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In this paper, the effect of doping silicon with dysprosium (Dy) on its structural and optical characteristics is investigated. Silicon n-Si
was doped with dysprosium by thermal diffusion at 1473 K for 50 h. Raman spectroscopy and X-ray diffraction analysis were used for
the analysis. The Raman spectroscopy results showed a main peak at 523.93 cm™, corresponding to n-Si optical phonons, with an
increase in the intensity and full width at half maximum (FWHM) in n-Si<Dy> samples, indicating an improvement in the crystallinity
of the structure. A decrease in the intensity of the peaks at 127.16 cm™" and 196.24 cm™!, associated with amorphous structures, confirms
a decrease in defects. The detection of a new peak at 307.94 cm™! indicates successful deposition of dysprosium as nanocrystallites
associated with the 2TA phonon mode in the cubic phase of Dy.0s. X-ray diffraction analysis revealed characteristic structural lines
indicating the (111) crystalline orientation and the presence of microdistortions in the lattice. Heat treatment and rapid cooling lead to
a change in the intensity of structural lines, an increase in the second- and third-order lines, which indicates microstrains and a change
in the size of subcrystallites. Doping of silicon with dysprosium improves the crystallinity of the structure, reduces the number of
defects and forms polycrystalline layers on the surface consisting of SiO2 and Dy203 nanocrystals.
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INTRODUCTION

It is known that defect formation processes are significantly affected by various factors [1-6]. The formation efficiency
and annealing kinetics of certain defects in the bulk of silicon depend on the presence of various active and inactive
uncontrolled impurities, their content and state in the silicon lattice, other specially introduced impurities, the presence of
several impurities at once, and many factors. Diffusion is carried out from the oxide film of rare earth elements on the surface
of the silicon wafer. Thin-film nanocomposites consisting of crystalline and amorphous Si nanoparticles embedded in silicon
oxide layers have been widely studied over the past two decades as suitable materials for non-volatile memory devices, third-
generation photovoltaic devices, and other applications. The efficiency of rare earth doping in silicon and the manifestation
of optical properties of the structures depend on the spectrum of optically and electrically active centers containing rare earth
elements, their total concentration, and the interaction with uncontrolled impurities and thermal defects in the bulk of the
material. Recent advances in self-aligned silicide deposition have revived the interest in metal-oxide semiconductor Schottky
barrier field-effect transistors (SB-MOSFETSs), and devices with outstanding electrical characteristics and high-frequency
performance have been fabricated. Metal silicides such as PtSi, DySi>, YbSi>—, and ErSi>« have been extensively studied
as Schottky barrier source-drain (S/D) contacts due to their low Schottky barrier height on silicon [7-8].

Raman spectroscopy has proven its effectiveness in monitoring the local formation of various technologically
important metal silicides (e.g. CoSiz, TiSiz, PtSi and NiSi) [2-9]. The Raman spectrum also provides a unique “fingerprint”
of the material: each phonon in the spectrum corresponds to a unique vibrational mode of the crystal lattice. This method
provides additional information such as the phase state, strain, nucleation site and grain size of the silicide material.

The aim of this work is to dope n-Si silicon with dysprosium (Dy) by the diffusion method at a temperature of
1473 K and to study the structural and optical characteristics of n-Si silicon samples and the REE oxide film on the surface
of n-Si<Dy> silicon wafer using Raman spectroscopy and X-ray diffraction (XRD) analysis.

MATERIALS AND METHODS
In this study, n-Si and its doped n-Si<Dy> sample were analyzed using Raman spectroscopy (RS) and X-ray
diffraction (XRD) methods. Control n-Si samples with initial resistance from 0.2 to 100 Qxcm was selected for the
experiment. The doping process with dysprosium (Dy) was carried out by thermal diffusion method. The samples were
chemically cleaned and treated with HF solution to remove oxide layers from the surface.
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Then Dy (99.999% purity) was deposited on the cleaned silicon surface in a high vacuum environment with a
vacuum level of 10 to 10”7 Torr in evacuated quartz ampoules using an oil-free vacuum pump system. Diffusion annealing
of the samples was performed at a temperature of 1473 K for 50 hours, followed by rapid and slow cooling to uniformly
distribute the material and achieve the maximum concentration of dysprosium in silicon.

Raman spectroscopy was performed on a QE Pro High-Sensitivity Spectrometer Raman microscope at room
temperature using a 532 nm laser in the wavelength range from 50 to 1200 cm™. X-ray diffraction analysis was performed
on a MiniFlex II diffractometer (Rigaku, Japan) using CuKo radiation. All diffraction patterns were recorded in the
angular range 20=3+120°. The obtained diffraction data were analyzed for the presence of characteristic signals for
n-Si<Dy> composites. The presence of elements was determined based on literature data on phases and the ICDD card
database for known compounds.

RESULTS AND DISCUSSIONS
To study the physical and chemical structure of the samples, Raman analysis was performed, the obtained spectra
are presented in Figure 1.
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Figure 1. Raman spectra of the studied samples: Figure 2. TA and LO peaks of samples:
a. n-Si doped with dysprosium (<Dy>), heat-treated at 1373 K for a. n-Si (as-is). b. n-Si (control) heat-treated at 1373

50 hours, followed by rapid cooling and 15 um depth removal; b. n- K for 50 h followed by rapid cooling; ¢. n-Si doped with
Si doped with dysprosium (<Dy>), heat-treated at 1373 K for 50 dysprosium (<Dy>) heat-treated at 1373 K for 50h
hours, followed by rapid cooling; ¢. n-Si (control), heat-treated at  followed by rapid cooling and 15 pm depth removal; d. n-Si
1373 K for 50 hours, followed by rapid cooling; d. n-Si (original ~doped with dysprosium (<Dy>) heat-treated at 1373 K for
material) 50 h followed by rapid cooling

As shown in Figure 1, the first-order Raman spectrum (G point, k~0) of all single-crystal silicon samples at room
temperature is observed at 523.93 cm! [10, 11]. The peak is formed as a result of optical phonon scattering inside the n-
Si nanocrystal, which corresponds to the LO (longitudinal optical) and TO (transverse optical) optical phonon modes of
n-Si at the center of the Brillouin zone [12]. It is known that tensile stress causes the Raman peak to shift toward a lower
wavenumber, while compressive stress causes the Raman peak to shift toward a higher wavenumber [13]. Figures 1 and
2 show the typical shifts of Raman peaks for amorphous silicon based on the experimental results of references, which
are approximately 127.16 cm™! (phonon mode similar to TA-like phonon mode) and 196.24 cm™' (phonon mode similar
to LA-like phonon mode) [12, 13, 16].

It is evident from Fig. 1 that the peak intensity and first-order bandwidth at half-maximum for the heat-treated n-Siy
sample are lower than that obtained for the control sample (n-Si). In addition, the higher intensity of the peaks at
127.16 cm™ and 196.24 cm™! appearing in the Raman spectrum of the heat-treated sample indicates that the amorphous
silicon with higher concentration of crystal defects is formed during the processing.

According to the Raman spectra of the obtained n-Si<Dy> samples, due to the deposition of dysprosium on the n-Si
surface, the peak intensity significantly increased along with the FWHM value at 523.93 cm™!, and the peak intensity of
the amorphous structures at 127.16 cm™ and 196.24 c¢cm! sharply decreased. These observations indicate that the
deposition of dysprosium leads to an increase in the crystallinity of the structure and a decrease in the defect sites in the
n-Si samples. In addition, a new peak appearing at 307.94 cm™ is associated with the Fg band (2TA phonon mode) in the
cubic phase of Dy,0; [17, 18]. The peak position, intensity and width at half maximum are 307.94 cm’!, 1157.84 and
44.15 cm™!, respectively. Thus, using Raman spectroscopy, it is possible to prove the successful deposition of dysprosium
(in the form of n-Si<Dy>) on the silicon surface for 50 hours at a temperature of 1473 K under vacuum conditions.

After removing the 15 pum thick surface, it is seen that the intensity of the Dy,O3 peak decreases significantly at
about 307.94 cm’!, and the intensity of the crystalline and amorphous structure decreases and increases, respectively,
compared to n-Si. When analyzing the n-Si<Dy> sample, the removal of the Dy,O3 layer from the surface of the silicon
wafer was determined.
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Fig. 3 shows the secondary phonon range of 15 um thick samples obtained as a result of mechanical processing by
diffusing Dy atoms onto the n-Si surface after heat treatment (phonon mode similar to 2TO) [12.14.15.]. In the range of
900-1020 cm™!, there is a broad peak, which is formed as a result of the superposition of two or more optical modes [19.].
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Figure 3. Second-order phonon range of samples:
a. n-Si (as-received material). b. n-Si (control) heat-treated at 1373 K for 50 h followed by rapid cooling; ¢. n-Si doped with
dysprosium (<Dy>), heat-treated at 1373 K for 50 h followed by rapid cooling and 15 pm depth removal; d. n-Si doped with
dysprosium (<Dy>), heat-treated at 1373 K for 50 h followed by rapid cooling

For a deep study of the obtained Raman spectra of the samples, work was carried out to separate the obtained signals
(3 peaks 2TO(X), 2TO(W) and 2TO(L)) using the Origin Pro and Fityk programs; the obtained data on these peaks are
presented in Table 1.

Table 1. Results of the Raman spectra analysis of Si samples.

No Samples studied 2TO Center (cm™) Area Height FWHM
X 951.64 31939.7 666.817 44.9978
1 n-Si L 990.27 289.095 33.8002 33.8002
Y 977.02 1327.96 70.3974 17.7213
X 951.16 30764.9 670.615 43.0974
2 n-Sint L 992.65 9270.74 283.238 30.7489
Y 976.35 3285.26 152.592 20.2259
X 952.03 34169.9 705.095 45.5265
3 n-Si<Dy>mp L 991.93 9885.45 290.036 32.0194
W 976.94 1983.78 99.8088 18.6721
X 952.23 91713.8 1901.56 45.1889
4 n-Si<Dy> L 1014.27 3032.63 136.081 20.9358
W 987.64 26456.7 799.234 31.0977

Comparing the obtained Raman spectra data of the samples (Table 1), we can draw a conclusion on the effect of
various treatments and additives on the properties of the materials. Below is a comparison of n-Si<Dy> samples with the
control n-Si sample:

Change in the 2TO(X) peak shift:

thermally treated n-Siht sample: the area decreased by ~3.7% compared to the control sample (31939.7 versus
30764.9), the height remained virtually unchanged (666.817 versus 670.615), the half-width decreased by ~4.2% (44.9978
versus 43.0974).

sample obtained by decreasing the sample surface area by 15 pm n-Si<Dy>mp: area increase by ~7% (31939.7 vs.
34169.9), height increase by ~5.8% (666.817 vs. 705.095), half-maximum increase by ~1.2% (44.9978 vs. 45.5265). The
area and height increase, but the rate of increase is significantly lower than that of the n-Si<Dy> sample.
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n-Si<Dy> sample: area increased by ~187% (31939.7 vs. 91713.8), height increased by ~185% (666.817 vs.
1901.56), width at half-maximum increased by ~0.4% (44.9978 vs. 45.1889).

Change in 2TO(L) peak shift:

thermally treated n-Siht sample: area increased by ~3106% (289.095 vs. 9270.74), height increased by ~738%
(33.8002 vs. 283.238), width at half-width is ~9% lower (33.8002 vs. 30.7489).

sample obtained by decreasing the sample surface by 15 um n-Si<Dy>mp: area increased by ~3321% (289.095 vs.
9885.45), height increased by ~758% (33.8002 vs. 290.036), width at half-width is ~5.3% lower (33.8002 vs. 32.0194).

n-Si<Dy> sample: area increased by ~949% (3032.63 vs. 289.095), height increased by ~302% (136.081 vs.
33.8002), FWHM decreased by ~38% (20.9358 vs. 33.8002).

Change in 2TO(W) peak shift:

thermally treated n-Siht sample: area increased by ~147% (1327.96 vs. 3285.26), height increased by ~116%
(70.3974 vs. 152.592), FWHM increased by ~14% (17.7213 vs. 20.2259).

sample obtained by decreasing the sample surface area by 15 um n-Si<Dy>mp: area increased by ~49% (1327.96 vs.
1983.78), height increased by ~42% (70.3974 vs. 99.8088), FWHM increased by ~5.4% (17.7213 vs. 18.6721).

n-Si<Dy> sample: area increased by ~1894% (1327.96 vs. 26456.7), height increased by ~1035% (70.3974 vs.
799.234), FWHM increased by ~75% (17.7213 vs. 31.0977). Raman scattering can also be used to determine the thickness
of our silicide films. This is done by measuring the attenuation of Raman scattering on silicon substrate phonons due to
the silicide layer. The intensity of the silicon peak is determined by the following equation:

I =lpe 2, )

where, [y is the intensity of the reference silicon wafer without the top layer, a is the absorption coefficient of the top layer,
d is the film thickness [17]. To determine the yield thickness, equation (1) can be rewritten as follows:

ad=-1/,1n (I/IO). )

We measured two vibrations of dysprosium monosilicide at wavelengths of 127 and 196 cm'. To deeply study the
physical and chemical structure of both the control n-Si sample and the obtained n-Si<Dy> samples, X-ray phase analysis
was performed.

Figure 4 shows the X-ray diffraction pattern of the n-Si sample (initial). It is evident from the data presented in
Figure 4 that the X-ray diffraction pattern contains some structural reflections with different intensities (the structural data
are presented in Table 2).
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Figure 4. X-ray diffraction pattern of n-Si sample (initial)

Among such structural reflections, the structural line observed at 26 = 27.99° with d/n = 3188 nm has the highest
intensity; it was established based on the experimental analysis that it belongs to the crystallographic orientation (111).
The high intensity of this reflection (21779 imp-sec™) and the half-width (0.01 rad), determined from the experimental
results, indicate both a good degree of crystallinity of the studied samples and the fact that most of the constituent atoms
are arranged in the crystallographic order (111). According to this structural reflection, its beta () component was
observed at 20 = 25.31° with d/n = 3.5096 nm, and its second (222) and third (333) orders were observed at 26 = 57.9°
with d/n = 1.5933 nm and 26 = 94.68 with d/n = 1.0474, respectively. Usually, the second (222) order reflex is considered
to be a forbidden structural line with respect to the crystallographic first order (111), and in most cases it manifests itself
in the X-ray diffraction pattern by the presence of microdistortions of the crystal lattice. The ratio of the intensity of the
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structural lines to the intensity of the main structural line is 1(222)/I(111) = 3.6-10-, and this value is greater than 104,
which once again confirms the presence of microdistortions in the crystal lattices of the studied n-Si sample (initial). Such
microdistortions of the crystal lattice are formed as a result of the uneven distribution of oxygen atoms from the main
background impurities of silicon-based structures. Also, the presence of microdistortions in the crystal lattice is indicated
by the fact that the inelastic background level of the X-ray diffraction pattern has a non-monotonic character, i.e. it takes
variable values at small, medium and large scattering angles.

In turn, these microdistortions (formed as a result of filling several oxygen atoms in the crystal lattice with
unsaturated silicon-oxygen bonds) lead to the formation of a thin layer on the surface of the n-Si plate, belonging to
another phase group. Therefore, several structural lines (structural data are given in Table 2), corresponding to silicon

dioxide, are observed in the X-ray diffraction pattern at small and medium scattering angles.
Table 2. Structural data of n-Si (initial)

Reflexes and Intensive . Interlayer . . Block size,
N background level in rel. units Location 26, deg distance.yd, A Line width, rad nm
1 Diffuse. Neg. 247 17.1 5.11 0.05 0.9
Si0g;x < 2

2 (100)si02 233 20.4 4.354 0.009 17.6
3 (111) 231 25,31 3,5096 - -
4 (111)si 21779 27.997 3,1843 0.01 14.21
5 (210)si0, 176 35,39 2,45403 0,018 8.44
6 (200)si0, 99.5 41.66 2.1662 0.017 9.29
7 (220)si 88 46.57 1.9489 0.01 153
8 (212)si0, 99.6 49.84 1.8285 0.015 13.9
9 (222)si 80 57,9 1,5933 Prohibited

10 (300)si0, 60.1 64.2 1.451 0.018 9.49
11 (301)sgi0, 69 66.2 1.411 0.022 7.92
12 (302)si0, 74 73.8 1.2828 0.02 8.43
13 (331)si 74 77.14 1.234 0.016 11.56
14 (333,511)p 72 83.97 1.1515- - -
15 (333,511)si 1221 94.68 1.0474 0.027 7.86

Inelastic background
Small-angle scattering 259 - - - -
Medium-angle scattering 75 - - -
High-angle scattering 58 - - - -

The parameters of the crystal lattices were determined using the experimental values of these structural reflections based
on the formulas given in [20], they are equal to a=b =4.9762 nm and ¢ = 5.4321 nm, respectively. This fact proves that their
unit cell belongs to the trigonal crystal lattice and the space group P3,1. Based on the obtained results and their analysis, as well
as the values of the SiO; crystallite sizes presented in Table 2 and their different crystallographic directions, it can be concluded
that a polycrystalline layer with a thickness of 1+2 um is formed on the surface of the studied n-Si samples. Also, clear splitting
by a; and a, radiations (having two times differences from each other) of the third (333) structural reflection on the X-ray
diffraction pattern indicates that a layer is formed on the surface of the sample under the influence of microstresses.

In addition, the X-ray diffraction pattern at 260 =~ 17.1° shows a wide (FWHM = 0.05 rad) diffuse reflection caused
by structural fragments of SiOy in the surface layers with unsaturated bonds. The too wide width of this reflection indicates
that the sizes of the structural fragments caused by this reflection are small and there is no long-range order in their
arrangement. Consequently, these structural fragments are not SiOx nanocrystals, but clusters. The characteristic sizes of
these clusters were ~ 0.9 nm, respectively.

Based on the experimental values of the main (111) structural reflection, it was determined that the lattice parameter
of the n-Si plate under study was as; = 5.4451 nm.

The samples, the structural values of which were determined above, were subjected to heat treatment at a temperature
of 1100°C for 40 hours, and then cooled at a cooling rate of 3000C/s. The surface of such plates was polished using
certain technological means. X-ray structural studies of the processed samples were carried out, the experimental results
are shown in Fig. 5.

From Fig. 5 it is evident that the X-ray patterns of the processed n-Si plates differ significantly from the X-ray
pattern of the original samples (Fig. 4) and an increase in the intensity of structural lines by 13 times is observed in it.
However, the scattering angle of the observed main structural reflection (111) remained practically unchanged, and the
lattice constant is equal to asipon = 5.4456 nm with a very small difference (Aa = 0.0005 nm) in values.

Also, the characteristic second (222) and third (333) orders increase by 114 and 377 times, respectively. In most X-
ray diffraction patterns of the undistorted diamond-like structure lattice, the second (222) order structural line is not
observed (forbidden reflection), and the intensity of the third (333) order structural line is lower than the intensity of the
main structural line (111) [21]. In our case, the X-ray diffraction pattern showed high-intensity second (222) and third
(333) order structural lines. This, in turn, indicates that certain microdeformations arose in their crystal lattice due to long-
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term (40 hours) heat treatment (1100 °C) and subsequent rapid cooling of the samples. In support of our statement, we
can cite an example of the ratio 1(222)/I(111) of the intensities of the lines of the second (222) order and the main (111)
structure, equal to 3.4-1072. The fact that this value is almost 100 times greater than the value of 10 indicates the presence
of sufficient microstresses in the crystal lattice [22]. In addition, the sharp cooling of the samples caused the disintegration
of their subcrystallites, which led to a decrease in their sizes (Table 3). A decrease in the size of the subcrystallites leads
to an increase in the number of boundary areas in them, this fact, in turn, causes an increase in the number of defective
high-potential regions, i.e. microdistortions at their interfaces [20].

5000
| Control #-Si, 1100 °C/40 h 8
4000
o>
5 3000+ 4 x100
=
E
=~ 2000+ x100
1000 6
3 x10 7
il \_
0 T T T T T T T T T T
20 40 60 80 100
26()

Figure 5. X-ray diffraction pattern of processed n-Si wafers (control)

Table 3. Structural data of processed n-Si wafers (control)

Reflexes and Intensive . Interlayer Line width, .
N background level in rel. units Location 26, deg distance.yd, A rad Block size, nm
1 Diffuse. Neg. 347 13.51 6.5484 0.1473 0.99
Si0y;x< 2
2 Diffuse. Neg. 296 17.84 5.0103 0.1499 0.98
Si0;x< 2
3 (111) 689 25.47 3.4964 - -
4 (111)si 268610 27.995 3.1846 0.017 8.8
5 (210)si0, 313 34.14 2.5531 0.024 6.3
6 (222)si 9175 58.47 1.5772 Prohibited
7 (333,511)p 636 83.24 1.1597 - -
8 (333,511)si 461190 94.5 1.0492 0.017 12.4
Inelastic background
Small-angle scattering 219 - - - -
Medium-angle scattering 132 - - -
High-angle scattering 63 - - - -

After heat treatment, the surface of the samples was polished and a 2 um thick layer was removed. When analyzing the
obtained sample, only one structural line was observed on their X-ray diffraction pattern at 20 = 34.14° with d/n = 2.5531 nm,
belonging to silicon dioxide, corresponding to a trigonal crystal lattice (with parameters a = b = 4.9762 nm and
¢ =5.4321 nm) and space group P321. This, in turn, indicates that under the influence of heat treatment, oxygen atoms form
a bond with silicon atoms at a certain depth, and then under the influence of rapid cooling they form crystallites. But due to

the ionic radius of oxygen (r g =1.40 A), which is greater than the ionic radius of silicon ( rg—z =042 A), its ions prefer to

be located along the unsaturated bond at the boundaries of subcrystallites [23]. This nature of oxygen leads to the
formation of structural fragments with low symmetry among subcrystallites consisting of silicon ions with high symmetry,
as well as to deformations of the crystal lattice due to the arrangement of its atoms in the nodes. This is evidenced by an
increase in the level of the inelastic background at small, medium and large scattering angles of the X-ray diffraction
patterns of the studied samples and the observation of two diffuse reflections associated with SiOx fragments in small-
angle scattering (see Fig. 5).

Subsequently, using doping (for 40 hours at a temperature of 1100 °C) with Dy atoms, n-Si<Dy> samples were
obtained. The obtained X-ray diffraction data for the samples are shown in Fig. 6.
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It is evident that the X-ray diffraction pattern of n-Si<Dy> platinum differs sharply from the X-ray diffraction
pattern of the n-Si sample (initial sample, Fig. 4). It is necessary to take into account the fact that the intensity of the
main structural line (111) did not change, and the intensity of the structural lines of the second (222) and third (333)
orders increased by 1.6 and 82 times, respectively. Observation of the forbidden structural line of the second (222)
order and the ratio of its intensity to the intensity of the main (111) reflection is 1(222)/1(111) = 4.8 1073 and this value
is less than 10**. Also, the intensity of the line of the structure of the third (333) order is 4.5 times greater than the
intensity of the main reflection (111). This, in turn, indicates that volume defects were formed at the boundaries of
subcrystallites as a result of prolonged heat treatment of the samples and rapid cooling at the end of the process [24].
In addition, in the X-ray diffraction pattern, the main (111) structural line was shifted toward higher-angle scattering
(AB = 0.18°). Based on the results of experiments on this structural line, it was established that the lattice constant of
the sample is asi<py- = 5.4186 nm. This, in turn, is associated with the doping of the silicon plate with Dy atoms, and the

difference in the ionic radii of the O (7, > =1.3 A) and Dy (r}=0,91 A) atoms with Si (r’g =0.42 A and rg* = 2.7 A)

indicates that a deformation equal to as; - asi<py> = 0.026 nm has formed in the crystal lattice.
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Figure 6. Radiograph of unpolished n-Si<Dy> platins

In addition, a number of structural reflections belonging to other crystallographic orientations are observed in the
X-ray diffraction pattern with small- and medium-angle scattering, and their experimental and calculated data are
presented in Table 4. Based on the analysis of the obtained results, it was found that these structural reflections are
observed as a result of combinations of the mutual order of the SiO, and Dy,O3; compounds. As a result of long-term heat
treatment of the samples, the diffusing Dy atoms combine with oxygen atoms from the main background impurities of
silicon to form nanocrystallites. This is evidenced by the fact that the inelastic background level tends to be monotonous
in the medium and large-angle scattering in the X-ray diffraction pattern of the obtained n-Si<Dy> sample. Also, after the
processes carried out, as a result of sharp cooling of the samples, it was found that nanocrystallites based on SiO, and
Dy,03 compounds accumulate mainly in the surface areas of the obtained sample and form oxide layers with
polycrystalline properties. Based on the experimental results of the study of the formed layer, consisting of
nanocrystallites of different crystallographic orientation and size, it was established that such a layer has a monoclinic
unit cell with parameters a =b = 6.4548 nm and ¢ = 8.6549 nm, belonging to the space group P2y..

However, rapid cooling of the samples leads to the formation of unsaturated bonds due to the absence of oxygen and
dysprosium atoms in the ordered arrangement of silicon-oxygen-dysprosium atoms of some nanocrystallites [25, 23].
This, in turn, leads to the formation of small clusters consisting of a small number of atoms [26]. The small size and close
arrangement of such clusters leads to the appearance of diffuse reflection in small-angle scattering X-ray diffraction
patterns of the studied samples.

Table 4. Structural data without polished n-Si<Dy> wafers

No Reflexes and background . Intensiv.e Location 260, deg .lnterlayer Line width, rad | Block size, nm
level in rel. units distance. d, A
1 Diffuse. Neg. SiDy40,;x < 2 54 14.56 6.057 0.09 1.6
2 (110)si0,+Dy,0, 51 15.89 5.575 0.0054 27
3 (200)si0,+Dy,0, 535 20.18 4.3964 0.0033 44.5
4 (111)si0,+Dy,0 48 22.79 3.8989 0.0035 42.1
5 (210)si0,+Dy,0, 67 23.88 3.7264 0.0035 423
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No Reflexes and background . Intensiv.e Location 26, deg .lnterlayer Line width, rad | Block size, nm
level in rel. units distance. d, A
6 (111 86 26.02 3.4207 - -
7 (11D)si 22178 28.13 3.1688 0.003 49.7
8 (021)si0,+Dy,0, 1067 29.41 3.0337 0.0041 36.4
9 (300)si0,+Dy,0 842 30.74 2.9059 0.0041 36.6
10 (121)si0,+Dy,0 110 32.25 2.7733 0.0036 41.8
11 (221)si0,+Dy,0, 147 33.27 2.6946 0.0037 40.6
12 (130)si0,+Dy,0, 25 40.48 2.2263 0.0053 29.1
13 (031)si0,+Dy,0, 38 41.39 2.1796 0.0062 24.9
14 (230)si0,+Dy,0, 35 44.29 2.0431 0.0053 29.5
15 (32D)si0,+Dy,0 65 45.87 1.9766 0.0053 29.7
16 (220)si 59 46.93 1.938 0.004 39.5
17 (132)si0,+Dy,0, 37 48.29 1.8852 0.0017 933
18 (411)si0,+Dy,0, 73 49.86 1.8272 0.0074 21.57
19 (511)si0,+Dy,0 40 51.26 1.7808 0.0057 28.17
20 (500)si02+Dy203 62 51.94 1.7588 0.0068 23.68
21 (413)si0,+Dy,0, 85 52.65 1.7369 0.0076 21.25
22 (231)si0,+Dy,0, 44 53.8 1.7025 0.0081 20.04
23 (31D)si 39 55.73 1.6478 0.0024 68.23
24 (004)si0,+Dy,0 46 56.94 1.6156 0.0042 39.21
25 (222)si 131 58.46 1.5774 Prohibited
26 (242)si0,+Dy,0, 48 61.27 L5116 0.007 24
27 (142)si0,+Dy,0, 30 63.29 1.4681 0.0065 46.9
28 (433)si0,+Dy,0 49 65.81 1.4179 0.0072 23.9
29 (315)si0,+Dy,0, 29 72.46 1.3031 0.0059 304
30 (350)si0,+Dy,0, 31 76.64 1.2422 0.0039 473
31 (333,511)p 444 83.25 1.1595 - -
32 (333,511)si 100210 94.68 1.0474 0.0017 125.7
Inelastic background
Small-angle scattering 31 - - - -
Medium-angle scattering 14 - - -
High-angle scattering 11 - - - -

Fig. 7 shows an X-ray diffraction pattern after polishing the obtained n-Si samples doped with Dy atoms at a
temperature of 1100°C for 40 hours. Significant differences can be seen in the resulting X-ray diffraction pattern compared
to the X-ray diffraction patterns of the original samples (Fig. 4).
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Figure 7. X-ray diffraction pattern of processed n-Si<Dy> samples
It can be seen that the main (111) structural line is 18 times higher than its intensity and is shifted toward higher
scattering angles at AB = 0.19° (Table 5). This, in turn, indicates that the number of atoms belonging to a certain

crystallographic orientation increase, i.e. the degree of monocrystallization increases [22]. But the manifestation shifted
toward higher angular scattering reports that the deformation caused by the penetration of Dy atoms into the silicon crystal
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lattice resulted in the formation of as; - asipon<ny> = 5.4451 nm — 5.4080 nm = 0.037 nm. This, in turn, leads to the fact
that in the X-ray diffraction pattern the radiation intensity of the second (222) (forbidden) order structure increases by
25 times. The intensity ratio of this structural line to the intensity of the main (111) structural line is 1(222)/I(111) = 0.005,
and this value is greater than 10* and this indicates the presence of micronutrients under the influence of
deformations [27].

When studying the sample (333), the structural line was observed to be two times less intense compared to the
intensity of the main structural line (111), and was also clearly split into al and a2 components and suggested a ratio of
their intensities of [, /I, &~ 2. This, in turn, indicates that Dy atoms cannot be located in bulk crystal nodes due to the

difference in the ionic radius of Dy atoms Dy (1= 0,91 A) and Si (r=0.42 A and Si (r’ =042 A and r* = 2.7 A),

i.e., they settle on the nodes at the interfaces of subcrystallites and surface areas. This is also evidenced by the fact that
the level of the inelastic background of the X-ray diffraction pattern has a monotonic character with medium- and large-
angle scattering.

The obtained research data led to the following conclusion: silicon, oxygen and dysprosium atoms form new bonds,
forming different crystallites as a result of long-term heat treatment of the samples. Also, sharp cooling of the samples after
heat treatment leads to the formation of oxide layers on the surface areas of the formed crystallites. However, as a result of
polishing the surface of the samples and removing layers 1+2 pm thick, no structural lines associated with SiO; and Dy,O;
compounds were observed in the X-ray diffraction patterns of the n-Si(pol)<Dy> samples. Only in scattering at an angle of
14.05° with d/n = 6.2774 was a structural line associated with the Dy,O3 compound observed, which means that oxygen and
dysprosium atoms are located in empty sites at the interfaces of the n-Si(pol)<Dy> sample subcrystallites. This allows the
formation of small-sized nanocrystallites due to the accumulation of impurity atoms in these places. Based on the
experimental results of the structural reflection (001)py, o, it was established that such nanocrystallites belong to the space
group P4m2 and consist of tetragonal unit cells with parameters a = b= 3.8116 nm and ¢ = 5.4933 nm, respectively.

Table 5. Structural data of processed n-Si<Dy> wafers

Ne Reflexes and Intensive Location 26, deg Interlayer Line width, Block size,
B background level in rel. units > distance. d, A rad nm
1 (001)py,0 337 14.05 6.2774 0.011 13.2
2 Diffuse. Neg. 288 18.27 4.8669 0.1297 0.98
SiDy,Oy;x < 2
3 (111) 4360 25.33 3.5121 - -
4 (111)si 398650 28.19 3.1626 0.0049 52.3
5 (222)si 2056 58.53 1.5757 Prohibited
6 (333,511)p 261 83.29 1.1591 - -
7 (333,511)si 193840 94.68 1.04747 0.0071 97.6
Inelastic background
Small-angle scattering 38 - - - -
Medium-angle scattering 15 - - -
High-angle scattering 11 - - - -

In addition, at the boundaries of subcrystallite division near the surface areas of the Si(pol)<Dy> sample, the
formation of unsaturated bonds with oxygen and dysprosium atoms is observed, and these do not allow the atoms to be
located in a long-range order. As a result, diffusion reflection is observed during small-angle scattering of the sample
under study.

CONCLUSIONS

The study included a comprehensive assessment of the structural and optical characteristics of dysprosium (Dy)
doped silicon using Raman spectroscopy and X-ray diffraction (XRD) analysis. The aim of the work was to study the
effects of dysprosium doping of silicon by high-temperature diffusion and their influence on the crystal structure and
optical properties of the materials.

Raman spectroscopy showed that doping with dysprosium leads to significant changes in the Raman spectrum. In
particular, an increase in the peak intensity at 523.93 cm™ and the appearance of a new peak at 307.94 cm™ associated
with the phonon modes of Dy,O3; were noted. This indicates successful deposition of dysprosium on the silicon surface
and an increase in the crystallinity of the structure, as well as a decrease in the defect concentration. At the same time, the
observed decrease in the intensity of the peaks corresponding to amorphous silicon confirms the improvement of the
crystalline structure of the samples. X-ray phase analysis confirmed changes in the silicon crystal lattice after doping. In
particular, a change in the crystal lattice parameters associated with the introduction of dysprosium is observed. The
intensities of the X-ray lines for the samples subjected to heat treatment increased, indicating the formation of new
crystalline phases and the possible formation of oxide layers.

Based on the X-ray phase analysis data, the exact crystallographic orientation and change in the lattice parameters
depending on the treatment were established. Thus, in the n-Si<Dy> samples, changes were found indicating the presence
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of dysprosium dioxides and a change in the crystal structure of silicon, which is confirmed by shifts in the X-ray peaks
and changes in the sizes of subcrystallites.

In general, the results of the work show that doping silicon with dysprosium leads to an improvement in the crystal
structure and a change in the optical properties. The use of Raman spectroscopy and X-ray phase analysis methods made
it possible to better understand the mechanisms of interaction of rare earth elements with silicon and their effect on the
properties of semiconductor materials.
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V naniit po6OTi 1OCHIHKEHO BIUIMB JIETYBaHHs KpeMHito qucrposieM (Dy) Ha oro cTpyKTypHi Ta ONTHYHI XapakTepucTHky. KpemHiit
n-Si seryBanu aucnposiem MetogoM Tepmoandysii npu 1473 K npotsrom 50 rogun. [t aHaiizy BUKOPHCTOBYBAIIU CIIEKTPOCKOITIIO
KOMOIHAIIITHOTO PO3CifOBaHHS Ta PEHTTCHOCTPYKTYpHHH aHami3. Pe3ynbTati paMaHOBCHKOI CIIEKTPOCKOIIi MOKa3aly TOJOBHHM MiK
mpu 523,93 cMm!, mo BigmoBimae onTHyHUM (GOHOHAM n-Si, 31 30UIBIIEHHSIM IHTEHCHBHOCTI Ta IMOBHOI IIMPWHH Ha MOJIOBHHI
makcumymy (FWHM) y 3paskax n-Si<Dy>, mo Bka3ye Ha HOKPAIEHHS B KPUCTAJIIYHICTh CTPYKTYPHU. 3MEHIICHHS IHTEHCUBHOCTI ITKIiB
mpu 127,16 cM' 1 196,24 cm !, moB's13aHUX 3 aMOpGHAMHE CTPYKTYpaMH, MiATBEP/UKYE 3MEHIIIEHHS Jie(ekTiB. BusBnenHs HoBoro miky
npu 307,94 cM! BKazye Ha ycIiIIHE OCAJUKEHHS THCHPO3il0 Y BUDIAAI HAHOKPUCTAIITIB, 1TOB’s3aHUX i3 GoHOHHOIO Mozoo 2TA y
KyOiuHiii ¢asi Dy20s3. PeHTreHOCTpyKTypHUIi aHali3 BUSBUB XapaKTepHi CTPYKTYpHI JIiHii, [0 BKa3ylOTh Ha Opi€HTALil0 KpucTana
(111) Ta HasBHICTH MIKpPOCHOTBOpEHb y rparii. Tepmiuna 0OpoOka Ta HIBUAKE OXOJIOMKSHHS MPU3BOAATH A0 3MIiHM IHTCHCHBHOCTI
CTPYKTYpPHHUX JiHiH, 30UIbIICHHS JIiHIH APYroro Ta TPEThOro MOPSJAKY, IO CBIAYMTH PO Mikpoaedopmamii Ta 3MiHY PO3MipiB
cyOKpucTaNiTiB. JleryBaHHS KPEMHIIO AUCTIPO3i€M MOKPALIYE€ KPUCTATIUHICTD CTPYKTYPH, 3MEHIIYE KiTbKicTh Ae(ekTiB i popMye Ha
MOBEPXHI MOJIKPUCTAIYHI MapH, IO CKIaaroThes 3 HaHokpuctaii SiOz i Dy20s.

KonrouoBi cioBa: kpemniti; deghexmu; Oucnposiu; piokozemenvhuii enemenm, Pamaniécvka cnekmpockonis; Ou@ysis, meniosa
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