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ABSTRACT Vertically aligned Zn0/CdTe core —shell nanocable arrays-on-indium tin oxide (IT0) are fabricated
by electrochemical deposition of CdTe on ZnO nanorod arrays in an electrolyte close to neutral pH. By adjusting
the total charge quantity applied during deposition, the CdTe shell thickness can be tuned from several tens to
hundreds of nanometers. The CdTe shell, which has a zinc-blende structure, is very dense and uniform both radially
and along the axial direction of the nanocables, and forms an intact interface with the wurtzite Zn0 nanorod
core. The absorption of the (dTe shell above its band gap (~1.5 eV) and the type Il band alignment between
the CdTe shell and the Zn0 core, respectively, demonstrated by absorption and photoluminescence measurements,
make a nanocable array-on-ITO architecture a promising photoelectrode with excellent photovoltaic properties
for solar energy applications. A photocurrent density of ~5.9 mA/cm? has been obtained under visible light
illumination of 100 mW cm~2 with zero bias potential (vs saturated calomel electrode). The neutral
electrodeposition method can be generally used for plating CdTe on nanostructures made of different materials,

which would be of interest in various applications.
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sensitized solar cells,' semiconductor

quantum dots (QDs) such as CdS,*?
CdSe,* PbS,*” PbSe,® InP,° and InAs'® have
recently been extensively used as light har-

I nspired by the high-efficiency of dye-

vesters in lieu of organic dyes in the applica-
tion of QD-sensitized solar cells (QDSSCs),
owing to the unique size- and shape-
dependent absorption properties of quan-
tum dots."" ~'* In one of the most promis-
ing configurations of QDSSCs, the semicon-
ductor QDs or nanocrystals are hosted on a
transparent electrode, which consists of a
one-dimensional (1D) ZnO and/or TiO, ar-
ray on a conducting substrate.’®~'? In such
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and accepted April 28, 2010. a configuration, an appropriate band align-
ment between the QDs and the ZnO/TiO,
electrode allows efficient charge carrier in-
jection, and the single-crystal 1D nanostruc-

tures provide an ideal channel for effective
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carrier transport.2°~2¢ An incident photon-
to-current efficiency (IPCE) of 50—60% has
been achieved in CdSe QD-sensitized ZnO
nanowire photovoltaic (PV) devices,*® and
an energy conversion efficiency of 4.15%
has been realized in a CdS QD-sensitized
TiO, nanotube solar cell.>' Despite numer-
ous advantages associated with QDSSCs, ef-
fective loading of QDs on the nanostruc-
tured oxide electrode®” remains a critical
problem. Although bifunctional linker mol-
ecules could improve the loading density of
QDs,*%?® they may introduce additional in-
terface problems that hinder the injection
of photogenerated electrons from QD to
electrode.?® More generally, the mitigation
of interface problems in QDSSCs remains
one of the most promising avenues to im-
proved cell efficiency, as significant carrier
loss can be caused by nonradiative recom-
bination processes occurring at the inter-
faces between a QD and the electrolyte, the
oxide electrode, and adjacent QDs.?° There-
fore, a nanocable array on a conducting
substrate, and specifically a continuous
semiconductor nanoshell-sensitized 1D
nanoelectrode, should have improved per-
formance as a photoelectrode over a stan-
dard QDSSC due to the improved loading
density, reduced surface area of the light
harvester, and greater intact interface area
between the absorbing shell and the 1D ox-
ide electrode.

Among the most widely used inorganic
semiconductor sensitizers, CdTe has a high
optical absorption coefficient (>10* cm™")
and narrow band gap of ~1.5 eV,?%3’
matching the preferred range of the solar
radiation spectrum. In addition, it forms a
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typical type Il band alignment with Zn0O,*? allowing ef-
fective injection of photogenerated electrons from
CdTe into Zn0O.>®> Consequently, a ZnO/CdTe nanoca-
ble array on a transparent conductive substrate would
hold great potential in a number of photoelectrical ap-
plications. Several methods may be used to deposit a
semiconductor material shell on an oxide nanowire or
nanotube surface: chemical base deposition (CBD), di-
rectly soaking the nanowires in well-dispersed QD
solution,??32° or electrochemical deposition.?®?® Elec-
trochemical deposition is preferable, as it is relatively
simple, scalable, and can produce a shell of reasonable
density and uniformity. Unfortunately, most of the elec-
trolytes currently used in electrodeposition of CdTe are
either acidic solutions (pH 1—3) or basic solutions (pH
10) containing NH,™,%33° both of which can severely
etch the ZnO. To date, a procedure for fabricating ZnO/
CdTe nanocable arrays with precisely controllable prop-
erties on a conductive substrate has yet to be
demonstrated.

In the present work, we demonstrate the formation
of large-scale ZnO/CdTe nanocable arrays-on-indium
tin oxide (ITO) through electrodeposition of CdTe on
ZnO nanorod arrays in an electrolyte with close-to-
neutral pH. An intact interface is formed between the
single-crystal ZnO nanorod and the uniform CdTe
nanoshell with tunable thickness. Good photoelec-
trode absorption properties and type Il band align-
ment between the CdTe shell and the ZnO core are
demonstrated by absorption and photoluminescence
measurements, respectively. The resulting nanostruc-
tured photoelectrode shows good photovoltaic proper-
ties and holds promise for applications in solar energy
conversion.

RESULTS AND DISCUSSION

The electrolyte proposed in this work for the elec-
trodeposition of CdTe was an aqueous solution com-
posed of 0.005 M potassium tellurite (K;TeOs), 0.05 M
nitrilotriacetic acid trisodium salt (NTA, CsHgNOgNas),
and 0.02 M cadmium acetate with a solution pH of 8.3.
To investigate the electrochemical potential of CdTe in
the close-to-neutral electrolyte, a cyclic voltammetry
test was performed on a pure ITO substrate. In the cy-
clic voltammogram of Cd?* and Te**, shown in Figure
1, two cathode current peaks appear at —0.8 and —1.0
V, which respectively correspond to the reductions of
TeOs?™ to elemental Te and Te to Te?™ according to>®

TeO,”” + 3H,0 + 4e — Te® + 60H~ M
Te® + Cd*" + 2e — CdTe | )

Te0,”” + Cd*" + 3H,0 + 6e — CdTe | + 60H"
3)

Therefore, the deposition of CdTe on ZnO nanorod
arrays was performed at a fixed potential of —1.0 V
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Figure 1. Cyclic voltammogram of Cd** and Te** in the
neutral electrolyte on ITO electrode.

versus saturated calomel electrode (SCE) to promote
the one-step reaction of TeO32~ and Cd?* shown in eq
3. The thickness of the CdTe shell was adjusted by vary-
ing the total charge quantity passed through the elec-
trodes during the electrodeposition process.

Figure 2 panels a and b show the low- and high-
magnification field-emission scanning electron micro-
scope (SEM) images of the as-grown ZnO nanorod ar-
rays on an ITO substrate. Large-scale vertical growth of
ZnO nanorod arrays has been realized. The length of the
nanorods is about 7 pm, and their average diameter is
147 nm with a standard deviation of 39 nm. The nano-
rods have a hexagonal cross section, and the axial direc-
tion is aligned with the c-axis of the hexagnol ZnO crys-
tal structure.

After electrodeposition with a total charge of 3.5 C,
the ZnO nanorods were fully covered by dense CdTe
nanoshells. The shell thickness is ~88 nm with a stan-
dard deviation of 10 nm. In the cross-sectional SEM im-
age (Figure 2e), the CdTe shell is fairly homogeneous
along the length of the ZnO nanowires. The energy dis-
persive X-ray (EDX) spectrum (Figure 2f) taken from
the nanocable array after the electrodeposition reveals
a Cd/Te atomic ratio close to 1 suggests that the elec-
trochemical reaction of TeO32~ and Cd?* takes place in
one step, as in eq 3, without the formation of interme-
diate elemental Te.

Figure 3 shows the X-ray diffraction (XRD) spectra
taken from pure ZnO nanorod arrays (plot a) and as-
deposited (plot b) and postannealed (plot c) ZnO/CdTe
nanocable arrays. For pure ZnO nanorod arrays, 10 dif-
fraction peaks marked by asterisks can be respectively
indexed to the (100), (002), (101), (102), (110), (103),
(112), (201), (004), and (202) planes of wurtzite phase
ZnO (JCPDS file No. 74-534). The predominant (002) and
(004) peaks suggest that the ZnO nanorods grew with
their c-axis orientation normal to the ITO surface. After
electrodeposition of CdTe, three new peaks are ob-
served in addition to the diffraction peaks from the hex-
agonal ZnO nanorods. These three broad peaks are cen-
tered at 23.96, 39.40, and 46.53°, which can be indexed
respectively to the (111), (220), and (311) planes of the
zinc-blende (ZB) CdTe (JCPDS file No. 65-880). After be-
ing annealed at 350 °C for 1 h, the crystallinity of CdTe
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Figure 2. Top-view SEM images of ZnO nanorod arrays (a and b) and ZnO/CdTe nanocable arrays-on-ITO fabricated by the
electrodeposition (c and d) at different magnifications. Panel e shows the cross-sectional SEM image of the ZnO/CdTe nano-
cable arrays-on-ITO, and panel f shows the EDX spectra of the ZnO nanorod arrays and ZnO/CdTe nanocable arrays.
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Figure 3. XRD patterns of the (a) ZnO nanorod arrays and

(b) as-deposited and (c) postannealed ZnO/CdTe nanocable
arrays-on-ITO.

shells is greatly enhanced, as suggested by the sharpen-

ing of the corresponding XRD peaks. Although inten-
tional oxygen purging of the electrolyte before or dur-
ing the electrodeposition process was not performed,
diffraction peaks from oxide phases such as CdO or
TeO, have not been detected.

By adjusting the total charge passed through the
working electrode during the electrochemical deposi-
tion process, the thickness of the CdTe shell can be
tuned from several tens to hundreds of nanometers.

ACINAN() voL. 4 = NO.6 = WANG ET AL

Figure 4 shows ZnO/CdTe nanocable arrays fabricated
with different amounts of total charge. When the
amount of the charge is increased to 6.7 C (Figure 4a,b),
the CdTe shell thickness reaches ~160 nm, with a stan-
dard deviation of 20 nm. Reducing the amount of total
charge to 0.7 C (Figure 4c,d) results in a CdTe shell thick-
ness of only ~11 nm (standard deviation of 4 nm),
while complete coverage of the ZnO core is still
maintained.

The detailed microstructure of the ZnO/CdTe nano-
cable is further investigated by transmission electron
microscopy (TEM)-related techniques. Figure 5a shows
a low-magnification TEM image of a single ZnO/CdTe
nanocable obtained by electrodeposition at 0.7 C total
charge. Core—shell contrast can be clearly observed in
this image. The core diameter is ~64 nm, while the shell
thickness is ~11 nm. The EDX spectrum confirms that
the nanocable is composed of Zn, O, Cd, and Te and
that both the Zn/O and Cd/Te ratios are close to 1. The
spatial distribution of the compositional elements
within the nanocable is obtained using scanning trans-
mission electron microscope (STEM)-EDX line scans
along the nanocable’s radial direction (marked by the
red arrow in Figure 5a). In the intensity profile of the
compositional elements shown in Figure 5b, the Zn and
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O signals are mainly confined within the nanocable
core area, while a higher intensity of Cd and Te is found
in the shell region. This is consistent with the ZnO-core/
CdTe-shell nanocable configuration observed in the
TEM image. The ZnO core has a single-crystal wurtzite
structure, which can be seen in the high resolution im-
age taken from the same nanocable (Figure 5c¢). The
CdTe shell appears to be polycrystalline with a ZB struc-
ture. Complete coverage of the ZnO core by the CdTe
shell is realized without any interfacial void formation.
The selective area electron diffraction (SAED) pattern
(Figure 5d) taken from the same nanocable contains
one set of diffraction spots that can be indexed to the
[100] zone axis of the hexagonal ZnO, and several dif-
fraction rings that can be indexed to ZB CdTe (111),
(220), and (311) planes. The obvious diffraction spots
within these diffraction rings suggest reasonable crys-
tallinity of the CdTe grains in the continuous, polycrys-
talline shell. The HRTEM image of the nanocable’s tip
(Figure 5e) shows that the top surface of the ZnO nano-
rod has been also capped with CdTe. One may notice
that in all of the ZnO/CdTe nanocable samples, the bare
ZnO nanowires or nanorods have hexagonal structure
with c-axis perpendicular to substrate surface, namely,
the top surface at the tip of the ZnO nanowire is {0001}
plane, and the side planes belong to {1100} planes.
This explains the hexagonal cross section of the bare
ZnO nanowire. As a comparison, the CdTe nanoshells
were composed of many crystals with random orienta-
tions to the ZnO core. To minimize the surface energy of
the nanocable, one shall expect a cylindrical surface
without specific facet, which explains the circle-like
cross section of the nanocable.

Figure 6 shows typical absorption spectra of the
pure ZnO nanorods and of the postannealed ZnO/
CdTe nanocable arrays (CdTe shell thickness of 88 *
10 nm) on an ITO substrate. For the pure ZnO nanorod
array, a steep UV absorption edge occurs at ~3.2 eV,
consistent with the band gap of ZnO. A red shift of the
absorption edge to ~1.5 eV is observed for the an-
nealed ZnO/CdTe nanocable arrays on an ITO substrate,
corresponding well with the band gap of CdTe.>°

Figure 7 shows the photoluminescence (PL) spectra
of the pure ZnO nanorod array (plot a) and the an-
nealed ZnO/CdTe nanocable array with shell thickness
of ~88 nm (plot b). For the bare ZnO nanorod array, a
strong near-band-edge (NBE) emission can be clearly
found at ~3.23 eV with negligible emission peaks asso-
ciated with deep-level defects, despite the large sur-
face area of the ZnO nanorods. After CdTe shell deposi-
tion, significant quenching of the ZnO NBE peak is
observed. In addition, the NBE emission of CdTe (inset,
plot d) is also largely depressed compared to that of the
electrodeposited CdTe thin films (inset, plot c). The
drastic quenching of the NBE emissions for both ZnO
and CdTe in the nanocable configuration is reasonable,
considering the band alignment between ZnO and

Www.acsnano.org

Figure 4. ZnO nanorod arrays (a) before and (b) after electrodeposi-
tion with total charge of 6.7 C; ZnO nanorod arrays (c) before and (d)
after electrodeposition with total charge of 0.7 C.

CdTe, since a typical type Il band alignment would en-
able the separation of photogenerated charge carriers,
and thus reduce the electron—hole recombination

Figure 5. (a) Low-magnification TEM image showing the
uniform morphology of a single ZnO/CdTe nanocable; (b) el-
emental profile extract from a STEM-EDX showing the distri-
bution of the compositional elements (Zn, O, Te, and Cd)
along the radial direction of the nanocable (indicated by the
red arrow in panel a); (c, d) typical HRTEM image and SAED
taken from the same ZnO/CdTe nanocable, showing the in-
terface and crystalline structure of the nanocable. (e) HRTEM
image taken from the tip of the ZnO/CdTe nanocable.

VOL.4 = NO.6 = 3302-3308 = 2010 a@%{\)

3305



3306

1.5 2.0 25 3.0 35
ZnO/CdTe
<—
o nanocable arrays
(@]
c
@
O
o
2 ZnO nanorod arrays
i l
1 " 1 L 1 " 1 " 1
1.5 2.0 25 3.0 35

Energy (eV)

Figure 6. Absorption spectra of the ZnO nanorod arrays and
postannealed ZnO/CdTe nanocable arrays on an ITO
substrate.

probability within both ZnO and CdTe.?”3° We have
also carried out a series of ZnO PL emissions at differ-
ent CdTe shell thicknesses (i.e., shell thickness ~11 and
160 nm, see Supporting Information Figure 1a,b), and
no significant difference can be found in the ZnO PL
emission—quenching of the ZnO band edge is always
observed. Similar results are obtained in the PL of CdTe
(see Supporting Information Figure 1c,d). These results
also suggest that charge carrier separation as driven by
the proper band alignment between ZnO and CdTe
serves as the major contributor to the observed ZnO
and CdTe PL quenching, while interfacial recombina-
tion, depletion, and photon blocking (by thick surface
layer) have little contributions.

The absorption properties of CdTe and the type Il
band alignment between CdTe and ZnO should lead
to good photovoltaic performance of the nanocable ar-
ray. This has been observed experimentally by using
the ZnO/CdTe nanocable arrays-on-ITO as a photoelec-
trode. Figure 8 shows the current density versus poten-
tial (J—V) curves for the annealed ZnO/CdTe nano-
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Figure 7. Room-temperature PL spectra: ZnO NBE emission
in (@) ZnO nanorods and (b) ZnO/CdTe nanocables; CdTe NBE
emission in (c) pure CdTe films and (d) ZnO/CdTe
nanocables.
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Figure 8. Current density versus potential curves for the
ZnO/CdTe nanocable arrays-on-ITO photoelectrode mea-
sured in the dark and under an illumination of AM 1.5 light
at 100 mW/cm?. The inset shows the photocurrent response
to ON—OFF cycles of AM 1.5 illumination at a constant po-
tential of 0 V vs SCE.

cable arrays measured both in the dark and under
illumination. In the dark, the J—V curve shows typi-
cal rectifying behavior, with a weak current density
of ~0.2 mA/cm? at a potential of 0 V. The large pho-
tocurrent density of ~5.9 mA/cm? is observed with
zero bias potential (vs SCE) when the photoelectrode
is illuminated by visible light. This represents more
than a 30-fold increase in the current density over
the measurement performed in the dark. The corre-
sponding photocurrent response to ON—OFF cycling
is shown in the inset of Figure 8, from which one
can see that steady and prompt photocurrent gen-
eration can be obtained during on and off cycles of
illumination. Compared with recently reported pho-
tocurrent densities for photoelectrodes that are simi-
lar, except for the use of CdTe QDs as the light har-
vester, usually less than 1 mA/cm?,2>2% our results
suggest that vertically aligned ZnO/CdTe nanocable
array photoelectrodes have superior photoelectro-
chemical properties. It is believed that the dense
CdTe shell and high-quality CdTe/ZnO interface

Figure 9. Schematic of the operation of the semiconductor
sensitized solar cell: Electron injection from excited CdTe
nanocrystal shell into ZnO nanorod core and scavenging of
holes by a S*~/Sn?~ red—ox couple. The vertically aligned
nanocable architecture provides a direct pathway for elec-
tron transport from ZnO to the ITO substrate. The energy
levels of VBM and CBM for both ZnO and CdTe are given as
reference.??
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greatly enhance absorption in the visible light range
and favor charge separation, which together result
in the impressive photocurrent measured.

The type Il band alignment between ZnO and
CdTe and the nanocable array configuration are the
two most significant factors contributing to the ob-
served photoelectrochemical behavior. As shown by
the energy diagram in the schematic of the ZnO/
CdTe nanocable photoelectrode (Figure 9), both the
valence-band maximum (VBM) and conduction-
band minimum (CBM) of CdTe lie above those of
ZnO, with a conduction-band offset of ~1.02 eV.??
In such a configuration, the photogenerated elec-
trons can be easily injected from the CdTe shell into
the ZnO nanorod core, driven by the band align-
ment, and then transported to the ITO substrate

METHODS

In0/CdTe Nanocable Array Preparation. A two-step method was
adopted to fabricate ZnO/CdTe nanocable arrays. First, the ZnO
nanorod array, on which the CdTe shell will be deposited, is pre-
pared on an ITO substrate (20 (2/0) using a conventional ther-
mal evaporation method.*® The electrodeposition of the CdTe
shell is then carried out in an electrochemical workstation (CH In-
strument, model 600B) with a three-electrode system. The ZnO
nanorod array-on-ITO, a standard SCE, and Pt foil were used as
the working electrode, the reference electrode, and the counter-
electrode, respectively. The electrolyte was an aqueous solution
of 0.005 M potassium tellurite (K,TeOs), 0.05 M nitrilotriacetic
acid trisodium salt (NTA, CsHgNOgNas), and 0.02 M cadmium ac-
etate (CdC4H¢0,), with a solution pH of 8.3. K,TeO; was synthe-
sized via the reaction of TeO, powder (5 N) and hot KOH solution
(70 °C), with a TeO,/KOH molar ratio of 1:2, under vigorous mag-
netic stirring for 3 h. The electrodeposition of CdTe was per-
formed at a fixed potential of —1.0 V versus SCE. The duration
of the deposition process and the total charge passed through
the electrodes were both varied. Fabricated nanocable array
samples were then annealed at 350 °C for 1 h in an Ar
atmosphere.

Structural, Optical, and Photoelectrochemical Property Characterization.
The microstructure and crystallinity of the samples were exam-
ined using field-emission scanning electron microscopy (FE-SEM,
FEI Quautum F400), scanning transmission electron microscopy
(STEM, TEM, Tecnai 20, FEG, equipped with an energy dispersive
X-ray (EDX) spectrometer), and X-ray diffraction (XRD, Ragiku
RU300). The optical properties were investigated by photolumi-
nescence (PL) and absorption measurements (UV—vis—IR spec-
trometer, U3501) performed at room temperature. For the PL
measurements, the 325 nm line of a HeCd laser and the 514 nm
line of an argon laser were applied to ZnO and CdTe, respec-
tively. Photoelectrochemical measurements were performed in
a sulfide/polysulfide (5*7/Sn?") electrolyte containing 0.5 M S
and 0.3 M Na,S dissolved in deionized water, during which the
Zn0O/CdTe nanocable arrays on ITO, Pt foil, and SCE were used as
the working electrode, the counter-electrode, and the reference
electrode, respectively. An AM 1.5 G light with a power of 100
mW/cm? was used as the illumination source. Photocurrent on
and off cycles were measured using the same electrochemical
workstation and the same illumination source.
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Supporting Information Available: Room-temperature PL spec-
tra of ZnO NBE emission in ZnO/CdTe nanocable arrays. This ma-
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along the single-crystal ZnO, which provides a di-
rect path for electron transport.

CONCLUSIONS

Fabrication of a large-scale, vertically aligned
Zn0O/CdTe nanocable array-on-ITO has been demon-
strated using simple electrochemical deposition in
a close-to-neutral electrolyte. The high crystallinity
of both CdTe and ZnO, the type Il band alignment
between the two materials, the favorable absorption
properties of CdTe, and the aligned nanocable con-
figuration contribute to the good photovoltaic per-
formance of this photoelectrode. The close-to-
neutral electrochemical deposition method pro-
vides a general route for plating CdTe onto various
semiconductor nanostructures.

terial is available free of charge via the Internet at http://
pubs.acs.org.
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