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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/cm? and

AM 1.5 illumination property. The device had a good rectifying property with 1.35 ideality factor, 0.76 eV
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barrier height and 6.69kS2 series resistance values. It was seen that [-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

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO), a binary II-IV compound, is one of the impor-
tant n-type semiconducting materials with 3.37 eV direct band gap
and high transparency. Chemical and thermal stability and strong
anti-radiation damaging ability are important parameters which
make ZnO as an attractive material in device physics [1,2]. ZnO
thin films have been widely studied because of their potential
applications such as gas sensors, solar cells, optoelectronic devices,
transparent conducting electrodes and optical waveguides [3-7].

ZnO thin films can be deposited on different substrates using
many kinds of techniques including chemical vapor deposition,
spray pyrolysis, electrodeposition, pulsed laser deposition and DC
and RF magnetron sputtering [8-16]. For instance, Bacaksiz et al.
[9] have formed ZnO thin films using zinc chloride, zinc acetate and
zinc nitrate precursors by spray pyrolysis technique on glass sub-
strates and determined their structural and optical properties by
X-ray diffraction (XRD), scanning electron microscope (SEM) and
optical transmittance spectra.

Recently, quite a lot of research groups have devoted to fab-
rication of ZnO based junctions due to potential applications in
optoelectronic devices [9,13,17-20]. For instance, a heterojunction
composed of n-type Al-doped ZnO and p-type Si has been fabri-
cated by the laser molecular beam epitaxy (LMBE) technique and
its photovoltaic properties have been studied at room tempera-
ture by Wang et al. [17]. They have shown that Al-doped ZnO/Si
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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/cm?2 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 (100) orientation and 1-10 2 cm resistivity was used
in the experiment. The wafer was boiled in trichloroethylene for 5min and rinsed
in acetone and isopropanol by ultrasonic vibration. It was etched by a solution of
H,O/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 N, 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 N, 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 H,O/HF (10:1) and dried under N,
atmosphere. Moreover, a glass was rinsed in acetone and isopropanol by ultrasonic
vibration and dried under N, atmosphere. After the cleaning procedures the wafer
and the glass were immediately inserted into a vacuum chamber. The chamber,
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Fig.1. (a) The schematic diagram of Al/ZnO/p-Si/Al structure and (b) the SEM image
of the cross section of Al/ZnO/p-Si structure.

firstly, was down to about 10-6 Torr. Ar gas was introduced into the chamber and
the sputtering was performed with about 1.2 A/s speed at 5 x 10-3 Torr. The dis-
placement between the target and substrate was about 10 cm, target and substrate
were parallel to each other and the applied power to the target was 40 W during the
sputtering process.

2.3. Analysis of ZnO thin Films

XRD measurement of the ZnO film on p-Si wafer was carried out by using a
Rigaku Miniflex XRD system equipped with Cu K« radiation of average wavelength
of 1.54059 A within the angle range 26: 10-60°. UV-vis spectrometry was taken
using a Perkin Elmer Lambda 25 UV-vis spectrophotometer in order to see the
transmittance of ZnO thin film and calculate the optical band gap of the film on
glass.

2.4. Formation of an Al front contact and taking electrical measurements of the
device

After analyzing the ZnO thin films, Al was thermally evaporated using a shadow
mask in the vacuum system at 3 x 10-6 Torr. The diameter of circular Al contacts
was 1.5 mm. The thicknesses of ZnO layer and Al contact were determined as 270
and 140 nm, respectively, using FEI Nova NanoSEM 430. The schematic diagram and
the cross section of Al/ZnO/p-Si structure obtained using FEI Nova NanoSEM 430 are
shown in Fig. 1a and b, respectively. The current-voltage (I-V) measurements were
performed by Keithley 2400 sourcemeter and C-V measurements were executed by
Agilent HP 4294A impedance analyzer (40 Hz-110 MHz). Photoelectrical measure-
ments were performed under a solar simulator with 100 mW/cm? illumination and
AM 1.5 global filter

3. Results and discussion
3.1. Analyze of DC sputtered ZnO thin films

To analyze the ZnO thin film on p-Si wafer, firstly, XRD measure-
ments were obtained. Fig. 2 shows the XRD pattern of ZnO thin film
within the 26 range of 10-60°. As it is seen from the figure, there is
only a strong peak at 34.05°. It implies the (0 0 2) orientation which
is preferable orientation for ZnO films [9].
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Fig. 2. XRD pattern of the ZnO thin film on a p-Si wafer within the 26 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;

ahv = B(hv — Eg)" (1)
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Fig. 3. (a) The optical transmittance spectra and (b) (cchv)?-hv curve of the ZnO thin
film on a glass.
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Fig. 4. [-V characteristics of the Al/ZnO/p-Si diode in dark and under a solar simu-
lator.

where « is the absorption coefficient, B is a constant and h is the
plank constant. The exponent m depends on the nature of the tran-
sition, m=1/2, 2, 3/2, or 3 for allowed direct, allowed nondirect,
forbidden direct, or forbidden nondirect transitions, respectively
[22,23]. It is well known that ZnO has an allowed direct band gap
and m=1/2 was used for the band gap calculation. Fig. 3b shows
(ahv)?-hv curve of ZnO thin film on glass according to Eq. (1). The
Eg of ZnO thin film was determined as 3.28 eV by extrapolating the
straight line of the graph to intercept the photon energy axis. The
band energy of DC sputtered ZnO thin film was calculated as 0.09 eV
smaller the one of ZnO single crystal (3.37eV) [24]. The optical
absorption at absorption edge corresponds to the transition from
valence band to conduction band, while the absorption edge shift-
ing to the lower energy relates to some local energy levels caused
by some intrinsic defects [25]. Optical properties of ZnO thin films
formed using different methods and conditions have been analyzed
by some authors. For instance, Shan and Yu [26] have used pulsed
laser deposition (PLD) technique to deposit pure and Al-doped ZnO
thin films at different temperatures on glass substrates. They have
shown that the optical band gap of Al-doped ZnO thin films rang-
ing from 3.32 to 3.77 eV are higher than those of 3.25 to 3.28 eV
obtained for pure ZnO thin films. Moreover, Mohanta and Pal [27]
have formed junctions between two ZnO nanoparticles and they
have reported that rectification is higher in nanodiodes with high
bandgap nanoparticles.

3.2. Current-voltage properties of ZnO/p-Si structure

The current-voltage (I-V) characteristics of the device in dark
and under a solar simulator are presented in Fig. 4. The weak volt-
age dependence of the reverse bias current and the exponential
increase in the forward bias current are the characteristic proper-
ties of rectifying contacts. As it is seen from the figure the device
has a good rectifying property in dark. The rectification ratio of the
structure at =1V is about 1.4 x 10%. It is assumed that the forward
bias current of the device for qV > 3kT is due to thermionic emis-
sion current and the net current of a diode with a series resistance
can be expressed as [28]:

qv *1R5)>
nkT

where Ij is the saturation current and written as

I:IOexp( (2)

Iy = AA*T? exp (—%) (3)

where ¢, is the barrier height at zero bias, A is the diode area, A" is
the effective Richardson constant equals to 36 Acm~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]. Iy is determined from the
intercept of Inl vs. V curve on the y-axis and the barrier height can
be obtained from the equation:

qop = kT In (AAI*TZ) (4)
0

The value of the ¢, 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 InI-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

V1w
FV)= 2~ g1n () (5)

where y 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 -V data. y value was taken as 2 for Al/ZnO/p-Si struc-
ture. After determining the minimum value of Fvs Vplot, the barrier
height can be calculated from the equation

k
¢b=F(vo>+%—%T (6)

where F(Vy) is the minimum F(V) value of Fvs. V graph and Vj 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

_ kT(y —n)
=g @)

The F(Vy) and V values were determined as 0.71V and 0.20V,
respectively. The values of ¢, and Rs were calculated as 0.79eV
and 6.69 k2, 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 3.0V
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 (100)
substrates. They have reported the rectification ratio, ideality fac-
tor, barrier height and series resistance of the heterojunction as 36
at 3V, 4,0.67 eV and 4.8 k€2, respectively.

Fig. 4 also presents the current-voltage characteristics of the
diode under a simulator with 100 mW/cm? 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,

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

which were effectively generated in the junction by incident pho-
tons [33,34]. The light increases the reverse bias I-V characteristics
about 3200 times at —1 V. The maximum open circuit voltage (Voc)
and short-circuit current (Isc ) values for the diode were determined
tobe 251 mV and 19 pA, respectively. The photoelectric effectin the
structure is because of the light-induced electron generation at the
depletion region of the structure [33].

3.3. Capacitance-voltage and capacitance-frequency properties
of ZnO/p-Si structure

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

1 _ 2(Vpi +V)

— = 8
C2 qssAsz ( )

where &5 is the dielectric constant of ZnO (e5=8.5) [35], V};; is the
diffusion potential at zero bias determined from the extrapolation
of the linear reverse bias C-2-V plot and N, the donor concentration
of ZnO. The C-2-V plot of ZnO thin film obtained by DC sputtering
technique is presented in Fig. 6b. The Vy,; and Ny values were deter-
mined as 0.66 eV and 1.955 x 1016 cm~3. The barrier height value
can be determined from the relation:

kT N¢
duic—vy = Vpi + q In (Nd> (9)
where N. is the density of states in the conduction band
(N:=3.35 x 10'8 cm~3) [36]. The barrier height of the diode was
calculated using V},; and Ny values using Eq. (8) and C-2-V data as
0.79 eV. The barrier height value of the structure is 0.03 eV higher
than the one obtained from I-V measurements. This discrepancy in
the barrier height values obtained from I-V and C-V characteris-
tics results from different nature of the measurement techniques.
The capacitance is insensitive to potential fluctuations on a length
scale of less than the space charge region and C-V method averages
over the whole area and measures to describe the ¢;. The dc cur-
rent across the interface depends exponentially on barrier height
and thus sensitively on the detailed distribution at the interface
[28,30].

As seen from Fig. 6a, C-V characteristics of the device
are strongly affected from light. The increase in the capaci-
tance is due to the illumination induced interface states and
electron-hole pairs in the depletion region [37,38]. In addition,
the capacitance-frequency (C-f) measurements in dark and under
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Fig. 6. (a) C-V measurements of the Al/ZnO/p-Si diode in dark and under illumina-
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
diode.
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Fig. 7. C-f measurements of the Al/ZnO/p-Si diode in dark and under illumination.
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4. Conclusions

DC sputtered ZnO thin films were formed on a glass and a p-Si
wafer using a ZnO target. The optical and morphological proper-
ties of the films were studied. It was seen that the film had (002)
orientation and 3.28 eV optical band gap. The electrical properties
of an Al/ZnO/p-Si diode were analyzed using its I-V, C-V and C-f
measurements in dark and under the light with 100 mW/cm? illu-
mination. It was observed that the device had a good rectification
and behaves as a photodiode and a photocapacitor.
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