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There are general technical requirements for all types of reactors for chemical vapour deposition technology
using AIll- BV metalorganic compounds. Among them, it is worth highlighting the large temperature gradients that
cause the origin of convection loops, which in turn, taking into account the high speed of the gas flow, lead to
turbulence in the reactor instead of the expected laminar flow. It is also important to take into account the change in
parameters of the wafer surface during the growth process and the need for signal separation between the useful signal
from the wafer surface and the background signal from the wafer carrier, which rotates at fixed speed for uniform
deposition of compounds.

To obtain high-quality heterostructures with reproducible parameters, it is important to have a system of precise
temperature control on the wafer surface directly in the deposition area, since the deposition process for many complex
semiconductor devices (for example, laser diodes, LEDs, photodiodes, transistors on heterojunctions) is very sensitive
to temperature changes. The method of optical pyrometry is a non-contact method that allows to precisely determine
the temperature of the wafer surface and meets the technical requirements of CVD epitaxy growth reactors.

This article is devoted to the analysis of the features of the development of optoelectronic systems for precise
temperature measurement during epitaxial growth in order to determine the criteria for the selection or development of
components of the optoelectronic system of the pyrometer-reflectometer. The main physical processes, electro-optical
characteristics of Si photodiode, AlGaAs/GaAs LED and parameters of bandpass interference filters were investigated.

Based on the analysis of the obtained research and measurement results, scientific recommendations have been
developed. The recommendations aimed at the selection and optimization of the parameters of the components of the
pyrometer-reflectometer (photodetectors, light emitting diodes, optical filters) in order to improve the accuracy and
temperature stability of measurements in the pyrometer’s operation conditions, which take into account the
compensation of emissivity change from the surface of the wafer.

Keywords: AllI-BV semiconductors; metalorganic chemical vapour deposition; MOCVD; photodiode; light emitting
diode; pyrometry with emissivity compensation; optoelectronic systems for monitoring parameters; optical filter.

Introduction

Currently, the main method of obtaining
semiconductor heterostructures based on AIII-BV solid
solutions for micro-optoelectronic devices is the method
of metalorganic chemical vapour deposition (MOCVD).
This method allows for the production of high-quality
semiconductor structures with a minimal number of
defects in the crystal lattice.

During epitaxial layer growth, one of the
important parameters is the wafer temperature. This
parameter is particularly crucial for obtaining
quantum-sized structures, active layers of lasers, and
LEDs [1]. For example, in emitting semiconductor
devices, a change in the temperature of the wafer from
that specified in the technological recipe, or
temperature non-uniformity across the wafer surface
leads to variations in one of the main parameters — the
wavelength  of radiation. Therefore, precise
temperature control during the deposition of epitaxial

layers is a critical aspect. To obtain layers with the
necessary parameters, during the epitaxy process, it is
necessary to maintain the temperature with an
accuracy of 0.4 °C [2].

The technology of chemical vapor deposition
(CVD) involves the use of highly reactive reagents at
high temperatures. To ensure maximum purity, there
should be no impurities in the reactor environment
that can cause unwanted chemical reactions. Epitaxy
occurs by depositing reagents on the surface of a
semiconductor wafer. Epitaxy occurs by depositing
reagents onto the surface of the semiconductor wafer.
To ensure a laminar flow during deposition, the wafer,
which is placed on a graphite carrier, rotates at a fixed
speed that depends on the design and parameters of
the reactor.

Optical methods, particularly optical pyrometry,
are used for temperature control. This method allows
for non-contact temperature measurement of the wafer
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surface inside the reactor. However, during the
heteroepitaxy process, the optical properties of the
wafer surface change, so the temperature control
system must take these changes into account. To solve
this issue, a method called emissivity-compensated
pyrometry is employed. This method consists in
measuring not only the thermal radiation of the plate,
but also in the additional measurement of the
reflectivity of its surface using a reflectometer to
compensate for changes in the optical parameters of
the wafer surface and further precise determination of
the real temperature.

Depending on the tasks and the spectral range of
measurement, silicon photodiodes [3], GaAs
photodetectors [4], position-sensitive photodetectors,
including matrices of photosensitive elements [5] are
used in radiation-compensated pyrometers-
reflectometers. The use of position-sensitive
photodetectors allows to control the change in the
curvature of the plate surface during epitaxy, using
optical deflectometry methods.

Problem statement

The research task consists in a detailed analysis
of the method of registration and formation of an
optical signal in a pyrometer-reflectometer,
determination of the optimal spectral range, research
of the characteristics of detectors and IR range
emitters. The purpose of the article is to determine the
main technical criteria for the selection or
development of optoelectronic elements for a
precision substrate temperature control system during
the production of semiconductor heterostructures
based on AIIl-B5S solid solutions for micro-
optoelectronics devices fabrication.

Functional scheme of the pyrometer-
reflectometer optical unit

To ensure the laminar flow of the depositing
reagents, the wafer carrier rotates at a fixed speed
determined by the design and parameters of the
reactor. Considering that physical sensors have inertia
and the impossibility of directly measuring the
temperature of the wafer surface, as well as separating
the signal from the wafer surface and the wafer
carrier, the use of physical sensors such as
thermocouples is insufficient. As a result, to achieve
the desired accuracy, the temperature control system
requires a non-contact and low-inertia optical method
that considers for the dynamic changes in the optical
parameters of the wafer surface [6].

To account for the change in the emissivity of
the wafer surface €, an optical pyrometry method is
used, which involves additional measurement of the
signal reflected from the wafer surface using a
reflectometer. The substrate's reflectance coefficient R
is measured at the same wavelength at which the
thermal radiation measurement is conducted.

By applying Kirchhoff's law for optically opaque
bodies € = 1 — R, the emissivity of the wafer surface ¢
can be determined based on the measured reflectance
R. This allows for continuous correction of the
measured pyrometric signal, taking into account
changes in the wafer surface’s emissivity coefficient.
Thus, accurate and continuous real-time measurement
of the wafer's temperature is ensured during the
epitaxy process. This method avoids distortions in
measurements and provides high accuracy in
determining the temperature, which is critically
important for obtaining epitaxial layers with high
crystalline perfection. The functional diagram of the
optical unit of the pyrometer-reflectometer for
detecting the pyrometric signal from the reactor is
shown in Figure 1.
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Fig. 1. Functional scheme of the pyrometer-
reflectometer’s optical unit

The pyrometer consists of a primary photodiode
(photodiode 1), which simultaneously serves as the
detector for both the thermal radiation from the wafer
and the modulated optical signal reflected from the
wafer surface. This signal is generated through the
pulsed modulation of the current of an LED, which
acts as the optical radiation source. The modulation
frequency is determined by the specific design of the
reactor: the rotation frequency of the wafer carrier in
the reactor, the size of the wafer, the response speed of
the optical signal registration system, the required
number of measurements on the wafer, and the range
of measurement temperatures [7].

Based on the results of analytical calculations
and conducted experiments, it can be stated that for
vertical type reactors with a turbo-disk system,
characterized by a wafer carrier rotation frequency of
up to 1000 revolutions per minute, in the temperature
range from 450 to 1200 °C, using a Si planar
photodiode as the detector, the LED modulation
frequency should be from 10 to 30 kHz. The range of
the LED current modulation depth is determined by
the power of the optical signal reflected from the
wafer's surface, which in turn should be comparable
to the power of the optical radiation from the heated
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wafer in the specified spectral range. Thus, the
photodetector output forms two electrical signals: a
constant one, whose value is proportional to the wafer
temperature, and a variable one, reflected from the
wafer surface and modulated in amplitude. The
maximum value of the reflected signal depends on the
optical properties and the thickness of the deposited
epitaxial layer. Further processing of the analog signal
and mathematical analysis of these signal values
provide the actual temperature at each measurement
point on the substrate in real-time. The oscilloscope
trace of the electrical pulses from photodetector 2 is
shown in Figure 2.
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Fig. 2. Oscillogram of photodetector electrical pulses

When designing the amplification unit for the
electrical signal from photodetector 2 to ensure the
required measurement accuracy across the entire
temperature range, it is necessary to optimally match
the calculated output voltage values from the
photodetector preamplifier with the dynamic range of
the main amplifier and ADC. Additionally, the
capability to automatically adjust the gain of the main
amplifier and accordingly the depth of the LED
current modulation based on the measured
temperature value should be considered. The overall
view of the photodetector with the amplifier board is
shown in Figure 3.
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Fg. 3. Photodetector amplifier PCB

When designing the pyrometer-reflectometer,
special attention must be paid to stabilizing the
parameters of the active electro-optical components of
the device, namely the photodetector and the LED. It
is crucial to minimize the influence of external factors,
such as the impact of ambient temperature on the
measured optical signal value.

To stabilize the optical power of the IR LED in the
device, an optical feedback channel has been created: a
portion of the optical signal, determined by the

parameters of the optical splitter, is directed onto
photodiode 2 via a system of mirrors. This photodiode
measures the amplitude of each optical pulse directed at
the wafer and serves as a control signal for the LED
current control circuit.

By employing narrowband interference optical
filters, power stabilization occurs precisely in the spectral
range where photodetector 1 operates. The accuracy of
the wafer temperature determination depends on the
filter's bandwidth. According to the calculations, the
optimal bandwidth is between 10 and 14 nm [8].
Conversely, if the bandwidth is less than 10 nm, the input
optical signal from the wafer is significantly reduced,
making it impossible to measure the substrate
temperature below 550 °C.

Since the temperature calculation relies on the
values of the optical analog signal, which is generated
and processed using components of the optoelectronic
system, a detailed analysis of these components in the
spectral measurement range of 930 nm is necessary.
This analysis is crucial for selecting and optimizing
the parameters of these components to enhance the
accuracy and stability of temperature measurements in
pyrometers operating under conditions that consider
the emissivity compensation method. In other words,
it is essential to minimize the influence of external
factors on measurement accuracy.

Selection of the photodetector

In pyrometry systems used for high-precision
temperature measurement, a silicon p-n photodiode is
used as a key component. The efficiency of this
photodiode is determined by several critical parameters:
high watt-ampere sensitivity, minimum values of dark
current and speed of response. High watt-ampere
sensitivity is important to ensure the accuracy of
measurements, especially when detecting optical
signals of low power [9].

The dark current flowing through the photodiode
in the absence of illumination should be minimized to
reduce noise and improve measurement accuracy. The
low dark current ensures that measurements are more
stable and less subject to random fluctuations, which is
especially important when measuring weak signals. The
dark current in photodiodes is usually proportional to
the area of their active zone. This means that as the
active zone area increases, the overall dark current also
increases. The primary cause of dark current is the
thermal generation of electron-hole pairs. Photodiodes
with larger active zone areas have more volume where
such pairs can be generated, leading to an increase in
the overall dark current. In addition to volume dark
current, there is also surface dark current, which arises
at the p-n junction interface. As the active zone area
increases, so does the surface current.

Therefore, when choosing the area of the
photodetector for the pyrometer-reflectometer, it is
necessary to make the optimal choice between two
conflicting factors. On one hand, reducing the area of the
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photodetector element will lead to a decrease in dark
current, an increase in threshold sensitivity, and a
reduction in its temperature dependence. This will allow
for measuring low wafer temperature values with
minimal error over a wider temperature range of the
surrounding environment and increase the device's speed,
which is particularly important for detecting modulated
optical signals. The speed of the photodiode is limited by
several factors, including the p-n junction capacitance C,
the load resistance R, and the carrier lifetime t. The
speed of the photodiode can be approximately estimated
by the RC time constant (response time), which is
determined as follows: T = RC .

On the other hand, reducing the area of the
photosensitive element may cause the reflected beam
from the wafer surface to exceed the boundaries of the
photodetector element, especially in devices with a large
focal length and when the radius of curvature of the
wafer surface changes during epitaxial growth. Based on
calculations and experimental results considering the
characteristics of the developed optical block of the
pyrometer-reflectometer, the optimal size for the Si p-n
photodiode ranges from 2.5 to 3 mm.

When selecting the operating wavelength for a Si
photodiode, it is necessary to consider a balance
between maximum sensitivity and temperature
stability of the photodiode's watt-ampere sensitivity in
the operating spectral range, which is determined by
the change in the width of the silicon bandgap [10].
As the temperature increases, the bandgap width Eg
decreases, leading to a shift of maximum sensitivity
towards longer wavelengths. The absorption
coefficient of silicon a is directly proportional to the
bandgap width Eg and inversely proportional to the
penetration depth of radiation into the material d.
Considering this, it can be said that with increasing
temperature of the silicon structure, the penetration
depth of the radiation changes, leading to a change in
quantum efficiency, which is determined by the depth
of the p-n junction and the construction of the
photodiode structure.

Accordingly, at high levels of photodiode
sensitivity, there is a need to ensure temperature
stabilization or to choose a wavelength that provides
an optimal balance between sensitivity and stability of
characteristics in a wide temperature range. Taking
into account the above and based on the analytical
model of the watt-ampere sensitivity of the Si
photodiode (Fig. 4), the optimal value of the working
wavelength is 930 nm, while the temperature drift of
the watt-ampere sensitivity is 0.2%/°C [7].

Selection of the IR radiation source

To implement the reflectometer channel, it is
necessary to have a highly collimated optical beam in
a narrow spectral range with the possibility of fast
(10-30 kHz) modulation of the optical power level.

Collimated radiation is obtained using the optical
scheme shown in Fig. 5, which ensures the minimum
angle of divergence of optical rays. For such an

optical system, the most suitable source of optical
radiation is an LED.
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Fig. 4. Experimental dependence of the temperature
coefficient of the researched Si photodiodes [7]

Using LEDs allows for forming the emitting area
of the required size and shape. For the device the
radiation source, an LED with a circular area of 120
pm in diameter was developed. Additionally, LEDs
exhibit high quantum efficiency of radiation emission
and enable the formation of optical pulses through
current modulation across a wide frequency and
dynamic range [11].

1 2 3 4

i

Fig. 5. Radiation collimation optical scheme:
1 —radiation source (LED), 2 — condenser I,
3 — aperture, 4 — condenser II

The developed collimator for the LED, operating
at a wavelength of 930 nm with a 120 pm aperture
diameter, achieves an angular divergence of optical
rays of up to 7 arcseconds. This enables the use of the
developed optical radiation source in pyrometric
systems with varying focal lengths, ranging from 10 to
50 cm, suitable for different types of growth reactors.

The choice of the wavelength of the LED optical
radiation of the reflectometer is determined by the
operating wavelength of the pyrometer itself, which is
930 nm. Considering the spectral characteristics, its
temperature dependence, the method of optical power
stabilization, and the LED power, the central
wavelength of the LED emission should be 950 nm.
The spectral characteristic of the investigated LED
with AlGaAs/GaAs quantum-sized layers and a round
light-emitting area with a diameter of 120 pm is
shown in Figure 6.

Another important parameter is the power of the
emitter. The optical power of the LED in the specified
spectral range is determined by the level of power of
the pyrometric signal from the heated wafer in the
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growth reactor and the losses of the optical signal
when forming a collimated beam of a certain diameter.
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Fig. 6. Spectral radiance of the developed
AlGaAs/GaAs LED

These power values should have the same
dimension and not go beyond the dynamic range of
the pyrometer registration system in the entire
temperature range of measurements.

The diameter of the emitter's beam is determined
by the size of the circular plane at the focal distance of
the photodetector’s 1 objective, formed by a slotted
diaphragm located in front of the detector.

Considering the design features of the growth reactors,
the dimensions of their optical ports, the distance from
the reactor surface to the substrate holder, the
minimum values of the substrate temperature
measurement, the rotation speed, diameter, possible
inclination, and change in curvature of the substrates,
as well as the aperture of the objective for a vertical
reactor with a turbo-disk system, the diameter of the
reflectometer beam should range from 4 to 7 mm.

The use of quantum-sized heterostructures in the
LED makes it possible to obtain devices with high
quantum efficiency, that is, to significantly reduce the
operating currents and reduce the dependence of the
LED parameters on temperature, as well as to increase
the uniformity of radiation across the plane [11, 12,
13]. This makes it possible to significantly improve
the degradation characteristics of the LED and
significantly increase the service life of the optical
radiation source. Replacing the LED in the pyrometer-
reflectometer leads to precision adjustment of both the
collimator itself and the device on special stands.

Taking into account the above, an LED on a
quantum-sized multilayer AlGaAs/GaAs heterostructure
with a light-emitting area diameter of 120 um has been
developed, with the following main parameters (Table 1).

Table 1. The main parameters of the developed AlGaAs/GaAs LED

Wavelength A, nm Spectral Width™" A), nm

Rise and Fall Time > , ns Optical Power - P, mW

Peak: 950 44
Centroid: 940

15 5

*1 Spectral width value at 0.5 level
*2 At pulse levels of 10% and 90%
*3 With a current through the LED of I = 10 mA

Conclusions

Based on theoretical analysis and the provided
experimental studies, scientific and technical
recommendations have been developed. These
recommendations are aimed at selecting and
optimizing the parameters of optoelectronic
components of an infrared pyrometer-reflectometer
(photodetectors, LEDs, and optical filters) in order to
improve the accuracy of determining the actual wafer
temperature during the formation of semiconductor
heterostructures on its surface.
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Hayionanonuu mexuiunuu ynisepcumem Ykpainu « Kuiscokutl nonimexniunuii incmumym imeHi
leopa Cikopcvkoeo», Kuis, Yrpaina

OCOBJIMBOCTI PO3POBKU IHOPAYEPBOHOTI'O ITIPOMETPA-PED®JIEKTOMETPA JIJIA
OTPUMAHHS HAIIIBITPOBIITHUKOBUX 'ETEPOCTPYKTYP

JIist ycix THTIB peakTopiB JJIsl TEXHOJOTIT ra3oda3Hoi emiTakcii 3 BUKOPUCTaHHAM MeTaloopranidaux crnouyk AIII-BV
ICHYIOTh 3arajbHi TeXHiuHI BUMOTH. Cepel HUX BapTO BHIIIUTH BEJIHKI TPAli€HTH TEMIIEPATYpPH, IO CIPHIUHSIIOTH
BUHHUKHEHHS] KOHBEKIIHUI1 11eTeIb, 5Ki, B CBOIO Yepry, BPAXOBYIOYH BUCOKY LIBHIKICTh 'a30BOT0 MOTOKY, IPU3BOASATH
JI0 TypOYJEHTHOCTI B PEaKTOpi 3aMiCTh OUIKYBaHOTO JIAMIHAPHOTO MOTOKY. BaKTMBUM TakoXX € BpaxyBaHHS 3MiHU
napaMeTpiB IMOBEPXHI IUIACTHHH B MPOLECI POCTY Ta HEOOXIAHICTh PO3PI3HEHHS! KOPUCHOTO CUTHAJY 3 IOBEPXHI Ilia-
CTHHM Ta ()OHOBOTO CHTHAJIY 3 TpUMaua IUIACTHH, 1110 00epTaeThesl I PIBHOMIPHOTO OCaPKEHHS CIIOJYK.

st oTpuMaHHs SIKICHUX T€TEPOCTPYKTYP 3 BiATBOPIOBAHUMH ITapaMeTpaMy BRKJIMBO MATH CHCTEMY TOYHOTO KOHTPO-
JII0 TEMIIEpaTypy Ha MOBEPXHI IJIACTHHU OE3II0CEPEAHBO B 00JIaCTi 0Ca/KEHHSI, OCKUIBKHU MPOLEC OCaIKEHHS IS Oa-
raThbOX CKJIAJHUX HaliBIPOBIIHUKOBUX NPHUJIaiB (HANpHKIal, Ja3epHi Ai01H, CBITIONIOAN, POTOMIONH, TPAH3UCTOPH
Ha reTeporepexosax) AyKe YyTIMBUI 10 3MiH TeMIepaTypu. MeToja ONTHYHOI HipoMeTpii € Oe3KOHTaKTHUM, IO
JIO3BOJISIE TIPEIU3IMHO BU3HAYATH TEMIIepaTypy IMOBEPXHI TUIACTHHHW Ta BiAMOBIZAE TEXHIYHUM BUMOTaM POCTOBHX
peaKTopiB TEXHOJOTII ra3oha3Hoi emiTakcii.

JlaHa CTaTTs MPUCBSYCHA OCOOIUBOCTIM PO3POOKH ONTOCICKTPOHHUX CHCTEM IS MPEIU3IHHOTO BUMIPIOBAHHS TEMIIE-
paTypu M 4Yac eMiTaKCiIHHOTO POCTYy 3 METOI0 BHW3HAYEHHS KpUTEPIiB misi BUOOpPY abo po3poOKH KOMIIOHEHT
OTITOCJIEKTPOHHOI CHUCTeMH IipoMeTpa-peduiekromeTpa. B poboTi mocmimkeHi OCHOBHI (i3WdHI MPOIECH, €ICKTPO-
ONTHYHI XapakTepucTuku Si ¢oromiona, AlGaAs/GaAs cBiTiiomioga Ta TMapaMeTpW CMYTOBHX iHTep(epeHIinHnX
GbinpTpiB.

Ha ocHoBi aHaii3y oTpuMaHuX pe3yJIbTaTiB TOCHTIPKEHb 1 BUMIPIOBaHb PO3pO0JICHO HayKOBI peKOMeHanii 111010 BUOO-
py Ta onTuMizawii nmapamerpiB KOMIIOHEHTIB mipomerpa ((oronpuiiMadiB, CBITIONIOIB, ONTUYHUX (DIIBTPIB) 3 METOIO
IiIBUILICHHS TOYHOCTI BUMIpIOBaHb Ta TEMIEpaTypHOI cTabiIbHOCTI BUMIpIOBaHHS B yMOBAX €KcIUTyaralii nipomerpis,
SKI BpPaXOBYIOTh KOMIICHCAIIIF0 3MiHM BUIIPOMIHIOBAJIBHOI 3JaTHOCTI IOBEPXHIi IJIACTHHHU.

KurouoBi ciioBa: nanisnpoBigauku A3-BS5; razodasna emitakcis 3 Metanoopranidaux cnonyk; 'E MOC; doromion;
CBITJIOIO; TIIPOMETPisl 3 KOMIICHCAIIEI0 BUIPOMIHIOBAHHS; ONITHKO-EJIEKTPOHHI CHCTEMH KOHTPOJIIO ITapaMeTpiB; OIl-
TAIHUH QiIbTP.
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