R = 0. However, there is no robust material where n as small as /n. Therefore we
need multilayers of alternating TiO, or TaOs5 or NbyOs and SiO; 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
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Fig. 1.14 Uncoated glasses a and coated glasses b and ¢, ¢ has residual green color in the reflec-
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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
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—

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)

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
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Fig. 1.17 Antireflection coating, black dark coating on aluminum made by thin film: a normal
incidence; b oblique incidence [16, 23]

with dielectric layers such as Cr/CrOyx, Fe/FOy, ITO/Si0,, TiNO«/SiO> [30], and
TiNxWy/Si0, [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 TiO, and Nb-doped TiO; (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/Nb,Os5 (36.78 nm)/Nb (12.67 nm)/Nb,>Os
(28.70 nm)/Si0O5 (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.



1 Thin Film Optical Coatings 17

ImY
-
- -~
,, ool \\
Yoq )‘J\)ﬁzf Yo Vyitys
\ ]
\ I Rey
’

¥ b — L %

Design A

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
. ImY
loci of two-layer V-coat To—
antireflection coating similar et i
to Fig. 1.18, except the /7\ " ‘\ 3
refractive index of the second Yo "’l :}'l /Yo il
layers is negative, —1.45 (red ‘\ v/ ! Rey
color) [29] S ’\\ /"
- — - e
Design C

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
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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]

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)” H 3NL 6H 3NL H (LH)’|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°.
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Fig. 1.22 Narrowband pass filter: Sub|(HL)” H 3NL 6H 3NL H (LH)’ |Air. H and L are quarter
wave layers with refractive indices 2.3 and 1.47 respectively. 3NL is a three-quarter wave layer
with negative refractive index —1.47 [29]

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 (7) 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 AXj; and the position of the maximum
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Fig. 1.23 Spectra of narrow band-pass filters monitored by the three methods [20]

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 AAj. 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
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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]

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 t,; = |74 | exp(idy), the
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Fig. 1.26 Multiple reflections in the substrate for reflection monitoring system [44]

Fig. 1.27 Layout of the
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reflection coefficient of the film stack (from substrate to the deposited film stack)
is psr = |pst| €xp(idy), and the reflection magnitude of reference surface (from
the substrate to air) is equal to p,. 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 p,, and the optical phase difference between two orthogonal
polarizations induced by one pass through the substrate and the retarder are s and
I', respectively. The complete information about the growing film stack thus can
be obtained, and the thickness of the whole stack can be monitored accurately.
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(1.6)
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where /; is the reflectance of j = 0°, —45°, +45° and 90° on the detector array;
and 0 = ¢g + ¢o. po = 25 — I', 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, I". ¢9 can be acquired before the deposition of the thin film.

(Iiase — I_45°)

2 _ 2
2 ToTooe oy o] (1 — Il

Ioo 1900

¢ = {arccos|

>]} — ¢o.
(1.7)

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

Yi o
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10 12 14 16 18 20 22 24 2B Yy === - --m - mmm oo d

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]



1 Thin Film Optical Coatings 25

6r
,‘ Admittance
v Runsheet
4 Design
S
~
ol
0 : —
450 550 650 750

Wavelength (nm)

Fig. 1.29 Optical performance of an antireflection coating monitored by the admittance diagram
and the conventional runsheet method [48]

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
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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
(Taz0s5), 33 nm (Si03), 130 nm (Ta0s), and 85 nm (SiO;) has been fabricated.
In the third and fourth layers, a phase of m 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.

Im
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Fig. 1.30  EOAM monitoring loci and the forth layer monitoring locus with phase-shifting
technique
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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 TayOs
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.
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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. TapOs and SiO; 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
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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.
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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.
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