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The paper determines the technological regimes for obtaining GexSiix alloys by introducing germanium atoms into single-crystal
silicon by the diffusion method. From the results of the study, it was found that the fundamental parameters of the formed GexSiix
alloys differ from the fundamental parameters of the original silicon, in particular, the energy values of the silicon band gap change.
Elemental analysis of the surface of the samples showed that the concentration of silicon (in atomic percent) was ~70.66%,
germanium ~29.36%. It was assumed that on the silicon surface and in the front part, a thin layer of an alloy of a compound with
a composition of approximately Geo3Sio.7 (0.5+2 um) would be formed. Analysis of the spectra (p shows that the spectrum contains
peaks ~303 cm™! and ~406 cm!, corresponding to the Ge-Ge and Si-Ge bonds, respectively. It was also shown that GexSii-x binary
compounds are a new material for modern electronics, the possibility of creating properties on their basis in electronics was shown.
It is proposed on their basis to create devices with new functionality and highly efficient solar cells.
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INTRODUCTION

Today, special attention is paid to obtaining new materials with clusters of impurity atoms on the surface and in the
bulk of a semiconductor, which is one of the main directions in the development of technology and physics of
semiconductor materials [1-3]. In this case, one of the important tasks is the creation of a simple and cheap technology
for the formation of clusters (clusters) of impurity atoms in the bulk of a crystal, which makes it possible to create
nanoscale structures that change the properties of the base material. The methods of molecular beam epitaxy used to
obtain such nanosized structures require expensive equipment.

Obtaining clusters of germanium (quantum dots) in a silicon lattice allows you to significantly expand the spectral
region of sensitivity of photodetectors, solar cells. Germanium nanostructures in a solid solution of the GeSi; type can
be obtained on the basis of single-crystal silicon by the diffusion method. It is known [4] that germanium forms stable
solid solutions in silicon up to a germanium concentration of 1650 K from 80%. At the same time, the maximum solubility
of germanium in silicon reaches 1-10% at/cm>% at a temperature of 1430°C [5].

Upon cooling, the solid solution of germanium in silicon decomposes, and an excess of germanium forms
accumulations (clusters) containing mainly germanium (the solubility of silicon in germanium at a temperature of 1550 K
is less than 50% [6].

In this regard, the purpose of research is the development of a diffusion technology for obtaining germanium clusters
in the volume of a silicon lattice and the study of the electrical parameters of these materials.

TECHNIQUE AND EXPERIMENTAL

Single-crystal p- and n-type silicon with resistivity of 10 and 100 Ohm-cm was chosen as the starting material. The
size of all silicon samples was the same 8x4x1 mm?.

The diffusion technology for obtaining Ge,Siix solid solutions with different ratios of components, although of
great interest, is technologically unacceptable. This is mainly due to the very small diffusion coefficient of germanium
atoms in silicon (Do ~ 10"'* ¢m?/s) [7], which requires a long diffusion time (Table 1) to obtain layers with a high
concentration of germanium. Here x is the depth at which the concentration of germanium drops by a factor of e, the
diffusion time is 20 hours.

We managed to solve the problem of a low diffusion coefficient due to the technology of low-temperature
diffusion alloying of silicon with germanium. The technology of two-stage diffusion was used, which makes it possible
to obtain a noticeable increase in diffusion coefficients [8-10]. Initial samples of silicon and diffusant - powdered
germanium grade GES-1 were placed in quartz ampoules, after which evacuation was performed (residual pressure in
the ampule p~ 10> mm Hg). The ampoules were placed in a diffusion furnace of the Vacuum Tube Furnace 1700°C
brand at T = 300K.
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Table 1. Diffusion coefficient and displacement length of germanium atoms in silicon

Temperature, °C 1250 1200 1150 1050 950
D, cm¥/s 4108 81014 6.6-10°15 6-10°7 7-10°%°
X, pm 3.6- 3.12- 2.12- 1.42 1.6

The amount of diffusant was determined by calculation based on the volume of the ampoule and the required vapor
pressure (concentration of atoms) of the diffusant at the diffusion temperature.

The furnace temperature was gradually increased at a rate of 5°C/min to a temperature of T = (900+940) °C. Then
the samples were kept £ = (20+25) min at this temperature, after which they continued heating at a rate of 150+200°C/min
to the final diffusion temperature. At this temperature, the samples were kept for =20 hours, after which the quartz
ampoules were removed from the furnace and cooled at a rate of about 200°C/sec. Diffusion annealing of the obtained
samples was carried out at the final diffusion temperature T = 1050; 1150; 1250 °C for ¢ = 5 hours

DISCUSSION OF EXPERIMENTAL RESULTS
The electrical parameters of the samples were measured on an ECOPIA HMS-3000 Van der Pauw setup. The
distribution profiles of the electrical parameters of the samples were studied by mechanical removal of layers (by 1 pm),
measurement on the Van der Pauw installation, and further calculation of the profiles of resistivity, mobility, and
concentration of carriers). The chemical composition of individual points of the samples was studied by energy dispersive
X-ray microanalysis on a JSM-IT 200 SEM.
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Figure 1. Changes in silicon resistivity with GexSii-x binary compounds a) sample of no. 2, b) sample of no. 3.

It is known that Raman spectroscopy is an accurate method for studying the bond states and symmetries of binary
compounds of impurity atoms in semiconductors, which depend on the various local modes of vibrations of atoms and
molecules formed in the crystal structure. Raman spectroscopy is also widely used to diagnose various structures formed
in the bulk of silicon [11-13]. The measurements were carried out using a Raman spectrometer in the spectral range from
100 cm™! to 3400 cm™!. The spectra were determined using a diode laser with a wavelength of A = 785 nm. During the
measurement, a diffraction grating with a period of 1200 lines/mm was used. To clarify the presence and composition of
new phases in the samples, X-ray phase analysis was performed on a Shimadzu XRD-100 diffractometer.

The results of (Fig. 1) the study of surface resistance showed that after diffusion, the surface resistance of the sample

decreased by 5 orders of magnitude, which indicates a strong doping of the surface layer with antimony contained in
germanium.
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Figure 2. a) Topography of the surface of a silicon sample after doping with germanium atoms (sample no. 3).
b) X-ray energy-dispersive microanalysis of silicon samples doped with impurity germanium atoms
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Figure 2a shows the topography of the surface of a silicon sample doped with germanium atoms, obtained on a
JSM-IT 200 SEM in the secondary electron mode. The X-ray spectrum obtained at point 3 (Fig. 1,b) showed that the
concentration of silicon atoms was 86%, germanium atoms - 14%, which corresponds to the composition of the Geo,14Sio 36
solid solution.

From the literature data [14,15], it is known that it is impossible to obtain an equilibrium solid solution of germanium
in silicon with a germanium concentration of more than 90%. The result obtained can be explained by the quenching of
the solution due to the rapid cooling of the samples after diffusion.

Figure 3 shows an enlarged image of the sample area near point 4 and the elemental composition of the surface.
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Figure 3. a) Topography of the annealed sample
b) X-ray energy-dispersive microanalysis of silicon samples doped with impurity germanium atoms

Judging by the appearance, at this point there is a drop of germanium that has adhered to the surface and has
dissolved a significant amount of silicon. The composition corresponds to a solid solution of silicon in germanium
Geo.37S10.13. This shows the possibility of obtaining germanium clusters containing a relatively small amount of silicon.

In order to reveal the presence of bonds of the Si-Ge and Ge-Ge type, the samples were studied by Raman
spectroscopy. Figure 4 shows the spectrum of Raman scattering in samples of the original silicon (a) and silicon doped
with germanium. The spectral measurement range is from 100 cm™ to 3400 cm™'. The spectra were determined using a
diode laser with a wavelength of A = 785 nm.
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Figure 4. Raman spectrum: a) initial silicon (SEP-100); b) silicon doped with Ge (no. 3)

Analysis of the spectra (Fig. 3b) shows that the spectrum contains peaks of ~303 cm™! and ~406 cm’!, corresponding
to the Ge-Ge and Si-Ge bonds, respectively. These results are in good agreement with the data presented in [16, 17]. The
amplitude of these peaks is small, and the width is large, which indicates a low volume concentration of these bonds and
a significant inhomogeneity of the samples, apparently associated with the "diffusion" inhomogeneity of the composition,
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and, consequently, mechanical stresses in the samples. To test this assumption, the samples were annealed at a temperature
of 1050 °C degrees for 5 hours. Figure 5 shows the Raman spectrum of this sample. There is no Si-Ge peak in the
spectrum, and the Ge-Ge peak is noticeably narrower and higher. This indicates the decomposition of the solid solution

with the formation of a new germanium phase containing an insignificant amount of silicon.
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Figure 5. Raman spectrum of the annealed sample.

Figure 6 (a,b) shows the diffraction spectra obtained with a step of 0.05° at a scanning speed of 2°/min in the range
of scanning angles of 10°-70°.
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Figure 6. X-ray diffraction pattern: a) initial silicon [18]; b) silicon doped with germanium (no.3)

The diffraction spectra confirm the formation of germanium clusters during the diffusion treatment and the
presence of inhomogeneities in the lattice parameter
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Figure 7. AFM images of the silicon surface doped with impurity germanium atoms
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As can be seen from Figure 7, 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 binary compounds
Ge,Si, -, the electric potential of which is higher than that of the initial silicon

An analysis of the experimental results showed the formation of binary compounds of the GexSi; type in the lattice
of single-crystal silicon.

Studies of the state of germanium atoms in diffusion-doped silicon according to the developed technology showed
that under diffusion conditions a solid mixture of the GeSijx type is formed in silicon [19-21]. It has been established
that germanium impurity atoms in the silicon lattice create monoclusters with a certain composition in the formed
binary cell.

CONCLUSION

From the analysis of the spectra obtained by the Raman spectrometer and X-ray diffraction analysis, it can be said
that binary silicon-germanium (GexSi;x.) compounds are formed in the silicon crystal lattice, the concentration of which
will increase from the diffusion conditions and heat treatment (temperatures, time). Comparison of the results obtained
with the available literature data established that binary compounds of the Ge,Sii« type are formed in the lattices of single-
crystal silicon. In addition, the results obtained show that silicon atoms enriched with germanium atoms lead to a change
in the fundamental parameters of the initial silicon. Changing the fundamental parameters of the original silicon allows
you to control the electrical, photoelectric and optical parameters of silicon, which makes it possible to obtain a new
material with unique photoelectric and optical properties.
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MOTOYHHUIA CTAH JOCJIKEHb KPEMHIIO 3 BIHAPHUMHA CIIOJTYKAMM Ge,Sii-« TA MOKJIUBOCTI iX
3ACTOCYBAHHA B EJIEKTPOHIII
Hypyaaa ®. 3ikpinnaes, Liitocinain A. yrai Kyuiies, Cepriii B. Kosemnikos, Baxpommikon A. AGaypaxmaHosB,
Yrinoeii K. KypoonoBa, A6aya:kanoa A. Catropos
Tawkenmcoruil Oeparcagrutl mexuiynull ynigepcumem, Tawkenm, Y30exucman

BuzHaueHO TeXHOJIOTIUHI PEeKUMH OTpUMaHHSA cIuiaBiB GexSil-X IUITXOM BBEJEHHS aTOMIB TepMaHil0 B MOHOKPHCTATIYHUH KPEeMHIi
qu(y3iHIM MeTooM. 3a pe3yibTaTaMH JOCHTIPKEHHS BCTAHOBIIEHO, IO (yHIaMeHTalIbHI TapaMeTpu chopMoBaHuUX CIIIaBiB GexSiix
BIZIPI3HAIOTBCS Bif (pyHIAMEHTAIBHUX IapaMeTpiB BUXIJIHOTO KPEMHIIO, 30KpeMa 3MIHIOIOThCS EHEpreTHYHI 3HAYCHHS IIUPUHU
3a00pOHEHOI 30HM KpeMHilo. EnemMeHTHUMI aHami3 MoBepXHi 3pa3KiB MOKa3aB, 10 KOHIEHTpALis KPEMHIil0 (B aTOMHHX BiJCOTKaxX)
cranoBmia ~70,66%, repmanito ~29,36%. Ilepenbauaiocs, 1110 Ha MOBEPXHi KPEMHIIO 1 B JIMIIbOBIH YaCTHHI yTBOPIOETHCS TOHKHUH 11ap
crutaBy crionyku cknany npubnuszao GeosSios (0,5+2 MkM). AHami3 cnekTpis (p) MOKasye, MO CHEKTp MicTuTh miku ~303 cm! and
~406 cm’!, mo BignopinawTs 38'13kaM Ge-Ge i Si-Ge Binnosigno. Takox Oyio mokasaHo, o GiHapHi crionyku GexSiix € HOBHX
MaTepialiB UId Cy4acHOi eNeKTPOHIKH, MOKa3aHO MOXIIUBICTH CTBOPCHHS Ha iX OCHOBI BJIIACTHBOCTEH B €JIEKTPOHILi, HAa IX OCHOBI
3aIpONOHOBAHO CTBOPIOBATH IPHIIANHN 3 HOBOIO (DYHKI[IOHATIBHICTIO T4 BUCOKOS(EKTUBHIMH COHSYHUMH €JIEMEHTaMU.
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