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This work highlights some physical properties related to the influence of aluminum, tin and copper incorporation on nano-
structured zinc oxide (ZnO:M; M:Al, Sn and Cu) thin films prepared by ultrasonic spray pyrolysis technique (USP) on glass
substrate at 350±5 °C. For the as-grown layers, M- to Zn-ratio was fixed at 1.5 %. The effects of metal doping on structural,
morphological, optical and electrical properties were investigated. X-ray diffraction pattern revealed that the as-prepared thin
films crystallized in hexagonal structure with (0 0 2) preferred orientation. The surface topography of the films was performed
by atomic force microscopy. AFM images revealed inhibition of grain growth due to the doping elements incorporation into
ZnO matrix, which induced the formation of ZnO nanoparticles. Optical measurements showed a high transparency around
90 % in visible range. Some optical parameters, such as optical band gap, Urbach energy, refractive index, extinction coeffi-
cient and dielectric constant were studied in terms of doping element. Particularly, dispersion of refractive index was discussed
in terms of both Cauchy and single oscillator model proposed by Wemple and DiDomenico. Cauchy parameters and single
oscillator energy E0 as well as dispersion energy Ed were calculated. Finally, electrical properties were investigated by means
of electrical conductivity and Hall effect measurements. The measurements confirmed n type conductivity of the prepared thin
films and a good agreement between the resistivity values and the oxidation number of doping element. The main aim of this
work was the selection of the best candidate for doping ZnO for optoelectronics applications. The comparative study of M
doped ZnO (M:Al, Sn and Cu) was performed. High rectifying efficiency of the Al/n-ZnO/p-Si/Al device was achieved and
non-ideal behavior was revealed with n > 4.

Keywords: nanostructured ZnO; spray pyrolysis; structural properties; optical properties; electrical measurements; ideality
factor

1. Introduction

Zinc oxide (ZnO) is a II-VI oxide semiconduc-
tor with a wide direct band gap energy of 3.3 eV
at room temperature; hence, it is highly transpar-
ent in the visible region with a sharp cut-off around
380 nm [1, 2]. Due to their physical properties ZnO
thin films are widely used in various important ap-
plications, such as gas sensors [3–7], light-emitting
diodes [8–10], solar cells [11, 12], surface acoustic
devices [13–15], transparent electrodes [16], and
many others [17–19]. Optical properties of these
materials can be easily fine-tuned by controlling
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the dopant concentration. Though a great deal of
excellent work has been reported on such materi-
als [15–17], it is still meaningful to extend the re-
search of these transparent conductive oxide (TCO)
thin films.

It has been reported that the band structure and
optical properties of ZnO are similar to GaN which
is commonly used for the fabrication of photonic
devices in the UV range. ZnO has a large exci-
tonic binding energy of 60 meV at room temper-
ature which is larger than that of GaN (25 meV),
making it suitable for exciton related applications
due to the extreme stability of excitons [20, 21].
ZnO has high mechanical, thermal, and chemical
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stabilities and radiation hardness [22]. Due to these
attractive features, ZnO nanostructures have gained
significant attention.

To meet the requirements in different appli-
cation domains, ZnO is doped with a variety of
ions [23–25]. Several techniques, such as metal-
organic chemical vapor deposition (MOCVD) [26],
chemical vapor transport (CVT) [27], sputtering
or spraying [28] and laser ablation [29, 30] have
been used to prepare thin films of such type to
suit the needs of research and industry. These tech-
niques are generally either sophisticated or expen-
sive, hence, the need for a simple, easy and less ex-
pensive technique. In comparison with other tech-
niques, spray pyrolysis method [31–35] is widely
used to prepare oxide thin films. It is also charac-
terized by a uniform size distribution and it pro-
vides thin films with grain size which is controlled
by doping concentration. Furthermore, this tech-
nique leads to a large production area and it is
suitable to produce crystallized thin films without
use of thermal processing [36–40]. In order to pro-
vide some interesting properties, several elements,
such as indium [31, 41], silver [42], copper [43],
tin [44], molybdenum [40], ytterbium [31] and lan-
thanum [45] may be used as dopants.

In the present paper, we investigate the effect
of copper, aluminum and tin incorporation on the
structural, electrical and optical properties of ZnO
sprayed thin films in order to fabricate optoelec-
tronic devices, gas sensors and photovoltaic sys-
tems. To reach our aim, we have fabricated a de-
vice based on ZnO layers and contacts thermally
evaporated in vacuum. The current-voltage charac-
teristics were plotted and many parameters such as
ideality factor, saturation current, series resistance
and barrier height using Cheung-Cheung approxi-
mation have been extracted.

2. Experimental
2.1. ZnO films and device preparation

ZnO thin films have been first prepared
on an ordinary cleaned glass at substrate
temperature of 350 °C. 0.1 M of zinc ac-
etate Zn(CH3CO2)2 dissolved in a solution

containing a mixture of water and propanol
in a ratio of 1:1. The precursor mixture
was acidified using acetic acid (pH = 5). The
mixture was magnetically stirred at 60 °C for
30 min to get a homogeneous structure. The carrier
gas – nitrogen was introduced through a 0.5 mm
diameter nozzle. The nozzle-to-substrate plane
distance was fixed at the optimal value of 20 cm.
During the whole deposition process, precursor
mixture flow rate was approximately 20 mL/min.

Pure zinc oxide was doped with aluminum, tin
and copper to make the solutions of aluminum ni-
trate (AlNO3)3, tin chloride (SnCl2) and copper
acetate Cu (CH3COO)2, respectively. The dopants
were added into the solution at a fixed concentra-
tion of 1.5 %. The Al/n-ZnO/p-Si/Al device was
prepared from 0.1 M of ZnO precursor by spin
coating route onto p type silicon and Al contacts
were thermally evaporated in vacuum at low pres-
sure of 1.33 × 10−4 Pa using a mask. Al-contacts
were circular having a diameter of 1.5 mm. The
p-Si wafer with (1 0 0) orientation and resistiv-
ity vaying from 1 Ω·cm to 10 Ω·cm was used to
produce the contacts. The Al metal thickness was
measured as 200 nm. The wafer was degreased for
5 min in boiling trichloroethylene and then rinsed
by ultrasonic vibration in acetone and methanol to
remove organic contaminations. To remove native
oxide layer on the surface, it was etched in HF-H2O
(1:10) solution.

2.2. Characterization techniques

The structural analysis of obtained thin films
was performed by means of Bruker D8 AD-
VANCE with DAVINCI X-ray diffractometer us-
ing monochromatic CuKα radiation (λ = 1.54 Å)
in the range of 2θ (20° to 80°). The 3D sur-
face topography of as-grown films was performed
in taping mode by an atomic force microscopy
(NANOSURF). On the other hand, the optical
transmittance T (λ) and reflectance R (λ) of ZnO
doped films were recorded using a Schimadzu UV
3600 double-beam spectrophotometer in a 300 nm
to 2000 nm wavelength domain. Finally, the elec-
trical properties were measured using an ECOPIA
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3000 (HMS) Hall effect measurement system at
room temperature equipped with S/N magnet with
intensity of 0.58 T.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows XRD spectrum of prepared ZnO
films. It depicts the presence of (0 0 2), (1 0 2) and
(1 1 2) peaks corresponding to hexagonal wurtzite
phase according to JCPDS Card No. 05-0664
[46, 47]. The peak detected in pure, Al and Sn
doped ZnO layers and located at 52° corresponds
to (2 2 0) plane of ZnO2. Also, in the spectra, a very
small amount of (2 0 2) and (1 3 2), corresponding
to orthorhombic zinc hydroxide, is observed [48].

Fig. 1. X-ray diffraction spectra of pure and 1.5 % Al,
Sn and Cu doped ZnO sprayed thin films.

The presence of these entities may be explained
by the use of methanol and zinc acetate solutions
in the ZnO thin films preparation according to the
following reaction:

2CH3OH +Zn(CH3COO)2

� Zn(OH)2 +2CH3−COO−CH3 +2H2O (1)

Taking into account that the deposition takes
place at a temperature above 200 °C, the zinc hy-
droxide is transformed into zinc oxide by the fol-
lowing reaction:

Zn(OH)2 � ZnO+H2O (2)

This transformation is not completed at the
preparation temperature of 350 °C and therefore

the prepared thin films are characterized by the
presence of some entities of Zn(OH)2 type. The
presence of these entities plays an important role
in the optical and electrical properties of the pre-
pared thin films. Moreover, the interplanar spacing
dhkl values were calculated based on the principal
phase by using Bragg equation;

2dhk l sinθ = nλ (3)

where n is the order of diffraction (usually n = 1)
and λ is the X-ray wavelength.

In a hexagonal structure case, it is known that
interplanar spacing values dhkl are related to Miller
indices (h k l) and the lattice parameters a and c by
the following relation [40];

1
d2

hk l
=

4
3

(
h2 +hk+ k2

a2

)
+

l2

c2 (4)

Using the characteristic relation of the hexag-
onal structure linking the interplanar spacing with
the mesh parameters and the Miller indices, the cal-
culated values of the interplanar spacing were used
for the calculation of lattice parameters by the res-
olution of the following equation system:

d002(theo) = d002(exp) (5)

d112(theo) = d112(exp) (6)

where d002(theo) and d002(exp) are respectively the-
oretical and experimental interplanar spacing of
(0 0 2) orientation; and d112(theo) and d112(exp) are
respectively the theoretical and experimental inter-
planar spacing of (1 1 2) orientation. The calcu-
lated values of lattice parameters a and c are listed
in Table 1.

This result is consistent with the other, indeed,
it is found that the two lattice parameters a and c
of the deposited films depend on the doping ele-
ment, which can be considered as a strong argu-
ment for the elements penetration into the ZnO
matrix. However, the changes in the cell volume
as well as the c/a ratio are not in good agreement
with the hexagonal mesh and with the ionic radii of
Zn2+, Cu+, Al3+ and Sn4+ ions [50]. This is prob-
ably a result of numerous additional mechanisms,
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Table 1. Lattice parameters a and c, unit cell volume
V, c/a ratio of pure and 1.5 % Al, Sn and Cu
doped sprayed ZnO layers.

a
[Å]

c
[Å]

V
[Å3] c/a

ZnO 3.1775 5.3489 46.7708 1.683
ZnO:Cu 3.2008 5.4261 48.1448 1.695
ZnO:Al 3.1906 5.4054 47.6554 1.694
ZnO:Sn 3.2076 5.2846 47.0869 1.648

which occur during the formation of the thin film,
leading to the occurrence of defects such as dislo-
cations, interstitial zinc and oxygen deficiency as
well as traces of zinc hydroxide. Moreover, regard-
ing the XRD peak intensities, it has been found that
the (0 0 2) peak is higher than others. Consequently,
(0 0 2) is the preferential orientation of the pre-
pared films. The (0 0 2) peak intensity is different
for each dopant. (0 0 2) intensity decreases in Al,
and Sn doped ZnO, which may be explained by the
fact that aluminum and tin create nucleation sites
which, in turn, inhibit the growth of crystal grains.
Similar trend was reported by Prajapati et al. [51].

Fig. 2. Grain size and stress in pure and Al, Sn and Cu
doped ZnO films.

The intensity of (0 0 2) peak in Cu-doped ZnO
is clearly higher than in the pure film. It can be ex-
plained by the fact that the film (ZnO:Cu) is thicker
than pure ZnO film. It is also shown that there is
a slight shift in Bragg angle, depending on the se-
lected dopant. The shift from a bigger angle in Al,

and Cu doped ZnO to a smaller angle in Sn-doped
ZnO is due to the fact that the substitution of Zn
by Al or Cu results from the lattice spacing in Zn
(d = 2.65 Å) which is smaller than that of Al, Cu
(d = 2.70 Å). The lattice spacing of Sn (d = 2.60 Å)
may explain the shift to smaller angles.
Sahal et al. [52] reported similar results. Fol-
lowing these observations in terms of (0 0 2)
preferential orientation and in view of the exis-
tence of the defects, special attention was paid
to the dislocations on the basis of the (0 0 2)
preferential orientation.

Firstly, the crystallites size was calculated using
Debye-Scherer formula [40, 50–53]:

D =
k ·λ

β cosθ
(7)

k = 0.90 is the Scherrer constant, λ = 1.54 Å is
the wavelength of CuKα radiation, β is the (0 0 2)
full width at half maximum and 2θ is the Bragg
diffraction angle.

Secondly, the interfacial contacts between the
crystallites are studied by means of residual stress
using the following relation [50–53]:

ε =
β

4tanθ
(8)

Finally, the dislocation density, which repre-
sents the number of dislocation lines per unit area,
is estimated by the following equation [50–53]:

δ =
1

D2 (9)

The calculated values of these structural param-
eters are listed in Table 2. This structural calcula-
tion confirms that this binary oxide exhibits some
defects, in particular dislocations and strain, which
is consistent with the suggestion mentioned above.

Also, it can be seen that the dislocation den-
sity increases with the difference between the
ionic radius of Zn2+ ion and the ion related
to the doping element.

Fig. 2 shows comparative plots between crys-
tallites size and stress and it reveals that the grain
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Table 2. Bragg angle, grain size, residual stress, microstrain, dislocation density and crystallinity percent of pure
and 1.5 % Al, Sn and Cu doped sprayed ZnO layers.

Samples 2θ(002)
[°]

G
[nm]

ε
σ

[GPa]
δ

(1014 × lines per m2]
Crystallinity

[%]

Pure ZnO 33.48 15.23 78.99 9.92 43.11 31.1
ZnO:Al 33.07 9.46 128.70 14.19 111.74 17.4
ZnO:Sn 34.00 4.82 245.88 13.24 430.43 45.9
ZnO:Cu 33.07 13.16 92.51 7.68 57.74 24.4

size decreases with increasing stress, which may
explain the value of crystallite size by the high
amount of stress in our films. These defects seem
to be the result related to an additional mechanism
caused by the difference between the ionic radius
of zinc and doping element, which occurs during
the thin film formation. This result is beneficial for
possible gas sensor devices and it opens the way
to interesting environmental applications [3, 7]. On
the other hand, the values of these structural param-
eters confirm the oxidation number variation. In-
deed, the crystallite size decreases with oxidation
number contrary to stress and dislocation density,
which increase with the oxidation number.

3.2. Atomic force microscopy (AFM) ob-
servations

In order to reinforce XRD analysis in terms of
incorporation of doping element in ZnO matrix,
the surface morphology of sprayed ZnO (pure and
MZO with M:Al, Sn and Cu) thin films was inves-
tigated using atomic force microscopy. The AFM
images show the effect of doping on surface mor-
phology as displayed in Fig. 3.

The observations reveal a decrease in grain size
related to incorporation of doping element. This
phenomenon is probably related to the decrease
of the interstitial zinc which plays an important
role in controlling the grains growth of ZnO, due
to the introduction of dopant impurities (Al, Sn
and Cu) [54]. It may also mean that the grain
growth has been inhibited due to the retarding force
within the wurtzite structure opposing the driv-
ing force of the growth provided by substituted
dopant atoms [55].

3.3. Optical properties
3.3.1. Absorption coefficient and Urbach
energy

The electronic structure of pure and doped ZnO
layers is characterized by the band gap, which
defines the energy interval between valence band
and conduction band, each of which has a high
density of states. This parameter was investigated
through the absorption, which was deduced from
reflectance and transmittance measurements by
UV-Vis spectroscopy. Fig. 4 shows the reflectance
and the transmittance spectra of ZnO:M (M = Cu,
Al or Sn) sprayed thin films, respectively.

It is noted that the reflectance R is of the order
of 20 %, whereas the transmittance T is relatively
high in the visible and infrared ranges. This result
leads to a low absorption in the visible and near
infrared range, which offers the possibility to use
these layers as optical windows. The absorption co-
efficient of as-grown ZnO thin film was determined
from transmittance and reflectance measurements
using the approximate formula [40]:

α =
1
e

ln(
(1−R)2

T
) (10)

As ZnO is a direct transition semiconductor,
the band gap energy Eg was estimated by Tauc
law. Indeed, the theory of optical absorption gives
the relationship between the absorption coefficient
α and the photon energy hν for direct allowed
transition as [56]:

(αhν) = A(hν−Eg)
n (11)

where α is absorbance coefficient, A is a constant,
h is Planck constant, ν is photon frequency, Eg is
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Fig. 3. Surface area (1 µm × 1 µm) scanned by AFM of sprayed ZnO films (from the top to the bottom) 2D view of
pure (B3) and Al (C1), Sn (D1) and Cu (E1)-doped ZnO, the white solid bar indicates a scale of 0.25 µm.

optical band gap and n is 1/2 for direct band gap
semiconductors. Fig. 5 shows the plot of (αhν)2 vs.
photon energy which yields the sharp absorption
edge for the high quality films by a linear fit. The
calculated values of optical band gap Eg of doped
ZnO films are summarized in Table 3.

By studying the transmission variation versus
photon wavelength, it has been found that the first
derivative dT/dλ, as sketched in Fig. 6, exhibits a
peak whose center λg can be related to the gap

energy Eg = hc/λg. But the width of this peak does
not correspond to an ideal material. In effect, for
an ideal material, the transmission is zero for the
wavelengths lesser than λEg (λEg is the wavelength
calculated at Eg).

In this case, the first derivative presents itself as
a Dirac peak. Fig. 7 shows schematically the varia-
tion of the transmission and its first derivative as a
function of the wavelength normalized with respect
to the wavelength of the gap. On the other hand,
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Fig. 4. Reflectance and transmittance spectra of ZnO
doped thin films.

Table 3. Calculated values of optical band gap and Ur-
bach energy of pure and 1.5 % Al, Sn and Cu
doped sprayed ZnO layers.

Samples Eg [eV] EU [meV]

ZnO 3.265 91.23
ZnO:Al 3.228 126.63
ZnO:Sn 3.287 111.20
ZnO:Cu 3.260 112.53

it is also found that the thin films absorb even low
energy gap energies as seen in Fig. 6.

This phenomenon is due to the presence of lo-
calized defect states in the band gap of sprayed
ZnO thin film. These localized defect states

Fig. 5. Plot of (αhν)2 vs. photon energy of pure and
1.5 % Al, Sn and Cu doped sprayed ZnO layers.

Fig. 6. Variation of dT/dλ vs. wavelength of pure and
Al, Sn, Cu doped ZnO layers.

produce an absorption tail extending deep into the
forbidden gap. Indeed, in an ideal material, the
band is empty; deformation of equal-energy sur-
face and spreading of these state densities are due
to defects [57]. This is consistent with the find-
ings reported by Mott et al. [58] and Kleider et
al. [59] indeed, in contrast to the crystalline struc-
tures, where the fundamental edge is mainly deter-
mined by the conduction band and valence band.
This tail is referred as Urbach tail and the associ-
ated energy as Urbach energy [60, 61]. According
to Urbach law, the absorption coefficient α near the
band edge is an exponential function of photon en-
ergy as follows [60–62]:

α = α0 exp
(

hν

EU

)
(12)
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*

Fig. 7. Schematic variation of the transmittance (a) and
its first derivative (dT/dλ ) (b) with wavelength.

where α0 is a constant and EU is Urbach energy
which is interpreted as the width of the tail of the
states localized close to the conduction band gap
and it determines the width of the band tails of the
localized states. Urbach energy value is deduced
from the (lnα) against hν curve as shown in Fig. 8.
Indeed, the reciprocal of the slope of linear portion
below optical band gap, gives the value of EU:

EU =

(
d (hν)

d (lnα)

)
(13)

Fig. 8 shows the logarithm of absorption coef-
ficient α of pure and doped ZnO layers vs. photon
energy hν.

It can be seen that Urbach energy depends on
doping element. Doping element increases EU from
91 meV to 126.6 meV for Al doped ZnO layer

Fig. 8. Plot of lnα versus hν of pure and 1.5 % Al, Sn
and Cu doped sprayed ZnO layers.

as listed in Table 3. This result shows the differ-
ence in incorporation type of these elements in ZnO
matrix. Also, by examining the difference in ionic
radii between zinc and the doping elements and the
difference in oxidation number (ON), as listed in
Table 4, there is a strong correlation with the Ur-
bach energy. It confirms that incorporation of these
doping elements into ZnO matrix introduces some
defects into the energy bands.

This result reinforces the structural studies de-
scribed above. The band tails in optical absorp-
tion of doped ZnO thin layers may originate from
broadening of impurity levels due to their spa-
tial overlap into conduction band and the non-
homogenous distribution of impurities.

3.3.2. Opto-thermal investigation

Regarding the value of the band gap energy of
the sprayed ZnO thin film which is required to us-
ing such films as optical window in solar cells, it is
important to study absorptivity of such binary thin
films. This issue has been investigated by means of
opto-thermal properties.

The effective absorptivity as defined in many
precedent studies [63, 64], is the mean normalized
absorbance weighed by the IAM1.5 solar standard ir-
radiance:
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Table 4. Difference of ionic radii and oxidation number in correlation with Urbach energy.

Doping
element

|r2+
Zn – rdoping ion|

[Å]
|ON2+

Zn – ONdoping ion|
EU

[meV]

Al 0.205 1 126.63
Sn 0.05 2 111.20
Cu 0.03 1 112.53

∧
α =

λmax∫
λ min

IAM1.5α(λ )dλ

λmax∫
λ min

IAM1.5dλ

(14)

where IAM1.5 is the reference solar spectral irradi-
ance, λ is the normalized wavelength and α(λ) is
the normalized absorbance spectrum. The absorp-
tivity values are listed in Table 5.

It is known that absorption of a light wave is
reflected by a kinetic energy of free charges and
therefore the coefficient of absorption increases
with the charge density. Moreover, ZnO is a n-type
semiconductor, its doping by aluminum which is
+3 promotes this type and the doping by tin which
is +4 encourages even more the n type of ZnO. But
doping by copper ions which are of +1 valence
promotes p-type. Indeed, Ahn et al. [65] reported
that Cu2O is a p type semiconductor. This makes
that free charge carrier density can be classified
as follows:

nZnO:Cu < nZnO < nZnO:Al < nZnO:Sn

which is the same as the order of absorptivity.

On the other hand, in comparison with previ-
ous work, absorptivity values are less than those
of metallic oxide and metallic sulfide such as
Al2O3 [66], NiO [67], Ag2S [50], Sb2S3 [68] and
LaMnO2.75 [69]. This shows that ZnO can be con-
sidered as one of the best candidates among these
materials for such applications as optical window.

3.4. Electrical investigation
Since ZnO is a wide band gap semiconduc-

tor, it is interesting to know its electrical prop-
erties, particularly the electrical conductivity and
the type of charge carriers as well as the influence

of doping on these properties. The electrical prop-
erties of pure and doped ZnO were investigated
by using the conductivity at room temperature and
Hall effect measurements. Table 6 summarizes free
charge carrier density, mobility, resistivity and Hall
coefficient [70, 71].

It was found that doping did not change the n-
type of ZnO material. Similarly, absorptivity, and
conductivity increased with the oxidation number
of the doping element. This is obvious as in the
solid state, copper oxide is in Cu2O form and there-
fore the oxidation state of the copper is +1. Since
zinc has +2 oxidation number, the doping of ZnO
by copper favors the p-type and therefore, this dop-
ing tends to neutralize the excess of electrons in
zinc oxide causing the decreasing of conductiv-
ity by copper doping effect. For doping with alu-
minum which is +3, it is clear that during its in-
corporation into the ZnO matrix, the aluminum el-
ement behaves as a donor which consequently pro-
motes the n type. Finally, for doping with tin ele-
ment which is +4, the conductivity is greater than
that of others. The electric study was followed by
further investigation to determine other parameters,
such as free charge density n and mobility µ, using
the following relations [71]:

RH =
1
nq

(15)

σ = nqµ (16)

where RH is Hall coefficient, σ is conductivity and
q is electron charge. Free charge carrier density and
mobility values are listed in Table 6. It is noted that
these two parameters do not obey the same varia-
tion pattern with the oxidation number of doping
element. For instance, the electrical conductivity is
related to several phenomena arising in the doped
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Table 5. Absorptivity values of pure and 1.5 % Al, Sn and Cu doped sprayed ZnO thin films.

Sample ZnO ZnO:Al ZnO:Sn ZnO:Cu
∧
α [× 104 m−1] 29.91 31.47 34.23 29.44

Table 6. Free charge carrier density, mobility, resistivity, Hall coefficient and conductivity type of pure and 1.5 %
Al, Sn and Cu doped sprayed ZnO thin films.

Films
n

[1012 × cm−3]
µ

[cm2/V·s]
ρ

[102 × Ω·cm]
RH

[105 × cm3/C]
Type

ZnO 1.065 189 309.6 –58.64 n

ZnO:Al 48.23 227 57.01 –12.94 n

ZnO:Sn 50.92 128 9.546 –1.226 n

ZnO:Cu 14.5 39.61 108.7 –4.304 n

materials, such as structural defects, impurities and
effect of doping on the effective mass and the col-
lision time.

3.5. I-V characteristics of Al/n-ZnO/p-
Si/Al device

The I-V characteristics of the Al/n-ZnO/p-Si/Al
device are described by thermionic emission model
as follows [72, 73]:

I = I0 exp
[

q(V − IRs)

nkT

]
(17)

Derivative of voltage over derivative of lnI
yields the ideality factor n of device (n = 1 for ideal
diode case) as follows [72]:

n =
q

kT
dV

d (ln I)
(18)

where I and V are the measured current and ap-
plied bias voltage, I0 is the saturation current
expressed as [72]:

I0 = AA∗T 2 exp
(
−qΦb

kT

)
(19)

where A∗ is Richardson constant (32 A/K2·cm2

for p-type Si) [72], A is effective device area T
is the ambient temperature in Kelvin, q is electron
charge, Φb is zero-bias barrier height of our device
expressed as follows [73]:

Φb =
kT
q

ln
(

AA∗T 2

I0

)
(20)

The as-fabricated device shows a high recti-
fication ratio RR, I (5 V)/I (–5 V), of 44554
as displayed in Fig. 9.

Fig. 9. Room temperature I-V characteristics of
Al/n-ZnO/p-Si/Al device in dark within –5 V
and +5 V bias voltage range.

The non-ideal behavior of the device was re-
vealed and ideality factor was found to be 4.4.
The latter was determined in the forward volt-
age range according to V > 3 kT/q condition and
saturation current I0 was evaluated as 41.4 nA
as shown in Fig. 10.

In order to demonstrate the role of series re-
sistance, Cheung et al. [74] have developed an
approximation, in terms of current and voltage,
expressed as:

dV
d(ln I)

= IRS +n
(

kT
q

)
(21)
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Fig. 10. I-V plots in the forward voltage range of
Al/n-ZnO/p-Si/Al device. The linear fit is dis-
played in red solid straight line; fit equation is
displayed inside the figure.

and the function H versus current is written
as follows [74]:

H(I) =V −
(

nkT
q

)
ln
(

I
AA∗T 2

)
(22)

Furthermore, it is rewritten in terms of Rs and
Φb in the following equation [73, 74]:

H(I) = IRS +nφb (23)

where A is the contact area evaluated at 0.018 cm2.
Ideality factor and series resistance as well as
the barrier height were calculated using Che-
ung approximation. The parameters extracted from
Cheng-Cheung functions were assessed in forward
bias voltage and in high current range of 1.2 mA to
1.8 mA as seen in Fig. 11.

Therefore, the profile of quantities dV/dlnI and
H(I) vs. I plots for Al/ZnO/Si/Al device under dark
and room temperature conditions show roughly a
linear increase as displayed in Fig. 11. Series re-
sistance, obtained by (dV/dlnI) vs. I and H vs.
I, is around 123 Ω and 113 Ω, respectively. Ide-
ality factor is roughly around 15 and the bar-
rier height is of 0.59 eV as determined by equa-
tion 23. This high value of n is due to pres-
ence of interface layers and series resistance in
our device. The obtained Rs value, determined by
Cheung method, ranges within 508 Ω to 534 Ω

for Ag/SnO2:In/Si/Au Schottky diode, while

Fig. 11. Double Y-axis plot of variation of
dV/dlnI (left) and H (right) versus
current for Al/n-ZnO/p-Si/Al device. Straight
lines obtained by linear fitting are displayed
and fit equations are written inside the figure.

the barrier height is around 0.57 eV as reported
previously [75]. Other results, like ideality factor
2.7 to 3.5 for the Ag/SnO2:In/Si/Au MOS diode
when In doping level varied from 4 % to 8 %
and Rs ranging from 344 Ω to 538 Ω, obtained
using Cheung approximation, have been demon-
strated [76]. An organic layer inserted in the junc-
tion as Au/PVP/ZnO/Si/Al has changed the value
of ideality factor and Rs, which were found to
be 4.45 and 30 kΩ, respectively, as previously
reported [77].

4. Conclusions
Pure and aluminum, tin and copper doped zinc

oxide thin films have been successfully deposited
on a glass substrate by spray pyrolysis technique at
350 °C. X-ray diffraction analysis shows that the
prepared film are mainly composed of hexagonal
wurtzite ZnO phase.

Also the doped thin films show c-axis oriented
(0 0 2) plane. The structural parameters (lattice
parameters, grain sizes) depend on the doping el-
ement. The optical properties deduced from the
transmission and reflection spectra show a good
transparency of the deposited thin films in the
visible and near infrared regions. Optical band
gap energy and Urbach energy have been calcu-
lated in terms of doping element. The observations
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by atomic force microscope show a smooth enough
surface which has the potential for optoelectronic
applications by minimizing the diffusion caused by
irregular surfaces. Besides, the electrical proper-
ties of M-doped ZnO thin films have been studied.
Moreover, the Hall effect measurements at room
temperature give a negative Hall coefficient value
which indicates an electronic conduction in the as-
grown ZnO thin films.

The electrical conductivity measurements show
good agreement with the nature of the doping el-
ement and the effect of the oxidation number of
doping element on the electrical conductivity as
well as on absorptivity. According to this investi-
gation, ZnO is a multifunctional material. In or-
der to show the importance of ZnO for electronic
device fabrication, Al/ZnO/pSi/Al device was fab-
ricated and its current-voltage characteristics were
measured. High rectifying efficiency of the device
was achieved and its non-ideal behavior was re-
vealed (n > 4). The device had a relatively high se-
ries resistance which was around 123 Ω and barrier
height of 0.59 eV. This result is very interesting as
by using a simple spray pyrolysis, which is a low-
cost technique, it was possible to prepare doped
oxides and open the way for possible use of the
prepared films in many optoelectronic applications.
Further studies on possible environmental applica-
tions of the doped films, particularly in gas sen-
sors, photocatalysis and micro-optoelectronic ap-
plications, are in progress. ZnO:Al may also be
used as a window in solar cells.
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