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1
INTRODUCTIO

1.1.

General Introduction

The technological importance of the surfaces of scmiconductor and metal oxide
materials is evident in various areas such as photocatalysis, corrosion, chcmical sensors
and batteries.

[n

all of these areas, eharacterization of the surface is critical for thc

understanding of processcs such as charge transport at the intcrfacc, and damagc and/or
strain at the surface, as well as for the preparation of new materials designed for spccific
applications.
Vibrational spectroscopy, i. e.. infrared and Raman, can provide nondestructive
and quantitative microanalysis of semiconductor surface structures and their electrical
properties. Raman microprobe spectroscopy has particularly high spatial (I ~m) and
spectral (0.1-1 cm- t ) resolution and can easily be applied in aqueous solution systems,
e.g., semiconductor electrode/electrolyte interfaces. However, low sensitivity has heen a
problem, and consequently its use has been limited. Recently, several fundamental
optical techniques were developed, such as holographic laser rejection filters, highthroughput monochromators or band-pass filters, and highly sensitive charge-coupled
device (CCD) cameras. These techniques are very useful in increasing the sensitivity of
Raman measurements, which has made possible Raman measurements of
semieonductors using relatively low power lasers and short data acquisition times.
The purposes of this study were 1) to develop a new high sensitivity microRaman system using the above teehniques, e.g., an electrochemical micro-Raman
system, a micro-Raman imaging system, and a combined Raman-photoelectrochemical
imaging system, and 2) to demonstrate the performance of these systems in the study of
surface phenomena of semiconductor and metal oxide malelials.

At the same time that the author was searching for state-of-the-art equipment with
which to develop a new micro-Raman system, a new type of commercial micro-Raman
spectrometer was reponed, which cnmbined holographic laser rejection filters. highthroughput monochromators or band-pass filters. and highly sensitive CCD camcras.
The author decided to modify this type of spectrometer to develop a high sensitivity
micro-Raman system for the charactelization of semiconductor and metal oxide surfaccs.
The fundamental technologies which were used in the new micro-Raman system,
i.e., Raman spectroscopy and particularly Raman microscopy, arc described in Section
1.2. Scction 1.3, the final section of Chapter 1, discusses the Ii ve advantages of the new
micro-Raman system, i.e., I) high sensitivity, 2) Raman imaging, 3) electrochemical
measurements, 4) combined Raman-photoelcctrochemical imaging, and 5) imaging of
peak width and peak position.
Chapter 2 provides further details on the new micro-Raman system, which was
constructed from five subsystems, i.e., I) a commercial Raman microscope with direct
filter-imaging system, 2) electrochemical system, 3) automated point-by-poilll Raman
mapping system, 4) photoculTent imaging system, and 5) computer and software.
Four applications involving surface phenomena of semiconductors using the new
micro-Raman system are described in Chapter 3, including I) photochromic properties of
Mo03 films, 2) imaging analysis of microscale crystallization of Mo03 films, 3)
combined Raman- photoelectrochemical imaging analysis of Ti02 films, and 4) strain
imaging analysis between Si/Si02 interfaces.
Finally, in Chapter 4, the results of the present thesis arc summarized, and future
prospects for micro-Raman spectroscopy for the study of surface phenomena of
semiconductor materials are discussed.

1.2. Fundamental Technologies used in New Micro-Raman
System

Raman Spectroscopy'-3

The Raman effect was first observed in 1928 by C. V. Raman 4 ; however. it has
not been until the relatively recent development of lasers in the 1960s that the method has
become more widely applied to a variety of problems. Initially. the Raman method was
used to analyze large volume samples with a macro-sampling configuration. Only in the
past 20 years has it been applied to the analysis of much smaller, micron-siz.ed samples
using optical microscopes interfaced to excitation spectrometer systems. Before getting
into the advantages of Raman spectroscopy, an introduction to Raman scallering is
described.
Unlike absorption spectroscopy. Raman scallering involves a change in photon
frequency. When light encounters the surface of a semiconductor. most is reflccted,
transmitted. or Rayleigh-scattered because of first-order clastic interactions with
electrons. phonons. and impurities. There is no change in photon frequency. But a
small part of the light interacts inelastically with phonon modes. producing outgoing
photons whose frequencies arc shifted from the incoming values. These are the Ramanscallered photons. They gain energy by absorbing a phonon (anti-Stokes-shiftcd). or
lose energy by emitting one (Stokcs-shifted), according to the energy and momentum
conservation rules:

where

Wj

illS =illj±12

(1.1)

qs = qj± K

(1.2)

and ills are the incoming and scallered photon frequencies respectively. qj and

qs arc incoming and scattered photon wavevectors, respectively, and 12 and K arc the
phonon frequency and wavevectors respectively. Raman scallering is inherently a weak
process and lasers are necessary to obtain Raman spectra.

Raman spectroscopy as an analytical tool olTers the user cenain advantages ovcr
other routine methods of analysis. It is a light-scattering method of analysis. which
means that it is non-intrusive and that the sample size is not a restt;ction for the analy is.
In addition, because visible laser wavelengths are routinely used to stimulate Raman
scattering, conventional glass optics. lenses and windows are fully transmissive and can
be used without any reduction in sensitivity. As a consequence. the design of ill situ
cells for dynamic spectroscopic analysis is straight forward. Basically. if a laser heam
can be focused on a sample, be it a micron-sized pat1iele (using an optical microscope)
or a large column of chemical reactants held in a high pressure reaction Ilask, a succcssful
analysis can be achieved. The advantage of using glass optics in a Raman experiment can
be further extended to make use of tiber optics to achieve remote sampling away from the
instrumentation. This application has been demonstrated by a variety of groups who
have been able to show good sensitivity up to 100 m away from the spectrometer 5
One of the major drawbacks of infrared spectroscopy has been the prohlems
associated with recording spectra from aqueous phase media. This is due to the very
strong infrared absorptions in the O-H region of the spectrum. However. owing to the
complementary nature of infrared and Raman spectroscopy and the different selection
rules that apply, it is often the case that bands which are strong in the Raman are weak in
the infrared and vice versa. This leads to very weak water bands being ohserved in the
Raman spectrum, thus making it an ideal solvent for the method.

Raman Microscopy2.6.9

Raman microscopy was first demonstrated in 1975. 10 This was achicved by the
simple interfacing of an optical microscope with an excitation spectrometer. Before
desct;bing the technique in detail of the system, some of the advantages and also some of
the limitations, in general, must be noted. One advantage, is the ability to observe

samples, not under vacuum, but in air or under a controlled atmosphere or even
immersed in a liquid. The main limitation of the method arisc from the inherent weakness
of the Raman effect. We must note in particular that
(i) The scatteling of the parenr (Rayleigh) line by all eomponenLS of the insu'umelll
has to be reduced to the lowest possible level. and careful allention must he paid
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the

optical choice of the optimal system in order to avoid stray light.
(ii) Unfortunately the usc of the usc of powerful lasers to increase the Raman
intensity is forbidden for microsamples, because local heafing created by ahsorption of
the laser beam may cause decomposition of the sample.
(iii) Fluorescence emitted by the sample may make the detection of Raman
scatteling difficult.
Raman instrumentation for micro-sampling has been commercially available
virtually since the first dcmonstration of the melhod. This was achieved by simply taking
a conventional optical microscope together with transfer optics and interfacing to a
spectrometer entrance pon on a double- or uiple-Raman spectrometer. The interfacing of
the microscope to a spectrometer is shown in Fig. 1.2.1. This design has been lillie
changed over the years and is still uscd in most conventional instrumellls. It provides an
excellent spatial resolution of I

~m.

However. the use of a beamsplitter in the optical

path (usually 50/50 or 70/30) reduces the overall efficiency of the system. resulting in the
use of high power lasers and less than optimum collection of the Raman signal. In
addition, the use of a pinhole, which to aeLS as a spatial filter, dramatically reduces the
overall efficiency. This is placed at the back focal plane of the microscope to limit the
amount of unwanted scatter from outside the focus of the laser spot on the sample
passing into the spectrometer. However, the prescnce of the pinhole does ensure a good
confocal alTangement providing spatial resolution as a function of sample depth.
Until very recently the overall efficiency of the detection of Raman photons has
been relatively poor. Raman instruments, with microscopes, have been based around
double and u'iple spectrometers which. by their nalUre contain a large number of optical

surfaces and are relatively inefficient. The conventional detectors used with Raman
systems have been either a multichannel intensified diode array or a single-channel
photomultiplier tube. Spectra have taken some minutes and often hours to acquire using
these detectors.

1.3. Advantages of New Micro-Raman System

Overview of Advantages of New Micro-Raman System

The new micro-Raman system developed in this work provides four advantages
for the characterization of semiconductor surfaces, i.e., I) high sensitivity, 2) Rail/an

imaging, 3) electrochemical measurements, 4) combined Raman-photoelectrochemieal
imaging, and 5) imaging of peak widths and peak positions. The first advantage. high

sensitivity, which is the most basic and important in these advantages. can lead to the usc
relatively low-power lasers and short data acquisition times.

On the other hand.

combining a relatively sholt acquisition time (ca. I ms - I s) with an automated mapping
stage provids second advantage, point-by-point Raman imaging microscopic analysis,
which is very useful for the study of the surface characteristics of heterogeneous
semiconductor and metal oxide materials.

The third advantage, electrochemical

measurements, is a necessary subsystem for the study of semiconductor
electrode/electrolyte interfaces. As described in Section 1.2, Raman measurements which
use visible laser wavelengths arc easy to apply in a variety of aqueous solutions hold by a
glass cell andlor a glass window which arc fully transmissive. The fourth advantage.
combined Raman-photocurrent imaging. which is a very unique technique, provides a
two-dimensional relationship between structural information and photocurrent and/or
photovoltage at the surface of semiconductor materials. The final advantage. imaging of
peak width and peak position is suppolted by an automated curve-fitting program. As

well as Raman intensity. peak width and peak position. which show the degree of
damage and strain respectively. provide more detailed two-dimensional structural
information at the surface of semiconductor materials. The details of each of these
advantages are deseribed in the next several sections.

Advantage 1. High Sensitivity

Over the past live years. two other major advances which have had a large impact
on Raman spectroscopy were taking place. First, the CCD camera, developed and used
extensively by astronomers, became acknowlcdgcd as a real advancc for the Raman
spectroscopist. This two-dimensional silicon array detector has thc propertics of high
quantum effieiencies (up to 70% for back-thinncd dcviccs) and extremely low dark
current levels (typically < 0.00 I e- pixel' 1 s-I), which is far improved over the
conventional photomultiplier and intensified photodiode array technology. I I In addition
to the enhanced performance capability, the CCD detector also offers the capahility of
being utilized as a two dimensional atTay to provide both spcctral and spatial information
simultaneously.
The second major advance in Raman spectroscopy in recent years has hccn the
advent of the Raman holographic filter. These filters are wavelength specific and possess
the propelty of efficiently blocking the undesirable Rayleigh-scattered light in a Raman
expeliment, with an optical density of ca. 4, and a cut-off that routinely pelmits approach
to within 100 cm- I of the laser line. This advance has meant that the Raman expe.iment,
which has histOIically used high-dispersion double or triple monochromators to filter out
the elastically scattered laser radiation, can be conveniently performed with a simple
single spectrograph together with a Raman holographic filter. 12 This approach to Raman
spectroscopy provide considerable benefits. The expense involved in purchasing such a
system is relatively low and its operation can be rendered more routine. The throughput

efficiency of a single-grating system is far higher than. for example. a triple
monochromator. When a single-spectrograph-bascd Raman system is coupled to a CCD
detector, it provides much higher sensitivity levels, which can lead to the usc of low
power lasers and shortened data acquisition times. A typical schematic of a micro-Raman
system is shown in Fig. 1.3.1 a. The efficient coupling of a microscope to such a system
presents no real difficulties, with the spot size emerging from the microscope heing
compatible with the narrow slit widths used in dispersive Raman systems. Recent
publications have detailed many of these advantages and discussed the merits of this
approach over the FT-Raman method. 12 The increased levels of sensitivity coupled with
similar discrimination over nuorescence when using ncar-infrared diode laser
wavelengths, between 750 and 830 nm,13 make the more traditional approach to Raman
spectroscopy very attracti ve.

Advantage 2. Raman Imaging

Introduction

Raman imaging has been approached in several different ways. Delhaye and
Dhamelincourt8 developed three types of Raman imaging shown in Fig. 1.3.2. In the

first microprobe, the laser beam is focused to approach the diffraction limit and the spot is
rapidly deflected to scan a line on the sample area. During scanning an efficient lens with
a very large aperture collects the scattered light and focuses it on the slit

of a

monochromator pre-set at a fixed wavelength cO'Tesponding to the desired Raman line.
A single channel detector is employed (i.e., a photomultiplier tube). the output of which
is amplified, filtered with the proper bandwidth and displayed on an oscilloscope by
means of a television-type scanning system synchronized with the exploration of the
sample.

In the second microprobe. by making use of a multichannel detector (an image
intensifier tube and an elecu'onic camera) a large number of points may be simultaneously
analyzed. Several hundrcd points along a straight line may easily be simultaneously
focused on the slit of the monochromator and analyzed. This system enables advantage
to be taken of the 'multichannel technique' provided that the monochromator posscsses

stigmatic properties. The image mapping is obtained by a frame-scanning movcmcnt of
the examined objeet.
In the third experimental arrangement. the whole area of the object is continuously
illuminated by the unfocused laser radiation. An integral image of the area is ohserved
through an optical filter which isolates the chosen Raman radiation. The characteristics of
the image obtained (i.e., the resolving power) are similar to those of images formed hy a
conventional optical microscope. These authors developed this type of system and
consuucted a Laser Raman Molecular Microprobe (MOLE) which used a double concave
holographic grating filter and TV camera 9
However, in order to maintain the resolving power of the microscope objective
over the whole optical system. the slit-width of the monochromator must be as wide as
the projection of the exit pupil of the microscope objective.

i.e., typically a fcw

millimeters in diameter. Therefore, the MOLE microprobe suffers from poor light
rejection, low resolution performance and also a lack of sensitivity that limits the
applications to a small number of samples consisting of fluorescence-free strong Raman
scatters.
The new micro-Raman system, which the author developed. including two types
of imaging techniques, i.e., a) automated point-by-point mapping and b) direct filter
imaging. These techniques arc similar to the expcl;mental arrangements shown in Figs.
1.3.2a and 1.3.2c, respectively developed by Delhaye and Dhamelincourt; however,
several new techniques arc used in order to increase the sensitivity and to expand the
utility for Raman imaging. Both types of imaging techniques have the ability to obtain
high sensitivity, descIibed in the prior section, Advantage I, and a high spatial resolution

(-1

~m).

but advantages are depend out on measurement conditions. More details arc

descl;bed in the next two sections.

a) Automated Point-by-point Mapping

The concept of this method is very similar to the system shown in Fig. 1.3.2a.
but the sensitivity is much increased. This imaging method has two advantages. The
first advantage is the possibility of measuring many Raman bands simultaneously hy a
using CCD multichannel detector. which provides detection, identification. and
distribution of different components in heterogeneous samples. This type of technique
was developed by Bowden and coworkers. 14 and their system. including a steppermotor-dt;ven XY stage and an image processor, was controlled by a computer instead of
an oscilloscope, which Dclhaye and Dhamelincoun used. However. the sensitivity of
their system was probably lower than that of our system. because they used a simple
u;ple monochromator and an illlensified diode atTay detector.
The second advantage is to be able to measure a large scanning area. The
maximum size of the scanning area of our system is about 20 x 20 mm. Funhermore.
the third advantage is that modification or combination with other laser scanning
techniques are very easy because the optical paths are very simple.

b) Direct Filter Imaging

The schematic of this technique is shown in Fig. 1.3.1 b. The concept of this
method is very similar to the system shown in Fig. l.3.2e. but the sensitivity is much
increased. The advantage of this method is very clear, i.e.. a shorl acquisition time (ca. I
s-1 min.). The laser spot size used to illuminate the sam pic is de-focused from I

~m

to

200 ~m diameter. The systems consist of a microscope, a holographic notch filter to
eliminate the exciting radiation, either a set of interference filters or a lUnablc acoust-optic
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filter (ATOF) to isolate a characteristic Raman band. and a high-sensitivity low-noise
CCD detector. (The high performance of combined a holographic notch filter and a highsensitivity low-noise CCD detector for a Raman spectrum single point is mentioned for
Advantage I in Section 1.3) Anlnterference filter-lype Raman imaging system was
described by Williams et a1.2.7 and many types of applications were reponed hy
Batchelder et a\., e.g. Langmuir-Blodgett films,15 GaAs mierometer-si7ed dots. 16
polymer blends. 17 and diamond films. ls On lhe other hand. an ATOF-lype Raman
imaging system was desctibed by Treado el al. 19

Advantage 3.

Electrochemical Measurement

The new Micro-Raman system includes a nonnal three-electrode electrochemical
system, which provides the possibility for a variety of in situ

measurements of

semiconductor electrode/electrolyte interfaces, e.g.. photoeleetroehemical

measuremenL~

described in the next section. The desctiption of the electrochemical system is descrihed
in Section 2.3 of Chapter 2.

Advantage 4.

Combined Raman-Phtoelectochemical Imaging

In recent years an impressive array of analytical tcchniques has been utilized to
investigate the properties of anodic films formed on metal surfaces. A key factor in
studying these oxide films is the ability to conduct the investigation in siw and avoid the
complications associated with ex situ techniques such as possihle changes in the lilm
structure. Two in-situ melhods that have been commonly used in the study of oxide
films are Raman spectroscopy and pholoeleetrochemical measurements, i.e.,
photocurrent (or photovoltage) measurements.

The schematic models of [lhysical

processes of these methods are shown in Fig. 1.3.3. In order to better understand the
properties of these films. the author developed a system comhining Raman and

II

phoLOelectrochemical imaging measurements.

The advantage of this system is to

compare directly the in SiTU Raman and photocurrent- or photovoltage mapped images
over the same area. The instrumentntion id desclibed in Section 2.5 of Chapter 2.

Advantage 5.

Imaging of Peak Width and Peak Position

The images which arc gencrated from peak widths and peak positions are
calculated by an automated curve-filling program. In addition to peak intensitics. thc
linewidth (or peak width) and band frequency (or peak positions) are also main Raman
parameters which can be used LO characterize the lattice. impuritics. and frce carriers in a
semiconductor. The linewidth shows the lifetime of a phonon. When a material is
damaged or disordered, the linewidth increases, because these conditions increase
phonon damping or change the rules for momentum conservation in the Raman process.
The band frequency shifts of Raman phonon bands are related to changes in the forcc
constants of the bond. which also can determine the degree of stress in materials such as
Si, Ge, GaAs. GaSb, and ZnSe 20 .21 Furthermore, the frequencies of thc longitudinal
plasmon modes give the carrier density. However, the calculation of the peak widths and
peak positions in a whole image (ca. 10.000-40.000 points) is not easy and requires
automated software and a fast computer. This method is the first allempt and showed
have a big impact in the area of Raman imaging tcchniques.
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2

DESCRIPTIO OF NEW MICRO-RAMAN
SYSTEM INSTRUMENTATION

2.1.

Overview of New Micro-Raman System

The experimental set-up constructed is shown in Fig. 2.1.1. The new microRaman system is constructed from five subsystems, i.e., I) a commercial Raman
microscope with direct filter imaging system, 2) electrochemical system, 3) automated
point-by-point Raman mapping system, 4) photoclectrochemical imaging system. and 5)
computer and software.

Subsystems 1-4 are controlled by a computer with

communication using AT-GPIB interfaces.

2.2.

Subsystem 1. Commercialized Raman Microscope with
Direct Filter-Imaging system

The Raman spectrometer used in this study is a Renishaw RAMASCOPE. This
spectrometer includes two measurement modes. i.e., a) spectroscopy and b) direct filterimaging. The advantages of these modes were already mentioned in Section 1.3, and the
schematic diagrams were also shown in Fig. 1.3.1a and 1.3.1 b, respectively.

The

Raman spectrometer used in this study is a Renishaw RAMASCOPE. The 632.8 nm
line of a He-Ne laser (NEOARK, NEO-30MS) at a power of 30 mW, the 514.5 nm line
of an Ar+ laser (Ion Laser Technology, 5490ASL-OO) at a power of 40 mW, and the
514.5 nm line of an Ar+ laser (Coherent, Enterprise 622) at a power of 100 mW, arc

18

used as the excitation light sourccs. Thc optical pathcs of these lascrs arc selected using
mirrors. Two objective lenses (40x, 4x), located outside the microscope. arc used in
conjunction with a pinhole having a diameter of 10 11m to expand the laser spot si7e. The
light is then focused

01110

the sample using 100x. 50x, 20x. lOx and 5x objective lenses

mounted on an Olympus BH-2 optical microscope. The size of the laser spot is -I 11111
for the lOOx and -211m for the 50x objective lenses. respectively.
The Raman spectrometer is physically connected to the optical microscope to
record the Raman spectru111. The same objective lens used to focus the laser onto the
sample is used to collect light reflected from the sample at 180' with respect to the
incident light. After passing through a holographic notch filter. which removes the
Rayleigh line component, the scattered light is focused onto the entrance slit or a
monochromator for the spectroscopic mode (a). A II4-meter single monol:hromator
fitted with 1800 grooves mm· 1 grating is used to disperse the scattered light, which is
then focused onto the CCO detector.
For the filter imaging mode (b), the laser spot size used to illuminate the sample is
defocused to provide a diameter of 200 11m using a 20x objective lens. After passing
through a holographic notch filter, which is the same as for the spectroscopic mode. the
scattered Raman light is then transferred through a set of high-throughput tunable
dielecuic filters. These filters can be set to a given wavelength of a Raman hand with a
bandpass of 20 cm· l .

At this point, the two-dimensional spatial information is

maintained in the image while the third dimension, i.e., spectroscopic, is handled by the
filters.

The only light passing through the rilters is radiation at the Raman band

wavelength. The CCO detects, as for the spectroscopic mode, the two-dimensional
image of the Raman light, with the x and y coordinates representing the spatial
dimensions of the sample under the microscope.
The detector used is a Peltier-cooled slow scan 384 x 576 pixel CCO camera
system, with the CCO chip maintained at -70 ·C. Under these conditions, thc dark
current for the camera is less than 0.001 e-/pixel/s and a readout noise of less than III eo.
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The dispersion of the detector is 1.75 cm-t/pixel at the 514.5 nm wavelength for the
spectroscopic mode. The collected light is digitized to 16 bits (65534 levcls) before
being returned to the computer via a 12 Mbaud serial link.

2.3.

Subsystem 2. Electrochemical System

The schematic model for the electrochemical glass ccll was shown in Fig. 2.3.1.
The -7 mm thick Pyrex glass cell has two anns. which are used for a reference eleClrode
[saturated calomel (SCE) or Ag/AgCI] and a counter electrode(platinum wire). The
excition laser light was focused on the sample through a quartz window. which has low
Ouorescence.

20x or 50x objective lenses are suitable for the electrochemical

measurements. However. the lOOx objective can only be used in air and not with a
solution, because the working distance is too short for the clecu'ochcmical ccll.

2.4.

Subsystem 3. Point-by-Point Raman Imaging System

The sample is placed underneath the objective lens on an XYZ stage (Newport.
M-462-XYZ-M) equipped with stepper motors ( ewpon, 850B) which are controlled by
a motion controller (Newporl, PMC400). For obtaining a Raman spectrum. the sample is
fixed relative to the stationary laser for the duration of the acquisition time. Next the
sample is u'anslated by a given distance and another Raman spectrum is acquired. This
point-by-point Raman spectrum is used to build up a two-dimensional image. A Raman
intensity image is generated by summing the data within a given spectral range. The
main factor which determines the quality of a Raman image is the SIN ratio of each
spectrum. Before performing the Raman imaging, a full Raman spectrum is initially
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acquircd to determine the location of thc Raman peak(s). A spectral range cOlTcsponding
to each Raman peak is determined and the data lying within cach spectral band is
collected and stored.

2.5.

Subsystem 4. Photoelectrochemical Imaging System

Both the 351 and 364 nm lines of an Ar+ laser (Coherent. Enterprise 622) at a
power of I mW ~m-2 are used in the photoelectrochemical measurements. i.e..
photoculTent (or photovoltage) measurements. The laser lines used fnr both the Raman
and photocurrelllmeasurements are focused onto the sample using either the 20x or the
sax objective lens.
The photocurrent is measured using a lock-in amplifier (Stanford Rcscarch.
SR850) and potentioslat (Hokuto Denko. HA 15OG). The incident light is modulated by
means of a variable-speed mechanical chopper and controller (Stanford Research
SR540). It should be noted that for photocurrent (or photovoltage) measurements. the
resolution can also be controlled by the minority canier diffusion length.
Both the Raman and the photocurrelll images are taken over the same area of the
sample in a glass electrochemical cell containing 0.05 M H2S04 aqueous solution. For
the photocutTent measurements, an applied bias of 2 V (vs. SCE) is uscd.
The combination of the photoelectrochemical measurements and the Raman
spectroscopy allows measurements over the same sample area, either simultaneously or
sequentially. The procedures followed in the two measurements are slightly different.
For semiconductors, the photoelectrochemical signals are usually large enough for
measuting. and detection of these signals is much easier than that for the Raman signals
and requires less collection time. [n Fig. 2.5.1, the schematics of the two data collection
procedures are shown. The potoelectrochemical data collection procedure consists of
recording the signal while continuously moving the sample beneath a stationary laser and
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their combining the scanned lines to form a two-dimensional image. as shown in Fig.
2.5.1 a.

For obtaining the Raman spectral data. the sample is fixed relative to the

stationary laser for the duration of the acquisition time. Next. the sample is translated by
a given distance and another Raman spectrum is acquired. These point-by-point Raman
spectra are used to build up a 2-dimensional image. as shown in Fig. 2.5.1 b. [n a typical
photoelectrochemicaJ experiment. where a 2 mm x 2 mm area is scanned at a rate of 50
~m/s.

the time required is approximately 3.5 hours. The line scans are usually 10 ~m

apan. and. for each line scan. 20.480 data points (40 seconds at a 512 Hz reading rate)
are collected for each photocurrei1l (or photopotential) and phase angle. Thus. a data
point is collecled every 0.1
JO~m

~m.

and roughly 100 data points are averaged to yield a

resolution along each line scan. On the other hand, the point-by-point Raman

spectral measurement requires roughly 23 hours for a 2 mm x 2 mm area. with a I ()

~m

separation betwccn data points (for a total of 40.000 data points) and a I s exposure time.
For a 1 s exposure time. each data point requires a LOtal time of approximately 2 seconds
due to the time required for data storage. for moving to the next point, and for graphics
operations that plot the most recently collected data on the monitor. For samples that are
stable under illumination. the photoelectrochemical and Raman signals can be obtained
simultaneously, where the sample is moved point-by-point under the stationary laser and
is kept at thaI panicular position for the duration of the exposure time.

2.6.

Subsystem S. Computer and Software

Subsystems 1-4 are controlled by a personal computer (IBM compatible, 486DX2
66MHz) using AT-GPIB interfaces. Either the personal computer or a workstation
(Hewlett Packard, HP 9000 Series 7(0) are used for the curve-fitling program. in order
to generate images of peak widths or the peak positions, with the advantages as described
in Seetion 1.3 of Chapter I.
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The summation of intensities within a Raman peak is surticielllto yield the relative
eoncentration of the species cO'Tesponding to the Raman band. However. if other pieces
of information are desired. such as the widths of the peaks. or the locations of the peaks
which can be related to the degree of crystallinity or stress. then it is necessary to curvefit each specltum to an analytical function. from which the peak widths and locations are
obtained. For vibrational spectroscopy. the typical functions to use are the Gaussian and
Lorenzian functions l -3 • with the background described hy a polynomial function. To
obtain the best parameters, a nonlinear least-squares method has been used. i.e.. X2. as
defined below, is minimized:

,

f[y, - y,[A;x,J]'
;=, w,[A;x,;e,J

X=£..,

(2.6.1 )

where N is the number of spectral data points in the spectrum, Yi is the intensity ror
spectral data point Xi, YilA; xiJ is the calculated intensity for spectral data point Xi. A is
the parameter vector (i.e., the peak width, intensity, and location). Wi is the weighting
ractor at spectral data poi III Xi whieh is the uncertainty in Yi. and ei is the dillcrence
between Yi and YilA; Xi]. For an analytical function which consists of a Lorcntzian
function and a cubic polynomial YilA; xiJ, in equation (2..6.1) is given by:

(2.6.2)

where M is the number of peaks, the A3j-2'S are the peak widths. and the A3j'S are the
peak locations. Equation (2.6.1) has been minimized using the algorithm or Levenberg
and Marquardt (or a gradient-expansion algorithm), which is a combination of a gradientsearch procedure and a linearization of the analytical function, where-in the laner problem
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of a nonlinear least-square fitting has been reduced to a linear least square fitting problem.
This method has been shown lO be fairly robust in most nonlinear least-squares filling
problems, provided that the initial parameter veClOr docs not differ lOO greatly from the
final parameter vector. To generate images of the vatious parameters. the full spectrum at
each data point was taken. and then each spectrum was filled to the analytical function
given by cquation (2.6.2).
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APPLICATIO S I VOLVING SURFACE
PHENOMENA OF SEMICONDUCTORS USING
NEW MICRO-RAMA SYSTEM

3.1 Introduction

The author achicvcd the dcvclopment of a the new Micro-Raman systcm and
described many advantagcs for the study of surface phenomena of scmiconductor and
mctal oxide matelials in Section 1.3 of Chapter I. [n order to confirm the performance of
the system, four significant examples obtained using this system arc descrihed in this
chapter, including I) photochromic properties of MoO} films, 2) imaging analysis of
microscale crystallization of MoO} films, 3) combined Raman-photoelectrochcmical
imaging analysis of TiOZ films, and 4) strain imaging analysis of SilSiOz interfaces.
As described in Advantage I in Section 1.3. a high-sensitivity Raman system can
lead to the use of relatively low power lasers which make it possible to measure colored
materials without annealing and/or heating, e.g., phoLOchromic or electrochromic colored
amorphous materials, which are easily crystallized by high power lasers. In Section 3.2,
Example 1, the author applied this Raman system to the study of amorphous MoO} films
in order to confirm the advantage of low power lasers.

The results showed that thc

Raman specu'a for the amorphous MoO} films provided some new structural information
on the reversible chemical modifications occurring during the coloration-bleaching
process.
Another advantages of the system is the ability to do imaging, which is descrihed
in Advantage 2, Section 1.3. Raman imaging analysis is useful in providing structural
information for semiconductor materials. The author observed the proccss of microscale
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crystallization using the direct filter-imaging technique (included in Subsystcm I). as
described in Section 3.3, Example 2.
Furthermore, the combined Raman-photoelectrochemical imaging system
(including Subsystem 4) was developed in order to obtain the local spatial variation of the
characteristics of heterogeneous semiconductor films.

As a typical example. the

compalison of the Raman images and photoculTent images of anodically formcd Ti02
films is discussed in Section 3.4. Example 4.
Moreover, the author developed a strain-imaging system to order to detcct high
local stresses, which can give lise to defects in silicon substrates and can inlluence the
electrical characteristics of devices. Thc rcsults of two-dimcnsional Raman images of the
variations in the Si Raman peak shift on an Al/Si02 patterned Si wafer are discussed
Seetion 3.5, Example 4.
The details of each of these examples are described in the next several sections.
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3.2

Example 1.
A study of the photochromic properties of amorphous
Mo03 films using Raman microscopy

Introduction

Photochromism and electrochromism of transition metal oxides have received
considerable attention because of potential applications in information display devices. 1.2
These oxides can be deeply colored with optical irradiation of the appropriate energy
(photochromism) or with applied potential (electrochromism). W03 3 -9 and Mo036.10-15
have been the most extensively investigated materials of all the transition metal oxides.
Deb 16. 17 suggested that the color centers in W03 are due to electrons trapped a1 oxygen
vacancies. Hurditch l8 demonstrated the dependence of coloration time and electrode
potential on the water content of hydrated W03·H20 films and postulated the reductive
dissociation of H20 and fonnation of blue hydrogen tungsten bronze W03-x (OHlx at the
cathode. Faughnan et al. 19 proposed a model for the formation of the Lungsten hronzes
which involves the simultaneous injection of cations and electrons illlo the film.
Similarly, in Mo03 films. Zelaya-Angel et al. proposed molybdenum bronzes to he
fonned according to the reaction 15 :
MoO} + xe- + xA+ ~ A xMo03

(3.2.1 )

(where A=H, Li. Na or Ag)
Fleisch and Mains 6 found that both crystalline Mo03 and W03 powders Lurn blue upon
UV irradiation in vacuum, and X-ray photoemission spectra supported the reversible
formation of the +5 oxidation state. which was subsequently re-oxidized to the +6
oxidation state upon exposure Lo air. It is now accepted that. in photochemically colored
Mo03 (or W03), the optical absorption is due to the intervalence eharge transfer between
M o6+ (or W6+) and the newly formed M 0 5+ (or W5+).19 The photochromic properties
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of amorphous MoO) (a-MoO)) films show faster response times for coloration than those
of crystalline films) and thus the amorphous films arc more suitahle for usc as memory
devices. In addition, the UV-colorcd a-MoO) Illms show good stahility in the air for long
periods of time (up to several months).2
Despite extensive reported work on a-Mo0 3 films in the literature. lillie has heen
reponed on the suuelllral properties of the colored films 2o .2J and the SU'ucture of a-MoO,
in the colored state still has not been clear.

We have previously reponed that

photochemically colored films showed more ordering than those not exposed to UV
irradiation, based on micro-Raman spectroscopic data. 22 This structural change of the
colored films was, however, induced by laser annealing and was not directly related to
the photochromic properties of the Illms, as will be shown in the present paper. In this
paper we have used high-sensitivity Raman microscopy to investigate possible
compositional or struclllral transformations of a-MoO) thin films accompanying the
photochromic effects of UV iJ"adiation.

Experimental

The amorphous MoO) (a-MoO)) films were prepared by vacuum evaporation of
high purity MoO) powder (99.9 %. Koso Chemicals Co., Ltd.) onto I mm thick ITO
glass substrates (Asahi Glass Co.. Ltd.), where the evaporation chamber was maintained
at 5 x 10 -5 Ton· 2 The thickness of the deposited films was about 1 J.IlTI.

A 500 W high-pressure Hg lamp was used as the light source in the photochromic
experiments. A band-pass filter centered at 350 nm with 100 nm FWHM (full width at
half max.) was used to filter out visible and infrared light. The light power at the sample
was measured with a power meter (MA I 0, Scientec) and found to be -3mW/cm 2 . In
order to observe the reversibility of the Raman spectra in the color-decolor cycles, the
films were bleached electrochemically by applying a potential of + 1.0 V vs. Ag/AgCI in

0.1 M LiCI04!propylene carbonate electrolyte. The counter electrode was Pt. After
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bleaching the films. the electrolyte was removed from the glass cell in order to cany out
subsequent photoehromie

expeIimenL~.

All absorbance measurements were performed on a UV-visible double-heam
spectrophotometer (UV-3101 PC. Shimadzu) using a sampling area of 12 x 2 mm. Since
the absorbance and Raman measurements could not be conducted simultaneously due to
the necessity of using exactly the same laser spot during a sct of Raman measurements.
as discussed later, the absorbance measurements were conducted independently of the
Raman measurements using a separate sample cut from the same film but otherwise
measured under the same conditions.
In this study. Subsystem I (except direct filter-imaging system). 2 and 5 shown in
Fig. 2.1.1 of Chpter 2 were used for the Raman spectroscopic measurements. The
Raman spectrometer used in this study was a Renishaw Ramascope. This spectrometer
has high optical throughput and thus has the ability to obtain two-dimensional images.2127

The 514.5 nm line of an Ar+ laser (Innova Enterprise Model 651, Coherent) at an

output power of 100 mW was used as the excitation light source. The laser power was
controlled from 0.05 mW to 45 mW using neutral-density filters. The light was focused
onto the sample using a lOOx objective lens mounted on an Olympus BH-2 optical
microscope.
Each series of Raman measurements was carried out using a consistent spot
position on the films for the photochromic as well as the crystallization processcs in ordcr
to detect small changes in the Raman spectra. The size of the laser spot was -2 !lm with
the lOOx objective lens. To remove background signal, the spectrum of a clean ITO
glass substrate was subtractcd from all Raman spectra of the films. Cosmic ray lines.
which are much sharper than Raman peaks. were removed from the data. Ovcrlappcd
bands were resolved using a Lorentzian-curve fitting computer program providcd by
Renishaw.
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Results and Discussion

A.

Raman spectra of an amorphous Mo03 film
A typical Raman spectrum for anhydrous crystallinc MoO} powdcr is shown in

Fig. 3.2.1 a. Three sharp Raman peaks are clearly observed. These Raman hands are
assigned to the terminal oxygen (Mo=O) stretching mode at 995 cm· l . the triplyconnected bridge-oxygen (Mo}-O) stretching mode at 665 cm- I . and the doublyconnected bridge-oxygen (MoZ-O) stretching mode at 818 cm- 12& The sharpness of the
peaks indicates that the corresponding vibrational modes are due to a highly ordered
structure. Figure 3.2.1 b shows a Raman spectrum of a vacuum-deposited amorphous
MoO} film. An incident laser power of 0.05 mW was used to ohtain this speclrum.
There were no sharp Raman peaks. indicating an absence of a crystalline structure;
however. three relatively broad

peaks were found.

Below the raw data. the

dcconvoluted peaks and the cOll'esponding synthesized spectra are shown. We used three
Lorentzian functions to fit the data. The sylllhesized spectra closely malch lhe
experimental data. The peaks al 700. 863, and 951 cm- I are analogous to those al 665.
818, and 995 cm- I • respectively, for crystalline MOO}29.30. i. e.. Mo}-O, MoZ-O and
Mo=O, respectively.
The analysis of the known struclural data on molyhdic and lungstic compounds
indicates common formation principles for these compounds. For example, bOlh MoO}
and W03 crystals are Re03-related structures, having structures based on corner-sharing
M06 octahedra. Moreover, MoO} possesses a unique layered SU'ucture of douhle chains
of edge-sharing Mo06 octahedra linked through vertices lO form infinite corrugated layers
held together by van der Waals forces 3l Furthermore, the structures of the hydrated
oxides such as MoO}·2HzO and MoO}·HzO are closely related to those of WO}·2HZO
and WO}·HzO. respectively, and the amorphous films include these types of hydrated
oxides 32
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The structures of a-MoO) and amorphous W03 (a-W03) have not hccn clcarly
determined, and many types of struclural modcls havc been proposed. Arnoldussen"
suggested a molecular model consisting of trimeric W)09 molecules bound weakly to
eacb otber through waLCr-blidge. hydrogen. and van del' Waals bonding. Rumans et al. 32
concluded from tbeir micro-Raman study thatthc strueture of a-WO) films eonsists of a
layer-type structure of tungsten hydrate and a framework-type structure of anhydrous
tungsten u·ioxide. Similarly, tbe strueture of vacuum-deposited a-MoO) films is believed
to consist of molybdenum hydrate and a framework structure of anhydrous molybdenum
trioxide.

Dickens et al. 31 reported that the water molecules in the structure of

MoO)·2H20 can be divided into two classes: (I) those between the layers and (II) those
coordinated to tbe Mo atom, replacing thc oxygcn atom at thc apex of the Mo06
octahedron. The terminal oxygen is located at the other apcx of this octahedron and the
layers are held together by hydrogen bonds. The structure of Mo03·H20 consists of
layers of MoOS(OH2) corner-sharing octahedra.
[n order to examine the film unifonnity, spectra were obtained at several depths
within a typical film, as shown in Figs. 3.2.2a-3.2.2c, in which spcctra were
dcconvoluled from the raw spectra shown in Figs. 3.2.2a'-3.2.2c'. The focusing points
were located on the surface and at 0.5 and I

~m

below tbe surface of the film,

respectively. Figs. 3.2.2b and 3.2.2c exhibit higher noise levels because of the reduced
collection efficiency of the scattered light and reduccd sampling volume in the irradiatcd
area. All peak positions shown in Fig. 3.2 werc obtained from the peak curve-fitting
program. The differences between the thrce spectra in Figs. 3.2.2a-3.2.2c are negligiblc
and indicate that the film was velY unifolm in the dircction perpendicular to the 111m.

B.

Properties

of

coloration-bleaching

cycles

and

laser-indueed

crystallization of colored MoO) films
The photochromic response of the film necessarily involvcs a change in the
absorbance of the material.

It was found that the colored films readily undergo
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irreversible modifications upon laser irradialion duc to absorption of the visible lascr
light. Before analyzing the Raman spcclral changes due to Ihe photochromic process. it
is important 10 determine the proper level of incident laser power 10 be used for the
Raman measurements in order to prevent annealing or crystallization. In this section we
compare the crystallizalion process induced by laser annealing for Ihc freshly-prcparcd
vs. the colored films.
Figure 3.2.3 shows a series of the absorption spectra of Ihe film during a
coloration and bleaching cycle. Freshly-prepared Mo03 thin lilm is colorlcss. as shown
in Fig. 3.2.3a. The sinusoidal modulation of the spectra is caused by interfercncc
effects. When the film is subjected to irradiation in air. the film turns hlue. Figurcs
3.2.3b and 3.2.3c show the absorption spectra or the rilm after UY irradiation ror I()
min. and 60 min .• respectively.

The longer irradiation time resulted in a larger

photochromic response, as evidenced by the increase in the absorption. In the case of
Mo03, the maximum change occurs in the 800 - 850 nm range. The spectra ror the rilms
that were bleached electrochemically matched the original spectra before UY irradiation
quite closely. demonstrating the reversibility of the cycle shown in Fig. 3.2.3d.
The annealing was induced by the same laser which was used in the Raman
measurements, but at a much higher laser power.

Figure 3.2.4 shows the Raman

spectrum for a freshly deposited film (curve a). whose absorption spectrum corresponds
to Fig. 3.2.3a, together with spectra obtained during the crystallization process. The
incident laser power was sequentially increased from 0.05 mW 10 45 mW, increasing the
power after measuring each spectrum.

Exposure times for annealing and Raman

measurements were 20 min. each. All Raman spectra were measured with a laser power
of 0.05 mW.

From 0.05 mW 10 10 mW, the film remained amorphous; however.

starting at 25 mW, changes in the spectrum became evident. The amorphous peaks
shifted slightly starting at 30 mW of incident laser power and sharper crystalline peaks
became evident. At around 40 mW of ilTadialion, the film spectra became very similar to
those for the crystalline material in Fig. 3.2.la. Figure 3.2.5 shows a series of Raman
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spectra for a colorcd film. whose absorption spectrum cOITesponds to Fig.3.2.3c.. during
the crystallization process.

Even with as lillie as 5 mW of incident lascr power.

clystalline peaks became evident. With 10 mW of irradiation. the film spectra became
similar to those of the crystalline material. These results indicate that the laser power
should be less than 1 mW for a laser spot of -I~m diameter (-0.3 I11W~m-2) in order

10

avoid modifying the film as a result of annealing dUling the Raman measurements.

C.

Structural dependence of photochromic properties
Oxidation states for Mo in hydrogen molyhdenum bronze can includc the +6. +5.

and/or +4 when the MoO) lilm is irradiated in air. 14 The adsorhed water on the MoO,
film is oxidized by the photogenerated holes when the semiconducting MoO, is
ilTadiated. releasing 02 and providing a source of protons and electrons.
x
MoO)+-H 20

hv
---7

2

x
H X MoO)+-02

(3.2.2)

4

The protons and electrons diffuse imo the solid and fonTI hydrogen bronze.
Figure 3.2.6 shows the change in absorbance measured at two wavelengths. 1600
nm (open circles) and 800 nm (filled circles)] of an a-MoO, film as a function of
irradiation time. A faster coloration response of coloration was found in the first 10
min .. with coloration increasing more gradually with further irradiation. In addition. we
reported that a measurement taken after 7 months of storage in the dark after the initial
exposure revealed that the absorbance loss was less than 0.1 unit after coloration. 15 This
result shows that the colored MoO) film is stable in air and is capable of retaining its
coloration memory for a long period of time. In addition to the color memOIY propeny.
the MoO) film also exhibits good reversibility in its coloration-decoloration process.
After 60 min. of UV irradiation. the film can be electrolytically decolorcd completely in a
0.1 M LiCI04!propylene carbonate solution as shown. in Fig. 3.2.6. When the hleached
film was subjected again to UV irradiation. the ahsorption spectrum of the colored film
reveI1cd back closely to its OIiginal fOlm.
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Figures 3.2.7a-3.2.7c show typical dcconvoluted Raman spectra from raw spectra
from 8a'-8c' for the MoO) film (a) before and after UV irradiation for (b) 10 min. and (c)
60 min. The spectra correspond to the points indicated by arrows a. b, and c in Fig.
3.2.6., respectively. The spectrum after electrolytic bleaching is shown in Fig. 3.2.7d.
We found changes in both the Raman peak positions and the peak widths accompanying
the coloration-bleaching cycles.

The peak shifts are related to changes in thc force

constants of the bonds. i.e., positive and negative peak shifts correspond to larger and
smaller force constants. respectively. The Raman band for the Moz-O mode shifts
toward lower wavenumber, from 863 cm- t in Fig. 3.2.7a to 853 cm- t in Fig. 3.2.7c
during coloration and back to 863 cm- I in Fig. 3.2.7d after bleaching. which shows that
the force constants for the Moz-O bonds reversibly decrease and increase during the
coloration-decoloration cycle. In addition. the Raman band shifts for the Mo,-O mode
show that the force constants for these bonds also reversibly decrease and increase during
tbe coloration-<lecoloration cycle. On the contrary, the Raman band shifts for the Mo=O
mode show that the force constant for this bond reversibly increases and decreases during
the cycle. A more detailed view of the relationship betwcen the peak shifts and changes
in absorbance is shown in Fig. 3.2.8. The shifts arc proportional to the changes in
absorbance, indicating that there was no phase transition. The standard deviations for
several typical points were calculated from five separate data sets and are shown in Fig.
3.2.8, as indicated by en'or bars. This figure demonstrates that the peak shifts and thus
the force constants for each bond are very sensitive to the state of coloration.
In order to establish the most probable location of protons which arc injected illlo
the a-MoO) liIm during UV i'Tadiation, we next compare the Raman peak shirt data for aMo03 before and after coloration with calculated Mo-O bond strengths for crystalline
Mo03 and molybdenum hydrogen bronze. We also compare the present data with
Raman results presented in the literature for these crystalline malC,ials.
Dickens et al 3

1.34

used neutron diffraction to determine crystal structures for two

types of molybdenum bronzes, i. e., H0.36M003, and H 1.6SMo03. The schematic model
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of HO.36Mo03. low hydrogen content-type crystalline bronze is shown in Fig. 3.2.9.
From the bond lenglhs. these authors used empirical bond-Ienglh lO bond-Slrength
correlations 35 to calculate the total bond strengths about each type of alOm for Mo03.
HO.36Mo03 and H 1.68M003. i.e.. Mo. O( I) or triply coordinated. 0(2) or doubly
coordinated, and 0(3) or singly coordinated. From the total bond strengths (l. b. s.)
about the various types of oxygen atoms (shown as Table 3.2.1). they were able lO infer
the most probable positions for the hydrogen atoms. For lower hydrogen contenl. in the
case of HO.36Mo03, the hydrogens appear lO bond al 0(2) or doubly coordinated.
bridging oxygens ( see Fig. 3.2.9). judging from the low l. b. s. value (1.56). For
higher hydrogen content, however. as in the case of H l.68 Mo03. the hydrogens appear
to bond at 0(3) or singly coordinated, bridging positions. judging from the low l. b. s.
value of 0.41. COllon and Wing 36 show that the bond orders for Mo-O bonds (i.e..
strengths of individual bonds) arc directly prop0I1ionalto the vibrational force conSLaI1lS
and can then in tulll be related to the cOITesponding Raman shirts.
For thc lower hydrogen contcnt-type clystalline bronze, Eda 37 has confirmed lhal
Raman shifts are consistent with bond strengths or bond orders predicted from the bond
lengths (Table 3.2.1. The lOtal bond strengths given in Tablc 3.2.1 for the various types
of oxygens also show the trends.
The present results for the a-Mo03 films also show trends which are consistent
with those predicted and obtained for the crystalline materials (Table 3.2.1). During
coloration, the M02-0 band [i.e., Mo-O(2)-Mo' stretch] shifts lO lower wavenumber,
which is consistent with the calculated l. b. s. and provides evidence for hydrogen hcing
bonded to bridging oxygens in the amorphous I'ilm. During coloration the Mo=O band
[i.e., Mo-0(3) stretch] shifts to higher wavenumber. which again is consistent with the
calculated l. b. s., which shows a slight increase, from 2.05 lO 2.12. It is also significant
that the Mo=O band docs not shirt to much lower wavenumber. which would havc bccn
predicted if hydrogen were to have bonded at the terminal oxygen.
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The l. b. s. values predict no change in the total bonding strength around the uiply
coordinated oxygens.

The experimental result. howcver. showed a shift to lowcr

wavenumber for the band assigned to the M03-0 stretching mode. This may be related
to the fact that the amorphous films arc known to contain same hydrated Mo03.31 in

which there are no tliply coordinated oxygens.
Figure 3.2.10 shows the changes in peak width for the (a) Mo=O. (b) M02-0.
and (c) M03-0 stretching modes during the photochromic process. All of the [leaks
became broader duting the coloration process. which indicates that the number of defects
in the structure increases during the coloration process. On thc othcr hand. thcse [leaks
reversibly became sharper during the bleaching process. This result indicates that the
more disordered structure in the colored state reversibly can revert back to the original
structure. DUling coloration. some 0(2) positions becomc honded to hydrogcn in the
Mo03 lattice. changing the bond lengths to those cOiTesponding to the hydrogen hronze.
thus leading to local distonions and wider Raman peaks.
The local bronze structures thaL are formed in the a-Mo03 lilm arc likely to be all
of the same type as in the crystalline hydrogen molybdenum bronzes with lower
hydrogen content. e. g.• HO.36Mo03. because the number of these structures is low
initially and the results indicate that these arc no phase transitions. i.e.• monotonically
incrcasing peak shifts with increasing absorbance. Furthermore. the directions of the
peak shifts during the coloration of the a-Mo03 arc consistent with those expected and
experimentally found for the crystalline molybdenum bronzes with lower hydrogen
content compared to the parent Mo03.

Conclusions
The Raman spectra for the a-Mo03 films provide some new structural information
on the reversible chemical modifications occurring during the coloration-hleaching
process. The Mo=O and M02-0 peak shifts during the coloration process are consistent
with the structure of the crystalline bronze. HO.36Mo03. in which the protons form -OH
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bonds at bridging oxygen atoms. The Raman peaks for the amorphous a-Mo03 become
broader dUl;ng the coloration process and become revcrsibly sharper during the bleaching
process. These results indicate that the number of defects or the local disorder in the
framework structure of Mo03 increases during the photochromic process. but that the
additional disorder again reversibly decreases upon bleaching.
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Table 3.2.1. Comparison of calculated bond SU"cnglhs and experimenUlI Raman shifts for
crystalline molybdcnum hydrogen bronzes with present results for Raman shiflS for
colored amorphous Mo03 films.

Total bond strength (1. b.s.)a
bonding oxygen
type
type
V1
IV

Mo03

HO.36Mo03

H1.68 Mo0 3

Raman shifts(cm- 1)
Mo03b

Ho.30Mo03b a-Mo03c colored a-Mo03c,d

Mo=O

0(3)

2.05

2.12

0.41

995

1011

951

957

M02-0

0(2)

2.00

1.56

1.94

819

750

863

853

M03-0

0(1)

1.89

1.89

1.92

666

670

700

686

a These values were calculated by Dickens et al.(see ref. 31, 34).
b These values were measured by Eda (see ref. 37).
c Present work.
d UV irradiation time was 60 min. in the air.
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3.3

Example 2.
Raman imaging analysis of microscale crystallization of
Mo03 thin films

Introduction

Annealing of implanted semiconductors by laser in-adiation olTers a number of
advantages over thermal annealing. I Among there are I) the laser intensity may he
selected so as to avoid heating the base layer and thereby inadvertently modifying its
electrical characteristics. 2) a much greatcr rcduction in lattice damage can be achieved.
and 3) the concentration of electrically active impurities can be made to exceed the
solubility limit of the host. Raman seallering measurements is recognized as a powerful
tool for the characterization of laser-recrystallized semiconductor films 2 However to
make this technique more viable, two-dimensional imaging is needed to distinguish the
clystallized regions. In this section, the author demonstrates the usefulness of the Raman
imaging technique for the characterization of microscale crystallization induced hy the
laser annealing. As a typical example, amorphous Mo03 film was chosen, because the
Raman signals of crystallized Mo03 are much higher than those for the amorphous
Mo03, and this work is described in Section 3.2.

Experimental

I ~m thick amorphous Mo03 films were prepared by vacuum evaporation of high

purity Mo03 powder (99.9 %, Koso chemicals Co.. Ltd.)

01110

I mm thick ITO glass

substrates, where the evaporation chamber was mailllained at 5 x 10 -5 Torr 3 Since
crystallization of freshly prepared Mo03 films with laser annealing was found to be
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difficult duc to their transparency. the films were reduced electrochcmically in a solution
of 0.1 M LiCI04 in propylcnc carbonate. As Mo6+ was reduccd to M 0 5+. thc film color
changed to bluc4 .5 and hence the optical absorption within the oxide increased. The films
were reduced galvanostatically at -30 ~A / cm 2 for 60 min.
In this study. Subsystems I, 2, and 5, shown in Fig. 2.1.1, were used for the
Raman spcctroscopic and imaging measurements. The 514.5 nm line of an Ar+ laser. at
a power density of 1.6 mW ~m-2, was used both to crystallize and to measure the Raman
spectra of the Mo03 films. The laser was focused down to a spot with a diameter of 2
~m

using a 50x objective lens in the microprobe Raman spectrometer. The amorphous

Mo03 thin films were annealed (crystallized) by rasteling a laser at a high speed (2

~m

/

s).

To obtain Raman images. the 632.8 nm line of a HeNe laser at a power density of
9 ~W ~m-2 was used. A 20x microscope objective Icns was used to focus the laser.
Two other objective lenses (40x,4x). located outside the microscope, were used in
conjunction with a pinhole having a diameter of 10 ~m to expand the pot size. Images
were measured using a spot with a diameter of approximately 70

~m.

A multilayer

dielectric; filter centered at 818 cm- t (20 cm- t bandwidth) was used to isolate the desired
Raman shift, corresponding to the highest intensity vibrational peak for the Mo03 crystal.
which has been assigned to the Mo-O-Mo stretching mode. Raman images werc taken
with an exposure time of 300 seconds and a they have a spatial resolution of I ~m.

Results and Discussion

As described in the previous section, amorphous Mo03 films were reduced in
order to facilitate the clystallization process. We found that laser annealing of films prior
to the reduction process produced no visible Raman peaks characteristic of crystallized
Mo03 films. A typical Raman spectrum of a clystallized region is shown in Figure 3.3.1

55

(solid line). These Raman bands are assigned to the molybdenum-terminal oxygen
stretching mode at 995 em' I (ag. b Ig). the doubly-connected bridge (Mo-O-Mo)
stretching mode at818 em· 1 (ag. big). and the lIiply-eonnccted bridge stretching modes
at 470 em· 1 (ag. big) and 665 cm- l (b2g. b3g). in agreement wilh Raman spectra for
MoO) crystalline powder. 6 However. it should be nOled that the peak width at 818 em' I
for the crystallized MoO) film was much larger than that found for MoO) crystalline
powder. which suggesLS that the fOlmer was more defective. A Raman spectrum of a
colored MoO) thin film annealed at half the laser power used previously. Cl.8 mW ~m-2.
is shown in Figure 3.3.1 (dashed line).

No sharp peaks are seen. even after an

irradiation time of 10 min .• which indicates that the film remained amorphous. We
believe that the broad bands at 860 em· 1 and 970 em· 1 for the amorphous MoO) film arc
analogous to the bands at 818 cm- l and 995 em- I for crystalline MoO) powder.
Furthermore. the shoulder ncar the 818 cm· l band for the crystallized film (solid line in
Fig. 3.3.1) is approximately at 840 em· l • which suggests that the crystallized film still
retained some amorphous character.
As described previously. bands of crystallized material were created on
amorphous MoO) films by rastering a laser beam. An optical micrograph of a laserannealed amorphous MoO) film is shown in Fig. 3.3.2a. The area shown is roughly 85
~m

by 85

~m.

The lines shown are separated by 16. 14. 14. and 12

~m.

[t should be

noted that the freshly prepared amorphous MoO) films were very smooth. However.
after being immersed in the propylene carbonate solution (0.1 M LiCI04). narrow (-0.2
~m)

cracks appeared. In Fig. 3.3.2a. the width of the cracks is wider than 0.2

~m.

which we believe is due to additional stress generated dllling the annealing process. This
optical micrograph shows that the five crystallized bands cannot be easily distinguished.
A Raman image of the same area was also taken. and the result is shown in Fig.
3.3.2b. The brightness in the image indicates the degree of crystallization. where an area
of higher degree of crystallization is shown as being brighter. It should be noted that the
crystallized bands can be seen more clearly in Fig. 3.3.2b than in Fig. 3.3.2a. The
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Raman image shown in Fig. 3.3.2b was obtaincd by subtracting a hackground Raman
image centered at 738 em-I from a Raman image centered at 818 cm- I in ordcr

10

rcmovc

broad-band luminescence due to impurities. Additionally. amorphou Raman bands.
which have almosl the same intensities at 818 and 738 cm- l • were also rcmovcd in this
process. The background Raman image centered at 738 cm- I (not shown) was uniform.
i.e.• the cracks seen in Fig. 3.3.2a were not seen. Since the Raman signal was mainly
generated in the bulk of the material. in contrast to the optical micrograph. which was due
to the renectivity at the surface. this result suggests that the cracks sccn in Fig. 3.3.2a are
conlined'mainly to the surface. Thc lines near the top and bottom of Fig. 3.3.2h are not
secn clearly since the laser spot was morc uniform near thc centcr and less so near the
edge of the rcgion shown. Thc whilC dots shown bctwecn the crystallized MoO) bands
occur randomly. and hcnce. thcy can be assumed to be due to cosmic lincs. Cosmic lincs
which appcar in Raman spcctra can be casily removed since thcy are much sharpcr than
Raman signals. but. in imagcs. cosmic lines can only bc removed by comparing a fcw
images of the same region.

The crystallized bands arc seen

10

be non-uniform

lengthwise; there are regularly spaced thinncr sections that can be sccn. This is an artifact
due to the holographic rejection filter used to isolate the laser line, and it occurs when a
highly rencctive specimen in being examined. This problem is being cO'Tected prescntly
by Renishaw. According to the Raman image, the crystallized bands have a thickncss of
approximately 4 11m exccptncar the edge of the laser spot. The width of thcse hands is
larger than that of the laser beam (211m) used to produce them. We belicve that this is
due either to thermal diffusion effects or multiple renectivity within the oxidc in case thc
laser used in the annealing process had a non-nonnal incident angle, or both.

Summary
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We have demonstrate the application of Raman imaging analysis in the study of
the crystallization process in semiconductors.

In particular. we have studied the

crystallization of amorphous Mo03 films by laser annealing. Raman imaging analysis
was particularly well suited for our work due to the large dilTerence in Raman signal
intensity for the amorphous and crystallized regions, which allowed the usc of a shon
exposure time. It was also well suited for our work because of the high spatial resolution
of I !-1m. This method can be easily applied to other semiconductor materials such as
silicon.
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Figure 3.3.2. (a) Optical micrograph of a Mo03 film after laser annealing. The lines
shown are separated by a distance of 16, 14, 14 and 12 ~m respectively. (b) A Raman
image obtained using a at multilayer dielectric filter with a 20 cm- l bandwidth centered at
818 cm-t, the main Raman peak for crystalline Mo03, which cO'Tesponds to the Mo--OMo stretching mode. The darker regions represent amorphous Mo03 and the brighter
regions crystallized Mo03. The 632.8 nm line from a HeNe laser, set to 9 ~W ~m-2 at
the specimen, was used.

60

61

3.4

Example 3.
Combined Raman and photoelectrochemical imaging
system.
Application to Ti02 films grown anodically on
Ti-Ag alloy

Introduction

Ti02 is one of the most widely studied chemical substances due its favorahle
physical, optical and electronic properties.

Numerous applicalions ulilizing lhese

properties include such areas as photocalalysis (e.g., photodegradalion of organic
compounds l -3 and solar energy conversion 4 ), corrosion-resistance in chemical reaClor
design,5 and electronic deviees 6 In recent years an impressive array of analytical
techniques has been utilized to investigate the properties of anodic films formed on
titanium surfaces, such as Raman spectroscopy.7 photoelectrochemical microscopy8 and
ellipsometry9 Of particular interests in fundamental studies arc (I) the electronic
properties (e.g., the densities of dopants and trap centers), (2) the optical properties
(e.g., the refractive index), and (3) the structural properties (e.g., the phase and the
composition) of these films.
A key factor in studying these oxide films is the ability to conduct the
investigation in-situ and avoid the complications associated with ex-situ tcchniques such
as possible changes in the film structure. IO.11 Two in-situ methods Ihat have been
commonly used in the study of oxide films arc Raman spectroscopy and photocUlTent (or
photovoltage) measurements. Raman spectroscopy is useful in providing structural
information of semiconductor materials such as the compositionl 2 and the phase. 7 On
the othel' hand. photocurrent measurements are very useful in studying the electronic
properties (e.g., the densities of dopants and trap centers) of dielectrics. 13 . 15
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Considerable improvement in these techniques over the past fcw years has made it
possible- to acquire in-siTu two-dimensional images.

Raman images t6 . 17 and

photocurrent images l8 . 19 are useful for obtaining the local spatial variation of thc
characteristics of a heterogeneous scmiconductor films.
In order to better understand the properties of thesc films. we dcvcloped a systcm
combining Raman and photoelectrochemical imaging measurements. The advantage of
this system is to compare directly the in-siTu Raman and photocurrent mapped images
over the same area. In this paper, we apply this system to investigate an anodically
grown TiOz films on Ti-Ag alloy substrates and determine the relationship between
structure and photocUlTent generation.

Experimental

In this study, Subsystem I (except direct filter-imaging system), 2, 3, 4, and 5
shown in Fig. 2. I. I were used for the Raman and photocurrent measurements. The
632.8 nm line of a He- e laser (NEOARK,

EO-30MS) at a power of I mW J.Im- z was

used as the excitation light source. On the other hand, both the 351 and 364 nm lines of
an Ar+ laser (Coherent, Enterprise 622) at a power of I mW J.Im- z were uscd in the
photoculTent measurement. The laser lines used for both the Raman and photoculTent
measurements were focused onto the sample using the same SOx objective lens mounted
on an Olympus BH-2 microscope.
The TiOz film was anodically grown on a Ag-Ti alloy substrate. The Ag (15
wt.%) was mixed uniformly with the Ti before forming the alloy, after which the
substrate (50 mm x 50 mm) was mechanically polished to a mirror-finish. Prior to
anodization, the substrate was etched in two differenl solutions: (I) 5 wt.% HF and (2) 5
wt.% HF and 10 wt.% HzOz. The oxide was grown potentiostalicaJly at 115 V (vs. a
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300 x 300 mm AI mesh counter electrode) for 30 minutes in I M H2S04 aqueous
solution.
The measurements of both Raman and pholocurrent images were taken over the
same area in a glass electrochemical cell containing 0.05 M H2S0.j aqueous Solulion. In
the experiments, a saturated calomel reference e1eclrode (SCE) and platinum wire were
used as the reference and counter electrode, respectively. The poinl-by-poinl Raman
specu'um of a 2 mm x 2 mm area was collecled althe open circuit pOlcntial with a 10

~m

scparation betwecn data points and a I second exposure time. For the photoeurrenl
measuremntes, an applied bias of 2 V (vs. SCE) was used with the 351 nm and 364 nm
lincs from the Ar+ laser modulatcd by a mechanical chopper al40 Hz.

Results and Discussion

We have studied thc anodically grown Ti02 film on Ag-Ti alloy substrate using
lhe abovc mentioned combined 2-dimensional systems. A lypical Raman spectrum of the
anodic Ti02 film in 0.05 M H2S04 aqucous solution is shown as curve (a) in Fig. 3.4.1.
The speclrum is acquired using an exposure limc of 20 sand the 632.8 nm line of the
He- e laser. The Raman speclra of rulile and analasc Ti02 powders (analylical grade)
are shown as curves (b) and (c). respectively. in the samc figurc. The Raman signal
passing through the eleclrolyte aqueous solution and glass window of the e1ccu'ochemical
ccll is aboul 3 limes weaker than thal in air. The Raman spectrum of the anodic Ti02 film
shows c1i~arly lhallhere is a mixlure of both anatase and rUlilc phases. Five Raman peaks
at 144. 196,396,517 and 639 cm- t can be assigned to the anatase phase, and the lhree
Raman peaks at 236, 446 and 610 cm· 1 correspond to the rUlile phase 7 .20 No silver
oxide peaks are observed.

Background scattering, which is caused by Raylcigh

scattering and stray light, is higher for the Ti02 film than that of thc powders. In order to
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identify the Raman scallering from the background seallering. we subtracted the illlensity
at around 320 cm- l from each of Raman bands.
Figures 3.4.2a and 3.4.2b arc Raman intensity images taken over the same 2 mm
x 2 mm area at 144 cm- I and 446 cm- I . respectively. The fonner corresponds to the
anatase phase and the later to the lutile phase. Since the Raman intensity of a particular
phase is propoltional to the eoncel1lration of that phase. the brighter area cOITesponds to
higher concentration of that phase as indicated in the scale beneath the image. In Fig.
3.4.2a many black spots with a diameter of 50 - 100

~m

are found as indicated by the

arrows. This heterogeneity is related to silver inclusions in the alloy which show up as
black spots in the image due to the reduced thickness of the Ti02 over the silver regions.
Similar domain sizes are also seen in an optical microscope before polishing. Figure
3.4.2a shows that the concentration of anatase is relatively uniform while Fig. 3.4.2h
shows that the concentration of the rutile phase is more heterogeneous. However. the
same black spots indicated by the an'Ows in Fig. 3.4.2a are in the same locations as in
Fig. 3.4.2b, supporting the idea of Ag inclusions in the alloy.
Nevertheless, there arc much more darker areas in Fig. 3.4.2b that are larger than
those in Fig. 3.4.2a. The large darker domains in Fig. 3.4.2b arc also presumahly
related to variation in the silver concentration in the Ti-Ag alloy substrate which is
revealed dUling oxide growth. The rate of dissolution of Ti and the rate of combination
with oxygen are crucial factors in forming anodically grown Ti02 films on Ti metal. In
the silver rich regions. oxygen evolution occurs more efficiently during anodic oxidation
and less Ti is convened to Ti02. Moreover the rutile phase is formed at a higher anodic
potential than the anatase phase.? Hence the observed results indicate that a higher
potel1lial is needed to oxidize Ti in the brighter region in Fig. 3.4.2b and is consistent
with the idea of having smaller amounts of rutile phase in silver rich regions.
Figure 3.4.2c shows the anodic photocurrent of the same area. As indicated in the
scale beneath the image, high photoeurrelll areas arc represented as bright regions. Since
the anodic Ti02 film is a n-type semiconductor, the anodic photocurrent measured is due
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to the flow of holes from the bulk oxide to the oxide/electrolyte interface. Thus. the
result shown in Fig. 3.4.2e implies that for photoelectrochemical processes where the
rate is detelmined by the flow and the reaction rate of holes, there are only certain regions
that arc very efficient in this anodically formed Ti02 film. It can be seen thm there are
regions with extremely high photocurrenLS. The brighter spots indicated by the arrows in
Fig. 3.4.2c correspond to the same black spots in Fig. 3.4.2a and 3.4.2b.

In photocatalytic reactions, it is well known thm silver deposited TiOz powders
shows higher elTiciency in the decomposition of organic compounds than without any
metal deposit] It should be stressed here that the heterogeneity observed in the
photocurrent image in Fig. 3.4.2c is correlated with the rutile concentration more than
with the anatase concentration. However, this docs not mean that charge separation and
transportation processes are enhanced by the rutile phase, but rather accelerated by the
silver under the Ti02 surface. In general, photocatalytic reactions and photoculTent
generation efficiency is lower with rutile than anatase 21 This difTcrence is usually
ascribed to thc differcnce of the band-structurc and the adsorption property of reactants
on the Ti02 surfaee. I - 3.21 The photocurrent depends not only on the crystal phase or
silver concentration, other factors, such as the doping density and the flat band potential.
probably also contribute to the efficiency of photocurrelll-generation and those
dependences can be revealed through a more quantitative analysis of the Raman peaks.
Such detailed expcl;mellls and analyses are under investigation.

Summary

A two-dimensional imaging system combining photocleetrochemical and Raman
spectroscopy techniques was constructed and used to investigate an anodically grown

TiOz film on a Ti-Ag alloy substrate. In-situ measuremenLS of both Raman and
photocUlrent images were acquired over the same 2 mm x 2 mm area in a 0.05 M H2S04
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aqueous Solulion. Helerogcncily of the Iilm is found in bOlh images and the <.:omparison
of the imagcs indicates lhalthe pholocum:11l is eon'e1aled more Slrongly wilh the rulile
phase of Ti(h rather thanlhe anatase phase. Arcas with a highcr phOlOCulTCnt gcneralion
contain less rutile phase.
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Figure 3.4.1. Typical Raman spectra of (a) an anodically grown TiOZ ftlm on a Ti-Ag
alloy substrate, (b) rutile powder, and (c) anatase powder. The exposure time was 20
seconds, and the 632.8 nm line of a He-Ne laser was used with a power of 1 mW ~m-2
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Figure 3.4.2. (a) A Raman intensity image of the anatase phase of an anodically grown
Ti02 film mcasured at opcn circuit potcntial in O.OS M H2S04 aqucous solution. (0) A
Raman illlcnsity imagc of thc rutile phasc takcn in thc samc arca as (a). Thc Cxposure
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mcasurcd at an applied bias of 2V (vs. SeE) in thc same solution. Scan ralC was 50 /lm /
s. and both the 351 and 364 nm lincs of an Ar+ ion laser wcrc used with a total power of
2
I mW /lm- Blighter regions cOITespond to higher photoculTcnt areas.
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Example 4.
Strain imaging analysis of Si using Raman microscopy

Introduction

Although much attention has focused on the research and developmcnt of
fabricating higher density and lower power semiconductor devices, there is also
considerable interest in further improving the yield and durability of such devices.
Failure in a device can occur at any number of stages before, during, and aftcr
fabrication. For instancc, defccts in tbe starting semiconductor material. misalignment of
a photolithography mask, or improper metallization and passivation can all conLJibute to
device failure. Another aspect of device failure is stress-related. Higb local stress can
give rise to defects in the silicon substrate and even to structural defects sucb as breaking
of the pad oxide, t which makes flJltber processing impossible. FUlthellnore, mechanical
stress is known to inOuenee the elecLJical characteristics of devices.

Metal-oxide-

semiconductor (MaS) integrated circuits have been reponed to degrade under mechanical
stress. 2 . 3
Raman spectroscopy is a useful and non-destructive diagnostic technique which
can detect various types of defects resulting in device failure. Dc Wolf el at. have
reported using micro-Raman spectroscopy to study mechanical stress in structure,
fabricated on silicon substrates.4.5 However to make this technique more viable.

IWO-

dimensional mapping is needed to locate defective regions. [n this section, we report on
the acquisition and analysis of two-dimensional Raman imaging of an AVSiOZ pattel11ed
Si wafer. Two-dimensional images of the variations in the Si Raman peak intensity.
shift, and broadening, which are related to changes in composition, stress. and
crystallinity in the Si, respectively, are generated. Moreover, since the generation of

73

these images oliginates from the same spatial location. relationships between the various
properties of Si and eenain stlUetural features can be drawn.

Experimental

A.

Instrumentation and Sample
The AFM measuremelllS were taken with a Seiko Instruments SPA 300

system under ambient conditions using commercially available Si3N4 cantilevers.
Images were obtained in a detleetion mode with a small amOUIll of integral gain. In this
mode, the topography is determined by monitoring the difference in the light intensity
reflected from the call1ilever as it moves over the surface using a split photodiode. The
small amount of gain createed the effect of side-lighting the surface and enhanced
eOlllrast in the image.
In this study, Subsystem I (except firect filter-imaging sysytem), 3 and 5 shown
in Fig. 2.1.1 werc used for the Raman and photocurrent measurements. The test sample
used for Raman imaging is an AI patterned test pad on a Si (001) wafer. The suostrate
consists of a 500 nm thick thermal oxide layer grown on a Si (00 I) wafer on top of
which a 400 nm thick AI layer was vacuum deposited at room temperature.

() special

cleaning treatment is used on the test sample plioI' to Raman imaging.

B.

Raman Image Acquisition
Figure 3.5. J shows a typical Raman spectlUm of a Si (00 I) single crystal. The

peak height of the lirst order Raman peak of Si is about 1450 countsls at 520 cm- I and
the HWHM (half width at half maximum) is approx. 2.4 cm- I Since the focal length of
our monochromator is relatively short, the Raman band width of Si is broader than
typically reported in the literature. The Raman peak position is calibrated using a
standard neon emission source. Using our Raman system, 25 ms is sufficient to detect
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the Raman signal of Si; however in order to calculate su-ain with a ceI1ain accuracy. a 250
ms exposure time is used to ohtain a Raman spectrum at each point. TOlal exposure time
to

obtain the Raman data in a 500 ~m x 500 ~m area constructed from 100CK) points is

2500 s. Each Raman spectrum is then lilted to a Lorenztian function and a background
baseline to determine variations in three components of the Raman spcctrum (i.e ..
intensity, width, and position).6-9 Thcse variations arc relatcd to the composition. defect
density and the degree of stress. In the case of stress imaging. a relation exists hetwccn
the stress, 1: (in Pal, and the Raman shift,,',w (in cm- I), of the signal. This relationship
can be expressed by the following equation. LO

11:1

= 2.49 xl 08·,',w

(3.5.1 )

A positivc or negative shift in the Raman peak position corresponds to compressive and
tcnsile stress, respectively.

Results

A,

Raman intensity image of Si
Figure 3.5.2a shows an optical micrograph of the Al test circuit on a Si (CK) I)

wafer. The area shown is 500

~m

x 500 ~m. The darker regions correspond to areas of

the bare Si substrate and the brighter regions correspond to areas of AI. The spatial
resolution of the image is -I

~m.

Figure 3.5.2b shows a raw data Raman intensity

image of Si taken in the same area as Fig. 3.5.2a. Fluorescencc signal caused by
residual masking material or dust particles is removed by subtracting the background
signal. The brighter regions in this image correspond to the strong Raman signal of the
Si wafer. In the Al regions, no Raman signal is detected in same spectrum range as in
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Fig. 3.5.1. This result shows that the thickness of the deposited Al film is sufficient to
renecl completely the exciting laser lighl

B.

Disorder image of Si
Variations in the HWHM of a Raman peak provide a degree of surface disorder

induced during processing. The line width increases when a material is damaged or
disordered. because these conditions increase phonon damping or change the rules for
momentum conservation in the Raman process. I I Figure 3.5.3a shows an image of the
variation in the HWHM of the Si Raman peak in the same area as Fig. 3.5.2a. The hlack
regions in Fig. 3.5.3a. corresponding to the blighter AI regions in Fig. 3.5.2a. have no
data of the HWHM since the Raman signals cannot be obtained in these regions as
mentioned above. Most of the sample looks very unifonTI, but several hright spots are
seen which cOITespond to a wider HWHM. In this particular case. scratch marks in the
Si wafer are the source of disorder in the film and are clearly evident from the image. A
cross scctional profile, indicated by the black dash line in Fig. 3.5.3a, is shown in Fig.
3.5.3b. A very sharp peak is found in Fig. 3.5.3b at point X and corresponds to the
damaged region in Fig. 3.5.2a. The width of the Raman line increases at point X which
is due either to spatial inhomogeneity there (i.e.. the presence of microcrystal lite of
various size) or the mixing of different types of stress. In the case of mixed stress. the
peak shifts toward lower frequencies. from 515 to 519 cm- t. is also reported. 12. 13

C.

Strain image of Si
Figure 3.5.4a shows a Raman strain image of the sample as indicated hy the

relative Raman shift of Si. The area of this image is the same as that of the micrograph in
Fig. 3.5.2a. The Raman shift of the Si substrate far from the AI circuits is set to D.OO
cm- I

The black regions in Fig. 3.5.4a, cOiTesponding to the brighter Al regions in Fig.

3.5.2a, have no data of the Raman shifl Brighter areas represent the areas with positive
peak shifts and corresponds to compressive stress. On the other hand, darker areas
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represent negative peak shifts and corresponds to tensile stress. On the left cdges of the
AI circuit. some pans clearly show compressive stress. The cross sectional profile of the
same region as Fig. 3.5.3b is shown in Fig. 3.5.4b. A positive 1.04 cm- t peak shifts at
point B occuring at the left side edge of the AI circuit is clearly observed. This peak
shifts at point B corresponds

to

a compressive stress of 2.59 x I0 8 Pa as calculated by

eq. (I). A small negative peak shifts, -0.10 cm- I. is also seen (point A) besides point B.
Similar pairs of peaks are also observed on the wafer as indicated by points E and F.
Around point G in Fig. 3.5.4b, slight compressive and tensile stress are found.
This region corresponds to the very narrow AI pattern. as clearly seen in Fig. 3.5.2a.
However. the same struclUre is difficult to see in Raman intensity image (Fig. 3.5.2c)
due to the spatial resolution of the Raman system used in these experiments.
Nonetheless. the outline of the AI pattern is observed in the stress image and presumahly
results from the stress distribution being wider than the area of AI pattern. The tensile
stress at point D is related to the damaged region that has high degree of the surface
disorder induced during processing shown at point X in Fig. 3.5.3b.

Diseussion

A.

Stress at the interface between the Si substrate and deposition layers
The coefficients of thermal expansion of Si and Si02 are 4.2 x I0-6 and 5.5 x I0- 5

K-I. respectively. The coefficients of thermal expansion of Si02 is ten times larger than
that of Si. Since the Si02 layer is made by thcrmal oxidation. compressive stress of Si at
room temperature will occur at the interface between the Si substrate and Si02 film
grown. In this palticular sample. it is difficult to see the strain since the Si02 film is
covered by the AI which rellects the exciting laser light for the Raman measurement.
However, strain is clearly observed along eertain edges along the left side of the AI
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circuit pallern. However the right, upper. and lower side of the AI pallern. hardly any
stress is found.
Discrepancy between lhe left and light side of the AI pallern is difficult to discern
in the optical micrograph (Fig. 3.5.2a) and thus the error in masking is less than I llm.
In order to study the origin of stress seen in Fig. 3.5.4a. atomic force microscopy
(AFM) images were obtained along the edges of lhe AI pallern. Figure 3.5.5a shows an
AFM images of lhe boundary region be[ween deposiled AI region and Si subsLI·ale. In
this image. points A and B correspond to the same location as poinls A and B in Fig.
3.5.4b. Two deposition layers are found on Si substrate as clearly shown in Fig.
3.5.5a. The lWO layers result from the Si02 layer (middle layer) not being complelely
covered by AI layer (top layer), indicaling some error in alignment of lhe
phOlolithography mask. On lhe contrary near point C. corresponding

10

thai in Fig.

3.5.4b, the Si02 layer is not observed (Fig. 3.5.5b). Figures 3.5.5a and 3.5.5b indicate
that the Al layer was a misaligned toward the right by approximately 500 nm. A
schematic model for this results is shown in Fig. 3.5.6. The compressive strcss at Point
B was detected becausc of the slight error in masking for the AI. On the contrary lhe
compressive stress left of point C was hidden by AI. The small tensile Slrcss al point A
and point C were caused by the reaction of the compressive stress.

B.

Accuracy in the determination of the Raman peak position
In order to discuss lhe Raman peak position calculated by a filling program, il is

important to verify the en'or associated with the filled parameters. To determine this
en'or, there are two possible procedures lhat can be followed: (a) repcalthe measuremenl
a number of times or (b) use Monte Carlo method 9 . 14-17 The laller was chosen sincc il
required less time for Raman measuring and Si is nOi stable under prolonged exposure
using a strong laser. The Monte Carlo method used consists of generating a new set of
data by randomly displacing the original spcclrum at each spcw'al dala poinl according
Poisson statistics (which is applicable to photon counting processes). That is,
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10

Yi new

for i = I. ....

= Yi + si

(3.4.2)

where si "is detelmined randomly according to Poisson statistics with a mean given hy Yi.
Results of a typical point cycled in 100.000 times showed that the error in determining
the peak position is about 0.07 cm- I standard deviation. So the stability of our system is
about 1.74 xl 0 7 Pa as calculated using eq. (3.4.1).

Conclusions
We have generated strain images of Al patterned test circuit on Si wafer using a
modified micro-Raman microscope by combining a commercially-available high ortical
throughput srectrometer with Peltier coolcd CCD detector and a XYZ sterrer stage.
Roughly a I cm- I positive shifts, corresponding to 2.49 x I0 8 Pa compressive stress.
was clearly observed ncar the boundary of AUSi02 film and bare Si wafer. lmprorer
alignment of the masked used for the Al deposition was attributed to the feallires
obselved in the stress image. Continued improvements in Raman instrumenLation should
make this technique a valuable tool for failure analysis of devices and possihly for online diagnostics.
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Figure 3.5.l. A typical Raman spectrum of a Si (001) wafer. The exposure time was 5
seconds. and the 514.5 nm line of a Ar+ laser was used with a power of 100 mW.
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Figure 3.5.2. (a) An optical micrograph of an AI test circuit on a i (001) wafer. The
area shown is 500 ~m x 500 ~m. The darker regions cOITespond l() areas of the hare Si
sunstrate and thc hrighter regions correspond to arcas of AI. (n) A Raman intensity
image of i taken in the same as (a). The image has heen processed hy subtracting the
haekground signal. The spectral range was set at 500 - 540 em-I. A hackground image
taken at a spectral range of 600 - 640 em-I was suhtracted from this image.
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Figurc 3.5.5. Thc AFM imagcs althc bOllndaly region betwcen thc dcpositcd AI region
and Si substratc (a) ncar points A and B and (b) near poinl C in Fig. 6.-+b. Two
deposited laycrs arc found on the Si substrate as c1carly shown in (a); howevcr in (b), the
Si02 laycr is nOl observcd. The images indicale thaL the Allaycr was a misaligncd toward
the right by approximatcly 500 nm.
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Figure 3.5.6. A schcmatic modcl for thc observcd Raman stress in the AJ pallcrncd
circuit. The comprcssive stress at Point B was detected due to a slight CITor in masking
for the AI. On the COnlrary the comprcssive stress left of point C was hidden by AI. The
small tensile stress at point A and point C werc caused by the reaction of the compressivc
stress.

4
SUMMARY AND FURTHER MICRO-RAMA
SPECTROSCOPIC APPLICATIO S

In this study, the author developed a new micro-Raman system for the study of
surface phenomena of semiconductor and metal oxide matelials. This system has live
advantages, as discussed in Chapter I. including I) high sensitivity. 2) Raman imaging.
3) electrochemical measurements. 4) comhined Raman-phoLOeleetrochemical imaging.
and 5) imaging of peak width and peak position.

Based on these advantages. the

capabilities of this system have been demonstrated by four significanl examples. as
described in Chapter 3, i.e., I) photochromic properties of MoO) films. 2) imaging
analysis of microscale crystallization of MoO) films. 3) combined RamanphotoelectrochemicaJ imaging analysis of Ti02 films, and 4) strain imaging analysis of
SilSi02 interfaces.
Funhermore, the capabilities of this system, particularly in imaging analysis. can
be applied to other types of characterization of semiconductors. e.g .. ion implantation
damage. determination of crystal orientation. and the measurement of free carlier density.
This system can be applied not only for semiconductor and metal oxide matelials hut also
for organic thin films or adsorbed molecules. In general, however, the Raman signals
for such organic films are too small for imaging analysis, and thus some signalenhancing effect is necessary, such as resonance effects and surface-enhanced Raman
scattering (SERS). The author is studying adsorbed molecules using SERS imaging
analysis..and this technique may have a number of potential applications. for example. in
the examination of Langmuir-Blodgetl (LB) monolayer films and self-assemhled
monolayers (SAM).
Moreover, the combination of the micro-Raman system and ncar-field scanning
optical microscopy (NSOM) can provide even higher spatial resolution. NSOM has
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atlracted considerable interest as an instrument for imaging topographic and surfacc relief
details of optical samples. with spatial resolution below the diffraction limit. Lateral
resolutions of ),)20 and vertical resolutions of ),) 100 have been claimed as achievahlc
from the various

SOM systems. This is achieved in practice by scanning a miniature

light-collection or light-emission aperture of suboptical wavelength dimensions ovcr the
sample surface. Tsai et al. l reported that Raman ~pecll'a of a diamond sample wcrc
recorded with subwavelength spatial resolution using a tapered-fiber optical prohe in
conjunction with a conventional Raman spectrometer. The author hopes that a comhined
high-sensitivity Raman spectrometer-NSOM system will provide Raman ill/ages with
subwavelength spatial resolution.
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