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It has been established that doping silicon with nickel in the temperature range 7' = 1000-1250°C makes it possible to almost
completely suppress the generation of thermal donors during thermal annealing in the temperature range 7 = 100+700°C. It has been
established that impurity nickel atoms form clusters and precipitates in silicon that absorb oxygen atoms. The most effective
technological method for producing silicon with stable electrophysical parameters has been proposed. The proposed method for
gettering uncontrolled impurity atoms can be used in the production of various electronic devices, especially in the development of
efficient silicon-based solar cells.
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INTRODUCTION

Impurity nickel atoms, unlike other elements of transition groups, have not only the highest diffusion coefficient in
silicon, but also high solubility in the crystal lattice (Ny; ~ 10'® cm™) [1,2]. However, the maximum concentration of
electroactive impurity nickel atoms is less than ~ 0.1% of the total solubility of atoms at a given temperature, which
means that the bulk of impurity nickel atoms in silicon are in an electrically neutral state.

The authors in [3-8] showed that some of the nickel atoms located in the interstices of the silicon crystal lattice can
form impurity clusters and precipitates. The structure, size and distribution of the formed clusters are mainly determined
by the defectiveness of the original silicon, the conditions of diffusion doping, the cooling rate after diffusion annealing,
as well as the temperature and time of additional thermal annealing.

This work is devoted to the study of the electrophysical parameters of silicon doped with nickel impurity atoms at
various temperatures, as well as its behavior during additional heat treatments in a wide range of temperatures (in which
intensive generation of thermal donors occurs) and time.

MATERIALS AND METHODS

Single-crystalline silicon, grade KDB-1, grown by the Czochralski method of p - type conductivity with a boron
concentration of N ~ 2-10'> ¢m™ was chosen as the starting material. The size of the samples was 1x5x10 mm®. The
concentration of residual oxygen in the studied silicon samples was No; ~ 6-10'7 cm™, the dislocation density S ~ 10° cm™.

Ni diffusion was carried out from a layer of pure metallic nickel deposited on the surface of a silicon sample, both
in open air and in evacuated quartz ampoules up to P ~ 10 atm. in the temperature range 7 = 1000+1200°C. The
diffusion time was chosen in such a way as to ensure a uniform distribution of nickel atoms in the volume of silicon. In
separate ampoules, control silicon samples, without nickel admixture, were annealed under similar conditions in order
to evaluate the effect of diffusion annealing on the electrical parameters of the original silicon samples. After diffusion
annealing, the silicon samples were ground off on all sides by 5+10 um to remove the surface layer enriched in nickel,
and then etched by 5+7 um with an alkaline etchant. Mechanical and chemical treatment of all samples was carried out
under identical conditions. The electrical parameters of the samples were measured by the Van der Pauw method using
an ECOPIA HALL HMS-3000 installation.

Table 1 shows the electrical parameters of silicon samples before and after diffusion of nickel impurity atoms at
various temperatures and a duration of 120 minutes. As can be seen from the experimental results, samples doped with
impurity nickel atoms at 7 = 1220 °C practically retain their original electrical parameters, that is, no significant
changes in parameters are observed in them, and in control samples annealed under the same conditions, but without
impurity nickel atoms, resistivity increases 30 times

These experimental results show that at this thermal annealing temperature 7= 1220 °C the generation of thermal
donors occurs, bound by oxygen atoms in the silicon lattice, and the concentration of thermal donors reaches
(Ng>2-10% cm), which is in good agreement with the results of the work [9-12].
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As can be seen from Table 1, with a decrease in the diffusion annealing temperature, the resistivity of the control
samples increases significantly (by 3 and 4 orders of magnitude) and reaches p = 4-10* and p = 2-10° Q-cm at annealing
temperatures 7 = 1170 and 1120°C, respectively. At the same time, in samples doped with impurity nickel atoms, the
electrical parameters practically do not change. These experimental results make it possible to determine the optimal
conditions for doping silicon with nickel, which almost completely suppress the generation of thermal donors.

Table 1. Electrical parameters of control and nickel-doped silicon samples at different diffusion temperatures

Before diffusion Diffusion mode After diffusion
= p, 1, T,°C t, Impurity = P, 1,
= Q-cm cm?/V-s min = Q-cm cm?/V-s
5 Time El
no. % —g
g g
° Resistivity | Mobility | Temperature ° Resistivity Mobility
o =3
= Control &
P 9.8 317 120 Ni )4 9.2 354
1 P 10.3 319 1220 120 Ni )4 8.3 325
P 10.1 285 120 Control n 295 1075
P 9.5 355 120 Ni )4 9.1 370
2 P 10.4 327 1170 120 Ni )4 9.75 335
P 10.2 332 120 Control n 4-104 1052
P 10.8 335 120 Ni )4 9.2 279
3 P 9.6 322 1120 120 Ni )4 9.9 314
P 9.3 325 120 Control i 2:10° 505
P 10.2 270 120 Ni )4 9.75 315
4 P 10.5 290 1070 120 Ni )4 9.42 306
P 9.7 297 120 Control p 11.5 295
5 P 40.3 338 1170 120 Ni )4 45.5 340
P 39.6 345 120 Control n 1.5-10° 1130

Ni — nickel doped silicon samples, C — silicon control samples

The electrical parameters of the samples doped with nickel impurity atoms and the control samples annealed at the
annealing temperature 7= 1070°C do not differ significantly. This may be due to the fact that the concentration of
thermal donors at this temperature and annealing time will be noticeably lower than the concentration of holes in the
original samples. The results showed that in this case, the control silicon samples change their type of conductivity, that
is, they become n - type with a resistivity of p ~ 1.5-10° Q-cm.

From an analysis of the research results, it was established that the influence of impurity nickel atoms on the
generation of thermal donors does not depend on the conditions of nickel diffusion (in air or evacuated quartz
ampoules).

In this regard, at the next stage of work, higher-resistance silicon samples of p and n type conductivity with
different resistivity values were used as the starting material (Table 2).

Table 2. Technological parameters of the nickel alloying process.

.. e Ni diffusion Diffusion | Heat treatment parameters | Changing parameters after heat
Parameters of the original silicon . e
temperature time after diffusion treatment
P, o, t, o t, o8
Typc? . Q-cm T,°C min T,°C hour Q-cm © %
conductivity Resistivity Temperature Time Temperature Time Resistivity | Life time change
n <10 1100+1150 15+20 100+700 t=1+20 11+13 does not change
n <40 1060+1100 25 100+600 t=1+20 41+46 +0++12
n <100 1050 30+35 100+500 t=1+20 97+105 +0++16
p <10 1150+1100 15+20 100700 t=1+20 8+12 little changes
p <40 1100+1050 20+25 100700 t=1+20 43+48 +16 ~+19
p <100 1050-1000 30+35 100500 t=1+20 97+-106 9+16

Table 2 shows the main technological conditions for doping with nickel impurities, under which the original
electrical and recombination parameters of silicon are preserved after the diffusion process and after subsequent thermal
annealing.
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It has been established that the electrical and recombination parameters of silicon samples with nickel clusters
remain unchanged during additional thermal annealing for a time ¢ = 1+20 hours in a wide range of heat treatment
temperatures (7 = 100+700°C).
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Figure 1. Distribution of nickel atoms on the surface of silicon samples
a) clusters of nickel atoms on the silicon surface, b) elemental composition of silicon doped with impurity nickel atoms

Analysis of the research results showed that electrically neutral nickel atoms in silicon are involved in the
formation of clusters (Fig. 1), the size of which is on average 1+10 um and depends on the diffusion temperature and
the cooling rate after diffusion annealing.

The composition of such clusters was studied using energy-dispersive X-ray spectroscopy (EDS). In Fig. 2
presents the results of these studies.
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Figure 2. a) image of the surface, and b) elemental analysis of the surface of silicon doped with impurity
nickel atoms at the “Spectrum 43” point

As can be seen from Table 3, the clusters consist of silicon, nickel and oxygen atoms. On average, the content of
elements in them is: silicon atoms - 60%, nickel atoms - 3%, oxygen atoms - 11%. Based on these research results, it
can be argued that impurity nickel atoms getter oxygen atoms when forming clusters. This means that clusters are a
region of silicon enriched in nickel and oxygen atoms.

As is known from the literature, oxygen atoms in silicon are a source of thermal donors and also act as
recombination centers [13]. This behavior is clearly manifested in control silicon samples (without nickel impurities).
Thus, it can be assumed that electrically neutral nickel atoms form clusters that capture and retain a significant
concentration of oxygen atoms and other uncontrolled impurities, and suppress the generation of thermal donors, which
in turn ensures the stability of electrical parameters and recombination properties during various heat treatment
processes [14-18].
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Table 3. Result of elemental analysis of a sample of silicon doped with nickel atoms!

Element Type line Weight, % c, % Atomic, %
Si K series 71,3 0,4 59,9
(0] K series 7,7 0,4 11,3
Ni K series 7,5 0,2 3,03
CONCLUSIONS

From the analysis of the research results, it can be stated:

1. Impurity nickel atoms in the silicon lattice are mainly in electrically neutral states, easily forming clusters and
precipitates.

2. Clusters of impurity nickel atoms can act as active getter centers for oxygen atoms and other impurities in
silicon, thereby significantly suppressing the generation of thermal donors and other recombination centers in the
silicon lattice.

3. The experimental results obtained show that the presence of impurity nickel atoms in silicon leads to
stabilization of the initial electrical parameters of the samples, regardless of the type of conductivity and the
concentration of the initial impurity boron and phosphorus atoms.

4. The optimal thermodynamic conditions for obtaining silicon samples with clusters of impurity nickel atoms and
electrical parameters that are stable during heat treatment have been determined.
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JTOCIIKEHHSA BIUIMBY HIKEJIIO HA TIOBEATHKY TEILIOBUX JJOHOPIB Y KPEMHIT
Baiipam6aii K. Iemaiinos®*, Hypysia @. ikpusiaes®, Kanar6aii A. Iemaiiiios?, Xaiiparain Y. Kamanos?,
Aunnodepai K. Canapos?

“Kapakannakcokuii oepacashutl ynisepcumem. 1 u. Abdirov st., Hykyc, Kapaxannaxcman 230100, Y36exucman
bTawxenmcvkuil OepoicasHuti mexuiunuil yuigepcumem, Y36exucman, 100095, m. Tawxenm, eyin. Yuieepcumemcoka, 2
“Vuisepcumem 6iznecy i nayxu, eyn. Axxaboe MFY 'asxap, 1, Tawkenm, Y36exucman
BcranoBneHo, 1o JeryBaHHs KpeMHifo HikeneM B intepBaini temmeparyp 7 = 1000+1250 °C 1no3Bojisie MpakTUYHO IMOBHICTIO
MPUAYIINTH TEeHEPALil0 TEPMOAOHOPIB MiA Yac TepMidHOrO BiAmamy B iHTepBami temmeparyp 7 = 100+700 °C. BcranoBneHo, 1o
JOMIIIIKOBI aTOMH HIiKEJII0 YTBOPIOIOTH y KPEMHIi KJIaCTEepU Ta OCalH, sKi MOTIMHAIOTh aTOMH KHCHIO. 3allpOTIOHOBAaHO HAaWOUIBII
e(eKTHBHUI TEXHOJIOTIYHUII CIIOCi0 OTPHMAHHS KPEMHIIO 31 CTaOUIBHUMHU EJICKTPO(I3HIHUMHU IapaMeTpaMH. 3alpONOHOBaHUM
METOJ] TeTepyBaHHS HEKOHTPOJIHOBAHHX IOMIIIKOBHX aTOMIB MOXe OyTH BUKOPHCTaHUH y BHPOOHMIITBI PI3HHX EJIEKTPOHHUX
MIPUCTPOIB, OCOOIMBO MPH PO3poOI ePEeKTHBHUX COHSIUHHX SJICMEHTIB HA OCHOBI KPEMHIIO.

KumouoBi cioBa: oughysis, knacmep; nikenv, Kucenb;, mepmoOOHOp, KPeMHill



