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Electrical Characteristics of n-ZnO/p-Si Heterojunction Diodes
Grown by Pulsed Laser Deposition at Different Oxygen

Pressures

R.S. AJIMSHA,! M.K. JAYARAJ,"® and L.M. KUKREJAZ

1.—Optoelectronics Devices Laboratory, Department of Physics, Cochin University of Science and
Technology, Kochi 682022, India. 2.—Laser Materials Processing Division, Raja Ramanna Centre
for Advanced Technology, Indore 452013, India. 3.—e-mail: mkj@cusat.ac.in

Heterojunction diodes of n-type ZnO/p-type silicon (100) were fabricated by
pulsed laser deposition of ZnO films on p-Si substrates in oxygen ambient at
different pressures. These heterojunctions were found to be rectifying with a
maximum forward-to-reverse current ratio of about 1,000 in the applied
voltage range of =5 V to +5 V. The turn-on voltage of the heterojunctions was
found to depend on the ambient oxygen pressure during the growth of the ZnO
film. The current density—voltage characteristics and the variation of the
series resistance of the n-ZnO/p-Si heterojunctions were found to be in line
with the Anderson model and Burstein-Moss (BM) shift.

Key words: Heterojunctions, ZnO, p-Si, pulsed laser deposition

INTRODUCTION

Currently there is significant interest in ZnQ as a
candidate for various future optoelectronic devices.
Zn0O is a rugged semiconductor with direct wide
band gap and it exhibits significant n-type conduc-
tivity even without any intentional doping. This
n-type conductivity can be further enhanced by
doping with Al or Ga.'™ This property and the
transparency in the visible spectral region have
prompted extensive investigations of ZnO films as
transparent electrodes in flat-panel displays,* p—n
heterojunction diodes,®’ thin-film transistors,®
mult'lple—quantum—well structures,” and solar
cells.’® Recently we have reported ZnO based all-
transparent conductin% p-n heterojunction diodes
with p-type AgCo004.11:12 Although ZnO films can be
grown by a variety of methods, including radiofre-
quenc%/ (RF) and direct-current (DC) sputter-
ing, 11 chemical vapor deposition,'® spray
pyrolysis,’®. and. electron cyclotron resonance-as-
sisted molecular-beam epitaxy,!” we used pulsed
laser deposition (PLD)"'®19 to deposit high-quality
ZnO films because of its effectiveness and amena-

(Received August 15, 2007; accepted December 3, 2007)

bility to different growth conditions.?° For the
present study we fabricated heterojunctions of
n-type ZnO on p-type Si, which has many advanta-
ges such as low cost, large wafer size, and the pos-
sibility of integrating oxide semiconductors with
already highly matured silicon technology.

The growth of ZnO on Si substrates has been
studied extensively including the epitaxial growth
of ZnO on Si (100) substrates,?’ ZnO/p-Si
diodes,?*?* ZnO:N/p-Si heterostructures® etc.
Studies on the electrical transport properties of
ZnO/p-Si heterojunctions with different dopants in
the p-Si?® and ZnO?’ have also been reported
recently. However, due to the complex nature of
the carrier transport across the interfaces of the
n-ZnO/p-Si heterojunction, the transport proper-
ties of these heterostructures are not yet well
understood and are even debatable. We have fur-
thered these studies on n-ZnO/p-Si heterojunction
diodes fabricated by pulsed laser deposition at
different oxygen pressures. These heterojunction
diodes are found to have highly favorable forward-
to-reverse current ratio. We have also studied the
parametric dependence of the electrical charac-
teristics of these heterojunctions. The results of
these studies are presented and discussed in this
communication.
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EXPERIMENTAL

The pulsed laser deposition (PLD) of the ZnO
films was carried out in a growth chamber, which
was first evacuated to a base pressure of 10™° mbar.
A polycrystalline, stoichiometric, sintered (for 5 h at
1200°C) pellet of ZnO with a purity of 99.999% was
used as the target for PLD. The third harmonics
(355 nm) of a Q-switched Nd:YAG laser with a
repetition rate of 10 Hz, pulse width of 9 ns, and
fluence of about 3 J/cm? per pulse was used for
ablation of the ZnO target. Cleaned p-type silicon
(100) wafers with a carrier concentration of about
1 x 10 ecm™ were used as substrates. The growth
chamber was filled with flowing oxygen ambient
and its pressure was varied from 0.003 mbar to
0.007 mbar during the growth of different samples.
The substrate-to-target distance was kept at about
4.5 cm. The ZnO films were deposited for about
30 min on the Si substrates at room temperature.
To measure the conductivity and band gap of the
ZnO films those were separately deposited on silica
substrates under identical experimental conditions
as those used for the growth on the Si substrates.
For electrical measurements, indium metal contacts
were made on both p-type silicon surface and n-type
ZnO films, which were found to be ohmic in nature.
The room-temperature electrical measurements of
the ZnO thin films grown on the silica substrates
were carried out using the four-probe van der Pau
configuration in the Hall geometry.

RESULTS AND DISCUSSION

The thickness of the deposited ZnO films, mea-
sured using a stylus profiler (Dektak 6 M Stylus
profiler) was found to be about 250 nm. The X-ray
diffraction patterns of all the ZnO films showed only
(002) peaks along with the Si (200) peak. A typical
XRD pattern of these films is shown in Fig. 1a. This
confirmed the highly c-axis-oriented growth of the
Zn0O films. The full-width at half-maximum
(FWHM) of the (002) X-ray diffraction peak of the
ZnO films was found to be about 0.34°, indicating a
reasonably good crystalline quality of these films.

(a) Zno (002)
(b) ZnoO (002)
10 20 30 40 50 €0

2 0 (degree)

Fig. 1. XRD pattern of ZnO films deposited on (a) p-silicon (100) and

Ajimsha, Jayaraj, and Kukreja

X-ray diffraction pattern of the ZnO films deposited
on the silica substrates is shown in Fig. 1b. This
also showed only a (002) peak of ZnO, confirming
the same c-axis-oriented growth as in the case of
ZnO films grown on the p-Si substrates. However
the FWHM of this peak was found to be about 0.36°,
which is slightly higher than that of the films grown
on the Si substrates, as expected.

Figure 2a shows the band gap of the ZnO thin
films grown on silica substrates, estimated from the
plot of (ahv)? versus hv. It can be seen from this
figure that the band gap decreased from 3.36 eV to
3.257 eV with an increase of the oxygen pressure
from 0.003 mbar to 0.007 mbar. Series resistance,
an inherent resistance of the depletion region in
N-ZnO/p-Si heterojunction of all the diodes grown at
different oxygen pressures was calculated from the
plot of log (I) versus V,?® which is also shown in
Fig. 2a. As can be seen in this figure the series
resistance increased from 3.45 x 10° ohm to

(a) 6.0
33 |
455 @
3.3 b / >
3
< = 3
s sz} 450 §
2 S
a 3
S 330 p 445 %
2 3,
@ 3.28 g
. > 1
440 3
3.6 b
435
3.24 ' 4 ' 1 4
(b) 0.20
- 40
08}b C |
- 38
E 016 |
0.4 36
£ ' 1" %
s g
5’ 012 p 43 5
2 =
€ - 30 o
0.06 | <
428
004 } .
002 } 1%
o001 L8 . . . ) 24
0003 0004 0005 0006 0.007

Oxygen partial pressure (mbar)

Fig. 2. (a) The series resistance and the variation of the optical band
gap with oxygen pressure and (b) a plot of resistivity and mobility
with oxygen pressure.

(b) silica substrates.
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5.6 x 10° ohm with increasing oxygen partial pres-
sure from 0.003 mbar to 0.007 mbar. Figure 2b
shows the variation of resistivity and the electron
mobility for the ZnO thin films with respect to the
oxygen pressure. It can be seen from this figure
that, while the resistivity increased, the mobility
decreased when the oxygen pressure used during
the deposition was increased. Hall measurements
confirmed the n-type conductivity of the ZnO films.
Using these Hall measurements, the carrier con-
centration was found to decrease from about
3.2 x 10 em™3 to 1.32 x 10'® ¢cm ™3 when the oxygen
pressure was increased from 0.003 mbar to
0.007 mbar, as shown in Fig. 3. A theoretical curve
based on the calculated values of the carrier con-
centration from the Burstein-Moss (BM) shift?® is
also shown in this figure. With a small gap between
the two curves, the trend of experimental data and
that of the calculated ones coincide reasonably well.

As seen from Fig. 2a the band gap of the ZnO
films decreased with increasing oxygen pressure
during growth, as did the electron concentration.
This means that films grown at lower oxygen pres-
sure had a larger band gap due to the enhanced
carrier concentration in the film. This increase in
the band gap accompanied by an enhanced carrier
concentration can be explained using the BM
shift.2? As is well known, this model relies on the
effective mass approximation (EMA) in which the
wavefunctions are represented by plane waves and
the conduction and valance bands are taken to be
parabolic near the Brillouin zone. The BM shift in
band gap, AE, according to this model?® is given by:

R2 /1 1 2/3
AEg = 2 (—+—] (3%n)" 1)
82 \m, my
40 p
—e— Theoretical plot

— —&— Experimental plot
£ 32p
R
=
- 24
=
@
c
D
E-]
§ 16 p
8
w

08

00

' I ' 2 2
0.003 0.004 0.005 0.006 0.007

Oxygen pressure (mbar)

Fig. 3. The variation of the electron concentration in the ZnO films
(obtained from the Hall measurement and theoretical model using
the BM shift) with oxygen pressure.

where m, = 0.28 m,, mj = 0.59 m,, h, and n are the
effective electron mass, effective hole mass, Planck
constant, and electron density per unit volume,
respectively.

This leads to a total band gap of

E; =Eg + AEg (2)

We took the band gap of ZnO without BM shift
to be Eg4, = 3.25 eV, which is that of the ZnO bulk
crystal at room temperature.?® The BM shift in the
band gap (AE,) was obtained from Eq. 2 using the
total band gap (E,) estimated from the optical
transmission spectra. Then electron concentrations
(n) were calculated using Eq. 1. These calculated
values of the electron concentration are plotted as
a function of the oxygen partial pressure in Fig. 3.
Experimental values of the electron concentrations
obtained from the Hall measurements are also
shown in Fig. 3. It can be seen in this figure that
the electron concentrations obtained from the Hall
measurements match” well with those obtained
from the theoretical BM shift except at the lowest
oxygen pressure. This might be due to the strain
resulting from the increased oxygen vacancies in
the film.

The physical basis for the concentration of oxygen
incorporation in the ZnO films was investigated by
X-ray photoelectron spectroscopy (XPS) of the films
grown at oxygen pressures of 0.003 mbar and
0.007 mbar using an Al K, radiation source
(1486.6 eV). The results are shown in Fig. 4. The
intensity of the oxygen 1s XPS peak showed greater
oxygen incorporation in the ZnO films grown at
0.007 mbar oxygen pressure. It was also observed
from the XPS data that increase of oxygen pressure
during deposition enhanced the O/Zn ratio in the ZnO
thin films. From the XPS and Hall measurement data

(o} o
0.003 mbar
= === 0007 mbar
5 po
g
e 4r
=
@
Q
o
3
2 A A A I i
524 528 532 536 540
Binding energy (eV)

Fig. 4. XPS of O 1s ZnO thin films deposited at 0.007 mbar and
0.003 mbar oxygen pressures.
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Fig. 5. Current density—voltage (J-V) plot of ZnO/p-Si heterojunc-

tions. The inset shows the variation of the turn-on voltage with
oxygen pressure, P(Oy).

it can be elicited that, the greater the level of oxygen
incorporation in the films, the lower the electron
concentration. This is also in agreement with the
earlier study of Look et al.?!

Figure 5 shows the J-V characteristics of five
different n-ZnO/p-Si heterojunctions with ZnO films
grown at different oxygen pressures. All of the five
heterojunctions were found to be rectifying and the
turn-on voltage of the heterojunctions increased as
shown in the inset of Fig. 5 with increasing oxygen
pressure during the growth of the ZnO films. The
J-V characteristics of the n-ZnO/p-Si heterojunc-
tion diode with the lowest turn-on voltage is plotted
on a logarithmic scale in Fig. 6. The maximum for-
ward-to-reverse current ratio was found to be about
1,000 in the range of applied voltage from —5 V to
+5 V. The inset to Fig. 6 shows the ohmic nature of
the In/ZnO contact. The room-temperature leakage
current at -5 V was of the order of 10~ A. The
ideality factor was found to be greater than 10 for all
the heterojunctions fabricated.

The band structure of n-ZnO/p-Si at the hetero-
junction can be constructed using the Anderson
model®? by assuming continuity of vacuum levels
and neglecting the effects of dipole and interfacial
states. A similar band structure has been suggested
for doped and pure ZnO/Si heterojunction by P Chen
et al.?®3% Figures 7a and 8 show the constructed
band structure of the n-ZnO/p-Si heterojunction
fabricated at the 0.007 mbar oxygen pressure under
zero and forward bias, respectively. Values of the
band ‘gaps of E, (ZnO) = 3.257 ¢V and E, (Si) =
1.12 eV, and of the electron affinities of y(ZnO) =
4.35 eV and x(Si) =4.05 eV, were used.?® The
valance-band offset (AE,) and conduction-band
offset (AE.) are equal to 2.43 eV and 0.3 eV

Ajimsha, Jayaraj, and Kukreja
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Fig. 6. Current density—voltage (J-V) plot of ZnO/n-Si heterojunc-
tions on a logarithmic scale. The inset shows the current-voltage
(V) plot of the In/ZnO contact.
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Fig. 7. (a) The band structure of the ZnO/p-Si heterojunction (grown
at 0.007 mbar oxygen pressure) under zero bias. (b) The variation of
AE, with oxygen pressure during PLD of ZnO films.
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Zn0 Evacuum

p-Si

X (Si) = 4.05 eV % (ZnO) =4.35 eV
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Fig. 8. The band structure of the ZnO/p-Si heterojunction (grown at
0.007 mbar oxygen pressure) under forward bias.

respectively. The variation of AE, with oxygen
pressure during PLD of ZnO films is shown in
Fig. 7b. Both AE, and AE. are emerging out of the
difference in the electron affinities and band gaps of
the two materials forming the junction. It can be
noted that the valance-band offset AE, is much
higher than the conduction-band offset AE..

Since the carrier concentration in the p-Si side is
about 3 orders of magnitude lower than that in the
ZnO side, all the depletion region within the p-Si/
ZnO heterojunction is extended into the p-Si side.
Figure 7a shows that the bottom of the conduction
band on the ZnO side lies lower in energy than that
on the p-Si side. Hence under relatively low forward
bias, the chance of electron flow from the ZnO side
to the p-Si side is negligible due to the higher bar-
rier difference felt by the electrons at the bottom of
the conduction band on the ZnO side. This resulted
in a higher turn-on voltage for the p-Si/ZnO junction
grown at 0.007 mbar oxygen pressure. However,
under higher forward bias, the barrier difference is
lowered and the injection of electrons from the bot-
tom of the conduction band on the ZnO side to the
p-Si increased considerably ‘(as shown in Fig. 8).
Thereby the forward current rapidly increased
under a higher voltage bias. When the oxygen
pressure during the deposition of ZnO was
decreased, the carrier concentration increased and
hence the Fermi level shifted towards the bottom of
the conduction band. This means that, upon
decrease of the oxygen pressure, the Fermi level
may even move into the conduction band, resulting
in the easy flow of electrons from the ZnO side to the
p-Si side. Hence the forward voltage required for
considerable forward current decreased and thereby
the turn-on voltage decreased. This seems to explain
the decrease of the turn-on voltage for the n-ZnO/
p-Si heterojunction fabricated at the lower oxygen
pressure.

The variation of the turn-on voltage with oxygen
pressure can also be explained with calculated

values of series resistance. Due to series resistance,
a part of the applied voltage is effectively wasted
and hence a larger applied voltage is necessary to
achieve the same level of current compared to the
ideal value. Hence the turn-on voltage will increase
with the increase of series resistance in the quasi-
neutral region of p-Si/ZnO. It is noticed that the
calculated values of series resistance thus obtained
increased with increasing oxygen pressure, thereby
increasing the turn-on voltage.

CONCLUSION

In conclusion c-axis-oriented crystalline ZnO
films deposited on p-type Si (100) at different oxy-
gen pressures using PLD form effective n-ZnO/p-Si
heterojunctions, which were found to be rectifying.
The maximum forward-to-reverse current ratio was
found to be 1000 in the applied voltage range from
-5V to +5 V. The variation of the turn-on voltage
with oxygen  pressure was modeled with the
Anderson model and the BM shift, which is in
agreement with the values of the series resistance
calculated across the n-ZnO/p-Si heterojunction.
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