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Growth and Device Application of CdSe Nanostructures

Lijuan Zhao, Linfeng Hu, and Xiaosheng Fang*

Inorganic semiconductor nanostructures have attracted increasing interest
in recent years because of their distinguishable role in fundamental studies
and technical applications, mainly due to their size- and shape-dependent
properties and flexible processing methods. The use of such nanostructures
in optic, optoelectric, and piezoelectric prospects is expected to play a crucial
role in future nanoscale devices. Cadmium selenide (CdSe), a well-known
direct bandgap II-VI semiconductor in which the bandgap favors absorption
over a wide range of the visible spectrum, has been a promising material for
applications in such fields as photodetectors, field-effect transistors (FETs),
field emitters, solar cells, light-emitting diodes (LEDs), memory devices,
biosensors, and biomedical imaging. The research on CdSe nanostructures
has made remarkable progress in the last few years. The research activities
on CdSe nanostructures including various methods for the synthesis of CdSe
nanostructures and the unique properties and device applications of these
nanostructures are reviewed. Potential future directions of this research area

example is quantum dots, which are
matter (e.g., semiconductor) with exci-
tons confined in all three spatial dimen-
sions. The case of CdSe, the energy gap
decreases as size increases from small
quantum dots to large quantum dots
and then to the bulk semiconductor.
For example, a 2.4 nm-radius quantum
dot has an energy gap of about 2 eV
whereas a quantum dot of radius 0.9 nm
has a gap of about 2.7 eV. Considering
the Bohr exciton radius for CdSe (about
5.4 nm bulk), the emission of CdSe
quantum dots can be tuned precisely
from deep red to blue by a reduction
in the dot radius from 5 nm to 0.7 nm
under ultraviolet (UV) illumination.®
The characteristics of semiconductor

are also highlighted.

1. Introduction

Cadmium selenide (CdSe), a of the well-known direct bandgap
II-VI semiconductors, has been found in three crystalline
forms: wurtzite (hexagonal), sphalerite (cubic, zinc blende),
and rock-salt (cubic). The structure of sphalerite is unstable
and converts to the wurtzite structure upon moderate heating,
through a transition that starts at about 130 °C and is com-
pleted at about 700 °C within a day, while the rock-salt structure
is only observed under high pressure.!l CdSe has bandgap of
~1.797 eV in the wurtzite crystal phase and =1.712 eV in the
zinc blende phase.’l Such a wide bandgap favors absorption
over a wide range of the visible spectrum. Normally, CdSe is an
n-type semiconductor. p-Type doping has been achieved by Oht-
suka and co-workers through the growth of p-type CdSe layers
with zinc blende structure and a hole concentration of 1 x 10"
cm™ using molecular beam epitaxy (MBE) with a nitrogen
plasma source.!

Inorganic semiconductor nanostructures have exhibited
interesting and novel size-dependent physical properties that
differ greatly from those of the corresponding bulk materials
due to the quantum confinement effect.*”] A representative
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nanostructures, including their optical,
electronic, and catalytic properties, are
also shape-dependent.’*1!I For example,
CdSe quantum rods reveal linearly polar-
ized emission, which the corresponding quantum dots do not
exhibit.'"!! This can be attributed to the dimensional anisot-
ropy of quantum rods. Inorganic semiconductor nanostruc-
tures are very promising materials in applications such as
catalysis,[!?! light-emitting diodes (LEDs),!*¥l solar cells,'* and
biological fluorescence labels!*!¢l because of the continuous
tunability of their optical and electronic properties by simply
changing the physical size of the nanocrystals, along with
their saturated color emission compared to organic molecules.
Nanoscale chalcogenides have attracted considerable attention
due to their remarkable properties and brilliant applications
prospects.l'”18 In particular, CdSe nanocrystals have been
proposed as working elements for nanotransistors,!?! electro-
chromic materials,?”) and charge-coupling devices.?!l CdSe
nanowires??l and nanotubes/?®l have also been fabricated using
electrochemical and chemical methods and may find use in
fabricating optoelectronic devices, such as solar cells, where
the power conversion efficiency of nanorods has been dem-
onstrated to be higher than that of quantum dots.'*! CdSe/
ZnS quantum dots with core/shell structure exhibit a lasing
effect and can be used for fluoric immunoassays, biological
imaging, and biosensors.[?

To date, there have been many methods developed to synthe-
size CdSe nanostructures,? which provide a great opportunity
for using such materials in ways that exploit their novel proper-
ties to optimize their potential applications. Here, a selection of
recent work related to CdSe nanostructures is reviewed, with
particular focus on their growth and device applications. We
begin, a detailed introduction of various methods for the prepa-
ration of CdSe nanostructures is presented, then the recent
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efforts and great developments in exploiting the novel proper-
ties and device applications of CdSe nanostructures are dis-
cussed. Finally, the possible challenges and opportunities that
researchers face in this field are proposed.

2. Growth of CdSe Nanostructures

In the past few years, semiconductor nanostructures have been
prepared using a variety of physical and chemical methods.
Some examples of physical processes, characterized by high-
energy input, include molecular beam epitaxy (MBE) and
metal-organic chemical vapor deposition (MOCVD) approaches
to quantum wells and quantum dots??%-28] and vapor-liquid-solid
(VLS) approaches to quantum wires.2?3% High-temperature
methods have also been applied to chemical routes, including
particle growth in glassesi*'*?l and the solvothermal method.
In addition, the “soft” (low-energy input) chemical route, i.e.,
chemical colloidal route, was broadly applied to synthesize the
II-VI semiconductor nanostructures. Traditionally, CdSe nano-
structures have been prepared using hydrothermal/solvothermal
techniques, electrochemical deposition processes, chemical
vapor deposition (CVD) and physical vapor deposition (PVD)
processes, and colloidal methods.

2.1. Hydrothermal/Solvothermal Technique

A hydrothermal/solvothermal process can be defined as “a
chemical reaction in a closed system in the presence of a sol-
vent (aqueous and non aqueous solution) at a temperature
higher than that of the boiling point of such a solvent.”33 In
the 1990s, Qian, Li, and co-workers developed a milder and
more convenient synthetic route, a solvothermal route, to syn-
thesize a series of 1D ME (M = Zn, Cd, E = S, Se) nanostruc-
tures at relatively low temperature.?*3°] They found that only in
coordinating amine solvents, could CdE (E =S, Se) be prepared
through the elemental reaction between cadmium and chal-
cogen at relatively low temperature. Several solvents were used,
including deionized water.?®) When powders of the elements
Se and Cd were used as Se and Cd sources, Li and co-workers
found that the obtained products were CdSe only in strongly
coordinating alkylamine solvents, such as diethylamine, eth-
ylenediamine (en), pyridine, and 1,6-diaminohexane, which
are strong donor ligands having N-chelation. It was found that
the solvent plays key role in the morphology of CdSe nano-
structures.?*3”1 CdSe nanorods can be obtained when en was
used as both solvent and template (Figure 1a), while pyridine
or diethylamine leads to CdSe nanoparticles (Figure 1b). A sol-
vent-coordinating molecular template (SCMT) mechanism was
proposed, according to which en can bound to and combine
with Cd?* in a line due to its structure to form a complex of
[Cd(en),]*". With the increase in the temperature, the stability
of the complexes decreased. At elevated temperature, Se may
connect the complexes to form 1D structure CdSe nanorods.
However, in pyridine, which has a weaker N-donor but no line
structure like en, the solvent molecules can also coordinate
with Cd?* to form complexes, but the stability of the complex
is much lower than that of complex of [Cd(en),]**. Hence, the
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Figure 1. Hydrothernal/solvothermal synthesis of CdSe nanostructures
in different solvents. a) CdSe nanorods prepared in en. Reproduced
with permission.’”) Copyright 1999, American Chemical Society. b) TEM
image of CdSe nanoparticles prepared in diethylamine. Reproduced with
permission.>¥l Copyright 1999, Elsevier Ltd.

epitaxial growth is difficult to realize, which induces the spher-
ical morphology of CdSe.*’]

Peng and co-workers successfully synthesized wurtzite
CdSe nanocrystals in a NH;3-H,0 complexation system using
Cd(NO;3),-4H,0, NaSeO;, and N,H,-H,0 as reactants. Zinc
blende CdSe nanocrystals can be obtained only by changing
the complexing agents from NH;-H,0 to ethylenediamine-
tetraacetic acid (EDTA) in NaOH solution.*®! They also found
that the reaction temperature and Cd/Se ratio in the raw mate-
rials were important parameters influencing the morphologies
and phases of the products. Figure 2 shows the transmission
electron microscopy (TEM) images of a series of CdSe nano-
crystals with different morphologies obtained by altering the
reaction conditions. The phase and morphologies of the CdSe
nanocrystals can be readily controlled using this method. How-
ever, the reactant NaSeOs; is highly toxic. In 2007, Lai and co-
workers use Se powder, which is much less toxic than NaSeOs,
as the Se source and en as the solvent to synthesize CdSe
nanostructures.% It was found that not only the structure, but
also the morphology, of CdSe nanocrystals can be successfully
tuned by changing the reactants’ compositions. The amount
and gain rate of Se?” ions were found to be the decisive factor
in determining the process of the reaction.

Gautam and co-workers reported a convenient and safe one-
pot route to capped, large quantities of 3 nm zinc blende CdSe
nanoparticles with a narrow size distribution that makes use
of common starting materials and inexpensive, low-boiling
point solvents under solvothermal conditions.** Wang and
co-workers used a solvothermal method to successfully syn-
thesize zinc blende CdSe hollow nanospheres from the reac-
tion of Cd(NO;),-4H,0 with a homogeneously secondary Se
source, which was first prepared by dissolving Se powder in
a mixture of ethanol and oleic acid at 205 °C (Figure 3a). As
Se powder directly reacted with Cd(NOs),-4H,0 in the above
mixed solvents, wurtzite CdSe solid nanoparticles were pro-
duced (Figure 3b).140!
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Figure 2. TEM images of CdSe fractals, nanorods, and other morpholo-
gies prepared under different conditions: a—c) dendritic CdSe fractals at
100 °C in NH;-H,0 complexation system; d,e) CdSe nanorods at 180 °C
in NH3-H,O complexation system; f) CdSe spheres without using any
complexing agent; and g) irregular branchlike CdSe nanocrystals as the
Cd/Se ratio of raw materials was 1:1. Reproduced with permission.*®l
Copyright 2002, American Chemical Society.

2.2. Electrochemical Deposition Process

Because the growth is controllable almost exclusively in the
direction normal to the substrate surface, electrochemical syn-
thesis in a template is taken as one of the most efficient methods
to control the growth of nanowires.*!* In 2000, Xu and co-
workers reported their work on fabricating CdSe nanowire
arrays by direct-current (dc) electrodeposition in porous anodic
aluminum oxide (AAO) templates from a dimethyl sulfoxide
solution containing CdCl, and elemental Se (Figure 4).1*l These
nanowires have a hexagonal phase determined by X-ray diffrac-
tion (XRD) and have uniform diameters of about 20 nm, which
corresponds closely to the pore diameters.

Su and co-workers used electron-beam (E-beam) lithography
and electrochemical deposition to fabricate 2D arrays of CdSe
pillars with a large height-to-width ratio.* The minimum pillar
diameter was about 80 nm and the height of the tallest pillar
was about 640 nm. Depositing CdSe pillars to a height over that
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Figure 3. TEM images and XRD patterns of a) CdSe hollow nanostruc-
tures and b) CdSe solid nanoparticles. Reproduced with permission.°°]
Copyright 2010, Elsevier Ltd.

of the resist results in mushroom structures. Figure 5a,b show
typical scanning electron microscopy (SEM) images of the pillar
arrays and mushroom-like pillar arrays, respectively. These
arrays should have potential in optical devices applications such
as filters, waveguides, cavity resonators, and photonic crystals.

2.3. Vapor Deposition Processes

Vapor deposition processes include PVD and CVD processes.
There are few reports on the synthesis of CdSe nanostructures
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Figure 5. SEM images of CdSe a) pillars and b) mushroom-like pillars
arrays made on indium tin oxide (ITO)/glass substrates. Reproduced with
permission.[*4l

using PVD or CVD processes, but these nanostructures often
have novel morphologies.

Wang and co-workers use CdSe powder to fabricate CdSe
nanobelts and nanosaws using a PVD process.[**® The pure
CdSe powder was evaporated at 750 °C under nitrogen gas,
which acted as a carrier gas to transport the sublimated vapor to
cooler regions for deposition. Single-crystal silicon substrates,
dispersed with gold particles of typical sizes 3-5 nm that acted
as catalyst were used to grow the nanostructure. Figure 6 shows
the as-grown CdSe nanostructures. The most dominant mor-
phology is the saw-shaped nanoribbon (Figure 6a), with one side
flat and one side with sharp “teeth’. Nanobelts of CdSe are also
found, but they are not the dominant component (Figure 6b).
Subsequently, the authors carried out a systematic study on the
growth of CdSe nanowires, nanobelts, and nanosaws using a
Au-catalyzed VLS process and varying five different source tem-
peratures and nine pressure settings, which yielded a total of 45
distinct experimental sets. For 150 experiments, they discussed
the relationship between CdSe nanostructure morphology and
the experimental pressure/temperature used
and defined a road map to guide the synthesis
of various CdSe nanostrctures.*P!

Single-crystalline CdSe mnanobelts and
nanosheets were synthesized using a CVD
method assisted with laser ablation by
Venugopal and co-workers.*% High-purity
CdSe powder was used as source materials. A
Si wafer coated with gold nanoparticles, which
acted as the catalyst, was used as the collec-
tion substrate. The carrier gas was a mixture
of Ar (90%) and H, (10%). When the gas flow
became steady, a pulsed neodymium-doped

(100)

1
- CdSe, 002
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CdSe, 101
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yttrium aluminium garnet (Nd:YAG) laser
with a 1064 nm wavelength was ignited to
ablate the CdSe target. It was found that var-
ious morphological CdSe nanostructures were
obtained at distinct deposition temperatures.
The hexagonal-structure belts were generated
with a high product yield at the deposition
sites at 500-600 °C (Figure 7a). A typical TEM

CdSe, 110

25 30

200nm

Figure 4. a,b) SEM and c) TEM images and XRD pattern of CdSe nanowire arrays. The electron
diffraction (inset in (c)) and XRD patterns indicate the hexagonal CdSe crystal structure. Repro-

duced with permission.[*3l Copyright 2000, American Chemical Society.
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image for a single CdSe belt with a tapered
width is depicted in Figure 7b. Most of the
belt can range in tapered width and was about

pum at one end and tapered about 100 nm
at a catalytic particle. At 650-700 °C, the

Adv. Funct. Mater. 2012, 22, 1551-1566
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Figure 6. SEM images of CdSe nanosaws. Nanobelts were observed
in (b), but they are not the dominant component. Reproduced with
permission.*3 Copyright 2004, American Chemical Society.

synthesized CdSe nanostructures have sheet-like morphology
(Figure 7c). The as-synthesized sheets also have hexagonal
wurtzite structure. Figure 7d shows a typical TEM image of a
single CdSe sheet. The width of these sheets ranges from 2 pm
to 5 wm, while the thickness is about 40-50 nm. Zhang and
co-workers reported the growth of CdSe naowires, nanorods,

Figure 7. SEM and TEM images of as-synthesized CdSe: a,b) nanobelts
and c,d) nanosheets. Reproduced with permission.*68 Copyright 2005,
American Chemical Society.
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nanoparticles, and tetrapod crystals using a Si-assisted CVD
process. The as-synthesized morphologies of CdSe nanostruc-
tures can be controlled by manipulating the growth driving
force, which promotes the degree of vapor supersaturation. /¢!
The wurtzite CdSe tetrapods with hollow arms were synthe-
sized using a simple CVD route in which Si powder and the
mixture of the pure cadmium Cd and the pure Se powder were
used as source materials.[*6

2.4. Colloidal Method

Colloidal semiconductor nanostructures have been widely
investigated in recent years because the morphologies and
sizes of such nanostructures can be more readily controlled. As
a breakthrough in this field, Alivisatos, Peng, and co-workers
synthesized a series of nearly monodispersed II-VI group
nano-semiconductors using different cadmium precursors in
trioctylphosphine oxide (TOPO).[*748] They observed the nuclea-
tion and growth of these nanostructures and successfully con-
trolled the morphology of the nanocrystals, from quantum dots
to quantum rods. Using a colloidal method, the sizes of the
resulting CdSe nanocrystals can be precisely controlled from
several nanometers to tens of nanometers.

Alivisatos and co-workers used dimethylcadmium (Cd(CHs),)
and Se powder as the Cd and Se precursors, respectively, to
synthesize CdSe nanorods.*’] The precursors were dissolved
in tri-n-butylphosphine (TBP). In a typical synthesis, a mix-
ture of hexylphosphonic acid (HPA), tetradecylphosphonic acid
(TDPA), and TOPO was degassed at 120 °C for 1 h, after which
the cadmium precursor solution was added dropwise. The
resulting mixture was then heated to 360 °C and the Se pre-
cursor solution was quickly injected. After injection, the tem-
perature dropped to 290 °C and was maintained at this level
throughout the synthesis. By varying the relative concentration
of TOPO:HPA:TDPA and the growth time, CdSe nanorods of
different lengths and aspect ratios can be obtained. Figure 8
shows TEM images of the as-prepared CdSe nanorods with dif-
ferent length.

Peng and co-workers have studied the shape-controlled
CdSe nanocrystals via alternative routes.[*8! Non-organic CdO,
which is less toxic than dimethylcadmium, and Se powder were
used as Cd and Se sources, respectively. TOPO and TDPA or

Figure 8. TEM images of as-prepared CdSe nanorods with a) medium
and b) short length, respectively. Reproduced with permission.*”] Copy-
right 2002, American Chemical Society.

wileyonlinelibrary.com

“
m
5
G
~
m
2
-
0
F
m




w
=
4
e
g
w
[
B
g
T
s

1556  wileyonlinelibrary.com

www.afm-journal.de

Figure 9. Influence of the history of Cd-TDPA complexes. a) Without
aging at room temperature and b) aged at room temperature. Repro-
duced with permission.[*8l Copyright 2002, American Chemical Society.

octadecyl phosphine acid (ODPA) were added to act as a coor-
dinated surfactant and TOP was used as solvent for Se. They
observed that the history of cadmium precursors had a notice-
able effect on the aspect ratio of the resulting CdSe nanorods.
When the Cd-TDPA-TOPO precursor was not aged at room
temperature, the highest aspect ratio of the rods was about three
(Figure 9a). The highest average aspect ratio of the resulting
nanocrystals was about 6.5 when the cadmium precursor was
aged at room temperature (Figure 9b). The monomer concen-
tration also has large influence on the morphologies of CdSe
nanocrystals. It was difficult to completely exclude the branched
or multiarmed nanocryatals for the growth of rods. In contrast,
branched structures were not observed in the cases of the for-
mation of dot-shaped nanocrystals, which occurred at relatively
low monomer concentrations. Figure 10 reveals that the forma-
tion of branched nanocrystals was directly determined by the
monomer concentration in the solution. By simply increasing
the precursor concentration at 300 °C, the morphology of CdSe
nanocrystals varied from short rods to long rods and then to
branched ones.

High-yield CdSe nano-tetrapods could be obtained when
oleic acid (OA) was used as the surfactant and proton acid was
added to the cadmium precursor at relatively low reaction tem-
perature (180 °C).*! It was found that the resulting products
were spherical CdSe nanocrystals when no proton acid was
added. Figure 11 shows the TEM images of the resulting spher-
ical CdSe nanocrystals and high-yield CdSe nano-tetrapods by
adding HCL. It was believed that the proton (H*) plays a key
role in the formation of the almost pure CdSe tetrapods.

[Cd]=0.067 mol/kg [Cd]=0.267 mol/kg| [[Cd]=0.433 mol/kg
et : /

=

Figure 10. Monomer concentration dependence of the shape of CdSe
grown at 300 °C with a Cd-ODPA complex as the cadmium precurcsor.
Reproduced with permission.[*8l Copyright 2002, American Chemical
Society.
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Figure 11. a) CdSe spherical and b) tetrapod-shaped nanocrystals pre-
pared using a colloidal method. Reproduced with permission.[*l Copy-
right 2005, American Chemical Society.

2.5. Other Methods

A so-called “solution-liquid-solid” growth method was used
to synthesize CdSe quantum wires.’” These wires were pre-
pared from cadmium stearate and n-R;PSe (R = butyl or octyl)
in TOPO at 240-300 °C using monodisperse Bi nanoparticles
to catalyze wire growth. By varying the reaction temperature
and the catalyst nanoparticle size, the wire diameters were
controlled. The diameters of the resulting wires ranged from
5 to 20 nm, while the lengths of these wires were about several
micrometers, as shown in Figure 12a.

Chen and co-workers successfully converted CdO into lam-
inar wurtzite CdSe nanocrystals in a mixture of ethylenediamine
and hydrazine hydrate at room temperature.”!l In a typical pro-
cedure, CdO and Se powder were added into the mixture of eth-
ylenediamine and hydrazine hydrate, and the mixture was then
vigorously stirred for 48 h at room temperature. After being
washed by distilled water and absolute ethanol and dried, the
precipitates were re-dispersed in HCI solution and stirred for
2 h. The final products were obtained after washing and drying.
TEM images indicated that laminar CdSe nanocrystals were
achieved through protonization of the complex (Figure 12b).
Each of these nanocrystals is a well-crystallized CdSe nanoc-
rystal according the discrete selected area electron diffraction
(SAED) patterns as showed in the inset of Figure 12b.

200nm

Figure 12. a) CdSe nanowires prepared by the solution-liquid-solid growth
method. Reproduced with permission.’% Copyright 2003, American
Chemical Society. b) Laminar CdSe nanocrystals prepared at room tem-
perature. Reproduced with permission.l®") Copyright 2004, Elsevier Ltd.
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3. Novel Properties and Applications of CdSe

As an important II-VI semiconductor, CdSe nanostructures
have attracted considerable attention due to its unique prop-
erties, which include a direct bandgap and excellent photo-
electrical characteristics and make it a promising material for
applications in many fields, such as photodetectors, FETS, field
emitters, solar cells, LEDs, memory devices, biosensors, and
biomedical imaging.

3.1. Photodetectors

Photodetectors are very important optoelectronic devices for
practical applications involving photon detection in the visible
light or ultraviolet region, which show widespread applications
including environmental and biological research, sensors, mis-
sile launch, and light-wave communications. Generally, the
key sensing element of a photodetector is made of semicon-
ductor materials. Due to its photoconductive properties, the
semiconductor shows sensitivity to the light that has a photon
energy above its bandgap (E,) and can be utilized in photon
detection.?

With a direct bandgap, CdSe nanostructures have been
exploited as a promising material for photodetectors. There have
been a number of recent reports on optoelectronic properties of
CdSe nanostructures. For example, Lee and co-workers synthe-
sized CdSe nanoribbons using a thermal evaporation process
in a horizontal quartz tube (as shown in Figure 13a).>%" Then
a photodetector was successfully constructed from an indi-
vidual CdSe nanoribbon (illustrated in the inset in Figure 13Db).
Figure 13b presents the incident wavelength-dependent cur-
rent-voltage (I-V) curves obtained when the CdSe nanoribbon
was exposed to light of a different wavelength at an intensity of
4.10 mW cm~2. The photoconductances of the CdSe nanoribbon
are calculated to be 2816 nS at 650 nm and 0.095 nS in a dark
state from the I-V curves. A cut-off wavelength of about 710 nm
(closed to the CdSe bandgap emission) indicates the very low
photosensitivity of the intrinsic CdSe nanoribbons when the
wavelengths are longer than 710 nm. The photoconductance of
the CdSe nanoribbion at 650 nm is approximately five orders
of magnitude larger than that of the dark state, indicating the
high light-sensitivity of the CdSe nanoribbon. The reversible
switching behavior of the CdSe nanoribbon-based device when
the light was turned off and on is shown in Figure 13c, and the
device is found to work with excellent stability and reproduc-
ibility. These findings demonstrate the great potential for the
use of CdSe nanoribbons in high-sensitivity photodetectors and
photoelectronic switches. Based on this work, the authors also
studied the photoelectrical properties of n-type CdSe nanowires
with indium doping.®¥ It was found that indium doping leads
to significant improvements in the photoelectrical performance.
Dai and co-workers also measured the impurity-dependent
optoelectronic properties of CdSe nanobelts.l> They found that
intrinsic CdSe nanobelts are more suitable for fast and sensi-
tive photodetector applications, while n-type CdSe nanobelts are
more advantageous for high-gain photodetector applications.
The different photoresponse properties result mainly from the
impurity induced traps inside the CdSe nanobelts. Yun and
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co-workers decorated CdSe nanocrystals on single-walled carbon
nanotubes by combining a method of chemically modified sub-
strate, exhibiting a clear spectral response and photocurrent
response.®) Penner and co-workers recently developed the
lithographically patterned nanowire electrodeposition (LPNE)
method to prepare nanocrystalline CdSe (nc-CdSe) nanowires
as shown in Figure 13d.°78 Lengths (5 um) of these nanowires
were electrically contacted by evaporated gold electrodes with a
thickness of 40 nm to form an nc-CdSe nanowire array photode-
tector (Figure 13e). The photoconductivity of arrays of 350 CdSe
nanowires is characterized by photosensitivity factors of 10-100
in addition to ultrafast response and recovery times of 20-40
us (Figure 13f,g). This response speed is significantly shorter
than that observed for all other nanowire systems to date. Most
recently, they successfully optimized the performance of these
nanomaterials as a function of the mean grain diameter.l>%)

3.2. Field-Effect Transistors (FETs)

As a basic functional component in integrated circuits, dis-
plays, and memory devices, FETs play a core role in current
electronic industry. The FETs based on individual nanostructure
are regarded as a promising candidate for scaling down com-
plementary metal-oxide-semiconductor (CMOS) devices. Since
both the Hall and field-effect mobilities of CdSe (up to 800 cm?
V! S71) substantially exceed those of Si, CdSe is a promising
candidate semiconductor for inorganic FETs.) Recently, enor-
mous effort has been devoted to exploring various FETS devices
fabricated from CdSe nanostrcutures.l%2 Lee and co-workers
fabricated FET devices from an individual CdSe nanoribbon,
showing a pronounced gating effect. The gate-dependent I4—
Vys characteristics reveal the n-type conductivity of CdSe, which
most likely results from the selenium vacancies in CdSe. They
further demonstrates the tuning of the electrical properties of
CdSe nanowires by indium doping and construct FETs based
on single CdSe:In nanowires.’*%l The conductivity of CdSe
nanowires was increased by nearly five orders of magnitude from
=~107* to tens of S cm™ via doping and a carrier concentration
as high as =10'° cm™ was achieved for the heaviest doping.>*
Marks and co-workers reported the first fabrication of thin-film-
based FETs from solution-processed CdSe and a self-assembled
nanodielectric (SAND) gate insulator composed of alkyl, siloxane,
and stilbazolium layers.®l In their study, CdSe thin films were
grown using the chemical bath deposition (CBD) method using
aqueous Cd** and sodium selenosulfate (SeSO3?7) solutions,
and then bottom-gate/top-contact CdSe-based FETs were fab-
ricated on both commercial n*-Si/(16.5 nm) SAND substrates
following identical CBD procedures for CdSe film growth. After
annealing the films at 400 °C, the corresponding atomic force
microscopy (AFM) image confirms the polycrystalline nature
with a thickness of about 200 nm (see Figure 14a). FETs fabri-
cation was completed by thermal evaporation of Au source and
drain contacts (50 nm) through a shadow mask (see Figure 14b).
Device parameters were then extracted from -V plots as shown
in Figure 14c. Figure 14d shows the average capacitance of CdSe
film FET versus annealing temperature. Typical patterned SAND/
CdSe devices exhibit an average field-effect mobility, tppr = 41
15 cm? V™' S~ with a maximum observed piggr of =57 cm? V-1 S71,
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Figure 13. a) SEM images of as-synthesized CdSe nanoribbons. b) -V curves of an individual CdSe nanoribbon illuminated with light of different
wavelength. The insets show the optical miscroscopy image of the device (top) and the schematic diagram of the photocurrent measurement (bottom).
) Response characteristics of the photoconductance of CdSe nanoribbon detector to pulses of light irradiation at a frequency of 15 Hz. Reproduced
with permission.3* d) Atomic force microscopy image of an 80 um x 80 um area of an array of nc-CdSe nanowires. e) SEM images showing the 5 um
gap used for the photoconductivity measurements of nc-CdSe nanowire arrays studied; each array contained approximately 350 individual nanowires.
f) Modulation of the photocurrent as a function of time in response to chopped illumination (532 nm, 59 mW cm™) at frequencies of 3940 Hz,
nanowires were biased at 2 V, the black trace (shown at bottom) is the current response to the chopped illumination produced by a silicon photodiode.
g) Normalized photocurrent versus time showing three exponential fits and the associated time constants for the response (T.esp) and recovery (Trec fast
and Trec slow) €dges. Reproduced with permission.*® Copyright 2010, American Chemical Society. h) Schematic diagram showing the apparatus used to
measure the photoconductivity properties of nc-CdSe nanowires. Reproduced with permission.’l Copyright 2011, American Chemical Society.

The drain-source current on/oft modulation ratio (I,,/L,g) ratio is
typically =105 with a maximum of 106, and typical subthreshold
slopes are 0.26 V dec™!. Such performance parameters should
make these devices attractive for a wide variety of applications.

3.3. Field Emission Properties

Field emission (FE) is based on the physical phenomenon of
quantum tunneling, during which electrons are injected from

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a material's surface into vacuum under the influence of an
applied electric field.>% Most recently, Zhai, Jiang, and co-
workers developed the FE properties of CdSe nanowires.[*”] They
designed and synthesized ordered CdSe nanowire branched
arrays while merging two particular structural features within
a single nanomaterial. Figure 15a,b shows the representative
SEM images of as-synthesized CdSe products. The ordered
high-density CdSe nanowire branched arrays homoepitaxially
grow out of the CdSe microrod stems. Figure 15c¢,d illustrates
the FE current density, J, as a function of the applied field,

Adv. Funct. Mater. 2012, 22, 1551-1566
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Figure 14. a) AFM image of CBD CdSe films grown on the n*-Si/SAND substrate and annealed at 400 °C. b) Left: structure of an =5.5 nm thick SAND
gate insulator composed of alkyl (bottom), siloxane (lower middle and top), and stilbazolium (upper middle) layers. Right: top-contact, bottom-gate
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film as the semiconductor, and Au source/drain electrodes. c) I - V output for n*-Si/SAND/CdSe/Au structured FETs. The FET channel length and width
were 100 um and 500 um, respectively. d) The capacitance of the film FET versus annealing temperature. Reproduced with permission.l
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Figure 15. a,b) Typical SEM images of CdSe branched architectures. FE properties of the branched CdSe architectures: c) J — E curve with a turn-on
field of 43 £ 0.2 V um™ and a threshold field of 6.3 + 0.3 V um™' for the current densities of 10 and 1 mA cm™2, respectively. The inset is a Fowler—
Nordheim (F-N) plot corresponding to (c) and the straight line is a linear fit of the In(J/ E?) — (1/E) plot. d) A stable emission current of the branched
CdSe architectures over 14 h. Reproduced with permission.l®”l Copyright 2011, American Chemical Society.
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E, for a J-E plot (Figure 15c) and a In (J/E?) — (1/E) plot (the
inset of Figure 15c) at an anode—cathode separation of 150 pm.
It is found that the current density exponentially increases
with the field increase. The turn-on field at a current density of
10 A cm™2is 4.3 £ 0.2 V um™! and the threshold field at a cur-
rent density of 1.0 mA cm™ is 6.3 £ 0.3 V um™}, indicating that
these CdSe novel nanostructures could potentially be used as
excellent field emitters.

3.4. Solar Cells

Solar cells, in which electricity is generated directly from sun
light, promise to offer a clean solution to the energy crisis and
have attracted considerable interest nowadays. As an impor-
tant semiconductor material with a suitable bandgap for visible
light absorption, CdSe exhibits widespread applications in pho-
tovoltaic devices. The application of CdSe in solar cells can be
classified into three types:

1) Since its bandgap covers most of the visible spectrum,
CdSe can act as carrier transport material for solar cells. For
instance, colloidal CdSe and CdTe nanorods were constructed
into bilayer nanocrystal solar cells with power conversion effi-
ciencies of 3%.1% Recently, the solar cells incorporating CdSe
and CdS quantum dots have also been studied.®>7%! Kuno and
co-workers fabricated solar cells from CdSe nanowires, showing
nominal, maximum incident-photon-to-carrier conversion
efficiencies (IPCE) values of 13% at 500 nm with associated 1
sun power conversion efficiencies of 0.007% due to the exist-
ence of voids between CdSe nanowires. They found that adding
colloidal CdSe quantum dots to CdSe nanowire solar cells
improves their efficiencies from 13% to 25% at 500 nm. The
reason should be attributed to the fact that the CdSe dots, not
only fill these voids, but also have similar electron affinities/
ionization potentials to nanowires, enabling them to improve
transport connectivity within the network."!

Most recently, Cao and co-workers have successfully devel-
oped novel solar cells by coating carbon nanotube (CNT) films
on CdSe nanobelts, respectively.”! For the CNT-CdSe based
solar cells, the CNT film forms junction with CdSe nanobelt in
the overlapped area and also serves as a transparent electrode
to allow illumination from this side. The excited electron—hole
pairs within CdSe under illumination are separated in this
junction, where holes are directed to the CNT film and elec-
trons are transported through the nanobelt to the Al electrode
(Figure 16a). As seen from the band diagram of the CNT/CdSe
interface in Figure 16D, the CNT films form a Schottky barrier
with the semiconducting CdSe nanobelt in the junction area.
An individual CdSe nanobelt serves as a planar substrate for
depositing CNT networks and forming the interface for charge
separation (Figure 16¢). An optical image of a solar cell (Figure
16d) and the corresponding SEM image in Figure 16e show that
the filling-fraction of the porous CNT film on the CdSe nano-
belt is about 30-40%. The CdSe nanobelt serves as a flat sub-
strate to sustain a network of nanotubes, while the nanotube
film forms a Shottky junction with the underlying nanobelt at
their interface and also makes a transparent electrode for the
device. As shown in Figure 16f,g, this CNT-CdSe junction solar
cell has open-circuit voltages of 0.5 to 0.6 V and modest power

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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conversion efficiencies (0.45-0.72%) under AM 1.5 G, 100 mW
cm~?light conditions, demonstrating a promising way to develop
large-area solar cells based on thin films of CNTs and semicon-
ducting nanostructures. This unique route has been extended
to a graphene layer-CdSe nanobelt system for solar cells.’?

2) Decoration of CdSe semiconductor nanostructures on
inorganic compounds. The advantage, with which the bandgap
can be tuned by varying particle size, and other inherent
absorption properties, makes CdSe a very promising candidate
for efficient light-harvesting materials in this type of solar cell.
CdSe nanostructures, in particular the CdSe QDs, can function
as efficient sensitizers across a broad spectral range from the
visible to mid-infrared and offer advantages such as the tun-
ability of optical properties and electronic structure by simple
variation in size, while retaining the appeal of low-cost fabrica-
tion.”l In recent years, a lot of work on CdSe-sensitized solar
cells has been reported. Typically, by using a CdSe sensitized
nanocrystalline TiO, photoelectrode in a photoelectrochemical
cell, Niitsoo and co-workers achieved a 2.8% conversion effi-
ciency under 1 sun illumination.”” Using a CdSe- sensitized
TiO, nanotube array photoelectrode, Peng and co-workers
reported an efficiency of 4.15% for an electrochemical cell.””!
Kamat and co-workers fabricated CdSe-sensitized TiO, nanorod
array solar cells to significantly enhance the photocurrent of the
device.’®l For the sandwich structure solar cell, Diguna and co-
workers prepared a CdSe sensitized photoelectrode based on a
TiO, inverse opal and an energy conversion efficiency of 2.7%
was obtained.””] Lo and co-workers sequentially assembled
CdS and CdSe quantum dots onto a nanocrystalline TiO, film
to prepare a CdS/CdSe co-sensitized photoelectrode for solar
cell application. An energy conversion efficiency of 4.22% was
achieved using a TiO,/CdS/CdSe/ZnS electrode, under the illu-
mination at one sun (AM 1.5, 100 mW c¢m2).%% Similar CdS/
CdSe co-sensitized solar cells have also been reported on CdS/
CdSe-sensitized TiO, nanotube/nanowire arrays,’®’% mesopo-
rous TiO, films,®% SnO, particle films,®!) and CdS/CdSe sensi-
tized ZrO, porous films.[82% Fuke and co-workers demonstrated
that =100% internal quantum efficiency of photon-to-electron
conversion can be achieved in butylamine-capped CdSe QD-
sensitized TiO, solar cells by devices utilizing an aqueous Li,S
electrolyte.[32}]

3) Integration of CdSe semiconductor nanostructures into
organic conjugated polymers. These hybrids allow the remark-
able electronic and optical properties of organic semiconductors
to be combined with CdSe, thus presenting great opportunities
for unique photophysical, photochemical, and electrochemical
properties. Pioneering work on the application of polymer—
CdSe composites on solar cells was carried out by Alivisatos
and co-workers.['>%8 They recently demonstrated that the use
of binary solvent mixtures in which one of the components is a
ligand for the CdSe nanorod is effective for controlling the dis-
persion of CdSe nanorods in a polymer.®*l After combination
of CdSe nanorods in a good hole-transporting polymer, poly(3-
hexylthiophene) (P3HT), the composited CdSe nanorod-P3HT
film results in nanorod-polymer blend solar cells with a high
external quantum efficiency of 59% under 0.1 mW cm2 illumi-
nation at 450 nm. Wang and co-workers fabricated hybrid thin
films of conjugated polymers and CdSe nanoparticles by using
a layer-by-layer (LbL) approach driven by covalent coupling

Adv. Funct. Mater. 2012, 22, 1551-1566
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Figure 16. a) Schematic illustration of a nanobelt (deposited on a glass substrate) covered by a CNT film on one end and contacted by an Al electrode
on the other end. Arrows show the flow direction of charge carriers (holes and electrons) when the device is illuminated. The overlapped area between
the CNT film and the CdSe nanobelt makes the interface for hole—electron separation and acceleration toward different directions. b) The band diagram
of the CNT/CdSe interface shows the formation of a Schottky junction at contact. c) Illustration of the interface area between the CNT film and the
nanobelt, where holes are directed along the CNT network and electrons are transported through CdSe to the other side. d) Optical image of a CNT-
CdSe-Al device consisting of a 3 mm long nanobelt, a transparent CNT film covering about two-thirds of the nanobelt length, and a 100 nm thick Al
electrode on the left. ) SEM images of the device showing a highly pure, uniform CNT network coated tightly around the CdSe nanobelt. f) J-V curves
recorded when the CNT-CdSe junction solar cell is illuminated from the front (CNT film) or back (CdSe nanobelt) side, with open-circuit voltages, V,.,
of 0.58 and 0.57 V, short-circuit currents, J,, of 3.5 and 2.9 mA cm2, and efficiencies of 0.59 and 0.49%, respectively. g) A summary of cell efficiencies
for front and back illumination of the devices with different junction areas. Inset: plot of the photocurrent as a function of CNT-CdSe junction area.

Reproduced with permission.”!l Copyright 2010, American Chemical Society.

reactions.® A preliminary application of the hybrid films in
the development of organic photovoltaics is presented. Upon
illumination with white light at 10 mW cm™2, the self-assem-
bled multilayer films exhibit steady photocurrent responses
with an overall optical-to-electrical power conversion efficiency
of 0.71%.

3.5. Light-Emitting Diodes (LEDs)

In response to ever-increasing energy demands and subse-
quent costs, a tremendous emphasis is being placed on energy
saving, solid-state lighting devices in the form of LEDs. Specifi-
cally, a need exists for pure white-light LEDs as a more efficient
replacement for conventional lighting sources. High-quality
CdSe QDs show high quantum efficiencies and due to the
quantum confinement effect their emissions are readily tunable
between 500 and 650nm by manipulating their size. Therefore,

Adv. Funct. Mater. 2012, 22, 1551-1566
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they have been demonstrated as an ideal material for solid state
LEDs. Rosenthal and co-workers demonstrated white-light
emission from ultrasmall CdSe nanocrystals.[®>#% These ultras-
mall CdSe nanocrystals exhibit broadband emission (420-710
nm) throughout most of the visible light spectrum while not
suffering from self absorption. Examples of the white-light
emission are shown in Figure 17a,b. These properties are the
direct result of the extreme surface-to-volume ratio forcing the
electron and hole to predominately interact at the CdSe nanoc-
rystal surface. Furthermore, CdSe are good candidates as addi-
tional red-emitting components of LEDs. Jeon and co-workers
recently synthesized greenish-yellow-emitting Sr;SiO5:Ce*,
Li*, and high-quality TOP/TOPO/HDA-capped CdSe QDs and
coated these two luminescent materials onto a blue LED chip
to fabricate white LEDs with an excellent color rendering prop-
erty (as shown in Figure 17c—€).®”l The white LEDs exhibited
a luminous efficiency of 14.0 1 m W1, a color rendering index
(Ry) of 90.1. The combination of phosphor and QDs in LEDs
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For example, the devices constructed from
thin films of capped CdSe nanoparticles
show electrical bistability and have an associ-
ated memory phenomenon, confirmed by Pai
and co-workers.”>%] The CdSe nanoparticles
were first dispersed in water (Figure 19a)
and then assembled into monolayer films
on a Si wafer using layer-by-layer electro-
static assembly strategy (Figure 19b). The I-V
characteristics of the monolayer film confirm
that the monolayer CdSe nanoparticle films

exhibit electrical bistability. The voltage scan

20000

15000

10000

EL intensity (a.u.)

5000

towards a negative voltage in a nanoscale
regime, as shown in Figure 19¢, demonstrates
that the CdSe nanoparticles can be used as
memory elements with a density of a bit per
particle. The time responses of the low- and
high-conducting states of a CdSe nanopar-
ticle monolayer in Figure 19d indicate that
the nanoparticles retained a state for more
than 30 min. This electrical bistabilty can be
explained on the basis of charge confinement

. ' L
400 500 600

Wavelength (nm)

700 800 in the CdSe nanoparticles. Under a suitable

negative voltage, the CdSe nanoparticles with

Figure 17. a) White-light emission from magic-sized CdSe. a) Thin film of magic-sized CdSe higher surface charge density form percola-
in polyurethane excited by a frequency doubled titanium:sapphire laser (400 nm) with white tive networks. Such networks finally produce

light clearly seen reflecting off the table surface. b) A5 mm commercial UV LED (400 nm) illu-
minating a thin coating of magic-sized CdSe in polyurethane. Reproduced with permission.[®]
Copyright 2005, American Chemical Society. ¢) Photograph of an as-prepared CdSe QD- and
Sr;SiOs:Ce, Li*, phosphor-based white LED and d) the same white LED operated at 20 mA.
e) Electroluminescence spectra of a TOP/TOPO/HDA-capped CdSe QD- and Sr;SiO5:Ce’", Li*
phosphor-based white LED when operated under various forward bias currents. Reproduced

with permission.[®”]

to obtain light sources with high color rendering properties
has also been carried out in CdSe/Zn$S core/shell QDs!®®l and
CdSe/CdS core/shell QDs.®

Bawendi and co-workers reported a novel, solid-state CdSe
thin-film device that allows for reversible switching of CdSe
nanocrystals between charged and uncharged states at room
temperature.® This device consists of an insulating polymer
layer and a thin, spin-coated CdSe nanocrystal layer sandwiched
between two electrodes (Figure 18a). Reversible fluorescence
quenching and absorption bleaching of the CdSe nanocrystal
were directly observed, as shown in Figure 18b. There were dif-
ferences between the charging and discharging process because
the number of vacant states for transporting electrons between
the CdSe nanocrystals and the electrode during the discharging
process is smaller than during the charging process. The drastic
changes in the optical properties lead to the potential applica-
tion of using CdSe nanocrystals in optical modulators and in
tunable fluorescent or photochromic displays.

3.6. Memory Devices

Apart from several applications in the optoelectronic devices
and FETs summarized above, CdSe have demonstrated applica-
tions as electrically bistable devices and memory elements.!

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

channels across the device resulting in a high-
conducting state. The devices based on the
CdSe nanoparticles exhibit a high on/off ratio
and demonstrate read-only and random-access
memory applications. The memory phenom-
enon has also been found in CdSe/ZnS nano-
particles sandwiched between C-60 layers,
CdSe/ZnS nanocrystals in TiO, thin films,?°]
core/shell CdSe/ZnSe quantum dot/multiwalled carbon nano-
tube hybrid nanocomposites,!* CdTe/CdSe core/shell nanopat-
ticles/poly(methylmethacrylate) nanocomposites,””) and CdSe
nanoparticles/poly(methyl methacrylate) (PMMA) blend.[%!

3.7. Biology Applications

CdSe nanocrystals have found applications in biology, mostly
as optical imaging agents where the photophysical properties
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Figure 18. a) Schematic diagram of the CdSe nanocrystal charging device.
b) The charging time traces for a bare, 2.2 nm radius, CdSe nanocrystal
with 3x 10°V cm™ (top) and 4 X 10° V cm™ (bottom). Reproduced with
permission.[*%
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advantages of controlling the shape, size, and
growth direction, is a new method for fabri-
cating CdSe nanostructures. The growth is
controllable almost exclusively in the direc-
tion normal to the substrate surface. How-
ever, it is necessary to remove the template
for some applications. CVD and PVD proc-
esses can synthesize CdSe nanostructures
with novel morphologies, but the reaction is
poorly controllable and repeatable. The sizes
and morphologies of CdSe nanostructures can
be readily controlled by the colloidal method,

(c)

but the precursors used often include orga-

2

D] Swsep from 1 E. %900000000,0090000%g00 o norpetallic materials and organic solvents,
10l #Vitov ] = M 2 ©700000000 1 which are highly hazardous and unstable,
< 3 ' . and it also requires waterless and oxygen-free

z 2 10b o High-conducting state environments.
g (- o Low-conducting state Therefore, considerable interest in the
3 —e— Initial scan é future study of fabricating of CdSe nanos-
i:;:‘;’\‘,’ ((1100.::? S 05y 1 tructures is proposed. First, new fabrication
i E e0ee technologies are still developing for the syn-
0 > y e 0.0, 50 1000 T 3000 thesis. of CdSe nanosfcructures. For example,
Voltage (V) Time (5) chemical transformation was used to convert

Figure 19. a) Photograph of the solutions dispersed with CdSe nanoparticles of different sizes
and b) a monolayer of CdSe nanoparticles showing the presence of nanoparticles on the wafer.
) -V characteristics of the pristine nanoparticle (off state), after switching to a high state
(on state), and after reinstating the low-conducting off state. d) Time response of the low- and

high-conducting states of a monolayer. Reproduced with permission.[*3]

of the nanocrystals are insensitive to species in their environ-
ment. The application of CdSe nanocrystal in biosensors has
been systematically reviewed by Nocera and co-workers in
20071 Furthermore, Fahmi and co-workers recently reported
a simple route to fabricate CdSe nanofibers by self-assembled,
elastin-like polymer (ELP)-templated nanoparticles. The CdSe-
ELP nanofibers were found to be markedly capable of crossing
the cell membrane. These types of nanofibers could be intro-
duced in future medicine nanotechnology and applied in the
diagnosis and treatment of various diseases.[%%

4. Conclusions and Outlook

Although the studies of CdSe nanostructures were initiated
just a few years ago, the progress is notable and the unique
properties and potential applications for electronics, optics,
photoelectronics, solar cells, etc. presented reveal that CdSe
nanostructures are a promising class of materials. Several
morphological CdSe nanostructures including nanoparticles,
nanorods, nanowires, nanobelts, nanosheets, nano-tetrapods,
and branched nanocrystals have been successfully synthesized
through single and combined methods. Hydrothermal/solvo-
thermal techniques, electrochemical deposition processes, CVD
and PVD processes, and colloidal methods were highlighted.
The hydrothermal/solvothermal technique has the advantages
of low cost and simple operation. However the dimensions of
the prepared powder products are quite large and the product
is highly oxidizable. Electrochemical synthesis, which has the

Adv. Funct. Mater. 2012, 22, 1551-1566
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trigonal selenium nanowires into a variety of
metal chalcogenide nanostructures, such as
Ag,Se nanowires. Then cation-exchange reac-
tion between Ag* and Cd?" was used to trans-
form these single-crystal Ag,Se nanowires
into single-crystal CdSe nanowires.[101:102]
Se/CdSe nanocables were synthesized by
reacting cadmium salts with Se nanowires, then CdSe nano-
tubes could be fabricated through thermal evaporation of the
Se core nanowires.'%! Second, high emission efficiency from
band-edge states of nanocrystals is required if they are to be
used as emitters in any application. However, the band-edge
emission from nanocrystals has to compete with both radiative
and nonradiative decay channels, originating from surface elec-
tronic states. In colloidal nanocrystals, coating the surface of
the nanocrystals with suitable organic molecules can minimize
this problem. The judicious choice of passivating agent can,
in fact, improve the size-dependent band-edge luminescence
efficiency, while preserving the solubility and processability of
the nanocrystals.l' Unfortunately, passivation by means of
organic molecules is often incomplete or reversible, exposing
some regions of the surface to degradation effects such as
photooxidation.'%1%] [n some cases, chemical degradation of
the ligand molecule itself or its exchange with other ligands
might lead to unstable and therefore unusable nanocrystals.[*%¢]
Inorganic core/shell structures can avoid this problem, i.e., an
inorganic material can be epitaxially grown on its surface in
order to efficiently and permanently remove most of the sur-
face states of the CdSe nanocrystals,'” 1% in analogy with
the well-developed techniques for the growth of 2D quantum
wells.[116-1201 A stringent requirement for the epitaxial growth
of several monolayers of one material on the top of another is
a low lattice mismatch between the two materials. For example,
the lattice of CdS can match well with that of CdSe and thus
a CdS monolayer was often used as the shell for CdSe core
nanostructures.*’l Third, semiconductor nanostructure arrays
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have shown to be of great scientific and technical interest since
they have strong non-linear and electro-optic effects that occur
due to carrier confinement in three dimensions.['21-12%l Consid-
erable efforts have been made with respect to the growth of var-
ious semiconductor nanostructure arrays via chemical or phys-
ical routes in a controlled way, such as with ZnS nanostructure
arrays.l'26l However, the relative studies on CdSe nanostructure
arrays are limited. Fourth, heterostructures consisting of two or
more important functional materials are of prime importance
for revealing unique properties and are essential for developing
potential nanoscale devices. The fabricating of CdSe nanostruc-
ture based heterostructures will be highly valuable for building
multifunctional and property-tuning optoelectronic devices,
nanogenerators, and solar cells. Fifth, and finally, binding and
doping with specific materials have been proven to be facile and
effective routes to optimize the device performances. The work
to tune the CdSe conductivity, bandgap, surface and optical
properties, and so on through a control of the surface function-
alization and binding and hybrid with organic nanostructures
will also be an important direction.

The nanocrystalline-based solar cell is now emerging as
a competitive technology for practical applications due to
simple preparation technologies and low costs. CdSe nanoc-
rystals have potential applications in low-cost and high per-
formance hybrid solar cells. In this case, inorganic semicon-
ductor nanocrystals can be used as the electron acceptor in
organic-inorganic blends. Such hybrid polymer-inorganic
solar cells utilize the high electron mobility of the inor-
ganic phase to overcome charge-transport limitation asso-
ciated with polymer materials as donor phases with high
absorption coefficients. As a result, such a device can com-
bine the advantages of both types of materials: the solution
processing of polymer semiconductors and the high charge-
carrier mobility of inorganic semiconductors.®3 In the case
of CdSe hybrid solar cells, most previous research focused
on the rod- or tetrapod-shaped structures synthesized using
the method proposed by Peng and co-workers*® with TOPO
as the coordinate surfactant and TOP-Se or TBP-Se as the Se
precursor. Although about 95% of the surface ligand TOPO
is removed from the CdSe samples by washing the nanocrys-
tals several times with different solvents, the residue TOPO
and TOP can still affect the electron transport of the CdSe
nanocrystals phase, which will decrease the power conver-
sion efficiency of hybrid solar cells.'?”] Therefore, how to
thoroughly remove the residual organic ligand and solvent is
one of the key requirements for applications in CdSe nanos-
tructure based hybrid solar cells.

In summary, the research activities on the growth of CdSe
nanostructures with different morphologies have been com-
prehensively reviewed. CdSe nanostructures are attractive
because of the unique intrinsic characteristics of CdSe mate-
rials, the novel physical and chemical properties, and the wide
range of potential applications. Research on CdSe nanostruc-
tures has shown that there still is a lot of room for future
development in this area. It is believed that future research
work in this area will further indicate that CdSe nanostruc-
tures are powerful functional nanomaterials that will have a
major impact on fundamental science research and techno-
logical applications.
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