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ZnO films doped with different concentrations of aluminum (AZO) have been prepared by the
sol–gel technique. The electrical properties of the samples have been measured on as-deposited
films. Two of the films have been heat treated in vacuum at 400 �C to determine the changes in
transport properties. The electrical properties, i.e. conductivity and Hall coefficient, have been
studied from room temperature down to low temperatures. Combining these two it has been possi-
ble to determine the Hall mobilities, carrier concentrations and the barrier height at the grain-
boundary region. Attempts have been made to explain the barrier height assuming monovalent
trapping states at the grain boundary and the density of trapped states has been estimated from
the experimental data. As carrier concentration increases after heat treatment of the samples in
vacuum the role of non-ionized impurities decreases.

1. Introduction

The increased application of transparent conducting oxide film as a conducting layer as
well as one of the electrodes in modern solar cells is the motivation for the study of
conducting ZnO films. These films are prepared by several processes like metal organic
chemical vapor deposition [1, 2], dc or rf magnetron sputtering [3, 4], spray pyrolysis
[5, 6] and the sol–gel process [7, 8]. The films prepared by different methods have large
variations of resistivities and Hall coefficients. The cause is not well understood and
well studied. On the other hand, the most well-studied semiconducting material is sili-
con. The electrical properties of polycrystalline silicon have been extensively investi-
gated in terms of two models: segregation theory [9] and grain-boundary (g.b.) trapping
theory [10]. According to segregation theory the atoms are electrically inactive whereas
in the trapping theory carriers are captured at the trapping states at the g.b. The
trapped charges create potential barriers opposing the carrier transport from one grain
to other. The aim of this work is to study the temperature dependence of the electrical
properties of sol–gel-derived aluminum-doped ZnO (AZO) film by varying the doping
level, and to try to explain the data in terms of existing theories of grain-boundary
segregation or trapping.

2. Experimental Procedure

The details of the preparation method of the films have already been described earlier
[7]. Briefly, it is described below. Zinc acetate 2 hydrate (extra pure quality) was added
in dehydrated isopropyl alcohol so as to prepare a concentration of 0.6 mol/l. The resul-
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tant solution was mixed thoroughly on a magnetic stirrer. After a time, it started turn-
ing milky. An equimolar quantity of extra pure diethanolamine (DEA) was introduced
as a sol stabilizer drop-by-drop into the solution until it became transparent.
Al(NO3)3 � 9 H2O was added as dopant. The films were prepared on thoroughly cleaned
glass slides by a drain-coating method. The draining rate was about 6 cm/min.
The coated films were kept in a furnace at 120 �C in air for 30 min and then quickly

transferred into another furnace at 550 �C and heated for 40 min in air. This process
has been repeated ten times to prepare samples of almost the same thickness. Usually
these films were heated in vacuum or in furnace in the presence of hydrogen or nitro-
gen [7, 8] to increase the conductivity of the samples by almost two orders of magni-
tude. In this study, as-prepared samples were investigated. The thickness and uniformity
of film thickness were monitored using a surfometer. The films are uniform in thick-
ness, average thickness being 540 nm. The structure and crystallinity of the films were
analyzed by a X-ray diffractometer (Philips model PW1730) using CuKa radiation. The
experiments were carried out on four Al-doped samples in the proportion of 0.7, 1, 1,7,
and 2 at%. The microstructure of one of the samples (1 at%) investigated in a Leo
S43DI scanning electron microscope (SEM) is quoted for average grain-size determina-
tion.
The electrical conductivity, the carrier concentration and Hall mobility of the films

were measured by the van der Pauw four-probe technique with a square configuration
in the temperature range of 130–300 K. The four contacts each having an area of about
0.01 cm2, were realized with gold deposition. Good Ohmic contact between electrode
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Fig. 1. XRD patterns of a) 0.7; b)
1.0; c) 2.0 at% aluminum-doped
ZnO film



and ZnO films was confirmed before measurements were taken. The measurements for
Hall effect were carried out utilizing a magnetic field of 5 kG and the substrate area
(2 cm2) in this measurement was much lower than the area around the pole pieces of
the magnet. Low temperature was attained in a controlled cryostat using liquid nitro-
gen.

3. Results and Discussion

The X-ray diffraction (XRD) patterns of three of the doped films (0.7, 1.0, and
2.0 at%-doped) are shown in Fig. 1. They indicate that the films are polycrystalline in
nature with a tendency for orientation along the 002 direction. The crystalline sizes
vary from 15–20 nm. There is no remarkable change in crystallinity and crystalline size
with doping but a slight gradual shift of the peaks to the higher angle side has been
observed. This indicates an increase in lattice strain with doping. The scanning electron
micrograph (SEM) of the 1 at%-doped sample (Fig. 2) indicates that the average grain
size is of the order of 40 nm.
Hall and electrical resistivity measurements of the samples prepared at the same con-

ditions, i.e. the same annealing temperature (550 �C), but having different doping con-
centrations of aluminum (0.7 to 2 at%) were made. Both the measurements were per-
formed simultaneously. We could not observe any typical hysteresis in Hall
measurements at any temperatures where measurements were done. The results are
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Fig. 2. SEM of 1 at% aluminum-
doped sample

Fig. 3. Plot of carrier concentration
against reciprocal of temperature
(! 0.7 at%, * 1 at%, ! 1.7 at%,
* 2.0 at%)



presented below in terms of carrier concentration, mobility and electrical resistivity of
different doped samples.

3.1 Hall measurements

In Fig. 3 the plot of carrier concentration (n) against inverse of temperature is shown
for four as-deposited samples having different doping concentration (nd). It is seen that
there is a very small but consistent increase in n as temperature decreases. The carrier
concentration of all the samples is always several orders less than the doping concentra-
tion. For example, the calculated doping concentration of 1 at% aluminum-doped ZnO
film is about 4 � 1020 cm––3 but the carrier concentration is 3.4 � 1017 cm––3 at room
temperature, which is about three orders less. Figure 4 indicates that both the carrier
concentration and Hall mobility measured at room temperature initially increase with
doping reaching maximum at 1.7 at%-doped sample and then decrease. As a result, the
resistivity of that particular film has been found to be minimum. We have already men-
tioned that in most of the earlier publications the films have been further annealed in
high vacuum or hydrogen or nitrogen atmospheres to reduce the resistivity by at least
two to three orders of magnitude. Otherwise, the resistivities of as-deposited samples
[7] are of the same order of magnitude as found by us. However, on heating two of our
samples at 400 �C in high vacuum for 30 min the resistivities were lowered (Table 1)
and they become comparable to the values quoted in earlier works.

3.2 Electrical resistivity measurements

Figures 5 and 6 indicate the change in mo-
bility (m) and resistivity (r), respectively,
against reciprocal of temperature. The
Hall mobility in all cases decreases with
decrease in temperature.
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Fig. 4. Plot of carrier concentration
(*) and mobility (*) against doping
concentration

Fig. 5. Plot of mobility against reciprocal of
temperature (! 0.7 at%, * 1 at%, ! 1.7 at%,
* 2.0 at%)



There are several conduction models in the literature to explain the temperature
dependence of conductivity in polycrystalline films. The basic model was proposed by
Volger [11] and Petriz [12] and the refinements were done by Orton and Powell [13]
and Seto [10]. A polycrystalline film can be thought to be composed of grains with a
grain boundary (g.b.) in between. Generally, the g.b. contains a large amount of surface
trapping states that can trap free carriers from the bulk material. This results in a band
bending near the g.b. and a depletion region near the boundary. Thus, the boundary
region can be described electrically in terms of two back-to-back Schottky barriers
through which the charge carrier transport takes place by thermionic emission. The
conductivity sth in such cases are given by

sth ¼ ½Le2n=ð2pm*kTÞ1=2� exp ð�EB=kTÞ ; ð1Þ

where n is the carrier concentration, m* the effective mass and k the Boltzmann con-
stant, EB is the barrier height and L is crystallite size.
This is the starting point for interpreting the conductivity temperature data. The con-

tribution to the conductivity is thermally activated with a barrier height EB determined
by the band-edge mismatch and the position of the Fermi level.
Equation (1), which can be written as

s ¼ enm0T
�1=2 exp ð�EB=kTÞ ; ð2Þ

where

m0 ¼ Le=ð2pm*kÞ1=2 ð3Þ

has been approximated as

s ¼ enm ; ð4Þ

where the mobility is

m ¼ m0T
�1=2 exp ð�EB=kTÞ : ð5Þ

The barrier height can be obtained from the slope of the ln (mT1/2) against 1/T curve.
Such curves are shown in Fig. 7. The slopes of the curves are different in the high- and
low-temperature regions. The high-temperature region corresponds to thermionic emis-
sion, whereas the variation in the low-temperature region might be due to other pro-
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Fig. 6. Plot of resistivity (r) against reciprocal
of temperature (! 0.7 at%, * 1 at%, !

1.7 at%, * 2.0 at%)



cesses like variable range hopping [14].
The barrier height (EB) has been eval-
uated from the data in the high-tem-
perature region. EB thus obtained has
been plotted as a function of carrier
concentration n in Fig. 8. There is a de-
creasing tendency of the magnitude of
barrier height (EB) with increase in n.
In Table 1 we have noted the electrical
transport parameters at room tempera-
ture for all the samples.

The barrier heights obtained in this
case are slightly higher than those of
doped polycrystalline Si films (33.5 to
5 meV) [10] and are consistent with
the previously reported value [15]. In

the following section the grain boundary model of Seto [10], later modified by Baccar-
ani et al. [16], for calculating barrier height and carrier concentration in polycrystalline
silicon film has been adopted to explain our experimental data.
The details of Seto’s theory and the modification introduced by Baccarani et al. [16]

are available in the literature. According to Seto, in a polycrystalline material there are
a large number of trapping states at the grain boundary. They immobilize the carriers
that are charged causing a barrier and reducing the mobility. Seto’s theory does not
include the possibility that the acceptor states are partially filled when the depletion
region does not extend throughout the entire crystallite. Baccarani and others have
included this possibility and also assumed both d-shaped and uniform energy distribu-
tion of interface states at the grain boundary. Assuming Nt acceptor states with energy
Et referred to the intrinsic Fermi level at the interface one has to solve electrical neu-
trality condition across the barrier and the Poisson equation. The resultant equations
can be solved by an iterative procedure for the barrier height EB. For a given crystallite
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Fig. 7. Plot of mT1/2 against reciprocal of
temperature (! 0.7 at%, * 1 at%,
! 1.7 at%, * 2.0 at%)

Fig. 8. Plot of barrier height (EB)
against carrier concentration (n) at
room temperature of different doped
films (* 0.7 at%, & 1 at%, * 1.7 at%,
~ 2 at%)



size there exist two possible conditions depending on the carrier concentration, i.e.,
whether the crystallites are entirely depleted or partially depleted.
When n, the carrier concentration is such that the grains are entirely depleted, then

equation for barrier is

EB ¼ e2L2n=8e ; ð6Þ

where e is the dielectric constant (e ¼ ere0).
When n is such that the crystallites are partially depleted, the barriers are repre-

sented by two equations, depending on the position of Fermi level, given by

EB ¼ e2N2
t =8en for EF � Et � EB � kT ; ð7Þ

EB ¼ Eg=2� Et þ kT ln fqn1=2Nt=½NCð2eEBÞ1=2�g for EF � Et � EB � kT ;

ð8Þ

where Eg is the band gap and EF is the Fermi energy referred to the intrinsic Fermi
level in the neutral region, and NC is the effective density of states at the conduction
band. In Fig. 9 there is a plot of barrier height versus carrier concentration for a grain
size of 40 nm with different values of Nt. The computer simulated diagram fitting the
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Tab l e 1
The various electrical transport parameters of different aluminum-doped films at room
temperature

doping
concentration
nd
(at%)

carrier
concentration
n
(1017 cm––3)

resistivity r
(W cm)

Hall
mobility m

(cm2/V s)

barrier
height, EB

(meV)

acceptor
states
at the g.b.,
Nt (1012 cm––2)

0.7 2.58 6.62 3.65 91.0
1.0 3.4 5.05 3.64 75.0
1.7 15.0 0.476 8.7 44.0 1.1
2.0 5.0 3.6 3.47 67.0
0.7*) 108 0.076 7.61
1.7*) 120 0.010 52.08

* These samples were heated at 400 �C for 30 min at high vacuum.

Fig. 9. Nature of simulated bar-
rier height (EB) against carrier
concentration (n) at different
values of density of trapped
states (Nt): (1) 5.0 � 1011, (2)
1.0 � 1012, (3) 1.2 � 1012, (4)
1.5 � 1012, (5) 2.0 � 1012 cm––2,
corresponding to grain size of
40 nm



experimental values of barrier height to the appropriate value of Nt (Nt

¼ 1.1 � 1012 cm––2) is shown in Fig. 10. The experimental data do not fit very well to the
theoretical curve corresponding to that particular value of Nt. The deviation is pro-
nounced in the region where barrier height is lower and carrier concentration is higher.
Admittedly there is limitation to the above interpretation for Eqs. (7) and (8) are too
simplified as they do not take into account of grain size variation or other than mono-
valent trapping. Nevertheless, an average value of the density of trapped states at the
interface can be estimated.
The conductivity in ZnO is due to conduction through electrons created by oxygen

vacancy and/or zinc interstitial atoms. The conductivity due to Al3þ ion substitution in
the sites of Zn2þ ion, or Al interstitial, zinc interstitial atom and oxygen vacancies are
the probable causes of conduction through electrons for aluminum-doped samples.
From Table 1 and Fig. 4 it can be seen that carrier concentration and mobility increase
with Al doping reaching a maximum value at 1.7 at%-doped samples. Further doping
does not improve the conductivity. Moreover, as already mentioned, carrier concentra-
tion is much less than the doping concentration. This suggests that not all the Al atoms
in the film contribute as dopants. The films prepared by the other methods, like rf
magnetron sputtering [17], also indicated similar results. The decrease in carrier concen-
tration can be explained as due to segregation of aluminum atoms at the grain bound-
ary or trapping of charge carriers by the trapping states at the g.b. In the case of sili-
con, Baccarani et al. [16] showed that both of these two are taking place
simultaneously, which might hold good in this case also. The decrease in mobility m
after doping above 1.7 at% is due to scattering from grain boundaries and ionized im-
purities,

1=m ¼ 1=mi þ 1=mg ; ð9Þ

where mi and mg are the mobilities due to impurity scattering and g.b. scattering, respec-
tively. As impurity concentration increases there should be some decrease in m due to
ionized impurity scattering. But initially the height of the potential barrier decreases
with carrier concentration (Fig. 8) thereby increasing m. The rapid decrease in m there-
after is due to increased g.b. scattering. Nevertheless, following Bellingham et al. [18]
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Fig. 10. Plot of experimental data
(*) and simulated curve (dotted
line) of barrier height (EB) against
carrier concentration (n) at an
average value of density of trapped
states Nt ¼ 1.1 � 1012 cm––2 through
the experimental data



we can set a lower limit of resistivity that can be achieved considering only the Cou-
lomb interaction between ionized donor impurity and the free electrons in a doped
material. In actual cases there are presence of neutral impurities and defects and struc-
tural disorder. A simple calculation simulates the lower resistivity curve, which is shown
in Fig. 11 as a solid line. Our experimental points are also shown in the same figure. We
have also introduced some experimental data by others on samples prepared by the
sol–gel technique. There are also two points for samples heat-treated in vacuum at
400 �C (Table 1). Eb could not be calculated for vacuum-treated samples, as the resistiv-
ity changes with temperature were not performed. Agreement with the lower limit val-
ue obviously is better as carrier concentration increases because the scattering from
non-ionized impurities becomes more prominent as n decreases.

4. Conclusions

(i) The AZO films prepared by the sol–gel method are conducting and transparent.
The carrier concentrations are found to be several orders less than the doping concen-
tration, indicating thereby that the impurities are not sufficiently ionized to take part in
the conduction. This might be due to both segregation of impurity atoms at g.b. and
trapping of ionized impurities at the trapped states. However, the conductivity is in-
creased by two orders of magnitude if heated in high vacuum.
(ii) There is an increase in carrier concentration and mobility up to 1.7 at%-doped

films and further doping is not favorable to produce better conducting films.
(iii) The experimental data has been examined in terms of the grain-boundary-trap-

ping model using uniform energy distribution of interface states. Although the experi-
mental data does not fit exactly the theoretical curve an average value of the density of
trapping states at the interface can be predicted. In this case, the average value of
Nt ¼ 1.1 � 1012 cm––2.
(iv) The curve on a lower limit of resistivity against carrier concentration considering

only the presence of ionized donor impurity indicates that the number of non-ionized
impurities increases as carrier concentration decreases.
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