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Effect of nickel on the lifetime of charge carriers in silicon solar cells
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It has been shown experimentally that nickel clusters on the surface of a silicon sample contain a large amount
of oxygen and recombination impurities — Cu, Fe, Cr, and so shows good gettering properties of clusters. The
optimum temperature of nickel diffusion into silicon is determined as 800—850°C. Doping with impurity nickel
atoms with the formation of clusters makes it possible to increase the lifetime of nonequilibrium charge carriers
in the base of a solar cell by up to 2 times, while the formation of a nickel-enriched region in the face layer is
more efficient. It is shown that the effect of additional doping with nickel weakly depends on the sequence of the
processes of nickel diffusion and the creation of a working p—n-junction.
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1. Introduction

Quality of silicon monocrystals for solar cells is defined
by the value of a lifetime of charge carriers (7). During solar
cells manufacturing (mainly by using high-temperature pro-
cessing above 1000°C) 7 can decrease due to activization of
non-controlled (phonon) impurity atoms of transition metals
(Fe, Cu, etc.) [1,2].

Therefore, the increase of nonequilibrium charge carriers
(NCC) lifetime is the main criteria for solar cells (SC)
technology optimization. With lifetime increase the short
circuit current (lsc) and open circuit voltage (Vo) also
increase due to reverse saturation current decrease [3,4].

The main way to increase lifetime in SC structures
is gettering. Impurity atoms gettering allows not only
to increase NCC lifetime, but also provides stability of
electrical and recombination parameters of material, that is
repeatedly heat treated during SC manufacturing [5].

Gettering is usually performed by adding the various im-
purity atoms [6,7] into the volume with laser treatment [§],
as well as by formation of porous or amorphous layer in
silicon surface using ion implantation [9).

It is known [10,11], that nickel in silicon has suf-
ficiently high volumetric solubility (to concentrations
N ~ 10" ¢cm~3), and at near-surface area (d =2-3um)
its concentration can reach Ng~ (102—10?!)cm=3. The
large part of atoms dissolved in volume, 99.999%, and
even more at near-surface area, is in electroneutral state
in interstices and at certain heat treatment conditions can
create clusters [12,13]. Nickel clusters form easily both
during diffusion and the following heat treatment, but they
have very small influence on electrical parameters of the
material itself during heat treatment within temperature
range T = 400—1000°C [14].
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Sizes, concentration, structure and composition of clusters
are mainly defined by the additional annealing temperature
and general concentration of nickel atoms added to sili-
con [15]. Also, it is known, that nickel films, deposited
on silicon, have a gettering effect [16].

In this article we analyze the efficiency of the non-
controlled impurity atoms gettering with nickel atoms
clusters and their influence on SC parameters. Gettering
efficiency defines NCC lifetime within SC base.

Therefore. we set the following tasks: to demonstrate
the presence of gettering properties of nickel clusters; to
experimentally demonstrate nickel influence on NCC life-
time within SC base; to define the patterns of 7 variation
within SC base depending on nickel diffusion temperature;
to evaluate a possibility of silicon doping with nickel before
creation of p—n-transition; to study the influence of nickel-
enriched layer parameters on NCC lifetime.

2. Technology and method of study

For studying the nickel influence on NCC lifetime
we made SC, in which p—n-ransition was created by
phosphor diffusion to silicon plates of p-type of conduc-
tivity, grown with Czochralski method with resistivity of
0.50hm - cm (KDB-0.5), thickness of 380 um and diameter
of d = 76 mm at Tgx = 1000°C for t = 0.5h.

After creation of p—n-transition the plates were cut into
separate samples with size of 1 x lem. Some samples
were left for control. All other samples were vacuum-
deposited with a thin layer of pure nickel with thickness
of 1um and diffusion was performed at various tempera-
tures (according to experiment goals). After nickel diffusion
all samples were subject to additional thermal annealing at
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Tann = 750—800°C for t = 30 min to activate the process of
gettering [17,18] of non-controlled recombination impurities.
After nickel diffusion and thermal annealing the samples
were cooled on air.

After each process stage the surface cleaning and chem-
ical processing were performed to remove residual nickel
and silicon oxide from the surface (10% HCI, 10% HF).

Ohmic contacts were made using nickel deposition. Flush
contact was deposited on the back side, while on the face
side it was created through a template with a strip width
of 0.5mm and step of 2mm. There was no antireflective
coating on the elements surface.

NCC lifetime was measured at the resulting structure us-
ing the method [19]. Lifetime in SC structures corresponds
to the reverse conductance recovery time of p—n-transition,
that was measured using decreasing vibrations of resonance
LC-circuit, measurement error did not exceed 10%.

3. Experimental results

3.1. Gettering properties of nickel atoms clusters

Based on the technology described in [14,15] we made
samples of monocrystalline silicon doped with nickel (with-
out p—n-transition). Elementary composition of nickel
clusters on silicon sample surface was measured using
scanning election microscope TESCAN MIRA 3.

It was observed that clusters are formed from nickel
atoms, nickel atoms clusters composition is presented in the
figure. Clusters on the silicon sample surface mainly consist
of atoms of silicon (84.93 at%) and nickel (13.38 at%), and
also include Cu, Fe, Cr.

Thus, we can assume, that nickel atoms clusters getter
fast-diffusing impurities, that act as recombination centers.

Also we studied the nickel influence on oxygen content
in silicon. Based on the technology described in study [18]
we made samples of solar cells, doped with nickel after
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Impurity atoms clusters composition observed through probe ele-
mentary analysis using the scanning election microscope TESCAN
MIRA 3.

Table 1. Oxygen concentration (in cm™) in SC

SC type Control Wi%°§§§(61
After nickel diffusion 6.8-10" 3.2-10"
thormat anncating | 274710° | 72107
Table 2. NCC lifetime
Group I 11 111
T, us 5-7 7-9 10—12

formation of p—n-transition on the face side. Oxygen con-
centration was determined using the infrared spectrometry
method both after nickel diffusion (at Tgix = 1200°C) and
after additional thermal annealing (at Ty, = 800°C).

As shown in Table 1, oxygen concentration in samples
with nickel is 2 times less than in control samples. After
additional thermal annealing the oxygen concentration in
the samples doped with nickel is reduced in 4.44 times.

This means that nickel adding is not just an efficient
method of gettering the various harmful impurities, but it
also reduces oxygen concentration in silicon volume, ie. it
getters the oxygen.

Nickel atoms clusters contain significant amount of silicon
and oxygen and act as efficient drains (gettering centers)
for various harmful non-controlled impurity atoms. This can
result in significant reduction of concentration of various
recombination centers and increase of NCC lifetime, mainly
due to formation of nano- and micro-clusters of nickel atoms
in near-surface layers with high nickel concentration. This
is confirmed with studies [13,14], where nickel atoms getter
oxygen atoms dissolved in silicon with formation of clusters,
containing, aside from nickel, significant concentrations of
oxygen, silicon and various recombination impurities.

3.2. Nickel influence on nonequilibrium charge
carriers lifetime within solar cell base

Three different SC groups were made after formation of
p—n-transition: group I is the control group, group II, where
after phosphor diffusion the nickel was deposited to the back
side, and group III, where it was deposited on the face
side. Nickel diffusion was performed at T4 = 1200°C for
t = 30min, and then the additional thermal annealing was
performed at Ty, = 800°C for t = 1 h. At the same time, in
all groups of samples due to phosphor dissipation the depth
of p—n-transition was increased to Xp_n = 4.5—5um.

After that NCC lifetime was measured at the resulting
structures (Table 2).

It is shown that NCC lifetime of control SC is
T = 5—Tus, that corresponds to the typical values of a
lifetime for such structures [20-22]. 7 in groups II and
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Table 3. At diffusion Tgir = 1100°C the value of NCC lifetime in SC doped with nickel is 14—16 us

Tair, °C taifr, min Tann, °C tann, Min Xp—n, 4m Group T, us
1250 3 800 30 2.0-2.5 Iil 12:;2
1200 3 800 30 1.5-2 I}I 1(5):;4
1150 5 800 30 1-1.5 I? 1(5):;4
1100 5 800 30 0.9-1.2 I? 41‘;:11?)
1050 7 800 30 0.8-0.9 Iil igjg
1000 10 800 30 0.7-0.8 Iil }g:fg

950 15 800 30 0.6—0.7 I? ?;:?Z
900 20 800 30 0.6-0.7 I? ?gjg
850 30 750 30 0.5-0.7 Iil ?2:?2
800 30 750 30 0.5-0.7 Iil igjg
750 45 750 30 0.5-0.7 I? ﬁ:fg

Note. Tgirr is the nickel diffusion temperature, tg;r is the diffusion time, Tann is the additional annealing temperature, tann is the annealing time, Xp_n is the

calculated depth of p—n-transition.

III increased in 1.5 and 2 times. Thus, we can state
that: doping with impurity atoms of nickel results in
increase of NCC lifetime 7 within SC base; formation
of nickel-enriched region in the face layer additionally
increases 7 of SC.

In this study the silicon doping with nickel was performed
at sufficiently high temperature (Tgr = 1200°C) and after
formation of p—n-transition, that can decrease the solar cell
efficiency due to phosphor dissipation.

3.3. Variation of r within the solar cell base
depending on nickel diffusion temperature

The following task was a selection of optimum nickel
diffusion temperature for NCC lifetime increase.

Table 3 includes NCC lifetime within SC base, doped
with nickel after creation of p—n-transition at temperature
Tair within a range of 750—1250°C. The observed experi-
mental results show that with nickel diffusion temperature
decrease the NCC lifetime increases and reaches the
maximum value at Tgg = 800—850°C.

Nickel diffusion, performed at lower temperatures,
Tair = 750—700°C, resulted in insignificant degradation of
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solar cells parameters relating to samples produced at
Tair = 800°C.

3.4. Possibilities of nickel-enriched layer
formation before creation
of p—n-transition of solar cell

The abovementioned results were observed when nickel-
enriched area in SC was created after p—n-transition form-
ing. However, this is inconvenient in terms of technology.
Therefore, the possibility of nickel-enriched layer formation
before creation of p—n-transition is of interest.

For this study we made SC of monocrystalline silicon
plates with resistivity of 0.50hm-cm. Three groups
of samples were created: group I — control group,
group Illa — samples, in which nickel impurity atoms
diffusion was performed after creation of p—n-transition;
group IIIb — samples, in which nickel impurity atoms
diffusion was performed before creation of p—n-transition.

Conditions of phosphor and nickel diffusion in samples of
groups IIIA and IIIb should be the same. Phosphor diffu-
sion was performed at Tgig = 1000°C for t = 30 min, nickel
diffusion was performed at Tyir = 800°C for t = 30 min.
For all SC structures the additional thermal annealing was
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Table 4. Average values of SC parameters observed at nickel diffusion temperatures Tair = 800°C

II1a I1Ib
Group I (control) (nickel diffusion after (nickel diffusion before
creation of p—nrtransition) creation of p—n-transition)
Jsc, mA/em® 32 375 385
Voc, mV 590 600 605
3 0.640 0.68 0.67
Pnax, mW/cm? 12.08 1530 1561
T, us 14—-16 30-32 30-32
AP max / Prmax - 26.65% 29.22%

Note. Jsc is the short circuit current density, £ is the volt-ampere characteristic charge coefficient, Pmax is the maximum output power, APmax/Pmax is the

relative variation of maximum power in relation to control sample.

performed at T,,, = 750°C for t = 30 min. Then the main
SC parameters and NCC lifetime were measured (Table 4).

It can be seen that the technology of doping with nickel
before formation of p—n-transition additionally improves
solar cells parameters. Adding the stage of doping with
nickel before formation of p—n-transition complicates the
SC manufacturing technology only slightly, but increases
efficiency.

Thus, based on the observed results we can conclude that
the effect of influence of additional doping with nickel only
slightly depends on the method of its introduction, while
presence of nickel-enriched layer on the face side of silicon
solar cell (group III) results in parameters improving.

3.5. Nickel-enriched layer influence on
nonequilibrium charge carriers lifetime
within solar cell base

It is known that nickel atoms distribution at diffusion
has a sufficient inhomogenuity — high, quickly reduc-
ing concentration near surface and relatively constant in
volume [23]. After additional annealing the nature of
distribution hardly changes, but the clusters, gettering
impurities, appear. Due to high surface concentration of
nickel and surface defects, ,surface” clusters have high
concentration and, consequently, have a bigger influence
on NCC lifetime. Relative contribution of ,surface” and
,.volumetric“ nickel atoms can be observed, if the surface
layer, highly doped with nickel, is removed.

Samples of solar cells were made as per abovementioned
technology, nickel diffusion was performed before formation
of p—n-transition at Tgir = 800°C for t = 30 min. Under
these conditions the thickness nickel-enriched layer is
evaluated at 2—2.5um [11].

After nickel diffusion the surface layer Ax with thickness
range of 0—5um was removed from the samples surface by
polishing. After creation of p—n-transition and additional
thermal annealing at T,p, = 750°C for t = 30 min the ohmic
contacts were created. Then the volt-ampere characteristics
(VAC) of SC and lifetime 7 were measured (Table 5).

As shown from the table, with increase of thickness of
removed face surface (nickel-enriched) layer the SC pa-

Table 5. Variation of maximum power and lifetime of NCC
of SC depending on thickness of removed face surface (nickel-
enriched) layer

AX, ym 0 05 1 1.5 2 5

1540 | 1497 | 1437 | 13.64 | 12.74 | 12.00
30—32|28-30|26—28|24—-26|24—-26|24—-26

Pmax, mW/cm?

T, us

rameters degrade, and after AX = S5um the maximum
power drops by ~ 30% relating to the values for samples
with AX = Oum. NCC lifetime measurement results also
showed, that with increase of thickness of the removed face
layer, T slowly decreases, and hardly changes after removal
of 1.5 um. Therefore we can conclude that improvement of
solar cell parameters is related to influence of surface layer
with nickel concentration Ng ~ (102°—10%') cm—3 [10] and
thickness of several micrometers, produced during diffusion.

4. Discussion of results

All observed data allow to conclude that doping with
nickel increases NCC lifetime within SC base, increasing
coefficient of performance. It was also observed that
removal of nickel-enriched layer deteriorates the solar cell
parameters.

We think that increase of SC NCC lifetime is related to
formation of nickel atoms clusters in silicon lattice, that are
in interstitial states, and presence of gettering properties.

In near-surface layers the nickel concentration
is 2.5—3 times higher than in crystal volume. Nickel
clusters formation centers are oxygen atoms and other
defects of silicon lattice, largely located near surface, as well
as formed in diffusion layer of n-type of conductivity. Thus,
nickel clusters are mainly located in near-surface layers
of SC, where they can efficiently getter the recombination
impurities. This is confirmed with experiments on removal
of surface, nickel-enriched layer.

With nickel diffusion temperature decrease the NCC life-
time increases and reaches the maximum value at
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Tair = 800—850°C, while lower diffusion temperatures de-
grade SC parameters. This can be related to decrease
of nickel-enriched region, as well as with nickel atoms
concentration decrease at such diffusion temperatures.

5. Conclusion

Thus, based on the observed results we can conclude that
nickel atoms adding is an efficient method of gettering the
recombination centers in silicon.

Compared with other existing methods, this one has the
following advantages:

— method of gettering the recombination impurities with
nickel clusters is an efficient, advanced and inexpensive
method;

— nickel adding opens the possibility of silicon SC
efficiency increase by 20—25%;

— when doping with nickel, there are almost no changes
of electrical parameters of material, thus allowing to use it
for all types of electronic devices based on silicon.

Funding

The work has been performed under the project
OT-F2-50 ,.Development of scientific basis for formation
of elementary cells A"BY! and A"'BY in silicon lattice —
new approach to producing the prospective materials for
photovoltaic energetics and photonics®.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] LB. Chistokhin, K.B. Fricler. Pis’ma ZhTF, 46 (21), 11 (2020)
(in Russian).

[2] P. Papakonstantinou, K. Somasundram, X. Cao, W.A. Nevin.
J. Electrochem. Soc., 148 (2), 36 (2001).

[3] B.L Fuks. FTP, 48 (12), 1704 (2014) (in Russian).

[4] LE. Panajotti, EI Terukov, LS. Shakhraj. Pis’'ma ZhTF,
46 (17), 3 (2020) (in Russian).

[5] VA. Kharchenko. Izv. vuzov. Mater. elektron. tekhn., 21 (1),
5 (2018) (in Russian).

[6] ZYu. Gotra. Spravochnik po tekhnologii mikroelektronnykh
ustrojstv (M., Kameryan, 1986) (in Russian).

[7] Yu.A. Yakimov, E.A. Klimanov. Prikl. fizika, Ne3, 15 (2015)
(in Russian).

[8] Yul. Bokhan, V.S. Kamenkov, N.K. Tolochko. FTP, 49 (2),
278 (2015) (in Russian).

[9] V.A. Perevoshchikov, V.D. Skupov. Pis’ma ZhTF, 25(8), 50
(1999) (in Russian).

[10] J. Lindroos, D. P. Fenning, D. J. Backlund, E. Verlage,
A. Gorgulla, SK. Estreicher, H. Savin, T. Buonassisi. J. Appl.
Phys., 113, 204906 (2013).

[11] FHM. Spit, D. Gupta, K.N. Tu. Phys. Rev. B, 39(2), 1255
(1989).

Semiconductors, 2022, Vol. 56, No. 1

[12] Yu.Ya. Gafner, SL. Gafner, P. Entel’. FTT, 46 (7), 1287 (2004)
(in Russian).

[13] B.A. Abdurakhmanov, M.K. Bakhadirkhanov, K.S. Ayupov,
HM. lliyev, E.B. Saitov, A. Mavlyanov, H.U. Kamalov.
J. Nanosci. Nanotechnol, 4 (2), 23 (2014).

[14] M.K. Bakhadyrkhanov, BK. Ismaylov, S.A. Tachilin, K.A. Is-
mailov, N.F. Zikrillaev. SPQEO, 23 (4), 361 (2020).

[15] MK. Bakhadyrkhanov, K.A. Ismailov, BK. Ismaylov,
ZM. Saparniyazova. SPQEO, 21 (4), 300 (2018).

[16] AS. Astashchenkov, DI Brinkevich, V.V. Petrov. Dokl
BGUIR, 8(38), 37 (2018) (in Russian).

[17) MK. Bakhadyrkhanov, SB. Isamov, ZT. Kenzhaev,
S.V. Koveshnikov. Pis’'ma ZhTF, 45(19), 3 (2019) (in Rus-
sian).

[18] M.K. Bakhadyrkhanov, SB. Isamov, Z.T. Kenzhaev, D. Mele-
baev, Kh.F. Zikrillayev, G.A. Ikhtiyarova. Appl. Solar Energy,
56 (1), 13 (2020).

[19] V.V. Togatov, PA. Gnatyuk. FTP, 39 (3), 378 (2005) (in
Russian).

[20] K. Bothe, R. Sinton, J. Schmidt. Progr. Photovolt.: Res. Appl,,
13, 287 (2005).

[21] B. Aissa, M.M. Kivambe, M.I. Hossain, O.EL. Daif, A.A. Ab-
dallah, F. Ali, N. Tabet. Front Nanosci. Nanotechnol., 1 (1), 2
(2012).

[22] Ch. Sun, FE. Rougicux, D. Macdonald. J. Appl. Phys., 115,
214907 (2014).

[23] H.P. Bonzel. Phys. Status Solidi, 90, 493 (1967).



