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Abstract. This paper presents X-ray diffraction results of p-Si doped with germanium and tin atoms. It
was found that after heat treatment of the initial silicon sample at a temperature of 1100°C, a new
energetically favorable direction of crystallites appears. It was determined that germanium and silicon
atoms form bonds in high-potential regions of the silicon crystal lattice and this leads to a deterioration
in its monocrystallinity, that is, to an increase in the number of polycrystalline regions. It has been
discovered that tin atoms in silicon combine with oxygen atoms and form SnO, crystallites in the crystal
lattice and this leads to an improvement in the monocrystallinity of silicon.
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1. Introduction

It is known that expanding the energy range of sensitivity of semiconductor
structures in the IR region is one of the urgent problems of optoelectronics (Ahmed et al.,
2024; Abdurakhmanov et al., 1998; Daliev et al., 2024; Saidov et al., 2015; Zainabidinov
et al.,, 2022). In this regard, the study of the possibility of doping impurities into
semiconductor samples based on the most studied materials, such as Ge, Si, Sn, in our
opinion, is of the greatest interest (Madatov et al., 2024; Utamuradova et al., 2023;
Dolbak & Olshanetsky, 2010; Zainabidinov et al., 2019). Until now, doping impurities of
semiconductor materials based on the Si<Sn> system, by analogy with Si<Ge>, was
theoretically considered more promising (Dubrovsky & Tsyrlin, 2019; Ognev &
Samardak, 2006; Tairov & Svetnov, 1990), but such samples were not obtained and
studied. Although, in the works (Islam et al., 2015; Utamuradova et al., 2024), the authors
reported the possibility of doping Sn and Ge impurities into single-crystalline silicon
samples in the form of wafers; thorough experimental studies to study their structural and
morphological properties were not carried out.
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In addition, the electrophysical and optoelectronic characteristics of semiconductor
silicon materials depend on their constituent components, the perfection of structures, the
distribution of impurity atoms and the lattice mismatch parameters of matrix and alloying
elements. Therefore, the study of various structural parameters of silicon materials and
the state of alloying elements is of great importance for determining their photo- and
electrical properties. In our previous works (Abdurakhmanov et al., 1998; Utamuradova,
2010; Zainabidinov et al., 2016) studied the interaction of germanium atoms with other
input silicon and arsenide gallium atoms. It has been established that the presence of Ge
atoms in the Si lattice increases the efficiency of the formation of deep levels Ec-0.42 eV
and Ec-0.54 eV associated with Mn in the Si lattice.

For this purpose, various structural parameters of p-Si (with a resistivity of 20
Q-cm) doped with germanium and tin atoms were discovered using modern methods of
structural research.

2.  Experimental technique

Doping of silicon with germanium and tin atoms was carried out by diffusion from
the gas phase in quartz ampoules evacuated to vacuum at a temperature of 1100°C for 2
hours. Single crystal samples of p-Si crystals (p = 20 ©Q-cm) grown by the Czochralski
method were used.

The control of the structural and phase states of the samples under study was carried
out with an Empyrean Malvern X-ray diffractometer. The OriginPro2019 program was
used to determine the peak maximum. X-ray diffraction measurements were carried out
in the Bragg—Brentano beam geometry in the range 2605 = from 10° to 90° continuously
with a scanning speed of 0.33 degrees/min and an angular step of 0.0200 (deg).

3. Results and discussion

Figure 1 shows an X-ray diffraction pattern of the original silicon. It can be seen
that the diffraction pattern contains several structural reflections of a selective nature with
different intensities and two diffuse reflections at small and medium scattering angles.
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Figure 1. X-ray diffraction pattern of the original silicon samples
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Analyzes showed that the surface of the original silicon sample corresponds to the
crystallographic plane (100). This is evidenced by the presence in the X-ray diffraction
pattern of a series of selective reflections of the {HOO} type, where (H = 2, 4, 5): intense
lines (200) with  d/n=0.2717 (26 = 32.97°), (400) with d/n = 0.1362 (20 = 69.3°) and a
line with weak intensity (500) with d/n =0.1080 nm (20 =91.1°). The beta () component
of the main structure line (400) is visible at a scattering angle of 20 = 61.75°. The high
intensity (4,5-10° imp sec-1) and narrow width (FWHM=6,1-10" rad) of diffraction
reflection (400) indicate the perfection of the crystal lattice of the original silicon.
However, the presence in the X-ray diffraction pattern of structural lines with other
indices - (111), (220) and (311) with low intensity and relatively large width compared
to (400)Si, indicates the presence of polycrystalline regions in the volume of the original
silicon sample. In addition, the X-ray diffraction pattern from the {HOO} reflection series
contains a selective reflection (200). According to the laws of extinction, these reflections
should not appear on the X-ray diffraction pattern from an undistorted lattice of the
diamond-like structure of silicon (Rusakov, 1977; Shulpina et al., 2010; Zainabidinov et
al., 2021). Forbidden (200) and additional (111), (220) and (311) reflections appear in the
presence of distortions in the matrix lattice caused by thermoelastic stresses arising during
technological processes when obtaining samples and stresses associated with the non-
uniform distribution of one of the main background impurities, namely oxygen in the
silicon lattice (Babich et al., 1997; Zainabidinov et al., 2021; Utamuradova et al., 2006).

The nonmonotonic nature of the inelastic background in the angle range from 18 to
53¢ is associated with residual elastic stress in the matrix lattice. At small scattering angles
20 = 27.4°, a wide (FWHM = 3,49-10 rad) diffuse reflection due to structural SiOx
fragments in near-surface layers with unsaturated chemical bonds is observed in the X-
ray diffraction pattern.

In addition, the diffraction pattern contains several structural reflections (100),
(110), (200) and (201) related to the SiO> form observed at angles 26~26.1° (with d/n~
0.3414 nm), 20~35.9° (with d/n=0.2511nm), 20~41.5° (with d/n=0.2174 nm) and
20~44.8° (with d/n~0.2023 nm) X-ray diffraction patterns. This indicates the formation
of SiO2 nanocrystallites at the subcrystallite interfaces. The average size of these
nanocrystallites was experimentally determined to be 38 nm. The lattice parameters are
a=b=0.4997 nm and ¢=0.5467 nm, respectively, which, in turn, shows that the unit cell of
these nanoinclusions belongs to the trigonal crystal lattice and space group P321. Thus,
of all the structural lines, only reflection (400) is suitable for determining the lattice
parameter of the original silicon sample, since it is the most intense and narrow
(Zainabidinov et al., 2022). The experimental value of the lattice parameter of the original
silicon was ~0.5423 nm.

Figure 2 shows an X-ray diffraction pattern of silicon after heat treatment (1100°C).
It can be seen that in the diffraction pattern, over the entire angular range, only 7 structural
reflections with different intensities are visible, of these series there is an intense line
(400) with d/n = 0.1357 (20 = 69.15°).

Consequently, after heat treatment of the silicon sample, it is single-crystalline and
its surface corresponds to the crystallographic plane (100). In the X-ray diffraction
pattern, the inelastic background in the entire angular range is reduced to 42%. Also,
structural reflections related to the SiO, form and other silicon indices (111) and (311)
with weak intensity are also observed in the diffraction pattern. Only reflection (400) with
strong intensity (1169 imp-sec™) and narrow width (FWHM = 1,4-107 rad) is suitable for
determining the lattice parameter.
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Figure 2. X-ray diffraction pattern of silicon after heat treatment (1100°C)

The experimental value of the lattice parameter of the silicon sample was ~0.5428
nm, which is slightly larger than the lattice parameter of the original silicon (0.5423 nm).
Thus, after heat treatment of the original silicon at a temperature of 1100°C, a new
energetically favorable direction of crystallites appears, due to the accumulation of elastic
energy in local areas of the lattice. Consequently, the effect of annealing at a temperature
of 1100°C reduces the degree of monocrystallinity of the original silicon.

Figure 3 shows an X-ray diffraction pattern of a silicon sample doped with
germanium atoms at a temperature of 1100°C. It can be seen that in the diffraction pattern
above the background level only structural lines (100), (110), (200) and (201) related to

the SiO», form are observed.
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Figure 3. X-ray diffraction pattern of a silicon sample doped with germanium atoms

In the X-ray diffraction pattern of silicon doped with germanium atoms, the inelastic
background is more monotonous and there are no structural reflections with other indices.
Also, diffuse reflection is not observed at small scattering angles. Along with it, only a
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wide and fledgling hillock, noticeable in intensity, stands out above the background level
in the range of angles from 17 to 28°. A very wide maximum, more noticeable in intensity,
is observed in the angle range 28-54°. The beta () component of the main structure line
(400) is visible at a scattering angle of 20 = 68.9°. This main structural reflection is shifted
towards small angles with respect to the main reflection observed in the X-ray diffraction
pattern of silicon during heat treatment. This, in turn, indicates that when germanium
atoms are introduced into the crystal lattice of silicon, its lattice parameters increase by
~0.0011 nm (i.e. 0.5439 nm - 0.5428 nm~0.0011 nm).

In addition, the X-ray diffraction pattern contains two lines corresponding to the
crystallographic orientation (111) with d/n=0.3229 nm (26=27.6°) and (420) with d/n =
0.1251 nm (26=76.11°) belonging to the covalent bond of silicon and germanium. The
appearance of these lines in the X-ray diffraction pattern is associated with residual elastic
stress in the silicon lattice (Zainabidinov et al., 2024). This, in turn, indicates that
germanium and silicon atoms form bonds in high-potential regions of the silicon crystal
lattice. Therefore, their accumulation leads to the formation of various polycrystalline
regions. From the values of the half-width (FWHM = 1.7-10 rad) and intensity (442
imp-sect) of the main structural reflection, it is clear that they are 1000 and 2.5 times less
than the intensities of the main structural lines observed in the original and annealed
(1100°C) silicon samples, respectively. This, in turn, indicates that the introduction of
germanium atoms into silicon at 1100 °C leads to a deterioration in its monocrystallinity,
that is, to an increase in the number of polycrystalline regions (Zainabidinov et al., 2024).

The sample was doped with tin atoms to study and compare the effect of other
dopant atoms on silicon. In Figure 4 shows an X-ray diffraction pattern of silicon doped
with tin atoms.
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Figure 4. X-ray diffraction pattern of silicon doped with tin atoms

It can be seen that the same structural lines with strong intensity (400) with d/n =
0.1358 (26 = 69°) are observed in the diffraction pattern. The beta () component of the
main structure line (400) is visible at a scattering angle of 26=61.75°. Selective reflections
with other indices are not present on the radiograph.

Therefore, only reflection (400) with intensity (1843 imp-sec?) and narrow width
(FWHM=1,4-10" rad) is suitable for determining the lattice parameter of a silicon sample
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with tin impurities. The experimental value of the film lattice parameter was ~0.5430 nm,
I.e. this value is greater than the lattice parameter (0.5428) nm of the control silicon
sample. This, in turn, indicates an increase in the parameters of the crystal lattice as a
result of the introduction of tin atoms into silicon. Also, the inelastic background of the
X-ray diffraction pattern of silicon doped with tin atoms is non-monotonic. Diffuse
reflection is clearly visible in the 26 angle range from 18 to 48° with a maximum at
20=26.17°. Apparently, it is due to the inhomogeneous distribution of oxygen in the
silicon lattice, since the maximum of this reflection is concentrated near the
crystallographic direction [100] of the lattice of crystalline a-SiO». In the diffraction
pattern above the background level, only structural lines (200) and (201) related to the
SiO. form are observed. In addition, the X-ray diffraction pattern contains structural lines
with other indices - (331) and (422) with low intensity and this indicates the presence of
polycrystalline areas in silicon with an admixture of tin.

However, the intensity of the main structural reflection of the x-ray pattern
increased by 37% compared to the control sample. This, in turn, indicates that the tin
atoms in silicon combine with oxygen atoms in the crystal lattice, improving its
monocrystallinity (Mansurov et al., 2024). Therefore, at angles 20~32.8° (with
d/n~0.2728 nm), 26~34.3° (with d/n~0.2612 nm), 26~52.6° (with d/n~0.1741 nm) and
20~81.8° (with d/n~0.1178 nm) X-ray diffraction patterns contain several structural
reflections (311), (222), (333) and (555) belonging to SnO. crystallites. The lattice
parameters of these crystallites were experimentally determined to be 0.6124 nm, which,
in turn, shows that their unit cell belongs to the cubic crystal lattice and space group
Fd3m.

4.  Conclusion

Thus, after heat treatment of the initial silicon sample at a temperature of 1100 °C,
a new energetically favorable direction of crystallites appears, due to the accumulation of
elastic energy in local areas of the lattice. Consequently, the effect of annealing at a
temperature of 1100°C reduces the degree of monocrystallinity of the original silicon. It
has been determined that germanium and silicon atoms form bonds in high-potential
regions of the silicon crystal lattice and this leads to a deterioration in its
monocrystallinity, that is, to an increase in the number of polycrystalline regions. It has
been discovered that tin atoms in silicon combine with oxygen atoms and form SnO:
crystallites in the crystal lattice and this leads to an improvement in the monocrystallinity
of silicon.
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