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To monitor the parameters of semiconductor layers deposited from solid solutions of A3B5 compounds during the
epitaxy, optical control methods are used. The choice of optical monitoring methods is determined by the reactor
design, which requires non-contact, fast, and precise measuring of wafer surface parameters.

During the growth of epitaxial layers, the deposition of semiconductor compounds causes changes in the optical
parameters of the wafer surface. To ensure precise measurements, it is essential to monitor these parameters within a
narrow spectral range. In electro-optical monitoring systems, narrowband interference filters are used to select the
desired spectrum. However, this type of filters is sensitive to several factors, such as environmental conditions, aging of
the coating, and the angle of incidence. As a result, the manufacturing of narrowband optical filters with stable and
precisely controlled optical characteristics presents a complex challenge.

This article analyzes the impact of various factors on the optical characteristics of interference coatings.
Quantitative analysis of these shows that shift of the selected spectral band with central wavelength Amax can approach
or even exceed the full width at half maximum (FWHM). These changes in the optical characteristics of narrowband
filters lead to a decrease in the accuracy required for optical monitoring during epitaxial processes, which leads to
inaccuracies in measurements.

The results of this analysis will guide the optimization of thin-film structures used in narrowband optical filters.
The study of the shift in the selected band also enables, within certain limits, controlled changes to Jmax or the
compensation of its shift its shift during regular factor variations. Ultimately, it enables to take these changes into
account when designing electro-optical systems for monitoring the epitaxial growth of semiconductor heterostructures,
which increases the accuracy and stability of optical measurements in the required accuracy range.
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Introduction

Currently, quantum electronics and related
emerging fields have necessitated the development of
interference coatings with several new characteristics.
Thus, one of the most complex problems related to the
development of thin-film systems, in particular nar-
rowband filters with strictly stabilized and controlled
optical characteristics, has arisen. This demand has
driven researches into the effects of various factors
(such as time, environmental conditions, temperature,
etc.) on the optical parameters of interference coat-
ings. In this context, narrow-band filters receive spe-
cial attention, as the spectral band shift is comparable
to or even exceeds the full width at half maximum
(FWHM).

The optoelectronic temperature monitor system
for vapour-phase epitaxy technology consists of a py-
rometer for measuring the flow of thermal radiation
from the wafer and a reflectometer for determining the
true value of the optical parameters of its surface. The

system includes two photodetectors, an infrared radia-
tion source, narrowband optical filters, a system of
mirrors, and beam splitters. Silicon photodiodes with
stabilized characteristics in the measurement spectral
range are used as photodetectors [1]. The main photo-
diode measures the thermal radiation from the heated
wafer in the reactor, while the feedback photodiode
stabilizes the infrared radiation source, which is a
LED with stabilized characteristics with an optical
collimation scheme. The developed collimation sys-
tem, with an aperture diameter of 120 um, has an an-
gular divergence of up to 7 arcseconds, allowing the
use of the developed radiation source in pyrometric
systems with various focal lengths ranging from 10 to
50 cm for different types of growth reactors [2].

For optical temperature control systems in the
process of metal-organic chemical vapor deposition
(MOCVD), it is critically important to adhere to spe-
cific conditions and temperature regimes. The required
accuracy for determining the surface temperature must
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be within + 0.4 °C [3]. For example, typical tempera-
ture ranges for the growth of InP compounds are con-
sidered to be between 600 and 650 °C, for GaAs
growth between 700 and 800 °C, and for GaN com-
pound growth, 1000 °C or higher.

The amount of thermal radiation reaching the sensi-
tive area of the photodetector is proportional to the
amount of the optical signal, which passes through the
optical unit of the monitoring system, consisting of nar-
rowband filters, and is also dependent on the spectral
sensitivity of the silicon photodetector. Therefore, a
trade-off exists between maintaining sufficient optical
signal strength for its processing and keeping the band-
width of the optical filter as narrow as possible to mini-
mize measurement errors because of the real measure-
ment conditions. It is impossible to measure the reflected
radiation from the wafer R by the reflectometer unit and
the thermal radiation L by the pyrometer unit under the
identical conditions. In other words, it is impossible to
measure the signal values at the same wavelength, angle
of incidence and polarization for further calculation of
the true temperature. Instead, measurements are made in
a certain range of wavelengths, angles of incidence and
states of polarization of light. The measured signal of the
pyrometer s and the reflectometer r are determined as:

s= | 10.0,0)L(x.0,0,T)drdodo,
AN, AO,Ac

@

r= | 9(x0,0)R(6,0,T)ddodo.
AL, A8, AG

Where, A\ — the wavelength range, AB — the range of

incidence angles, Ac — the range of polarization states,

f and g — the response functions of the pyrometer and

reflectometer units.

Analyzing the dependence of the accuracy in de-
termining the temperature of a blackbody using the
method of effective wavelength approximation, two
types of filters were considered: with a Gaussian and a
Square-wave filter response. The filter with a rectan-
gular passband demonstrates significantly better per-
formance, as the effective wavelength exhibits a more
linear dependence on temperature compared to the
Gaussian filter. Additionally, the range covered by the
effective wavelength is nearly an order of magnitude
smaller. The dependence is linear, and therefore for
measurements of objects whose emissivity € is con-
stant throughout the entire spectral range (black and
grey bodies), it can be used as a correction factor al-
lowing the use of a wider spectrum band with the suf-
ficient optical signal level and required accuracy.
However, in the process of vapour-phase epitaxy, the
spectral emissivity ¢ of the wafer surface is spectral
dependent, which is associated with the deposition of
thin epitaxial layers. Thus, the application of the effec-
tive wavelength approximation method becomes im-
possible due to the complexity of processing of ob-
tained data. Therefore, to achieve the required accura-
cy, it is necessary to use a narrow spectral range. It
was established that for a wavelength Amax 0f 930 nm

and a transmittance T of no less than 80%, the optimal
filter bandwidth A\ is 10 nm [4].

Problem statement

In narrowband optical filters, the influence of
factors such as changing environmental conditions,
coating aging, and incidence angle cause a shift in the
central wavelength Amax of the selected spectral band
comparable to or greater than the full width at half
maximum (FWHM), causing the challenges for
precise optical measurements. This study is devoted to
the analysis of thin-film interference coatings with the
aim of optimizing the design of narrowband optical
filters for their application in optical systems used to
monitor the growth parameters of epitaxial layers. The
primary objective of the paper is to assess the impact
of external factors on the characteristics of optical
filters, which will enable the consideration of their
shifts under regular changes in external conditions and
provide the ability of their stabilization and
adjustment within controlled limits.

Theory the Optical Properties of Thin Films
and Methods for their Calculating

Mathematically, thin films are described as infi-
nitely large, flat, parallel layers with thickness compa-
rable to the wavelength of light. These layers are char-
acterized by refractive indices and, for absorbing lay-
ers, absorption coefficients. Multilayer thin-film sys-
tems are composed of a finite number of these layers,
each with distinct optical properties.

The primary quantities in thin film optics are the
electric field intensity vector E(z) and the magnetic
field intensity vector H(z). These are determined from
Maxwell's equations under certain boundary and ini-
tial conditions. So, there are two main tasks in thin-
film optics. The first task is to calculate the intensities
of reflected, transmitted, and absorbed light, and to
determine the phase change at different wavelengths,
angles of incidence, and polarizations for a given mul-
tilayer system with known thicknesses and optical
constants of the layers.

The second task requires selecting a multilayer
system from available film materials with known opti-
cal characteristics to achieve specified values of re-
flection, transmission, absorption, and phase change in
a certain range of wavelengths and angles of incidence
using different calculation methods [5, 6].

Although these problems have been the subject
of much work in recent years, there is no single solu-
tion method that can be applied to all problems. The
most widely used and convenient method is the matrix
representation, where the i-th layer with optical thick-
ness di and index of refraction n; can be represented

as:
_ | cosg; (i/m;)sing;
Mi _|:i1”|iSifl1(|)i C(;S(pi I:|1 (1)

where, pseudoindex of the i-th layer n;is:
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[ cos®; s polarization 2

i 7 | mj/cos6; p polarization'’ @

and the phase shift of the phase shift of a lightwave of
length A which is incident at an angle 0:

2n
¢; =—n.d, coso;. 3)

A
The characteristic matrix that describes the entire
multi-layer with q number of layers structure is de-

scribed as follows:

: m m
M=]]M, = { } 4
i=q m21 mzz

Based on this, the reflection and transmission
amplitudes can be found as:

nm,-nm, +tnnm -m,
= ' (5)

n,m,+nm +mmnm, +m,

- al L ®

nm o+mm, +mnm, +m,

where 1o — the pseudoindex of incidence media, n1 —
the pseudoindex of exit media.

The transmittance and reflectance values can be
found as:

R=|r", ™
Ren .

T=—=". (8)
Ren0

Dependency of the Filter Characteristics on
the Change in Layers Thickness

The influence of temperature, angle of incidence
and some other factors on the position of the maxi-
mum transmission Amax Of the interference filter is de-
termined by a single formula. In the case of a symmet-

4.0-
3.5
3.0
2.5-
2.0-
154

n

ric filter and a light flux falling on the filter from the
side of the medium with number m+1, it is assumed
that the main influence on the position of the center is
exerted by a change in the effective optical thickness-
es of the filter layers:

h, =n.d, cose (k=1,2..m). 9)

Where, ok — the angle of refraction of the beam in the
layer with the number k.

The indices of the layers ny depend on the tem-
perature and wavelength, the geometric thicknesses dx
depend on the temperature, the values of cos @k de-
pend on the angle of incidence of the @m+1 flow onto
the filter.

In the absence of absorption, the deviation AL
from the given value A is related with a change in the
optical thicknesses of the layers as:

A1
—:—ZAkAock, (10)
hy Tkt

A =% +AL (11)

Where, ax — coefficient of absorption, A — coefficient
that depends on the properties of the k-th layer of the
interference filter.

Let's consider a 23-layer filter, which is made on
the basis of alternating layers of Si/SiO with the
HLHLALHLHLHLHLHLALHLHLH stack formula,
where H is the Si layer, B is the SiO layer. The design
is a quarter-wave stack with an optical layer thickness
of 7\,ref/4.

Taking into account the spectral dependence of
the refractive indices of the layers [7, 8, 9, 10, 11], at a
wavelength of Aer = 930 nm, the refractive index pro-
file and thickness of layers are shown in Figure 1.

T

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750

Depth, nm

Fig. 1. Index profile of the analyzed thin-film structure at reference wavelength

Using the abovementioned theory, the transmis-
sion of a narrow-band filter was calculated, the ob-
tained characteristic is shown in Figure 2. To smooth
out the peak of the transmission characteristic during
the manufacture of the filter, a layer with an interme-
diate refractive index value was added, which made it
possible to obtain a contrast narrow-band filter. The

transmission measured with the spectrophotometer is
presented in Figure 2.

The measured characteristic was approximated
using the needle method [5]. To assess the impact of
changing the layer thickness, calculations with a 2 %-
layer thickness variation were made, the analysis is
presented in Figure 3.
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Fig. 2. Transmittance of the calculated narrow-band
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Fig. 3. Calculation of 2 % optical thickness variations
with uniform distribution

As can be seen from the simulation, a change in
the optical parameters of the layers, which is due to
external factors, affects the optical thickness of the
thin layers and, as a consequence, the position of the
central wave X, the transmission width at half maxi-
mum FWHM and the symmetry of the characteristic
in different ways. As a consequence, for a controlled
change in the characteristic shift, further study of each
factor separately is needed.

Dependency of the Filter Characteristics on
Angle of Incidence and Temperature

When tilting the filter, the characteristics shift to
the short-wave region. The dependence of the wave-
length A on the angle of incidence is also conveniently
used for accurately matching the position of A with the
required value. However, it should be borne in mind
that tilting the filter is advisable until there is a notice-
able deterioration in the characteristics, i.e. an increase
in the half-width and a decrease in the transmission T.
The rate of wavelength shift is determined by the ef-
fective refractive index ne, which is intermediate be-
tween materials with high and low refractive indices
of a thin-film structure and can be represented as:

{ m—(m-1)(n_/n ) T
n,=n ,

m-m(n_/n)+(n /n,)

m-(m-1(n /n.) "
n,/n) .

ﬂE = nH I:
(m=12)=(m=2)(n_/n)+(

At oblique incidence, the refraction for s-
polarization ns = n cosf, and the refraction for p-
polarization np = n / cosf, where n is the refractive
index at normal incidence. Thus, the central
wavelengths of s-polarized and p-polarized light will
separate as the angle of incidence increases. The
temperature dependence of the refractive indices of
the filter materials exhibits a linear behavior [12].
Therefore, the shift in the central wavelength is
reversible upon cooling and predictable due to the
linear variation of the refractive indices of the
materials used in the filter's construction. In
narrowband filters, significant shifts can be induced
by thermal radiation incident on the filter.
Additionally, a sharp temperature increase during the
thermal treatment process may cause film
delamination due to stress buildup within the layers.
Therefore, determining the optimal temperature
regime is essential to ensure reproducible
characteristics and reliable long-term operation of the
filter.

The change in the transmission characteristic of
the above optical filter was measured. To implement
it, a thin-film coating was deposited onto a glass
substrate, which was glued to an 850 nm longpass
filter. The results are shown in Figure 4.
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Fig. 4. Angular dependence of the transmission of the
calculated narrow-band filter
1 —0°%2—15°% 3 — 30° p-pol; 4 — 40°% 5 — 30° s-
pol; 6 —40° 7 — 42°, 8 — 45°

From the analysis of experimental data it follows
that when a parallel beam falls, narrow-band filters are
advisable to use at angles of incidence less than 10°,
since in this range of angles the width and transmis-
sion change insignificantly and there is practically no
splitting of the spectral transmission curve into 2
components polarized in mutually perpendicular
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planes (Figure 4). This effect is usually observed at
angles of incidence greater than 25°.

This means that at given angles the light beam is
split into two beams with different polarization direc-
tions, which can affect the operation of the optical
system. The spectral transmission curve T, which was
a single function at small angles, begins to split into
two different curves for each of the polarized light
components. As a result, each polarized component
will have its own transmission characteristic, i.e. the
transmission for a light beam polarized in one plane
will differ from the transmission for light polarized in
another plane. At large angles of incidence, the light
passing through the filter will be polarization depend-
ent. This can lead to a change in the overall filtration
characteristic and a decrease in the filter efficiency if
the system does not take polarization effects into ac-
count. For a given angle of incidence, splitting can be
avoided by design optimization, such as by changing
the thickness of the separation layer of the interference
filter or by matching the effective optical thicknesses
of the layers along the beam path.

Conclusions

In this study, the structure of interference coat-
ings was analyzed to optimize the parameters of nar-
row-band optical filters.

Additionally, the characteristics of the optoelec-
tronic system of the pyrometer-reflectometer for
monitoring the epitaxy process, which determine the
necessary requirements for filter parameters, were
examined.

A narrow-band optical filter was designed using
numerical calculation methods. The analysis of theo-
retical and experimental data of manufactured filter
enabled a quantitative investigation of the factors af-
fecting the performance of narrow-band optical filters.
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Hayionanonuu mexuiunuti ynisepcumem Yxpainu « Kuiscoxkuii nonimexniunuu incmumym imeni leo-
pa Cikopcvrkoeoy, Kuis, Yxpaina

AHAJII3 CTPYKTYPU IHTEP®EPEHIIMHMX IIOKPUTTIB JUIA ONTHUMIBALIIL
ITAPAMETPIB BY3bKOCMYTOBUX OIITUYHUX OUIBTPIB

Jlnst KOHTPOJIO MapaMeTpiB HaMiBIPOBIIHUKOBUX IIAapiB, OTPUMaHHUX i3 TBEpAMX PO3uMHIB croiayk A3BS min wac
emiTakcii, BAKOPUCTOBYIOTHCS ONITHYHI MeTou. BUOIp METO/IB ONTUYHOTO MOHITOPUHTY BU3HAYA€THCS KOHCTPYKIIIEO
peakrTopa, sika BUMarae 0€3KOHTaKTHHUX, HIBUAKHUX 1 TOYHUX METOIB BUMIPIOBaHHS MapaMeTpiB MOBEPXHI MiKIJIaI0K.
[Tix yac pocTy emiTakciiHUX MIapiB OCA/KEHHs HAIiBIIPOBIIHUKOBUX CIOJYK BHKIJIHKA€E 3MIHY ONTHYHHUX MapamMeTpiB
MMOBEpXHI IIacTUHH. [ 3a0e3medeHHsT TOYHNX BHMIipIOBaHb HEOOXiTHWH KOHTPOJIb JaHUX IapaMeTpiB y BY3bKOMY
CIIEKTPATLHOMY Jliana3oHi. B el1eKTpooNnTHYHMX CHCTeMaX MOHITOPUHTY U BHAUICHHS HEOOXiTHOTO CIIEKTPY BUKOPH-
CTOBYIOTBCSA BY3bKOCMYTOBI iHTepdepeHmiiHi GpinmpTpu. OmHak, el Tun QiIbTpiB YyTIHBHA 10 pANY (PaKTOpiB, TAKUX
SIK YMOBH HaBKOJIMIIHBOTO CEPEIOBHINA, CTAPIHHSA HOKPHUTTA Ta KyT HaaiHHA. SIK pe3ynbTaT, BUTOTOBJICHHS BY3b-
KOCMYTOBUX ONTHYHHX (PIIBTPIB 31 CTAOLIBHUMHU Ta TOYHO KOHTPOJIHOBAHUMH ONTHYHHMH XapaKTEPHCTHKAMH IIpel-
CTaBIIsI€ KOMIUIEKCHY 3a/1ady.

VY craTTi NpoaHaIi30BaHO BIUIMB Pi3HHUX (DAKTOPIB HA ONTHYHI XapaKTEPUCTHKU iHTEep(EepeHUiHHNX MOKPUTTIB. Kisb-
KiCHMH aHaJIi3 MOKa3ye, 110 3CyB BHIUICHOT CMYTH CIIEKTPY 3 LIEHTPAIbHOIO TOBKHHOKO XBHJI Amax MOXKE HaOIMKATHCS
70 ab0 HaBiTh NEPEBHUIIYBaTH MOBHY LIMPHHY Ha nosioBuHI Makcumymy (FWHM). Lli 3MiHM B ONTHYHUX XapaKTepH-
CTHKaX By3bKOCMYTOBHX ()iIBTPIB IPU3BOASATH J10 3HIIKEHHS TOYHOCTI BUMIPIOBAaHb MapaMeTpPiB eMiTaKCiiHUX mapis.
PesynpraTi 1bOT0O aHANI3y CHPUSTUMYTh ONTHUMI3alii KOHCTPYKII TOHKOIUTIBKOBUX CTPYKTYP, 110 BUKOPUCTOBYIOTHCS
B BY3bKOCMYTOBHX ONTHYHHX (inbTpax. JociiUkeHHs 3MILICHHS BUIUIEHOT CMYTHM TaKOX JI03BOJIIE 3/iHCHIOBATH Y
JeSIKUX MeKaX KOHTPOJIbOBAHY 3MiHY Amax @00 BPaxOBYBATH 11 3MIIIEHH IIPH PETYILAPHii 3MiHI (pakTopiB. Y KiHIIEBOMY
MICYMKY, II€ JTO3BOJISIE BPaxyBaTH Il 3MIHM TiJl 4ac NPOEKTYBAHHS EJIEKTPOONTHYHHX CHCTEM AT MOHITOPHHTY
eMITaKCIHHOTO POCTY HAIMIBIPOBITHIUKOBAX TETEPOCTPYKTYp, MO IIBHUINYE TOYHICTh 1 CTaOUIBHICTE ONTHIHHUX
BHMIpIOBaHb y HEOOXiTHOMY AiarazoHi TOYHOCTI.

KurouoBi cioBa: iHTepepeHIiiiHI MOKPUTTS;, BY3bKOCMYTOBI (UIBTPH; ONTHYHI BIACTUBOCTI; CTaOUIBHICTh XapaKTe-
puctuk, 'OE MOC.

Haoitiuna 0o peoakyii
09 sepecnsn 2024 poky

Peyenszosano
28 gepecns 2024 poxy

@ @ © 2024 Copyright for this paper by its authors.
Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).

Bicnux KIII. Cepia IIPHJIA/[OBY/IYBAHHA, Bun. 68(2), 2024 23



