At present, optical measurement methods are the
most powerful tools for basic and applied research
and inspection of the characteristic properties of
a variety of materials, especially following the
development of lasers and computers. Optical
measurement methods are widely used for op-
tical spectroscopy including linear and nonlinear
optics and magneto-optics, conventional and un-
conventional optical microscopy, fiber optics for
passive and active devices, optical recording for
CD/DVD and MO disks, and various kinds of optical
sensing.

In this chapter, as an introduction to the fol-
lowing sections, the concept and fundamentals of
optical spectroscopy are described in Sect.11.1,
including optical measurement tools such as
light sources, detectors and spectrometers, and
standard optical measurement methods such as
reflection, absorption, luminescence, scatter-
ing, etc. A short summary of laser instruments is
also included. In Sect.11.2 the microspectroscopic
methods that have recently become quite useful for
nano-science and nano-technology are described,
including single-dot/molecule spectroscopy,
near-field optical spectroscopy and cathodo-
luminescence spectroscopy using scanning electron
microscopes. In Sect.11.3 magneto-optics such as
Faraday rotation is introduced and the superlattice
of semi-magnetic semiconductors is applied for
the imaging measurement of magnetic flux patters
of superconductors as an example of spintronics.
Section 11.4 is devoted to fascinating subjects in
laser spectroscopy, such as nonlinear spectroscopy,
time-resolved spectroscopy and THz spectroscopy.
In Sect.11.5 fiber optics is summarized, including
transmission properties, nonlinear optical prop-
erties, fiber gratings, photonic crystal fibers, etc.
In Sect.11.6 optical recording technology for high-
density storage is described in detail, including
the measurement methods for the characteristic
properties of phase-change and magneto-optical
materials. Finally, in Sect.11.7 a variety of opti-
cal sensing methods are described, including the
measurement of distance, displacement, three-
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dimensional shape, flow, temperature and, finally,
the human body for bioscience and biotechnology.
This chapter begins with a section on basic
technology for optical measurements. Sec-
tions 11.2-11.4 deal with advanced technology
for optical measurements. Finally Sects. 11.5-11.7
discuss practical applications to photonic devices.
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11.1 Fundamentals of Optical Spectroscopy

11.1.1 Light Source

There are many light sources for use in scientific and in-
dustrial measurements [11.1-4]. This subsection deals
with the features of various light sources. For source
selection, various characteristics should be considered,
such as wavelength range, radiant flux, directionality,
stability in time and space, lifetime, area of emission,
and temporal behavior. Spectral output, whether it is
a continuum, a line, or a continuum-plus-line source,
should also be considered. No light source covers all
wavelengths simultaneously from the ultraviolet (UV)
to infrared (IR) wavelength region. Although a black-
body with extremely high temperature could realize
such an ideal light source, the melting point of the ma-
terials that form the electrodes must be extremely high,

and it is impossible to construct it. We, therefore, should
select an adequate source that covers the required wave-
length region from the UV to the IR region. In general,
we use a gas discharge lamp for the UV region and a ra-
diation source from a solid for the visible and the IR
region. At present, many kinds of light sources cover-
ing each wavelength region, as shown in Fig. 11.1, are
available. Those can be broadly classified into: 1) ther-
mal radiation sources such as a tungsten filament lamp
(W lamp) and an incandescent lamp in the IR region
such as a Nernst glower and a glouber, 2) arc lamps
such as a high-pressure xenon arc lamp (Xe lamp),
a high- or low-pressure mercury lamp, a hydrogen and
a deuterium-hydrogen arc lamp (D, lamp) based on
electrical discharge in gas, 3) a light-emitting diode
(LED) or a laser diode (LD) basing on emission from

Far-UV| |Near-UV
£ Ultraviolet (UV) . Infrared (IR)
£ Visible :
=< Vacuum (UV) _ Mid-IR Far-IR
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e
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Fig. 11.1 Wavelength regions of various light sources
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the pn junctuon of a semiconductor, and 4) narrow-
line sources using an atomic or molecular transition
lines such as a hollow cathode discharge tube and an
electrodeless discharge lamp, including many kinds of
lasers. Recently, synchrotron radiation and terahertz
emission in the far-UV and submillimeter wavelength
regions, respectively, have become available, mainly for
research purposes.

Among those light sources, one of the most stable,
well-known, and intensively characterized in the visible
and the near-IR region is the W lamp (or tungsten-
filament white bulb). Although the spectral emissivity
of tungsten is about 0.5 in the visible region and about
0.25 in the near-IR region, its spectral distribution of
emission agrees relatively well with that of Planck’s
blackbody radiation. The W lamp can be used in an ar-
bitrary color temperature up to 3100 K. However, more
than 90% of the total emission energy is distributed in
the IR wavelength region and less than 1% in the UV re-
gion below 400 nm. Therefore, it cannot be used in the
UV region. The UV region, however, is especially im-
portant in the field of spectrochemical analysis. To cover
the lower energy in the UV region, the D, lamp is used
in combination with the W lamp, although the D, lamp
has some problems in terms of emission stability and
ease of operation.

For the tungsten white bulb, a vacuum bulb is used
for color temperatures up to 2400 K. A gas bulb sealed
in nitrogen, argon, or krypton gas at around 1atm is
used for color temperatures between 2000 and 2900 K.
For color temperatures around 3100K, a tungsten-
halogen bulb is used. In order to prevent deposition of
tungsten atoms onto the inner surface of the bulb, the
pressure of argon or krypton gas is maintained at sev-
eral atmospheres and the bulb is made mechanically
rigid by using quartz. Furthermore, by mixing a small
amount of halogen molecules such as I, Bry, or Cly
into the gas, the decrease in transmittance due to the de-
position of tungsten atoms on the inner surface of the
bulb is effectively prevented. This process is known as
a halogen cycle. To make the process effective, the bulb
temperature must be kept relatively high. The lifetime
of the lamp is extended by about two times compared to
a lamp that does not benefit from this process.

One of the most significant developments in light
sources during the last 15 years is blue or UV LEDs.
Blue and UV LDs have even appeared. The blue LED is
used mainly for traffic signals and the blue and UV LD
as recording or read-out light sources for circular discs
and digital videodiscs. However, they also have great po-
tential as light sources for scientific measurement. At

present, UV LEDs and UV LDs with an emission wave-
length around 365—375 nm are commercially available.
Such LEDs and LDs are based on emission from gallium
nitride (GaN) materials. GaN is a direct-transition-type
semiconductor and has an energy gap of about 3.44 eV at
room temperature, which corresponds to the UV emis-
sion wavelength. By adding indium (In) and aluminum
(Al to the GaN, one can obtain blue emission. When us-
ing gallium phosphorus (GaP) instead of GaN materials,
and when adding In and Al, one can obtain green emis-
sion. When adding only In, one can obtain red emission.
Another light source to be noted is the white LED, which
has been commercialized rapidly as a back-illumination
light source for liquid crystal displays. The white LED
consists of a blue or UV LED and fluorescent materials
deposited onto the LED in the same package. The blue
or UV LED is used as an excitation light source for the
fluorescent materials, which may be yttrium aluminum
garnet (YAG) materials or some kinds of rare-earth com-
pounds. The excitation light and fluorescence together
make the white light. A high-power white LED exceed-
ing 5 W has been developed. Figure 11.2 shows typical
emission spectra of such LEDs and that of the UV LD.
For scientific measurements or for spectrochemical
analyses, a pulsed light source in the UV wavelength
region is important, for example, for distance measure-
ments, fluorescence lifetime measurements, and so on.
For such requirements, a picosecond light pulsar with
a pulse duration around 60 ps, a wavelength of 370 nm,
and a repetition frequency of 100 MHz has appeared
on the market. However, in general, such a laser has
a problem in wavelength selection and cost. To solve
such problems, a technique to drive the Xe lamp in
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Fig.11.2 Emission spectra of a blue, UV, and white LED,
and that of a UV LD
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ananosecond pulsed mode has been developed [11.5-7].
A technique to modulate the Xe lamp sinusoidally has
also been developed so that it can be used in combina-
tion with a lock-in light-detection scheme. The UV or the
blue LED also can be driven with a large current pulse,
resulting in a pulse duration less than 1.5ns [11.8-10].

11.1.2 Photosensors

This subsection deals with sensing features of various
photosensors [11.1-4]. The photosensor is the terminol-
ogy used for a photodetector when used for a sensing
purpose. Photodetectors can be broadly classified into
quantum-effect (QE) detectors (or photon detector) and
thermal detectors. The QE detector can be subdivided
into an external and an internal type, as shown in Ta-
ble 11.1 Furthermore, the internal type is subdivided
into a photoconductive (PC) detector, a photovoltaic
(PV) detector, and a photoelectromagnetic (PEM) de-
tector. Figure 11.3 shows the spectral response of each
photodetector.

The operating principle of the external QE detector
is based on the photoelectron emissive effect of a metal.
Representative detectors are a phototube (PT) and
a photomultiplier tube (PMT). A variety of photosen-
sitive cathodes, having different spectral responses, are
available from the UV to the near-IR wavelength region.
A photocathode whose principal component is gallium
arsenic (GaAs) gives high quantum efficiency and has
sensitivity at longer wavelengths exceeding 1 um. The

Table 11.1 Classification of photosensors

PT consists of two electrodes sealed in a vacuum tube:
a photocathode and an anode. The PT had been used
for light sensing at relatively high powers. At present, it
is mainly used for measuring ultra-short light pulses by
taking advantage of its simple structure. Such a special
PT is known as a biplaner type. The PMT consists of
the photocathode, the anode, and 612 stages of dyn-
odes aligned between the two electrodes. The role of
each dynode is to emit a larger number of secondary
electrons than are incident on it. The total amplifica-
tion factor is typically 10°, depending on the number of
dynodes and the applied voltage. Because of its stabil-
ity, wide dynamic range, and large specific detectivity
D*, the PMT is widely used for precise light detec-
tion. The PMT can be considered as a constant-current
source with high impedance. Therefore, the intensity of
the output signal is mainly determined by a value of the
load resistor. The response time is determined by a time
constant calculated from the load resistor and an output
capacitance. By cooling the photocathode and adopting
a photon counting technique, shot-noise-limited weak-
light measurement is possible. Recently, a small type of
a metal-packaged PMT has become available [11.11].
By taking advantage of its shorter electron-transit
time and smaller time spread of secondary electrons,
a new gating technique with a resolution time of less
than 0.3 ns has been proposed [11.12].

The operating principle of the PC detector is based
on the photoconductive effect of a semiconductor.
The electric conductivity of materials, especially semi-

Type D* Spectral range Linear range Rise time
(cm Hz!/2 W—1) (nm) (decades) (ns)
External quantum-effect detector (photon detector)
Phototube (PT) 108-10'0 200-1000 4.5-5.5 0.3-10
Photomultiplier tube (PMT) 1012-10'8 200-1000 5.0-6.0 0.3-15
Internal quantum-effect detector
Photoconductive detector (PC) 10°-10"2 750-6000 5.0-6.0 50-10°
(PbS, InSb, Ge)
Photovoltaic detector (PV) 108-10"2 400-5000 3.0-4.0 10%-10°
(Si photodiode)
Photoelectromagnetic detector (PEM)
(InSb)
D* Spectral range Linear range Time constant
(cm Hz'/2W~1) (wm) W) (ms)
Thermal detector
Thermocouple 108-10° 0.8-40 10-10-10-8 10-30
Thermistor (Bolometer) 108-10° 0.8-40 10-6-10"! 10-30
Pneumatic detector (Golay cell) 108-10° 0.8-10° 10-6-10"! 2-50
Pyroelectric detector TGS, PZT 107-108 0.3-10% 10=6-10"" 5-1000
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conductors, varies depending on the intensity of the
incident light. For UV and visible wavelength regions,
intrinsic semiconductors are used. For the IR region,
impurity semiconductors are used. The upper limit on
wavelength sensitivity for intrinsic semiconductors is
determined by the band gap energy (E,) and that for
impurity semiconductors by the ionized potential of the
impurities. Generally, CdS (E; = 2.4¢eV) and CdSe are
(Eg = 1.8¢€V) used in the UV and the visible region.
For the IR region, PbS, PbSe, PbTe, and Hg;_,Cd, Te
are used, where a cooling procedure is often required to
suppress noise.

The operating principle of the PV detector is based
on the photovoltaic effect. When a light flux whose en-
ergy is larger than the energy gap of the pn junction
of a semiconductor is incident, a photoinduced voltage
proportional to the incident light intensity is generated.
Silicon detectors are popular and can be used from the
visible to the near-IR region. The dynamic range for the
incident intensity is more than 10°. To achieve sensitiv-
ity in the UV region, detectors with a processed surface
or made from GaAsP have been devised; commercially
these are known as blue cells. Compared to PC detec-
tors, the PV detector gives a faster response time. An-
other advantage is that it requires no power supply. The
PV detector has two operation modes: the photovoltaic
mode and photoconductive mode (or photodiode mode).
In the photovoltaic mode, the detector is used with zero
bias voltage and the detector is considered as a constant-
voltage source with low internal resistance. In the pho-

toconductive mode, the detector is used with a reverse
bias voltage and can be considered as a constant-current
source with high impedance. The photoconductive
mode gives a wide dynamic range and a fast response.
When one needs a high-speed subnanosecond response,
use of a pin photodiode or an avalanche photodiode
(APD) should be considered [11.13, 14].

The PEM detector utilizes contributions of an
electron—hole pair to the photovoltage. The electron—
hole pair is generated on the surface of an intrinsic
semiconductor such as InSb. By applying the external
magnetic field to the semiconductor during a diffusion
process, the pair is divided in opposition directions,
each contributing to the voltage. This type of detector
is, however, not commonly used now.

In a thermal detector, optical power absorbed on
the surface of the detector is converted to thermal en-
ergy and a temperature detector measures the resulting
change of temperature. A variety of techniques have
been developed to attain high-speed response and high
sensitivity, which is a tradeoff. Although, in principle,
an ideal thermal detector does not have a wavelength-
dependent sensitivity, one cannot realize such an ideal
detector. Typical thermal detectors are thermocouples,
thermopiles, pneumatic detectors, Golay cells, pyro-
electric detectors etc.

A multichannel (MD) detector has been developed
that integrates many internal QE detectors onto a sil-
icon substrate. Electric charges produced by the inci-
dent light, usually in the UV and visible range, are

Far-UV Near-UV
fn Ultraviolet (UV) . Infrared (IR)
v Vacuum (UV) VISP earIR Mid-IR Far-IR
5 nm 200 300380 750 nm 3.0 pm 25 um to 3 mm
10nm 100 nm 1000 nm 10vm 100 vm
LT TTH] LT T T LT T | L] Ll DT [T
Eye
PMT
Scintillation detector i PV type
PC type
PEM
Thermocouple, bolometjer
Pyroelectric detector
Golay cell

Fig.11.3 Applicable wavelength regions of various photodetectors
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accumulated on individual detectors. A metal-oxide—
semiconductor-type (MOS) detector employs electric
switches to read out the electric charge. A charge-
coupled device (CCD) has a larger integration density
than the MOS type because of the simplicity of the pro-
cess of charge accumulation and transfer. The sensitivity
is 107-10® photons/cm? and the dynamic range is 10°—
10*. Recently, infrared image sensors using HdCdTe
have appeared in the market. This MD can be used not
only as a spectral photosensor but also as a position
sensor.

To select the optical detector, the fundamental issues
to be considered are: 1) spectral response, 2) sensitiv-
ity, 3) detection limit, and 4) time response. Concerning
the spectral response, spectral matching with the light
source should be considered. The spectral distribution of
the background light also should be taken into account.
The sensitivity of the detector is defined by the ratio of
the intensity of the output signal to that of the incident
light. Generally, overall (or all-spectral) sensitivity is
employed. To determine the sensitivity, a standard light
source whose spectral distribution is known is used as
the incident light: a tungsten lamp of 2856 K for the UV
and the visible region and a pseudo-blackbody furnace
of 500K for the IR region. The detection limit is usu-
ally represented by the noise-equivalent power (NEP) or

the specific detectivity D*, where NEP = PV, /Vy and
D* = /AA f/NEP, where P is the radiation flux, Vg
is the output signal, V;, is the root mean squared value
of output noise, A is area of the detector, and A f is
the noise-equivalent frequency bandwidth. The time re-
sponse is represented by a step response or a steady-state
frequency response. The step response is represented by
a rise time or a fall time, which are used especially for
detectors with a nonlinear response. For high-speed de-
tectors, the time constant is important; this is calculated
by the internal resistance of the detector and the parallel
output capacitance. Impedance matching with the fol-
lowing electronics is also important.

11.1.3 Wavelength Selection

In a practical measurement, it is often necessary to select
a suitable wavelength from the light source. This section
deals with some wavelength-selection techniques [11.1—
4]. In order to select the monochromatic or quasi-
monochromatic light, we usually use a dispersion ele-
ment, such as an optical filter, a prism, and a diffraction
grating. Generally, the diffraction grating is installed
in a monochromator (MON). To gather all spectral in-
formation simultaneously, one uses a polychromator
(POL) in combination with a multichannnel detector

Ultraviolet (UV) Infrared (IR) .
X-ray Visible Liac
Vacuum (UV) ~ Far-UV ~ Near-UV Near-IR Mid-IR Far-IR wEs
Wavelength 5 nm 200 nm 300nm 380 nm 750 nm 3.0 pm 25 um 3000 pm
[
Prism LiF 110 nm ‘ ‘ } } } 7 um
Crystal 170 nm ‘ i i 3.5 um
CaF, 300 nm ‘ ‘ i 9 um
Glass 300 nm i 2.5 um
NaCl % pm ; 15 p‘m
KCl 2 um i 18 pm
KBr 5 pm 25 um
Diffraction Echelzlete grating (con(j:ave) ‘ ‘
grating i o | 3
10A 1500-3000 [//mm] 2000 A ‘ 600-2000 [//mm] 7500 A
Echellete| grating (plane) ‘
1000 A 600—20b0 [l/mm] ‘300— 1000 [l/n;m] 100 20 [l/mm]
Echelle |
St‘ep grating Lamellar grating
\
Interfero- Fabry—Pérot ‘interferometer ; ‘ ‘
meter Michelson in‘terferometer } } |
\

Fig. 11.4 Wavelength regions of various wavelength-selection elements and devices
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(MD). In the IR region, a Michelson-type interferom-
eter is sometimes used for a Fourier-transform spec-
trometer (FTS) [11.15]. For extremely high spectral-
resolution measurements, a Fabry—Pérot interferometer
should be considered. [11.16] Figure 11.4 shows various
elements, devices, systems applicable in each wave-
length region.

The prism has been used as the main dispersion
element. Dispersion occurs in the prism primarily be-
cause of the wavelength dependence of the refractive
index of the prism material. Many materials for the
prism have been used, for example, glass (350 nm—
1 pwm), quartz (185 nm-2.7 wm), CaF (125 nm-9 pm),
NaCl (200nm-17 pm), KCl (380nm-21 wm). When
the wavelength is A (or A+ AA) and the angle be-
tween the incident beam and the deviated monochro-
matic ray is 6 (or 6+ A#), the angular dispersion,
A6O/AMN, is given by AO/Al = AO/An-An/AL =

2sin (oe/2) /4/ 1 —n2sin® (@/2)An/AX, where n and o
are the refractive index and the apex angle of the prism,
respectively. In order to increase the spectral resolution,
A/ A, we should use a prism with a long base L because

A AX=L-(An/Ar). o ,
A plane diffraction grating is made by ruling par-

allel closely spaced grooves on a thin metal layer de-
posited on glass. When collimated light flux strikes the
grating in a plane perpendicular to the direction of the
grooves, different wavelengths are diffracted and con-
structively interfere at different angles. Although there
are two types of gratings, transmission and reflection, the
reflection type is invariably used for wavelength selec-
tion. If the incident angle is « and the diffraction angle
is B, measured from the normal to the grating plane, and
the groove interval is d, the following grating formula
holds, d(sin « + sin 8) = mX, where m is the order of
diffraction. In the formula, the order m as well as the
diffraction angle B is taken as positive for diffraction
on the same side of the grating normal as the incident
ray and negative on the opposite side. Then, the angu-
lar dispersion is given by AB/AA =m/ (d cos ) and
the resolution power is given by A/AA = mN, where N
is the total number of grooves. From the formula, we
can understand that many wavelengths are observed for
a specified diffraction angle B for a given o and d.
This phenomenon is known as overlapping orders. From
the following two equations, d(sina +sin ) = mi =
(m+1) (A — AX), we can obtain AA =LA/ (m+ 1); the
value AA is called the free spectral range. The over-
lapping orders are usually separated by limiting the
source bandwidth with a broadband filter, called the or-
der sorter, or with a predisperser.

Figure 11.5 shows a typical shape of the cross section
of the groove. When the angle between the grating plane
and the long side of the grooveis y sothaty —a = —y,
the incident and the diffracted light satisfy the relation
for specular reflection on the long side of the triangle.
Then, we obtain the relation 2d sin y cos (¢ — y) = mA.
When, we put « = 8 = y and m= 1, then 2dsiny = X.
Such a wavelength A and angle y are called the blaze
wavelength and angle, respectively. The blazed grating is
often called an echellete. In this situation, the maximum
diffraction efficiency is obtained. For high-resolution
spectral measurements, an echelle grating is used, which
is arelatively coarse grating with large blaze angles. The
steep side of the groove is employed at very high orders.

A concave grating is the same as a plane grating
but the grooves are ruled on a concave mirror so that
the grooves become a series of equally spaced straight
lines when projected onto a plane perpendicular to the
straight line connecting the center of the concave shape
and a center of its curvature. A circle, whose diam-
eter is equal to the radius of the curvature and which
is on a plane perpendicular to the grooves, is called
the Rowland circle. Rays starting from a point on the
Rowland circle and diffracted by the grating are focused
onto a point on the same circle. The two points form an
optical conjugate pair with respect to each other. Usu-
ally, an entrance and an exit slit are placed on the two
points. A problem concerning the concave grating is the
presence of relatively large astigmatism. It is, however,
used for the UV region because no additional reflec-
tion optical element that introduces reflection energy
loss is necessary. Recently, various kinds of holographic
gratings have been developed to solve the problem of
aberration, including astigmatism.

Incident ray
Groove normal ____.

Diffracted ray l“‘-‘a
(m=1) ‘/7/:
5B

Grating normal
0-th order

e g |

Fig.11.5 Cross section of a blazed grating. By tilting the
groove facet by an angle y, the zeroth-order ray does not
correspond to the specularly reflected ray from the groove
surface
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When choosing a wavelength-selection method, sig-
nificant parameters to be considered are the dispersion
characteristics, resolution power, solid angle and F-
number (or optical throughput factors), degree of stray
light, and optical aberration. One of the most convenient
and simplest ways is to use a spectroscopic filter such
as a color glass filter or an interference filter. However,
those lack versatility. The MON is a multipurpose ap-
paratus, which has a grating, an entrance, an exit slit,
additional optics, and a wavelength-selection mecha-
nism in one box, by which monochromatic light can
be extracted. Many types of mounting and optical ar-
rangement of the optics including the grating, have been
proposed.

Although the dispersion-type MON is widely used
for the purpose of wavelength selection, it has some
drawbacks. In principle, its optical throughput is not
large because of the presence of the entrance slit. Fur-
thermore, because of the requirement of the wavelength-
scanning mechanism for measuring a continuum spec-
trum, the total number of wavelength elements limits the
signal-gathering time allocatable to a unit wavelength
element, resulting in lowering signal-to-noise (SNR) ra-
tio. On the contrary, the FTS has optical throughput and
multiplex advantages over the dispersion-type MON.
This is because the FTS requires no entrance slit and
the entire spectrum is measured simultaneously in the
form of an interferogram. However, the multiplex advan-
tage is given only when the detector noise is dominant,
such as for an IR detector. Nevertheless, it is some-
times used in the visible region. This is because of the
presence of the optical throughput advantage, high pre-
cision in wavenumber, and the possibility of realizing
extremely high spectral resolution. However, even for
the dispersion-type MON, when used in a form of a POL
together with the MD, the multichannel advantage is
generated. Table 11.2 summarizes the SNR of the FTS,
(SNR)Fts, and that of the POL with an MD, (SNR)poL,
over that of the dispersion MON with a single detector,
(SNR)moN, for cases of when the detector noise, the shot

noise, and the scintillation noise is dominant. In the ta-
ble, n is the total number of spectral elements.

11.1.4 Reflection and Absorption

Reflection or absorption spectra provide rich infor-
mation on the energy levels of the material, such as
inner or valence electrons, vibrations or rotations of
molecules or defects in condensed matters, a variety of
energy gaps and elementary excitations, e.g. phonons
and excitons.

Reflection and Transmission
When a light beam incident on a material surface passes
through the material, some of the light is reflected at the
surface, while the rest propagates through the mater-
ial. During the propagation the light is attenuated due
to absorption or scattering. The coefficients of reflec-
tivity R and transmittance T are defined as the ratio
of the reflected to the incident power and the trans-
mitted to the incident power, respectively. If there is
no absorption or scattering, R+ 7 = 1. A schematic
diagram for measuring R or T is shown in Fig. 11.6.
A tunable light source, a combination of a white
light (Sect. 11.1.1) and a monochromator (Sect. 11.1.3)
or a tunable laser (Sect.11.1.5), is used here. Details
of detectors are reviewed in Sect. 11.1.2. Changing the
wavelength A of the tunable light source, one can obtain
a reflectivity spectrum R(A) or a transmittance spectrum
T(A). For convenience the white light directly irradi-
ates the sample and the reflected or transmitted light is
detected with a combination of a spectrometer and an
array detector, e.g. CCD, if the luminescence from the
sample caused by the white light is negligible.

If the beam propagates in the x direction, the inten-
sity /(x) at position x satisfies the following relation

Al(x)=I1(x+dx)—I(x) = —al(x)dx,
S dlx)

—al .
dx

Table11.2 Comparisons of the SNR of the FTS, (SNR)rrs, and that of the POL with a MD, (SNR)por,, over that of the
MON with a SD, (SNR)ponN, for cases when the detector noise, the shot noise, and the scintillation noise are dominant,

where n is the total number of spectral elements

Noise Detector noise
SNR

(SNR)gts n
(SNR)poN 2

SNR

(SNR)poL Jn

(SNR)pmon

Shot noise Scintillation noise
1 1

V2 n

N 1
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chromator or reflection
[ I |
Sample

Tunable laser Detector

Fig.11.6 Schematic diagram of reflection or transmission
measurement

Here « is called the absorption coefficient. The inte-
grated form is

1(x) = Iy exp(—ax) , (11.1)

where Iy is the intensity of the incident light. The posi-
tion at x = 0 corresponds to the surface of the material.
This relation is called Beer’s law. If the scattering is neg-
ligible, the transmittance 7 is described by

T =(1—Ry)exp(—al)(1—Ry), (11.2)

where R| and R, are the reflectivities of the front and
back surfaces, respectively, and [ is the sample thickness.

Optical Constants
If the light propagates in the x direction, the electric field
is described by

E(x,t)= Egexp i (kx —ot)] , (11.3)

where k is the wavevector of the light and w is an an-
gular frequency. In a transparent material with refractive
index n, k and the wavelength in vacuo A are related each
other through

2 nw

=—=—" (11.4)

A/n c
This formula can be generalized to the case of an ab-
sorbing material by introducing the complex refractive
index [11.17]

n=n+ik, (11.5)
k="2 (11.6)

where « is called the extinction coefficient. The imagi-
nary part of 71 leads to an exponential decay of the electric

field; the absorption coefficient can be described by
2k 4wk
O=—=—. (11.7)
c A
The amplitude reflectivity r, the ratio of the electric field
of the incident light to that of the reflected light, in the

case of normal incidence is described by [11.18]

n—1
= . 11.8
"t L8
If we define the real and imaginary part of r by
r = Rexp(if) , (11.9)

then the (intensity) reflectivity can be described by

i—17 (n—1)24«?
=2 _ bt (11.10)

41 (n+1)2+«2

and conversely, n and k are written as
I-R (11.11)
n—=————H ——, .
14+ R—2v/Rcost
2+/Rsin6

(11.12)

gy 1+ R—2vRcosb
Ellipsometry enables us to obtain the amplitude reflectiv-
ity [11.19]. Thus one can obtain the complex refractive
index by measuring the reflectivity.

The optical response of the material, e.g. light prop-
agation described in the complex refractive index, origi-
nates from the polarization induced by the incident light.
If the electric field E of the light is weak and within linear
regime (cf. Sect. 11.4), the polarization P is given by

P=¢gyxE, (11.13)

where g9 and y are the vacuum dielectric constant and
the electric susceptibility, respectively. The electric dis-
placement is

D=¢yE+ P,
=¢goekE . (11.14)
where ¢ is the complex dielectric constant;
e=¢o(l+x)., (11.15)
— & +ien (11.16)

where €1 and &, are the real and imaginary parts of ¢.
From the Maxwell equation [11.1],

&

2

€0

&

o2, (11.17)
€0

&

22 —onk, (11.18)
€0
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and conversely,

e1+,/et+e3

= |— 11.19

n \ : ( )
—&1+, /8% —{—8%

K= — s (11.20)

Kramers—Kronig Relations
The Kramers—Kronig relations allow us to find the real
(imaginary) part of the response function of a linear pas-
sive system, if one knows the imaginary (real) part at
all frequencies. The relations are derived from the prin-
ciple of causality [11.17]. In the case of the complex
refractive index, the relations are written as

2 k(@) |,
n(w):l-l-—Pf 24da) s (11.21)
T W' — w?
2 T n)—1]
K(w) =— —P/ zida)/ s (11.22)
Tw w'* — w?

0

where P indicates the Cauchy principal value of the in-
tegral. Using these relations one can calculate n from «,
and vice versa. The 6 in (11.9) is calculated from the
reflectivity R using the following formula

op Tul55]

T W —w

0

thus n and « are determined using (11.11, 11.12) from
the reflectivity spectrum. This analysis is very useful for
materials with strong absorption in which only the re-
flectivity is measurable. The Kramers—Kronig analysis
of reflection spectra with synchrotron radiation, which
covers extremely wide wavelength regions from the far-
IR to x-rays, reveals the electronic structures of a huge
number of materials [11.20].

The Lorentz Oscillator Model

(Optical Response of Insulators)
The responses of bound (valence) electrons in insulators
can be written by the equation of motion of a damped
harmonic oscillator

d%x dx 2
m? = —myE — mwyx
—eEgexp(—iwt) , (11.24)

where m and e are the mass and charge of the electron,
y is the damping constant, wy is the resonant frequency,

Ey is the amplitude of the electric field of the light. If
we assume x (1) = xg exp(—iwt),

—eEo

X0 = - . (11.25)
m(w} — w? —iyw)
Thus the polarization is given by
ne?
Presonant = ———————» (11.26)

m(wj — w? —iyw)
where n is the number of electrons per unit volume.
Now we can write the electric displacement
D = &9 E + Poackground + Presonant
=¢&0E+eo XbackgroundE + Presonant »

where the electric susceptibility xbackground accounts
for all other contributions to the polarization. Us-
ing (11.15, 16), we obtain the following equations

ne?
ew)y=1+x+ 3 5 , (11.27)
eom(a)o—a) —1ya))
2( 22
_ ne-(wy—w )
elw)y=1+x+ 5 2 1
eom [(a)o—a) ) + (yw) ]
(11.28)
e2yw
e(w)=n (11.29)

gom [(a% — w2)2 + ()/a))z] .

The dielectric constants in the low and high frequency
limit are defined as

e0)=esT, é&(00)=éx.

Figure 11.7 shows the frequency dependence of the op-
tical constants introduced in this section.

Typical Absorption Spectrum of Insulators

A schematic plot of a typical absorption spectrum of
insulators is shown in Fig. 11.8. There are sharp ab-
sorption lines due to phonons in the far-infrared region
and due to excitons in the visible or ultraviolet region;
a phonon is a quantized lattice vibration and an exciton
is a bound state of an electron and hole like a hydrogen
atom. The shape of the absorption or reflection spec-
tra of phonons or excitons can be analyzed by using the
Lorentz oscillator model. If the coupling between the
photon and the phonon (exciton) is strong, we have to
introduce a coupled mode of a photon and a phonon (ex-
citon), phonon—polariton (exciton—polariton) [11.21].
Phonon sidebands usually accompany the exciton ab-
sorption lines and provide information on the phonons
and excitons [11.22].
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Above the exciton lines, strong interband absorption
is observed. The absorption edge is caused by the onset
of the interband transition, in which free electrons and
free holes are created simultaneously across the band gap
of the insulator. We can obtain a variety of information
on the band structure of the material from the interband
absorption spectra. Between the phonon and exciton
lines there are two weak bands: the multiphonon absorp-
tion band due to the combination of several phonons
lies around the mid-infrared region and the Urbach tail
appears as the onset of optical absorption in the near-
infrared or visible region at finite temperature. The shape
of the Urbach tail is expressed as [11.21]
h(wo — w)

ks T
where o is an empirical steepness parameter. The o
indicates the strength of the exciton—phonon coupling,
because the Urbach tail is caused by phonon-assisted
processes. Generally, there is a minimum in the absorp-
tion coefficient between the multiphonon region and the
Urbach tail. In the case of SiO; glasses this minimum
lies in the near-infrared region around 1 eV. Thus optical
fibers operate between 1.2—1.6 um (Sect. 11.1.5).

a(w) x exp |:—o ] , (w<wy), (11.30)

Drude Model (Optical Response in Metals)
The responses of free electrons in metals can be writ-
ten by the equation of motion (11.24) without a restoring
force

x W By exp(—ion) (11.31)
m—s- = —my— —eEqyexp(—iwt) . .
a2 Vg TeRoerp
If we assume x(¢) = xg exp(iowt) ,
E
Xp= —0 (11.32)
m(? + iyw)
Thus the polarization is given by
P = —nex,
—ne*E
S — (11.33)
m(w? +iyw)
D=¢gE+P
=¢gpek ,
! ne?
e=l-——
gom (w? +iw/T)
2
W
p
=l-—. (11.34)
gom (w? +iw/T)
1
T=—,
v 2\ 172
ne
wp = (—) (11.35)
eom
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Fig.11.7 (a) Frequency dependence of the real and imaginary parts
of the dielectric constant, and (b) frequency dependence of the
complex refractive index, calculated in the case of wg = 100 THz,

y =5THz, esT = 12 and o, = 10 using (11.28,29)

where 7 is the relaxation time and wy, is called the plasma
frequency. Figure 11.9 shows the reflectivity R in the
case of ¥ = Q using (11.10). Perfect reflection occurs for
o < wp, and then R decreases for w > wy, approaching
Zero.

Electric conductivity can be generalized to the op-
tical frequency region. The current density j is related
to the velocity of free electrons and the electric field
through

j=—Ne— =0oE, (11.36)
J dr
log a (w)
t Phonon
absorption
A
Exciton
. absorption
Multi PN
phonon
absorption
band Urbach
tail
Absorption
edge
0.01 0.10 1.0 10.0
hw (eV)

Fig.11.8 Schematic illustration of the absorption spectrum
of insulators
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where o is called the optical conductivity. From (11.23)
and (11.27),

O
o(w)= —2 (11.37)
1—iwt
where
nezt
00 = . (11.38)

m
oo corresponds to the DC conductivity. Thus the DC
conductivity can be estimated by purely optical measure-
ments without electrical contacts. Optical conductivity is
written in terms of the dielectric function as follows

o(w) = —iggw [e(w) — 1] . (11.39)

The Kramers—Kronig relations of the optical conductiv-
ity are as follows

o0
2 / /
o1(w) = —P/ %(‘”;dw’, (11.40)
T W —w
0
20 [ oi(a
o2 (w) = _—wP/ C;Lw)zdw’, (11.41)
Y 0 W —w

where o1 (072) is the real (imaginary) part of the o.

Optical Conductivity of Superconductors
Superfluid electrons in superconductors can move with-
out dissipation, therefore one can take the limit =10
in (11.37),

nse?
o) —> ——,
iwm
where ng corresponds to the superfluid electron density.
Accordingly, the real part o for the superfluid electrons
is zero unless w = 0. Using (11.40), o} is expressed by
a delta function,

2
TSE S(w) . (11.42)
m

ol(w) =

Reflectivity
1.0

0.8

0.6

0.4

0.2

0.0 >
0 1 2
i,

Fig.11.9 The reflectivity of free electrons in the case of y =
0

Finally, the optical conductivity of superfluid electrons
is given by

2

n nge

2
se

S(w)— - .
m iom
Superconductivity originates from the formation of

Cooper pairs. In the higher-frequency region above the
binding energy of the Cooper pair, o7 should be finite.
A schematic illustration of optical conductivity spec-
trum in superconductors is depicted in Fig. 11.10. Here
A is called the Bardeen—Cooper—Schrieffer (BCS) gap
parameter and 2A corresponds to the energy gap in
the superconductor [11.17]. Thus we can measure the
superconducting gap by optical spectroscopy in the in-
frared region.

(11.43)

o(w)=

11.1.5 Luminescence and Lasers

Materials emit light by spontaneous emission when elec-
trons in the excited states drop to a lower level. The
emitted light is called luminescence. Such materials with
excited electrons can amplify the incident light via stim-
ulated emission, which is utilized in lasers, an acronym
for light amplification by stimulated emission of radia-
tion.

Emission and Absorption of Light
The processes of spontaneous emission, stimulated emis-
sion and absorption are illustrated in Fig. 11.11 in the
case of a two-level system.
The rate equations are as follows
dN>
dr
dN,
dr
dN
dr

=—-AN,, (11.44)
= —By1N2p(v) , (11.45)

=—BppNip(v), (11.46)

Re (0)

I nn5e2é(w)/m

0 Al w

Fig.11.10 Optical conductivity of a normal metal (dashed
line) and a superconductor (solid line)
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where N1 and N; are the populations of a ground state
|1) and an excited state |2), respectively, p(v) is an en-
ergy density of the incident light, and A»;, B>; and B2
are Einstein coefficients. The right-hand side of (11.44)
shows spontaneous emission (Fig. 11.11a) of a photon
with the energy hv = E; — E. A radiative lifetime tR of
the excited state is defined by

_l
Ay

The right-hand side of (11.45) shows stimulated emis-
sion (Fig. 11.11b) from |2) to |1). The rate is proportional
to the energy density at the resonant frequency v. Equa-
tion (11.46) represents absorption (Fig. 11.11c) from |1)
to |2). As seen in the derivation of Beer’s law, (11.1), the
rate of absorption is proportional to the energy density of
the incident light. Combining (11.44-11.46), we obtain
the rate equation

TR (11.47)

dN,
& = —A21 N2 — B21 Nop(v) + B1aN1 p(v) .
(11.48)
In the steady state, N1/dt = N,/ dt =0, then
A21 N2+ B1 Nop(v) = B1aNip(v) . (11.49)

In thermal equilibrium, the Planck distribution for cavity
radiation is

) 8hv’ 1

pW) = 3 )
¢ exp (k’é—‘}) -1

and the Boltzmann distribution between two levels is

Ny E,—E; hv
— =exp| ——— |=exp|——% ] -
Ny kBT kBT

(11.51)

(11.50)

From (11.49-11.51) we obtain the Einstein relations

A 8whv?

fo1_ Sy (11.52)
le C3

By =Bj». (11.53)

Luminescence
Luminescence is categorized as follows

1. Photoluminescence (PL)
The reemission of light after absorbing an excitation
light. Details are described in this section.

2. Electroluminescence (EL)
The emission of light caused by an electric current
flowing through the material. This is utilized in op-

a)E, b) E, Q) E,

hv=E,-E,

E E E

1 1 1

Fig.11.11a=c Transition processes in a two-level system: (a) sponta-

neous emission, (b) stimulated emission, and (c) absorption

toelectronic devices: the light emitting diode (LED)
and the laser diode (LD).

3. Cathodoluminescence (CL) The emission of light
due to irradiation by an electron beam. Details are
explained in Sect. 11.2.

4. Chemiluminescence
The emission of light caused by a chemical reaction.
Bioluminescence which originates in an organism
belongs to chemiluminescence.

The process involved in luminescence does not simply
correspond to the reverse process of absorption in con-
densed matter. Nonradiative processes, e.g. a phonon-
emission process, compete with the radiative process.
Hence the decay rate of an excited state 1/t is described
by

1 1 1

-—=—+—, (11.54)

T TR TINR
where the two terms on the right-hand side represent the
radiative and nonradiative decay rates, respectively. The
luminescence efficiency or quantum efficiency 7 is de-
fined by

1 / TR

g 1/tR+1/NR
If the radiative lifetime tR is faster than the nonradia-
tive lifetime tNgr, luminescence is a main de-excitation
process and luminescence spectroscopy is a powerful
method for the investigation of the excited state. Time-
resolved measurements introduced in Sect. 11.4.3 pro-
vide direct information on 1/7r. In many cases, non-
radiative decay processes give rise to heating of the
material. Therefore, photocalorimetric or photoacoustic
spectroscopy is utilized to obtain the information on the
nonradiative decay processes [11.23].

(11.55)

PL Spectroscopy
The experimental set-up for the PL measurement is
shown in Fig. 11.12. The sample is excited with a laser
or a lamp. The PL spectrum is obtained by using array
detectors, e.g. a CCD, or by scanning the wavelength
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of the spectrometer with a PMT. The sample is usu-
ally mounted in a cryostat to cool it to liquid nitrogen
or helium temperatures, because the nonradiative pro-
cess is activated at higher temperature. Conversely, the
temperature dependence of PL gives information on the
nonradiative decay mechanism. The spectra obtained
should be corrected to take into account the sensitivity
of the detection system (the spectrometer and the CCD
or PMT), while this correction is not required in the case
of reflection and absorption measurements, in which the
response function of the detection system is canceled
in the calculation of 1/[y (see (11.1)). Reabsorption ef-
fects should also be taken into account [11.22] if the
frequency region of the luminescence overlaps that of
the absorption. Time-resolved PL spectroscopy provides
the radiative decay time and direct information on the re-
laxation process in the excited states. The experimental
set-up will be reviewed in Sect. 11.4.3.

PL excitation spectroscopy (PLE) in which the de-
tection wavelength is fixed and the excitation wave-
length is scanned allows the absorption spectrum to be
measured in the case that direct transmission measure-
ments are impossible because of very weak absorption or
an opaque surface of the material. PLE spectroscopy is
similar to ordinary absorption measurements but is sub-
ject to the condition that there exists a relaxation channel
from the (higher) excited state to the emission state be-
ing monitored. Fluorescence line narrowing (FLN) or
luminescence line narrowing is a high-resolution spec-
troscopic technique that uses laser excitation to selected
specific subpopulations optically from the inhomoge-
neously broadened absorption band of the sample, as

Sample in cryostat

Light source

Collection
lenses

Entrance slit

Y

Spectrometer
Fig.11.12 Exper-
CCD imental setup for

PL measurement

shown in Fig. 11.23a,b [11.24]. One can obtain the ho-
mogeneous width using FLN spectroscopy (Sect. 11.2).

Optical Gain
Laser action arises from stimulated emission, while
spontaneous emission prevents lasing. Using (11.44,
11.45, 11.52) the ratio between the rates of stimulated
emission and spontaneous emission is calculated as

NaBaip(v) 1
N2Az exp (kh_V) 1
B

This ratio is less than unity if 7 is positive. Hence a neg-
ative temperature is required for the lasing. From (11.51)
this negative temperature corresponds to N > Ny, which
is called population inversion.

If population inversion is realized, the incident light,
called seed light, is amplified by stimulated emission.
In the case that the seed light originates from the lumi-
nescence of the material itself, amplified spontaneous
emission (ASE) appears, as shown in Figure 11.13.

Optical gain is calculated using (11.45,11.46) as an
extension of Beer’s law (11.1)

dI(x)
dx

where g(v) is a spectral function which describes the
frequency spectrum of the spontaneous emission. Then,
using the Einstein relation (11.52), we obtain

(11.56)

gWhvi(x)

= (B2 N2 — B12Ny) — (11.57)

I(x) = Iy exp[G(v)x],

(N2 = N Az c?g(v)
8mv?

where Iy and I are the input and output light intensities,

respectively. G(v) is called the gain coefficient.

The population inversion can be obtained in the fol-
lowing ways

(11.58)

G(v) = , (11.59)

1. Optical pumping
This method is used in solid-state lasers (except LDs)
and dye lasers.

2. Electric discharge
Gas lasers and flash lamps which are used for the
optical pumping of solid state lasers, e.g. Nd:YAG
laser.

3. Electron beam
Large excimer lasers are pumped with a large-
volume electron beam.

4. Current injection
This method allows compact, robust and efficient
laser device (LDs).
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Spontaneous ()

emission

ASE

ASE \ Stimulated emission

Fig.11.13 Schematic illustration of amplified spontaneous
emission. The shaded area shows an excited volume where
population inversion is established

Laser Configuration

A combination of the population-inverted medium and
the optical cavity which gives optical feedback provides
the laser oscillation, which is like an electronic oscillator.
Thus the laser consists of a laser medium, a pump-
ing source and an optical cavity. Figure 11.14 shows
a schematic arrangement of a laser. ASE with the cor-
rect frequency and direction of propagation is reflected
back and forth through the laser medium. One of the
mirrors, called the output coupler, is partially transpar-
ent to extract the light within the cavity. The cavity acts
as a Fabry—Pérot resonator, so that the cavity modes are
formed inside the cavity. The mode separation is ex-
pressed by

Av=c/2l, (11.60)

where [ is a cavity length. We see lasing in the frequency
region in which the intensity is above the threshold,
as shown in Fig. 11.15. As seen in the figure, several
modes oscillate simultaneously, which is called multi-
mode operation. The random phases between these laser
modes may cause a chaotic behavior of the output power.
To avoid this effect, there are two solutions: single-
mode operation in which a single cavity mode is se-
lected by introducing another interferometer within the
cavity and mode-locked operation, which is introduced
in Sect. 11.4.2. The former operation achieves very nar-
row line widths down to 1 Hz.

Typical Lasers
Typical lasers are concisely summarized in the follow-
ing. The lasers are classified depending on the laser me-
dia: gas, liquid and solid. Solid-state lasers are catego-
rized into rare-earth metal lasers, transition-metal lasers

Energy input by pumping
Total Partial
reflector reflector
| | |
Amplifying medium G
beam

Laser cavity

Fig. 11.14 Schematic arrangement of a laser. The partial re-
flector corresponds to the output coupler

and semiconductor lasers (LD). There are two laser op-
eration modes: continuous wave (CW) and pulsed.

Gas lasers utilize atomic or molecular gases, as
shown in Table 11.3. Though they are fixed-wavelength
lasers in principle, multiple lines exist in molecular gas
lasers and tunable operation is possible in CO; lasers.
Excimer lasers utilize an excited diatomic molecule ex-
cimer, which is unstable in the ground state, and provide
high-intensity pulses at UV wavelengths.

Dye lasers provide tunable operation, because dyes
are organic molecules and have broad vibronic emission
bands due to interaction with the solvent. Figure 11.16
shows the tuning range of typical dye lasers.

Solid-state lasers with transition-metal ions, as sum-
marized in Table 11.4, also show broad emission bands
(except the ruby laser) caused by the strong interac-

Intensity
A

le  Lasergain_ ]

bandwidth
Intensity Frequency
1 Cavity longitudinal mode structure
| | Av=c/2l
Intensity Frequency
A
Laser output spectrum
Frequenc;/

Fig.11.15 Schematic illustration of laser output spectrum
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Table11.3 Typical gas lasers

Laser media

Oscillation wavelength (jum)

He-Ne 0.6328, 1.15/1.52/3.39, 0.604/0.612, 0.594, 0.543
He-Cd 0.636, 0.538, 0.442, 0.325

Cu (vapor) 0.511, 0.578

Ar ion 0.275-1.09 (discrete), 0.515, 0.488 (typical lines)
CO, 9-11 (tunable), 10.6

N, 0.337

XeCl 0.308

KrF 0.248

ArF 0.193

F 0.157

tion between 3d electrons and phonons, e.g. the Ti ion
in sapphire provides very wide tuning range shown
in Fig. 11.16 and are widely used, in particular, as ultra-
fast pulsed lasers (Sect. 11.4.2).

Solid-state lasers with rare-earth ions, as summa-
rized in Table 11.5, work as fixed-wavelength lasers
because of the narrow emission lines due to the weak
interaction between 4f ions and their environments.
They are pumped with flash lamps or LDs and, are
themselves used for the optical pumping of tunable
lasers.

Finally, semiconductor diode lasers, as summarized
in Fig. 11.17, are nowadays most widely applied in tiny
light sources for optical fiber communication, optical
recording of CDs, DVDs, MOs, etc. Current injection is
used for the laser pumping, which makes their combina-
tion with electronic circuitry feasible.

Tunable lasers

I Cyanine
Xanthene

. Dyes
s Coumarine
I Stilbene
I Alexandrite
I Cr:LiSAF
e I Cr-LiCAF
I Cr:forsterite  Th:YAG I
[T N Ti-sapphire
SHG I Yb: YAG, Yb:glass
300 500 700 900 1100 1300 1500 1700 1900
A (nm)

Fig.11.16 Tuning range of typical dye and solid-state lasers

Notes

CW, used in metrology (length standard) and in optical align-
ment

Typical CW laser in UV region

Pulse operation with 10 kHz repetition in visible region
Typical CW laser in visible region

CW or pulse operation, giant pulse in infrared region, used in
material processing

Compact pulsed laser

Used in pumping for dye lasers
Highest power among excimer lasers
LSI fabrication

Commercially shortest wavelength

11.1.6 Scattering

Scattering is the phenomenon in which the incident light
changes its wavevector or frequency. Scattering is called
elastic if the frequency is unchanged, or inelastic if the
frequency changes.

Elastic Scattering
This phenomenon occurs due to variation of the re-
fractive index of the material. The scattering can be
classified into two types depending on the size of the
variation a as follows [11.18]

1. Rayleigh scattering: in the case of a < A
The probability (cross section) of Rayleigh scatter-
ing is proportional to 1/,

2. Mie scattering: in the case of a > A
The size dependence of the probability of the
Mie scattering is not simple but is approximately
proportional to 1/A2 in the case of a & A. This phe-
nomenon enables us to monitor the sizes of the
particles in the air or in transparent liquid.

Inelastic Scattering
This phenomenon occurs due to fluctuation of the elec-
tric susceptibility of electrons or lattices in a material.
The electric field E of the incident light and the polar-
ization P of the material are described by (Sect. 11.1.4)

E=Epcos wt; P = Pycoswt. (11.61)
If the fluctuation of the electric susceptibility can be
written by

X = xo+x Qcos 21, (11.62)
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Table 11.4 Typical transition-metal-ion lasers

Laser media Oscillation wavelength (jLm)

Ruby (Cr:sapphire (Al,03)) 0.6943

Ti:sapphire (Al,03) 0.65-1.1

Alexandrite (Cr:BeAl,Oy4) 0.70-0.82
Cr:LiSAF (LiSrAlFs) 0.78-1.01
Cr:forsterite (Mg>SiOy4) 1.13-1.35

Table11.5 Typical rare-earth-ion lasers

Laser media Oscillation wavelength (jLm)

Nd:YAG 1.064

Nd:glass 1.062 (SiO; glass), 1.054 (PO glass)
Nd:YLF 1.053, 1.047, 1.323, 1.321
Nd:YVOq4 1.065

Yb:YAG 1.03

Er:glass 1.54

Ce:LiSAF 0.285-0.299

Compound | Laser media | Oscillation wavelength (um)

0.5 1 5 10

InGaN
AlGaAs
-v GalnAsP
AlGalnP .
AlGaAsSb
InAsSbP —
IV-VI PbSnSeTe
PbS —

11-VI CdZnSe
MgZnSSe

Fig. 11.17 Typical laser diodes

the polarization of the material is described as

P =¢ggxEqcoswt+eyx EgQ cos 2t cos wt
= gox Egcos wt + %EQX/EQQ
X [cos(w + £2)t + cos(w — 2)¢t] . (11.63)

The first term corresponds to the Rayleigh scattering
and the second term means that new frequency com-
ponents with w= §2, called Raman scattering, arises
from the fluctuation. The down- and upshifted compo-
nents are called the Stokes scattering and the anti-Stokes
scattering, respectively.

In the case of the Raman scattering due to phonons,
the Stokes (anti-Stokes) process corresponds to a phonon
emission (absorption), as shown in Fig. 11.19. The scat-

Notes

Pulse, the first laser invented in 1960

CW or pulse, ultrafast pulse generation (Sect. 11.4.2)

CW or pulse, removal of hair, tattoos, and visible leg veins
Pumped with LD, medical imaging and remote sensing

Frequency-doubled range located at missing region covered
with Ti:sapphire laser

Notes

CW or pulse, used in material processing.
SHG, THG and FHG are also used.

CW or pulse, very strong pulse operation
CW or pulse, good thermal stability

CW, pump source for Ti:sapphire laser
CW, used in a disk laser

CW, fiber laser, optical communication

UV operation

tering caused by acoustic phonons has a special name:
Brillouin scattering. The frequency shift with respect
to the incident light is called the Raman shift, and is
determined by the phonon energy. In other words, the en-
ergy of the phonons or other elemental excitations can
be obtained by Raman spectroscopy. Nowadays Raman
spectroscopy is indispensable for material science and is
applied to a huge number of materials [11.25].

Selection Rules for Raman Scattering
In the case of Raman or Brillouin scattering of phonons
in crystals, energy and momentum conservation rules
hold

o = ws+ 2, (11.64)
ki=ki+ K, (11.65)

where wj and k;(ws, ks) are the frequency and wavevec-
tor of the incident (scattered) photon and §2 and K are
those of the phonon. The plus sign corresponds to the
Stokes process, which is shown in Fig. 11.20 and the
minus sign corresponds to the anti-Stokes process.

If the incident light is in the optical region (from
IR to UV), the wavevector is negligibly small in com-
parison with the Brillouin zone of the crystal. Hence,
phonons with ¢ & 0 are usually observed in the Raman
scattering.

In a crystal with inversion symmetry, the phonon
modes which are observed in the Raman scattering,
called Raman-active modes, are not infrared active (not
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Incident photon

?,

¢I$ <+>osciuating dipole

| Scattered photon
=9, =R

Fig.11.18 Oscillator model for light scattering

Stokes process Anti-stokes process

wsza)i—Q a)s=wi+.Q

Fig.11.19 Energy-level diagram of the Raman processes.
Stokes and anti-Stokes processes are illustrated

observed in the infrared absorption), and vice versa.
This is called the rule of mutual exclusion [11.26].

In general, the coefficient x’ of the Raman scatter-
ing term in (11.62) is a tensor and is related to a Raman
tensor R, which is determined by the symmetry of the
crystal or molecule. The intensity of the Raman scatter-
ing [ is proportional to

I « |eiRes| , (11.66)

where e; and e are the polarization vectors of the inci-
dent and scattered light, respectively. The configuration
for Raman spectroscopy is specified as k;(e;es)ks and
the allowed combination of the polarizations are found
if the Raman tensor R is given. This is called the polar-
ization selection rule [11.26].

Electronic Raman Scattering
An electronic transition as well as a phonon is observed
in the Raman scattering. This is called electronic Ra-

Scattered photon
. (¢s’ ks)
Incident photon
@ k) O
Phonon
(2,9

Fig.11.20 Schematics of the Stokes scattering process. The
wavevector conservation rule is also depicted

man scattering. This is a very useful probe for plasmons
in semiconductors, magnons in magnetic materials, or
in determining the superconducting gap and the sym-
metry of the order parameter of superconductors, in
particular, strongly correlated electron systems; a new
type of elementary excitation was found by this tech-
nique [11.27].

Resonant Raman Scattering

If the frequency of the incident light w; approaches
the resonance of the material wy, the scattering prob-
ability is enhanced and the process is called resonant
Raman scattering. In this case violation of the selection
rules and multiple-phonon scattering occur. In the just-
resonant case (wj &~ wy), the discrimination between the
scattering, which is a coherent process, and the lumines-
cence, an incoherent process, is a delicate problem. The
time-resolved measurement of resonant Raman scatter-
ing reveals the problem and provides information on the
relaxation process of the material [11.28].

Experimental Set-up

The configuration for Raman spectroscopy is similar to
that used for luminescence spectroscopy, but a spec-
trometer with less stray light is required, because strong
incident laser or Rayleigh scattering is located near the
signal light. A double or triple spectrometer instead of
a single spectrometer is usually used in Fig. 11.12 to
reduce the stray light. An alternative method is to cut
the laser light with a very narrow-line sharp-cut fil-
ter placed just in front of the entrance slit of a single
spectrometer. This kind of filter is called a notch fil-
ter, which is a kind of dielectric multilayer interference
filter.
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11.2 Microspectroscopy

In nanoscience and nanotechnology the optical spec-
troscopic study of the individual properties of nanos-
tructured semiconductor materials or biomolecules with
ultrahigh spatial resolution is useful. This is achieved
by avoiding the inhomogeneity caused by differences
in the size, shape or surrounding environment. This
kind of spectroscopy is called single-quantum-dot or
single-molecule spectroscopy. In this section, we will
introduce the principles and the application of three
kinds of microspectroscopic methods based on con-
ventional microscopy, near-field optical microscopy
and cathodoluminescence spectroscopy with the use of
scanning electron microscopy.

11.2.1 Optical Microscopy

Since light has a wave nature and suffers from diffrac-
tion, the spatial resolution of an optical microscope
cannot go below approximately a half of the optical
wavelength: the so-called diffraction limit. The typi-
cal set-up of microphotoluminescence spectroscopy is
illustrated in Fig. 11.21. A laser beam for the photoex-
citation source is focused on a sample surface with
a spot diameter of about 1um through an objective
lens with a high magnification factor. The luminescence
from the sample is collected by the same objective lens
and passed through an achromatic beam splitter to sep-
arate the luminescence from the scattered light of the
excitation laser, and the luminescence image is focused
onto a CCD camera or the luminescence spectrum is
analyzed through the combination of spectrometer and
intensified CCD camera.

The principle of single-quantum-dot or single-
molecule spectroscopy is illustrated in Fig. 11.22. For
example, the luminescence from the ensemble of quan-
tum dots of semiconductors having a size distribution
shows the inhomogeneous spectral broadening due to
the size-dependent luminescence peak energy, as shown
in Fig. 11.22a. If the spot size of the focused point is
comparable to the mean separation distance between
the quantum dots, the number of quantum dots de-
tected by the objective lens is limited and the sharp
luminescence lines with discrete photon energies are de-
tected, as shown in Fig. 11.22c. If the distribution of
the dots is dilute enough, one can detect a single dot,
as shown in Fig. 11.22b where the line width is limited
by intrinsic homogeneous broadening corresponding to
the inverse of the phase relaxation time of the excited
state.

As an example of laser microphotoluminescence
spectroscopy, Fig. 11.23 shows the result of the ZnCdSe
quantum dots grown on a ZnSe substrate [11.29]. Al-
though the diameter of the quantum dots is 10 nm on
average and has a wide size distribution, the micropho-
toluminescence spectra show the spiky structures that
critically depend on the spot position of observation.
From the top to the bottom spectra, the spot position
is shifted successively by 10 wm distance. The bottom
spectrum is taken at the original position to check the
reproducibility, from which one notes that the change
in the spectra comes from fluctuation not in time but in
position.

As another example of single-molecule spec-
troscopy, Fig. 11.24 illustrates the microluminescence
excitation spectroscopy for light-harvesting complexes
LH2 acting as an effective light antenna in photosyn-
thetic purple bacteria at 2K [11.30]. The complexes
contain two types of ring structure of bacterio-
chlorophyll molecules (BChl a) with 9 and 18 mol-
ecules stacked against each other. Since the 9- and
18-molecule rings have their absorption bands at 800
and 860 nm, respectively, the ensemble of LH2 com-
plexes, as illustrated in curve (a), shows two broad
peaks with inhomogeneous broadening caused by dif-
ferent surrounding environment. On the other hand,
when the complexes are dilutely dispersed in polyvinyl
acetate (PVA) polymer film, individual complexes
are found to show different spectra, as illustrated in
curves (b)—(f). Here sharp structures are found around

DE P B

Monitor

Ti:sapphire

Ll =—
F_ /1, Ml q laser
SHG| HWP

Spectrometer
ICCD

Controller H Computer

Fig.11.21 Experimental set-up of microphotoluminescence spec-
troscopy. HM — dichroic reflection mirror for excitation light; OL
— objective lens; HWP — half-wave plate; F — laser-blocking filter or

linear polarizer
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a) Luminescence intensity
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b) Luminescence intensity

+ O Excitation laser
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Fig.11.22a-c Schematic drawing of luminescence spectra
for samples with inhomogeneous broadening observed by:
(a) broadband excitation, (b) site- or size-selective excita-
tion, and (c) single-molecule/particle spectroscopy
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Fig.11.23 Focussed position dependence of exciton lumi-
nescence of ZnCdSe quantum dots observed at 2 K by micro-
photoluminescence spectroscopy. The positions moved on
a straight line are given in units of wm (after [11.29])

Fluorescence
A

200 M @
cps M
)

780 800 820 840 860 880 >
Wavelength (nm)

Fig.11.24 Comparison of fluorescence-excitation spectra
for an ensemble of LH2 complexes (a), and for several in-
dividual LH2 complexes (b—f) of photosynthetic bacteria at
1.2K (after [11.30])

800 nm, while still broad structures around 860 nm. The
former result indicates the localization of photoexcita-
tion energy at one molecule, while the latter, indicates
delocalization over the ring.

11.2.2 Near-field Optical Microscopy

In order to realize the spatial resolution beyond the
diffraction limit, one can illuminate the sample with an
extremely close light source of evanescent wave having
large wavevectors produced from an aperture smaller
than the wavelength of light. Here, the lateral resolu-
tion is mainly limited by the aperture size of the light
source, if the distance between the light source and the
sample surface is much smaller than the wavelength
of light. Such a microscopy is called near-field optical
microscopy. A schematic diagram of near-field micro-
scope is illustrated in Fig. 11.25. One end of the optical
fiber is sharpened by melting or chemically etching and
used as a microprobe tip not only for the optical tips but
also for atomic-force tips. To avoid the leakage of the
light from the side of the tip end, the tip end is coated
with Al or Au. The distance of the probe tip end from
the surface of the sample is kept constant to within a few
tens of nanometers using the principle of the atomic-
force microscope (AFM). Laser light is sent through the
optical fiber and the light emitted from the ultra-small
aperture that illuminates the sample surface with a spot
size similar to the aperture size (illumination mode).
The transmitted or luminescent light from the sample is
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collected by an objective lens and detected by a pho-
todetector such as photomultiplier. For luminescence
measurements a band-pass filter or a monochromator
is placed before the photodetector. In some case to
improve the spatial resolution the reflected or lumines-
cence light is again collected by the same probe tip
(illumination/collection mode). The lateral position of
the tip end or the sample is scanned on the X-Y plane
and the two-dimensional intensity image of the optical
response of the sample can be recorded together with
the topographical image of the sample surface. The min-
imum spatial resolution using the optical fiber tip end is
considered practically to be a few tens of nanometers.

Figure 11.26 illustrates the example of images of
the double monolayer of a self-organized array of
polystyrene microparticles with a diameter of 1 um on
a glass substrate [11.31]. Figure 11.26a shows the AFM
image of the sample surface where the close packed
hexagonal array is observed. The near-field transmis-
sion image using light from a 514.5nm Ar ion laser
is shown in Fig. 11.26b. Inside one microparticle indi-
cated by a white circle, one can see seven small bright
spots with a characteristic pattern. The spot size is about
150 nm, which is restricted by the aperture size. Since
the distance between these spots depends on the wave-
length of light, the pattern represents nanoscale field
distribution of a certain electromagnetic wave mode
standing inside the particle double layer.

Another example of monitoring the spatial distribu-
tion of the wave function of electronic excited states
is shown in Fig. 11.27 [11.32]. The near-field lumines-
cence images of confined excitons and biexcitons in
GaAs single quantum dots are observed using the il-
lumination/collection mode with a probe tip with an
aperture size of less than 50 nm. The size of the im-
age of the exciton is found to be larger than that of
the biexciton, reflecting the difference in effective sizes
for the translational motion of the electronically excited
quasi-particles.

11.2.3 Cathodoluminescence (SEM-CL)

Cathodoluminescence (CL) spectroscopy is one of
the techniques that can be used to obtain extremely
high spatial resolution beyond the optical diffrac-
tion limit. Cathodoluminescence refers to luminescence
from a substance excited by an electron beam, which
is usually measured by means of the system based on
a scanning electron microscope (SEM), as illustrated in
Fig. 11.28. The electron beam is emitted from an elec-
tron gun of the SEM, collected by electron lenses and

A.O. Arion
modulator laser

Photodiode Q_,aser diode
@\ Optical fiber probe
| Objective N.A.=0.4

Photo- Lock-in
multiplier amplifier
Filter
XYZ v
RRERICT g —| AFM controller

Fig.11.25 Schematic diagram of a scanning near-field optical mi-
croscope (SNOM) in illumination mode. Near-field light coming
out from a fiber probe illuminates a sample. Transmitted light is

collected by an objective lens and fed to a photomultiplier

Fig.11.26a,b 4.5 umx4.5 um images of a double mono-
layer film of self-organized 1.0-mm polystyrene spherical
particles on a glass substrate: (a) AFM topographic image,
and (b) SNOM optical transmission image (after [11.31])

focused on a sample surface. The luminescence from
the sample is collected by an ellipsoidal mirror, passed
through an optical fiber and sent to a spectrometer
equipped with a CCD camera. Lateral resolutions less
than 10 nm are available in CL measurement, since the
de Broglie wavelength of electrons is much shorter than
light wavelengths. Moreover, energy- and wavelength-
dispersive x-ray spectroscopy can be carried out simul-
taneously due to the high energy excitation of the order
of keV. However, there are some difficulties in CL spec-
troscopy that are common to the observation of SEM
images. A tendency toward charge accumulation at the
irradiated spot requires that specimens have an elec-
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Fig.11.27a—c High-resolution photoluminescence SNOM
images of (a) X — exciton state, and (b) XX — biexciton state
for a single GaAs quantum dot. The corresponding photo-
luminescence spectrum is also shown in (c) (after [11.32])

tric conductivity, since it induces an electric field which
disturbs the radiative recombination of carriers. In addi-
tion, incident electrons with high kinetic energy often
give rise to degradation of the sample. In CL spec-
troscopy, it is important to recognize those properties
and to treat samples with a metal coating if needed.

Figure 11.29 illustrates an example of CL measure-
ment on a system based on SEM. Spatial distribution of
spectrally integrated CL intensity as well as SEM im-
age is obtained, as shown in Fig. 11.29a,b. The sample
is ZnO:Zn which corresponds to ZnO with many oxy-
gen vacancies near the surface, and is a typical green
phosphor. The CL image consists of 100x 100 pixels,
and the brightness of each pixel shows the CL intensity
under the excitation within an area of 63 x 63 nm?. The
CL intensity is different among spatial positions at the
nanoscale. The CL spectrum for each pixel can also be
derived from this measurement, and the feature varies
according to positions.

The penetration depth of incident electrons under
electron-beam excitation is controllable by changing the
accelerating voltage [11.33]. Electrons with high ki-

Scanning electron microscope (SEM) _|

Electron beam
CCD camera
Ellipsoidal
mirror
Optical
Spectro- e
meter

Fig.11.28 Configuration of the CL measurement system
based on SEM

Fig.11.29 (a) Spectrally integrated CL image of ZnO:Zn
particles, and (b) SEM image at the same position

netic energy are able to penetrate deeper than photons
which penetrate at most up to the depth correspond-
ing to the reciprocal of the absorption coefficient, and
therefore internal optical properties of substances can
be examined in CL measurement. An example of accel-
erating voltage dependence of CL spectra is illustrated
in Fig.11.30. The sample is once again ZnO:Zn, in
which free-exciton luminescence by photoexcitation is
not observed at room temperature, since excitons are
separated into electrons and holes due to the electric
field in the surface depletion layer [11.34]. For an ac-
celerating voltage of 2kV, at which the penetration
depth of incident electrons is comparable to the recip-
rocal of the absorption coefficient of photons, the CL
spectrum does not show any structure in the exciton
resonance region. On the other hand, the free exci-
ton luminescence appears for an accelerating voltage
of 5kV, at which the penetration depth of the incident
electrons is estimated to be about five times larger than
that of photons. The luminescence is highly enhanced
for an accelerating voltage of 10kV, at which incident
electrons are considered from the estimation of the pen-
etration depth to spread throughout the electron-injected
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Fig.11.30 Accelerating-voltage dependence of CL spectra
in the exciton-resonance region at room temperature

ZnO:Zn particle. Although the total number of carriers
in the particle increases with the accelerating voltage,
the change in carrier density should be small because
of the increase in excitation volume, i.e. nonlinear en-
hancement of the luminescence is not attributed to any
high density effects. These facts indicate that injected

11.3 Magnetooptical Measurement
11.3.1 Faraday and Kerr Effects

It is well known in magnetooptical effect that the polar-
ization plane of an electromagnetic wave propagating
through matter is rotated under the influence of a mag-
netic field or the magnetization of the medium [11.36].
This effect is called the Faraday effect, named after
the discoverer Michael Faraday [11.37]. This effect is
phenomenologically explained as the difference of the
refractive index between right and left circular polariza-
tions. In this effect the angle of optical rotation is called
the Faraday rotation angle. In the case of low applied
magnetic field the Faraday rotation angle 6 is propor-
tional to the sample thickness / and the applied magnetic
field H. Thus 6 is written as

O = VIH , (11.67)

where V is called the Verdet constant. The Faraday
effect appears even without a magnetic field in an opti-
cally active medium, e.g. saccharide, etc. Furthermore,
the magnetic Kerr effect is the Faraday effect for re-
flected light [11.38]. This effect is ascribed to the phase
difference between right and left circular polarizations

electrons penetrate into the internal region where many
excitons can recombine radiatively due to the lower con-
centration of oxygen vacancies, and the width of the
depletion layer in the particle is of the order of the
reciprocal of the absorption coefficient.

The electric field in the depletion layer can be
screened by increasing the density of photoexcited
carriers. However, photoexcitation with high carrier
density also induces strong nonlinear optical response
near the exciton resonance region, such as exciton—
exciton scattering and electron-hole plasmas [11.35].
In CL measurements, nonlinear effects do not appear in
ZnO:Zn, since the carrier density under electron-beam
excitation in the system based on SEM is much lower
than that under photoexcitation using pulsed lasers. The
free exciton luminescence does not appear with low ac-
celerating voltage and low beam current, as shown in
Fig. 11.30, whereas it can be observed with larger beam
current. In CL spectroscopy, the internal electric field
in the depletion layer is weakened with high efficiency
and the free exciton luminescence near the surface can
be observed without high density effects, since electrons
are directly supplied into the oxygen vacancies, which
are a source of the internal field.

when the electromagnetic wave is reflected on the sur-
face of a magnetic material.

For practical use the Faraday effect is utilized for
imaging of magnetic patterns. These magnetic patterns
have been experimentally studied by various techniques,

1. moving a tiny magnetoresistive or Hall-effect probe
over the surface,

2. making powder patterns with either ferromagnetic or
superconducting (diamagnetic) powders (Bitter dec-
oration technique),

3. using the Faraday magnetooptic effect in transpar-
ent magnetic materials in contact with the surface
of a superconducting film as a magnetooptic layer
(MOL).

In order to get a high-resolution image of the mag-
netic pattern, one of these methods, Faraday microscopy
(3 above), is the most useful [11.39, 40]. A schematic
drawing of the Faraday imaging technique is shown in
Fig. 11.31.

The linearly polarized light enters the MOL, in
which the Faraday effect occurs and is reflected at the
mirror layer. In areas without flux, no Faraday rotation
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takes place. This light is not able to pass through the an-
alyzer that is set in a crossed position with respect to the
polarizer, hence the superconducting regions stay dark
in the image. On the other hand, in regions where flux
penetrates, the polarization plane of the incident light is
rotated by the Faraday effect so that some light passes
through the crossed analyzer, thus the normal areas will
be brightly imaged.

Figure 11.31 shows the case of nonzero reflection
angle, whereas in the experiment perpendicular incident
light is normally used (Faraday configuration).

The Faraday rotation angle is transformed into light
intensity levels. The sample surface is imaged onto
a CCD detector array. In the case of crossed polarizer and
analyzer the intensity of the signal from the CCD detec-
tor is

1(r, A, B) = Io(r, \) sin®[6g(r, A, B)]+ 1,(r, 1),
(11.68)

where r is the spatial coordinate on the CCD surface, A
is the wavelength of the incident light, B is the applied
magnetic field, O is the Faraday angle, and I is the light
intensity reflected by the sample. /; is the background
signal ascribed to the dark signal of the CCD and residual
transmission through the crossed polarizer and analyzer.
When the analyzer is uncrossed by an angle 9,

I(r, &, B) = Io(r, A) sin’[0 + 6 (r, A, B)]

+Li(r, ). (11.69)

The angular position 6 of the analyzer should be
adjusted to obtain the best contrast between supercon-
ducting (g = 0) and normal (6 # 0) areas. By changing
the sign of 6, normal areas can appear brighter or darker
than superconducting areas. In our experiment the angle

Analyzer

Polarizer

\\

®

Mirror

Super-

conductor__ S S

Magnetic flux

Fig.11.31 Schematic drawing of the Faraday effect

0 is set to yield black in normal areas and gray in super-
conducting areas.

11.3.2 Application to Magnetic Flux Imaging

Experimental Set-up

Magnetooptical imaging is performed using a pumped
liquid-helium immersion-type cryostat equipped with
a microscope objective. This objective, with a numer-
ical aperture of 0.4, is placed in the vacuum part of
the cryostat and can be controlled from outside. The
samples are studied in a magnetic field applied from ex-
terior coils. The optical set-up is similar to a reflection
polarizing microscope as shown in Fig. 11.32. Before
measurement the samples are zero-field cooled to 1.8 K.
The indium-with-QWs sample is illuminated with lin-
early polarized light from a Ti:sapphire laser, through
a rotating diffuser to remove laser speckle. In the case
of a lead-with-EuS sample a tungsten lamp with an in-
terference filter is used the light source. Reflected light
from the sample passes through a crossed or slightly
uncrossed analyzer and is focused onto the CCD cam-
era. The spatial resolution of 1um is limited by the
numerical aperture of the microscope objective.

Magnetooptic Layers
Conventional magnetooptic layers. As for typical con-
ventional MOLs, essentially, thin layers of Eu-based
MOL (Eu chalcogenides, e.g. EuS and EuF, mix-
tures, EuSe) and doped yttrium iron garnet (YIG) films
have been used [11.41]. These are usable up to the
critical temperature of the ferromagnetic—paramagnetic
transition (&~ 15-20K) because their Verdet constants
decrease with increasing temperature.

Since EuS undergoes ferromagnetic ordering below
T. ~ 16.3 K, a mixture of EuS with EuF, is better used.
EuF, stays paramagnetic down to very low tempera-
tures, therefore the ordering temperature of the mixture
can be tuned by the ratio EuS : EuF,. But there are sev-
eral problems; difficulty of preparation due to difference
of melting temperatures, and the need for a coevapora-
tion technique.

Then the single-component EuSe layer has been
further used because, even in the bulk, EuSe is param-
agnetic down to 4.6 K and has a larger Verdet constant.
Below 4.6 K, EuSe becomes metamagnetic, however,
the reappearance of magnetic domains in the EuSe lay-
ers is not seen down to 1.5 K. However, there is also
a problem owing to the toxicity of Se compounds.

On the other hand, due to their high transition
temperature (Curie temperature), bismuth- and gallium-
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doped yttrium-iron garnets (YIG) have been developed
and used for the study of high-7¢ superconductors. They
are disadvantageous since they show ferrimagnetic do-
mains, however, these MOLs are developed further
by the introduction of ferrimagnetic garnet films with
in-plane anisotropy. Using such films, the optical res-
olution is about 3 wm, but a direct observation of the
magnetic flux patterns is possible and the advantages
of the garnet films, i.e. high magnetic field sensitivity,
large temperature range, are retained.

Generally this kind of MOL often has the demerit of
poor spatial resolution because of their thickness of sev-
eral micrometers. Furthermore, self-magnetic ordering
that may modify the flux distributions in supercon-
ducting samples may limit their use. However, it was
recently reported that an optimized ferrite garnet film
allowed the observation of single flux quanta in super-
conducting NbSe, [11.42].

Novel magnetooptic layers. In this section we re-
fer to an alternative type of MOL [11.39, 40] based on
semimagnetic semiconductor (SMSC) Cd;_xMnyTe. It
consists of SMSC (also called diluted magnetic semi-
conductor (DMS)) Cd;_xMnyTe quantum wells (QWs)
embedded in a semiconductor—-metal optical cavity. It is
well-known that SMSCs exhibit a large Faraday rotation
mainly due to the giant Zeeman splitting of the exci-
tonic transition ascribed to sp—d exchange interactions
between spins of magnetic material and band electron
spins. The most advantageous point is no self-magnetic
ordering due to paramagnetic behavior of Mn ions.
Therefore, it is very convenient since there is no possibil-
ity to modify the magnetic flux patterns of intermediate

CCD camera

Ar" Laser

Ti:sapphire laser N

Lamp @ \
/ Interference filter— 7= —| | —

state of type-I superconductors. There are several other
advantages of this MOL. It is easy to increase Fara-
day rotation by making an optical cavity (metal/semi-
conductor/vacuum) with a thickness of = (2n + 1)A/4.
Multiple reflections of light take place inside the cavity.
Moreover, in order to adjust the cavity thickness at the
desired wavelength, a wedged structure is constructed.
The highest spatial resolution is obtained when the su-
perconducting film is evaporated directly onto the MOL.
This is because, the smaller the distance between the
MOL and the sample, the better the magnetic imaging
becomes since there is little stray-field effect.

In addition to these ideas already proposed for con-
ventional MOL (EuSe) [11.41], there is another strong
point. Using QWs is also interesting due to low absorp-
tion, easy adjustment of the balance between absorption
and Faraday rotation by choosing the number of QWs,
and the possibility to have a thin active layer (QWs) in
a thick MOL in order to keep good spatial resolution.
When a Cd;_,Mn, Te QW is inserted in an optical cav-
ity the Faraday rotation can be further increased by using
a Bragg structure, that is, placing the QWs at antinodes
of the electric field in the optical cavity.

In order to make an optical cavity Al, or the su-
perconductor itself if it is a good reflector, should be
evaporated on top of the cap layer as a back mirror.
In order to obtain the largest Faraday rotation, a min-
imum of the reflectivity spectrum has to be matched
with the QWs transition. This is the resonance condi-
tion. However, the reflectivity, which decreases at the
QW transition when the resonance condition is fulfilled,
has to be kept to a reasonable level that is compat-
ible with a good signal-to-noise ratio. Therefore an

Cryostat Sample

Analyzer

Polarizer [~ | Microscope
objective

= >

Magnetic
field

S

Rotating diffuser I

Fig.11.32 Experimental set-up for the Faraday imaging technique
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optimum number of QWs has to be found in multi-
quantum-well structures. The Mn composition of the
QWs also has to be optimized. It governs not only the
Zeeman splitting of the excitonic transition but also the
linewidth.

The time decay of the magnetization of the Mn ions
in SMSC is known to be fast, in the subnanosecond
range, since it is governed by spin—spin relaxation rather
than by spin—lattice relaxation [11.43, 44]. This opens
the way for time-resolved imaging studies with good
temporal resolution, e.g. the study of the dynamics of
flux penetration. On the other hand, there are also prob-
lems in fabrication. Itis troublesome to remove the GaAs
substrate by chemical etching while retaining fragile lay-
ers. Furthermore, the chemical etching solution strongly
reacts with some metals e.g. lead.

Lead with europium sulfide magnetooptic layers.
Since lead reacts strongly with the chemical etching
solution used to remove the GaAs substrate from the

Mirror (Al) \ Glass |

1500 A
Glue ‘

MOL (EuS) 1450 A

Superconducting film
(PB) 120 um

|
Glass

Fig.11.33 Schematic drawing of Pb with EuS sample.
The thickness of EuS, Al, and Pb are 145, 150 nm, and
120 wm, respectively. EuS is fabricated by Joule-effect
evaporation. The EuS MOL is fixed on the Pb by pressing
overnight
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Fig.11.34 Right scale: light reflection spectrum for zero applied
magnetic field H = 0mT at T =2 K. Left scale: Faraday rotation-
angle spectrum for H = 53.3 mT (after T. Okada, unpublished)

SMSC sample, we tried to use EuS as a MOL. The
sample is shown in Fig. 11.33.

The thickness of the EuS MOL fabricated by Joule-
effect evaporation on a 0.4 mm glass substrate is 145 &
15 nm, hence it is thin enough for good spatial resolution.
A 150-nm-thick Al layer is evaporated on the EuS MOL
as amirror in order to get high reflectivity. The EuS MOL
is pressed onto Pb with a weight and left overnight.

A typical reflectivity spectrum and Faraday angle
curve of EuS MOL are displayed in Fig. 11.34. The
Ti:sapphire laser is tuned to 700 nm to get good reflected
light and large Faraday rotation angle from the sample.
Indeed EuS MOL may be expected to disturb the flux
pattern, but no self-magnetic domain could be observed
in this EuS sample, probably because the layer consists
of amixture of EuS and EuO. Figure 11.35 shows the im-
ages of the magnetic flux pattern at the surface of a 120-
pm-thick superconducting lead film for magnetic field
values of 20mT. The temperature is 2 K, that is, much
lower than the critical temperature of lead (7.18 K). The
critical field of lead at 2K is H.(2K) = 74.1 mT.

The raw image has to be processed in order to cor-
rect the intensity fluctuations of the reflected light for
thickness fluctuations in the MOL and for the sensitiv-
ity of CCD detector. In order to obtain an intensity level
proportional to the Faraday angle, the gray level of each
pixel should be calculated as

(11.70)

1= 115,

Fig.11.35 The image of the magnetic flux patterns at the
surface of 120-pum-thick superconducting Pb revealed with
an EuS magneto-optical layer in an applied magnetic field
of 20mT (k& = 0.270). Normal and superconducting do-
mains appear in black and gray, respectively. The image
size is 233 pmx 233 wm. The temperature is 7 = 2 K (af-
ter T. Okada, unpublished)
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Indium  Cdye,Mny6Te 100 A QWs
10 pm

617A | |558A| |558 A| | Wedged barrier
6 um

Cdo_gsMgo‘_‘1 sTe QWs

Fig.11.36 Schematic representation of the sample compo-
sition (not to scale) after the etching of the GaAs substrate
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Fig.11.37 Left scale: light reflection spectrum for zero ap-
plied magnetic field H =0mT at T =2K. Right scale:
Faraday rotation-angle spectrum for H = 56 mT

where I, is the raw gray level obtained for an applied
field H and an analyzer angle « and 6 is the Faraday
angle. The quality of the image is further improved by
Fourier-transform filtering, but the magnetic contrast is
not very good because the contact between lead and the
MOL may not be as good as for an evaporated metallic
sample.

Indium with quantum-well magnetooptic layers.
The sample consists of an indium layer as the super-
conducting material and a Cd;_xMnTe/Cd;_yMgy,Te
heterostructure as the MOL. The structure is sketched
in Fig. 11.36 [11.40].

The semiconductor heterostructure was grown by
molecular beam epitaxy. The CdggsMgo.15Te buffer
was deposited on (001)GaAs substrate without rota-
tion of the sample holder, resulting in a slight gradient
of both the thickness of the buffer and its refrac-

Fig.11.38 The image of the magnetic flux patterns at the
surface of 10-pm-thick superconducting In film revealed
with the Cd;_xMnsTe QWs structure as the magneto-
optical layer in an applied magnetic field of 6.3 mT (h =
0.325). Normal and superconducting domains appear in
black and gray, respectively. The edge of the indium film
can be seen on the right-hand side of images where the
flux pattern disappears. The image size is 527 um x 527 pm.
The analyzer was uncrossed by o = 20° with respect to the
polarizer. The temperature is 7 = 1.9 K (after T. Okada, un-
published)

tive index. The buffer was followed by three 10-nm
Cdo.9aMng psTe QWSs separated by CdpgsMgp.15Te
barriers that were 55.8 nm thick. A 10-pm-thick indium
layer was then evaporated directly on top of the 61.7-nm
Cdo g5Mgp.15Te cap layer. The MOL is designed as an
optical cavity and indium serves both as the supercon-
ducting layer and the cavity back mirror. The first and
third QWs are nearly located at antinodes of the electric
field in the cavity in order to enhance Faraday rotation.
The indium-covered side was glued onto a glass plate
and the GaAs substrate was removed by mechanical
thinning and selective chemical etching. For the Fara-
day microscopy the spatial resolution was checked as
1 wm, with a magnetic resolution of 10 mT; the range of
temperature for use should be up to 20 K.

A typical reflectivity spectrum and Faraday angle
curve are displayed in Fig. 11.37. The reflectivity spec-
trum presents an interference pattern associated with
the metal/semiconductor/vacuum optical cavity. This
pattern shows a spectral shift when the illuminating
spot is scanned along the sample surface, according
to the thickness variation of the cavity. The maximum
Faraday angle is observed when a minimum of reflec-
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tivity is matched with the QW transition energy (the
cavity resonance condition). The peak Faraday angle
was found to vary linearly with the applied magnetic
field H. The measured slope equals 54.4° T~! at the
QWs (el-hhl) exciton transition. Fig. 11.38 shows an
intermediate state structure at the surface of the indium
superconducting layer obtained at 7 = 1.9K at mag-
netic field values 6.3 mT. The critical field of indium
at 1.9Kis 19.4 mT.

Black and gray areas are normal and supercon-
ducting state, respectively. The intricate flux pattern

results from the competition between long-range re-
pulsive magnetic interactions between normal zones
and short-range interactions due to the positive in-
terfacial energy between normal and superconducting
areas [11.45,46].

In the same way as for the lead sample, the raw
images were processed in order to eliminate intensity
fluctuations of the reflected light due to thickness in-
homogeneities of the MOL and the sensitivity of CCD
detector. The quality of the image is further improved
compared with Fig. 11.35.

11.4 Nonlinear Optics and Ultrashort Pulsed Laser Application

Nonlinear optical effects with lasers are utilized in fre-
quency conversion, optical communication (Sect. 11.5)
and spectroscopy of materials. This chapter deals with
nonlinear optics and its application to pulsed lasers.

11.4.1 Nonlinear Susceptibility

Definition of Nonlinear Susceptibility

and Symmetry Properties
Nonlinear optical phenomena originate from nonlin-
earity of materials. Linear and nonlinear polarization
induced in the material is expressed as follows

Pi=x;Ej+ ijk EJ Ex+ ijklEJ ExE;+-
(11.71)

where i, j, k and [ represent x, y, or z and X("), which is
an (n + 1)th-rank tensor, is called the n-th-order nonlin-
ear optical susceptibility. Each term corresponds to the
n-th order polarization

= Xijigeiyqy Ci2 i

.E;

inet o (11.72)

where iy, i,..., or i,4] represents x, y, or z. The
second-order nonlinearity in the argument « is de-
scribed by
2
Pi( 01+ w) = Xijk w1+ w23 w1, )
X EJ (w1)Er(w2) . (11.73)

The x® tensor has the following symmetry proper-
ties [11.47].

1. Intrinsic permutation symmetry

2
X,(jk)(wl +wy; w1, w2) = ,k,(wl +w2; w2, )

(11.74)

2. Permutation symmetry for materials without losses
X,Jk)((m +w2; w1, W)
= xjk,-(wl; —wy, ] +2)

= xkijP(w2; w1 + w2, —w1) (11.75)

3. Kleinman’s relation (for the nonresonant case x®
is independent of the frequency w)
@ _ ,0 (2 2 2 (2
lek X]kl - th] - Xlkj lek ijl ’
(11.76)

where the arguments are (w] + w2; w1, w2). A con-
sideration of crystal symmetry allows us to reduce
the number of elements of the x ™ tensor of the ma-
terial [11.47,48]. A typical example is as follows.
If the material has inversion symmetry,

2
—P? = X —E)(—Ep)
@ _
P =0.
In the same way, we obtain
PP =0 (n:integer).

Then if the material has inversion symmetry,

x@ = (11.77)

0 (n:integer).

Oscillator Model

Including Nonlinear Interactions
The nonlinear optical susceptibility can be calculated
quantum mechanically using the density matrix formal-
ism[11.47]. Here we use a classical model [11.49], mod-
ifying the Lorentz oscillator model (11.15) to include
nonlinear interactions of light and matter as follows

d’x dx ) )
mm :—m)/a —mwyXx —amx

—bmx>+eE(1), (11.78)
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where the third and fourth terms on the right-hand side
correspond to the second- and third-order anharmonic
potentials, respectively. Here we assume that the driving
term can be expressed by

E(t) = (1 [exp(—iw11) +exp(ion 1)]

+ Ej[exp(—iwot) +exp(iwpt)]}/2 . (11.79)

We can solve (11.78) by perturbative expansion of x(¢)
in powers of the electric field E(¢),

x(t)=xD+xP 4P 4.

where x1 is proportional to [ E(¢)]'. Then we get the suc-
cessive equations as follows

d2xM dx® eE(t)
M _
d2x® dx®@
—7 g +gx?® = a(xM)y? (11.81)
2x®  dx®
B) _ 9, (D2
—— Y —— twpx =2ax"x
dr? dt

+bMY . (11.82)
If we define a common denominator
1
2

D(w)Ea) —? —iyw
0 YV

(11.83)

the solution of (11.80) is expressed by
W = [E| D(w) exp(—iw; 1)

+ E> D(w) exp(—iwat)] xe/(2m)+c.c. ,
(11.84)

where c.c. means complex conjugate. This is just a su-
perposition of (11.95). Then we substitute this result for
the right-hand side of (11.81). The solution consists of
five groups as follows

x®Qw) = - [E}DQw) D(@1)?

X eXp(—Zia)lt)]a 62/(4m2) +c.c.,
(11.85)

xPQw;) = — [ E3D(2w2) D())*

xexp(—2iwnt)]ae? /(4m*) +c.c.
(11.86)

xP(@) +w2) =~ {E1 E2L(0) + w2) D(w1) D(2)
xexp[—i(w; +w2)t] }aez/(2m2)

+c.c., (11.87)
xP(w) — wp) = — {E1 E3 D(w1 — 02) D(w1) D(2)*
2
. ae
xexp[—i(w; —wp)1]} 33 +cec.,
(11.88)

x2(0) = [|E1 > D(w1) + | E2|* D(2)]

ae2

PO IR

11.89
. ( )

These equations indicate that new frequency compo-
nents arise from the second-order nonlinearity. These
components are used in frequency conversion. Details
are discussed in the following subsection.

Next, the third-order nonlinearity is treated similarly,
assuming three frequency components

E(t) = [E1 exp(—iw1t) + E; exp(—iwat)
+ E3 exp(—iw31)]/2+c.c. (11.90)
Then using (11.82-11.89) for all combinations of wy, w;
and w3, we finally obtain 22 groups
x® for w1 4+ + w3, w1 + w2 — w3, W) — w3 + w3,
—w] +wy + w3, 2w £ wr, 2w w3,

2wy w3, 2wy £ w1, 2w3 T w1, 203 £ w),

w1, w2, W3, 3w, 3wz and 3ws .
For example,

xNoy, w2, —an)

= —E| E E} D(w))* D(w2) D(2)* exp(—iw; )
+cc., (11.91)

xwr, w1, —an)

= —E1E;DQw; — wy) D(w1)? D(w)*

3b
xexp[—iwi — w2)i] |:7 —2a% D(w) — w2)

2
c.C. (11.92)

— D)) | —— +
V| 43

The i-th-order polarization is given by
PO = —pex (11.93)

Then from (11.72), (11.91) we obtain a frequency com-
ponent of the third-order polarization

PP(o1) = neD(@1)*| D(@2) | E(2)]* E(wr)
= xPw1; 01 + 02— w2)
X |E()*E(w)) . (11.94)
This term means that the optical constant, e.g. refractive

index n for the w light, can be controlled by the other
light of w;.
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Table11.6 Values of x® for typical nonlinear crystals

Material Maximum value  Fundamental
of x(z) (10~8 esu) wavelength (pum)

a-Si0y 0.19 1.06

Te 2.5x 10 10.6
BaNaNbsOis 9.6 1.06

LiNbO3 19 1.06

BaTiO3 -85 1.06

ADP (NH4H,PO4) 0.24 0.694

KDP (KH,POy4) 0.25 1.06

B-BBO (BaB,04)  0.98 1.06

Zn0O —-33 1.06

LilO3 —2.38 1.06

CdSe 26 10.6

GaAs 95 10.6

GaP 18 3.39

Estimation of Nonlinear Susceptibility
We can estimate the value of x® using the anharmonic
oscillator model, e.g. in the case of (11.84) as follows
PP(w) +w2) =—nex?®
=xP(01 + 02, 01, ) E(w1)E(w7) ,
(11.95)

if we neglect the complex conjugate term,

xP (w1 + w2, 01, )

_ D(w) + ) D(w1) D(w)nae’
- . .

m
_ k@1 +o0x @)y Vwrma
- N2e3 ’
Then we obtain Miller’s rule
@) |+ w2, w1, @ _ Ia (const.)
x D1 + ) xD(w)xD(w2)  n?e3

(11.96)

The density is estimated approximately

where d is a lattice constant. If we assume mwéd =mad,
2
a=20
d
In the nonresonant case, the denominator is approxi-
mated by

1
D(w)~ — .
(w) e

Table11.7 Second-order nonlinear effects

Name of frequency conversion Conversion process

Second harmonic generation

(SHG) o — 2w

Sum frequency generation

(SFG) wi, W) —> W] +wy
Difference frequency generation

(DFG) w1, W) = ®] —®)

Optical rectification (OR) w— 0 (DC)

Optical parametric generation

(OPG) w— o1, 0 (0= 0]+ )

Finally we can estimate the value of x @

3
P
mza)gd“

~ 10 8esu, (11.97)

X

if we assume wq ~ 1010 s~! and d ~ 0.1 nm. Table 11.6
shows values of x® for typical nonlinear crystals.

Frequency Conversion
Asseenin (11.85-11.89), second-order nonlinearity en-
ables frequency conversion by mixing of two photons.
Frequency conversion processes using x? are summa-
rized in Table 11.7.

Second-harmonic generation (SHG), expressed by
(11.85), is widely used for generation of visible or ul-
traviolet lights, because most solid-state lasers including
LDs deliver infrared or red lights; e.g. a green line at
532nm is the SH of a Nd:YAG laser (1064 nm) and
near-UV region (350—500 nm) is covered by the SH of
a Ti:sapphire laser (Fig. 11.16). The SHG is also used
to measure the pulse width of an ultrashort pulsed laser
(Sect. 11.4.3).

Sum-frequency generation (SFG) in (11.87) is also
used for the generation of the higher frequency region
from the lower frequency region; the third-harmonic
generation (THG) at 355 nm is achieved by SFG of the
SH and fundamental of the Nd: YAG laser. The SFG pro-
vides up-conversion spectroscopy (Sect. 11.4.3).

Difference-frequency generation (DFG) in (11.88) is
used for generation of infrared light. A combination of
DFG and OPO enables us to tune the frequency in the in-
frared region (3—18 um) with AgGaS, or GaSe crystals.
Optical rectification (OR) in (11.89) is a special case of
DFG and provides ultra-broadband infrared pulse gener-
ation by using femtosecond lasers (Sect. 11.4.5).

Optical-parametric generation (OPG) is the reverse
process of SFG; one photon is divided into two pho-
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SHG intensity
A

Coherence length 2/, Gtz iz

Fig.11.39 SHG intensity with respect to crystal length

tons. This process is utilized in a tunable laser, optical-
parametric oscillator (OPO), pumped with a fixed-
frequency laser.

Phase-matching condition is crucial for efficient fre-
quency conversion [11.47]. The wavevector should be
conserved in the frequency conversion processes; in the
SHG case the phase-matching condition is described by

kQw) =2k(w) , (11.98)

where k(w) is the wavevector at frequency w. In other
cases, the converted component 2w and the incident
component o interfere with each other destructively, as
seen in Fig. 11.39. Here the coherence length I is de-
fined by

C
lc= 7[w|n(w)—n(2w)|] , (11.99)

where n(w) is the refractive index at frequency w. The
condition in (11.98) means that [, becomes infinity. The
phase-matching condition can be achieved using bire-
fringence of a nonlinear crystal [11.47].

Third-order Nonlinear Effects
The third-order nonlinearity causes a variety of effects,
which are summarized in Table 11.8.

Though the third-harmonic generation (THG) is
used in frequency conversion, this process is useful for
obtaining the spectroscopic information on the magni-
tude of X(3) or electronic structures, which is called THG
spectroscopy [11.50].

Refractive index of the material depends on the in-
tensity of the incident light as follows

n=nyg+nol, (11.100)

where n; is nonlinear refractive index and [ is the in-
tensity of the light. As already seen in (11.94), the nj is
proportional to x®
ny — X(3)

n(z)cso '

(11.101)

This refractive index change that is dependent on the
lightintensity is called the optical Kerr effect (OKE), and

Table11.8 Third-order nonlinear effects

The third-order effect
Third-harmonic generation (THG)
Optical Kerr effect (OKE)
Two-photon absorption (TPA)
Four-wave mixing (FWM)

Notes

w— 3w
n— ng+nyl
o — ag+pI

o1, 02, ®3 —> 04

produces a nonlinear phase shift A®

2w
AD=—nyll,
A

(11.102)

where [ is the sample length. The nonlinear phase
shift is utilized in optical switching (Sect. 11.5). The
OKE gives rise to transverse variations of a light beam
which cause the wavefront distortion that leads to self-
focusing [11.47], used in Kerr lens mode-locking
(Sect. 11.4.2) or Z-scan measurement (Sect. 11.4.4). The
OKE also leads to temporal variations of the phase of the
light pulse, called self-phase modulation (SPM), which
cause frequency shift, called frequency chirp [11.51],
shown in Fig. 11.40. If a strong beam is focused on a ma-
terial with large nonlinearity, white-light continuum can
be generated via the SPM. This phenomenon is widely
used in spectroscopy (Sect. 11.4.4).

The imaginary part of the complex refractive index

also depends on the intensity of the incident light due to
the third-order nonlinearity. Thus the absorption coeffi-
cient is defined by

a(l) =a+BI,

(11.103)

where 8 is called the two-photon absorption (TPA) co-
efficient. TPA is explained in Sect. 11.4.4. We apply the
Kramers—Kronig relation (11.21) to the nonlinear optical

constants
/
c w
na(w) = — ﬁdw’ ) (11.104)
2
) o —w?
Light electric field
A
Timre

Fig. 11.40 Schematic illustration of a frequency chirp. The
instantaneous frequency changes from red to blue
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Four-wave mixing (FWM) is a general name for the
third-order nonlinear optical processes and has a number
of variations. Its spectroscopic application is introduced
in Sect. 11.4.4.

1.4.2 Ultrafast Pulsed Laser

Properties of Ultrashort Pulses [11.51]

The relationship between a temporal profile (envelope of
the electric power |E (»[?) and a spectral shape is illus-
trated in Fig. 11.41. A CW laser, in particular a single-
mode laser, delivers monochromatic light and the enve-
lope is independent of time, as shown in Fig. 11.41a. On
the other hand, a pulsed laser produces a pulsed light
which consists of a number of frequency components;
the pulse duration At and spectral width Av are finite
in Fig. 11.41b. The relation between them is determined
by the Fourier transformation

AvAr > K, (11.105)

where K is a constant determined by the pulse shape
function, as shown in Table 11.9. The equal sign is
valid only for pulses without frequency modulation and
such pulses are called Fourier-transform-limited. This
inequality corresponds to the uncertainty relation be-
tween energy and time in quantum mechanics.

The temporal shape of the utrashort pulses with very
broad spectral width is easily distorted by group velocity
dispersion, dvg /dw [11.51], where v, is a group veloc-
ity; the red component propagates through the material
normally faster than the blue component. If the original
pulse envelope is described by a Gaussian exp(—2/ rg),

a) CW laser
A A
t v
b) Pulsed laser
A A
At —| |— — «— Av
t v

Fig.11.41a,b Relationship between temporal profile and
spectral shape

the pulse width broadens as

2
|GDD|
1+ .
K0

where the group delay dispersion (GDD) is written as

& ro
GDD() = 1= [ “n(@)] ,
dw? Lc
where [ is the sample length. The GDD is related to the
group velocity dispersion as follows

d /1
g

The compensation of the pulse broadening in (11.106) is
crucial when dealing with ultrashort pulses.

The time width of the ultrashort pulses is determined
by an auto-correlator in Fig. 11.42. The incoming pulse
is divided in a beam splitter; a part of the light passes
through a fixed delay line, while the other part passes
through a variable delay line. They overlap on the non-
linear crystal surface and SHG occurs. The intensity of
the SH light with respect to the time delay t corresponds
to the autocorrelation function I5(t) of the input pulse
1(t) as follows

In@) = [ IOt —7)dt .

The pulse width of the input pulse I(¢) is estimated
from the width of the autocorrelation function /() us-
ing Table 11.9, if the pulse shape function is known (or
assumed).

(11.106)

(11.107)

(11.108)

(11.109)

Q-Switching
A Q-switch, which controls the Q value of a cavity, pro-
vides a short and very intense laser pulse. The Q value

A Fixed delay

Compensation plate
Variable delay

Input \
<>

—7Z=—SHG crystal

B» Detector

Fig. 11.42 Set-up of auto-correlator

Beam splitter
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Table11.9 Calculated results of K, the relation between At, to which is the width of the autocorrelation function for

typical functions

Pulse shape function K

Gaussian: exp(—t2/T?) 0.441
Diffraction function: sin c2(¢/T) 0.886
Hyerbolic square: sech?(1/T) 0.315
Lorentzian: [1+(t/T)*]~! 0.221

One-sided exponential: exp(—t/T) (T > 0) 0.110

is a measure of how much light from the laser medium
is fed back into itself by the cavity resonator. A high
Q value corresponds to low resonator losses per round
trip. A schematic description of Q-switching is illus-
trated in Fig. 11.43. Without a Q-switch, the laser de-
livers pulses with a moderate intensity and pulse width,
shown in Fig. 11.43a, according to the pumping condi-
tion, e.g. optical pumping with a flash lamp. With the
Q-switch (off), initially the laser medium is pumped,
while the Q-switch, producing the resonator with low
Q, prevents feedback of light into the medium as shown
in Fig. 11.43b. This produces population inversion; the
amount of energy stored in the laser medium will in-
crease, and finally reach some maximum level, as shown
in Fig.11.44, due to losses from spontaneous emis-
sion and other processes. At this point, the Q-switch is
quickly changed from low to high Q, allowing feedback

a) Without Q-switch
| Laser medium

\
‘ ‘
‘ Oscillation ‘
00000 — ~—
Total reflector Output coupler

b) With Q-switch (low Q)

Q-switch
‘ off
QOO0000OOO000000
Pump
000 ‘
) With Q-switch (high Q)
Q-switch
‘ ‘ on
QOO00OOAO0000000

—

‘ Oscillation

Fig.11.43a-c Schematic illustration of Q-switching

At|T /T At/Ta
24/In2 24/21n2 0.707
2.78 3.71 0.751
1.76 2.72 0.648
2 4 0.500
In2 2In2 0.500

and the process of optical amplification by stimulated
emission to begin, as shown in Fig. 11.43c. Because of
the large amount of energy already stored in the laser
medium, the intensity of light builds up very quickly; this
also causes the energy stored in the medium to be ex-
hausted quickly, as seen in Fig. 11.44. The net result is
a short pulse with a width of 1-100 ns, which may have
a very high peak intensity. The typical example is a Q-
switched Nd: YAG laser, which can deliver 1 MW.

Mode-Locking
If all modes shown in Fig.11.15 operate with fixed
phases among them, the laser output in a simple case
is described by
N
E@) = Z Egexpli(wo +mAw)t+mbp] ,
m=—N
sin[(2N + 1)(Awt +6p)/2]

= BT Sl Awr r o2y P

(11.110)

where wy is the center frequency of the laser spectrum,
Aw = m(c/l) from (11.60) and we assume that 2N + 1
modes with the same amplitude E( exist and that the
phase difference between adjacent modes is constant 6.

Cavity gain
A

Cavity loss
I

100 % ‘
Cavity loss

0%

Fig. 11.44 Time evolution of cavity loss caused by the Q-
switch, optical gain due to the pumping and laser intensity
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The calculated envelope |E(z)|? is plotted in Fig. 11.45.
The time interval between the strong peaks At is

2z 2
CAw c
which corresponds to the round-trip time of the laser
pulse inside the cavity. The pulse width of the peak ¢ is
B 2

RN+ DA’

At R (11.111)

ot (11.112)
This means that a broader spectral width results in
a shorter pulse width, as expected from the energy—time
uncertainty relation.

Mode-locking is achieved by modulation of the res-
onator loss synchronized to the round-trip time of the

E*(1)

At =2l/c

—l &t — =t

Fig.11.45 A temporal profile of |E(¢)|? in the case N =7
in (11.105)

jOutput coupler

Pump lens

Ti:sapphire

Fig.11.46 Schematic construction of a mode-locked Ti:sapphire

%11 |) Med
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Fig. 11.47 Frequency map covered by the OPA system

laser pulse. There are two types: active mode-locking
and passive mode-locking. The former uses an AOM
which acts as a shutter that is open during a certain
duration separated by the round-trip time; a typical
example is a mode-locked Nd:YAG laser. The most
successful method for the passive mode-locking is Kerr-
lens mode-locking (KLM), which manifests itself in
a mode-locked Ti:sapphire laser. KLLM is based on the
optical Kerr effect of the laser medium, Ti:sapphire
itself.

Figure 11.46 shows a schematic configuration of
a Ti:sapphire laser. An intense pulse which experiences
large refractive index due to the n, is focused within the
Ti:sapphire rod, so the diameter of the pulse is reduced.
Only the intense pulse can pass through the aperture
inside the cavity with less loss and be amplified fur-
ther. The very broad gain spectrum of the Ti:sapphire
crystal allows the formation of ultrashort pulses with
10-fs duration. The group velocity dispersion is com-
pensated with the prism pair, which introduces different
delays for the different frequency components. The rep-
etition rate of the mode-locked lasers is determined
by the cavity length, typically 80 MHz. Generation of
more intense pulses is possible by reducing the rep-
etition rate; a regenerative amplifier delivers intense
pulses with energy of &~ 1 mJ and repetition frequency
of ~ 1kHz [11.51]. Such pulses bring a variety of
nonlinear phenomena; an optical parametric amplifier
(OPA) which utilizes parametric process in Sect. 11.4.1
boosts a seed light of white-light continuum and works
as a tunable light source. Thus the OPA system with
additional frequency converters in Fig. 11.47 pumped
with a regenerative amplifier based on a Ti:sapphire os-
cillator provides tunable light pulses with fs duration
from the far-IR to UV region. This is a powerful tool
for time-resolved and/or nonlinear spectroscopy.

1.4.3 Time-Resolved Spectroscopy

Time-resolved spectroscopy enables us to obtain the
dynamics of electrons, phonons, spins, etc. in the ma-
terials in timescales down to femtoseconds. Pulsed
lasers introduced in the last section are usually uti-
lized as light sources, while many detection tech-
niques are used depending on the timescale or the
repetition rate of events. The techniques for time-
resolved spectroscopy are classified into electrical
methods with electronic apparatus and optical meth-
ods using nonlinear optics. Time-resolved measure-
ments for the luminescence are reviewed in this
section.
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Electrical Methods
The electric signal from a photosensor, e.g. a PMT or
PD (Sect. 11.1.2), is registered with electrical apparatus
shown in Table 11.10 (except a streak camera). Their
principles are illustrated in Fig. 11.48.

1. A digital storage oscilloscope with sample rates
higher than 1 GS/s makes it possible to follow the
electric signal with a time resolution of nanosec-
onds [11.52].

2. A boxcar integrator stores the signal during a time
window whose position and duration (wider than ns)
can be set arbitrarily [11.52]. Though temporal pro-
files can be obtained by sweeping the time window,
this apparatus is mainly used for the gating of the
temporal signal with a low repetition rate of up to
1kHz, e.g. in pump-probe experiments using a re-
generative amplifier (Sect. 11.4.4).

3. A time-to-amplitude converter (TAC) is used with
a multichannel analyzer (MCA) to perform time-
correlated single-photon counting (TCSPC).

A schematic diagram of the TCSPC method is de-
picted in Fig. 11.49. Here CFD is an abbreviation of con-
stant fraction discriminator which discriminates a signal
pulse from a noise as follows. The CFD produces an out-
putelectric pulse when the input voltage exceeds a preset
threshold value; the time delay between the input and
output pulses does not depend on the input electric pulse
height or shape. Very weak light behaves as a photon,
which can be counted as an electric pulse from a PMT
or APD. The time interval between the excitation pulse
and the luminescence pulse from the sample reflects the
decay time statistically; the accumulation of a number
of such events reproduces the decay curve. The TAC
produces an electronic pulse with a height which is pro-
portional to the time difference between the start pulse
triggered by the excitation pulse and the stop pulse from
the detector. The MCA receives the electronic pulse from
the TAC and converts the voltage into a channel address
number of a storage memory. A histogram, which cor-
responds to the decay curve, is built up in the MCA
with increasing numbers of events. The counting rate
should be smaller than & 1%, so that the probability

Table11.10 Comparison between four electric methods

Apparatus Time resolution
Digital storage oscilloscope ~ ns

Boxcar integrator ~ sub-ns
Time-to-amplitude converter (TAC) ~ 10ps

Streak camera ~ ps

Intensity
A
!
. s T
S
I e .
— 3 ‘ -

Fig. 11.48 Illustration of the principles for detecting tran-
sient electric signals

N

Reference Luminescence
@/
[ CFD ] [ CFD ]
Start
Stop
AV
A
=
At
TAC MCA

Fig.1.49 Schematic diagram of the time-correlated
single-photon counting method

of a simultaneous arrival of two photons is negligible
(< 0.01%). Thus a light source with a high repetition
rate, e.g. a mode-locked laser, is required [11.53]. The
time resolution of this technique is determined by the jit-

Features

Single-shot or repetitive events
Repetitive events

Repetitive events, single photon counting

Single-shot or repetitive events

621

#°TT|) Hed



622

#°TT|) Med

Part C | Materials Properties Measurement
Trigger signal4+ Sweep voltage generator

Photocathode| |Accelerating Deflection |MCP |Phosphor screen

electrode electrode Streak image

i Slit
Spectro- a M3 CCD
meter H2 camera
t — ﬂl
U3 . R
Direction u
Incident light \ = of deflection
u

Fig.11.50 Schematic construction of the streak camera

Polarizer (P2)

N

Optical Kerr media
Signal
Polarizer (P1)

Gate Pulse

Fig.11.51 Schematic illustration of the Kerr shutter

ter of the electric circuit, not by the width of the electric
signal from the photosensors. Therefore, time resolution
of tens of picoseconds can be achieved with a specially
designed PMT or APD. Very accurate data can be ob-
tained because of no linearity problems in the detector,
but convolution analysis is usually required in sub-ns re-
gion, because an artifact, called after-pulse, due to the
photosensors distorts the signal.

A streak camera is widely used in time-resolved
spectroscopy, because it enables us to obtain temporal
and spectral information simultaneously. A schematic

electrons irradiate a phosphor screen on which a so-
called streak image appears. The image is recorded
with a CCD camera. A time-resolved spectrum can
be obtained even for a single event, if the incident
light is strong. This feature enables us to study a phe-
nomenon which shows substantial shot-by-shot fluctu-
ations [11.54]. Time resolution of 200 fs is achieved in
single-shot detection. Usually repetitive events are inte-
grated on a CCD chip. In this case, the electronic jitter
of the trigger signal synchronized to the incident light
pulse determines the time resolution of the streak cam-
era. A synchroscan streak camera used for mode-locked
lasers with high repetition rates of ~ 100 MHz achieves
picosecond time resolution [11.55]. In the case of very
weak light, single-photon counting detection is possible
using a fast-readout CCD camera, because the MCP has
a large multiplication factor.

Optical Methods (Using Nonlinear Optics)
Optical Kerr shutters (OKS) utilize the optical Kerr
effect (Sect. 11.4.1); a Kerr-active medium with large
x® works as an optical gate. The schematic configu-
ration of the OKS is depicted in Fig. 11.51. A strong
laser pulse induces birefringence in the Kerr medium,
so that the plane of the polarization of the incident

construction of the streak camera is illustrated in Fig. 11.50. light determined by a polarizer P1 is rotated. Thus

A spectrometer is usually installed before the streak
camera in order to disperse the incoming light hor-
izontally. The spectrally dispersed light impinges on
a photocathode from which photoelectrons are emit-
ted. The electrons are accelerated and temporally dis-
persed by deflection electrodes subjected to a rapidly
changing sweep voltage in the vertical direction. Then
the spectrally and temporally dispersed electrons hit
a microchannel plate (MCP) which multiplies electrons
while keeping their spatial distribution. The multiplied

the incident light, normally blocked by a crossed po-
larizer P2, can pass through the P2. This configura-
tion is inserted between the collection lenses and the
spectrometer in Fig.11.12. The time-resolved spec-
trum is then obtained by changing the delay between
the gate and incident pulses [11.56]. The extinction
ratio of the crossed polarizers determines the back-
ground of this technique, while the time response of
the Kerr medium determines the time resolution of
the OKS.
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Luminescence ¢ Phasematching

A/\'U
Sum frequency
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Gating laser

pulses ¢p, Nonlinear

optical crystal

Fig.11.52 Principle of up-conversion spectroscopy

Table 11.11 Comparison between the Kerr shutter and up-
conversion

Method Time resolution Features

Kerr shutter sub-ps Strong gating pulse
is required

Up-conversion ~ 100fs Wavelength scanning

is required

Up-conversion spectroscopy is based on SFG
(Sect. 11.4.1); the up-converted photon wg from IR
luminescence wir is emitted when the gating laser
pulse wp irradiates the nonlinear crystal, as shown
in Fig. 11.52.A combination of the pump pulse and the
nonlinear crystal acts as an optical gate like a boxcar
integrator. By sweeping the delay time of the pump
pulse, a temporal profile of the luminescence is ob-
tained. A time-resolved spectrum is obtained by scan-
ning the crystal angle (and monochromator) for the
phase-matching condition [11.57]. Down-conversion for
UV luminescence is also possible.

11.4.4 Nonlinear Spectroscopy

Nonlinear spectroscopy reveals electronic structures, re-
laxation processes in various materials and provides us
rich information on the materials which cannot be sup-
plied by linear spectroscopy. Though the application of
nonlinear spectroscopy is very wide, this section fo-
cuses on the topics for time-resolved measurements.

Pump-Probe Experiment
In the pump-probe experiment, a pump pulse causes the
absorption or reflection change of the material, which
is observed in a probe pulse. This technique enables us
to obtain a temporal evolution of an optical response
of the material with ultrafast time resolution (shorter
than 10fs) by sweeping the time delay between pump
and probe pulses. A schematic experimental set-up is
shown in Fig. 11.53. Two laser beams are focused on
the same spot of the sample. A delay line with vari-

/ / Regen.

Sampl
% Probe _A_ m ample
Detector

% Pumpy S\/

Fig.11.53 Typical experimental set-up for the pump—probe
transmission measurement. ML: mode-locked laser; Re-
gen.: regenerative amplifier

ML Ti:sapphire

able length is used to change the optical path difference
between pump and probe paths. In the case of transmis-
sion pump-probe measurement, differential transmis-
sion change is defined as

AT Ion— o

, (11.113)
T Loft

where I, and I, are the intensities of the probe pulses
passing through the sample with and without the pump
pulse, respectively. Pump-induced absorption change
Aq is expressed by

Aal =1 1+AT
al=1n —,
T

where [ is the sample thickness.

By scanning the probe frequency the spectrum of the
absorption change can be obtained. A combination of
white-light continuum in Sect. 11.4.1, which is available
in the visible region, as a probe pulse and an array detec-
tor reduces the acquisition time remarkably. In this case,
the frequency chirp of the white-light continuum should
be corrected.

(11.114)

Transient Absorption

and Two-Photon Absorption
A schematic diagram for transient absorption is illus-
trated in Fig. 11.54. If nonradiative processes is domi-
nant and luminescence cannot be observed, the transient
absorption measurement provides decay process of the
excited state |er). In addition, the higher excited state
|e2), which cannot be observed in the linear (one-photon)
absorption, may be found in the transient absorption.
Here materials with inversion symmetry have a selection
rule

(glrler) #0, (e1lr|ez) #0, (glr|e2) =0, (11.115)

if |g) and |ep) are even, |e1) is odd. Absorption decrease
called bleaching, corresponding to a negative signal of

#°TT|) Hed
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Fig.11.54 Schematic diagram for transient absorption
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Fig.11.55 Comparison between transient absorption and
two-photon absorption
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Fig.11.56 Typical example of the absorption change
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Fig.11.57 (a) Schematic illustration of Z-scan measurement, and
(b) normalized transmission against z

Aal, shows population decrease in the ground state |g).
This signal reflects a process of ground-state recovery.

The transient absorption shows an exponential de-
cay profile, while two-photon absorption (TPA) in which
pump and probe pulses absorbed simultaneously results
in an instantaneous response following the temporal pro-
file of the pump pulse, as illustrated in Fig. 11.55. The
TPA reveals hidden electronic levels which are not de-
tectable in linear spectroscopy.

Example of Pump-Probe Measurement

A typical example of the absorption change is shown
in Fig. 11.56 [11.58]. The signal consists of two com-
ponents: a Gaussian pulse with 0.2-ps width which is
determined by the pulse duration of the laser and an
exponential decay with decay constant T = 1ps. The
former is caused by the TPA. Changing the pump and
probe frequencies, we can obtain a TPA spectrum di-
rectly [11.59]. The latter arises from the transient ab-
sorption from the excited state |e;) to the higher excited
state |e2) in Fig. 11.55. Its decay constant reflects the
decay time of the excited state |e1). It is noted that con-
volution analysis is required in this case in which the
decay time is comparable to the pulse duration. Here
we calculated a convolution of Gaussian shape with
0.2-ps width and a single exponential decay with a 1-
ps decay constant, shown in the figure by a broken
line.

Z-scan

This simple technique allows us to measure both the
sign and magnitude of the nonlinear refractive in-
dex n. A schematic set-up is shown in Fig.11.57.
A laser beam with a Gaussian spatial beam profile is
focused at z =0 and the sample position is varied.
The intensity transmitted through the aperture is meas-
ured as a function of the sample position z shown
in Fig. 11.57b. Here the sample acts as a lens whose
focal length depends on the position z. Numerical cal-
culation shows [11.60]

AT = 04AP (11.116)

where (11.102) is used. Thus we can obtain n, directly.

Four-Wave Mixing
There are many variations of four-wave mixing (FWM)
with two or three beams, which have the same
frequency (degenerate) or different frequencies (nonde-
generate). This phenomenon is based on the interfer-
ence between several beams inside the material [11.61].
FWM spectroscopy generally provides information on
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coherent processes in the excited states. This technique
is also used to estimate the value of x.

11.4.5 Terahertz Time-Domain Spectroscopy

As a unique application of ultrashort pulsed lasers, ter-
ahertz (THz) time-domain spectroscopy (TDS) is intro-
duced in this section. The THz region is located between
microwave radiation and infrared light. Due to the lack
of a suitable light source and detector, spectroscopy
in this region was difficult and tedious. After the de-
velopment of the mode-locked Ti:sapphire laser, THz
TDS is intensively applied to many materials, e.g. doped
semiconductors, superconductors, biomaterials [11.62].
The TDS enables us to obtain a waveform of the THz
electric field E(¢) itself, not |E(t)|2 as in conventional
spectroscopy. This provides us a lot of advantages, e.g.
simultaneous determination of real and imaginary parts
of the dielectric function.

A schematic illustration of the generation and de-
tection method for a THz pulse using a photoconduc-
tive antenna is depicted in Fig. 11.58 [11.63]. The an-
tenna structure is fabricated on a substrate of semi-
insulating semiconductors, e.g. low-temperature grown
(LT)-GaAs. As an emitter, the antenna is subjected
to a DC voltage and irradiated with a femtosecond
laser around the gap between the dipoles, as illustrated
in Fig. 11.58a. Then the mono-cycle THz pulse E(¢) is
emitted according to the simple formula

dje

E(t) x o
where j. is the surge current due to photocarriers cre-
ated by the irradiation of the laser pulse. Over 30 THz
generation has been reported by using 15-fs pulses.
The alternative method is OR (Sect. 11.4.1) of ultrashort
pulses; generation of ultra-broadband infrared pulse be-
yond 100 THz by using 10-fs pulses and GaSe crystals
has also been demonstrated [11.64].

The antenna is also used as a receiver; photocarriers
created by the pulse irradiation provide a transient cur-
rent jq(¢) which is proportional to the instantaneous THz
electric field E(t) as follows:

Ja(t) x / E(r)N(t —1)dr,

where N(t) is the number of photocarriers created by the
laser pulse. If the pulse duration and the decay time of
the N(z) is negligibly short, N(¢) = Noé(t), then

Ja(®) o< E(1) . (11.119)
Thus the THz electric field can be reproduced by sweep-
ing the time delay between the laser pulse and the THz

(11.117)

(11.118)

THz pulse

a)  Gate pulse

Fig.11.58a,b Schematic illustration of (a) the generation
and (b) the detection method for THz time-domian spec-
troscopy
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Fig.11.59 (a) Temporal waveform of ultra-broadband
THz radiation detected with a PC antenna. (b) Fourier-
transformed electric-field spectrum of (a)

pulse. Figure 11.59a shows a typical example of tempo-
ral waveform of the ultra-broadband THz emission by
OR with a 10-fs laser and a thin GaSe crystal detected
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A dl pling, which achieves ultra-broad-band detection be-
emtosecond faser yond 120 THz [11.66].
An experimental set-up is shown in Fig. 11.60. Par-
i abolic mirrors are used for focusing light in the far- and
Posesloy mid-IR region.
The complex Fourier transformation of E(¢) is de-
m Sampling fined by
pulse E L[k iwr)d (11.120)
= — t —lwt)dt. .
Sample Current (@) 2 / (&) exp(—icr)
DC Trans- Receiver || 2mPlifier In the transmission measurement, the complex refractive
bias mitter index n can be obtained using
-I
-/\I— E(w) . Lo
ot —— =exp{ —i[n(w)—1]— ¢ , (11.121)
THz pulse Eo(w) c

N

Fig.11.60 Experimental set-up for THz TDS

Signal

with a PC antenna [11.65]. Its Fourier-transformed spec-
trum is also shown in Fig. 11.59b. The high-frequency
region beyond 80THz is detectable using a PC an-
tenna. The alternative method is to use electrooptic sam-

11.5 Fiber Optics

Optical fiber technology has developed rapidly during
the last 30 years under the demands of the telecommu-
nication network. Today a variety of commercial and
laboratory applications of fiber optics are going on be-
cause of the excellent properties of optical fiber, e.g.
flexibility and compactness. This section summarizes
the unique properties of fibers and their characterization

methods.

In its simplest form an optical fiber consists of a cen-
tral glass core surrounded by a cladding layer whose

refractive index n; is lower than the core index ny.

Figure 11.61 shows schematically the cross section
and path of a ray propagating via total internal reflec-
tion in a step-index fiber. The critical angle for the total

internal reflection at the interface is expressed as

.1 (M
0. = sin 1(—)
no

The fiber numerical aperture (NA), which is defined as

the sine of the half-angle of acceptance, is given by

NA = $in(fmax) = /n3 —n? .

where L is the sample thickness and E(w) and Ey(w) are
Fourier transformations of the transmitted and incident
waveform, respectively. Thus the real and imaginary
parts are determined simultaneously without complex
analyses such as the Kramers—Kronig transformation or
the ellipsometry introduced in Sect. 11.1.4.

THz waves penetrate dry materials such as paper,
ceramics and plastics but are strongly absorbed in wa-
ter. Recently terahertz imaging has been used for drug
detection, luggage inspection and integrated circuit in-
spection [11.67].

Two parameters that characterize the step-index fiber
are the normalized core—cladding index difference

A 0—m
ni
and the so-called V parameter defined as

V= 27;—61 n% — n% ,
where a is the radius of core and A is the wavelength of
light.

The V parameter determines the number of modes
supported by the fiber. A step-index fiber supports a sin-
gle mode if V < 2.405. Fibers with a value of V greater
than this are multimodal. More sophisticated index pro-
files were developed to modify the mode profile and
dispersion. Detailed analysis of fiber modes in various
structures is described in the textbook [11.68].

A common material for optical fiber is silica glass
synthesized by chemical vapor deposition. The refrac-
tive index difference between the core and cladding is
introduced by selective doping during the fabrication
process. Dopants such as GeO, and P,Os increase the
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Fig.11.61a,b Cross section of a step-index fiber (a) and the
path of a ray propagating via total internal reflection (b)

refractive index of silica and are used for the core, while
materials such as boron and fluorine decrease the refrac-
tive index of silica and are used for the cladding.

The fabrication process for optical fibers involves
two stages: the formation of a preform and drawing into
a fiber. A cylindrical preform with the desired index
profile and relative core-cladding dimensions is fabri-
cated through chemical vapor deposition. The preform
is then drawn into a fiber using a precision-feed mecha-
nism into a furnace. The fabrication methods for optical
fibers are described in [11.69].

11.5.1 Fiber Dispersion and Attenuation

Chromatic dispersion and attenuation of the optical
signal are the most important fiber parameters for
telecommunications.

Optical Attenuation in Fibers
If P; is the incident power introduced into a fiber of
length L, the transmitted power P is expressed by

P = Pjexp(—«al),

where « is the conventional attenuation constant. Cus-
tomarily, « is expressed in the unit of dB/km using the
following definition.

101 P
=——1log|— ) .
®dB 2 g P,

There are three principal attenuation mechanisms in
fibers: absorption, scattering and radiative loss. Radi-
ation losses are generally kept small enough by using
thick cladding.

Figure 11.62 shows the measured loss spectrum of
a typical low-loss silica fiber [11.69]. Silica suffers
from absorption due to electronic transitions in the ul-
traviolet region below 170nm and absorption due to
vibrational transitions in the infrared beyond 2 pm, but
is highly transparent in the visible and near-infrared. In
this region the fundamental attenuation mechanism is

Loss (dB/km)

Loss profile

Intrinsic
loss

1.0 11 12 13 14 15 16 17
Wavelength (um)
Fig.11.62 Measured loss spectrum of a single-mode silica
fiber. The dashed curve shows the contribution resulting
from Rayleigh scattering (after [11.69])

Rayleigh scattering due to the irregular glass structure.
Intrinsic losses in silica fiber due to Rayleigh scattering
is estimated to be

R

where the constant Cr is in the range 0.7-0.9dB/
km pm* depending on the constituents of the fiber core.
Typical losses in modern fibers is around 0.2 dB/km
near 1.55 um. Conventional silica fiber has absorption
peaks at 1.4, 2.2 and 2.7 um due to OH vibration modes
and these absorption peaks are sensitive to water con-
tamination.

Attenuation Measurement

There are two general methods for the measurement of
fiber loss; the cut-back method and optical time-domain
reflectometry (OTDR). In any scheme special attention
must be paid to uncertainty arising from the source-
to-fiber coupling. The cut-back method is a destructive
evaluation which neatly avoids the difficulty [11.70]. It
operates in the following way.

® Couple the light from the source into a long length
of fiber.

® Measure the light output with a large-area detector.

® Cut the fiber back by a known length and measure
the change in the light output.

The change in the output is considered to arise from the
attenuation in the cut fiber.

In the case of a single-mode fiber, the fiber may
be cut back to a relatively short length (several me-
ters) where the cladding modes are effectively removed.
However, if the higher mode is near or just beyond
the cut-off, we may need a sufficiently long length of
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Fig.11.63 Typical OTDR signal. OTDR can be used for
attenuation measurement, splice and connector loss

fiber to strip off the unfavorable lossy modes [11.71].
In the case of multimode fiber the situation becomes
more delicate because the attenuation depends on the
modes, i. e. higher-order modes have higher losses. So,
we should try to excite modes evenly and wait until
the mode equilibrium is established through mode con-
version. This may need a considerable length of fiber,
typically &~ 1 km.

Nondestructive loss measurement has now become
possible with the technological advancement of low-
loss single-mode splices or connectors, simply by
assuring that the connector loss is much smaller than
the fiber loss.

Optical time-domain reflectometry (OTDR) is an-
other nondestructive evaluation method for attenuation.
In this method the fiber is excited with a narrow laser
pulse and a continuous backscattering signal from the
fiber is recorded as a function of time. Assuming a linear
and homogeneous backscattering process the decrease
in backscattered light with time reflects the round-trip
attenuation as a function of distance.

Figure 11.63 shows a typical OTDR signal. The lin-
ear slope yields the fiber attenuation and the sudden
drop in intensity represents the splice loss; the narrow
peak indicates a reflection. The OTDR method enables
the evaluation of the loss distribution along the fiber in-
cluding splice loss even in the deployed fiber. OTDR is
also very sensitive to the excitation condition into the
fiber, so control of the launch condition is the key for all
attenuation measurement of fibers.

Chromatic Dispersion
The refractive index of every material depends on
the optical frequency; this property is referred to as
chromatic dispersion. In the spectral region far from
absorption the index is well-approximated by the Sell-
meier equation. For bulk fused silica n()) is expressed

by the equation,

n@f =1+
j=1

where w; is the resonance frequency and B; is
the strength of the jth resonance. For bulk fused
silica, these parameters are found to be B| =
0.6961663, B, =0.4079426 and B3 = 0.8974794,
A1 =0.0684043 um, A =0.1162414pum, and Az =
9.896161 um [11.72], where A; = 2nc/w; and c is the
speed of light.

Dispersion plays a critical role in the propagation
of short optical pulses because the different spectral
components propagate with different speeds, given by
c/n(w). This causes dispersion-induced pulse broaden-
ing, which is detrimental for optical communication
systems. The effect of chromatic dispersion can be
analyzed by expanding the propagation constant 8 in
a Taylor series around the optical frequency wg on
which the pulse spectrum is centered.

2
B]a)j
—?’

2
@j

Blw) = n(w)? = Bo+ Bi(w— o)

1
+5ha(0—wf) -,
where
ﬁ—(dmﬂ) m=0,1,2,3,...)
m — da)m w=wp m= 3 by Sy Ty e o).

The parameter 81 and S, are related to the refractive
index n through the relations

where vy is the group velocity. The envelope of the
optical pulse moves at the group velocity. The pa-
rameter B, which is a measure of the dispersion of
group velocity, is responsible for the pulse broadening.
This phenomenon is known as group velocity disper-
sion (GVD). In bulk fused silica, the GVD parameter
B> decreases with increasing wavelength, vanishes for
wavelengths of about 1.27 um and becomes negative
for longer wavelengths. This wavelength is referred to
as the zero-dispersion wavelength, denoted by Ap.

The dispersion behavior of actual silica fiber devi-
ates from the bulk fused silica case for the following
two reasons. First, the fiber core usually has small
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Fig.11.64 Wavelength dependence of the dispersion pa-
rameter D for dispersion-shifted fiber (brown line). Brown
curve and dotted line represent D for silica bulk material
and wave-guide dispersion, respectively

amounts of dopants such as GeO; and P;0Os. In this
case, we should use the Sellmeier equation with pa-
rameters appropriate to the amount of doping [11.73].
Second, because of dielectric waveguiding, the effec-
tive mode index reflects the field distribution in the core
and cladding and is slightly lower than the material
index n(w) of the core. The field distribution itself de-
pends on w, and this results in what is commonly termed
waveguide dispersion [11.74]. Waveguide dispersion
is relatively small except near the zero-dispersion
wavelength Ap, so the main effect of the waveguide
contribution is to shift Ap toward longer wavelengths;
Ap = 1.31 pm for standard single-mode fiber.

The dispersion parameter D (ps/km - nm) is com-
monly used in fiber optic literature in place of 8;. D is
related to 8 by the relation.

dpi 2me A d%n
D=——=—7FHh~-———
da 22 c da?
An important aspect of waveguide dispersion is that
the contribution to D depends on design parameters
such as the core radius a and the core—cladding in-
dex difference A. As shown in Fig. 11.64 this feature
was used to shift the zero-dispersion wavelength Ap in
the vicinity of 1.55mm where the fiber loss is at its
minimum [11.74]. Such dispersion-shifted fibers, called
zero- and nonzero-dispersion shifted fibers, depending
on whether D = 0 at 1.55 pum or not, play an important
role in optical communication network systems.

Dispersion Measurements
Optical pulse method is a simple time-domain mea-
surement. Pulse delay through an optical fiber is directly
measured as a function of wavelength [11.75]. This

system usually consists of a fast optical pulse gener-
ator with a tunable laser source and a fast waveform
monitor system, which are common to instruments
characterizing optical transmission lines. However, the
accuracy is limited by optical pulse distortion due to
dispersion and the time resolution of the waveform
monitor.

Phase shift method is the prevailing method be-
cause higher time-domain resolution can be ob-
tained with a relatively low frequency modulation
(< 3GHz) [11.76]. The measurement scheme is shown
in Fig. 11.65.

A tunable light source like an external cavity laser
is usually used as the light source. The light is modu-
lated by a sinusoidal wave at a frequency of f, with
a LiNbO3 Mach—Zender modulator. The optical signal
propagated through a test fiber is converted to an electri-
cal signal and then compared with the reference signal
using a phase comparator. The phase difference ¢(1) is
measured as a function of the wavelength A. The group
velocity delay t(X) (s/km) for an optical fiber of length
L (km) is obtained by the equation

o $0)

fumL
where 7(A) is supposed to be approximated by a three-
term Sellmeier equation

C
r(A):A/\2+B+p .
Usually, the A, B and C parameters are determined from

the delay data and the GVD value is then obtained by
differentiating the curve with respect to A.

Sample fiber
Tunable |“4 AM K z) O/E con- N
laser modulator verter
i Phase
compa-
, Jn Reference rator
Oscillator >
Reference AVAUAVAV_'t
Signal AVA__QVAV_,t
__ 5 l«— Phase difference ¢(u)

Fig.11.65 Diagram for dispersion measurement by the
phase-shift method
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Fig.11.66 Measurement scheme for the interference measurement
method

Interference measurement method is appropriate for
short fiber lengths, and allows a detailed and direct com-
parison of the optical phase shifts between a test fiber
and a reference arm. This measurement scheme is illus-
trated in Fig. 11.66 [11.77].

A broadband light source like white light or an LED
is used as the light source in order to reduce the co-
herence length. Typically, a tunable optical filter with
a bandwidth of around 10nm is introduced in front of
the interferometer. A free-space delay line or optical
fiber of which the GVD is well-known is utilized as the
reference arm. By moving the modulated corner cube,
the position d corresponding to the zero-pass interfer-
ence peak is detected. The group velocity delay t()) for
the test fiber is expressed by

)= 2d=do)

where dj is the zero-pass difference position at the ref-
erence wavelength and c is the velocity of light. The
GVD is also estimated by differentiating the smoothed
7(A) curve with respect to A.

11.5.2 Nonlinear Optical Properties

This subsection deals with the nonlinear optical prop-
erties of fiber. The low loss and long interaction length
of optical fibers make nonlinear processes significant.
Stimulated Raman and Brillouin scattering limits the
power-handling ability of fibers. Four-wave mixing
presents an important limit on the channel capacity
in wavelength division multiplexing (WDM) systems.
Soliton formation and nonlinear polarization evolution
are also summarized.

The small cross section and long interaction length
of optical fiber make nonlinear optical process signifi-
cant even at modest power levels. Recent developments

in fiber amplifiers have increased the available power
level drastically. Optical nonlinearities are usually detri-
mental to optical communication networks and put
some limits on the power-handling ability of fibers in
medical and industrial applications. On the other hand,
these optical nonlinearities are utilized in the generation
of ultra-short pulse, soliton-based signal transmission,
and Raman amplifiers.

As SiO; is a symmetric molecule, the second-order
nonlinear susceptibility x® vanishes for silica glasses.
So, nonlinear effects in optical fibers originate from
the third-order susceptibility x®, which is responsi-
ble for phenomena such as third-harmonic generation,
four-wave mixing and nonlinear refraction.

In the simplest form, the refractive index can be
written as

n(w, I =n(w)+nsl .

Self-phase modulation (SPM) is the most important
phenomena among the various nonlinear effects arising
from the intensity dependence of the refractive index.
The self-induced phase shift experienced by an optical
field during its propagation is

¢=n+nayDkoL ,

where ko = 2 /A and L is the length of the fiber.

The measured ny value for bulk silica at 1.06 um
is 2.7x10720 mz/W [11.78]. Measured values for var-
ious silica optical fibers are found to be in the range
2.2-3.9x10729m?/W [11.79]. The scatter of the data
may be partly ascribed to the difference of the doping in
the core materials of the fibers.

Pulse Compression and Solitons
Figure 11.67 illustrates what happens to an optical pulse
which propagates in a nonlinear optical medium. The
local index change raises so-called self-phase modula-
tion. Since n; is positive, the leading edge of the pulse
produces a local increase in refractive index. This re-
sults in a red shift in the spontaneous frequency. On
the other hand, the pulse experiences a blue shift on the
trailing edge.

If the fiber has a normal dispersion at the central
wavelength of the optical pulse, the red-shifted edge
will advance and the blue-shifted trailing edge will re-
tard, resulting in pulse spreading in addition to the
normal chromatic dispersion. However, if fiber exhibits
anomalous dispersion, the red-shifted edge will retard
and the optical pulse will be compressed. Near the dis-
persion minimum, the optical pulse is stabilized and
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propagates without changing shape at a critical shape.
This optical pulse is called a soliton [11.80]. A soli-
ton requires a certain power level in order to maintain
the necessary index change. The record for soliton
transmission is now well over 10000 km, which was
achieved by utilizing the gain section of a stimulated
Raman amplifier or a rare-earth-doped fiber amplifier.
In the laboratory, optical fiber nonlinearity is used in
the mode-locked femtosecond laser [11.81, 82] and the
generation of white continuum [11.83].

Third-harmonic generation and the four-wave mix-
ing effect are based on the same x nonlinearity but
they are not efficient in optical fibers because of the
difficulty in achieving the phase-matching condition.
However, WDM signal transmission systems encounter
serious cross-talk problems arising from four-wave
mixing between the WDM channels near the zero-
dispersion wavelength of 1.55 pum [11.85].

The nonlinear optical effects governed by the
third-order susceptibility are elastic, so no energy is
exchanged between the electromagnetic field and the
medium. Another type of nonlinear effect results from
stimulated inelastic scattering, in which the optical field
transfers part of its energy to the nonlinear medium.
Two such scattering process are important in opti-
cal fiber: 1) stimulated Raman scattering (SRS), and
2) stimulated Brillouin scattering (SBS).

The main difference between the two is the phonon
participating in the process; optical phonons participate
in SRS while acoustic phonons participate in SBS. In
optical fiber SBS occurs only in the backward direction
while SRS can occur in both directions. The equation
governing the growth of the Raman-shifted mode is as
follows

dr
dis _gr
dz deff

where Is is the Stokes intensity, I}, is the pump inten-
sity and aefr is the effective area of the modes. gr is
Raman gain coefficient. The same equation holds for
SBS by replacing gr with the Brillouin gain coefficient
gB. The Raman gain spectrum in fused silica is shown
in Fig. 11.68.

The Raman gain spectrum of silica fiber is broad,
extending up to 30THz [11.84] and the peak gain
gr = 10713 m/W occurs for a Stokes shift of ~ 13 THz
for a pump wavelength near 1.5um. In contrast to
Raman scattering, Brillouin gain is extremely narrow
with a bandwidth < 100MHz and the Stokes shift is
~ 1 GHz close to 1.5 pum.

Optical fiber

Incident optical Transmitted optical

waveform waveform
Leading edge of pulse » Red shift
Trailing edge of pulse » Blue shift

Fig.11.67 Pulse evolution in a nonlinear medium
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Fig.11.68 Raman gain spectrum in fused silica (af-
ter [11.84])

SRS and SBS exhibit a threshold-like behavior
against pump power. Significant conversion of pump
energy to Stokes radiation occurs only when the pump
intensity exceeds a certain threshold level. For SRS in
a single mode fiber with oL > 1, the threshold pump
intensity is given by [11.86]

= 1602

8R
SRS can be observed at a power level of ~ 1 W. Sim-
ilarly, the threshold pump intensity for SBS is given
by [11.86]

=212

8R
The Brillouin gain coefficient gg = 6x 10~ m/W and
is larger by three orders of magnitude compared with
gr. So, SBR threshold is ~ 1 mW for CW narrow-
bandwidth pumping.

Silica fibers with large effective cross section and
short length have a significantly higher power-handling
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Fig.11.69 Schematic diagram of the measurement of optical non-
linearity of fiber based on the self-phase modulation method

ability and the broad-spectrum operation helps to in-
crease the power-handling ability of the fiber.

Measurement of Nonlinear Refractive Index n;
The nonlinear refractive index is expressed by the equa-
tion,

n(w, E%) = n(@)+n E?,
In order to characterize the nonlinearity of the fiber, it is

more practical to use the following equation.

n2

n(w, P) = n(w)+ 2 P

eff
where P is the power propagating in the fiber and Aegr is
the effective area of fiber defined by the equation, [11.80]
21 [ o7 1E()* rdr]

I |EG)* rdr

Aeff =

where E(r) presents the field distribution in the fiber;
Aetf 1s approximately related to the mode field diameter
(MFD) by the following equation
MFD 2

Aeit T — ) -
For reliable evaluation of the nonlinearity of fiber,
a variety of methods have been developed based on
self-phase modulation [11.87-89], cross-phase modu-
lation [11.90], four-wave mixing [11.91] and interferom-
etry.

Figure 11.69 shows a measuring system based on

self-phase modulation developed by Namihira et al.
[11.87]. The output of a gain-switched DFB-LD with

Intensity

PRI

Frequencgl

Fig.11.70 Spectral evolution due to the self-phase modula-
tion as a function of incident power (after [11.87])

a pulse width of 26.5 ps is filtered by a narrow-band filter
with abandwidth of 0.1 nm to get a nearly transformation-
limited beam. The beam is amplified by an Er-doped
fiber amplifier (EDFA), and is introduced into a test fiber
through a variable optical attenuator. The optical spectra
of the fiber output are measured by a Fabry—Pérot inter-
ferometer. The observed output spectra from the fiber for
various input powers is shown in Fig. 11.70 [11.87]. The
number of observed spectral peaks M is related to the
maximum phase shift, @n,x by the equation

qjmax:(M_%)ﬁ,

@max 1s also the related to (n3/ Acfr) by the equation

O = () (2 Lo
max = A Aeff eff 10 »

where Py is the incident power into the test fiber and Legr
is the effective length of fiber and expressed by the equa-
tion,
1— e—aL
Leff = ——,
a

where « is the absorption coefficient and L is the length
of the test fiber. (12 / Aefr) can be estimated from the slope
of @pax against Py.

11.5.3 Fiber Bragg Grating

The ohotosensitivity of silica fiber was discovered in
1978 by Hill et al. at the Communications Research
Center in Canada [11.92]. Fiber Bragg grating (FBG)
devices based on these phenomena allow the integration
of sophisticated filtering and dispersion functions into
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a fiber and have many applications in optical fiber com-
munication and optical sensor systems. This subsection
summarizes FBG technology and their properties. More
information on FBGs can be found in the following
references [11.93-95].

Photosensitivity
When ultraviolet light radiates an optical fiber, the re-
fractive index is changed permanently; this effect is
called photosensitivity. The change in refractive in-
dex is permanent if the fiber is annealed appropriately.
These phenomena were first discovered in a fiber with
a germanium-containing core, and have been observed
in a variety of different fibers. However, optical fiber
with germanium-containing core remains the most im-
portant material for FBG devices. 248 and 198 nm
radiation from KrF and ArF lasers with a pulse width
of ~ 10ns at a repetition rate of &~ 100 pps are most
commonly used. Typically fibers are exposed to laser
light for a few minutes at irradiation levels in the
range 100—1000mJ/cm?. Under these conditions, the
index change An of fibers with germanium-containing
cores is in the rage between 10~>—1073. Irradiation
at higher intensities introduces the onset of different
kinds of photosensitive processes, leading to a phys-
ical damage. The index change can be enhanced by
processing fibers prior to irradiation with hydrogen-
loading [11.96] and flame-brushing [11.97] techniques.
(Photoinduced index changes up to 100 times greater
are obtained by hydrogen loading for a Ge-doped core
fiber, and a ten times increase in the index change
can be achieved using flame brushing.) The physical

Incident

ultraviolet

light beam
Grating Silica glass phase grating
corrugations v (zero order suppressed)
Diffracted ' ' Fiber
beams core

[N 4
—1st order v +1st order
Zero order

Fig. 11.71 FBG fabrication with phase mask technique

process underling photosensitivity is not completely un-
derstood, however it is believed to be related to the
bleaching of the color centers in the ultraviolet spectral
range.

Fabrication Techniques
Many techniques have been developed for the fabri-
cation of FBG, e.g. the transverse holographic tech-
nique [11.98], the phase mask technique [11.99] and
the point-by-point technique [11.100]. The phase mask
technique is the most common because of its sim-
ple manufacturing process, high performance and great
flexibility.

Figure 11.71 shows a schematic diagram of the
phase mask technique for the manufacture of FBGs.
The phase mask is made from a flat silica-glass slab
with a one-dimensional periodic structure etched using
photolithography techniques.

The phase mask is placed almost in contact with the
optical fiber at a right angle to the corrugation and the
ultraviolet light is incident normal to the phase mask.
Most of the diffracted light is scattered in the +1 and
—1 orders because the depth of the corrugation is de-
signed to suppress diffraction into the zeroth order. If
the period of the phase mask grating is A, the period
of the photoimprinted FBG is A/2, which is indepen-
dent of the wavelength of the irradiated ultraviolet.
The phase mask technique greatly simplifies the man-
ufacturing process and its low coherence requirement
on the ultraviolet beam permits the use of a conven-
tional excimer laser. The phase mask technique not only
yields high-performance devices, but is very flexible,
i.e. apodization and chirping techniques are easily in-
troduced to control the spectral response characteristics
of the FBGs [11.101].

Another approach to the manufacture of FDB grat-
ings is the point-by-point technique, in which each
index perturbation is written point by point. This tech-
nique is useful for making long-period FBG devices that
are used for band-rejection filters and fiber-amplifier
gain equalizers.

Properties of FBGs
Light propagating in an FBG is backscattered by Fres-
nel reflection from each successive index change. The
back reflections add up coherently in the region of the
Bragg wavelength, A and cancel out in the other wave-
length regions.

The reflectivity of strong FBGs can approach 100%
at the Bragg wavelength, whereas the light in the other
spectral region passes through the FBG with negligible
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loss. The Bragg wavelength Ap is given by
AB =2Nesr A,

where Negr is the modal index of the fiber and A is the
grating period.

The Bragg grating can be described theoretically
by using coupled-mode equations [11.102]. Here im-
portant properties are summarized for the tightly bound
single-mode propagation through a uniform grating. The
grating is assumed to have a sinusoidal index profile with
amplitude An. The reflectivity R of the grating at the
Bragg wavelength is expressed by the simple equation,
R= tanhz(/cL) where k = (7 /A) An is the coupling coef-
ficient and L is the length of the grating. The reflectivity
is determined by x L, and a grating with a k L greater than
one is termed a strong grating whereas a weak grating
has a x L less than one. Figure 11.72 shows the typical
reflection spectra for weak and strong gratings.

The other important property of FBGs is the reflec-
tion bandwidth. In the case of weak coupling (kL < 1),
the AArwrM is approximated by the spectral distance
from the Bragg wavelength, Ag to the neighboring dip
wavelength, Ap; AApwim ~ (ko — AB) = A3 /(2NegtL).
The bandwidth of a weak grating is inversely propor-
tional to the grating length and can be very narrow
for a long grating. On the other hand, in the case of
strong coupling (kL > 1), AArwnMm i8S approximated
by the wavelength difference between the adjacent re-
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R 1

0.9 Large KL

15500 1550.1

u
Fig.11.72 Typical reflection spectra of weak and strong
FDGs (after [11.95])
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flection dips across the Bragg wavelength, AApwiv =
4)\]2_,’/( /(7 Negr). The bandwidth is directly proportional to
the coupling coefficient «.

The bandwidth of the FBG is limited by the at-
tainable values of the index perturbation, An, of the
photosensitivity, and several nanometers is the actual
limit corresponding to An ~ (0.001 at wavelengths used
for optical fiber telecommunications, 1.5 pm.

A chirped or aperiodic grating has been introduced
in order to broaden the spectral response of FBGs.

The spectral response of a finite-length grating with
a uniform index modulation has secondary maxima on
either side of the main reflection peak, as shown in
Fig. 11.72 [11.95]. This kind of response is detrimen-
tal to applications such as wavelength division multi-
plexing. However, if the index modulation profile An
along the fiber length is apodized, these secondary peaks
can be suppressed. Using the apodization technique, the
side lobes of the FBG have been suppressed down to
30~ 40dB.

Another class of grating, termed the long-period
grating, was proposed by Vengsarkar et al. [11.103].
Gratings with longer periods, ranging into the hundreds
of micrometers, involves coupling of a guided mode
to forward-propagating cladding modes; the cladding
modes are attenuated rapidly due to the lossy cladding
coating. FBGs with a long-period grating act as trans-
mission filters with rather broad dips and are utilized as
band-rejection filters and fiber amplifier gain equaliz-
ers [11.104].

Measurement of FBG Performance
Narrow-band filters with high dynamic range are the
key components for dense WDM fiber optic network
systems.

However, their characterization was not easy until
ultra-high resolution optical spectral analyzers be-
came available. Q8384 (Advantest LTd.) and AQ6328C
(Ando Co.) with a folded-beam four-grating configu-
ration have a 0.01-nm resolution and 60-dB dynamic
range at 0.2nm away from the central wavelength. By
using such a high-performance spectrometer together
with a fiber-coupled broadband light source, characteri-
zation of FBGs is no longer difficult.

Applications of FBGS
Many potential applications of FBGs in optical fiber
communication and optical sensor systems are re-
viewed in the reference [11.102]. FBG devices have
many excellent properties for fiber optic communication
systems, i. e., narrow-band and high-dynamic-range fil-
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tering, low insertion loss, low back reflection and so
on. So, FBG devices acquired a lot of applications
in the fiber optic communication system in a short
period, e.g., add—drop filtering devices, dispersion-
compensation devices, gain-equalizing filters in fiber
amplifiers, and wavelength locking of pump lasers.
Figure 11.73 shows some examples of FBG applica-
tions in optical fiber communication network systems.
Figure 11.73a presents a schematic diagram of a mul-
tichannel dispersion compensator. FBG devices are
inherently reflection filtering function whereas a trans-
mission device is usually desired. A narrow-band trans-
mission filtering function is commonly realized with the
aid of an optical circulator. Figure 11.74b shows the
wavelength locking of pump lasers for Er-doped opti-
cal amplifiers. Feedback of the weakly reflected light
from FBG locks the lasing wavelength of diodes to Ap.
The temperature coefficient of the fractional change of
Bragg wavelength, Alg/Ag is ~ 1073 due to the very
stable thermal properties of silica glass. This value is
one order of magnitude lower than the temperature sta-
bility of the wavelength of DFB lasers, and is two orders
of magnitude smaller than the gain peak shift of con-
ventional laser diodes. So, wavelength locking of the
pump laser stabilizes the properties of Er-doped fiber
amplifiers against temperature shifts and aging effects.
A change of the in the value of L and Ngg causes
a shift of the Bragg wavelength, and the fractional
change, AAp/Ap is given by the equation [11.106]

A AA | ANe
AB A Negr

where A A/ A and A Negr/ Negr the fractional changes of
the period and effective modal index, respectively. An
axial change results in a shift of the Bragg wavelength
given by the equation

1 AAB _ 1 AA+ 1 A Negp
AB e )] A ¢ Nett e '

The first term on the right is unity by definition and the
second term, which is approximately —0.27 for silica
fiber, represents the change due to the photoelastic ef-
fect. So, the fractional change of the Bragg wavelength
due to axial strain is 0.73¢. This property of FBGs can
be used in strain sensors [11.106].

11.5.4 Fiber Amplifiers and Lasers

Fiber amplifiers are key components in the current dense
wavelength-division multiplexed (DWDM) telecommu-
nication system. Er-doped fiber amplifiers (EDFA),
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Fig.11.73a,b Some applications of fiber Bragg gratings
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Fig. 11.74 Energy-level diagram for erbium. Optical gain
occurs in the vicinity of 1.53 wm under pumping at a wave-
length of 0.98 or 1.48 wm (after [11.105])

which have a stimulated emission band in the vicinity
of 1.53 um, are most widely used as repeaters in the
optical network. Fiber amplifiers and lasers have many
excellent properties, e.g. high efficiency, compactness,
thermal and mechanical stability, and so are used in
many scientific, medical and industrial applications.

This subsection summarizes Er-doped fiber ampli-
fiers and briefly introduces some recent advancements
in femtosecond fiber lasers and high-power fiber lasers
with a double-cladding structure.

Er-doped Fiber Amplifiers (EDFAs)
Energy Levels of Er. Figure 11.74 shows an energy dia-
gram for erbium. Gain in EDFAs occurs in the vicinity
of 1.53 um when an inversion population exists between
the 41 132 and *1 15,2 States; this is realized by optical
pumping at the wavelengths of 0.98 pm (pumping to
4111/2) or 1.48 wm (pumping to 4113/2) [11.105,107].

When Er ions are incorporated into the fiber core,
each ion level, 25t11 ; presents Stark splitting due to
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1.55 um

signal

the interaction between the ion and host matrix. Other
mechanisms, thermal fluctuation and inhomogeneous
environments in the glass matrix further broaden the
emission spectrum. Figure 11.75 shows the absorption
and emission spectra for erbium in silica with aluminum
and phosphorous codoping [11.108]. The spectrum is
constructed from the superposition of the transitions
between the Stark levels and is sensitive to the host
material. Considerable effort has been devoted to ob-
taining broadened shapes for the emission spectra for
a broadband amplifier. Use of alumino-silicate glass
(S8102—-Al1,03) results in slight broadening and smooth-
ing over the pure SiO,. The use of fluoride-based glasses
such as ZBLAN provides significant improvements on
spectral width and smoothness [11.109, 110].

EDFA configuration. A general fiber amplifier con-
figuration is shown in Fig. 11.76. A typical Er-doped
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Fig.11.75 Absorption and emission spectra for erbium in
silica with aluminum and phosphorous codoping. Spectrum

associated with the transition in Fig. 11.73 (after [11.108])
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Fig.11.76 Er-doped fiber amplifier configuration with bidirectional
pumping

amplifier consists of an Er-doped fiber positioned be-
tween optical isolators. Pump light is introduced into the
Er-doped fiber through a wavelength-selective coupler,
which can be configured for either forward or backward
pumping, or for bidirectional pumping. In either case,
pump power is absorbed over the amplifier length, such
that the population inversion varies with position along
the fiber. To get the highest overall effect, the fiber length
is chosen so that the length the fiber is transparent to the
signal at the point of minimum pump power, i.e., the
fiber end opposite to the pump laser for unidirectional
pumping and at the midpoint for bidirectional pumping.
Other factor like gain saturation and amplified sponta-
neous emission (ASE) may modifies the optimum length
of fiber amplifier [11.111]. Optical isolators are usually
positioned at the entrance and exit to avoid gain quench-
ing, noise enhancement or possibly parasitic lasing due
to the unfavorable backscattering or reflected light.

Operating regime. There are three operating regimes,
which depend on the use intended for the amplifier
[11.112]: 1) small-signal, 2) saturation and 3) deep sat-
uration regimes. In the small-signal regime, a low input
signal (< 1 wW) is amplified with negligible satura-
tion. Small-signal gains of EDFAs range between 25
and 35dB. The gain efficiency is defined as the ratio
of the maximum small-signal gain to the input pomp
power. Gain efficiencies of well-designed EDFA are
~ 10dB/mW for pumping at 0.98 wm and ~ 5 dB/mW
for pumping at 1.48 um. In the saturation regime, the
output power is reduced significantly from the power ex-
pected in the small-signal regime. Input saturation power
is defined as the input signal power required to reduce
the amplifier gain by 3 dB. Alternatively, saturation out-
put power is defined as the amplifier output when the
gain is reduced by 3 dB. For the power amplifier applica-
tions, where the amplifiers operate in the deep saturation
regime, the power conversion efficiency between pump
and signal is important.

However, to achieve deep saturation the input signal
must be high enough, so the more important situation is
the saturation regime, where the choice of pumping con-
figuration and pump power can substantially influence
the performance [11.112].

Noise and gain flattening. Noise is a very important
factor in telecommunication applications and is quan-
tified using the noise figure. The noise figure of an
EDFA is defined in a manner consistent with the IEEE
standard definition for a general amplifier. For a shot-
noise-limited input signal, the noise figure is defined
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as the signal-to-noise ratio of the input divided by the
signal-to-noise ratio of the output. The most serious
noise source of EDFA is amplified spontaneous emis-
sion (ASE), which can be reduced by ensuring that
the population inversion is as high as possible. With
0.98 pm pumping theoretically limited noise figures of
about 3 dB have been obtained, while the best results for
1.48 pwm pumping have been around 4 dB because of the
difference in the pump scheme [11.113].

DWDM systems needs a flattened gain spectra for
all wavelength channels. Gain-flattening techniques are
classified into three categories. First, use of alumino-
silicate glass or fluoride-based glass with smoother and
broader gain spectra. Second, spectral filtering at the out-
put of an amplifier or between the cascaded amplifiers.
Third, hybrid amplifiers with different gain media in cas-
caded and parallel configurations. Flattened gain spectra
of EDFA have been extended in the range 12 to 85 nm.

For more details of Er-doped amplifiers, excellent re-
views and text books are available [11.111,112,115].

Other Fiber Amplifiers
EDFAs have excellent performances within the con-
ventional gain band (15301560 nm) and recent efforts
have resulted in the extension of EDFA gain into the
longer wavelength range (1565—-1625 nm). Other rare-
earth dopants or dopant combinations have been used to
produce fiber amplifiers that have gain at other wave-
length region. These include praseodymium-doped fiber
amplifiers, which have gain at 1300 nm and are pumped
at 1020 nm [11.116]. Thulium-doped fibers have been
developed for amplification at 1480 nm [11.117, 118]
and 1900 nm [11.119]. Ytterbium-doped fibers amplify
radiation in the wavelength range from 975-1150 nm
with the pump wavelengths between 910 and 1064 nm.
Erbium-ytterbium codoped fibers provide gain around
1550 nm with the pumping sources, similar to ytterbium-
doped fibers [11.120]. Neodymium-doped fiber ampli-
fiers works in the wavelength range 1064—1088 nm un-
der pumping at 810 nm.

Raman amplifiers have also been developed by us-
ing the fiber transmission line as a gain media to increase
the bandwidth and flexibility of the optical network. Ra-
man amplifiers need multiple high-power pump sources
at different wavelengths to realize broadband amplifica-
tion [11.121].

Fiber Lasers
Fiber lasers are configured by replacing the isolators
at both ends of fiber amplifiers by fiber Bragg gratings
or making a closed loop with couplers. In the case of

aring laser one need a coupler for the output. Fiber lasers
are inherently compact, lightweight and maintenance-
free, and also do not require any water cooling. So, fiber
lasers have already been deployed in some industrial
applications.

Er fiber lasers can be pumped with telecom-compat-
ible pump diodes and allow for the straightforward exci-
tation of soliton pulses using standard optical fibers. Fig-
ure 11.77 shows a configuration of the passively mode-
locked all-fiber laser, which is referred to as a figure-
of-eight laser because of its layout [11.114]. Nonlinear
all-optical switch including a nonlinear amplifying loop
mirror allows self-starting mode-lock operation for fem-
tosecond pulses. Current passive mode-locking lasers
are usually based on the nonlinear polarization evolu-
tion in a slightly birefringent fiber because they require
the least number of optical components [11.122]. Cur-
rently, mode-locked fiber lasers which generate pulses
with width from 30 fs to 1 ns at repetition rates ranging
from 1 MHz to 200 GHz have been developed in a vari-
ety of technologies. Details of these ultrafast lasers can
be found in the textbook [11.123].

Conventional fiber lasers as well as EDFAs have sim-
ple structures with a single core for guiding both the
signal and the pumped light, implying that single-mode
pump diodes must be used.

The limited available power of single-mode diode-
pumped sources has limited the output power to ~ 1 W.
Cladding pumping has been developed as a method
to overcome this situation using the so-called double-
clad fiber shown in Fig. 11.78. Double-clad fiber has
arare-earth-doped core for guiding the single-mode out-
put beam, surrounded by a lower-index inner cladding.
The inner cladding also forms the core for a secondary
waveguide that guides the pumped light. The inner
cladding is surrounded by an outer cladding of lower re-
fractive index material to facilitate waveguiding.

Output ; Output 1560 nm
coupler 0.2

Polarization controller

Polarization

controller Pump 980 nm /

Fig. 11.77 Set-up of passively mode-locked figure-of-eight
laser (after [11.114])
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Core

Outer cladding

Inner cladding

Fig.11.78 Schematic drawing of a double-clad fiber

Cladding-pumped fiber lasers accommodate high-
power multimode pump sources, but can still produce
a single-mode output. In the last decade various pump-
ing schemes, such as star-coupler pumping [11.124],
V-groove pumping [11.125] and side-coupler pump-
ing [11.126, 127], have been developed to increase the
available count of multimode pump sources in addi-
tion to the simple end-pumping approach [11.128, 129].
Cladding-pump technology has drastically increased the
output power of fiber lasers to well over 100 W even in
single-mode operation and seems likely to surpass bulk
lasers in many industrial application areas.

11.5.5 Miscellaneous Fibers

In addition to silica-glass-based fibers, many kinds of
optical fibers have been developed for various applica-
tions, such as local area networks, laser power delivery
and optical sensing. In this section, most viable and
commercially available fibers are reviewed.

Infrared Fibers

Infrared fibers, defined as fiber optics transmitting radi-
ation with wavelengths greater than 2 um are divided
into three categories, i.e., glass, crystalline, and hol-
low waveguides. Figure 11.79 shows the optical loss for
the most common infrared fibers [11.135]. In general,
both the optical and mechanical properties of infrared
lasers are inferior to those of silica-based fibers, and
the use of infrared fibers is still limited to applications
in laser power delivery, thermometry, and chemical
sensing.

HMFG Fibers. Heavy-metal fluoride glass (HMFG),
most commonly, ZrFs-BaF,-LaF;—NaF (fluorozir-
conate, ZBLAN) and AlF;-ZrF4s—BaF,-CaF,-YF,
(fluoroaluminate) presents a low optical loss around
2.5um [11.130]. The attenuation in HMFG fiber is
predicted to be about ten times less than that for

silica fibers based on extrapolations of the intrinsic
losses resulting from Rayleigh scattering and multi-
phonon absorption [11.136]. ZBLAN is also a candidate
host material for various fiber amplifiers because of
the smoothed broadened spectra. However, their low
durability against moisture attack and poor mechanical
strength prevent their widespread use. The losses of flu-
oroaluminate fibers are not as low as for the ZBLAN,
but fluoroaluminate fibers have the advantage of higher
glass-transition temperatures and therefore are more
promising for the power delivery of Er: YAG laser wave-
length of 2.94 pm.

Germanate fibers. Heavy-metal-oxide glass fibers
based on GeO; are an alternative candidate to HMFG
fibers for 3 um laser power delivery because of a higher
glass-transition temperature (680°C) and excellent
durability [11.137]. These fibers have a higher damage
threshold and can deliver laser powers over 20 W from
Er:YAG lasers.

Chalcogenide fibers. Chalcogenide glass fibers are
classified into three categories: sulfide, selenide ,and
tellulide. One or more chalcogen elements are mixed
with one or more elements such as As, Ge, P, Sb, Ga to
form a glass. Chalcogenide glasses are stable, durable,
and insensitive to moisture. Generally, the glasses have
a low softening temperature and a rather large value of
dn/dT. This fact limits their laser power-handling ca-
pability, and the fibers are considered to be a promising
candidate for evanescent-wave fiber sensors and in-
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Fig.11.79 Loss spectra for some common infrared fiber
optics: ZBLAN fluoride glass [11.130], single-crystal sap-
phire [11.131], chalcogenide glass [11.132], polycrys-
talline AgBrCl [11.133], and a hollow-glass waveguide
[11.134] (after [11.135])
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frared fiber image bundles. The loss spectra for the most
important chalcogenide fibers, AsGeSeTe [11.132] are
shown in Fig. 11.79.

Crystalline fibers. Sapphire is an extremely hard, robust
and insoluble material with an infrared transmission
region from 0.5 to 3.2um and a melting point of
over 2000 °C. These superior physical properties make
sapphire the ideal infrared fiber candidate for applica-
tions at wavelengths less than 3.2 pm. The disadvantage
of sapphire single-crystal fiber is fabrication difficulties.
Fiber diameters range from 100 to 300 wm and lengths
are generally less than 2m. The loss spectra of sap-
phire fiber [11.131] are shown in Fig. 11.79. Fiber loss
is less than 0.3 dB/m at the Er: YAG laser wavelength of
2.94 um, and the fibers are used to deliver over 10 W of
average power. Sapphire fiber can be used at tempera-
tures up to 1400 °C without any change in transmission.

Halide crystals have excellent infrared transmission,
especially in the longer wavelength region. However,
only the silver and thallium halides have been success-
fully fabricated into fiber optics, using a hot extrusion
technique. In the hot extrusion process, a single-crystal
perform is placed in a heated chamber at a temperature
equal to about half the melting point, and the fiber is
extruded to a fiber shape through a diamond or tung-
sten carbide die. The fibers are usually 900—500 pm in
diameter. The loss spectra of polycrystalline AgBrCl
fiber [11.133] are shown in Fig.11.79. The loss at
10.6 pm can be as low as 0.2 dB/m and the transmission
band extends up to about 20 pm.

Hollow glass waveguides. Previously, hollow waveg-
uides were formed using metallic and plastic tubing.
Today, the most popular structure is the hollow glass
waveguide (HGW). The advantage of glass tubing is
that it is much smoother than either metal or plastic
tubing. HGWs are fabricated using a conventional wet
process first to deposit a layer of Ag film on the in-
side of silica glass tubing, and then a dielectric layer
of Agl is formed over the metallic film by converting
some of the Ag to Agl. The thickness of the Agl is
optimized to give high reflectivity at a particular laser
wavelength [11.138]. The spectral loss for an HGW
with a 530 um bore, which is optimized for a wave-
length of 10 um [11.134], is shown in Fig. 11.79. HGWs
have been used successfully in infrared laser-power de-
livery and some sensor applications. CO; and Er:YAG
laser power below about 80 W can be delivered without
difficulty. Employment of water-cooling jackets fur-

ther increased the handlable laser power up to about
1kW [11.139].

More detailed information on infrared fibers can be
found in the literature [11.140].

Plastic optical fiber. Plastic optical fibers are com-
mercially available for local-area networks, sensing use,
and illumination. Conventional plastic optical fibers
are multimode fibers with a large core diameter of
about 1000 pm and are made of polymethyl methacry-
late (PMMA). Figure 11.80 shows the transmission
loss of the plastic optical fibers as a function of
wavelength [11.141]. The transmission loss reaches
a minimum value of about 100 dB/km around the spec-
tral region between 500 and 600 nm. Usually, signal
transmission lines of plastic optical fibers use 650 nm
light-emitting diodes and the transmission distance is
limited to 50 m because of the relatively high transmis-
sion loss (160 dB/km).

Recent development of perfluorinated plastic optical
fibers significantly improved the transmission charac-
teristics of plastic optical fibers in the spectral region
from visible to 1300nm because the perfluorinated
polymer has no C—H bond in its chemical structure. The
specific loss at a wavelength of 850nm is 17 dB/km.
Signal transmission at 2.5 Gb/s was conducted over
144 m perfluorinated graded-index plastic optical fiber
with an 850nm vertical-cavity surface-emitting laser
(VCSEL) transceiver [11.142].

Photonic Crystal Fibers
The photonic band gap concept triggered the devel-
opment of photonic crystal fibers [11.143, 144]. Since
the first fabrication of photonic crystal fiber (PCF) in
1995 [11.145], a sequence of innovations has been
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Fig.11.80 Transmission loss in plastic optical fiber
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achieved in fiber optics technology. The remarkable
properties of PCF have overturned many of the key pre-
cepts of textbook fiber optics. The enormous potential
offered by this new structure may make current fiber
optic technology obsolete.

PCFs are optical waveguides in which a microstruc-
tured cladding confines light to the fiber core. Unlike
conventional all-solid fibers, which guide light by the
total internal reflection at the core—clad interface, the
new structures provide great freedom to control the
characteristics of the fibers.

PCFs are divided into two categories based on the
principal mechanism by which light is confined to the
core. One of these is a species of total reflection, and
the other is a new physical effect — the photonic band
gap. Those typical structures are shown in Fig. 11.81.

The first type of PCF usually has a silica core
surrounded by the air hole, as shown in Fig. 11.81a.
Optical confinement is achieved when the effective
(area-averaged) refractive index is lower in the cladding
region than in the core.

Figure 11.81b shows the structure of the photonic
band gap and hollow-core PCF. The guiding mechanism
relies on the coherent backscattering of light into the
core. This effect, which is based on the photonic band
gap (PBG), allows fiber to be made with hollow core.

PCF can be made by stacking tubes and rods of
silica glass into a structure that is a macroscopic pre-
form of the pattern of holes required in the final fiber.
The typical dimension of this preform is 1 m long and
20 mm in diameter. The preform is then introduced into
the furnace of a fiber-drawing tower.

Index-Guiding PCF
Large core. Light can be guided in PCFs by embed-
ding a region of solid glass enclosed by an array of
air holes. This approach has several important appli-
cations, and an excellent introduction is available in
the review [11.146]. Index-guiding PCF provides new
opportunities that stem from the special properties of
the photonic crystal cladding, which are caused by the
large refractive index contrast and the 2-D nature of the
microstructure. These affect the dispersion, smallest at-
tainable core size, the number of guided mode and the
birefringence in a different way to conventional silica
fiber.

For example, endlessly single-mode PCF can be
made with a very large core area [11.147, 148]. In con-
trast with conventional fibers, single-mode operation is
guaranteed in solid-core PCF whatever the overall size
of structure — in particular for large core — provided that

the ratio of hole-diameter to spacing is small enough.
Ultra-large mode area PCF may have applications in
high-power transmission and high-power lasers and am-
plifiers [11.149].

Small core. In contrast, if the holes are enlarged
and the overall scale of the structure reduced so that
the solid core is ~ 0.8 um in diameter (ultra-small
mode), the zero-dispersion wavelength can be 560 nm
in the green. This is quite different from the zero-
dispersion wavelengths in conventional silica fibers.
In fact, the group velocity dispersion can be radically
affected by pure waveguide dispersion in fibers with
small cores and large air holes in the cladding [11.150].
Another feature of fibers with ultra-small mode area
is that the intensity of light attainable for a given
launched power is very high, so nonlinear optical
effects can be easily obtained. With a fiber with
a small core and a zero-dispersion wavelength around
800 nm, femtosecond pulses from a Ti:sapphire laser
was efficiently converted to a single-mode broadband
optical continuum [11.151], which is already being
used in frequency metrology [11.152], optical coher-
ence tomography [11.153] and spectroscopy. Enormous
birefringence that exceeds values attained in conven-
tional fibers by an order of magnitude, have already
been achieved in PCFs [11.154].

Hollow-Core Photonic Band Gap Fibers
In 1999, the first hollow-core photonic band gap fiber
was drawn from a stack of thin-wall silica capillaries
with an extra large hole in the center, which was formed
by omitting seven capillaries from the stack [11.155].
The strong wavelength dependence of guiding indicated
a photonic band gap effect: only certain wavelength

Fig.11.81a,b Two different designs of PCF. (a) shows
a single-mode fiber with a pure silica core surrounded by
a reduced-index photonic-crystal cladding material, (b) is
an air-guiding fiber in which the light is confined to a hol-
low core by the photonic-band-gap effect
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ranges fall within the band gaps and are guided, while
other light quickly leaks out of the hollow core.

The most important factor for any fiber technology
is loss. Loss in conventional fibers has been reduced over
the past 30 years and seems to be approaching the mater-
ial limit. However, losses in hollow-core photonic band
gap fibers might be reduced below the levels found in
conventional fibers because the majority of the light trav-
els in the hollow core, in which scattering and absorption
could be very low. Confinement losses can be elimi-
nated by forming a sufficiently thick cladding. However,
increased scattering at the many surfaces is a poten-
tial problem. The lowest attenuation reported to date
for hollow-core photonic band gap fiber is 1.7 dB/km
[OFC-PD] [11.156], and is still an order of magnitude
higher than that of conventional state-of-the art silica
fibers, 0.15dB/km [11.157]. The dramatic reduction of
loss over the past few years suggests that it will be
reduced still further. Dispersion is far lower than in solid-
core fibers. Group velocity dispersion (GVD) in these

fibers — a measure of their tendency to lengthen a short
pulse during propagation — crosses zero within the low-
loss window, and is anomalous over much of the wave-
length band. This implies that these fibers could support
short-pulse propagation as optical solitons. The Kerr
nonlinearity of the hollow-core fiber was low because it
was filled with gas, whereas the effects of Raman scat-
tering were eliminated by filling the fiber with xenon.
Hollow-core fibers exhibited a substantially higher dam-
age threshold than conventional fibers [11.158], mak-
ing them suitable for delivery of high-power beams for
laser machining and welding. 200-fs 4-nJ pulses from
a Ti:sapphire laser have been transmitted through 20 m
of hollow-core fibers with a zero-GVD wavelength of
850 nm, and the autocorrelation width of the output pulse
was broadened to roughly 3.5 times the input pulse,
partly due to the modest spectral deformation [11.159].
Further improvement is expected by working away from
the zero-GVD wavelength. Hollow-core fibers seem to
have massive potential.

11.6 Evaluation Technologies for Optical Disk Memory Materials

Two types of rewritable optical disks are well-known
today. One is a phase-change optical disk that utilizes
the phenomenon of optical changes that accompany
the reversible phase transitions between amorphous
and crystalline states. Utilizing phase-change materials,
various rewritable optical disks such as DVD-RAM,
DVD-RW, CD-RW and blu-ray discs have been com-
mercialized. The other is a magnetooptical (MO) disk
that utilizes the polar Kerr effect. It is known that the
polarization plane of linearly polarized light revolves
slightly when it is reflected from a perpendicularly
magnetized magnetic film. MO disks have also been
commercialized as various office tools and as the Mini-
Disc (MD) for audio use. In this section, the evaluation
technologies for a phase-change material are first ex-
plained, and those for an MO material follow. For each
case, evaluation technologies are mainly described from
two points of view: the material property itself and the
device property that uses the memory material. As de-
scribed below, the the properties of the two materials
are very different, while the second aspect is generally
common. Strictly speaking, various drive technologies
such as servo technology and optics etc. are necessary to
carry out sufficiently precise evaluations. However, the
essence of them will be understood by the descriptions
here.

11.6.1 Evaluation Technologies
for Phase-Change Materials

To evaluate phase-change memory materials, knowing
their thermal and optical characteristics is essential.
This is because 1) the optical change is dominantly and
directly determined by the change of optical proper-
ties of the phase-change films, and ii) the phase-change
mechanism is typically a thermal process. It is also very
important to examine the thermal and optical proper-
ties of additional layers such as transparent protection
layers composed of dielectric materials and reflection
layers composed of metallic materials. The typical
layer structure of a phase-change optical disk is shown
in Fig. 11.82. Accordingly, practical optical disk char-
acteristics can be estimated by knowing the thermal and
optical characteristics of all these films. However, the
evaluation technology is limited to the phase-change
materials themselves due to space restriction.

Research and Development History

of Phase-Change Materials
Today, many phase-change optical disks have been put
to practical use. Without exception, they have adopted
chalcogenide films for their memory layers. Study of
chalcogenide alloys started in Russia in the 1950s.
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Fig.11.82 Cross section of a typical layer structure of
phase-change optical disk with four layers

Kolomiets et al. found that various chalcogenide al-
loys, such as Tl-Te and T1-Se, could be easily vitrified
and the obtained glassy substance showed semiconduc-
tor properties [11.160]. These new glass materials were
named dark glass in contrast to the conventional trans-
parent oxide glasses, and they were generically called
chalcogenide glass semiconductor in the 1960s.

Ovshinsky’s group first demonstrated the great po-
tential of these glass materials as optical memories. In
1971, Feinleib et al. reported that a short laser pulse in-
duced instant and reversible phase changes on a chalco-
genide glass semiconductor thin film, representatively
Teg1Ge sSbySy [11.161]. This result aroused large re-
search and development (R&D) activities all over the
world at the beginning of the 1980s, and various mater-
ials, especially Te-based eutectic alloys, were studied
towards the beginning of the 1980s [11.162—165].

However, these Te-based eutectic compositions
have not ultimately resulted in practical use, and R&D
activities on phase-change optical memories declined
in the mid-1980s. This is because conventional chalco-
genide glass materials had several fatal problems, such
as data rewriting speed and cyclability, for a rewritable
optical memory.

Under these circumstances, Yamada et al. proposed
the GeTe— SbrTes pseudo-binary material system
(hereinafter denoted by GeSbTe) based on a novel con-
cept [11.166]. The largest difference between GeSbTe
and the conventional materials is that GeSbTe is no
longer a chalcogenide glass but just a chalcogenide
while the conventional materials have characteristics
suitable for the name of chalcogenide glasses [11.167].
GeSbTe has solved the fundamental problems and real-
ized a very short crystallization time of several tens of
nanoseconds, more than 100 000 cycles of data rewrit-
ing, and tens of years of estimated life. It can be said

that this material created a new era for the R&D of
phase-change optical memories. The basic concept of
GeSbTe has been succeeded by other materials such
as AgInSbTe and Ge(Sby5Teys) — Sb etc. Those are
generically named Sb—Te [11.168, 169]. The latest
compositions being studied are Sb-based compositions
including Te [11.170].

Principle of Phase-Change Recording
The phase-change principle is explained in Fig. 11.83,
which shows the relation between the temperature and
free energy of a substance. Molten substance crys-
tallizes at the melting temperature (7y,) when it is
gradually cooled down while maintaining thermal equi-
librium. However, the molten substance sometimes does
not crystallize even though it is cooled below Ty, when
the cooling speed is sufficiently large. This is a su-
percooled state and it is frozen into a noncrystalline
solid called an amorphous state at a certain tempera-
ture (7}) that is intrinsic to a substance. Conversely, the
amorphous solid can be transformed into a crystalline
solid by heating it above T, for a period of time. The
amorphous solid then becomes a supercooled liquid and
crystallization occurs abruptly.

In order to achieve recording and erasing, it is neces-
sary to undergo the above thermal process on a revolv-
ing optical disk. For this requirement, a well-focused
laser beam is utilized. Figure 11.84 shows the heat pro-
file of a phase-change recording film of an optical disk
while the optical disk is passing through the laser beam.
In the figure, two curves show the temperature at the
center part of the track. When the laser power is strong
enough to melt the phase-change film instantly (a), the
temperature increases above Ty, as the disk approaches

Amorphous Mol. volume (enthalpy)
A ,g
5
Melt-quenchin; §
E 2 Liquid >
Super-cool
Pro@uce changes in Annealing
optical, electrical,
thermal properties Melt
Crystal | === ;
Solid
Tg Tm Tv
Temperatur'e

Fig.11.83 Thermodynamical explanation of a phase-
change process
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Fig.11.84a,b Schematic view of the thermal profile of
a laser-exposed area on an optical disk while it passes
through the laser spot

the laser beam, and decreases as the disk goes away
from the laser beam. By designing the heat capacity
of the recording film to be sufficiently small, and the
thermal diffusion rate from the recording film to the ad-
jacent films to be sufficiently large, the molten area can
be transformed into an amorphous state. On the con-
trary, when the laser power is not high enough to elevate
the film temperature over T, but high enough to ele-
vate it over T (b), it is seen from the figure that the
period when the temperature is between T, and T (¢1)
becomes rather longer than the case of (a). Thus, the
exposed area is re-transformed into a crystalline state.

Fundamental Properties

of Phase-Change Materials
For the recording film of a phase-change optical disk, op-
tical and thermal properties are very important factors.
The former is tightly related to the quality of the record-
ing signal itself and the latter relates to the recording sen-
sitivity or thermal reliability. At first, the technologies
for obtaining the basic physical properties are described.

Melting Temperature T, Glass Transition Tempera-
tureTg, and Crystallization Temperature Ty. Itis widely
known that the temperatures Ty, T, and Ty are meas-
ured using differential scanning calorimetry (DSC) or
differential thermal analysis (DTA). It is generally said
that measurement results by DSC have higher accuracy
than with DTA. DTA is suitable for a measurement under
rather high-temperature conditions. For a preparation
of the specimens, phase-change films are deposited on

a glass substrate, scratched off and powdered. Ty, and T,
are observed as endothermic peaks by these machines;
however, it is difficult to observe T, in the case of re-
cent high-speed phase-change materials. It is said that
T;; does not appear for those materials since T is higher
than Tx. Tx is observed as an exothermic peak. Because
Ty shows a distinct dependence on the heating rate, the
activation energy can be obtained based on Kissinger’s
equation (11.122) as shown in Fig. 11.85.
o AE 1

In — = — — +const. ,

= 11.122
T2~ R Ty ( )

where o, R, E and Ty are the heating rate, gas con-
stant, activation energy and crystallization temperature,
respectively.

Therefore, by plotting In o/ sz versus 1/Tx, an acti-
vation energy E can be obtained from the slope of the
graph [11.171,172]. Each value of Ty, T, and E closely
relates to recording sensitivity, thermal resistance of the
amorphous state, and crystallization speed under high-
temperature conditions.

There is another, optical method to measure Ty,
which is shown in Fig. 11.86. In the case of a phase-
change material, phase-change phenomenon naturally
accompany distinct optical properties. Accordingly, crys-
tallization temperatures can be measured by detecting
the temperature at which the optical properties, such as
transmittance and reflectivity, drastically change when
elevating the temperature of the film sample at a con-
stant heating rate. Optical changes can be detected for
example using a He—Ne laser. The greatest advantage of
the optical method is that a film sample can be used in-
stead of a powdered sample. Though it is reported that 7
abruptly increases as the film thickness becomes thinner,
practical Tx of an optical disk can be measured by this
optical method. Additionally, it is very important that

In /T2
A

AE/R

T
Fig.11.85 Schematic of a Kissinger plot from which the
activation energy E can be obtained as the gradient of the
line
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constants n and k based on the matrix method [11.173].
The measured and the calculated parameters are com-
pared, and the assumed optical constants giving the
smallest error are selected as the real values.

Sampl
Dark box e Material film
"@Glass substrate

XY-recorder

Crystallization Speed. Data-rewriting speed is as impor-
tant a factor as recording capacity for memory devices.
In the case of phase-change memory, data-rewriting
speed is dominated by the crystallization speed. Since it
is difficult to measure the crystallization speed directly,
the evaluation of the crystallization speed is usually
substituted by the required laser exposure duration that
causes crystallization. The laser exposure duration can
be calculated from the disk revolving speed v and the
laser beam size d (laser wavelength and NA of the ob-
jective lens) on a real dynamic tester as d/v; however,
I a static tester is applied in order to simulate the response
Crystallized under a wider range of laser exposure conditions.
Figure 11.87 shows a representative set-up of a static
L% ~ tester and a coupon-size specimen [11.174]. On the static
Lo iie tester, laser exposure from a laser diode (LD) is car-
Fig.11.86 Optical method for evaluating the crystallization temper-  ried out with varying laser power and exposure duration
ature Tx of a phase-change thin film. The upper figure shows the on the coupon specimen. For a detection of the expo-

Power supply

Transmittance

As-deposited

set-up and the botfom shows the obtained chart
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this method drastically saves time for a sample prepara-
tion.

Optical Constants. Itis intrinsically important for phase-
change optical materials to obtain their optical con-
stants: n (refractive index) and k (extinction coefficient).
Especially, obtaining them for wavelengths A around
300—-1000 nm is very important since laser diodes exist
in the range. With the constants both in the amorphous
and crystalline states, we can simulate the optical char-
acteristics when the materials are applied as the memory
layer of optical disks. They are, for example, reflectivity,
absorbance, transmittance and variations of these before
and after recording. To obtain these optical constants, we
can adopt a commercial ellipsometer. Since it is difficult
to obtain a large laser-quenched amorphous film, an as-
deposited film is usually substituted for an amorphous
sample. A crystalline sample is prepared by annealing
the as-deposited film in an Ar or N gas atmosphere.
Optical constants can also be obtained by a cal-
culation method. Firstly, optical reflectivity parameters
(from both the film and substrate sides), transmittance
and film thickness are experimentally measured using
a spectrometer and a step-meter called a DEKTAK or
a-step, respectively. Secondary, sets of optical param-
eters are calculated by assuming values for the optical

sure results, a sufficiently weakened laser beam is re-
exposed and the variations are observed as the reflectiv-
ity changes. Here, it is very important that the specimen
has a similar layer structure as the practical optical disks.
Accordingly, dynamic properties such as crystallization
time and amorphization sensitivity can be simulated on
the static tester. For example, we can determine whether
the materials are applicable to DVD-RAM by inves-
tigating whether their crystallization times are faster
than 80 ns. The recording—erasing conditions of DVD-
RAM are: revolving speed v = 8.2 m/s, laser beam size
d =0.66 um (1/e), calculated effective exposure dura-
tion of d/v = 80ns. In the case of the GeTe — SbyTes
pseudo-binary system, one of the most well-known ma-
terials, the obtained crystallization time is as short as
30ns, and it is known that this material system can be
used as a memory layer for DVD-RAM [11.175].

Instrumental Analyses. For characterization of phase-
change materials, various instrumental analyses are uti-
lized. Firstly, averaged film compositions are examined
using a x-ray micro analyzer (XMA), an electron-probe
microanalyzer (EPMA) and inductively coupled plasma
(ICP). XMA and EPMA can detect the contained ele-
ments in a microscopic area on a film sample, although
the accuracy is not as high as for ICP. On the other hand,
ICP can obtain very precise composition values. The
weak points of ICP are that it is not suitable for detecting
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Fig.11.87 Optical set-up and a specimen to evaluate phase-change process such as crystallization rate and crystallization—

amorphization sensitivity etc.

light elements such as O and N and for detection on a lim-
ited area. In order to detect light elements, Rutherford
back scattering (RBS) can be adopted.

When a depth profile of the film composition is
necessary, Auger electron spectroscopy (AES) and sec-
ondary ion mass spectrometry (SIMS) are adopted.
Quantitative evaluation is not possible for each method,
but it is possible by comparison with reference samples
whose compositions are known beforehand. To examine
chemical bonding between each element, x-ray photo-
electron spectroscopy (XPS) has conventionally been
adopted. Recently, thermal desorption mass spectrome-
try (TDS) has also been developed.

For the observation of crystallization condition and
shape of recording marks, transmission electron micro-
scope (TEM) has been exclusively utilized; however,
some new methods such as the scanning electron micro-
scope (SEM) and surface potential microscope (SPOM)
have become important in recent years. This is because
the thickness of the memory film has become thinner and
observation by TEM is becoming increasingly difficult.

To investigate the structures of memory materials,
diffraction studies such as x-ray diffraction (XRD), elec-
tron diffraction (ED) and neutron diffraction (ND) are
very effective. Precise structure can be obtained, for
example, by applying the Rietvelt method to XRD re-
sults [11.176].

Dynamic Properties

of a Phase-Change Optical Disk
In this part, some dynamic properties of an optical
disk will be explained. Though this handbook does not
cover practical devices, it is very important for us to

understand how the material characteristics relate to de-
vice performance under the practical conditions. Here,
carrier-to-noise ratio (C/N), erasability, jitter, and bit
error rate (BER) are explained as technologies for eval-
uating dynamic properties.

(/N and Erasability. C/N and erasability are the most
basic items for evaluating the potential of phase-change
optical disks. To measure the C/N of an optical disk,
a monotone signal with a frequency f7 is first recorded
on an optical disk revolving at a constant linear veloc-
ity. Generally, f corresponds to the minimum mark
length (i.e., the highest recording density) to evalu-
ate the resolution of the disk. Here, the exposed laser
power is modulated between a peak power level P,
for amorphization and a bias power level for crystal-
lization Py (Fig.11.88). The DC laser beam is shone
on the recorded track at low power to read-out the
recorded signal. The reflectivity of the optical disk dif-

Laser beam
A

Record level
Erase level
Read level

Time

Fig.11.88 Representative laser-modulation scheme for
overwriting on a phase-change optical disk using only one
laser beam
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fers between the amorphous and crystalline portions;
accordingly, the recorded signals are detected as the
variation of the reflection light intensity from the op-
tical disk. The C/N ratio is determined by the ratio of
the averaged signal amplitude and the noise floor at
the frequency f1, as shown in Fig. 11.89. Usually, the
above operations are carried out using a spectrum meter
by stepping up the exposed laser powers, and the satu-
rated value is determined as the C/N ratio of the optical
disk. It is said that 45dB is the usual minimum limit
for a digital recording. The laser power to achieve satu-
ration is determined by the recording power, as shown.
To rewrite the data, another monotone signal with a fre-
quency f> is overwritten on the recorded signal track,
and the attenuation ratio of the signal amplitude of f;
is determined to be the erasability. It is generally said
that the erasability should be at least 20—26 dB to avoid
influencing the quality of the overwritten signal.

The signal amplitude, noise level, and erasability
are tightly related to the optical changes of the mater-
ial, film quality such as surface flatness and grin size,
and crystallization properties such as the crystallization
rate, respectively.

Jitter and BER. In recent optical disks, signal marks
with various lengths, for example from 1.5 to 4 T with
a resolution of 0.57 (where T is the clock period)
are recorded as digital signals on an optical disk, and
information is put at every distance from a certain
mark-edge to the neighboring mark-edges. Figure 11.90
shows a schematic model of the digital recording sig-
nals. As can be seen from the figure, inhibition of the
mark-edge deviation is important for increasing sig-
nal quality; an error occurs if the deviation becomes
over half of the clock period T'. To increase the record-

Signal amplitude (dBm)
A
5
h
TATTTTTY
Erasability C/N
(erasing
ratio)

Signal frequency (MH;)

Fig.11.89 Measurement scheme of C/N using spectrum
analyzer

ing density, the mark length and space length has to
be as short as possible. However, this is thermally
restricted since the phase-change mechanism is a heat-
mode process. This means that the desired thermal
conductivity of phase-change films is lower than that of
metals metals. Jitter is measured using a time-interval
analyzer.

BER is the most important index to evaluate the
disk performance for digital recording. It is measured
by comparing the source signal and readout signal one
by one. In the case of computer uses, an error rate of
1073-10~* is the minimum level.

Reliability

Reliability is naturally one of the most important fac-
tors for industrial materials. In particular, the highest
level of reliability is intrinsically required for memory
devices. In the case of phase-change optical mem-
ory, reliability includes the thermal stability of the
amorphous state and the chemical stability of the ma-
terial itself. Both factors are usually evaluated through
accelerated environmental tests based on Arrhenius’s
equation (11.123).

E
K =Aexp <_ﬁ> or

In(k) El—HA
nk)= ———=+InA,
RT

where K, A, E, R and T are the reaction rate con-
stant, frequency factor, activation energy, gas constant
and environmental temperature, respectively.

The equation gives an estimation of the chem-
ical reaction speed at a certain temperature. It is seen
that the rate of chemical reaction becomes large as
the temperature increases. The right-hand side of the
equation means that the logarithm of K varies lin-

(11.123)
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Fig.11.90 Schematic of the mark-edge recording-repro-
ducing method. Signal 1 is applied on positions where
reflectivity drastically changes
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Fig.11.91 Schematic of Arrhenius plot for obtaining an
estimated life at room temperature (r.t.) based on the Ar-
rhenius equation

early with 1/T on a logarithmic graph. Accordingly,
it is possible to obtain the activation energy for the
chemical reaction as the gradient of the straight line.
The straight line is drawn based on the least-squares
method by plotting the test results at various tempera-
tures. By extrapolating the relation to room temperature,
an estimated life under practical conditions can be
obtained.

Figure 11.91 shows a schematic example of an Ar-
rhenius plot. In the figure, the vertical axis shows the
time for —3 dB of C/N. By extrapolating the straight
line to 30°C, the estimated life of this optical disk is
determined to be more than 50 years. The vertical axis
can be arbitrarily selected to BER, reflectivity, ampli-
tude and noise level etc. as required. The acceleration
condition can also be selected in a number of ways. In
the case of optical disks, the acceleration test is usually
carried out under high-humidity conditions such as 70
or 80% RH in order to evaluate moisture resistance.

11.6.2 Evaluation Technologies
for MO Materials

To evaluate magnetooptical memory materials, the in-
vestigation of their magnetic characteristics is the most
important. Of course, thermal and optical properties are
not disregarded; however, broadly speaking, these pa-
rameters are only important in relation to the magnetic
properties. Items that are common to the phase-change
technologies are omitted here.

R&D History of MO Materials
Research into MO recording was started by Williams
in 1957 [11.177]. He recorded a signal on an MnBi

magnetic film using a magnetic pen and observed the
recorded magnetic domain based on the MO effect.
The following year, Mayer formed similar magnetic
domains using a thermal pen. This fact became the ori-
gin of so-called thermal-magnetic recording [11.178].
There was a short break before Chang first reported
thermal-magnetic recording using a laser beam in 1965.
This became the prototype of present MO record-
ings [11.179]. From that point, various studies have
been carried out to search for memory materials suitable
for MO recording. Finally, in 1973, Chaudhari et al.
found a good MO material based on the rare-earth
transition-metal (RE-TM) system [11.180]. It is known
that the RE-TM material system has the following su-
perior characteristics

1. the film noise is intrinsically low since the film is
used in its amorphous state,

2. the perpendicular magnetization is easily formed,
and a large MO effect is obtained,

3. a plastic substrate can be adopted since it does not
require thermal treatment, and

4. the recording properties can be freely optimized
since it is a ferrimagnetic material.

Today, various RE-TM materials are formed com-
bining from heavy-earth elements such as Ge, Tb
and Dy and the transition-metal elements Co and Fe.
These have been adopted for the memory layer of all
the commercialized MO disks without exception. RE-
TM materials are characterized by their magnetically
continuous structure, as opposed to the gradual struc-
ture of usual magnetic materials used in their crystal
state.

Evaluation and measurement methods for MO
technology are described below, as relevant to their ap-
plication to RE-TM materials for memory layers.

Principle of MO Recording
The principle of MO recording is explained us-
ing Fig. 11.92. Before recording, the direction of the
perpendicular magnetization is aligned to one direc-
tion by globally applying an intense magnetic field. At
this time, the film is instantly heated, which is usually
achieved with a flash lamp. The MO film has a large
coercive force and a very intense magnetic field is nec-
essary to change the direction of the magnetic field
at room temperature. However, the coercive force of
a magnetic material is lowered when the film temper-
ature is increased.

Utilizing this phenomenon, we use both a laser
beam and an external magnetic field for recording. One
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method is optical modulation. Here, the laser power is
modulated according to the recording data under a con-
stant magnetic field. Since the laser beam instantly
heats the magnetic film to the Curie point, the heated
areas change their magnetization direction. When eras-
ing the data, DC laser exposure is applied to align the
magnetization in the same direction. A second method
is magnetic-field modulation. Here, a magnetic coil is
used to make a modulation field while DC laser ex-
posure is applied. In this case, the direction of the
magnetization is changed according to the magnetic
field formed by the magnetic coil. In this case, recording
and erasing is carried out simultaneously and the erase
process is not necessary.

For both cases, the Kerr effect is used to read the
recorded data. When polarized light is incident on a po-
larized magnetized film, the polarization plane of the
reflected light is slightly revolved from that of the inci-
dent light, and the revolution direction changes with the
magnetization direction.

Fundamental Magnetic Properties

The most fundamental and important parameters for
evaluating MO films are the dependence of the magneti-
zation and magnetooptical effects on the magnetic field.
Though the size of the magnetization itself is not a pa-
rameter that directly influences the record-reproduce
characteristics, the value of the magnetization is indis-
pensable for the analysis of the mechanism of magnetic
reversal. On the other hand, the size of the magnetoop-
tical effect, which is the reproducing mechanism itself,
directly impacts on the record-reproduce characteris-
tics.

Magnetization. There are various types of magnetome-
ters, a device that measures magnetization directly. For
example, i) those that observe the temporal variation
of the magnetic flux produced by a magnetic body,
ii) those which measure the force applied to a mag-
netic body placed in a magnetic field gradient, iii) those
which measure the alternating force applied to a mag-
netic body placed in an alternating magnetic field,
and iv) vibrating sample magnetometers (VSM), which
measure the electromotive force produced in a detec-
tion coil placed beside a vibrating sample in a magnetic
field. The last of these has become the standard method
and almost all magnetic-film institutes provide this
measurement equipment. Nowadays, various types are
commercially available and the fundamental procedures
for gathering data, analysis and the sweeping of the
magnetic field are built into a microcomputer as a mea-
suring program and measurements are automated.
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Fig.11.92 Recording (left) and read (right) principle of

MO disk

MO Effect and the Curie Point. As described above, the
Kerr effect is a very important property for MO record-
ing materials. For the evaluation of the magnetooptical
effect, we measure the angle through which the polar-
ization plane of linearly polarized light is turned on
vertical incidence to a specimen in a magnetic field.
In the practical polar Kerr magnetometer, a hysteresis
loop is drawn by sweeping the magnetic field. Various
types of this magnetometer have been commercialized,
and the fundamental procedures of data gathering, anal-
yses and the sweeping mode of the magnetic field are
automatized. It is known that the magnetooptical ef-
fect depends strongly on the optical wavelength. For
the evaluation of the wavelength dependence, equip-
ment that can cover a wide wavelength range from the
ultraviolet to the infrared has been developed and com-
mercialized [11.181].

The Curie point is an important factor that is closely
relating to the recording sensitivity of MO disks. This
value can be obtained by measuring the thermal depen-
dence of the magnetization and the Kerr rotation angle
at temperatures varying from the ferromagnetic to the
paramagnetic state. The measurements are carries out
using the VSM and a Kerr magnetometer with a heating
mechanism and thermal monitoring capability.

Perpendicular Magnetic Anisotropy. It is also impor-
tant to measure a perpendicular magnetic anisotropy,
Ky, in order to discuss the magnetic reversal phe-
nomenon. K, is calculated from the contortion value of
a wire that supports the sample in the revolving mag-
netic field. The contortion is calibrated to the torque
produced in the sample. The torque-meter is usually
equipped with an VSM. The fundamental evaluation
methods for the magnetic characteristics are overviewed
above. However, in recent years, several new technolo-
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gies have been proposed. These include, for example,
laser-modulation overwrite technologies [11.182, 183]
and magnetic super-resolution technologies [11.184—
189] utilizing the mutual interaction between a number
of magnetic films with deferent thermal properties. In
order to evaluate the new technologies, the magnetic co-
hesion between layers become an important parameter
in addition to the aforementioned material properties.
An effective method is to compare the hysteresis curves
among stacked layers and each layer separately, and ob-
serve the magnetic field change required for magnetic
reversal [11.188].

Observation of Magnetic Domains. Polarized op-
tical microscopes were used for the observation of
magnetic domains until the 1980s, but since then the
magnetoforce micrometer (MFM) has been used to
meet this demand [11.190-197]. This is because the
polarized microscope is not good at observing with
at higher resolving powers. Additionally, the polariza-
tion plane becomes unaccepted as the reflectance of the
p-polarized and s-polarized light starts to differ with
increasing objective-lens curvature.

Dynamic Recording Properties
The same set-up as a commercial MO disk drive is
applied for evaluating the recording—reproducing prop-
erties of MO materials. Here, C/N, jitter and BER are
measured as for the aforementioned phase-change ma-
terials.

11.7 Optical Sensing
11.7.1 Distance Measurement

Distance is defined as the length of the space be-
tween two points and sometimes means simply the full
length. The optical distance meter is mainly based on:
1) triangulation measurement, 2) pulse time-of-flight, or
3) amplitude modulation telemetry. The performance of
these methods are summarized in Table 11.12.

Triangulation
Let us observe a target from two points that are d apart,
as shown in Fig. 11.93. Then the distance L can be
calculated as

(11.124)

Reliability
In order to evaluate the lifetime of MO materials, a sim-
ilar method as for phase-change materials is applicable.
Accelerated environmental tests are performed at sev-
eral temperatures around 60—90 °C, and the lifetime at
room temperature can be estimated based on the Arrhe-
nius plot. This method has frequently been used at the
first stage of MO disk development, and has resulted in
an ideal structure using SiN protective layers on both
sides of MO layer. Almost all commercial MO disks
have adopted a multilayer structure today. Of course, it
is natural that this evaluation procedure should be per-
formed when a new MO disk utilizing new materials is
developed.

Another important item is the read-power tolerance.
Firstly, this is because the magnetic domain size tends to
be smaller in recent high-density MO disks. In addition,
new super-resolution technologies such as domain-
wall displacement detection (DWDD) [11.198] and the
magnetic amplifying magnetooptical system (MAM-
MOS [11.199]) require high temperatures (i.e., high
read powers) to produce the super-resolution mech-
anism. It is generally known that the coercive force
decreases as the magnetic domain size becomes smaller
or as the temperature of the magnetic domain becomes
higher. To measure the read stability, it is necessary to
examine the relation between read laser power and read
cycle number and experimentally determine the read
power that does not produce degradation. It is said that
tolerance to at least one million passes is necessary.

where 6 is the tilt angle. This method has been applied
to measurements ranging from millimeters to hundreds
of kilometers. Our vision system senses a distance from
the body to the target by the same method, where d cor-
responds to a distance between the two eyeballs. The
change of 0 is detected by a strain gauge namely the
muscle spindle that is mounted in the eyeball control
muscles, as shown in Fig. 11.94.

Time-of-Flight Measurement
The round-trip transit time (At) for a very short high-
power pulsed light from a device such as a Q-switched
solid-state laser is measured. The distance L from the
light source to the target is given by
cAt

L=",

11.125
> ( )
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Table11.12 Comparison of the performance of triangulation measurements, pulse time-of-flight, and amplitude-

modulation telemetry

Method Typical light source Typical range Typical accuracy Applications

Triangulation Passive light, mm to hundreds of km 1076 Auto-focusing camera,
light source unnecessary survey

Time-of-flight Q-switched laser, mm to km 102 Military range finding,
pulsed diode laser satellite ranging

Amplitude modulation He—Ne laser, sub-mm to km 107 Survey

diode laser

Fig.11.93 Trian-
gulation distance
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Fig. 11.94 Triangulation distance sensing by human eyes

where c is the light speed in the measurement medium.
In the actual measurement, the transit time (Az) is meas-
ured with a time-base counter or a time-to-amplitude
converter. A time resolution better than 6 ps is required
to resolve 1 mm in length. A distance meter that can
resolve 1 mm is achieved using a conventional time-
base instrument and a pulse-driven diode laser [11.200].
Although the resolution of time-of-flight method is
somewhat low, measurement is rapid. Therefore this
method is usually applied to military range-finding in
combination with a laser radar.

Amplitude Modulation
The amplitude of a stationary light source is sinu-
soidally modulated by modulation of the driving current
with frequency of f (Hz). The wavelength of the mod-
ulation (A) is

c

A=—. (11.126)
f
The distance L is given by
A ¢
L=—(N+1), 11.127
> (v+a) (11.12)

where ¢ (rad) is the phase difference between the light
source and the detected light (see Fig. 11.95), and N is
an integer (N =0, 1, 2, 3, ...). The value of L is simply
determined by ¢ when A is smaller than L /2, but sev-
eral possible values exist when A is larger than L/2. In
that case, light with different modulation frequencies is
additionally used to determine N. An optical laser dis-
tance meter using a variable frequency, a sinusoidally
modulated He—Ne laser and a precision phasemeter
enables measurement distances of as much as 50 km.
A portable version with a diode laser and a photodiode
as the light source and detector, respectively, can mea-
sure distances of up to a few kilometers with an error
of 5mm. Precise distance measurement requires high-
frequency no-distortion sinusoidally modulated light.
For this purpose, an intermode beat signal of 1 GHz
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generated in a frequency stabilized two-mode He—Ne
laser has been utilized [11.201].

11.7.2 Displacement Measurement

A displacement measurement means the measurement
of the movement of a point from one position to another,
and often requires very accurate length measurement.
There are various types of optical instruments, i.e.,
microscope-based measurement, an optical lever in
combination with a mechanical measurement, and
triangulation-based methods. In consideration of the
very accurate noncontact displacement measurement,
a light interferometer is commonly used. A typical
set-up called a Michelson interferometer is shown
in Fig. 11.96a. Monochromatic light of wavelength A
from a light source such as a laser is collimated onto
the beam splitter BS that reflects half of the light to-
wards the flat mirror M and allows transmission of the
other half toward the work piece W. Both beams are
recombined at BS and transmitted to the screen, re-
sulting in the formation of interference fringes. Fringes
appear and disappear when the optical path length of
the two beams A is an even and odd multiple of
A/2, respectively, as shown in Fig. 11.96b. There are
several variations of the interferometer optics configura-
tion such as the Fizeau interferometer, Twyman—Green
interferometer, Kosters interferometer, Mach—Zehnder
interferometer, and Dyson interferometer [11.202].

A simple combination of fiber optics and photode-
tector depicted in Fig. 11.97 can be applied effectively
to displacement measurements from the submicrometer
range to several tens of centimeters. Such equipment is
commercially available, and its typical sensitivity and
resolution are 13nm/mV and tens of nanometers, re-
spectively, up to 60 pm.

1.7.3 3-D Shape Measurement

For noncontact profile measurement, photographs using
an electric imaging device such as a CCD camera are

a)
Laser ' )
light A J7 3

Y

V BS/

N

Screen : :
b) Intensity

0 7 2 y

Fig.11.96a,b Schematic of Michel

son interferometer:

(a) optics configuration and typical fringe profile on the

screen, (b) change of fringe brightnes

s with respect to the

optical path length between the two beams

a) @ Lamp

Photo-
detector

Optical fibers

WL 7
LA

| Probe

T

Target surface

b) Output voltage

P

Fig.11.97a,b Fiber-optic displacement transducer: (a) op-

d

tics configuration, (b) typical output profile
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Table 11.13 Comparison of the performance of typical 3-D measurement methods

Method
Stereo-photograph

Features

Optical sectioning

High accuracy, for large scale object, expensive
Simple construction, enable from small size

Applications
Map, large building, survey
Car body, industrial parts

to large size object, changeable sensitivity

Moiré topography
Holograph

still dominant. The 3-D measurement can be done with
the use of two cameras taking stereo images. Accurate
3-D measurement is made simply by combination of
a light sheet and a CCD camera, as shown in Fig. 11.98.
This method is one application of the triangulation
measurement and is called optical sectioning. To recon-
struct the 3-D profile, scanning of the light sheet and/or
irradiation of a grating sheet light with an adequate
binary (black and white) data treatment by the signal
level discrimination are combined. A moiré topography
and holographic technique are also widely applied. The
features and typical applications of these methods are
summarized in Table 11.13.

1.7.4 Flow Measurement

Flow visualization are based on two basic schemes:
a) association of tracer particles and b) detection of

changes in fluid optical properties caused by flow change.

CCD camera

Image
<
4

— i View

Light sheet

Measured object _|

Fig.11.98 Optical sectioning by light sheet and CCD
camera

Simple construction, high reliability, moderate sensitivity
High sensitivity, for small size object

Car body, human body
Small parts

Tracer-Particle Image Velocimeter

The flow direction and the velocity of each tracer particle
in the liquid can be informed by applying a repetitive
stroboscopic light illumination for photographic mea-
surement. Colored dyes and gas bubbles are the common
tracers and this technique is known as tracer-particle im-
age velocimetry. When the color of the tracer particle
changes with temperature, both temperature and velocity
mapping are completed simultaneously. For this pur-
pose, a temperature-sensitive liquid crystal is used as the
tracer.

Laser Doppler Velocimeter

For tracer-particle associated flow measurement, a laser
Doppler velocimeter (LDV) based on the Doppler shift
plays an important role. The frequency of light scat-
tered by a moving object changes depending on the
velocity of the object and the scattering geometry. Ad-
vantages of LDV are the very high-frequency response
(to MHz range) and sensing of very small measurement
volumes (smaller than 0.1 mm?>), while disadvantages
are the point nature of the measurement, the require-
ment for tracer particles, and the high cost and com-
plexity of the apparatus. The particles are not always
necessary, because microscopic particles are normally
contained in the measurement liquid, e.g., corpuscles
in blood. However, gas flow often needs to be seeded.
Figure 11.99a shows a popular dual-beam (or differ-
ential Doppler) configuration. Though the relationship
between the velocity V of the particle moving and the
frequency f of the electric signals is introduced by the
Doppler shift, the interference fringe explanation de-
picted in Fig. 11.99b is rather useful in this case. The two
crossing light beams form the fringe pattern with a fringe
interval of

b= (11.128)
2sin (5)

where A is the wavelength of the light in the fluid and 6

is the angle between the two converging beams. A mov-

ing particle crossing the dark and light fringe pattern

produces a sinusoidally modulated electric signal with
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a modulation frequency f given by

_ 2Vsin (%)

11.129
; ( )

Flow Visualization

The density of the fluid varies with velocity, resulting
in a variation in its refractive index. Shadowgraph and
schlieren techniques employ this variation in the refrac-
tive index. In these methods, light and dark patterns
related to the velocity are made by the bending of light
rays as they pass through a region of varying density.
Because the optical set-ups of these two methods are
simple, they are widely utilized for qualitative studies.
For quantitative measurement, the Mach—Zehnder inter-
ferometer shown in Fig. 11.100a is advantageous. The
light and fringe patterns (Fig. 11.100b) are formed by the
interference between the reference beam and the meas-
ured beam. The regular light/dark fringes are displayed
even for no flow. The fringe profile partially distorts ac-
cording to the change of the optical length caused by
changes in the refractive properties of the fluid medium
when appreciable flow occurs. The appearance of fringes
on the screen can then be directly related to changes in
density in the flow field. The features of these three meth-
ods are summarized in Table 11.14.

1.7.5 Temperature Measurement

Temperature measurement is based on the following
three methods: 1) blackbody radiation, 2) temperature-
dependent-color material, and 3) other spectroscopic
methods.

Blackbody Radiation
Any substance at a temperature above 0 K emits radia-
tion. The theory of this radiation is well explained using
an ideal emitter called a blackbody. Figure 11.101 shows
the change of the emission profile of the blackbody as
a function of wavelength A and temperature 7' (K). This
profile follows the Planck distribution equation,

L _C1 1
wr =5\ qopr—1 ) -

where L, 7 is the emitted monochromatic blackbody
power, and C and C, are the Planck emission constants.
As one can see, the wavelength corresponding to the
maximum energy moves both toward higher energies
and shorter wavelengths with increasing temperature.

(11.130)
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b) 1 v Bright fringes
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Wavefront

Fig.11.99a,b Dual-beam laser Doppler velocimeter: (a) schematic
of configuration, (b) interference fringes formed by the two beams
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Fig.11.100a,b Mach—Zehnder interferometer for flow vi-
sualization: (a) optics configuration, (b) example of the
visualized flow (thanks to Prof. H. Kimoto, Osaka Univ.)
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Table 11.14 Comparison of performance of shadowgraph, the schlieren technique and a Mach—Zehnder interferometer for

flow visualization

Method Light source
Shadowgraph Continuous wavelenght light, CW laser
Schlieren Continuous wavelength light, CW laser

Mach—Zehnder

The total thermal radiation power E (W) emitted by
a blackbody with unit surface area (1 m?) at a tempera-
ture 7' is given by the integration of L 1 over A, resulting
in

E=o0T", (11.131)
where o is the Stefan-Boltzmann constant (5.6704 x 10~8
W/(K*m?)).

The wavelength at the maximum emitted power Amax
can be obtained by derivation of L 7 by A. The relation-
ship between Apax (um) and T is given by Wien’s law
as

AmaxT =2897.6 pmK.. (11.132)

However, spectral profiles of the actual materials may
vary from that of a blackbody (they may exhibit lower
emission in some wavelength), and these are called gray-
bodies. The temperature of the blackbody can thus be
estimated by the measurement of either the total emit-
ted thermal energy, the wavelength of maximum emitted
power, or the spectral profile of the emission. Several
methods are available to measure the emitted energy
and/or spectral profiles with appropriate optical sensors.

L, T [lﬁ
m-Sr.
A
1012 T
1 11
0 3000 K
10
10 2000 K
10° 1400 K
8 1000 K
o 700K 2 K/\
107 40((/_\\
10° 300K
10° / 200K
10* ~
0.2 0.5 1 2 5 10 20

A (um)

Fig.11.101 Emission profile of a blackbody as a function of
wavelength and temperature

Monochromatic light is neccessary, e.g., CW laser

AI/I is proportional to
Gradient of dp/dy
Gradient of p

Fluid density p

These methods are called optical pyrometry. A typical
scheme for the pyrometer is shown in Fig. 11.102, where
the standard lamp is placed in the optical path of the inci-
dent radiation. By adjusting the lamp current, the color of
the filament is made the same as that of the incident radi-
ation. Because the temperature is calibrated via the lamp
heating current, the temperature of the radiation can then
be estimated from the lamp current.

Temperature-Dependent-Color Material
Microcapsules that envelope temperature-depend-color
liquid crystals are prepared. Because the color of the
capsule changes with temperature, the surrounding tem-
perature can be determined by the color of the capsule.
The merit of this method is that it allows the simul-
taneous determination of both the temperature and its
distribution (see the tracer-particle image velocime-
ter). However, the measurable temperature range is
fairly narrow, i.e., from room temperature to 50 °C.
A laser-induced fluorescence (LIF) method extends the
measurable temperature to 1000°C [11.203]. In LIF,
an appropriate fluorescent material whose fluorescence
intensity and/or fluorescence lifetime change with tem-
perature is used.

Coherent Anti-Stokes Raman Spectroscopy
The infrared light region reflects the state of the mo-
lecular vibration energy. Because the population of the
molecular vibrational and rotational states depends on

Eyepiece |Red filter Gray filter Incident radiation
Standard Lens
lamp Y
N

x| Wf«/’ Amperemeter

Fig.11.102 Scheme for optical pyrometer
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temperature, the temperature of a gas molecule can
be determined directly by appropriate infrared spec-
troscopy. Among the various spectroscopic techniques,
a coherent anti-Stokes Raman spectroscopy (CARS) is
attractive and has been applied to gas temperature mon-
itoring [11.204].

Another advantageous application of CARS is the
identification of analytical molecules. For this purpose,
a CARS microscope has been proposed [11.205].

11.7.6 Optical Sensing for the Human Body

The important features of the optical method are that it
is rapid, noninvasive and safe. These features are use-
ful for measurements in health care and for medical
examination of the human body.

Body Temperature and Thermograph
Body temperature monitoring is the most essential ex-
amination in health care. It can typically be monitored
within 0.1-0.3s using an infrared ear thermometer,
which measures the infrared energy emitted from the
eardrum. A short tube with a protective sleeve is in-
serted into the ear, and a shutter is opened to allow in
radiation from the tympanic membrane.

A thermograph is a picture of the heat levels in the
body. It is measured with an infrared imaging system
that detects infrared radiation from the body’s surface.
Since some disorders such as breast cancer or soft-
tissue injuries have a very high metabolism, they are
slightly hotter than the surrounding normal tissues and
can therefore be detected by the thermograph. The other
technique is based on liquid crystal (LC) technology. It
provides a color map of temperature. Spraying or paint-
ing the skin with LC materials displays temperature as
different color bands.

Body Contours

Optical sectioning and moiré topography are widely
employed to body shape measurement. In clinical ap-
plications, spinal faults and progress of their treatment
is monitored by so-called moiré contourography, which
highlights body contours [11.206]. The moiré contours
are obtained by passing angled light through a grid onto
the surface of the body.

Retina Examination
Optical coherent tomography (OCT) is a noncontact,
noninvasive imaging technique used to obtain high-
resolution cross-sectional images of optically transpar-
ent materials [11.207]. OCT achieves much greater

longitudinal resolution (approximately 10 wm) than ul-
trasonic examination, and is thus clinically useful for
local imaging of selected macular diseases including
macular holes, macular edema, age-related macular
degeneration, central serous chorioretinopathy, epireti-
nal membranes, schisis cavities associated with optic
disc pits, and retinal inflammatory diseases. In addi-
tion, OCT has the capability of measuring the retinal
nerve fiber layer thickness in glaucoma and other dis-
eases of the optic nerve. LDV [11.208] (Sect. 11.7) and
laser-speckle flowgraphy [11.209] are also applied for
blood-flow determination in the retina.

Pulse Oximetry

Pulse oximetry is an optical method to monitor the
hemoglobin (Hb) concentration of arterial blood that
is saturated with oxygen [11.210]. The absorption pro-
files of oxy-Hb and deoxy-Hb show absorption peaks
at around 920 and 750 nm, respectively. Therefore, the
relative amount of oxy-Hb can be determined by mea-
surement of light absorption in the near-infrared region.
The pulse oximeter consists of an optical probe attached
to the patient’s finger or ear lobe which outputs an ab-
sorption signal corresponding to Hb and a computerized
signal-processing unit. The unit displays the percentage
of Hb saturated with oxygen together with an audi-
ble signal for each pulse beat. A reflection-type pulse
oximeter that increases the flexibility of installation has
been developed [11.211].

Brain Optical Topography

As described in the former section, the concentration of
Hb in the artery can be determined optically. Since near-
infrared light is transmitted through biological tissues
including bones easily, local Hb concentration topogra-
phy has been achieved optically to analyze functions of
the brain [11.212]. To achieve brain topography, mul-
tiple pairs of light sources and a detector are placed
around the head.

Skin Spectroscopy
Skin spectroscopy provides useful information for skin
diagnosis. For example, the oxygen saturation of blood
and melanin in the skin can be determined by the mea-
surement of a skin spectral reflectance image and the ap-
plication of component analysis [11.213]. LDV is also
applied to skin diagnosis, for example, burn depth has
been determined by a laser Doppler imager [11.214].
Second-harmonic generation (SHG) occurs at apprecia-
bly levels when collagen is irradiated with intense short-
duration pulsed light if the polarization direction of the
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incidence light wave is consistent with the collagen
fiber orientation [11.215]. This feature has been applied
effectively to the determination of collagen fiber orien-
tation in the human dermis [11.216]. The characteristics
of a terahertz electromagnetic wave (THz wave) are sit-
uated at the boundary between light and radio waves,
and these features of THz waves has been applied to the
detection of skin cancer and hydration level [11.217].
We recommend the articles on optics of the human skin
published in 2004 for further study [11.218].
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