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Indium-doped zinc oxide powders have been prepared which
show room-temperature electrical conductivities as high as 30
Q! cm™. The indium doping apparently occurs as Zn;_,In,O,
Zn,_,In,0,,,),, or a combination of these. Optimum conductivity
occurs for Zn,_,In,O where the maximum value of x obtained
was about 0.5 at%. This substitution results in a lattice volume
expansion of 0.4%. The degrees of sample reduction were deter-
mined by iodimetric titration. Time differential perturbed angu-
lar correlation (TDPAC) spectroscopy on indium doped zinc
oxide is consistent with indium substituting at normal zinc sites
in the ZnO lattice. TDPAC studies on zinc oxide annealed
under zinc vapors show a second environment for the In
probe. In this case, there is an unusually high temperature
dependence of the electric field gradient which may be caused
by a nearby zinc interstitial. An important conclusion of this
work is that zinc interstitials are not ionized and do not there-
fore contribute significantly to the increased conductivity of
reduced ZillC oxide. [0 1996 Academic Press, Inc.

INTRODUCTION

Zinc oxide based materials have many interesting and
useful properties. Applications of such materials are espe-
cially attractive because of the low cost and lack of toxicity
of zinc. Zinc oxide can be heavily n-doped while retaining
a very low optical absorption in the visible range. In addi-
tion to its many other uses, zinc oxide can be used, there-
fore, as a transparent conductor in antistatic applications,
as window coatings, in solar cell designs, and in flat panel
displays. We have prepared highly conductive and trans-
parent zinc oxide powders (1) as well as thin films (2) by
appropriate doping. Bulk transport properties of doped
zinc oxide have been extensively studied (3-6) since the

!'To whom all correspondence should be addressed.

1950s. Studies of In-doped single crystal have been re-
ported by Rupprecht (7). Despite these extensive studies,
the dominant defect mechanisms in zinc oxide are not
completely understood. Here, we report our electrical and
In-TDPAC (time differential perturbed angular correla-
tion) studies of undoped, Zn-rich and In-doped zinc ox-
ide powders.

The details of the TDPAC technique have been de-
scribed elsewhere (8). We used the radioactive isotope
""Tn as TDPAC probe atoms, which are introduced in
very small amounts (10~°/formula). Thus, the effect of the
radioactive dopants on bulk properties of samples can be
neglected. The M'In nucleus has a half-life of 2.8 days and
decays by electron capture to an excited state of ''Cd,
which then decays to its ground state by successive emission
of 171- and 245-keV vy rays through an intermediate state
having half-life of 85 ns. If the nucleus is unperturbed by
magnetic or electric fields, there is a substantial angular
anisotropy between the emission directions of the two +y-
rays. The angular anisotropy depends on the time between
the two y-ray emissions if the nucleus is subject to a mag-
netic field interacting with the Cd nuclear magnetic mo-
ment or an electric field gradient (efg) interacting with the
nuclear quadrupole moment. Measurement of this time-
dependent perturbation is the object of a TDPAC experi-
ment. Only the perturbation due to the first few neighbor
shells can be detected by the probe nucleus. Thus, TDPAC
provides information about the local environment of the
probe. It is a powerful tool to distinguish different defect
configurations near probe atoms (9).

Zinc oxide has a hexagonal wurtzite structure in which
the oxygen ions are in a hexagonal close packed array,
and the zinc ions occupy half of the tetrahedral interstitial
positions and have the same relative arrangement as the
oxygen ions. The environment of each ion does not have
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exact tetrahedral symmetry. Instead, the spacing between
nearest neighbors along the ¢ axis direction is somewhat
larger than for the other three neighbors. When a probe
n atom occupies a substitutional Zn site, it experiences
a small axially symmetric efg. If there are other defects
around the nuclear probe, different efg’s will be measured
and the axial symmetry may be destroyed.

EXPERIMENTAL

Zinc-rich zinc oxide powders were prepared by mixing
various ratios of Zn powder (5N, Johnson Matthey) and
zinc oxide powder (5N, Johnson Matthey). These mixtures
were thoroughly ground using an agate mortar and pestle
before sealing in silica tubes, which were evacuated to
~50-100 mTorr. The sealed samples were heated at
1200°C for 10 hr with heating and cooling rates of 300°C/hr.
The tubes were heated in a slight temperature gradient
with the sample placed at the hotter end. Thus, any zinc
not incorporated into the oxide phase condensed at the
cooler end of the tube, well separated from the oxide. For
the TDPAC experiment, the resulting Zn-rich zinc oxide
powder is further mixed, in alcohol, with the probe isotope
"n which was purchased from the New England Nuclear
Division of Dupont as a HCI solution. The mixture was
dried under a heat lamp and then calcined at 1100°C for
5 hr after it was sealed in an evacuated silica tube. Undoped
ZnO samples used in the TDPAC experiment were pre-
pared by mixing ZnO powder directly with the '"'In isotope
in alcohol, and then heating in air or a sealed silica tube
at 1100°C for 5 hr.

Preparation of In-doped zinc oxide samples was similar
to Zn-rich zinc oxide samples except that various amounts
of indium powder were used in the initial synthesis instead
of Zn powder. In some cases, In,O; was also added to the
reactant mixture in order to increase the oxygen pressure
during synthesis. The synthesis temperature was 1000 or
1200°C.

The X-ray diffraction data and unit cell dimension re-
finements were obtained using a Siemens D-5000 diffracto-
meter and its analysis program. All data were measured
at 25°C using a silicon internal standard. Electron Micro-
Probe Analysis (EMPA) was used to determine the actual
dopant concentration in In-doped ZnO powder. In EMPA
analysis, 5 to 15 points were probed. The average is used
as the measured value, and the standard deviation is the
error shown for that data point. The solubility of the dopant
was determined from these data. Scanning electron micros-
copy (SEM) was used to determine the morphology and
particle size of different doped ZnO powders. The conduc-
tivities of In-doped zinc oxide powders were measured
using the resistivity probe of the LakeShore AC Suscepto-
meter, Model 7000. Because the samples were in powder
form, measured conductivities were affected by the powder
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density and contacts between grains. Thus, the conductivi-
ties were measured at various applied pressures. Details of
the measuring cell are given elsewhere (1). The measuring
contacts were gold plated to achieve low contact resistance;
the short circuit resistance was ~0.0003 (). Typical samples
were ~2 g with a thickness of ~3-5 mm and a density in
the range 75-90% of theoretical. The samples used in the
conductivity measurements were not ground after synthe-
sis. The measured conductivities generally decreased
slightly if the samples were ground. The conductivities of
the powders also decreased slightly if they were removed
from the cell and then measured a second time. These
results suggest that conductivity is somewhat degraded
when sintered agglomerates are broken up. The break up
of the agglomerates, which is significant especially in Zn-
rich ZnO where particle sizes are large, was confirmed by
SEM. All conductivity measurements were made at room
temperature and a frequency of 5SHz unless otherwise indi-
cated. For the temperature dependence measurements, the
four terminal technique was used on pellets which had
been sintered at 1200°C for 10 hr in sealed silica tubes.

Iodimetric titrations have been used to determine the
amount of excess Zn in Zn-rich ZnO (10-12). The reac-
tions involved are:

(i) triiodide is reduced by active electrons, 15 +2; —
31

(ii) unreacted triiodide is back titrated with sodium thio-
sulfate.

From the amount of triiodide used, the number of electrons
consumed can be calculated. This method was also used
to assess the actual degree of reduction related to doping.
Volumetric standards (Aldrich) of 0.1 N iodine and 0.1 N
sodium thiosulfate were used. Zinc oxide powder (~1 g)
was dissolved in 5 N sulfuric acid with 4 ml of the iodine
standard in a capped flask to prevent the evaporation of
iodine. The titration solution was stirred with a Teflon
coated magnetic bar, and the titration was performed with
a 10 ml microburet and a 4 ml volumetric pipette. Dissolv-
ing the powder followed by titration consumed about 5 to
10 min. The starch indicator and KI were added close to
the end point to achieve maximum sensitivity. The detec-
tion limit is estimated to be 0.002 at% excess Zn or 0.004
at% electron in 1g ZnO.

RESULTS

Well oxidized zinc oxide powder is white at room tem-
perature. With a Zn-to-ZnO reactant ratio in the silica
tube of 0.001 to 0.004, the color of the reduced powder
becomes light blue. This color can be bleached to white if
the samples are heated in air above 900°C. The blue color
is directly related to the presence of conduction electrons.
Thus, higher conductivities were observed for the samples
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FIG. 1.
with Zn and ZnO in a 1/100 ratio.

with a blue color. For a Zn-to-ZnO atomic reactant ratio
of greater than 0.004, the color of the Zn-rich zinc oxide
powder first becomes green, but this quickly turns to yellow
with increasing Zn. The green color can be attributed to
a mixture of blue and yellow. The yellow color deepens
as the Zn-to-ZnO reactant ratio is increased to 0.007 and
does not change for larger ratios, indicating that zinc oxide
has become saturated with Zn under these conditions. This
is supported by our analytical data in that our samples do
not show a change in titratable electrons when prepared
with a higher Zn-to-ZnO reactant ratio. The Zn-rich zinc
oxide powder has a larger particle size (~80 wm) than that
of undoped zinc oxide (~20 um) heated under the same
conditions in an evacuated sealed silica tube. Undoped
ZnO heated in air has an even smaller particle size (~5
pum) (Fig. 1). There is, therefore, a regular increase in
particle size as zinc oxide is heated under increasing reduc-
ing conditions. The particles are approximately equilateral.
X-ray lattice parameter refinements for all Zn-rich zinc
oxide powders showed a = 3.2498(2) and ¢ = 5.2065(3) A,
regardless of the color or conductivity. [odimetric titrations
showed the electron concentration to be ~0.1 at% for blue
zinc oxide and ~0.06 at% for yellow zinc oxide (Fig. 2).
Surprisingly, the apparent degree of reduction decreases
as the reaction conditions become more reducing. If we
assume the titratable electrons in yellow zinc oxide derive
from two electrons per excess Zn, the maximum amount
of excess Zn in yellow zinc oxide powder can be repre-
sented as Zn; ¢g030. This result is inconsistent with Ehret
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Electron micrographs of ZnO powder heated at 1200°C for 10 hr (a) in air, (b) in a sealed silica tube, and (c) in a sealed silica tube

and Greestone’s estimate (13) of 0.02% excess Zn in a red
zinc oxide crystal. (A red zinc oxide crystal, when ground,
produces a yellow powder.) We observed in a sample of
Zn-to-ZnO prepared with a reactant ratio of 0.003, where
the color changes from blue to yellow, that the powder
next to the silica tube was blue whereas the powder in the
center part of the tube was yellow. This strongly suggests
that that higher conductivity in blue zinc oxide derives
from Si contamination due to the use of a silica tube in
synthesis. Silicon is known to act as an electron donor in
zinc oxide (14). Microprobe analysis showed Si contamina-
tion in these samples. The actual amount of Si cannot be
accurately determined due to the calibration limit, but it

T ML B | T T T T
® 012p o Zn/reagent ZnO |
b % e  Zn/5N ZnO
~ [

.,S. 0.10 - ]
-

g

H

§ 0.08 - 7
=4

3

o 006[ } % .
g [

3

3

B 004r- 7]

1 1

1 1 1
0.0 0.5 1.0 15 2.0 2.5
Starting x (at.%) in Zn,:ZnO

FIG. 2. Electron concentration obtained from iodimetric titration at
various starting metal Zn-to-ZnO ratios.
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FIG. 3. The conductivity of Zn-rich ZnO powder under applied pres-

sures.

is less than 0.04 at%. Iodimetric titration suggests the maxi-
mum contamination is 0.05 at%, assuming Si ionized to
+4 in titration. (Contamination with Si is inevitable when
using silica containers at high temperature; however, other
containers considered cause even more severe problems
and cannot be as conveniently sealed or used at high tem-
peratures.) The conductivity of Zn-rich zinc oxide powders
changes very little with applied pressure (Fig. 3). It may
increase slightly which can be due to some densification
and improved contact between grains. The drop in conduc-
tivity with increasing pressure sometimes found for sam-
ples with larger grains is likely caused by some break up
of agglomerates. The conductivity measured at a pressure
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FIG. 4. The conductivity of Zn-rich ZnO prepared using various Zn
metal-to-ZnO ratios.

of 4 ton/cm? shows a dramatic decrease in conductivity for
the yellow powder relative to the blue powder (Fig. 4).
However, this change is still less dramatic than the increase
in conductivity which occurs on heating undoped zinc oxide
under vacuum or in a sealed tube with very small amounts
of elemental zinc.

Doping zinc oxide with indium under reducing condi-
tions causes a dark blue color to develop, which turns to
light green if the sample is heated in air at about 900°C
for a few hours. However, the optical absorption of the
blue materials is so low in the visible region of the spectrum
that they are useful as so-called transparent conductors.
All products appeared single phase by X-ray diffraction.

(b)

(a)

7o M

FIG. 5.
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Electron micrographs of (a) 0.1 at% (1200°C synthesis), (b) 0.5 at% (1200°C synthesis), and (c) 1 at% (1000°C synthesis) In-doped ZnO

powder prepared in sealed silica tubes. The percentages are the starting In-to-ZnO mixing ratios.
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FIG. 6. The lattice constants a and c at various In metal-to-ZnO ratios.

SEM showed that higher In-doping levels and higher syn-
thesis temperatures resulted in larger particle sizes (Fig.
5). Figure 6 shows the increase in both a and c cell dimen-
sions as the amount of indium in zinc oxide increased.
Microprobe analysis indicated that the maximum amount
of indium present in these samples was about 0.45 at%,
and Hall data (2), as well as iodimetric titrations, showed
essentially one electron per dopant atom for samples pre-
pared at both 1000 and 1200°C (Fig. 7).

Samples of particular reactant compositions prepared at
1000 and 1200°C gave essentially the same compositions
and unit cell dimensions. The conductivities of indium-
doped zinc oxide samples synthesized at 1200°C are shown
in Fig. 8 as a function of applied pressure. The measured
conductivity increased with applied pressure (or the den-
sity of the powder). The values obtained at 4 ton/cm? are
used in Fig. 9 show that the conductivity increases with
increasing indium content for samples prepared from zinc
oxide and indium metal only. The difference in conductiv-
ity for samples synthesized at 1200 or 1000°C is attributed
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FIG. 7. Electron concentration obtained by iodimetric titrations and
In doping level analyzed by EMPA as a function of percentage In
metal reactant.

Applied pressure (tons/cm?)

FIG.8. The conductivity of In-doped ZnO powder at various applied
pressures. The labeled In percentages are the true In-doping levels.

primarily to different particle sizes. Smaller particles have
more contacts per unit volume which adds resistivity for
the powder sample. The highest conductivity observed is
about ~30 Q! cm™!. Assuming one free carrier per dopant
atom and using the observed conductivities, the apparent
mobilities were estimated in the range from 0.1 to 1 cm?/ Vs,
which is about 10 times smaller than that of In-doped
ZnO thin films (2). The temperature dependence of the
conductivity of our indium doped ZnO samples was very
small. The variation over the temperature range from 77
to 500 K was less than 10% for all samples. Temperature
independent conductivity has also been observed in a single
crystal (7) and thin films (2) of In-doped zinc oxide.

The effect of oxygen content on the conductivity of In-
doped zinc oxide powder was also examined. The starting
amount of indium was fixed at 2 at%, but different ratios
of In-to-In,O3 were employed. This in effect results in a
different partial pressure of oxygen during synthesis. Fig-
ure 10 shows the conductivity of samples synthesized at
1000 and 1200°C. The conductivity decreases as the indium
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FIG. 9. The conductivity of In-doped ZnO powders at different In-
doping levels.
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FIG. 10. The conductivity of 2 at% In,:ZnO at different oxygen
contents. The x is the starting In to ZnO mixing ratios.

metal reactant was replaced with In,O;. The results of
iodimetric titrations confirm the expected lower electron
doping when In metal is replaced with indium oxide in the
reactant mixture (Fig. 11).

Two samples of undoped and two of indium doped zinc
oxide were studied by TDPAC. The atomic In-to-ZnO
reactant ratios for the two In-doped samples were 0.003
and 0.01, and EMPA showed actual indium concentrations
of 0.25 and 0.36 at%, respectively, for these two samples.
The TDPAC spectra of undoped (white) zinc oxide,
slightly reduced undoped zinc oxide (light blue), and the
0.25 and 0.36 at% In-doped zinc oxides (both blue) showed
that all indium atoms were in the same environment. This
site is subject to a modest efg having axial symmetry (site
A). SiteA has vp4 = 31.4(2) MHz and 7 = 0.00(2) at room
temperature. Figure 12 shows the TDPAC time spectrum
A,G,(f) of an undoped zinc oxide sample (a) and the Fou-
rier Transform (FT) of the undoped and 0.36 at% In-doped
zinc oxide samples (b). The indium-doped zinc oxide spec-
tra showed broader peak widths than that of the undoped
zinc oxide. We assume that this site is indium substituted
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FIG. 11. The iodimetric titration results of the 2 at% In-mixed ZnO

samples synthesized at 1200°C with different oxygen contents.
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for Zn on a normal Zn site. The TDPAC frequency vpa
for site A was independent of temperature from room
temperature up to about 200°C, then increased at higher
temperatures (Fig. 13). This temperature dependence has
been attributed to an increased concentration of conduc-
tion electrons (15). The temperature dependence of the
vpa can be fit to

voa(T) = voa(0)(1 + aexp(—E/kT)),

where vp4(0) = 31.4(2) MHz, o = 1.2(1), and E; = 0.4(1)
eV. The value of E; from the fit is the same as that reported
by Wolf et al. (16).

The spectra for the two samples richest in Zn, yellow
and orange zinc oxide, showed that indium atoms occupy
a second site (site B) in addition to site A. Figure 14 shows
the TDPAC time spectrum (a) and its FT (b) for a yellow
zinc oxide sample. The B site has a slightly asymmetric
efg with vgp = 170(2) MHz and n = 0.12(2) at room
temperature. Witthuhn et al. (17) interpreted this site as
a site with a Zn interstitial next to the probe atom. It was
proposed that the interstitial Zn occupies position 2 in
Fig. 15. The efg of this site, which is proportional to vgg,
decreases as the temperature increases. This type of tem-
perature dependence has been observed in many metals
and semiconductors (18-21). The temperature depen-
dence of this site follows T3> behavior, which is generally
attributed to excitation of resonant modes in the local
phonon density of states. The temperature dependence
(Fig. 16) of the vy can be fit to

vos(T) = vpp(0)(1 — BT?),

where vpp(0) = 174(2) MHz and B = 4.0 X 1075(2). Only
zinc oxide powder prepared with more than 0.4 at% excess
Zn showed the B site, and a larger fraction of the site B
was observed when a greater excess of Zn was used during
synthesis. The occupation probability of site B increased
with increasing excess Zn, but the fraction of "'In probe
at the B site never exceeded 1/3 that of the A site.

DISCUSSION

Doping of zinc oxide powders with indium results in
high electrical conductivity (30 Q! cm™!) at room tempera-
ture, but even higher conductivity was obtained from an
In-doped single crystal (7) (200 Q! cm™!), from In-doped
thin films (2) (1100 Q! cm™), and from gallium-doped
zinc oxide powders (1) (300 Q! cm™!). However, for In-
doped zinc oxide thin films and Ga-doped zinc oxide pow-
ders much higher doping levels were obtained. The conduc-
tivities of Ga-doped and In-doped zinc oxide powders are,
in fact, comparable at the 0.5% doping level.

Various mechanisms for indium incorporation into the
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FIG. 12. TDPAC time spectrum (a) and its FT (b) of the site A. The solid line in (a) is the fitted curve.

zinc oxide lattice can be proposed. An indium interstitial
mechanism (ZnIn,O) would give one electron per indium
if indium is ionized to In'* and three electrons per indium
if indium is ionized to In®*. However, both mechanisms
can be excluded by our iodimetric titrations, assuming that
iodine will oxidize In'* to In**. Hall data on thin films of
In-doped zinc oxide never show more than one free carrier
per dopant atom (2), again denying the possibility of inter-
stitial indium ionized to In*". A formulation consistent
with our results is Zn;_,In,O. Assuming that indium is
ionized to In®', one free carrier per indium results.

Increasing the oxygen partial pressure during synthesis
of indium-doped zinc oxide causes a decrease in conductiv-
ity (Fig. 10) and a decrease in the degree of reduction as
determined by iodimetric titrations (Fig. 11). In the case
of Ga-doped zinc oxide, the solubility of Ga increased from
2.7 to at least 4 at% with increased oxygen content (1).
However, only a slight increase in indium solubility in
zinc oxide occurred with increased oxygen pressure during
synthesis. The lower solubility of indium in zinc oxide at
all oxygen contents is presumably due to the larger size of
In** relative to Zn** and Ga*".
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FIG. 13. The temperature dependence of the TDPAC frequency of

site A.

Analysis of TDPAC data indicates that at least some of
the "'In probe atoms are always on a site with axial symme-
try which we designate as site A. This site is presumably
a normal Zn lattice site in ZnO. However, the interstitial
octahedral and tetrahedral sites also both possess axial
symmetry. We cannot rule out indium at one of these
interstitial sites based on TDPAC data, but we have ruled
out this possibility based on our Hall data and iodimetric
titrations. Site B is observed only in zinc-rich zinc oxide,

A,Go®)

0.16 L 1 1 L.y L I 1
0 50 100 150 200 250 300 350
a Time (ns)
10 T T T T
+5/2
g [ %A 372 b
2 1172 Y@ @y
w
=}
ﬁ 6 | ®oA ]
[
2
E 4 ]
iz BETN
L (001 ]
2 o8 g5
0 ,\,\/\ L J\n/.\-/.\l\ O
0 100 200 300 400 500
b Frequency (Mrads/s)

FIG. 14. TDPAC time spectrum (a) and its FT (b) of 1 at% Zn-
excess ZnO. Both A and B sites are labeled.
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and it is not axial symmetric. Site B cannot be a substitu-
tional Zn lattice site, an interstitial tetrahedral site, or an
interstitial octahedral site because all these sites have axial
symmetry. A candidate for this site is a substitutional lattice
site which is perturbed by the presence of nearby interstitial
zinc. Considering the low concentrations of the '''In probe
and the interstitial zinc, the TDPAC signal from site B
would be too weak to be observable unless there is an
attraction between the probe and the interstitial zinc. A
rationalization of this attraction is given below. Another
possibility for site B would have the ''In probe at a substi-
tutional Zn lattice site with a nearby oxygen vacancy. This
can presumably be ruled out because the two sites are both
positive (Inz, and V) and would therefore repel each
other.

The situation for zinc oxide without the intentional addi-
tion of a third element is poorly understood. As normally
prepared, zinc oxide is white. Heating in evacuated silica
tubes causes a light blue color to develop, and the conduc-
tivity increases significantly. Using the maximum Si con-
tamination suggested by iodimetric titration (0.05 at%) and
the mobility estimated (1) for low Ga or In doping levels
(0.1 cm?/Vs), the calculated conductivity is 0.3 Q! cm™,
which is the same as our measured value. (Studies (1, 2)
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FIG. 16. The temperature dependence of the TDPAC frequency of
site B.
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on doped ZnO show that the mobility is more dependent
on electron concentration than on the specific dopant.)
Therefore, we believe that the color and conductivity of
zinc oxide heated in sealed silica tubes is likely related to a
low level of unintentional doping by silicon, i.e., Zn;_,Si, O.
Others have also suggested (22) that the conductivity in
zinc oxide is more likely related to impurities than to the
nonstoichiometry of zinc oxide. A serious problem is that
only a couple of the several hundred papers on properties
of zinc oxide give any information about the purity of their
material. In one study where an effort was made to obtain
the highest purity zinc oxide, analyses showed no major
impurity except Si (23). However, Si is a good electron
donor in zinc oxide prepared under reducing conditions
and thus will be a very important issue in Zn;,, O samples.

Heating zinc oxide together with sufficient zinc metal in
a sealed silica tube results in the development of a yellow-
to-red color. The conductivity of this material is higher
than that of “undoped” white zinc oxide. However, an
observation not previously reported is that this yellow-red
zinc oxide is actually less conducting than light blue zinc
oxide which is presumably closer to the one-to-one stoichi-
ometry. Most workers believe that the dominant defect
present in zinc oxide annealed under elemental zinc vapors
is a zinc interstitial. Many conclude that this zinc interstitial
is completely ionized to Zn?*, but others have concluded
that this interstitial has a charge of plus one (3, 24). We
suggest the formation of (Zn,)?* dimers when zinc oxide
is annealed under zinc vapors. These would then be analo-
gous to the better known (Hg,)?* and (Cd,)** dimers. In
fact, such a (Zn,)?" species has been postulated to be re-
sponsible for the red color that develops when molten
ZnCl, is annealed under vapors of elemental zinc (25).
Such a (Zn,)*" species could form if a zinc atom is placed
at an interstitial site:

Zn**O + xZn® — Zn>*(Zn{),0 — Zn}* (Zn}"),O.

Conceptually, the neutral interstitial zinc atom forms a
bond to Zn?* at a normal lattice site. After bond formation,
both zincs in the cluster are formally Zn'*. Thus, relative
to the neutral lattice, the zinc of the cluster which sits on
a normal zinc lattice site has become negative (Znz,), and
the zinc at the interstitial site has become positive
(Znz,). Although the (Zn,)** cluster does not normally
have a dipole moment, it develops one when it is imbedded
in the zinc oxide lattice. There will, therefore, be an at-
traction between the positive charged ''In probe site and
the negative end of the dipole in the (Zn,)** cluster, that
is, an attraction between positive Inz, and negative
Znz,. This attraction is, however, induced by the nearby
presence of interstitial zinc which is mobile enough at high
temperatures to find the highly dilute !"'In probe. In this
model, the presence of interstitial zinc (Zn;,,O) would not
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increase or decrease the number of free electron carriers
with increasing x because the extra electrons have been
trapped in a Zn-Zn bond. These electrons are sufficiently
high in energy to be available for the iodimetric titration,
but they do not contribute significantly to conductivity.
However, this defect would increase scattering of conduc-
tion electrons and thus be one factor decreasing mobility,
and therefore conductivity, as its concentration increases.
It is also reasonable to suggest that the presence of the
(Zn,)** clusters in the zinc oxide lattice cause a decrease
in the solubility of Si in zinc oxide. The decreased Si content
would then be the primary factor causing the reduced con-
ductivity as the excess zinc in the zinc oxide lattice is in-
creased. Further studies are underway to test this hy-
pothesis.

The remaining question is the position of interstitial Zn
in the zinc oxide lattice. There is both an octahedral and
tetrahedral site to consider. Placing the interstitial Zn in
the tetrahedral site would result in a well defined (Zn,)**
cluster with the cluster axis aligned along the ¢ axis of the
zinc oxide lattice. One problem with this approach is that
it would result in an unreasonably short Zn—Zn distance
of 1.5 A. One possibility is that lattice relaxation will pro-
duce a more favorable Zn—-Zn distance. On the other hand,
there is more than enough room for Zn?* in the octahedral
site of the zinc oxide lattice. The Zn—O distance would be
2.28 A whereas the Zn-O bond length from the sum of
jonic radii is 2.12 A. A Zn?* ion rattling in this site might
explain the large temperature dependence of the site B
efg from TDPAC measurements, but according to our
cluster model, zinc is formally Zn'* not Zn?*. This univa-
lent cation will be larger, and rattling in the octahedron
of oxygens is not assured. Alternately, we may consider
Zn in an interstitial site formed by six Zn?" cations. This
site is displaced by 0.6 A along the z axis relative to the
center of the octahedral site formed by oxygens. In this
view, we consider the Zn-Zn distance to be 2.28 A if the
interstitial Zn is at the center of the octahedron formed
by Zn atoms. Such a distance is not unreasonable in a
(Zn,)** cluster considering that the Hg—Hg distance in the
(Hg,)** cluster ranges from 2.9 to 2.4 A (26). However,
for interstitial Zn centered in an octahedron of Zn atoms,
there are six Zn—Zn distances of 2.28 A, three Zn-0O dis-
tances of 2.0, and three Zn—O distances of 2.7. The TDPAC
data suggest an abnormal thermal vibration for Zn at this
site. Such displacements might be expected if a binuclear
cluster is energetically preferred. A Raman band at about
175 cm™! has been reported (24) for (Zn,)*" clusters in
ZnCl,. We searched for such a band in Zn-rich zinc oxide
powders and single crystals. Although a weak band near
175 cm™! may be present in such Zn-rich materials, further
studies would be required for confirmation and interpre-
tation.

Most previous workers have assumed that the Zn inter-
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stitials of zinc-rich zinc oxide are ionized, and they have
no explanation for the yellow-red color which develops in
such materials. We believe, on the other hand, that the 4s
electrons of zinc are trapped in a metal bonded cluster.
This leads to a state in the band gap but close to the valence
band. Excitation from this state to the conduction band is
then a natural explanation of the yellow-red color. Because
this state is occupied by a pair of electrons, there is no
EPR signal associated with this defect.

Nonstoichiometric zinc oxide is frequently used as a
textbook example of an oxide where the predominant de-
fect is a metal interstitial. Because of the observation of
increased electrical conductivity when zinc oxide is re-
duced, the conclusion has been that the zinc interstitials
have ionized and donated electrons to the conduction
band. We reject that conclusion. We believe that the yel-
low-to-red color of Zn, ., O is directly associated with inter-
stitial zinc but this interstitial zinc is not ionized. Instead,
metal-metal bonded clusters form which trap the electrons
in metal-metal bonds. This defect does not increase con-
ductivity in any substantial way. Evidence for this view has
existed before, but has not been fully appreciated. For
example, Thomas noted that certain annealing treatments
of Zn,.,0O could destroy the conductivity but the yellow-
to-red color persisted (3).

We believe that the conductivity that develops on treat-
ment of zinc oxide under reducing conditions is due to
impurities. Even if reactants are essentially free of im-
purities, the impurities are easily introduced during syn-
thesis, processing, or crystal growth. Common containers
such as SiO, and Al,O; serve as good sources of the excel-
lent electron donors Si** and AI’*. These impurities are
not evident before a reducing treatment. This is because
the impurities are compensated by extra oxygen
(Zn,_,Si,0,.,), and a white insulator results. Under mildly
reducing conditions, the extra oxygen is removed. Then,
Zn;_,Si,O;,, becomes Zn;_,Si,O, which is blue and con-
ducting. The effect on conductivity is dramatic due to the
high mobility of these electrons. On more severe reduction,
zinc interstitials and the yellow-to-red color develops.

The highest value of x in Zn,,,O that we achieved was
about 0.0003, a value very similar to those of many other
studies. One other study, however, gave a much higher
value of x. This was an X-ray diffraction study examining
electron density at interstitial sites. The conclusion was an
x value of 0.015 (27). That study has recently been re-
peated; the result is consistent with an x value of 0.0003
in red single crystals of Zn;,,O (28).
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