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Abstract: Zinc oxide (ZnO) is a binary semiconductor material with direct band gap (3,3 eV) because of their good
optoelectronics properties. ZnO thin films find several applications such as: solar cells, gas sensors, piezoelectric sensors,
waves guides. ZnO thin films can be prepared by several techniques: spray paralysis, thermal evaporation, reactive
sputtering, sol gel, laser ablation.

In this present work and in order to obtain conducting transparent layers, ZnO thin films were deposited by ultrasonic spray
technique on glass and silicon substrates. The investigate is focused on the doping level influence of the structural, optical
and electrical properties of ZnO thin films. Two dopants were used Bismuth and Aluminium. In the starting solution
Bismuth and Aluminium where used with a variation of the doping rate from 0 to 5 % mol .

X-ray diffraction patterns confirm that all films are crystalline and the preferred orientation depends on the dopant nature
and concentration.

The optical characterization of deposited films was carried out using UV-Vis spectrometry in the spectral range 200-800
nm. The analysis of the transmittance spectra allows us to deduce the film thicknesses optical band gaps, and Urbach
energy. Hence, the values of the gap were found to be between 3.19 to 3.31 eV.

The electrical measurements were made using the two points technique. From the results, we concluded that the electrical
conductivity of doped ZnO layers is higher than that of undoped layers and the effect of Bismuth was more pronounced on
the evolution of the conductivity than Aluminium.

Keywords: ZnO, thin films, ultrasonic spray, transmission, Urbach energy, XRD.

important multifunctional materials with direct band gap of

1 Introduction

Transparent conductive oxide (TCO) layer is crucial and
important in the fabrication of thin film solar cells in order
to transmit the sunlight to the absorber layer. The TCO
layer in solar cell should be well optimized so that it has
high transparency as well as low electrical resistivity. ZnO
[1,2], InSnO [3] and SnO2 [4]. are some common materials
to be widely used as window layer in solar cell? Among the
TCOs [5], ZnO, Zinc oxide is one of the most

3.37 eV and exciton binding energy up to 60 meV giving
rises to efficient exitonic emission at room temperature
even somewhat above [6]. Besides, due to the high
chemical stability, the high transmittance, the low
deposition temperature, the non-toxic, the high material
availability and Zn is abundant element. [7,8].

Intrinsic and doped ZnO materials are used as laser
diodes [9], solar cells [10,11], sensors [12], piezoelectric
devices [11], catalysts for liquid phase hydrogenation [13],
transparent electrodes [14], surface acoustic wave (SAW),
and acoustic-optic devices [15].
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ZnO thin films have been deposited by many techniques
such as sputtering [16], chemical vapour deposition [17],
sol—gel [18], laser ablation [19] and spray pyrolysis, either
pneumatic [20] or ultrasonic [21,22] . The last technique
has been widely used, because it is simple, more
reproducible, without toxicity , and cost effective as it does
not require sophisticated vacuum apparatus. Moreover,
incorporation of dopants is easier by this technique.[23]
The effect of different dopants such as Al [24-27], In [25,
28], Fe [29], Ga [30], Er [31] and others, on the properties
of ZnO thin films has been investigated.

2 Experimental Details

All the thin films samples were deposited by (USP)
technique. The schematic representation of the spray
system has been described in previous work [32]. The pur
ZnO film was prepared by dissolving an appropriate
amount of zinc acetate dehydrate (Zn(CH3COO)2.2H20)
with 0.02 M concentration in methanol solution (CH3OH).
Doping of Al and Bi at (1 to 5 wt.%) were achieved by
adding aluminum chloride (AZO films ) and Bismuth
nitrate (BZO films), respectively in the starting solution.
The glass and silicon substrates were used and cleaned
thoroughly with Acetone, The Methanol and finally with
deionized water with the help of an ultrasonic bath.

The structural properties of the films were studied by X-
Ray Diffraction (XRD), wusing Cu-ka radiation of
wavelength k = 0.15418 nm. The size of the crystallites was
calculated from the Scherer’s formula [33]. The thickness
was determined from ellipsometric measurements
performed on ZnO films deposited onto the Si substrates.
The transmittance of the layers deposited on glass was
measured in the UV—-Visible region using the Shimadzu

180

3101PC double beam spectrophotometer. The gap energy
Eg of the ZnO films, deposited on glass substrates, was
determined from Tauc formula [34]. The absorption
coefficient a (ahv), in the spectral region of the light’s
absorption, was deduced from the Beer—Lambert law [35].
The Urbach tail was determined from the variation of
log(a) with the incident photon energy Av [36]. The
electrical properties of the layers were determined using the
I(V) characteristics by the two probes technique in a
coplanar structure with two evaporated gold electrodes.

3 Structural Analysis

The XRD data were used to investigate the structural
properties after incorporation of Bi and Al atoms in the
ZnO thin films. Fig 1 shows X-ray diffractograms of pure
ZnO (a), ZnO:Bi (b) and ZnO:Al (c) thin films, deposited at
350°C by spray pyrolysis. This analysis reveals that all the
films are polycrystalline and composed of wurtzite-type
ZnO phase without any impurity phase.

The X-ray patterns for undoped ZnO show three main
peaks corresponding to (100), (002) and (101) planes of the
ZnO wurtzite phase. These random orientations are
conforming to the fact that crystallites grew randomly on
glass substrate.

A switching in the growth orientation of the crystallites
from the random orientation to (100) plane is observed
when Bi atoms are added (Fig lc). This change in the
growing orientation is related to the films nucleation
process.

The ZnO:Al films Unlike ZnO:Bi films show a preferential
orientation in the (002) direction along c-axis perpendicular
to the substrate surface plane (Fig 1b). This result is
generally observed in ZnO thin films, regardless the
deposition techniques since this plane (002) requires less
energy to be formed.

(002)

160

140

(100)

120

100

80+

Intensity (a.u)

60

40 -

20

(101)

20 30

40

50 80
2 Theta

© 2019 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 8, No. 3, 101-112 (2019) / http://www.naturalspublishing.com/Journals.asp

£ . SN\p

- 1200

- 1000

- 800

E)
L 600 ©
>
400 G
c
L
L 200 €
\#A. ™ oy y A sadad N 0
— 5% Al
W b omihmttsaresomns /.
4% Al
s et 'A/oAI
Aol
L 2 % Al
- LWLA /
— 1% Al
30 40 50 60 70 80
2 Theta
L 450
I 400
I 350
I 300
L 250 5
s
- 200 2
L 150 @
g
- 100 E
L 50
Lo
5 % Bi
4 % Bi
3 % Bi

1 % Bi

30 40 50 60
2 Theta(®)

70 80

Fig. 1: X-ray diffractograms for (a) ZnO (b) ZnO:Bi and (c) ZnO:AlL

3.1 Texture

The texture coefficient is calculated to describe the
preferential orientation using the following formula [37]:

TC kyy =1 @y / [I (100) + T 002) + T (101)]

As can be seen in Fig. 2, it is clear that orientation of ZnO
thin films is influenced by the nature and the concentration
of doping atoms. The texture coefficient TC (100) of
ZnO:Bi films (Fig 2.A) increases sharply with adding 1%
of Bi doping and decreases gradually with further increasin

in the doping concentration, but the direction (100) remains

the preferential orientation. Jiang et al. [38] obtained the
same results with a less intense peak. We should also note
that this change in the preferential orientation is also
reported in Indium doped Zinc oxide IZO thin films
deposited by spray pyrolysis by Goyal et al. [39]. They
have observed a change from (002) as preferential
orientation to (101) with In doping and to (100) with
increasing doping level.

In the case of ZnO:Al films, the texture coefficient TC
(002) increases with increasing Al concentration (Fig
2.B).This indicates that Al doping leads to an improvement
of the crystalline quality of the films.

© 2019 NSP
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Fig.2: Variation of the texture coefficient TC (100), TC (002) and TC (101) of ZnO films with (A) Bi and (B) Al

concentrations.

3.2 Grains Size

The grains size of different samples was determined using
the XRD spectra and the Debye-Scherer formula [33]:

D= —' ;
n
P. CC‘Sehk:

Where A is the X-ray wavelength (0.15418 nm), 0 is the
Bragg angle expressed in radians, and 3 is the full width at

half-maximum (FWHM) of the most intense peak ((100)
for ZnO:Bi and (002) for ZnO:Al), K equal fo 0,9 is the
constant which depends on the shape of the crystallite.

The variation of the grain size for ZnO:Bi and ZnO:Al thin
films with Bi and Al concentration, , are respectively
shown in Fig. 3.

The grain size increases sharply at low doping level. It
varies from 19 nm with undoped film to 83 nm with 1% Bi
doped ZnO, however, with further increasing in doping
level, the grain size decreases. This evolution can be
interpreted in terms of disorder create in the crystal lattice
by the incorporation of the Bi ions. Despite the fact that Bi
atoms incorporation preserve the hexagonal wurtzite

© 2019 NSP
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structure, which proves that our layers are still stable.

The Bi atoms incorporation in the film network may alter
the nucleation step during film growth; the presence of Bi
ions reduces the nucleation centres which consequently
reduce the grain size of the crystallites. The same
conclusion was reported by Kumar et al. [41] in In doped
ZnO thin films, Srinivasan et al. [42] in Mn doped ZnO and
Paul et al. [43] in Zr Doped ZnO thin films.

In ZnO:Al thin films, as the concentration of Al increases ,
we observe an increase in the crystallites size. This result
agrees with the increase of the intensity of the diffraction
peaks and thus the highly textured films at high
concentrations. Furthermore, this result assures the
incorporation of Al atoms in the ZnO lattice.

The parameters of the (002) diffraction peak of different
samples are summarized in the table.1 below:

3.4 Stress

The stresses in our films were estimated from the observed
shift, in the diffraction peak, between their position in
recorded XRD spectra and in ASTM cards and by using the
formula of Hoffmann [44].

[ (Cal + C:l‘_" )Ca%?ucm
ag=|2 iz

e

given by the following values [45]:

C11 =209.7 GPa, Ci2 = 121.1 GPa, Ci3 =105.1 GPa and Cs3
=210.9 GPa.

The results obtained are represented in Fig. 4.

The origin of the stress in undoped ZnO thin films is due to
the deposition technique and the temperature of the
substrate. However, in the case of the ZnO:Bi, it is due to
the incorporation of Bi atoms in the film network. As seen
in Fig. 4, at low concentration, the stress increases with the
rate of doping, in this case the stress is induced by the size
of Bismuth atoms which is bigger compared to Zn size. On
the other hand, this increase in the stress suggests that the
Bi atoms occupy the substitutional sites at low doping level.
However, from 1% doping level the stress is relaxed. The
stress relaxation with the increasing in the doping level can
be related to the inter-gain segregation of Bi dopant atoms
at large doping level. Choi et al. [46] has reported, in Ga
doped ZnO thin films by RF magnetron, that excess of Ga
atoms, above a certain critical concentration in ZnO thin
films, segregates into the grain boundaries. This
segregation alters the electrical conductivity of doped films
because the dopant will be electrically inactive (cf 5
Electrical Characterizations ).

For ZnO:Al thin films, it is observed that the stress
decreases to a minimum value then increases in the larger
values of the Al quantity. This evolution can be explained
as follow: Al atoms with ionic radius smaller than that of
Zn may occupy substitutional sites at low doping rate. At
high concentration, we suggest that substitutional sites are
saturated and thus Al atoms are forced to occupy interstitial
sites leading to the increase of stress.
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Fig. 3: Variation of the crystallite size of ZnO: Bi and ZnO: Al thin films deposited by spray pyrolysis with doping

concentration.
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Table 1: Parameters of the (002) diffraction peak of ZnO, ZnO:Bi and ZnO:Al thin films at various concentration of
Bi and Al

Samples 2 Théta (°) (002) duki(A°)(002) Crmaille(A°)

Pur ZnO 34.423 2.605 521
1% Bi 34.407 2.607 5214

ZnO:Bi 2% Bi 34373 2.609 5218
3% Bi 34.417 2.606 5212
4% Bi 34.451 2.603 5.206
5% Bi 34.466 2.602 5.204
1% Al 34.463 2.602 5.204

7n0-Al 2% Al 34.410 2.606 5212
3% Al 34.437 2.604 5.208
4% Al 34399 2.607 5214
5% Al 34.401 2.607 5214

1,6
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I / ° — e ZnO:Al
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1,0 /
08k °
i [ ]
06 L
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Fig .4: Stress of ZnO: Bi and ZnO: Al thin films deposited by spray pyrolysis.
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Fig. 5: Optical transmission spectra of ZBO and ZAO films.
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In Fig 5 we have reported the UV-VIS optical transmission
spectra of ZnO, ZBO and ZAO thin films deposited with
spray technique. The obtained films are highly transparent
in the visible range, with an excellent transmission (>80%).

4-2 Optical Gap

For ZBO thin films, the interference fringes observed in the
spectrum indicates, that the deposited films are
homogeneous with a smooth surface. A sharp cut-off
between 367 and 406.64 nm is also observed. In the other
hand, the films transmittance was not affected by Bi
incorporation with different concentration. The same
feature was observed by Lee et al. [47] in Al doped ZnO
thin films from 1 to 5% deposited by spray pyrolysis.

For ZAO thin films, the presence of the interference fringes
in spectra is due to the multiple reflections at the interface's
films/substrate and film/air. The presence of the fringes
translates that our films are sufficiently thick and the
smooth light scattering at the film surface and enhances the
light transmission.

All the films exhibit an abrupt absorption edge below 400
nm, this is due to the onset of the fundamental absorption of
ZnO. From these spectra, one can infer that the doping (Al)
concentration slightly affects the transmittance of the films.

In Fig 6, we have reported the variation of the optical gap
of doped ZnO thin films. The optical gap was estimated
from the well-known linear extrapolation of the variation of
(ohy)? as a function of the incident photon energy hy, where
o is the absorption coefficient calculated from the
transmission spectra (calculated as
(1/d) Ln (1/T); d: film thickness, and T: optical
transmittance) and hy is the photon energy. This estimation
procedure is widely used for direct transition
semiconductors, which obeys the following relation [48]:
(ahv)? ~ (hv-Eg).
For ZBO thins films, it is noticed that the value of Eg
increases from 3.19 to 3.24 eV with doping, this widening
of the gap according to the Moss—Burstein theory [49, 50],
in heavily doped zinc oxide films; shows that the donor
electrons occupy states at the bottom of the conduction
band. Since the Pauli principle prevents states from being
doubly occupied and optical transitions are vertical, the
Valence electrons require an additional energy to be excited
to higher energy states in the Conduction band. Therefore,
Eg of doped zinc oxide is broader than undoped zinc oxide
films, this phenomenon has been also mentioned by Lee et
al. [51].
With low concentration of the doping agent Al, the value of
Eg increases from 3.19 eV to 3.31 eV. The gap reduction in
the 4%-5 % interval is the result of the occupation of the
interstitial sites by the Al doping atoms, because the latter,
represent the principal native donors in the ZnO films [52].
The interpretation of the variation of the gap with the Al
doping levels corroborates well with the statement in the
last section, where it is mentioned that with 3 % of doping
ratio, Al atoms occupy the interstitial sites in the matrix of

Zinc oxide. This is appropriate with the interpretation of the
reduction in transmittance to strong percentage of
Aluminium.

4.3 Urbach Energy

We note that the values of the gap recorded in the case of
Al are higher than those recorded for Bi.

The calculated Urbach energy in Bi doped ZnO films varies
from 11 to 530 meV. These results are comparable with the
work already made by Bourgine et al. [35]. It is worth
noting that the Urbach energy is related to the disorder in
the film network. Therefore, the increase in the latter
(Fig.7) with Bi doping is due to the induced distortion in
the material network since Bi atoms has a larger size than
Zn atoms.

In the other hand, the calculated Urbach energy in our films
varies from 78 to 170 meV.

Given the minimal value of low dopant concentration
reaffirms the stability of the films and the increase of
Urbach energy with the doping ratio is very logical and also
ensures the incorporation of Al atoms in ZnO matrix, this
increase is found by B.N.Pawar et al [52], and interpreted
by the donor levels of interstitial zinc atoms [53].

5- Electrical Characterization

In this last part, the resistivity of undoped (ZnO) and doped
Zinc oxyde (ZBO and ZAO) was investigated .

Electrical measurements were done after giving electrical
contacts using Gold target in the form of two end contacts
having distance about 1 cm between them.

The undoped ZnO sample has a resistivity of 1,9 10? Q.cm.
The electrical properties of Bi and Al doped ZnO thin films
have been drastically improved in comparison with
undoped ZnO thin films

Figures 8 shows the variation of electrical resistivity with
the various percentages of Bi and Al doping in the ZBO
and ZAO thin films deposited by spray pyrolysis. At 2 % Bi
and Al doping, the film has lowest resistivity of 0.11 1072
Q.cm.

It is clearly observed that the resistivety variation with
concentration doping is the same in both cases, ZBO and
ZAO films.

The decrease in resistivity with different dopant
concentrations is attributed to the replacement of Zn?" by
Bi** and Al *' ions which introduce a large number of
electrons in the doped films. Thus, the conductivity of the
film increases. However, a further increase in Bi and Al
doping to above 2 % raises the resistivity. Indeed at a
higher doping concentration of above 2 %, the disorder
produced in the lattice (due to the difference in the ionic
radius of Zn?', Bi*" and Al 3" increases the efficiency of
scattering mechanism such as phonon scattering and
ionized impurity scattering which, in turn, causes an
increase in resistivity [54]. The other reason is the

© 2019 NSP
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segregation of neutral Bi and Al atoms at the grain
boundaries, in heavily doped samples,which do not
contribute free electrons [55]. The same behaviour of the
reduction in the dark conductivity after a critical doping
level is reported by many authors with different doping
atoms [56, 57].

It has been found, that this is due to the preparation
technique and experimental conditions. In the present
study, we observed that 2 % is the optimum value of Bi and
Al in ZnO to obtain good electrical properties.

6 Conclusions

In the present work and in order to obtain conducting
transparent layers, the ZnO thin films were deposited by
ultrasonic spray technique on glass and silicon substrates.
Our interest is focused on the investigation of the doping
level influence on the structural, optical and electrical
properties of ZnO thin films. Two dopants Bismuth and
Aluminium were we varied the rate of doping from 0 to 5%
mol in the starting solution.

X-ray diffraction patterns confirm that all films are
crystalline and the preferred orientation depends on the
nature and concentration dopant.

The optical characterization of deposited films was carried
out using UV-Vis spectrometry in the spectral range 200-
800 nm. The analysis of the transmittance spectra allows us
to deduce the films thicknesses optical band gaps, and
Urbach energy. Hence, the values of the gap were found to
be between 3.19 to 3.31 eV.

The electrical measurements were made using the
technique of two points. From the results, we concluded
that the electrical conductivity of doped ZnO layers is
higher than that of undoped layers and the effect of
Bismuth was more pronounced on the evolution of the
conductivity than Aluminium.

From our experiments we have demonstrated that the
physical properties of ZnO can be well modified by Bi and
Al doping , and the optical and electrical properties of the
new ZBO films are better than the classical ZAO layers .
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