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Abstract

The effects of dopants on the electrical conductivity of ZnO were investigated through the ac impedance spectroscopy. The
doping of Al increased the electrical conductivity of ZnO greatly, whereas the doping of Li decreased it both in the grain and in the
grain boundary. The doping of the 3d transition metals (Co, Mn, and Cu) made the grain boundary more resistive, but the doping
effect on the electrical conductivity inside the grain was varied depending on the doping elements. The doping of Co had no sig-
nificant effects on the electrical conductivity of the grain, and the doping of Mn made the grain a little more resistive. The doping of
Cu made the grain much more resistive. In addition, hydrogen was introduced into ZnO by the ion implantation method. The
electrical conductivity in the hydrogen-implanted ZnO layer increased by four orders of magnitude. The mechanisms for the doping

effects were discussed in this investigation.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Waurtzitic ZnO is a wide-bandgap semiconductor
(3.437 ¢V at 2 K), widely used in piezoelectric transdu-
cers, varistor, gas sensor, catalyst, and transparent con-
ducting films.'= In the use for electronic components
such as piezoelectric transducers and varistor, the effects
of dopants are very important. Typical ZnO based var-
istor is a very complex chemical system containing sev-
eral dopants, such as Bi, Pr, Mn, Co, Cu, Sb, V, Cr an
Al.26710 The electrical properties of ZnO are related
closely to the composition and the microstructure. So it
is important to understand the effects of the individual
additives in a fundamental manner. There were some
reports on the above doping elements in the ZnO var-
istor or thin film, but the effects of some doping ele-
ments on the grain and grain boundary of ZnO still
remain unclear, because the doping effects have been
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studied in quite different systems under different experi-
mental conditions, and the effect of individual dopant
might be complicated by other dopants in ZnO with
multi-components. Therefore, it is necessary to investi-
gate the various dopants independently in a systemic
way to understand the role of each dopant in the elec-
trical properties of ZnO. Recently, Han et al have stud-
ied the effects of Al and Mn doping on the electrical
conductivity of ZnO in detail.!'"!> In the present
experiment simple binary ZnO systems were used to
investigate the effect of each dopant (including Li, Al,
Mn, Co, and Cu) on the electrical conductivity 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.'®!” However, a recent first-principles
investigation has revealed that, none of the native
defects can provide a high-concentration shallow donor,
but instead hydrogen is a promising candidate for the
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impurity causing the n-type conductivity in ZnO.!?
Experimental indications for hydrogen to behave as a
donor in ZnO were reported in 1950s,'® but no one paid
attention to those results for many years. Recently,
many researchers’ interests have been focusing on
hydrogen effects in Zn0.?°=28 In the present experiment
hydrogen was also studied as a doping element, and
hydrogen was introduced into ZnO by the ion implan-
tation method.

2. Experimental procedure
2.1. Preparation of ZnO-based ceramic powder

The co-precipitation method was used for the pre-
paration of the ZnO-based ceramic powders.?® Such
methods could improve the uniform distribution of the
doping elements, as compared with the conventional
method. Precipitation was conducted by adding the
oxalic acid solution into the Zn(CH;COO), solution
containing various doping ions, respectively. Here ace-
tate salt (or nitrate salt) and oxalic acid were used as
starting materials so as to avoid the introduction of
disturbing ions such as Cl~ and Na™*. The precipitate
was filtered, rinsed and dried. The calcination process of
the precursor was analyzed using a thermo-gravimetric
analyzer (MTS9000, ULVAC, Japan). Then the ZnO-
based powders were obtained by calcining the pre-
cipitate at 500 °C for 2 h. The Li-doped ZnO powder
was prepared by calcining the mixture of ZnC,0,4 and
LiOHeH>O mixed in a conventional way'!' because of
the high solubility of Li,C,O4. The structure of the
powder was analyzed with an X-ray diffractometer
(XRD, RAD-IIC, Rigaku Co., Japan) using the Cu Ko
radiation, and the grain size of the powder was analyzed
using a laser particle analyzer (LA-920, HORIBA,
Japan). The contents of the dopants were analyzed by
inductively coupled plasma (ICP) spectrometer (SPS
1500VR, SEIKO Instruments, Japan).

2.2. Sintering process of ZnO specimens

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,
and the temperature of the furnace 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 at
this temperature for 3 h, and subsequently taken out of
the furnace and cooled down to room temperature
quickly in air. The sintered specimens were polished and

observed using a scanning electron microscopy (SEM,
S-3500H, Hitachi, Japan).

2.3. Electrical measurements

Sintered specimens were cut and polished into the
shape of 0.8x0.8x0.03 cm. After ultrasonic cleaning,
the specimens were annealed at 1000 °C for 24 h to
eliminate the surface mechanical damages caused during
the polishing process, and after annealing the specimens
were also cooled down to room temperature quickly in
air. The In-Ga alloy was used to make ohmic electrodes
for the electrical measurements. The dc electrical con-
ductivity was measured with the HIOKI 3522-50 LCR
HiTESTER. The ac impedance was measured with an
impedance analyzer (3535 LCR HIiTESTER and 3522-
50 LCR HIiTESTER, HIOKI, Japan). The modulus of
complex impedance |Z*(w)| and phase angle 6(w) were
recorded from the frequency 120 MHz to 1Hz at room
temperature. The impedance spectra were simulated
through the software ZView (Scribner Associates, Inc.).
All the electrical measurements were conducted at room
temperature.

2.4. Ion implantation of hydrogen into ZnO

The above ZnO thin specimen was doped with
hydrogen wusing an ion implantation technique
(ULVAC-PHI Inc., Japan). The H; ions were implan-
ted into ZnO specimen using a 5 keV ion gun and the
implantation dose was 1.44x10'7 ions/cm?. The con-
tents of hydrogen in ZnO specimen were measured by
the means of elastic recoil detection analysis (ERD,
AN-2500, Nissin High Voltage Co., Ltd, Japan) before
and after H; ions implantation. The ERD analysis was
carried out using a He* beam of 1.7MeV energy. An
aluminum filter was placed in front of the detector for
the hydrogen detection.

3. Results and discussion

According to the X-ray diffraction analysis, all the
ZnO samples had the Wurtzite structure, and no for-
mation of other phase could be found for the doped
ZnO specimens. The contents of the dopants are shown
in Table 1. The content of Al was much lower than that
in the starting solution due to the certain solubility of
Al (C,0y4)3, but the effect of Al in ZnO was still
observed apparently in the following measurements. All
the sintered specimens had the apparent density over 5.4
g cm 3, higher than 95% of the theoretical value, 5.67 g
cm—3. The color of the Li-doped ZnO and Al-doped
ZnO is the same as that of the undoped ZnO, but the
Mn-doped ZnO is orange, the Co-doped ZnO is green,
and the Cu-doped ZnO is gray.
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Table 1
The content of dopants in doped ZnO samples

Sample Atomic ratio of
dopant vs. zinc (ppm)

Li-doped ZnO 1152

Al-doped ZnO 363

Mn-doped ZnO 822

Co-doped ZnO 864

Cu-doped ZnO 1040

It is known that sintering and cooling conditions have
great influences on the electrical conductivity of ZnO.!!> 30
In order to investigate the doping effects in the same
condition, the experimental process was strictly con-
trolled to keep identical as possible. Moreover, it was
reported that slow cooling procedure enhanced the for-
mation of resistive layer in the grain boundary, and
caused the segregation of doping ions to the grain
boundary,!'?3! so the fast cooling procedure was used in
this investigation.

The dc electrical conductivity of the specimens was
measured. Fig. | is the I-V curves for the undoped and
doped ZnO specimens. In the measurement range all the
specimens showed linear I-V characteristics, and the dc
electrical conductivity could be calculated according to
the curves.

3.1. Impedance spectra of ZnO specimens

Because the ac impedance spectroscopy can distin-
guish the conduction process in the grain and in the
grain boundary, we used this method to investigate the
effect of each dopant on the electrical conductivity in
the grain and grain boundary of ZnO.

Fig. 2 shows the Cole—Cole plots for the impedance
spectra of all the ZnO specimens. All the spectra contain
only a single arc, but the arc has a non-zero intersection
with the real axis in the high frequency region. The dc
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Fig. 1. I-V curves of undoped and doped ZnO specimens.

resistance (Rg4.) can be estimated from the intersection
between the arc and the real axis in the low frequency
region. The dc resistance values were almost the same as
those measured by the dc method in Fig. 1.

Jose et al.3?>73* and Nan et al.’® have studied the
impedance spectra for nanophase ZnO specimens. The
impedance spectra of pure nanophase ZnO exhibited
two arcs. The low frequency arc was interpreted as due
to the grain boundary effect and the high frequency arc
was attributable to the grain effect, in agreement with
the conventional view. It should be noted that the above
ZnO specimens were not sintered. In our experiment,
the impedance spectra of the ZnO specimens without
sintering were also measured. The specimens were pre-
pared only by pressing and were coated with the con-
ducting colloidal silver on both faces as electrodes,
following the method of Jose et al.3>=3* There were also
two arcs in the impedance spectrum, as shown in Fig. 3.
Brankovi¢ et al.*® and Glot et al.’” studied the impe-
dance spectra of sintered and doped ZnO specimens,
and only a single arc was observed in all the spectra.
Even in the specimens without sintering, such as Al and
Bi doped nanophase ZnO, there was only one arc in the
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Fig. 2. Cole—Cole plots for the impedance spectra of undoped and
doped ZnO specimens. (a) Undoped and Co-doped ZnO; (b) Li- and
Mn-doped ZnO; (c) Cu-doped ZnO.
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impedance spectra.>>~3> Some authors®? thought that
the one-arc spectrum means that the conduction pro-
cesses through the grain and the grain boundary had
identical time constants, t. T=1/w= RC, in which w, R
and C are peak frequency of the impedance arc, the
resistance and the capacitance. That means that the
conduction in the grain and the grain boundary occurs
in the same process, so they can not be separated by the
impedance spectroscopy. Other authors thought that
the single arc was interpreted as due to the contribution
from the grain boundary based on the model having
resistive grain boundaries and conducting grain cores.3°

In our experiment it was found that the arc in the
impedance spectra of the sintered ZnO specimens
became larger when the cooling rate decreased (in
Fig. 4), in good agreement with the change trend of the
grain boundary of ZnO.'!-3? So it is reasonable to attri-
bute the arc to the response of the grain boundary
region of ZnO. The ZnO specimens in Fig. 4 were sin-
tered at 1300 °C for 5 h, but experienced different cool-
ing process. The fast and slow cooling mean that the
specimen was cooled down from 1300 to 900 °C within
0.5 and 2 h, respectively, and then taken out of the fur-
nace to be cooled down to room temperature.

Based on the above analysis, the equivalent circuit
shown in Fig. 5 was used to simulate all the experi-
mental impedance spectra in this investigation. The
resistance Ry is attributed to the ZnO grains. R;CPE; is
attributed to the response of the grain boundary region
of ZnO. In some ZnO varistor studies this part could
further be divided into two parts because of the

1.5x107

1.0x10"+

.gOOOoo
e? %9,

5.0x10° /ao" 0\

0.0 . - )
0 1x10° 2x10° 3x10°
77Q

Fig. 3. The impedance spectrum of the ZnO specimen without sintering.
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Fig. 4. The impedance spectra of ZnO specimens experienced different
cooling process.

formation of the intergranular layer in the grain
boundary region.?®3 In the equivalent circuit, capaci-
tance elements are represented by a constant phase ele-
ment (CPE) with an admittance, Y= 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 semicircle
in the impedance spectrum. The experimental impe-
dance data were well simulated using this equivalent
circuit and the above parameters are shown in Table 2.
The parameters Ry and R; were used to estimate the
grain and grain boundary electrical conductivity. The
results are summarized in Fig. 6. The Al-doped ZnO
specimens did not show an arc-shaped impedance spec-
trum, in agreement with the lack of the resistive grain
boundary due to the Al doping. So only the total elec-
trical conductivity is shown in Fig. 6 for the Al-doped
ZnO.

3.2. Effects of dopants on electrical conductivity of ZnO

It is evident from Fig. 6 that the Al-doped ZnO spe-
cimens had much higher electrical conductivity than the
undoped ZnO, though the doping content was very low.
It can be understood that the trivalent Al ions increase
the electrical conductivity by forming a shallow donor
in ZnO.!1:4941 Also, the dc electrical conductivity of the
Li-doped ZnO was lower than that of the undoped
ZnO, and both the grain and grain boundary electrical
conductivity were lower in the Li-doped ZnO than in
the undoped ZnO, because the Li doping causes the
formation of acceptor levels in ZnQ.4>43

The Co doping had almost no obvious effects on the
grain electrical conductivity of ZnO. There was a little
effect on the grain boundary electrical conductivity. The
doped Co ions in ZnO experienced the sintering process
over 1000 °C, so they might be divalent, and they will
not affect the electron concentration of ZnO. In other
words, Co is considered to be a neutral impurity in
Zn0.* It is well known that cobalt dopant is commonly
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Fig. 5. Equivalent circuit for the simulation of the impedance spectra.

Table 2

Parameters separated from the spectra shown in Fig. 2

Sample Ry (R) R (©) CPE, (F) n
Undoped ZnO 3.22x10? 4.25x10? 9.64x10~1° 0.78

Co-doped ZnO 4.92x10? 1.22x103 9.07x10~!! 0.89
Li-doped ZnO 1.61x103 7.22x103 1.09x10~1° 0.81
Mn-doped ZnO 6.97x103 3.15x10% 1.65x10~° 0.64
Cu-doped ZnO 2.43x10° 6.80x107 2.91x10~"" 0.84
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used in the ZnO varistor, since it leads to the formation
of the potential barrier in the grain boundary. Many
researchers have studied the effects of 3d transition
metal impurities on the grain boundary of ZnO experi-
mentally and theoretically. Most of them thought that
3d transition metal impurities could enhance the excess
oxygen concentration in the grain boundary region,*4¢
and a potential barrier is formed there preferentially.
However, in our results the Co doping effect was not so
large, because of the very low doping content and the
fast cooling process.

In contrast, the Mn doping had significant effects on
the electrical conductivity of ZnO, though the doping
content was very low. The electrical conductivity of the
Mn-doped ZnO was apparently lower than that of the
undoped ZnO, and the grain boundary was more resis-
tive than the grain. It was regarded that Mn behaved as
a deep donor in ZnO and depressed the concentration
of intrinsic donors at the sintering temperature. When
the specimens were cooled to room temperature quickly,
the condition at the sintering temperature could be fro-
zen and the concentration of the intrinsic donors would
also be low at room temperature.!!~!> Due to the same
effects of all the 3d transition metal on the adsorbed
oxygen in the grain boundary region, the effect of Mn
doping was greater on the grain boundary than on the
grain, so the grain boundary was more resistive than the
grain. Mn is also a commonly used dopant in the ZnO
varistor to build up the potential barrier in the grain
boundary.

The Cu-doped ZnO specimen was the most resistive,
and the electrical conductivity was 5 orders of magni-
tude lower than that of the undoped ZnO. Both the
grain and grain boundary electrical conductivity
decreased significantly by the Cu doping. When the Cu-
doped ZnO was experienced high temperature over
1000 °C, Cu could exist in ZnO as Cu™, which is prob-
ably more stable at high temperatures. The reports of
Fons et al.#’ proved that the valence of Cu was +1 in
the Cu-doped ZnO. The Cu™ ions are substituted for
Zn?" ions in the ZnO lattice and behave as an acceptor-
type impurity.**=3° Since the extrinsic donor is absent in
the Cu-doped ZnO specimen, Cu™ has to be compen-
sated by either the intrinsic donor or the hole to keep
the electroneutrality, the electrical conductivity in the
n-type ZnO semiconductor decreased greatly by the Cu
doping. The acceptors will be compensated by electrons
in the grain because there are some intrinsic donors
there. However, since the concentration of the intrinsic
donors is much lower in the grain boundary, the accep-
tors have to be compensated by the holes in this region.
Moreover, the Cu doping also had a great effect on the
grain boundary because of the same interaction with
ambient oxygen as the other 3d transition metal impu-
rities. Due to the above two reasons, the grain boundary
of the Cu-doped ZnO specimens was more resistive than

the grain. The grain boundary was over 2 orders of
magnitude more resistive than the grain, and the total
resistance of the Cu-doped ZnO specimens was almost
completely caused by the grain boundary. In common
ZnO varistors, the grain boundary is several orders of
magnitude more resistive than the grain, so it is natural
to attribute the impedance spectra completely to the
response of the grain boundary, and the contribution of
the grain could be neglected. Though the doping con-
tent of Cu was very low and the specimens were experi-
enced fast cooling process in our experiment, the Cu-
doped ZnO specimens should have some varistor prop-
erties according to the results in Table 2. However, the
Cu-doped ZnO did not show the nonlinear I-V curve in
Fig. 1, since the electric field strength in our measure-
ment was too low to reach the leakage voltage of this
varistor. In Kutty and Raghu’s report*® the measure-
ment range was about 1-1000 V/cm. Cu can be an
effective doping element to build up the potential bar-
rier in the grain boundary of ZnO.

The doping of various metal ions might have effects
on the defect chemistry of ZnO, which will not be dis-
cussed in the present paper, and deeper investigation is
necessary.

3.3. Hydrogen effect on the electrical conductivity of
Zn0

In this experiment, the sintered bulk ZnO specimens
were used for the study of the hydrogen effect on the
electrical conductivity of ZnO. The sintered specimen
was thinned down to about 0.3 mm, and then, the H5
implantation was applied to the specimen surface. The
thickness of the implanted layer on the surface was
about 200 nm, much thinner than the total specimen
thickness, 0.3 mm. So, for the electrical conductivity
measurement a parallel circuit was made between the
implanted layer and the rest of the specimen (i.e. the
substrate).

Fig. 7 is the result of the ERD analysis for the ZnO
specimen before and after Hy implantation. It was seen
from this figure that, hydrogen ions really existed in the
common ZnO specimen, even before the hydrogen ion
implantation. This result can prove that hydrogen is a
very plausible impurity unintentionally incorporated
into ZnO in the preparation process. After hydrogen ion
implantation, the count of hydrogen ions increased
greatly. As a result, the electrical conductivity of the
specimen also increased apparently, as shown in Fig. 8.
In the impedance spectrum the arc disappeared after
hydrogen ion implantation and showed the same impe-
dance behavior as the Al-doped ZnO. This might indi-
cate the elimination of the resistive grain boundary by
the introduction of hydrogen into this region. Kohiki et
al’! and Arita et al® studied the effects of hydrogen
introduced into ZnO thin film through ion implantation
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implantation.

method. Kohiki et al.>! reported that the electrical con-
ductivity of ZnO thin film rose from 1x10~7 to 5.5x10?
Q- lem~!. Also, Arita et al.?> obtained over five orders
of magnitude increase of the electrical conductivity in
their experiment. It should be noted that the above
results were obtained in ZnO thin film, with the thick-
ness of 2000 and 150 nm, respectively. Moreover, the
ZnO film used in the experiment by Kohiki et al.’! was
very resistive. If the surface layer, in which H, was
implanted, is considered to be about 200nm in thick-
ness, and the other part of the ZnO specimen is regar-
ded as a substrate, then the electrical conductivity of the
implanted layer alone could increase from 5x10~2 to
3.5x10% Q~'cm~!, approaching to the results of Arita et
al.?> In our other experiment, when hydrogen ions were
implanted into the highly resistive Cu-doped ZnO spe-
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Fig. 8. I-V curves for undoped ZnO specimen before and after
hydrogen implantation.

cimens, the electrical conductivity in the hydrogen-
implanted layer also increased about 9 orders of
magnitude, which will be reported elsewhere.>2

It has been theoretically predicted that hydrogen
forms a shallow donor level in ZnO,?8 so the electrical
conductivity increased greatly. This is the effect of
hydrogen that has recently been regarded as the source
of the n-type conductivity of ZnO. It is in contrast to
the traditional idea that native defects cause the n-type
conductivity. The recent first-principles calculation
revealed that none of the native defects exhibits char-
acteristics consistent with a high-concentration shallow
donor. Hydrogen is an excellent candidate for the
impurity that is unintentionally incorporated into
Zn0.'® The H" ions in ZnO can 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. According to the calculation results, the
(OoH;)* 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
agreement with the present experimental results.

4. Conclusions

The effects of various dopants on the electrical con-
ductivity of ZnO were studied in simple binary systems
using the ac impedance spectroscopy. The Al doping
increased the dc electrical conductivity by about two
orders of magnitude. The electrical conductivity of the
Li-doped ZnO was lower than that of the undoped
ZnO. Moreover, both the grain and grain boundary
electrical conductivity were lower in the Li-doped ZnO
than in the undoped ZnO, because the Li doping led to
the formation of acceptor levels. The doping of all the
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3d transition metal impurities (Mn, Co, and Cu) had
effects on the grain boundary and made the grain
boundary region more resistive. The grain boundary of
Cu-doped ZnO was the most resistive one. The Co
doping had almost no effects on the grain electrical
conductivity, Mn made the grain a little more resistive,
and the Cu doping yielded the grain electrical con-
ductivity by two orders of magnitude lower than that of
the undoped ZnO.

Hydrogen was also investigated as a doping element
in ZnO, and hydrogen was introduced into ZnO by the
ion implantation method. The electrical conductivity in
the hydrogen-implanted layer increased from 5x 1072 to
350 Q@ lem™.
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