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This paper presents the results of a study of silicon diffusion-doped with germanium impurity atoms. For the diffusion of germanium
impurity atoms, the original single-crystal silicon of the KEF-100 brand was used, in which the phosphorus concentration was equal
to Np=5-10"3cm=. The selection of such a concentration of phosphorus impurity atoms was justified by the fact that this concentration
of phosphorus atoms has practically no effect on the electrophysical properties of the obtained samples of silicon doped with germanium
impurity atoms (Si<Ge>) due to the high solubility of germanium impurity atoms in silicon. As shown by the conducted experimental
studies in silicon samples doped by the developed new technology, there are a number of important practical features as well as, the
time of the diffusion process of impurity atoms of germanium in silicon according to the developed new technology is reduced by
2-2.5 times, the power consumption during diffusion is reduced by 2 times, the formation of various impurities, silicides, both on the
surface and at the surface region of silicon and surface erosion are almost completely eliminated. The study of the electrophysical and
magnetic properties of silicon doped with impurity atoms of germanium showed that on the surface and in the near-surface, in addition
to the formation of saturated layers of impurity atoms of germanium, binary compounds GexSiix are also formed. Based on the X-ray
energy dispersive microanalysis, it was determined that the concentration of silicon atoms on the surface is ~44.32%, germanium
atoms ~38.11%, oxygen atoms ~15.58% and carbon atoms ~1.98%. These data showed that the number of germanium atoms on the
surface is almost half the number of the main silicon atoms. The presence of impurity germanium atoms leads to a strong change in the
fundamental parameters of the original silicon. The results of the study showed that in the samples of silicon doped with impurity
germanium atoms, ferromagnetic properties are observed at relatively high temperatures (T = 300 K). For the first time in the samples
of silicon doped with impurity germanium atoms, galvanomagnetic parameters such as Ms-saturation magnetization, M;-residual
magnetization and Hc-coercive force were determined. It was shown that in samples of silicon doped with impurity atoms of
germanium, the fundamental parameters (the value of the width of the forbidden zone, mobility and band structure) of the original
silicon change in a wide range, which leads to an expansion of the spectral range of photosensitivity, as well as magnetic properties,
i.e. ferromagnetism is observed at relatively high temperatures (T=300 K).
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INTRODUCTION

The measurement and control of magnetic fields have always been and remain an urgent challenge, attracting
significant interest from scientists and specialists. From literary analysis it has been established that the measurement and
conversion of the magnetic field value to an electrical signal requires the creation of modern magnetic resistors based on
semiconductor materials and structures. To date, semiconductor materials and multilayer structures based on binary
compounds have been primarily used for this purpose, often necessitating modern and costly equipment [1-4].

In compensated silicon doped with impurity atoms that create deep electronic levels within the forbidden band, a
range of intriguing physical phenomena have been observed. These include high photosensitivity, temperature and
infrared quenching of photoconductivity, tensile and magnetic properties, current auto-oscillations, and more [5-8].
Studies on the magnetic properties of silicon doped with isovalent and rare-earth impurity atoms have revealed high
magnetosensitivity, both negative and positive magnetoresistance, and transitions to a ferromagnetic state at relatively
low temperatures in certain samples [9-10]. This paper presents the results of the study of physical properties of silicon
samples doped with impurity germanium atoms.

METHODS

To obtain silicon samples doped with germanium impurity atoms, a two-stage diffusion technique was developed,
which enabled a significant increase in the diffusion coefficient of germanium atoms into silicon.

It is well-known that diffusion in semiconductors occurs primarily through the interaction of diffusing impurity
atoms with the host atoms and point defects within the crystal lattice of the initial material. The gas-phase diffusion of
impurity atoms in semiconductors typically follows Fick's law. However, this approach often fails to fully capture the
physical mechanisms of diffusion in semiconductors [11,12].
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For the diffusion of impurity atoms of germanium, the initial single-crystal silicon of the KEF-100 brand was used,
in which the phosphorus concentration was equal to N,=5-10"3cm™. Such a concentration of impurity atoms of
phosphorus has practically no effect on the physical properties of the obtained samples of silicon doped with impurity
atoms of germanium (Si<Ge>) due to the high solubility of impurity atoms of germanium in silicon. Powdered germanium
with a purity of ~99.999% was used for the diffusion of impurity atoms of germanium. The essence of the developed low-
temperature diffusion is as follows. The studied samples of the initial silicon and a diffusant of a certain mass (this is
determined by the volume of the ampoule) are in evacuated quartz ampoules (the pressure in the ampoule is
P = 10"® mm Hg) and placed in a diffusion furnace at a temperature of T = 300 K. The temperature of the furnace from
the quartz ampoule is gradually raised at a rate of 5°C/min. Then the temperature rises to T = (823 + 973) K and is
maintained at this temperature for t=(10+20)min, then the furnace temperature rises fairly quickly
(T =423+ 473 K/min) to a certain temperature (T = 960 + 1050 K) and the samples are maintained at this temperature
for t = 3 + 5 hours, after which the ampoules are removed from the furnace and cooled at a rate of 200 °C/sec. The
developed new diffusion technology was carried out dozens of times of diffusion of impurity atoms of germanium from
the gas phase. After each diffusion, 5 to 7 samples of silicon were obtained, the surface of which was examined by an
electron microscope of the MIM-8 brand. Diffusion was also carried out by the usual high-temperature diffusion method.
As the analysis of the obtained results of the study showed, in contrast to the samples obtained by the usual method, in
the samples obtained by the developed low-temperature technology no surface erosion was detected, impurities and
silicides were not formed, both on the surface and in the surface area. To determine the penetration depth of impurity
atoms in the diffusion process, a study of the specific resistance of silicon samples doped with impurity atoms of
germanium was carried out by the 4-probe method on the Van der Pauw installation of the Hall Measurements system
7000 brand with the removal of the thickness of the obtained samples, and the concentration of mobility and charge
carriers were determined.

EXPERIMENTAL PART

Ferrimagnetic properties were first discovered in silicon doped with germanium impurity atoms at relatively low
temperatures (T =30 K). Studies on the properties of silicon diffusively doped with germanium were conducted
at a temperature of T=300 K, where ferrimagnetic behavior was observed in these samples under specific
conditions — a phenomenon not previously documented.

The magnetic properties of the obtained Si<Ge> samples were examined using a magnetic force microscope, the
FM-Nanoview 1000. "Magnetic" images of the topography of germanium-doped silicon were obtained at the submicron
level, providing detailed visualization of the sample structure (Fig. 1).
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Figure 2. Dependence of negative magneto-resistance on the magnitude of magnetic field in samples p-Si<Ge>, at E =100 V/cm,
a) T=80K, b) T =300K
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These results confirm that silicon samples doped with germanium impurity atoms exhibit ferrimagnetic properties
not only at low temperatures (Tge~ 30 K) but also at relatively high temperatures (T = 300 K). The study of the magnetic
properties of Si<Ge> samples demonstrate a significant negative magnetosensitivity in silicon doped with germanium
impurity atoms (Fig. 2).

A Scanning Electron Microscope (SEM) provides high-quality imaging and analysis of material surfaces. This
technique enhances image quality and resolution by using a stream of high-energy electrons to scan the surface, producing
highly detailed images [13,14]. Figures 3a and 3b show the surface topology of a silicon sample doped with germanium
impurity atoms, obtained using a JSM-IT 200 SEM. The elemental composition of the silicon surface is presented in
Figure 3c.
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Figure 3. a) and b) surface topology of silicon diffusion-doped with germanium impurity atoms, c) results of micro-X-ray
energy-dispersive analysis (scale 20 pum).

Table 1 shows the elemental composition of silicon samples doped with germanium impurity atoms, determined
from micro X-ray energy dispersive analysis obtained using a scanning electron microscope.

Table 1. Elemental composition of silicon samples doped with impurity germanium atoms

Element AN Series unn. C {wt} norm. C {wt.%} Error {wt}.
Si 14 K 44.45 44.32 1.8
(0] 8 K 15.63 15.58 1.9
Ge 32 K 38.23 38.11 2.1
C 6 K 1.99 1.98 0.4
Total: 100.29 100.00

THEORETICAL CALCULATIONS AND RESEARCH RESULTS

Analysis of the study results revealed that after the diffusion of germanium impurity atoms onto the silicon surface,
a thin layer forms where germanium-silicon compounds (GeSi) are present. The elemental composition of the silicon
surface is shown in Table 1. X-ray energy-dispersive microanalysis indicated that the surface concentrations are
approximately 44.32% silicon atoms, 38.11% germanium atoms, 15.58% oxygen atoms, and 1.98% carbon atoms. This
data demonstrates that the quantity of germanium atoms on the surface and near-surface layer of silicon is nearly half that
of the primary silicon atoms.

Microscopic analysis revealed that a compound layer with an approximate composition of Geo 33Sio.s2 and a thickness
of 0.5-2 microns formed on the surface and near-surface region of the silicon. Beyond this layer, the concentration of
germanium atoms decreases sharply; at a depth of 5-6 microns, the compound composition reaches Geo.0sSio.9s. These
findings confirm the formation of binary GeSiix compounds and heterostructures of the Ge,Sii.«-Si type on the silicon
surface and near-surface region through the diffusion of germanium impurity atoms.

Fig. 4a shows the surface topography of a silicon sample doped with germanium impurity atoms, obtained using a
JSM-IT 200 scanning electron microscope (SEM) in secondary electron mode. The X-ray spectrum at point 3 (Fig. 4)
indicates a composition of 86% silicon and 14% germanium atoms, corresponding to the binary compound ratio
Geo.14Si036.
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Figure 4. a) Surface topography of silicon sample doped with impurity germanium atoms. b) X-ray energy dispersive microanalysis
of silicon samples doped with impurity germanium atoms.

Table 2. Elemental composition of silicon samples doped with impurity germanium atoms

Element Line Weight % Atom %
Si K 70.34+0.24 85.97+0.3
Ge K 29.66+0.44 14.03+0.21
Total: 100.00 100.00

Literature data [15] indicate that it is impossible to achieve a uniform distribution of germanium impurity atoms in
silicon at concentrations around 80%. In our study, the results can be explained by the fact that, during the additional heat
treatment of silicon samples doped with germanium impurity atoms, binary compounds such as Ge,Siix with high

concentrations were formed in addition to individual impurity atoms.

To confirm the formation of binary compounds Ge,Sii-, silicon samples doped with germanium impurity atoms
were examined using an atomic force microscope (FM-Nanoview 1000) (Fig. 5).
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Figure 5. AFM images of the surface of silicon doped with impurity germanium atoms

The results showed the formation of islands on the surface and near-surface regions of the silicon samples, which are
key to the formation of Ge,Si;x compounds. Further analysis of the silicon samples doped with germanium was conducted
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using an IR microscope. The results revealed that the size of the formed silicon-germanium binary compounds reaches up to
1-2 um, and these compounds were found in large quantities on both the surface and near-surface layer of the silicon.

As shown in Fig. 5, the formation of islands consisting of binary Ge,Sii.x compounds on the silicon surface leads to
an increase in the average roughness size [16]. This indicates that the binary GexSii.x compounds are forming on the
silicon surface due to the impurity germanium atoms, whose electric potential is higher than that of the original silicon.

The experimental results revealed that silicon samples doped with impurity germanium atoms exhibit a
ferromagnetic state at a temperature of T = 300 K (Fig. 6).

Studies of the dependence of the magnetic moment of silicon samples doped with impurity atoms of germanium on
the specific resistance of the material showed that in high-resistance samples (where the specific resistance is close to the
intrinsic conductivity p > 10° Q-cm) and in samples less than with p <4x10*Q-cm, a decrease in the magnetic moment is
observed. According to the results of studying the negative magnetoresistance in samples obtained in similar modes, a
similar picture of a noticeable decrease in the NMR is observed in silicon samples doped with impurity atoms of
germanium at the same specific resistances. On this basis, it can be considered that the NMR phenomena that are observed
can be directly related to the presence of magnetic ordering in these samples.
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Figure 6. Magnetization dependence on magnetic field of silicon samples doped with impurity germanium atoms at T= 300 K,
a) in samples of silicon Si <B, Ge>, p = 4x10* Q-cm, p-type (blue color) and original silicon (red color), b), v) finding the parameters
M;-saturation of magnetization, Mr-residual magnetization and He-coercive force.

DISCUSSIONS

Based on experimental studies, it has been shown that by controlling the parameters of the low-temperature diffusion
process, binary compounds of the GexSi;« type can be obtained with a thickness of up to 5-6 um, and with germanium
atom concentrations on the surface reaching up to 27%.

The formation of Ge,Sii.x binary compounds in silicon doped with germanium impurity atoms leads to a change in
one of silicon's fundamental parameters: the bond dissociation energy. The bond dissociation energy between germanium
and silicon atoms is higher than that of the germanium-germanium bond but lower than that of the silicon-silicon bond.

It has been established that, in addition to various combinations of Ge,Sii«x forming in the silicon crystal lattice,
neutral molecular compounds, such as Si»-GexBrSii_x, may also form. These compounds consist of tetrahedral clusters of
three silicon atoms surrounded by germanium atoms. The formation of such compounds contributes to the creation of
heterostructures of the type GeSii.x -Si on the surface and near-surface regions of silicon.

The results of the study also revealed that silicon samples doped with germanium impurity atoms exhibit
ferromagnetic properties at a temperature of T =300 K.
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CONCLUSIONS
Analysis of the study results revealed that in silicon samples doped with germanium impurity atoms, there is a wide
range of changes in the fundamental parameters of silicon, such as the width of the bandgap, mobility, and electronic
structure. These changes lead to an expansion of the spectral range of photosensitivity and the emergence of magnetic
properties, including ferromagnetism at relatively high temperatures (T = 300 K). This makes the doped silicon suitable
for the development of sensitive photodetectors, solar cells, and magnetic sensors.
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OI3NYHI TA MATHITHI BJACTHBOCTI KPEMHIIO, IETOBAHOI'O JOMIIIKOBUMU ATOMAMM 'EPMAHIIO
Hypymia ®@. 3ikpuanaes?®, ®epysa E. Ypaxosa?, Aximep P. Tomes®, Liocinain A. Kymies?, Temyp B. Icmainos?,
Monpomani A. A6ayranies?, Hemat HopkyJi0s®
“Tawkenmcoruti Oeparcasnuti mexniunuil ynisepcumem, 100095, sya. Yuisepcumemcewxa, 2, m. Tawxenm, Y30exucman
bAamanuxcoxa ginia Tawxenmcwvrozo depacasnozo mexniunozo yricepcumemy, m. Tawixenm, Yzbexucman
‘Hayionanvruii ynieepcumem Y36exucmany imeni Mipso Ynyebera, 100098, Vuieepcumemcoka eyn.4. Tawkenm, Y30exucman
VY naHiii po6oTi peICcTaBlIeHI pe3yJIbTaTH TOCIiKEHHs Ju(y311HHO JIEroBaHOT0 IOMIIIKaM1 aTOMiB repMaHito kpeMHiro. st udysii
JOMIILIIKOBHX aTOMIB TepMaHil0 BUKOPHCTOBYBABCS BHXiIHUI MOHOKpHCTaMiuHuit kpeMHii mapku KED-100, B sikoMy KOHIEHTpaLis
dochopy nopisrrosana Np=5-10"3cm3. Bubip Takoi KOHLEHTpaLlii TOMIIIKOBUX aToMiB (ochopy 6yB 0OIPYHTOBAHMI KOHIIEHTPALIECIO
aToMiB (ochopy, sKa MPaKTHIHO HE BIUIMBAE HA (hi3UUHI BIACTHUBOCTI OTPUMAHUX 3Pa3KiB KPEMHIIO, JETOBAHOTO AOMIIIKOBHUMH
aToMamu repmasiro (Si<Ge>) yepe3 BUCOKY PO3UHMHHICTD JOMIIIKH. aTOMIB TepMaHito B KpeMHii. JlocTiKeHHIM eneKTpOoQi3HIHIX 1
MarHiTHUX BJACTUBOCTEH KPEMHIiIO, JIETOBAHOTO JOMIIIKOBUMH aTOMaMM TepMaHio, BCTAaHOBJECHO, IO Ha IIOBEPXHI 1 B
IIPUITOBEPXHEBIH 30HI KPiM YTBOPEHHS HACHUCHUX IIapiB JOMIIIKOBI aTOMH T€pMaHII0 YTBOPIOIOTH TaKOX OiHapHi crioiyku GexSii-x.
Ha oCHOBI peHTreHiBCHKOTO E€HEeproANCIepCiHHOr0 MiKpOoaHali3y BCTAaHOBJICHO, II0 KOHIIEHTPALlsl aTOMIB KPEMHII0 Ha INOBEpXHi
cTaHoBUTh ~44,32 %, atomiB repmaniro ~38,11 %, aromiB kucHiO ~15,58 % i aromiB Byriemto ~1,98 %. Lli nani mokasanu, 1o
KIJIBKICTh aTOMIB FeépMaHil0 Ha OBEPXHi CTAHOBUTH Maiike MOJOBHHY KiIbKOCTI OCHOBHUX aTOMIB KpeMHit0. HasBHICTh JOMIIIKOBHX
ATOMIB repMaHilo MPU3BOJUTH A0 CHIBHOI 3MiHH (PyHIaMEHTAJIBHUX IAPAMETPIB BUXiJHOTO KPEMHI0. 3a pe3ysbTaTaMu J0CIiPKSHHSI
BCTaHOBJICHO, III0 B 3pa3Kax KPEMHi0, JJETOBAaHOTO JOMIIIKOBUMHI aTOMaMH TepMaHiio, pepoMarHiTHi BIaCTHBOCTI CLIOCTEPIraroThbes
BigHocHO BHcokux Temmepatyp (T=300 K). Bmepiue rampBaHOMAarHiTHi mapaMeTpH, Taki K Ms-HaMarHi4eHICTh HaCHUYCHHS, M-
3aJIMIIKOBA HAMarHideHicTs i He-koepuTHBHICTE, Oy BU3HAYEHI B 3pa3Kax KPEeMHiI0, JETOBAHHUX JOMIIIKOBUMHA aTOMaMH1 I'epMaHilo.
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