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Transparent conducting thin films of ZnO:Ga (GZO) have been deposited onto
glass substrates and were prepared by RF-magnetron sputtering from
nanoparticles synthesized by the sol-gel method. The preheated substrate
temperature was changed from room temperature to 300°C. X-ray diffraction
spectra showed that the as-deposited films are polycrystalline ZnO with a
hexagonal wurtzite structure. Surface morphology, optical properties (such as
transmission, reflectance), and conductivity were investigated. The obtained
results revealed that the structures and properties of the films were greatly
affected by the substrate temperature. Thin films of GZO have a low resis-
tivity, with a minimum value of 2.20 x 1072 Q cm deposited at a substrate
temperature of 200°C.
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INTRODUCTION

Transparent conducting zinc oxide films have
been extensively studied in recent years, because of
their low cost precursor materials, relatively low
deposition temperature and high stability in
hydrogen plasma compared to oxide tin indium
(ITO) and dioxide tin (SnOsy) films.! These advan-
tages are of considerable interest for solar energy
conversion applications. The high chemical and
thermal stability and high abundance of zinc oxide
make it an attractive material for a wide variety of
applications, such as ultraviolet (UV) emitters and
detectors,? light-emitting devices,>* gas sensors,”®
surface acoustic wave devices’ and transparent
electrodes.®® Doped zinc oxide materials have been
extensively studied, because of their remarkable
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optical and electrical properties. The mechanisms of
doping may be deviating from the stoichiometry of
Zn0O, mainly by the introduction of excess zinc
atoms in interstitial position, or by the creation of
oxygen vacancies (the centers created then behave
as electron donors),'® or by substituting zinc atoms
or oxygen atoms by foreign network different va-
lence. The addition of Group III metal dopants, such
as Al, In and Ga, increases the electrical conduc-
tivity and transparency of ZnO films. The incorpo-
ration of these elements into the ZnO lattice can
stabilize the film at high temperatures, and increase
its electrical conductivity.'’ Among these elements,
Ga is the most effective n-type dopant in ZnO since
the ionic and the covalent radii (0.62 A and 1.26 A)
are closer to those of Zn (0.74 A and 1.31 A) and the
covalent bond length of Ga-O (1.92 A) is also closely
matched with that of Zn-O (1.97 A).'*3

Several techniques of deposition have been used
for the }l)roduction of ZnO thin films, such as evap-
oration,’* chemical vapor deposition (CVD),'*'6
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spray pyrolysis,'” magnetron sputtering
pulsed laser deposition (PLD).?!

However, among these techniques, the sputtering
and sol-gel processes offer many advantages.
Sputtering performed at a high deposition rate, with
no toxic gas emissions, is easy to expand to large-
scale glass substrates with no undesired layer for-
mation problems,?” and is a low cost and simple
method. 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 easily design and fabricate a wide
variety of different materials, including the possi-
bility of doping even at high level concentrations at
room temperature (RT). Compared with other
techniques, the sol-gel method has many advan-
tages 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.?* How to prepare
high-quality ZnO nanoparticles by the sol-gel
method has become a research subject for a com-
parison between the structural and optical proper-
ties of nanocrystalline ZnO nanopowder such as
crystallite size and band gap energy.

In our previous research work, we developed a
novel method to fabricate ZnO films as-deposited
from ZnO nanostructures synthesized by the sol-gel
technique.?* Therefore, the structural properties of
the obtained ZnO thin-films were partly dependent
on the ZnO nanoparticles. Furthermore, the prop-
erties of the as-deposited ZnO films were partly
dependent on the properties of the substrates, such
as the crystal orientation, the conductivity, and the
roughness. In the present work, a systematic
investigation of the structural and optical properties
of GZO films deposited by RF-magnetron sputtering
at various substrate temperatures is reported using
a nanocrystalline powder synthesized by the sol-gel
method. The main purpose is to further understand
the influence of substrate temperature on the opti-
cal properties of GZO films. In particular, optical
parameters such as the optical band gap, Urbach
energy, refractive index and electrical conductivity
are investigated.

EXPERIMENTAL

Zn0:Ga nanocrystals were prepared by the sol—
gel method using 10 g of zinc acetate dehydrate
[Zn(CH3COO), 2H50] as a precursor in 70 mL of
methanol. After 10 min under magnetic stirring at
RT, an adequate quantity of gallium nitrate
[GaN30g¢], corresponding to [Gal/[Zn] = 0, 1, 3 and
5 at.% were added. After 10 min under magnetic
stirring, the solution was placed in an autoclave and
dried in a supercritical condition of ethanol (EtOH).
Then, the GZO films were deposited on a glass
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substrate by RF-magnetron sputtering (13.56 MHz-
Cezar RF-power Generator). Before each deposition,
the sputter chamber was evacuated to a base pres-
sure of about 107 ° mbar. After introducing the
sputtering in argon gas with 99.9999% high purity
without oxygen, the sputtering deposition was car-
ried out at a pressure of 102 mbar. The sputtering
targets were prepared from the aerogel powders of
7Zn0:Ga. During the sputtering process, the RF
power was 60 W and the substrate temperature was
between RT and 300°C. Before deposition of the
GZO thin films, the glass substrates with 1 mm
thickness were ultrasonically cleaned in HCI, rinsed
in deionized water, then subsequently in ethanol
and rinsed again.

The crystal structure was characterized by x-ray
diffraction (XRD) using CuKu radiation (1.5406 A).
The crystallite size was calculated from XRD data
using Scherrer’s formula.?®

09)
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(1)

where A is the x-ray wavelength, 0 is the Bragg
diffraction angle and f is the FWHM of the XRD
peak (in radians). The GZO nanoparticles were also
characterized by transmission electron microscopy
(TEM) using JEM-200CX. The composition studies
were performed by energy dispersive x-ray spec-
troscopy (EDS) using a scanning electron micro-
scope (SEM) JEOL JSM 5410 type with an EDS
attachment. Surface morphology and roughness
were measured using atomic force microscopy
(AFM; Topo Metrix). Electrical resistivity, Hall
mobility and carrier concentration were measured
at RT by a Hall measurement system with the Van
der Pauw method. The optical transmittance of the
films was determined using a Shimadzu UV-3101
PC spectrophotometer in the wavelength range
from 200 nm to 3000 nm.

RESULTS AND DISCUSSION
Structural and Morphological Properties

Figure 1 shows the evolution of diffraction pat-
terns of x-rays aerogels nanoparticles ZnO:Ga syn-
thesized by the sol-gel method at different
concentrations of gallium. Five pronounced peaks
appear at 20 = 31.66°; 34.42°, 36.17°; 47.46° and
56.64°. They are provided from the planes (100),
(002), (101), (102) and (110), respectively.?® This
result indicates that GZO aerogel powder has a
polycrystalline hexagonal wurtzite structure. The
average grain size of the basal diameter of the
cylinder-shape crystallites varies from 14 nm to
20 nm, whereas the height of the crystallites varies
from 25 nm to 34 nm.

The observations by TEM and SEM of the
nanoparticles ZnO:Ga shows that the doped ZnO
nanoparticles are fine with a prismatic shape and a
narrow particle size distribution (Fig. 2). The size of
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Fig. 1. X-ray patterns of ZnO:Ga aerogel nanoparticles for various
gallium doping levels.

the majority of the nanoparticles of ZnO:Ga in this
powder ranges from 20 nm to 30 nm. The mor-
phology of all the samples is found to be nearly
spherical in nature with the diameters ranging from
14 nm to 35 nm, in a good agreement with the re-
sults of the XRD. The chemical composition of
7Zn0:Ga nanoparticles performed by EDS are pre-
sented in Fig. 2b and compiled in Table I. The EDS
analysis confirms the presence of gallium in the
Zn0O matrix with no other impurities. From this
analysis, we can conclude that the ZnO nanoparti-
cles doped with gallium are homogeneous and qua-
si-stoichiometric.

The XRD patterns of ZnO:Ga thin films deposited
at RT with different Ga concentrations, and films
deposited from a fixed concentration, [Ga/
Zn] = 3 at.% and different deposition temperatures
are shown in Fig. 3a and b, respectively. All films
have hexagonal wurtzite structure. A prominent
(002) peak indicates structure preferential orienta-

(a)

Zn0O :Ga3%

100 nm

7Zn0 :Ga3%

Zn0Ga3%
MAG: 2000 x HV: 15.0 k¥ WD: 27.0 mm

Fig. 2. Typical TEM photograph (a) and SEM showing (b) the general morphology of GZO aerogel nanoparticles.
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Table I. Atomic compositions of GZO nanoparticles

Chemical Zinc Oxygen Gallium
composition (at.%) (at.%) (at.%)
ZnO 48.43 51.57 0.00
Zn0:Gal% 46.82 52.81 0.37
Zn0:Ga3% 47.12 51.54 1.34
Zn0:Ga 5% 46.78 51.04 2.18
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Fig. 3. XRD patterns of GZO films deposited on glass substrates
with different Ga content (a) and the GZ03.0% thin films deposited at
various substrate temperatures (b).
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tion of the films with their c-axis perpendicular to
the substrate plane.?” The films are developed
without any second phase, indicating that they have
a high-quality crystalline structure. It has been
established that the preferred orientation is a result
of a self-ordering caused by the minimization of the
crystal surface energy.?® All Ga-doped ZnO thin
films show high (002) diffraction peak intensity.
This means that the as-deposited ZnO:Ga films
show a good crystalline quality for gallium concen-
trations between 1.0 at.% and 5.0 at.%. The grain
sizes for the films, calculated using Scherrer’s for-
mula, are comparable to those of the ZnO powder.
The (002) peak intensity increases with the gallium
concentration and reaches a maximum for a con-
centration of 3.0 at.% of Ga. However, the (002)
diffraction peak intensity decreased with increasing
doping concentrations over 3.0 at.%. This indicates
that an increase in doping concentration above a
critical value (3.0 at.%) causes a deterioration of the
crystallinity of the films, which may be due to the
formation of the stresses induced by the difference
in ion size between zinc and the dopant®® and the
segregation of dopants in grain boundaries for high
doping concentrations.

It is also clearly observed that the intensity of the
(002) XRD peak increases with increasing the sub-
strate temperature. On the other hand, a variation
in the position of the (002) diffraction peak as a
function of the substrate temperature is observed
(Table II). As Ts increases from RT to 300°C, the
average crystal size increases from 29.20 nm to
32.20 nm, indicating that a high substrate temper-
ature can improve the crystallinity of the GZO film.
The crystallite size increased with the increase of
substrate temperature, but decreased slightly at
300°C.

The variation of crystallite size as a function of
substrate temperature is shown in Fig. 4. A notice-
able increase is seen in crystalline size with the
substrate temperature. The larger grain size im-
plies the improvement of the crystallinity of the
films. From the XRD results, it can be concluded
that the film properties are strongly dependent on
substrate temperature. The lattice constant ¢ can be
calculated by the formula®’:

a

dppw =
VA2 + B2 4 k) + 2%

(2)

Table II. Variation of the (002) peak positions, FWHM, grain size, interreticular distance (d;;;) and lattice
parameters of GZO films deposited at various substrate temperatures

Substrate temperature (°C) (002), 20 (deg) FWHM (deg.) Grain size (nm) dnr (nm) c (10\)
RT 40.04 0.337 29.20 0.2615 5.230
100 40.00 0.326 30.10 0.2613 5.226
200 40.05 0.305 32.20 0.2612 5.224
300 40.04 0.338 29.06 0.2614 5.228
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Fig. 4. Evolution of grain size of GZO 3.0 at.% thin films according
to the substrate temperature.

where a and ¢ are the lattice constants and dj,;; is
the crystalline plane distance for indices (hkl).
According to Eq. 2, the lattice constant c is equal to
2 dpp; for the (002) diffraction peak. The values of
dp; and c are listed in Table I1. All the values of dy,;
are larger than that of standard ZnO powder
(2.603 A), indicating that the crystalline plane dis-
tances of GZO films are lengthened by imperfections
such as lattice strains and interstitial defects. The
XRD peak of GZO 3 at.% film is moved towards the
larger 0 values, which leads to a decrease in the
lattice parameter ¢ (Table II). This reduction is di-
rectly related to the incorporation of Ga*® ions in
substitutional sites Zn*%. Then, the incorporation of
the dopant in the ZnO matrix leads to a network
contraction.

The substrate temperature dependence of the
crystallite size for GZO films was also revealed by
the AFM micrographs. Figure 5 shows the surface

24.77 nm

0.00 nm

Fig. 5. Surface morphologies for GZO 3.0 at.% films deposited at various substrate temperatures: (a) QT = RT, (b) T = 100°C, (c) T =200°C and

(d) T = 300°C.
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Fig. 6. Transmittance (a) and reflectance (b) spectra of GZO films
deposited at various substrate temperatures.

morphologies of the films deposited at various sub-
strate temperatures. An increase in grain size with
temperature and a decrease in the roughness are
observed. The roughness average values of these
films varied in the range of ~3-8 nm; a higher
deposition temperature resulted in rougher films.

Optical Studies

The optical transmittance and reflectance of
Zn0:Ga 3 at.% (GZO 3 at.%) films deposited at dif-
ferent substrate temperatures, in the spectral range
of 200-3000 nm, are shown in Fig. 6a and b. The
observed interference fringes with deep valleys and
tall crests indicate that the films have a smooth
surface. The high transmission of all these samples
demonstrates that ZnO thin films can be used as an
optical window in optoelectronic devices. The steep
drop of the transmission for the lower wavelengths
at 380 nm corresponds to the 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 optical gap. According to the theoret-
ical and practical calculations, the ZnO has a direct
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inter-band transition®! and for direct allowed tran-
sitions between the parabolic bands, the band gap of
films was obtained by Tuac’s relationship.>?

a(hv) = A(hv — Eg)'/?, (3)

where A is a constant for direct transition, and Av is
the energy of the incident photon.

The optical absorption coefficient () is calculated
from the transmittance data, where the reflection
losses are taken into consideration, by Ref. 33:

(1-R)’

; @

o==Ln

d

where d is the thickness of the film and R and T are
the reflectance and the transmittance, respectively.

The optical band gap (E,) can be obtained by
extrapolating the straight-line portion of («hv)?
versus hv plots to the energy axis.®* The plots of
(ahv)? as a function of the incident photon energy Av
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for GZO 3 at.% films deposited at various substrate
temperatures are shown in Fig. 7. The deduced
optical band gaps for films deposited at RT, 100°C,
200°C and 300°C are 3.63 eV, 3.57 eV, 3.65 eV and
3.48 eV, respectively. All the values are larger than
that of pure bulk ZnO (3.30 eV). When the substrate
temperature is increased, the value of E, first de-
creases and then increases rapidly. This increase of
the gap is caused by the Burstein—Moss effect,?>36
which is related to the fact that the increased con-
centration of charge carriers block the lowest con-
duction band states (Burstein—Moss effect) and then
transitions can occur only toward higher energy
states.

Incorporatation of a higher doping concentration
would induce the formation of band tails in the band
gap, known as the Urbach tail of the films and ex-
pressed by Ref. 37 and 38

o = 0o eXp (Z—v> , (5)

where oy is a constant and E, is the Urbach energy,
which refers to the optical transition between
occupied states in the valence band tail and the
conduction band edge.?” The E, values were ob-
tained from the inverse of the slope of Ln(a) versus
photon energy. The results are shown in Fig. 8. It
has been demonstrated that the increase in the
substrate temperature induces a decrease in the
structural disorder decreases and an improvement
of the stoichiometry.?® Natsume et al.*® have pro-
posed an explanation for this variation in localized
donor levels from interstitial zinc atoms states.
Zinc oxide is a transparent material whose
refractive index in the bulk form is two.*! In the
case of thin films, the refractive index and the
absorption coefficient vary depending on the condi-
tions of preparation. The calculated refractive in-
dices at different wavelengths are shown in Fig. 9.
The refractive index has a value which varies be-
tween 1.80 and 2.40. The improvement in the stoi-
chiometry of ZnO leads to a decrease of the
absorption coefficient and an increase in the energy
of the bandgap. The variation of the refractive index
varies with the phonon energy for all the films and
is shown in Fig. 9a. The refractive index of the
samples decreases with the doping concentration.
The observed variation of the refractive index with
doping concentration for ZnO:Ga films can be ex-
plained on the basis of the contribution from both
lattice contraction and the disorder of the films.
This lowering of the refractive index can mainly be
attributed to an increase of the carrier concentra-
tion in the ZnO film:Ga. Doping gallium in ZnO can
act as an effective donor by substitutional intro-
duction following Ga®* Zn?* in the place or incor-
poration of Ga ions in the interstitial spaces,
generating free carriers. With increasing dopant
concentration, the concentration of carrier in the
ZnO film:Ga is increased. Therefore, the refractive
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Fig. 9. Variation of refractive index with Ga concentration and sub-
strate temperatures for GZO films as a function of wavelength.
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Fig. 10. Electrical properties for GZO 3.0 at.% films as a function of
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index is decreased. From Fig. 9b, these variations
indicate that the refractive index increases with the
substrate temperature. This increase of the refrac-
tive index can be mainly attributed to an increase in
carrier concentration in the films Zng 97Gag ¢30.
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Table III. Electrical properties and band gap of ZnO:Ga films with different Ga contents and at different

deposition temperatures

Ga-doping level (content %)

Temperature 0

RT
p(1072 Q cm) 35.0
u (em?/Vs) 4.12
n (10%° cm—3) 0.44
E; (eV) 3.30

100°C
p(1073 Q em) -
i (em?/Vs) -
n (10%° cm—3) -
E, (eV) -

200°C
p(1072 Q cm) 28.32
u (cm?/Vs) 5.38
n (10%° cm %) 0.41
E; (eV) 3.26
300°C
p(1073 Q cm) -
u (em?/Vs) -
n (10%° em—3) -
E, (eV) -

1 3 5
11.2 3.5 7.4
5.87 9.30 4.93

26.40 1.73 1.71
3.37 3.63 3.50
9.0 3.4 6.0
6.67 8.87 6.64
1.04 2.10 1.51
3.36 3.57 3.36
8.0 2.2 4.2
7.30 16.42 10.19
1.07 1.73 1.46
3.41 3.65 3.48
8.5 2.30 -

7.58 13.85 -
0.97 2.00 -
3.41 3.65 -

Electrical Studies

Figure 10 shows the electrical resistivity (p),
carrier concentration (rn) and mobility (1) as func-
tion of substrate temperature. All our Hall mea-
surement results, listed in Table III, of films are
degenerately n-type semiconductors with a resis-
tivity in the range of 102 Q cm. The films deposited
at RT exhibit a resistivity of 3.50 x 1073 Q cm. As
the substrate temperature increased to 200°C, the
resistivity decreased to the minimum value of
2.20 x 102 Q cm, and then slightly increased at
300°C, which is due to the improved Ga substitution
and ZnO crystallinity at higher temperatures, as
indicated by the XRD results. At this temperature,
the mobility also undergoes a sharp increase, which
results from the greatly weakened carrier scattering
process due to the improvement of crystallinity. In
addition, due to the polycrystalline nature of the
film, higher substrate temperatures can promote
desorption of oxygen from the grain boundaries,*?
which helps to promote Ga substitution and pro-
vides more donor states, thus increasing the
mobility. The maximal mobility is 16.42 cm?/Vs,
which is obtained at 200°C. At this temperature, the
mobility also undergoes an increase, which results
from the greatly weakened carrier scattering pro-
cess due to the improvement of crystallinity. The
increase of electrical conductivity was attributed to
better crystallinity of GZO film and its dense
microstructure with somewhat larger grain sizes.
The denser structure induced few pores, which be-
have as traps for free electrons and barriers for

electrons transport in the film. Hence, a decrease in
porosity associated with an increase in the grain
size allows a decrease in election scattering, which
leads to an increase in the conductivity. The in-
crease in resistivity for temperatures above 200°C
corresponds to a decrease in mobility. The most
likely phenomenon explaining the decreased
mobility is increased incorporation of impurities in
the layers. The decrease in conductivity is attrib-
uted to an increase in chemisorbed oxygen, which
acts as an electron trap and results in the decrease
of carrier concentration,*®> while the decrease of
carrier mobility may be related to the increase of
grain boundary scattering for the free electrons.
These results are in accordance with the theoretical
explanation by Fu** and Hong et al.*® Results of this
study indicated that the conductivity of ZnO/Ga film
was closely related to the crystallinity. The elec-
trons resulted from small Ga donors (Gag,). The
electrical transport properties of ZnO:Ga films were
dominated by the carrier concentration and mobil-
ity. V. Khranovskyy’s results*® indicated that the
conductivity was strongly dependent on the crys-
tallinity of Ga-doped ZnO film. However, the elec-
trical transport properties of the films were
dominated by either -carrier concentration or
mobility. While the weakening in crystallinity
shows an increasing trend with substrate tempera-
ture at 300°C, possibly due to metal atoms in the
grain boundaries, where they become inactive as
donors and modify the potential barrier for charge
transport across the grains, resulting in a resistiv-
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ity increase.*”*® At this temperature, the Hall
mobility decreased from 16.42 cm?V !s™! to
13.58 cm? V! s71. This could be related to the seg-
regation of GayO3 at the grain boundaries at high
temperatures, which reduced the doping efficiency
and increased the grain barrier scattering. Similar
results have been reported for AZO thin films.?528
As a result, the resistivity of the GZO films reached
the minimum value of 2.20 x 10 % (Q cm) at the
substrate temperature of 200°C.

CONCLUSION

High-quality transparent GZO thin films were
grown on glass substrates at various substrate
temperatures by RF-magnetron sputtering, using
aerogel nanopowder prepared by the sol-gel tech-
nique. The impact of the substrate temperature on
the structural, electrical and optical properties of
GZO films have been investigated. All films have a
hexagonal wurtzite structure and a preferred ori-
entation along the c-axis. It has been established
that the effect of the substrate temperature modifies
the film growth process and, hence, affects the
structure and surface morphology. The GZO de-
posited layers have a low resistivity, with a mini-
mum value of 2.2 x 1072 Q cm obtained for the
sample deposited at a substrate temperature of
200°C. We found that the resistivity decreases with
increasing the substrate temperature, and this de-
crease is caused by the improvement of crystallinity.
In addition, all the layers are highly transparent in
the visible range and show an increase of optical gap
with increasing temperature. Based on the good
conductivity and high transmittance, the GZO films
prepared by RF-magnetron sputtering can be re-
garded as a transparent electrode.
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