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This paper deals with the influence of impurity atoms on optical properties of single crystal silicon doped with nickel and copper during
high-temperature diffusion doping. And also, the processes of formation of various chemical compounds with participation of oxygen
and carbon atoms with atoms of nickel, copper and silicon. By means of FTIR spectrometry and X-ray diffraction analysis it was
revealed that the concentration of optically active oxygen and carbon in the volume of silicon samples doped with nickel and copper
significantly increases compared to the original samples.
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INTRODUCTION

The control and characterization of background impurities such as oxygen and carbon in silicon single crystals is a
critical task for modern microelectronics and optoelectronic device fabrication. These impurities, particularly when
optically active, can significantly alter the electrical, optical, and structural properties of silicon, affecting charge carrier
lifetime, recombination rates, and overall device efficiency [1]. Optically active oxygen and carbon atoms are known to
interact with substitutional or interstitial impurities and contribute to the formation of electrically active complexes and
extended defects, especially under thermal or radiation processing conditions [2].

Fourier-transform infrared (FTIR) spectroscopy remains a powerful and non-destructive analytical tool for the
precise quantification of light elements such as oxygen and carbon in silicon matrices. Its high sensitivity to vibrational
modes of impurity atoms enables accurate detection of characteristic absorption peaks corresponding to bond-specific
interactions [3]. In particular, absorption at 1106 cm™! is attributed to interstitial oxygen (O;) stretching modes, while
peaks in the 607-620 cm™ region correspond to substitutional carbon (Cs) modes [4].

In the present study, we aimed to determine the concentration of optically active oxygen and carbon in both intrinsic
n-type silicon and in silicon samples doped with transition metals such as nickel and copper. The samples were analyzed
using a Fourier-transform infrared spectrometer FSM 2201, operating in the range 370-7800 cm™' with a spectral
resolution of 1 cm™. A DLATGS pyrodetector was employed for enhanced signal sensitivity. The oxygen and carbon
concentrations were calculated from the respective IR absorption intensities at room temperature, applying standard
calibration methods [5].

To complement the FTIR analysis and gain deeper insight into the structural rearrangements induced by metallic
dopants, we also conducted X-ray diffraction (XRD) studies. These investigations were essential for identifying the
formation of metallic impurity complexes, dislocation loops, or secondary phase precipitates within the silicon lattice.
The XRD measurements were performed using a high-resolution Malvern Panalytical Empyrean diffractometer with
CuKaoa radiation (A = 0.15405 nm), operated in step-scan mode to ensure accurate peak identification and lattice parameter
extraction [6].

Such integrated spectroscopic and diffraction-based analysis enables a more comprehensive understanding of
impurity-induced modifications in silicon, which is crucial for the optimization of material parameters in semiconductor
device engineering.

MATERIALS AND METHODS
Growing silicon single crystals by the Czochralskii method, which is the most frequently used in modern
semiconductor production, involves a number of important parameters, such as melt temperature, drawing speed, rotation
speed of the crystal and seed, composition and purity of the initial polysilicon, mainly determine the quality of the obtained
single crystal. In the technological process of growing single crystals of silicon, depending on the conditions of growth,
to exclude the penetration of oxygen and carbon atoms in the composition of the growing material is virtually impossible.
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Therefore, in the volume of single crystalline silicon, obtained by this method, oxygen and carbon atoms are present in
high enough concentrations up to 10'7-10'8%cm=. These two contaminating impurities in single crystals of silicon are called
background impurities, because when using the existing installations of the Czochralski method, their entry into the melt
can not be excluded. Numerous studies have shown that oxygen and carbon atoms participate in complexation processes
in single crystal silicon [7]. Often extensive precipitates or microinclusions of impurity atoms [8-11], which are formed
during very large-scale or ultra-large-scale integrated fabrication, can be critical to device quality and performance.
Oxygen precipitates can be useful by allowing the deposition of transition metals and strengthening the wafer by
preventing plastic deformation during processing. However, if they form in active regions, they act as defects, degrading
device performance [12].

RESULTS AND DISCUSSION

Initial n-Si samples and doped n-Si <Ni,Cu> samples were fabricated for the studies. As an initial sample for
experiments, single-crystalline silicon of KEF grade, grown by the Czochralski method, with a resistivity of 0.3 Ohm-cm
was used. The samples prepared in the form of a rectangular parallelepiped with dimensions 10x5x2 mm were pre-cleaned
by chemical methods [13]. Using a VUP-4 vacuum sputtering system unit, in which the vacuum value was 10™Torr,
nickel atoms were deposited on the previously prepared silicon samples on one side by sputtering with a thickness of 0.4
um. And on the other side, copper atoms with a thickness of 0.6 um were deposited on the same samples. Simultaneous
diffusion of nickel and copper atoms in silicon was carried out in a horizontal SUOL-4 furnace at temperature T=1473 K
for 5 hours. The furnace temperature was controlled within £3 K using a platinum-platinum-rhodium thermocouple. After
diffusion annealing, the samples were cooled by rapid cooling method, where the cooling rate was v.,=200 K/s. Fig. 1.
shows a fragment and spectrograms of the change in the concentration of optically active oxygen in the original sample
and in the n-Si <Ni,Cu> sample

Calculations of the value of optically active oxygen concentration were carried out using the following formula [14]:

NOPt =3.3-10V7 -%lnli, )

0

Where: [ and Iy are the intensities of incident and transmitted light, d is the thickness of the sample
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Figure 1. Dependence of transmittance on wavenumber (k, cm™): 1 - n-Si; 2 - n-Si<Ni,Cu>

The concentration of optically active oxygen in the original sample and in the n-Si< Ni,Cu> samples is
n=2.5-10"cm and n=3.9-10"7cm3, respectively. Calculations show that the concentration of optically active oxygen in
the n-Si<Ni,Cu> samples is 1.6 times higher compared to the original samples.

This means that in the process of diffusion at T=1473 K oxygen atoms form a bond with impurity atoms, forming a
metal oxide. Because of this, the concentration of optically active oxygen in the doped samples increases.

Fig. 2. shows fragments of IR spectrograms of the change in the concentration of optically active carbon in the
original n-Si sample and in the n-Si <Ni,Cu> sample.

The concentration of optically active carbon was calculated by the following formula [14]:

NPt =1,1-10" -%lni, )

Where: d-thickness of the sample, / - and /y- of incident and transmitted light.

The results obtained showed that the concentration of optically active carbon in the original sample and in the n-Si<
Ni,Cu> samples respectively are n= 6.6-10"7cm™ and n= 8.84-10"7cm. From the results obtained, it is found that the value
of optically active carbon concentration in the n-Si<Ni,Cu> samples is 1.33 times more as compared to the original
sample.



205

Effect of Impurity Clusters on Optical Properties of Nickel and Copper Doped Single-Crystal... EEJP. 1 (2026)
1
0,20 - 2
x
=
:g 0,16
b=
8
8 0,12 4
s
=
I= 0,08
s
= 0,04 4
57‘0 5&5 S(;O 61'5 6:;0
k, 1/cm

Figure 2. Graphs of dependence of transmission coefficient on the wave vector: 1 —n-Si, 2 — n-Si<Nj,Cu>

In order to further clarify and confirm the presented results, we carried out X-ray diffraction analyses of all samples.
The obtained results were analyzed as follows. In Fig. 3. shows the X-ray diffraction patterns of the original sample and
the n-Si <Ni,Cu> sample. Using the obtained results, the interplanar distance in the crystal can be determined from the
Wolf-Bragg equation [15].

nl = 2dsiné, 3)

where d is the interplanar distance, 0 is the Wolf-Bragg angle n-order of diffraction maximum, A = 0.15405 nm is the
wavelength of CuK,-radiation.
The average size of crystallites of different planes was determined by Scherrer's formula [15]:
KA

L= 4

" Bcos®’

Where, K is the dimensionless particle shape factor (Scherrer's constant); 1 = 0.15405 nm - wavelength of CuK,-radiation;
B - reflex width at half-height, 8 - Wolf-Bragg angle,L - average crystallite size (nm).
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Figure 3. Plots of the dependence of the transmittance coefficient on the wave vector for the samples: 1 — n-Si; 2 — n-Si<Ni,Cu>
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The largest peak of them corresponds to single-crystalline silicon with crystal orientation (111). In this reflection,
the L value and the d value are 0.474 nm and 1.84 nm, respectively. From this calculation, it can be seen that the L value
decreases almost 6 times and the d value increases almost 3 times compared to the same reflex in the original sample.
These results indicate that the crystal lattice is deformed due to the penetration (introduction) of impurity atoms. The
reflex observed at an angle of 10.77° , corresponds to the SiC compound. In the X-ray diagram, the third peak by order
number corresponds to the copper oxide compound CuO. It reflects at an angle of 20.88° and its L and d values are 2.805
nm and 1.27 nm, respectively. And one more peak corresponds to the compound of oxygen to metal NiO»and it reflects
at an angle of 44.12° [16].

As can be seen from the results of X-ray diffraction analysis, several kinds of clusters involving impurity atoms of
nickel and copper were formed in the silicon crystal after diffusion. In addition, from the results of X-ray diffraction
analysis, the formation of various chemical compounds of oxygen atoms, carbon atoms with nickel or copper atoms, as
well as with silicon atoms is observed. Consequently, it appears that in the process of high-temperature diffusion
annealing, oxygen atoms form chemical compounds with the main impurity atoms and move to an optically active state.
For this reason, an increase in the optically active oxygen concentrations was observed in the Fourier spectroscopy
analysis compared to the original sample.

Thus, the results obtained by determining the concentration of optically active background impurities in the original
samples n-Si and in samples n-Si<Ni,Cu> showed that during high-temperature diffusion doping of silicon with nickel
and copper, the concentration of optically active oxygen and carbon in the volume of samples increases significantly.
This increase is due to the formation of complexes of oxygen and carbon atoms with atoms of the main impurities, after
which they pass to the optically active state.

CONCLUSIONS

As can be seen from the results of X-ray diffraction analysis, several types of clusters containing nickel and copper
impurity atoms formed in the silicon crystal after diffusion. In addition, from the results of X-ray diffraction analysis, the
formation of various chemical compounds of oxygen atoms, carbon atoms with nickel or copper atoms, as well as with
silicon atoms, is observed. Consequently, it appears that during high-temperature diffusion annealing, oxygen atoms form
chemical compounds with the main impurity atoms and become optically active. For this reason, an increase in the
optically active oxygen concentrations was observed in the Fourier spectroscopy analysis compared to the original sample.

Thus, the results obtained by determining the concentration of optically active background impurities in the original
samples n-Si and in samples n-Si<Ni,Cu> showed that during high-temperature diffusion doping of silicon with nickel
and copper, the concentration of optically active oxygen and carbon in the volume of samples increases significantly.
This increase is due to the formation of complexes of oxygen and carbon atoms with atoms of the main impurities, after
which they pass to the optically active state.
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BIIJINB JOMIIIKOBHUX KJIACTEPIB HA OIITUYHI BJIACTUBOCTI KPEMHIIO,
JJETOBAHOTI'O HIKEJIEM TA MIJITIO

Cipamxinin 3. 3aiina6iginos’, H.A. Typrynos2, Akpam:kon WM. Bo6oes!, IlTyxpat:xon K. Ak6apos', Paiimamr M. TypmanoBa?,

Abaykaxop Apikos!, Mykamnac O. Kyukapogsa!, Baxpixon Tosanosa!, Mapxa6o B. Pacysosa’

L Anounxcancoxuii depacaenuii ynieepcumem imeni 3.M. babypa, Anoucan, Y3bexucman

’Haykoso-0ocaionuii incmumym ¢hizuku nanienposionuxie ma mikpoenexmponixu Hayionanorozo ynisepcumemy Ysbexucmany, Tawxenm
V wiit cTaTTi pO3risIa€ThCs BIUTUB IOMILIKOBHX aTOMIB Ha ONTHYHI BIACTHBOCTI MOHOKPHCTAIIIYHOTO KPEMHIIO, JIETOBAaHOTO HiKelIeM
Ta MIJUIIO, ITiJ] 4ac BUCOKOTEMIIEpaTypHOro An(y31iHHOTO JeTryBaHH. A TaKOX MPOLECH YTBOPEHHS Pi3HUX XIMIYHUX CHOIYK 32 y4acTIO
aTOMIB KHCHIO Ta BYIJICIIO 3 aTOMaMH HIKEeNo, Mili Ta KpeMHito. 3a momomororo [Y-cmekrpomerpii 3 meperBopeHHsIM Dyp'e Ta
PEHTTEHOCTPYKTYPHOT'O aHasIi3y OyJI0 BUSBICHO, [0 KOHIICHTPALlisl ONITHYHO aKTHBHOT'O KHCHIO Ta BYTJIEIIO B 00'eMi 3pa3KiB KPEMHIO,
JIETOBaHUX HIKEJIEM Ta MiJJII0, 3HAYHO 3POCTAE MOPIBHSHO 3 BUXITHIMH 3pa3KaMH.
KurouoBi cinoBa: kpemniti; Hikenb, MiOb, Ou@y3is, 0OMIUKA; KUCEHb, 8yeNeyb,; Kiacmepu





