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Thickness dependence of the structural and electrical
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Abstract. ZnO thin films of different thicknesses were prepared by thermal evaporation on glass
substrates at room temperature. Deposition process was carried out in a vapour pressure of about
5.54 × 10−5 mbar. The substrate–target distance was kept constant during the process. By XRD
and AFM techniques the microstructural characteristics and their changes with variation in thickness
were studied. Electrical resistivity and conductivity of samples vs. temperature were investigated by
four-probe method. It was shown that an increase in thickness causes a decrease in activation energy.

Keywords. Zinc oxide thin film; thermal evaporation; X-ray diffraction; atomic force microscope;
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1. Introduction

Zinc oxide is an n-type semiconductor with hexagonal wurtzite structure. Some recent
works have reported the preparation of p-type ZnO films obtained by suitable doping
[1–3]. It has attracted much attention as transparent conducting oxide (TCO) films, as
electrodes in solar cells [4,5], as gas sensors [6], in nanolaser and other photoluminescent
devices [7,8] and more recently as thin film transistors [9].

ZnO can be used in different forms, like single crystals, sintered pellets and thin films.
Thin films have exhibited a wide variety of applications in environmental engineering,
catalysis and gas sensor systems because they can be fabricated in small dimensions, in
large scale and low cost and are widely compatible with microelectronics technology [10].
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Several techniques were used to synthesize ZnO thin films, namely, sputtering [11,12],
spray pyrolysis [13], sol–gel [14] and evaporation [15].

However, the evaporation method is perhaps the cleanest and relatively simple and it is
a low-cost technique that can be used to prepare low-melting point, low-decomposition, or
low-sublimation point oxides [16]. In this method parameters are easily controllable, and
consequently, thin films with different structures and properties can be obtained by chang-
ing the preparation parameters. Thus, in the present work, we have paid much attention in
preparing thin films of ZnO on glass substrate by thermal evaporation technique.

2. Experimental procedure

The ZnO thin films were prepared by the thermal evaporation of Zn granules (Merck) of
high purity (99.999%) placed on a molybdenum boat. Glass substrates were used and
substrate–target distance was kept constant. The system was pumped in an evaporating
chamber to a final vapour pressure of about 5.54 × 10−5 mbar and then heated by Joule
effect. To study the influence of thickness, deposition was carried out in different thick-
nesses by changing the evaporation time. The thickness of the films was measured by
Tencor Alpha-step 500 profiler. The thicknesses of ZnO thin films are shown in table 1.
To determine the crystalline structure, X-ray diffraction (XRD) was used. Atomic force
microscope (AFM) was used to study the surface topography of the ZnO films.

To study the electrical properties, gold contacts were deposited on the surface of the
samples by evaporation method. Electrical measurements in different thicknesses were
carried out by four-probe method. The I –V characteristics of the thin films were measured
with a programmable voltage source which scans the DC voltage at a speed of 1 V/min.
By this method, the resistance, resistivity, conductivity and activation energy were obtained
in different temperatures. Changes in the semiconductive property of ZnO thin films were
evaluated by these parameters.

3. Results and discussion

3.1 XRD studies

Figure 1 shows three typical XRD patterns of the investigated samples in three different
thicknesses. As one can see from figure 1a, the sample S1 has monocrystalline structure
with orientation along (1 0 0) axis but the intensity of this peak in relation to the other
samples, as can be seen in table 1, can be neglected. It is worth to mention that the glass

Table 1. Film thickness parameters for samples S1,
S2 and S3.

Sample Deposition time (s) Film thickness (nm)

S1 20 30
S2 40 60
S3 60 75
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Figure 1. XRD patterns for normally evaporated ZnO films: (a) S1, (b) S2, (c) S3.

amorphous structure, that is clear in the baseline of the curve indicates the low thickness of
the sample S1. Figures 1b and c show the polycrystalline structure. These samples exhibit
the same preferential orientation along (1 0 0) and (1 0 3) axes respectively in 2θ = 31◦ and
64◦ of the ZnO hexagonal wurtzite structure [17]. ZnO peak intensity of the samples can
be compared in table 2.
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Table 2. Intensity in each axis of the samples.

Sample Ihkl

(1 0 0) (1 0 3)

S1 19 –
S2 850 60
S3 200 15

X-ray diffraction (XRD) was used to determine crystalline structure and size of the
particles. The ZnO crystallite sizes are calculated from the following Debye–Scherrer
formula:

D = 0.89λ

βhkl cos θ
. (1)

In this formula λ = 15.418 nm is the wavelength of CuKα radiation in the 2θ confine (from
20◦ to 80◦) and θ , the Bragg’s angle, in all samples for ZnO peak along (1 0 0) orientation
is 31◦/2 and βhkl is the broadening of the full-width at half-maximum (FWHM). These
results are shown in table 3.

3.2 AFM studies

Figure 2 presents a selection of 1 μm × 1 μm sized atomic force micrographs of the inves-
tigated ZnO thin films of various thicknesses. In sample with the lowest thickness, particles
rather are isolated from each other (figure 2a) while in figures 2b and c these are continually
in distribution. This suggests that the particles seen at the surface of the film are clusters of
crystallites.

Figure 2d estimates the surface topography by the size of the particles and their abun-
dance. The Gaussian charts for all the samples indicate that distribution of particles is
nearly monotonous. The width of the peak for the sample S3 is more than other samples. It
means that the size of nanoparticles is more distributed in S3. Moreover, surface roughness
and particles abundance are low. The sharpness of peaks in S2 and S1 shows that their
surface is smoother than S3.

The size of the nanoparticles which was approximated by Debye–Scherrer formula (1)
and due to the AFM images (figure 2 and table 3) are approximately in the same ordered
magnitudes. That is, XRD and AFM results agree with each other.

Table 3. Size of particles estimated by
Debye–Scherrer formula and AFM images.

D (nm) D (nm)
Sample XRD AFM

S1 10.97 10
S2 30.18 22
S3 16.09 14
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Figure 2. AFM picture of the as-prepared samples with their topography (a) S1, (b) S2,
(c) S3, (d) abundance vs. particle size (nm).

3.3 Electrical studies

As shown in figure 1a and table 2, the intensity of the peak for sample S1 at (1 0 0) orien-
tation is too weak and it can be deduced that the thin film’s thickness is less. Therefore, the
conductivity is negligible. This result was confirmed by the electrical measurements. The
I –V characteristic curves of S2 and S3 samples in different temperatures (35◦C–75◦C) are
shown in figure 3.

The electrical resistance (�) of the S2 and S3 samples can be obtained from the I –V
curves by calculating the gradients of the curves. So, resistivity (�-cm) can be computed
at each temperature. Gradient of curves in S3 is more than S2, i.e. when thickness increases
even the gradient increases. It emphasizes fall of resistance.

The resistivity of each sample was calculated using eq. (2) [18].

ρ = π t

ln 2

(
V

I

)
, (2)

where ρ is the resistivity (�-cm), t is the sample thickness (cm), V is the measured voltage
and I is the source current (A).

Figure 4 shows the dependence of resistivity on temperature.
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Figure 3. Variations of current vs. voltage by increasing the temperature for (a) S2,
(b) S3.

It is clear that when temperature increases the resistivity decreases, which indicates a
semiconductive property [19]. In comparison samples, at fixed temperature, by increasing
the thickness the resistivity decreases. It is useful, in discussions on variations of resistivity,
to examine the behaviour of conductivity. According to eq. (3), by plotting ln(σ) vs. 1/T ,
the activation energy can be found.

σ = σ0e−E/kT , (3)

where σ is the conductivity (1/ρ), E is the activation energy (eV), k is the Boltzmann
constant and T is the temperature (K).

The calculated activation energies are:

E(S2) = 7.45 × 10−26 eV

E(S3) = 5.52 × 10−26 eV

From the calculations and figure 5 it can be seen that when the thickness increases, acti-
vation energy decreases. In fact, the electrical activation energy is equal to the energy
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Figure 4. Decrease in resistivity by increasing the temperature and thickness.
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Figure 5. Conductivity vs. inversion of temperature for different thicknesses.

difference between Fermi level and the bottom of the conduction band. Hence, the
activation energy can be used as a tool for determining Fermi level position [15].

4. Conclusions

In this research ZnO thin films of different thicknesses were prepared by thermal evapo-
ration on glass substrates. The preferred orientations in the samples were in (1 0 0) and
(1 0 3) axes respectively in 2θ = 31◦ and 64◦ of ZnO hexagonal wurtzite structure.

Electrical properties of the samples were studied by four-probe method. It can be seen
from figures 3–5 that there is a decrease in resistance and resistivity, an increase in con-
ductivity and finally a decrease in activation energy by increasing the thickness in the same
temperature range.

The decrease in the activation energy due to the increase in thickness indicates clearly
that the semiconducting property is increasing with increase in thickness.
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