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Abstract

The humidity dependence of the voltage-current
characteristics of nonsymmetrical and symmetrical
heterocontacts ZnO|/BaPby.sBiy.,03, ZnO/BaPb.g
Biy.;03/Zn0O and ZnO|ZnO have been studied at
fixed temperature in air with different relative
humidity values. Nonlinear characteristics have been
observed for all the contacts at any humidity values.
The increase in the nonlinearity coefficient for the
Zn0O|BaPby.gBiy.503/Zn0 contact with respect to
the Zn0O|ZnO contact, and the voltage-current rela-
tionship at forward bias for ZnO/BaPby.gBiy.>03
heterocontacts are attributed to surface states. The
increase in relative humidity causes the decrease in
the Schottky potential barrier height, thereby result-
ing in a redistribution of the voltage drop at the het-
erocontact interface and in the current growth at
lower voltages. © 1999 Elsevier Science Limited. All
rights reserved
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1 Introduction

At present, the commercial humidity sensors are
based on polymeric films, in spite of the better
properties of ceramics for this application.! This is
due to the lower costs of the polymeric sensors and
to the need for a heating treatment of the porous
ceramic humidity sensors.? In fact, a drift in resis-
tance of the ceramic sensors is observed for exposure
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to humid environments, due to the gradual forma-
tion of stable chemisorbed OH™~ on the oxide sur-
face.® The drift is strictly related to the protonic-
type humidity sensing mechanism for porous oxi-
des at room temperature.*

Therefore, for the search of perspective ceramic
materials for humidity sensors with improved per-
formance, the development of systems with novel
humidity sensing mechanisms has been proposed.’
Heterocontacts between two different oxides, made
as simple mechanical contacts with interface open
to environmental atmosphere, have shown novel
sensing mechanisms both as humidity and gas sen-
sors.®7 Humidity sensors using bulk heterocontacts
between p- and n-type semiconducting oxides were
first proposed by Yanagida in 1979,® and recently
were studied with a view to the development of
commercial devices.”!! Zinc oxide has been often
used as one component of relative humidity (RH)
sensitive heterocontacts due to its surface proper-
ties.!?"1® As the second component of a hetero-
contact, it is quite interesting to investigate materials
with remarkable surface properties. We decided to
focus our attention on the BaPbg.3Biy.,O; (BPB)
ceramics, due to the reported switching effect and
other contact phenomena.!” In this paper, we stu-
died the voltage-current characteristics (VCC) of
nonsymmetrical ZnO/BPB and symmetrical ZnO/
BPB/ZnO and ZnO/ZnO heterocontacts taken in
air with different relative humidities. Recently,
nonlinear VCC have been reported for ZnO/ZnO
single crystal contacts by Nakamura et al.'® Differ-
ent nonlinearity behaviour was observed depending
on the orientation of the contacted single crystals.

2 Experimental Procedure
Zinc oxide ceramic samples from commercial ZnO

powders (99-9% pure) were uniaxially pressed at 30
or 60 MPa into discs 10 mm in diameter and 2 mm
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in thickness. The pellets of ZnO were sintered in air
at 1000°C for 5h, with a resulting relative density
of about 98%. BaPb,.sBij.,O3 (BPB) powders were
prepared starting from commercial (99-9% pure)
barium carbonate, lead oxide, and bismuth oxide.
The appropriate amounts of these components
were mixed in distilled water, dried, compacted at
120 MPa into discs 10 mm in diameter and 2 mm in
thickness, and then sintered at 750 °C for 1h in air.
The sides of the pellets were polished in order to
obtain parallel surfaces on both sides of each pel-
lets, before the application of ohmic electrodes for
the electrical measurements. Ag paste electrodes
were used for the BPB pellets, and Al paste elec-
trodes for the ZnO pellets.!® After checking the
ohmic behaviour on pellets with electrodes on both
sides, one of the electrodes was removed by pol-
ishing with abrasive paper, always keeping parallel
the sides of the pellets, in order to prepare the het-
erocontacts. The pellets were cleaned in acetone
before contacting ZnO and BPB, by mechanically
pressing two pellets of the different oxides together
with one electrode on each pellet, using a sample
holder developed by us for this purpose. Electrical
measurements were performed also on ZnO/ZnO
contacts, made with pellets compacted at the same
or at different pressures. Symmetrical ZnO/BPB/
ZnO contacts were obtained by pressing a BPB
pellet without electrodes between two ZnO pellets
with one electrode each.

The electrical measurements were performed
using a picoammeter/voltage source (Keithley,
mod. 487) as d.c. source and amperometer, and a
digital multimeter (Solartron Schlumberger, mod.
7150 plus) as external voltmeter. The dark voltage-
current characteristics (VCC) were measured at
various relative humidity (RH) values, from 4 to
90%, obtained by mixing, dry and wet air con-
trolled streams. Monitoring of RH within the test
chamber was performed using a Multisens Inc.
(mod. FG80J) hygrometric probe, which gave
results accurate to within +£2%. Electrochemical
impedance spectroscopy (EIS) measurements were
performed in the frequency range from 1072 to
10° Hz, using a Solartron 1255 frequency response
analyzer (FRA). In order to increase the input
impedance of the apparatus up to 10'> Q, the FRA
was coupled with an impedance adaptor built by
us. All the measurements were performed at the
controlled temperature of 40 °C.

3 Results and Discussion

Figure 1 shows dark VCC of ZnO/BPB hetero-
contacts measured in forward bias (BPB*/ZnO")
at different RH values. One can observe that VCC

of ZnO/BPB heterocontacts were nonlinear and
RH-sensitive for voltage values higher than 1V,
with a current increase with increasing RH. A hys-
teresis in the current values was observed when the
voltage was decreased, with an increase in current
at a given voltage value. We estimated the non-
linearity coefficient («), defined as equal to (U/
I)(dI/dU)=d(logl)/d(logU), as the slope of VCC
presented in double logarithmic scales. The VCC of
ZnO/BPB heterocontacts (Fig. 1) measured at for-
ward bias at 2% RH showed three regions with
different nonlinearity coefficients, «; =1 (which
means ohmic behaviour) at low voltages, oy = 4-4
at intermediate voltages, and a3 = 2 in the high
voltage region. The nonlinearity coefficient o,
showed the highest values, which also increased
sharply with increasing RH, being 10 at 80% RH.
However, the a3 values remained nearly constant
at any RH value tested, in the range 1-8-2-5.
Figure 2 shows dark VCC of ZnO/BPB hetero-
contacts measured in reverse bias (ZnO* /BPB™) at
different RH values. In this case, the VCC slope
increased monotonously with voltage, and current
increased with RH in the whole voltage range. The
comparison between VCC of ZnO/BPB contacts
measured in forward and reverse bias demonstrated
a nonsymmetrical behaviour. Moreover, in reverse
bias the current values were lower when voltage was
decreased (Fig. 2), while the opposite behaviour
was observed for VCC in forward bias (Fig. 1).
The nonsymmetry of the VCC for the ZnO/BPB
heterocontact can be explained under the assump-
tion that a nonsymmetrical potential barrier exists
at the ZnO/BPB interface. This barrier is mainly
associated with the ZnO surface depletion layer.
However, the presence of an interfacial layer with
some additional localized interface states at the
surface of BPB ceramics must be taken into
account as well. The aforesaid localized states are
responsible for the complicated shape of forward-
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Fig. 1. Dark forward-biased VCC of a ZnO/BPB hetero-
contact measured at 40°C increasing (open symbols) and
decreasing (full symbols) the voltage at various RH values.
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biased VCC, while they play a negligible role in the
reverse-biased VCC.

The VCC of ZnO/BPB heterocontacts at for-
ward bias can be explained by the simultancous
occurrence of electron transport through the for-
ward-biased barrier and of a limited filling of
interface states. The higher nonlinearity coefficient
observed at intermediate voltages, o, at low RH is
associated to the limited filling of such traps. At
higher voltages, the nonlinearity coefficient became
lower, assuming a value around 2, which is a value
expected for bulk dielectrics with filled traps.?® The
increase in RH caused a lowering of the potential
barrier and the redistribution of the voltage applied
at the heterocontact. As a result, the process of
interface states filling took place in a narrower
voltage range, and the nonlinearity coefficient «; at
higher RH became larger (Fig. 1).

The conduction of ZnO/BPB heterocontacts at
reverse bias was controlled mainly by the reverse-
biased ZnO surface barrier. The nonlinear increase
in current with voltage at a given RH value can be
attributed to the decrease in the reverse-biased
Schottky potential barrier with the electric field
(Schottky effect).?! The increase in RH caused the
reduction of the potential barrier height and the
corresponding shift of the whole VCC towards
higher current values (Fig. 2).

The observed hysteresis of VCC (Fig. 1 and
Fig. 2) has a kinetic origin. At forward bias it can
be related to a partial filling of the interface states,
which remained filled even after the voltage was
lowered. Therefore, the current for some time
stayed at higher values. At reverse bias a temporary
increase in the ZnO surface barrier height took
place and thus the current became lower.

In order to better understand the behaviour of
the ZnO/BPB contacts, we performed VCC on
symmetrical ZnO/BPB/ZnO contacts at different
RH values, as shown in Fig. 3 for one of the bias
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Fig. 2. Dark reverse-biased VCC of a ZnO/BPB heterocontact
measured at 40°C increasing (open symbols) and decreasing
(full symbols) the voltage at various RH values.

polarity. The data reported in Fig. 3 are for a con-
tact made with ZnO pellets compacted at different
pressures, with the following biasing: ZnO(60)"/
BPB/ZnO(30)~. One can observe that also the
VCC of ZnO/BPB/ZnO contacts was sensitive to
RH, with a trend which was similar to the trend
observed for the reverse-biased VCC of ZnO/BPB
heterocontacts, although the hysteresis was similar
to the forward biased VCC of ZnO/BPB contacts.
Therefore, one can assume that conduction of
ZnO/BPB/ZnO contacts is controlled by those of
the two ZnO/BPB heterocontacts which is reversely
biased. VCC for the opposite polarity were similar
but not exactly the same, both in the case when we
used ZnO pellets compacted at the same or different
pressures; this was probably due to the difference of
the Surface barriers for the ZnO pellets used. This
observation gives an additional evidence for the
interface origin of the voltage and humidity
dependence of the current in a heterocontact. We
evaluated the nonlinearity coefficient at high vol-
tages for the various RH values, being 6 at 2% RH
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Fig. 3. Dark VCC of a symmetrical ZnO/BPB/ZnO contact
measured at 40°C increasing (open symbols) and decreasing
(full symbols) the voltage at various RH values.
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Fig. 4. Dark VCC of a ZnO(60)/ZnO(30) contact measured at
40°C increasing (open symbols) and decreasing (full symbols)
the voltage at various RH values.
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Fig. 5. Complex impedance spectra of a ZnO(60)/Zn0O(30) contact measured at 40 °C at various RH values.

and 3-3at 89% RH. In this case, the nonlinearity
coefficient decreased with increasing RH.

We performed also VCC of ZnO/ZnO contacts,
in order to study the role of BPB ceramics in the
ZnO/BPB/ZnO contacts. Figure 4 shows VCC of
Zn0/ZnO contact made with one ZnO pellet com-
pacted at 60 MPa and the other at 30 MPa, the
same ZnO pellets used for the data reported in
Fig. 3. The curves are reported for the following
biasing: ZnO(60)"/ZnO(30)~. One can observe
that VCC were nonlinear, with o between 1-7 and
2.3, and showed a limited RH sensitivity. Clearer
increase in current with increasing RH were observed
at the highest voltages. The nonlinearity coeflicient
for ZnO/ ZnO contact was lower than o for
the ZnO/BPB/ZnO contacts. This indicates that
BaPb,.gBi(.,O3 gives a contribution to the increase
in the nonlinearity coefficient for ZnO/BPB hetero-
contacts due to some modification of the ZnO/BPB
interface electronic structure, although the main
role in conduction was played by ZnO surface
barrier for reverse bias polarity.

Also for the ZnO/ZnO contact made with two
pellets pressed at 60 MPa VCC were nonlinear,
with o comprised between 2-1 and 3-3, and showed
limited RH sensitivity. In this case, the change in
polarity caused only a slight change in VCC, much
smaller than the change observed for VCC of the
Zn0O(60)/Zn0O(30) contacts in reverse bias. SEM
observations showed that both type of pellets were
dense; the ZnO pellets pressed at 60 MPa showed
well crystallized, polyhedra grains of about 10 um,
while the ZnO pellets pressed at 30 MPa showed
rounded grains of about 1 um in size. As reported
by Nakamura ef al.,'* different nonlinear VCC
have been reported for ZnO/ZnO single crystal
contacts depending on the orientation of the con-
tacted single crystals. The observed nonlinear

behaviour for ZnO/ZnO contacts between pellets
can be explained in terms of an averaging effect
between the conduction at the interfaces of the
various grains in the polycrystalline samples.

To support these observations. the EIS spectra
of ZnO(60)/ZnO(30) contacts were recorded at
different RH values, as shown in Fig. 5. A single
distorted semicircle was observed at all the RH
values tested. Thus, the equivalent circuit for the
Zn0O/ZnO contacts can be described as a parallel
RC circuit. Resistance, evaluated from the inter-
cepts of the semicircle with the real axis in the com-
plex impedance plots, decreased with increasing RH.

4 Conclusions

ZnO/BaPby.3Biy.,O; heterocontacts showed non-
linear and nonsymmetrical voltage-current char-
acteristics. With increasing relative humidity, an
increase in current was observed at high voltage
values. Such humidity-controlled behaviour takes
place for both voltage polarities. The voltage-cur-
rent characteristics of ZnO/BaPb, gBij.,O3 hetero-
contacts at different relative humidities are
qualitatively explained by a model with ZnO sur-
face Schottky barrier and an interfacial layer with
interface states related to the BaPb.3Bi;.,O5 surface.
Symmetrical ZnO/BaPbg.3Biy.,03/ZnO and ZnO/
ZnO contacts show also a humidity dependence of
their voltage-current characteristics. Relative
humidity dependence of the ZnO/ZnO contact
resistance is supported by EIS measurements.
Nonlinearity coefficient for ZnO/BaPbg.gBiy.,03/
ZnO contacts were larger than that observed for
Zn0O/ZnO contacts. This is attributed to the exis-
tence of electronic states at the surface of
Bano,gBio,zo:;.
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