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In this work, lutetium-doped silicon samples were studied using the Raman scattering method. Registration and identification of both
crystalline and amorphous phase components in the samples was carried out. There is some violation in the spectra of Raman scattering
of light samples of silicon doped with lutetium in comparison with the original sample. It was found that the intensity of Raman
scattering of doped samples is 2-3 times higher than the scattering from silicon. The comparison is carried out for the intensities
associated with the intensities of the single-phonon line of the silicon substrate. This effect of the Raman spectra in the range
930 cm™' — 1030 cm™' appearing in this range is similar to the data reduction for multiphonon propagation on silicon. For the obtained
images (n-Si<Lu> and p-Si<Lu>), the bands in the atomic range of combinatorial scattering have a mixed broad and oval background
in the range from 623 cm! to 1400 cm™'. This background can change the shape of the observed bands.
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INTRODUCTION

Modern world scientific and technological progress is largely determined by the development of electronics,
the achievements of which directly depend on the success of fundamental sciences, primarily solid-state physics
and semiconductor physics [1]. Recent advances in these areas are related to the physics of low-dimensional
structures and the creation of technologies for obtaining nanostructures with fundamentally new functionality for
nano- and optoelectronics, communications, new technologies, measuring equipment, etc. Structured silicon is
currently of great interest, since Si itself is an extremely promising material not only for electronics, but also for
optoelectronics and solar cells [2,5]. In this regard, studies of the formation of low-dimensional objects and the
study of their influence on the electrophysical, optical, photoelectric, and magnetic properties of semiconductors
are topical tasks of today [4,6-8]. In the last two decades, Raman spectroscopy (Raman Spectroscopy) has been widely
used to study the structure and dynamics of solids. Roman spectroscopy is one of the most powerful analytical methods,
when analyzing the chemical and phase state of various objects and their structure and when researching and developing
new semiconductor materials, composites, superconductors. Raman scattering has become a standard tool for studying
silicon and nanostructured silicon for many years [5,13,14]. Raman studies of nanomaterials provide us with information
about energy dispersion, structure, bonding, and disorder [3,16]. In this work, we present the spectra of one- and two-
phonon Raman scattering of light from single-crystal silicon doped with lutetium (Lu) atoms.

MATERIALS AND METHODS

Samples of n-Si and p-Si with initial resistivity from 0.3 to 100 Q-cm were chosen for the study. The samples were
doped with Lu impurities sequentially by the thermal diffusion method. Before alloying, the samples were subjected to
chemical cleaning and etching, while the oxide layers were removed from the surface of the samples using an HF solution.
After thermal degassing of the samples, high-purity (99.999%) Lu impurity films were deposited on clean Si surfaces
using vacuum deposition. Vacuum conditions in the volume of the working chamber of the order of 1010 Torr were
provided by an oil-free vacuum pumping system.

Before diffusion annealing, the samples were placed in evacuated quartz ampoules. The diffusion of Lu impurities
into the Si bulk was ensured by heating the deposited samples in a diffusion furnace at a temperature of 1250°C for
30 hours followed by rapid cooling. To study the interaction of impurity atoms in silicon, it is necessary not only to
uniformly dope the material, but also to maximize the concentration [9,10,17].

The Raman spectra were obtained using a SENTERRA II Bruker Raman spectrometer. This fully automated
instrument combines excellent sensitivity with a high resolution of 4.0 cm™. Sunterra’s calibration was automatic and tied
to NIST standards, acetaminophen and silicon, resulting in a wavelength measurement accuracy of 0.2 cm’'. The
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experiments were carried out with a laser with a wavelength 1y = 532 nm, maximum power Pn.x = 25 mW, acquisition
time 100 s, and summation of two spectra. This device makes it possible to obtain spectra in the range from 50 to
4265 cm!. The Raman spectra were specially processed in order to be able to compare the intensity ratios between the
samples. Before normalizing the spectra at the peak at 522 cm!, which corresponded to the most intense peak in the
spectral region 4265-50 cm™!, we subtracted the baseline for each spectrum [11].

Mathematical data preprocessing included offset and cosmic ray removal, baseline correction, and intensity
normalization. The intensity of the one-phonon silicon line “523 cm™" was chosen as a condition for normalization, and
the value equal to 1 was chosen. Preliminary processing was carried out using the OPUS 8.5 program (Senterra II, Bruker,
Germany). The measured spectra for materials with high k¥ were compared with the data obtained for n-Si and p-Si.

Samples: n-Si, p-Si and lutetium-doped silicon, n-Si<Lu>, p-Si<Lu> were characterized by Raman spectroscopy.
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Figure 1. Raman spectrum measured for n-Si and p-Si samples, excitation wavelength 532 nm
a) n-Si spectrum; b) p-Si spectrum

Figure 1 shows the data collected for n-Si and p-Si samples. In the studied spectra are present as signals modeling a
single-phonon silicon line. The following bands can be recognized in the spectrum (except for the Si “523 cm™” line):

(I) faint band peaking around 230 cm’';

(II) relatively strong propagation of the band from 300 cm™ to the one-phonon Si line (~550 cm™);

(111) band with one maximum at about 623 cm™;

(IV) a broad band with a maximum at about 810 cm™';

(V) relatively average band spread from 930 cm™ to 1030 cm™';

The Raman spectra measured for silicon wafers doped with Lu (n-Si<Lu> and p-Si<Lu>) are shown in Fig. 2. The
two most important similarities observed for both semiconductor materials can be distinguished without detailed analysis:

(I) the absence of the so-called bosonic band;

(I1) the presence of a band between 930 cm™ and 1030 cm™! in the literature is attributed to multiphonon scattering
generated in a silicon substrate [12].
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Figure 2. Raman spectrum measured for n-Si<Lu> and p-Si<Lu> samples, excitation wavelength 532 nm

Analysis of the Raman spectrum taken for reference samples of n-Si and p-Si (Fig. 1). The band located between
930 cm™ and 1030 cm! refers to multiphonon scattering generated in the silicon substrate [12]. The first feature that
appears in the spectra recorded for silicon wafers doped with Lu (n-Si<Lu> and p-Si<Lu>) (Fig. 2) is a significant signal
below 300 cm™'. This corresponds to the boson band recorded for excitation with visible Raman scattering [15].
The absence of a relatively strong band in the Raman shift range between 930 cm™ and 1030 cm'! is attributed to second-
order scattering in doped silicon also observed for both impurity layers (n-Si<Lu> and p-Si<Lu>). The spectra obtained
for n-Si<Lu> and p-Si<Lu> contain not only broad bands, but also narrow lines; the full width at half-height of these
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lines is about 1 cm™. This suggests fluctuations in crystal structures as the origin of these lines. Amorphous structures
generate bands with a half-width on the order of 10 cm™. The appearance of the first line in the scattering observed for
both semiconductors has a maximum of about 300 cm™'. The broad band merged with the one-phonon Si line begins
between 305 cm™! and 440 cm™! and is much narrower than the main band. This is followed by a lower growth in the
range of 420 cm'+500 cm'. In the Raman shift range of 500 cm™' and 540 cm™, the single-phonon Si line dominates in
the Raman spectrum. One narrow line peaking at 395 cm™! and a slightly wider band peaking at 452 cm™! appear in the
spectrum of the obtained composites. The next two bands appearing in the Raman spectra have maxima at 622 cm™ and
680 cm™'. A maximum of 622 cm™' corresponds to an unconsolidated structure, and 680 cm™ corresponds to a densified
structure. The next band present in the Raman spectra, registered for composites, has a maximum at about 780 cm™'. The
intensity of the band related to the intensity of the one-phonon Si line in the case of composites is approximately two
times greater than that for silicon. The following features can be distinguished in the range of the Raman shift from
930 cm+1030 cm™.

The Raman spectra recorded for n-Si<Lu> and p-Si<Lu> show a broad oval background that ranges from
623 cm™' + 1400 cm™'. The bands described earlier appear against this background. In this case, the Raman scattering
signals do not have the typical shape of the observed band for the Si layer and are assigned to multiphonon scattering
from the silicon substrate [12]. It is possible that the band assigned to multiphonon scattering is modified and partially
masked by the broad background. The last two bands that can be recognized in the spectra measured for the obtained
composites have maxima around 1070 cm™ and 1200 cm'. The band with the maximum at 1070 cm™! has a symmetrical
shape. The group with a maximum at 1200 cm™! seems asymmetric. The tail of this band reaches 1400 cm™'. The maxima
of these bands reported in the literature are approximately 1075 cm™ and 1200 cm’!, respectively.

CONCLUSIONS

In this work, samples of n-Si, p-Si were studied, as well as samples doped with lutetium, n-Si<Lu>, p-Si<Lu>,
according to the data obtained, were characterized using Raman spectroscopy. Raman spectra of doped n-Si<Lu> and
p-Si<Lu> samples were compared with silicon. It was found that the intensity of Raman scattering of doped samples is
2-3 times higher than the scattering from silicon. The comparison was made for intensities related to the intensity of the
single-phonon line of the silicon substrate.

The last thing to sum up is the behavior of the Raman spectra in the range 930 cm'+1030 cm™'. The band appearing
in this range is similar to the reduction of data for multiphonon scattering on silicon.

For the obtained n-Si<Lu> and p-Si<Lu> samples, the bands in this range of Raman scattering are shifted with a broad
and oval background in the range from 623 cm™'+1400 cm™'. This background can change the shape of the observed bands.
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BU3HAYEHHS CTPYKTYPHU TA AHAJII3 JE®EKTIB n-Si<Lu>, p-Si<Lu>
3A JTOIIOMOI'OI0 PAMAHIBCBKOI CHEKTPOCKOIIII
Xomkakoap C. Janies?, Illapidpa B. Yramypanosa®, 3askinain E. Baxponkyios®,
Animep X. Xair6aes®, [:xonioex k. Xammaamon®
 Pinin GIBY «Hayionansnuii docnionuyvkuii ynisepcumem MITEIy, Hoz0y, 1, Tawxenm, Y3bexucman
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100057, Tawkenm, Y36exucman, gyn. Aneu Anmaszap, 20
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VY naniii po60Ti METOIOM KOMOIHAILIHHOTO PO3CIsIHHS JOCIIKEHO JIeTOBaHi JIFOTELIEM 3pa3ku kpeMHiro. [IpoBeneHo peecTpartito Ta
izeHTU]IKAIiI0 KOMIOHEHTIB SIK KPUCTANIiYHOI, Tak i amop¢Hoi (a3 y 3paszkax. CrocTepiraetbCs AesKe MOPYIICHHS B CIIEKTPax
KOMOIHAIIHHOTO PO3CIIOBAaHHA CBITJa 3pa3KiB KPEMHiI0, JIETOBAHOTO JIIOTEIi€M, IOPIBHAHO 3 BUXiTHHM 3pa3koM. BcraHoBieHO, 110
IHTEHCHBHICTh KOMOIHAIHHOTO PO3CiIOBaHHS JIETOBAHHMX 3paskiB y 2-3 pa3u NepeBHIIyE PO3CilOBaHHsA KpeMHiro. [lopiBHAHHS
IIPOBEAEHO ISl IHTCHCUBHOCTEH, ITOB'I3aHHUX 3 IHTEHCUBHOCTSIMU OJHO(OHOHHOT JMiHIT KpeMHieBoI migknaaku. Lleit edekr crekTpis
koM6iHaliHOrO po3ciroBanHs B Aianazoni 930 cm™! — 1030 cM™!, 1m0 3’ IBISAETBCA B IHOMY JIialla30Hi, TOAIOHUH 10 3MEHIIEHHS JaHUX
JUISL PO3IIOBCIOIKEHHS MyJIbTU(OHOHIB Ha KpeMHii. /st orpuManux 306paxens (n-Si<Lu> i p-Si<Lu>) cMyru B aTOMHOMY Jiana3oHi
KOMOIHATOPHOTO PO3CIAHHA MAIOTh 3MilIaHMl IMPOKUIA 1 oBanbHMIT Gou B mianasoni Big 623 cm™! mo 1400 cm!. et don mMoxe
3MiHIOBAaTH ()OPMY CITOCTEPEIKYBAHUX CMYT.
KuarouoBi ciioBa: kpemniil; nomeyill; pamaniécoka cCnekmpocKonisi, Oughy3is; ne2y8anns; memnepamypa





