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A lyotropic liquid-crystal-templated superlattice of inorganic CdSe semiconductor nanostructures within an
organic semiconductor polymer-network film was fabricated by a self-assembly process. The film is charac-
terized with small-angle x-ray diffraction experiments and ultraviolet-visible absorption measurements. Em-
pirical pseudopotential calculations of the effective CdSe nanocrystal band gap show that the experimental
observations are consistent with the formation of CdSe nanostructures inside lyotropic liquid-crystal nano-
tubes. A potential application of these nanocomposite supramolecular arrays is demonstrated via a photocon-
ductive device.
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I. INTRODUCTION

The fabrication and characterization of self-assembled
nanocomposites and nanoscale materials with novel physical
properties for light-emitting and photovoltaic devices has re-
ceived considerable attention over the past decade.1–7 Fol-
lowing the initial investigations of Wang and Herron8 and
Dabbousi et al.9 of quantum-dot polymer composites, Green-
ham et al.10 were the first to report experiments involving the
conjugated polymer MEH-PPV poly(2-methoxy-5-�2�-ethyl-
hexyloxy�-p-phenylenevinylene) intermixed with spherical
CdS or CdSe nanoparticles. Photovoltaic devices fabricated
from this blend showed an efficiency that improved when the
amount of CdSe was increased, leading to the conclusion
that electron transport limited the device performance. It was
demonstrated later by Huynh et al.11 that elongated, rodlike
CdSe nanocrystals embedded in poly-3�hexylthiophene� im-
prove the device efficiency as the rods tend to form directed
chains creating defined pathways for electron transport to the
appropriate electrode, with first devices achieving external
quantum efficiencies of up to 16%. These same authors sub-
sequently tuned the nanocrystal dimensions to change the
distance over which electrons are transported directly
through the device and to optimize the overlap between the
absorption spectrum of the solar cell and the solar emission
spectrum, giving rise to external quantum efficiencies of over
54% and power conversion efficiencies of 1.7% under AM
1.5 global solar conditions.12 An alternative method of fab-
ricating nanocomposites was put forward by Gin and
co-workers.13,14 These researchers generated a reversed hex-
agonal phase from a lyotropic liquid crystal and proposed to
use the water cores of the ensuing structure for the inclusion
of water-soluble luminescent molecules such as PPV. The
degree of PPV conversion was monitored via fluorescence
spectroscopy, and a blueshift of the fluorescence of the nano-
composite with respect to bulk PPV was observed. The nano-
composites also gave rise to an increase in photolumines-
cence per unit volume compared to pure PPV which was
attributed to a decrease in self-quenching mechanisms.13

This fabrication method was later also employed to incorpo-
rate silicates15 and CdS16 into the water core channels.

In this paper, we present a method of fabricating a super-
lattice array of inorganic CdSe semiconductor nanostructures
within an organic liquid-crystal semiconductor polymer net-
work as a thin plastic film. This organized organic/inorganic
hybrid supramolecular structure may be used for a range of
electro-optic applications such as photovoltaic devices.

II. EXPERIMENT

The method of synthesis is modified from the liter-
ature,13,14 but uses a new monomer shown in Fig. 1 to form
a lyotropic liquid crystal. The aromatic core of 1 should ex-
hibit a low ionization potential and is designed as a hole-
transport element. Synthetic details will be reported else-
where. When mixed with water, the photopolymerizable
amphiphile molecules self-assemble into a reversed hexago-
nal phase �HII phase� by forming a matrix around the water
cores. Experiments14 have shown that the HII phase and, in
particular, the diameter of the water core channels are rela-
tively insensitive to variations in temperature. This is consis-
tent with a packing model of the monomer molecules within
which the phenyl rings of the monomer units are stacked
above each other, forming disks that enclose the water
channels—i.e., the formation of an organic “nanotube” array.
Photopolymerization of the lyotropic liquid crystal ensures
that the organic film becomes insoluble and the alignment is
retained indefinitely. The presence of reactive agents in the
water channels—e.g., in the form of transition-metal ions at
the hydrophilic end of the monomers—may lead to the for-
mation of composites when water-soluble “filler” materials
flow through the channels. Hence, the fabrication of organic-
template-inorganic-semiconductor nanocomposites can be
achieved. The advantage of the present fabrication method is
that the polymerized columnar liquid-crystalline state gener-
ates and maintains architectural control of the nanocomposite
as well as passivating and preventing lateral agglomeration
of the inorganic semiconductor nanostructures. The regular
arrangement of the electron-transporting semiconductor
nanostructures into a well-defined superlattice oriented per-
pendicular to the electrodes, shown schematically in Fig. 2,
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combined with a hole-transporting liquid-crystalline polymer
matrix, should prevent the trapping of charge carriers at dead
ends in the nanocomposite, thus facilitating the fabrication of
highly efficient and robust photovoltaic cells. In addition,
nanocrystals made from inorganic semiconductors are also
considered to be a promising way towards hybrid organic/
inorganic light-emitting devices.10

In the present experiments, the HII phase is formed by
adding some water to the Cd-salt—i.e., the amphiphile
shown in Fig. 1. We prepare a homogeneous mixture under
nitrogen atmosphere, which has a texture similar to tooth-
paste. Although we found that 8 wt % of water is sufficient
to fully hydrate our sample and to obtain the required re-
versed hexagonal phase, several combinations with different
water content were tried, confirming that the reversed hex-
agonal phase is present up to 20 wt % water.14 We note, how-
ever, that the stability of the HII phase is increasingly com-
promised for higher water content, and consequently the
fraction of water in the mixture was kept close to the mini-
mum required. Similarly, 8 wt % of water was found to be
too small to prepare well-mixed solutions. Hence, xylene
was added �up to 10 wt % of the amphiphile� to help dis-
solve the Cd-salt. The addition of xylene gives a three-phase
mixture forming the lyotropic liquid crystal. It lowers the
viscosity and improves the spreadability of the paste, both
essential features for materials processing. The components
were manually mixed and then deposited in a hermetically
closed container. The sample was placed in an ultrasonic
bath for 20 min and then mixed in a centrifuge for 30 min. A
second sonification completed the paste preparation proce-
dure. The paste was left to rest for some time, usually over-
night, before films were prepared without any sign of decom-
position or phase separation. To prepare the film for

characterization, a small amount of lyotropic paste was taken
from the main container and placed on top of a clean quartz
slide �sometimes ITO glass was used�. Another quartz-glass
slide was placed on top of the first one in order to form a
sandwich and to transmit the UV radiation required for the
photopolymerization process. The sandwich was placed on
top of a hot plate and heated just beyond the clearing point
�90 °C�. Constant, uniform pressure was applied to the sand-
wich in order to obtain a homeotropic alignment of the lyo-
tropic liquid crystal and the concomitant formation of nano-
tubes �schematically illustrated in Fig. 2�. Optical
microscopy of the sample between crossed polarizers
�not shown� provided evidence of a uniform, homeotropic
alignment of the film.

The 367-nm line of a 100-W high-pressure mercury arc
lamp was employed to polymerize the film. A fluence of
50 J cm−2 is required for full polymerization. The presence
of six polymerizable acrylate end groups per monomer en-
sures a high cross-link density. After completion of the pho-
topolymerization process, the sample is exposed to H2Se gas.
The H2Se dissolves in water, diffuses through the water
channels, and reacts with the Cd ions on the inside of the
nanotubes—i.e., H2Se+CdX2→CdSe+2HX, where X repre-
sents the hydrophobic end of the amphiphile; i.e., the free
carboxilic acid is formed.

III. RESULTS AND DISCUSSION

Standard small-angle x-ray diffraction �SAXD� measure-
ments were used to confirm the formation of the HII phase.
The measurements were carried out using a Siemens D5000
diffractometer ��=1.54 Å� on films deposited on a polished
Si substrate. A hexagonal arrangement of columns gives rise

FIG. 1. Molecular structure of the lyotropic liquid crystal 1.

FIG. 2. Schematic diagram of the photocon-
ductive device architecture lyotropic liquid
crystal–CdSe nanocrystal supramolecular array
sandwiched between an ITO/quartz-glass sub-
strate and aluminum cathode. The lyotropic liquid
crystal forms a hexagonal, columnar HII phase
with the CdSe nanocrystals being located inside
the central water channels. Polymerization
chemically bonds the columns to form a thin or-
ganic semiconductor polymer network with a
regular array of inorganic CdSe semiconductor
nanostructures embedded in the film. The film is
mechanically robust and can be removed without
tearing.
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to a characteristic set of interplanar d spacings following the
sequence 1:1 /�3:1 /�4:1 /�7. . . and the Bragg equation was
utilized to determine the dimensions of the lattice from the
diffraction peaks. The observed d spacings of d10=36.0 Å,
d11=21.7 Å, d20=18.8 Å, and d21=14.2 Å �after polymer-
ization17� are in agreement with the above sequence �see Fig.
3� to within an error of less than 5%. This confirms that the
lyotropic liquid crystal forms a two-dimensional reversed
hexagonal lattice which is also retained after photopoly-
merization.15 From the spacings of the x-ray diffraction
planes it is also possible to calculate the lattice constant us-
ing the geometric relationship 2r=�4/3d10 �see Fig. 4�. Us-
ing the observed d10 spacing in this expression gives a
value of 2r=41.6 Å. Tate and Gruner18 derive an equation
for the diameter of the water core channels �dw� as a func-
tion of water content ��w� in the channels—i.e., dw

=2�2r���w
�3/2�. Using the above lattice constant 2r and

the known water content in the system of �w=8% gives a
diameter of the water channels of dw=12.4 Å.

Ultraviolet-visible �UV-vis� spectroscopy was used to
monitor the change in absorbance of the lyotropic liquid-
crystal film on exposure to H2Se. Any change in the absorp-
tion spectrum points to a variation in the composition of the
film due to the precipitation of CdSe. In particular, if the
formation of CdSe nanostructures occurs, we would expect
an increase in absorbance at wavelengths shorter than
719 nm—i.e., an absorption edge that is blueshifted with re-
spect to bulk CdSe due to quantum confinement effects. A
computer-controlled UV-vis spectrometer �Aurora Scan, Uni-

cam 5625� was used for the absorbance measurements. The
spectral range is 200–1100 nm, with 2-nm resolution, using
a combination of deuterium and tungsten lamps. Figure 5
shows the spectrum of the unexposed film as well as the
spectra after exposure of the film to H2Se for 3 and 6 days,
respectively. The spectra can be deconvoluted into two sepa-
rate components—i.e., an intense peak centered at around
344 nm originating from the organic template and a less in-
tense band at wavelengths between approximately 400 and
550 nm. As can be seen from Fig. 5, the less intense band is
absent for the unexposed film and grows with increasing
exposure of the sample to the H2Se gas. Consequently, we
attribute this band to the formation of CdSe nanocrystals
inside the lyotropic liquid crystal nanotubes. The absorbance
continues to increase with increasing exposure time up to
approximately 6 days, after which saturation occurs. This
observation is consistent with a diffusion-limited process,
such as the diffusion of H2Se through the water channels. If
we assume that the diffusion length � of this process is ap-
proximately equal to the film thickness L �with L=5 �m�,
we arrive at a diffusion coefficient for H2Se through the wa-
ter channels of D=�2 /2t�10−17 m2 s−1. This value is con-
siderably lower than typical diffusion coefficients of small
molecules in water ��10−9 m2 s−1, Ref. 19�, which we at-
tribute to the small dimensions of the water channels imped-
ing the Brownian motion of H2Se.

As well as providing a method to monitor the formation
of CdSe, the UV-vis peak absorption energy can also be
compared to theoretical calculations of electronic transition
energies. Since the transition energy depends on the size
�size distribution� and shape of the nanostructures, such cal-
culations allow insight into the structural details of the CdSe
nanocrystals. In order to obtain the experimental transition
energy, we fit the UV-vis absorption spectrum with two
Gaussians. The result of this fitting procedure is shown by
the dotted line in Fig. 5 and gives a value of �441 nm �or
2.81 eV� for the center of the absorption peak associated
with the CdSe nanocrystals. We have carried out computer
simulations of the electronic energy band structure of CdSe
employing the empirical pseudopotential method20–23 within
the single-band truncated-crystal approximation.24 Details of
this method can be found in Refs. 22 and 25. The empirical

FIG. 3. �Color online� Small-angle x-ray diffraction spectrum of
the photopolymerized lyotropic liquid-crystal film. The theoretical
diffraction peak positions for a hexagonal structure arising from
diffraction on the planes �hkl� are indicated by arrows.

FIG. 4. Schematic diagram of the Wigner-Seitz unit cell for the
HII phase showing the lattice constant 2r, the diameter of the water
core channels dw, and the first two x-ray diffraction planes d10

�h=1, k=0� and d11 �h=1, k=1�.

FIG. 5. �Color online� UV-vis absorption spectra of a thin film
of homeotropically aligned 1 in the HII phase �normalized at
344 nm� before �1� and after exposures to H2Se for 3 days �2� and
6 days �3�. The dotted line represents the best fit to curve �3� with
two Gaussians.
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pseudopotential form factors for zinc-blende CdSe were
taken from Ref. 26. The spin-orbit interaction is included
using a model described by Bloom and Bergstresser.27 Here
169 plane waves are used in the calculations to converge the
eigenenergies to an accuracy of �1 meV. The simulations
were carried out for three different geometries: namely,
nanospheres, nanorods, and nanocylinders. For nanospheres
of radius R the electron wave vector, projected onto each
Cartesian axis with equal magnitude, is given by

k =
�

�3R
�nx,ny,nz� , �1�

where n are the quantum numbers of the particle. For nano-
rods of radius R the electron wave vector, projected onto
each of the two Cartesian axes perpendicular to the nanorod
axis z, is given by

k =
�0

�2R
�nx,ny� , �2�

where �0=2.4048 is the first zero of the Bessel function,
while for nanocylinders of radius R the electron wave vector
is described by

k =
1

�2R
�nx,ny� . �3�

The calculated effective band gaps for these three geometries
are plotted in Fig. 6 as a function of sphere, rod, or cylinder
diameter, respectively. The experimental peak absorption en-
ergy for the CdSe nanostructures is also indicated in this
figure by the dashed horizontal line. As can be seen, in order
to give agreement with the observed transition energy of
2.81 eV, the nanospheres would have to have a diameter of
�23 Å, while the nanorod diameter would need to be
�18 Å. Both of these values are larger than the diameter of
the nanotubes of �12 Å �determined independently via the
SAXD measurements described above�. However, if we as-
sume a nanocylinder geometry for CdSe in the calculations,
we arrive at a cylinder diameter of �8 Å, which is in good

agreement with the observed water channel diameter. Conse-
quently, we argue that the reaction of H2Se with the Cd am-
phiphile monomers is consistent with the formation of CdSe
nanocylinders inside the lyotropic liquid crystal nanotubes. A
possible arrangement of the Cd and Se atoms forming a
nanocylinder of single monolayer thickness inside a water-
channel nanotube is shown schematically in Fig. 7. Never-
theless, we cannot exclude completely the formation of other
crystal geometries for the following reasons: �i� uncertainties
in the actual confinement of the charge carriers, �ii� a rela-
tively broad absorption band indicating large size fluctua-
tions and/or geometry variations of the CdSe nanocrystals,
and �iii� the possibility of a deformation of the pores during
the formation of the CdSe. The present calculations are lim-
ited by the assumption of an infinite potential, and closer
agreement with experimental results would be expected if
the actual confinement of the electrons and holes were con-
sidered. This is not possible without a free parameter, since
the band alignments between the conduction and valence
bands of the semiconductor and the lowest unoccupied and

FIG. 8. �Color online� Current-voltage characteristics of the
photoconductive device �see Fig. 2� in the dark ���, on irradiation
with light of wavelength 480 nm and intensity 0.23 mW cm−2 ���,
and following removal of the incident light ���.

FIG. 6. �Color online� Calculated effective CdSe bandgap for
nanocylinders ���, nanorods ���, and nanospheres ��� using the
empirical pseudopotential method �the lines are to guide the eye
only; the calculations for the CdSe nanospheres are in good agree-
ment with experimental data available in the literature �Ref. 28��.
The horizontal dashed line indicates the experimental peak transi-
tion energy associated with the CdSe nanocrystals.

FIG. 7. �Color online� Schematic diagram �cross-section� of a
CdSe nanocylinder inside a lyotropic liquid-crystal nanotube �water
core channel�. The diagram is drawn approximately to scale using
the ionic radii of Cd2+ �dark gray� and Se2− �orange/light gray�. On
this same scale a water molecule is approximately the size of the
H2O symbol.
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highest occupied molecular orbital �LUMO and HOMO� en-
ergies of the lyotropic three-phase mixture are unknown.

A photoconductive device was made by sandwiching the
inorganic/organic superlattice between ITO and Al electrodes
�see Fig. 2�. Figure 8 shows the dark current and photocur-
rent versus voltage characteristics of the device. A quantum
efficiency of 2.6% was obtained at an applied voltage of
−1 V on irradiation with light of wavelength 480 nm and
intensity 0.23 mW cm−2. No photovoltaic effect was found,
as expected, since the device incorporated no carrier-
blocking layers. Figure 8 also shows that the photoconduc-
tivity is persistent and has a half-life greater than a half hour.
There are many examples of persistent photoconductivity in
semiconductors,29,30 where the barrier to current injection at
the electrodes is changed by the population of long-lived
traps. Similarly, in ZnCdSe it has been shown that composi-
tional fluctuations can lead to random local potential wells
trapping charge.31 A similar effect may operate here. Poten-
tial wells may result from the formation of nonuniform cyl-
inders, leading to long-lived traps and/or percolation states.

IV. CONCLUSIONS

In summary, we have successfully fabricated a regular
superlattice of inorganic CdSe semiconductor nanostructures
in an organic semiconductor polymer-network film by a lyo-
tropic liquid-crystalline templating process. The present
nanocomposite films can be used as a different approach to
photovoltaic devices. The potential of these hybrid organic/
inorganic semiconductors in other electrooptic applications is
significant—e.g., as a different approach to photonic band
gap media. The present method employs photopolymeriza-
tion, and consequently there is potential for lithographic pat-
terning of these supramolecular arrays.
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