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Atomic level control of association-dissociation behavior of In impurities in polycrystalline ZnO
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In the present work, we have succeeded in controlling association-dissociation process of thermally activated
In impurities introduced in polycrystalline ZnO by a multistep doping method. The thermal behavior and
eventual residential sites of In ions were monitored on an atomic scale by means of time-differential perturbed
angular correlation spectroscopy with the ''In(—!!'Cd) probe. The present doping method of combined heat
treatments in air and in vacuum enabled the introduction of a great fraction of 0.5 at. % In donors into defect-free
substitutional Zn sites. It was demonstrated that the In-containing ZnO samples show a clear positive correlation
between the electrical conductivity and the concentration of In donors at substitutional Zn sites, achieving a
conductivity as high as five orders of magnitude compared with undoped ZnO.
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I. INTRODUCTION

Among various materials receiving high expectations for
future applications, zinc oxide (ZnO) is one of the most
promising compounds for next-generation electronic and
spintronic materials and devices such as varistors [1,2], di-
lute magnetic semiconductors [3—6], transparent electrodes
[7,8], and photocatalysts [9-11]. Especially, its application
as substitutes for rare-metal oxides has been drawing atten-
tion reflecting the relatively abundant resource of Zn, and
improvement of its electric property is becoming an urgent
issue. As regards the semiconductor property, ZnO is known
to exhibit intrinsic n-type conduction originating from defects
inherent in the lattice such as O vacancies, interstitial Zn, and
impurities like hydrogens inevitably involved in its synthesis
processes. In addition to the intrinsic nature, it is known that
doping with donor ions of group 13 elements (Al, Ga, and
In) controls the semiconductor property of ZnO [12-14]. In
order to maximize the potential of the donors, the search for
the optimum amount of dopants and identification of their
physical and chemical states in the lattice are essential factors
to control the electrical conductivity. It is therefore of great
importance to investigate the thermal behavior and eventual
residential sites of impurity ions in the ZnO matrix; for that
purpose, it is necessary to obtain local information around
dilute donor ions with high sensitivity.

For a microscopic investigation of local sites, nuclear spec-
troscopic techniques are highly suited because detection of
high energy radiations from unstable nuclei enables accurate
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analysis of the local structure at extremely dilute impuri-
ties. Time-differential perturbed angular correlation (TDPAC)
spectroscopy is a powerful nuclear spectroscopic technique,
which can provide atomic level information on the local struc-
tures and/or internal fields at the site of the radioactive nuclear
probe through hyperfine interactions between the nuclear mo-
ment(s) and the surrounding spins and charge distribution
[15-17]. By detecting high-energy photons (10°-eV y rays)
with excellent time resolution, this spectroscopy fulfills the
present requirement for the investigation of specific local sites
of dilute impurities. Taking advantage of this spectroscopy,
in our previous work, we introduced In impurities in poly-
crystalline ZnO by means of a simple solid state reaction,
and measured the local fields at their residential sites with
the '''In probe [18-21], which disintegrates to the daughter
nucleus '''Cd by an electron capture (EC) decay process. The
radioactive probe is expressed as !''In(—''Cd) hereafter. By
the analysis of the TDPAC spectra, we found the following
facts on the local structures at the probe: (1) heat treatment
in air for thermal diffusion of In ions into ZnO matrix causes
their aggregation to form ZnIn,O4-like nanosized structures
as a secondary phase [18], and (2) subsequent heating in
vacuum makes the nanoscale cluster decomposed, resulting
in the release of In ions into the Zn lattice site by thermal
diffusion [21]. The latter phenomenon signifies the successful
occupation of lattice positions by the released In ions, which
function as donors in ZnO. However, the previous work left
a problem to be overcome: thermal diffusion of the In ions
followed by the decomposition of the nanosized cluster was
observed only for those at low concentration <0.05 at. %, and
the decomposition was not completed leaving a significant
amount of residual clusters in the ZnO matrix. Because the
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clusters could be a cause of electrical resistance, their com-
plete decomposition leading to an increase of higher carrier
density is highly desired.

The objective of the present work is to establish a method
for complete substitution of In dopants for Zn in polycrys-
talline ZnO at higher concentration by solid state reaction
to maximize its conductivity. Thus, we conducted TDPAC
measurements with the '''In(—!'"'Cd) probe to monitor In
behavior and investigated the correlation between the concen-
tration of In substitutes and the electrical conductivity from
microscopic and macroscopic points of view. Based on the ob-
servation of thermal behavior of In impurities and O vacancies
varying with the heat-treatment condition, the present paper
proposes a strategy for the introduction of 0.5 at. % In donors
into defect-free substitutional Zn sites in polycrystalline ZnO.

II. EXPERIMENT

A. Preparation of In-containing ZnO

We adopted the following simple solid state reaction to
introduce In ions in polycrystalline ZnO. Powder In(NO3); -
3H,0 of a purity of 99.99% was dissolved in ethanol, and a
stoichiometric amount of powder ZnO of a purity of 99.999%
was put in the solution for the preparation of 0.5 at. % In-
containing ZnO (denominated IZO hereafter). The suspension
containing Zn and In was stirred while being heated at about
320 K on a magnetic stirrer. After the mixture was dried
up, the powder was then mixed in a mortar to uniformity.
The powder was pressed into a disk, and heat treatment was
performed in air at 1273 K for 3 h. For the characterization of
the synthesized IZO, powder x-ray diffraction (XRD) pattern
was obtained using Cu-K« radiation to check for the possible
formation of unwanted secondary phases.

B. TDPAC spectroscopy

For the microscopic examination of the local fields at In
sites, we adopted TDPAC spectroscopy in this work as well
because of its capability of tracing the thermal behavior of In
ions by the !'!'In(— !'1Cd) probe. The experimental procedure
is described below and is schematically shown in Fig. 1.

Commercially available '''In HCI solution was added in
droplets onto the disks of IZO prepared above. The total
radioactivity was approximately 300 kBq. After drying up the
sample disk with a heat lamp, it was again heated in air at
1373 K for 2 h in order to thermally diffuse the radioactive
" in the ZnO matrix. A TDPAC measurement was then
performed for the heat-treated sample at room temperature
(step 1). Subsequently to the step 1 measurement, the sample
was sealed in a quartz tube in vacuum, and heated at 1273 K
for 2 h. This vacuum heating was for the dissociation of Zn-In
nanostructures to release In ions to substitutional Zn sites
[21]. After cooling down to room temperature, the sample
was resealed in a different quartz tube, and the same heat
treatment was repeated again; that is, 4-h vacuum heating
was conducted in total for the sample. The significance of
the two-step heating is described in Sec. IIIB. A TDPAC
measurement was again performed at room temperature for
the vacuum-heated IZO (step 2-1). After the measurement,
the IZO sample further underwent a two-step (2 h x 2) heat
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FIG. 1. Experimental procedure of the multistep syntheses of
1ZO for TDPAC measurements.

treatment by the same procedure above; i.e., 8-h (2h x 2 4+ 2
h x 2) vacuum heating was conducted for the IZO. Then, an-
other TDPAC measurement was performed for the sample at
room temperature (step 2-2). The vacuum heating was further
repeated for the measured IZO sample; this time three-step (2
h x 3) heating was done, meaning that the sample was heated
in vacuum for 14 hintotal 2h x 2 4+2h x 2 4+ 2 h x 3).
Finally, a TDPAC measurement was performed again at room
temperature (step 2-3).

All the TDPAC measurements were performed by the
detection of the 171-245-keV cascade y rays with the in-
termediate nuclear spin state of / = 5/2 having a half-life of
85.0 ns [22]. We observed the directional anisotropy of the
propagation directions of the successive y rays as a function
of the time interval of their emissions by operating the delayed
coincidence events with the following relation:

2[N(m,t) — N(mw/2,1)]
N(w,t)+2N(w/2,1)

AnGn)~ (D
where Ay, denotes the angular correlation coefficient repre-
senting the magnitude of the directional anisotropy of the
cascade y rays, Gy (t) is the time-differential perturbation
factor as a function of the time interval ¢ between the cascade
y-ray emissions, and N(0, ¢t) is the number of the delayed
coincidence events observed at an angle 6. For the y-ray
detection, BaF, scintillation detectors were adopted due to
their excellent time resolution.

C. Electrical conductivity measurements

The experimental procedure for the electrical conductivity
measurements of IZO samples is schematized in Fig. 2. The
four-point probe system was adopted for the measurements.
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FIG. 2. Experimental procedure of the multistep syntheses of
1ZO for electrical conductivity (E. C.) measurements.

An IZO sample synthesized by the same procedure described
in Sec. II A was heated in air at 1373 K for 2 h; this treatment
was for a comparative study with the result of the TDPAC
measurement, and it was therefore needed to heat the sample
in the same condition as that for the !''In diffusion before the
TDPAC measurement of step 1. Electrical conductivity was
measured at room temperature for the sample disk heat-treated
above (step 1E).

Subsequently, conductivities were measured at room tem-
perature for three IZO disk samples heat-treated in vacuum by
the same procedure as those TDPAC-measured in steps 2-1 to
2-3, respectively, to observe vacuum-heating time dependence
of electrical conductivity (steps 2E-1 to 2E-3).

D. X-ray photoelectron spectroscopy

For the analysis of the chemical states of Zn and O on the
surface of undoped ZnO samples heat treated in air and in vac-
uum, x-ray photoelectron spectroscopy (XPS) measurements
were performed with a JEOL JPS-9010 using a standard Mg-
Ko x-ray radiation source (10 mA, 10 kV). Binding energy
correction was carried out with a reference peak of Cls. From
the spectral analysis, we investigated the effect of high tem-
perature exposure of ZnO samples on different atmospheric
conditions.

III. RESULTS AND DISCUSSION
A. Structural characterization

Structural characterization of the polycrystalline IZO was
carried out based on its powder XRD pattern. The room-
temperature diffractogram is shown in Fig. 3 together with
that of undoped ZnO for comparison. It was confirmed that the
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FIG. 3. Powder x-ray diffraction patterns (a) of IZO and (b) of
undoped ZnO.

lattice constants remained unchanged with the introduction
of 0.5 at. % In and new phases possibly arising from the
impurities were not at all detected within the detection pre-
cision. As demonstrated in our previous work and mentioned
above [20,21], however, nanosized structures formed by In
impurities and Zn ions were detected by TDPAC spectroscopy
as described below.

B. Control and detection of In sites: TDPAC studies

The room-temperature TDPAC spectra obtained by the
measurements of steps 1 to 2-3 are shown in Fig. 4. Because
the present samples as well as the '''In(—'!'Cd) probe are
nonmagnetic, all the perturbation patterns can be regarded as
being of electric quadrupole interactions between the probe
nuclei and the electric field gradients (EFGs) produced at
the probe nuclei by extranuclear charge distribution. Since
IZO may have electrical conductivity between those in an
insulator and a semiconductor, the so-called aftereffect should
be taken into account for the spectral analyses as proposed in
our previous works [18-21]. Thus, we analyzed the spectra
with the following time-differential perturbation factor G, (¢):

Gu(t) = Go()GR™ (t). 2)

Here, G%,(¢) is the time-dependent dynamic perturbation
part for the aftereffect operating on the static perturbation
factor, G53"“(¢) [23-26]. The G%,(7) is expressed as

g .
—Gug 4+ 20l (3
Ag+/\r+ exp[—(g + A ], (3)

Goa(t) = P
8 r

where A, is the reciprocal of the recovery time t, to the
ground state of the probe atom, and A, denotes the Abragam
and Pound relaxation constant [27]. This effect is typically
observed for the probe disintegrating to its daughter by the
EC decay such as the present ''In(—!''Cd). (Immediately
after the electron capture, rearrangement of the orbital elec-
trons of '''Cd takes place, which causes damping of the
y-y anisotropy by dynamic perturbation of the electrons
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FIG. 4. Room-temperature TDPAC spectra of 'In(—!!Cd) in
1ZO (left) and their Fourier transformed spectra (right) heat treated
(a) at 1373 K for 2 h in air, and at 1273 K (b) for 4 h (2 h x 2), (c)
for 8 h (2 h x 4), and (d) for 14 h (2 h x 7) in vacuum after the
measurement of (a).

surrounding the nucleus. From the recovery time of the spec-
tral damping, we can obtain information on the behavior of
electrons surrounding the nucleus.) For a polycrystalline sam-
ple, G5534(¢) in Eq. (2) is explicitly written for / = 5/2 as

3
GI™(1) = 20+ Y 2.0 cOS(n1), O

n=1

where o0, , are functions only of the asymmetry parameter
n = (Vix—Vyy)/V..(0 < n < 1) for the principal axes of the
EFG chosen as |V,,| < |V, < |V.|, and the frequencies w,
are functions of 1 and the electric quadrupole frequency wg
written as

eQV,,

4121 — DR ©)

wo =

In the case that the asymmetry parameter n = 0, for ex-
ample, w, are related to wp in such a way as w; = 6wy,
wy = 12w¢, and w3 = 18wg. In Eq. (5), the quadrupole mo-
ment of the probe nucleus at the relevant intermediate state
of the cascade is Q = 0.76(2)b [22], e is the charge of an
electron, and the other symbols have the usual meanings. The
hyperfine interaction parameter values obtained by the fit are
listed in Table I. With respect to the fraction, it is obvious that
there is another component of ~10% fraction other than the
components with oscillatory structures (C1 and C2 described
below) in each spectrum. Due to the polycrystalline samples,
these components may arise from the probes in various grain
boundaries. Because it is almost impossible to differentiate
all the small contributions having diverse frequencies, we
regarded all the contributions as the third component forming
a backgroundlike constant plateau.

The spectrum in Fig. 4(a) is of the ''In(—'"'Cd) probe
in the IZO heated in air. The oscillatory pattern composed
of a single component (C1 hereafter) has reproduced the one
obtained in our previous work, demonstrating that the probe
is involved in Znln,O4-like nanosized structures [18,20]. Be-
cause these structures hinder electrical conduction by electron
scattering, a system with no secondary phase should ideally
be produced with In ions occupying the lattice positions to
function as donors. As previously reported [21], subsequent
vacuum heating of the sample makes it possible to dissociate
the nanostructures, releasing In ions into substitutional Zn
sites by thermal diffusion. It is inferred that this process is
triggered by the release of oxygen atoms from the nanostruc-
ture in high-temperature vacuum, which induces local charge
imbalance in the structure, resulting in the expulsion of In
ions from the nanosized aggregates [28]. Thus, the vacuum
heating is effective for In ions to occupy substitutional Zn
sites. However, this method was valid only for ZnO with In
impurities as dilute as 0.01 at. %, and was no longer applicable
to those with more concentrated In of 0.05 at. %, for example
[21]. We assumed for the limited effect that a sealed quartz

TABLE 1. Hyperfine interaction parameter values obtained by the fits to the spectra in Fig. 4.

Spectrum wg Fraction At Al

in Fig. 4 Component (Mrads™) (%) (10%s™) (10%s™)

(@) Cl 17.5(1) 89(1) 0.0055(8) 0.043(4)

(b) Cl 17.7(1) 74(2) 0.013(3) 0.049(2)
C2 5.0(1) 13(2) 0.0711 0.0501

© Cl 17.6(1) 60(10) 0.021(1) 0.08(8)
C2 5.0(1) 29(8) 0.0711 0.0501

(d Cl 17.8(1) 27(7) 0.035(15) 0.04(4)
c2 5.0(1) 61(6) 0.0711 0.0501

A, and A, values for C2 were fixed with the average values of those obtained in our previous work [18].
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FIG. 5. Vacuum-heating-time dependence of the fractions of C1
(blue) and C2 (red). The solid lines are guides to the eye.

tube under vacuum becomes filled with the decomposed oxy-
gen molecules released from ZnO matrix in the main and the
nanostructures, reaching equilibrium with oxygen ions in the
sample at a certain vacuum-heating time. Thus, we expected
that repeated vacuum heating in renewed quartz tubes would
enhance the evacuation of oxygen ions from the nanostruc-
tures to release more In ions into substitutional Zn sites as
donors.

In order to corroborate the assumption, 2-h heat treat-
ments were repeated by resealing vacuum-heated samples in
different quartz tubes every time (see Fig. 1). TDPAC mea-
surements were performed for the sample vacuum heated step
by step at steps 2-1 to 2-3, and the corresponding room-
temperature spectra are shown in Figs. 4(b)—4(d), respectively.
In addition to the single component C1 appearing in Fig. 4(a),
another component with a low quadrupole frequency (C2
hereafter) emerged in the spectra in Figs. 4(b)-4(d). As in-
terpreted in previous works [29-33], C2 arises from the
M (—"1Cd) probe in defect-free substitutional Zn sites.
Vacuum-heating-time dependencies of the fractions of the two
components are shown in Fig. 5. The C2 fraction increases and
C1 decreases contrarily as the heating time becomes longer.
This result signifies that a great fraction of In ions trapped in
the nanostructures successfully escaped to Zn substitutional
sites, allowing themselves to function as the donor.

C. Correlation between the concentration
of In donors and electrical conductivity

In the next stage, we investigated the correlation between
the fraction of In donors (C2) and the electrical conductivity
of the samples prepared under the same condition. The con-
ductivity is plotted as a function of vacuum heating time in
Fig. 6. The behavior of C2 shown in Fig. 5 is also exhibited
for easy comparison. The electrical conductivity reaches the
ceiling by 4-h heating; obviously, the conductivity is not cor-
related with the C2 fraction. (As is explained below, however,
we demonstrate a clear correlation between the conductivity
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FIG. 6. Vacuum-heating-time dependence of the electrical con-
ductivity of IZO. The fraction of C2 is also shown for comparison.

and the C2 fraction.) Because the saturated conductivity of
about 1 x 103 Scm™ is close to the values generally observed
for metals (with some exceptions, e.g., Ti), it is considered
that another factor other than the In donor doping should
contribute to the high conductivity. We assumed from the
observation that oxygen deficient (leading to Zn-rich metallic)
layers were formed on the surfaces of the samples by the
high-temperature heating in vacuum. This assumption was
supported by the result of an additional experiment that the
same heat treatments for undoped ZnO led to a similar result
as shown in Fig. 7. [Apart from the similar vacuum-heating-
time dependence, the following two experimental facts should
be noted: (1) the saturated conductivity of IZO shown in Fig. 6
is higher by two orders of magnitude than that of the undoped
one shown in Fig. 7, which evidently reflects the effect of In
doping as proved by the parameters in Table II obtained by
additional Hall effect measurements, and (2) the conductivity
of IZO at zero-h vacuum heating (=1.4 x 10 Scm™") shown
in Fig. 6 is lower than the corresponding value for undoped
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FIG. 7. Vacuum-heating-time dependence of the electrical con-
ductivity of undoped ZnO.
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TABLE II. Parameter values obtained by Hall effect measure-
ments for the samples heat treated in vacuum. The sample was
synthesized in the same procedure as that for step 2 x 107,

Ry n I o
Sample (cm® C'y? (em™@)®  (em?V's!) (Scm™)d
Undoped —-31 2.0 x 1077 1.0 x 10* 3.2
In-doped —3.1 x 1072 2.0 x 10%° 15 4.8 x 10?

2Hall coefficient.
Carrier concentration.
“Mobility.

4Electrical conductivity.

ZnO (=3.6 x 10*Scm™) shown in Fig. 7, which signifies
conduction electron scattering by the nanosized structures
formed in IZO.]

In order to verify the above assumption on the formation of
oxygen-deficient surfaces, we carried out XPS measurements
to examine the chemical states of Zn and O on the surfaces
of undoped ZnO samples prepared by the same procedure as
those for the electrical conductivity measurements at steps 1E
and 2E-1. Figure 8 shows their XPS spectra at the binding en-
ergy regions of Ols, Zn2p;,,, and Zn2p, /, peaks. For the Ols
peaks, one can see two components for both samples heated
in air and in vacuum. The lower binding-energy components
indicated with a blue line can be assigned to intrinsic O*"
ions at defect-free lattice sites in ZnO with the wurtzite struc-
ture, whereas for the green line components at higher binding
energy, they are generally attributed to O>~ ions residing in

oxygen deficient regions [13,34,35]. Obviously, the high en-
ergy component is enhanced in the vacuum heated sample
compared to that for the one heated in air. As regards the
Zn2p3); and Zn2p,, peaks, the sample heated in air exhibits
single peaks assignable to Zn>* ions in the wurtzite ZnO.
For the vacuum heated sample, however, small components
emerge in both of the 2p3,, and 2p; /, peaks at the high energy
region. Taking into account that the 2p peaks originating from
Zn(0) are generally observed at the higher energy region [36],
these small peaks can be assigned to metallic Zn formed in
the vacuum heated ZnO. These results of the XPS analysis are
consistent with the metal-like electrical conductivity observed
for the vacuum heated samples.

As another effect on the enhancement of the conductivity,
a change of the grain size before and after the vacuum heating
can be pointed out because the conduction electrons are likely
to be scattered at grain boundaries. In order to check the
possible effect, scanning electron micrographs were obtained
for undoped ZnO as shown in Fig. 9. Both samples with and
without vacuum heat treatment have almost the same grain
sizes of about several micrometers. This observation demon-
strates that the key effect on the conductivity is not the grain
size of ZnO.

The observations of the electrical conductivity and XPS
experiments evidently suggest that after the vacuum heat-
ing the composition of IZO is not homogeneous due to the
emergence of a metallic phase on the surface, and thus the
samples are not real semiconductors as they are. In order to
regenerate the stoichiometric ZnO phase on the surface by
filling the oxygen vacancies with oxygen atoms, therefore,

(a) Air-O1s

—

(b) Air-Zn2pg»

(c) Air-Zn2py,

(d) Vac4h-O1s

Intensity (Arb. units)

(e) Vacdh-Zn2p;»

(f) Vacdh-Zn2p,»

|

536 534 532 530 528 526 1030 1025

1020 1015 1052 1048 1044 1040 1036

Binding energy (eV)

FIG. 8. X-ray photoelectron spectra of undoped ZnO at the binding energy regions of Ols, Zn2p;3,,, and Zn2p, , peaks. The samples were
heat treated in Air at 1373 K [indicated as Air in the spectra of (a), (b), and (c)] and subsequently heated for 4 h (2 h x 2) in vacuum at 1273
K [indicated as Vac4h in (d), (e), and (f)]. The observed data are shown with the dotted lines, and the results of fits are the solid lines; the red

lines are the total and blue and green lines represent subcomponents.
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FIG. 9. Scanning electron micrographs of undoped ZnO (a)
heated for 2 h in air at 1373 K and (b) subsequently heated for 4
h (2 h x 2) in vacuum at 1273 K.

the samples with metallic surfaces underwent step-by-step
heat treatments in air at 973 K for 72, 96, 120, and 144
h, and every heating was followed by an electrical conduc-
tivity measurement at room temperature (see Fig. 2 for the
procedure) [37]. Figure 10 exhibits the heat-treatment time
dependence of electrical conductivity of the samples. The
conductivities decreased as the heating time becomes long,
but they ended up respective constant values depending on
each preceding heat-treatment time in vacuum. Regarding
the constant values as the eventual electrical conductivities,
they are plotted as functions of vacuum-heating time and of
the C2 fraction in Figs. 11(a) and 11(b), respectively. One
can see clear correlations between the conductivity and the
parameters on the abscissa, signifying that the heat treatment
of IZO in vacuum has made progress with dissociation of
the Znln,O4-like nanostructured precipitates. From these ob-
servations, it was found that electrical conductivity observed
for 0.5 at. % In-doped ZnO (2.5 x 10' Scm™') was raised
as high as five orders of magnitude compared with undoped
ZnO without vacuum heating (=3.6 x 10#Scm™) (see
Fig. 7).

The present atomic-level observation evidently demon-
strates that substitution of In ions in defect-free Zn sites

10°
—_ ANERET o 1
D EoN Tl E
g ; \\\ ‘\‘\“. ***** o
%) 10° : \\\ .7
E N ’
R SN ]
S 1 i
3 10 \
=] N
o .
o E N 3
T [e14h] e
g 10°: |e8h
15) £ N q
3 - |m4n \
m W [ REEER

10-5 [ I I

0 50 100 150

Time of heating in air (h)

FIG. 10. Dependence of the electrical conductivity of IZO on
time of heating at 973 K in air. Each sample was pretreated by
vacuum heating at 1273 K for the duration indicated. The dashed
lines are guides to the eye.
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FIG. 11. (a) Vacuum-heating time and (b) C2 fraction depen-
dences of the electrical conductivity of IZO. The values of each
conductivity are the averages of the constant values observed by heat
treatment in air shown in Fig. 10.

indeed gives birth to conduction electrons. The next interest
is to apply the present method to more heavily doped ZnO to
realize much higher conductivity. As regards Al and Ga, other
candidates for donors in ZnO, they have already exhibited
excellent conductivity with heavier doping (3.0 and 5.7 wt %,
respectively) [38]. We also expect that the application of the
present donor-introduction method can further enhance the
electrical conductivities of Al- and Ga-doped ZnO as well.

IV. SUMMARY AND CONCLUSIONS

In the present work, we tried to control association-
dissociation behavior of In impurities introduced in polycrys-
talline ZnO by monitoring their thermal behavior by means of
time-differential perturbed angular correlation spectroscopy.
A multistep doping method was applied to 0.5 at. % In-
containing ZnO, in which the sample underwent combined
heat treatments in air and in vacuum, and we have success-
fully introduced a great fraction of In dopants into defect-free
substitutional Zn sites by the method. However, it was found
that the concentration of the In dopants does not correlate
with the electrical conductivity. In order to investigate the
cause, we performed an XPS experiment and revealed that
the surface of the sample became metallic as a result of the
formation of oxygen-deficient layers due to vacuum heating.
For the purpose of refilling the O vacancies on the surface
with O atoms, the samples were heat treated in air again.
We succeeded in observing a clear correlation between the
electrical conductivity and the concentration of In donors,
and eventually achieved electrical conductivity as high as
five orders of magnitude compared with undoped ZnO. The
present work has established a controlling method of In sites
in ZnO. The next interest is to apply the present method to
more heavily doped ZnO to realize much higher conductivity.
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