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EFFECT OF DYSPROSIUM ATOMS INTRODUCED DURING THE GROWTH PHASE ON THE
FORMATION OF RADIATION DEFECTS IN SILICON CRYSTALS
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In this study, the formation and reduction mechanisms of radiation defects resulting from the incorporation of dysprosium (Dy) atoms
during the growth process of silicon crystals (FZ) were investigated. Deep-level defects formed after doping n-type silicon with
dysprosium and irradiating it with ®°Co y-rays were analyzed using Deep Level Transient Spectroscopy (DLTS). The research revealed
that in the presence of dysprosium, the concentration of defects such as A-center (vacancy-oxygen complex) and E-center (vacancy-
phosphorus complex) decreased significantly - by 2-4 times - compared to control samples. EDS spectral analysis was conducted to
determine the concentration of surface element atoms in the sample, which demonstrated that the Dy element was uniformly distributed
on the silicon surface and present in sufficient concentration. These results substantiate that Dy atoms in silicon play a passivating role,
inhibiting the kinetics of radiation defect formation, consequently increasing the radiation resistance of silicon-based structures.
Keywords: Dysprosium-doped silicon; Radiation defects; Gamma radiation; DLTS (Deep-Level Transient Spectroscopy); Neutron
activation analysis; EDS (Energy Dispersive Spectroscopy); A-center; E-center; Crystal growth; Oxygen-vacancy complex; Radiation
stability
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INTRODUCTION

With the rapid advancement of modern electronics, particularly in the fields of micro- and nanoelectronics, there is
a growing demand for materials with enhanced physicochemical, structural, and electrical properties. In this context,
silicon (Si) holds a leading position as the most widely used primary semiconductor material. Silicon crystals are utilized
to produce highly integrated circuits, high-speed photodiodes, radiation-resistant detectors, memory elements, as well as
solar cells and numerous other electronic devices. One of the key factors determining the reliability and stability of such
devices is the nature of internal and external defects in the material [1-3].

Defects that directly affect the performance of semiconductor materials, especially in silicon, are formed as a result
of the interaction between vacancies (V) created by high-energy particles (such as y-rays, protons, neutrons, and alpha
particles), substitutional donors and acceptors (P, As, B), and oxygen atoms (O) present in the crystal lattice.
Consequently, complex radiation defects with deep energy levels emerge. These defects lead to the recombination of
electron-hole pairs and significantly impact the sensitivity, noise level, and operational lifespan of devices [4-5].

Modern scientific research is exploring numerous approaches to reduce the formation of radiation defects, decrease
their stability, or neutralize them completely. One such approach is the method of doping silicon with rare earth elements
(REE) [6-11]. This approach aims, in particular, to limit the activity of defects by gettering them, that is, removing them
from the active parts of the crystal lattice and binding them in structural voids or peripheral regions. Due to their large
ionic radius and chemical inertness, REE atoms do not actively bond with oxygen atoms or donor elements [7]. However,
they strongly interact with existing defects, reducing their energetic activity. For example, scientific literature reports that
it is possible to reduce the density of A- and E-centers formed in silicon by 2-4 times using elements such as Sm, Gd, Er,
and Tm [12-14].

Among rare-earth elements, dysprosium (Dy) stands out with its unique physical properties. Primarily, Dy possesses
a relatively large magnetic moment, which makes it a potential material for spintronic devices. Additionally, Dy atoms
easily oxidize in the crystal lattice of silicon, forming oxide nanophases in the form of Dy,0s[2]. These phases bind
oxygen atoms to themselves, preventing the formation of vacancy oxygen complexes. As a result, the crystalline structure
of silicon becomes more stable, the occurrence of defects decreases, and its radiation resistance increases. However, the
new defect states that arise during the Dy doping process and their kinetic behavior have not been thoroughly studied,
necessitating further research in this direction [9].

The results of this study can be applied in the development of radiation-resistant electronic devices based on silicon,
including optoelectronic detectors, photodiodes, and high-reliability integrated circuits [15-18]. Additionally, through in-
depth analysis of the properties of defects arising from Dy doping, new possibilities for the application of rare-earth
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elements in silicon materials science are identified. This holds significant importance not only for fundamental science
but also for applied device technologies.

MATERIALS AND METHODS

For the study, samples of ultra-pure n-type monocrystalline silicon were used. Their resistivity ranged from 10 to
65 Qxcm, and the concentration of optically active interstitial oxygen atoms in the crystal lattice was in the range of
(5%10' - 7x10') cm™. The element dysprosium (Dy) was introduced into the silicon structure as a dopant during the
growth process - at the stage of crystal growth from the solution. The samples were irradiated at room temperature (300
K) using y-quanta emitted from the ®Co isotope [16,19]. The radiation intensity was 3.1x10'? quanta/cm?xs. For
comparison, silicon samples (control samples) with the same oxygen content, but without dysprosium introduction, were
irradiated under the same conditions.

Deep-level capacitance spectroscopy (DLTS) was used to detect radiation defects [8,10,21]. Schottky barriers were
formed by evaporating gold (Au) onto the silicon surface under high vacuum conditions. Chemically deposited nickel
(Ni) was used as the ohmic contact, and in some cases, antimony (Sb) or aluminum (Al) was additionally evaporated [20].
DLTS measurements were conducted in constant capacitance and constant voltage modes.

In addition, energy-dispersive X-ray spectroscopy (EDS) techniques were employed to evaluate the surface
morphology and elemental composition of silicon samples doped with dysprosium [22,24,25].

RESULTS AND DISCUSSION

The energy characteristics of deep levels in silicon samples doped with dysprosium and in undoped control samples,
both obtained by growth from solution, were determined using the DLTS method before and after each irradiation stage.
The analysis revealed that the oxygen concentration differs significantly depending on the silicon composition: in oxygen-
free silicon samples, the amount of optically active oxygen (No®*) was approximately 5x10'® cm™, while in oxygen-
containing crystals, this amount reached up to 7x10'7 cm™. This is considered an important factor directly influencing
the formation of radiation defects and the emergence of deep levels.

Fig. 1 (curve 2) shows a newly identified deep-level defect revealed by DLTS spectra of y-irradiated n-Si<Dy>
samples. This level exhibits an ionization energy of Ec — 0.17 eV and an electron capture cross-section of approximately
on = 1x1071* cm?. Based on the extracted parameters, this defect is attributed to the well-known A-center, corresponding
to a vacancy—oxygen (V—O) complex [15,23].

As shown in Fig. 1 (curve 1), the presence of A-centers was observed in oxygen-containing n-Si control samples
after gamma irradiation. Notably, the concentration of these centers in undoped silicon changes linearly with increasing
radiation dose, while doped samples do not exhibit this characteristic. Additionally, comparative analysis revealed that
the quantity of A-centers in the control samples is significantly higher compared to samples doped with dysprosium.

DLTS analysis of oxygen-free control silicon samples revealed the formation of an additional radiation defect - an
E-center - in these samples under the influence of y-radiation. The ionization energy of this defect is Ec-0.43 eV, and its
electron capture cross-section is 1.8x107'> cm?. Interestingly, in silicon doped with dysprosium, a significant decrease in
the concentration of E-centers was observed compared to the control samples - almost tenfold (Fig. 2, curves 1 and 2).
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Figure 1. DLTS spectra of n-Si and n-Si<Dy> samples after y-  Figure 2. DLTS spectra of n-Si and n-Si<Dy> samples after y-
irradiation (No®2=7x10'" cm™): 1 - control sample (n-Si); irradiation (No®2=7x10'" cm™): 1 - control sample (n-Si);
2 - dysprosium-doped sample (n-Si<Dy>) 2 - dysprosium-doped sample (n-Si<Dy>)

Based on the obtained samples, neutron activation analysis and EDS analysis were conducted to determine the
concentration of Dy atoms on the surface and in the volume of the sample. The results of neutron activation analysis
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indicate the presence of dysprosium atoms in the silicon sample at a high concentration - approximately
(3x10'° — 4x10'8) cm.

In Fig. 3, the concentration of elements on the surface of an oxygen-free silicon sample was studied using the energy-
dispersive X-ray spectroscopy (EDS) method.

IMG1(1st) C-K

_.‘
n
A

7L
g
- ’

'-:.';l
%2

iyt
vt

3 100um

3 100pm ' 100um 3 100pum

Figure 3. Image of the EDS spectral analysis for the n-Si sample.

Based on the analysis results, we can conclude that dysprosium atoms are evenly distributed on the surface of the
silicon sample and in its adjacent regions. The mass fraction of dysprosium was found to be 0.16%, while its atomic
fraction was 0.02%, which corresponds to the neutron activation analysis results (Table 1). These findings indicate the
presence of Dy atoms both on the surface and within the volume of the silicon sample, demonstrating that their distribution
is sufficiently homogeneous.

Table 1. Elemental composition of the surface of the n-Si<Dy> sample as determined by energy-dispersive X-ray spectroscopy (EDS).

C K 10.27+0.10 21.09+0.20
o K 0.37+0.01 0.57+0.02
Si K 89.20+0.09 78.32+0.08
Dy L 0.16+0.02 0.02+0.00
Total 100.00 100.00

CONCLUSIONS

In this work, a thorough analysis was conducted on the incorporation of dysprosium (Dy) as a dopant into ultra-pure
n-type single-crystal silicon samples during the crystal growth stage (solution growth method) and its effect on radiation
stability. The study utilized silicon samples with specific resistivity ranging from 10 to 65 Qxcm and concentrations of
optically active interstitial oxygen atoms between (5%10'¢ - 7x10'7) cm™.

Deep levels of samples exposed to gamma radiation (®°Co, 3.1x10'? quanta/cm?xs) were studied using the DLTS
method. The results showed that in silicon doped with Dy, after y-radiation, A-centers with an ionization energy of
E-0.17 eV were detected. These centers correspond to oxygen-vacancy (O-V) complexes. Additionally, the concentration
of A-centers in silicon with Dy doping was significantly lower compared to the control samples, indicating a decreased
formation rate of radiation defects.

In oxygen-free silicon, E-centers with an energy of E.-0.43 eV were detected as a result of irradiation. The quantity
of these centers was observed to be up to 10 times higher compared to samples doped with Dy. This clearly demonstrates
the inhibitory effect of the Dy element on the mechanisms of defect formation.

EDS and neutron activation analyses confirmed the incorporation of the element dysprosium into the silicon
structure. According to the EDS results, Dy atoms are uniformly distributed on the silicon surface with a mass fraction of
0.16% and an atomic fraction of 0.02%. Neutron activation analysis showed that the Dy concentration is in the range of
(3x10' - 4x10'%) cm™. Despite such high concentration, it was determined that Dy atoms are electrically passive and are
positioned in the crystal lattice without forming deep energy levels.
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In general, the conducted research indicates that doping silicon with a rare-earth element such as dysprosium during
the growth stage from solution enhances its radiation stability and significantly reduces the probability of deep-level
defect formation under the influence of y-radiation.

ORCID
Khodjakbar S. Daliev, https://orcid.org/0000-0002-2164-6797; ©Sharifa B. Utamuradova, https://orcid.org/0000-0002-1718-1122
Shakhrukh Kh. Daliev, https://orcid.org/0000-0001-7853-2777, ©Jonibek J. Khamdamov, https://orcid.org/0000-0003-2728-3832
Shahriyor B. Norkulov, https://orcid.org/0000-0002-2171-4884

REFERENCES

[1] Kh.S. Daliev, Sh.B. Utamuradova, O.A. Bozorova, and Sh.Kh. Daliev, “Joint effect of Ni and Gf impurity atoms on the silicon
solar cell photosensitivity,” Applied Solar Energy (English translation of Geliotekhnika), 41(1), 80-81 (2005).
https://www.researchgate.net/publication/294234192 Joint effect of Ni_and Gf impurity atoms on_the silicon solar cell
photosensitivity

[2] K.S. Daliev, Sh.B. Utamuradova, A. Khaitbaev, J.J. Khamdamov, Sh.B. Norkulov, and M.B. Bekmuratov, “Defective Structure
of Silicon Doped with Dysprosium,” East Eur. J. Phys. (2), 283 (2024). https://doi.org/10.26565/2312-4334-2024-2-30

[3] X. Kong, Z. Xi, L. Wang, Y. Zhou, Y. Liu, et al., “Recent Progress in Silicon—Based Materials for Performance Enhanced
Lithium Ion Batteries,” Molecules, 28(5), 2079 (2023). https://doi.org/10.3390/molecules28052079

[4] V. Pelenitsyn, and P. Korotaev, “First-principles study of radiation defects in silicon,” Computational Materials Science, 207,
111273 (2022). https://doi.org/10.1016/j.commatsci.2022.111273

[5] I Pintilie, G. Lindstroem, A. Junkes, and E. Fretwurst, “Radiation-induced point- and cluster-related defects with strong impact
on damage properties of silicon detectors,” Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 611(1), 52-68 (2009). https://doi.org/10.1016/j.nima.2009.09.065

[6] K.P. Abdurakhmanov, Kh.S. Daliev, Sh.B. Utamuradova, and N.Kh. Ochilova, “On defect formation in silicon with impurities
of manganese and =zinc,” Applied Solar Energy (English translation of Geliotekhnika), 34(2), 73-75 (1998).
https://api.semanticscholar.org/CorpusID:99796881

[71 S.B. Utamuradova, K.S. Daliev, A.I. Khaitbaev, J.J. Khamdamov, J.S. Zarifbayev, and B.S. Alikulov, “Defect Structure of Silicon
Doped with Erbium,” East European Journal of Physics, (2), 288-292 (2024). https://doi.org/10.26565/2312-4334-2024-2-31

[8] K.P. Abdurakhmanov, Sh.B. Utamuradova, Kh.S. Daliev, S.G. Tadjy-Aglaeva, and R.M. Ergashev, “Defect-formation processes
in silicon doped with manganese and germanium,” Semiconductors, 32(6), 606—607 (1998). https://doi.org/10.1134/1.1187448

[91 K.S.Daliev, Sh.B. Utamuradova, J.J. Khamdamov, Sh.B. Norkulov, and M.B. Bekmuratov, “Study of Defect Structure of Silicon
Doped with Dysprosium Using X-Ray Phase Analysis and Raman Spectroscopy,” East Eur. J. Phys. (4), 311-321 (2024).
https://doi.org/10.26565/2312-4334-2024-4-35

[10] K.S. Daliev, Sh.B. Utamuradova, J.J. Khamdamov, M.B. Bekmuratov, O.N. Yusupov, Sh.B. Norkulov, and Kh.J. Matchonov,
“Defect Formation in MIS Structures Based on Silicon with an Impurity of Ytterbium,” East Eur. J. Phys. (4), 301-304 (2024).
https://doi.org/10.26565/2312-4334-2024-4-33

[11] K.S. Daliev, Sh.B. Utamuradova, J.J. Khamdamov, M.B. Bekmuratov, Sh.B. Norkulov, and U.M. Yuldoshev, “Changes in the
Structure and Properties of Silicon During Ytterbium Doping: The Results of o Comprehensive Analysis,” East Eur. J. Phys. (4),
240-249 (2024). https://doi.org/10.26565/2312-4334-2024-4-24

[12] L.S. Berman, “Depth distribution of deep-level centers in silicon dioxide near an interface with indium phosphide,”
Semiconductors, 31, 67-68 (1997). https://doi.org/10.1134/1.1187040

[13] G.L. Miller, D.V. Lang, and L.C. Kimerling, “Capacitance Transient Spectroscopy,” Annual review of materials research, 7,
377-448 (1977). https://doi.org/10.1146/annurev.ms.07.080177.002113

[14] Sh.B. Utamuradova, Sh.Kh. Daliyev, J.J. Khamdamov, Kh.J. Matchonov, and Kh.Y. Utemuratova, East Eur. J. Phys. (2), 274-278
(2024). https://doi.org/10.26565/2312-4334-2024-2-28

[15] S.A. Smagulova, I.V. Antonova, E.P. Neustroev, et al., “Relaxation of a defect subsystem in silicon irradiated with high-energy
heavy ions,” Semiconductors, 37, 546550 (2003). https://doi.org/10.1134/1.1575358

[16] J. Stahl, E. Fretwurst, G. Lindstrom, and I. Pintilie, “Deep defect levels in standard and oxygen enriched silicon detectors before
and after ®*Co-y-irradiation,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 512(1-2), 111-116 (2003). https://doi.org/10.1016/S0168-9002(03)01884-9

[17] K.S. Daliev, S.B. Utamuradova, J.J. Khamdamov, and Z.E. Bahronkulov, “Morphology of the Surface of Silicon Doped with
Lutetium,” East European Journal of Physics, (2), 304-308 (2024). https://doi.org/10.26565/2312-4334-2024-2-34

[18] A.I Prostomolotov, Yu.B. Vasiliev, and A.N. Petlitsky, “Mechanics of defect formation during growth and heat treatment of single-
crystal silicon,” (4), 1716-1718 (2011). http://www.unn.ru/pages/e-library/vestnik/19931778 2011 - 4-4 unicode/147.pdf

[19] J.R. Srour, and J.W. Palko, “Displacement Damage Effects in Irradiated Semiconductor Devices,” IEEE Transactions on Nuclear
Science, 60(3), 1740-1766, (2013). https://doi.org/10.1109/tns.2013.2261316

[20] M.S. Kukurudziak, V.M. Lipka, and V.V. Ryukhtin, “Silicon p-i-n Mesa-Photodiode Technology,” East Eur. J. Phys. (3),
385-389 (2024). https://doi.org/10.26565/2312-4334-2024-3-47

[21] D.V.Lang, “Deep-Level Transient Spectroscopy: A New Method to Characterize Traps in Semiconductors,” Journal of Applied
Physics, 45(7), 3023-3032 (1974). https://doi.org/10.1063/1.1663716

[22] J. Goldstein, et al., Scanning Electron Microscopy and X-ray Microanalysis, (Springer, 2017). https://doi.org/10.1007/978-1-
4615-0215-9

[23] V.A. Kozlov, and V.V. Kozlovski, “Doping of semiconductors using radiation defects produced by irradiation with protons and
alpha particles,” Semiconductors, 35, 735-761 (2001). https://doi.org/10.1134/1.1385708

[24] A.S.Zakirov, Sh.U. Yuldashev, H.J. Wang, H.D. Cho,T.W. Kang, J.J. Khamdamov, and A.T. Mamadalimov, Photoluminescence
study of the surface modified and MEH-PPV coated cotton fibers, Journal of Luminescence, 131(2), 2, 301-305 (2011).
https://doi.org/10.1016/j.jlumin.2010.10.019

[25] A.S. Zakirov, S.U. Yuldashev, H.D. Cho, et al., “Functional hybrid materials derived from natural cellulose,” Journal of the
Korean Physical Society, 60, 1526—1530 (2012). https://doi.org/10.3938/jkps.60.1526



347
Effect of Dysprosium Atoms Introduced During the Growth Phase on the Formation... EEJP. 3 (2025)

BILIUB ATOMIB JUCITPO3II0, BBEJEHUX HA ETAII BUPOIIYBAHHS, HA ®OPMYBAHHS PAIIALIIMHUX
JE®EKTIB Y KPUCTAJIAX KPEMHIIO
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VY npoMy JOCIiKEHHI IIPoaHalli3oBaHO MeXaHi3MH ()OPMyBaHH Ta 3MEHIICHHS paialifHux nedeKTiB, 0 BUHUKAIOTh Y Pe3yJbTaTi
BIIPOBAKEHHS aToMiB auctposiro (Dy) mij yac BUpOIyBaHHSI KPHCTATIB KPEeMHi0 MeTooM 30HHOTO uiasieHHs (FZ). [nmu6oxi piBHi
nedexTiB, 0 yTBOPHINCS MICIs JIETYBaHHS N-THIy KPEMHIIO AUCIIPO3ie€M 1 ONPOMiHEHHs HOro y-mpoMmeHsMH i3otomy “°Co, Oynn
[IpOaHaIi30BaHi MeTOAOM TIJIMOOKOpiBHEBOI eMHicHOI crnektpockomnii (DLTS). BcraHoBieHO, 10 y NPUCYTHOCTI IHCIPO3it0
KOHILIEHTpalisl Ae(eKTiB TUIy A-IeHTp (BakaHCiHHO-KHCHeBMH KoMiuiekc) i E-nentp (BakaHciitHo-pocdopHuil KoMIUIeKC) 3HaYHO
3MEHINY€EThCI — Y 2—4 pas3u y MOPIBHIHHI 3 KOHTPOJILHUMH 3paskamu. CriekTpasibHuil aHaniz Metogom EDS mokasas, 1o aromu Dy
PIBHOMIPHO PO3IOJIiJIeH] 10 TIOBEPXHi KPEMHIIO Ta MPUCYTHI B JOCTaTHII KoHIeHTpanii. OTpuMaHi pe3yabTaTH HigTBEPIKYIOTb, 0
aromu Dy y KpeMHIl BiIirpaloTh MacUBYIOUy POJIb, YIIOBUIGHIOIOUH KiHETHKY (POPMYBaHHS papianifHuX Ae(eKTiB i MiIBHITYIOUH
panianiiiHy CTIKiCTh KPEMHIEBUX CTPYKTYP.
Kuntouosi ciioBa: kpemniil, necosanuil oucnposiem, padiayiiini oepexmu, camma-eunpominiosanna; DLTS (eaubokopisnesa emmicna
cnekmpocKkonis); Heliimponno-akmugayiunuii ananiz; EDS (enepeemuuno-oucnepciiina penmeeniécbka cnekmpockonis);, A-yenmp;
E-yenmp; supowysanus kpucmanis; KUCHEB0-8AKAHCIUHUL KOMNIIEKC, padiayiina cmitkicms



