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a  b  s  t  r  a  c  t

ZnO  thin  films  were  formed  on  a p-Si  semiconductor  and  a  glass  by  DC  sputtering  technique.  The  ZnO
films  were  analyzed  using  UV–vis  spectroscopy  and  X-ray  diffraction  (XRD).  Electrical  and  photoelectrical
parameters  of ZnO/p-Si  heterojunction  were  determined  by  current–voltage  (I–V),  capacitance–voltage
(C–V)  and capacitance–frequency  (C–f)  of  the device  in dark  and  under  the  light  with  100  mW/cm2 and
AM  1.5  illumination  property.  The  device  had  a  good  rectifying  property  with  1.35  ideality  factor,  0.76  eV
eywords:
inc oxide
puttering
eterojunction
lectrical properties

barrier  height  and  6.69 k�  series  resistance  values.  It was  seen  that  I–V,  C–V  and  C–f  measurements
of  the  heterojunction  had  good  sensitivity  to the  light  and  the  device  behaves  as  a  photodiode  and  a
photocapacitor.

© 2011 Elsevier B.V. All rights reserved.
hotoelectrical properties

. Introduction

Zinc oxide (ZnO), a binary II–IV compound, is one of the impor-
ant n-type semiconducting materials with 3.37 eV direct band gap
nd high transparency. Chemical and thermal stability and strong
nti-radiation damaging ability are important parameters which
ake ZnO as an attractive material in device physics [1,2]. ZnO

hin films have been widely studied because of their potential
pplications such as gas sensors, solar cells, optoelectronic devices,
ransparent conducting electrodes and optical waveguides [3–7].

ZnO thin films can be deposited on different substrates using
any kinds of techniques including chemical vapor deposition,

pray pyrolysis, electrodeposition, pulsed laser deposition and DC
nd RF magnetron sputtering [8–16]. For instance, Bacaksiz et al.
9] have formed ZnO thin films using zinc chloride, zinc acetate and
inc nitrate precursors by spray pyrolysis technique on glass sub-
trates and determined their structural and optical properties by
-ray diffraction (XRD), scanning electron microscope (SEM) and
ptical transmittance spectra.

Recently, quite a lot of research groups have devoted to fab-
ication of ZnO based junctions due to potential applications in
ptoelectronic devices [9,13,17–20]. For instance, a heterojunction
omposed of n-type Al-doped ZnO and p-type Si has been fabri-

ated by the laser molecular beam epitaxy (LMBE) technique and
ts photovoltaic properties have been studied at room tempera-
ure by Wang et al. [17]. They have shown that Al-doped ZnO/Si

∗ Tel.: +90 412 248 80 30x8889; fax: +90 412 248 82 57.
E-mail address: yusufselim@gmail.com

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.005
heterojunction has a great potential application in the wide-band
photodetectors from ultraviolet to near infrared.

Sputtering technique is extensively used to deposit thin films
in very large scale integration fabrication. The technique can offer
uniform thickness over large wafers. Therefore, in this study, ZnO
thin films were formed on a p-Si wafer and a glass to analy-
sis the optical band gap and morphological properties of ZnO
thin film formed by DC sputtering technique. Then, the electrical
and photoelectrical properties of a ZnO/p-Si heterojunction were
examined using current–voltage (I–V), capacitance–voltage (C–V)
and capacitance–frequency (C–f) measurements in dark and under
100 mW/cm2 and AM 1.5 illumination condition.

2. Experimental procedures

2.1. Formation of ohmic contact to p-Si wafer

A  p-type Si wafer with (1 0 0) orientation and 1–10 � cm resistivity was used
in  the experiment. The wafer was  boiled in trichloroethylene for 5 min and rinsed
in  acetone and isopropanol by ultrasonic vibration. It was etched by a solution of
H2O/HF (10:1) for 30 sn to remove the native oxide layer on wafer. Preceding each
step, the wafer was rinsed in deionized water. It was dried under N2 atmosphere
and  inserted into a deposition chamber immediately after the etching procedure.
Al  is one of the good choices to make an ohmic contact to p-Si [21]. Therefore, the
ohmic contact was  made by sputtering 250 nm Al on the back side of the wafer, then
annealing at 450 ◦C for 15 min  in a N2 atmosphere.

2.2. Formation of ZnO thin film on p-Si wafer and a glass

A  ZnO target bought from Kurt J. Lesker Company with a diameter of 2 in. was

used for sputtering procedures. Before the formation of ZnO thin films, the front
side  of p-Si wafer was etched by a solution of H2O/HF (10:1) and dried under N2

atmosphere. Moreover, a glass was rinsed in acetone and isopropanol by ultrasonic
vibration and dried under N2 atmosphere. After the cleaning procedures the wafer
and the glass were immediately inserted into a vacuum chamber. The chamber,

dx.doi.org/10.1016/j.jallcom.2011.10.005
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yusufselim@gmail.com
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˛h� = B(h� − Eg)m (1)
ig. 1. (a) The schematic diagram of Al/ZnO/p-Si/Al structure and (b) the SEM image
f  the cross section of Al/ZnO/p-Si structure.

rstly, was  down to about 10−6 Torr. Ar gas was introduced into the chamber and
he  sputtering was  performed with about 1.2 Å/s speed at 5 × 10−3 Torr. The dis-
lacement between the target and substrate was about 10 cm, target and substrate
ere parallel to each other and the applied power to the target was  40 W during the

puttering process.

.3. Analysis of ZnO thin Films

XRD measurement of the ZnO film on p-Si wafer was carried out by using a
igaku Miniflex XRD system equipped with Cu K  ̨ radiation of average wavelength
f 1.54059 Å within the angle range 2�: 10–60◦ . UV–vis spectrometry was  taken
sing a Perkin Elmer Lambda 25 UV–vis spectrophotometer in order to see the
ransmittance of ZnO thin film and calculate the optical band gap of the film on
lass.

.4. Formation of an Al front contact and taking electrical measurements of the
evice

After analyzing the ZnO thin films, Al was  thermally evaporated using a shadow
ask in the vacuum system at 3 × 10−6 Torr. The diameter of circular Al contacts
as 1.5 mm.  The thicknesses of ZnO layer and Al contact were determined as 270

nd 140 nm,  respectively, using FEI Nova NanoSEM 430. The schematic diagram and
he cross section of Al/ZnO/p-Si structure obtained using FEI Nova NanoSEM 430 are
hown in Fig. 1a and b, respectively. The current–voltage (I–V) measurements were
erformed by Keithley 2400 sourcemeter and C–V measurements were executed by
gilent HP 4294A impedance analyzer (40 Hz–110 MHz). Photoelectrical measure-
ents were performed under a solar simulator with 100 mW/cm2 illumination and
M 1.5 global filter

. Results and discussion

.1. Analyze of DC sputtered ZnO thin films

To analyze the ZnO thin film on p-Si wafer, firstly, XRD measure-

ents were obtained. Fig. 2 shows the XRD pattern of ZnO thin film
ithin the 2� range of 10–60◦. As it is seen from the figure, there is

nly a strong peak at 34.05◦. It implies the (0 0 2) orientation which
s preferable orientation for ZnO films [9].
Fig. 2. XRD pattern of the ZnO thin film on a p-Si wafer within the 2� range of
10–60◦ .

Fig. 3a presents the optical transmittance spectra of the ZnO
thin film observed at room temperature. The film is transparent
to visible light and the optical transmittance values of films vary
between 70 and 87% in visible region. The optical band gap (Eg) of
the film formed on the glass can be calculated using the equation;
Fig. 3. (a) The optical transmittance spectra and (b) (˛h�)2–h� curve of the ZnO thin
film on a glass.
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ig. 4. I–V characteristics of the Al/ZnO/p-Si diode in dark and under a solar simu-
ator.

here  ̨ is the absorption coefficient, B is a constant and h is the
lank constant. The exponent m depends on the nature of the tran-
ition, m = 1/2, 2, 3/2, or 3 for allowed direct, allowed nondirect,
orbidden direct, or forbidden nondirect transitions, respectively
22,23]. It is well known that ZnO has an allowed direct band gap
nd m = 1/2 was used for the band gap calculation. Fig. 3b shows
˛h�)2–h� curve of ZnO thin film on glass according to Eq. (1).  The
g of ZnO thin film was determined as 3.28 eV by extrapolating the
traight line of the graph to intercept the photon energy axis. The
and energy of DC sputtered ZnO thin film was calculated as 0.09 eV
maller the one of ZnO single crystal (3.37 eV) [24]. The optical
bsorption at absorption edge corresponds to the transition from
alence band to conduction band, while the absorption edge shift-
ng to the lower energy relates to some local energy levels caused
y some intrinsic defects [25]. Optical properties of ZnO thin films
ormed using different methods and conditions have been analyzed
y some authors. For instance, Shan and Yu [26] have used pulsed

aser deposition (PLD) technique to deposit pure and Al-doped ZnO
hin films at different temperatures on glass substrates. They have
hown that the optical band gap of Al-doped ZnO thin films rang-
ng from 3.32 to 3.77 eV are higher than those of 3.25 to 3.28 eV
btained for pure ZnO thin films. Moreover, Mohanta and Pal [27]
ave formed junctions between two ZnO nanoparticles and they
ave reported that rectification is higher in nanodiodes with high
andgap nanoparticles.

.2. Current–voltage properties of ZnO/p-Si structure

The current–voltage (I–V) characteristics of the device in dark
nd under a solar simulator are presented in Fig. 4. The weak volt-
ge dependence of the reverse bias current and the exponential
ncrease in the forward bias current are the characteristic proper-
ies of rectifying contacts. As it is seen from the figure the device
as a good rectifying property in dark. The rectification ratio of the
tructure at ±1 V is about 1.4 × 104. It is assumed that the forward
ias current of the device for qV � 3kT is due to thermionic emis-
ion current and the net current of a diode with a series resistance
an be expressed as [28]:

 = I0 exp
(

q(V − IRS)
nkT

)
(2)
here I0 is the saturation current and written as

0 = AA∗T2 exp
(

−q�b

kT

)
(3)
pounds 513 (2012) 130– 134

where �b is the barrier height at zero bias, A is the diode area, A* is
the effective Richardson constant equals to 36 A cm−2 K−2 for ZnO
[29] and n is the ideality factor.

The ideality factor of the diode was calculated as 1.35 from the
slope of the linear region of Fig. 4 by the help of using the Eq. (2).
The ideality factor of an ideal diode should be unity. The obtained
n value of 1.35 implies deviation from ideal behavior which results
from the presence of surface states in ZnO, oxide layer on silicon
and series resistance of the diode [6].  I0 is determined from the
intercept of lnI  vs. V curve on the y-axis and the barrier height can
be obtained from the equation:

q�b = kT ln

(
AA∗T2

I0

)
(4)

The value of the �b was obtained from the I–V characteristics
using Eq. (4) to be 0.76 eV. The current curve in the forward bias
region becomes dominated by series resistance from contact wires
or bulk resistance of semiconductors, giving rise to the curvature
at high current in the lnI–V plot [30]. As known, the ideality factor
n is a measure of conformity of the diode to pure thermionic emis-
sion. The ideality factor value of 1.35 which is much larger than
1.1 shows that the transport properties of the device are not well
modeled by thermionic emission only. Thus the barrier height and
ideality factor are merely a curve fitting parameter due to the rec-
tifying properties of this sample and should not be interpreted as
representing the true parameters [31]. The series resistance of the
diode can be calculated by Norde functions [32] defined as

F(V) = V

�
− 1

ˇ
ln

(
I(V)

AA∗T2

)
(5)

where � is the first integer than ideality factor,  ̌ is a tempera-
ture dependent value calculated with  ̌ = q/kT and I(V) is the current
achieved from I–V data. � value was taken as 2 for Al/ZnO/p-Si struc-
ture. After determining the minimum value of F vs V plot, the barrier
height can be calculated from the equation

�b = F(V0) + V0

�
− kT

q
(6)

where F(V0) is the minimum F(V) value of F vs. V graph and V0 is the
corresponding voltage value. Fig. 5 shows the F(V)–V graph of the
Al/ZnO/p-Si diode. The series resistance (RS) of the junction can be
defined through the relation

RS = kT(�  − n)
qI

(7)

The F(V0) and V0 values were determined as 0.71 V and 0.20 V,
respectively. The values of �b and RS were calculated as 0.79 eV
and 6.69 k�, respectively.Very recently, similar studies have been
carried out by different groups. For instance, Choi et al. [18] have
fabricated vertical aligned p-Si nanowires (NW) by electroless wet
chemical etching of Si wafer and deposited ZnO onto p-type Si
NW arrays by RF sputtering technique to realize p-Si NWs/ZnO
heterojunction. They have determined electrical characteristics of
the device by I–V and C–V measurements. It has been shown that
the structure has forward-to-reverse current ratio of 519 at 3.0 V
and ideality factor of 4.5. Furthermore, Zebbar et al. [20] have
prepared n-ZnO/p-Si have been heterojunction structures by ultra-
sonic spraying of undoped ZnO thin films onto p-type Si (1 0 0)
substrates. They have reported the rectification ratio, ideality fac-
tor, barrier height and series resistance of the heterojunction as 36
at 3 V, 4, 0.67 eV and 4.8 k�, respectively.

Fig. 4 also presents the current–voltage characteristics of the

diode under a simulator with 100 mW/cm2 and AM 1.5 illumination
condition. As seen from the figure the photocurrent in the ZnO/p-Si
junction in reverse direction is strongly enhanced by photoillumi-
nation. This behavior gives information on the electron–hole pairs,
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Fig. 6. (a) C–V measurements of the Al/ZnO/p-Si diode in dark and under illumina-

diode.
Fig. 5. F(V)–V plot for the Al/ZnO/p-Si diode.

hich were effectively generated in the junction by incident pho-
ons [33,34]. The light increases the reverse bias I–V characteristics
bout 3200 times at −1 V. The maximum open circuit voltage (VOC)
nd short-circuit current (ISC) values for the diode were determined
o be 251 mV  and 19 �A, respectively. The photoelectric effect in the
tructure is because of the light-induced electron generation at the
epletion region of the structure [33].

.3. Capacitance–voltage and capacitance–frequency properties
f ZnO/p-Si structure

Fig. 6a shows the capacitance–voltage (C–V) measurements of
l/ZnO/p-Si diode in dark and under 100 mW/cm2 light at 500 kHz.
he depletion region capacitance can be written as [28]

1
C2

= 2(Vbi + V)
qεSA2Nd

(8)

here εS is the dielectric constant of ZnO (εS = 8.5) [35], Vbi is the
iffusion potential at zero bias determined from the extrapolation
f the linear reverse bias C−2–V plot and Nd the donor concentration
f ZnO. The C−2–V plot of ZnO thin film obtained by DC sputtering
echnique is presented in Fig. 6b. The Vbi and Nd values were deter-

ined as 0.66 eV and 1.955 × 1016 cm−3. The barrier height value
an be determined from the relation:

b(C−V) = Vbi + kT

q
ln

(
Nc

Nd

)
(9)

here Nc is the density of states in the conduction band
Nc = 3.35 × 1018 cm−3) [36]. The barrier height of the diode was
alculated using Vbi and Nd values using Eq. (8) and C−2–V data as
.79 eV. The barrier height value of the structure is 0.03 eV higher
han the one obtained from I–V measurements. This discrepancy in
he barrier height values obtained from I–V and C–V characteris-
ics results from different nature of the measurement techniques.
he capacitance is insensitive to potential fluctuations on a length
cale of less than the space charge region and C–V method averages
ver the whole area and measures to describe the �b. The dc cur-
ent across the interface depends exponentially on barrier height
nd thus sensitively on the detailed distribution at the interface
28,30].

As seen from Fig. 6a, C–V characteristics of the device

re strongly affected from light. The increase in the capaci-
ance is due to the illumination induced interface states and
lectron–hole pairs in the depletion region [37,38].  In addition,
he capacitance–frequency (C–f) measurements in dark and under
tion  and (b) C−2–V plot of the Al/ZnO/p-Si diode in dark.

illumination are presented in Fig. 7. The capacitance decreases with
increasing frequency due to the presence of the interface states. The
charges at the interface cannot follow the fast ac signal and they do
not contribute to the diode capacitance. The increase in the capaci-
tance under the light implies the photocapacitance behavior of the
Fig. 7. C–f measurements of the Al/ZnO/p-Si diode in dark and under illumination.
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. Conclusions

DC sputtered ZnO thin films were formed on a glass and a p-Si
afer using a ZnO target. The optical and morphological proper-

ies of the films were studied. It was seen that the film had (0 0 2)
rientation and 3.28 eV optical band gap. The electrical properties
f an Al/ZnO/p-Si diode were analyzed using its I–V, C–V and C–f
easurements in dark and under the light with 100 mW/cm2 illu-
ination. It was observed that the device had a good rectification

nd behaves as a photodiode and a photocapacitor.
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