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Abstract. Silicon/zinc oxide heterostructures have shown themselves to be promising for use in photovoltaics.
This paper presents the results of modeling the charge properties and currents in a Si/nanosized ZnO particle
with different types of conductivity under sunlight irradiation. The simulation was carried out using the Comsol
Multiphysics software package. The energy diagrams of the investigated heterostructures were plotted, the
charge properties and currents flowing in the structure were investigated, the dependences of the rate of
generation of charge carriers on wavelength on the surfaces of silicon, zinc oxide, and at the interface between
silicon and zinc oxide, the rate of recombination of charge carriers at various wavelengths of incident radiation
was obtained. The regularities of the influence of wavelength of the incident radiation on the charge density
and electric potential on the surface of heterostructures have been established. It is shown that the potential
on the surface of the p-Si / n-ZnO heterostructure is positive, depends on the wavelength of the incident
radiation and reaches the maximum of 0.68 V. For other structures, it is negative and does not depend on the
wavelength: n-Si / p-ZnO —0.78 V, p-Si/ p-ZnO —0.65 V, n-Si/ n-ZnO -0.25 V.
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Introduction

Zinc oxide is a wide-gap (3.37 eV) semiconductor that is used in a variety of fields of
photovoltaics, such as photocatalytic water and air purification, photolysis of water, optoelectronics,
and gas sensors [1]. Zinc oxide has a number of advantages over other materials used in
photocatalysis: low cost, non-toxicity, low reflectance in the solar spectrum, the ability to create low-
dimensional structures using chemical etching (amphotericity), resistance to high-energy radiation,
flexible change of electrophysical and optical properties by doping with various impurities [2].

The conductivity of zinc oxide depends significantly on the stoichiometric composition of the
material. The deviation from the stoichiometric ratio [Zn]:[O] =1 causes the formation of point
defects: interstitial atoms and vacancies of oxygen and zinc atoms. An excess of zinc or oxygen
vacancies is a characteristic of the n-type conductivity of ZnO obtained under nonequilibrium
conditions or due to the partial transition of oxygen to the gas phase. Moreover, hydrogen atoms [3]
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injected into the material during growth or deposition in a hydrogen-containing enviroment or during
post-processing of the sample with water solutions can be responsible for the n-type conductivity.

At the same time, attention is now focused on obtaining and studying the properties of the p-
type zinc oxide. Obtaining the p-type conductivity is complicated by the presence of natural oxygen
vacancies, which act as donor states [4]. Today the following elements are acceptors for ZnO: Zn
vacancies; IA group: Li, Na, K; IB group: Cu, Ag, Au; VA group: N, P, As, Sb [5]. On the other hand,
much attention is paid to the creation and study of silicon/zinc oxide heterostructures containing ZnO
nanoparticles. This is important for the formation of composite materials with a developed surface
for photovoltaics.

Charge properties modeling methodic

Modeling of currents, charge properties, and electron-hole processes were carried out using
the Comsol Multiphysics package, a two-dimensional diffusion-drift model for calculating current
transfer in semiconductors, as well as the Maxwell system of equations. The main properties
of silicon [6] and zinc oxide [2, 7-9] used in the simulation are presented in Tab. 1.

Table 1. Material parameters (temperature 300 K)

Parameter n,p-Si n,p-ZnO
Bandgap, eV 1.12 3.37
Affinity, eV 4.05 43
Permittivity 11.7 8.5
Effective density of states, cm™
— conduction band 2.8:10% 4.124-10™
—valence band 1.04-10" 1.138:10"
Charge carries lifetime, us 10 9.7-10*
Impurity concentration, cm~ 10'7 10'
Electron mobility, cm?/(V-s) 1450 200
Hole mobility, cm?/(Vs) 500 50

The real parts of the refractive index for silicon and zinc oxide n(Si) and n(ZnO), as well
as the imaginary parts of the refractive index A(ZnO) and A(Si) are given in a table depending
on the wavelength [10, 11]. The heterostructure is a zinc oxide nanoparticle with a size of 500x500 nm
in a silicon substrate.

Results and discussion

Fig. 1 shows the energy diagrams of heterostructures for various combinations of types
of conductivity of a silicon substrate and zinc oxide nanoparticles.

The barrier height for electrons from the silicon side in the n-Si/n-ZnO heterostructure
is 0.133 eV, after passing through which, they enter the depletion region for electrons in zinc oxide,
thereby creating an excess negative charge at the edge (length = 70 nm) of the oxide nanoparticle zinc.
The hole barrier on the zinc oxide side is 0.092 eV. In the n-Si/p-ZnO heterostructure, the barrier
for electrons on the silicon side is 0.104 eV, and for holes on the zinc oxide side it is 0.567 eV.
For the p-Si/p-ZnO heterostructure, these values are 0.028 eV and 0.57 eV, respectively.
For the p-Si/n-ZnO heterostructure, there are no such barriers, it allows electrons generated in silicon
and holes generated in zinc oxide to flow freely into another semiconductor.

Fig. 2 shows the dependences of the generation rate G of charge carriers on the wavelength
of incident radiation on the surface of a zinc oxide nanoparticle (curve 3), the surface of a silicon
substrate (curve 1), and silicon under a zinc oxide nanoparticle under the radiation transmitted through
a ZnO nanoparticle (curve 2).
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Fig. 1. Energy diagrams of heterostructures: a — n-Si/n-ZnO; b — n-Si/p-ZnO; ¢ — p-Si/n-Zn0O; d — p-Si/p-ZnO
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Fig. 2. The rate of generation of charge carriers on the surface of a silicon substrate (1), in silicon after
the passage of radiation through a zinc oxide nanoparticle (2), and on the surface of a zinc oxide nanoparticle (3)

Due to the charge carriers redistribution during irradiation an excess electric charge is formed
on the surface of heterostructures, the bulk density of which is shown in Fig. 3. The charge density
slightly depends on the wavelength of incident radiation in the p-Si/n-ZnO heterostructure
on the surface of the ZnO nanoparticle as can be seen from Fig. 3, b.

The electric charge is generated on the surface of a zinc oxide nanoparticle and its boundary is
with silicon during irradiation, which leads to the potential difference and the emergence
of the current of charge carriers generated by the radiation. For the n-Si/n-ZnO structure the potential
difference AV between the ZnO/Si interface and the ZnO nanoparticle volume is 0.11V,
and for the n-Si/p-ZnO heterostructure it is AV =0.63 V. The difference in values of the negative
electric potential Vi,r on the surface of n-Si/n-ZnO and n-Si/p-ZnO heterostructures (Fig. 4) is the
cause. In these structures the observed hole current density from the surface is about 10 A/m?. The
current density of electrons from the surfaces of the n-Si/p-ZnO and n-Si/n-ZnO heterostructures is
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also about 10% A/m?. In the p-Si/p-ZnO heterostructure the potential difference AV is 0.61 V. It forms
the current of holes generated in zinc oxide from the surface of the heterostructure (hole current

density is about 10° A/m?).
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Fig. 3. Electric charge density on the surface of the structures: a — n-Si/n-ZnO and n-Si/p-ZnO; b — p-Si/n-ZnO
and p-Si/p-ZnO under irradiation

The electron current density at the surface of the structure at the wavelengths of 300 nm and
350 nm is about 1077 A/m?% In the p-Si/n-ZnO heterostructure the potential difference AV depends
on the wavelength of the incident radiation: —-0.47 V (A = 300 nm), —0.43 V (A = 400 nm), -0.38 V
(A =500 nm), and -0.35V (A=1000 nm). Due to the absence of potential barriers for electrons
from the silicon side at the p-Si/n-ZnO interface (Fig. 1, ¢) the electron current density reaches 7 A/m?
at the radiation wavelength of 600 nm. The hole current density at the radiation wavelengths of
300 nm and 350 nm on the surface is about 10° A/m?.
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Fig. 4. Electric potential on the surface of structures: a — n-Si/n-ZnO and n-Si/p-ZnO; b — p-Si/n-ZnO
and p-Si/p-ZnO at different radiation wavelengths

The positive electric potential depends on the wavelength of the incident radiation and occurs
only in the p-Si/n-ZnO heterostructure. Its value reaches 0.68 V in the absence of incident radiation
and decreases in the presence of radiation by 0.06 V at the wavelength of 300 nm by 0.1 V
at A =400 nm, by 0.15V at A = 500 nm, and by 0.18 V at A = 1000 nm. In other cases, the potential
on the surface of a zinc oxide nanoparticle is negative, but in the n-Si/p-ZnO structure, it is higher
in modulus (-0.78 V) than in the n-Si/n-ZnO structures (—0.25 V) and p -Si/p-ZnO (-0.65V).

Conclusions

The simulation of the charge properties and currents in a zinc oxide nanoparticle in silicon
heterostructures for the cases of n- and p-types of conductivity demonstrated differences in the electric
charge and potential on the surface of heterostructures without significant differences depending
on the wavelength of incident radiation. It is shown that the silicon/p-type zinc oxide nanoparticle
heterostructure provides a negative potential and a negative surface charge on the surface of a zinc
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oxide nanoparticle regardless of the wavelength of the solar radiation. It opens up additional
possibilities for the photocatalytic use of zinc oxide in a wider emission spectrum than its own
absorption spectrum. Achieving stable p-type conductivity of zinc oxide opens up many possibilities
for creating optoelectric devices based on wide gap semiconductor materials. This will require better
control over the natural n-type conductivity of zinc oxide which can compensate acceptor impurities.

References

1.  Vorobyeva N.A., Rumyantseva M.N., Forsh P.A., Gaskov A.M. Conductivity of nanocrystalline ZnO(Ga).
Semiconductors. 2013;47(5):650—-654. DOI: 10.1134/S1063782613050242.

2. Ogzgiir U, Allivov Ya. I., Lui C., Teke A., Reshchnikov M. A., Dogan S., Avrutin V., Cho S.-J., Morkog H.
A comprehensive review of ZnO materials and devices. Journal of applied physics. 2005;98(4):041301-
041403. DOI: 10.1063/1.1992666.

3. Vande Walle C.G. Hydrogen as a Cause of Doping in Zinc Oxide. Physical review letters.
2000;85(5):1012-1015. DOI: 10.1103/PhysRevLett.85.1012.

4. Tsay C.Y., Chiu W.Y. Enhanced Electrical Properties and Stability of P-Type Conduction in ZnO
Transparent Semiconductor Thin Films by Co-Doping Ga and N. Coatings. 2020;10(11):1069-1081.
DOI: 10.3390/coatings10111069.

5. Mosca M., Macaluso R., Caruso F., Lo Muzzo V., Cali C. The p-type doping of ZnO: Mirage or reality?
Advances in Semiconductor Research: Physics of Nanosystems, Spintronics and Technological
Applications. New York: Nova Science Publishers Inc. 2014:245-282.

6. Sze S.M., Kwok K.Ng. Physics of Semiconductor Devices. 3" edition. Hoboken: John Wiley & Sons; 2006.

7.  Gupta V., Sreenivas K. Chapter 4 Pulsed Laser Deposition of Zinc Oxide (ZnO). In: Jagadish C., Pearton S.,
editors. Zinc Oxide Bulk, Thin Films and Nanostructures. Oxford: Elsevier Science & Technology; 2006.

8. Coleman V.A., Jagadish C. Chapter 1 Basic Properties and Applications of ZnO. Zinc Oxide Bulk, Thin
Films and Nanostructures. Oxford: Elsevier Science & Technology; 2006.

9. Zhang An, Zhao Xiao-Ru, Duan Li-Bing, Liu Jin-Ming, Zhao Jian-Lin. Numerical study on the
dependence of ZnO thin-film transistor characteristics on grain boundary position. Chinese Physics B.
2011;20(5):057201-057205. DOI: 10.1088/1674-1056/20/5/057201.

10. Green M.A. Self-consistent optical parameters of intrinsic silicon at 300K including temperature coefficients.
Solar Energy Materials and Solar Cells. 2008;92(11):1305-1310. DOI: 10.1016/j.s0lmat.2008.06.009.

11. Aguilar O., de Castro S., de Godoy M., Dias M. Optoelectronic characterization of Zn;Cd.O thin films as
an alternative to photonic crystals in organic solar cells. Optical Materials Express. 2019;9(9):3638-3648.

Authors’ contribution

Kuraptsova A.A justified the choice of physical parameters, performed numerical solutions
of the current transport equations and participated in the interpretation of the results.

Danilyuk A.L. defined the tasks that needed to be solved during the research and participated
in the interpretation of the results.

Information about the authors

Kuraptsova A.A., Postgraduate student at the Department of Micro- and Nanoelectronics
of the Belarusian State University of Informatics and Radioelectronics.

Danilyuk A.L., PhD., Associate Professor, Associate Professor at the Department of Micro-
and Nanoelectronics of the Belarusian State University of Informatics and Radioelectronics.

Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovka St., 6,

Belarusian State University

of Informatics and Radioelectronics;
tel. +375-17-293-22-24;

e-mail: anku21qwerty@gmail.com
Kuraptsova Anna Andreevna

14



