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Grain boundary layer behavior in ZnO/Si heterostructure�
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Abstract: The grain boundary layer behavior in ZnO/Si heterostucture is investigated. The current–voltage (I–V )
curves, deep level transient spectra (DLTS) and capacitance–voltage (C–V ) curves are measured. The transport cur-
rents of ZnO/Si heterojunction are dominated by grain boundary layer as high densities of interfacial states existed. The
interesting phenomenon that the crossing of ln I–V curves of ZnO/Si heterojunction at various measurement temper-
atures and the decrease of its effective barrier height with the decrement of temperature are in contradiction with the
ideal heterojunction thermal emission model is observed. The details will be discussed in the following.
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1. Introduction

Zinc oxide (ZnO) is a wide-band-gap semiconductor hav-
ing properties suitable for various applications such as ultravi-
olet (UV) optoelectronic devices, transparent high power and
high frequency electronic devices, surface acoustic wave de-
vices, piezoelectronic transducers, and chemical gas sensors.
The native ZnO is an insulator if it is satisfied stoichiometry.
However, the undoped ZnO shows typically n-type conductiv-
ity, which is attributed to the structural defectsŒ1�. In view of
the advantages of electronic and optical confinements offered
by heterojunction structures, n-type ZnO has, thus, been fre-
quently deposited on various p-type semiconductorsŒ2�. ZnO
films depositing on a silicon substrate usually form polycrys-
talline structure as a large lattice mismatch, and the behavior
of the grain boundary layer of ZnO/Si heterostructure is note-
worthy in the carrier transport process. However, so far as we
know, there is still no systematic investigation regarding these
aspects.

In this paper, DLTS, I–V andC–V measurements are used
to investigate the behavior of grain boundary layer of ZnO/Si
heterostructure in the carrier transport process.

2. Sample prepared and measurements

P-Si (100) wafers with a resistance of 2–4 ��cm were used
as substrates. ZnO:LiCl thin films were prepared by the sol–gel
approach. The sol solution was prepared by zinc acetate dehy-
drate (ZnO (AC)2/ and polyvinyl alcohol (PVA/ with a con-
centration of 0:33 mol=L and 0.05 g/cm3, respectively. LiCl
solution with a concentration of 3:3 � 10�4 mol=L was used
as dopant, which was heated up to 80 ıC and stirred for 60 min.
The sol was spin-coated on the polished side of Si substrate at
3000 rpm for 30 s followed by a drying process at 300 ıC in
a tube furnace in air for 5 min. This procedure was repeated
six times for each sample. At last, sample 1 (S1) and sample
2 (S2) were annealed at O2-600 ıC and O2-900 ıC for 1 h,
respectively.

A 0.01 Hz ultralow frequency sawtooth wave generator
(model 439 function generator) was used as the voltage source
for I–V measurement. Indium was employed as the Ohmic
contacts. During all the electrical properties measurement, the
samples were kept in a dark chamber. DLTS signals were ob-
tained from the NJ:M:DLTS deep level transient spectrome-
ter in a temperature range of 77–350 K. C–V measurement
was performed with a multi-frequency LCR meter (HP model
4275A). More details about samples structure and electrical
measurement apparatus can be examined in Ref. [3].

3. Experimental results and discussion
The I–V characteristics of S1 and S2 are investigated at

different temperatures from 211.2 to 280.6 K and 128.6 to
276.6 K, respectively. The currents as a function of applied
voltages are shown in Fig. 1.

By the theory of the heterojunction thermal emission, the
characteristics of I–V can be expressed asŒ4�:

I D SA��T 2 exp .�q�0=kT / Œexp .qV � IRS=nkT /�

D I0 Œexp .qV � IRS=nkT /� ; .1/

Fig. 1. I–V curves of samples after (a) O2-600 ıC and (b) O2-900 ıC
annealing.
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Table 1. Characteristics of I–V , C–V , and DLTS of samples.
Sample I–V DLTS C–V

n Rs (k�) ET .eV/ Nt=NB Nt
�
cm�3� �B.eV/ Ni.cm�3/

S1 19（T D 276:6K） 26 EC � 0:239 8.99% 4:5 � 1014 1.24 6:4 � 1014

S2 14（T D 280:6K） 16 EC � 0:238 8.47% 4:2 � 1014 0.72 5:8 � 1014

Fig. 2. Barrier height �0 as a function of the various measurement
temperatures for O2-600 ıC and O2-900 ıC annealing.

I0 D SA��T 2 exp .�q�0=kT / : .2/

Here S is the cross-sectional area,A�� is the Richardson’s con-
stant, �0 is the Schottky barrier height, n is the ideality factor,
V is the bias voltage, k is the Boltzmann constant, T is the
Kelvin temperature, RS is the bulk series resistance, and I0 is
the saturated drain current. The ideality factor n of S1 and S2
(S1, T = 276.6 K and S2, T = 280.6 K) can be obtained by
fitting Arrhenius-Plot of one of curves in Fig. 1. Also, the se-
ries resistance RS can be obtained by fitting I–V data in Fig. 1
using the first derivative of Eq. (1)Œ5�. The obtained results are
listed in Table 1.

Due to Eq. (2), there are obviously relationships between
�0 and I0:

�0 D
kT

q
ln

�
SA��T 2

ı
I0

�
; .3/

ln
�
I0=T 2

�
D lnSA��

� q�0=kT: .4/

To avoid errors of �0 caused by unreasonable selected SA��,
we deduce SA�� from following steps. Make Arrhenius-Plot
using curves in Fig. 1, I0 at various temperatures can be ob-
tained from intercepts, where the slopes of the extrapolated
ln I–V lines intersect with ln I axis. Fit curve using Eq. (4)
with obtained I0, and then SA�� can be got from intercept of
fitting curve. So �0 at various temperatures can be got from
Eq. (3) using obtained SA��. Figure 2 shows �0 of S1 and S2
as a function of the various measurement temperatures.

Figure 3 is Arrhenius-Plot of Fig. 1(a). Look into Fig. 3,
it is interesting that the crossing of ln I–V curves is observed
and the forward transport currents have a negative temperature
characteristic. This phenomenon can hardly be explained by
using the inhomogeneous Schottky barrier modelŒ6�.

As mentioned before, ZnO films depositing on a silicon
substrate will form polycrystalline structures due to a large lat-
tice mismatch, and grain boundary is an important feature to

Fig. 3. lnI–V curve of O2-600 ıC annealing.

be considered. During the sample preparation process, the ad-
sorption oxygen in the grain boundary forms high densities of
electrons traps. Those electrons traps capture the carriers that
originate from ionized bulk deep level defects, which induce
the formation of electrons depleted regions adjacent to the grain
boundary and corresponding space charge barriersŒ7�.

The currents transport mechanisms of ZnO/Si heterostruc-
ture can be regarded as an emission–recombination model as
high densities of interface states existedŒ8�. In this model, the
p–n heterojunction can be regarded as p-type and n-type Schot-
tky barrier in serials, and the I–V characteristics of hetero-
junction are dominated by broad gap semiconductor side com-
pletelyŒ4�. Look into Fig. 1(a), the I–V characteristics of S1
reveals that the currents transport mechanisms are dominated
by ZnO grain boundary completely. The electrons in p region
inject interface region by tunneling and cross grain boundary
barrier with thermal emission as S1 is applied reverse voltages.
The probability of tunneling increases with reverse voltages
rising and the temperature has a direct influence on the num-
ber of carriers that can cross the ZnO grain boundary. The ef-
fective concentration of carriers in ZnO grains equals to the
product of the concentration of carriers that inject into inter-
face region by tunneling and the probability of those carriers
that can cross grain boundary barrier. This probability can be
described asP D exp Œ� .e�/ =kT � using Boltzmann distribu-
tion. Here e� is the height of the grain barrier. Observe one of
the curves shown in Fig. 1(a) whose measured temperature is
211.2 K. The probability of carriers at this measurement tem-
perature that can cross grain boundary is low, which causes
the reverse currents saturation. This probability increases with
the measurement temperature rising. So the reverse currents of
S1 are unsaturated gradually with the measurement tempera-
ture rising. Furthermore, the grain boundary causes the nega-
tive temperature characteristics of forward transport currents in
S1, which results in the interesting phenomenon of the cross-
ing of lnI–V curves. This can be illuminated as follows. In the
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forward transport process, the electrons are filled into the shal-
lower empty electron traps which are located in the intergran-
ular regions (grain boundary layers) firstly, and then formed
space charges. Those carriers can easily overcome the grain
barrier from some energy state and flow into the conduct band
to form electrons currents. The electrons currents increase due
to the increment of electron kinetic energy as the measurement
temperature rises. Thus, the numbers of space charges in the
intergranular regions decrease, the electron inject interface re-
gion has to be filled with the deeper electron trap levels. This
dictates the nature of the grain boundary layer as the carriers
need to surmount for conduction over this barrier height. So
the barrier height that these carriers have to overcome as they
cross the grain boundary layer increases. Therefore, transport
currents decrease with the measurement temperature rising.

The curves of �0–1000=T shown in Fig. 2 reveal another
aspect of the influence of interfacial states that is caused by
grain boundary. On the one hand some interfacial electrons
traps are not thermal activation at the lowmeasurement temper-
ature which causes �0 of both samples decreased with the mea-
surement temperature decreased, but on the other hand note
that �0 of S2 is lower than that of S1 in all measurement ranges
as shown in Fig. 3, and RS of S2 are smaller than that of S1 as
well as n. This suggests that the microstructures of ZnO are
decorated as the annealing temperature rising at O2 ambience.
Generally, the average sizes of ZnO grains enlarge with the an-
nealing temperature rising. It can be suspected that the smaller
average grain size, the more grain boundary has and the larger
voltages will be dropped. This explains �0 of S2 less than that
of S1 as well as RS and n.

As high temperature annealing at O2 ambience, oxygen dif-
fusion into the interface of ZnO/Si heterostructure is stronger,
and then Si–O bonds are formed there, which reduces the dan-
gling bonds caused by lattice mismatchŒ9�. Besides, the diffu-
sion of oxygen in the grain boundary causes the grain barrier to
move into bulk grain, which results in an increase in the deple-
tion region widthŒ7�. So the tunneling probability of electrons is
suppressed and the reverse currents of S2 at various measure-
ment temperatures are almost saturated.

Generally, the origination of n type carriers in ZnO films is
regarded as related with Zn Œ7�

i . In polycrystalline ZnO films,
the densities of donors near the surface is lower than that in the
bulk, while near the ZnO/Si interface, the donor density is even
much lower. So the changes of depleted regions mainly in ZnO
grains adjacent to the grain boundary as measured with C–V

and DLTSŒ10�.
Figure 4 shows the en–T �1 relationship curves of S1 and

S2 measured with DLTS at different rate windows, where en
is the electron emission rate of deep level. Due to the princi-
ple of DLTS, the slopes of curves are related with the loca-
tion of deep level. Thus, it is clearly that the S1 and S2 have
a same deep level ET located at Ec � 0:24 eV. The obtained
relative gap densities of S1 and S2 are Nt=NB D 8:99% and
Nt=NB D 8:47%, respectively. Taking the resistivity and im-
purity concentration of p-Si are � D 2–4 � �cm andNB D 4 �

1015cm�3, the concentration of deep level impurities of S1 and
S2 are Nt1 � 3:6 � 1014 cm�3 and Nt2 � 3:4 � 1014 cm�3,
respectively.

As is known to us all, the deep levels of ZnO films have a

Fig. 4. Arrhenius plots of deep levels for the samples S1 and S2.

Fig. 5. Inverse of the square of capacitance versus applied voltage
curves of samples.

great influence on its electrical barrier formation. There are a
lot of researches about the investigation into the origination of
deep level in ZnO films. Reference [11] reports the two bulks
deep levels in ZnO ceramic are 0:14 eV and 0:24 eV, and also
Reference [12] reports a deep level (Ec � 0:25 ˙ 0:01eV/ as
research ZnO films doping with Al and Ag. All of those levels
are proved not to be related with doping impurities. It is inter-
esting that our early research work also reports the same results
and has proved Ec � 0:24eV related with Zn� � Œ13�

i .
The C �2–V relationship curves of S1 and S2 measured

with 1 MHz frequency are shown in Fig. 5. There is a clear
shoulder on theC �2–V relationship of S1which indicates high
densities of trap states in the interface. Thus, it supports that the
current transport mechanisms of S1 accords with the emission-
recombine model. However, note the C �2–V curves of S2 re-
turned to normal and its capacitance values decreased after an-
nealing at O2-900 ıC, which indicts the densities of interface
states decreased. This suggests that microstructures of ZnO are
decorated after the high temperature annealing at O2 ambience
in another aspects.

Due to the relationship of depletion layer capacitanceŒ14�:

Ni D
2

q"s"0A2

1

d .C �2/=dV
; .5/
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C �2
D

2 .�B C VR � kT =q/

q"s"0A2Ni
: .6/

Here, "s is the dielectric constant of ZnO, "o is the dielectric
constant of vacuum, A is the junction area, Ni is the concen-
tration of ionized donors in depleted regions and �B is the ap-
parent barrier. Ni of S1 and S2 can be obtained from the slopes
of linear regions of C �2–V curves (dash lines in Fig. 5) using
Eq. (5), and �B can be obtained from intercepts that the slopes
of the extrapolated linear regions of C �2–V curves intersect
with voltages axis. We calculate Ni and �B of S1 and S2 and
list them in Table 1. Seen from Table 1, Nt and Ni of S1 and
S2 are almost same, it can be confirmed that the electrons in
the grain boundary layer are origination from ionized intrinsic
defects Zni.

Due to the relationship �B D
e2N 2

S
8"0"sNd

using data in Table 1,
the densities of effective trap states on grain surface of S1 and
S2 are NS1 D 1:9 � 1011 cm�2 and NS2 D 1:3 � 1011 cm�2,
respectively. These decrease obviously compared with the re-
port value that is 1013 cm�2 in the undoped ZnO grain bound-
ary which are not heat treatment at O2 ambienceŒ1�. Note that
Nt and Ni of S2 has a little decrement compared with that of
S1, but �B of S2 decreases obviously. It is clearly that the den-
sities of electrons have a relationship with O2 ambience due
to the relationship ZnO ” Zn��

i C 2e0 C
1
2O2.g/. The cov-

ered oxygen on grain surface begin to desorption and the dif-
fusion of Zni to grain surface is stronger at the high annealing
temperature. The oxygen ions recombine with Zn��

i which re-
duce ŒZni� and ŒV0

Zn�. The reasons mentioned above working
together result the height of grain boundary reduced. As to Ni2
reduces little compared withNi1, we suspect the decomposable
process of ZnO at O2-900 ıC has suppressed the reduction of
intrinsic defects. The diffusion of oxygen from grain boundary
into grain not only decreases Zni but also changes its distribut-
ing. So the effective concentration of Zni near grain surface is
lower than ŒZni� measured with C–V , but �B of S2 decreases
obviously.

4. Conclusion
In this paper, the behaviors of the grain boundary layer of

ZnO/Si heterostructure are investigated. The crossing of ln I–
V curves and negative temperature characteristics of forward
transport currents in S1 can be explained using the behaviors

of the grain boundary layer. The experiment shows that the
n type carriers in ZnO film originate from Zn��

i . After high
temperature annealing at O2 ambience, the microstructures of
ZnO/Si heterostructure are decorated and stoichiometric devi-
ation is improved, the influence of interfacial states on the car-
riers transport process of ZnO/Si heterostructure is weakened.
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