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In this study, zinc oxide nanowires (ZnO NWs) coated with crystalline tin oxide (SnO,) by an ultrasonic spray pyrolysis were
investigated. High resolution transmission electron microscopy analysis confirms that a continuous single SnO, layer of about 10
nm has been coated on the ZnO NWs. Photoconductivity measurements revealed that the ZnO NWs coated with the single uniform
SnO, layer had a higher photoconductivity ratio by about a factor of 8 compared to the pristine ZnO NWs, attributed to the
multi-photoexcited electrons. Under a steady radiation of UV light (A = 325 nm), a substantial increase in the steady-state
photocurrent is noticeable, suggesting that extra photoinduced charges are transferred from SnO, to ZnO NWs.
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Because of its numerous applications, for example, as a UV pro-
tection film, a transparent conducting oxide film, an electron-
transport medium for solar cells, a biochemical sensor, and a pho-
tocatalyst, zinc oxide (ZnO) is an important photoelectronic
semiconductor with a direct wide bandgap of 3.37 eV and a rela-
tively large exciton binding energy of 60 meV at room
temperature. 15 Furthermore, the physical properties of ZnO nano-
wires (NWs) can be dramatically changed by surface modification
with selected orgamc 1norgan1c and biological species such as
Al,O3, TiO,, and ZnS.>’ Such specialization usually leads to a sig-
nificant enhancement in electronic, mechanical, or photoelectronic
properties.ﬁ’g’9

Recently, ZnO NWs augmented with ultrathin coatings represent
a new electrode structure for collecting electrons in photovoltaic
devices.'®!! Gubbala et al. reported the high electron-transport be-
havior of SnO, nanoparticles wrappmg around SnO, NWs in dye
sensitized solar cells (DSSCS) SnO, plays a key role in the appli-
cations of gas sensors, "1 DSSCs, and transparent conductive coat-
ings for electrodes, and many deposition techniques have been de-
veloped for SnO,-based films, mcludmig8 chemical vapor deposition,
sol—gel, sputtering, and evaporation.

Chemical deposition has received much attention because of its
excellent uniformity and precise element composition control of
large-scale films and the ability to coat diverse structures or shapes.
Aboaf et al. reported that SnO, films can be prepared by a gas-phase
reaction of SnCl, with H,O or by a %as phase reaction of SnCl, with
O, via a spray pyrolysis method. SnO, thin films can be re-
garded as a layer consisting of many high quality nanoparticles in a
nanoscale.

It is technologically possible to deposit or %row SnO,-based thin
or thick films with nanosized crystalline SnO,. Therefore, in this
work, we report the photoelectric behavior of single-crystalline ZnO
NWs coated with a conductive and uniform single SnO, layer by
ultrasonic spray pyrolysis. This work is motivated by potential ap-
plications of the combined ZnO NWs/SnO, system.

Experimental

The ZnO NWs reported here were grown using a low tempera-
ture method.” An equimolar (0.01 M) aqueous solution of
7Zn(NO3),-6H,0 and hexamethylenetetramine was prepared. Subse-
quently, Si substrates with a thin ZnO seeding layer (20 nm) were
placed inside the solution at 95°C for 24 h. After removal from the
aqueous solutions, the substrates were rinsed with distilled water
and dried at 60°C. To deposit SnO, on ZnO NWs, the initial solu-
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tion was prepared from 0.5 mol of stannous chloride (SnCl,) in 1.0
L of deionized water. The deposition temperature (working tempera-
ture) was 360°C, and the deposition times were 0.5-2 min for all the
depositions. The carrier gas flow rate was maintained at 20 L/min in
air. The crystalline phase and structure of the synthesized
SnO,-coated ZnO NWs were characterized by X-ray diffraction
(XRD) with Cu Ka radiation, field-emission-scanning electron mi-
croscopy (FESEM), and high resolution transmission electron mi-
croscopy (HRTEM) using a JEOL 2100 equipped with an energy
dispersive X-ray spectrometer (EDS). For transmission electron mi-
croscopy (TEM) analysis, the material was ultrasonically dispersed
in 2-propanol and dropped onto a holey-carbon-coated copper grid.
To characterize the photocurrent, a UV lamp (N =325 nm) was
used as a light source. The photocurrent was measured by a two-
probe current-voltage (I-V) system using a Keithley 237 source
measurement unit.

Results and Discussion

Figure la shows an FESEM image of the as- synthes1zed ZnO
NWs following a saturation—precipitation mechanism.?’ The sizes of
the ZnO NWs were 20-30 nm diameters and a few micrometer
lengths, depending on the growth conditions. Figure 1b and ¢ shows
the image of ZnO NWs coated with single-layer and multilayer
SnO; shells by the spray pyrolysis deposition (SPD) process, respec-
tively. The XRD patterns of the ZnO NWs and the ZnO
NWs@SnO, nanocomposite are shown in Fig. 1d. The distinct
peaks corresponding to ZnO and SnO, are observed, and the major
diffraction peaks of the coating specimen are consistent with the
known tetragonal SnO, structure with lattice constants given as a
=4.755 A and ¢ =3.199 A (JCPDS 41-1445). The main (200)
peak intensity of the tetragonal SnO, increases with an increase in
the coating layer, indicating that a better crystallinity of the shell
layer can be obtained from the spray pyrolysis ZnO/SnO, NW.
Given this condition, it can be concluded that the coated SnO, layers
retain their perfect crystalline phase and physical structure, further
confirming that a ZnO/SnO, NW nanocomposite, rather than an
alloy, was formed.

The low magnification TEM image in Fig. 2a indicates that the
NWs were completely covered with a single SnO, layer composed
of SnO, nanoparticles. The diameter of the NWs was estimated to
be about 25 nm, and the thickness of the coating layer was about 10
nm. From the XRD spectrum shown in Fig. 1d, the average size of
SnO, nanoparticles calculated by the Scherrer equation was about 8
nm, consistent with the TEM results. The corresponding high mag-
nification TEM image in Fig. 2b clearly shows that the SnO, nano-
particles were crystalline and distributed well on the NWs. The EDS
spectrum in Fig. 2c obtained by focusing an electron beam with a

Downloaded on 2014-04-24 to IP 140.113.38.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

|

W o
| 2n0 NWs@single-layer Sno,
|

n..../w"‘ “W}%«'MJM
" Eff

40 50 [
26

Intensity (a.u.)

(100)
E(112)

~E
a

5

N

S

@

8
L (102)
L _(110)

[ (103

Figure 1. (Color online) Scanning electron microscopy micrographs of (a)
ZnO NWs, (b) ZnO NWs coated with a thin SnO, layer (~10 nm), and (c)
ZnO NWs coated with a thick SnO, layer (~40 nm). (d) XRD patterns of
SnO,-coated ZnO NWs.

spot size of 5.0 nm directly on the coated ZnO NWs clearly indi-
cated tin, oxygen, and a significant zinc peak after a long acquisition
time.

A typical structure for an /-V measurement consisting of Ag
metal/ZnO NWs/SnO,-coated ZnO NWs/ZnO NWs/Ag metal is
presented schematically in Fig. 3a. Pristine ZnO NWs present a high
resistivity of hundreds of megaohms that is about 2 orders of mag-
nitude larger than that (above 3.5 M) reported for naked single
ZnO NWs. In contrast, as shown in Fig. 3b, as the SnO, layer was
coated on the ZnO NWs, the device with the SnO, layer-modified
ZnO NWs presented a different degree of conduction depending on
the coating thickness of the SnO, layer. A single SnO, layer of
~10 nm on the surface of ZnO NWs could increase the current of
the NW device by 30%, and with an increase in coating thickness,
an enhanced conduction of as large as 150% could be obtained for
the ZnO NWs coated with thick layers of SnO, (~40 nm). This
improvement in the transport characteristics of the ZnO

ZnO NWs
&’ 5 nm

Figure 2. (Color online) (a) TEM image and (b) HRTEM micrograph of
7ZnO NWs coated with a single SnO, layer (~10 nm). (c) Element compo-
sition analysis of an individual ZnO NW @SnO,.
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Figure 3. (Color online) (a) /-V measurement structure of ZnO NWs@SnO,.
(b) Room-temperature I-V curves of pristine ZnO NWs and ZnO
NWs@SnO,.

NWs@SnO, nanocomposite can be attributed to the decreased par-
tial resistance of ZnO NWs and the increased probability of having
many electrically conducting paths.

Figure 4 shows the photoresponse of ZnO NWs coated with vari-
ous thicknesses of SnO, under modulated illumination of 325 nm
wavelength light. Before the SnO, deposition, the dark current of
ZnO NWs was very small (I ~ 31 nA@0.8 V) before illumination,
but after the illumination was turned on, all the ZnO NW samples
had a consistent current. This is the well-observed subbandgap pho-
toconductivity in ZnO that corresponds to the generation of
electron-hole })airs via optical transitions between defect states and
the bandedge.”* However, after SnO, deposition, the current (1) (the
dark current) was enhanced for the ZnO NWs with the thin SnO,
coating (i.e., 10 nm SnO,-coated ZnO NWs, Fig. 4b). This behavior
is attributed to the transfer of the photoexcited electrons from the
conduction band of SnO, to that of ZnO, which is favorable for
SnO, because the position of the lowest unoccupied energy level in
SnO; is just above the lowest unoccupied energy level of ZnO. This
is a strong evidence of a photosensitization effect because SnO, can
provide additional electrons that are excited by short UV wave-
lengths (A < 360 nm). However, ZnO NWs with a thicker SnO,
(~40 nm) coating have a lower photoexcitation (1/3 time) than the
pristine ZnO NWs, suggesting that the thicker SnO, absorbs most of
the UV irradiation and acts as a shielding layer on ZnO NWs. To
quantify the current enhancement, the transient photocurrent of the
samples was analyzed. In the analysis, the starting time, ¢ = 0, was
set as the time when the UV irradiation and the current were mea-
sured up to r = 30 s so that the photoresponse current could be fully
observed. It can be seen in Fig. 4 that after illumination the current
rose rapidly before reaching a steady state and then decreased gradu-
ally. For the ZnO NWs and NWs@ SnO, nanocomposite, the steady-
state photocurrent started to decrease gradually after roughly 30 s of
illumination. This phenomenon was mostly observed for the ZnO
exposed in air (for pure ZnO) due to surface-related photoconduc-
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Figure 4. (Color online) Time dependence of the photocurrent with periodic
irradiation of the light under continuous illumination of 325 nm in air at a
bias voltage of 0.8 V for (a) ZnO NWs, (b) ZnO NWs@single-layer SnO,,
and (c) ZnO NWs@multilayer SnO,.

tion, which is primarily governed by the desorption and adsorption

25 : : :
of oxygen.” The response times of the photogeneration were esti-
mated to be 7, = 1.2, 2.0, 1.5 s in the initial growing stage for the
ZnO NWs, the ZnO NWs@single-layer SnO,, and the ZnO
NWs@multilayer SnO,, respectively. The increase in T, after SnO,
deposition may be explained in terms of the effect of electron trap-
ping on the achievement of a steady-state current after illumination.
In the ZnO NW network, the number of electrons reaching the elec-
trode determines the measured current under a constant bias voltage.
However, the conducting electrons can be captured at trap centers.
As a result, the starting time for photocurrent generation was slowed
because the steady-state current could be reached only after all the
traps were filled, a delay determined by the trap filling times of ZnO
and the SnO, single layer. Under this condition, an equilibrium be-
tween multiple electron trapping and detrapping events was ob-
served. In contrast, for the ZnO NWs@single-layer SnO, samples,
the single SnO, layer provided additional electron traps to increase
Tg- After the illumination is turned on, the traps in SnO, must be
filled before the photoelectrons can be injected into ZnO. As shown
in Fig. 4, the time (74) for photocurrent decay from the steady state
to the dark current after UV irradiation was estimated to be about
25.6 s for ZnO NWs, but it could be decreased with a single-layer
SnO, coating on the ZnO NWs. The reduction in 74 implied that the
thin SnO, layer played a significant role in surface photoconduction
by providing partial passivation to minimize the interaction of oxy-
gen with the ZnO surface.

A schematic energy band diagram is shown in Fig. 5 for the
photoconduction mechanism in the presence of the ZnO
NWs@SnO, nanocomposite. In this diagram, xz,o is the electron
affinity of n-type ZnO (~4.5 eV) and E,. 7,0 is the bandgap of ZnO
(~3.3 eV). Also, Xsno, 18 the electron affinity of SnO,
(~4.4 eV) and E; 5q0, is the bandgap of SnO, (~3.6 eV).” Be-
cause of a slight band mismatch in this system, the barrier height
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Figure 5. (Color online) Energy bands for SnO,-coated ZnO NWs after UV
irradiation.

becomes large and electrons are blocked in the ZnO region. The
barrier height can be represented by @5 = (Xzn0 — XSnO2) and cal-
culated to be 0.1 eV. The trapping at the surface states drastically
affects the transport of high surface-to-volume ratio nanostructured
materials. Upon illumination by photons of energy larger than the
semiconductor bandgap (E,), electrons are excited into the conduc-
tion band in both parts of ZnO NWs and the single SnO, layer
(~10 nm). Therefore, from this work it can be concluded that
electron-transport properties can be controlled by depositing a SnO,
layer on ZnO NWs that can then be used as three-dimensional elec-
trodes to increase the conversion efficiency for photovoltaic devices.

Conclusion

We have developed a method to uniformly coat a single SnO,
layer on ZnO NWs by an SPD process. A crystalline SnO,-coated
layer with a thickness of about 10 nm can be obtained, as confirmed
by the HRTEM image of ZnO NWs@SnO,. Transport measure-
ments show that the photocurrent in ZnO NWs can be enhanced by
multi-photoexcited electrons attributed to ZnO and the single SnO,
layer under UV irradiation. The results presented in this study can
pave the way toward the design of one-dimensional nanostructures
for new possibilities in multifunctional nanodevices.
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