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1. Introduction

Ellipsometry is a powerful tool to gain the optical properties of materials though measuring
the change of polarization state of the probe light after interaction with the sample. It offers
a sensitive, nondestructive and comprehensive way to accurately determine film thickness
and optical constants of extensive materials, such as metals, ceramics, glasses,
semiconductors, and its compounds and composites. These materials can be liquid phase or
even gaseous phase, can be isotropic or anisotropic, and can be bulk materials or multi-layer
thin films.

Actually, the principle of ellipsometry was established one hundred years ago, but
ellipsometry was developing slowly over long time. During the past decades, the
ellipsometry techniques have developed rapidly, benefit from the advances in computer
science and technology.

In this chapter, we will provide an overview of principles, measurement techniques, data
analysis procedures for ellipsometry, and introduce the related applications of ellipsometry,
especially in the field of stoichiometry.

2. What is ellipsometry?
2.1 Measurement principles of ellipsometry

As Fig.1 shows, one beam of linearly polarized light with known wavelength, incident onto
the surface of an isotropy sample, the polarization state of the incident light turns to
elliptical polarization. This variation in polarization state depends on the parameters that
related to the sample and light, such as the incident angle of light, the refractive index of the
sample. If the sample is multilayered thin film system, the parameters will include the
optical constants and thickness of each layer, etc.

For convenience, the ratio p of the Fresnel amplitude reflection coefficients for p- and s-
polarized light is introduced and given by

p==" (1)
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50 Stoichiometry and Materials Science — When Numbers Matter

Where, 7, and r, represent the amplitude reflection coefficients for p- and s- wave
respectively. Both #, and 7, are complex, so is the ratio p, which is usually expressed in

terms of the two ellipsometry angles y and A (0<y <90°,0< A <360°) as follows

p =tanyexp(iA) (2)

Where, i and A are also called ellipsometry parameters. The ratio of the modulus of the
amplitude reflection coefficients is given by tany , and the phase difference between p- and
s-polarized reflected light is given by A . The two ellipsometry parameters  and A are
obtained directly from the measurement of ellipsometry.

p-wave
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polarized
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incidence
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Fig. 1. Reflection of p- and s-polarized light

Usually the samples are multilayered thin films, and the purpose of ellipsometry
measurement is to get the film structure and optical constants from the measured
ellipsometry parameters, such as the refractive index, extinction coefficient, and thickness of
each layer, etc. for the sample.

Fig.2 shows the process of ellipsometry data fitting and model analysis, and it includes the
following steps:

1. To collect the ellipsometry data of the sample from the ellipsometry measurement.

2. To build a suitable optical model for the sample with parametersn;(4),k;(1),d;, i
means the ith layer of the film. The film may consist of only one kind of material or
consist of several kinds of materials.

3. To select suitable dispersion model, such Sellimeier model, Cauchy model, Lorentz
model, Drude model, effective medium approximation (EMA) model etc., for each
layer. Which dispersion model should be selected for a certain layer depends on the
specific type of the film and we will discuss later in detail. In the model, some
parameters are known and the others are unknown. The unknown parameters will be
determined through mathematical inversion method.

4. To calculate the theoretical values of y and A using the selected model and compare
them with the measured values. The following function is usually employed for the
comparison:
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Where, the superscripts “meas” and “calc” represent the measured and calculated
ellipsometry parameters respectively. In Eq. (3), n and m are the numbers of the measured
data points and the analytical parameters, respectively. The unknown parameters in the
optical model, such as film thickness or optical constants, are varied and try to produce a
“best fit” to the experimental data. The best fitting results will lead to minimum of the
RMSE value or a value small enough, and then the physical parameters are obtained once a
good fit is achieved.

( N
Measurement (Experimental data)
\. J/
( )
/,:> Model (Theoretical data)
\ J

2

Fit ( Comparison of the Experimental data
and the theoretical data)
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Fig. 2. Process of ellipsometry data fitting and model analysis

From the above introduction, one may find that ellipsometry is an indirect way to get the
optical constants and thicknesses of each layer for a sample. The precision of the extracted
parameters by the ellipsometry measurement depends on two aspects:

1. The measurement accuracy of y and A .
2. The right model and suitable fitting method.

The general iterative algorithm which applied the most is least square method. However,
the algorithm must have a suitable initial estimate, or we can not get the reasonable
numerical solution. In order to determine the film parameters more quickly and accurately,
genetic algorithms, simulated annealing algorithm, artificial neural network algorithm and
other optimization algorithms have been gradually applied to the ellipsometric data
processing. It has greatly improved the convergence speed of the fitting process.

Here, we only provide a very simple introduction about the measurement principle of
ellipsometry. As for the detailed knowledge on this topic, please refer to some excellent
books or references [1-7].
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2.2 Types of ellipsometry
2.2.1 Null ellipsometer

In the 19th century and early 20th century, as the only light detector, human eyes can only
detect the presence or disappearance of the signal light from a quantitative point of view, so
the ellipsometers were based on null ellipsometry at that time [8-10]. The null ellipsometry
is usually of PCSA structure, P, C, S and A are the polarizer, the phase compensator, the
sample, and the analyzer device respectively. The order of letters shows the order
components arranged in the light path along the propagation of light. The operation of null
ellipsometry is to rotate the P, C and A, let the incident light intensity on the detector to the
smallest, and identify a set of azimuth (P, C, A) combination. The ellipsometry parameters
¥ and A are calculated from the azimuth combination. Automation technology had not
been developed at that time, and the PCA mechanical azimuth adjustment was all manual.
In order to obtain accurate azimuth, the measurement time can be up to several minutes,
after the azimuth measured, manual calculation should be done based on the principles of
polarized light.

In 1960s, in order to reduce the time spending in angle calibration, H. Takasaki [11] used
automation servomotor technology to drive polarizer and compensator and set the azimuth
of polarizers automatically. However, in this configuration, it was still unavoidable to use
human eye in the azimuth reading. Of course, the subsequent ellipsometry data processing
was still involved in the human. So this type of ellipsometer was only a semi-automatic
ellipsometer.

In 1967, J. L. Ord et al. applied the computer to send pulses to the stepper motors, read the
light intensity signals from optical detector through an analog-digital (AD) signal converter,
and precisely control and record the azimuths when light intensity comes to zero [12]. The
ellipsometry parameters were then calculated by computer program from the measured
azimuths.

During the operation of null ellipsometer, it is necessary to change the azimuths of the
polarizers or compensator through mechanical rotating of optical devices. Although the
application of automation technology has improved the rotary speed, but still subject to the
rotation limit of the mechanical components. Besides the mechanical method of changing
the polarization state, there is a phase modulated ellipsometry that add an electro-optic
modulated device to the polarized device, changing the output light’s polarization state by
phase modulation. The speed of changing polarization state depends on the electro-optical
effect (about several kHz), which is much higher than that of the mechanical rotation
(usually 1 ~ 100Hz). In 1960s, an ADP crystal with a large electro-optic coefficient was used
for phase modulation [13, 14]. In the same period, Winterbottom [15] proposed and proved
a new method to achieve phase modulation by using magneto-optical Faraday effect to
change the polarization state of the output light, and in 1970s H. J. Mathieu made this
method come true [16]. With the support of automatic circuit control system, the
ellipsometer using Faraday-effect cell obtained higher measurement speed compared with
the stepper motor-driven automation null ellipsometer. In addition, in 2004, K. Postava et al.
[17] applied the photoelastic modulation (PEM) crystal with photoelastic effect, which have
usually been used in the phase modulation photometric ellipsometer, to the null
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ellipsometer with PCSA structure, and produced an automatic phase modulation null
ellipsometer with high signal to noise ratio, high precision and high sensitivity but also fast
measurement speed. However, due to the electro-optic effect and photoelastic effect of the
modulator crystal are very sensitive to temperature, the phase-modulated ellipsometer must
work under the conditions of constant temperature and the calibration process of coefficient
of the crystal phase modulation is relatively complicated.

2.2.2 Photometric ellipsometer

In 1937, C. V. Kent and J. Lawson [18] first reported the photometric instrument with the
polarizer and compensator adjusted to produce circularly polarized light on reflection from
the sample. The analyzer was rotated at 40 Hz, and the pseudonull condition detected by
amplifying the output of the photocell detector and listening to the 80 Hz components on a
pair of headphones.

The modern type photometric ellipsometry technique, with the application of the stepper
motor, photodetector and computer control system, appeared in early 1970s [19, 20]. This
type of ellipsometry technique no longer needs to adjust the polarizers in the light path to a
specific azimuth and make the light reach the detector for a particular polarization. One
may use computer to precisely set the azimuths of polarizer, analyzer and compensator, and
make the polarization state of light reaching the detector changing continuously. The signal
of intensity of light with different polarization was changed to experimental data through a
linear AD converter and collected by computer. The data were then analyzed based on
principles of ellipsometry by computer. The ellipsometry parameters were obtained from
the Fourier analysis during the data processing. All the operation (from measurement to
data processing) can be performed by computer. Therefore, this photometric ellipsometer
represents a fast and fully automatic measurement.

Photometric ellipsometer can be divided into phase modulation type and mechanical
rotation type according to the method of continuously changing the light polarization. The
phase modulated ellipsometer (PME) [21, 22] is similar to the phase modulated null
ellipsometer in principle, but unlike the latter, PME works without mechanical rotation of
optical devices. PME has a very high measurement speed with kHz modulation frequency.
However, PME also has a fatal flaw same to phase modulated null ellipsometer: as a key
component, the modulator crystal is very sensitive to temperature drift, measurement error
will significantly increase if not used in constant temperature, and the entire build process is
complicated, so the cost is relatively high. Mechanically rotating photometric ellipsometer
can divided into rotating polarizer ellipsometer (RPE), rotating analyzer ellipsometer (RAE)
[23, 24], rotating polarizer and analyzer ellipsometer (RPAE) [25, 26] and rotating
compensator ellipsometer (RCE) [27]. In 1975, P. S. Hauge et al. applied rotating
compensator into RCE for the first time. In the situation of fixing the polarizer and analyzer,
one can measure all four Stokes vector components through rotating compensator, and this
method can be used to measure all polarization states, including the complete polarization
and partial polarization state. If the dual rotating compensator [28] structure is used, all
sixteen Mueller matrix elements can be measured. Compensator of RCE is a quarter-wave
plate, strictly speaking, valid only for a single wavelength, making it restricted in the field of
multi-spectral applications once.
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RPE, RAE and RPAE belong to the same kind of photometric ellipsometer, and they have
common advantages, such as simple structure, mature, low cost, etc. But they have an
obvious disadvantage: when the ellipsometry parameter A approaching 0°or 180°, the error
of measurement would be significant. Most of the early photometric ellipsometers only
rotate one of the three polarizers. RPAE is the latest invention. P and A can rotate at
different speed at the same time. The rotation ratio of P to A is flexible and can be 1:2 [25,
26], 1:1 [29], etc. The advantage RPAE has but the other two do not have is that it is not
necessary to know the background light intensity. So RPAE can obtain two sets of
ellipsometry parameters for the absolute calibration self-consistency, which is unique for
RPAE. Because the rotating polarizer is relatively far away from the detector in RPE, any
small deviation in installation of polarizer will bring the light spot reaching the detector
rotate around a non-central point, tend to increase measurement error. Except the
application in parallel measurement, the RPE is not as useful as RAE. In addition to C. V.
Kent [18], the first RAE was built in 1962 by W. Budde [23]. In 1969, B. D. Cahan developed
the first automated photometric ellipsometer using RAE-based structure [24].

2.2.3 Spectroscopic ellipsometer

It can’t determine the thickness of each layer with ellipsometry parameters of single
wavelength for multilayer samples. In order to determine the optical constant exactly, and
to get the structure of multilayer films with enough data by ellipsometry, the spectroscopic
ellipsometer (SE) has been developed. In 1975, D. E. Aspnes et al. reported an SE system
based on RAE for the first time [30]. A Xe lamp and Czerny-Turner grating monochrometer
were employed in the SE system. The spectral resolution was 0.2 nm. For single wavelength
A =400 nm, the total acquisition time was 7 seconds with cycles averaged per data point
=1000.

In 1984, R. H. Muller et al. developed an SE system based on Faraday Cell phase self-
compensation technique [31]. A special filter with uneven thickness was employed to choose
wavelength at different position when white light used as light source. According to
interference theory, different point at the filter with different thickness corresponds to
different central wavelength of transmittance. This method has low quality of
monochromatic light, but it has a high rate for changing wavelength with speed as high as
114 nm/s, and it can take 400 sets of ellipsometry parameters for different wavelength from
370 nm to 720 nm in 3 seconds.

In 1990, Y. T. Kim et al. realized a real time spectrum measurement with the combination of
RPE, prism spectrometer, and optical multichannel analyzer (OMA) [32]. It took 40 ms to
finish the measurement of 128 sets of ellipsometry parameters over the whole spectrum. In
2003, this group developed a generalized ellipsometer with multichannel detecting using
combination of RCE and OMA [33]. The measurement time depends on the rotating
frequency of compensation device, and it can take 150 sets of ellipsometry parameters in the
energy range of 2 - 5 eV in 0.25 seconds.

The spectral measurement technology has a new development with the combination of
multiple gratings and two dimensional array detectors. With the development of densely
folded spectral images of a charge-coupled device (CCD) spectrometer [34, 35], it is possible
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to obtain the real time spectrum with high accuracy and resolution in the collecting time of
CCD without moving of the mechanical devices. H. Y. You et al. realized a fast
measurement of ellipsometry parameters in visible light range with the combination of
array grating spectrometer and RPAE [36]. Recently, P. H. Mao et al. reported a new type of
ellipsometer using an integrated analyzer composed of 12 sub-analyzers with different
azimuth angles [37]. The new method having the merits of high speed and reliability in the
optical data measurement can be potentially used in the fields of real time process
monitoring.

Up to date, diverse of ellipsometry has been developed, such as imaging ellipsometry [38-
40], infrared spectroscopic ellipsometry [41-50], Mueller matrix ellipsometry [51-63], etc.
Here, we will not make a full introduction about the developments of ellipsometry. As an
example, a rotating-polarizer-analyzer ellipsometer (RPAE) will be introduced as follows.

2.3 Example: A rotating-polarizer-analyzer ellipsometer (RPAE)

Here, we take the RPAE as an example to show how an ellipsometer works. An improved
spectroscopic ellipsometer by synchronous rotation of the polarizer and analyzer (RPA) was
suggested, designed, and constructed many years ago [64, 65]. The configuration of RPAE is
shown in Fig. 3, light goes through a fixed polarizer, a rotating polarizer, sample and a
rotating analyzer before entering the detector.

Sample

Rotating Rotating

polarizer analyzer

Fixed
polarizer
Rotating ratio: A=2P

. Light Source Detector

Fig. 3. Optical configuration of the RPAE

For a convenient mathematical presentation, assuming that the coordinates s and p are
perpendicular and parallel, respectively, to the incident plane, the azimuthal angles of both
P and A are related to the s axis. Then the electric field that finally emerges from the
analyzer is

cosA sinAllr, O0|lcosP —sinP|[1 0] cosP sinP |1
E F= [1 O] . . . E,
—-sinA cosA||0 7, |[sinP cosP |0 0] -sinP cosP ||0 4)

= (rq cos Acos® P + r, sinAcosPsinP)EO

Therefore the light signal received by the detector is
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T<|E/

()
= 77(cos2 Acos* P+ isin2 Asin®2P(tan 1/1)2 + %sin 2Asin2P cos? Ptan l//cosAJ

where 71 is an arbitrary number related to light intensity, y and A are two ellipsometry
parameters. If A = 2P= oot, then

I=1y+I; cosayt + I, cos2ant + I5 cos3ayt + 1, cos 4yt (6)
where
Iy :%(7+3tan21//+2tanl//cosA)+Ib (7a)
I; =n(3+tany cosA) (7b)
I, =7(2 —tan’ ) (7¢)
I, =n(1-tany cosA) (7d)
I, :%(1+tan21//—2tam//cosA) (7e)

In Eq. (7a), Iyis the dc background signal. Hence

1/2
2(I, +1; -21
poz{ (1 3 2)} (8a)
I +15
COSA = 1 =31 (8b)

[2(1, + 1) (I + I, - 21,) ]2

or

ol +1,-2L,) |
pye| S e %)
2(21, +1, +41,)

3(1, +13) - 4(1, +41,)
1/2
[8(11 +1,)(1; +1, —212)]

COSA = (9b)

As for bulk material measured at the incident angle 6 in the air, the dielectric constant ¢ of
the sample can be calculated directly from the ellipsometry parameters as follows:

2
£ =sin? @ + sin” H tan? 6’(1_'0] =g +ig, (10)
1+p

www.intechopen.com



Ellipsometry and Its Applications in Stoichiometry 57

Where p = tan¥ exp(iA). €1, & are the real part and imaginary part of the dielectric constant
respectively. The refractive index n and absorption coefficient k can be obtained by:

17 172 —q1/2

n =$_(€12 +522) +€1_ (11a)
1 _ 1/2 _1/2

k = ﬁ_(gf +g§) =1 (11b)

The optical system of RPAE is shown schematically in Fig. 4. A Hilger DU560 high-intensity
0.5-m-grating (1200-line/mm) monochromator produced the quasi-mono-chromatic light
with a continuum light source provided by a 100 W quartz halogen filament lamp in the
350-800 nm range. The light from the lamp house was conducted by a fused-silica fiber-optic
cable to the monochromator. The analyzer and two polarizers were improved types of
Glan-Foucault calcite prisms, which were air-gapped in design so that the spectral response
could be extended to the UV range if the short-arc xenon lamp were used. The prisms were
specially made and strictly tested to have a center transmitted beam deviation of <1 min.

Motor |  _A—Ash---0 /_
Driver 1 . '\\
1
1
_._é.' Monochromator
1

1Y

Motor
Driver 2

Computer High /
Voltage

- ——

Lamp
11 _/ House

Wavelength
Counter

Fig. 4. Schematic diagram of the optical and controlling system of the RPAE: 1, light-
collimating lens; 2, the first fixed polarizer Py; 3, 4, rotating analyzer and polarizer,
respectively, directly mounted on the shafts of the stepping motors; 5, stepping motors with
hollow shafts; 6, light-shielding boxes; 7, sample; 8, mirrors that guide the laser beam for
sample alignment; 9, rotating table connected to the arm that holds the analyzer and
photomultiplier (P.M.T.); 10, rotating table connected to the sample-mounting stage; 11,
fused-silica fiber-optic cable.

To have fewer parts and to avoid mechanical transmission problems entirely, the rotating
analyzer A and polarizer P were directly mounted onto the motor shafts, which were
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hollow to let light pass through. The outer and inner diameters of the shafts are 9 and 5
mm, respectively. The probe beam size is 3 mm in diameter adjusted by the axis-centered
iris diaphragms. In the experiment, the analyzer and polarizer were driven synchronously
by two microstepping motors with 10* microsteps/revolution, i.e., with a resolution of
0.036 deg/step, instead of with timing belts. Hence the arm, which holds the analyzer and
photomultiplier, can move freely according to the incident angle set by the users. As
shown in Fig. 4, the arm holding the two polarizers is fixed. The arm, on which the
analyzer and photomultiplier with an S20 response are mounted, is connected to the
lower rotating table. The sample stage sits on the upper rotating table. The two rotating
tables are concentric. In the experiments both rotating tables are driven by two stepping
motors to positions exactly coincident with the incident angle with a computer-controlled
resolution of 0.001°. The entire optical system is mounted firmly on an optical vibration-
isolation table.

3. Data processing for ellipsometry

Optical constants of samples are determined from the change in the polarization state by
reflection (or transmission) in ellipsometry. The ellipsometry parameters (y, A) represent
the amplitude ratio and phase difference between p- and s-polarization. However,
ellipsometry parameters generally show complicated variations with changes in optical
constants and film thicknesses for the investigated samples. Since the ellipsometry
parameters can’t be related to what we interested directly, some mathematical analysis
should be done to get information such as dielectric function, film thickness and so on.

3.1 Effective medium approximation

Ellipsometry is very sensitive to sample surface and interface structures. Hence, to
incorporate these structures into an optical model for the investigated sample is necessary in
ellipsometry data analysis. The effective medium approximation (EMA) [66] has been
applied to calculating the complex refractive indices and dielectric constants of surface
roughness and interface layers. In addition, the volume fractions in composite materials can
be got from ellipsometry analysis using EMA.

A general equation that describes the EMA model is:

£-¢, =Zf,— 12)

E+Ye, T U€,+Y¢g,

Where, ¢ and f; are the dielectric function and volume fraction, respectively of j# material.
The quantities ¢ and ¢, are the dielectric functions of the effective medium and the host
respectively. Y is a factor related to screening and shape of the inclusion.

According to the above EMA equation structure, the difference of different EMA models
depends on the choice of the host material.

For example, the Maxwell-Garnett model just sets the first material which has the largest
volume fraction to be the host material (en=¢;1) and then the EMA equation reduces to:
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£ A =2/

13
e+Yeg 5 13)

g, +Ye

The Bruggeman model assumes that the host material is just the EMA dielectric function
(en=¢) which is self-consistent. For the Bruggeman model the EMA equation reduces to:

Z f; =0 (14)

g +Ye

The Lorentz-Lorenz model is obtained when the host material is chosen as air or vacuum
(en=1). The EMA equation reduces to:

Wi (15)

3.2 Dielectric function models

Optical constants are closely related to the wavelength of incident light, and it is known as
the dispersion relation. In the analysis of ellipsometry data, it is an important step to select
appropriate dispersion model for the investigated samples if the dielectric function is
unknown.

The Lorentz oscillator model is a classical model which is usually used to describe the
dispersion relation of semiconductor and crystalline materials. [6, 7, 67, 68] On the basis of
this model, the dielectric function is usually expressed as

A.
E(E)=1+Yy ——F— (16)
~Ey;—E*~iT ,E
It assumes that this material is a sum of the j oscillators. In above expression, the Aj is the
strength of jth oscillator in unit of eV?, I is the damping coefficient in unit of eV, Ey; in unit of

eV is the jth oscillator resonance energy and E is the energy of the light.

Sellmeier model is another model first proposed by W. Sellmeier in 1871. It is best suited to
transparent materials such as SiO,, MgF>, TiO,, BK7 optical glass and so on. It can also be
used for germanium, silicon, gallium arsenide, efc. in infrared spectra region. In the
Sellmeier model, the dielectric function can be regarded as a special region of Lorentz model
whose ¢ is 0. It can be expressed by equations:

B.A?
EI:nZ:A+Z—2" 5
T A A

£ =0 (17b)

(17a)

Cauchy model is regarded as an approximate function of Sellmeier model. It was an
empirical model first proposed by A. L. Cauchy. The equation of the model is expressed as:
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B C
A=A4+—+—F+.., k=0 1
n(A)= A+ 547t k=0 (18)

The Drude model is best suited to metallic materials such as Al and Au. It tries to explain
the properties of metals with the idea that electrons move free between positively charged
ionic cores. The dielectric function can be expressed as:

B 1
e(E)=1 ;E[E_ﬂ_j}. (19)

Usually one single term is sufficient for accuracy and the following equation is used:

E2
— _ p
E=¢, [1 F(E - iv)} (20)

Where, &, is the high-frequency lattice dielectric constant, E,=hw,, @, is the plasma angular
frequency and v is the electron scattering frequency.

The Forouhi-Bloomer (F-B) theory is first proposed by A. R. Forouhi and I. Bloomer in 1986
[67]. It is applied to parameterize the optical functions of amorphous materials. In their
work, they obtained the extinction coefficient k starting from the single electron model with
limited excited lifetime. The extinction coefficient k is given by:

A,(E - E)
-BE+C;

k(E) = Z

(21)

Where A;, B;, C; and band gap Eg are fitting parameters. Then the refractive index n
determined by Kramers-Kronig integration is as follows:

n(E) = n(eo) + i 2 Zcf s @)
By, = gﬁ{-%h E,B,—E.+ Cl.], (23)
G, =g{ +c,.)%—2Egci}, (24)
0 = %(401. - BH"2, (25)

The difference between F-B model and classical models is that when E goes large, the k(E)
approaches constant and the refractive index # is larger than 1. It is unphysical.
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Another model for optical functions of amorphous materials is Tauc-Lorentz (T-L) model
which is first proposed by G. E. Jellison et al. in 1996 [68]. The parameterization is obtained
as a combination of Tauc expression and Lorentz oscillator model for ¢ of a collection of
non-interacting atoms, and &(E) is given by

AEJ(E-E,)’
CE[(E*-E2) +T°E?]

£,(E) O(E-E,), (26)

Where, Ey is the peak transition energy and I is the broadening parameter, Eg is the band
gap and A is the prefactor. ® is the Heaviside Theta function, where ®(E<0)=0 and
O(E=0)=1.

Although the T-L expression is empirical, it is consistent with Kramers-Kronig relations and
the known physical phenomena, within the limitation of the model.

3.3 Data analysis procedure
The ellipsometry data analysis procedure consists of the following steps [6,7]:

1. Constructing an optical model. In the data analysis procedure in ellipsometry, an
optical model corresponding to the investigated sample structures must be constructed
firstly. An optical model is represented by the complex refractive index and layer
thickness of each layer, normally, it consists of an air/thin film/substrate structure. It
should be decided if any layer is anisotropic at this stage, and whether or not interface
layers are to be modeled as a single effective medium approximation, or is a more
complicated graded interface to be used for the sample.

2. Selecting the dielectric functions model for each layer. In some cases, the existing data
sets or some kind of parameterization are used. However, the dielectric functions of
layers are normally not known, and the dielectric function models described in section
3.2 are employed.

3. Fitting the measured (y, A) spectra and evaluating the fitting error. When the fitting
error o is large, the optical model or dielectric functions are optimized. Finally, from the
optical model and dielectric functions that minimize o, the optical constants and film
thicknesses of the sample are obtained.

Since ellipsometry is a model-based technique, therefore, the resulting best-fit model must
be evaluated for fit error and physical meaningfulness. Before the data analysis in
ellipsometry, it's necessary and important to make clear the sample structures. In other
words, when the optical model or film structures of the investigated sample are not known
well, the resulting ellipsometry data analysis must be justified by other characterization
methods. There are several techniques, such as scanning electron microscope (SEM),
transmission electron microscope (TEM), and atomic force microscope (AFM) have been
used to confirm sample structures established in ellipsometry data analysis procedure. This
is the disadvantage of the ellipsometry technique. Fortunately, the ellipsometry analysis has
a very high-precision, as soon as an analytical method for an investigated sample is
established. Moreover, much more reliable ellipsometry results can be obtained, if the
ellipsometry data analysis using a data set measured from different incident angles or
wavelengths.
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4. Application of ellipsometry in stoichiometry
4.1 Surface and interfaces

Ellipsometry is an optical monolayer-sensitive interface analysis method for the
investigation of various aspects of surface and interfaces, including surface stoichiometry,
surface roughness, adsorption, desorption, and surface strain, etc. In combination with the
availability of microcomputers, SE has been developed and widely used for studies of thin
films in the ambient, where parameters such as film thickness, composition, and interface
roughness are determined. SE is now a popular tool for in situ growth control and
diagnostics of interfaces.

Here, we will see the ellipsometry application in detecting the surface or interface
stoichiometry. Aspnes and Theeten applied SE to study the in situ optical properties of the
interface between Si and its thermally grown oxide [69]. They found there is an atomically
mixed layer of Si and O of average stoichiometry SiOgs:02, and the thickness of the
interlayer is (7+2) A. Fig. 5 shows the average stoichiometry and thickness of the Si-5iO,
interface for various substrate orientations and overlayer thicknesses. The refractive-index at
A=5461 A for SiOp 402 has value of 3.2+ 0.5. Similar research work by F. Giustino et al. also
showed that there exists an off-stoichiometric SiO,(0<x<2) layer of ~ 5-7 A between the SiO,
layer and Si substrate [70], and the suboxide region (i.e. the region containing the partially
oxidized Si atoms) is of higher refractive index in comparison with that of SiO; [71]. The
results given by F. Giustino et al. agree well with those by D. E. Aspnes. The off-
stoichiometry interlayer cannot be ignored, especially for ultra-thin film deposited on a
substrate. Q. Y. Cai et al. studied the evolution of optical constants of silicon dioxide on
silicon from ultrathin films to thick films, and found the refractive indices of ultrathin SiO,
on silicon substrate monotonically increase with decreasing thickness below 60 nm, as
shown in Fig. 6 [72]. The increasing of refractive index of ultrathin SiO, can be understood
as the contribution of the off-stoichiometry silicon oxide layer which has larger refractive
index.

Another important factor we are focusing on is the surface or interface roughness, which
should be considered carefully to determine the measured dielectric properties of "real"
materials, particularly as determined by ellipsornetry. The surface roughness layer is an
equivalent mixture layer composed of substrate and ambient materials. The volume fraction
of the ambient (usually voids) preset within the surface roughness layer is denoted as fyoid.
Fig.7 shows the (¥, A) spectra of crystalline silicon (c -Si) obtained from calculation by
applying EMA with considering different thicknesses of the surface roughness layer (ds)
[73]. In this calculation, ds was varied from 0 A to 50 A with a step of 10 A. The incident
angle used for the calculation was 6p= 70°, and fioia =0.5. The results show that the surface
roughness can be detected effectively by measuring the ellipsometry parameters. A more
common way to characterize the surface roughness is to employ both ellipsometry and AFM
as reported by several authors [74]. Figure 8 shows the relationship between ellipsometry
parameters and rms roughness obtained by calculation from AFM images. Compared with
AFM, ellipsometry is regarded as a fast and nondestructive method, and can be applied to
in-line measurement.
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Fig. 5. Average stoichiometry (top) and thickness (bottom) of the Si-SiO, interface for
various substrate orientations and overlayer thicknesses. After Ref. 69. Reprinted with
permission from the American Physical Society, Copyright 1979.
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Fig. 6. Experimental and formulated refractive indices at 550 nm for the SiO; films with
different thicknesses Loxide. After Ref. 72. Reprinted with permission from IOP Publishing,
Copyright 2010.
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i Surface roughnesslayer/c-Si
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Fig. 7. (¥, A) spectra of c-Si obtained from different thicknesses of the surface roughness
layer (d). In this calculation, ds was varied from 0 A t0 50 A with a step of 10 A. The incident
angle used for the calculation is 6p= 70°. After Ref. 7. Reprinted with permission from John
Wiley & Sons, Ltd., Copyright 2007.

Recently, SE has been extensively used for the characterization of organic materials and
biomaterials [75, 76]. With the development of ellipsometry, it is now possible to obtain
monolayer spectroscopy, e.g. of a protein layer at a solid/liquid interface, also to get the
detailed information on the kinetics of layer formation, and monitor the adsorption
processes of biomolecules in aqueous solution on a monolayer scale. With respect to organic
materials, polymer thin films [77-81], self-assembled layers [82, 83], Langmuir-Blodgett (LB)
films [84, 84], and liquid crystals [86, 87] have been studied intensively using spectroscopic
ellipsometry. Here, we will briefly overview biomaterial characterization using the
ellipsometry technique, as shown in Fig. 9 [88]. The ellipsometric spectra measured before
and after protein adsorption in a porous silicon layer are given in Fig. 9a. The information
both about the amount of protein adsorbed and about the adsorption depth was contained
in the difference between the two spectra. Four-layer model of a porous silicon layer with
human serum albumin (HAS) adsorbed in the pores, which had been achieved by analysis
using multilayer models and EMA modeling, was shown in Fig.9b.

4.2 Alloys

An alloy is a homogeneous mixture, either in solution or compound, of two or more
elements. Unlike chemical compound, which is formed from a chemical reaction, an alloy is
formed from a physical mixture of two or more substance. For example, GaAs is obtained
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from chemical reaction and it is a compound consisting of Ga atoms bonded to As atoms. So
GaAs is not an alloy. However, Al,Ga;,As is an alloy compound consisting of AlAs and
GaAs with a mole ratio of x:(1-x). Si,Ge1.x(0£x<1.0) is an alloy semiconductor, but SiC is not
an physical mixture of Si and C atoms and it is a compound. An alloy with two components
is called a binary alloy, and those with three, four, five components are called ternary alloy,
quaternary alloy and pentanary alloy, respectively. It has different properties from those of
the component elements and usually has better performances than those of materials with
pure element. Semiconductor alloys provide a natural means of tuning the magnitude of the
forbidden gap and other material parameters so as to optimise and widen the application of
semiconductor devices. The optical properties of alloys are important parameters for their
applications. SE is an excellent technique with which to investigate the optical response of
semiconductors and, in particular, to measure the spectral dependence of the dielectric
function. The optical properties of alloys vary with their composition, and alloy composition
is an important factor used for achieving maximum tunability. The composition-dependence
properties of alloys have been extensively studied using SE method. Here, we will give
some examples.
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Fig. 8. Correlations between ellipsometric parameters and rms roughness; data for the wet
etched sample are shown as the solid squares whereas that from the thermally processed
samples is shown as the open circles. Avs rms roughness is shown in (a) and ¥ vs rms
roughness is shown in (b). Fits to the EMA are shown as lines. After Ref. 74. Reprinted with
permission from American Institute of Physics, Copyright 1996.
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Fig. 9. (a) A vs. wavelength before (solid curve) and after (dashed curve) adsorption
ofhuman serum albumin in a 288-nm thick porous silicon layer. The measurements were
done in a citrate-HCI buffer (pH 4) at a protein concentration of 1 mg/ml. The angle of
incidence was 68°. (b) Four-layer model of a porous silicon layer with human serum
albumin (HAS) adsorbed in the pores. The voids are filled with buffer solution. The
numbers to the left are the thicknesses of the sublayers. After Ref. 88. Reprinted with
permission from Elsevier, Copyright 2000.

The Si;.«Gey binary alloy system has been widely used in high speed heterojunction bipolar
transistors (HBT) and has potential use in optoelectronic devices incorporating light sources
and/or detectors [89-91]. It is very important to understand the electrical and optical
properties of Sii.xGex binary alloy for using it well. The energy band gaps and optical
properties of Sii.xGey binary alloy vary with its composition. C. Pickering et. al. applied SE to
study thick, relaxed and thin, strained epilayers of Sii. \Ge; on Si in the range 0 <x <0.25
which is the range of importance for the SiGe HBT[92-94]. In Fig. 10, one may find the
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composition-dependence of the dielectric spectra for Sii.,Ge, binary alloy. The ¢ and e
peaks in the dielectric spectra can be seen to be consistent with a monotonic decrease
between Si and x=0.2.

R. D’Costa et al. reported the composition-dependence of optical transition energies and
other critical point parameters as measured with infrared and visible spectroscopic
ellipsometry and with photoreflectance for Gei.,Sn, alloys [95]. The results were shown in
Fig.11. In the figure, the solid squares indicate band gaps obtained from ellipsometry; the
empty square represents a photoreflectance measurement. The top dashed line represents a
virtual crystal approximation (VCA) pseudopotential calculation [96]. The solid line is a
linear interpolation between Ge and a-Sn. The dashed-dotted line is a VCA calculation
within a tight-binding formalism [97]. The dotted line is a fit with a quadratic polynomial
[95], and the dashed/double-dotted line is obtained using the composition-dependent
bowing proposed by Y. Chibane et al.[98].

III—-V semiconductor alloys are of great importance and now extensively applied in the
field of optoelectronic devices like light emitters, extensively applied in the field of
optoelectronic devices like light emitters, optical detectors, high speed electronic devices,
thermophotovoltaic (TPV) devices, etc. III—V semiconductor alloys have a large family,
including ternary alloys, such as AlGaP, GalnAs, A1GaSb, GaNP, etc., and quaternary
alloys, such as GalnNP, GaInNAs, GalnPAs, GalnAsSb, etc. The parameters of both lattice
and the energy band structures of semiconductor alloys are tuned by the composition. An
accurate knowledge of band structure enables the identification of alloy compositions where
maximum carrier mobility and lifetime are likely to be found for specific bandgap and
lattice parameter ranges [99].
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Fig. 10. The dielectric spectra of Si;«Ge, (x=0, 0.135,0.20,0.39) binary alloy. After Ref. 92.
Reprinted with permission from American Institute of Physics, Copyright 1993.
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Fig. 11. Composition-dependence of the direct gap Eo in Ge;-,Sny alloys at room
temperature. After Ref. 95. Reprinted with permission from American Physical Society,
Copyright 2006.

The incorporation of nitrogen into GaAs forms GaAsN, which is promising as active
materials for optical-fiber communication networks. M. Schubert et al. invested the nitrogen
dependence on the band structure of GaAsN alloy using SE and reported the dependence of
the critical points (CPs) energies E; and E1+A; of GaAsiyN, (0.1%<y<3.7%) on the nitrogen
composition y [100]. The results are shown in Fig. 12. The dotted lines correspond to the
strain-only shift of E; and Ei+A;. The dashed line is the alloy-only shift of E;. The dash-
dotted line is the sum of strain and alloying for E;. Solid lines are linear approximations to
the experimental data. With increasing nitrogen composition y, the CP energy Eoshowed red
shift, and the CPs E; and E;1+A; blue shift. For nitrogen compositions of 0<y<1.65%, the blue
shift of the E; energy was attributed to the sum of the effects of biaxial (001) strain and
alloying.

J. Wagner et al. applied SE together with resonant Raman scattering to study the GaAs;..N,
(0<x<0.033) interband transitions involving localized and extended states. The pseudo-
dielectric function spectra of GaAs;.xN,(0<x<0.033) obtained by SE showed a high-energy
shift and broadening of the E; and E;+A; interband transitions with increasing N
content[101]. Figure 13 shows the composition-dependence of the E; and E;+A; band-gap
energies, which were determined by the minima in d2<e2>/dE2. Ignoring strain effects, the
experimental data can be fitted, using E;GaN =7.0 eV, by E;GaN =2.901+2.363%10-2 x+1.74x10-4
x2 (eV) with the N concentration given in %. Similar results have also been reported by other
authors [102, 103].

As for III-V-N alloys, taking GaAs;-N, for an example, the incorporation of N to GaAs will
induce the contraction of the lattice parameter and further reduce the bandgap. While the
addition of In or Sb to GaN;As;-, will compensate these effects. So it is possible to grow
Gai-,InyN;As;-, or GaN,Sb,Asi--, quaternaries that are lattice-matched to GaAs or InP and
the findings are important for using these alloys for a variety of optoelectronic applications
[104, 105]. The real and imaginary parts of the bulk dielectric function ¢ of GaAs and of three
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GalnNAs samples are shown in Fig. 14 [106]. It is seen that, with increasing N content, the
Ei and E;+A; structures around 2.9-3 eV are smeared due to a disorder in the quaternary

compounds.
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Fig. 12. Room-temperature Eg and E; and E;1+A; values of GaAs;.,N,. After Ref. 100.
Reprinted with permission from American Institute of Physics, Copyright 2000
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Fig. 13. E; and E;+A; band gap energy of GaAs;IN, at room temperature vs N content x as
derived from SE data. Expected linear dependence of E; gap energy on x and fitted quadratic
dependence are indicated by dashed line and full curve, respectively. After Ref. 101. Reprinted
with permission from American Institute of Physics, Copyright 2000.
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Energy (eV)

Fig. 14. Real (&) and imaginary (g;) parts of the dielectric function in GaInNAs alloys after
numerical removal of the influence from the oxide layer: (a) GaAs; (b) x = 0.004, y = 0.07;

(c) x=0.0164, y = 0.05; (d) x = 0.0247, y = 0.08. Curves b, c and d are shifted by 5, 10 and 15,
respectively. After Ref. 106. Reprinted with permission from IOP Publishing, Copyright 2002.

The AlGaN system can be used in light emitting diodes (LED), metal-oxide-semiconductor
field-effect transistor (MOSFET), solar blind photo detectors, surface acoustic wave devices,
etc. It has been reasonably well studied. M. Stutzmann et al. [107] reported on a systematic
study of AlGaN alloys deposited by molecular beam epitaxy (MBE) with the aim to obtain a
consistent set of data for the structural, optical and electronic properties of these alloys, which
covered the entire compositional range from GaN to AIN. A UV ellipsometer at the Berlin
synchrotron facility BESSY I was applied to characterize the samples, and the pseudodielectric
functions of AlGaN over a wide energy range (3-17 eV) are shown in Fig. 15. In the figure, one
may find that E; and E; transitions shift to higher energies with increasing Al content, however
less pronounced than the fundamental edge transition Eo. The spectra of all samples also show
a yet unidentified transition at photon energy of about 13 eV. Antoine-Vincent et al. reported
optical constants in the 300-600 nm range for several Al compositions of Al,GaiN alloy layers
grown on (111) Si substrates [108]. An accurate knowledge of the refractive indices of AlGaN
alloys will be helpful for effective design of devices.

Metals and their alloys have important application in information storage devices, sensors,
medical devices, efc. SE is an excellent tool to measure the dielectric response functions,
which contain information on the optical transitions between the occupied and unoccupied
electronic band states. K. J. Kim et al. reported ellipsometric study of optical transitions in
Agi.,In, alloys in the 1.2-5.5 eV energy range, and the results are shown in Fig. 16 [109]. As
In is added, one can clearly see the splitting of the two transition edges, the strong
L3—L'5(Ef) (d band to Fermi surface near point L) around 4.1 eV the weak L'»(Er)—L; (Fermi
surface near point L to a higher conduction band) around 3.8 eV, which were not resolved in
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pure Ag. With increasing of In concentration, the magnitude of &; at low photon energies
increases. This can be interpreted in terms of the increased intraband scattering rate of the
conduction electrons below the interband absorption edge due to the added impurities.
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Fig. 15. Imaginary part of the pseudo-dielectric function measured by UV ellipsometry.
After Ref. 107. Reprinted with permission from Elsevier, Copyright 1997.
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Fig. 16. The &, spectra of various Agi.In, alloys. After Ref. 109. Reprinted with permission
from American Physical Society, Copyright 1988.
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4.3 Composites

SE with an EMA model is now extensively used to determine the effective refractive index,
thickness, and volume fraction of thin nanocomposite films [110-112]. R. Serna et al.
investigated the optical properties of Bi:Ge composite thin films using SE [113]. The films,
grown on chemically cleaned Si (100) substrates at room temperature and produced by
pulse laser deposition (PLD) in vacuum, were formed by Bi nanocrystals embedded in
amorphous Ge matrices. The Bi:Ge films were grown with 12, 25, 50, 100, or 200 pulses on
the Bi target and constant number of pulses on the Ge target (100 pulses). The SE
measurement was taken with a step of 10 nm in the 300-800 nm wavelength range. The
measured ellipsometry parameters of the composite films were simulated using the
Bruggeman and Maxwell-Garnet EMA models in three dimensional isotropic systems
considering spherical particles and a standard regression method. For comparison, the Bi
content in the films was also measured by Rutherford backscattering spectrometry (RBS).
Then the optical constants could be calculated from the ellipsometry parameters supposing
an absorbing film lay on a crystalline silicon substrate with the thickness of thinner films
(20-40 nm) determined by RBS.

Figure 17 shows the real (1) and imaginary (k) parts of the complex refractive index as a
function of the wavelength for the films grown with 25 and 200 pulses on Bi per layer. Only
the values of n and k for the films with 25 and 200 pulses on Bi per layer have been included
for clarity. For comparison, the values of n and k for pure PLD a-Ge [114] and Bi [115] films
are included in the figure. One may observe that the curves with 200 and 25 pulses on Bi per
layer are close to those of pure Bi and pure a-Ge, respectively. The reason may be attributed
to the increase of the crystal size [116].

Dielectric composites have potential applications in the design of optical devices or
microelectronic devices [117-119]. MgO is a promising low refractive index oxide with n; of
about 1.62-1.74 (at A=550 nm) [117], while TiO; has a relative high refractive index with ny
of about 2.27-2.48 (at A=550 nm) [118], and thus it is expected to have a tunable refractive
index in the MgO-TiO, composite films by controlling the Mg content. So the performance
of the optical devices can be improved with the higher refractive index (ny-nr) and thinner
thickness of the two materials [119]. It has been reported that MgO can tune the band gap of
ZnO from 3.4 to 7.8 eV depending on Mg content in MgO-ZnO composite films [120]. An
accurate knowledge about the properties of the dielectric composite will broaden their better
application. SE is proved to be a powerful tool in the study of the optical properties of those
materials.

C. Ye et al. reported the optical properties of MgO-TiO, amorphous composite films using
SE [121]. The MgO-TiO; composite thin films were sputtered on n-type (100) Si and glass
substrates at room temperature by radio frequency magnetron co-sputtering. The growth
rate of the composite amorphous film increases with increasing Mg content (atomic ratio of
MgO/(MgO+TiO»)). A dispersion model depending on the interband absorption of thin film
is essential for data analysis. The Tauc-Lorentz model especially suitable for amorphous
material [68, 122] was used to characterize dielectric function (e=e,+ig;) of the amorphous
MgO-TiO, composite film. A three-layer optical model was constructed on Si (100)
substrate, i.e., SiO; interface layer (L1), MgO-TiO, composite layer (L2), and a surface rough
layer (L3) supposing 50% void and 50% MgO-TiO, material in the surface rough layer and
using Bruggeman EMA [123]. The best fitting results of layer thickness, Eg, and the value of
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refractive index (at A=550 nm) were summarized in Table 1. The data in the table show that
with the increase of Mg content the thickness of the surface rough layer (L3) and the
composite layer (L) increases, which indicate the increase of growth rate of thin film.

300 I 460 I 560 I 660 I 760 I 800
Wavelength (nm)

Fig. 17. (a) Real, n and (b) imaginary, k, parts of the complex refractive index as a function of

wavelength, for Bi:Ge films with 25 and 200 pulses on the Bi target per layer, and for films of

the pure elements (a-Ge and Bi)(see Refs. 114 and 115) grown by PLD under the same

conditions for comparison. After Ref. 113. Reprinted with permission from American

Institute of Physics, Copyright 1998.

Mg (%)  Li(nm) Lo(nm) L3(nm) L=(Ly*+Ls) n@550nm Eg(eV) Eg(eV)

(nm) SE Abs
20.2% 1.59 50.72 2.36 53.08 2.21 3.36 3.50
41.8% 2.88 54.03 3.32 57.35 2.11 3.42 3.63
51.2% 1.98 57.95 3.91 61.86 2.02 3.48 3.68
62.4% 1.55 95.22 4.61 99.83 1.96 3.80 3.73
77.4% 3.95 135.55 5.44 140.99 1.89 4.05 3.79
85.7% 6.89 197.08 6.42 203.50 1.82 4.08 3.84

Table 1. Best fitting results extracted from the simulation of SE data of MgO-TiO, composite
films with different Mg contents. [After Ref. 121.]

Figure 18a shows the refractive index in the 190-830 nm wavelength range of the composite
films with different Mg contents. In the figure the refractive index for all the films first
increases with the wavelength until the maximum value and then decreases. The maximum
shifts to shorter wavelength with the increase of Mg content (blue shift). This same behavior
has also been observed in different materials [124-126]. The inset in Fig. 18 (a) shows the
linear relation between the refractive index (at A=550 nm) and Mg content in the MgO-TiO,
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composite films. The similar results derived from SiO2-TiO2 amorphous thin film, deposited
by double electron-beam co-evaporation, show that the refractive index also decreases linearly
as the content of SiO2 in the composite increases [127]. Nevertheless, in other composite thin
films, such as ZnO-InOs; and ALOs-TiO,, there is no simple linear dependence of the
refractive index on its component [128, 129]. The refractive index will be influenced by the
packing density and the crystalline quality of the film. But at present, the essential reason of
linear change for the refractive index is not very clear, and the possible reason might be the
amorphous structure of the composite films with atom cluster mixed together to form MgO-
TiO, composite. Figure 18b shows the extinction coefficient (k) of composite films as a function
of the wavelength with different Mg contents. The extinction coefficient firstly increases with
the wavelength until the maximum and then decreases rapidly to zero when Mg content lower
than 61.4%. While for the composite films with Mg content of 61.4% and higher, the extinction
coefficient monotonously decreases until zero. Figure 18b also shows that the extinction
coefficient is nearly zero at visible light region and decreases with the increase of Mg content
except for the wavelength shorter than 260 nm. The wavelength at which the extinction
coefficient is zero moves to short wavelength (blue shift) with the increase of Mg content. The
behavior is in accord with the shift of the absorption edge which will be described below in
Fig. 19. The consistency lies in the direct proportional relationship between the extinction
coefficient and absorption coefficient, a=4mk/A.
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Fig. 18. Refractive index (a) and extinction coefficient (b) of MgO-TiO, composite films with
different Mg contents. The inset shows the dependence of the refractive index at 550 nm on
Mg content. After Ref.121. Reprinted with permission from American Institute of Physics,
Copyright 2007.
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Figure 19 shows the absorption spectra of the MgO-TiO; composite films on glass substrate.
It is observed that the absorption coefficient decreases and the absorption edge occurs blue
shift with the increase of Mg content. The blue shift might derive from the quantum size
effect. The optical band gap (E;) can be obtained from a plot of (ahv)l/2 versus photon
energy (hv), as shown in the inset in Fig. 19. Extrapolation of the linear portion (ahv)/2 to
zero gives value of E,. The results are also listed in Table 1, which shows that the optical
band gap of the composite film increases with the increase of Mg content. Compared with E,
extracted from T-L model in SE simulation (shown in Table 1), there are only a slight
difference (less than 0.25 eV) between them. In conclusion, a wide energy band oxide MgO
as an additive in TiO; films can enlarge the optical band gap of the thin films.
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Fig. 19. Absorption spectra of MgO-TiO, composite films with different Mg contents. The inset
shows the plot of (ahv)!/2 vs hv for a larger than 10¢cm-1. After Ref. 121. Reprinted with
permission from American Institute of Physics, Copyright 2007.

5. Conclusions

This chapter introduces the principles, measurement techniques, data analysis procedures
for ellipsometry, and provides the related applications of ellipsometry, especially in the field
of stoichiometry. As examples, we give an overview of the various ellipsometry applications
in stoichiometry for surface and interfaces, alloys and composites, etc. It's shown that
ellipsometry, either alone or in combination with other techniques, is now a mature
technique which has been successfully applied to large variety applications. There will be a
bright future for ellipsometry as its combine accuracy, speed, and proven reliability with the
huge advantage of nondestructive characterization.
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