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In this paper, we report on the deposition of zinc oxide thin films by the plasma enhanced chemical vapor
deposition technique. The effects of oxygen flow rate on surface morphology, optic transmission, and
gap energy are studied. The X-ray diffraction technique shows polycrystalline phases in the deposited
material, the crystal structure is hexagonal, and the preferential orientation of crystal growth is in
the (101) direction. The best optical transmission of zinc oxide is of the order of ∼ 89%, and a wide
optical gap of ∼ 3.7 eV. To make a comparison with the present results and theoretical data, an ab
initio calculation is carried out by the density functional theory method. To study the oxygen vacancies
concentration effect on bandgap and optical transmission, we use three different configurations, namely
ZnO0.97, ZnO0.94, and ZnO0.91. To confirm our experimental and calculated results, we compared them
to those given in the literature.
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1. Introduction

Among the transparent conducting oxide (TCO)
materials, zinc oxide thin films have been widely
studied as transparent electrodes or hot plate sen-
sors in many fields such as solar cells, gas sen-
sors, flat panel displays, photocatalytic and biolog-
ical applications, and transparent opto–electronic
devices, due to their high transmittance and con-
ductivity [1–10]. Among the major TCO materi-
als, such as ZnO, In2O3, SnO2, TiO2, CuAlO2,
CuInO2, Cd2SnO4, InSbO4, CdSnO2, etc, zinc ox-
ide is very remarkable for its physical and chem-
ical properties, in particular electrical and opti-
cal. The ZnO in the form of thin films is char-
acterized by a low electrical resistivity of the or-
der of 1–5×10−4 Ω cm, a good optical transmis-
sion in the visible region (∼90%), and a wide op-
tical gap of 3.51 eV [1, 11]. Zinc oxide is easily

obtained in the form of thin films by various crystal
growth techniques such as pyrolysis spray [12–17],
chemical vapor deposition (CVD) [18], magnetron
sputtering [1, 11], pulsed laser deposition [19], sol–
gel [15, 20–21], etc. Currently, ZnO is very competi-
tive in multiple fields of the optoelectronic industry,
and its electrical and optical properties are modi-
fied according to the field of application by doping
with metallic elements (Cu, Mg, Ga, Ba, Co, Ni,
Fe, In, Dy, etc) [1–3, 14, 19, 20, 22–24]. ZnO thin
film is used as an anti-reflective layer to improve
photovoltaic efficiency by reducing losses due to re-
flection phenomena. In addition, the incorporation
of metallic elements in small amounts (few quanti-
ties) considerably improves the electrical sensitivity
to the gas species [17].

Therefore, the control of the electrical and optical
properties of thin films is a key parameter enabling
the use of zinc oxide in various industrial fields.
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The improvement in surface conductivity is related
to oxygen deficits and doping concentrations of
metallic elements. This improvement causes a de-
crease in optical transmission [14, 17]. Several works
present the effect of the oxygen vacancy (VO) on the
photocatalytic activity and in adjusting the position
of both the conduction and valence band. Indeed,
Hongyan Liu et al. [25] investigated the effect of
oxygen vacancy on the bandgap and showed that
the bandgap increases with the decrease of oxygen
partial pressure. Additional works [26–29] note the
same trend. The bandgap is narrowed with the in-
crease of oxygen vacancy concentrations, which is
explained by the delocalized states in the valence
band. Several experimental and theoretical works
concerned obtaining high conductivity while main-
taining good visible transmission. To achieve this,
two research topics are launched in the present con-
text. The first relates to optimizing the oxygen flow,
reducing the resistivity at the surface while main-
taining a good optical transmission [30]. The sec-
ond is the search for new doping materials known
as “light materials”, conductivities of which vary
according to doping while preserving good optical
transmission [12, 20].

In this work, the important subject is in line with
the first topic, which consists of the deposition and
characterization of zinc oxide thin films with various
oxygen flow rates by the plasma enhanced chemi-
cal vapor deposition (PECVD) technique. Indeed,
we present in this work an original contribution to
the improvement of the morphological and optical
properties of zinc oxide by changing the oxygen flow
rate. Optimization of the experimental parameters
allowed us to obtain ZnO thin films of low surface
resistivity verified by the good homogeneity of the
surface and good optical transmission in the visi-
ble range. Moreover, the density functional theory
(DFT) is also employed for computational study of
ZnOx. A zinc oxide with different supercell models
VO1, VO2, and VO3 is carried out to investigate the
effect of oxygen vacancies on structural and elec-
tronic properties.

2. Experimental procedure

Zinc oxide thin films are deposited by PECVD
(installed in PETA laboratory, Medea University).
The process of the experimental device is shown
in Fig. 1a. Plasma deposition apparatus usually
consists of six modules or functions. Its main part
is the reactor chamber, completed by the pump-
ing system, power supply and monitor, electrical
matching network, gases control system, and ra-
dio frequency (RF) plasma modulus. The most im-
portant part of the PECVD technique is the fur-
nace reaching 1773 K, whose length is 100 cm. It
consists of three segments (each 25 cm in length)
separated by 5 cm in order to thermally insulate
them from each other. During processing, an alu-
mina tube (Al2O3) is inside the hollow cylinder of

Fig. 1. (a) Experimental device of PECVD, (b) lo-
cation of substrates and crucible holding the ini-
tial precursor ZnCl2 in the reaction room (fur-
nace), (c) heating diagram of the substrates and
the precursor.

the furnace, which is used as a reaction chamber
and transporter system for the gases. Continuous
heating is maintained, provided by an input power
until 6.6 kW. The heating at the level of the fur-
nace is controlled by the heating diagram T = f(t).
The heating steps are performed automatically by
the furnace, after programming the temperature in
the 1st and 3rd furnace zones (Fig. 1c). Regarding
the evaporation of the basic precursor containing
ZnCl2, we fixed the deposition temperature of the
third zone at Td = 673 K.We report that several tri-
als were necessary to achieve such optimized experi-
mental parameters. To control the oxygen flow rate,
a module consisting of five microvalves is used to au-
tomatically control the entry of the various gases,
like oxygen and argon, into the reaction chamber.
Any change in the pressure inside the chamber is
indicated by a pressure gauge. The PECVD has
an RF generator, which generates plasma inside the
reaction chamber with argon gas. The RF generator
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provides ionizing discharge of the argon gas sup-
plied with power radio frequencies of 500 W and
frequency of 13.5 MHz. To reassure the quality and
homogeneity of the ZnO thin films, a primary vac-
uum of the order of 10−3 Torr is launched into the
reaction chamber.

The production of zinc oxide thin films is carried
out on glass substrates of 15 × 2 × 25 mm3 with
respect to the architecture of the reaction chamber
as well as the different characterization techniques
used in this work. The glass substrates were chosen
because of the good agreement of thermal expansion
coefficient between the glass substrate and zinc ox-
ide (αglass = 8.5×10−6 k−1 and αZnO = 6.5×10−6

k−1), to minimize constraints at the substrate-thin
film interface, and for economic reasons. The clean-
ing of the substrates by chemical agents before the
deposition of ZnO is necessary to remove impuri-
ties covering the substrate surface, such as dust,
grease, organic impurities, etc. In a typical experi-
ment, glass substrates are rinsed in concentrated hy-
drochloric acid (diluted at 20%), ethanol, acetone,
and then deionized water in an ultrasonic cleaner
for 10 min per step.

After cleaning and drying, the samples are ar-
ranged on the rack inside the furnace. The sam-
ples are placed on a support to prevent the deposit
from occurring on both sides of the substrate. The
substrates are placed in the 3rd zone of the fur-
nace at ambient temperature and a primary vac-
uum (Fig. 1b). The deposition of zinc oxide thin
films on glass substrates is performed using the so-
lution consisting of two hydrated zinc dichloride
(ZnCl2 + 2H2O) of 99.98% purity and ethanol. The
zinc dichloride solution is prepared with ethanol at
a temperature of 523 K for 5 min before allowing
it to cool. The crucible holding the initial precur-
sor ZnCl2 is placed in the first zone of the furnace.
The crystal growth of zinc oxide begins with the in-
troduction of oxygen at a rate of 3, 6, and 9 sccm.
When the vacuum in the reaction chamber reaches
10−3 Torr, the deposition temperature of the sub-
strate stabilizes at 673 K, the evaporation temper-
ature of ZnCl2 reaches 573 K, and the deposition of
ZnO is carried out for 10 min. In the 3rd zone of the
furnace, where the substrates are kept, the reaction
between the zinc in vapor form and oxygen takes
place according to the following chemical reaction

ZnCl2 +
1

2
O2 → ZnO + Cl2. (1)

The samples are kept under a primary vacuum for
30 min. After the deposition of the films, the sam-
ples were thermally treated at 523 K under an Ar-
gon flow rate of 20 sccm for 20 min. All experimental
parameters were reported in Table I.

The microstructural properties of the prepared
ZnO thin films are characterized by X-ray diffrac-
tometer Philips model using a copper cathode as
the radiation source (λ1 = 1.540598 Å and λ2 =
1.54439 Å). The X-ray diffraction (XRD) spectra
were acquired for 2θ angles between 30 and 75◦,

Fig. 2. Supercell (3 × 3 × 2) model with different
oxygen vacancy sites terminology of stoichiometric
ZnOx (VO1 — first atom removing, VO2 — second
atom removing, VO3 — third atoms removing).

TABLE I

Position parameters for zinc oxide thin films with
PECVD.

Experimental conditions Value
ZnCl2 powders 5 g
Oxygen flow rate 3, 6, 9 sccm
Argon flow rate 20 sccm
Deposition time 10 min
Deposition temperature 673 K
Vacuum 1.2× 10−3 Torr
RF-plasma frequency 13.5 MHz
RF-plasma puissance 300 W
Annealing time 20 min
Annealing temperature 523 K

with an angle of incidence of 1◦. The step was fixed
at 0.1◦, and the counting time at 2 s per step.
The surface morphology of the prepared ZnO thin
films is characterized by atomic forces microscopy
(A100 AFM from A.P.E. Research nanotechnology)
in tapping mode. The spring constant of the can-
tilever was 0.6 N/m. The cantilevered tip oscillated
close to the mechanical resonance frequency of the
cantilever (typically 55–300 kHz) with amplitudes
ranging from 10 to 50 nm. The transmittance spec-
tra of the prepared ZnO thin films were determined
by UV–VIS spectroscopy (UV-Vis 3000-SP nano
spectrophotometry) in the 300–900 nm wavelength
range.
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TABLE II

Comparative values of cell parameters a and c, grains size (d), strain and dislocation density of zinc oxide.

Cell parameters Grains size
D [nm]

Strain
ε 10−3

Dislocation density
δ 10−3 [nm−2]

Ref.
A [Å] c [Å]
3.030 5.186 15.4 2.300 4.21 [this work]
3.2483 5.2052 27.10 1.310 1.36 [18]
3.252 5.227 26.93 1.320 1.38 [1]
3.238 5.209 28.8 1.90 1.90 [13]
3.322 5.241 35.82 0.99 0.78 [14]
3.238 5.211 27.32 1.300 1.339 [44]
3.241 5.192 28.508 0.1216 1.23 [16]
3.008 5.212 19.25 0.886 2.70 [45]
3.23 5.23 15.3 – – [43]

3. Computational details
and geometric models

The supercells Zn36O36−x, in which (x = 1, 2, 3),
used in the calculation, were generated to remove
one, two, and three oxygen atoms on the sur-
face (Fig. 2). The removal of one atom (VO1), two
(VO1,O2) and three (VO1,O2,O3) oxygen ions, corre-
sponds to atomic ratio O/Zn of 97.22%, 94.44%,
and 91.66%, respectively in supercells (see Fig. 2).
These ratios are comparable to that used in our ex-
perimental part.

First-principles calculation based on DFT with
the plane-wave pseudo-potential method was per-
formed using Cambridge Serial Total Energy Pack-
age (CASTEP) code [31]. Exchange and correlation
effects were treated using the generalized gradient
approximation of Perdew–Burke–Ernzerhof (GGA-
PBE) [32, 33]. The pseudo-potential of Vanderbilt-
type ultra-soft was used [34] within the follow-
ing electronic valence states Zn (3d, 4s) and O
(2s, 2p). Self-consistent calculations are considered
to be converged when the total energy of the system
is minimal. Thus, we have chosen the following con-
vergence tolerance criteria: a total energy difference
of less than 10−6 eV/atom, maximum ionic strength
of Hellmann–Feynman of 0.01 eV/Å, and a maxi-
mum displacement of 5 × 10−4 Å. The plane-wave
energy of Ecut−off = 700 eV and 12×12×6 K-points
mesh configuration were used after the convergence
study.

4. Results and discussions

4.1. Structural properties

The XRD spectra of zinc oxide thin films de-
posited with 6 sccm oxygen flow rate are shown
in Fig. 3a. The identification of all peaks from the
XRD spectra makes it possible to demonstrate the
existence of peaks representing the zinc oxide phase.
The peaks are indexed in 31.82◦: (100), 34.54◦:
(002), 36.42◦: (101), 47.46◦: (102), 56.74◦: (110),

Fig. 3. (a) X-ray diffraction in θ–2θ geometry of
ZnO sample obtained with 6 sccm of oxygen flow
rate. The top indexed diagram is for the undoped
ZnO (JCPDS Card no. 36 — 1451). (b) Elementary
unit cell of zinc oxide obtained by XRD.

62.92◦: (103), 66.06◦: (200), 68.42◦: (112), 69.06◦:
(201), and 73.82◦: (004), respectively, based on the
hexagonal (wurtzite) structure of ZnO with space
group of P63mc and lattice parameters a = b =
3.030 Å, c = 5.186 Å and α = β = π/2 and
γ = 2π/3. The comparison of the lattice parame-
ters shows that the deposited thin films crystallize
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in the same crystal structure and present values of a
and c close to those obtained by other experimental
data and theoretical works, as shown in Table II.
The primary unit cell of the zinc oxide obtained at
a 6 sccm oxygen flow rate is shown in Fig. 3b.

The primary unit cell of the zinc oxide contains
two atoms of zinc and three atoms of oxygen. Each
zinc atom (rZn+2 = 1.37 Å) is the center of a trihe-
dron formed by four oxygen atoms (rO−2 = 0.74 Å).
The positions of the oxygen atoms are given by:
(1/3, 2/3, 0), (2/3, 1/3, 1/2), (1/3, 2/3, 1), while zinc
occupies positions (1/3, 2/3, u) and (2/3, 1/3, u +
1/2) such that u = 0.381. The predominant orien-
tation obtained according to (101) coincides with
the phase of zinc oxide represented in the refer-
ence data (Data no. 36 — 1451). Several experi-
mental parameters affect the preferential orienta-
tion of zinc oxide thin films. The deposition tech-
nique, type of the precursor and its concentration,
substrate nature, oxygen pressure, RF power, the
nature and the concentration of doping, and the
deposition temperature combine the parameters af-
fecting the preferential orientation [1, 2, 35, 36]. J.
Gregory [37] has shown that the predominant ori-
entation changes from (002) to (100) when chang-
ing from the RF-sputter elaboration technique to
the solution-film deposition technique. The nature
of the initial precursor or its concentration also af-
fects the predominant orientation [38]. Indeed, M.
Tianlei [18] showed that the preferential orientation
changes from (002) to (101) when the concentra-
tion of zinc acetate dihydrate increases from 0.05
to 0.25 mol./l. The appearance of the predominant
orientation (004) when the deposition temperature
is increased to 973 K, as in the work of R. Vinodku-
mar et al. [19], is generally linked to the activation
energy, which depends on the fixing temperature of
the zinc oxide molecules. In addition, doping with
metallic elements (Al) changes the preferential ori-
entation from (002) to (101), as has been shown in
the works published by K. Khojier [3] and by E.A.
Villegas et al. [12]. On the other hand, several works
have reported that the preferential orientation does
not change with Fe, In, Cu, and F elements dop-
ing, indicating that doping with these elements did
not change the wurtzite ZnO structure, and that
dopant substituted into the Zn sites [14, 20, 39].
Note that the change in the preferred orientation
affects the morphology of the surface (grain size,
shape, and grain boundaries). In the literature, the
grain size is closely linked to preferential orienta-
tion, as shown in the study of S. Amirhaghi [40],
who noticed a decrease in the size of the grains as
a function of the increase in the deposition temper-
ature and thickness of the thin films. These XRD
peaks reveal the polycrystalline nature of ZnO de-
posited thin films. There is no diffraction peak for
other phases like ZnOx observed in the XRD pat-
tern, which concludes that Zn and O ions success-
fully consist in the lattice site. The crystal quality
of the ZnO thin films is controlled by the crystallite

size calculated from measurements on the peak in
the diffraction pattern. The crystallites size (D) in
the film was determined from the (101) preferential
orientation using Scherrer’s formula [41]

D =
kλ

β cos(θ)
, (2)

where k is constant (0.92 for the TCO materials),
λ is the X-ray wavelength, β is the full width at
half maximum (FWHM) of the XRD peak corre-
sponding of the predominant orientation and θ is
Bragg’s diffraction angle. Therefore, we have estab-
lished that the crystallites are of a nanometric scale
can be used in magnetic applications [42, 43]. The
lattice parameters of zinc oxide thin films are cal-
culated using the following equation [13]

dhkl =

[
4

3

(
h2 + hk + k2

a2

)
+

(
l2

c2

)]− 1
2

, (3)

where h, k, and l are Miller indices, dhkl is the lat-
tice spacings, and a and c are lattice parameters of
the a-axis and c-axis, respectively. The reported re-
sults obtained for the lattice constant a and c are
close to standard JCPDS values (Card. Data no. 36
— 1451) (a = b = 3.25 Å, c = 5.20 Å). The mi-
crostrain ε has been estimated using the following
formula [11]

ε =
kλ

4D
, (4)

where ε is the microstrain of the lattice in terms of
the relative displacement of particles in the lattice,
which excludes rigid body motions. This parameter
allowed us to verify the required properties of the
produced thin films. The dislocation density of the
thin films δ is related to the crystallite size D by
the following equation [23]

δ =
1

D2
, (5)

where δ is a linear crystallographic defect or ir-
regularity within a crystal structure that con-
tains an abrupt change in the arrangement of
atoms. The number and arrangement of dis-
locations influence many properties of materi-
als, such as the crystalline structure. From the
XRD spectra, the values of cell parameters a
and c, the grain size d, the dislocation density
δ, and the microstrain ε are grouped and com-
pared with other works [1, 13, 14, 16, 18, 43–45]
in Table II.

The values of the cell parameters are in good
agreement with those of the other works [45] with
a weak deviation which is due to the experimental
parameters and the deposition technique. Further-
more, as clearly shown in Table II, the calculated
dislocation density is important when we compare
it with other works [13, 14], probably due to the
oxygen atoms occupation of interstitial sites and at
the grain boundaries. In addition, we report that
the grain size is similar to that in several experi-
mental works [13, 14, 44] and in predictions in the
theoretical study of M. Wu et al. [46].
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Fig. 4. AFM scans 3D, 2D and profile of ZnO with a variation of oxygen flow rate (a) 3 sccm, (b) 6 sccm
and (c) 9 sccm.

4.2. AFM analysis

The surface morphology of zinc oxide thin films is
obtained by atomic forces microscopy (AFM) under
the effect of oxygen flow rate. In Fig. 4, we present
the morphology of the surface in 2D and 3D, as well
as the profile obtained with an oxygen flow rate of
3, 6, and 9 sccm. We have noticed in the different
samples that the substrate is completely covered by
dendrite-shaped islands. We found that the shape
of the dendrites becomes more uniform and bigger
as the oxygen flow rate is increased (see Fig. 4a–c
at 2D). Additionally, we remark that the zinc oxide
thin films obtained at 6 sccm have a similar orienta-
tion of the dendrites towards the hexagonal struc-
ture. We also remark a coalescence of the grains
when we increase the oxygen flow rate from 3 to
9 sccm. We also notice that the average roughness
of the zinc oxide surface increases considerably from
203.6 to 373.0 nm with the increase of oxygen flow
rate from 3 to 9 sccm.

This variation is possibly due to the phenomena
of grain coalescence when the incorporation of oxy-
gen atoms in the matrix of zinc oxide is increased.
Zinc oxide thin films produced with an oxygen flow
rate of 9 sccm exhibit a high average roughness of
the order of 373.0 nm according to Fig. 4. This
high roughness is explained by the fact that the
PECVD technique has a growth pattern according

to Stranski–Krastanov [47]. In addition, the bind-
ing of ZnO molecules is strongly dependent on the
reaction chamber geometry, the deposition temper-
ature, and the formation energy.

4.3. Band structure

The band structure is among the electronic prop-
erties that can be obtained with Auger spectroscopy
or numerical calculation methods (DFT, Hartree–
Fock, etc) [46, 48–50]. The calculated band struc-
tures for zinc oxide without oxygen vacancies are
presented in Fig. 5. The valence band and con-
duction bands are separated by a narrow zone of
0.80 eV. Both valence band maximum (VBM) and
conduction band minimum (CBM) are located at
the Γ point, indicating a direct gap. It is well known
that the theoretical gaps obtained by the GGA are
approximately underestimated by about 30% [44].

To study the effect of VO concentration, we
calculate the bandgap for three different config-
urations, namely ZnO0.97, ZnO0.94, and ZnO0.91.
Table III contains the different values of the gap
calculated for the zinc oxide, with the experimen-
tal and theoretical data available in the litera-
ture [1, 15, 17–19, 23, 45, 51–55]. It is clear that the
bandgap increases while the concentration of oxy-
gen vacancy increases. The calculated gap values
were 1.20, 1.45, and 1.88 eV for ZnO0.97, ZnO0.94,
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Fig. 5. The calculated electronic band structures
of pristine ZnO.

TABLE III

Gap energy Eg [eV] and transmission T [%] of zinc ox-
ide thin films for sample obtained with 6 sccm com-
pared with different elaboration methods and theo-
retical works.

Method Eg [eV] T[%] Refs
Our results

PECVD 3.78 80.2
DFT (GGA) ZnO 0.80 –

ZnO0.97 1.2 –
ZnO0.94 1.45 –
ZnO0.91 1.88 –
Experimental data

Magneton sputtering 3.375 80 [1]
Sol–gel 3.24 90 [15]
Spray pyrolysis 3.29 80 [17]
AACVD 3.27 82.5 [18]
Pulsed laser deposition 3.12 60 [19]
Pneumatic spray 3.27 84 [23]
RF sputtered 3.264 85–95 [45]
Dip coating 3.29 50 [52]
RF-PERTE system 3.27 80 [53]

Other (theoretical)
DFT (GGA) 0.76 – [51]

0.81 – [54]
0.73 – [55]

DFT (GGA+U) 2.13 – [54]

and ZnO0.91 configurations, respectively. The values
obtained by us are lower than those given experi-
mentally by ≈ 39.6%. Compared to our experimen-
tal value of Eg = 3.78 eV, the calculated bandgap
was much smaller because of the well-known cal-
culation error of Kohn–Sham DFT for the conduc-
tion band. However, these results did not affect the
accuracy of the comparison between the different
concentrations.

4.4. Density of states

The density of states (DOS) is an important
quantity for calculating the energy distribution of
electrons in the valence and conduction bands,
which is required for a thorough understanding of
several properties such as dielectric functions, trans-
port properties, photoemission, etc [30, 51]. The cal-
culated DOS is illustrated in Fig. 6, where the Fermi
level is taken as the energy origin. The valence band,
approximately −4 to 0 eV, is mainly dominated by
the contribution of the pO state, with a small con-
tribution from the overlap of the sp and d of Zn
states. However, the maximum of valence band is
formed by the states dZn and pO. The conduction
region from approximately 0.8 eV is constituted by
the s and p states of the Zn atom.

4.5. Optical properties

The study of optical properties consists in plot-
ting the transmission spectra of zinc oxide thin films
as a function of oxygen flow rate for 3, 6, and 9 sccm,
as shown in Fig. 7. We have also performed ab ini-
tio calculation to compute transmission for ZnO0.97,
ZnO0.94, and ZnO0.91 configurations. Analysis of
the transmission spectra shows that the zinc oxide
thin films remain transparent in the visible range
and opaque in the ultraviolet, depending on the
variation of the oxygen flow rate.

We also noticed that the transmission of zinc ox-
ide decreases with increasing oxygen flow rate. In
fact, we obtained an average transmission coeffi-
cient of 89.4, 82.5, and 70.3% for oxygen flow rates
of 3, 6, and 9 sccm, respectively (Table IV). This
means that zinc oxide becomes more transparent in
the visible range with decreasing oxygen flow rate.
This trend can be interpreted in the following way.

Fig. 6. Projected density of states PDOS and
TDOS for ZnO compound.
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Fig. 7. Transmission spectra (a) ZnO thin film as
a function of oxygen flow rate for 3, 6 and 9 sccm,
(b) Zn36O36−x supercells as a function of oxygen
vacancies (x = 1, 2 and 3).

As the oxygen vacancy concentration rises, so does
the bandgap of ZnO. We find that the decrease
in the transmission is due to excess of oxygen at
the surface. This behavior can be explained by the
fact that oxygen takes up zinc sites by substitution.
The average transmission of zinc oxide is compared
with that in other experimental works in Table III.
We remark that zinc oxide thin films have a bet-
ter transmission value compared to that in other
works [16, 17, 52]. This shows that zinc oxide is
becoming a key material in the field of optoelec-
tronics. On the other hand, through the transmis-
sion spectrum, we can also calculate the thickness
of zinc oxide thin films. The thickness d [nm] is cal-
culated from the interference fringes appearing on
the transmission spectrum in the visible range, us-
ing the method of Swanepoel [56] by the following
formula

d =
λ1λ2

2
(
n1λ2 − n2λ1

) , (6)

where λ1 and λ2 represent the wavelengths [nm] cor-
responding to the two interference fringes and n1

and n2 are the refractive indices of thin films and
air, respectively. The calculation which was made on
the deposited samples according to the oxygen flow
rate shows that the thickness varies slightly around
of 192.15 nm with a relative uncertainty of 3.48%.

Using a transmission spectrum, we are able to
determine a gap energy in the first Brillouin zone.
The gap energy Eg values of the ZnO thin films with
different O2 flow rates were obtained using Tauc’s
equation [57]

αhν = A (hν − Eg)
1/2

, (7)
where hν is the photon energy of the incident pho-
tons, A is a constant, and α is the absorption co-
efficient. The absorption coefficient alpha can be
determined from the transmission of the thin films
with the formula α = (−1/d) ln(T ), where d is the
thickness of thin films. The value of the gap energy
can be determined by extrapolation of the linear

Fig. 8. The curves of (αhν)2 as a function of pho-
ton energy (hν) for ZnO thin films as a function of
oxygen flow rate for 3, 6 and 9 sccm.

TABLE IV

Average transmission Tavg and gap energy us function
of different values of oxygen flow rate. Note: average
transmission value is obtained from the wavelength of
600 nm in the average of visible spectra (400–800 nm)

r [sccm] Tavg [%] Eg [eV]
3 89.4 3.81
6 82.5 3.78
9 70.3 3.73

region of the plot of (αhν)2 versus photon energy
(hν) on the x-axis. Figure 8 shows the relations be-
tween (αhν)1/2 and photon energy hν for several
oxygen flow rate values 3, 6, and 9 sccm.

We also plot the gap energy as a function of oxy-
gen flow rate. Figure 8 shows a variation of the gap
energy from 3.81 to 3.73 eV obtained for an oxygen
flow rate, which increases from 3 to 9 sccm. The
decrease in gap energy with increasing oxygen flow
may be due to excess oxygen atoms, which makes
thin films more electrically conductive.

Previous works have noticed that there are sev-
eral parameters, which affect the width of the for-
bidden band, such as the stress or dislocation den-
sity of the thin films, the doping with the metallic
elements, the oxygen vacancies, as well as the pres-
ence of resistive phases in the ZnO thin films [1].
Our results show that two parameters affected the
narrowing of the forbidden band, the dislocation
density of thin films (Table II) and oxygen vacancies
(VO), since the resistive phases are absent according
to the XRD analysis (Fig. 3a).

On the other hand, other studies have found
that the oxygen deficit plays the opposite role [58].
Boroomand et al. [59] have shown that the gap
energy remains constant by varying the oxy-
gen flow rate. The values of Eg are overesti-
mated compared to experimental and theoretical
papers [1, 15, 17–19, 23, 45, 51–55]. Analyzing the
values of the gap energy represented in Table III,
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we notice that they are comparable to each other.
However, we find that zinc oxide obtained by low-
cost techniques such as ours can give better optical
properties such as gap energy or transmission.

5. Conclusion

In this work, we have deposited zinc oxide solid
thin films on glass substrates by the PECVD tech-
nique for various oxygen flow rates. We have op-
timized the growth conditions with respect to the
morphological and optical properties of our films.
All the techniques used for the characterization
were non-destructive so that measurements on the
same sample could be done. The zinc oxide obtained
in polycrystalline form and with a predominate ori-
entation in the direction of (101) has a hexago-
nal structure with values of the lattice parameters,
grain size, dislocation density, and strain with good
agreement with the literature. Zinc oxide has a bet-
ter optical transmission (∼ 90%) and a wide opti-
cal gap of around ∼ 3.7 eV for an oxygen flow rate
of 6 sccm. From the microscopic study carried out
by AFM, we have tried to give a description of the
morphology of the surface. The morphological prop-
erties, such as grain size and surface roughness, are
about 15.4 and 275.3 nm, respectively, for an oxy-
gen flow rate of 6 sccm. Calculated results obtained
from DFT show that the oxygen vacancy concen-
tration has remarkable effects and can be used to
adjust the bandgap as well as in optical transmis-
sion.
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