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Abstract. The doping effects of Cu on the electrical conductivity of ZnO were studied in the simple binary system
through the ac impedance spectroscopy. The Cu doping decreased the electrical conductivity of ZnO by several
orders of magnitude. The Cu doping decreased the electrical conductivity of ZnO both in the grain and in the
grain boundary. Hydrogen was introduced into the Cu-doped ZnO specimens by the ion implantation technique.
The electrical conductivity of the hydrogen-implanted layer increased by about 9 orders of magnitude at most. The
mechanism for such a hydrogen effect was also discussed.
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Introduction

The wide-band-gap oxide, ZnQ, is intrinsically n-type
semiconductor. It has been widely used in piezoelectric
transducers, varistor, gas sensor, catalyst, and trans-
parent conducting films [1-5]. If the p-type ZnO is
achieved, it can be used for optoelectronic applications.
So recently it has attracted many researchers’ interests
to explore the possibility of achieving the p-type ZnO
theoretically and experimentally. A potential candidate
for a p-type dopant is Cu [6-8]. Cu is well known as
an acceptor impurity in n-type ZnO, and has signifi-
cant effects on the electrical and optical properties of
ZnO [9-11]. Kutty et al. reported the varistor properties
of polycrystalline ZnO:Cu [12], and then Cu was ex-
tensively studied as an important additive in the ZnO-
based varistors [13, 14]. The role of Cu in the ZnO-
based varistors is different from other dopants such as
Mn, Co and Bi, Pr, etc. [14-21]. It is important to un-
derstand the effects of Cu in a fundamental manner.
There were some reports on the Cu doping in the ZnO

*To whom all correspondence should be addressed. E-mail:
shushin @silky.numse.nagoya-u.ac.jp

varistor, but the effects of Cu on the grain and grain
boundary of ZnO still remain unclear. In the present
experiment simple binary ZnO systems were used to
investigate the effect of Cu on the electrical conductiv-
ity both in the grain and in the grain boundary of ZnO
through the ac impedance spectroscopy.

Zinc oxide exhibits strong n-type conductivity with
the electrons to move in the conduction band as charge
carriers. In spite of extensive investigations, the source
of such conductivity is still in debate. For many years
the n-type conductivity has traditionally been attributed
to native defects [22, 23]. However, a recent first-
principles investigation has revealed that none of the
native defects may exhibit the characteristics consis-
tent with a high-concentration shallow donor, but in-
stead hydrogen is a promising candidate for the im-
purity causing the n-type conductivity in ZnO [24].
Experimental indications for hydrogen to behave as
a donor in ZnO were reported in 1950’s [25], but no
one paid attention to those results for many years. Re-
cently, many researchers’ interests have been focus-
ing on the hydrogen behavior in ZnO [26-37]. There
seems no argument on the shallow donor behavior of
hydrogen in ZnO, but there are still debates on whether
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hydrogen is the real source of n-type conductivity in
ZnO [37]. The real source of n-type conductivity in
ZnO might be more complicated than expected. There
is the possibility that the n-type conductivity of ZnO is
caused by some intrinsic defect complexes or H-defect
complexes. So it is still important to deeply study the
behavior of hydrogen in ZnO, such as the interaction
between hydrogen and intrinsic defects or extrinsic im-
purities. Zwingel studied the Cu-H centers in ZnO by
EPR spectra in 1975 [38]. In the present investigation
hydrogen was introduced into the Cu-doped ZnO by
the ion implantation method, and the effects of hydro-
gen on the electrical conductivity of the Cu-doped ZnO
were investigated.

Experimental

The wet chemical method [39, 40] was used for the
preparation of the undoped and Cu-doped ZnO pow-
ders. In the starting solution the compositional ratio
of copper to zinc was controlled to 100, 400, 700
and 1000 ppm, respectively. The structure of the pow-
der was analyzed with an X-ray diffractometer (XRD,
RAD-IIC, Rigaku Co., Japan) using the Cu Ko radi-
ation, and the grain size of the powder was analyzed
by using a laser particle analyzer (LA-920, HORIBA,
Japan).

The above ZnO powders were consolidated into the
disk-shaped specimens with 1.2 cm in diameter and 2—
2.5 mm in thickness by the uniaxial pressing at 30 MPa
in a mold, and then isostatically pressed at 150 MPa.
Specimens were placed in crucibles and sintered in a
muffle furnace, where the temperature was controlled
through programs. The sintering condition was kept as
follows; specimens were kept at 1000°C for 2 h, heated
up to 1350°C at the speed of 3°C/min and then kept for
3 h at this temperature, and subsequently taken out of
the furnace and cooled down to room temperature in
air.

Sintered specimens were cut and polished into the
shape of 0.8 x 0.8 x 0.03 cm, and were ultrasoni-
cally cleaned. The specimens were annealed at 1000°C
for 24 h to eliminate the surface mechanical dam-
ages during the polishing. The In-Ga alloy was used to
make electrodes for the electrical measurements. The
ac impedance was measured with impedance analyzers
(3535 LCR HiTESTER and 3522-50 LCR HiTESTER,
HIOKI, Japan). The modulus of complex impedance
|Z * (w)| and phase angle 6(w) were recorded from

the frequency 1 MHz to 1 Hz. The impedance spec-
tra were simulated using the software ZView (Scribner
Associates, Inc.) to separate useful parameters. All the
electrical measurements were conducted at room tem-
perature.

Hydrogen was introduced into the above Cu-doped
ZnO thin flake using the ion implantation technique
(ULVAC-PHI Incorporated, Japan), after the electri-
cal measurements. The H; ions were implanted into
ZnO specimen using a 5 keV ion gun and the implan-
tation dose was 1.44 x 10'7 ions/cm?. The contents
of hydrogen in the specimen were measured by the
means of elastic recoil detection analysis (ERD, AN-
2500, Nissin High Voltage Co., Ltd., Japan) before and
after the Hj ions implantation. The surfaces of the
ZnO specimens were observed before and after hydro-
gen implantation using a scanning electron microscopy
(SEM, S-3500H, Hitachi, Japan).

Results

According to the X-ray diffraction analysis, all the un-
doped and Cu-doped ZnO specimens had the Wurtzite-
type structure, and no formation of new phase could be
found in any Cu-doped ZnO specimens. All the sintered
specimens had the apparent density over 5.4 gcm ™3,
higher than 95% of the theoretical value, 5.67 gcm‘3.

The ac impedance spectra of the undoped and Cu-
doped ZnO specimens are shown in Fig. 1. All the
spectra contain a single arc, but the arc has a non-
zero intersection with the real axis in the high fre-
quency region. It is labeled as Ry in the equivalent
circuit in Fig. 2. The resistance Ry is attributed to the
ZnO grains, in accordance with the generally accepted
view. The intersection between the arc and the real
axis in the low frequency region represents the total
dc resistance of the sample. R{CPE; is attributed to
the response of the grain boundary region of ZnO. In
some ZnO varistor studies this part was divided into two
parts: intergranular layer and interface between grain
and intergranular layer [41, 42]. Here capacitance el-
ements are represented by a constant phase element
(CPE) with an admittance, ¥ = Yy(jw)", where Y
is the admittance module, w is the angular frequency
and n is the frequency power factor of the CPE, which
can indicate the level of the depression of the semi-
circle in the impedance spectrum. The experimental
impedance data were well simulated using this equiv-
alent circuit and the above parameters were separated.
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Fig. 1. Impedance spectra of Cu-doped ZnO specimens with different Cu doping content (the solid lines denote the fitting results).

The simulated results were shown as solid lines in
Fig. 1. The parameters Ry and R; were used to esti-
mate the grain and grain boundary electrical conduc-
tivity. The results are summarized in Fig. 3, where o, is
the electrical conductivity of the grain, o is the elec-
trical conductivity due to the grain boundary region,
and o is the total electrical conductivity.

It can clearly be seen from Fig. 3 that the electri-
cal conductivity of the Cu-doped ZnO is much lower
than that of the undoped ZnO. The electrical conduc-
tivity of even the 100 ppm Cu-doped ZnO specimen
was about 3 orders of magnitude lower than that of
the undoped ZnO. With the increase of the doped Cu
content, the electrical conductivity decreased gradu-
ally. The 1000 ppm Cu-doped ZnO had the electrical
conductivity 5 orders of magnitude lower than that of
the undoped ZnO.

As shown in Fig. 3, the grain and grain boundary
electrical conductivity of ZnO both changed with the
doped Cu content. It can be seen from this figure that
there was much greater difference between the grain
and grain boundary electrical conductivity for all the
Cu-doped ZnO specimens than the undoped ZnO spec-

imen. With the increase of the doped Cu content beyond
100 ppm, the decrease of the grain electrical conduc-
tivity was not very significant, while the electrical con-
ductivity of the grain boundary decreased by 2 orders of
magnitude. The total resistance of the Cu-doped ZnO
specimens was mainly caused by the grain boundary.

In the present investigation, the above ZnO spec-
imens were further used for the study of the doping
effect of hydrogen on the electrical conductivity of
ZnO. The sintered specimen was thinned down to about
0.3 mm, and then, the H} implantation was applied to
the specimen surface.

Figure 4 is the result of the ERD analysis for the
1000 ppm Cu-doped ZnO specimen before and after the
H; implantation. It was found from this figure that hy-
drogen really existed in the Cu-doped ZnO specimens
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Fig. 2. Equivalent circuit for the simulation of impedance spectra.
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Fig. 4. ERD analysis for the Cu-ZnO specimen before and after
hydrogen implantation.

even before the H; implantation. Also, the counts of
hydrogen ions increased apparently after the Hy im-
plantation. Hydrogen was also detected by ERD in the
undoped ZnO, and its counts increased after hydrogen
implantation, but the counts were lower than that of
the Cu-doped ZnO both before and after hydrogen ion
implantation [39, 43].

The ac impedance spectra of all the specimens af-
ter the H;r implantation were also measured, but in
all the spectra the single arc disappeared, so we could
only estimate the dc electrical conductivity from the
impedance measurements. According to the hydrogen
stopping power [44], it can be calculated that the H;
ions with the energy SkeV can be implanted into the
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Fig. 5. Changes of the electrical conductivity of ZnO specimens
before and after hydrogen implantation.

depth of about 200 nm in the ZnO specimens. So the
electrical conductivity in the hydrogen-implanted layer
can be estimated, shown in Fig. 5. From Fig. 5 it can be
seen that after hydrogen implantation there is no such
apparent difference among the samples in the electri-
cal conductivity as before hydrogen implantation. The
electrical conductivity of the most resistive 1000 ppm
Cu-doped ZnO increased from 4.6x1077Q~! cm™! to
1.5x10> Q! cm™' after the hydrogen implantation.
This result approaches to that of Kohiki et al. [35].

Discussion

It is well known that the Cu™ ions are substituted for
Zn’" ions in the ZnO lattice and behave as an acceptor-
type impurity. Since the extrinsic donor is absent in the
Cu-doped ZnO specimen, and Cu/,, has to be compen-
sated by either the hole or the intrinsic donor to keep
the electroneutrality, the grain electrical conductivity
of the n-type ZnO semiconductor decreased greatly by
the Cu doping.

The Cu doping had more significant effect on the
electrical conductivity in the grain boundary of ZnO
in the present experimental results. The width of the
space charge region can be expressed by Eq. (1). In
Eq. (1), W is the width of the space charge region, ¢ is
the dielectric constant, g is the elementary charge, and
V is the total potential drop across the space charge re-
gion, and Np and N, is the concentration of the donors
and the acceptors, respectively. V is often defined as
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Fig. 6. SEM micrographs for the surface of undoped ZnO specimen before hydrogen implantation (a) and after hydrogen implantation (b).

the built-in potential minus the applied potential, V = We can see from Eq. (1) that the net donor concen-
Vien — Via)- tration influences the width of the space charge region.
The Cu doping in ZnO decreases the concentration of

< 2eV ) 12 ) the intrinsic donor, and results in a larger space charge
q(Np — Ny) region, so it is easily to understand the fact that the
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grain boundary of the Cu-doped ZnO is much more re-
sistive than the grain. The introduction of Cu into ZnO
decreased the net donor concentration sharply, so the
difference in the electrical conductivity between the
undoped ZnO and the Cu-doped ZnO were enormous,
but among the Cu-doped ZnO specimens the difference
was not so striking with the increase of the Cu content.

It was found from Fig. 4 that hydrogen really ex-
isted in the Cu-doped ZnO specimens even before the
Hj implantation. This result can prove that hydrogen is
a very plausible impurity unintentionally incorporated
into ZnO in the preparation process. However, Ip et al.
[37] found that hydrogen exhibited a very rapid diffu-
sion in ZnO when incorporated by plasma exposure,
and all of the plasma-incorporated hydrogen could be
removed from the ZnO by annealing at >500°C. So the
authors questioned the possibility of hydrogen as the
dominant shallow donor in as-grown ZnO, which was
experienced the high temperature preparation process.
This is not consistent with the present results. In the
experiments of Ip et al. [37] ZnO single crystal was
used, and they also found that the thermal stability was
somewhat higher due to trapping at residual damage,
when the hydrogen was incorporated by direct implan-
tation. There is the possibility that the intrinsic defects
and extrinsic impurities could affect the behavior of
hydrogen in ZnO. Detailed experiments and some cal-
culations are needed to investigate whether there are the
effects of the intrinsic defects and extrinsic impurities
on the existence of hydrogen in ZnO. There is the pos-
sibility that the n-type conductivity of ZnO is caused
by some defect complexes or H-defect complexes.

It can be seen from Fig. 6 that there was some dam-
age in the surface of the ZnO specimen after the hydro-
gen implantation. We believe that the damage of the sur-
face is not the main reason for the increase in the elec-
trical conductivity, because we also found that, when
He™ ions were implanted into the ZnO specimen, there
were no apparent changes in the electrical conductivity.

It has been theoretically predicted that hydrogen
forms a shallow donor level in ZnO [24]. The implanted
Hj ions move readily from the interstitial site to the
neighboring oxygen site and forms OH ions in the form
of (O,H;)*. Here O,, H; and °® represent the O atom on
the oxygen lattice site, H atom in the interstitial site,
and the singly ionized donor, respectively. The (O, H;)*
unit can be regarded as a new type of donor delivering
an electron into the conduction band, which can turn
the oxygen into a sort of doping element. In ZnO the
Cut ion behaves as an acceptor-type impurity. When

more hydrogen ions were introduced into ZnO by the
implantation, the formation of the above (O,H;)*® units
will be enhanced as donors. The donor introduced by
hydrogen will compensate the Cu7,,, and then the elec-
trical conductivity will increase greatly.

The hydrogen introduced into ZnO acts as a shal-
low donor, so the net donor concentration in ZnO in-
creases, and the width of the space charge region will
decrease according to Eq. (1). As a result, the resistiv-
ity of the grain boundary will also decrease greatly. In
our experiments the large arc in the impedance spec-
tra, which indicates the conduction process in the grain
boundary of the Cu-doped ZnO, disappeared after the
hydrogen ion implantation. This is consistent with the
above explanation.

Conclusions

The electrical conductivity was much lower in the Cu-
doped ZnO than in the undoped ZnO. As the doped Cu
content increased from 100 ppm to 1000 ppm, the elec-
trical conductivity decreased gradually. There was also
much larger difference between the grain and the grain
boundary electrical conductivity for all the Cu-doped
ZnO. With the increase of the doped Cu content beyond
100 ppm, the decrease of the grain electrical conductiv-
ity was not very significant, whereas the electrical con-
ductivity of the grain boundary decreased by 2 orders
of magnitude. The Cu™ ion substituted for Zn>* ion in
the ZnO could behave as an acceptor-type impurity.

Hydrogen was introduced into the Cu-doped ZnO by
the ion implantation technique. According to the ERD
measurement results, the counts of hydrogen increased
obviously after the H;’ implantation. As a result,
the electrical conductivity of the specimens increased
greatly after the HS implantation. The electrical con-
ductivity of the hydrogen-implanted layer increased by
about 9 orders of magnitude at most in this experiment.
When hydrogen was introduced into ZnO, the forma-
tion of the (O,H;)® units was probably enhanced and
these units operated as the donors, so that the electrical
conductivity increased greatly, in agreement with the
present experiments.
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