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Abstract In the present work, we have deposited gallium

doped zinc oxide thin films by magnetron sputtering

technique based nanocrystalline particles elaborated by

sol–gel method. In the first step, the nanoparticles were

synthesized by sol–gel method using supercritical drying in

ethyl alcohol. The structural studied by X-ray dif-

fractometry indicates that GZO has a polycrystalline hex-

agonal wurzite structure with a grain size of about 30 nm.

Transmission electron microscopy measurements have

shown that very small particles of GZO are present in the

aerogel powder. Then, thin films were deposited onto glass

substrates by rf-magnetron sputtering at ambient tempera-

ture. The influence of RF sputtering power on structural,

morphological, electrical, and optical properties were

investigated. It has been found that all of the films

deposited were polycrystalline with a hexagonal wurtzite

structure and preferentially oriented in the (002) crystal-

lographic direction. The film deposited at 60 W showed the

lowest electrical resistivity of 3.5 9 10-3 X cm achieved

through the highest Hall mobility of 9.30 cm2 V-1 s-1. All

the GZO films in this study showed the optical transmit-

tances higher than 80 %.

1 Introduction

In recent years, much effort has been invested in zinc oxide

(ZnO) for different applications. In fact, ZnO exhibits

many significant characteristics due to its direct gap of

3.37 eV at room temperature (RT), high free-exciton

binding energy of about 60 meV, and excellent optical

properties. ZnO is a very promising II–VI semiconductor

for optoelectronic; applications in the UV region, espe-

cially for piezoelectric transducers [1], the optical waveg-

uides, acousto-optic, other photo-electronic devices [2] and

transparent electrodes [3, 4]. Doped ZnO materials have

been extensively studied, because of their remarkable op-

tical and electrical properties. The mechanisms of doping

may be deviating from the stoichiometry of ZnO, mainly

by the introduction of excess zinc atoms in interstitial po-

sition, or by the creation of oxygen vacancies (the centers

created then behave as electron donors) [5], or by substi-

tuting zinc atoms or oxygen atoms by foreign network

different valence. The addition of Group III metal dopants,

such as Al, In and Ga, increases the electrical conductivity

and transparency of ZnO films. The incorporation of these

elements into the ZnO lattice can stabilize the film, at high

temperatures, and increase its electrical conductivity [6].

Among these elements, Ga is the most effective n-type

dopant in ZnO since the ionic and the covalent radii (0.62

and 1.26 Å) are more close to those of Zn (0.74 and

1.31 Å) and the covalent bond length of Ga–O (1.92 Å) is

also closely matched with that of Zn–O (1.97 Å) [7, 8].

The GZO thin films can be prepared by a variety of

methods such as evaporation [9], Chemical vapour

deposition (CVD) [10, 11], spray pyrolysis [12], magnetron

sputtering [13–15], and sol–gel technique [16] and pulsed

laser deposition (PLD) [17]. However, among these tech-

niques, sputtering and sol–gel processes offered much
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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

[18], 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. 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 possibility of doping even at high

level concentrations at RT. Compared with other techni-

ques, the sol–gel method have many advantages such as low

cost, simple synthesis equipment, easy fabrication of large-

area, easier adjustment of composition, being able to carry

out doping at molecular level. Especially, are suitable for

the fabrication of oxide nanoparticles [19]. How to prepare

high-quality ZnO nanoparticles by sol–gel method has

become a researches subject for a comparison between the

structural and optical properties of nanocrystalline ZnO

nanoparticles such as crystallite size and band gap energy.

In our previously research, we developed a novel method

to fabricate ZnO film as-deposited from ZnO nanostructures

synthesized by sol–gel technique [20]. Therefore, the

structural properties of obtained ZnO thin-films were

dependent on the ZnO nanoparticles. Furthermore, the

properties of as-deposited ZnO films were partly depended

on the properties of substrates, such as the crystal orienta-

tion, the conductivity, as well as the roughness. In this paper,

high-quality GZO transparent conductive films are prepared

by rf-magnetron sputtering from aerogel nanopowders, and

their structural, electrical and optical properties are investi-

gated as a function of their preparation conditions.

2 Experimental details

In the first step, a nanocrystalline GZO aerogel was pre-

pared by dissolving 20 g of zinc acetate dehydrate

[Zn(CH3COO)2�2H2O] as a precursor in 140 ml of

methanol. After 15 min under magnetic stirring at RT, an

adequate quantity of gallium nitrate [GaN3O9] corre-

sponding to [Ga]/[Zn] ratios of 0.03 was added. After

20 min under magnetic stirring, the solution was placed in

an autoclave and dried in the supercritical conditions of

ethyl alcohol (Tc = 243 �C, Pc = 63.6 bars).

In the second step, GZO transparent conductive thin

films were deposited on glass substrates by using

13.56 MHz rf-magnetron sputtering. Films with thick-

nesses of approximately 300 nm were deposited. The

sputtering chamber was evacuated to a base pressure of

10-5 mbar before introducing the sputtering argon gas with

99.9999 % purity without oxygen. The sputtering targets

were prepared from the aerogel powders of GZO. During

the sputtering process, the target-to substrate distance was

fixed at 75 mm, the substrate temperature was set at

ambient temperature and the rf power is varied from 40 to

100 Watt. The substrates are glass plates of 1 mm thick

(soda lime glass), previously cleaned ultrasonically cleaned

in HCl, rinsed thoroughly with deionized water and then

with alcohol and rinsed a second time. A heat treatment in

an oven for a few minutes to remove any residual traces

that have escaped prior chemical cleaning.

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 (1.78901 Å). 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 composition

studies were performed by energy dispersive X-ray spec-

troscopy (EDX) using a scanning electron microscope

JEOL JSM 5410 type with a probe. 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.

Finally the optical transmittance of the films was deter-

mined using a Shimadzu UV-3101 PC spectrophotometer in

the wavelength range from 200 to 3000 nm.

3 Results and discussion

3.1 Structural properties of the GZO aerogel

nanopowder

Figure 1 shows the XRD spectrum of ZnO nanoparticles

doped gallium an adequate quantity of gallium corresponding

Fig. 1 Spectra of X-ray diffraction of the nanoparticles GZO 3 %
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to [Ga]/[Zn] ratios of 0.03 was added. Three pronounced

ZnO diffraction peaks (100), (002) and (101) appear at

2h = 31.84�, 34.49� and 36.35� respectively, which are very

close to wurtzite ZnO ones [21]. This result indicates that

GZO aerogel powder has a polycrystalline hexagonal wurt-

zite 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. For our

samples, the (002) diffraction line was narrower than the

(101) line, which is in turn broader than the (100) line. This

indicated an asymmetry in the crystallite shape. It was

supposed that crystallites were in the form of cylinder

(prism), having the height (direction of the crystal c-axis)

bigger than the basal diameter (crystal axes, a and b). The

average grain size was calculated using Scherrer’s formula

[22]:

G ¼ 0:9k
B cos hB

ð1Þ

where k is the X-ray wavelength (1.78901 Å), hB is the

maximum of the Bragg diffraction peak (in radians) and

B is the full width at half maximum (FWHM) of the XRD

Fig. 2 Typical TEM photograph a and SEM showing b the general morphology of GZO aerogel nanoparticles
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peak. The average grain size of the basal diameter of the

cylinder-shape crystallites varies from 14 to 20 nm,

whereas the height of the crystallites varies from 25 to

34 nm. These results are in a good agreement with those

obtained by K. Omri et al. [19].

TEM measurements (Fig. 2a) show that smaller parti-

cles are present in the powder. As seen in the TEM images,

the majority of GZO particles present in this powder have a

size between 20 and 30 nm. The estimated values, obtained

using TEM photograph, are in close agreement with those

obtained from the XRD data.

The EDX analysis shown in is shown in Fig. 2b and

Table 1 confirmed the presence of gallium in the matrix of

ZnO and absence of other impurities. From these analyses,

we can conclude that the GZO nanoparticles are homoge-

neous and quasi-stoichiometric.

3.2 Structural characterization of GZO films

We report in Fig. 3 the XRD patterns of GZO thin films

deposited on glass substrates at different rf power values.

All films have hexagonal wurtzite structure. A prominent

(002) peak indicates that the crystallite structure of the

films is oriented with their c-axis perpendicular to the

substrate plane [23]. The films are developed without any

second phase, indicating that they have a high quality

crystalline structure. It is also clearly observed that, the

intensity of the (002) XRD peak increases with increasing

rf power.

On the other hand, the variation of the peak location

(002) as a function of rf power was observed in Table 2. A

small detour in (002) peak was observed when the rf power

was varied indicating that some residual stresses within the

film may exist [24]. By comparing the curves, we see that

the rf power of more than 40 W, not only the strong

diffraction peak (002) is observed, but also the value of the

FWHM of the peak (002) indicating that the GZO thin film

quality is improved. This behavior is accompanied by an

increase in the average crystallite size (see Table 2). Fur-

thermore, this result can be explained by the increase of the

energy of the sputtered atoms, which allows the growth of

larger grains with increasing power deposition [25], be-

cause a number of atoms are sputtered from the target and

gets a higher energy that contributes to the film growth.

The average crystallite size for these samples was about

18–31 nm estimated from the XRD spectrum by using

Scherre formula [22]. These results indicate that crys-

tallinity is improved at an appropriate sputtering power.

The diffraction peak angles of the ZnO thin films were

estimated in Table 2, and the lattice parameter c for this

film was calculated from XRD patterns by using the fol-

lowing equation [26]:

dhkl ¼
4

3

h2 þ hk þ k2

a2
þ l2

c2

� ��1=2

ð2Þ

where a and c are the lattice parameters, h, k and l are the

Miller indices of the planes and dhkl is the interplanar

spacing. The variations of lattice parameters are shown in

Table 2.

Table 1 Atomic compositions of GZO nanoparticles

Chemical composition in at.%

Zn O Ga

47.12 51.54 1.34

Table 2 Variation of the (002) peak positions, FWHM, grain size, interreticular distance (d) lattice constant (c) and the stress (r) of the films

GZO at different sputtering power

Rf-power (Watt) (002) 2h (�) b (�) G (nm) dhkl (nm) c (nm) r (GPa)

40 39.99 0.537 18.25 0.2615 0.5230 8.53

60 40.04 0.337 29.20 0.2613 0.5226 6.02

80 40.02 0.333 29.55 0.2614 0.5228 4.80

100 39.98 0.313 31.38 0.2616 0.5232 5.42

Fig. 3 XRD patterns of GZO thin films with different rf powers
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The lattice parameters are rf power dependant. This

gives rise to a mismatch between the substrate and the

deposited thin films. The variation of the interreticular

distance d (Table 2), shows that for all the sputtered thin

films, the d values are larger than that of ZnO powder

which is equal to 0.2603 nm. Thus, we can conclude that

all the films exhibit compressive stresses.

Stress of thin films is a very important parameter for the

practical application. The total stress in thin films

commonly consists of two components. One is the intrinsic

stress introduced by impurities, defects and lattice distor-

tions in the crystal, and the other is the extrinsic stress

introduced by the lattice mismatch and thermal expansion

coefficient mismatch between the film and substrate [27].

ez ¼
c� c0

c0

� 100 % ð3Þ

where cis the lattice parameter of the ZnO film calculated

from (002) peak of XRD pattern and the c0is the lattice

parameter for the ZnO bulk (c0 = 0.52065 nm). The stress

in the plane of the films was calculated based on the biaxial

strain model,using the following formula [28]:

r ¼ 2C2
13 � C33ðC11 � C12Þ

C13

:ez ð4Þ

where C11 = 209.7 GPa, C12 = 121.1 GPa, C13 = 105.1

GPa, and C33 = 210.9 GPa are the elastic stiffness constant

of bulk ZnO. The estimated values of stress r in the films

grown at different sputtering power are listed in Table 2.

The total stress in the film commonly consists of two

components. One is the intrinsic stress introduced by

impurities, defects and lattice distortions in the crystal, and

the other is the extrinsic stress introduced by the lattice

mismatch and thermal expansion coefficient mismatch

between the film and substrate.

Figure 4 shows the dependence of the growth rate on the

sputtering power. It is observed that a clear increase inFig. 4 Growth rate of GZO films as a function of sputtering power

1.0µm

P= 40 W

17.47 nm

0.00 nm

1.0µm

P = 60 W

24.77 nm

0.00nm

1.0µm

P = 80 W

34.06 nm

0.00 nm

1.0µm

P = 100 W

42.98 nm

0.00nm

Fig. 5 2D AFM micrographs

(5 lm 9 5 lm) for the ZnO:Ga

films with different sputtering

powers

3340 J Mater Sci: Mater Electron (2015) 26:3336–3343

123



growth rate as sputtering power increase. The Growth

rate and the sputtering power is basically a linear rela-

tionship. This increase indicates that the number of

atoms sputtered from the target is proportional to the

sputtering power [29]. When the sputtering power

increase from 40 to 100 W, the growth rate increase

from 4.20 to 12.80 nm/min.

The sputtering power dependence of crystallinity and

crystallite sizes for GZO films was also revealed by their

AFM micrographs. Figure 5 show the surface morpholo-

gies of the GZO samples deposited at sputtering power

values of 40, 60, 80 and 100 W, respectively. From the

figure, we can observe that the crystallite sizes increase on

elevating the sputtering power because the ions or ion

clusters can obtain more energy prior to collision with the

substrates. The RMS surface rough nesses were about 3.6,

9.25, 10.20 and 10.80 nm. This also means that the crys-

tallite sizes were increased with elevating the sputtering

power. These results are consistent with the XRD

observation.

3.3 Optical properties of GZO thin films

The transmission spectra and the reflection spectra of GZO

thin films deposited by rf magnetron sputtering to deposit

different power are shown in Fig. 6. All spectra show a

high transparency in the visible range with a good trans-

mission of the order of 90 % and exhibit a low reflection

(\20 %). The steep drop of the transmission for the lower

wavelengths at 320 nm, corresponding to absorption in

GZO due to the transition between the valence band and

the conduction band. This area is used to determine the

energy of the optical gap.

The transmission coefficient decreases k[ 1000 nm,

this decrease is due to absorption by free carriers (electrons

in the case of ZnO:Ga is n-type) which takes place at the

plasma frequency.

The optical absorption coefficient (a) is calculated from

the transmittance data where the reflection losses are taken

into consideration, by [30]:

a ¼ 1

d
Ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� RÞ4 þ 4T2R2

q
� ð1� RÞ2

2TR2
ð5Þ

where d is the thickness of the film and R and T are the

reflection and the transmission respectively.

In the direct transition semiconductor, the optical ab-

sorption coefficient (a) and the optical energy band gap

(Eg) are related by [31]:

aðhmÞ ¼ Cðhm� EgÞ1=2 ð6Þ

where C is a constant for direct transition, and hm is the

energy of the incident photon.

The optical band gap Eg of the films can be obtained by

plotting (ahm)2 versus (hm) and extrapolating the linear

portion of this plot to the energy axis as shown in Fig. 7.

We see that the band gap of GZO films increases with

Fig. 6 Transmittance and reflectance spectra of GZO films deposited

at various rf powers

Fig. 7 Plots of (ahm) 2 versus photon energy (hm) of GZO thin films

with various rf powers
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increasing rf power from 3.38 to 3.64 eV (Fig. 7). All the

values are larger than that of pure ZnO (3.30 eV).With

increase in sputtering power, the value of Eg increases. The

increase in the optical gap for ZnO doped layers is mainly

due to the phenomenon of band filling known as the Bur-

stein-Moss effect [32, 33], which increases the gap (blue

shift) with increasing the concentration of charge carriers.

3.4 Electrical properties of GZO films

The variation of the resistivity (q), carrier concentration

(n) and mobility (l) of GZO films with rf power are shown

in Fig. 8. It is clear that the increase in power deposition

from 40 to 100 W causes a decrease in resistivity up to

60 W, and then decreases with further increase of sput-

tering power. The minimum electrical resistivity is

obtained for a power of 60 W deposits, the lower the value

of q is about 3.5 10-3 X.cm, his is due to both increase in

the mobility around 9.30 cm2 V-1s-1 and carrier concen-

tration to 1.92 1020 cm-3. As we previously reported, the

grain size increases with the power deposition and subse-

quent grain boundaries decrease. Therefore increasing the

mobility of charge carriers is attributed to the decrease of

scattering centers which causes a decrease of the electrical

resistivity. In addition, the decrease of the resistivity is due

to the increase in the charge carrier concentration (n) from

donors Ga3? incorporated in the interstitial or substitu-

tional sites of Zn2? [34, 35]. However, above the sputtering

power of 60 W, the resistivity began to slightly increase as

a result of the decrease of mobility. The improvement of

conductivity was contributed to better crystallinity of GZO

film and its dense microstructure with larger grain sizes as

seen from the XRD results. Thereby, the carrier concen-

tration and mobility can be increased because of the de-

crease of impurity scattering and grain boundary scattering.

From this study, we conclude that the value of 60 W is the

optimal power deposition in our work.

4 Conclusion

In summary, high-quality transparent conductive GZO

films were grown on glass substrates at RT by rf-magnetron

sputtering process using aerogel nano powders prepared by

sol–gel technique. The effect of rf power on the structural,

electrical and optical properties of GZO thin films de-

posited in the experiment was investigated. All of the ob-

tained films were polycrystalline with the hexagonal

structure and had a preferred orientation with c-axis per-

pendicular to the substrate. Highly transparent films with a

visible transmittance higher than 90 % and a minimum

resistivity of 3.5 10-3 X cm were obtained by applying rf

power at 60 W. Therefore, it is clear that GZO thin films

deposited by rf-magnetron sputtering at RT can be used in

optoelectronic devices such as transparent conducting

electrodes in LCDs and solar cells.
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