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Ga-doped ZnO (GZO) was a limit of application on the photovoltaic devices such as CIGS, CdTe and DSSC requiring high
process temperature, because it’s electrical resistivity is unstable above 300 οC at atmosphere. Therefore, ZTO (zinc tin oxide)
was introduced in order to improve permeability and thermal stability of GZO film. The resistivity of GZO (300 nm) single
layer increased remarkably from 1.8 × 10-3

Ωcm to 5.5 × 10-1
Ωcm, when GZO was post-annealed at 400 οC in air atmosphere.

In the case of the ZTO (150 nm)/GZO (150 nm) double layer, resistivity showed relatively small change from 3.1 × 10-3
Ωcm

(RT) to 1.2 × 10-2
Ωcm (400 οC), which showed good agreement with change of carrier density. This result means that ZTO

upper layer act as a barrier for oxygen at high temperature. Also ZTO (150 nm)/GZO (150 nm) double layer showed lower
WVTR compared to GZO (300 nm) single layer. Because ZTO has lower WVTR compared to GZO, ZTO thin film acts as
a barrier by preventing oxygen and water molecules to penetrate on top of GZO thin film.
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Introduction

Transparent conducting oxides (TCO) have been
widely used for solar energy applications [1] and are
essential components in the basic structure of many
electronic devices such as flat panel displays [2], gas
sensors [3] and organic light emitting diodes [4]. TCO
coatings are essential for solar cell applications since
they constitute a fundamental part in the emerging new
generations of photovoltaic (PV) devices [5]. Indium-
tin-oxide (ITO) is the most used transparent electrode
material because of its high transmittance and electrical
conductivity. Recently, ZnO films doped with Al, Ga or
In have attracted much attention as an alternative
material of ITO. Among these materials, Ga-doped
ZnO (GZO) is a well-known TCO with low cost, non-
toxic and high stability in hydrogen plasma compared
to ITO. GZO can be easily fabricated at ambient
temperature by DC magnetron sputtering on glass or
plastic substrates. However, it has a limit of application
on solar cell electrode such as cadmium telluride (CdTe)
solar cells requiring high processing temperatures.
Furthermore, a new generation of PV devices such as
dye sensitized solar cells (DSSC) or organic solar cells

needs the development of new electrodes based on
TCOs which must be able to keep their properties of
transparency and conductivity under high temperature
fabrication processes [6]. However, it was reported that
the electrical resistivity of GZO is unstable above 300C
in air atmosphere. This is due to absorption of oxygen
at the grain boundary or exhaust of oxygen vacancy
which traps carrier and reduces the mobility [7, 8].

On the other hand it was reported that amorphous
ZTO(zinc tin oxide) films has high electrical stability
in an air environment at 300 οC and also chemically
stable in HCl and NaOH solutions [8, 9]. And also
ZTO film has relatively lower permeability for oxygen and
water compared to Al2O3, SiO2, TiO2, and ZnO film [10].

Therefore, this work aims to introduce ZTO thin film
as a barrier layer for ZTO film in order to enhance
electrical stability and water permeability. Amorphous
ZTO thin film was deposited on the GZO film and then
the electrical resistivity, water permeability and thermal
stability for ZTO/GZO double layer were investigated in
relation to the film thickness and annealing temperature.

Experimental details

GZO thin films were prepared on non-alkali glass
substrate without heating by a DC magnetron sputtering
with Ga doped ZnO (Ga2O3 5.57 wt%) target. Deposition
was carried out under total gas pressure of 1.0 Pa with
pure Ar gas. And the target to substrate distance was
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maintained at 30 mm. On the other hand, ZTO film
were deposited by the co-sputtering system using two
cathodes, RF and DC equipped with ZnO and SnO2

target, respectively. Film thickness of GZO was adjusted
to 150, 200 and 250 nm with changing deposition time
at constant DC power of 70 W. Deposition of ZTO
were carried out under total gas pressure of 0.5 Pa and
various O2 flow ratios (0.1~1.0%). Each target-
substrate distance for ZnO (DC) and SnO2 (RF) was
60 mm and 90 mm, respectively. Total thickness of
ZTO/GZO double layer was constant with 300 nm. The
microstructure of ZTO/GZO films were analyzed by X-
ray diffraction (XRD, Gadds, Bruker) in continuous
scan mode at a step interval of 0.022 ο with the X-ray
generator operating at 40 kV/40 mA and field emission
scanning electron microscopy (FE-SEM, Hitachi, S4700).
The resistivity (ρ), Hall mobility (µ) and carrier density
(n) were estimated using four-point probe and Hall effect
measurements (HMS-3000, ECOPIA) using van der
Pauw method. The transmittance was measured by
spectrophotometer (UV-1800, Shimadzu). WVTR (water
vapor transmittance rate) of the film deposited on PET
substrate was estimated by Mocon (Aquatron-1).

Results and discussion

In order to prepare high quality ZTO/GZO double
layer, the optimum deposition condition of a ZTO
single layer was investigated before preparation of
ZTO/GZO double layer. Fig. 1(a) shows the electrical
resistivity of ZTO films deposited as a function of DC
power of ZnO target using pure Ar gas by co-

sputtering at RF 45 W of SnO2 target. The lowest
resistivity of 1.8 × 10-1Ωcm is obtained for the ZTO
film deposited at DC 25 W. In this case, Zn content is
confirmed to be 10.7 at% Zn by EDX and then
resistivity increased slightly with further increase in Zn
content above 10.7 at%. However, this ZTO film did
not show high transmittance in visible light region, that
is, transmittance was about 73% in 550 nm. It is
reported that Zn-Sn-O system has two crystal structures,
the illumenite-type ZnSnO3 and the inverse spinel-type
Zn2SnO4, exist in the system indicating that electrical
property depend on crystal structure. Zn rich Zn-Sn-O
system has two phases of ZnO and Zn2SnO4. In the
case of Sn rich, Zn-Sn-O system contained two phases
of SnO2 and ZnSnO3 show lower resistivity than two
phases of ZnO and Zn2SnO4 [7, 11]. As a result, Zn-Sn-
O system shows phase transformation from Zn2SnO4 to
ZnSnO3 with increasing the Sn content [7, 9].
Therefore, it can be thought that low resistivity at
10.7 at% could be attributed to co-existence of ZnSnO3

and SnO2 two phases. By the same way, the increase of
resistivity above 10.7 at% might be due to the increase
of amorphous ZnO and Zn2SnO4 phase contained less

Fig. 1. Electrical resistivity of ZTO films deposited at various (a)
Zn contents and (b) O2 flow ratios.

Fig. 2. (a) resistivity, (b) carrier density, and (c) Hall mobility of
the GZO single layer and ZTO single layer deposited at different
post-annealing temperatures.
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oxygen vacancy in amorphous Zn-Sn-O matrix. Fig. 1
(b) shows electrical resistivity of ZTO films deposited
as a function of O2 flow ratio for the film contained
10.7 at% Zn. The lowest resistivity of 3.1 × 10-2Ωcm is
obtained for the film deposited at O2 flow ratio of
0.3%. SnO has relatively higher resistivity than SnO2.
Therefore, O2 introduction affect for phase transformation
from nonstoichiometric SnO2-X to stoichiometric SnO2.

Fig. 2 shows the resistivity, Hall mobility and carrier
concentration of the GZO and ZTO single layer with
increasing annealing temperature in air atmosphere.
As-deposited GZO single layer at RT showed a
resistivity of 1.8 × 10-3Ωcm. However, the resistivity
of the film increased slightly up to 300 οC and then
increased largely at 400 οC. This large change in
resistivity is mainly attributed to the decrease of carrier
concentrations changed from 3.8 × 1020 to 2.8 × 1018 cm3,
while the Hall mobility decreased moderately from
10.9 to 5.5 cm2/Vsec. On the other hand, the ZTO films
do not show the clear increase in resistivity with

increasing annealing temperature. On the contrary, the
lowest resistivity of 2.6 × 10-2Ωcm was obtained at
400 οC. The dramatic increase of the resistivity of GZO
films above 300 οC has been explained by the
chemisorptions of oxygen at film surfaces and grain
boundaries of the film and an oxidation of interstitial
Zn atoms [12]. The chemisorbed oxygen acts as trap
sites of free carriers, reducing the free carriers in grains
of ZnO films. And the trapped carriers cause increase
of grain boundary potential barriers, leading to
reduction of the Hall mobility of ZnO films [13]. On
the other hand the carrier concentrations of the post-
annealed ZTO film at 400 οC has changed from
3.9 × 1019 to 2.7 × 1018 cm3. This result is due to ZTO
films which are very stable even in an oxidizing
environment because oxygen vacancies are thought to
be the major source of free carriers in ZTO films [7].

Fig. 3 shows the variation of resistivity, Hall mobility
and carrier concentration of post-annealed GZO

Fig. 3. (a) resistivity, (b) carrier density, and (c) Hall mobility of
the ZTO/GZO double layer with different thickness under
different post-annealing temperatures.

Fig. 4. XRD patterns of (a) ZTO(300 nm) single layer, (b)
ZTO(150 nm)/GZO(150 nm) double layer and (c) GZO(300 nm)
single layer deposited at RT and post-annealed 300 ο

C and 400
ο

C
in air.
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(300 nm) and post-annealed ZTO/GZO double layer
films in air. Film thickness of GZO and ZTO was
adjusted as GZO (150, 200, and 250 nm) and ZTO
(150, 100, and 50 nm) to fix the total film thickness
300 nm. Single GZO film (a) showed large increase in
resistivity at 400 οC. However, in the case of ZTO/
GZO double layer, resistivity was not changed between
300~400 οC after it showed slight increase between
200~300 οC, which showed good agreement with
change of carrier density. This phenomenon is clearly
observed according to increase of ZTO film thickness.
Therefore, it can be said that ZTO film act effectively
with barrier layer for oxygen diffusion in air.

In the case of RT, GZO single layer showed higher
carrier density than ZTO/GZO double layer. However,
ZTO/GZO double layer showed less decrease than GZO
single layer between 300~400 οC. This phenomenon is
also enhanced with increasing ZTO film thickness. On
the other hand, Hall mobility of GZO single layer largely
decreased with increasing annealing temperature, which
could be due to absorption of oxygen at the grain
boundary [13]. However, ZTO/GZO double layer
showed no clear change in Hall mobility up to 300 οC.
On the contrary, Hall mobility of ZTO/GZO double
layer increased slightly at 400 οC. This result means
that ZTO upper layer act as a barrier for oxygen at high
temperature.

Fig. 4 shows XRD patterns of (a) ZTO (300 nm) film
post-annealed at 400 οC in air, (b) GZO (300 nm) film
as-deposited at RT and post-annealed at 400 οC in air,
(c) ZTO (150 nm)/GZO (150 nm) double layer as-
deposited at RT and post-annealed at 400 οC in air. Fig.
4(a) reveals that ZTO (300 nm) film maintained the
amorphous structure without crystallization up to
annealing temperature of 400 οC. Fig. 4(b) shows

preferred orientation of (002) plan of GZO layer.
However, it shows no clear change in (002) peak
intensity of ZTO (150 nm)/GZO (150 nm) double layer
between RT and 400 οC. Fig. 4(c) GZO (300 nm)
showed that (002) peak intensity increased with
increasing post-annealing temperature. However, the
FWHM of (002) peak was only slightly decreased at
400 οC, compared to RT. On the other hand, diffraction
angle (2 theta) shifted to higher angle with increasing
post-annealing temperature, that is, 2 theta was changed
from 34.21 ο to 34.39 ο as post-annealing temperature
increased from RT to 400 οC. The value of 34.39 ο is
almost the same with JCPDS of GZO bulk (JCPDS-
number: 36-, 1451). This is attributed to the decrease of
internal stress caused by the thermal diffusion with
increasing annealing temperature.

Fig. 5 shows the FE-SEM images of (a) ZTO single
layer (300 nm) post-annealed in 400 οC at air atmosphere,
(b) and (c) ZTO (150 nm)/GZO (150 nm) double layer
as-deposited at RT and post-annealed at 400 οC at air
atmosphere, respectively. As shown in Fig. 4(a), ZTO
(300 nm) single layer is entirely amorphous structure,
which shows good agreement with XRD data. In the
case of Fig. 5(b), (c), it can be predicted that c-axis
growth of GZO layer was interrupted by the ZTO layer.

Fig. 6 shows the WVTR (water vapor transmittance
rate) in relation to time for the PET bear substrate, GZO
(300 nm)/PET, ZTO (300 nm)/PET, ZTO (150 nm)/GZO
(150 nm)/PET. The bear PET substrate showed the
highest WVTR and in regular sequence of GZO
(300 nm), ZTO (300 nm), ZTO (150 nm)/GZO (150 nm).
It is thought that ZTO single layer was more suitable as a
barrier layer by showing lower WVTR compared to
GZO single layer. Also ZTO (150 nm)/GZO (150 nm)
double layer showed lower value compared to GZO
indicating that multilayer which have different crystal
structure is more efficient than the single layer. Also
the low WVTR result indicates that double layer
surface prevent oxygen atoms and water molecules to
penetrate. Because ZTO has lower WVTR compared to

Fig 5. SEM cross-section images of the (a) ZTO(300 nm) sing
layer annealed at 400 ο

C in air (b) and (c) ZTO(150 nm)/
GZO(150 nm) deposited RT and post- annealed at 400

ο

C in air.

Fig 6. WVTR of the PET bare substrate, GZO(300 nm) single
layer, ZTO(300 nm) single layer, and ZTO(150 nm)/GZO(150 nm)
double layer deposited on PET substrate at RT.
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GZO, ZTO thin film acts as a barrier by preventing
oxygen and water molecules to penetrate on top of
GZO thin film. Also the surface of both thin film act as
a barrier so when ZTO/GZO double layer is annealed
in air resistivity does not increase as GZO thin film.

Fig. 7 shows the transmittance of ZTO/GZO double
layer as-deposited and post-annealed at 400 οC in
relation to film thickness ratio. The average transmittances
of ZTO (50 nm)/GZO (250 nm), ZTO (100 nm)/GZO
(200 nm), ZTO (150 nm)/GZO (150 nm) as-deposited at
RT were 76, 76, and 77% in visible light region from
400 nm to 800 nm, respectively, as shown in Fig. 7(a).
The average transmittances of these three types double
layer increased to 81.8, 82, and 81.5%, respectively.
Therefore, it can be confirmed that thickness ratio of
the double layer does not affect significantly for
transmittance of the films.

Conclusion

In order to improve both electrical durability at high
temperature and water permeability for GZO film,
ZTO layer was introduced with upper layer. Electrical
resistivity of GZO (300 nm) single layer increased
remarkably from 1.8 × 10-3Ωcm to 5.5 × 10-1Ωcm as
annealing temperature increased from RT to 400 οC.
This dramatic increase of the resistivity due to the
chemisorptions of oxygen at film surfaces and grain

boundaries of the film and an oxidation of interstitial
Zn atoms. However, ZTO(150 nm)/GZO(150 nm) double
layer showed good durability for high temperature in
oxygen atmosphere. That is, resistivity changed from
3.1 × 10-3Ωcm (RT) to 1.2 × 10-2Ωcm (400 οC), which
showed good agreement with change of carrier density.
This result means that ZTO upper layer act as a barrier
for oxygen at high temperature.

Also ZTO (150 nm)/GZO (150 nm) double layer showed
lower WVTR compared to GZO (300 nm) single layer.
Because ZTO has lower WVTR compared to GZO, ZTO
thin film acts as a barrier by preventing oxygen and water
molecules to penetrate on top of GZO thin film. Also the
surface of both thin film act as a barrier so when ZTO/
GZO double layer is annealed in air resistivity does not
increase as GZO thin film.
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