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Abstract In this work, we studied gallium doped zinc
oxide (ZnO:Ga) thin films deposited by rf-magnetron sput-
tering at room temperature using gallium doped nanocrys-
talline powder synthesized by sol-gel method. The effect
of the thickness, on the physical properties of the GZO
thin films was analyzed. The influence of the thickness,
on structure, surface morphologies, chemical atomic com-
position, electrical and optical properties was investigated
by XRD, SEM, TEM, AFM, Hall measurement and UV
Vis—NIR spectrophotometer, respectively. X-ray diffraction
(XRD) results revealed the polycrystalline nature of the
films with hexagonal wurtzite structure having preferential
orientation along [002] direction normal to the substrate.
The lowest resistivity obtained from electrical studies was
107" Q cm. Optical transmittance measurement results
show a good transparency within the visible wavelength
range for all the films.

1 Introduction
Transparent conductive oxide films (TCOs) have been

extensively investigated due to their broad range of appli-
cations such as transparent electrodes in solar cells and in
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photovoltaic devices [1-3]. Zinc oxide (ZnO) has recently
attracted much attention as a promising alternative mate-
rial because of its low cost and its relatively low deposi-
tion temperature, besides its optical and electrical proper-
ties comparable to those of indium tin oxide (ITO). These
advantages are of considerable interest for practical appli-
cations such as transparent electrodes, window material in
displays, solar cells, and various optoelectronic devices [4,
5]. Several techniques of deposition have been used for the
production of ZnO thin films, such as thermal evaporation
[6], chemical vapor deposition [7], RF magnetron sputter-
ing [8], spray pyrolysis [9], pulsed laser deposition [10,
11] and sol-gel process [12, 13]. However, among these
techniques, sputtering and sol-gel processes offered much
more advantages. Sputtering performs high deposition rate,
with no toxic gas emissions, is easy to expand to large scale
glass substrates with no undesired layer formation problems
[14], and is low cost and simple method. On the other hand,
sol—gel technique emerged within the last two decades and
quickly became one of the most important and promising
new material fabrication methods. On the other hand, the
sol—gel technique emerged within the last two decades and
quickly became one of the most important and promising
new material fabrication methods. Indeed, besides the fact
that it is a low cost technique, it enables researchers to eas-
ily design and fabricate a wide variety of different materi-
als, including the possibility of doping even at high level
concentrations at room temperature. Compared with other
techniques, the sol-gel method has many advantages such
as low cost, simple synthesis equipment, easy fabrication
of large areas, easier adjustment of composition, and being
able to carry out doping at molecular level. It is especially
suitable for the fabrication of oxide nanoparticles [15].
Magnetron sputtering has been used by most researchers
to grow ZnO thin films alloyed by Mg, Al, Ca, In, V and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-6158-x&domain=pdf

5022

J Mater Sci: Mater Electron (2017) 28:5021-5028

Co in order to tailor the band gaps. In our previous works,
the influence of Ga-doping on the structure and optical
properties of ZnO films was investigated [16].

In this paper, high-quality GZO transparent conductive
films are prepared by rf-magnetron sputtering from aero-
gel nanopowders, and their structural, electrical and optical
properties are investigated as a function of their preparation
conditions.

2 Experimental details

Nanocrystalline ZnO:Ga aerogels were in the first step
prepared by the sol-gel method using 16 g of zinc acetate
dehydrate [Zn(CH,COO), 2H,0] as a precursor in 112 ml
of methanol. After 30 min under magnetic stirring at room
temperature, an adequate quantity of calcium chloride-
6-hydrate [GaN;Oq4] corresponding to [Ga/Zn] ratios of
0.00 and 0.03 was added. After 15 min under magnetic
stirring, the solution was placed in an autoclave and dried
in a supercritical condition of ethanol (EtOH). Then, the
ZnO:Ga films were deposited on glass substrate by a con-
ventional rf magnetron sputtering system with 10—5 mbar
base pressure. A power supply operated at a crystal-con-
trolled frequency of 13.56 MHz. After introducing the
sputtering Argon gas with 99.9999% high purity without
oxygen, the sputtering deposition was carried out at pres-
sure of 10—3 mbar. The sputtering targets were prepared
from the aerogel powders of GZO. During the sputtering
process, the substrate temperature was set at room tem-
perature, the RF power was 60 W and the thickness was
between 200 and 1000 nm. Before deposition of the GZO
thin films, the substrate glasses with 1 mm thickness were
ultrasonically cleaned in HCI, rinsed in deionized water,
then subsequently in ethanol and rinsed again. Other details
on the experimental procedure used to elaborate our sam-
ples were reported in previous studies [15—18].

The structural, morphological, electrical, and optical
properties were studied in this work. The crystal structure
was characterized by X-ray diffraction (XRD) using CoKa
radiation (1.78091 A). The crystallite size was calculated
from XRD data using Scherrer’s formula. The GZO nano-
particles were also characterized by transmission electron
microscopy (TEM) using JEM-200CX. The composi-
tion studies were performed by Energy Dispersive X-ray
Spectroscopy (EDS) using a scanning electron microscope
JEOL JSM 5410 type with a probe. Surface morphology
and roughness were measured using atomic force micros-
copy (AFM, Topo Metrix) and scanning electron micros-
copy (SEM, HITACHI S4500). The optical transmittance
measurements were performed with a Shimadzu UV-3101
PC spectrophotometer in the wavelength range from 200 to
3000 nm.
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3 Results and discussion

3.1 Structural and morphological of the aerogel
nanopowder

The XRD patterns of ZnO and ZnO:Ga3% are shown in
Fig. 1. Three pronounced ZnO diffraction peaks appear at
20=36.66°, 39.98° and 42.03°, corresponding to (100),
(002) and (101) planes respectively, which are very close
to wurtzite ZnO ones [19]. The obtained XRD diffrac-
togram matched well with the space group P63mc (No.
36-1451) of wurtzite ZnO structure [15, 19]. This result
indicates that ZnO:Ga aerogel powder has a polycrys-
talline hexagonal wurtzite structure. Diffraction lines of
ZnO were broad, and diffraction broadening was found to
be dependent on Miller indices of the corresponding sets
of crystal planes. The average grain size was calculated
using Scherrer’s formula [20]:

_ 094
B pcosb 1)

where A is the X-ray wavelength (1.78901 A), 0 is the max-
imum of the Bragg diffraction peak (in radians) and f is
the full width at half maximum (FWHM) of the XRD peak.
The average grain size of the basal diameter of the cylin-
der-shape crystallites varies from 14 to 20 nm, whereas the
height of the crystallites varies from 25 to 34 nm.

TEM measurements (Fig. 2a) show that very small
particles of ZnO:Ga are present in this powder as pre-
pared in the sol-gel. The majority of ZnO particles size
present in this powder has a size between 20 and 30 nm,
in a good agreement with particles size deduced from
XRD spectra.

The EDX analysis shown in is shown in Fig. 2b and
Table 1 confirmed the presence of gallium in the matrix
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Fig. 1 X-ray diffraction of Ga-doped ZnO aerogel nanoparticles
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Fig. 2 TEM (a) and SEM (a)
(b) micrographs showing the
general morphology of GZO
aerogel nanoparticles

ZnO :Ga3%

100 nm

Zn0Gad%
MAG: 2000 x HV: 15.0 k¥ WD: 27.0 mm

Table 1 Atomic compositions of ZnO and ZnO:Ga nanoparticles

Chemical composition in at.%

Zn (0] Ga
48.43 51.57 0.00
47.12 51.54 1.34

of ZnO and absence of other impurities. From these anal-
yses, we can conclude that the GZO nanoparticles are
homogeneous and quasi-stoichiometric. A similar behav-
iorwas observed by Mahdhi et al. [16] and Medjnoun
et al. [21].

3.2 Structural properties of GZO films

The X-ray diffraction spectra of ZnO:Ga thin films depos-
ited at room temperature with different thickness, and films
deposited from a fixed concentration, [Ga/Zn]=3at.% are
shown in Fig. 3. All films have hexagonal wurtzite struc-
ture. A prominent (002) peak indicates that the crystallite
structure of the films is oriented with their c-axis perpen-
dicular to the substrate plane [22]. The films are developed
without any second phase, indicating that they have a high
quality crystalline structure. Indeed, it has been established
that the preferred orientation is a result of a self-ordering
caused by the minimization of the crystal surface energy
[23]. It is clear that the crystallinity of the ZnO:Ga layers
is improved with the increase in thickness as indicated by

ZnO

TR SRR e
MAG: 2000 x_HV: 15.0 kV WD: 27.0 mm_%

(002
(ow21]

Intensity (a.u.)

20 (degree)

Fig. 3 X-ray diffraction spectrum for ZnO:Ga films with different
thickness

the increase in the peak intensity (002) (Table 2). In addi-
tion, there is the filtering of this peak and its shift towards
larger angles that is to say towards the position of one of
ZnO powder, namely 20=40°. These results indicate that
the quality of the thin film is improved with the thickness
(Table 3).

On the other hand, the variation in positions of the
(002) peak intensity as a function of with the thickness
observed in Table 3. As the thickness increases from 200
to 1000 nm, the average crystal size increases from 23 to
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Table 2 Variation of the peak

. . . Deposition time/min 25 40 65 94 160 240
intensity (002) depending on the
thickness Thickness/nm 200 300 400 500 800 1000
Peak intensity (002)/a.u 2696 9745 6322 13,108 23,539 44,739
Table 3 Variation in the - R 2
Thickness (nm 002) 20° de G (nm dp (A c(A Rms (nm
position of the peak (002), ! s (num) 002) P (deg) (m) i () @) (am)
grain size, and the distance 200 39.98 0.372 26.43 2.614 5.228 275
interticulaire of GZO thin films 5, 40.04 0.337 29.20 2613 5.226 352
of different thicknesses
500 39.80 0.340 28.87 2.627 5.254 4.98
800 39.95 0.334 29.40 2.617 5.234 6.81
1000 40.05 0.291 33.76 2.612 5.224 7.12
34 nm, indicating a high thickness improves the crystal-
linity of the GZO film. The crystal size increased with the 8F «
increase of thickness, but decreased slightly at 500 nm. : ‘o
The larger grain size implies the improvement of the £, N
crystallinity of the films. From the XRD results, it can be g AR
concluded that the film properties are strongly dependent < AN
on thickness. The lattice constant ¢ can be calculated by the s s AN N
formula [24]: '§ .
o LN
a ® 5} R
dyy = AR
S @) -
VA2 + R+ )+ RS ..
3 a L
where a and c are the lattice constants and d,,, is the e TP
. . . . . 40 80 120 160 200 240
crystalline plane distance for indices (hkl). According Time (min)

to Eq. (2), the lattice constant ¢ is equal to 2 d,;, for the
(002) diffraction peak. The values of dy,; and c are listed in
Table 3. All the values of d,, are larger than that of stand-
ard ZnO powder (2.603 A), indicating that the crystalline
plane distances of GZO films are lengthened by imper-
fections such as lattice strains and interstitial defects. The
XRD peak of GZO 3at.% film is moved towards the larger
0 values, which leads to a decrease in the lattice parameter
¢ (Table 3). This reduction is directly related to the incor-
poration of Ga>* ions in substitutional sites Zn>*. Then, the
incorporation of the dopant in the ZnO matrix conducts to
a network contraction.

Figure 4 shows growth rate of the ZnO:Ga films as a
function of the deposition time. When the deposition time
is in the range from 25 to 94 min, the growth rate of the
films decreases rapidly with increasing the deposition
time. As the deposition time is above 100 min, the growth
rate decreases slowly and it saturates at 4 nm/min. This is
because that at initial stage the film is porous and loose, as
time increase, grain sizes becoming larger and the grains
become densely packed.

The effect of thickness on the surface state of the depos-
ited layers on glass slides is revealed by atomic force
microscopy. AFM images obtained are shown in Fig. 5. It is
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Fig. 4 Growth rate of GZO films as a function of the deposition time

found that the surface condition of the layers is influenced
by the increase in thickness. All layers have smooth sur-
faces. Measurements of roughness are grouped in Table 3.
The effect of the thickness of the surface layers deposited
on glass slides was investigated. It was found that the sur-
face layers are affected by the increase in thickness. The
film crystallite size depends on film thickness. When the
deposition begins, there are many nucleation centers on the
substrate and small crystallites are produced. With increas-
ing film thickness, the crystallinity of the films is improved
and the crystallite sizes become larger. This result is con-
sistent with the XRD observation.

3.3 Electrical properties

The electrical resistivity and Hall Effect measurements
have been carried out at room temperature on GZO thin
films. The carrier density and mobility of the GZO thin
films were estimated from Hall Effect measurements.
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Fig. 5 2D-AFM images

(5 x 5 pm?) of 3at.% Ga-doped
ZnO thin films deposited at
various thickness

d=200 nm

The dependence of the resistivity, Hall mobility and
carrier concentration on the thickness of ZnO:Ga films is
shown in Fig. 6 and Table 4. It can be seen that, the carrier
concentration increases from 0.34 10%° to 3 10%° cm™ for
film thickness than 1000 nm.

The Hall mobility of ZnO:Ga films monotonically
increase with increasing the film thickness.

With increasing thickness for the thinner films, the
increased mobility is attributed to the improved crystal-
linity and increased crystallite sizes that weakens inter-
crystallite boundary scattering and increases carrier

d=1000 nm

lifetime. The increased mobility and carrier concentra-
tion makes the resistivity of the films decrease from 24.3
1073 t0 0.81073 (€ cm) when the film thickness increased
from 100 to 1000 nm. The increase in carrier mobility of
thin films is attributed to the improved crystallinity and
increased crystallite sizes that weaken the inter-crystal-
line boundary scattering and increases carrier life time
[25]. The decrease in the resistivity probably took place
due to the increased concentration of dopant gallium
atoms in substitutional places of lattice structure under
the influence of substrate temperature [15, 26].
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Resistivity 10°( Q.cm)
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Fig. 6 Variation of resistivities (p) as a function with thickness of

GZO thin films

Table 4 Electrical properties and band gap of GZO films with differ-
ent thickness

Thickness (nm) p (2 cm) p (cm?Vs) n10% (cm™) Eg (eV)

1073
200 572 8.47 1.28 3.48
300 3.50 9.30 1.92 3.63
500 2.00 14.88 2.10 3.45
800 1.50 16.02 2.60 3.31
1000 0.80 26.04 3.00 3.34

3.4 Optical studies

The optical transmittance and reflectance of ZnO:Ga 3at.%
(GZO 3at.%) films deposited at different thickness, in the
spectral range of 200-3000 nm, are shown in Fig. 7 a, b.
The observed interference fringes with deep valleys and
tall crests indicate that the films have a smooth surface. The
steep drop of the transmission for the lower wavelengths
at 380 nm, corresponding to absorption in ZnO due to the
transition between the valence band and the conduction
band. This area is used to determine the energy of the opti-
cal gap. According to the theoretical and practical calcula-
tions, the ZnO has a direct inter-band transition [27] and for
direct allowed transitions between the parabolic bands, the
band gap of films was obtained by Tuac’s relation [28].

a(hv) = A(hv — E)'/? 3)
where A is a constant for direct transition, and Av is the
energy of the incident photon.

The optical absorption coefficient (a) is calculated from
the transmittance data, where.
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Fig. 7 Transmittance (a) and Reflectance (b) spectra of GZO thin
films of different thicknesses

the reflection losses are taken into consideration, by
[29]:

_ 4 _ _ 2
a=an‘/(1 R +4T2R2 — (1 —R) @

d 2TR?

where d is the thickness of the film and R and T are the
reflectance and the transmittance respectively. The opti-
cal band gap (E,) of the films can be obtained by plotting
(ahv)? versus hv and extrapolating the straight-line portion
of plots to the energy axis as shown in Fig. 8 The deduced
optical band gaps for films deposited at RT with a thick-
ness 200, 300, 500, 800 and 1000 nm are 3.48, 3.63, 3.45,
3.31 and 3.34 eV, respectively. All the values are larger
than that of pure bulk ZnO (3.30 eV). When the thickness
is increased, the value of Eg increases rapidly to a thick-
ness of 300 nm and then it decreases. This increase of the
gap is caused by the Burstein—Moss effect [30, 31], which
is related to the fact the increased concentration of charge
carriers block the lowest conduction band states and then
transitions can occur only toward higher energy states. The
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Fig. 8 Square of the absorption coefficient as a function of photon
energy for GZO thin films deposited at various thickness

decrease in the energy of the gap can be explained the con-
tradictory phenomena affect the values of the energy gap
with the increasing density of donors, mainly in the semi-
conductor band doped. The band gap of ZnO films at con-
centrations above the critical concentration holders Mott
[32] as the electronic and electro-impurity interaction gives
rise to a displacement of the energy bands of valence and
conduction, which leads to a reduction of the width of for-
bidden band. The fundamental absorption edge for ZnO
lies in the ultraviolet region and may shift to shorter wave
length with increasing carrier density. This shift is due to
the filling of states near the bottom of the conduction band.

Zinc oxide is a transparent material whose refractive
index in the bulk form is two [33]. In the case of thin films,
the refractive index and the absorption coefficient vary
depending on the conditions of preparation. The calcu-
lated refractive indices at different wavelengths are shown
in Fig. 9. The refractive index has a value which varies
between 1.80 and 2.50. The improvement in the stoichiom-
etry of ZnO leads to a decrease of the absorption coefficient
and an increase in the energy of the band gap. The refrac-
tive index of the samples increases with thickness. This
increase of the refractive index can be mainly attributed to
an increase in carrier concentration in the films ZnO:Ga
3%.

4 Conclusion

Zn0:Ga films were deposited on glass substrate by rf-mag-
netron sputtering process using aerogel nanopowders pre-
pared by sol—gel technique at low substrate temperature. An
investigation of the effects the thickness on the electrical,
optical, and structural properties was performed in order

Fig. 9 Variation of refractive index with thickness for GZO films as
a function of wavelength

to explore the possibility of producing transparent conduc-
tive oxide (TCO) films by low-cost process. The crystal
structure of the ZnO:Ga films is hexagonal wurtzite and
the films are highly oriented along the c-axis perpendicular
to the substrates. It has been established that, the effect of
the thickness modifies the film growth process and, hence,
affects the structure and surface morphology. The deposited
layers GZO have a low resistivity, with a minimum value of
10~ Q cm obtained for the sample deposited at RT with
a thickness of 1000 nm. The average transmittances in the
visible range for all the films are over 90%. Based on the
good conductivity and high transmittance, the GZO films
prepared by RF magnetron sputtering can be regarded as a
potential transparent electrode.
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