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Abstract: Y,0;3-doped ZnO—Bi,0; thin films were fabricated on silicon substrates by sol—gel process and annealed in air at 750 °C
for 1 h. Microstructure and electrical properties of ZnO thin films were investigated. XRD analysis shows that all peaks of ZnO thin
films are well matched with hexagonal wurtzite structure of ZnO. SEM results present that the ZnO grain size decreases with the
increase of dopant concentration, which means that rare earth doped can refine the grain size. The thickness of each layer is uniform
and the value of thickness is about 80 nm. The nonlinear VI characteristics with the leakage current of 0.46 pA, the threshold field
of 110 V/mm and the nonlinear coefficient of 3.1 could be achieved when the films contain 0.2% (mole fraction) yttrium ion.
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1 Introduction

Zinc oxide, a semiconductor with wide band gap
energy (—3.37 eV) is attracting attention for its potential
applications as surge absorbers in electronic circuits,
devices and electrical power systems to protect against
dangerous over-voltage surges [1—3], because of its
highly nonlinear current—voltage characteristics and a
high energy absorption capability [4]. As a result,
ZnO-based ceramic films are widely used to fabricate
low voltage varistors [5].

Y,0;5-doped ZnO varistor ceramics have attracted
many researchers to investigate their microstructure and
electrical characteristics. BERNIK [6,7] prepared

Y,0;5-doped ZnO-Bi,0Os3-based varistor ceramics. The
results showed that the addition of Y,0O; resulted in the
formation of a fine-grained Y,O;-containing phase along
the grain boundaries of the ZnO grains which inhibits the
grain growth. The threshold voltage (V1) of the ceramics
increased from 150 to 274 V/mm, the leakage current (/)
also increased with the amount of Y,0O; added, and the
nonlinear coefficient (o) was not influenced and
remained at approximately 40 [6]. PARK et al [8]

investigated Y,0;-doped PrsO;1—ZnO varistors and drew
the conclusion that the threshold voltage (V1 ma), the
nonlinear coefficient (@) and the average grain size
increased with increasing the Y,0; contents, whereas the
dielectric constant (¢) decreased. The specimen with
4.0% (mole fraction) Y,O; sintered at 1285 °C exhibited
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the highest nonlinearity, with a nonlinear coefficient (o)
of 77, and the dielectric constant of 352 at 1 kHz.
NAHM et al [9—-13] researched the microstructure and
electrical properties of Y,0s;-doped ZnO—Pr¢O,,-based
varistor ceramics in detail. Y,O;, as an inhibitor of grain
growth, led to the decrease of the average grain size with
the increase of its content. The varistor ceramics with
Y,0; content of 0.5% (mole fraction) sintered for 1 h
exhibited the best performance in terms of V-/
characteristics with 51.2 in the nonlinear coefficient, 1.3
PA in the leakage current.

An extensive literatures above indicate that among
the rare earth oxides doped ZnO varistor ceramics, Y,0;
can largely inhibit the growth of ZnO grains, so that the
threshold voltage of ZnO-based varistor ceramics are
remarkably improved. But there is no study on the
varistor properties of Y,0;-doped ZnO—-Bi,0;-based thin
films. It’s significant for the further study of rare earth
oxides doped ZnO thin films. Thus, it’s essential to
research Y,0;-doped ZnO thin films. In this work, the
undoped and different concentrations of yttrium ion
doped ZnO films were prepared by sol—gel process. The
main goal is to investigate the effects of yttrium
concentration on the microstructure and electrical
properties with XRD and SEM analyses and V-/
characteristics.

2 Experimental

Y,0;5-doped ZnO—Bi,0; thin films were fabricated
on silicon substrates by sol—gel process. The steps, such
as zinc acetate (Zn(CH3;COOQ),.2H,0), bismuth nitrate
(Bi(NO3);-2H,0) and manganese acetate
(Mn(CH;CO0O),2H,0), were weighed according to
the experimental scheme, which were dissolved in
ethylalcohol with the addition of diethanolamine and
glacial acetic acid, making the concentration of
Zn(CH3COO), be 0.5 mol/L. In this way, making the
final compositions of ZnO, Bi,O; and MnO was in the
relative molar ratio of 99:0.5:0.5 by adding the zinc
acetate and the dopants. According to the different
doping amounts of Y(NO3); (0, 0.1%, 0.2%, 0.3%, mole
fraction), the samples were marked as QF0, QF1, QF2
and QF3, respectively. Finally, the samples were stirred
at 60 °C for about 2 h to yield a clear, stable and
homogeneous sol.

After aging for 48 h, the sol formed into a stable
and homogeneous gel, the ZnO-based thin films were
prepared by dip-coating at room temperature, dipping in
the gel for 1 min. After previous steps, the films were
heated at 400 °C in air for 10 min. After 8 layers have
been deposited, the films were annealed at 750 °C in air

for 1 h. At last, these films were allowed to cool inside
the furnace.

The V—I characteristics of ZnO-based ceramic films
were investigated by passing conductive adhesive tape
on the surfaces of the films with a V~/ source/measure
unit (CJP CJ1001). The nominal varistor voltages (Vy) at
0.1 and 1.0 mA were measured, respectively, and the
threshold voltage V1 (V/mm) was obtained according to
Vi=Wn/d, where d is the thickness of the sample in mm.
The nonlinear coefficient a (0=1/1g(V1.0ma /Vo.1 ma)) Was
determined. The leakage current (/) was measured at
0.75"y [2,3,14-24]. XRD of the ZnO thin films was
measured by X-ray diffractometer (Rigaku D/max 2550
X-ray) with Cu K, radiation. The microstructures of the
ZnO films were observed by SEM (HITACHIs—4800).

3 Results and discussion

Figure 1 shows the XRD patterns of Y,0;-doped
ZnO—-Bi,0; thin films. It could be seen that all
diffraction peaks of ZnO thin films are well matched
with hexagonal structure of ZnO. The diffraction peaks
of Y,0; are not found in Fig. 1. The most probable
reason is that the amount of Y,O; is too small to be
found. That is to say, yttrium ions doped ZnO don’t
change the crystal structure, but instead of the crystal
structure of Zn ions. This conclusion is also confirmed in
the EDS analysis of ZnO—Bi,0; thin films (not shown),
and SAJID et al [25] prepared Co doped ZnO thin films
by gel-combustion

route and also proved this

phenomenon.
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Fig. 1 XRD patterns of Y,0;-doped ZnO-Bi,0; thin films

SEM microstructures of Y,0;-doped ZnO—Bi,O;
films are shown in Fig. 2. The average grain size of all
micrographs is clearly below the micron. The grain size
decreases with the dopant increasing, which means that
rare earth doping can refine the grain size. This
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Fig. 2 SEM micrographs of Y,0s-doped ZnO—Bi,0; thin films: (a) QFO0; (b) QF1; (c) QF2; (d) QF3

phenomenon is the same as the researches of Refs [7,11].
On one hand, yttrium ion and zinc ion have different
radii causing lattice distortion, which results in internal
stress and destroys the order of the crystals. The internal
stress increases with the dopant increasing, the lattice
distortion becomes more serious. On the other hand,
according to the crystal growth process, the crystal
nucleation rate and growth rate are the two factors
affecting the grain size. The radius of yttrium ion (0.102
nm) is larger than that of zinc ion, and a lot of yttrium
ions cannot dissolve in ZnO. Thus, most of yttrium ions
form new small grains on the grain boundaries, and
promote the crystal nucleation rate. The pinning effect of
these small grains effectively inhibits the grain growth.
SEM micrographs of cross-sectional thickness of the
investigated samples are shown in Fig. 3. Every layer can
be clearly distinguished on the whole, and the thickness

Hitachi 8.0mm x50.0k 1I Otl)un‘1

Fig. 3 SEM image of cross-sectional thickness of Y,0;-doped
ZnO-Bi,0; thin films

of each layer is about 80 nm. Among all layers, the
thickness of the layers in the middle is uniform.

The leakage current [, threshold field Vy and
nonlinear coefficient (&) of films are listed in Table 1. It
is observed that the leakage current and threshold voltage
firstly increase and then decrease and finally increase
with the increase of Y,O; content. The nonlinear
coefficients of Y,0s3-doped ZnO thin films samples have
the opposite results that decrease at first, then increase
and finally decrease, and reach a maximum value of 3.1
at 0.2% (mole fraction) yttrium ion. At the same time, the
leakage current of the sample doped with 0.2% (mole
fraction) yttrium ion is 0.46 mA, which is low relatively
in the four samples.

Table 1 Leakage current, nonlinear coefficient and threshold
field of films

Sample I/mA V/(V-mm ") o
QFO0 0.38 128 2.4
QF1 0.49 186 2.3
QF2 0.46 110 3.1
QF3 0.51 159 2.1

4 Conclusions

1) The microstructure and electrical properties of
ZnO thin films doped with different Y,O; contents
prepared by sol—gel process and annealed in air at 750
°C for 1 h were investigated.
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2) XRD patterns show that all peaks of ZnO thin

films are well matched with hexagonal structure of ZnO.

SEM results indicate that the average grain sizes of all

micrographs are clearly below the micron.

With

increasing Y,0; content, the grain size of ZnO decreases,

which means that the addition of rare earth can refine the

grain size.

3) The thickness of each layer is about 80 nm and

the thickness is uniform. When doped with 2.0% (mole
fraction) yttrium ion, the leakage current of ZnO thin
film is 0.46 mA while the threshold field is 110 V/mm
and the nonlinear coefficient is 3.1.
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AR BBUEHE Y20, 152 ZnO EHTHIE R 1A
AN R, BT, ERE huR!, ikt Taeatt, iR’

1. YLK MRRRALS TREZEBE, YT 212013;
2. PHEBEEGCE SRR S AMRRRE R RS R, b5t 100083;
3. PHLACR: M AR A R S S S, P2 7100495
4. WP RHECRS: LTI S SR A T R S, A 610054
5. ML IR 22 LR SR, #M 213000;
6. " MNRERBEEG R AR, H N 213102

B WU AR R T Y,05 B85 ZnO-BiyOs s 0 AR 4 F A B P RE R S . BF 9T 45 %
. Y,0;#52% ZnO WBTE 750°C 4/ FiR K 1 h, ZnO IR EIE 5 ZnO 175 7 SH8 S5 HIARDT T ; ZnO
iR AR B AR R I IR/, Y05 76 T8 b Bn fobian 4k, Wil 45 HAG— 2 R4 80 nm. WF5Y
HERGEERM: M Y B ARE N 02%(BER B, ZnO MY AL IR 2 v, HOR IR N 0.46 mA,
REBERE N 110 Vimm, JREMERECH 3.1,

KR SRR Y 0, B IR, VAR R ke AR
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