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Correlation with annealing temperature of pure and doped ZnO thin film
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Abstract

Transparent conducting pure and doped zinc oxide thin films with cobalt and indium were deposited on glass
substrate using the ultrasonic spray method. The thin films were deposited at 350◦C and annealed at 500◦C.
The direct correlation between the difference in crystallite size (∆G) and the difference in Urbach energy
(∆Eu) suggests that the crystallite sizes of the films are predominantly influenced by the disorder of the thin
films. The crystallite sizes in the thin films depend on the disorder (fewer defects), where minimum disorder
confirmed high crystallinity. The correlation of the conductivity before and after the annealing temperature
also indicates that the measurement of the electrical conductivity of the films by the optical band gap was
equal; it is predominantly influenced by the transition tail width of undoped and doped ZnO thin films. It will
be shown that the conductivity of undoped and doped ZnO correlates directly with the band gap of the host
material. The model proposed of pure and doped ZnO thin film with annealing temperature was investigated.
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1. Introduction

Zinc oxide (ZnO) has a wurtzite (WZ) structure.
This is a hexagonal crystal structure (lattice parame-
ter: a = 0.325 nm, c = 0.521 nm), belonging to the
space group P63mc, characterized by two intercon-
necting sublattices of Zn2+ and O2−, such that each
Zn ion is surrounded by a tetrahedral of O ions, and
vice-versa [1, 2]. Zinc oxide (ZnO), which is one of
the most important binary II–VI semiconductor com-
pounds, has a hexagonal wurtzite structure and a nat-
ural n-type electrical conductivity with a direct en-
ergy wide band gap of 3.37 eV at room temperature
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and a high exciton binding energy (∼60 meV) [3, 4].
The resistivity values of ZnO films may be adjusted
between 10−4 Ω cm and 10−4 Ω cm by changing the
annealing conditions and doping [5].

In general each existing and prospective applica-
tion of polycrystalline films requires specific optical,
electrical, chemical, mechanical, or structural prop-
erties, which almost all strongly depend on the sur-
face quality of the film [6]. It is well-known that the
physical properties of these surfaces are improved
after annealing, as that engenders a change in the
physical properties with fewer defects such as oxy-
gen diffusion (or oxygen vacancies) created during
the deposition process. For this reason, this work fo-
cuses on the correlation between these physical prop-
erties in ZnO, ZnO:Co and ZnO:In films such as: (i)
crystallite size and Urbach energy, and (ii) electrical
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conductivity and the optical band gap; when they are
correlated before and after the annealing temperature
of all films.

In this paper, we study and evaluate the relation-
ship between the difference in crystallite size (∆G)
and the difference in Urbach energy (∆Eu) of the de-
posited films, and also study the possibility to esti-
mate the correlation between electrical conductivity
and the optical band gap before and after the anneal-
ing temperature. It will be shown that the conductiv-
ity of undoped and doped ZnO is directly correlated
with the band gap of the material.

2. Method

The ZnO, ZnO:Co and ZnO:In samples were de-
posited on glass substrates using the ultrasonic spray
technique. The doped films with indium and cobalt
concentration of 3 and 2 wt. %, respectively were de-
posited at 350◦C with 2 minutes of deposition time.
The thin films were annealed at 500◦C. The physi-
cal properties of undoped and doped thin film such
as crystalline structure, optical gap energy and elec-
trical conductivity were taken from measurements in
our publications, where we studied the effect of var-
ious parameters such as substrate temperature, an-
nealing temperature, growth times, cobalt and in-
dium concentrations of ZnO thin films [7–10] (see
Table 1).

The direct correlation between the structural and
optical properties were studied for the difference in
crystallite size (∆G) and the difference in Urbach en-
ergy (∆Eu) of the ZnO, ZnO:Co and ZnO:In films.
The correlation of the thin films between the electri-
cal and optical properties before and after the anneal-
ing temperature was also studied to measure electri-
cal conductivity and the optical band gap. The model
proposed of pure and doped ZnO thin film with an-
nealing temperature is discussed.

3. Results and discussion

3.1. Correlation between the structural and optical
properties

The aim was to study the correlation between
the structural and optical properties of undoped and

Table 1: The variation in crystallite size, optical gap energy
and electrical conductivity of ZnO, ZnO:In and ZnO:Co thin
films experimental for with and without annealing temperature
of 500◦C

G,
nm

Eg,
(eV)

Eu,
meV

σ,
(Ω·cm)−1

ZnO 33.28 3.250 209 7.5
With-
out

ZnO:Co55.46 3.362 108 7.6

ZnO:In 45.78 3.185 328 7.5

ZnO 63.99 3.367 85 7.7
An-
nealed

ZnO:Co59.42 3.319 40 8.3

ZnO:In 55.47 3.226 230 9.5

doped ZnO thin films. Previously reported relation-
ships between the band gap and the lattice parame-
ters (a and c) showed very large variations from lin-
earity [11] and plotted the band gap as a function of
lattice constants a and c.

Annealing at high temperature leads to the for-
mation of oxygen diffusers, but not zinc interstitials
since their formation energy is high [12]. Further-
more, zinc interstitials are very fast diffusers, and
are mobile at temperatures as low as 200–350◦C
such as exist with deposited films. As we demon-
strated above, the concentrations of these point de-
fects decrease with increasing oxygen partial pres-
sure and substrate temperature, leading to less con-
ductive ZnO films. Moreover, since the crystallite
sizes of the films are changed substantially in the
oxygen, they anneal at 500◦C as shown in Table 1.
Annealing of the as-grown films in air resulted in
complete elimination of the ZnO films, thus these
point defects decrease; which means adequate tem-
perature for less disorder (see Table 1).

We estimated the relationships between the differ-
ence in crystallite size (∆G) and the difference in Ur-
bach energy (∆Eu) which are measured as a function
of the with and without annealing temperature in all
films as depicted in Fig. 1. One can observe that the
difference in crystallite size (∆G) reduces as the dif-
ference in Urbach energy (∆Eu) of the thin films de-
creases. We found the following empirical relation-
ships:
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Figure 1: The variation of the difference in crystallite size (∆G)
with the difference in Urbach energy (∆Eu) of ZnO, ZnO:In and
ZnO:Co thin films

Table 2: The variation of the difference in crystallite size (∆G)
experimental and correlated by the Urbach energy (∆Eu) of
ZnO, ZnO:In and ZnO:Co thin films with annealing tempera-
ture of 500◦C

∆Eu,
eV

∆GE ,
nm

∆GC ,
nm

∆G =

7921
ZnO 0.124 30.71 30.71

exp
(
−0.7045

∆Eu

)
ZnO:Co 0.068 3.96 3.96

+3.709 ZnO:In 0.098 9.69 9.69

∆G = A exp
(

B
∆Eu

)
+ C (1)

Where ∆G is the difference in crystallite size be-
fore and after the annealing temperature, A, B and
C are constants as A ≈ 7921, B ≈ −0.7045 and
C ≈ 3.709 ; ∆Eu is the difference in Urbach energy
before and after the annealing temperature. The re-
sults are set out in Table 2. and are obtained from
the following relations: ∆G = Gannealed −Gwithout and
∆Eu = Eu(annealed) − Eu(without) :

Gannealed −Gwithout =

A exp
(

B
Eu(annealed)−Eu(without)

) (2)

This correlation also indicates that the crystallite
sizes of the films are predominantly influenced by
the disorder of the thin films. The crystallite size
in the thin films depends on the disorder (fewer

Figure 2: The correlation between the difference in crystallite
size (∆G) with the difference in Urbach energy (∆Eu) of ZnO,
ZnO:In and ZnO:Co thin films

defects), where minimum disorder confirmed high
crystallinity. The correlation between the structural
and optical properties was investigated. This is
shown in Fig. 2 and Table 2. Significant correlation
was found between the difference in crystallite size
experimental and correlated as a function of the dif-
ference in Urbach energy.

3.2. Correlation between the electrical and optical
properties

The deposition temperature is an important fac-
tor that affects the conductivity of the asdeposited
ZnO thin films. The zinc interstitial defects, which
are also often created during the deposition pro-
cess [13, 14], with annealing temperature, undergo
a change in physical properties with fewer defects
such as oxygen diffusion (or oxygen vacancies) cre-
ated during the deposition process, which will in-
crease conductivity. This is due to the reaction be-
tween oxygen and electrons in the conduction band.

To examine the correlation of the thin films be-
tween electrical conductivity and band gap energy
(see Fig. 3), we used the linear formula to estimate
electrical conductivity from optical gap values; our
study uses one formula with different constants of
the films before and after annealing temperature.

3.2.1. Correlation before annealing temperature
From the optical and electrical properties, we ob-

tained an increase in electrical conductivity with in-
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Figure 3: The variation of electrical conductivity σ before and
after annealing temperature as a function of the optical band
gap energy Eg for ZnO, ZnO:In and ZnO:Co thin films

creasing optical gap values; this is shown in Table 1.
We found the following empirical relationships:

σ0 = a
(
bEg + c

)
(3)

Where σ is electrical conductivity, Eg is band gap
energy, a, b and c are constants as a ≈ 1.259 ,
b ≈ 0.4663 and c ≈ 4.462. These parameters are
dependent of without annealing temperature. These
results are set out in Table 3.

3.2.2. Correlation after annealing temperature
We used the above formula to estimate other con-

stants for a model proposed between the optical and
electrical properties. We estimated different con-
stants which are dependent on the annealing temper-
ature; they are shown in Table 1. We found the fol-
lowing empirical relationships:

σT = A
(
BEg + C

)
(4)

WhereσT is electrical conductivity, Eg is band gap
energy, A, B and C are constants as A ≈ 6.275, B ≈
−2.058 and C ≈ 8.16. These results are set out in
Table 3.

As shown in Figs. 4 and 5 significant correlation
was found between the electrical conductivity and
optical gap values of the ZnO, ZnO:Co and ZnO:In
thin films. This correlation also indicates that the
measurement of electrical conductivity of the films

Table 3: The variation in electrical conductivity σ of ZnO,
ZnO:In and ZnO:Co thin films experimental and correlated by
the optical band gap energy Eg for with and without annealing
temperature of 500◦C

Eg,
eV

σE ,
(Ω·cm)−1

σC ,
(Ω·cm)−1

Without ZnO 3.250 7.5 7.53
σ =

1.259×
ZnO:Co3.362 7.6 7.59

(0.4663Eg ZnO:In 3.185 7.5 7.48
+4.462)

An-
nealed

ZnO 3.367 7.7 7.68

σ =

6.275×
ZnO:Co3.319 8.3 8.33

(−2.058Eg ZnO:In 3.226 9.5 9.49
+8.16)

by the optical band gap was equal; it is predomi-
nantly influenced by the transition tail width of un-
doped and doped ZnO thin films.

The direct correlation between electrical conduc-
tivity and band gap was investigated.

4. Conclusion

In conclusion, the direct correlation between the
difference in crystallite size (∆G) and the difference
in Urbach energy (∆Eu) suggests that the crystallite
sizes of the films are predominantly influenced by
the disorder of the thin films. The crystallite size in
the thin films depend on the disorder (fewer defects),
where the minimum disorder confirmed high crys-
tallinity. The correlation of the conductivity before
and after annealing temperature also indicates that
the measurement of the electrical conductivity of the
films by the optical band gap was equal; it is pre-
dominantly influenced by the transition tail width of
undoped and doped ZnO thin films. It will be shown
that the conductivity of undoped and doped ZnO
is directly correlated with the band gap of the host
material. The model proposed of pure and doped
ZnO thin film with annealing temperature was inves-
tigated.
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Figure 4: The correlation between electrical conductivity σ and
optical band gap energy Eg for ZnO, ZnO:In and ZnO:Co thin
films without annealing
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