442

EasTt EUROPEAN JOURNAL OF PHYSICS. 3. 442-448 (2025)
DOI:10.26565/2312-4334-2025-3-48 ISSN 2312-4334

INVESTIGATION OF THE BEHAVIOR OF NICKEL IMPURITY ATOMS IN THE SILICON
LATTICE BASED ON FIRST PRINCIPLES

Bayrambay K. Ismaylov*?, ©Kanatbay A. Ismailov®, ©Nurulla F. Zikrillaev®,
Atabek E. Atamuratov®, ©®Sergey V. Koveshnikov®, ®Zoir T. Kenzhaev?,
Makhkam M. Khalilloev®, ®Parakhat K. Dilimbetov*

“Karakalpak State University named after Berdakh, Uzbekistan, 230112, Nukus, Ch. Abdirova St.1
bTashkent State Technical University, Uzbekistan, 100095, Tashkent, University St.2
<Urgench State University, Uzbekistan, 220100, Urgench, Kh. Olimjan St.14
*Corresponding Author E-mail: ismaylovb81@gmail.com
Received May 1, 2025; revised June 23, 2025; accepted June 27, 2025

This work presents a comprehensive theoretical and experimental study of the behavior of nickel impurity atoms in the silicon crystal
lattice. The focus is on analyzing diffusion mechanisms, the energetic characteristics of interstitial nickel atoms, their interaction with
defects and other impurities, as well as the formation of stable clusters within the crystal volume. First-principles quantum
mechanical modeling was employed using the QuantumATK software, applying the Linear Combination of Atomic Orbitals (LCAO)
method and the Local Density Approximation (LDA) exchange-correlation functional. Special attention was given to calculating the
binding energy of nickel atoms in interstitial sites and estimating the activation energy for their migration along various
crystallographic directions ([100] and [010]). The modeling results revealed that nickel atoms predominantly diffuse in interstitial
positions with an activation energy around 0.31 eV, which aligns well with previously reported experimental data. It was found that
interactions of nickel with oxygen, carbon impurities, and point defects have a minimal impact on diffusion processes. However,
interactions with vacancies lead to the formation of stable nickel silicides and cause an increased concentration of nickel near the
surface. The experimental part of the study confirmed the formation of nickel clusters under high-temperature treatments. Scanning
Electron Microscopy (SEM), Secondary Ion Mass Spectrometry (SIMS), and Infrared (IR) microscopy revealed a high density and
uniform distribution of clusters throughout the crystal volume. Cluster sizes ranged from 20 to 100 nm, with concentrations reaching
approximately 10'° cm™. These findings demonstrate that nickel acts as an effective gettering impurity, enhancing the electrophysical
properties of silicon. The results provide valuable insights for optimizing the fabrication processes of high-efficiency silicon solar
cells and microelectronic devices.
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modeling; Gettering, Semiconductors
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INTRODUCTION

Silicon is a key semiconductor material widely used in microelectronics, photonics, and solar energy. The
electrophysical properties of silicon are largely determined by the level of crystalline purity and the presence of
impurity atoms. Of particular importance is the influence of such impurities on the lifetime of minority charge
carriers - a critical parameter that determines the efficiency of solar cells. Transition metals, in particular nickel, form
deep energy levels in the silicon bandgap, acting as recombination centers and reducing the carrier lifetime, which leads
to degradation of semiconductor device performance. At the same time, nickel exhibits pronounced gettering properties,
facilitating the removal of contaminating impurities from the active region, which conversely increases carrier lifetime
and improves photovoltaic parameters.

The present study aims to investigate the behavior of nickel atoms in silicon, their impact on recombination
processes, gettering effects, as well as the stability and durability of silicon structures. Using quantum-mechanical
modeling methods based on first principles, the microscopic mechanisms of interaction between nickel and the crystal
lattice are analyzed, enabling the proposal of new approaches to improve the efficiency and reliability of semiconductor
devices. Previous studies [1-3] and foreign researchers [4-7] have examined the diffusion mechanisms of nickel
impurities, the state of impurity atoms in the lattice, and their influence on the electrical parameters of silicon. The
majority of nickel atoms diffuse in silicon in an electronically neutral state and primarily occupy interstitial positions.
The maximum solubility of nickel atoms is nearly two orders of magnitude higher (see Table 1) than that of other
transition group elements. To deepen the understanding of the diffusion processes of nickel impurity atoms in silicon,
this work performs first-principles calculations of the activation energy of interstitial nickel atoms in the silicon crystal
lattice.

The diffusion coefficient of interstitial nickel atoms depends weakly on temperature and is approximately
~107+ 10" cm?/s. To calculate the diffusion coefficient of nickel in silicon, the equations given in Table 2 can be used.
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Table 1. Solubility of nickel atoms in silicon [2]

State of atoms Calculation formula Solubility at T=1250 °C, cm™
in nodes Nig(T)=10?%-exp(-3.1 eV/KT) 5-1014
. Ni(T)=1.23-10**exp(-1.68 eV/KkT) 7-10'7+10'8
in the internodes NAT) = 1,4x10% exp(-2.3 eV/KT) 710"
Table 2. Diffusion coefficient of nickel atoms in silicon [3]
Temperature range T, °C Calculation formula D, cm?/c
9001300 D(Ni)=2.3-103-exp (-0.47 eV/KT) (3:8) x 10
600900 D(Ni))= (1.69+0.74) x 10 exp (-0.15 eV/ksT) (2+4) x 10

RESEARCH METHODOLOGY

In this work, the behavior of the energy of an interstitial nickel atom in the silicon crystal lattice was studied. For
this purpose, based on first principles, the dependence of the lattice energy on the position of the interstitial nickel atom
was analyzed. Figure 1 shows the primitive unit cell of the silicon crystal.

To calculate the dependence of the lattice energy on the position of the interstitial nickel atom, a minimal region of
the silicon lattice was selected, constructed based on the primitive unit cell. For this, a lattice slice (lattice projection) in
the (100) direction was considered (Fig.2). To form the first coordination sphere around the Ni atom, the cell shown in
Figure 2 was translated in the Y direction (Fig.3).
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Figure 1. Primitive unit cell of the Figure 2. Section of the silicon lattice Figure 3. A silicon lattice cell obtained
silicon crystal in the (100) direction by translating the cut shown in Fig. 2 in

the direction of the Y axis

The position of the nickel atom was considered relative to point O at the center of the obtained cell (Fig.3), so
atoms located farther from this region, which did not belong to the first coordination sphere, were removed (Fig.4).
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Figure 4. Cell and silicon atoms included  Figure 5. Illustration of the OO’ axis Figure 6. Illustration of the CC’ axis
in the first coordination sphere for the (Z-axis direction) along which (X-axis direction) along which various
nickel impurity atom located in the region  various positions of the interstitial Ni positions of the interstitial Ni atom
around point O atom were considered were considered

The lattice energy was calculated for various positions of the interstitial Ni atom along the OO’ axis (direction
along the Z-axis) passing through the center of the formed cell (Fig. 5). The origin of the coordinate system was taken
as the point corresponding to the center of volume O of the considered lattice cell. The dependence of the total energy
on the position of the nickel atom was analyzed along two mutually perpendicular directions: along the OO’ axis
(direction along the Z-axis) and perpendicular to it along the CC’ axis (direction along the X-axis), which also passes
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through the center of the volume of the considered lattice (Fig. 6). The origin along this axis was also taken as the point
corresponding to the center of the volume of the considered lattice.

When examining the energetic behavior of nickel impurity atoms, the most important characteristic is the binding
energy of nickel atoms in the silicon lattice. To determine the binding energy of a Ni atom in the silicon lattice cell, it is
necessary to subtract the total energy of the silicon cell and the Ni atom from the total energy of the system:

Ebinding= Etotal — Esi — Eni

By performing these calculations for each position of the Ni atom within the silicon unit cell, one can obtain the
dependence of the Ni atom’s binding energy as it moves both along the OO’ direction (Z axis) and along the CC’
direction (X axis).

The calculations were carried out from first principles using the QuantumATK software. The molecular orbital
method was employed, specifically the LCAO method (Linear Combination of Atomic Orbitals). To determine the
electronic structure, the exchange-correlation functional Local Density Approximation (LDA) was chosen. The
interatomic interactions were modeled using the PseudoDojo pseudopotential.

To increase the accuracy of the electronic density calculation, the density cutoff parameter of the computational
grid was set to 75 Ry. The k-point mesh was chosen with a density of 4 x 4 x 0 A~', which is an optimal choice for
electronic property calculations.

To study the behavior of the nickel atom during its transition from one cell to a neighboring one, the energy
behavior was considered during movement along two adjacent cells both in the OO’ (OZ) direction and in the CC’ (OX)
direction (Figs. 7 and 8). In the calculations, 12 silicon atoms were fixed, while the movement of the nickel atom was
restricted to only one direction at a time, with the other two directions left free.
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Figure 7. Structure of the considered silicon crystal cell with a nickel impurity atom (colored green) and the direction of nickel atom
diffusion along the OZ axis (a) and view of the cell in cross-section (b). The numbers in the Figure mean the order number of atoms
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Figure 8. Structure of the considered silicon crystal cell with a nickel impurity atom (colored green) and the direction of nickel atom
diffusion along the OX axis (a) and view of the cell in cross-section (b). The numbers in the Figure mean the order number of atoms

Structure optimization was also performed using the Optimize Geometry function of the program. During
optimization, the force tolerance was set to 0.05 eV/A, and the stress tolerance was set to 0.1 GPa [17, 18]. The
maximum number of iterations was limited to 200, and the maximum step size was not allowed to exceed 0.2 A. The
optimization process was carried out using the LBFGS algorithm (Limited-memory Broyden-Fletcher-Goldfarb-
Shanno).

For the optimized structure, the total energy was calculated, which allowed determination of the
thermodynamically stable states of the system and the energetic configurations of the nickel atom in the silicon matrix.
The applied methods provide high accuracy in calculating the electronic and structural properties of the system.

RESULTS AND DISCUSSION
The results of calculating the binding energy dependence of the interstitial nickel impurity atom on its position
along two mutually perpendicular directions are shown in Figures 9 and 10. These graphs show that the activation
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energy, defined as the energy required to transition from one equilibrium position to another, depends on the direction
of movement within the lattice.

During diffusion of the nickel atom along the Z direction, several equilibrium positions appear with energies of
0.26, 0.32, 0.44, and 0.67 eV. The maximum energy required to overcome the barrier (diffusion activation energy) in
this direction is 0.91 eV. During diffusion along the X direction, several equilibrium positions also appear, with
approximately equal energies around 0.31 eV.

The activation energy values obtained from first-principles calculations (0.31 eV) lie between the values of
0.51 eV and 0.15 + 0.04 eV reported in studies [8, 9], respectively.
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Figure 9. Dependence of the binding energy on the position  Figure 10. Dependence of the binding energy on the position
of the Ni atom along the CC’ axis (along the Z direction). of the Ni atom along the X direction.

However, when calculating diffusion parameters in real crystals, it is also necessary to take into account the
influence of impurities (including electrically inactive ones) and point defects that have a significant concentration in
semiconductor silicon under diffusion conditions. These include oxygen, carbon, boron, vacancies, divacancies, and
interstitial silicon.

Since Nj; is in a neutral charge state [7], there is no Coulomb attraction to small dopant impurities (such as boron).

The interaction between Ni; and substitutional carbon (Cs) occurs with an energy of — 0.31 eV [8]. This energy is
comparable to the activation energy of nickel diffusion in pure silicon, so the carbon impurity does not affect diffusion.

The interaction between Ni; and interstitial oxygen (O;) is very weak: the formation energy of the complex
is - 0.07 eV [7]. This trapping energy is significantly lower than the activation energy of interstitial nickel atoms, which
is 0.31 eV for diffusion in silicon [8,9]. Therefore, O; does not impede Ni; diffusion.

In work [7], the interaction of Ni; with intrinsic interstitial silicon atoms (Is{’) and vacancies (V°) was calculated.
The interaction between interstitial nickel and silicon has little effect on nickel diffusion processes in silicon because the
concentration of Is is low [~10%+10'! cm~], and the binding energy is estimated to be 0.07+-0.10 eV [7].

The interaction between Ni; and V°is much stronger [10], since Ni becomes substitutional and forms four covalent
Ni—Si bonds:

Ni; + VO -Nig + 2.60 eV

Such a reaction is highly likely to lead to the formation of chemical compounds—silicides—at the nickel-silicon
interface. The flux of vacancies and divacancies from the silicon lattice volume slows down nickel diffusion and results
in an increased concentration of substitutional nickel near the surface, forming a nickel-enriched layer.

The maximum nickel excess in the surface layer can reach exp(2.6/0.31) = 4x10° times the solubility of nickel in
the lattice (10'® cm). This allows estimating the maximum nickel concentration at the surface to be on the order of
102 cm3. This roughly corresponds to experimental data [11].

During the cooling process after diffusion, the state of nickel atoms can easily change. Nickel, having high
mobility in the silicon lattice, can form complexes with impurities (carbon, oxygen) and with each other, forming
"nickel clusters."

As shown in [9], nickel atoms diffuse in silicon as electronically neutral atoms but with a changed quantum state
(3d84s? —3d'%4s%). According to Hund's rule, nickel atoms thus acquire a more stable state. At the same time, the
atomic radius of nickel decreases from 12.5 nm to 10 nm. This enables nickel atoms to occupy interstitial sites and
move through the interstitial positions without significant deformation of the silicon lattice. Since the size of the
interstitial sites in silicon (12.7 nm) is larger than the radius of the nickel atom, it can be assumed that the cluster
consists of electronically neutral nickel atoms located at interstitial positions in the silicon lattice and additionally
bonded to each other, most likely by metallic-type bonding.
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Based on the above, it can be assumed that electronically neutral nickel atoms in the clusters occupy the nearest
equivalent interstitial positions and form a cubic nickel sublattice similar to the regular silicon lattice, with a lattice
constant approximately equal to that of silicon.

We calculated [12] that the binding energy of nickel atoms to a nickel cluster is AEx = 1.39 eV, and the
concentration of nickel atoms in the clusters is 6 to 8 orders of magnitude higher than the residual nickel concentration
in the silicon lattice.

To verify the formation of clusters and silicides on the surface due to the high nickel concentration, the following
studies were conducted:

Polished silicon wafers of grade KDB-0.5 were used. A layer of pure nickel, 1 um thick, was deposited on the
surface of the samples in a vacuum, followed by diffusion at Tarr = 800+950°C for 30 to 60 minutes, and at
Tairr=1000+1200°C for 5 to 60 minutes in an air atmosphere. The samples were cooled in air at a rate of approximately
50+60°C/sec.

To determine the composition and distribution of nickel clusters, samples with clusters were studied using
scanning electron microscopy (SEM) equipped with X-ray microanalysis, as well as by SIMS and IR microscopy
methods.

During this experiment, it was found (see Fig. 11) that the surface density of nickel clusters is approximately
5x10° to 107 cm™ on the silicon surface and about (4+5) x 10° cm? in the bulk. The distribution of clusters in the bulk is
practically uniform, and their size is less than 0.5 pm (estimated by us to be from 20 to 100 nm), which confirms the
results of studies [13—15].
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Figure 11. Distribution of nickel atoms in the front (1) and back (2) layers of silicon after diffusion from a metallic nickel film
deposited on one surface of the silicon
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Figure 12. Spectrum and composition of clusters of nickel primium atoms on the silicon surface, obtained using a MIRA 3 TESCAN
scanning electron microscope (Field-Emission Scanning Electron Microscope (FE-SEM)).
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Fig. 12, shows the arrangement of nickel atom clusters on the silicon surface obtained using a MIRA 3 TESCAN
(Field-Emission Scanning Electron Microscope (FE-SEM)). To verify that the observed clusters are nickel atom
clusters, we studied their composition using the method (energy dispersive X-ray spectroscopy EDS).

Additional thermal annealing at relatively low temperatures should lead to the redistribution of isolated interstitial
nickel atoms and to the growth of cluster sizes. The additional thermal annealing was carried out at 7, = 700+900 °C
for 30 to 60 minutes in an air atmosphere. The cooling rate of the samples after annealing was not significant. The
increase in cluster size makes it possible to study nickel clusters in silicon using infrared microscopy (on the INFRAM-I
microscope).

As seen in Fig. 13, the nickel atoms introduced by diffusion are present in the lattice as clearly visible clusters,
uniformly distributed throughout the crystal volume, which confirms the results of [16-18].

The cluster size depends on the presence of defects in the silicon lattice and the conditions of additional thermal
treatment (degree of supersaturation). Based on the results of infrared microscopy, it can be concluded that the average
cluster diameter increases to several microns after annealing, and the cluster concentration is on the order of ~10'" cm™.

INFRAM-I

Figure 13. Clusters of impurity nickel atoms in the silicon lattice

CONCLUSION
As a result of the conducted study, it was established that nickel atoms in silicon predominantly diffuse through
interstitial positions with the lowest activation energy along the crystallographic direction [100], with a value of
0.31 eV. It was found that at high nickel concentrations under thermal treatment conditions, stable clusters are formed,
uniformly distributed throughout the crystal volume. These results confirm the important role of nickel as an effective
gettering impurity and as a basis for controlling the recombination properties of silicon structures.
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JOCJIIKEHHS ITOBEJITHKHA ATOMIB HIKEJIEBOI ITPUMICI B KPUCTAJITYHIN PIIIITI[I KPEMHIIO
HA OCHOBI NEPIIUX NPUHIIUIIIB
Baiipam6aii K. Icmainos?, Kanaroaii A. Icmainos?, Hypysia @. 3ikpiiacs®, Aragex E. Aramypartos®,

Cepriii B. Koemnikos®, 30ip T. Kemxxaes?®, Maxkam M. Xauisutoes®, Ilapaxar K. JlitimGeros?
“Kapakannaxkcokuii Oepacagnuil yHisepcumem imeni bepoaxa, Y36exucman, 230112, Hyxyc, eyn. Y. A6diposa, 1
dTawkenmceokutl OeporcasHuti mexuiunuil yHigepcumem, Y3oexucman, 100095, Tawxenm, gya. Yuisepcumemcoka, 2
¢Vpeenucokuii 0epacasnuti ynisepcumem, 220100, gyn. X. Onimocana, 14, Ypeenu, Ysbexucman
Ils pobGora mpexnctaBise BceGiuHE TEOpETHUHE Ta EKCIICPHMEHTAJbHE JOCHIUKEHHS IIOBEIIHKH aTOMIB HIKeJIeBOI IOMIIIKHA B
KpHUCTaNi4yHill pemnitTii KpemHito. OCHOBHa yBara NPUAUIIETBCS aHaNi3y MeXaHi3MiB anuQy3ii, eHepreTHYHHX XapaKTEePUCTHK
MDKBY3JIOBHX aTOMIB HIiKello, X B3aeMofil 3 nedexkTaMy Ta IHIIUMH JOMIIIKAMH, a TaKOX YTBOPEHHIO CTAOLIBHHMX KJIACTEpiB y
o0'emi kpucrana. Jlnst MOAENIOBaHHS 3 IEPIIONPUHIMIHUM IJIXOAOM 3aCTOCOBYBAJOCS KBAaHTOBO-MEXaHIYHE IpOrpaMHe
3abe3neyenus QuantumATK i3 BukopucTaHHSM MeTOy JiHiHHOT KoMOGiHail atTomuux opbitaneit (LCAO) ta dpyHKiionany oOMiHy-
Kopewii JiokanbHOI rycTiHr (LDA). OcobnuBy yBary OyJio IpUAUIEHO PO3PaxyHKY HEprii 3B’ 3Ky aTOMiIB HIKENIO Y MXKBY3JIOBHX
MOJIETIOBAHHS MOKA3aJIy, [0 aTOMHU HIKeI0 NepeBaKHO IH(PYHIYIOTh Y MIXBY3JIOBUX IOJOKCHHSX 3 €HEPri€l0 akTUBALil OJIM3bKO
0,31 eB, mo nobpe y3rokyeThes 3 paHille OIyOJIIKOBAaHUMH SKCIICPHMEHTAIbHUMHA JTAaHUMH. BHSBIICHO, 10 B3a€MOJisS HIKETIO 3
KHCHEM, BYTJICLEBUMH JOMIIIKaMH Ta TOYKOBUMH JeeKTaMH Mae He3HayHWi BIUIMB Ha mpouecu mudysii. Onnak B3aemonis 3
BaKaHCIsIMU NPU3BOAUTH 10 YTBOPEHHS CTAOLIBHUX CHJIILUJIIB HIKENIIO Ta 30UIBIICHHS KOHIEHTpalLil HiKeJIo MOoONN3y IOBEPXHI.
ExcriepuMeHTanbHa 4YacTHHA MOCTIDKCHHS MiATBEpAMIa YTBOPSHHS KJIACTEPiB HIKENIO MPHU TepMiuHid 0OpoOIi 3a BHCOKHX
Temreparyp. MerogamMu ckaHyo4doi enektpoHHol Mikpockomii (SEM), BropunHOi ioHHOiI Mac-crektpomerpii (SIMS) Ta
indppauepsonoi (I4) mikpockomii 6yi0 BUSBIEHO BUCOKY IIUIBHICTD 1 pIBHOMIpHHI PO3MO/LT KIaCTEPIiB 110 BCbOMY 00’ €My KpHCTaa.
Po3mipu kmactepis BapitoBanucs Bix 20 mo 100 HM, a koHUEHTpauii gocsranmy npudamsao 10'° cm 3. Li pe3ynpraTu 1eMOHCTPYIOTD,
[0 HIKeJb BUCTYNAE K ¢(EeKTUBHA TeTTEPyIOYa JOMIIIKa, MOKPAIIYIOUH eleKTpo(di3udHI BIACTHBOCTI KpeMHito. OTpuMaHi JaHi €
LIHHUM BHECKOM JJI ONITHMIi3amii TEXHOJIOTIYHHX IIPOLECIB BUTOTOBJICHHSI BUCOKOS()EKTUBHUX KPEMHIEBUX COHSYHHX €JIEMEHTIB Ta

MIKPOEIEKTPOHHUX TIPHCTPOIB.
KurouoBi cioBa: wikenn, kpemuitl; ougysis,; kiacmepu,; Midcey3nosi amomu; NepuionpuHyunte MoOeIo8anHs, eHepeis akmusayii;
K6aHMOBOMeXAHIUHE MOOENIO6AHHS, 2eMmMepySanHts; HaniGnpogiOHUKY





