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Abstract. A comparative analysis of the current state and development of spectral ellipsometry (SE) is carried out, the main limitations typical of popular
configurations of measuring devices are determined. An original technical solution is proposed that allows one to create a two-source SE that implements
the ellipsometry method with switching orthogonal polarization states. The measuring setup provides high precision of measurements of ellipsometric
parameters ¥ and 4 in the spectral range of 270-2200 nm and the speed determined by the characteristics of pulsed sources with a simple ellipsometer
design. As objects for experimental researches, confirming the efficiency and high precision qualities of the fabricated SE, we used a GaAs/ZnS-quarter-
wave device for a CO; laser and SiO, on Si calibration plates. The optical properties of Bi,TesxSey films were investigated in the range of 270-1000 nm
using a multi-angle SE. It was shown that the optical properties of Bi,TesSex films monotonically change depending on the ratio of selenium and
tellurium.
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ELIPSOMETRYCZNY SYSTEM SPEKTROSKOPOWY DO SZYBKIEJ OCENY SKLADU
CIENKICH WARSTW Bi,Te;.xSex

Streszczenie. W artykule najpierw dokonano analizy poréwnawczej obecnego stanu rozwoju elipsometrii spektroskopowej oraz okreslono gléowne
ograniczenia typowe dla popularnych konfiguracji urzqdzern pomiarowych. Zaproponowano oryginalne rozwigzanie techniczne pozwalajqce na stworzenie
dwuzrodiowego elipsometu spektroskopowego z przelqczaniem ortogonalnych stanow polaryzacji. Uklad pomiarowy zapewnia wysokg precyzje pomiarow
parametrow elipsometrycznych Wi A w zakresie spektralnym 270-2200 nm i predkosci wyznaczonej przez charakterystyki zrodet impulsowych przy prostej
konstrukcji elipsometru. Jako obiekty do badah eksperymentalnych potwierdzajgcych wydajnosé i wysokq precyzje proponowanego elipsometu
spektroskopowego, wykorzystano ¢éwieréfalowy przyrzqd GaAs/ZnS dla lasera CO; oraz plytki kalibracyjne SiO, na krzemie. Wlasciwosci optyczne warstw
Bi,TesSex zbadano w zakresie 270-1000 nm przy uzyciu wielokgtowego elipsometu spektroskopowego. Wykazano, ze wlasciwosci optyczne cienkich
warstw Bi,Tes.«Sex zmieniajq sie monotonicznie w zaleznosci od stosunku zawartosci selenu i telluru.

Stowa kluczowe: cienkie warstwy, wlasciwosci optyczne, spektroskopia, transformata Fouriera, elipsometria i polarymetria, optyka cienkowarstwowa, oprzyrzadowanie,

pomiary i metrologia
Introduction

Over the past years, the method of spectral ellipsometry (SE)
has become well studied [10]. This method of analytical
measurements is beginning to play an increasing role in various
industrial and scientific industries [18]. SE finds application in
such applications as the determination of the optical characteristics
of thin films [22], in-situ monitoring of semiconductor thin films
and their functionality [2, 7], as well as currently topical
surface probing in biochemical reactions [16, 17]. In addition,
ellipsometry provides exceptional measurement sensitivity, which
makes it possible to use it for monitoring the epitaxial growth
of thin films with submonolayer resolution [14, 20].

SE measures the changes in the polarization of light that occur
when reflected from the surface of a sample depending on the
wavelength of light to determine material properties such as
complex dielectric function, carrier structure, crystalline nature,
and thin film thickness [21]. This change can be described by the
ellipsometric angles ¥ and A, which represent the amplitude and
phase of the complex reflectance.

p == tg¥ exp(ib), (1)
where the parameters r, and r, are the complex reflection
coefficients for parallel and perpendicular polarizations of light,
respectively. In a conventional SE the ellipsometric parameters are
obtained from measurements of the optical intensity resulting from
modulation of the polarization state of light interacting with the
sample material.

The spectral regions of the SE cover the ultraviolet (UV),
visible and infrared (IR) spectral ranges. Relevant problems in the
development of new SE are expansion in the IR spectral range,
increasing the accuracy and speed of measuring ellipsometric
parameters, simplifying the design of the measuring path with the
exclusion of moving polarizing optical elements [3]. Well-known
firms solve complex problems of development and manufacture
of such SE for various purposes with extremely high technical
characteristics [9]. At the same time, the most widely represented
on the commercial market are SE based on the use of rotating

polarizing elements [4-6] and ellipsometers with phase
modulation [1, 8, 19]. For these configurations of spectral
ellipsometers, typical examples with distinctive features can be
given.

The ellipsometer (RC2, JAWoollam Co. Inc.) with a double
rotary compensator and Muller Matrix (MM) measurement [5]
is the first commercial MM ellipsometer that uses the latest
InGaAs thermoelectric cooled strained array to record hundreds
of wavelengths in the IR range up to 2500 nm. The Sentech SE
uses a method of discrete change in the azimuths of the polarizing
elements. However, this mechanical modulation of polarization
limits the stability in the presence of vibrations and the stability
of such SE. An ellipsometer (UVISEL Plus, HORIBA) based
on phase modulation technology covers a spectral range
of 190-2100 nm. Very fast acquisition rate of up to 50 ms/point,
ideal for real-time kinetic studies. But the wavelength range and
temperature dependence of polarization modulation provided by
such devices is a limiting factor. In addition, the fast polarization
modulation produced by PEM or EOM (usually from several tens
of kilohertz to several tens of megahertz) makes it difficult to use
a multichannel spectrometer equipped with a CCD or CMOS
camera.

To overcome these limitations, we propose a SE with
switching orthogonal polarization states (SOPS), since it has
a number of advantages and does not contain moving polarization
elements. In publications [12, 13, 15] technical indicators
of spectral ellipsometers with switching orthogonal polarization
states for various purposes are given.

The use of a set of eight light-emitting diodes (LEDs)
in a multichannel SE with binary modulation of the polarization
state [12] made it possible to develop a simple ellipsometer with
a full wavelength range of 350-810 nm and high characteristics.
The obtained reproducibility and stability of measurements
of ellipsometric parameters ¥ and A are 0.01 and 0.03°,
respectively. An LED ellipsometer with an extended wavelength
range of 260-1000 nm is described in [13]. The precision
of measurements and the stability of the ellipsometric parameters
Y and A for silicon with its own dioxide at the maximum
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wavelengths of LED radiation are not worse than 0.001 and 0.01°,
respectively. At peak wavelengths corresponding to LEDs 365,
375, 390, 405, 420, and 465 nm, the precision of ¥ and A
measurements of metal films is 0.0003 and 0.001°, respectively.
The use of an original built-in monochromator provides a spectral
resolution of 4 nm. LED magneto-optical SEs with SOPS [15]
are the implementation of the deepest azimuthal modulation,
the use of a two-channel detector, the use of a set of LEDs
providing a high signal/noise ratio, and the absence of moving
polarizing elements. These features significantly increased
the accuracy of measuring the ellipsometric parameters ¥ and A
of ferromagnetic materials and their changes (8% and JA)
in a magnetic field. The results of measurements and calculations
[11] are presented, confirming the possibility of creating stable
reflective compensators for the spectral range of 200-2200 nm.

However, the use of miniature monochromators and optical
shutters in the measuring paths of the above ellipsometers
significantly limits their technical characteristics. The availability
of commercially available automatic spectral complexes with
a set of diffraction gratings for a wide spectral range (from
200 to 25000 nm) makes it possible to develop and create on their
basis highly sensitive spectral ellipsometers with switching
of orthogonal polarization states. This provides a high adjustable
spectral resolution and a low level of scattered radiation.

This paper demonstrates the efficiency of using dual radiation
sources and Glan-Thompson (GT) prisms with separation and
convergence of orthogonally polarized beams, which made
it possible to exclude a rather complex and intensity-weakening
switch of orthogonal polarization states in the SE device. The
peculiarity of the used prisms is the absence of changes in the
geometry of the beams with the radiation wavelength, which
makes it possible to use photodetectors with a small active area
and high sensitivity. This implementation of SE measurements
based on a slit monochromator opens up new ways and
possibilities for future studies in the near IR spectral range.
We used multi-angle spectroscopic ellipsometry (SE) to study
the optical properties in the spectral range 260-1000 nm
of Bi,Tes,Sey films grown by the MOVPE method on sapphire
substrates.

1. Material and methods

1.1. Experimental setup

The configuration of the developed spectral ellipsometer
is shown in figure 1.

p-pol

/ggt'

Fig. 1. TSSE optical configuration: 1 — broadband light source; 2 — monochromator;
3 — mirror system; 4 — silicon mirror; 5 — Glan-Thompson beamsplitting prism;
6 — reflective compensator; 7 — sample; 8 — rotary mirror; P1, P3 — InGaAs
photodiodes; P2, P4 — silicon photodiodes

In the block of the radiation source, the halogen lamp 1
illuminates the entrance slit of the grating monochromator 2
(MDR-41, “OKB SPECTR” LLC). At the exit slit of the
monochromator, there are two diaphragms 1 mm high and
adjustable in width, separated by the slit height. A system of four
flat and two spherical mirrors 3 (F = 65 mm) forms collimated
radiation beams directed to two inputs of the GT 5 prism (calcite
GBCO08, Bluebean Optical Tech Ltd) with convergence of incident
beams. Sequential interruption of the radiation beams from the
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diaphragms makes it possible to obtain collimated radiation beams
with orthogonal azimuths of linear polarization P1 and P1 + 90°
(P1 = 30°) at the output of the GT prism. Polarized radiation
beams passing through a reflective compensator of four aluminum
mirrors 6 successively fall on the sample 7 under study at an angle
0 = 70°. The radiation beams reflected from the sample are
divided by the second prism GT 5 into beams with orthogonal
polarization azimuths Al and Al + 90° (Al = 10°), which are
focused by rotating mirrors 8 onto two pairs of photodetectors: P1,
P3 — photodiodes InGaAs and P2, P4 — silicon photodiodes.
The desired spectral dependences of the ellipsometric parameters
¥ and A are determined from the measured signal ratios on the
photodetectors.

The method we propose can also be implemented
on spectroscopic ellipsometers. In this case, the key issue is that
the phase retardation of the compensator is wavelength dependent.
Therefore, the optical implementation of the optimal measurement
matrix must be adapted to the wavelength. On the other hand, we
can also use achromatic compensators, which can provide almost
the same phase delay over a wide spectral range, to implement our
method for spectroscopic ellipsometers.

Compared to existing commercial ellipsometers, which use
continuously rotating motors and spread the total integration time
over a large number of data points, the distinct advantage of the
proposed method is that it requires only four optimal intensity
measurements, and the entire available integration time can be
allocated to four points, which further reduces the effect of noise.

In this case, the most natural is configuration of a spectral
ellipsometer with switching polarization P and P + 90° in the PSG
unit using an original modulator of polarization states that does
not have moving polarization elements. In this case, for the
implemenatation of two more polarization states A and A + 90°
in the PSA unit, a similar modulator of polarization states
or a birefringent prism can be used, dividing the optical beam
along the front into two orthogonal components.

Based on the proposed model of static ellipsometry with
a limited number of degrees of polarization of the optical beam
in the measuring path, it is possible to design a spectral
ellipsometer with SOPS, which is devoid of the fundamental
limitations described in the first chapter of the research, inherent
in commercially available ellipsometers with rotating polarizing
elements and photoelastic modulators.

Based on this scheme, we will write down an expression for
the radiation intensity reaching the photodetector:

I, = Iy(sin? A,, sin? P, + cos? A,, cos? P, tan? ¥ +
+ %sin 2A, sin2 P, cos Atan V) )
here P, and A, are the azimuths of the polarizer and analyzer;
Iy is an independent coefficient obtained during calibration.
Writing equation (2) for the case of four orthogonal azimuths
of polarizing devices, we get:
I, = hg Iy(sin? Asin? P + cos? A cos? Ptan? ¥ +
+ % sin 24 sin2P cos A tan V)
I, = I(cos? Asin? P + sin? A cos? P tan? ¥ +
- % sin 24 sin2P cos A tan W)
I3 = hg Iy(sin? A cos? P + cos? Asin? P tan®? ¥ +
- % sin 24 sin2P cos A tan W)
I, = Io(sin? A cos? P + sin? Asin? P tan? ¥ +
+%sin 2Asin2P cos Atan V) ?3)

where h, is the coefficient describing the ratio of the sensitivities
of the two channels of the analyzer unit.
Accordingly, therefore we get the ellipsometric parameters:

(x1-b1b,X5+C)
tan® ¥ = (b1byx1—X5+C) (4)
cosA = byx3—sin? ;4 sin? P+.(b1x4—.cosZ Acos? P) tan? ¥ ©)
3(b1+1) sin2A sin 2P tan ¥
Here
¢ = b,(sin? Asin? P — cos? A cos? P) + by (x4 — x3)
x; =sin? A
x, = cos? A
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X3 = cos® Asin? P
x4 = sin® A cos? P (6)
At the same time, in order to calibrate the measuring channel,
it is easy to implement a method with finding the azimuths of the
analyzer, at equal intensities observed on the photodetectors.
(sin2P,—asin 2P;) cos A
(a sin? P;—sin? P,)

tanA4;, = tan¥

[cos? A(sin 2P,—a sin 2P;)2—4(a sin? P, —sin? P,)(a cos? P, — cos? P,)]1/2

tan ¥ 2(asin2 P;—sin? P,)
(M
where a is the ratio of the intensities of the switched beams.
When calibrating the measuring path, the spectral

dependences of h, and the difference (A-P) are to be determined.
According to expressions (3):
I; = Iy hg cos?(A — P)
I, = I, sin?(4 — P)
I3 = Iy hy sin?(A — P)
I, = I cos?(A — P) (8)

2 _ hLi3
ha_ll
214

1/2
tan?(P — A) = (%) /
114
Calibration of this SE is very simple and is carried out in two
stages. At the first stage, the spectrum of the ratio of the channel
sensitivities h,(%), corresponding to the two polarizations after the
analyzer and the difference between the angles of the polarizer and
the analyzer P-A are measured in the position to the transmission.
The formulas given in (8) for four combinations of polarizations
for the position in the transmission are simplified:

hq
Ri=mp o Re= hatg?(P — A) )

where Ry, R, are the intensity ratios on two photodetectors.
Therefore

hg = (RlRZ)%; P — A =arctg ((2—2)Z> (10)

At the second stage, at an angle of incidence of 70° with
a silicon sample and a known thin oxide, the ratios of the
intensities of the beams R;, R, are measured. By solving
the inverse problem, the polarizer angle P, the angle of incidence
of radiation on the sample, and the silicon oxide thickness are
determined.

1.2. Near-IR 4 mirror achromatic compensator

The proposed compensator should have good transmission
characteristics and smooth energy dependence in the range from
260-2000 nm. The restrictions on the total phase shift require
in our case 0° < A, <90° in the entire energy range. In this case,
the coaxiality of the incoming and outgoing beams is required.

Based on this, we will design a compensator acting on the
principle of phase shift caused by reflection from a metal mirror.

An optimal mirror material must meet the following
requirements to function as a good reflective quarter-wave plate:

75| = |rp|; Ap = |(Ps - (ppl =90° (11)

The material must also provide high reflectivity over the entire
spectral range, these properties must be nearly constant over
a relatively wide range of photon energies and incidence angles to
avoid the critical issue of bandwidth and alignment.

Aluminum is a convenient mirror material in the energy range
we use. Combined with its high reflectivity, aluminum is a good
choice for our purposes.

In addition, it is necessary to find the correct geometry
of the phase-shifting device (PD), because the phase difference A,
introduced by the compensator depends to a greater extent on the
geometry.

Geometric phase analysis showed that a three-mirror PD
is capable of rotating the polarization of the incoming beam
through the angle 0 <¢ <= It has been proven that rotation
of linear polarization through any angle requires at least four
reflections for the final beam path to be collinear with the
incoming beam.
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Figure 2 shows a diagram of a four-mirror asymmetric PD,
which is convenient for implementation.

1
Fig. 2. Optical scheme of a four-mirror asymmetric compensator

The scheme uses four metal mirrors, in pairs (1-2, 3-4),
installed at specified angles 6; and 6, to the incident beam.

The first pair of mirrors are positioned to ensure parallel beam
propagation. The second pair of mirrors returns the direction
of propagation of radiation to a given axis and are installed in the
optical path at a small angle 6, to the incident beam to compensate
for the sharp increase in A with increasing A.

In this case, the total phase and amplitude displacement
is introduced, the values of which can be calculated using
the Fresnel reflection coefficients

14 cos 6y—ng cos 64 ng cos By—n4 cos ¢

= n, cos By+ng cos 6, ’ (12)

Obviously, these values depend exclusively on the angle
of incidence and the refractive indices of air and aluminum.

High-quality aluminum mirrors can be easily manufactured
by sputtering Al onto a glass substrate, but it should be borne
in mind that in air it is coated with a layer of Al,O; several
nanometers thick. This oxide layer slightly changes the optical
properties of aluminum-coated mirrors.

Table 1 shows the angles of incidence on the mirrors and the
generated phase shifts and amplitude changes.

S ng cos By—n4 cos ¢

Table 1. Dependence of the angles of incidence of the beam and the corresponding
phase shifts and changes in amplitude

Mirror No 0(°) Y (°) A(°)
1 3247 44.93 179.18
2 33.20 44.90 179.14
3 33.20 44.92 179.14
4 32.20 44.91 179.12

To verify the obtained models of prototypes of four-mirror
achromatic PDs and to confirm the calculated values,
experimental studies were carried out in the following
configuration.

The polarization properties of the compensator were obtained
in the mode of direct measurement on a spectral ellipsometer with
SOPS in the range 260-1000 nm; data from literature sources
were used to calculate the optical constants.

Figure 3a shows a good correspondence between the
experimental and calculated data when determining the thickness
of the Al,O; oxide on Al.

Figure 3b shows the curves of the calculated spectral
dependences corresponding to the models of a reflective
compensator with a set of variable parameters from two angles of
installation of the mirrors and four different thicknesses of
aluminum oxide on the surface of the mirrors.

For certain sets of parameters, high quality achromatization
has been achieved in a wide spectral range. Curve 1 corresponds
to the FMC, in which all mirrors have their own oxide 5.5 nm
thick. Blocks of parallel mirrors are inclined to the radiation beam
at angles of 49° and 41°, respectively. In the short-wavelength
region, a sharp change in A is observed, leading to an increase in
the errors of ellipsometric measurements. Curve 2 corresponds to
the case when the radiation beam is incident at an angle 6, = 49°
onto a block of mirrors with oxide thicknesses d; = d, = 5.5 nm,
and then at an angle 6, = 41° onto a block of mirrors with an oxide
d; = 5.5 nm and d = 36 nm. A decline remains in the wavelength
range of 200-250 nm. Curve 3 corresponds to a set of parameters:
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91 = 490, 92 = 410, dl =14 nm, dz =21 nm, d3 = 36 nm, d4 =
70 nm. Deviations from -90° do not exceed 4° in the spectral
range 200-1000 nm. Curve 4 corresponds to a set of parameters:
61 = 450, 92 = 520, d1 = 36 nm, dz =162 nm, d3 = 36 nm, d4 =
76 nm. A fairly flat area is observed in the spectral range of 400—
2000 nm.
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Fig. 3. Spectral dependences of the ellipsometric parameter A for: a) layers with
a thickness d of Al,O; on Al:1 — d=5.5 nm; 2 — d=36 nm, b) a four-mirror
asymmetric compensator for different thicknesses d of Al,O3 layers on Al and angles
of incidence 6y and 0, of radiation on the mirrors. Curve 1: 6, =49° 0, =41°,
d; =5.5 nm, d;=5.5 nm, d3=5.5 nm, ds =5.5 nm. Curve 2: 6;-49° 6,=41°,
d; =55 nm, d;=5.5 nm, d3 =36 nm, d; =36 nm. Curve 3: 6, =49°, 6,= 41°,
d; =14 nm, d;=21 nm, d3=36 nm, dy =70 nm. Curve 4: 6, =45° 6, =52°
d; =36 nm, d,=162 nm, d3 =36 nm, d4 = 76 nm

1.3. Materials

As objects for experimental studies, confirming the efficiency
and high accuracy of the fabricated SE, we used a GaAs/ZnS-
quarter-wave device for a CO, laser and SiO, on Si calibration
plates (StepWafer, Ocean Optics).

The standard sample, manufactured by Ocean Optics,
is a silicon substrate (Si) coated with a thermal oxide layer (SiO,).
The disc has a diameter of 100 mm and 5 steps of oxide thickness
on a calibration plate in the range from 0 to 500 nm. It is ideal
for use as a standard sample when measuring the thickness
of thin transparent layers on a variety of substrates. Each disc
is supplied with a calibration certificate containing information
on coordinates (x, y) and their corresponding values (v, A)
and film thickness. The plates are calibrated using a verified
ellipsometer and their measurement error, guaranteed by the
manufacturer, does not exceed 0.1 nm.

In an experimental study, using the developed SE, the optical
properties of Bi,Tes;,Se, thin films grown by chemical
metalorganic vapor phase epitaxy method (MOVPE) on (0001)
Al,O5 substrates were studied.

To set the research problem, the measured samples and their
production process were fully described. In this case, the samples
were examined by alternative methods to confirm the physical
characteristics.
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The films under study were grown at a temperature of 460°C
under conditions of a multiple excess of chalcogenes in the gas
phase, had a thickness of ~ 0.5 pum and a mirror surface.
The epitaxial nature of the films and their crystal structure
of tetradymite are confirmed by X-ray studies. The chemical
composition of the films was determined on a Jeol JSM-6480LV
scanning electron microscope with a built-in X-MaxN energy
dispersive spectrometer.

The optical properties of the samples were investigated
by spectral ellipsometry in the range 260-1000 nm. The SE data
were compared with the results of electron probe studies,
a calibration curve was obtained for the express determination
by the SE method of the composition of Bi,Tes,Se, thin films
in the concentration range (0 < x < 3). Multi-angle measurements
of the spectra of ellipsometric parameters significantly increase
the reliability of measurements in the case of investigations
of complex structures with initially unknown optical properties.

2. Results and discussions

2.1. SiO, on Si calibration plates

Figure 4 shows the measured and calculated ellipsometric
parameters ¥ and A for Si/SiO, calibration plates with oxide
thicknesses of 4 nm and 450 nm. Note that the significant
smoothing of the peaks in the infrared region of the spectrum
is caused by the imperfection of the rear surface of the plates.
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Fig. 4. Spectral dependences of ellipsometric parameters ¥ and 4 for Si/SiO,:
a) SiO, thickness 4 nm; b) SiO, 450 nm thick

Figure 5 shows the dependences of ¥ and A on time (noise)
for a Si/SiO, sample with an oxide thickness of 450 nm
at a wavelength of 800 nm and an oxide thickness of 513 nm
at a wavelength of 1800 nm. The measurement time for each point
was 2 s. The root-mean-square noise at a wavelength of 800 nm
and an oxide thickness of 450 nm was 0.0025° (for ¥) and 0.016°
(for A); at a wavelength of 1800 nm and an oxide thickness
of 513 nm — 0.005° (for ¥) and 0.03° (for A).
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Fig. 5. Time dependences of the parameters ¥ and A of the Si/SiO, sample: a) with
a SiO; thickness of 513 nm at a wavelength of 1800 nm; b) with a SiO, thickness
of 45 nm at a wavelength of 1800 nm. Integration time 2 s

2.2. GaAs/ZnS structures

To calculate the parameters of the ZnS layer, we used
the spectral dependence of the refractive index n according
to the simplified Sellmeier formula:

2
n)? =ng? +1/(1- 2% (13)
where nq is the value of the refractive index at an infinite
wavelength; g is the wavelength at which n is equal to infinity.
To determine n,, the calculated parameter n, was used, which

corresponds to the value of the refractive index at a wavelength
of A, =550 nm
nm? =ng? +1/(1 - %) (14)

The spectral dependence of the absorption coefficient k was
approximated by an exponential dependence:

k(D) = kmexp((Am — 2)/A1) (15)
where k., is the value of the absorption coefficient k
at a wavelength of A, = 550 nm, %, is the wavelength interval
at which k changes by a factor of e.

Figure 6 shows the measured W and A spectra for a GaAs/ZnS
sample in the 400-2200 nm wavelength range.

Since it is difficult to accurately describe the dispersion
in a wide wavelength range with a simplified formula, it was
divided into 2 regions: 400-600 nm and 600-2200 nm.
In the second range, the ZnS layer thickness d = 1246.6 nm and
the parameters n,, = 2.3667, o= 336 nm, k;, = 0.001, A, =200 nm
were determined by the least squares deviation method.
For the same thickness in the first range, the parameters
N, =2.3579, A = 297 nm, k, = 0.001, A; = 200 nm are
determined. Figure 7 shows the spectral dependences of the
refractive and absorption indices n, k, obtained by the given
formulas (13-15) with the indicated coefficients.
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Fig. 6. Spectral dependence of ¥ and 4 for a ZnS film on a GaAs substrate polished
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n k
25

0.002
2.4

0.001
2.3
2.2 0.000

" 1 1 | " 1 ! |
400 800 1200 1600 2000
Wavelenght (nm)

Fig. 7. Spectral dependence of the refractive index n and absorption coefficient
k for a ZnS film on a GaAs substrate polished on both sides

2.3. Bi,Tes,Se, topological insulator structures

Figure 8 shows the measured spectral dependence
of the ellipsometric angles i and A of 490 nm thick Bi,Ses
and Bi,Te; films deposited on sapphire substrates in the
wavelength range 260-1000 nm at incidence angles of 60, 65,
and 70°. At these thicknesses, Bi,Tes,Se, films are completely
opaque, which makes it possible to use a two-layer (film/surface
layer) model to determine its optical properties from the SE
spectra.

It was assumed that the surface layer above the films
corresponds to the measured ellipsometric spectra. We found that
the root-mean-square values of the roughness (rms) of AFM
scans over an area of 10 x 10 um? strongly depend on the film
thickness. For example, the rms of a 30 nm film was several
times higher than that of a 110 nm film. This is due to the
transformation of growth modes (3D — 2D) in the process
of increasing the film thickness. As a result, upon reaching
a thickness of 500 nm, rms was 1-2 nm.
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Fig. 8. SE spectra for Bi;TesSey films: @) x = 3; b) x =0

AFM micrographs and their profiles for such samples show
regular triangular terraces 0.95 nm in height, which correspond
to a layered structure of the tetradymite type of Bi,Tes,Se, films.

It is assumed that the surface (rough) layer is a mixture
of 70% diamond and 30% voids. It was described using
the Bruggeman effective medium approximation, which can
be successfully used to simulate optical functions of surface
roughness and interface layers. Modeling was performed using
regression analysis and spectra of the real and imaginary parts
of the permittivity were obtained for the entire set of Bi,Tes,Sey
films under study (16 samples). To clarify the correlation of some
parameters, all spectra were fitted several times using different
sets of initial parameters. Each time the fitting procedure gave the
same result. The simulation results for five Bi,Tes.,Se, films with
different x are shown in figure 9.

The strongest changes in the spectra of optical parameters of
Bi,Tes,Se, films depend on their composition x. Changes in the
parameters are observed in the red and near-IR regions of the
spectrum, and the short-wavelength part of the spectra is weakly
sensitive to the composition of the films.

Figure 10 shows how the spectral position of the maximum of
the imaginary (€2) parts of the dielectric function depends on their
chemical composition of the studied Bi,Tes,Se, films. It should
be noted that this position is observed in the long-wavelength part
of the spectra.

In a wide range of concentrations x, a monotonic change in the
position of the maximum is observed depending on the
composition of the films, which makes it possible to use the SE
data to determine the composition of Bi,Tes,Se, films. The value
of the real (¢1) parts of the dielectric function in the 800-900 nm
range is also suitable for a quick assessment of the composition of
Bi, TesSe, films using SE measurements (figure 9a).

Published data on the Bi,Te3-Bi,Se; system are contradictory.
For example, some authors state that the Bi,Te;,Se, compounds
can be considered as a limited solid solution system with the
Bi,Te,Se compound below the solidus line (500°C). Our XRD
and SE data on monotonic changes in the lattice parameters
and optical properties of Bi,Tes,Se, films, depending
on their composition, are consistent with the concept
of the formation of a continuous series of solid solutions due
to the gradual complete filling of selenium atoms into the inner
rows in five-layer Te-Bi-Se blocks. (Te)-Bi-Te.

Fig. 9. Spectral dependence of the real & (a) and imaginary & (b) parts
of the dielectric function for five Bi;Tes,Sex films with x = 0, 0.25, 0.48, 1.5, 3.0
(curves 1 + 5, respectively)
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Fig. 10. Correlation between the position of the maxima in the & spectra
of the Bi,Tes«Sey researched films and their chemical composition

The good crystal structure and high quality of the surface
of the films with a thickness of about 500 nm are confirmed
by X-ray diffraction and atomic force microscopy. It is shown that
multi-angle SE is a powerful method for studying the optical
properties of Bi,Tes,Se, films. There is no expected inflection
in the dependence of the optical properties of the researched
films on the composition, especially near x = 1, at which
selenium atoms completely occupy the inner rows in the five-layer
Te-Bi-Se (Te)-Bi -blocks.

The study shows the possibility of joint use of the proposed
ellipsometric setup in the system with other analytical methods
and means for monitoring the optical and physical properties when
obtaining structures based on Bi,Te;,Se,. There are ample
opportunities for studying the topological properties and
applications of devices based on these compositions.

2.4. Compensator

The phase shift spectra of the FMC, in which two mirrors have
an oxide 5.5 nm thick and two mirrors are 36 nm thick are shown
in Figure 11. It should be noted that the phase shift deviations
of the FMC, from 90° significantly decrease in the measured
spectral range from 270 to 800 nm compared with the calculated
spectral dependence of the phase shift for the case when
all mirrors have only their own oxide.
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Fig. 11. Spectral dependences of the phase shift of a four-mirror asymmetric
compensator with incidence angles of 51° and 30°: 1 — Calculation for the case when
4 mirrors have their own oxide 5.5 nm thick. 2 — two mirrors with their own oxide
(51°) and two with an oxide thickness of 36 nm (30°), 3 — measured values

Figure 12 illustrates the possibilities of accurate and
unambiguous determination of the spectra of the ellipsometric
parameter A of the reference sample of thick SiO, oxide
on Si in the automatic mode of sequential measurements with
and without a FMC at each wavelength.
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Fig. 12. Spectra of the ellipsometric parameter A of the reference sample of SiO;
oxide with a thickness of 513 nm on Si: 1 — measurements with a compensator;
2 — measurements without compensator (oints — measurements, line — calculation)

The time dependences of the phase shift A FMC shown
in figure 13, measured at wavelengths of 288 nm and 550 nm,
confirm high reproducibility (up to 0.001°) and long-term stability
of the compensator under standard laboratory conditions.
When measuring the compensator as a sample, A is determined
in the range of 0-180°.
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Fig. 13. Time dependences of the phase shift of the. FMC
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The results of measurements and calculations confirm
the possibility of creating achromatic four-mirror compensators
in the spectral range of 200-2000 nm, which is widely used
by modern spectral ellipsometers.

The time dependences of the phase shift A of the FMC,
measured at wavelengths of 288 nm and 550 nm, confirm the high
reproducibility and stability of measurements on the LED
ellipsometer and the stability of the compensator itself under
standard laboratory conditions.

It is planned to manufacture a compensator for the spectral
range of 260-1000 nm, the calculated characteristics of which
correspond to curve 3 in Figure 3b. It should be noted the low cost
of the proposed FMC, the high ratio of the aperture to the length
of the compensator, the possibility of precise adjustment
of the angles of inclination of the mirrors using a goniometer
and autocollimator, as well as the elimination of the need
for thermostating of the compensator.

It has been shown experimentally that the use of the proposed
simple design of the SE based on the MDR-41 monochromator
makes it possible to achieve high technical characteristics.
Optimization of the illumination scheme of the entrance slit
of the monochromator and the use of GT prisms with a larger
aperture will significantly improve the technical characteristics.
The described approach provides ample opportunities for creating
precision SE with an extended spectral range. Thus, the
implementation of a solar cell with an operating wavelength range
of 400-5000 nm is possible with a device for aligning
orthogonally polarized beams made of YVO4. In this case,
it is optimal to use pulsed radiation sources and photodetectors
developed for the spectral range of 2-5 microns.

The described ellipsometer using as emitters sets of pairs
of identical intense LEDs located, for example, on a disk with
a horizontal axis of rotation, does not require interruption
of the beams behind the exit slit of the monochromator
and provides high-speed ellipsometric measurements at selected
wavelengths in the spectral range of 260-1700 nm. The speed
of measurements at the wavelengths of LED radiation
is completely determined by the time characteristics of switching
on and off and their intensity.

The features of the dispersion dependences of the promising
material a-BBO do not allow the fabrication of GT prisms with
an operating range of 200-3500 nm. We have developed
an achromatic device for converging two beams based
on a Wollaston prism, at the output of which the combination
of orthogonally polarized beams in this spectral range
is implemented. Based on this device, it is planned to manufacture
a SE with an operating range of 200-3500 nm. Devices
for converging orthogonally polarized beams and their separation
on the basis of doped silicon wafers installed at the Brewster angle
and ZnSe (ZnS) dividing wafers extend the spectral range
of SE to 12-18 pm.

3. Conclusions

The new approach developed in the article significantly
expands the measuring capabilities of sensitive ellipsometers
with switching orthogonal polarization states. The elimination
of low-frequency polarization modulators reduces the loss of beam
intensity, simplifies the design of the SE, and makes it possible
to significantly increase the rate of ellipsometric measurements
using high-speed pulsed radiation sources. At the selected
wavelengths, it is possible to determine the spatial distribution
of ellipsometric parameters over the area of the studied plates,
quickly measure the change in the parameters of liquid
and gaseous flows in time, and kinetic measurements
in the pump/probe configuration. SE can be used to control growth
processes. This research shows the possibility of joint use
of the proposed ellipsometric setup in the system with other
analytical methods and means for monitoring the optical
and physical properties when obtaining structures based
on Bi,Te;,Se,
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