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DEFECTIVE STRUCTURE OF SILICON DOPED WITH DYSPROSIUM
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In this work, the structural and optical characteristics of silicon (n-Si) samples and its compositions with dysprosium (n-Si-Dy) were
analyzed using Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy methods. Characteristic peaks in the FTIR
spectra such as 640 cm™ (Si-H mode) and 1615 cm! (perpendicular stretching mode) were identified, indicating the structural features
of the material. The appearance of additional peaks in the n-Si-Dy spectra at 516.71 cm™! and 805 ¢cm! indicates the influence of
dysprosium on the structure and defectiveness of the material. Examination of the frequency range (1950-2250 cm™") further confirms
local vibration modes associated with defects and interactions with dysprosium. Peaks associated with Dy-Dy stretching, as well as
interaction with silicon, were found at 2110 ¢cm™' and 2124 c¢cm™'. Analysis of Raman spectra indicates the formation of silicon
nanocrystals during annealing, which is confirmed by XRD results. The results obtained provide important insight into the effect of
dysprosium on the structure and properties of silicon materials, which could potentially find application in optoelectronics and materials
science.
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INTRODUCTION

Although crystalline silicon plays a critical role in the microelectronics industry, its use in optoelectronics faces
limitations due to its indirect bandgap semiconductor properties, which reduces the efficiency of emitting light in the
visible spectrum. The discovery of strong visible photoluminescence in porous silicon at room temperature [1] has
stimulated active research into the development of structures, including silicon nanowires and nanoparticles, as well as
the study of their structural and optoelectronic characteristics.

Further studies showed pronounced visible light emission from nanocrystalline silicon films [2] and thin SiO; films
containing both crystalline [4] and amorphous [5] silicon nanoparticles. This luminescence is often attributed to the
radiative recombination of charge carriers within Si nanoparticles, and its color can be controlled by varying the size of
the nanoparticles [21]. Later, intense visible photoluminescence was observed in films of nanocrystalline silicon [3], as
well as in thin films of SiO, containing both crystalline [4,7,8,22] and amorphous [6] silicon nanoparticles.

Instrumental testing methods such as infrared spectroscopy and Raman scattering provide a rapid and non-
destructive way to determine whether silicon particles are amorphous or crystalline [16,23]. In addition, information about
the size of nanocrystallites can be obtained from the shape and position of the maximum of the first-order Raman
scattering band [9,17]. In crystalline materials, this band usually takes the form of a Lorentzian line with an intrinsic
linewidth of about 3 cm™! at room temperature. “Finite size effects” that break the overall translational symmetry of the
material can lead to low-frequency asymmetric broadening and redshift of the Raman band. Thus, the size of nanoparticles
can be determined from the details of the Raman line shape [9,11,18-20].

However, when using this approach, it is important to keep in mind that other factors such as structural damage,
alloying, etc. can also cause similar changes [12,15]. In addition, the Raman line can be affected by tensile and
compressive stresses, causing red and blue shifts, respectively.

MATERIALS AND METHODS

In this study, n-Si-Dy composite was synthesized by thermal firing at 1373 K. Infrared spectra and Raman studies
were carried out on four samples, including n-Si and n-Si-Dy composites, which further confirmed the presence of both
amorphous and nanocrystalline structures in films annealed at 1373 K. Photoluminescence in the visible and near-infrared
regions was observed in films containing both amorphous and crystalline particles.

To conduct the study, n-Si silicon samples with an initial resistance ranging from 0.3 to 100 Qxcm were selected.
The process of doping with dysprosium (Dy) impurities was carried out sequentially using the thermal diffusion method.
The samples were chemically cleaned and etched with an HF solution to remove oxide layers from the surface.
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Subsequently, films of high-purity Dy impurity (purity 99.999%) were deposited onto a clean silicon surface by vacuum
deposition in evacuated quartz ampoules at a vacuum level of 10 to 10 Torr using an oil-free vacuum pumping system.

Diffusion annealing of the samples was performed at a temperature of 1373 K for 40 hours, followed by fast and
slow cooling to uniformly dope the material and maximize the impurity concentration in silicon. Infrared (IR) spectra
were obtained using a Bruker Invenio-X system in the wavenumber range from 400 to 4000 cm™' employing the attenuated
total reflectance (ATR) method. Raman spectroscopy was conducted on a Bruker Senterra II Raman microscope using a
532 nm laser in the wavenumber range from 50 to 4265 cm™' at room temperature.

RESULTS AND DISCUSSION

Thin films of dysprosium with high silicon content were successfully prepared by thermal calcination, and an n-Si-
Dy composite was created by thermal baking at 1373 K. Raman measurements confirmed the formation of both
amorphous and nanocrystalline structures in films annealed at 1373 K. Photoluminescence was observed and interpreted
as interband recombination in nanoparticles larger than 2.5 nm, as well as carrier recombination through defect states in
smaller nanoparticles.

FTIR spectra were carefully studied to identify structural changes in n-Si and the resulting n-Si-Dy compositions.
The FTIR spectra of both the original n-Si and the resulting n-Si-Dy composite are presented in Figure 1.
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Figure 1. FTIR spectra of n-Si and the resulting n-Si<Dy>:
1. n-Si control: thermal firing at 1373 K for 40 hours, subsequent rapid cooling, without polishing; 2. n-Si<Dy> (fast cooling);
3. N-Si (starting material); 4. n-Si-Dy: thermal firing at 1373 K for 40 hours, followed by rapid cooling, with polishing

When analyzing n-Si itself, as well as n-Si-Dy composites obtained on its basis using FTIR spectrometry, in addition
to the absorption of light on vibrations of regular atoms of the crystal lattice, in the solid there was also a process of
absorption at local x fluctuations associated with defects and impurities. Thus, when analyzing the obtained FTIR spectra,
the following patterns were revealed: absorption bands at 1106 and 515 cm™ of crystalline silicon are associated with the
oxygen present in silicon (one must take into account the fact that oxygen in crystalline silicon is lies in the interstices
and is an electrically neutral impurity insertion), carbon in crystalline silicon exhibits one antisymmetric stretching (Vas)
vibration, the frequency of which is 605 cm!, peaks at 640 cm™ correspond to Si-H stretching, and peaks at
1615 cm™ - mode of perpendicular stretching. Dy-doped Si material exhibits additional peaks in its FTIR spectra due to
the presence of vacancies and defects in n-Si<Dy> compositions. The peaks at 516.71 cm™ are due to the Si-Si stretching
mode, while the peaks at 805 cm™ are due to the wagging mode of hydrogen. The frequency range (1950-2250 cm™') was
deconvoluted to investigate potential local vibrational modes arising from defects and the formation of new bonds
involving Dy.

Peaks located between 2210 cm™ and 2350 cm! are typically attributed to Dy-Dy stretches. The peak at 2070 cm™!
arises from adsorbed hydrogen at defective sites. Peaks at 2110 cm™ and 2124 ¢cm™! correspond to Dy-Si and Si-Dys,
respectively [10]. Additionally, the peak at 2074 cm™ corresponds to db-Si-Si-H, where 'db' denotes dangling bonds. The
small peak at 2211 cm™! may be attributed to Dy-induced microcrystallites.

To investigate changes in the FTIR spectra between the original n-Si and the resulting n-Si<Dy> compositions, we
conducted a detailed study of the regions from 400 to 800 cm™ (refer to Figure 2). The resulting spectra clearly
demonstrate all the changes occurring during the transition from n-Si to the resulting n-Si<Dy> compositions.

To further investigate the changes during the production of n-Si<Dy> compositions from the original n-Si, Raman
spectroscopy was utilized. Raman spectra for four samples, including both n-Si and n-Si-Dy composites, obtained under
different conditions and deposited on crystalline Si substrates annealed at 1373 K for 40 hours, are presented in Figure 3.
A tail is observed, which does not develop into a distinct peak in any pattern. We assume that this tail is mainly due to
scattering from silicon nanocrystals formed during annealing. This is confirmed by a similar low-energy tail observed in
other Raman studies of silicon nanocrystals [12]. 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 out to 450 cm™!, which is similar to
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the tail of our Raman spectra (Figure 3). However, a small part of the scattering in the low-frequency tail of our spectra
can be associated with n-Si, for which the Raman peak [10] at 480 cm™' asymmetrically extends to 250 — 310 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 Sinanocrystals. This conclusion is also confirmed by the results of X-ray diffraction (XRD), which show a fairly
high density of Si nanocrystals in films annealed at 1373 K.
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Figure 2. FTIR spectra of Si (spectrum region 400-800 cm™'):
1. n-Si control: thermal firing at 1373 K for 40 hours, subsequent rapid cooling, without polishing; 2. n-Si<Dy> (fast cooling);
3. N-Si (starting material); 4. n-Si-Dy: thermal firing at 1373 K for 40 hours, followed by rapid cooling, with polishing
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Figure 3. Raman spectra for four n-Si and n-Si<Dy> composite samples (range from 50 to 4265 cm™):
1. n-Si control: thermal firing at 1373 K for 40 hours, subsequent rapid cooling, without polishing; 2. n-Si<Dy> (fast cooling);
3. N-Si (starting material); 4. n-Si-Dy: thermal firing at 1373 K for 40 hours, followed by rapid cooling, with polishing

To analyze changes in the Raman spectrum between the original n-Si and the resulting n-Si<Dy> compositions, we
conducted a detailed study of the regions from 50 to 1400 ¢cm™' (refer to Figure 4). The resulting spectra clearly
demonstrate all the changes occurring during the transition from n-Si to the resulting n-Si<Dy> compositions.

Based on the data presented in Figure 4, it is evident that the transition from the original n-Si to the resulting
composites under different n-Si<Dy> conditions leads to changes in signals around 307 cm™ and 960 cm™'. These changes
include increased intensity and mixing relative to the signals of the original n-Si. Additionally, the prominent signal in
the region around 522 ¢cm! during this transition noticeably broadens, indicating a decrease in the crystallinity of the
original n-Si.

Previous studies [14] have utilized Raman spectra to estimate the average size of Si and Dy nanocrystals. This can
be achieved either by fitting the experimental curve with an expression accounting for finite size effects [14], or by using
theoretically predicted dependencies [13] of band position and asymmetry on crystallite size.



286
EEJP. 2 (2024) Khodjakbar S. Daliev, et al.

ST TV

; V\///'\“"'\“ﬂ\“ J\’sz\xf“vwv//\ \

<

Figure 4. Raman spectra for four n-Si and n-Si<Dy> composite samples (range from 50 to 1400 cm™'):
1. n-Si control: thermal firing at 1373 K for 40 hours, subsequent rapid cooling, without polishing; 2. n-Si<Dy> (fast cooling);
3. N-Si (starting material); 4. n-Si-Dy: thermal firing at 1373 K for 40 hours, followed by rapid cooling, with polishing

In both approaches, precise determination of the nanocrystal band is crucial, particularly for films grown on n-Si substrates
where the 522 cm™ band is also present in the Raman spectra. In nanocrystalline silicon films, the intensity of scattered light
from the film is relatively high, while scattering from the substrate is significantly reduced due to absorption in the film. This
ensures that the shape and position of the band originating from nanocrystals [10] are not distorted when scattered on the
substrate. However, in Si-Dy films, the fill factor is relatively small, approximately 10% [7]. The intensity of scattered light
from Si nanocrystals is low, whereas the Raman line due to the n-Si substrate remains strong. Figure 3 and 4 illustrate that a
distinct band in all spectra peaks at 522 cm! with a width at half maximum of 4.5 cm™’. It is evident that scattering from Si
nanocrystals is weak and does not significantly impact the shape and position of the substrate signal. In an attempt to isolate the
nanocrystal band, we subtracted the baseline, including background luminescence, noise, and the Lorentzian band with the
aforementioned peak position and width at half maximum, from the measured spectrum of each film (Figure 3). Initially, the
Lorentzian amplitude was set equal to the amplitude of the 522 cm™! band in the measured spectra. However, due to the
uncertainty in determining the exact intensity level of scattered light from the n-Si substrate, it is challenging to accurately
determine the size of Si nanocrystals from the Raman spectra of Si-Dy thin films with a low fill factor.

CONCLUSIONS

Characteristic peaks were identified in the FTIR spectra, such as the peak at 640 cm™ associated with the Si-H mode
and the peak at 1615 cm™! associated with the perpendicular stretching mode, indicating specific structural features of the
material. Additional peaks appeared in the FTIR spectra of n-Si-Dy samples, particularly at 516.71 cm™ (Si-Si stretching
mode) and 805 cm™! (hydrogen wagging mode), suggesting the influence of dysprosium on the structure and properties
of the material. These additional peaks indicate potential defects and vacancies in the new Si-Dy compositions, which are
crucial for understanding changes in material structure.

Further analysis of the frequency ranges from 1950 to 2250 cm™ confirmed the presence of local vibration modes
associated with defects and the formation of new bonds involving dysprosium. Peaks related to Dy-Dy stretching were detected
between 2210 cm™ and 2350 cm’!, indicating dysprosium interactions in the samples. The peak at 2070 cm! is attributed to
adsorbed hydrogen at defect sites, which can influence material properties. Peaks at 2110 cm! (Dy-Si) and 2124 cm™! (Si-Dy»)
suggest the interaction of dysprosium with silicon in the samples. The peak at 2074 cm™ corresponds to db-Si-Si-H, where db
represents the dangling bond. Additionally, a peak at 2211 cm™ may be attributed to dysprosium-induced microcrystals.

Regarding the Raman spectra, a “tail” is observed, which arises from scattering on silicon nanocrystals formed
during annealing. This observation is consistent with the low-energy tail observed in other Raman studies of silicon
nanocrystals. X-ray diffraction results confirm the high density of Si nanocrystals in films annealed at 1373 K. It's
important to note that the observed scattering in the low-energy tail primarily originates from Si nanocrystals and not n-Si.
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“1Qinis PedepanbHo2o 0epAHcasH020 OI0NCEMHO20 HAGHAILHO20 3aK1ady suwoi oceimu « Hayionanenuil docnionuybkuil
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cHyxycokuil deparcasHuti neoazo2iynuil incmumym imeni Aoxcuniaza, Hykyc, Y3oexucman

V 1iii po6oTi Oys10 IpoaHatiz0BaHO CTPYKTYPHI Ta ONTHYHI XapaKTePUCTUKY 3pa3KiB KpeMHio (n-Si) Ta HOro KOMITO3HIIT 3 AUCTIPO3ieEM
(n-Si-Dy) 3a gonomororo mMetoniB iH(ppauepBoHOi criekTpockomii 3 meperBopeHusM Oyp’e (FTIR) Ta criekTpockomii paMaHiBCHKOTO
posciroanns. Bynu imentudixoBani xapakrepni miku B cmektpax FTIR, Taki sk 640 cm' (pexum Si-H) i 1615 cm™! (pexum
TIePIIEHIUKY/IIPHOTO PO3TATYBAHH:), III0 BKa3ye Ha CTPYKTYPHI 0coOIMBOCTI Marepiairy. [TosiBa 1omaTkoBuX MiKiB y criekTpax n-Si-Dy
npu 516,71 cm! Ta 805 cM! cBiguMTE MPO BIUIMB AMCHIPO3il0 HA CTPYKTYPY Ta nedekTHiCTh Marepiaiy. JJOCIiHKEHHS YacTOTHOTO
nianaszony (1950-2250 cm-1) gogaTkoBo HiATBEPAXKYE JIOKAIBHI MOIH BiOpallii, moB’si3aHi 3 AeeKTaMu Ta B3aEMOII€I0 3 AUCIIPO3ieM.
ITixu, noB's3aHi 3 po3tarysanusaM Dy-Dy, a Takox B3aeMOJI€I0 3 KpeMHieM, Oyiu 3Haiiaeni mpu 2110 cm™' 12124 em''. Ananis cexrpis
KOMOIHAIIITHOTO PO3CiIOBaHHS CBITYHTH PO YTBOPEHHS HAHOKPHCTANIB KPEMHIIO Mifl Yac BiAmaly, OI0 MiATBEPAKECHO pe3ylbTaTaMu
XRD. OtpumMaHni pe3ysIsTaTé JaloTh BaXIIMBE YSBICHHS IIPO BILUIMB ANUCIIPO3il0 HA CTPYKTYPY Ta BIACTUBOCTI KPEMHIEBHX MaTepialis,
SIKi TIOTEHLIHO MOXXYTh 3HAWTH 3aCTOCYBaHHS B ONTOENEKTPOHIL] Ta MaTepialo3HaBCTBI.

KorouoBi cioBa: kpewmniti; Oucnposiii; piokozemensvHi enemenmu; KoMOIHayitine po3cilosants; Ougysis;, mepmoo6podKa;
memnepamypa





