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INTRODUCTION

Present-day trends in the development of thin-film
technologies and semiconductor production must
involve reducing the characteristic dimensions of pro-
duced structures [1]. This places more stringent
requirements upon analytical instrumentality for moni-
toring the parameters of layered structures during pro-
duction. It is necessary to trace the composition of the
layers; the degree of their structural quality; and, prima-
rily, their geometric parameters, i.e., the layer thick-
nesses. There are many techniques for such monitoring:
Auger spectroscopy, the diffraction of fast and slow
electrons, X-ray photoelectron spectroscopy, atomic
force microscopy, etc. Among these techniques, a spe-
cial place is occupied by ellipsometry (see, e.g., [2, 3]).
Ellipsometry is an optical technique based on the analy-
sis of the polarization state of light reflected from the
sample. This technique is used in studies of the physical,
chemical, and morphological properties of surfaces;
measurements of the layer thicknesses in multilayered
structures; and the characterization of the optical proper-
ties of thin films. A number of this technique’s impor-
tant advantages make it extremely attractive. Below, we
list some of the advantages.

First of all, the universality of ellipsometry should
be mentioned. The optical constants (the refractive
index 

 

n

 

 and the extinction coefficient 

 

k

 

) that ultimately
define the result of ellipsometry measurements are the
basic parameters of a substance. Any external influence
induces, as a rule, changes in the optical properties of
the system under study. Therefore, ellipsometry can
provide a means for characterizing a large variety of

physical properties, such as the composition of multi-
component compounds, the density of foreign nanoin-
clusions, the structural quality, and the quality of inter-
faces. Ellipsometry can be also used in the detection of
changes induced by temperature variations or effects of
electric, magnetic, or mechanical fields, as well as in the
studies of many other phenomena. In contrast to, for
example, electron diffraction, ellipsometry is an equally
adequate technique as applied to crystalline and amor-
phous materials. We can also add that ellipsometry is a
highly sensitive technique: the sensitivity to changes in
the refractive index is ~1 

 

×

 

 10

 

–3

 

, and the sensitivity to
changes in the film thickness reaches monolayer frac-
tions. By optimizing experimental conditions, the
above-indicated sensitivity parameters can be improved
by an order of magnitude.

One more important feature of the technique is that
it provides nondestructive and nonperturbative mea-
surements. The energy of probing photons is only sev-
eral eV. The effect of such phonons on the structure
under study is negligible when compared with, for
example, an electron beam in which the energy of elec-
trons is three or four orders of magnitude higher. This
makes it possible to use ellipsometry in studies of such
unstable chemical compounds as proteins and even liv-
ing organisms in microbiology. The light penetration
depth depends on the absorption coefficient of the
material; as a rule, the depth is about hundred nanome-
ters. It is from this depth that the valuable data on the
structure are obtained. Therefore, there is no need to
remove the material layer-by-layer, thus breaking the
sample to measure the parameters of a deeper layer or
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to profile the sample. The only problem interpreting the
data of the measurements.

As a rule, the use of particular instruments imposes
some restrictions on the samples to be studied, as well
as on the conditions of measurements. For example,
some measurements are often carried out in vacuum.
Many techniques involve the special preparation (dis-
section) of the samples before measurements. Such
requirements are sometimes in conflict with technolog-
ical conditions. In this respect, ellipsometry seems less
than ideal. Light propagates just as easily in vacuum as
in air or in any other transparent medium, even if the
medium is corrosive. The sample does not need to be
specially prepared for the measurements. Thus, one
more positive feature of the technique should be men-
tioned: ellipsometry is a rapid method. The total cycle
of measurements, including mounting of the sample on
the specimen stage, takes only several seconds. The
loose requirements on the experimental conditions, the
contact-free mode of measurements, and the high oper-
ation speed make ellipsometry practical and allow the
use of this technique for monitoring the parameters of
structures directly during fabrication or for studying
various externally induced physical effects in real time
(RT), i.e., in situ.

The history of ellipsometry goes back to studies by
P. Drude in the late 1880s [4–6]. In these studies, the
basic concepts of ellipsometry were formulated and the
reflection of polarized light was used in measurements
of the optical constants of metals. This technique
remained little needed up to the middle of the last cen-
tury. An impetus to the development of ellipsometry
was given by the demands of semiconductor microelec-
tronics being extensively developed at that time. A sim-
ple, accessible, and reliable method was needed to pre-
cisely monitor the thickness of insulator layers of semi-
conductor-based structures, and ellipsometry could
meet these demands in the best possible way. Moreover,
it was found that the potential of physical ideas forming
the basis of the technique is much more extensive: this
technique allows not only measurements of layer thick-

nesses, but also characterizations of the physical and
chemical properties of layers and the study of the rather
subtle processes at the surface.

From this point on, ellipsometry started being exten-
sively developed. Its development was stimulated by
another two factors: the emergence of directed mono-
chromatic radiation sources, i.e., lasers, and the wide-
spread occurrence of high-speed computers. The latter
factor made it possible to facilitate the procedure of
interpreting the data of measurements; to extend the
model conceptions describing the properties of the
structures under consideration; and, thus, to turn to
studies of more complex systems. The development of
this technique followed several interconnected direc-
tions. Among those, we mention, first of all, the devel-
opment of corresponding equipment: ellipsometers
operating in a wide spectral region, high-speed laser
ellipsometers, and specialized instruments with partic-
ular functional capabilities. At the same time, the
methodical fundamentals, the models for interpreting
the ellipsometry data, and the algorithms and methods
of finding numerical solutions of ellipsometry prob-
lems were making progress. In turn, this resulted in the
extension of ellipsometry from microelectronics to
other fields of knowledge: solid state physics, physics
of surfaces, material science, technologies of optical
coatings, chemistry of polymers, electrochemistry,
biology, medicine, etc.

THE BASIC PRINCIPLES OF ELLIPSOMETRY

The essence of the technique is illustrated in Fig. 1.
A plane-polarized wave falls onto the sample to be
studied, and generally, after being reflected, it becomes
elliptically polarized. The parameters of the polariza-
tion ellipse, i.e., the orientation of its axes and the
eccentricity, depend on the optical properties of the
reflecting structure and the angle of light incidence. In
the experiment, one measures the ratio between the
complex reflection coefficients for two types of polar-
ization of the light wave, specifically, for light polarized
in the plane of incidence (

 

p

 

) and orthogonally to the
plane of incidence (

 

s

 

). This ratio is commonly
expressed in terms of ellipsometric parameters 

 

ψ

 

 and 

 

∆

 

that characterize the relative change in the amplitudes
of the 

 

p

 

- and 

 

s

 

-polarized waves and the phase shift
between these waves:

(1)

Ellipsometry measurements are found to be more
informative than photometric measurements, because
the two quantities (the amplitude parameter 

 

ψ

 

 and the
phase parameter 

 

∆

 

) are measured simultaneously in one
experiment. Therefore, from Eq. (1) it is possible to
determine any two parameters of the model that
describes the reflection coefficients 

 

R

 

p

 

 and 

 

R

 

s

 

. The coef-
ficients 

 

R
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 and 

 

R

 

s

 

 depend on the optical properties of the
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Fig. 1.

 

 Schematic illustration of the principle of ellipsome-
try measurements. When reflected from the surface, linearly
polarized light becomes elliptically polarized.
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structure, the angle of light incidence, and the wave-
length. If the number of parameters to be determined is
larger than two, one can conduct the measurements at
several angles of light incidence (multiangle ellipsom-
etry) or by scanning the wavelength of light (spectral
ellipsometry), thus increasing the number of equations.

The ellipsometry experiment involves a number of
successive steps:

(1) executing the required number of measurements
(determining the left-hand side of Eqs. (1));

(2) choosing an adequate optical model to describe
the reflection properties of the sample under study
(modeling the right-hand side of Eqs. (1)

(3) numerically solving the set of equations and
determining the sought-after parameters of the model;

(4) interpreting the numerical results in terms of the
physical characteristics of the system.

The models available at the present time allow one
to calculate the reflection coefficients of multilayered
structures, structures nonuniform in thickness, and het-
erogeneous layers consisting of mixtures of several
components, as well as to describe the reflection from
rough surfaces and island films. Such a comprehensive
approach makes it possible to conduct prompt nonde-
structive monitoring of rather complex layered struc-
tures.

EQUIPMENT FOR ELLIPSOMETRY

There is a large variety of optical arrangements of
ellipsometers (the instruments for measuring ellipso-
metric parameters) [2, 3, 7–10]. All of these measure-
ments are based on the conversion of light polarization
with linear optical elements, specifically, polarization
prisms and phase-shifting devices. The essence of the
measurements is illustrated by the diagram in Fig. 2.
A monochromatic light beam emitted by the source
passes through the polarizing prism (polarizer P) and
becomes linearly polarized. After being reflected from
surface S to be studied, the light becomes elliptically
polarized. The parameters of the corresponding ellipse are
analyzed with a phase-shifting wafer (compensator C) and
the second polarizing prism (analyzer A). At certain
azimuthal positions of the optical elements, the light
beam is completely suppressed and the photoelectric
detector records the zero signal intensity. By determin-
ing these positions experimentally, one can measure the
ellipsometric parameters. This shows the principle on
which the zero-type ellipsometer operates. It is possible
to fix the position of two optical elements and to rotate
the third (e.g., the analyzer) with a constant angular
velocity. From the amplitudes of the Fourier compo-
nents of the output signal from the photoelectric detec-
tor, it is also possible to calculate the ellipsometric
parameters 

 

ψ

 

 and 

 

∆

 

. This is the operating principle of
the photometric ellipsometer. It is possible to split the
light beam reflected from the sample into individual
polarized components and to measure the intensities of

each of them. In this case, the azimuthal rotation of the
optical elements is not needed, and one can attain high-
speed operation. This is the static photometric mode of
measurements.

With regard to their functional capabilities, the com-
mercial ellipsometers that are available can be conven-
tionally classified into several groups. First of all, we
mention the group of spectral ellipsometers that allow
measurements at optical wavelengths from the near-
infrared (IR) region up to the vacuum-ultraviolet (UV)
region. The main field where such instruments can be
applied is scientific investigations: recording the spec-
tra of optical constants and spectral parameters of vari-
ous materials [11–19], analyzing inhomogeneous and
layered structures [20–22], and characterizing ultrapure
surfaces [23, 24]. As a rule, operating spectral ellipsom-
eters calls for users that are highly skilled in the partic-
ular field of investigations and in the theoretical basis of
interpreting the data of ellipsometry experiments.

Another group of instruments is made up of high-
speed laser ellipsometers. Such instruments are used
not only in scientific investigations, but also in high-
technology production. In the latter case, such ellip-
someters serve as monitoring instruments [25]. Due to
the simplicity of functioning, the operating personnel
can be moderately skilled. Such ellipsometers, when
built in the processing line, are sometimes used as indi-
cators to signal deviations from the required technolog-
ical conditions and allow for the rejection of subpar
products. Due to the high operating speed of laser ellip-
someters, these instruments find wide use in studying
the kinetics of high-rate processes as well [26, 27].

For local measurements on surfaces and for study-
ing microsystems, special instruments are produced
that have a probing beam several micrometers in diam-
eter. With such instruments it is possible to map physi-
cal characteristics over the sample surface automati-
cally in a short time.

At the Institute of Semiconductor Physics, Siberian
Division, Russian Academy of Sciences (below
referred to as the ISP), research associated with ellip-
sometry began development in 1967. The ISP orga-
nized all-union conferences on ellipsometry regularly
for many years. The proceedings of the conferences
were issued by the Nauka publishing company [28–31].
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Fig. 2.

 

 Schematic diagram illustrating ellipsometry mea-
surements. Polarizer P, reflecting surface S, compensator
(phase-sifting element) C, and analyzer A are shown.
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Over the last 40 years, much progress has been
achieved in solving a number of methodological prob-
lems of practically applying ellipsometry to the studies
of semiconductor structures and to the in-process mea-
surements. In this time, works aimed at developing
models of ellipsometry instruments satisfying the gen-
eral demands of scientific experiments and industrial
monitoring were conducted. To this day, the ellipsome-
ters of all of the above-listed groups have been devel-
oped at the ISP, where the instruments are now being
manufactured [32–35]. These instruments are based on
the original static optical arrangement [36, 37]. Its main
advantages are the lack of rotating elements and modula-
tors, the high-speed operation, and the high sensitivity.

The spectral ellipsometer, having been manufac-
tured for several years and constantly improved, is
shown in Figs. 3. The ellipsometer can conduct mea-
surements in the spectral range from 250 to 1000 nm in
several seconds. For this purpose, a high-speed mono-
chromator capable of scanning the spectrum over the
above-indicated range in 2 s was specially developed.
The minimum scanning pitch is 0.5 mm. For the light
source, a high-stability xenon or halogen lamp is used
in the ellipsometer. The light source and the monochro-
mator are situated close to the ellipsometer, and the
light beam is introduced into the polarizer arm through
a quartz optical fiber. The ellipsometer is equipped with
a sample stage that makes it possible to move the sam-
ple in the vertical plane and along two horizontal coor-
dinates in the range 0–25 mm; in addition, it is possible
to vary the tilt of the sample. The goniometer equipped
with a mechanism to lift the arms makes it possible to
vary the angle of light incidence onto the samples in
order to choose the optimal conditions for measure-
ments. One other convenience of this instrument is the
USB interface, so that it can be connected with a com-
puter. This assures high reliability, ease, and universal-
ity of operation.

Modern ellipsometers cannot function without
developed software support. The instrument is fur-

nished with a computer program running with Win-
dows XP. This program allows measurements in differ-
ent modes of operation and an analysis and simulation
of the experimentally obtained data. Specifically, with
this program it is possible to calculate the thicknesses
of film structures; to determine the spectral dependences
of optical constants of new materials by the Cauchy, Sell-
meier, or Forouhi–Bloomer formulas [38]; to determine
the composition of multicomponent materials in the
Bruggeman, Maxwell–Garnett, and Lorentz–Lorentz
effective medium formalisms; and to determine the gra-
dient of distribution of material parameters throughout
the film thickness. In addition, it includes an extended
database of the optical constants of advanced materials.

The laser ellipsometer is similar in appearance, but
it has no lamp unit. For the light source, a He–Ne laser
is mounted directly on the arm of the polarizer. The gas
laser emits stable narrow-beam high-intensity mono-
chromatic radiation, providing a high signal-to-noise
ratio. In turn, this provides highly precise measure-
ments in a very short time. Since this ellipsometer is
based on the same static photometric arrangement with
no rotating elements and signal modulation, the mea-
surement time is controlled mainly by the accumulation
and digitization of signals to attain the desired preci-
sion. The minimum measurement time with this instru-
ment is 40 

 

µ

 

s, and the optimal time, in which one
attains the sensitivity of measurements of polarization
angles at a level of 0.003

 

°

 

, is 1 ms. Such parameters
gife us the opportunity to measure the thicknesses and
optical parameters of film structures with a high degree
of precision in real time and to study the high-rate
kinetic processes of adsorption and desorption, heating,
etc. For these purposes, modified versions of spectral or
laser ellipsometers can be set on the processing or
experimental vacuum chambers to conduct in situ mea-
surements (Fig. 4).

To conduct measurements for microsystems, a scan-
ning laser ellipsometer with a high spatial resolution,
MicroScan, was developed at the ISP (Fig. 5). The

 

Fig. 3.

 

 Exterior view of a spectral ellipsometer. The ellipsometer consists of the lighting and measurement units connected with an
optical fiber.
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ellipsometer is equipped with an optic lens microsys-
tem to focus the laser beam into a spot 10 

 

µ

 

m in dimen-
sions, a 20

 

×

 

 power magnifying microscope or autocol-
limator to adjust the sample visually, and a two-coordi-
nate scanning stage to move the sample along two
coordinates in the range 0–150 mm during the measure-
ments. The measurements are conducted in the auto-
matic mode of operation upon scanning the surface
under study; the results are represented as a topogram
of the experimentally measured parameter or a three-
dimensional map of the parameter in real time. The
MicroScan ellipsometer also has the advantages of
static arrangement. The scanning here is conducted in
the non-stop mode of measurements; i.e., the signals
are uninterruptedly read off at 1-ms intervals during the
motion of the stage and correlated with the moving
coordinate. This opens up considerable opportunities
for developing industrial ellipsometry units for the
high-speed mapping of 200- or 300-mm disks.

APPLYING ELLIPSOMETRY TO SCIENTIFIC 
INVESTIGATIONS AND TO TECHNOLOGY

Using ellipsometry to solve many kinds of problems
in different fields of knowledge presents an extended
topic specially discussed in a number of review papers
[40–40]. Some ideas on this subject can be found in the
table presented here.

Even at a cursory glance, our attention is engaged by
the fact that a large variety of applied problems in quite
different fields that are in no way related to each other
can be solved by this technique. The common feature of
the examples listed in the table is that the subject of
investigations using ellipsometry is nanometer thin-
film structures. When classifying the examples, we can
divide them into two groups, one corresponding to sci-

entific investigations and the other to in-process diag-
nostics.

The IPS accumulated a large amount of experience
in using ellipsometry to solve both scientific and
applied problems. We present here some examples of
the use of ellipsometry in solving a large variety of such
problems. All of the measurements discussed below
were accomplished with the ellipsometry instrumenta-
tion developed in the IPS and described in the previous
section.

One of the most promising fields of present-day
nanoelectronics involves applying silicon-on-insulator
(SOI) structures to the technology of integrated cir-
cuits. Ellipsometry was used to measure the thickness
and to characterize the properties of the cut-off silicon
layer in the SOI structures during the step-by-step thin-
ning of the layer by oxidation [45]. Figure 6 shows the
experimentally obtained spectra 

 

Ψ

 

(

 

λ

 

) and 

 

∆

 

(

 

λ

 

) and the
reconstructed parameters of the Si/SiO

 

2

 

/Si/SiO

 

2

 

 struc-
ture at three successive steps of thinning. The optical
spectra of the cut-off layer were simulated as the spec-
tra of the mixed amorphous and crystalline phases.
With the use of ellipsometry monitoring it is possible to
reduce the thickness of the Si layer to several nanome-
ters. In this case, from the experimental spectra it fol-
lows that the reduction of the thickness from 3 nm fur-
ther is accompanied by the disappearance of the crys-
talline structure of silicon and the formation of the
amorphous phase. In addition to these results, the ellip-
sometry measurements provide a qualitative character-
ization of the degree of smearing of the Si–SiO

 

2

 

 inter-
faces.

In the last few yeas, low-dimensional structures,
e.g., silicon or germanium nanocrystals embedded into
an insulator matrix, have attracted considerable atten-
tion. The photoluminescence spectra of such structures
are shifted to short wavelengths from the optical
absorption edge of the corresponding bulk semiconduc-
tors, and this shift can vary in accordance with varia-
tions in the dimensions of the inclusions. This makes

 

Fig. 4.

 

 The analyzing unit of an ellipsometer. The unit is
mounted on a ultrahigh-vacuum setup for the epitaxy of
photosensitive MCT layers.

 

Fig. 5.

 

 The scanning laser ellipsometer MicroScan allows
local measurements and mapping of the surface parameters
over the surface area of the sample.
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Table

 

Field of knowledge Examples of application

Solid state physics Study of the energy band structure

Physics of semiconductors, micro-
electronics, and nanoelectronics

Characterization of layered structures, measurement of the thicknesses of ultrathin
layers, study of fast processes (phase transitions, structural transformations in crystals)

Physics of surfaces Study of atomically clean surface and superstructural transitions, study of adsorption–
desorption processes; characterization of morphological properties of surfaces

Technology of semiconductor
structures and materials

Monitoring of the thicknesses of subgate insulator layers in the technology of metal–
insulator–semiconductor (MIS) transistors, monitoring of epitaxy characteristics
(thickness and rate of growth of layers, their structural quality and chemical composition, 
quality of interfaces between phases), temperature measurements in the conditions
of ultrahigh vacuum, diagnostics in the final stage of ion-plasma etching of layers

Optics and optical technologies Monitoring the thicknesses and spectra of optical parameters of multilayered interference 
coatings; diagnostics of layers with graded properties monitoring of the quality of treated 
optical surfaces; a measurement of constants characterizing elastooptic, magnetooptic, 
and electrooptic effects

Electrochemistry Study of the processes of growth and dissolution of anodic oxides; monitoring of metal 
corrosion

Organic chemistry Study of structural transformations in polymer materials, study of Langmuir–Blodgett 
films

Biology and medicine Study of blood coagulation, study of adsorption of proteins and immunological 
responses, immunological tests

Ophthalmology Study of optical properties of ocular media

Astronautics Study of effects of the near-Earth space on structural units and instrumentation of flying 
vehicles; spaceborne material science

 

these structures promising as emitting media in opto-
electronics.

Figure 7 shows the spectral dependence of the
absorption coefficient of the GeO

 

2

 

 film containing built-in
Ge nanoclusters as calculated from data obtained with a
spectral ellipsometer [46]. Arrows mark the observed
absorption peaks. The energies 4.37 and 3.7 eV corre-
spond to the fundamental absorption edge of GeO

 

2

 

 and
to the absorption peak in amorphous Ge, respectively.
The low-intensity peak at the energy 

 

E

 

 = 2.28 eV is due
to transitions in the electronic structure of the nanocrys-
tals. The energy position of this peak is controlled by
the average dimensions of the clusters. The results are
consistent with the photoluminescence spectra.

The process of formation of nanoclusters is of great
interest to gain an insight into the physics of such struc-
tures. High-speed laser ellipsometry was used in the
real-time observations of structural transformations
during high-temperature annealing of the SiO

 

2

 

 films
implanted with Ge

 

+

 

 ions [47]. For these purposes, the
authors of [47] designed a packaged heater that allowed
pulsed heating of the samples to high temperatures
(Fig. 8). The heater was mounted on the sample stage
of a high-speed laser ellipsometer. For the implanted
structures, the measurements were conducted in a nitro-
gen atmosphere with a 100-ms periodicity. The experi-
mental data obtained for the ellipsometric parameters 

 

ψ

 

and 

 

∆

 

 at continuously increasing temperatures are
shown in Fig. 9. It was found from the experiments that

the ellipsometric parameters rapidly changed in the
temperature range of from 500 to 650

 

°

 

C. It was estab-
lished that the rate of these changes was limited only by
temperature and not related to the migration of atoms.
It was established by numerical simulation that the
changes were due to the crystallization of structurally
distorted silicon near the Si–SiO

 

2

 

 interface and, in addi-
tion, to the annealing of radiation defects formed in the
SiO

 

2

 

 layer during implantation. At a temperature close
to 950

 

°

 

C, the nanocrystals start to form in the insulator
layer. This process is accompanied by sharp changes in
the behavior of the ellipsometric parameters.

Low-dimensional systems exhibit unique physical
properties that can be noticeably different from the
properties of the corresponding bulk materials. Among
other things, it was reported that the melting tempera-
ture of Ge nanoclusters was 200

 

°

 

C higher than that of
the Ge bulk [48]. By laser ellipsometry, the melting
process of Ge thin films was observed in real time [49].
An amorphous Ge (a-Ge) film with a thickness of 5 nm
was deposited onto the Si/SiO

 

2

 

 structure in the setup for
molecular beam epitaxy (MBE). Then the top of the
film was covered with a SiO

 

2

 

 layer grown by plasma-
enhanced chemical vapor deposition (PECVD). In the
resulting Si/SiO

 

2

 

/a-Ge/SiO

 

2

 

 structure, the thin a-Ge
layer was sandwiched in an insulator matrix that
remained chemically stable in the entire temperature
region. Figure 10 shows the temperature dependences
of the ellipsometric parameters measured on short-time
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heating of this structure. At the initial stage of heating
to 500

 

°

 

C, the ellipsometric parameters change only
because of the temperature dependences of the optical
constants of the layers. Noticeable changes are

observed in the range 500–550

 

°

 

C; these changes are
due to the partial crystallization of amorphous germa-
nium. At 700

 

°

 

C, the ellipsometric parameters exhibit
stepwise changes, suggesting that the optical properties
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Fig. 6. Spectral ellipsometry data (circles and triangles) for the Si/SiO2/Si/SiO2 system and the structures simulated on the basis of
these data. Step 1: on thinning of the upper Si layer, the resulting film is 3 nm in thickness and exhibits optical properties corre-
sponding to the Si crystal; there are transition regions at the interfaces. Step 2: further thinning of the Si layer to 1.5 nm modifies
its optical properties that become closer to those of amorphous Si. Step 3: in the final stage of thinning, the film takes the form of
amorphous silicon islands in the SiO2 bulk.
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Fig. 7. Schematic representation of the structure under study and the spectrum of the refractive index of the film. The spectrum is
simulated on the basis of ellipsometry data. The slightly pronounced peak at the energy E = 2.28 eV is due to electronic transitions
in quantum dots.
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of the structure change dramatically. When considered
at a quantitative level, these results can be attributed to
the melting effect of the Ge film, because the optical
constants of the melt sharply differ from the optical
constants of the crystal phase. It should be noted, how-
ever, that similar stepwise changes in the opposite
direction are observed upon the cooling of the structure.
In this case the film melts at 200°C lower than the melt-
ing temperature of crystalline Ge (937°C), and the

solidification temperature is found to be even lower,
about 620°C.

One illustrative example is the use of ellipsometry in
the MBE technology of photosensitive structures based
on the mercury–cadmium telluride (MCT) ternary
compound CdxHg1 – xTe. The MCT layers grow at a rel-
atively low temperature (~200°C). Therefore, in this
case the electron diffraction technique is an ineffective
method of monitoring the growth, because the high-
energy electron beam induces local heating of the sam-
ple and modifies the conditions of growth in the area
probed by the beam. In contrast, the soft nonperturba-
tive effect of light has no influence upon the epitaxy
processes.

Ellipsometry was used to monitor heat cleaning of
the GaAs surface commonly subjected to such treat-
ment in the final stage of preparing substrates for epit-
axy [50]. Figure 11 shows variations in the parameter ∆
of the GaAs (100) surface under variations in the
annealing temperature. The increase in ∆ corresponds
to the decrease in the thickness of the adsorbed surface
layers and oxides. In the temperature range 500–550°C,
a sharp increase in ∆ is observed. This is due to vapor-
ization of the oxide layer and to the formation of an
atomically clean surface. However, even slight over-
heating induces the decomposition of the sample and
the development of a rough surface relief. This process
is accompanied by a sharp decrease in ∆, as can be seen
from one of the curves in Fig. 11. Using ellipsometry, it
is possible to monitor the process of heat cleaning of
surfaces in real time and to avoid any roughening of the
surfaces.

In the initial stage of growth of the MCT layers, the
damping interference oscillations of ellipsometric
parameters are observed. These oscillations are repre-
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sented as a convoluted spiral in the ψ–∆ plane (Fig. 12).
The shape of this spiral and its end point are defined by
the composition parameter x of the growing CdxHg1 –

 xTe layer and by the quality of the layer surface during
the growth. The formation of a surface relief yields a
shift of the end point to smaller values of ∆. The devel-
opment of the surface relief suggests that the parame-
ters of growth (molecular beam densities and substrate
temperatures) deviate from the optimal values. These
deviations are responsible for the growth of a defect
layer, and, eventually, its structure becomes polycrys-
talline. In the earlier stages of formation of the relief,
the technological parameters can be corrected to avoid
its further development and, thus, to attain a high struc-
tural quality of the grown layer [51, 52]. In this case, the
surface relief serves as an indicator of unfavorable con-
ditions of growth.

In the technology of manufacturing MCT-based
photosensitive heterostructures with specified proper-
ties, one of the governing characteristics is the compo-
sition of the layer. It is necessary to maintain the com-
position parameter x (the molar fraction of CdTe in the
CdxHg1 – xTe ternary compound) accurate within δx ~
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Fig. 10. The ellipsometric parameters ψ and ∆ measured on short-time heating of the thin amorphous Ge film (5 nm) sandwiched
between the SiO2 layers. Arrows mark stepwise changes induced in ψ and ∆ by melting of the Ge film on heating. Similar stepwise
changes are observed upon cooling; these changes are attributed to crystallization of the Ge layer.
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0.001 throughout the process of growth. Ellipsometry-
assisted monitoring makes it possible to attain such pre-
cision due the heavy dependence of the optical param-
eters of MCT compounds on their composition.
Because of this, the parameter ψ, measured for the
growing layer, is a function of x. Therefore, the mainte-
nance of the quantity ψ at a preset level throughout the
process of growth is equivalent to the maintenance of
the particular composition. Moreover, the empirically
determined dependence ψ(x) makes the controllable
variations in x and the growth of layers of graded com-

position possible [53, 54]. Figure 13 illustrates one
such structure. In this structure, at the boundaries of the
working region of the photodiode, the regions of a
wide-gap material were grown to suppress the surface
recombination of charge carriers. The variations in the
composition were attained under smooth variations in
the cadmium flux.

The feasibility of controllable variations in the com-
position offers good prospects for developing MCT-
based quantum nanostructures [54–57]. With an effi-
cient analytical technique for in situ monitoring of the
composition and thickness of layers such as ellipsome-
try, it is possible to grow structures involving quantum
barriers, quantum wells, superlattices, and other sys-
tems exhibiting unique physical properties. Figure 14
schematically depicts a quantum well structure in
which the transport properties of charge carriers in
magnetic fields are expected to exhibit quantum behav-
ior. To obtain good characteristics, it is necessary to
maintain the layer thicknesses (indicated in Fig. 14)
accurate within 1 or 2 nm. Figure 15 shows the theoret-
ical curve describing the changes in the ellipsometric
parameters during successive deposition of the constit-
uent layers of the structure (circles). Regions OA and
BC correspond to the growth of wide-gap Cd0.735Hg0.265Te
liners, region AB corresponds to the growth of the
HgTe quantum well, and region CD corresponds to the
growth of the 40-nm CdTe layer. The theoretical curve
was calibrated against thickness. This made the in situ
monitoring of the growth process possible. Specifically,
it was possible to switch the molecular beam at the
appropriate time points, to dope the layers with indium,
and to grow layers of a specified composition and thick-
ness. Markers show the layer boundaries, i.e., the
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experimental points, at which the sources of molecules
were switched to change the composition and the
source of dopants was switched on or off. In the struc-
tures grown in such manner, the Hall measurements
were conducted and the results showed that there was a
two-dimensional electron gas with an unprecedented
mobility of charge carriers [57].

One topical problem of the technology of vacuum
growth is how to measure temperatures. The interior
elements of vacuum chambers (cryopanels, heaters,
and molecular beam sources) are at substantially differ-
ent temperatures. These differences are responsible for
considerable temperature gradients that make measur-
ing the temperature of the sample rather difficult. Ellip-
sometry measurements provide exact data on the sur-
face temperature of the sample, because, as a rule, light
penetrates into the sample no deeper than 1 µm. The
ellipsometry measurements of the temperature are
based on the thermooptic effect, i.e., the dependence of
the refractive index on temperature. On this basis, it is
possible to determine from the ellipsometry data the
temperature for such materials as Si and GaAs within a
few degrees.

In [60, 61], a new ellipsometry method for measur-
ing temperature was suggested. This method is based
on the interference effect. For the sensing element, the
ZnTe film grown on a semiconductor substrate is used.
As the temperature is increased, the phase thickness of
the film changes. In turn, this yields substantial changes
in the ellipsometric parameters. The specific feature of
this method is that the effect is proportional to the geo-
metric thickness of the film, and the sensitivity can be

made to be very high if “thick” ZnTe films (with a
thickness larger than 1 µm) are used. The ZnTe semi-
conductor material was chosen only because its funda-
mental absorption edge is close to the photon energy of
probing light and, hence, provides significant thermally
induced optical changes.
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In-doped 10 nm

undoped 8 nm

HgTe 21 nm

undoped 5 nm

In-doped 10 nm

undoped 8 nm

CdTe 6 nm

ZnTe 50 nm
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Cd0.735Hg0.265Te

Fig. 14. The quantum well structure grown to study the
charge transport properties in magnetic fields.
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Figure 16 shows a theoretical curve describing the
changes in the ellipsometric parameters on heating the
ZnTe/GaAs structure with a ZnTe film thickness of
1.7 µm. This curve is calibrated against the temperature
measured in degrees Celsius. The measurements con-
ducted for such a sample in the MBE setup in the “heat-
ing–stabilizing” mode of operation showed that, as the
temperature increases, the ellipsometric parameters
shifted along the theoretical curve. This made it possi-
ble to measure the operating temperature of the surface
with high precision (~1°C) and to calibrate the temper-
ature conditions provided by the heater. The scatter of
points in Fig. 16 is due to some temperature drift in the
final stage of stabilization. One significant advantage of
an optical method of measuring temperatures such as
this one is the zero lag. This advantage differentiates
such a method from a technique in which a thermocou-
ple is used. In the later case, the response time may be
several seconds.

In medicine and biological studies, a number of
immunological tests are based on the adsorption capac-
ity of specially prepared surfaces with respect to certain
types of compounds. This field of investigations
involves studies aimed at developing biochips for diag-
nosing various diseases [42, 62–65]. Figure 17 shows
an image obtained by mapping the Si–SiO2 sample par-
tially coated by an adsorbed albumin film. The mapping
was performed with the use of a MicroScan ellipsome-
ter. The topogram shows the distribution of the film
thickness over the sample area. In the left part, coated
by the adsorbed film, the color scale is shifted to a
larger thicknesses by 2 nm. The variation in the thick-
ness can be clearly seen particularly in the three-dimen-
sional image.

CONCLUSIONS

Currently, the development of nanotechnologies is
closely connected with the use of high-precision mea-
suring instruments designed for the effective diagnos-
tics and monitoring of the properties of advanced mate-
rials and structures. There is no question that ellipsom-
eters fit into this group of instruments. Ellipsometers
possess a number of considerable merits important for
monitoring thin-film structures; therefore, these instru-
ments are highly efficient in both scientific investiga-
tions and direct in-process measurements. The
extended field of ellipsometry application, from nano-
electronics to bioengineering, and the market of
advanced ellipsometry equipment make the optical
ellipsometry technique extremely attractive and acces-
sible for use in many areas of thin-film technologies.
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