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• Pure, single crystalline, C- axis oriented
ZnO NanoX (X = discs, rods and wires)
arrays are solvothermally synthesized.

• The morphologies of ZnO are varied
with respect to the type of solvent, solu-
tion concentration and temperature.

• Novel, ITO/ZnO NanoX/CdTe hetero
structured assemblies are developed by
capping ZnO NanoX with CdTe QD's.

• Electron transport efficiencies of the
assemblies descends in the order
of ZnO array morphology as, wires
N rods N discs.

• Hetero structured assemblies enable
fast switching (b1S under 2V) in
electrochromic devices.
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Novel hetero structured arrays of CdTe quantum dots capped ZnO nanostructures were successfully prepared
through a three tier process. C-axis oriented ZnO nanostructures, namely ZnO nanox (where, x = discs, rods
and wires), were prepared on glass and ITO substrates by employing simple, template free and low temperature
solvothermal methods. CdTe quantum dots were synthesized subsequently through an organometallic route.
ITO/ZnO NanoX/CdTe heterostructured arrays were finally developed, by capping ZnO nanostructured arrays
with CdTe quantum dots by using 3-mercaptopropionic acid. The crystalline, structural, morphological and opti-
cal features of the individual nanostructures and the heterostructured arrays were investigated by using XRD,
HR-TEM, SEM, EDAX, AFM, UV and PL. The role of solvents, solution concentration and temperature on deciding
the finalmorphologies in solvothermal syntheseswere studied and the possible growthmechanism of the differ-
ent nanostructure arrayswere proposed. The comparative electron transport studies of the ITO/ZnONanoX/CdTe
heterostructure arrays were carried out. Electrochromic display units having fast electron transport capabilities
were developed. The study put forth many futuristic applications of these hetero structured assemblies in wide
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spectrum of scientific and industrial disciplines, particularly in the areas where a fast electron transport is
required.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The quest for materials with molecular scale properties that can sat-
isfy the demands of the life in the 21st century, and in the future years
has led to the development of engineered nanostructures of metal ox-
ides. Among the orthogonally organized engineered nanostructures,
uni-directionally oriented zinc oxide nanostructures and their arrays
exhibited unique structure and size dependent electrical, optical and
mechanical properties [1–4]. They were used mainly in sophisticated
optoelectronic and electromechanical devices, UV lasers, solar cells,
field-emission devices, optical waveguides, photo - electro chromic de-
vices, light-emitting diodes and piezo-nanogenerators [5–10]. They
were also used as potential candidates in catalysis, optical emission,
chemical - biological detections, drug delivery, sensors and actuators
[11–14]. Although oriented nanostructures have attracted wide atten-
tion among the scientific communities, the direct synthesis of these
functional nanostructures with controlled crystallinity, well defined
morphology, orientation and surface architecture still remains a great
challenge. Even though the solution phase solvothermal methods
were widely adopted for the synthesis of these vertically aligned nano-
structures, the role of key reaction parameters that control these solu-
tion phase syntheses were not yet investigated in detail. The function
of solvents, solution concentrations and temperature in solution phase
syntheses should be explored in detail in order to clearly state the con-
dition that is required for a specificmorphology and required functional
property.

Fluorescing crystals or quantum dots (QD's) were widely employed
in novel device architectures of metal oxides, mainly because of their
absorption in the large part of the visible spectrum and due to their ca-
pability in generating multiple electron-hole pairs per photon [15–17].
Among the semiconducting nanoparticles, metal-chalcogenide quan-
tum dots like CdTe, CdSe, CdS, PbS, Bi2S3, and InP were mainly
attempted as sensitizers in many metal oxide nanoparticle systems
[18–21]. Among the quantum dot sensitizers, CdTe QD's were widely
attempted by researchers for many practical applications mainly due
to its high optical absorption coefficient (104 cm−1) and low band
gap energy (Egap = 1.5 eV) [22–23]. Enhanced electronic effects were
also expected with CdTe QD's, when it is assembled with morphologi-
cally varied wide band gap metal oxide nanoparticles. So far, a detailed
investigation has not been carried out in this line in studying the effi-
ciency in the electron transport capabilities of metal chalcogenides
when combined with morphologically varied metal oxide nanostruc-
tured arrays. Design and development of such heterostructured assem-
blies have great scope in addressing many problems pertaining to
energy and environmental sectors.

Thus, in the present study, we have done an attempt to prepare
three morphologically varied, vertically aligned ZnO nanostructures,
namely nanorods, nanodiscs and nanowires, through low temperature
solvothermal methods, by using three different polar solvents. The
nanostructured arrays were prepared without any structure directing
agents, like polyethylenimine, or templates. Heterostructured assem-
blies of morphologically varied ZnO with CdTe QD's were prepared, by
using mercapto propionic acid as the linker molecule. ITO/ZnO NanoX/
CdTe QD's were thus prepared (X= rods, discs and wires) and the effi-
ciency in the electron transport qualities of these heterostructured as-
semblies were evaluated. Electrochromic display units having fast
switching properties were constructed with these metal oxide nano-
structures and the enhancement in electron transport qualities were
assessed.
2. Experimental

2.1. Materials used

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, E-Merck), zinc acetate
(Zn(OAC)2, Aldrich), hexamethylene tetramine (HMTA, (CH2)6N4), E-
Merck), ethyl alcohol (C2H5OH, S.D. Fine chemicals), isopropyl alcohol
(C3H7OH, S.D. Fine chemicals) and acetone (C3H6O, E-Merck) were
used as obtained. Distilled water, propanol and ethanol were the sol-
vents used for the solvothermal syntheses of vertically aligned nano-
structures, on conducting indium tin oxide substrates (ITO, Aldrich, Ω
=8–12 V/mm) and glass slides (microscope slide, Micromeritics). Cad-
mium oxide (CdO, Aldrich), tellurium powder (Te, Aldrich),
octadecylphosphonic acid (ODPA, Fluka), octadecene (ODE, Aldrich),
and trioctylphosphine (TOP, Aldrich) were used as received to prepare
CdTe QD's. 3-mercaptopropionic acid (3-MPA, Aldrich), acetonitrile
(CH3CN, S.D. Fine chemicals) and hexane (C6H14, S.D. Fine chemicals)
were the chemicals used for fabrication the ZnO - CdTe quantum dot
heterostructure assemblies. Methyl viologen (C12H14Cl2N2.xH2O, Al-
drich), HCl (S.D. Fine chemicals), TiO2 (Aldrich), Cerium nitrate
((CeNO3)3·6H2O, Aldrich), Ammonia (S.D. Fine chemicals), HNO3 (S.D.
Fine chemicals) were the other reagents used for the preparation of
electrochromic electrodes.

2.2. Synthesis of zinc oxide NanoX (X = discs, rods and wires)

The synthesis of vertically oriented ZnOnanostructureswere carried
out with the help of a seed assisted homo-epitaxial growth approach.
For this, the substrates like conducting ITO plates and glass slides were
initially cleaned in distilled water and acetone (10 min) by
ultrasonication. The seeds were developed on these cleaned substrates
through repeated coating in ethanolic solution of zinc acetate (5 mM).
The substrates were subsequently dried (80 °C/30 min) and calcined
(350 °C/30 min). The coating was performed using a dipcoater (KSV,
KSV instruments, Finland) at an operating speed of 20 mm min−1. For
ensuring a uniform coverage of the seed layer over the substrate; the
coating, drying and calcination processes were repeated.

The flow chart describing the methods adopted for the preparation
of different ZnO nanostructures were presented in the supplementary
material (Fig. S1). The syntheses that results the generation of well de-
fined morphologies were only presented. In this method, the seeded
glass substrates were immersed in a solvothermal reactor containing
equi-molar concentration of zinc nitrate and HMTA. The reaction was
conducted with the nutrient solutions of ethanol and propanol at 80
°C and water at 100 °C. The concentrations of zinc nitrate and HMTA
were varied from 1 mM to 10 mM. To get pure and high aspect ratio
nanostructures, in all the cases, the growth solution was changed in
every 6 h. The total reaction time of the solvothermal synthesis was
kept as 30 h. After developing the specific nanostructures, the substrates
were soaked in water medium for about 30 min. For the removal of ex-
cess reactants and ions. The substrates were then dried at 70 °C for 24 h.

2.3. Synthesis of CdTe quantum dots

The CdTe QD'swere prepared by hot injectionmethod [15,16]. Brief-
ly, a mixture of TOPTe (0.05 mmol Te dissolved in 0.7 mL of TOP) and
ODE (2.45 mL) was injected into a hot cadmium complex solution con-
taining CdO (0.1 mmol), ODPA (0.2 mmol), and ODE (5 mL). While
injecting, the color of the solution was changed from yellow to
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orange-red and the solutionwasmaintained at 275 °C for 3min. For the
particle growth. TheQD'swere then purifiedwith amixture of isopropyl
alcohol and hexane, and finally stored in hexane.

2.4. CdTe quantumdots incorporated zinc oxide NanoX (X=discs, rods and
wires)

A three-tier process was adopted to prepare CdTe QD's capped ver-
tically aligned ZnO nanostructured arrays (Fig. S2). In the first step,
the ZnO nanostructures were developed on conducting ITO electrodes
(ITO/ZnO) by homoepitaxial route. In the second stage, the CdTe QD's
were prepared by the hot-injection method. The third step involves
the preparation of integrated assemblies of the products resulted from
the first two steps. i.e. ZnO nanostructures capped CdTe QD's
heterostructure assemblies were developed in the third step, with the
help of linker molecules. In order to obtain these assemblies, the ITO/
ZnO electrodes were first dipped in acetonitrile solutions containing
0.14 M, 3-mercaptopropionic acid. After functionalization with linker
molecules, the electrodes were washed with pure acetonitrile solvent
to remove the excessmercaptonic acid. The electrodeswere then placed
in N2-purged CdTe QD solution for 48 h to develop the ITO/ZnO NanoX/
CdTe electrode. The substrates were then dried and stored under N2 at-
mosphere in dark conditions.

2.5. Characterization studies

The basic characterization studies of the as synthesized ZnO seeds,
homoepitaxially grown ZnO nanostructures and the CdTe quantum dot
capped ZnO nanostructures were carried out using X-ray diffractometer
(XRD, Cu Kα radiation, λ=1.54178Å and 2θ=20 to 60°), scanning elec-
tron microscope (SEM, JEOL, JSM-6700F), transmission electron micro-
scope (TEM, JEOL, 200CX), atomic force microscope (AFM, NTEGRA, NT-
MDT) and UV–Visible Spectrophotometer (UV–Vis., Shimadzu, UV
2401).The lattice features of the samples were studied through HR-TEM,
SAED and FFT analyses. The root mean square (rms) roughness of the
samples was measured using 2-D and 3-D non-contact mode AFM. The
electron transport properties of the developed assemblies were carried
out by using photoluminescence spectrophotometer and I/V analyzer.
The room temperature photoluminescence (PL) spectra of the zinc
oxide nano arrays and the cadmium telluride quantum dot capped zinc
Fig. 1. X-ray diffraction patterns of (a) ZnO seed layer and (b-d) solvothermally prepared zi
(d) water, respectively.
oxide nanostructures were recorded using a Fluoro Log-4 (Horiba Jobin
Yvon, USA) system.

3. Results and discussion

3.1. Studies on the solvothermal growth of zinc oxide NanoX (X = discs,
rods and wires)

The crystallinity, crystal orientation and growth patterns of
solvothermally synthesized ZnO nanostructures, which were derived
from ethanol, propanol and water growth media, were studied using
X-ray diffractometer and the results were depicted in Fig. 1. For a com-
parative study, theX-raydiffractogramof ZnO seed layerwas also taken.
The X-ray analysis of the samples revealed the presence of sharp and in-
tense diffraction peaks from crystalline ZnO [24,25]. Unlike ZnOpowder
samples which normally possessed (101) as the high intense plane, the
solvothermally derived samples showed intense reflections from the
highly exposed (002) crystal planes [26,27]. This reflects the preferen-
tial growth of the resultant samples along the C-axis, i.e. in homo-
epitaxial manner. The seed assisted grown zinc oxide samples showed
similar diffraction patterns as that of the seed layer. Other than the
major diffractions from (002) planes, minor diffraction peaks from
(100) and (101) planes were also noticed for these samples. These
peaks were expected as the reflection of X-rays from various lateral
planes of the hexagonal zinc oxide nanostructures [28,29].

In order explore the minute aspects on the molecular level features
of the resultant zinc oxide nanostructures; HR-TEM, SAED and FFT anal-
yses were carried out and the results were presented in Fig. 2. The TEM
analysis of solvothermally derived zinc oxide samples from ethanolic
growth solutions (Fig. 2a) exhibited the hexagonal nanorod morphol-
ogies. The TEM images revealed the length of the individual nanorod
as b3 μmandwidth as b250 nm. From the selected area electron diffrac-
tion (SAED) analysis, the unidirectional growth of nanorod along (001)
direction was confirmed (Fig. 2b). The SAED patterns, taken at the tip of
the nanorod, showed the diffractions corresponding to (002) crystal
plane, which were characteristic of that of single crystals. Fig. 2c, repre-
sents the hexagonal discmorphologies of ZnO sample from isopropanol
growth media. The HR-TEM images (Fig. 2d) strongly supports the sin-
gle crystalline nature of this sample. The TEM images of the samples, de-
rived from the aqueous conditions (Fig. 2e) revealed nanowires
morphologies of ZnO, having the length of the nanowire as N1 μm and
nc oxide nanostructures from different growth solutions, (b) ethanol (c) propanol and
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width as b20 nm. The aspect ratio of the nanowireswere determined as
N50. The high-resolution TEM image (Fig. 2f) and the corresponding FFT
pattern (inset of Fig. 2f) revealed the single-crystalline nature of these
ZnO nanowires. Further, the lattice spacing of 0.26 nm corresponding
to the interplanar spacing of (002) planes confirmed the uni-axial
growth of these ZnO nanowires.

To analyze the bulkmorphologies of the solvothermally synthesized
ZnO samples and to confirm their array like growth patterns under
solvothermal conditions, SEM analyses were carried out. The SEM im-
ages of the zinc oxide seed layer and the seed assisted grown ZnO
NanoX (X = rods, discs and wires) were provided in Fig. 3. The SEM
image of the seed layer, Fig. 3.a, revealed the presence of wide distribu-
tion of ZnO growth nuclei, having feature growth size of the order of˂50 nm. Fig. 3.b confirmed the vertically aligned growth of zinc oxide
nanorod arrays, in ethanolic growth conditions. Dense distribution of
C-axis oriented ZnO nanorod arrays with hexagonal cross sections
were also realized through the SEM analysis. From the images, the
width of each single nanorod was determined to be b200 nm. Fusion
of ZnO nanorods at their growing rod ends were also noticed (Fig. S3).
The faceted nanorods may possibly undergo coalitions to decrease
their energy and may undergo fusion at the rod ends [30]. This was
disclosed through the present studies. Fig. 3.c illustrates the growth of
nanodisc morphologies of zinc oxide, when propanol growth media
was employed. Wide distribution of ZnO nanodiscs having hexagonal
edges was observed (Fig. S4). Fig. 3.d evidenced the growth of finer
and denser ZnO nanowire arrays, when aqueous growth conditions
were adopted.

To study the surface topographical features and to further explore
the orthogonally oriented growth nature of the samples under different
solvothermal conditions, Atomic Force Microscopic (AFM) analyses
were carried out. The corresponding AFM non-contact-mode images
(2D views) of the samples and the non-contact-mode height images
(3D views) were presented in Fig. 4 and inset of Fig. 4, respectively. As
shown in Fig. 4a, the seeds were identified as compact, uniform and
void-free ZnO growth nuclei. The uniformly distributed spherical ZnO
Fig. 2. The TEM, SAED and HR-TEM images of solvothermally synthesized zinc oxide nanostruct
respectively. (b) Single crystalline SAED pattern of ZnO nanorods. (d & f) HRTEM images of nan
nanowires.
seeds were revealed through the 2-D images; whereas, the 3-D images
gave insights of the C-axis orientatednano seeds. The root-mean-square
(rms) surface roughness of the seed layer was determined as 46 nmand
the average particle diameter as 50 nm. The AFM 2-D and 3-D surface
morphologies of the seed assisted grown ZnO nanorod arrays (Fig. 4b)
confirmed the presence of textured ZnO nanorods with hexagonal
cross sections. As evidenced from the XRD, SEM and TEM analyses;
the AFM analyses also confirmed the C-axis oriented growth of hexago-
nal ZnO nanorods. The rms roughness of the ZnO nanorods was mea-
sured to be 615 nm. This reflects the dense growth of ZnO nanorods in
the direction perpendicular to the substrate surface [31]. The height
profile of the sample showed an average value of 3 μm,which indirectly
indicates the average length of the nanorods, as 3 μm. The 2-D and 3-D
AFM topographical images of ZnO nanodisc samples were presented in
Fig. 4.c. Hexagonal cross sectional texture of zinc oxide nanodiscs with
the C-axis orientation were clearly revealed through these analyses.
The average surface roughness of the samples was determined as
355 nm. The 2-D and 3-D AFM images of the ZnO nanowires (Fig. 4d) il-
lustrates dense population of finer ZnO nanowires, which were grown
along the C-axis. The rms surface roughness of the nanowire samples
were identified as 71 nm and the height distributions as ~800 nm. The
disagreement in the value of length of nanowire with respect to TEM
and SEM analyses can be ascribed due to the AFM tip convolutions.
This can be possible in cases where closely packed thin nanowires
were present [32].

3.2. CdTe QD's and CdTe QD's incorporated ZnO NanoX

The CdTe quantum dots (QD's) were initially prepared by the hot-
injectionmethod. In order tofindout the crystalline nature of CdTemol-
ecules and to study their effective couplingwith ZnO nanostructures, X-
ray diffraction analyses were carried out. The corresponding results
were presented in Fig. 5. The diffraction patterns of the synthesized
CdTe particles, which were deposited on the bare glass substrates,
showed broad (111) reflections corresponding to crystalline cubic
ures. (a, c & e) Lowmagnification TEM images of ZnO nanorods, nanodiscs and nanowires,
odiscs and nanowires, respectively. Inset of (f) is the single crystalline FFT patterns of ZnO



Fig. 3. SEM images of (a) seed layer and (b–d) seed layer assisted grown ZnO nanostructured arrays, (b) nanorods (c) nanodiscs and (d) nanowires respectively.

271S. Anas et al. / Materials and Design 141 (2018) 267–275
CdTe [33,34]. The broad diffraction peak reveals the presence of very
small sized CdTe particles of quantum dot size regime. All the CdTe
capped ZnO hetero structured samples showed the diffraction peaks
corresponding to both nanocrystalline ZnO and CdTe QD's. Thus,
(100), (002), (101), (102), (110) reflections from hexagonal wurtzite
ZnO and (111) reflections from cubic CdTe were noticed from all of
these samples [34–36]. The combined presence of ZnO and CdTe in
these samples further indicates the possibility of existence of hetero
structured assemblies of CdTe QD's and ZnO NanoX.

The resultant higher order hetero structure assemblies of ZnO nano-
structures and CdTe quantum dots were explored with the help of TEM
and EDAX analyses. One of the representative nanowires array sample
was taken for the case study. The respective results were presented in
Fig. 6. The TEM image of the bare ZnO nanowires (Fig. 6a) confirmed
that the nanowires used for capping CdTe QD's were C-axis (002) ori-
ented, having length in the range of b1 μm and width of ~15 nm. The
HR-TEM analyses of CdTe (Fig. 6b) proved the average size regime of
the particle as 5 nm. The presence of dark spots with fringes further af-
firms the existence of crystalline CdTe quantum dots. The HR-TEM
image provided in Fig. 6c demonstrates the uniform distribution of
CdTe quantum dots attached on the surface of the single crystalline 1-
D ZnO nanowires. The lattice planes corresponding to both crystalline
ZnO nanowires and CdTe QD's were evidenced from these images. The
EDAX analysis provided in Fig. 6d and Fig. S5 gave more compelling ev-
idence for the attachment of CdTe QD's over ZnO surfaces. The studies
confirmed the presence of Zn, O, Cd, and Te, which further explains
the presence and possibility of the existence of such heterostructure as-
semblies of ZnO nanostructures and CdTe QD's, where the ZnO NanoX
mainly functions as supports for CdTe quantum dots.

3.3. Growth mechanism of ZnO NanoX (X = discs, rods and wires) - CdTe
supports

There are four important factors that decide the vertical array
growth and final morphology of ZnO supports. They are (1) presence
of a seed layer (2) presence of a non-ionic surfactant, HMTA (3) concen-
tration of precursors and (4) polarity of solvents. The first two factors
mainly control the homo-epitaxial growth of vertically aligned zinc
oxide nanostructures and the latter two factors decide themorphology.
Here, the seed layer is expected to play four important roles that direct
the vertical growth of ZnO nanostructures. It (a) effectively lowers the
interfacial energy between the crystal nuclei and the substrate
(b) createsmore crystalline interfaces between growingnuclei and sub-
strates, which facilitates the absorption of other growth nuclei and
lowers the system energy (c) increases the surface roughness by
adsorbing newgrowth nuclei on the existing units (d) facilitates the an-
isotropic growth of ZnOdue to the deposition ofmultiple layers of either
Zn2+ or OH– ions [25,37,38]. In addition to these roles played by the
seed layer, the presence of HMTA also contributes to the C-axis directed
growth of ZnO. HMTA, being a non-polar surfactant, preferentially at-
tach to the non polar facets of ZnO, exposes the (001) plane for the ep-
itaxial growth [38,39]. Hence, a vertically aligned growth of
nanostructure which is orthogonal to the substrate surface is obtained
(Scheme 1).

In the present studies, the desiredmorphologies of ZnONanoXwere
achieved by controlling the concentration of the precursors and choos-
ing solvents having the correct polarity. Here, barely two reactants, zinc
nitrate and hexa-methylene tetramine (C6H12N4), were used for the
growth of nanostructures. At higher reactant concentration (10 mM)
thicker and denser, nanorods and nanodiscs are developed, whereas
finer and thinner nanowires are produced at lower concentration
(1 mM) of the reactants. The concentration dependent growth was ev-
ident through the present studies. At higher precursor concentrations,
the rate of nucleation is high. This serves as the reason behind the
growth of thicker nanorods and nanodiscs. At lower precursor concen-
trations, the rate of nucleation is low. Itmay be the reason for the forma-
tion of thinner nanowires. In addition to the reactant concentration, the
type of solvent used also affect the morphology of the samples. In the
present case, even though the concentration of zinc nitrate and HMTA
are the same (10 mM), ZnO nanorods are formed in ethanol media



Fig. 4. 2-D and 3-D AFM phase images of seed layer and homoepitaxially grown zinc oxide NanoX (X= rods, discs and wires).

Fig. 5. X-ray diffraction analysis of CdTe and CdTe capped ZnO nanostructures (a) Glass/
CdTe (b) Glass/ZnO nanorods/CdTe (c) Glass/ZnO nanodiscs/CdTe (d) Glass/ZnO
nanowires/CdTe.
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and nanodiscs are formed in propanol media. This selective growth can
be explained with the help of polarity of the solvents. With respect to
the polarity of the solvent, high aspect ratio ZnOnanorods are produced
in more polar ethanol (5.2) medium and less aspect ratio nanodiscs are
formed in less polar isopropanol (3.9) medium. It was reported that,
polar solvents stabilize the growth of polar surfaces of ZnO [39,40].
Water, which exhibited the high polarity value of 9, gave rise to the
highly polar nanowires. Thus, it can be concluded that, by using solvents
having correct polarity, vivid ZnO vertically oriented nanostructures
with diverse properties can be synthesized and these supports can be
effectively integrated with any low band gap materials like CdTe, for
novel device applications.

3.4. Electron transport studies using CdTe QD's incorporated ZnO
NanoX (X = discs, rods and wires)

The optical enhancement and the electron transport efficiencies of
CdTe - ZnO heterostructure assemblies were studied with the help of
photoluminescence spectrophotometer and the corresponding results
were shown in Fig. 7. For a comparative analysis, the photoluminescence
emission spectra of the pure ZnO nanorods, nanodiscs and nanowire ar-
rays were also taken and the respective results were provided in Fig. 7A.
The analyses revealed that, the bare ZnO nanostructures only showed a



Fig. 6. Low and high resolution TEM images of (a) ZnO nanowires (b) CdTe quantum dots and (c) CdTe quantum dots capped ZnO nanowires. (d) EDAX spectra of CdTe quantum dots
capped ZnO nanowires.
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sharp and intense emission peak at ~394 nm. The presence of this strong
peak confirms the near-band-edge (NBE) emissions of vertically aligned
ZnO nanostructures [35,41]. A very negligible shift in the emission peak
was only noticedwhen the ZnOmorphologies were changed. Fig. 7B pre-
sents the room temperature photoluminescence spectra of CdTe - ZnO
Scheme. 1. Homo-epitaxial grow
heterostructure assemblies. As depicted in Fig. 7B, the CdTe quantum
dot capped zinc oxide nanostructures showed significant quenching in
the ZnO NBE peak. The quenching in luminescence followed the order
as, CdTe QD's - ZnO nanowire N CdTe QD's - ZnO nanorod N CdTe QD's -
ZnO nanodiscs. The quenching of the luminescence can be attributed to
th of ZnO nanostructures.



Fig. 7. A) Room temperature photoluminescence spectra of ZnO nanostructures grown on ITO substrates (a) ITO/ZnO nanorods (b) ITO/ZnO nanodiscs and (c) ITO/ZnO nanowires.
B) Room temperature photoluminescence spectra of CdTe QD's and CdTe QD's capped ZnO nanostructured assemblies (a) Glass/CdTe (b) ITO/ZnO nanorods/CdTe (c) ITO/ZnO
nanodiscs/CdTe and (d) ITO/ZnO nanowires/CdTe.
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the typical type II band alignments between CdTe and C-axis oriented
ZnO nanostructures. The ultrafine distribution of the orthogonally orient-
ed ZnO nanostructures may possibly favor a fast electron transport from
the nanostructure assembly to the collection electrode. The typical type
II band alignment may result from the transfer of photoexcited electrons
from the conduction band of CdTe to the lowest unoccupied energy level
of ZnO [21,41,42]. The existence of such band alignment between CdTe
and ZnO would positively favor the separation of photogenerated charge
carriers and decreased the possibility of electron-hole recombination. The
fastness in electron transfer properties further followed the order of the
band gap values of these ZnO nanostructures. This can be explained by
the calculations made as per Kubelka-munk plot-ZnO nanodiscs, BG =
3.19 eV N ZnO nanorod, BG = 3.06 eV N ZnO nanowire, BG = 3.02 eV
(Fig. S6). Owing to the dual effects of quantum confinement and differ-
ence in the population in the energy states with respect to the morphol-
ogy, the efficiencies in electron transport properties of the resultant
heterostructures vary. The electron transport of the resultant
heterostructures followed the order as CdTe QD's - ZnO nanowire
N CdTe QD's - ZnO nanorod N CdTe QD's - ZnO nanodiscs. The analyses
showed that the quenching of luminescencewas dominant for ZnOnano-
wire assemblies. Thismay be possibly due to the effective band alignment
between CdTe QD's and C-axis oriented nanowire arrays. Light interact
heavily in finer and denser nanowire arrays than the wider nanorods
and nanodiscs counterparts. Perhaps, this is the reason for the ready
(a)

Bleached

2 V, <

Fig. 8. Photographs of the ZnO nanowire array electrode whic
transportation of CdTe QD's derived photogenerated electrons from
single-crystalline ZnO nanowires to the ITO substrate.

To substantiate our studies, the fastness in the electron transport
qualities of the nanowires array formulationswere also checked by con-
structing an efficient fast switching electrochromic display unit. The
electrochromic units were constructed by repeating the procedures re-
ported by Sun and Wang [43]. The photoluminescence spectra of the
working electrode are provided in the supplementary material
(Fig. S7). The electrochromic working electrode containing the zinc
oxide nanowires which were initially transparent with respect to the
counter electrode (Fig. 8a). But, under an applied electric potential, i.e.
when the working electrode was negatively biased with an external
voltage of 2 V, the transparent cell rapidly changed its color from color-
less to deep blue, in 1 s (Fig. 8b). This exceptional electron fastness ex-
plains the fast electron transport capabilities of the nanowires array
electrode. It extends the possibility of developing materials for the de-
sign of ‘smart’ windows and functional device applications.

4. Conclusions

Hetero structured arrays of ZnO - CdTe, having different material
morphologies and diverse electron transport capabilities were prepared
through coupled solvothermal and organometallic methods. The syn-
thetic parameters that influence the solvothermal reactions like type
(b)

Colored

1S 

h exhibits electrochromism (a) bleached and (b) colored.
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of solvents, solution concentration and temperature were systematical-
ly investigated. The best conditions required for the growth of pure, sin-
gle crystalline, C-axis [001] oriented zinc oxide nanostructures, such as
nanodiscs, nanorods and nanowires, were studied and the growth
mechanisms were proposed. The electron transport capabilities of the
particle arrays were assessed by photoluminescence and
electrochromic studies. The study reveals the trend in the electron
transport properties of the hetero structured arrays as ITO/ZnO Nano-
wires/CdTe QD's N ITO/ZnO Nanorods/CdTe QD's N ITO/ZnO Nanodiscs/
CdTeQD's. The significant quenching in luminescence and the improved
current density strongly support the enhanced electron transport of
ITO/ZnO Nanowires/CdTe QD's array configurations than the counter-
parts. The efficient electron transport capabilities of the nanowire
array formulations paved the way for the design and development of
novel electrochromic cell display units having fast switching properties,
b1S at 2 V. The study foresees the use of such novel design in the
engineered hetero structured systems for advanced device applications,
which require a step wise, tandem or ultra fast electron transport.
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