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Temperature-dependent studies on the electrical
properties of pyrolytic ZnO thin film prepared
from Zn(C,H305),
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Pyrolytically deposited transparent conducting zinc oxide thin films on glass substrates were
successively subjected to a post-deposition heat treatment in air and in vacuum. The effects of
heat treatment on the electrical transport properties were studied in detail. The films were
polycrystalline in structure and the oxygen chemisorption—desorption process was found to play
an important role in controlling the electronic properties. Various grain-boundary and
energy-band parameters were calculated by taking conventional extrinsic semiconductor theory
and grain-boundary trapping models into account. The samples were non-degenerative at room
temperature and Hall mobility was found to be modulated by the grain-boundary potential barrier

height via sample temperature.

1. Introduction

Polycrystalline zinc oxide thin films have attracted
interest as a transparent conductive material for use
in efficient energy-conversion systems. Both undoped
and doped ZnO films are used in optoelectronic dis-
play devices [1] and ultra-high-frequency electro-
acoustic transducers [2]. In solar cells, ZnO thin films
are used as transparent electrodes.

These films can be prepared on glass substrates in
a number of ways of which spray pyrolysis is the
simplest method. Films prepared in this way are gen-
erally polycrystalline in structure and a past history
shows that the properties of these films depend very
much on the deposition process. This is indeed the
case, because the deposition-is carried out in the open
air and there always remain some uncertainties in the
control of process variables in such an open atmo-
sphere [3].

It is expected that properties of the films deposited
in the open air at high temperature should respond in
a distinct way to any post-deposition heat treatment
after their deposition. Various chemisorption and de-
sorption processes and oxygen-diffusion mechanisms
are involved when the films are heat treated in air and
also in vacuum. A successive operation of heat treat-
ment may thus be interesting. Here, we report the
effect of repeated heat treatment on the electrical
properties of undoped ZnO thin films prepared in our
laboratory by using a modified spray apparatus [3].
The obtained films were optically very transparent in
the visible range of the spectrum.

2. Experimental procedure
Undoped ZnO thin films were prepared from 0.4 m
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solution of Zn(C,H;0,), 2H,0 at various substrate
temperatures (300, 330, 360 and 390°C). The films
were of similar thicknesses, 173 nm on glass sub-
strates. The details of the film deposition process are
described elsewhere [4]. After deposition, the films
were cooled at a rate of 100 °C min ™! and were preser-
ved for the heat-treatment experiment. The samples
were nonstoichiometric but homogeneous in struc-
ture.

Heat treatment was performed in four steps as
described below. The heating and cooling rate was
~ 5°Cmin "' for each sample.

After completing the first step of heating and cool-
ing cycle in air, the second step was performed on the
sample in a similar manner to the first. Then the
sample was placed in a vacuum of the order of 1073
torr (1 torr = 133.322 Pa) and heat treated there for
the first time. It was then removed from the vacuum
chamber and a third step of heat treatment was per-
formed in air. The sample was then placed in a vac-
uum for the the second time and heat treated. After the
second vacuum heat treatment the sample was heat
treated again in air for the fourth time. The successive
heat-treatment operation enables the resistivity of the
sample to fall to a minimum value. Electrical resistiv-
ity and Hall coefficients were measured simultan-
eously during heat treatment in air only. A flat
nichrome wire strip heater was used to heat the
sample. Starting from room temperature, the max-
imum heating temperature was 200 °C for all the sam-
ples. The temperature of the sample was measured by
a digital thermometer (RS Components STK No.
610-067, with thermocouple Type K, UK) and for
electrical measurement digital multimeters were used
(Hewlett Packard 3465A).
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3. Results and discussion

Variation of resistivity with temperature of a typical
undoped ZnO sample is shown in Fig. 1. The sample is
undoped in the sense that no intentional dopant has
been used during deposition, but various crystal de-
fects and impurities from the starting material may be
present in the film. As observed in the figure, the
heating and cooling cycles are almost irreversible in
the temperature range investigated. In the first step of
heat treatment, a virgin sample shows a sharp de-
crease in resistivity when 100°C is reached. From
room temperature to 100°C, the variation in resistiv-
ity with temperature is not very significant. This type
of behaviour was observed for all the samples, irre-
spective of their deposition temperature. In Fig. 1, BC
represents the fall of resistivity up to 200°C. In the
reverse cycle of cooling, CD, resistivity does not
change remarkably.

In the second step of heat treatment as represented
by DE, resistivity continues to fall gradually up to
130°C. The cooling cycle, EF, is similar to CD. FG
represents the fall in resistivity when heat treated in
vacuum at 200°C for 1 h. The third step of air heat
treatment was then carried out on this vacuum-
annealed sample. GH shows the variation in resistivity
which still decreases slowly with temperature up to
117°C, and then shows a slightly upward tendency.
The cooling cycle, HI, initially partially follows the
heating cycle, HG. This cycle is thus slightly reversible.
The drop in resistivity in GH is relatively smaller than
that in DE. 1J shows the drop in resistivity due to
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Figure 1 Variation of resistivity with temperature of a typical
sample of ZnO deposited with substrate temperature of 360°C. FG
and 1J represent the drop in resistivity during the first and second
vacuum heat treatment, respectively.
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a second vacuum heat treatment. JK shows the fourth
heating cycle in air, and this time resistivity shows
a slight increase with increasing  temperature. The
reverse cycle of cooling, KL, mostly follows the heat-
ing cycle, except in the last portion. Therefore, this
cycle is also partially reversible. During the variation
of resistivity, p, the carrier concentration, n, and Hall
mobility, p, were also found to vary with temperature.
All the samples exhibit n-type conductivity.

It is known that pyrolytically deposited film with
a deposition temperature >250°C is polycrystalline
in structure [1, 5]. Some of our samples have been
tested with a transmission electron microscope which
also revealed a small-grained structure uniformly
spread over the substrate surface. At the time of film
deposition, because air has been used as carrier gas, it
is quite likely that a large number of oxygen molecules
are chemisorbed in the film at the grain boundary and
on the surface during deposition, because these
molecules do not have time to leave the sample at the
end of deposition, due to the rapid cooling effect. It
seems that in the virgin state of the film these molecu-
les have an empirical binding energy of about 0.032 eV
{ = 100°C) which is then supplied to the sample in
a post-deposition heat treatment (Ist heating cycle),
when the molecules begin to leave the sample rapidly
and the resistivity falls. Otherwise, heating to 100°C
and cooling is almost a reversible path without any
significant change in resistivity, as was observed in
another set of samples. A detailed explanation of the
nature of this chemisorption on ZnO fiim has been
given by Fujita and Kwan [6] and experimentally
confirmed by Chang [7]. They mentioned that the
principal chemisorption species in ZnQO is O * at low
temperature, and as the temperature of the sample
rises, the chemisorbed O3 * desorbed from the sample
surface donating an electron to ZnO (05 ! — O, + ¢€),
and hence the conductivity rises rapidly. The first
sharp fall in resistivity above 100 °C may thus be due
to a surface effect.

The second step of heat treatment is the most signi-
ficant one and we can apply the conventional
semiconducting theories to calculate the various
energy-band parameters for our samples.

3.1. The donor ionization energy

Although the samples are undoped, they are extrinsic
and polycrystalline in structure. Electrical conductiv-
ity in such a film is mainly controlled by the impurity
level. The carrier concentration, n, shows a temper-
ature dependence which can be represented by a con-
ventional expression [§]

n = (noNy)? exp( — Eq/2ksT) 0

where E,4 is the donor ionization energy, Ny is the
donor density and nq = 2(2nm?* kg T/h%)*2. By plot-
ting In(nT~%*) against 1/T, E4 can be calculated.
Fig. 2 shows these plots, and the calculated values are
given in Table I. The donor levels are shallow and are
mainly due to the native defects, such as interstitial
zinc and oxygen vacancies. Considering a hydrogenic
model for the impurities, the density of states effective
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Figure 2 Plot of In(nT~3/*)as a function of T~ ? for samples with (a)
T, = 300°C, (b) T, = 330°C, (c) 7. = 360°C, (d) T, = 390°C.

mass, m¥, can be calculated in such a material, using
the relation

Es = e*m*/2e*h?) (c.gs) (2

where ¢ is the dielectric constant of the medium ZnO,
and can be taken from Hutson [9] as ¢ = 8.5. Cal-
culated values of m¥ are given in Table I. The position
of the Fermi level of our samples can be given by [8]

Er = — E4/2+ kgT)2 In[Ng h3/2Qmm* ky T)*?
3

The calculated values of Ep with reference to the
conduction-band edge, E., are also given in Table I. It
is noticed that the Fermi levels in all the samples lie
near to but just above the donor levels, except in
Sample 1 where it lies just below it. N, is greater than
n in these samples which is characteristic of an uncom-
pensated semiconductor. In Sample 1, due to its lower
deposition temperature, probably a greater number of
acceptor states are present which reduces the donor
density, on the one hand, and pulls the Fermi level to
just below the donor level, on the other. Barnes et al.
[10] mentioned that possible acceptor states in ZnO
may arise due to the presence of chemisorbed oxygen
in the grain-boundary region and may also arise from
point defects such as interstitial oxygen and zinc va-
cancies [ 11], and departure from stoichiometry. How-
ever, in a thin-film polycrystalline sample, the carrier

TABLE I Various parameters of interest for ZnO thin film

concentration may be reduced significantly due to
trapping of carriers at the grain boundary. This beha-
viour, as observed in Sample 1, has been termed
autocompensation by Amick [12], and modelled by
Bernarczyk and Bednarczyk [13].

3.2. Grain-boundary parameters

In polycrystalline samples the electrical properties are
largely controlled by the grain-boundary effects. It can
be pointed out briefly from the grain-boundary trap-
ping models [14, 15] that when the trapping states in
the grain-boundary region are occupied they create
a depletion region in the grain and a potential barrier
at the interface. Under this situation, if the grain size, |,
is larger than twice the Debye screening length, Lp,
then the measured mobility, p, is thermally activated
with an activation energy, ¢y, which is the barrier
height at the grain boundary [14]. In an extrinsic
non-degenerate sample, thermally activated mobility
can be accounted for by [15]

b= o T Zexp(— bu/ksT) @)

where

Ho = el/(8mmkg)? (5)

is a constant which depends on grain size, [. In our
sample, the carrier concentrations are of the order of
~10*7cm™3, and the position of the Fermi level
indicates that the samples are non-degenerate. Plot-
ting In(y T%) as a function of /T, ¢y, can be deter-
mined. Fig. 3 shows such plots where we can see that
the mobility is thermally activated in the investigated
temperature range. Calculated values of ¢, are given
in Table II.

3.2.1. Grain-size estimation

Taking Equation 5 into consideration, and using the
measured values of mobilitics and ¢, at room temper-
ature, the grain size, [, can be estimated, but it would
not be of the expected order, because Equation 4 is
strictly valid when the mobility is mainly dominated
by the grain boundaries. A corrected value of p, can
be obtained by using p, in place of p in Equation
4 where the approximation in Equation 6 is taken as
valid by Matthiessen’s rule

o= g + Uk, ©)

where p, is the grain-boundary limited mobility, and
U is the corresponding value of mobility if the sample
were single crystal having the same structure as the

Sample  Substrate Resistivity Carrier conc. in Donor Fermi Donor density,  Effective TCR
temperature, (Qcm) the grain, n; =n  ionization level, Ng(10'7cm™3)  mass, (1073°C™
7.(°C) (10" em™3) energy, Er (eV) m¥*/m,

E,4 (eV)

1 300 14.49 1.09 0.112 0.12 0921 0.59 - 5.07

2 330 11.03 2.67 0.113 0.10 43 0.60 —4.01

3 360 2.44 5.14 0.069 0.061 7.5 0.36 — 442

4 390 313 2.86 0.079 0.075 4.63 0.42 — 4.67
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film. For approximation, the bulk value of p can be
taken for p,. We have taken p, from the intercept of
a p versus 1/t plot where ¢ is the film thickness, Fig. 4.
The calculated values of grain size, [, are shown in
Table I1, and are of the expected order of magnitude.
This shows that a higher deposition temperature
favours relatively larger grain formation, which agrees
well with the TEM observations.

3.2.2. Debye screening length

A hydrogenic model for the possible donor centres
enables the Debye screening length [8] to be cal-
culated from
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Figure 3 Plot of In(uT2) as a function of 7~ for samples with (a)
T, = 300°C, (b) 7. = 330°C, () T, = 360°C and (d) T, = 390°C.

where n is the uniform carrier concentration and ag is
the Bohr radius for the donor centres, given by

ag = eh*/m#e? (8)
Using Equation 8 in Equation 7 we obtain
Ly = (h/2e)(mEnife) ©)

Calculated values of Ly using Equation 9 for our
samples are given in Table IL. It is noticed that the
condition 2Lp <[ of a trapping model is correctly
obeyed here. Thus our approach of analysing the data
by using the grain-boundary trapping model for the
thermal activation of mobility, is valid.

The effect of the successive heat treatment on the
samples is briefly given in Table III. Because of the
heat treatment, the resistivity of all the samples has
been lowered drastically, by more than 99%. The Hall
mobility in the virgin sample was relatively difficult to
measure; values given in Table III are the results of
several observations, but may still be approximate.
A large change in Hall mobility occurs in films depos-
ited at lower substrate temperature. In all cases mobil-
ity was found to increase due to heat treatment. The
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Figure 4 Variation of Hall mobility, p, with inverse of film thick-
ness, t, (all samples are heat treated).

TABLE II Various grain-boundary parameters of polycrystalline ZnO thin film

Sample  Deposition Hall mobility, Grain Interface trap  Carrier conc. Estimated Debye Mean free
temperature, p{cm?V~ls™?) boundary density, N, in the barrier grain size, screening path,
T, (°C) barrier (101 cm ~2) region, n, ! (nm) length, L (nm)
height, (10'%%cm™3) Lp(nm)
Py (eV)
1 300 4.14 0.036 3.84 2.58 3.6 1.37 0.296
2 330 2.12 0.051 7.156 347 2.9 1.17 0.128
3 360 4.96 0.040 8.79 10.3 43 1.57 0.30
4 390 6.95 0.045 6.95 472 10.0 1.54 0.575
TABLE III The effect of successive heat treatment on p, pu and n
Sample Resistivity ~Min. resis- Percentage Hall mobility ~Max. mobility Percentage Carrier Max. conc.  Increase in
in the tivity change in the virgin attained change cong. in the attained order of
virgin state attained (drop) (%) state (cm? V™ 's™1) (increase)  virgin state (10*® cm~3) magnitude
(Q cm) (Q cm) {cm?V~1ls™h (%) (10 ecm™3)
1 96.65 0.223 99.77 4.1 15.9 288 2.6 1.75 103
2 98.78 0.086 99.91 44 11.29 157 133 6.32 102
3 101.2 0.02 99.98 4.8 12.8 167 8.79 28.8 10*
4 30.3 0.058 99.8 6.9 12.4 80 4.02 3.67 10®
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carrier concentration also increases by several orders
of magnitude, although in the virgin film it was hard
to measure. In the fourth step of heat treatment the
nature of the variation of resistivity, Hall mobility and
carrier concentration with temperature is almost flat,
which indicates that desorbable oxygen is exhausted
from the sample and the film is relatively stable to-
wards heat treatment.

In fact, in a polycrystailine oxide semiconductor,
oxygen chemisorption and desorption may both occur
at all temperatures when heat treated in air. Which
process is dominant is determined by their respective
rates which are functions of the ambient temperature
and relative concentrations of the chemisorption spe-
cies available in the ambient and in the chemisorption
sites [ 16]. Thus, up to the third step of heat treatment,
the gross decrease in resistivity in the film is due to the
oxygen desorption process which lowers the grain-
boundary barrier heights, and enhances the mobility
and carrier concentration. It seems that in the fourth
step, chemisorption again started dominating, because
the sample in hand is already exhausted of desorbable
oxygen.

4. Conclusions

Oxygen chemisorption—desorption processes in poly-
crystalline ZnO thin film are important due to their
power to control the electronic transport properties.
When these films are deposited by a spray pyrolysis
process in air, many oxygen molecules from the atmo-
sphere are chemisorbed in the grain boundaries and
also on the surface of the film during the deposition.
This produces very high resistivity of the film in the
virgin state when they are undoped. When these films
are heat treated in vacuum or in normal atmosphere,
desorption takes place which drastically increases
the electrical conductivity, Hall mobility and carrier
concentration. Hall mobility is controlled by the
grain-boundary potential barrier heights which are
modulated by the heat-treatment effects. In the un-
doped sample, the possible donor levels are shallow

and are situated at various depths in the band gap.
Fermi levels lie near the donor levels, but are at
2.4-4.8 kgT below the conduction band edge at room
temperature. The samples are thus safely considered
to be non-degenerate. To obtain low resistivity, suc-
cessive heat-treatment operations can be performed
without any deterioration of the film structure.
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