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a b s t r a c t

A ZnO/p-InP heterojunction has been fabricated by dc sputtering of ZnO on p-InP. It has been observed that
the device has a good rectification. The electrical properties of the device such as ideality factor, barrier
height, series resistance have been calculated using its current–voltage (I–V) measurements between 300
and 380 K with 20 K intervals. The short current density (Jsc) and open circuit voltage (Voc) parameters
vailable online 29 March 2011

eywords:
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have been determined between 40 and 100 mW/cm2. The photovoltaic parameters of the device have
been also determined under 100 mW/cm2 and AM1.5 illumination condition.

© 2011 Elsevier B.V. All rights reserved.
olar cell
puttering

. Introduction

As a direct band gap semiconductor, zinc oxide (ZnO) has band
nergy of more than 3.3 eV and more than 60 meV of exciton
inding energy [1–3]. Transmittance of visible light through the
hin ZnO is about 80% [4,5]. ZnO shows better radiation resis-
ance than GaN for possible devices used in space and nuclear
pplications. Formation of ZnO thin films has been an active field
ue to its unique semiconductive and piezoelectric dual prop-
rties [6]. ZnO films have been prepared by various processes
ncluding pulsed laser deposition (PLD) [7], rf and dc magnetron
puttering [8,9], thermal evaporation [10], spray pyrolysis [11,12],
ol–gel [13,14], and hydrothermal method [15]. The thin films of
nO have numerous applications, such as energy efficient win-

ows, solar cells, liquid crystal displays, and other electronic and
ptoelectronic devices [10,16–18]. For instance, Badran et al. [10]
ave grown hexagonal-shaped ZnO nanorods on p-silicon substrate
ia thermal evaporation of metallic zinc powder in the pres-
nce of oxygen. They have analyzed the temperature-dependent
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current–voltage (I–V) characteristics of p-Si/n-ZnO heterojunction
diode.

Because of its 1.35 eV direct band gap, high carrier mobility,
high saturation velocity, high absorption coefficient just above the
band gap and breakdown voltage [19,20], indium phosphate (InP)
is a promising material for high-speed electrical and optoelec-
tronic devices such as photodetectors and solar cells [21,22]. InP
solar cells have superior radiation resistance and this has led to
considerable work on InP cells for space applications [23]. Many
devices based on InP have been produced. For instance, Gullu
and Turut [24] have formed quercetin/p-InP organic–inorganic
(OI) solar cell via solution-processing method and character-
ized by current–voltage (I–V) and capacitance–voltage (C–V)
measurements at room temperature. They also determined
the photovoltaic behaviour of the device under 120 l× light
intensity.

The main aim of this study is to analyze the electrical and pho-
toelectrical properties of a ZnO/p-InP heterojunction obtained by
dc sputtering process. For this aim, we have obtained ZnO/p-InP
heterojunction by dc sputtering of ZnO on p-InP wafer. The electri-
cal properties of the device such as ideality factor, barrier height,
and series resistance have been determined using I–V measure-
ments of the diode between 300 and 380 K. The effects of light on

electrical properties of the device have been examined under a sim-
ulator with 40–100 mW/cm2 light intensity and 1.5AM global filter.
In addition, the photovoltaic properties of the cell have been deter-
mined by means of current density–voltage (J–V) of the cell under
100 mW/cm2 light intensity.

dx.doi.org/10.1016/j.jallcom.2011.03.114
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. The illustration of Al/ZnO/p-InP/Zn–Au device under solar simulator.

. Experimental procedures

In this study, the ZnO/p-InP heterojunction was prepared using one side pol-
shed (as received from the manufacturer) and Zn doped p-type InP wafer with
.8 × 1017 cm−3 doping density. Firstly, the p-InP wafer was chemically cleaned by
0 s boiling in 3H2SO4 + H2O2 + H2O. The native oxide of the wafer was removed

n a HF:H2O (1:10) solution for 30 s and finally the wafer was rinsed in deionized
ater and under N2 atmosphere. The ohmic contact was made by evaporating Au–Zn

90–10%) alloy on the back of the substrate, followed by a temperature treatment at
50 ◦C for 3 min under N2 atmosphere. The p-InP/Au–Zn structure was inserted into a
acuum chamber. A ZnO target with a diameter of 2 in. bought from Lesker Company
as been used in this study. During the sputtering process, Ar gas was introduced

nto the chamber and the pressure of the chamber was kept at 5 × 10−3 Torr. The
hickness of ZnO thin film was measured as 50 nm using a thickness monitor which
as previously calibrated by DEKTAK 6M profilometer for ZnO thin films. The growth

ate was about 1 Å/s. After formation of ZnO, Al was thermally evaporated on the
tructure through a shadow mask which has a grid shape in the vacuum system
t 3 × 10−6 Torr as a front contact. The effective area of ZnO/p-InP heterojunction
as 0.23 cm2. The I–V measurements of the structure were performed by Keithley

400 sourcemeter in the range of 300–380 K. A solar simulator with 100 mW/cm2

llumination and 1.5AM global filter was used for photovoltaic measurements of
he device. Fig. 1 presents the illustration of Al/ZnO/p-InP/Zn–Au device under solar
imulator.

. Results and discussion

.1. Dark current–voltage properties of Al/ZnO/p-InP structure

The experimental dark I–V measurements of the Al/ZnO/p-InP
eterojunction between 300 and 380 K are presented in Fig. 2. As it

s seen from the figure, the device has a good rectification property
nd the reverse bias current of the junction strongly depends on
emperature. To analyze the electrical properties of the device in
ark, the well known thermoionic emission theory can be used.
ccording to the theory, the net current across to the structure can
e written as [25]

= I0 exp
(

qV

nkT

)[
1 − exp

(
−qV

kT

)]
(1)

here I0 is the reverse saturation current, q the electronic charge, V
he applied voltage, k the Boltzmann constant, T the absolute tem-
erature and n the ideality factor. The ideality factor of the device

as determined between 1.68 and 1.54 from the slope of the lin-

ar region of forward bias I–V plots (Fig. 2). The calculated results
re given in Table 1. The obtained n value of the device greater
han unity implies deviation from ideal diode. This deviation may
e due to the series resistance and the presence of surface states

able 1
lectrical parameters of Al/ZnO/p-InP heterojunction between 300 and 380 K obtained fro

Temperature ln I–V Norde

n �b (eV) F(V0)

300 1.68 0.81 0.794
320 1.64 0.83 0.810
340 1.60 0.85 0.835
360 1.56 0.87 0.862
380 1.54 0.90 0.888
Fig. 2. The experimental dark I–V measurements of the Al/ZnO/p-InP heterojunction
between 300 and 380 K.

in ZnO [18]. Yakuphanoglu [18] calculated the ideality factor of
Au/ZnO:Co/n-Si device obtained by using sol–gel deposition of Co-
doped ZnO (ZnO:Co) film on n-type silicon as 2.79. Ghosh et al.
[26] obtained SnS/ZnO heterojunction using electrodeposited ZnO
film and determined the ideality factor of the junction to be 1.28. In
addition, as seen from Table 1 the ideality factor decreases with the
increase in temperature. Similar results for metal–semiconductor
(MS) contacts and metal–interlayer–semiconductor (MIS) have
been reported [27–31].

The saturation current of a device is given by the following equa-
tion

I0 = AA∗T2 exp
(

−q�b

kT

)
(2)

where A is the diode contact area, A* the Richardson constant
equals to 36 A cm−2 K−2 for ZnO [32] and �b the barrier height.
The barrier height of the Al/ZnO/p-InP heterojunction was calcu-
lated between 0.81 and 0.90 eV from the reverse saturation current
values obtained from Fig. 2 by the help of Eq. (2). Since current
transport across the MS interface is a temperature activated pro-
cess, electrons at low temperatures are able to surmount the lower
barriers and therefore, the current transport will be dominated by
current flow through the patches of lower Schottky barrier height
and a larger ideality factor. As the temperature increases, more
and more electrons have sufficient energy to surmount the higher
barrier [27,33,34]. As a result, the saturation current and the dom-
inant barrier height increase and the ideality factor decreases with
increasing the temperature.
The forward bias I–V plots of the diode deviate from linearity at
high voltages because of the series resistance. Norde functions can
be used to determine the series resistance of the device using for-
ward bias I–V data. Norde’s method is defined by following relation

m its I–V measurements.

(V) V0 (V) �b (eV) Rs (k�)

0.109 0.82 11.14
0.090 0.83 8.87
0.096 0.85 6.33
0.086 0.87 4.23
0.085 0.90 2.30
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where Jm is the current density and Vm the voltage at maximum
power point under the light, Voc the open circuit voltage and Isc the
closed circuit current. Table 2 presents all photovoltaic parameters
of ZnO/p-InP solar cell at 100 mW/cm2 and AM1.5 filter. Photo-
voltaic properties of some ZnO/n-InP heterojunctions fabricated

Table 2
Photovoltaic parameters of ZnO/p-InP heterojunction.

Cell parameters Values under 100 mW/cm2 and
AM1.5 illumination

Isc (�A) 101
Voc (mV) 523
Fig. 3. The F(V) vs. V plots for the Al/ZnO/p-InP heterojunction.

35,36]

(V) = V0

�
− kT

q

(
I(V)

AA∗T2

)
(3)

here � is the first integer greater than ideality factor and I(V) the
urrent obtained from I–V characteristics. In this study, all n values
re between 1 and 2 and � is taken as 2 for Al/ZnO/p-InP diode. The
(V) vs. V plots for the diode is given in Fig. 3. The barrier height of
he device can be expressed as

b = F(V0) + V0

�
− kT

q
(4)

here F(V0) is the minimum value of F(V) and V0 is the correspond-
ng voltage value. The Rs of the diode is calculated through the
elation

s = kT(� − n)
qI0

(5)

he barrier height values of the junction increase from 0.82 to
.90 eV between 300 and 380 K. The barrier height values of
he heterojunction obtained from Norde’s equations are in good
greement with the ones obtained from ln I–V plots. The series
esistances of the device decrease from 11.14 k� to 2.3 k� in the
ame temperature interval. The increase of Rs with the fall of tem-
erature can be attributed to the increase of n and lack of free carrier
oncentration at low temperatures [27,37].

.2. Photovoltaic properties of ZnO/p-InP structure

To see the effect of light, I–V properties of the diode in dark and
nder 100 mW/cm2 are shown in Fig. 4a. As seen from the figure
he ZnO/p-InP heterojunction has a very strong light sensitivity and
he reverse bias current increases about 2000 times at −1 V. The
hotovoltaic properties of a solar cell can be analyzed using its cur-
ent density–voltage (J–V) properties. The J–V measurements were
aken under 40, 60, 80 and 100 mW/cm2 illumination conditions
o see the effects of light intensity and presented in Fig. 4b. The
hotocurrent density of the cell increases from 171 to 437 �A/cm2
nd the open circuit voltage increases (Voc) from 477 to 523 mV
hen the light intensity is increased 40–100 mW/cm2. Moreover,

he photovoltaic properties of the cell were determined using the
–V data obtained under the light with 100 mW/cm2 and AM1.5 fil-
Fig. 4. (a) I–V properties of the ZnO/p-InP cell in dark and under 100 mW/cm2. (b) J–V
measurements of the ZnO/p-InP cell under 40, 60, 80 and 100 mW/cm2 illumination.

ter. The solar power conversion efficiency (�) and the fill factor (FF)
of the cell can be determined using equations [38]

� = VmxJm
Pin

(6)

where

FF = VmxJm
VocxIsc

(7)
Im (�A) 58
Vm (mV) 297
FF 0.32
� (%) 0.0754
Cell area 0.23 cm2



6 and Co

u
[
e
b
l
j
a
f
o
b
t
a
t
o
o
s
a
c
d
r

4

t
f
w
b
b
s
w
t
2
w
d
e

R

[

[

[

[
[
[
[

[
[
[
[

[
[
[

[
[

[
[
[

[
[
[

[

[

[
[

634 Y.S. Ocak et al. / Journal of Alloys

sing different methods have been analyzed by different authors
4,39,40]. For instance, Purica et al. [4] have formed ZnO/p-InP het-
rojunction by the ZnO thin film deposition on p-InP epitaxial layer
y the decomposition of metaloorganic compounds as Zn acety-

acetonate. They have analyzed the photovoltaic properties of the
unction under 1 kl× light intensity and found Voc and Isc values
s 0.52 V and 120 �A, respectively. Pande and Manikopoulos [40]
abricated ZnO-p-InP heterojunctions by means of a reactive evap-
ration technique for the deposition of ZnO. They formed ZnO layer
y evaporating Zn in oxygen at 10 mTorr and annealing the struc-
ure in Argon atmosphere. The cells had a high efficiency (6.6%)
nd low series resistance (30 �). Under air mass one illumination
he cells exhibit a photovoltaic effect with an open-circuit voltage
f 0.56 V, a short-circuit current of 19.3 mA cm−2 and a fill factor
f 0.61. When the results are compared with these studies, it is
een that the Voc values of ZnO/p-InP are very close to each other
nd the Isc values are very different. The difference in Isc values
an be attributed to the effects of series resistance values of the
evices which may depend on ZnO formation method and the bulk
esistance of ZnO layers.

. Conclusions

A 50 nm ZnO thin film was formed on p-InP wafer to analyze
he electrical properties of ZnO/p-InP heterojunction. The ideality
actor, barrier height and series resistance of the heterojunction
ere determined using its current–voltage (I–V) measurements

etween 300 and 380 K with 20 K intervals. It was seen that the
arrier height of ZnO/p-InP device increased and ideality factor and
eries resistance of the structure reduced while the temperature
as increased. In addition, the effect of light on electrical proper-

ies of the device was examined between 40 and 100 mW/cm2 with
0 mW/cm2 intervals. The photovoltaic parameters of the device
ere determined under 100 mW/cm2 and AM1.5 illumination con-
ition and it was observed that the cell had power conversion
fficiency and fill factor as % 0.0754 and 0.32 values, respectively.
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