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bstract

ZnO thin films are deposited in pure Ar and mixed Ar and N2 gas ambient at various substrate temperatures by rf sputtering ZnO targets. We find
hat the deposition in pure Ar ambient leads to polycrystalline ZnO thin films. However, the presence of N in the deposition ambient promotes the
2

ormation of aligned nanorods at temperatures above 300 ◦C. ZnO films with aligned nanorods deposited at 500 ◦C exhibit significantly enhanced
hotoelectrochemical response, compared to polycrystalline ZnO thin films grown at the same temperature. Our results suggest that aligned
anostructures may offer potential advantages for improving the efficiency of photoelectrochemical water-splitting for H2 production.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Transition-metal oxides are attractive candidates for photo-
lectrochemical (PEC) splitting of water for H2 production due
o their low cost and potential stability [1–4]. However, to date,
nly TiO2 has received extensive attention [1,2,5–7]. ZnO has
imilar bandgap (∼3.3 eV) and band-edge positions compared
o TiO2. Furthermore, ZnO has a direct bandgap and higher elec-
ron mobility than TiO2 [8]. Thus, ZnO could also be a potential
andidate for PEC splitting of water [9]. However, long-term
tability of the ZnO is not good in the acidic and basic solutions
nder the illumination, which should be overcome by using the
rotective layers and/or stable dopants.

The performance of thin-film electrodes is often affected by
he morphological features of the thin films, such as grain size,
rain shape, and surface areas. Thus, electrodes with nanos-
ructures have been applied to improve PEC properties [10–12].
owever, most of these nanostructures are not single crystals and
re defective. It is known that defects typically act as recombi-
ation centers that can kill photon-generated electron–hole pairs
efore they can reach surfaces and drive reactions. Therefore,
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ingle-crystal nanostructures are highly desirable. For ZnO, var-
ous forms of single-crystal nanostructures, such as nanobelts,
anorods, and nanowires, have been reported. The PEC proper-
ies of all these nanostructures deserve careful investigation.

In this article, we report on the synthesis and PEC measure-
ents of ZnO thin films sputtered in pure Ar and mixed Ar and
2 ambient. We find that deposition in pure Ar ambient pro-
uces polycrystalline ZnO films, whereas deposition in mixed Ar
nd N2 ambient leads to the formation of aligned single-crystal
nO nanorods along the c-axis at temperatures above 300 ◦C.
nO films with aligned nanorods grown at 500 ◦C exhibit sig-
ificantly enhanced PEC response, compared to polycrystalline
nO thin films deposited at the same temperature. Our results
uggest that the deposition ambient can be used to control
he morphology of ZnO thin films and aligned single-crystal
anorods can be potentially beneficial for PEC performance.

. Experimental

Two sets of samples were deposited. One set was deposited

n mixed Ar/N2 gas ambient. This set of sample is referred
o as ZnO(Ar/N2). The second set of sample was deposited
n pure Ar ambient and is referred to as ZnO(Ar). ZnO tar-
ets were used in these depositions. Transparent conducting
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Fig. 1. (Color online) X-ray diffraction curves for (a) ZnO(Ar/N2) films and (b) ZnO(Ar) films. The sample numbers 1, 2, 3, 4, and 5 along the y-axis in (a) correspond
to substrate temperature of 100, 200, 300, 400, and 500 ◦C, and the sample numbers 1 and 2 in (b) correspond to substrate temperatures of 200 and 500 ◦C. (c)
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xpanded intensity scale for the substrate and the ZnO(Ar/N2) films deposited
nd ZnO(Ar) films and the N concentrations for the ZnO(Ar/N2) films as a fun
his figure legend, the reader is referred to the web version of the article.)

TO (20–23 ��−1)-coated glass was used as the substrate to
llow PEC measurements. The distance between the ZnO target
nd substrate was about 10 cm, and the substrates were rotated
o enhance deposition uniformity. Substrate temperatures were
ontrolled by irradiative Hg lamps and indirectly measured by
thermocouple located below the substrate holder. The base

ressure was less than 1 × 10−6 Torr and the working pressure
as 5 × 10−3 Torr. The chamber ambient was either pure Ar or
ixed Ar and N2 with gas flow ratio of N2/(Ar + N2) = 5%. This

ow N2 gas flow ratio was used to obtain a similar deposition rate
∼4.7 nm min−1) with the ZnO(Ar) films, because the deposi-
ion rate can also influence film crystallinity. A pre-sputtering
leaning was performed for 20 min to eliminate possible con-
aminants from the target. Sputtering was conducted at an rf
ower of 200 W. All the deposited samples were controlled to
ave similar film thickness of 1 ± 0.05 �m as measured by stylus
rofilometry.

The structural and crystallinity characterizations were per-
ormed by X-ray diffraction (XRD) measurements using an
-ray diffractometer. The N concentration in the ZnO(Ar/N2)

lms was evaluated by X-ray photoelectron spectroscopy
XPS). The surface morphology was examined by atomic
orce microscopy (AFM) and field-emission scanning electron
icroscopy (FE-SEM). The UV–vis absorption spectra of the

3

m

0 and 200 ◦C. (d) FWHM values estimated from (0 0 0 2) for the ZnO(Ar/N2)
of the substrate temperature. (For interpretation of the references to colour in

amples were measured by an n&k analyzer 1280 (n&k Tech-
ology, Inc.) to investigate the optical properties.

PEC measurements were performed in a three-electrode cell
ith a flat quartz window to facilitate illumination of the photo-

lectrode surface [13,14]. The sputter-deposited films were used
s the working electrodes. A Pt sheet (area: 3 cm × 5 cm) and a
g/AgCl electrode (with saturated KCl) were used as counter

nd reference electrodes, respectively. A 0.5-M Na2SO4 mild
queous solution was used as the electrolyte for the stability
f the ZnO [14]. Photoelectrochemical response was mea-
ured using a fiber-optic illuminator (150-W tungsten-halogen
amp) with a UV/IR cut-off filter (cut-off wavelengths: 350 and
50 nm) and combined UV/IR and green band-pass filter (wave-
ength: 538.33 nm, full-width at half maximum: 77.478 nm).
ight intensity was measured by a photodiode power meter, in
hich total light intensity with the UV/IR filter was fixed at
25 mW cm−2. The PEC response under light on/off illumina-
ion was also measured to confirm the photoresponse of the films
uring the potential sweep (scan rate = 5 mV s−1).
. Results and discussion

We first see how the presence of N2 in the ambient can pro-
ote the formation of aligned nanorods in ZnO thin films where
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ig. 2. AFM surface morphology (5 �m × 5 �m) of (a–c) the ZnO(Ar/N2) film
d) the ZnO(Ar) film deposited at 500 ◦C.

he substrate temperature is higher than 300 ◦C. Fig. 1(a) and (b)
hows XRD curves for the ZnO(Ar/N2) films and ZnO(Ar) films
eposited at different substrate temperatures. The crystallinity
f ZnO films increases gradually with the increase of substrate
emperatures in both cases. Fig. 1(c) shows the expanded inten-
ity scale for the substrate and ZnO(Ar/N2) films deposited at
00 and 200 ◦C. These two ZnO(Ar/N2) films have random ori-
ntation. With the increase of substrate temperature to 500 ◦C,
he (0 0 0 2) peak of the ZnO(Ar/N2) film was enhanced greatly,
s shown in Fig. 1(a). The measured full-width at half-maximum
FWHM) values of (0 0 0 2) peaks are shown in Fig. 1(d). The

concentrations (at.%) for the ZnO(Ar/N2) films measured by
PS are also given in Fig. 1(d). With the increase of substrate

emperature, the N concentration decreased rapidly and disap-
eared at temperatures above 300 ◦C. The FWHM of ZnO(Ar)
ecreased slightly with the increase of substrate temperature.
nO(Ar/N2) films grown at temperatures below 200 ◦C exhib-

ted random orientation and larger FWHM values than the
nO(Ar) films grown at the same temperatures. This is because

he high concentration of N is incorporated in ZnO(Ar/N2)

lms at these temperatures. It is known from recent reports that

ncorporated N atoms can deteriorate the crystal structure and
odify the growth mode [15–17]. However, the FWHM val-

es of ZnO(Ar/N2) films decrease rapidly when the substrate

t
fi

a

osited at the substrate temperatures of 100, 400, and 500 ◦C, respectively, and

emperatures are above 300 ◦C because no significant N can be
ncorporated at these temperatures. At substrate temperatures
bove 300 ◦C, ZnO(Ar/N2) films exhibit much smaller FWHM
alues than the ZnO(Ar) films. The rapid growth of the FWHM
alues indicates either increased crystallinity or formation of
anorods or nanowires along the c-axis.

AFM images reveal that the significantly increased (0 0 0 2)
eak in the XRD curve obtained in ZnO(Ar/N2) at 500 ◦C is
argely due to the formation of aligned nanorods along the c-
xis. Fig. 2 shows AFM surface morphology (5 �m × 5 �m) of
he ZnO(Ar/N2) films deposited at the substrate temperatures
f 100, 400, and 500 ◦C (Fig. 2(a)–(c), respectively), and the
nO(Ar) film deposited at 500 ◦C (Fig. 2(d)). It shows clearly

hat the ZnO(Ar/N2) film deposited at 100 ◦C has a random ori-
ntation. As substrate temperature increases, aligned nanorods
long the c-axis are favored to form. At 500 ◦C, the ZnO(Ar/N2)
lm reveals the growth of hexagonal-like nanorods. However,

he ZnO(Ar) film deposited at the same temperature is polycrys-
alline (Fig. 2(d)). It should be noted that at 500 ◦C, the diameters
f the nanorods are smaller than that of the grains in polycrys-

alline ZnO film. The smaller FWHM value for the ZnO(Ar/N2)
lm is attributed to the nanorod feature [18–20].

Fig. 3(a) and (b) shows FE-SEM top-views of the ZnO(Ar)
nd ZnO(Ar/N2) films, respectively, deposited at a substrate
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Fig. 4. (Color online) (a) Absorption coefficients for the ZnO(Ar/N2) and
ZnO(Ar) films deposited at different substrate temperatures. (b) Estimated opti-
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ig. 3. FE-SEM top-views of the (a) ZnO(Ar) film and (b) ZnO(Ar/N2) nanorod
lm, respectively, deposited at 500 ◦C.

emperature of 500 ◦C. It clearly shows that the nanorod
tructure was not present in the ZnO(Ar) film, whereas
he ZnO(Ar/N2) films at 500 ◦C exhibited vertically aligned,
ingle-crystal hexagonal-like nanorods with flat (0 0 0 2) sur-
aces. No metal clusters were found at the end of the
anorods, indicating that the growth mechanism is not the
atalyst-assisted vapor–liquid–solid (VLS) growth [19–21].
ecently, catalyst-free ZnO nanorods/nanowires have been syn-

hesized by various chemical and physical techniques such
s plasma-enhanced chemical vapor deposition, metal-organic
apor-phase epitaxy, and pulsed laser deposition [19–22]. The

anorod structures provide high surface areas and superior
arrier transport (or conductivity) along the c-axis, which
ay lead to increased interfacial reaction sites and reduced

ecombination rate [10,23]. Therefore, the aligned nanorod

r
a
d
c

al bandgaps of ZnO(Ar/N2) and ZnO(Ar) films as a function of the substrate
emperature. (For interpretation of the references to colour in this figure legend,
he reader is referred to the web version of the article.)

lms deposited at 500 ◦C should lead to enhanced PEC
esponse.

We have also measured the optical absorption coefficients for
hese ZnO films. Because ZnO has a direct bandgap, the optical
andgap can be described by the following equation [17]:

αhν)2 = β(hν − Eg), (1)

here hν is the photon energy, Eg is an optical bandgap, and β

s the edge width. The absorption coefficient (α) was calculated
y the following equation [17]:

= − 1

d
ln

(
T

1 − R

)
, (2)

here d is the film thickness and R and T are the measured

eflectance and transmittance, respectively. Fig. 4(a) shows
bsorption coefficients of the ZnO(Ar/N2) and ZnO(Ar) films
eposited at different substrate temperatures. The direct opti-
al bandgaps of the films were determined by extrapolating the
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Fig. 5. (Color online) Photocurrent–voltage curves of (a) ZnO(Ar/N2) nanorod
and (b) ZnO(Ar) films, deposited at 500 ◦C under (red curve) continuous illumi-
nation, (black curve) dark condition, and (blue curve) light on/off illumination
with an UV/IR filter. Electrolyte and scan rate were 0.5 M Na2SO4 mild aque-
ous solution and 5 mV s−1, respectively. (For interpretation of the references
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inear portion of each curve in Fig. 4(a) to (αhν)2 = 0, with
he resulting values plotted in Fig. 4(b). The measured opti-
al bandgaps for ZnO(Ar) films deposited at 200 and 500 ◦C
re almost the same (about 3.26 eV) [24]. The bandgap of the
nO(Ar/N2) film deposited at 100 ◦C is 3.19 eV, lower than that
f the ZnO(Ar) films. This bandgap reduction is due to the
ncorporation of N, which generates an impurity band above the
alance band of ZnO [2,25]. However, when substrate temper-
tures are increased to 300 and 400 ◦C, the bandgap reduction
isappears. It is because at these temperatures, N incorporation
s suppressed, as confirmed by XPS composition measurements
Fig. 1(d)). Thus, the bandgaps of ZnO(Ar/N2) grown at these
emperatures should have similar bandgaps as the ZnO(Ar)
lms. It is interesting to note, however, that the ZnO(Ar/N2)
lms with aligned nanorods deposited at 500 ◦C exhibited a
uch lower bandgap (3.05 eV) than the ZnO(Ar) film grown

t the same temperature. Because XPS indicates no detectable
incorporated in the ZnO(Ar/N2) nanorod film, the bandgap

eduction must be induced by intrinsic defects, likely oxygen
acancies [26], which could explain the absorption tail below
eV. The impurity band can enable light absorption in the long-
avelength regions.
The PEC response for the ZnO films deposited in differ-

nt ambient was also investigated. Fig. 5(a) and (b) shows
hotocurrent–voltage curves of the ZnO(Ar/N2) and ZnO(Ar)
lms deposited at 500 ◦C, respectively, under continuous illu-
ination (red curve), dark condition (black curve), and light

n/off illumination (blue curve) with an UV/IR filter. Both ZnO
lms show very small dark currents up to a potential of 1.4 V.
he ZnO(Ar/N2) nanorod film deposited at 500 ◦C exhibited
uch higher photocurrents than the ZnO(Ar) film deposited at

he same substrate temperature.
To see the effects of substrate temperature on PEC response,

e measured photocurrent at a 1.2 V potential for ZnO(Ar/N2)
nd ZnO(Ar) films under continuous illumination with UV/IR
lter. Fig. 6(a) shows the measured photocurrents as a func-

ion of the substrate temperature for the ZnO(Ar/N2) and
nO(Ar) films. At low substrate temperatures (below 300 ◦C),

he photocurrents of ZnO(Ar/N2) films are similar to that of
nO(Ar) films, although these ZnO(Ar/N2) films have smaller
andgaps than ZnO(Ar) films. For these ZnO(Ar/N2) sam-
les, low crystallinity (Fig. 1(d)) could be responsible for the
mall photocurrents because the photocurrent increases for
nO(Ar/N2) films as the substrate temperature increases, as
oes the crystallinity. The ZnO(Ar/N2) film deposited at 500 ◦C
xhibits the best photoelectrochemical response—more than
wo times higher than the ZnO(Ar) films deposited at the same
emperature. The enhancement can be attributed to the aligned
anorod structure along the c-axis and additional light absorp-
ion in the long-wavelength regions. The electron–hole pairs
re generated by the absorption of photons with energies larger
han the bandgap and separated by the electric field of the
epletion region. In the case of n-type semiconductors, the

xcited electrons move through bulk region to the counter elec-
rode where water reduction occurs. The generated holes move
owards semiconductor/electrolyte interface where water oxida-
ion takes place. The aligned nanorod structures along the c-axis

l
fi
r
t

o colour in this figure legend, the reader is referred to the web version of the
rticle.)

rovide high surface area and superior carrier transport along
he c-axis, leading to the increased interfacial reaction sites and
educed recombination rate between the electrons and holes. As
result, the PEC performance of the nanorod structure is greatly
nhanced.

To investigate the photoresponse of the ZnO(Ar/N2) nanorod
lms deposited at 500 ◦C in the long-wavelength regions, a
reen color filter was used in combination with the UV/IR filter.
or comparison, PEC responses for ZnO(Ar) films deposited
t 500 ◦C were also measured and are shown in Fig. 6(b).
he ZnO(Ar) films exhibit no clear photoresponse due to their

arge bandgaps. On the other hand, the ZnO(Ar/N ) nanorod
2
lms show considerable photocurrents in the long-wavelength
egions (green filter). These currents can only be due to pho-
on absorption by the defect bands. Thus, our results indicate
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Fig. 6. (Color online) (a) Photocurrents measured at 1.2 V as a function
of the substrate temperature for the ZnO(Ar/N2) and ZnO(Ar) films. (b)
Photocurrent–voltage curves of ZnO(Ar/N2) nanorod and ZnO(Ar) films
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eposited at 500 ◦C under illumination using combined UV/IR and green fil-
ers. (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of the article.)

hat the formation of impurity bands do not necessarily signifi-
antly increase the recombination rate and can be used to provide
dditional photon absorption in the long-wavelength regions. It
hould be pointed out, however, that the concentration of point
efects should be optimized. If the concentration is too high,
he point defects may significantly increase the electron–hole
ecombination rate and act as dominant recombination centers,
esulting in the decreased photoresponse. This has been seen in
he low-crystallinity ZnO(Ar/N2) films deposited below 300 ◦C.
onetheless, our results show that sputter-deposited ZnO films

t the substrate temperature of 500 ◦C in mixed Ar/N2 gas ambi-
nt exhibited aligned nanorods along the c-axis and slightly
educed bandgap, leading to greatly enhanced PEC response.
. Conclusions

We have investigated the structural properties, optical absorp-
ion, and PEC responses for ZnO deposited at different

[

Sources 176 (2008) 387–392

emperatures by sputtering the ZnO target in pure Ar gas and
ixed Ar/N2 gas ambient. We found that the presence of N2 in

he growth ambient helps to promote the formation of aligned
anorods and impurity bands at a high substrate temperature of
00 ◦C, resulting in the significantly enhanced PEC response,
ompared to ZnO(Ar) films deposited in pure Ar gas ambient.
ur results suggest that deposition ambient can be used to pro-
uce desired properties of thin films, and aligned nanorods may
elp to improve PEC performance.
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