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ABSTRACT
Thin films of undoped and Ga-doped ZnO with different doping concentrations (0, 3, 5, 7 wt.%) were deposited on (100) silicon substrates by RF
magnetron sputtering using a powder target. The results show that the
devices have good rectifying behaviors with an ideality factor values in
the range of 1.16-1.81 and a barrier height values in the range of 0.60-0.64
eV based on the I–V characteristics. Also, Cheung’s functions were used
to estimate the series resistance of the diode. From the C–V characteristics,
it is shown that the capacitance increases with decreasing frequencies. C–
V measurements give higher barrier than those obtained from I–V measurements. The results demonstrate that the structural and electrical properties
of ZnO/p-Si heterojunction diodes are controlled by the Ga dopant content.
 2014 Trade Science Inc. - INDIA

INTRODUCTION
As a potential transparent conductive oxide (TCO)
substituting the most commonly used but expensive
materials such as ITO and SnO2, ZnO has attracted
great attention in the last decades. Indeed, ZnO offers
interesting properties such as stability in hydrogen
plasma commonly used in the fabrication of amorphous
silicon solar cells, non-toxicity and good adherence to
many substrates[1]. Group III elements such B, In, Al
and Ga are usually used to improve the conductivity of
ZnO. Due to its similar ionic radius and the covalent
bond length, Ga doping brings about only a small lattice
deformation even for a high Ga concentration[2]. Furthermore, Ga is less reactive and more resistive to oxidation than Al during the deposition[3], so Ga doped
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ZnO is getting more and more attention recently. Various ZnO-based heterojunction devices have been fabricated using different p-type substrate materials such
as GaN[4], PFO polymer[5] and 4H–SiC[6]. Silicon already has a central position in the microelectronics industry, with several advantages such as high quality, large
area p-type substrates available at low cost.
In this paper, Ga-doped ZnO thin films were prepared on Si substrate by radio-frequency magnetron
sputtering technique with different Ga contents and the
n–p heterojunction properties by means of the current–
voltage (I–V) and capacitance–voltage (C–V) measurements were studied.
EXPERIMENTAL
ZnO and ZnO: Ga films were deposited on silicon
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and ZnO:Ga/p-Si heterojunctions and current voltage
characteristics (I–V) of the heterojunctions were measured at room temperature by using the DC voltage–
current source unit (Agilent N6762A). Ohmic contacts
of silver paste were applied onto the ZnO:Ga films as
the top electrode and to the p-silicon substrate as the
bottom electrode. Film thickness was estimated with
Swanpoel method[7], based on the use of the interference fringes extremes of the transmittance and reflectance spectra, applied on ZnO:Ga films deposited on
glass samples grown simultaneously with the ZnO:Ga/
Si films.
RESULTS AND DISCUSSION
Figure 1: XRD diagram of pure and Ga doped ZnO thin films

substrate at room temperature using RF magnetron sputtering. The Si substrates used in this study were p-type
single crystal (100) with a thickness of 500 µm and a
resistivity of 50 cm. Si substrates were cleaned ultrasonically in acetone for 15 min, rinsed with deionized
water and then were dried. Ga2O3 (99.99%) powder
was added to a ZnO (99.99%) powder target as
dopant. The powder was lightly tamped down on a 4
in. diameter cupper backing plate to produce a uniform
thickness (4 in.) and surface to target distance. No further processes such as sintering were involved in target
production. The Ga doping ratio was adjusted at 3, 5
and 7 wt. %. The substrates were rotated (15 rd/mn)
and placed parallel to the target surface at a distance of
65 mm. RF magnetron sputtering power density was
adjusted to 2.5 W/cm². In order to avoid film’s contamination, the chamber was evacuated to a base pressure of about 10-4 Pa. Argon (Ar) gas was introduced
into the chamber through a mass flow controller. The
mass flow of argon gas was fixed at 3 sccm, corresponding to a final pressure of 0.6 Pa.
The structure properties of the films were analyzed
by X-ray diffraction (PANalytical X’Pert Pro, Philips
Co, Ltd) with Cu Ká radiation (ë = 0.15406 nm), to
identify the crystal structure and orientation of each
phase. ASTM table were used for indexing the lines.
Surface morphology was observed using an atomic
force microscope (Nanoscope IIIa Veeco type dimension 3100). Capacitance-Voltage (C–V) measurements
were performed with the impedance analyzer HP
4192A, to determine the built-in potential of ZnO/p-Si

Structural properties
XRD pattern of ZnO:Ga films deposited on silicon
substrate with different Ga doping contents is shown in
Figure 1 (the film thickness is 580 nm in average).
A weak ZnO (002) and very strong Si(400) substrate diffraction peaks were observed for the deposited ZnO film. All films were polycrystalline with a hexagonal wurtzite structure and a preferred orientation with
the c-axis perpendicular to the substrate; no phases
corresponding to Ga2O3 were detected. With a Gadoping content of 3 wt.%, the intensity of the (002)
peak and Si(400) substrate diffraction peaks increased,
indicating an improvement in the crystallinity. With further Ga-doping content up to 7 wt. %, the intensity of
(002) peak decreased. This behavior is congruent to
the classical Al and In doping effect on the ZnO structure[8-10]. In these cases, the doping atoms destroy the
initial preferential orientation of the undoped film, with
increasing the doping concentration the film becomes
polycrystalline and the textured structure disappears[11].
The (002) peak position was linearly shifted to the lower
2è value with the increase of Ga content. This shift indicates that the films are in a uniform state of stress with
tensile components parallel to c-axis. Similar shifts were
also observed in ZnO:Al films in previous studies[12,13].
This result could be attributed to an enhancement of the
crystallinity and the possibility of replacing zinc ions (Zn2+:
0.74 A) by the gallium ions (Ga3+: 0.62 A) of the host
matrix, which create the lattice strain and consequently
modified the lattice parameters.
The microstrain å in ZnO thin films along c-axis
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TABLE 1: Structural parameters obtained from XRD pattern
Samples
(002) peak position in 2 terms (°)
FWHM (â(0 0 2) (°))
Grain size D (nm)
Lattice parameter (Å)
Stress (GPa)

ZnO

ZnO:Ga 3 %

ZnO:Ga 5 %

ZnO:Ga 7 %

34.31
0.317
26.20
5.225
-0.881

34.23
0.250
33.15
5.230
-0.411

34.12
0.329
26.00
5.253
-2.144

34.00
0.338
24.60
5.271
-2.950

perpendicular to the substrate was calculated using the
equation:



c
c0

(1)

where Äc is the difference between the lattice parameter ‘c‘ of the films (calculated from XRD data) and the
lattice parameter ‘c0’ of unstrained ZnO (0.5206 nm)[14].
The estimated values of this stain is about 10-3, this result may be caused by a tensile stress due to Zn2+ ions
substitution by Ga3+ ions in the lattice. The residual stress
ó in the plane of the film can be calculated from the
strain with the biaxial strain model[14]:
2C 213  C33 (C11  C12 )


C 13

Surface morphology
(2)

where Cij are the elastic stiffness constants for single
ZnO crystal (C11 = 208.8 GPa, C33 = 213.8 GPa, C12
= 119.7 GPa, C13= 104.2 GPa)[15,16]. Equation 3 can
be simplified to ófilm = -233 ×  (GPa). Stress values
for ZnO:Ga films at different doping concentration were
listed in TABLE 1. The negative stress values indicated
that the films were in a state of compressive stress.
The grain size can be accessed by the XRD data
using the Debye–Scherrer formula[15]:
0.9
(3)
 cos 
where D is the average grain size, ë is the X-ray wavelength, è is the diffraction angle of the peak and â is the
FWHM. The calculated grain size with different doping
concentrations is shown in TABLE 1. It was found that
the 3 wt. % Ga-doped films have the largest value of
grain sizes. Therefore, the film deposited under the Ga
content of 3 wt. % has the best structural properties.
However, as the Ga content increases from 3 to 7 wt.%,
the grain sizes decreases, which indicate, that higher
content of Ga leads to a deterioration of the crystal
D
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structure by distorting the ZnO lattice. Compressive
stress values increased as the Ga content increases. This
result could be related the occupancy of Ga ions in the
interstitial sites of ZnO for higher Ga doping concentrations[17,18]. The length of c-axis in the films was calculated from the equation of hexagonal structure interplanar
spacing. The results are shown in TABLE 1. It is found
that the length of c-axis increases with increasing Ga
content, which indicated that the residual stress and lattice constant in ZnO films changed[19]. It can be concluded from the results that an appropriate Ga doping
in the ZnO films can improve the structural properties
of the ZnO films.
Figure 2 displays the AFM micrographs (2 µm × 2
µm) of the ZnO films for various Ga concentrations.(a)
It can be seen that all samples demonstrates a uniform and densely packed granular arrangement. Indeed,
the images indicate a correlation between Ga concentration and surface morphology by means of different
crystallite sizes. The increase in the doping concentration tends to produce changes in the crystallite size and
the surface roughness. The roughness decreases as a
result of crystallites size decrease[20]. For the scanning
area (2 µm × 2 µm), the root-mean squares (RMS) of
average surface roughness are determined as 12.25,
16.55, 15.75 and 8.50 nm for undoped and Ga-doped
ZnO thin films of 3 wt.%, 5 wt.% and 7 wt.%, respectively. It was found that the 3 wt. % Ga-doped films
have the highest value of surface roughness which is
consistent with the XRD results shown above.
Electrical properties
(a) I–V characteristics of undoped and Ga-doped
ZnO/p-Si heterojunction
The current–voltage (I–V) characteristics of
undoped and Ga-doped ZnO/p-Si heterojunction di-
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Figure 2: AFM images of ZnO:Ga films with Ga contents of (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% and (d) 7 wt.%
TABLE 2 : Electrical parameters obtained from I-V and C-V measurements
I-V me asurements
Undoped
ZnO:Ga 3 wt.%
ZnO:Ga 5 wt.%
ZnO:Ga 7 wt.%

n
1.16
1.81
1.79
1.74

I s (A)
4.11 10 -5
7.17 10 -6
1.57 10 -5
2.4 10 - 5

 (eV)
0.63
0.64
0.61
0.60

ode measured at room temperature are shown in Figure 3.
The I–V characteristics of the structures shows good
rectification and were plotted to determine the barrier
height and the ideality factor of the diodes. For voltages higher than 3kT/q, the ln(I)–V plot show a linear
region which can be used to determine the values of the
ideality factor and barrier height. The standard diode
equation is given by[21]:

C-Vmeasurements
Rs ()
49.03
57.01
10.06
27.13

Vbi (V)
0.70
0.67
0.71
0.72

ND (cm-3 )
9.54 10 15
5.22 10 16
1.39 10 18
7.04 10 17

 (eV)
0.85
0.77
0.73
0.76


 q(V  IRS )  
I  I s exp 
  1
 nkT
 

(4)
where Rs is the series resistance, n is the ideality factor
and Is is the saturation current derived from the straight
line intercept of ln(I) at V = 0 and is given by:
 q 
I s  A* AT 2 exp   B 
 kT 

(5)
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Figure 3: Current–voltage characteristics at room temperature of undoped and Ga-doped ZnO on p-Si substrates. The
inset is dV/d(ln I) vs. I plot of the deposited films

where q is the electron charge, V is the definite forward
bias voltage, A is the contact area, A* is the effective
Richardson constant (for n-ZnO, A* = 32 K-2 cm-2[22]),
k is the Boltzmann constant, T is absolute temperature
and ÖB is the barrier height. Thus, the barrier height can
be obtained from the equation:
 A. A * T 2 

Ö B  kT ln 
Is



(6)

The barrier height of undoped and Ga-doped ZnO/
p-Si heterojunction is around 0.60 eV. This value is in
good agreement with that obtained for ZnO/p-Si prepared by DC sputtering (0.69 eV)[23] and lower than
that obtained in our previous study for a ZnO/p-Si diode fabricated by RF sputtering technique[24].
The ideality factor was determined from the slope
of the linear region of the forward bias ln(I)–V characteristic through the relation:

q dV
kT d (ln I )
(7)
The values of the ideality factor are greater than
unity, as show in TABLE 2, which implies derivation
from ideal behavior.
Thus, this result can be attributed to the interfacial
thin native oxide layer at the Ag and ZnO interface and
the series resistance effect. The ideality factor increases
with the Ga content up to 3 wt. % then decreases, indicating a variation in recombination component due to
the additional defects introduced by Ga incorporation,
and/or the series resistance effects.
n
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Figure 4: The reverse-bias C—2–V characteristics of undoped
and Ga-doped ZnO on p-Si substrates

The series resistance Rs can also be obtained using
a method developed by Cheung and Cheung[25], using
the following function:
dV
nkT
 IRs 
(8)
d (ln I )
q
The inset in Figure 3 shows a linear plot of dV/d(ln
I) vs. I of un-doped and Ga-doped ZnO/p-Si
heterojunction. Rs is determined as the slope of the dV/
d(ln I) vs. I plot. The values of Rs have been calculated
and summarized in TABLE 2. These values may be
affected by the inhomogeneity of the contacts during
the elaboration.
(b) C–V characteristics of undoped and Ga-doped
ZnO/p-Si heterojunction
The potential barrier at the junction can be measured by small-signal capacitance–voltage (C -V) characteristics. The capacitance measurements were performed at room temperature at a frequency of 100 kHz
under applied forward and reverse DC bias sweeps
(“10 to 10 V) with an AC oscillation level of 0.5 mV.
The depletion region capacitance can be written as[26]:
qN D N A å 1å 2
1
C2 
(9)
2 (å1 N D  å 2 N A ) (Vbi  V)
where ND and NA are donor density in n-ZnO and acceptor density in p-Si, and å1 and å2 are dielectric constants of n-ZnO and p-Si, respectively and V is the
applied voltage.
For an applied reverse voltage V>> kT/q, and
knowing that NA>>ND, the relationship between the
depletion layer capacitance per unit area and the ap-
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plied voltage is given by:

2 Vbi  V 
1

2
C
q s 0 S 2 N D

CONCLUSION

(10)

with åS is the dielectric constant of the semiconductor
(åså0 = 7.965 × 10"11 F/m[27], å0 = 8.85×10"12 F/m is
the dielectric constant of vacuum, Vbi is the diffusion
potential at zero bias determined from the extrapolation of the linear reverse bias C”2–V plot. The barrier
height is given by the following equation:
N 
  qVd 0  kT ln  C 
(11)
 ND 
The diffusion voltage at zero bias, Vd0, is equal to
Vbi + kT/q where kT/q ln (Nc/ND) represents the depth
of the Fermi level below the conduction band in the
neutral region of the semiconductor. Nc is the density of
states in the conduction band, which is Nc = 3.5×1018
cm-3 for ZnO at room temperature[26].
Figure 4 depicts the C–V measurements of undoped
and Ga-doped ZnO/p-Si heterojunction. The C-2 vs. V
relationship was linear, which confirmed the formation
of a heterojunction at the n-ZnO/p-Si interface.
Under reverse bias conditions, the capacitance decreased as the reverse bias increased. The donor concentration of undoped and Ga-doped ZnO/p-Si
heterojunction was calculated from the slope and the
barrier height estimated from the extrapolated intercept
of 1/C2 with the voltage axis. The calculated values of
carrier concentration and barrier height of undoped and
Ga-doped ZnO/p-Si heterojunction are summarized in
TABLE 2. It was found that the values of the barrier
height extracted from the C–V curves are higher than
those derived from the I–V measurements. This difference can be due to an interface layer and the barrier
inhomogeneities[28]. The potential height decreases with
the Ga-doping content, and is around 0.70 eV. This
value is consistent with the energy difference of the work
functions between Si and ZnO; the Fermi level below
the vacuum level is 4.97 eV for p-Si and 4.25 eV for
ZnO, and the difference between them is 0.72 eV. The
donor concentration increases with the Ga-doping content level as preview but decreases for the Ga content
of 7 wt.%. This decrease effect can be interpreted as a
structural reorganization of the sample (7 wt.%), which
was confirmed by the structural analysis.

High quality ZnO and ZnO:Ga thin films on a Si
substrate have been grown by RF magnetron sputtering using a powder target. X-ray diffraction study
showed that the structure of the film is hexagonal with a
strong (002) preferred orientation. The film deposited
under the Ga content of 3 wt. % revealed the best structural properties. The device current–voltage curve
showed excellent rectification behaviors. The ideality
factor of the heterojunction was obtained from curve
fitting and found to be in the range of 1.16 and 1.81
and the barrier height values were around 0.60 eV. It
was found that the barrier height values obtained from
the C–V measurements are higher than those obtained
from I–V measurements. The electrical performance of
ZnO/p-Si heterojunction diodes can be controlled by
the Ga dopant content. The results indicate that ZnO:Ga/
p-Si heterojunctions are good candidates for electronic
device applications.
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