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The use of alternative and renewable sources of energy supply in energy supply around the world is
attracting great and practical interest. The growing interest in them is caused by environmental considera-
tions, on the one hand, and the limited nature of traditional hydrocarbon energy sources, on the other.
A special place among alternative and renewable energy sources is occupied by photoelectric solar energy
converters, the study of physics, which has become a separate scientific direction of photovoltaics. The de-
velopment and creation of photocells based on silicon by binary compounds of germanium atoms GexSii— in
volume is also of particular interest to scientists and specialists. Since the production of silicon with binary
compounds of silicon-germanium with certain electrical parameters and structure allows you to significantly
expand the spectral region of the sensitivity of photodetectors and the efficiency of photocells based on such

materials.
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1. INTRODUCTION

At present, increasing the efficiency of silicon-based
photovoltaic cells (PV) is a very important and urgent
problem that requires a vigorous study of electrical pa-
rameters in order to increase the efficiency of photovol-
taic stations. It seems to us that one of the ways to solve
this problem is the stabilization of the parameters of
photocells to external influences, such as temperature
and radiation, which leads to an increase in their service
life by additional doping with impurity atoms of the orig-
inal (base) material [1-4].

In this regard, of great interest is the study of addi-
tional doping of silicon with isovalent and rare-earth im-
purity atoms. As is known, from the analysis of litera-
ture data, it has been established that silicon doped with
these impurity atoms not only manages to maintain the
initial electrophysical parameters of the PV, it is also
possible to significantly increase the lifetime of minority
charge carriers, which serve to increase the efficiency of
the PV.

2. METHODOLOGY

Although the diffusion technology for the production
of GexSi1 - » binary compounds is of great interest, the
preparation of such compounds based on silicon has not
been crowned with success so far. This is mainly due to
the very small diffusion coefficient of germanium atoms
in silicon (D ~ 10~ * cm?2/s), which requires a long diffu-
sion time. The developed two-stage low-temperature dif-
fusion technology for doping germanium atoms into sili-
con makes it possible to suppress the formation of vari-
ous thermal defects and the formation of nanoclusters of
binary compounds of the GexSi1 - » type [5]. On the basis
of the developed technology, diffusion of germanium im-
purity atoms into single-crystal silicon from the gas
phase was carried out for ¢ = 20 hours, while the vapor
pressure of the diffusant was P = 1 atm, at a tempera-
ture of T'= 1250 °C.
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3. RESULTS AND ITS DISCUSSION

Studies of the spectral dependence of the photosensi-
tivity of the obtained silicon samples doped with germa-
nium atoms were carried out on IKS-12 spectrometers
at a temperature of 7'= 300 K. Figure 1 shows the results
of a study of the spectral dependence of silicon samples
in which the surface and near the surface region was en-
riched with impurity germanium atoms.
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Fig. 1 — Spectral dependence of the photoconductivity of
GexSii-» samples, 7= 300 K

The analysis of the obtained measurement results
showed that, in the first region of the spectral dependence
in the interval of the wavelength range 1 = 2+1 pm
(hv = 0.6+1.2 eV), the value of the photocurrent increases
by almost 150 times. Such a rapid increase in the photocur-
rent means that in this range of IR radiation there is a
strong generation of charge carriers based on a double op-
tical transition [6, 7]. These research results show that it is
indeed possible to create sensitive photodetectors and more
efficient photocells operating in a wide IR spectral region
based on silicon with GexSii—x binary unit cells.

© 2023 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.15(3).03024

N.F. ZIKRILLAEV, G.A. KUSHIEV, SH.I. HAMROKULOV, Y.A. ABDUGANIEV

Figure 2 shows the results of a study of the absorp-
tion spectra of the obtained silicon samples doped with
germanium atoms on a Lambda 950 UV/Vis/NIR spec-
trometer at 7'= 300 K.
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Fig. 2 — a) Absorption spectrum of a silicon crystal doped with
germanium impurity atoms, at 7'= 300 K. b) Absorption spec-
trum of the original single-crystal silicon, at 7'= 300 K

Based on the solutions of the Kubelka-Munk func-
tion, the band gap of the obtained samples was deter-
mined based on the spectra of reflected light (form 1).
The calculation results show that the band gap of the
initial single-crystal silicon sample was equal to
Esi = 1.2 eV, the band gap of the silicon sample with
binary silicon-germanium compounds was E = 0.76 eV.
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An analysis of the results of measurement of absorp-
tion spectra on Lambda 950 UV/Vis/NIR spectrometers
has established that the absorption spectrum of silicon
by doped germanium atoms differs from the initial sin-
gle-crystal silicon [8-10].

From the results obtained, it was established that
impurity germanium atoms form binary compounds of
the GexSii1—x type on the surface and near-surface region
of silicon. The formation of such compounds with high
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concentrations on the surface and near the surface re-
gions leads to a change in the band gap of silicon. This,
in turn, leads to the formation of heterostructures based
on binary compounds of the GesSii - » type, which, in
turn, lead to a significant increase in the photoconduc-
tivity value, as well as an increase in the spectral sensi-
tivity range relative to the initial silicon material. These
results of the study indicate that the resulting hetero-
structure based on the GexSii-x binary compound can be
used as a promising material for the development and
fabrication of efficient silicon-based photocells.

The composition and optical properties of the result-
ing binary compounds Ge,Sii - x in silicon were studied
using an infrared Fourier spectrometer brand FSM-
1202. Before studying the optical properties of the ob-
tained silicon samples, two opposite surfaces were pol-
ished with diamond paste on a polishing device, and the
remaining four sides of the silicon samples were ground
to ~ 100 pm in order to remove the near-surface enriched
layer. These studies made it possible to accurately meas-
ure the composition of the elements of the formed
GexSii-x binary compounds on the surface and near-sur-
face silicon layer. The measurement results are shown
in Fig. 3.
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Fig. 3 — Elemental composition of the silicon surface doped with
impurity germanium atoms. The study was carried out by a
spectrometer brand FSM 1202, at 7= 300 K

An analysis of the obtained results showed that the
formation of binary compounds of impurity germanium
atoms with atoms of the original silicon leads to the ap-
pearance of a peak associated with the absorption of a
frequency of 1066 cm ~ 1. The peaks observed at 885 cm 1
and 850 cm ~ ! correspond to germanium oxide (GeOQOz),
the peak at 1104 cm 1 is associated with the formation
of oxygen compound silicon (Si-O). Considering the in-
tensity of other peaks at 463 cm -1, 814 cm ~ 1, and
1104 cm ~ ! showed the presence of silicon oxide (SiOz2).
The transmittance at a peak of 1066 cm ~! showed the
presence of binary compounds of the GexSii - x type in
silicon. In other words, the choice of the annealing tem-
perature at 7'= 850 °C was appropriate, because at this
temperature the minimum oxidation thickness of the Si
substrate is formed. Two dips in transmittance (absorp-
tion peaks) at 850 cm — ! and 885 ¢cm ~ ! are shown in
Fig. 3, indicating a significant thickness of the germa-
nium oxide O-Ge-O (GeOg) layer formed on the silicon
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Fig. 4 — AFM images of a silicon surface doped with impurity
germanium atoms
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surface. These data were confirmed by the results ob-
tained by other authors [11, 12].

On Fig. 4 shows the surface morphology of silicon
samples doped with germanium atoms, obtained on a
Core AFM atomic force microscope. As can be seen from
the figure, the surface morphology of silicon samples
doped with germanium atoms is characterized by relief
irregularities, which is associated with the concentra-
tion of binary compounds of impurity atoms of germa-
nium and silicon (GexSii—x).

As can be seen from Fig. 4, the formation of islands
on the silicon surface doped with germanium impurity
atoms leads to an increase in the average roughness
size. This indicates the formation on the silicon surface
of GexSi1 -« binary compounds, the electric potential of
which is greater than that of the initial silicon.

4. CONCLUSIONS

Thus, it has been established that the developed two-
stage low-temperature diffusion technology makes it
possible to control the penetration depth (x) of impurity
germanium atoms in silicon, which form binary com-
pounds of the GexSi1—« type. It follows from the analysis
of the experimental results that, by improving the diffu-
sion technology of doping germanium atoms in silicon, it
is possible to obtain binary compounds with different
concentrations of impurity germanium atoms, which
lead to the expansion of the spectral range of photocon-
ductivity and leads to high photosensitivity in the IR re-
gion of the radiation spectrum with a wavelength
A=1+3 pum [13-15]. These research results show the pos-
sibility of creating sensitive photodetectors of IR radia-
tion and efficient photocells based on silicon doped with
germanium impurity atoms.
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Buroprcramnss aarpTepHATHBHUX 1 BITHOBIIOBAHUX JIsKePeJsT eHeprii B eHepro3abe3nedeHH] B yChOMY CBIT1
BUKJIMKAE BEJIUKUHU MIPAKTUYHUHA iHTepec. 3pOCTAHHS 1HTEpecy 10 HUX 3yMOBJIEHE €KOJIOTTYHUMH MipKyBaH-
HAMU, 3 OJJHOTO OOKy, Ta OOMEKEHICTI0O TPAOUINHUX BYTJIEBOJHEBUX Jepesl eHeprii, 3 inmoro. Ocobause
MicIte cepel aIbTePHATUBHUX 1 BIIHOBJIIOBAHUX JFKePesI €Heprii 3aiMaiTh (POTOeJIEKTPUYHI ITepeTBOPIBaYl
COHSTYHOI eHeprii, BUBYeHHS (PI3UKH, IO CTAJI0 OKPEMHUM HAYKOBUM HAIIPAMKOM (POTOBOJIbTaIKN. Po3pobka Ta
CTBOPEHHS (POTOEJIEMEHTIB Ha OCHOBI KPEMHII0 OIHAPHMMH CITOJIyKAMU aToMiB repManio GexSii« B 06’emi Ta-
KOJK CTAHOBHUTE 0COOJIMBHI 1HTEpeC [IJIsI BUeHHX 1 crrerriasicTiB. OCKUIbKY BUPOOHUIITBO KPEMHII0 3 O1HAPHUME
CIOJIyKaMU KPEeMHIN-repMaHiil 3 IeBHUMHU eJIeKTPUYHUMIY [IapaMeTPaMU 1 CTPYKTYPOIO JI03BOJISIE 3HAYHO PO-
BIIUPUTH CIIEKTPAJIBHY 00J1aCTh YyTJINBOCTI POTOMPUAMAYIB 1 e)eKTUBHICTE POTOETIEMEHTIB Ha OCHOBI TAKUX
Marepiasis.

Knrouyori ciopa: BigmosmoBani mxepesna eeprii, @otoenexkTpuuni BiactuBocti, I'eTrepomnepexin, Bapu-
3oHHA cTpykTypa, Hudysis, Consunnuit enement, Kpemniii, ['epmamniii.
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