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Abstract — ZnO : Al films were prepared through the optimization process of aluminum content and sub-
strate temperature in rf-magnetron sputtering. When hydrogenation was performed on these films using a
hot filament method, all films showed improvement in conductivity although more conductive film
showed less improvement. When the substrate temperature (Ty) was varied from 25°C to 300°C during
hydrogenation, the resistivity was reduced more at higher Ty but the recovery of resistivity was observed
upon the extinction of hot filament. This dehydrogenation was caused by the hydrogen evolution out of
the film and it was more severe at higher Ty (more than 30% at Ty = 300°C) Thus, two methods were
developed to suppress the dehydrogenation in ZnO : Al films : (1) capping with amorphous silicon thin
film as a diffusion barrier, and (2) cooling during hydrogenation.

I. Introduction

Zinc oxide (ZnO) films show several advantages
when used as transparent conducting electrodes,
especially for the windows of solar cells {1, 2]. The
lower cost of the material compared to indium tin
oxide (ITO) and its high transmission over wide
spectral range and its stability in hydrogen ambient
are among them [3, 4]. When ZnO is doped with
foreign elements such as Ga, Al, Si, its optical gap
widens through the filling of narrow conduction
band and its conductivity increases [5-7]. However,
more efforts are needed to achieve a conductivity
comparable to that of commonly used ITO [8-10].

Besides those elements, hydrogen is also known
to widen the band gap and increase the con-
ductivity of ZnO through the removal of oxygen
vacancies [11-13]. Secondary ion mass spectro-
meter (SIMS) and real-time spectroscopic ellipso-
metry studies revealed that hydrogen could easily
penetrate a few hundred angstroms into ZnO film
when atomic hydrogens were generated from a
hot filament source [14, 15]. Thus, hy-drogen can
be used as doping element which can be inserted
after films are formed.

In this work we sputtered various aluminum
doped ZnO (ZnO:Al) films by varying aluminum
content and substrate temperature. Hydrogenation
was performed on those films and the evolution of
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resistence was measured in real-time. We found
real-time measurements were important to ob-
serve the hydrogenation and dehydrogenation
effects. In order to preserve high conductivity of
ZnO:Al films after hydrogenation, the dehydro-
genation should be sup-pressed. We show the
results of cooling and over-layer methods which
we developed for this goal.

II. Experiment

For the deposition of high conductivity ZnO:Al
films we varied deposition temperature (Ts) and
aluminum content in an rf-magnetron sputtering.
Aluminum content was varied by mixing of Al,Os
and ZnO powder during target fabrication. For the
post-hydrogenation study, tungsten filament was
ignited in 8 mTorr hydrogen ambient. It has been
demonstrated that the hot-filament technique is a
very efficient method to produce atomic hydrogen
[14]. For electrical measurements glass substrate
with two paralle]l chromium electrodes was used. For
real-time measurements, ZnO : Al film was sputtered
on this substrate and two electrodes were connected
to the programmable electrometer via feedthrough in
vacuum chamber. Although much thicker films
showed better conductivity, most of the films used in
this study were around 1000 A thick for better
hydrogen diffusion.
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II1. Results and Discussion

When we varied deposition conditions, the most
conductive ZnO : Al film was obtained at substrate
temperature of > 200°C from the target with ALO,
content (Cap) of 2.0-22 wt.% in our system. The
actual aluminum content in ZnO: Al films were
close to that of targets. Fig. 1 shows the resistivities
of ZnO: Al films as function of C,; (top) and Ts
(bottom). The trend in the top of Fig. 1 is well
known [7]. These films were exposed to atomic
hydrogen at different hydrogenation temperature
(Ty) and resistances were measured in real-time.
When the signals approached asymptotic values, we
assumed that ZnQO : Al films were almost soaked in
atomic hydrogen based on earlier studies [14].
Typical data will be seen later in Fig. 6. Fig. 2 shows
the post-hydrogenation effects on ZnO: Al films
with different aluminum content. From the Arrhenius
plots using the Ty-dependent resistances, we found
quite linear behaviors below 200°C in all samples
(top). The bottom panel shows the activation energies

.008 ; . ; : T
£
& o004 - -
2
2 |
@ 002 - .
[ 7]
[0}
o .

0.000 | : ' ! : .

14 16 18 20 22 24 26
Cp (WE%)

012 T T T T T 1
E
§ .008 | .
oy
>
@ 004+ .
3 \

0000 L 1 1 e 1 1

0 50 100 150 200 250 300 350
T4 (°C)

Fig. 1. Top: The resistivity of ZnO : Al films as a func-
tion of the wt.% of Al,Os in target used (Ts was kept at
250°C). Bottom: The resistivity of ZnO : Al films as a
function of the deposition temperature, Ts. (target with
2.0 wt.% of Al,O3 was used).

for the hydrogenation process in different samples
(filled circles), which were deduced from the slopes
of the Arrhenius plots in the upper panel. Fig. 3
depicts similar results for the ZnO : Al films grown
at different Ty.

The pure temperature-dependence of resistivity in
semiconducting ZnO : Al is negligible as we can see
in Fig. 4. In the bottom panels of both Fig. 2 and
Fig. 3, open circles denote the data obtained during
dehydrogenation process by turning off hot filament
while keeping constant Ty and hydrogen flow. We
notice that the variation of the activation energy over
deposition parameters (bottom figures in Fig. 2 and
Fig. 3) resembles that of the resistivity of the as-
grown film (Fig. 1). That is, poorly conductive
ZnO:Al film can be improved more if we use post-
hydrogenation technique.

Fig. 5 shows the resistivities of the samples shown
in Fig. 1 before (filled circles) and after 100 s of
post-hydrogenation at Ty =300°C (open circles).
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Fig. 2. Top: The Arrhenius plot of the resistance obtained
from the post-hydrogenation of ZnO : Al films sputtered
from targets with different Al,Os content. Resistances from
were normalized by that of room temperature. Bottom:
Activation energy for the hydrogenation process. Filled
circles were obtained during hydrogenation and open cir-
cles were obtained during dehydrogenation process.
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Fig. 3. Top: The Arrhenius plot of the resistance obtained
from the hydrogenation of ZnO : Al films prepared at dif-
ferent Ts. Resistances were normalized by that of room
temperature. Bottom: Activation energy for the hydroge-
nation process. Filled circles were obtained during hydro-
genation and open circles were obtained during dehydro-
genation process.
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Fig. 4. The temperature dependence of the resistivity of
semiconducting ZnO : Al films. The magnitude is small
compared to those in Figs. 3 and 4.

Although ZnO : Al prepared at Cy =2.0 wt.% still
shows the lowest resistivity, the variation over
samples becomes much smaller and overall values
lie between 0.001 and 0.002 Q-cm. This indicates that
when we varied deposition parameters, Ts or Cyjo,
the generation of oxygen vacancies was an important

006 T T T T T
é 004 |- 4
2
2
B 002+ -
7]
m O/C]\()/k—o
04
0000 { i 1 1 L
14 16 18 20 22 24 26
CAI (Wt%)
.012 T T T T T T
E
8 oot i
2
2
@ 004 | -
@
1]
xx
0000 1 1 1 1 1 1
50 100 150 200 250 300
T5 (°C)

Fig. 5. The reduction of resistivity in ZnO: Al films
shown in Fig. 1 after 100 s of hydrogenation at Ty=
300°C. Filled circles and open circles denote the resistiv-
ity of ZnO: Al films before and after hydrogenation,
respectively.
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Fig. 6. The normalized resistance measured during the
hydrogenation and dehydrogenation of ZnO : Al. (The
sample used for this study was the one prepared at
Ts=250 and Ca =2.0 wt.%) Hydrogenation tempera-
tures were 25°C, 50°C, 100°C, 150°C, 200°C, 250°C, and
300°C from the top. Each hydrogenation temperature was
set for a few minutes after the end of dehydrogenation
(t=300 s) and the filament was ignited at t= 100 s and
extinguished at t = 200 s).
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Fig. 7. The normalized resistance measured during hydro-
genation. But the heater for the substrate was turned off so
that Ty can vary from 300°C to room temperature. The
data near room temperature were measured over many
hours after termination of hydrogenation (The sample
used for this study was the one prepared at Ts = 250 and
Cal=2.0 wt.%).

factor to determine the electrical conductivity of
ZnO : Al film. Thus, post-hydrogenation generated
more oxygen vacancies from less conductive films.

However, as we already mentioned, there was
dehydrogenation effect when we extinguished
filament. Fig. 6 shows the evolution of resistivity
during hydrogenation and dehydrogenation pro-
cesses at various Ty in one of the ZnO : Al film.
Filament was turned on at time t= 100 s and turned
off at t=200 s. It is evident from the figure that
hydrogenation is more effective at an elevated
temperature but dehydrogenation also becomes more
active. Apparently hydrogen evolves out right after
the extinction of filament. We devised two techni-
ques in order to prevent the out-diffusion of hydro-
gen after the termination of hydrogenation.

The first method is lowering Ty (cooling substrate
temperature) while keeping the hydrogenation
process. Fig. 7 shows the effect of cooling down
from the initial hydrogenation of Ty = 300°C to room
temperature. Cooling took place over several hours
and measurements were continued for many hours
after Ty reached room temperature and finally the
filament was turned off. The success of the cooling
method was already seen in Fig. 6, where dehydro-
genation at room temperature was negligible. This
sample held improved conductivity very well after
termination of hydrogenation and could be used later
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Fig. 8. The normalized resistance measured during and
after termination of hydrogenation (filled circles). Same
experiment but ~30 A of a-Si deposition was followed by
right after termination of hydrogenation (filled squares)
(The sample used for this study was the one prepared at
Ts =250 and Cy = 2.0 wt.%).

for room temperature applications. The other method
is to deposit overlayer to prevent the out-diffusion
through ZnO: Al surface. Fig. 8 shows the
hydrogenation process at Ty=250°C followed by
the deposition of ~30 A of amorphous silicon (a-Si)
layer (filled squares). The slight decrease in
resistance right after the deposition of a-Si might be
caused by the doping of silicon through the ZnO : Al
surface and doped a-Si layer. Compared to the
normal termination of hydrogenation which shows
dehydrogenation effect (filled circles), a-Si covered
ZnO : Al shows stable low resistivity (filled squares).
This method can be useful for solar cell application.
In p-i-n solar cell structure, p-type amorphous silicon
can be deposited on ZnO : Al right after post-hydro-
genation,

IV. Conclusion

We showed the post-hydrogenation effect on
variously prepared ZnO:Al films using hot filament
method. The activation energy for the process was
determined from the temperature dependence of
resistivity showing more enhanced conductivity in less
conductive film. However, the out-diffusion of
hydrogen after extinction of filament caused recovery
of resistivity of the films. We developed two different
methods to suppress the out-diffusion of hydrogen so
that we can preserve the high conductivity of ZnO:Al
films after termination of hydrogenation.
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