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Recently it has been found that the heterostructures of n-ZnO/p-Si are promising photovoltaic alter-
natives to silicon homojunctions. It is well known that the energy band diagram of a heterostructure
is crucial for the understanding of its operation. This paper analyzes the ZnO/p-Si heterostructure
band by using free AMPS-1D computer program simulations. The obtained numerical results are
compared with theoretical calculations based on the depletion region approximation model and the
Poisson’s equation for electric potential. The results of the simulation are also compared with the
experimental C-V characteristics of the test n-ZnO/p-Si heterostructure. The simulated C-V char-
acteristics is qualitatively consistent with the experimental C-V curve, which confirms the correct-
ness of the determined band diagram of the n-ZnO/p-Si heterostructure.
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1. Introduction

Over the past two decades the photovoltaic market has developed more rapidly than
presumed by the most optimistic forecasts. Nowadays homo- and heterojunctions for
this purpose are produced. They are made, e.g. of Si, AIIIBV materials or chalcogenides.
The highest solar cell efficiency is over 45% [1]. However, nowadays most commercial
solar cells are based on silicon wafers. Their efficiency is about 22% [2]. Nevertheless,
there is a race in search of cheaper materials and solutions.

Recently it has been shown that the heterostructures of n-ZnO/p-Si are a promising
photovoltaic alternative to silicon homojunctions [3]. First of all, this oxide is rela-
tively transparent [4–6], therefore photons can get easily to the p-n junction. Secondly,
ZnO conductivity is fairly high [7–10], which results in efficient photocurrent collection.
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In the study presented in this paper, the energy band diagram of the test n-ZnO/p-Si
heterostructure is examined. For this purpose, the AMPS-1D program is used, which was
invented at the Pennsylvania State University by Professor Steven Fonash [11]. 

Considered heterojunction is made from semiconductors doped by one type of
dopants – ZnO does not have any acceptors and Si has only acceptors.

The heterostructure has been made at the Institute of Physics, Polish Academy of
Sciences, Warsaw. The ZnO layer has been grown on a commercial cheap Si substrate
by means of the Atomic Layer Deposition method. Substrates were p-type silicon wa-
fers with the resistivity of 2 Ωcm, thickness of 180 µm and orientation (100). 

2. Theoretical calculations

2.1. DRA model and Poisson’s equation

In the present work, a 1D energy band diagram of the n-ZnO/p-Si heterostructure was
considered. In order to obtain the band diagram of a heterojunction, it is essential to
determine firstly the charge density ρ(x), the electric field E(x) and the electrostatic
potential V (x). Therefore, it was necessary to use Poisson’s equation:

(1)

where ε0 and εr denote vacuum and relative permittivity, respectively.
Charge density is expressed by the following equation:

(2)

Here, accordingly,  and  mean concentrations of ionized donors and ac-
ceptors, whereas p (x) and n (x) are free holes and free electron concentrations, corre-
spondingly.

Depletion region approximation (DRA) model assumes that in the junction area
there are no free electrons nor holes – the only one contribution to charge density comes
from ionized dopants.

2.2. Band diagram

After finding electrostatic potential, it is possible to determine the band diagram of
a p-n junction. At the beginning it is worth setting the level of reference at E0 – the
energy of free electron outside the electrically neutral semiconductor. Then it is pos-
sible to find the energy of local vacuum level EL from the following equation:

(3)

Next relevant elements of the band diagram require knowledge of material parame-
ters, like electron affinity χ(x) and bandgap EG(x). The bottom of conduction band EC(x)
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and the top of valence band EV(x) are determined from the following equations, re-
spectively,

EC(x) = EL(x) – χ (x) (4)

EV(x) = EC(x) – EG(x) (5)

In order to determine the Fermi level, one can take into account the n-type semi-
conductor (in this work – ZnO) and find its bottom of conduction band EC(x1) in po-
sition x1, where it is constant – preferably far away from the p-n junction. Then, Fermi
energy is expressed as

(6)

where k denotes the Boltzmann constant, T – temperature in Kelvins, NC is the effective
density of states at the bottom of conduction band and n0 means electron concentration
in considered semiconductor before creating heterojunction. What is important, EF is
constant in the equilibrium state, and has the same value.

2.3. Heterojunction properties

If one wants to compare theoretical calculation with computer simulations or measure-
ments, it will be difficult without knowledge about some heterojunction parameters.
Hence we will discuss here the built-in potential Vbi, junction capacitance C and sizes
of the p-n junction from p- and n-type semiconductor, accordingly xp and xn.

When two different semiconductors are being encountered, electrons migrate from
the semiconductor with higher Fermi level to material with lower Fermi level. It results
in the presence of uncompensated dopant ions and they create built-in potential. Vbi is

EF EC x1  kT
NC

n0

----------
 
 
 

ln–=

p-type n-type
semiconductor

xj x

xp xn

semiconductor

Fig. 1. P-n junction model used in theoretical calculations. Here, xj denotes the junction position. Deple-
tion region width is the sum of xn and xp. Signs “+” and “–” are uncompensated acceptors and donors,
respectively.
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a difference between local vacuum levels (determined at long distance from the p-n junc-
tion) for both semiconductors. This quantity is determined from the following equation:

(7)

where NV is the effective density of states at the top of valence band. NA and ND mean
acceptor and donor concentrations, correspondingly. Indexes N and P are related to the
n- and p-type semiconductor, respectively.

According to Fig. 1, one can determine the size of a depletion region, assuming
DRA model. These quantities are expressed as 

(8)

(9)

There are also indexes N and P, which mean the same as in Eq. (7). Vout is the outside
voltage applied to the junction. If Vout < 0, the junction will be reversed-biased.

Graphical results of theoretical calculations, assuming NA > ND, are presented in
Fig. 2.
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Fig. 2. Charge density ρ (x) of the above-mentioned heterojunction. Here xj is set to zero. Due to the
charge conservation principle, it is easy to notice that NAxp = ND xn (a). Electric field E (x). If n- and
p-type semiconductors are different materials, the electric field is not continuous in x j (b). Electrostatic
potential V (x) dependences on position x. For both homo- and heterojunction it is continuous in x j (c).

ρ(x)

ρ(x+
j )

xx = –xp x = xn

ρ(x–
j )

E(x)

Vbi

V(x)

ΔVN

ΔVP

a b

c

x

x

E(x+
j )

E(x–
j )

x = –xp x = xn

x = –xp

x = xn



Determination of the band structure diagram... 139
It is important to clarify symbols in Fig. 2. Superscript at the xj, “+” or “–”, means
 or  respectively. These quantities are expressed by the fol-

lowing formulas:

(10)

(11)

(12)

(13)

(14)

(15)

Another important parameter of the heterojunction is the capacitance C. It is ex-
pressed as [12]

(16)

where S denotes the junction surface. Equation (16) is useful in comparing C-V char-
acteristics and theoretical predictions. Then it is helpful to find the following quantity:

(17)

The slope of the  dependence yields the concentration of ND if NA

is known, or vice versa.

2.4. DRA results for unbiased p-Si/n-ZnO junction

The input parameters which were used in the DRA calculations are gathered in Table 1.
The electron affinity for ZnO was taken from Ref. [14]. In the paper, it is written

that the electron affinity for ZnO is reported by different authors within a broad range
of 3.7–5.0 eV. In our calculations we have chosen 3.7 eV. Calculations were performed
for the test n-ZnO/p-Si heterostructure and two others of different donor and acceptor
concentrations given in Table 2. The concentration of acceptors in p-Si for the test
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structure was assumed based on the information of the manufacturer, while the con-
centration of donors in the ZnO layer was obtained from the C-V measurements (cf.
Section 4).

The most important parameters, obtained from the calculations are contained in
Table 3.

Based on the above data, it can be seen that the dopant concentration, NA and ND,
has a significant impact on xn and xp and hence on the shape of the band diagrams.

3. Computer simulations

AMPS program, besides the data from Table 1, required also mobilities for electrons (μe)
and holes (μh). For Si they are μe = 1000 cm2V–1s–1 and μh = 500 cm2V–1s–1 [14]. For
ZnO carrier mobilities were μe = 130 cm2V–1s–1 and μh = 3 cm2V–1s–1 and they were
provided by the producer of the measured sample. First of all, we modelled charge den-
sity and compared obtained results with DRA model (see Fig. 3). Later, the AMPS pro-

T a b l e 1. N-ZnO/p-Si heterojunction material parameters used in the DRA model.

Parameter p-Si n-ZnO

εr [–] 11.9 [14] 8.5 [13]

NC [cm–3] 2.80 × 1019 [14] 2.20 × 1018 [14]

NV [cm–3] 1.04 × 1019 [14] 1.80 × 1019 [14]

EG [eV] 1.12 [14] 3.30 [14]

χ [eV] 4.05 [14] 3.70 [14]

T a b l e 2. Dopant concentrations, NA in p-Si and ND in n-ZnO.

Case NA [cm–3] ND [cm–3]

I – test structure 8.00 × 1015 1.81 × 1015

II 1.33 × 1015 1.07 × 1016

T a b l e 3. Parameters of the calculated heterojunction in two above-mentioned cases.

Parameter Case I Case II

xn [µm] 0.701 0.120

xp [µm] 0.159 0.963

 [Ccm–3] –1.28 × 10–3 –2.13 × 10–4

 [Ccm–3] 2.90 × 10–4 1.71 × 10–3

 [Vcm–1] –1.93 × 104 –1.95 × 104

 [Vcm–1] –2.70 × 104 –2.73 × 104

qVbi [eV] 1.10 1.10

qΔVN [eV] 0.95 0.16

qΔVP [eV] 0.15 0.94

ρ xj
– 

ρ xj
+ 

E xj
– 

E xj
+ 
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gram calculated the electric field, using received ρ (Fig. 4). Finally, we band diagrams
(see Fig. 5).

Moreover, AMPS program takes into account metallic contacts, contrary to theo-
retical calculations. Hence, it was necessary to set difference between the contact work
function and the electron affinity of semiconductor.

In these simulations, refractive indexes for the front and the back contact were set
to 0 and 1, correspondingly.

One can conclude that the quantum well traps free electrons. Sometimes, like in
case II, they have a big influence on the charge density and, in the face of the above,
further calculations based on DRA model are entirely incorrect. To sum up, computa-
tional results are presented in Table 4.

4. Measurements

After getting n-ZnO/p-Si sample, C-V and I-V measurements were carried-out.
The p-n junction cross-section (with contacts) is shown in Fig. 6.

T a b l e 4. Heterojunction parameters obtained from computer simulations.

Parameter Case I Case II

xq [µm] 0.21 0.23

ΔEq [eV] 0.17 0.73

 [Ccm–3] –1.28 × 10–3 –1.04 × 10–2

 [Ccm–3] 2.90 × 10–4 1.71 × 10–3

 [Vcm–1] –1.87 × 104 –3.08 × 104

 [Vcm–1] –2.63 × 104 –3.94 × 104

qVbi [eV] 1.04 1.10

qΔVN [eV] 0.93 0.37

qΔVP [eV] 0.11 0.73

ρ xj
– 

ρ xj
+ 

E xj
– 

E xj
+ 

E [eV] Al2O3

Ti/Au

n-ZnO 0.2 μm

p-Si 180 μm

Al

Fig. 6. Cross-section of the considered sample. Acceptor concentration in silicon, NA = 8.00 × 1015 cm–3

was given by the manufacturer. Junction surface is S = 0.144 cm2.
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From C-V measurements (compared in Fig. 7a with results from Eq. (16)) one can
confirm correctness of donor concentration, ND = 1.81 × 1015 cm–3, assumed in theo-
retical calculations. First of all, it is necessary to draw dependence from Eq. (17) and
find a slope coefficient α (see Fig. 7b). Then, transforming the above-mentioned for-
mula, one can calculate ND. 

Theoretically calculated capacitance is smaller than the measured value. This dif-
ference comes from the fact that the DRA model does not take into account the surface
states at the heterojunction interface. However, the capacitance dependence on Vout is
similar in both cases.

In Fig. 8 simulated and experimental I-V characteristics are also shown. Both curves
do not fit. There must be additional current transport mechanisms in a real heterostruc-
ture, like excess tunneling current due to the presence of a surface state at the ZnO-Si
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heterointerface. In the model, the resistivity of the ohmic contacts is neglected and this
may be the reason of the experimental I-V curve shift with respect to the simulated one.

5. Conclusions

To sum up, a simulation of the charge density, electric field and band diagram of a test
n-ZnO/p-Si heterostructure has been performed. The donor concentration used in the
simulation was confirmed by the C-V measurements. Finally, the simulated I-V char-
acteristics was compared with the measured I-V curve.

The numerical I-V characteristics based on the simulated band diagrams are qual-
itatively consistent with the experimental C-V curve, therefore the determined band
diagram of the studied n-ZnO/p-Si heterostructure is correct. 

In the considered case, the DRA model is sufficient. However, there is a possibility
that in the case of a n-ZnO/p-Si sample with other concentrations of dopants, the free
electrons will be successfully trapped by a quantum well at the conduction band, and
the above-mentioned approximation will be unsatisfactory to explain the heterostruc-
ture band diagram [15].
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