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Relative humidity sensitivity of the impedance of ZnO/ZnO contacts between sintered bodies in the range 10-2-

102 Hz was measured and a theoretical approach for the explanation of the experimental results is developed. The
contact is modelled by a "double Schottky barrier" and a linear resistor connected in series. The calculated frequency
dependence of electrical parameters gives a qualitative description of the experimental data.
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I. Introduction

In the last decade many kinds of humidity and gas
sensors based on heterocontacts between p and N type

semiconducting oxides have been studied [1-12].
Heterocontacts obtained by mechanically pressing of two
oxide sintered bodies exhibit an open interface to the
environmental atmosphere that can be sensitive to
humidity and/or gas with novel sensing mechanisms
[13]. Many of the investigated sensors are made using a
ZnO pellet as the n-type semiconducting component.

Zinc oxide based ceramics with certain additives
have a varistor-like structure and are often used for
voltage stabilizer or other electric devices. They have
been widely studied [14-16] and have shown non-linear
current-voltage characteristics which are derived from
the so called "double Schottky barrier".

Recently it has been reported that ZnO/ZnO
homojuction can be sensitive to humidity changes [17].
Nonlinear current-voltage characteristics have been
reported for ZnO/ZnO single crystal contacts by
Nakamura et al. [18]; different nonlinearity behaviour
was observed depending on the orientation of the
contacted single crystals. A recent paper reports a
theoretical model of ceramic-ceramic interfaces between
p and n type semiconducting oxides [19].

In this paper, a theoretical explanation of the
frequency and humidity dependence of real and
imaginary parts of impedance of ZnO/ZnO contact is
developed, in comparison with  experimental

measurements.

II. Experimental

To obtain zinc oxide pellets, high-purity ZnO
powder (99.99%) was pressed at 60 MPa into disks and
then sintered at 1270 K for 1 hour. Sintered disks were
grinded and polished using abrasive paper to get parallel
and flat surfaces. After a cleaning treatment in acetone,
Al paste was applied as electrode on one side of each
pellet and then heat-treated at 850 K. ZnO/ZnO
junctions were contacted by mechanical pressure using a
spring.

Electrochemical impedance spectroscopy measure-
ments were performed on ZnO/ZnO heterocontacts in
the frequency range 102-10° Hz using a Solartron 1255
Frequency Response Analyzer (FRA) coupled with an
impedance adaptor to increase the input impedance up to
10" Ohm. All the measurements were performed at the
controlled temperature of 40°C and at various relative
humidity (RH) values, from 4% to 90%. Humidity was
controlled by mixing controlled dry and wet air streams
and measured by a Multisens. Inc. (mod. FG80J)
hygrometric probe, which gave results accurate to within
<2%.

Additional examination showes that observed
changes of electrical parameters of ZnO/ZnO
heterocontact at RH value variation are higher than that
ones for each ZnO pellet with two Al electrodes.
Besides that electrical parameters of ZnO/ZnO
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heterocontact are changed very weakly if thickness
of each ZnO pellet is varied. Therefore the impedance
of studied ZnO/ZnO heterocontact is due mainly to
the contact region of ZnO pellets but not to the grain

boundaries inside each ZnO pellets. This circumstance
is in agreement to the high density of sintered ZnO
according to scanning electron microscopy observation
[17].

I11. Experimental results

Figure 1 shows the frequency dependence of the real
part of impedance, z', for ZnO/ZnO heterocontact at
different values of RH. At low frequencies (f < 1 Hz),

- Z"(f) dependences in Fig.2 are at frequencies
f=1fy = 10 Hz, thus in the same range where the decrease
in Z'(f) was found (Fig.1). Therefore, the relaxation

process is observed in the ZnO/ZnO heterocontact.
Increasing RH causes a decrease in the low
frequency value, Z'LF (Fig. 1), a shift of f; to higher
frequency values, and a decrease in the maximum value
of — Z"(fo) (Fig. 2). The observed relaxation process is
occurred even in dry atmosphere (RH = 3%) and the
intensity of this process (values of Z'| . and — Z"(fo))

is increased with RH decreasing. Therefore such
relaxation process is originated from the nature of
heterocontact and it is under the influence of humid
atmosphere.
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Fig.1. Frequency dependence of the real part of impedance for ZnO/ZnO heterocontact
recorded at different relative humidity values: 1 — 3%, 2 — 40%, 3 — 69%.

z'=7' . is independent on f. At higher frequencies, a

decrease in Z'(f) takes place. Plotting logz' as a
function of log f, one can observe that the mentioned
drop of z' took place up to about 3 10° Ohm and the last
value is further independent on frequency. Therefore, a
relaxation process can take place at frequencies 1-

100 Hz.
Figure 2 shows the frequency dependence of the

negative imaginary part of impedance, —Z"(f), for

IV. Discussion

To understand the obtained frequency dependence of
real and imaginary parts of ZnO/ZnQO heterocontact
impedance it is necessary to calculate the impedance of
the studied structure as a function of frequency. Keeping
in mind the non-Ohmic properties of ZnO/ZnO
heterocontact [17] and the widely accepted model of
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Fig.2. Frequency dependence of the negative imaginary part of impedance for ZnO/ZnO
heterocontact recorded at different relative humidity values: 1 — 3%, 2 — 40%, 3 — 69%

Zn0O/ZnO heterocontact at different values of RH,
which supports this assumption. The maximums of
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double Schottky barrier for the description of non-Ohmic
behaviour of zinc oxide varistors [15], it is possible to
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consider such a model for the studied heterocontact.
Suppose that studied heterocontact can be modelled
by the double Schottky barrier (DSB) with zero thickness
of an intermediate dielectric layer between Schottky
barriers having height ¢ and by linear resistor with
resistance R, connected in series. This resistor in a first

approximation reflects the existence of an intermediate
thin dielectric layer between Schottky barriers and bulk
resistance of two ZnO pellets.

It is assumed first that low d.c. voltage U, is

applied to DSB with unit cross-section. Current I
through the contact can be presented as the difference

between currents I, and I, :
I=1-1,, (1)
where I, is the electron current from the ZnO pellet

with negative potential to the ZnO pellet with positive

potential, and I, is the opposite current. Considering the

thermionic emission mechanism of electron transport
through the barrier as the single effective mechanism, the

value of current I, can be written as
I = A(T)exp(—(p/kT),
where A(T) is a coefficient with relatively weak

dependence on absolute temperature T, @ is the barrier

height, i.e., the difference between conduction band
edges at the surface and at the quasineutral region in the

ZnO bulk, k is Boltzmann constant. Almost the whole
voltage U, is applied to the reverse-biased Schottky

barrier and the potential barrier for electron transition
from the ZnO pellet with positive potential to the

Zn0O pellet with negative potential is @+qU, .

Therefore, one can obtain:

I= A(T)exp(— ¢/ kT)[l —exp(—qU, /kT)} )

For low voltage values (qu << kT) current |

becomes Ohmic:

I=GU,, (3)
where barrier conductance G is:
G = (A(T)q/kT)exp(—@/KT). 4)

To write the expression for small signal a.c. current
it is necessary to take additionally into account the
displacement current dQ/dt, where QQ is the charge, for

example, of the reverse-biased part of DSB. To obtain
such expression we neglect the capture of electrons at the
DSB interface and consider therefore simply that the

barrier height ¢ is independent on time (q) = const). If
it is assumed that donors with concentration N, are
shallow and fully ionized in the depletion layer, then
Q=qN,L, where L is the depletion layer thickness.

The relationship between L. and the reverse biased
barrier height @+qU, can be derived from the

Poisson’s equation d’q/dx’=q°N,/eg, and

presented in the form:
2 2
¢o+qU, = (q ND/2880)L , )
where & is relative dielectric permittivity and & is

electric constant. For small voltages (qu << (p) we

have then

Q = (2eg,N,9)' *[1+(1/2)(qU, / 9)]. (©)
To calculate a.c.current, it is possible to consider the
voltage U, as U, exp(jot), where

U, is the

complex amplitude of voltage (thus,

- Ub =U, exp(j0,), where U, is the amplitude of
a.c. voltage, and GU is the initial phase of voltage),

j=(=1"? is the imaginary unit, ® is the angular
frequency, and t is time.

Then total a.c. current across DSB (in the complex
form) can be presented as a sum of active current and
reactive current:

I=GU, + joCU,. (7)
The active conductance G of barrier is written
above (see expression (4)) and capacitance C of DSB is:

C=(eg,q"N, /29)"%. (8)
Substitute the voltage drop U , at the DSB by the
expression:
U,=U-IR,, 9)
where U is complex amplitude of voltage drop at

the whole heterocontact. Then real z' and imaginary z"
components of heterocontact impedance

Z=U/1=z'+jz" (10)
can be presented (using equation (7)) in the form:

7=R,+G ' /(1+(01)), (11)
~7"=G'ot/(1+(ot)%), (12)

where:
1=G7'C (13)

is the relaxation time. This parameter is dependent
on temperature and barrier height, as it can be seen using
expressions (4) and (8):

1=(eg,N, /2¢)"*(KT/A(T))exp(p/kT) .- (14)
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For relatively high barrier heights (¢ >> kT), the

relaxation time 7 is increased with the barrier height and
decreased with temperature.
From equations (11) and (12) it is seen that in the

range of frequency around @ =7 ! a relaxation process
is occured. The real part of impedance is decreased with
frequency, according to (11). The negative imaginary
part of impedance (see equation (12)) passes through a

maximum because —Zz"~ G ~'®T at low frequencies

(0t <<1) and — 2"~ G"'(w1)"" at high frequencies

(wr >>1). It is obvious that the maximum of

—2"(w) takes place at @, =7 ' and the maximum

value of —z"(®) is:

~7"(1") =(2G)™" = (kT/2A(T)q) exp(¢p/kT). (15)
The obtained expressions for z'(®) and — z"(®)

can be compared with the experimental data shown in
Fig.1 and Fig.2.
Consider first the frequency dependence. At low

frequencies (T << 1) the real part of impedance (11)
is nearly independent on frequency: z'\. = R + G
At RH = 3% and at frequencies f < 1 Hz, z'|; =25
10’ Ohm (Fig. 1). At higher frequencies @t >1, Z' is
decreased with frequency approaching to z'\ ; ~ R, =
3 10° Ohm. Therefore, the DSB
G'= 2,510” Ohm is much higher than the resistance

resistance

R,: G'>> R, . This conclusion is in accordance to
the assumption that DSB gives the main contribution to
the impedance of the heterocontact.

The maximum of — z" (®) at RH=3% takes place at

frequency f, = 6 Hz
(Fig. 2). Then, from equation (13) one can obtain for
the DSB capacitance C=G(2nf,)" ~1 nF. The

observed relaxation process is fairly slow. The reason for
that is high resistance of the DSB due to the complicated
structure of the contact points amongst ZnO ceramics
surfaces.

From the maximum value of — Z"(f) (Fig. 2), the

independent estimation of G can be obtained using
equation (15): G ~ 2,44 10" Ohm, which is in good

agreement with the value of G ' obtained from Fig. 1.
To realize better the nature of the observed
relaxation process, one can present the expressions for

Z' and —Z" in slightly different form. The total current
can be written as (see equation (7)):

I=1 +jl. (16)

and then (assuming that initial phase of voltage U is
Zero):

z'=UL /(1 +17%), (17)
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2 2
-z"=UL /(I,”+17). (18)
Here I, is the active (in-phase) component of

current and I is the reactive (capacitive or

1t/ 2 — shifted) component of current.

At low frequencies a half of the period of applied
voltage is enough for electron transitions through the
barrier, and active (in-phase) component of current I is

nearly independent on frequency. The reactive
component of current I at low frequencies is fairly low
due to a slow change of space charge with time. At
higher frequencies the in-phase component of current I,
becomes smaller as far as electrons have not enough time
to jump over the barrier during a half of voltage period.
However, the /2 —shifted current component I, at
higher frequencies becomes larger because it is not
directly correlated with hopping of electrons over the
barrier but to the oscillation of space charge near the
DSB interface. Then, at higher frequencies, the
numerator in equation (17) is decreased and the

denominator rather is increased. Therefore Z' drops with
frequency, according to the experimental observation
(Fig. 1).

The frequency dependence of —Zz" at low
frequencies is determined mainly by the numerator in

equation (18) and — z" () is increased with increasing
of frequency till the active and reactive components of
current become of the same order of magnitude. For
. . " -1
I, >>1, (at higher frequencies) the value —z"oc I,

and —Z" is decreased with increasing frequency.
Therefore, — z"(®) passes through a maximum due to a

decrease in the active component of current I, and an

increase in the reactive component of current I with
frequency.

Consider now the relative humidity dependence of
z' and —Z". An increase in RH may cause a decrease in
the potential barrier height ¢ . The mechanism of such
quite complicated [1-4]. Therefore,
conductance G of a DSB should become larger

behaviour is

according to equation (4). Then, from equation (11), Z'
should become smaller, in agreement with Fig. 1.
The decrease in the potential barrier height ¢ with

increasing RH causes the lowering of the relaxation time
T according to equation (14) (at the condition that

@ >> kT exponential function in equation (14) gives a

-1/2
).

stronger dependence than @ Therefore, the

frequency at which the maximum of —Z"(®) takes
place (W, = 7! ) becomes larger as it is shown at Fig.2.

The increase in G with increasing RH leads to a
decrease in the maximum value of —Z"(®), according

to equation (15), and explains the experimentally
observed decrease in its maximum (Fig. 2). Therefore,
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the experimental data shown in Fig. 1 and Fig. 2 support
the performed calculations.

V. Conclusions

Heterocontacts made of two pellets of sintered zinc
oxide and mechanically pressed together are sensitive to

relative humidity. The real part z'(®) of impedance

with height decreasing with increasing of relative
humidity.
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decreases with ® in the frequency range 1—100 Hz.
The negative imaginary part —Z" (®) of the impedance
Z(j®) shows a maximum as a function of frequency.
The increase in relative humidity causes the decrease in
the low frequency part of Z', the decrease in the
maximum value of —Z"(®) and the shift of this
maximum to higher frequencies. All these effects are

explained on the basis of a developed model of a.c.
carrier transport through the double Schottky barrier,
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BusBneHo 9yTaMBICTH [0 BiTHOCHOI BOJIOTOCTI MOBITps iMIenaHcy KoHTakTy ZnO/ZnO MiX cHeYeHIMH

[UIACTUHAMU OKCHIy LHMHKY, SKHH BHUMIpSHO B Jiama3oHi 102-102T I, 1 PO3BHHYTO TEOPETHYHHUH MiAXig M0
TIOSICHEHHST €KCIIEPUMEHTAJIBHUX pe3ybTaTiB. KoHTakT MonmemoeTbest 30BoeHHM Oap’epoM IIIOTTKI Ta mociimoBHO
BKJIIOYEHUM JIIHIHHUM pe3ucTopoM. Po3paxoBaHa 4acTOTHA 3aJICKHICTh CIEKTPUYHHUX MapaMeTpiB A€ SIKICHUI OIMmUC
CKCIEPUMCHTAIBHUX JJAHHX.
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