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In this paper, preferentially oriented (002) ZnO thin �lms have been grown on Si (100) and glass substrates
using radio frequency magnetron sputtering. The dependence of the quality of the ZnO thin �lms at di�erent
substrate temperatures on the growth is studied. A ZnO thin �lm with c-axis-oriented würtzite structure is
obtained at a growth temperature from 200 to 400 ◦C. X-ray di�raction shows that the full width at half maximum
θ�2θ of (002) ZnO/Si is located at approximately 34.42◦, which is used to infer the grain size that is found
to be 17 nm to 19.7 nm. The FWHM is 9.5◦ to 8◦ in rocking curve mode, from which the crystalline quality
has been determined. The texture degree demonstrates the improvement in quality with the increase of substrate
temperature, which is best at 400 ◦C. The band gap extracted by UV transmittance spectrum has been identi�ed as
3.2 eV at 400 ◦C. The electrical characteristics via C�V and I�V measurements on the basis of the heterojunction
thermal emission model con�rm the domination of high-density grain boundary layer existing at the interface.
The transport currents indicate to the presence of space-charge-limited current and trap-charge-limited current
mechanisms.
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1. Introduction

Zinc oxide (ZnO) is a direct wide-band gap material
of 3.37 eV, and exciton binding energy around 60 meV
at room temperature. For this reason, ZnO is considered
to have quite superior electronic properties over classical
semiconductors like Si and GaAs, with its components
being exuberantly existing in nature, inexpensive, non-
toxic, very environmentally stable, highly conductive and
transparent as well, with sensitivity in the ultraviolet re-
gion (UV). ZnO is thus useful as transparent electrode in
solar cells [1], crystal display (LCD) [2], and light emit-
ting diode (LED) [3]. Moreover, ZnO can be exploited
in thin �lm transistors (TFT) [4, 5], gas sensor [6], laser
diode and UV photodetector [7�10]. The common wide-
band gap material usually used in electronic and pho-
tonic applications particularly as a transparent electrode
is tin-doped indium oxide (ITO). However, we know that
indium is costly and very expensive, due to rare materi-
als, estimated to be 0.05�0.25 ppm [11]. If we compare
it with that of ZnO which has 76 ppm, we �nd that this
value is completely higher than indium in ITO. More-
over, ITO is a toxic material to both human body and
environment. Therefore, ZnO is expected on the long run
to replace ITO as the main material given the potential
electronic and photonic implementations of which, such
as transparent electrode in solar cells [12, 13], transparent
conductor, piezoelectric transducer and surface acoustic
wave device [14�16].
The increase in the ZnO conductivity can be realised

by thermal treatment with hydrogen [17, 18] or by
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appropriate doping process [19]. ZnO belongs to the
transparent conductive oxides group (TCO) and dop-
ing ZnO on the other hand, can be achieved by adding
a small amount of group III elements (such as B, Al,
In or Ga) or IV elements (such as Pb, Se), and vari-
ous deposition techniques have been performed to pre-
pare doped ZnO thin �lms [20, 21]. Among the prepara-
tion methods, magnetron sputtering has been the most
widely utilized since it enables working at low temper-
atures and provides deposits of improved adhesion and
higher density than other methods [22]. Most impor-
tantly, ZnO can be band-gap engineered by alloying it
with MgO and CdO to increase and decrease its en-
ergy band gap respectively [23], so that its optoelectronic
properties may be �ddled with. We have recently ob-
served, thanks to high resolution transmission electron
microscopy (HRTEM) images and selected area electron
di�raction patterns, that the ZnO �lm deposited on AlN
substrate exhibits an epitaxial growth that is strongly
dependent on the crystalline quality of the AlN �lm [24].
Many authors have reported the fabrication of ZnO-based
heterojunctions and studied their crystalline and elec-
trical properties [25�27], and found that the latter rely
signi�cantly on both thermal conditions during prepa-
ration and on post annealing. Such treatment a�ects
the grain boundaries of the ZnO �lm and potentially its
interfacial states, donor concentration and consequently
its barrier height. The objective of this article is thus
to prepare n-ZnO/p-Si heterostructure with good crys-
talline quality, and investigate the optical and electrical
behaviour of the metal�semiconductor (MS) interface for
di�erent substrate temperatures, and explore the con-
duction mechanism of the n�p heterostructure. Achiev-
ing high quality devices of such semiconducting mate-
rial depends crucially on preparation conditions such as
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the plasma parameters and growth temperature which
lead to improved �lm structural quality, and as a conse-
quence in�uences the electrical and optical properties as
we shall demonstrate. Aluminum has been chosen as the
metal contact that forms the heterostructure of ZnO �lm;
transmittance, current�voltage and capacitance voltage
measurements are provided.

2. Experimental procedure

Zinc oxide �lms have been elaborated by RF mag-
netron sputtering using a PLASSYS setup with embed-
ded micro balance for controlling the deposition thick-
ness. The quality of the prepared �lms has been very sen-
sitive to deposition parameters which have been, there-
fore, optimised in order to obtain highly oriented ZnO
�lms. The ZnO �lms were deposited on p-type silicon
wafers of (100) orientation with a resistivity of 50 Ω cm
and on glass substrates. Prior to deposition, the sub-
strates were ultrasonically cleaned in acetone and ethanol
solution to eliminate any native oxide. However, SiO2

layer could still be dominant as it is di�cult to be com-
pletely removed and hence it might contribute to the
ohmic resistance of the �lms at the interface. The zinc
oxide target (purity 99.99%) diameter was 15 cm and
6 mm thick. The distance between the cathode and the
substrate holder was 6 cm. The deposition chamber was
pumped down to a base pressure of 2×10−7 Torr by a tur-
bomolecular pump prior to the introduction of the argon
gas for ZnO thin �lm production. The �lm thickness was
�xed at 100 nm using in situmicrobalance. The substrate
holder temperature was varied from 200 ◦C to 400 ◦C at
RF power of 600 W; all these conditions are summarised
below.
Optimised preparation conditions and parameters of

ZnO deposition are:

� RF power � 600 W,

� ZnO target of 99.99% purity,

� Gas �ow � 11 sccm,

� temperature � 200 to 400 ◦C,

� pressure � 1 mTorr,

� �lm thickness � 100 nm

The crystallographic properties of the �lms were anal-
ysed by X-ray di�raction (XRD) using the Cu Kα (with
λ = 1.5405 Å) radiation. Metallic contacts were made by
depositing circular aluminum spots (area = 0.48 mm2) on
ZnO �lms, and electrical connections were made using
the QuadTech low voltage chip component test �xture
onto ZnO �lms for the top electrode and to p-silicon as
the bottom electrode.
The optical characteristics were examined using a

UV-vis Shimadzu UV-310PC Spectrophotometer to mea-
sure the transmittance of �lms. The electrical properties

(C�V and I�V ) on the other hand, were measured using
the HP 4192A impedance analyser, QuadTech 1920 LCR
meter and Keithley 237 source measure unit.

3. Results and discussion

3.1. Structural and morphological properties

Figure 1a shows the XRD pattern of n-ZnO/p-Si
samples deposited at several temperatures from 200 ◦C
to 400 ◦C at a pressure of 1 mTorr. We observe only one
strong peak at 2θ ≈ 34.4◦, which is attributed to the
(002) line of the hexagonal ZnO würtzite phase [28]. All
the sputtered ZnO �lms are highly textured, with the
c-axis perpendicular to the substrate surface.

Fig. 1. (a) XRD patterns of ZnO �lms at 200, 300
and 400 ◦C temperature, (b) grain size, (c) rocking curve
patterns and (d) FWHM for rocking curve as a function
of temperature.

The mean grain size d is obtained by the Scherrer for-
mula [29], d = 0.94λ/(B cos θ), where λ, θ and B are
the X-ray wavelength (1.54 Å), the Bragg di�raction an-
gle, and the line width at half maximum of the peak,
respectively.
The rocking curve spectra show an improvement in the

crystallinity of �lms, while its FWHM decreases. Fur-
ther, Fig. 1b demonstrates that the increase of substrate
temperature leads to a slight grain size increase from
16 nm to 19.7 nm for ZnO/Si and form 23.5 nm to 26 nm
for ZnO/glass with temperature within 200 to 400 ◦C.
The improvement in the quality is veri�ed by rocking
curve technique (Fig. 1c and d), where the FWHM de-
creases from 9.5◦ to 8◦ with temperature. The XRD spec-
trum reveals a better crystalline quality for the 400 ◦C
�lm. Moreover, the peak intensity is observed to increase
and the grain size is the highest at such temperature.
This is consistent with previously reported results about
the crystalline property which has been observed through
the pro�le going to the �lm surface of ZnO, with very
limited grain boundaries observed by HRTEM [19].



Optical and Electrical Characterization of (002)-Preferentially Oriented. . . 285

3.2. Optical properties

Figure 2a represents the optical transmittance of ZnO
�lms deposited at 600 W of sputter power as a function
of wavelength. The optical transmittance provides useful
information about the optical band gap of the semicon-
ductor. The absorption coe�cient of a thin layer is ex-
pressed, as an approximation, by the following formula:

α = A(hν − Eg)
p
, (1)

which is valid for energies hν not exceedingly high, where
A is a constant, hν is the photon energy, Eg is the band
gap and p is an exponent which provides information
about the nature of the optical transitions between the
valence and conduction bands; the value of p is 0.5 for
allowed direct transitions in ZnO. The optical band gap
Eg of ZnO thin �lms can be deduced from Fig. 2b, which
demonstrates a plot of α2 versus hν that is expected to
be linear within the approximation limit of Eq. (1). One
may extend the linear part of α2 as a straight asymptotic
line that intercepts the horizontal axis α2 = 0) yielding
Eg from hν value [30, 31].

Fig. 2. (a) Optical transmittance spectra versus wave-
length, (b) variations of α2 as a function of photon en-
ergy for �lms at di�erent temperatures.

It has been observed that the average transmittance
of samples in the visible range rises from 80% to 92% as
the temperature increases. Figure 2a shows the trans-
mittance spectra of ZnO thin �lms obtained.
The optical transmittance spectra of ZnO �lms pre-

pared at di�erent temperatures are depicted in Fig. 2a.

A pronounced absorption peak of the free exciton is
clearly located at 3.16, 3.19, and 3.2 eV for 200, 300,
and 400 ◦C, respectively. In addition, the spectral curves
show a unique phenomenon, namely the rise of a shoul-
der in the wavelength range between 300 and 380 nm.
Chang et al. [32] and Leanddas et al. [33] pointed out
that the emergence of a shoulder for all ZnO �lms is
probably caused by electron trapping phenomena in the
wavelength range of 230�350 nm. The largest value of
the optical band gap (3.2 eV) is probably related to the
nanoscopic size of crystallites [34].

3.3. Electrical characteristics

The I�V characteristics under forward bias condition
of three samples prepared at substrate temperatures 200,
300, and 400 ◦C, respectively, at 600 W of power are
shown in Fig. 3. The curves reveal that the current
transport mechanism is dominated mainly by the grain
boundary existing within ZnO. Electrons in p-region are
injected to the interface by means of tunnelling and tra-
verse the grain boundary barrier by thermal emission
when applying a reverse bias.

Fig. 3. The measured I−V curves for ZnO/Si at dif-
ferent substrate temperatures.

Adopting the conventional heterojunction thermal
emission model [35, 36], the I�V characteristics can be
expressed as

I = Is

[
exp

(
qV − IRs

nkT

)]
(2)

for V > 3kT/q, where q is the electron charge, k �
the Boltzmann constant, T � the absolute temperature,
V � the applied voltage, Rs � the series resistance, n�
the ideality factor and Is � the saturation current, which
is written as

Is = A∗ST 2exp(−qφb/kT ), (3)
where A∗ is the e�ective Richardson constant, S �
the area of the MS junction, and qφb � the barrier
height in units of eV. Plotting the I�V characteristics on
semilog scale as in Fig. 4, it is notable that as the volt-
age gets higher, the curves become more deviated from
exponential behaviour manifesting the e�ect of the series
resistance.
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Fig. 4. log I−V characteristics for ZnO/Si at di�erent
temperatures.

The curves demonstrate relatively large values of Rs,
which was estimated to be 12.6 kΩ at 400 ◦C indicating
clearly to high ohmic contact of the junction due to inter-
facial oxide layer. Rs is calculated from the linear part of
log I versus V (Fig. 4). Once the saturation current Is is
known, the barrier height can be determined accordingly
(since A∗ = 32 A cm−2 K−2 for ZnO) [36]. An extrapola-
tion of I versus V curve can be performed, and a straight
line intercept of log I at V = 0 gives the values of Is for
both samples; from Fig. 4 Is is found to be 3.5 × 10−8,
1.1× 10−7, and 4× 10−7 A at 200, 300, and 400 ◦C. This
is in agreement with other reports which indicate to satu-
ration current increase as the substrate temperature gets
higher. Taking into consideration S to be 48×10−4 cm2,
the barrier height φb can thus be determined from Eq. (3)
such as

φb =
kT

q
ln

(
SA∗T 2

Is

)
(4)

and found to be 0.31, 1.32 and 1.50 eV for the �lms at
200, 300, and 400 ◦C, respectively. The highest value
of the barrier height as notable belongs to the junction
at 400 ◦C.
Capacitance measurements have been performed on n-

ZnO/p-Si samples at a functional frequency of 100 kHz
with AC oscillation level set to 25 mV under forward and
reverse DC bias voltage swept between −20 and 20 V
(see Fig. 5). In the depletion region, one can use the
following relation which gives the ionized donor concen-
tration [36], that is:

1

C2
=

2
(
Vbi − V − kT

q

)
qεsε0S2Nd

. (5)

Here, εs is the permittivity of ZnO (≈8.5), ε0 is the di-
electric constant of vacuum, S � the junction area, V is
the reverse-bias voltage, and Nd is the concentration of
ionized donors in the depleted region which is found from
di�erential capacitance voltage form such as

Nd =
2

qεsε0S2

1

d (C−2) /dV
. (6)

Fig. 5. Inverse of the square capacitance versus bias
voltage of the ZnO heterostructure measured at
100 kHz.

Plotting 1/C2 versus V yields d(C−2)/dV from the slope
of the curves in the linear region, from which Nd is found
to be 3.51×1016, 3.55×1016 and 5.40×1015 cm−3 at 200,
300, and 400 ◦C, respectively. Our results are in accor-
dance with the Chaabouni et al. �ndings (Ref. [27]) who
concluded that ZnO/Si structures deposited by RF mag-
netron sputtering in a wider substrate temperature range
between 25�400 ◦C have potential application as antire-
�ectors in the UV region. Their electrical characteristics
provide good support to interface homogeneity using the
thermal emission model. Nonetheless, the data obtained
in this paper demonstrate further that ZnO/Si �lms pos-
sess high transmittance (92%) for optimized power and
substrate temperature concomitant with improvement to
�lm's quality i.e., large grain size. This resulted also
in improvement in the I�V characteristics of the �lms.
From the electrical measurements we believe that the
grain boundary at the interface plays a role in control-
ling charge carriers transport within the �lms, with larger
saturation current and barrier height at higher temper-
ature, but this needs further measurement techniques to
be conclusive. The responsible current mechanisms are
both the space-charge (SCLC) and trap-charge (TCLC)
limited as deduced from �tting the I�V curves.
The built-in voltage Vbi which describes the electro-

static potential between the metal contact and the semi-
conducting ZnO layer can also be estimated from exten-
sion of the slopes of linear regions which intercept the
voltage axis of C−2�V curves. Vbi is equal to 1.6 eV for
the junction at 400 ◦C which is the lowest in comparison
to other samples.
In order to examine the transport mechanism, the

current�voltage characteristics were plotted in double
logarithmic scale as in Fig. 6. One can observe three re-
gions of di�erent slopes marking the curves that can be
analysed employing the I = aV m relation where a and m
are constants. Two regions depicted as SCLC in Fig. 6
refer to the existence of space-charge-limited current
mechanism for which m was found to be 2.03 and 2.17,
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Fig. 6. The I−V characteristics of ZnO/Si het-
erostructure on double logarithmic scale.

respectively. The region in the middle is characterised
by the value 3.01 which indicates to trap-charge-limited
mechanism referred to as TCLC in the plot.

4. Summary

Highly transparent and preferentially oriented ZnO
�lms onto glass and Si have been prepared at di�erent
substrate temperatures using the RF magnetron sputter-
ing technique. A systematic study of the in�uence of tem-
perature on the physical properties of ZnO thin �lms has
been carried out. X-ray di�raction analysis indicates that
the �lms exhibited preferential orientation (002). The op-
timised sputtering power, substrate temperature and de-
creased argon gas pressure lead to the enlargement in the
grain size and improvement in the crystalline quality as
illustrated by X-ray rocking curves. The optical spectra
emphasized that ZnO �lms showed high transmittance
(92%) in the visible region. The dependence of the �lm
quality on temperature is studied, and ZnO thin �lms
with a c-axis orientated wurtzite structure are obtained.
The strong UV band emission with a weak deep defect
emission demonstrates that the ZnO thin �lms are stoi-
chiometric. These conditions can be considered optimal
to produce a good ZnO suitable for use as transparent
electrode for optoelectronic devices. Electrical measure-
ments on the metal�semiconductor heterostructure re-
vealed that the current mechanism is dominated by grain
boundary and trap charges layer at the ZnO interface.
Series resistance, donor concentration and barrier height
have been identi�ed from I�V and C�V characteristics.
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