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Temperature coefficients of grain boundary resistance variations
in a ZnO/p-Si heterojunction�
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Abstract: Heteroepitaxial undoped ZnO films were grown on Si (100) substrates by radio-frequency reactive sput-
tering, and then some of the samples were annealed at N2-800 ıC (Sample 1, S1) and O2-800 ıC (Sample 2, S2) for
1 h, respectively. The electrical transport characteristics of a ZnO/p-Si heterojunction were investigated. We found two
interesting phenomena. First, the temperature coefficients of grain boundary resistances of S1 were positive (positive
temperature coefficients, PTC) while that of both the as-grown sample and S2 were negative (negative temperature
coefficients, NTC). Second, the I–V properties of S2 were similar to those common p–n junctions while that of both
the as-grown sample and S1 had double Schottky barrier behaviors, which were in contradiction with the ideal p–n
heterojunction model. Combined with the deep level transient spectra results, this revealed that the concentrations of
intrinsic defects in ZnO grains and the densities of interfacial states in ZnO/p-Si heterojunction varied with the differ-
ent annealing ambiences, which caused the grain boundary barriers in ZnO/p-Si heterojunction to vary. This resulted
in adjustment electrical properties of ZnO/p-Si heterojunction that may be suitable in various applications.
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1. Introduction

Zinc oxide (ZnO) is wide band gap semiconductor (� 3:37

eV at room temperature) with various applications, especially
laser diodes (LDs) and light emitting devices (LEDs), and win-
dow material for display and solar cellsŒ1�. However, ZnO is
difficult to obtain as a high quality and reproducible p-type ma-
terial, so practical device applications such as LDs and LEDs
using ZnO are still experiencing inherent problems. In an al-
ternative approach, various ZnO based heterojunction devices
have been fabricated using different p-type substratesŒ2; 3�.

The native ZnO is an insulator if it satisfies stoichiometry.
However, the undoped ZnO shows typical n-type conductivity,
which is attributed to structural defects. ZnO films depositing
on a silicon substrate usually form a polycrystalline structure,
so the grain boundary has a great influence on carrier trans-
portŒ4�. The crystallization of ZnO films will be improved af-
ter annealing, but the dependence of electrical properties upon
grain boundaries in ZnO/Si heterostructure annealing at vari-
ous ambiences has not yet been well established. Any applica-
tion of such a device therefore requires a thorough knowledge
of the underlying phenomena.

In this study, we utilize current–voltage (I–V / and deep
level transient spectroscopy (DLTS) measurements to investi-
gate the variations of grain boundary annealing at the different
ambiences and its influence on electrical properties of ZnO/p-
Si heterojunction.

2. Experimental

2.1. Preparation of samples

ZnO films were deposited on some p-type Si (100) sub-

strates by RF reactive sputtering. The p-Si substrates have a re-
sistivity of 2–3 ��cm. At first, these substrates were carefully
cleaned byCCl4, toluol, acetone, ethanol, aqua fortis, hydroflu-
oric acid and deionized water in sequence. Then substrates
were exposed to a dry N2 flow. The target was a sintered oxide
ceramic disk of ZnO (purity 99.99%). The target–substrate dis-
tance was 8 cm. Before deposition, the sputtering chamber was
pumped down to 2 � 10�3 Pa. The working pressure was 2 Pa
(Ar : O2 = 1 : 1). An RF power of 6 W was applied to the ZnO
target. No external bias voltage was applied to substrate. Then
ZnO films were deposited on the Si substrates at 300 ıC for 1 h.
The thickness of the ZnO films was 200–300 nm. Lastly, some
of the samples were annealed at N2-800 ıC and O2-800 ıC for
1 h, respectively.

2.2. Measurements

ADLTS signal is obtained from the NJ.M.DLTS deep level
transient spectrometer in a temperature range of 77–350 K. A
0.01 Hz ultralow frequency sawtooth wave generator is used
as the voltage source for I–V measurement. Indium is em-
ployed for the ohmic contacts. During electrical property mea-
surement, the samples are kept in a dark chamber. More details
about sample structure and electrical measurement apparatus
can be founded in Ref. [5].

3. Results and discussion

As is well known, ZnO films depositing on silicon substrate
usually form polycrystalline structures.When ZnO grains bond
with the Si layer, the crystal boundary between them can be re-
garded as an intergranular boundary. So a large interfacial state
existed at the ZnO/p-Si interface and ZnO grain boundaries due
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Fig. 1. DLTS spectra of annealed samples. (a) O2-800 ıC annealed,
.b/ unanneal and .c/ N2-800 ıC annealed of samples.

to a large lattice mismatch. Also during sample preparation, the
adsorption oxygen in the ZnO grain boundaries formed high
densities of electron traps. They work together to give rise to
the negative charge trapping at the grain boundaries. The neg-
ative charge must be compensated by a positive space charge
double layer that extends into the interior bulk. Consequently,
the Schottky barriers are formed. In polycrystalline ZnO films,
the donor density near the surface is lower than that in the bulk,
while near the ZnO/p-Si interface, the donor density is even
lower. So the changes in depleted regions are mainly in ZnO
grains adjacent to the grain boundaries, and the height of the
barrier has a strong relationship with the concentration of deep
level defects in the ZnO bulk. Here is Zn��

i , is completed ion-
ized zinc interstitialsŒ6�8�.

Figure 1 shows theDLTS spectrum of all samplesmeasured
at a certain rate windows. It is obvious that there are two deep
level centers (E1 and E2/ in the as-grown sample and S1. The
trap centers at E1 have almost disappeared in S2, but E2 still
exists.

Based on DLTS theory, the probability of electron emission
en and the relative gap density Nt=NB can be described as

en D �nVthNC exp
�

�
Ec � ET

kTp

�
; (1)

Nt

NB
D 2

�Smax

�C �
12

�V �
r

Vr
: (2)

In Eq. (1), �n is the capture section of the deep level center,
Vth is the average velocity of electron heat movement, Nc is
the availability state density of the conducting band, EC � ET
is the distance between the electron trap energy and the con-
ducting band, and Tp is the temperature of the corresponding
electron trap energy level emission peak. In Eq. (2), �Smax is
the DLTS spectrum peak value, �C �

12 is the DLTS signal cali-
bration pulse which is the apparatus parameter,�V �

r is the step
pulse,Vr is the bias voltage,NB is the concentration of substrate
carries, and Nt is the concentration of electron trap centers.

Make an Arrhenius-plot of DLTS curves measured at dif-
ferent rate windows in Fig. 1 using Eq. (1). The location of the
electron trap energy levels can be calculated from the curve

Table 1. DLTS properties of samples.
Sample Energy level (eV) Nt=NB (%)
As-grown E1 D EC � 0:209 2.76

E2 D EC � 0:718 20.6
S1 E1 D EC � 0:285 0.75

E2 D EC � 0:793 2.67
S2 E2 D EC � 0:558 0.83

slopes and the electron trap concentrations can be obtained
from Eq. (2). The obtained DLTS results are listed in Table 1.

It is clear that there are two deep level trap centers (E1 D

EC � 0:209 eV and E2 D EC � 0:718 eV) in the as-grown
sample. The first deep level, E1 of 0.209 eV, has been reported
many times and regarded as an electron trap energy level that
related to Zn��

i
Œ8�11�. The second deep level, E2 of 0.718 eV,

has never been reported in other papers no matter whether ZnO
films were deposited on sapphire or GaN substrates. We specu-
late that the origination ofE2 may be from the lattice mismatch
between the Si substrate and ZnO film or the lattice damage
caused by RF reactive sputtering. The details of this level need
further research. The trap centered at E1 almost vanishes after
O2-800 ıC annealing but still exists after N2-800 ıC annealing.

Through the disordered layer at the grain boundary, there
is a rapid grain boundary diffusion of oxygen as annealing at
O2 ambience. The rate of diffusion is enhanced by a high tem-
perature. At the grain boundary, there is a reactionŒ11�,

Zn��
i C 2e0

C
1

2
O2.g/ ” ZnO: (3)

Thus a chemical potential gradient is established between the
bulk and the grain surface, which provides the necessary driv-
ing force for the zinc interstitial diffusion. The net result is the
creation of a thermodynamically stable ZnO lattice in the grain
boundaries at the expense of reduction of [Zn��

i � .[Zn��
i � is the

concentration of completed ionized zinc interstitials), which re-
sults in the improvement of the stoichiometric deviation of the
ZnO grains. We believe this is the main reason that E1 in S2
almost disappears after annealing at O2-800 ıCŒ6�.

As to the E1 in S1, on the one hand the covered oxygen
on the ZnO grain surface that formed during the sample prepa-
ration process began to desorption when annealed at N2-800
ıCŒ10�, these oxygen can diffuse into ZnO grains and recombine
with Zn��

i , which results in the reduction of [Zn��
i � in S1Œ11�.

This is the reason that the relative gap densities ofE1 in S1 de-
crease a lot compared with that of the as-grown sample. On the
other hand, as reported in Ref. [12], N2 is an inert gas, a stable
complex defect (Zni–NO/ is easily formed in ZnO grains, and
the locations of the oxygen atom and the oxygen vacancy on
the ZnO grain surface are easily replaced and occupied by a
nitrogen atom, which results in the increment of [Vo� in ZnO
grain is confined ([Vo� is the concentration of oxygen vacancy).
This is favor to prevent the oxygen from diffusing into grains
deeper, which means that the stoichiometric deviation of the
ZnO grain cannot be much improved. This is the reason that
[Zn��

i � of S1 is larger than that of S2, and the corresponding
deep level center E1 still exists after annealing at N2-800 ıC.
As to the location ofE1 in S1moves deeper comparedwith that
of the as-grown sample. We speculate that this is attributed to
the regularization of the energy band caused by the variation
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Fig. 2. I–V characteristics of all samples measured at various tem-
peratures. (a) As-grown sample. (b) N2-800 ıC annealed. (c) O2-800
ıC annealed.

of [Zn��
i �Œ12�.

The I–V characteristics of all samples measured at vari-
ous temperatures are shown in Fig. 2. Looking at Figs. 2(a)
and 2(b), the I–V characteristics of both the as-grown samples
and S1 exhibited a double-Schottky behavior with themeasure-
ment temperature rising. Considering the grain boundary ef-
fects in the ZnO/p-Si heterojunction, this is easily understood.
As mentioned above, ZnO films depositing on silicon substrate
usually form polycrystalline structures due to a large lattice
mismatch, and a high density of interface states existed in the
ZnO/p-Si heterojunction. In such a case, the p–n heterojunction
can be regarded as p-type and n-type Schottky barrier in seri-
als, thus I–V characteristics are dominated by the broad gap
semiconductor (ZnO) side completelyŒ13�.

In the reverse transport process of the as-grown samples,
the electrons in p region inject the interface region by tunneling
and cross grain boundary barrier with thermo-emission. The
tunneling probability increases with reverse voltages rising.
The effective concentration of the carriers in the ZnO grains
equals the product of the concentration of carriers that can in-
ject into the interface region by tunneling, and the probabil-
ity of those carriers that can cross grain boundary barrier by

Table 2. Variations of grain boundary resistances of all samples.
T

(K)
Ras-grown
(k�/

T

(K)
Rs1
(k�/

T

(K)
Rs2
(k�/

195 960 211 29.4 198 30.4
269 588 235 32.2 240 20.9
278 206 271 37.3 276 15.9
292 110 290 40.7 299 11.2

thermo-emission. This probability can be described by P D

exp Œ� .e'/ =kT � using a Boltzmann distribution, where e' is
the height of grain boundary barrier. Therefore, the tempera-
ture parameter decides the number of carriers that can cross
the ZnO grain boundary directly. Investigate one of the I–V

curves in Fig. 2(a), whose measured temperature is 195 K. In
this situation, the probability of those carriers that can cross
the grain boundary is small because the measurement tempera-
ture is low, which causes reverse currents to be near zero. This
probability increases rapidly with the measurement tempera-
ture rising, which leads to reverse currents varied with various
measured temperatures. So transport currents at reverse bias
voltages increase dramatically with the measurement tempera-
ture rising, which results in current transports in the ZnO/p-Si
heterojunction exhibiting a double-Schottky behavior. This is
the same reason for the reverse I–V characteristics of S1.

The characteristic of I–V can be expressed asŒ13�

I D SA��T 2 exp .�q'0=kT / Œexp ..qV � IRS/=nkT /�

D I0 Œexp ..qV � IRS/=nkT /� ;

(4)

I0 D SA��T 2 exp .�q'0=kT / ; (5)

where S , A��, '0, n, RS, T , k and I0 are the heterojunction
area, the Richardson’s constant, the Schottky barrier height,
the ideality factor, the series resistance, the Kelvin temperature,
the Boltzmann constant and the saturated drain current, respec-
tively. The RS can be calculated by fitting I–V data in Fig. 2
using the first derivative of Eq. (4) for q.V �IRS/ > 3nkT Œ13�.
The obtained results are listed in Table 2. Considering that ZnO
films deposited on Si substrate form polycrystalline structures
due to a large lattice mismatch,RS is mainly attributed to grain
boundary resistancesŒ8�.

It is obvious that the temperature coefficients of grain
boundary resistances of S1 are positive while that of both the
as-grown sample and S2 are negative, as shown in Table 2.

The variation in grain boundaries resistances of the as-
grown samples can be easily clarified. During the fabrication
process, there is a thin amorphous layer formed between the
ZnO layer and the Si substrates due to lattice damage caused
by RF reactive sputteringŒ14�. So there is a high density of in-
terfacial states existing between the ZnO layer and the Si sub-
strates.

A high density of interfacial states will cause the con-
duction band of ZnO to bend down largely and result in a
large number of local recombination centersŒ15�. In the forward
transport process of the as-grown samples, electrons are as-
sumed to tunnel through a series of closely packed local re-
combination centers to reach the ZnO/p-Si interface from the
conduction band of the ZnO, and then those electrons can jump
into p region by thermo-emission directlyŒ16�.
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Fig. 3. Arrhenius-Plot of characteristics of as-grown sample.

The temperature-dependence of the forward I–V charac-
teristics of the as-grown samples is shown in Fig. 3. It is ob-
vious that the curves are almost parallel as voltages are above
2 V. This observation suggests that the forward electron trans-
port is a tunneling mechanism via recombination centersŒ16�.
So the number of electrons that can come into the p region is
larger with the measurement temperature rising, which causes
the forward current to become larger with the measurement
temperature rising. This is the main reason that the NTC of
the grain boundary resistances of as-grown samples appears.

Consider after N2-800 ıC annealing, the variation of grain
boundary resistances of S1 can be explained easily.

The lattice damage caused by RF reactive sputtering and
lattice mismatch between the ZnO layer and the Si substrates
will be improved after N2-800 ıC annealing, but the stoichio-
metric deviation of the ZnO grain cannot be improved greatly,
as mentioned above. So the influence of interfacial states be-
tween the ZnO layer and the Si substrates is impaired, while
the ZnO grain boundaries still have large effects.

In this situation, as suggested by HeywangŒ17; 18�, the PTC
of resistances usually appears in polycrystalline metal oxide
semiconductors, which have a high density of interfacial states
between grains, and can be explained by the double Schottky
barrier model. According to his explanation, in the grain bulk
adjacent to grain boundaries, the negatively charged interfa-
cial states are compensated by positively charged donor centers
(here Zn��

i / and a depletion space charge layer is formed. The
presence of grain boundary acceptor states in this region results
in the Fermi level lowering at the grain boundaries. To align the
Fermi level across the interface, band bending occurs and a po-
tential barrier between two grains is formed. The height of the
potential barrier is strongly governed by the temperature and
gives rise to the PTC resistance effect.

Using Heywang’s model, the potential barrier '0 and bar-
rier width d are

'0 D
qNS.T /

Œ8"0"n�
; (6)

d D Ns=2n: (7)
Here,NS.T / is the temperature-dependent density of the occu-
pied acceptor states, n is the charge density in the grain, and "

is the relative dielectric constant in the depletion layers.
In view of the above, NS.T / decreased with the decrement

ofmeasurement temperature for the number of occupied accep-
tor states are less when the measurement temperature is low as
some of the interfacial acceptor states are not activatedŒ19�. So
'0 and d reduce with the measurement temperature decreased,
and the densities of current that flow through the grain bound-
aries are larger at the lower measurement temperature, which
gives rise to PTC of the grain boundary resistances.

The NTC resistances of S2 are also easily explained. As
mentioned above, the barrier height has a close relationship
with [Zn��

i �, as Zn��
i is the ionized donor impurity in the de-

pleted regions adjacent to the boundary. After O2-800 ıC an-
nealing, the decrement of corresponding [Zn��

i � can be at-
tributed to the interstitial zinc and oxygen recombination. In
addition, oxygen diffuses into the interface of the ZnO/p-Si het-
erostructure as a high temperature annealing at O2 ambience
and then forms Si–O bonds there, which reduces the number
of dangling bonds effectively that are caused by lattice mis-
matchŒ20�. So the height of the grain boundary barrier decreases
as well as the densities of the interface states. The reasons
mentioned above working together impair the influence of the
grain boundaries and the interfacial states, which results in the
double Schottky barrier behaviors disappearing. The transport
mechanism of S2 can be described using a thermo-emission
model. So the kinetic energy of the electrons increased with
the measurement temperature rising, which results in the num-
ber of electrons that can cross over the barriers increasing, and
the appearance of the NTC of the grain boundary resistance.

The reasons discussed above suggest that the variation of
the grain boundary resistances is controlled by the densities
of the interfacial states completely. After O2-800 ıC anneal-
ing, themicrostructures of the ZnO/p-Si heterostructure are im-
proved, and the influences of both the interfacial states and the
grain boundaries are weakened.

4. Conclusion

The characterization of carrier transport in the ZnO/p-Si
heterostructure and its temperature coefficients of resistance
are investigated using I–V and DLTSmeasurements. The vari-
ations in temperature coefficients of the grain boundary resis-
tances can be explained using the change of grain boundary be-
havior and the densities of the interfacial states. After O2-800
ıC annealing, the lattice mismatch and stoichiometric devia-
tion of the ZnO grain are much improved, which results in the
disappearance of the double-Schottky behavior and the appear-
ance of the NTC resistances. This resulted in the adjustment of
the electrical properties of the ZnO/p-Si heterostructures that
may be suitable in various applications.
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