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SnO2@CdS nanowire-quantum dots heterostructures:
tailoring optical properties of SnO2 for enhanced
photodetection and photocatalysis

Jun Pan,*a Jiangtian Li,b Zilai Yan,a Banghong Zhou,a Hanshuo Wua

and Xiang Xiong*a

Rationally designed SnO2@CdS nanowire-quantum dots (QDs) heterostructures were realized by a wet-

chemical method via hydroxide cluster growth mechanism on high crystalline quality SnO2 nanowires,

which were synthesized by a vapor transport method. The heterostructures showed enhanced photon

harvesting capability and photodetection sensitivity at visible regime than that of wide band gap

homogeneous SnO2 nanowires, as characterized by UV-Vis absorption and photoconductivity

measurements. In addition, the SnO2@CdS nanowire-QDs heterostructures showed enhanced

photocatalytic activity by more than 109% in a conceptual demonstration of photodegradation of

methylene blue solution. Our results suggest that the SnO2@CdS nanowire-QDs heterostructures exhibit

considerable promise for highly sensitive visible-light photodetectors and highly efficient photocatalysis.
Introduction

One-dimensional (1D) metal oxide nanowires, particularly wide
band gap transparent conducting oxide nanowires such as
those from zinc, titanium, indium and tin oxides, exhibit
considerable promises in photonics, photocatalysis and
photovoltaics.1–4 With large scale arrays readily achievable, the
electrical and optical properties of the nanowires can be
tailored towards highly efficient light harvesting.5–7 However,
the wide band gap nature of those materials is suitable only for
light harvesting in the UV regime, leaving poor efficiency in the
visible region.8 A solution to this problem is to combine metal
oxide semiconductors with sensitizers of narrow band gap
materials to extend their absorption range.9,10 As a potential
sensitizing strategy, semiconductor QDs show unique advan-
tages of strong size-dependence of band gap, thus enabling full
tunability even with a single QD material.11,12 Higher efficiency
can also be achieved by utilizing electrons to generate multiple
electron–hole pairs with a single high-energy photon through
the impact ionization effect.13

SnO2 is one of the most promising materials with its well-
known excellent transparency, conductivity, and geological
abundance. It has been widely used in many elds such as
electronics,14 gas sensors,15 energy storage,16 and energy
conversion.17 However, the relatively wide band gap nature (Eg¼
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3.7 eV at 300 K) limits its applications in nanophotonics and
photocatalysis.

In this work, we explore an effective quantum dot sensiti-
zation scheme based on CdS QDs decoration of high quality
SnO2 nanowires synthesized by chemical vapor deposition
(CVD). CdS QDs with a narrower band gap (Eg¼ 2.4 eV, at 300 K)
was chosen as light harvesters in visible regime. We propose the
photoresponse mechanism of the SnO2@CdS nanowire hetero-
structures as shown in Fig. 1. The band alignment was drawn
according to the photoelectron spectroscopy study by Fritsche
et al.18 A slight depletion region is formed upon equilibrium to
prevent further carrier exchange. An electron–hole pair is
generated aer the absorption of a photon with energy larger
than the band gap of CdS QDs. Subsequently, the photo-
generated electrons diffuse to the conduction band of coupled
SnO2 nanowires because of concentration gradient. The pho-
togenerated hole in the CdS QDs can migrate to the surface and
Fig. 1 Schematic of the photoresponse mechanism of SnO2@CdS nanowire-
QDs heterostructure.

This journal is ª The Royal Society of Chemistry 2013
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participate in the oxidation of adsorbed organics. The electrons
that are transferred to the conduction band of SnO2 contributed
dominantly to the enhancement of photoconductive charac-
teristics below the SnO2 nanowire band gap. Meanwhile, the
SnO2@CdS nanowire heterostructures were also used as the
photoanodes materials for the solar cells owing to higher
recombination resistances, faster charge transport, and more
efficient charge separation.19,20

To realize the rationally designed SnO2@CdS nanowire
heterostructures, CdS QDs were synthesized via a chemical bath
deposition method (CBD) on single crystalline SnO2 nanowires
grown by a vapor transport method. Photoconductive charac-
teristics and photocatalytic properties of SnO2@CdS nanowire
heterostructures were then investigated systematically.
Experimental section
Synthesis and characterization of nanostructures

SnO2 nanowires were synthesized by a vapor transport method
with a feedstock source of SnO2 powder (purity 99.99%). The
source powder was loaded into an alumina boat and placed
10 cm upstream from the Au-coated Al2O3 substrate in a quartz
tube, which was centered in a horizontal tube furnace. The tube
was evacuated by a rotary pump to a base pressure of 10�2 Torr.
Prior to the heating, high-purity Ar was used to ush the quartz
tube. Then, the furnace was heated to 825 �C and maintained
for 30 min under a constant Ar gas ow (40 sccm) at a total
pressure of 50 Torr.

CdS quantum dots (QDs) were deposited on the surface of
SnO2 nanowires via a chemical bath deposition. 2 mM CdS
precursor solution was prepared by dissolving CdSO4 and
thiourea (with a molar ratio of Cd2+ to S2� ¼ 5 : 1) in ammonia
solution. Morphology and QDs coverage can be controlled by
the concentration of ammonia solution. By varying the different
concentrations of ammonia solution (1 M and 2 M), sparsely
covered and heavily covered heterostructures can be obtained
respectively. SnO2 nanowires were cleaned with N2 ow and
then immersed into CdS precursor solution. The solution was
put into an oil bath at 60 �C for 30 min. Then, SnO2 nanowires
were immediately taken out and washed with deionized water
and ethanol. Finally, the heterostructures were annealed at
400 �C under vacuum for 2 h to enhance the interaction between
CdS and SnO2.

The heterostructures were thus collected and characterized
by eld-emission scanning electron microscopy (FESEM, JEOL
JSM-7001F), X-ray powder diffraction (XRD, Bruker D8 advanced
diffractometer, CuKa radiation), transmission electron micros-
copy (TEM, JEOL JEM-2100), UV/Vis/NIR Spectrometer (Perki-
nElmer Lambda 950) andMicro Raman Spectroscopy (Horiba JY
T64000).
Preparation of single nanostructure photodetectors

To fabricate the single nanostructure device, SnO2 nanowires
and SnO2@CdS nanowire heterostructures were dispersed on a
Si substrate with an oxide layer of 300 nm. The source–drain
contacts were patterned by electron beam lithography on a layer
This journal is ª The Royal Society of Chemistry 2013
of poly(methyl methacrylate) resist. Ti (60 nm) and Au (40 nm)
layers were deposited sequentially by thermal evaporation fol-
lowed by a li-off process in acetone. The nanowires were
etched in diluted HF solution (5%) 10 seconds to remove
amorphous oxide layer and CdS surface layer to expose crys-
talline SnO2 core. A rapid thermal annealing at 250 �C was
carried out in forming gas for 1–3 min to obtain Ohmic contact.
The top inset in Fig. 5b shows the typical device image with a
channel width of 1 mm.
Measurements of photoconductive characteristics

The I–V curves of SnO2 nanowire and SnO2@CdS nanowire
heterostructure in dark were measured under the DC mode.
Photoconductivity measurements were carried out on a home-
made setup as schematically shown in Fig. 5a. A halogen lamp
and a monochromator were combined to provide mono-
chromatic light. The monochromatic light was split into two
beams: one beam was used to monitor the intensity of light
detected by a pyroelectric detector, and the other beam was
shined on the sample. The photocurrent signal was amplied
by a current preamplier and then collected by a lock-in
amplier (SR830) with a chopper providing reference signal.
Hence, in photocurrent measurement the dc current was
ltered by the lock-in amplier and only photo-generated
current was measured.
Measurements of photocatalytic properties

The photocatalytic activities of the samples were tested by the
decomposition of methylene blue in an ATLAS Suntest CPS+.
The as-prepared samples (pure SnO2 nanowires and CdS
quantum dot decorated SnO2 nanowires on Al2O3 substrate)
were separately immersed into two cuvettes lled with 25 ml
aqueous suspension of methylene blue. The cuvettes were
exposed to light in the spectral range from 310 to 800 nm with
an intensity of 100 mW cm�2. The sample compartment was
water-cooled to maintain the thermal stability of methylene
blue. The UV-Vis spectroscopy (PerkinElmer Lambda 950) was
then measured as a function of illumination time, in which the
absorbance evolution reects the change of methylene
concentration.
Results and discussion

CBD of CdS QDs has been widely studied for the various
compositions of chemical solutions.21 QDs can be grown
directly on the surface of nanowires with the CBD method by
the solution of cadmium salt (CdSO4), aqueous ammonia
(complexing agent), and thiourea (NH2CSNH2, sulfur source) in
this work. The general reaction pathways for the CdS formation
in thiourea chemical bath are illustrated in the following steps:

NH3 + H2O 4 NH4
+ + OH� (1)

Cd2+ + 4NH3 4 Cd(NH3)4
2+ (2)

(NH2)2CS + OH� / CH2N2 + H2O + HS� (3)
Nanoscale, 2013, 5, 3022–3029 | 3023
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HS� + OH� / S2� + H2O (4)

Cd2+ + S2� / CdS (5)

Cd2+ + 2OH� / Cd(OH)2 (6)

Cd(OH)2 + S2� / CdS + 2OH� (7)

In the process, ammonia produces a hydroxide ion and
forms a cadmium tetramine complex by two different equilib-
rium reactions ((1) and (2)). Ammonia can maintain a slightly
basic pH of the solution, thus preventing violent cadmium
hydroxide formation. In an alkaline solution, thiourea decom-
poses and generates free sulfur ions ((3) and (4)). CdS might
form through an ion-by-ion mechanism (5) or a hydroxide
cluster mechanism ((6) and (7)), either exclusively or concur-
rently, on the surface of SnO2 nanowires.

By varying the different concentrations of ammonia solution
(1 M and 2 M), two different heterostructure morphologies
which correspond to different level of QDs coverage on the
nanowires can be observed. Fig. 2 shows the typical SEM and
TEM images of the sparsely covered nanowires from CBD with
higher ammonia concentration (a–c) and the heavily covered
nanowires from CBD with lower ammonia concentration (d–f).
The presence of such coverage evolution implies that the
hydroxide cluster mechanism was the dominant pathway under
our experimental conditions as the direct ion-by-ion mecha-
nism should not strongly depend to ammonia concentration,
which on the other hand correlates negatively with the forma-
tion of cadmium hydroxide essential for the hydroxide cluster
Fig. 2 SEM (a and d) and TEM images of (b, c, e and f) sparsely covered (upper ro

3024 | Nanoscale, 2013, 5, 3022–3029
mechanism. Meanwhile, such result also demonstrate the
possibility for well-controlled QDs coverage on SnO2 nanowires
via the CBD method.

High-resolution TEM analysis of SnO2@CdS nanowire
heterostructures reveals that SnO2 nanowire and CdS QDs are
crystalline. CdS QDs clusters with a diameter of �10 to 20 nm
are identied which are homogeneously dispersed on the
surface of SnO2 nanowires with a diameter of �35 nm. Clear
lattice fringes are observed as shown in Fig. 2c and f. The
measured spacing of the crystallographic planes is 2.69 nm,
corresponding to the rutile-structured SnO2 crystal, suggesting
that CVD-grown SnO2 nanowires had a preferred growth
orientation along h101i. Moreover, clear lattice fringes of CdS
QDs are resolved to be 3.16 nm and 3.36 nm, corresponding to
the (101) and (002) planes of hexagonal crystal structure CdS,
respectively.

The crystalline structures of the SnO2@CdS nanowire
heterostructures are further identied via XRD as shown in
Fig. 3. Although the diffraction peaks of CdS are much weaker
compared to the high-intensity peaks of as-grown well-crystal-
lized SnO2 nanowires, those XRD peaks can be indexed as the
hexagonal crystalline structure CdS (Fig. 3a) in agreement with
the TEM observation.

Raman scattering spectroscopy is another powerful and yet
non-destructive method to probe crystalline quality,22 phase
impurities,23 structural modulation24 or conned phonon states
in nanowires.25 Therefore, Raman scattering is used further to
study the crystalline structures of SnO2@CdS nanowire hetero-
structures. Fig. 3b shows the room-temperature Raman
w) and heavily covered (lower row) SnO2@CdS nanowire heterostructures.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) XRD spectrum of SnO2@CdS nanowire heterostructures. The intensity
is shown in log scale in order to bring CdS peaks more prominent. (b) Raman
spectra of SnO2 nanowires and SnO2@CdS nanowire heterostructures.

Fig. 4 (a) UV-Vis optical absorption spectra and (b) PL spectra of SnO2 nanowires
(plot 1) and SnO2@CdS nanowire heterostructures (plot 2). PL spectrum of CdS
QDs (plot 3) was used for comparison.
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scattering spectra of SnO2 nanowires and SnO2@CdS nanowire
heterostructures excited by a 457 nm laser line of an Argon ion
laser. Three fundamental Raman scattering peaks of SnO2

nanowires at 474, 633 and 775 cm�1 are identied, corre-
sponding to the Eg, A1g and B2g vibrational modes, respec-
tively.26 Thus, these peaks further conrm that the SnO2

nanowires possess tetragonal rutile structure. Three peaks of
SnO2@CdS nanowire heterostructures are clearly observed at
242, 296 and 598 cm�1, corresponding to the TO mode, LO
mode and 2LO mode of CdS.27 It is noteworthy that the peak
intensities at 633 and 775 cm�1 from SnO2 nanowires have been
signicantly reduced, presumably because the covering of CdS
nanocrystals extinct both excitation laser intensity and emitted
Raman signals signicantly.

Fig. 4a shows the UV-Vis optical absorption spectra taken at
room temperature. SnO2 nanowires show an absorption edge
around 350 nm, which corresponds to the SnO2 band edge
absorption. The sharp absorption edge indicates that SnO2

nanowires grown by CVD exhibit high crystalline quality. On the
contrary, SnO2@CdS nanowire heterostructures shows two
absorption edges around 350 and 520 nm, corresponding to the
This journal is ª The Royal Society of Chemistry 2013
band edges of SnO2 and CdS respectively. The SnO2@CdS
nanowire heterostructures shows considerable increase of
absorption in the spectrum regime of 320–520 nm, compared to
pure SnO2 nanowires. This enhancement of the light harvesting
is due to the CdS quantum dots decoration.

Fig. 4b showed photoluminescence (PL) spectra of SnO2

nanowires (plot 1) and SnO2@CdS nanowire heterostructures
(plot 2). For the pristine SnO2 nanowires, a strong band edge
emission can be clearly found at 527 nm with negligible emis-
sion peaks associated with deep-level defects, despite the large
surface area of the SnO2 nanowires. Aer CdS QDs deposition,
signicant quenching of the SnO2 band edge emission was
observed, implying that charge separation took place before the
electron–hole recombination process may occur within CdS.28

In addition, the band edge emission of CdS (inset, plot 2) is also
largely depressed compared to the CdS QDs (inset, plot 3). The
drastic quenching of the band edge emission for both SnO2 and
CdS in the heterostructure conguration is reasonable,
considering the band alignment between SnO2 and probability
within both SnO2 and CdS.29 An advantage of our synthetic
method is that the CdS QDs grow directly on the SnO2 surface,
Nanoscale, 2013, 5, 3022–3029 | 3025
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which improves the charge injection from CdS to SnO2 and
promotes the separation of hole–electron pairs at the
interface.30

Photoconductivity measurement is performed on individual
nanowire to investigate whether the enhanced absorption due
to CdS QD decoration indeed results into more carrier injection.
The experimental setup is schematically shown in Fig. 5a.
Fig. 5b shows photocurrent measurements of a eld effect
transistor device from an individual SnO2 nanowire and a
SnO2@CdS nanowire heterostructure with/without 355 nm light
illumination, the DC current was ltered by the lock-in ampli-
er. The linear curves of both photocurrent and DC dark current
(bottom inset in Fig. 5b) suggest good ohmic contacts of the
devices. It is important to note that the increase of photocurrent
of SnO2 FET due to light illumination is negligible; however the
photocurrent increases signicantly in SnO2@CdS nanowire
heterostructure FETs. In addition, the increase of photo-
conductance, i.e., the slope in the linear photocurrent curves, of
SnO2@CdS nanowire heterostructure FET is approximately 6
times larger than that of pristine SnO2 nanowire under the same
illumination. Hence, the enhancement of the photocurrent is
due to the additional carrier injection from CdS QDs to the SnO2

nanowire backbone. Photogenerated electrons from CdS diffuse
into SnO2, forming an accumulation layer of electrons in the
potential well adjacent to the interface of the SnO2@CdS
heterojunction, resulting in the enhanced photocurrent.31
Fig. 5 (a) Schematic diagram of the photocurrent measurement. Photogenerated c
Photocurrent of single SnO2 nanowire and SnO2@CdS nanowire heterostructure dev
to (b) shows an SEM image of a typical single nanowire device, the bottom inset show
dark. (c) Variation of photocurrent of single SnO2 nanowire and SnO2@CdS nanowire
law. (d) Spectral response of single SnO2 nanowire and SnO2@CdS nanowire heter

3026 | Nanoscale, 2013, 5, 3022–3029
The plot of photocurrent (I) measured at various light
intensity (P) is given in Fig. 5c. A power law dependence can t
the relation of I vs. P quite well for all intensities:32,33

I ¼ APr (8)

where A is a constant for a certain wavelength, and exponent r
determines the response of photocurrent to light intensity.
Fitting eqn (8) to the curves yields r ¼ 0.888 and 0.594,
respectively, for the SnO2@CdS nanowire heterostructure and
SnO2 nanowire. The non-unity exponent is observed for ZnO
nanowires and CdS nanoribbons,31,34 which is a result of the
complex process of electron–hole generation, trapping, and
recombination within the semiconductor.32,35

Fig. 5d shows the spectral response of a single SnO2 nano-
wire and a SnO2@CdS nanowire heterostructure as a function of
wavelength. The inset is a semi-logarithmetic plot of the same
spectra. In order to exclude the inuence from the change of
light intensity incident at the different wavelength, the
responsivity of spectral response is normally used rather than
photocurrent.36 The responsivity (R) can be expressed as:

R ¼ I

P
(9)

where I is the photocurrent and P is the light power shining on
the device. However, responsivity may vary greatly from device
urrent was measured by a lock-in amplifier combined with an optical chopper. (b)
ices, illuminated by a 355 nm laser with an intensity of 0.5 mW cm�2. The top inset
s the DC I–V curves of SnO2 nanowire and SnO2@CdS nanowire heterostructure in
heterostructure at different light intensities. The curves are fitted well by a power

ostructure. The inset is the same data plotted as a logarithm sensitivity.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Absorption spectra of methylene blue solution at different time using (a)
SnO2 nanowires and (b) SnO2@CdS nanowire heterostructures as the photo-
catalyst. (c) Decrease of concentration as a function of irradiation time. A natural
logarithm C0/C fitting curves are inserted.
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to device so that it is inconvenient to create a meaningful
comparison. One alternative is to take the normalization of the
responsivity, which is called “sensitivity”.37 It is clearly revealed
that, photoresponse can be obtained for the SnO2 nanowire
device when illuminating light with a wavelength larger than
350 nm negligible. Meanwhile the photocurrent has been
detected even when the wavelength of the incident light is as
long as 500 nm for SnO2@CdS nanowire heterostructure.38,39

This is direct evidence that CdS nanocrystal indeed contributed
to the photocurrent. For the wavelength of the incident light
less than the band gap of SnO2 (around 350 nm), the electron–
hole pairs cannot be excited and no photocurrent should be
observed.40 The origin photocurrent of SnO2@CdS nanowire
heterostructure in the wavelength ranging from 500 nm to
350 nm is due to the electrons transferred from CdS nano-
crystal, which can be excited by the incident light. This result is
also consistent with the absorption spectra shown in Fig. 4.
Besides, the sensitivity of SnO2@CdS nanowire heterostructure
is still larger than that of mere SnO2 nanowire. The enhanced
sensitivity might be attributed to the CdS nanocrystal enhanced
absorption, owing to the nanocrystal provides another absorp-
tion channel, which was veried from the absorption spectra.
Since the measurements were performed at a constant light
intensity, that is, constant product of photon energy and photon
density per unit time, the photon density decreases with the
wavelength decreases. Consequently the photon-induced
carrier concentration also decreases (assuming one photon
generates an electron–hole pair).41 This conclusion is also in
good agreement with photocurrent measurements (Fig. 5b).

The photocatalytic activities of the SnO2 nanowire and the
SnO2@CdS nanowire heterostructure are tested by decomposi-
tion of a methylene blue solution. Fig. 6a and b shows the time
evolution of the UV-Vis spectra of methylene blue when it is in
contact with as-prepared SnO2 and SnO2@CdS nanostructures,
respectively. To quantify the photoactivity of the nanomaterials,
the absorbance vs. time (Fig. 6c) is plotted and tted with an
exponential decay:

N(t) ¼ N0e
�ct (10)

where c is the decay rate and N0 is the initial concentration
which correspond to the absorbance. The decay rates of SnO2

and SnO2@CdS samples are 0.021 and 0.044 min�1 respectively.
The photocatalytic activity of the SnO2@CdS nanowire hetero-
structures increases by more than 109% with respect to the
SnO2 nanowires. The photocatalytic decolorization of methy-
lene blue is an apparent rst-order reaction as veried by the
linear transforms ln [C0/C] ¼ f (t) illustrated in the inset in
Fig. 6c. The promising photocatalytic performance for the CdS
QDs sensitized SnO2 nanowires can be attributed to its narrow
band gap CdS decoration. The narrow band gap CdS QD deco-
ration enables the harvesting of solar spectrum in visible
regime, making the SnO2@CdS heterostructure a promising
photocatalyst for solar-driven applications.42 Meanwhile, the
decorated CdS QDs will not only supply more active sites for the
degradation reaction of organic compounds, but also enhance
light harvesting through multiple scattering43 and effectively
This journal is ª The Royal Society of Chemistry 2013
promote the separation efficiency of the electron–hole pairs.44

Additionally, chemical reactions are most effective when the
transport paths through which molecules move into or out of
the nanostructured materials are included as an integral part of
the architectural design, as accomplished in our study by the
QDs-decorated nanowire heterostructure.45,46
Nanoscale, 2013, 5, 3022–3029 | 3027
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Conclusions

In summary, we have demonstrated a rationally designed
SnO2@CdS nanowire-QDs heterostructures by a chemical bath
deposition method via hydroxide cluster growth mechanism.
Due to the quantum dot decorations, SnO2@CdS nanowire
heterostructures show considerably higher absorption in visible
region. Single SnO2@CdS nanowire heterostructure eld-effect
transistor device exhibites six times higher photoconductance
compared to pristine SnO2 nanowire devices, suggesting
improved solar harvesting power and carrier injection from CdS
quantum dots to SnO2 nanowire backbones. As a conceptual
demonstration, we further show that photocatalytic activity of
the SnO2@CdS nanowire heterostructures can be enhanced by
nearly 109%. Our ndings suggest considerable potentials of
SnO2@CdS nanowire heterostructure for high-sensitivity
nanoscale visible-light photodetectors and high efficiency
photocatalysis.
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