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Abstract. The paper presents the results of an experimental study of the electric properties of ZnO-based 
polycrystalline heterosructures. C-V-characteristics of In/ZnO/n-Si/Al and Au/ZnO/n-Si/Al heterostructures 
were modeled. Influence of upper contacts material and annealing technology on structure characteristics 
was investigated. Surface states influence according to applied theoretical model was analyzed. Empirical 
dependence of the surface potential in silicon on the voltage applied on the structure was derived. 
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Introduction

In recent years, many scientific studies have been devoted to the study of the properties of zinc oxide. 
Zinc compounds are widely distributed in nature, therefore, zinc oxide is of interest as a straight-band 
semiconductor with a large (3.36 eV) band gap. The unalloyed material has an electronic type of conductivity 
in combination with good optical properties and resistance to radiation (Pintilie, Pintilie 2001). ZnO is 
a promising material for the production of transparent conductors in solar cells, LEDs, laser diodes, and 
UV photodiodes. Due to the possibility of obtaining structures with high electronic mobility, the material 
can be used in high-speed UV radiation sensors (Kaidashev et al. 2003).

The purpose of this work is to study the phenomena of charge transfer in semiconductor heterostructures 
under the action of an electric field for the development of ideas about the features of physical phenomena 
in microcrystalline zinc oxide films.

Samples and investigation methods

In this work, we analyzed and compared the parameters of semiconductor heterostructures of two 
types: zinc oxide films grown on an n+ silicon substrate with non-rectifying In contacts and rectifying 
Au contacts deposited on their surface (Fig. 1). The structures were annealed in argon and oxygen gases 
at a temperature of 600 °C. Annealing the samples of group 1 was carried out in an Ar environment, and 
for groups 2–4 in an oxygen atmosphere. The indium contacts were in the form of a square with a side 
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of 0.85 mm, and the gold contacts were in the form of a circle of the same diameter. Ohmic aluminum 
contacts are deposited on the silicon substrate on the reverse side of the plate.

The properties of the samples were investigated by the methods of current-voltage (I-V) and capacitance-
voltage (C-V) characteristics. The I-V and C-V characteristics were measured using an Agilent E4980A 
RLC meter.

Experimental results

The I–V characteristics of the Au/ZnO contacts were asymmetric, typical of diode structures.  
For the samples of group 1, an electrical breakdown was recorded at a reverse bias voltage of more than 
4.7 V, in connection with which the I–V characteristics of sample groups 1–4 were further measured  
in the range from –3.5 to 3.5 V (Fig. 2).

The samples of group 1 showed the most pronounced rectifying I-V characteristic with a threshold 
voltage of about 1.8 V. For the samples of groups 2 and 3, the forward threshold voltage was about 2.1 V. 
At the same time, for the samples from group 4, the I–V characteristic in the test range was almost linear.

The I–V characteristics of the structures under study, obtained on ohmic In contacts, are shown in 
Fig. 3. The I–V characteristics were linear and symmetric. The resistivity of the ZnO layer was estimated 
from the linear part of the current-voltage characteristics, which turned out to be no less than 105 Ohm·cm 
for all the samples, which made it possible to consider ZnO as a dielectric (Litvinov et al. 2018).  
The resistances of thin layers of ZnO are calculated and are approximately equal to 0.97 MOhm for group 1; 
0.40 MOhm for group 2; 1.43 MOhm for group 3 and 1.19 MOhm for group 4.

Annealing the samples in an argon atmosphere (group 1) practically does not lead to a change in the 
oxygen content in ZnO. It can be assumed that for the samples with a smaller thickness of group 3,  
the effect of the annealing atmosphere turned out to be more significant (Gromov et al. 2013). Annealing  

Fig. 1. Sample structure



174 https://www.doi.org/10.33910/2687-153X-2021-2-4-172-179

Investigation of the properties...

in oxygen led to a decrease in the resistance of the structure and a weak nonlinearity of the I–V characteristic. 
Presumably, this difference is caused by the presence of hydrogen atoms in the interstices of the crystal 
lattice of ZnO, which play the role of shallow donors (Ellmer et al. 2008).

Annealing is likely to result in the adsorption of oxygen atoms and the “healing” of oxygen defects—  
the incorporation of oxygen atoms into the ZnO crystal lattice and their bonding with zinc atoms Zn+ 
(Gromov et al. 2013). Zinc atoms Zn+ are located in interstices or in the lattice sites, but are not associated 
with oxygen atoms. The resistance of the sample of group 4 is higher than the resistance of the sample 
of group 1, which allows us to conclude that the annealing was carried out in a humid oxygen environment. 
In oxygen, some amount could contain residual gases, the atoms of which are donors. Sample group 2 
had the lowest resistance, which indicates a large number of impurity donor atoms of residual gases and 
hydrogen.

The analytical relations, in accordance with which the calculation of the values of the electrophysical 
parameters of thin ZnO films were made, are given in (Muller et al. 2003; Oreshkin 1977).

Fig. 2. I-V characteristics of barrier Au contacts for the samples of batches 1–3

Fig. 3. I-V characteristics of In/ZnO/n-Si/Al contacts of the samples annealed in oxygen (1, 2, 3) and argon (4)
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The concentration of donors Nd in highly doped n-type silicon, according to the sample manufacturers, 
was about 1018 cm–3. Our calculations showed that the Fermi level in ZnO for all groups of samples turned 
out to be above the middle of the band gap, which corresponds to the n-type conductivity.

The experimental C-V characteristics of the investigated heterostructures are, in general, similar to 
the characteristics of MIS structures. Small differences were observed in the region of enrichment of the 
ZnO/n-Si interface with charge carriers. Therefore, to analyze the C-V characteristics of heterostructures 
with ZnO films, in this work, we applied the theoretical model of the MIS structure, since the high-
resistance layers of wide-gap zinc oxide act as a dielectric.

The approximation of the experimental C-V characteristics was carried out in the areas of weak 
inversion, depletion and accumulation of low-frequency C-V characteristics of the ideal MIS structure. 
The constructed model curves were the dependences of the capacitance on the surface potential ψs or 
the potential on the depleted layer of the semiconductor substrate (Sze 1981).

The capacitance of the structure is presented as a series connection of the capacitance of the dielectric 
and the differential capacitance of the semiconductor:
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where CD(ψs)—effective differential capacitance of depleted semiconductor layer, CEi—effective 
dielectric capacitance, Ctheory(ψs)—effective theoretical capacitance of MOS structure, εs —relative 
permittivity of semiconductor, ε0 —dielectric constant, LD —electron Debye length, β—coefficient  
β = q/kT, q—elementary charge, k—Boltzmann constant, T—temperature, n0 and p0—equilibrium 
concentrations of electrons and holes respectively. The function F(ψs) is defined as

 0

0
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Flat band capacity of the selected sample was found as the capacity at the surface potential ψs = 0.  
In that case effective differential capacitance is defined as

 � �0 S 0
D

D

ε εC =
L

. (4)

Since zero surface potential on ideal MIS structure is equal to zero voltage on the investigated structure, 
then the value of the fixed charge is determined by the shift of the experimental dependence on the stress 
axis. Surface charge is generally a sum of several components (Sze 1981):

• the charge captured by surface traps;
• fixed oxide charge near the interface of semiconductor and dielectric;
• trapped oxide charge generated by x-ray irradiation of structures or injection of hot electrons 

into the dielectric;
• the charge of mobile ions.
In the model we use, a fixed oxide charge Qf is considered to be prevailing because other components 

of the surface charge can be neglected: the samples were not exposed to radiation, the charge captured 
by surface traps is considered as nonexistent when ψs = 0 and under existing fabrication conditions  
the presence of mobile ions is unlikely.

Fixed charge in the real MIS structure was defined as (Sze 1981): 
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 f Ei ms FBQ =C ( ΔU )�� � . (5)

The next stage of the analysis was to determine the density of surface states at the ZnO-Si interface. 
The calculation of the density of surface states was carried out by the high-frequency capacitive method 
based on the concepts described by Terman (Semenov et al. 2018). It was assumed that the change  
in the charge on the structure in the state of flat bands is the same for small changes in the voltage  
on the structure and the surface potential (Sze 1981).

The value of the derivative of the surface potential from the voltage dψS/dU is found as the ratio  
of the derivative of the experimental capacitance versus the voltage across the structure and the derivative 
of the calculated capacitance versus the surface potential of the semiconductor.

When connecting Au-substrate contacts, for example, the samples of group 2, the dψS/dU value in 
the state of flat zones was 0.28. The density of surface states Dit is determined by the formula (Sze 1981):
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In the first approximation, the derivative dψS/dU was considered constant at all voltage values, 
therefore, ψS = 0.28 × U.

The CV characteristics were used to calculate the spectra of the density of surface states at the 
ZnO/n-Si interface, from which it follows that upon annealing zinc oxide films in argon, the effective 
density of states of Au/ZnO/n-Si heterostructures is approximately an order of magnitude higher than 
upon annealing in oxygen (3.5 × 1012 and 6 × 1011 eV–1 cm–2, respectively).

As a result of the analysis of the experimental data, the following values of the parameters of the 
samples were obtained, shown in Table 1.

Calculations showed that the obtained values of the concentration of charge carriers and the capacitance 
of the dielectric for different samples were of approximately the same order of magnitude, which agrees 
with the manufacturing conditions. The obtained values of the effective density of surface states are  
in the range characteristic of the silicon-dielectric interface.

The value of the relative permittivity, according to calculations, turned out to be below the table value 
(εi = 9). It can be assumed that this is caused by the inhomogeneity of the surface of the ZnO films and 
requires additional study.

The theoretical and experimental C-V characteristics are shown in Figure 4.

Table 1. Parameters of the investigated heterostructures 

Parameter Sample group

1 2 3 4

ZnO film thickness d, μm 0.71 0.84 0.62 1.2

Sample resistance R, MOhm 0.97 0.4 1.43 1.19

Sample resistivity ρ, MOhm∙cm 98.7 34 165.8 71.9

Concentration of free charge carriers (electrons) in ZnO, n0 × 108, cm–3 3.16 9.18 1.88 4.34

Effective density of states in the conduction band in silicon, Nc, cm–3 3,5 × 1018

Position of the Fermi level relative to the bottom of the conduction 
band Wf  – Wc, eV –0.6 –0.57 –0.61 –0.59

Work function qφs, eV 4.95 4.92 4.96 4.94

×
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The use of the described method gives an acceptable agreement between the experimental and theoretical 
C-V characteristics, which is confirmed by the value of the Pearson correlation coefficient kP = 0.9959008 
(Pearson 1895). A similar approximation was carried out for all the samples when connected to rectifying 
(Au) and non-rectifying (In) contacts. Note that for all the samples, the model and experimental characteristics 
for the depletion region practically coincided.

Comparison of the measurement results was carried out for different contacts on each sample (Fig. 5).

Fig. 4. Experimental C-V characteristic for the sample of group 1 measured on Au contacts at a frequency  
of 1 kHz (Trace 1) and modeled theoretical dependence for an ideal MIS structure at low frequencies  

with flat band voltage offset and the surface state density taken into account (Trace 2)

Fig. 5. Comparison of the normalized dependences of the effective capacity of the samples  
of a batch on the voltage for Au and In contacts
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The authors of (Pearton et al. 2005) noted the presence of electron traps with energies of 0.2 and 0.3 
eV at the Au-ZnO interface. Another factor affecting the capacitance characteristics is the possible 
inhomogeneity of the thickness of the ZnO thin film. The diffusion of metal atoms from the contacts 
into the bulk of ZnO is possible, which reduces the thickness of the insulating layer.

The comparison of the measurement results was carried out for different contacts on each sample. 
Since for each group of the samples we are talking about the same silicon substrate, the differential 
capacitance for each group of the samples should be the same. However, for the samples of groups 1 
and 4, the differential capacities in the case of measurements at the In/ZnO/n-Si/Al and Au/ZnO/n-Si/
Al contacts are different. This may be due to the nonuniform distribution of defects and traps at the 
ZnO/n-Si interface, charge spreading, and an increase in the effective area of the upper contact when 
the In/ZnO/n-Si/Al contact is connected.

The difference between the theoretically calculated and experimental values of the specific capacity 
of the investigated samples with Au/ZnO/n-Si/Al contacts is shown in Fig. 6.

With an increase in the positive potential, a noticeable decrease in the ZnO capacitance is observed, 
possibly associated with the activation and movement of mobile ions in the dielectric film. The difference 
in the capacitance in the accumulation mode of the In/ZnO/n-Si/Al and Au/ZnO/n-Si/Al connections, 
and the type of capacitance-voltage characteristic for the rectifying contact indicated the presence  
of a built-in charge trapped in traps at the Au-ZnO boundary.

Conclusion

The study of current-voltage and capacitance-voltage characteristics of semiconductor heterostructures 
In/ZnO/n-Si/Al and Au/ZnO/n-Si/Al has been carried out.

The influence of the technology of annealing the samples based on microcrystalline ZnO and the 
contact material on the characteristics of the structures is investigated.

It was found that the experimental capacitance-voltage characteristics of the objects under study are, 
in general, similar to the characteristics of MIS structures. Based on this, it was concluded that thin ZnO 
films in In/ZnO/n-Si/Al and Au/ZnO/n-Si/Al heterostructures can be regarded as an analogy  
of the dielectric of MIS structures.

The processing of the results obtained in the Mathcad programme made it possible to obtain the value 
of the density of surface states, the value of the built-in surface charge, to estimate the value of the 
concentration of free charge carriers in the silicon substrate, and other parameters.

Fig. 6. The difference between the theoretically calculated and experimental value of the capacitance of  
the samples of batch 1 at the rectifying contacts at a frequency of 1 kHz
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It was found that upon annealing zinc oxide films in argon, the effective density of states  
of Au/ZnO/n-Si heterostructures is approximately an order of magnitude higher than upon annealing 
in oxygen (3.5 × 1012 and 6 × 1011 eV–1 cm–2, respectively).

Possible reasons for the deviation of the capacitance of the heterostructure from the theoretically 
calculated values are analyzed.
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