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Each crystal structure has its own phonon modes, which appear in the Raman spectrum of Raman scattering. In the case of silicon,
phonon modes associated with the diamond structure of silicon can be detected. In a Raman spectrum, the position of the lines, their
intensity, and the width of the lines are usually measured. Raman spectroscopy is a powerful tool for studying crystalline materials at
the molecular level, and its application in the study of semiconductors and nanomaterials provides important information about their
structure and properties. In this study, the spectra of two types of silicon were analyzed: n-Si and p-Si, as well as their doped analogues
n-Si<Ho> and p-Si<Ho>. The obtained Raman imaging results demonstrated spatially varying nanocrystallinity and microcrystallinity
of the samples. The n-Si<Ho> and p-Si<Ho> spectra indicate the appearance of a Raman band at 525 cm! with a shift of -5 cm™! and
+5 cm’!, respectively, relative to the position of the silicon substrate peak, indicating the presence of tensile strain in the materials. The
absence of other impurity peaks indicates the high purity of the n-Si<Ho> and p-Si<Ho> samples. The holmium doped Si material
exhibits additional peaks in the Raman spectra, which is attributed to the presence of vacancies and defects in the newly formed Si-Ho
compositions. The results of the analysis of the spectra indicate the influence of doping silicon with holmium on its structure and
properties, forming new bonds and defects.
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INTRODUCTION

When characterizing crystalline silicon, which is widely used in the production of semiconductor electronic devices,
Raman spectroscopy methods are actively used [1-6]. Raman spectroscopy measures the change in frequency of light
scattered by the molecules of a sample. These frequency changes are associated with molecular vibrations and can provide
information about the chemical composition, structure and physical properties of the materials being studied. Raman
spectroscopy technique is used in various fields such as chemistry, biology, physics, materials science and surface science
[14]. Widely used for the analysis of chemical compounds, biological research, as well as quality control and materials
research. To study the composition and structure of nanocrystalline silicon, a combination of transmission electron
microscopy, Raman spectroscopy, and the effect of extremely small silicon grain sizes is used [7-10]. It is critical to
recognize the consequences of nanocrystallinity in the Raman spectrum to avoid erroneously attributing spectral features
of nanocrystals to deformation of microcrystalline or larger grains [15-17].

MATERIALS AND METHODS

n-Si and p-Si samples with an initial resistivity from 0.3 to 40 Qxcm were selected for the study. Before alloying,
the samples were subjected to thorough acid-peroxide washing, and the oxide layers were removed from the surface of
the samples using a HF solution. After thoroughly cleaning the surface of the samples, films of holmium impurities of
special purity (99.999%) were deposited onto the clean Si surfaces using vacuum deposition. Vacuum conditions in the
volume of the working chamber of the order of 107-10"® torr were provided by an oil-free vacuum pumping system.

Before diffusion annealing, the samples were placed in evacuated quartz ampoules. Doping of samples with Ho
impurities was carried out by the diffusion method at a temperature of 1200 °C for 5 hours, followed by rapid cooling.

Raman spectra were studied using a SENTERRA II Bruker Raman spectrometer. This fully automated instrument
combines excellent sensitivity and high resolution of 4.0 cm!. Senterra calibration was automatic and referenced to
NIST acetaminophen and silica standards, resulting in wavelength accuracy of 0.2 cm’!. The experiments were carried
out using a laser with a wavelength =532 nm, maximum power Pna=25 mW, acquisition time 100 s and addition of
two spectra. This device allows you to obtain spectra in the range from 50 to 4265 cm’!. The Raman spectra were
specially processed to be able to compare intensity ratios between samples. Before normalizing the spectra to the peak
at 510 cm’!, which corresponded to the most intense peak in the spectral region 4265-50 cm’!, we subtracted the
baseline for each spectrum.
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RESULTS AND DISCUSSION

Heterostructures (Ho-Si) and solid solutions (n-Si<Ho>) crystal lattice constants of Ho and Si materials are always
different, therefore, if another (Ho) is grown on top of a substrate of one material (Si), built-in elastic stresses appear in
the Ho layers, Si, Ho-Si multilayer structures. In this case, elastic stresses turn out to be so significant that they
significantly affect the band structure of charge carriers and phonon spectra. The magnitude of the mismatch of crystal
lattices largely determines the quality of structures, since stresses give rise to the formation of structural defects and in
some cases greatly limit the possibility of creating perfect heterocompositions. Changes in composition and deformation
of the material change the crystal structure, and thereby manifest themselves in changes in vibrational and phonon spectra.
One of the methods of structural analysis that allows one to study phonon spectra and their changes is Raman
spectroscopy. In this work, the Raman spectrum of an n-Si<Ho> sample (x = 0.25) grown on a Si substrate with (100)
orientation was studied. The thickness of the solid solution layer is 5 microns. The solid solution contains Si-Si, Ho-Ho
and Ho-Si bonds. Therefore, light scattering involving these vibrational modes should be expected.

Below are the Raman spectra of both the initial n-Si silicon material (Fig. 1.) and the resulting n-Si<Ho> sample
(Fig. 2.). In this case, the Raman image was visualized using color coding.
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Figure 1. Raman spectrum n-Siinitial

As can be seen from the data in Figure 1, when studying the n-Siinisa, @ strong signal appears in the region of
522 ecm’!, resulting from a first-order optical phonon in the Brillouin center region. An increase in band width indicates
that there is a distribution of strains and the band shift is not the result of a single uniaxial stress. The shoulder at 522 ¢cm™!
can be attributed to crystalline silicon.

When studying the Raman spectra of the resulting material, it was revealed that the studied material consists of a
silicon substrate (or grown single-crystalline silicon) with different oxide thicknesses. The spatial variation of the
material’s Raman signal power closely matches the physical optical effect of the oxide thickness, and even small
impurities or defects are visible in the reflected light image (Figures 1b and 2b). Moreover, due to the thinness of the
silicon structure (Fig. 1a and 2a), it is possible to see through the picture the components of the resulting material. Note
that the bright green dots in the Raman image correspond precisely to the black specks in the reflection of the light image.
A careful examination of the central strip reveals the same speckles in the silicon deposited on top of it.
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Figure 2. Raman spectra of n-Si<Ho>

As can be seen from the given spectrum (Fig. 3.) silicon consists of Raman scattering of light at 525 cm™ for n-Si and 530 ¢cm’!
for p-Si, respectively, resulting from the first order of optical phonon in the Brillouin center region, Raman the band in the spectra of
the resulting n-Si<Ho> appears at 525 cm™! (shift -5 cm™), and in the case of p-Si<Ho> appears at 525 cm™! (shift +5 cm™) relative to
the position peak of the silicon substrate, thereby indicating the presence of tensile strain. The absence of other impurity peaks of the
samples indicates a higher purity of the samples. Both types of Si and Si<Ho> samples obtained on their basis have a strong, broad
absorption at ~960 c¢cm’', which corresponds to the Si-O-Si stretching vibration. Apparently, the above results demonstrate the
successful production of the Si<Ho> composite on the surface of the material. When studying Raman spectroscopy of materials, two
Si peaks located at ~522 and ~950 cm™! correspond well to the Si peak symbol, which can also be observed in the resulting Si<Ho>
materials. The increased Raman bandwidth of silicon indicates that there is a distribution of strains and the band shift is not the result
of a single uniaxial stress. The shoulder at~522 cm! can be attributed to crystalline silicon.

Ho-doped Si material also has additional peaks in its Raman spectra, which is expected due to the presence of vacancies, defects
in the newly formed Si<Ho> compositions. Ho-doped silicon surfaces exhibit higher absorption rates after grinding to 50 um. An
additional peak at 805 cm™ is assigned to the hydrogen wagging mode. The frequency range (2000-2150 cm™) is deconvoluted to study
possible local vibrational modes arising from defects and new bonds formed in which Ho is involved. Peaks between 2021 cm™! and
2150 cm! usually result from Ho-Ho stretches. The peak at 2060 cm™ is due to adsorbed hydrogen at defect sites. The peaks at
2058 cm™! and 2098 cm! are attributed to Ho-Si and Si-Hoz, respectively. The peak at 2074 cm™! corresponds to db-Si-Si-H, where db
means dangling bond. The small peak at 2190 cm™' may be due to Ho-induced microcrystallites.

Raman spectra of two types of silicon n-Si and p-Si, and n-Si<Ho> and p-Si<Ho> obtained on their basis, deposited on crystalline
Si substrates and annealed at 1373 K for 5 hours, are presented in Fig. 1-3. a tail that does not develop into a clearly visible peak in any
sample. We hypothesize that the tail is primarily scattering from annealed-grown silicon nanocrystals, and this is supported by a similar
low-energy tail observed in other Raman scattering studies of silicon nanocrystals [11-13,19]. In these studies, the peak of the Raman
band is slightly shifted relative to the Si single crystal band, but its low-energy tail is highly asymmetric and extends to 480 cm™',
similar to the tail of our Raman spectra. However, some small portion of the scattering in the low-frequency tail of our spectra may be
due to n-Si, whose Raman peak [12,13,18] at 480 cm! extends asymmetrically to 242-341 ¢cm™'. We do not observe any scattering
below 400 cm’!, which means that most of the scattering in the low-energy tail of our spectra is due to Si nanocrystals.
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Figure-3. Comparative analysis of Raman spectra

CONCLUSION

The spectra of two types of silicon, n-Si and p-Si, and samples obtained on their basis, n-Si<Ho> and p-Si<Ho>, were studied.
Raman imaging studies revealed spatially varying nanocrystallinity and microcrystallinity of the resulting samples.

To summarize, the intensity variations of monocrystalline silicon correspond to the physical optical effects of varying oxide film
thicknesses and surface contaminants. In addition, Raman imaging shows the spatial variation of nanocrystallinity and
microcrystallinity in silicon. From the studies conducted, we can conclude that these structural differences arise either as a result of
processing conditions, or from interaction with neighboring or host materials in which silicon is in contact with other components.

Spectral analysis of silicon shows characteristic Raman peaks at 520 cm™! for n-Si and 530 cm™! for p-Si, caused by the first order
of the optical phonon in the Brillouin center region. The n-Si<Ho> and p-Si<Ho> spectra show the appearance of a Raman band at
525 cm™ with a shift of -5 cm™! and +5 cm’!, respectively, relative to the position of the silicon substrate peak. This indicates the
presence of tensile strain in the materials. The absence of other impurity peaks indicates the high purity of the n-Si<Ho> and p-Si<Ho>
samples. Both types of Si and Si<Ho> samples have a strong broad absorption at ~960 cm!, which corresponds to the Si-O-Si
stretching vibration. An increase in the Raman bandwidth of silicon indicates the distribution of strains and the absence of uniaxial
stress. The Si material doped with Ho exhibits additional peaks in the Raman spectra, which is explained by the presence of vacancies
and defects in the newly formed Si-Ho compositions. Peaks at 805 cm’! and in the frequency range 2000-2150 cm™! indicate hydrogen
vibrations arising from defects and the formation of new bonds in which Ho is involved. Peaks between 2021 cm™ and 2150 cm™!,
including peaks at 2058 cm™! and 2098 cm™!, indicate the interaction of Ho with Si and the formation of Ho-Si and Si-Ho: type bonds.
The peak at 2190 cm™' may be due to Ho-induced microcrystallites.

In general, the results of the analysis of the spectra indicate that doping silicon with holmium affects its structure and properties,
forming new bonds and defects.
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JOCJIIIXEHHSA BILIMBY JIETYBAHHSI KPEMHIIO T'OJIBMIEM HA OO CTPYKTYPY TA BJIACTUBOCTI
METOIAMM CITEKTPOCKOIIIT KPEMHIIO
Ilapida b. Yramypagosa?, lllaxpyx X. Janies?, Animep X. Xautréaes?® , Ixxonioex JIx. Xamaamos?,
Xycuignin Iz, Matgonos?, Xycniga M. YTemyparopa®
“Iuemumym hizuxu HanienposiOHuKis i mikpoenexkmponiku Hayionanvrozo ynisepcumenty Yzb6exucmany,
eyn. Aneu Anmazapa, 20, Tawkenm, Y36exucman
bKapaxannaxcokuii deporcasnuii ynicepcumem, Hyxyc, Kapaxamnaxcman

KoxHa KpuCTanidHa CTPYKTypa Mae BiacHi (pOHOHHI MOJH, sIKi 3’SBISIOTHCS B CIEKTPI KOMOIHALIHOTO po3ciroBaHHs. Y BHIAIKY
KPEMHII0O MOKHAa BUSBUTUH (POHOHHI MOIH, NOB'S3aHI 3 aJMa3HOI0 CTPYKTypOIO KpeMHi0. Y paMaHIBCBKOMY CHEKTpi 3a3BHYait
BHMIPIOIOTh TIOJIOKEHHS JTiHIH, 1X IHTCHCHUBHICTH 1 IIMpHUHY JiHIH. PamaHIBChKa CHEKTPOCKOMIS € MOTY)KHHM iHCTPYMEHTOM IS
BHBUCHHS KPUCTAIIYHUX MaTepialliB Ha MOJICKY/SIPHOMY PiBHI, 1 ii 3acTOCYBaHHS y BUBUCHHI HaIliBIPOBIAHUKIB | HAHOMATepialiB Jae
Ba)KJINBY iH(QOPMAIIIIO TIPO X CTPYKTYpy Ta BIACTUBOCTI. Y MaHiil poOOTi poaHalli3oBaHO CIIEKTPH JIBOX THUIIIB KpeMHiro: n-Si Ta p-Si,
a Takox 1Xx JieroBaHux aHajoriB n-Si<Ho> ta p—Si<Ho>. Orpumani pe3ynsrarn KOMOIHALIIfHOTO 300pakeHHs IIPOAEMOHCTPYBAIIN
IIPOCTOPOBO 3MiHHY HAHOKPUCTATIYHICTh 1 MIKpOKpHCcTaliuHicTh 3paskiB. Crexrpu n-Si<Ho> Ta p-Si<Ho> Bka3yioTh Ha IOsBY
paMaHiBcekoi cMyru Tpu 525 cm™! 31 3cyBoM Ha -5 cm’! Ta +5 cM™! BiANIOBIAHO BiHOCHO MOJIOXEHHS IiK KPEMHICBOT ITiIK/IAIKH, 110
BKa3ye Ha HasIBHICTb JedopMaltii po3Tsiry B Marepianax. BiicyTHICTh IHIIMX JOMIIIKOBHX ITiKiB CBITYUTH PO BUCOKY YHCTOTY 3pa3KiB
n-Si<Ho> ta p-Si<Ho>. Si-marepian, neroBaHuii ToIbMieM, IEMOHCTPYE AONATKOBI MIKK B CIIEKTpaX KOMOIHAIIITHOTO PO3CiOBaHHS,
10 TIOSICHIOETHCS HAABHICTIO BaKaHCIH 1 1e()eKTiB y HOBOYTBOpEHHUX Kommo3uuisx Si-Ho. Pe3ynbrarti aHamizy crieKTpiB CBiT9aTh Mpo
BIUTHB JIETyBaHHS KPEMHIIO TOJIbMIEM HA HOTO CTPYKTYpy Ta BIIACTUBOCTI, yTBOPEHHS HOBHX 3B'SI3KIB 1 1e()eKTiB.
KunrouoBi ciioBa: kpemniil; convmiil; piokosemensi enemenmu; Pamaniecvki cnekmpu, ougysia; mennouocii, oegexmu
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