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Changes in electrical conductivity and the amount of adsorbed oxygen in porous ZnO were measured
simultaneously in the temperature range of 200—600°C. The saturated amount of adsorbed oxygen increased
initially, went through a maximum at 500 °C, and then decreased with increasing temperature. The conductiv-
ity decreased exponentially with increase in the amount of adsorbed oxygen, which indicates that the energy
barrier formed due to the chemisorbed oxygen controls the total conductivity. In a high temperature region, not
only the chemisorbed oxygen, but also the oxygen diffused into the grain boundaries played important roles in
changing the electrical conductivity. The diffused oxygen was examined by means of a depth profile of tracer
180 measured by SIMS. The formation of the energy barrier at the grain boundary was confirmed by current-

voltage characteristic measurements.

Zinc oxide is an n-type semiconductor with extrinsic
defects, Vo, V5, Zni and/or Zn'i.1=4 Based on the non-
stoichiometry of ZnO, the logarithm of the electrical
conductivity of pure ZnO is linear with respect to that
of the oxygen partial pressure with a slope of —1/4 or
—1/6 depending on the ionization state of donor
defects. The rate of change in electrical conductivity is
determined by slow diffusion of ionic species, and so
the change is too slow to be observed at low tempera-
tures in ZnO single crystal or polycrystals with high
density.

On the other hand, the change in electrical conduc-
tivity of porous ZnO is rapid and large at low tempera-
tures (<600°C). It is well known that the electrical
conductivity of the porous ZnO depends strongly on
the amount and nature of the chemisorbed oxygen.5-10
Negatively charged chemisorbed oxygen is attained by
trapping conduction electrons from the bulk of ZnO.
Then, the carrier concentration decreases and the elec-
tron depletion layer to compensate the negative charge
on the surface is generated, simultaneously. This
depletion layer acts as the conduction barrier. In a
polycrystalline sample with high density or in a single
crystal, the thickness of such a layer is thin enough and
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its effect as the barrier can be neglected. However,
considering porous ZnO in which the average neck
radius to connect the grains with each other is sup-
posed to be very small, the thickness of a depletion
layer could not be neglected as shown in Fig. 1.9
Therefore, the electrical conductivity of a porous ZnO
is affected not only by the additives but also by the
microstructure associated with its processing. Various
electrical conductivities for porous ZnO have been
reported by many researchers.”!1=14 The decrease in
the electrical conductivity caused by chemisorbed oxy-
gen has been explained either by carrier concentration
decrease due to electron trapping by chemisorbed oxy-
gen or by surface energy barrier formation.

In this study, to determine the dominant mechanism
for the electrical conductivity change of porous ZnO,
the electrical conductivity of porous ZnO was mea-
sured as a function of the amount of adsorbed oxygen.
The effect of oxygen diffused into grain boundaries
was also examined by means of the depth profile of
tracer (180) and the current-voltage characteristic
measurements.

Experimental

(1) Sample Preparation. Nominally pure ZnO powder
(99.99%, from Kojundo Chemical Lab. Co., Ltd.) was
dispersed in an aqueous solution of AI(NO;); (99.9%, from
Kanto Chemical Co., Ltd.) and dried. The resulting powder
containing 0.5 mol% Al,O3 was calcined at 600 °C to decom-
pose nitrate into oxide. The powder was shaped into a rec-
tangular bar (5 by 5 by 15 mm) in a steel die (under 100 MPa
pressure) and sintered at 900 °C for 1 min (S-1) or 800 °C for 1
h (S-2) in air. Aluminum oxide addition was to maintain the
ZnO body porous. Of course, a trace amount of Al,O3 must
have dissolved into the bulk ZnO promoting donor genera-
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tion. To obtain a dense sample (S-3), the pressed powder was
also sintered at 1300 °C for 4 h in air. The samples with the
surface area of 2.1 m?g~! and 50% relative density (S-1), 3.2
m?2g~! and 50% (S-2) and 95% (S-3), respectively, were
obtained. SEM observation showed partial progress of sin-
tering having occurred in the surface area of S-1 body.

(2) Electrical Conductivity and Adsorption of Oxygen.
Surface area of the sample was determined by BET method at
77 K. The sample (S-1 or S-2) was enclosed in the holder
illustrated in Fig. 2(b). The electrical conductivity was mea-
sured by a dc four probe method.

As the starting condition, the sample was heated at 600 °C
in vacuum (1074 Pa) until the conductivity reached 0.04 to
0.05Sm™! (about 20—25 h). At prescribed temperatures,
oxygen was introduced into the holder, and the changes in
the pressure and the electrical conductivity were measured
simultaneously for 1 h. Change in the pressure by adsorp-
tion of oxygen was measured by using a fine vacuum gauge
(BARATORON 222BA-0010 from MKS Co. Ltd.).

(3) The I-V Characteristic. After evacuation by the
same method mentioned in (2), oxygen gas (400 Pa) was
introduced into the sample holder at a fixed temperature,
and after a prescribed oxidizing time the sample was
quenched in liquid nitrogen. The relation between applied
voltage and current was measured by a curve tracer (No. 5802
Kikusui Electronics Corp.) at room temperature.

(4) Depth Profile of Tracer *0. The enclosed sample
(S-3) whose surface had been polished by diamond paste was
heated at 600°C in vacuum for 3 h, and 80 (50 vol%)
enriched oxygen was introduced into the sample holder at
prescribed temperatures and annealed for 3 h. After anneal-
ing, the holder was quenched in liquid nitrogen.

The depth profile of tracer ¥Q was measured by SIMS
(Hitachi IMA-2A) under the so-called static SIMS condition;
primary ion “°Ar*, primary ion energy 1 keV, primary ion
current 10719 A, probe size 1 mm, secondary ion accelerating
voltage 3 kV and residual gas pressure <1075 Pa.

Results and Discussion

(1) Effect of Oxygen on the Electrical Conductivity
of Porous ZnO. Figure 3 shows the temperature
dependencies of electrical conductivity for S-2 in
vacuum and in air. After annealing at 600 °C for 20 h
in the respective atmosphere, the electrical conductiv-
ity was measured in the cooling process. Though the
temperature dependence of electrical conductivity in
vacuum was very small with an activation energy of
0.07 eV, that in air was large with an activation energy
tobe2to 3 eV.

The resulting adsorption isotherms coincided with
the Langmuir type'® in the whole temperature range
from 200 to 600°C in both samples. The saturated
amount of adsorbed oxygen increased initially, went
through a maximum at 500 °C and then decreased with
increasing temperature in S-2. This pattern was sim-
ilar to that measured by TDS (thermal desorption
spectroscopy) in which the kind of chemisorbed oxy-
gen was assumed as O%~,8 while the saturated amount
of adsorption decreased by repetition of the adsorption
and desorption of oxygen and this effect was remarka-
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Fig. 2. Sample holder to measure the amount of

adsorbed oxygen and the electrical conductivity,
simultaneously.
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Fig. 3. Temperature dependences for a porous
ZnO(S-2) in air (@) and under 'vacuum (A). The
electrical conductivity was measured on cooling
process.

ble in S-1. This effect was explained in the following
manner:® If high oxygen pressure causes some adsorp-
tion during sintering at high pretreatment tempera-
ture, the coulombic attraction between the adsorbed
oxygen and the positively ionized defects$ may draw
such defects toward the surface. Conversely, if the
oxygen has been desorbed at high temperature, the
adsorption centers, the defects, may diffuse away from
the surface, and the number of sites for the low
temperature adsorption would decrease slowly with

§ 1In this system, zinc atoms at interstitial sites, oxygen
vacancies and substituted Al are the candidates for these
defects.
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time. Though the saturated amount of adsorption
slightly depended on the order of measurement, the
tendency of the temperature dependence of the satu-
rated amount for S-1 with a low surface area corre-
sponded to that measured by TDS.

Electrical conductivity decreased with increase in
the amount of adsorbed oxygen in the whole tempera-
ture range as shown in Fig. 4. If the decrease in electri-
cal conductivity resulted from the decrease in the total
carrier concentration, the conductivity should have
decreased linearly with increase in the amount of
adsorbed oxygen which behaves as the electron trap.
So, this model could not account for the change in the
conductivity.

The effect of oxidation and reduction in the bulk
should be also considered. The dependence of electri-
cal conductivity on oxygen partial pressure was larger
than expected from the change in nonstoichiometric
composition by atmosphere. And the conductivity did
not change above the pressure to attain saturation of

adsorption which is approximately 1000 Pa at 600 °C. -

From these experimental results it is judged that oxi-
dation and reduction in the bulk would have a the
minor effect on changing the electrical conductivity in
the present temperature and pressure regions.

The assumption that the energy barrier whose
height increases with increase in the amount of
adsorbed oxygen controls the total conductivity, could
explain this result. Considering that the carrier mobil-
ity is constant throughout the sample, the electrical
conductivity of a semiconductive material depends on
the energy difference between the bottom of the con-
duction band (E.) and the Fermi level (E;) as oxexp
(—(E.—E;)/kT). The difference (E.—F) is very small,
about several hundredths of an electron volt as
appeared in the temperature dependence measured in
vacuum (Fig. 3). The presence of energy barrier makes
this energy difference to be large as shown in Fig. 1. If
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Fig. 4. The change of electrical conductivity against
the amount of adsorbed oxygen: log(6/6o)—Vad’
where o, is the electrical conductivity in vacuum.
Sample S-1; @: 300°C, A: 400°C, H: 500°C, ¢:
600°C. Sample S-2; O:300°C, A: 400°C, [J: 500°C,
©: 600°C.
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the chemisorbed oxygen makes an acceptor type trap
level on the surface of ZnO, the resulting energy bar-
rier to compensate the excess charge is generated. The

height of such a surface energy barrier (¢;) is estimated
5,16)
as%

2
b= 2 1)

eeo Ny

where N the trap state density which is proportional
to the amount of adsorbed oxygen, N4 the donor den-
sity and the other symbols have their usual meanings.
When N is large, the change in the height, Ad¢;, is
approximated to be proportional to the change in N
The effective thickness of such a barrier is so small that
this effect is negligible in single crystal or polycrystal
with high density. While this barrier plays an impor-
tant role to decrease the conductivity in the case of
porous body where a narrow neck connects the grains
with each other. When this barrier is formed into an
interior of the narrow neck region, the total conduc-
tivity should be controlled by such necks as occ
exp(—(Ew— Eirt¢)/kT) where E,, is the bottom of the
conduction band in vacuum and ¢ is the effective bar-
rier height. Though the height of energy barrier at the
surface is estimated by Eq. 1., the effective height is
determined by the lowest energy barrier at the center of
the cross section of the neck.

If the conductivity measured in this experiment was
controlled by the mechanism discussed above, log(a/d,)
in Fig. 4 equals to ¢/kT and the decrease in conductiv-
ity by two orders of magnitude corresponds to the
generation of the energy barrier with an effective
height to be 0.3 eV at 500°C. The ¢/kT increased
linearly with increase in the amount of adsorbed oxy-
gen at 600°C or its square at 300—500°C. This
dependence agrees with the rule of generation of the
surface energy barrier by the surface state of acceptor
type. The effective height of the energy barrier might
reflect the height of the surface energy barrier. The
right end plot of each measurement almost agreed
with the saturation of the change in the electrical con-
ductivity and the adsorption of oxygen. Though the
change in electrical conductivity depended on the
amount of adsorbed oxygen in S-2 with a large surface
area, that in S-1 with a smaller surface area showed a
larger change in electrical conductivity at 600 °C where
the amount of adsorption is smaller than at 500 °C. It
is peculiar that a similar change in the electrical con-
ductivity was observed in S-1 and S-2 at 600 °C. These
results suggest that another mechanism is operative to
change the electrical conductivity. When the surface
energy barrier controls the total conductivity, the
grains should be connected with each other by a small
neck with the width to be comparable to the thickness
of the depletion layer. The thickness of this layer is
approximately by the Debye length.” The samples of
this experiment contain Al,Oj3 as a promoter of donor
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generation. Though the exact solubility limit of Al,O4
into ZnO has not been determined, the thickness is
estimated to be below 10 nm by the assumption that
100 ppm of Al,O; could dissolve into ZnO.

Because of the complicated microstructure, the pre-
cise neck radius could not be determined. Two kinds
of samples, S-1 and S-2, have almost the same relative
density of 50% and the average grain size of 0.5 pm.
From the viewpoint of surface area, it is supposed that
the neck radius of S-2 might be larger than that of S-1.
Since the current flows through the wide neck which is
difficult to form the barrier in its interior, the effective
neck radius might have been enhanced by the partial
progress of sintering in S-1. Considering that the neck
radius of S-1 is larger than the thickness of the surface
energy barrier, the smaller change in the electrical
conductivity in S-1 by the oxygen chemisorption could
be explained, i.e., the formation of the energy barrier is
imperfect in S-1. -

On the other hand, the anomalous change in the
conductivity at 600 °C has not been clarified yet. Rec-
ognizing the neck as the grain boundary and assuming
that the selective oxidation of the grain boundary by
the rapid oxygen diffusion into such an area occurs,
the energy barrier should be generated at the grain
boundary and considerably change the electrical con-
ductivity even in a sample with wide neck. Though
the definite model to explain the formation of the bar-
rier by the selective oxidation of the grain boundary
could not be determined by this experiment, two mod-
els have been proposed for ZnO varistor: one is the
formation of stoichiometric ZnO near the grain boun-
dary regions,!” and the other is the generation of
acceptor states due to oxygen chemisorption along the
grain boundaries.'®

(2) The Energy Barrier along the Grain Boundary.
If the energy barrier along the grain boundary is
formed in ZnO, the non-ohmic behavior of resistivity
should be observed like a varistor.1%29 As reported in
our previous paper, the non-ochmic property was
observed in the porous ZnO.2! From the proposed
tunnel theory,2? the non-ohmic coefficient, ¢, in the
expression [=(V/C)®, where I is the current, V the
applied voltage and C a constant, can be written as
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where ¢ is the barrier height, N4 the donor density, V
the applied voltage, and the other symbols have their
usual meanings. Though it is not yet recognized
which mechanism controls the non-ohmic characteris-
tic in this experiment, the higher the barrier is, the
larger @ becomes in any model if the donor density is
constant. As shown in Fig. 5,'® the non-ohmic coeffi-
cient, «, increased with an increase in the oxidizing
period, and « larger at 600 °C where the oxygen diffu-
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sion might be effective to generate the energy barrier
than at 500 °C where the amount of adsorption was
larger than that at 600 °C in S-1, while in the case of
S-2 the maximum non-ohmic coefficient, a, was
attained by the oxidation within several minutes.
Therefore, the high energy barrier along the grain
boundary is also formed by oxygen diffusion at 600 °C
in even a wide neck. The deterioration of the charac-
teristic for the sample oxidized for 24 h is explained by
the diffusion into the bulk; i.e., the difference in chem-
ical potential between the bulk and grain boundary
might decrease.

(3) Oxygen on the Surface and in the Bulk. In the
previous sections, the phenomena which could not be
explained by the adsorption of oxygen were discussed
on the assumption that the energy barrier along the
grain boundary was formed by the rapid diffusion of
oxygen into the grain boundary. To confirm the
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Fig. 5. I-V relation for porous ZnO under various
oxidation conditions; (1) 1 min at 600°C («=1.31),
(2) 3min at 600°C (1.68), (3) 10 min at 600°C (2.28),
(4) 1 h at600°C (2.93), (5) 24 hat600°C (2.44), and (6)
1h at 500°C (1.91).
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Fig. 6. The depth profile of tracer (**0) in dense ZnO.
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the tracer concentration at surface and the integrated
concentration calculated from Fig. 5. The values
were normalized under the condition as I/ Vspo-c. @:
from Langmuir’s method (Va./Vasooec), A: Surface
concentration (V/Vsooec), ©: Integrated concentra-
tion (Vi/Viseoec).

validity of this assumption, the oxygen diffusion into
the grain boundary should be examined.

The depth profiles of tracer 80 in ZnO annealed at
prescribed temperatures are shown in Fig. 6. In all
measurements, the strengths of the primary beam of
SIMS were weak and constant. Figure 6 shows the
atomic fraction of 180 against the measuring period.
The measured fraction at the beginning might be
strongly affected by the chemisorbed oxygen and that
after long measuring period might indicate the effect
of the penetration of oxygen into the interior of the
sample. Though this time corresponds to the depth of
etched crater, the depth was too small to be measured
precisely. Hence, the correct diffusion coefficient could
be not estimated.

In the temperature region 200—500°C, the concen-
tration of tracer increased with increasing tempera-
ture. At 600 °C, the concentration of tracer at the sur-
face was smaller than that at 500 °C, but on the other
hand, that in the interior was larger than that at
500 °C. The saturated amount of adsorption measured
by Langmuir’s method (V) for S-1, the tracer concen-
tration at the surface (¥V;) and the integrated concentra-
tion calculated from Fig. 6 in the time range 0 to 3 h
(Vi) are shown in Fig. 7. Each plot was normalized to
the values obtained at 500 °C as V/Vsop°c. Though the
temperature dependencies of V, and V; were similar in
the whole temperature range, the Vi at 600°C was
larger than that at 500 °C. From Fig. 7, V; reflects the
amount of adsorbed oxygen. The integrated value (V;)
involved not only the enrichment of the tracer at the
surface but also that in the interior.

The observation of the enrichment of the tracer in
the interior of the sample indicated that the diffusion
of oxygen effectively occurred at 600°C. It is well
known that the oxygen diffusion is accelerated along
grain boundaries. The oxygen transport by diffusion
is higher at higher temperatures and the difference in
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the diffusion rate between the grain and grain boun-
dary is large at low temperatures due to the difference
in its activation energy. The rapid diffusion along the
grain boundary was observed even at 1000 °C.22.23)
Therefore, it would be reasonable to consider that the
grain boundary is oxidized selectively at 600 °C by the
rapid grain boundary diffusion, and this area might
become the energy barrier for electron transport.
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