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The article shows that doping silicon with nickel in the temperature range of 7= 1000-1250°C
makes it possible to almost completely suppress the generation of thermal donors during
thermal annealing in the temperature range of 7=100-700 °C. It has been established that
impurity nickel atoms form clusters and precipitates in silicon that absorb oxygen atoms.
A method for producing silicon with stable electrophysical parameters has been proposed.
The proposed method for gettering uncontrolled impurity atoms can be used in various
electronic production. This makes it possible to obtain a silicon material with stable doping
parameters containing nickel impurity atoms.

1. Introduction

Nickel atoms have a high diffusion coefficient in silicon
and high solubility in the crystal lattice, reaching
~10" ¢cm™ [1, 2]. However, the maximum concentration
of electroactive impurity atoms is ~1/1000 of the total
solubility of nickel. This means that most of the nickel
impurity atoms in silicon are electrically neutral.

The authors [3—7] showed that some nickel atoms 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, and the conditions of additional thermal
annealing.

The work is devoted to the study of the electrophysical
parameters of silicon, diffusion-doped with nickel, at
different temperatures, as well as its behaviour during
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additional heat treatments in a wide range of temperatures
(in which intensive generation of thermal donors occurs)
and time.

The prospects of this direction stem from the ability of
nickel clusters to getter uncontrolled impurity atoms [8, 9].
This process extends the lifetimes of minority charge
carriers and maintains the material electrical and
recombination parameters during the manufacturing of
electronic devices [10—12]. The gettering process depends
on the mobility of impurity atoms in the lattice [13—15].
Therefore, an important task is to evaluate the structure of
nickel clusters and the binding energy of recombination
impurities with clusters [16—19].

Thermal donors (TDs) in oxygen-containing Czochralski
(Cz) silicon are a well-known origin of electrical-parameter
instability during subsequent thermal processes. In the
temperature range of 350—500 °C (and more broadly during
100-700 °C treatments), oxygen-related donor complexes
can be generated, leading to a pronounced resistivity drift
and even causing a conductivity-type conversion in a com-
pensated or lightly doped material. Therefore, a techno-

1896-3757/ Association of Polish Electrical Engineers (SEP) and Polish Academy of Sciences (PAS). Published by PAS
© 2026 The Author(s). This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


https://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2026.158738
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5880-4568
https://orcid.org/0000-0001-8631-7364
https://orcid.org/0000-0003-2867-0826
https://orcid.org/0000-0002-0557-165X
https://orcid.org/0000-0002-2434-4567
https://orcid.org/0000-0002-5335-0405
https://orcid.org/0009-0002-3049-5668
mailto:ismaylovb81@gmail.com

B. K. Ismaylov et al. /Opto-Electronics Review 34 (2026) el 58738 2

logical route that stabilises electrical parameters against TD
generation is highly desirable for device manufacturing and
for technological annealing cycles.

A practical way to mitigate this problem is to bind
(getter) mobile oxygen-related species and other
uncontrolled impurities into stable sinks, preventing the
formation of TD-related complexes during subsequent
anneals. Nickel is an attractive candidate because it diffuses
rapidly in silicon, while only a small fraction of dissolved
Ni becomes electrically active. Under appropriate diffusion
and cooling conditions, Ni tends to form clusters/
precipitates that can incorporate oxygen (and other
impurities), thereby reducing the availability of oxygen for
TD formation.

In this work, we (i) identify the diffusion/annealing
window in which Ni-doped silicon preserves its initial
electrophysical parameters, (ii) demonstrate that control
samples without Ni show strong parameter drift under the
same thermal treatments, and (iii) provide microstructural
evidence that Ni-related clusters/precipitates incorporate
oxygen (and carbon), supporting the proposed gettering-
based mechanism of TD suppression.

Compatibility with production substrates and removal
of Ni-rich regions are presented. In applications where the
final silicon substrate is intended for production equipment
and residual nickel must be minimised, the Ni-enriched
near-surface region can be treated as a sacrificial layer. In
our process, after diffusion annealing, the samples were
ground off on all sides by 5-10 um and then chemically
etched by 5-7 um, which removes the surface region most
enriched in nickel. If required for a specific manufacturing
flow, this step can be complemented by standard wafer-
cleaning/gettering practices (e.g., sacrificial oxidation
followed by oxide stripping, or chlorine/HCl-based surface
treatments) to further reduce metallic contamination.

Key contributions of this paper are:

* Near-complete suppression of thermal-donor generation
after Ni diffusion at selected temperatures (control vs.
Ni-doped comparison).

» Thermal stability of resistivity and mobility during
post-annealing in the 100700 °C range for 1-20 h.

* Scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM/EDS) indicates that Ni-related
clusters/precipitates are enriched with oxygen (and
carbon), consistent with impurity gettering.

2. Materials and methods

Single-crystalline silicon, grade KDB-1, grown by the
Czochralski method of p-type conductivity with a boron
concentration of Ng~2x10" ¢cm™ was chosen as the
source material. The sample size was 1 x5 x10 mm?. The
concentration of residual oxygen in the studied silicon
samples was Noa ~ 6 x 1017 cm™ and the dislocation density
was ~ 10° cm™2,

Ni diffusion was carried out from a layer of metallic Ni
sprayed onto the surface of a silicon sample in vacuum-
sealed quartz ampoules up to (~ 107® atm) in the tempera-
ture range of 1010-1220 °C. The diffusion time was
calculated to ensure the uniform distribution of Ni atoms
throughout the silicon volume. In separate ampoules,
control silicon samples, without Ni admixture, were
annealed under similar conditions 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 by 5—-10 pm on all sides to
remove the surface layer enriched in Ni and then etched by
5-7 um with an alkaline etchant. Electrical parameters of
the samples were measured using the ECOPIA HALL
HMS-3000.

3.  Experiment

Table 1 shows the electrical parameters of silicon samples
before and after Ni diffusion at different temperatures for
120 min. Samples doped with impurity Ni atoms at
T=1220°C practically retain their original electrical
parameters; that is, no significant changes in parameters are
observed in them. Control samples annealed under the
same conditions (but without Ni), the resistivity increases
30 times.

These experimental results show that at this thermal
annealing temperature, 7= 1220 °C, the generation of TDs
occurs bound by oxygen atoms in the silicon lattice and the
concentration of TDs reaches (N;>2 x 10" cm™), which is
in good agreement with the results of the work.

As shown in Table I, with decreasing diffusion
annealing temperature, the resistivity of the control
samples increases significantly, reaching p =4 x10* Q- cm
and p=2 x10° Q- cm at annealing temperatures 7= 1170 °C
and 1120 °C, respectively.

Electrical parameters of control and Ni-dope’(Ii‘zti)lliecolr.l samples at different diffusion temperatures.
No. Prior to diffusion Diffusion mode After diffusion
Type p, Q:cm T, °C t, min  Impurities/control | Type p, Q-em  u, cm?/V-s
1 p 9.8 1220 120 Nickel p 9.2 354
2 p 10.1 1220 120 Control n 295 1075
3 p 9.5 1170 120 Nickel p 9.1 370
p 10.2 1170 120 Control n 4 x10* 1052
4 p 10.8 1120 120 Nickel p 9.2 279
p 9.3 1120 120 Control i 2x10° 505
p 10.2 1070 120 Nickel p 9.75 315
5 p 9.7 1070 120 Control p 11.5 295
P 40.3 1170 120 Nickel p 455 340
p 39.6 1170 120 Control n 1.5 %103 1130
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In this regard, at the next stage of work, higher-resistance
silicon samples of p- and n-type conductivity with different
resistivities were used as the starting material (Table 2).

Table 2 shows the main technological conditions for
doping with Ni impurities, under which the original
electrical and recombination parameters of silicon are
preserved after the diffusion process and after subsequent
thermal annealing. The table shows that the electrical and
recombination parameters of silicon samples with Ni
clusters remain unchanged after additional thermal annealing
for t=1-20h at a wide range of heat treatment tempera-
tures (7'=100-700 °C).

SEM inspection confirms that Ni atoms participate in
the formation of clusters/precipitates (Fig. 1). The typical
lateral size of the observed features is ~1-10 pm,
depending on the diffusion temperature and the cooling rate

after diffusion annealing. The microstructural observations
were performed using a JSM-IT200 SEM. These clusters
are interpreted as sinks (getter sites) for oxygen-related
species that otherwise contribute to TD generation during
subsequent annealings.

Figure 2 presents the EDS analysis of the Ni-related
cluster formed in the Si(Ni) sample. In addition to Si and
Ni, the cluster contains measurable amounts of
technological impurities, primarily oxygen and carbon. In
the analysed central region, the atomic percentages are
approximately: Si 72.5%, Ni 25.5%, O 1.6%, and C 0.4%.
The presence of oxygen (and carbon) inside the Ni-rich
cluster supports the interpretation that Ni-related
clusters/precipitates incorporate and retain oxygen, thereby
decreasing the free oxygen available for thermal-donor
generation.

Table 2.
Electrical parameters of Ni-doped silicon samples under various thermal annealing processes.
Parameters of the original | Ni diffusion Diffusion | Heat treatment parameters | Changing parameters after
silicon temperature time after diffusion heat treatment
Type p, Q-em T, °C t, min T, °C t, hour p, Q-em 7, %
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 15-20 100-700 t=1-20 8-12 little changes
p <40 1100-1050 20-25 100-700 t=1-20 43-48 16-19
p <100 1050-1000 30-35 100-500— t=1-20 97-106 9-16
Si-K Ni-K

(b)

O 10pm O 10um

(c)

Fig. 1. SEM images of Ni-related clusters/precipitates in Si(Ni) after post-annealing at 7= 1000 °C (sample: (a) Cz-Si,
(b) KDB-1; (c) Ni diffused in vacuum-sealed quartz ampoules). Scale bars are shown in the micrographs.
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Fig. 2. EDS spectrum acquired from the central region of the Ni-related cluster/precipitate
in Si(Ni), showing the elemental composition of the cluster volume.
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Additional heat treatments lead to observable differ-
ences in the current—voltage (/-V) characteristics of the
Ni/Si structures. Higher post-annealing temperatures
produce a steeper increase in the Schottky-barrier current.
Concomitantly, morphological evolution of the Ni layer
and near-surface cluster-related features is observed (Fig. 3),
indicating thermally activated redistribution/segregation
processes. These observations are consistent with the
formation and evolution of Ni-related cluster/precipitate
regions during post-annealing.

Figure 4 shows clusters formed by Ni atoms in a silicon
sample obtained using an atomic force microscope (AFM).
When we studied the Ni clusters on the sample surface
using a probe, we found that the Schottky barrier properties
remained unchanged across all samples.

An X-Ray diffractometer device was used to study the
electrophysical parameters of nanocluster silicon samples.
To determine the nickel-atom clusters in silicon samples
treated at different temperatures, the samples were first
ground into a powder. Based on the analysis of the
experimental results, it was found that nickel atoms form
a nanostructured arrangement within the silicon lattice after
the high-temperature diffusion process. This, in turn, opens
the possibility of creating new types of semiconductor
diodes, temperature sensors, and photocells with high
sensitivity by introducing nickel atoms into silicon.

Practical note on manufacturability. The present study
focuses on the suppression mechanism and the processing
window where Ni diffusion forms cluster/precipitate sinks
that capture oxygen. If the technology is used as a pre-
gettering step for production wafers (i.e., Ni is not allowed
to remain in the final substrate), the Ni-enriched surface
region can be removed as a sacrificial layer (grinding and
etching as described in section 2) and complemented by
standard cleaning/gettering steps used in the semiconductor
industry.

As is known from the literature, oxygen atoms in silicon
are a source of TDs and also form recombination centres
[20-25]. This behaviour is clearly manifested in control
samples of silicon (without nickel impurities) [26-29].
Thus, it can be assumed that electrically neutral nickel
atoms form clusters that capture and retain a significant
concentration of oxygen atoms and other impurities, thereby
suppressing the generation of TDs. This ensures the stability
of electrical parameters and recombination properties
during various heat-treatment processes [30—32].

4.  Conclusions

Based on the analysis of the research results, the following
conclusions can be drawn:

Impurity nickel atoms in the silicon lattice are mainly
electrically neutral, readily forming clusters and deposits.

Clusters of impurity nickel atoms can act as active
getter centres for oxygen atoms (and other impurities),
thereby significantly suppressing the formation of TDs and
recombination centres in the silicon.

The obtained experimental results show that the presence
of nickel clusters in silicon leads to stabilisation of the
sample electrical parameters regardless of the type of
conductivity and resistivity of the material.

Optimal thermodynamic conditions have been deter-
mined for obtaining silicon samples with nickel-atom

(b)

Fig. 3. Morphology of the Ni layer on the sample surface: (a) as
a deposited Ni layer before post-annealing; (b) after 1 h
post-annealing at 7= 1000 °C.
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Fig. 4. Atomic force microscopy (AFM) image of the surface
topology of samples with clusters of Ni atoms: (a) the
surface of the control sample; (b) after temperature
treatment 7= 1000 °C.

clusters and electrical parameters that remain stable during
heat treatment.

At the same time, in nickel-doped samples, electrical
parameters practically do not change. The experimental
results obtained allow determining the optimal conditions
for silicon doping with nickel, which almost completely
suppress the generation of TDs.

Electrical parameters of samples doped with impurity
nickel atoms and control samples annealed at an annealing
temperature 7=1070 °C do not differ significantly. This
may be because the concentration of TDs at a given
temperature and annealing time will be noticeably lower
than the hole concentration in the initial samples. Under the
same conditions, the control silicon samples change their
conductivity type, becoming n-type with a resistivity of
~1.5%x10°%.
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Based on the analysis of the research results, the
influence of impurity nickel atoms on the generation of
TDs has been established, and this influence does not
depend on the conditions of nickel diffusion (in air or in
evacuated quartz ampoules).
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