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Radiation resistance of nickel-doped silicon solar cells
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The influence of nickel doping on the radiation resistance of silicon solar cells in the range of γ-irradiation doses

of 105−108 rad was studied. It is shown that diffusion doping of silicon with impurity nickel atoms increases the

radiation resistance of the parameters of silicon solar cells. It is assumed that the reason for the increase in the

radiation resistance of such solar cells is the existence of clusters of impurity nickel atoms, which serve as sinks for

radiation defects.
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1. Introduction

High radiation susceptibility of single-crystal silicon and

silicon devices is the reason why the issues of radiation

impact on physical properties of materials, characteristics,

reliability and stable operation of space semiconductor

electronic devices have become so challenging in recent

time. In view of this, it has become necessary to predict

the behavior of semiconductor devices in radiation fields

and to develop and make high radiation hardness electronic

devices.

Radiation impact efficiency depends to a great extent

on the quality of raw materials, type of doping and p−n-
junction structure [1,2]. It should be noted that the presence

of impurity atoms within the crystal leads not only to

formation of new defects, but also has a significant impact

on the radiation defect (RD) generation rates [3–7]. The

role of impurity atoms in radiation exposure of samples is

mainly determined by the diffusion coefficient, solubility and

impurity atom state (including charge state) in the silicon

lattice.

It is reported in [8–11] that formation of nickel impurity

atom clusters in the silicon lattice is observed in nikel-

doped silicon samples. By controlling the nickel diffusion

conditions (temperature, cooling time and rate), radiation
stability of silicon may be changed [12–14]. The in-

crease in concentration of the introduced impurity nickel

atoms results in the improvement of radiation stability

Si〈Ni〉 [13].
It is reported in [14–19] that doping of silicon SC with

impurity nickel atoms ensures the improvement of SC

performance. However, radiation hardness of such SCs has

not been studied.

The purpose of this research was to investigate the

radiation hardness of silicon solar cells (SC) doped with

nickel by diffucsion method.

2. Experimental

To investigate the impact of γ-radiation on SC parameters,

p-type silicon wafers with a thickness of d = 380µm and

specific resistance of ρ = 0.5� · cm (KDB-0.5).
Then, these samples were used to produce SCs without

impurity nickel atoms (group I) and SCs nickel-doped

achieve p−n-junction (group II).
To prepare group II SCs, a 1mkm pure nickel layer was

applied to the silicon wafers by vacuum evaporation method

and nickel diffusion was carried out at T = 800, 1000 and

1200◦C during t = 30, 10, 3min. Then p−n junction

was produced by phosphorus diffusion towards the
”
nickel“

side of the wafer at T = 1000◦C during t = 30min. After

the diffusion, additional thermal annealing was carried out

at the optimum temperature [16] T = 750−800◦C during

t = 30min.

Group I SCs were made in the same way, but without

evaporation and nickel diffusion.

After each process stage, the surface was cleaned and

chemically treated (using 10% HCl, then 10% HF) to

remove residual nickel and silicon oxide from the SC

surface. There was no antireflection coating on the SC

surface.

After achievement of ohmic contacts, SC volt-ampere

response and main parameters were measured — no-load

voltage Voc, short circuit current density Jsc (Table) — for

all samples in the same conditions.

To define the radiation hardness criteria for SCs, irradia-

tion experiments were carried out in the dose range from

8 = 105 to 108 rad. SC irradiation by γ-quanta was carried

out in stages: 8 = 105, 106, 107, 5 · 107, 108 rad using Co60

(∼ 1.17MeV) isotope at Trad = 300K. After each γ-quanta

irradiation stage, the main parameters of SC were measured.

Voc.0 and Voc.8 — SC no-load voltage before and after
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Average values of SC parameters

Group I II (1200) II (1000) II (800)

Jsc, mA/cm2 32 33 36 38.5

Voc , mV 590 590 590 605

No t e. Group II (1200), II (1000), II (800) SCs nickel doped at T = 1200,

1000, 800◦C respectively.

γ-irradiation and Jsc.0 and Jsc.8 — SC short circuit current

density before and after γ-irradiation were measured.

The experiments have shown that the silicon SC perfor-

mance decrease with the increase in γ-irradiation dose. The

effect of γ-radiation on silicon SCs becomes perceivable,

when the irradiation dose exceeds 8 = 106 rad. It has been

found that the short circuit current was most susceptible to

γ-irradiation.

Fig. 1 shows Jsc.8/Jsc.0 — short circuit current density

vs. γ-irradiation dose. At γ-irradiation dose of 8 = 108 rad,

the short circuit current density of group I SC decreased

by 41.3%. At the same time, short circuit current

density of group II (800) SC decreased by 26.9%, and of

group II (1000) and II (1200) SC decreased by 31% and

28.3%, respectively.

Fig. 2 shows Voc/8/Voc.0 — no-load voltages vs. γ-irra-

diation dose. At γ-irradiation dose of 8 = 108 rad, no-load

voltages of group II (800), II (1000) and II (1200) SCs

decrease by 10.5%, 12.9% and 7.96%, respectively. No-load

voltage of group I SC decreased by 18.2% (Fig. 2).

3. Discussion

It is known that irradiation with γ-quanta produces point

radiation defects in silicon — mixed silicon atoms from

lattice points and free vacancies having rather high diffusion

coefficient and low migration energies [2,20]. As a result,

they migrate within the silicon crystal and interact with each

other and with doping and background impurity atoms in

silicon.

The investigations of irradiation effect on group II sample

properties (Fig. 1 and 2) show that irradiation leads to the

difference in electrical properties of SCs compared with

group I samples. When group II samples are exposed

to γ-quanta radiation, the changes in their properties are

much lower that in the properties of group I samples.

This means that the nickel impurity atoms influence the

radiation defect formation process. At the same time, the

radiation stability of group II SC properties gets much

better with the increase in the nickel diffusion tempera-

ture. Given that nickel solubility is increased with the

increase in the diffusion temperature [21,22], it is fair to

say that the radiation stability of group II SCs depends

on the concentration of nickel atoms introduced during

diffusion.

Nickel atom impurities are mainly located in interstices

and have a rather high diffusion coefficient [21,22], and also
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Figure 1. Relative variation of SC short circuit current density vs.

γ-irradiation dose.
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Figure 2. SC relative no-load voltage variation vs. γ-irradiation

dose.

are intensively interacting with oxygen atoms [23,24]. There
is high probability that the radiation defects occurring during

the irradiation process will meet nickel atoms. interstitial

electrically neutral nickel atoms that may exist in the form of

clusters probably serve as the main centers of trapping and

annihilation of vacancies and interstitial silicon atoms [8–11].

4. Conclusion

The experiments have shown that nickel doping improves

radiation hardness of silicon SCs and SC radiation hardness

increases with the increase in the nickel atom concentration.

It is supposed that in nickel-doped SCs irradiated with

γ-quanta, the initial radiation defects are neutralized by the

nickel atom clusters.
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The following conclusions may be drawn from the

findings:

− nickel atom doping improves the radiation hardness of

silicon SCs for short circuit current up to 15% and for no-

load voltage up to 10% versus control (8 = 108 rad).
− positive effect of nickel atoms depends on the nickel

diffusion temperature and achieves the maximum at 1200◦C.

Acknowledgments

The authors express their deep and sincere thanks to

professor M.K. Bakhadyrkhanov for valuable advice given

during the research work and discussion of the findings.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] F.P. Korshunov, G.V. Gatal’skin, G.M. Ivanov. Radiatsionnyie

effekty v poluprovodnikovykh priborakh. Nauka i tekhnika.

M. (1978). 232 p. (in Russian).
[2] Sh. Makhkamov, R.A. Muminov, M. Karimov, N.A. Tursunov,

A.R. Sattiev, M.N. Erdonov, Kh.M. Kholmedov. Appl. Sol.

Energy 49, 2, 62 (2013).
[3] Sh. Makhkamov, R.A. Muminov, M. Karimov, K.P. Abdu-

rakhmanov, N.A. Tursunov, A.R. Sattiev, M.N. Erdonov,

Kh.M. Kholmedov. Appl. Sol. Energy 49, 4, 185 (2013).
[4] Sh. Makhkamov, M. Karimov, Z.M. Khakimov, N.Dj. Odilov,

Sh.A. Makhmudov, A.O. Kurbanov, K.A. Begmatov. Rad.

Effects Defects Solids 160, 8, 349 (2005).
[5] A.V. Zastavnoy, V.M. Korol. FTP 23, 2, 369 (1989) (in

Russian).
[6] F.M. Talipov. FTP 31, 5, 515 (1997) (in Russian).
[7] Ya.A. Karpov, V.V. Petrov, V.S. Prosolovich, V.D. Tkachev. FTP

17, 8, 1530 (1983) (in Russian).
[8] M.K. Bakhadyrkhanov, Kh.M. Iliev, K.S. Ayupov, B.A. Abdu-

rakhmonov, P.Yu. Krivenko, R.L. Kholmukhamedov. Inorg.

Mater. 47, 9, 962 (2011).
[9] M.K. Bakhadyrkhanov, K.A. Ismailov, B.K. Ismaylov,

Z.M. Saparniyazova. SPQEO 21, 4, 392 (2018).
[10] M.K. Bakhadyrkhanov, B.K. Ismaylov, S.A. Tachilin, K.A. Is-

mailov, N.F. Zikrillaev. SPQEO 23, 4, 361 (2020).
[11] B.A. Abdurakhmanov, M.K. Bakhadirkhanov, K.S. Ayupov,

H.M. Iliyev, E.B. Saitov, A. Mavlyanov, H.U. Kamalov.

Nanosci. Nanotechnol. 4, 2, 23 (2014).
[12] K.M. Iliev, Z.M. Saparniyazova, K.A. Ismailov, O.E. Sattarov,

S. Nigmonkhadzhaev. Surf. Eng. Appl. Electrochem. 47, 5,

385 (2011). DOI: 10.3103/s1068375511050103
[13] S.S. Nasriddinov. J. nano-and Electron. Phys. 7, 3, 5 (2015).
[14] S.Z. Zainabidinov, A.O. Kurbanov. Uzbek.fiz.zhurn. 20, 2, 105

(2018) (in Russian).
[15] M.K. Bakhadyrkhanov, S.B. Isamov, Z.T. Kenzhaev, S.V. Ko-

veshnikov. Pis’ma v ZhTF 45, 19, 3 (2019) (in Russian).
[16] M.K. Bakhadyrkhanov, Z.T. Kenzhaev. ZhTF 91, 6, 981

(2021) (in Russian).
[17] M.K. Bakhadyrkhanov, Z.T. Kenzhaev, S.V. Koveshnikov,

K.S. Ayupov, E.Zh. Kosbergenov. FTP 56, 1, 128 (2022) (in
Russian).

[18] M.K. Bakhadyrkhanov, Z.T. Kenzhaev, K.A. Ismailov,

S.V. Koveshnikov. Geliotekhnika, 56 4, 322 (2020) (in
Russian).

[19] M.K. Bakhadyrkhanov, Z.T. Kenzhaev, Kh.S. Turekeev,

B.O. Isakov, A.A. Usmonov. ZhTF 91, 11, 1685 (2021) (in
Russian).

[20] V.V. Lukjanitsa. Semiconductors 37, 4, 404 (2003).
DOI: https://doi.org/10.1134/1.1568459

[21] A.A. Istratov, P. Zhang, R.J. McDonald, A.R. Smith,

M. Seacrist, J. Moreland, J. Shen, R. Wahlich, E.R. Weber.

J. Appl. Phys. 97, 023505 (2005). DOI: 10.1063/1.1836852
[22] J. Lindroos, D.P. Fenning, D.J. Backlund, E. Verlage,

A. Gorgulla, S.K. Estreicher, H. Savin, T. Buonassisi. J. Appl.

Phys. 113, 204906 (2013). DOI: 10.1063/1.4807799
[23] B.K. Ismailov, A.B. Kamalov, D.Zh. Asanov. Pribory, 252, 6,

25 (2021) (in Russian).
[24] M.K. Bakhadirkhanov, B.K. Ismailov. Pribory, 252,6, 44

(2020) (in Russian).

1∗ Physics of the Solid State, 2022, Vol. 64, No. 5


