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N
anorods are of great interest for
both fundamental research and
technical applications due to sev-

eral unique electrical and optical properties,

such as linearly polarized emission,1�3 exci-

ton storage,4 electroluminescence,5 and ef-

ficient 1D electrical transport,6�9 which are

determined by their anisotropic shape. In

particular, core�shell nanorods fabricated

by the seeded growth approach have sev-

eral advantageous properties for optoelec-

tronic applications.10,11 Due to their

core�shell structure, such rods are highly

luminescent and their emission wavelength

can be tuned within certain limits not only

by the shape of the rod but also even more

efficiently by the size of the core. More-

over, the seeded growth approach yields a

narrow distribution in nanorod length and

diameter, which greatly facilitates their ori-

ented assembly,12 and ordered nanorod as-

semblies over micrometer length scales

have been reported by microfluidic13�18

and electric field-assisted assembly
approaches.10,19�21 In order to obtain
nanorod assemblies with a controlled orien-
tation with respect to an external electric
field, the electrodes can be fabricated prior
to the nanorod deposition on a variety of
substrates.10,18,22 Such devices with or-
dered assemblies of nanorods should ex-
hibit novel properties and improved cur-
rent transport23 compared to spherical
nanocrystal arrays.24 Of particular interest
for photoelectrical applications is the effect
of the polarization of the incident light, as
well as the impact of the applied electric
field on exciton ionization, the charge trans-
port through the inter-rod barrier,24 the car-
rier trapping and band-to-band recombina-
tion processes.4,10 All of these processes
should depend strongly on the nanorod
orientation.

In general, thin films of semiconductor
nanocrystals represent a promising ap-
proach for active layers in photovoltaic de-
vices and photosensors. To this end, multi-
layers of spherical nanocrystals, as well as
randomly oriented nanorods, have been
employed in vertical and planar electrode
configurations.25�29 One obstacle toward
electronic applications of nanocrystal arrays
is their low conductivity due to the high
tunnel barriers, which result from the or-
ganic ligands that passivate the nanocrys-
tal surface. Successful approaches to over-
come this obstacle consist of modifications
of the nanocrystal surface chemistry after
layer deposition, for example, by treatment
with hydrazine or by thermal annealing
processes.18,30,31

In this work, we present the photocon-
duction and optical properties of
micrometer-scale aligned assemblies of
core�shell CdSe/CdS nanorods prepared
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ABSTRACT We report on photoconduction and optical properties of aligned assemblies of core�shell CdSe/

CdS nanorods prepared by a seeded growth approach. We fabricate oriented layers of nanorods by drop casting the

nanorods from a solution on substrates with prepatterned, micrometer-spaced electrodes and obtain nanorod

alignment due to the coffee stain effect. The photoconductivity of the nanorod layers can be improved significantly

by an annealing process under vacuum conditions. The spectral response of the photocurrent shows distinct

features that can be assigned to the electronic level structure of the core�shell nanorods and that relate well to

the spectra obtained by absorption measurements. We study assemblies of nanorods oriented parallel and

perpendicular to the applied electric field by the combined use of photocurrent and photoluminescence

spectroscopy. We obtain consistent results which show that charge carrier separation and transport are more

efficient for nanorods oriented parallel to the electric field. We also investigate the light polarization sensitivity

of the photocurrent for the oriented nanorod layers and observe higher conductivity in the case of perpendicular

polarization with respect to the long axis of the nanorods.

KEYWORDS: colloidal nanocrystals · nanorods · photoconductivity · self-
assembly · coffee stain · seeded growth · CdSe · photoluminescence
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by the seeded growth approach.10 The nanorods were
synthesized by wet-chemical techniques starting from
presynthesized CdSe seeds that were overcoated by a
thick rod-shaped CdS shell. Coffee stain microfluidic dy-
namics were used to deposit layers of oriented nano-
rod assemblies32 on glass substrates on which
micrometer-spaced interdigitated electrodes were fab-
ricated in a previous step. The photocurrent was consid-
erably enhanced by performing a moderate thermal an-
nealing process under vacuum. The absorption and
photocurrent spectra showed discrete features that re-
flected the electronic structure in the core and shell re-
gions of the nanorods. We observed a significant de-
pendence of the spectral photocurrent response on the
nanorod orientation and an improved photoconductiv-
ity for nanorods with their long axis oriented parallel
to the external electric field. The external electric field
led to quenching of the photoluminescence (PL), which
increased with increasing voltage bias, and we found
that this effect is more pronounced in assemblies with
nanorods oriented parallel to the applied electric field.
Finally, we investigated the polarization sensitivity of
the spectral response and found negative values of the
polarization anisotropy, � � (I� � I�)/(I� � I�).

RESULTS AND DISCUSSION
One of the core�shell CdSe/CdS nanorod

samples that we investigated in this work is shown
in a transmission electron microscope image (TEM)
in Figure 1a, together with an optical microscope im-
age of the interdigitated electrode structure that
we used for the photocurrent studies (Figure 1b).

After deposition of the nanorods onto the elec-
trode structures, we used thermal annealing in or-
der to improve the conductivity of the nanorod lay-
ers. Figure 1c shows the photocurrent of a nanorod
layer when white light was switched on and off at
fixed voltage bias, and we note that the photocur-
rent of such samples without any further treatment
is very low. The photocurrent of a sample that had
been annealed at 130 °C and was measured under
vacuum is exhibited in Figure 1d. We found that the
annealed samples showed an increase in conductiv-
ity by more than 1 order of magnitude. At the same
time, the transient time constants increased also by
more than 1 order of magnitude. In both cases, the
conductivity decreased eventually to zero when the
light was switched off; that is, sole photocurrent was
measured. We note that the effects of the anneal-
ing were reversible and that sufficiently long stor-
age under air (some hours) restored the photoelec-
trical properties that were measured prior to the
annealing. The increase in photoconductivity and in
transient time constants can be assigned to changes
in the surface chemistry of the nanorods, which
might also affect the average rod to rod distance in
the dense layers.33 However, the trioctylphosphine

oxide (TOPO) ligands that stabilize the nanorod sur-

face do not decompose at the comparatively low an-

nealing temperatures that we used. We think that

without annealing, some of the surface states might

be passivated by water molecules due to humidity

in the air and, therefore, cannot contribute to the

charge transport between the rods.34 Annealing can

remove the water molecules from the nanorod sur-

face, and consequently, these surface trap states

could contribute to the photoconductivity acting as

intermediate states in the charge transport between

rods. This mechanism would also explain why the

Figure 1. (a) Transmission electron microscope image of
core�shell CdSe/CdS nanorods with 60 nm length and 4.5 nm
diameter deposited on a carbon-coated grid. The inset illus-
trates the core�shell structure that resulted from the seeded
growth approach. (b) Optical microscope image of an interdig-
itated electrode structure fabricated on a glass substrate. (c,d)
Photocurrent of a dense layer of nanorods deposited onto the
interdigitated electrodes, measured at a bias voltage of V � 84
V while switching the sample illumination by white light on
and off. In (c), the nanorods were not annealed prior to the
measurement, and in (d), the nanorods were annealed at 130
°C for 2 h under vacuum (p � 10�5 mbar). (e) Dependence of
photocurrent and photocurrent decay time constants on the
annealing temperature. The photocurrent was measured un-
der vacuum at room temperature.
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low conductivity and short transient times were re-

covered after storing the samples for some time un-

der ambient conditions.

The photocurrent spectra of three interdigitated

electrode structures covered with layers of different

nanorod samples are displayed in Figure 2, together

with the optical absorption of the same nanorod

sample recorded in solution phase. The absorption

spectra in Figure 2a,b show small peaks due to opti-

cal transitions in the CdSe core, and then a strong

onset in absorption, in which several peaks can be

resolved that correspond to optical transitions in the

CdS shell of the nanorods. The insets of Figure 2a,b

show the wavelength range of the core absorption

on a magnified scale, where we observe the absorp-

tion and photocurrent peaks of the rods with smaller

core size at higher energy, as expected. Further-

more, for the larger core size (Figure 2b), we find a

second peak originating from a transition into a
higher energy level of the CdSe core. The photocur-
rent and the absorption spectra overlap well in the
wavelength range displayed in the insets. However,
in the ultraviolet (UV) range, we note a discrepancy
between photocurrent and absorption spectra, as
the absorption increases with increasing excitation
energy, while the photocurrent of the nanorod lay-
ers decreases. The decrease in photocurrent at
higher excitation energies could result from the
more effective trapping of photogenerated charges
in surface states, as reported in refs 35 and 36.

Figure 3a,b shows polarized microscopy images
of the aligned assemblies of nanorods that were
formed in the outer fringe of the coffee stain, ob-
tained with crossed polarizers and a 530 nm retarda-
tion plate at 45° in the optical path. In these im-
ages, we clearly observe birefringence (different
colors for different nanorod orientations) with the
anisotropy axis oriented perpendicular (a) and paral-
lel (b) to the electrodes (the electrodes appear as
the black diagonal stripes in the images). We demon-
strated in a previous work that the long axis of the
nanorods coincides with the axis of anisotropy,32

which is also verified by the scanning electron
microscopy (SEM) images of the nanorod layer in
the region between the electrodes (Figure 3c,d).

Figure 4a,b shows photoluminescence spectra of
nanorod assemblies oriented parallel and perpen-
dicular to the electric field for different bias voltage
values. We find that the increase in voltage bias
leads to an increased quenching of the photolumi-
nescence, and that this effect is more pronounced
for the rods oriented parallel to the electric field (see
Figure 4c). This can be explained if we assume an
anisotropic potential for the exciton confinement
where the long dimension corresponds to the rod
length, which is significantly larger than the exciton
Bohr radius (about 5 nm for CdS), whereas the short
dimension corresponds to the rod diameter, which
is of the same order as the exciton Bohr radius.
Therefore, an external electric field that is oriented
in the direction of the long axis of the nanorods is
more efficient in separating the photogenerated
electron�hole pairs.

The excitation wavelength of 405 nm leads to
the photogeneration of carriers in the CdS shell. In
order to observe the emission from the core, these
carriers must be first captured from the CdS shell
into the CdSe core. PL quenching arises because the
applied electric field favors the separation of the
photogenerated electrons and holes and thus pre-
vents the carrier capture process into the core. We
find that, if the bias voltage remains fixed (for ex-
ample, at V � 120 V in Figure 4d), the quenching de-
creases as the excitation wavelength approaches
the band gap of the nanorod core. In particular, the

Figure 2. Photocurrent and absorption spectra of core�shell
CdSe/CdS nanorods with 60 nm length and different core sizes
resulting in rod diameters of 4.5 nm (a) and 6 nm (b) and of CdS
only (c) nanorods. The photocurrent was recorded at a bias
voltage of V � 64 V under vacuum at room temperature from
layers of nanorods deposited on interdigitated electrodes. The
nanorod layers were annealed in order to obtain higher photo-
conductivity. The absorption was recorded from the nanorods
in solution by a commercial spectrophotometer. The insets
show absorption and photocurrent of the core on a magnified
scale.
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PL quenching induced by the external electric field

is less effective for the longer excitation wavelengths

at 488 and 512 nm, which generate the carriers in

the CdSe core. Similar results have been reported for

InAs/GaAs self-assembled quantum dots.37 The

orientation-dependent photocurrent curves are re-

ported by the solid lines in Figure 4c, where we ob-

serve a significantly larger photocurrent for rods ori-

ented parallel to the electric field. We note the good

anticorrelation between the PL and the photocur-

rent intensity with respect to the bias voltage.

In order to gain more insight into the transport

mechanism that governs the photogenerated

charges in the oriented nanorod layers, we used

the tunneling model of Leatherdale et al.35 to fit our

orientation-dependent photocurrent data. This

model was originally proposed for a close-packed

solid of spherical dots and qualitatively reproduces

the photocurrent by describing the probability of

electron�hole pair separation as a function of the

potential drop per dot (site-to-site potential). The ex-

tension of this model to a layer of oriented nano-

rods is motivated by the fact that it mainly relies on

the tunneling process between nanoparticles that

are separated by the potential barrier due to the or-

ganic capping, which is also the case for our ori-

ented nanorod films. In this model, the tunneling

current is expressed as

Here v is the voltage drop per quantum dot, m is

the rest mass of the electron, e is the elementary

charge, � is the energy cost between the initial and

final states that arises from the energy required to

overcome the Coulomb interaction of the photoex-

cited electron�hole pair and the interaction of each

charge with its respective image charges. A phenom-

enological parameter a describes the amount of tail-

ing of the density of states into the energy gap, and

� and d are the height and the width of the tunnel

barrier, respectively. The site-to-site potential can be

evaluated by dividing the applied bias voltage by

the number of rods that are needed to form a con-

ductive path between the electrodes for the paral-

lel and perpendicular configuration. Due to the as-

pect ratio of the nanorods, which is around 10, the

site-to-site potential (i.e., the voltage drop on an in-

dividual nanorod) in the parallel configuration is 1

order of magnitude larger. This leads to the signifi-

cantly higher photoconductivity in the parallel con-

figuration. The fits of the current�voltage character-

istics of the photocurrent yield a barrier height of

1.2 and 0.3 eV and a rod-to-rod distance of 0.8 and
1.1 nm for nanorods aligned parallel and perpen-
dicular to the electric field, respectively. The fitting
curves and the corresponding parameters are re-
ported in the Supporting Information. The values
for the barrier height differ significantly for the two
configurations, whereas the parameter for the rod-
to-rod distance shows a much smaller variation and
corresponds well to the length of the TOPO mol-
ecules on the nanorod surface. We propose that the
difference in barrier height results from the differ-
ence in confinement length along and perpendicu-
lar to the nanorod axis. In the direction parallel to
the nanorod axis, the confinement length is 1 order
of magnitude larger than the Bohr radius, and the
obtained barrier height of 1.2 eV corresponds well
to values assumed for CdS dots functionalized with
TOPO.38 On the other hand, in the perpendicular di-
rection to the nanorod axis, the confinement length
and the Bohr radius are of the same order, and con-
sequently the effective barrier height could be
reduced.

Finally, we investigated photocurrent spectra of the
oriented nanorod layers as a function of the polariza-
tion of the excitation light. Figure 5a,b shows photocur-
rent spectra obtained by polarized excitation light at 0
and 90° with respect to nanorod orientation, as illus-
trated in the inset. Figure 5c,d shows the photocurrent
amplitude at specific wavelengths versus the light polar-

Figure 3. (a,b) Polarized microscopy images of two devices with different align-
ment orientation, where the central region of the interdigitated electrodes is
covered with a layer of nanorods. The images were obtained with crossed polar-
izers and a 530 nm retardation plate at 45° in the optical path. In (a), the rods
are oriented parallel to the electric field, in (b), they are perpendicular. The in-
sets illustrate the orientations of the polarizers (dashed lines) and of the retar-
dation plate (solid line) in the optical path. (c) Scanning electron microscopy im-
ages at different magnifications of an oriented layer of CdSe/CdS nanorods
with 60 nm length and 4.5 nm diameter in the region between the interdigi-
tated electrodes. The orientation of the nanorods in the SEM images corre-
sponds to the geometry in the polarized images displayed in (b), that is, with
the long axis of the rods oriented perpendicular to the electric field. Some rods
are highlighted in red as a guide to the eye.

I(v) ∝

exp( -4√2p2d
3m(ev - γ)[(mΦ

p2 )3/2
- (m(Φ + γ - ev

p2 )3/2])
1 + exp(-γ - ev

a )
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ization angle for nanorods oriented parallel and per-
pendicular to the electric field, respectively. In both
cases, the photocurrent intensity is larger when the
light polarization is approximately perpendicular to the
long axis of the nanorods. Polarization anisotropies
have been determined using the expression
� � (I� � I�)/(I� � I�), where I� and I� are the intensi-
ties of the photocurrent with the excitation light polar-
ized in the direction at 0° (parallel) and 90° (perpendicu-
lar) with respect to the long axis of the nanorods,
respectively. We find that the polarization anisotropy �

is always negative and that |�| is larger when the rods
are oriented perpendicular to the electric field. This re-
sult is at first glance surprising because the absorption
efficiency (and thus the photogeneration of the
charges) has been found to be larger for light polar-
ized parallel to the long axis of nanorods.39 However,
we could understand this peculiar behavior if we con-
sider that the competing process to photoconductivity
(the radiative recombination of the photogenerated
charges) is more effective in the direction parallel to
the rod axis, which is manifested by polarized emission
parallel to the long axis of the nanorods.2,3,10

In conclusion, we have studied the photoconduc-
tion and optical properties of aligned assemblies of
core�shell CdSe/CdS nanorods. The photoconductiv-
ity of our samples could be significantly improved by
thermal annealing under vacuum. The dominant en-
ergy range for photogeneration of charges in nanorod
films could be extracted from their photocurrent spec-
tra. Photocurrent and photoluminescence spectra con-
sistently showed that the external electric field is more
efficient in the separation of photogenerated charges
for layers in which the nanorods are oriented parallel,
rather than perpendicular, to the electric field. Finally,
photocurrent spectra recorded as a function of the po-
larization of the excitation light yielded negative values
of photocurrent anisotropy. We believe that the
orientation-dependent optical and photoelectrical
properties of aligned nanorod arrays reported in this
paper can give valuable information for the design of
photovoltaic devices, electro-modulators, and
photosensors.

EXPERIMENTAL DETAILS
Core�shell CdSe/CdS nanorods with nearly monodisperse

size distribution were prepared using the seeded growth approach
described in ref 10. We discuss here the photoconductive proper-
ties of two representative nanorod samples of CdSe/CdS nanorods
with 60 nm length and different core size resulting in diameters of
4.5 and 6 nm. Nanorods with 40 nm length and 5 nm diameter con-
sisting solely of CdS material were fabricated by the same synthe-
sis method using a CdS seed. The nanorods were drop casted from
solution onto glass substrates that were patterned with interdigi-
tated gold electrodes in a previous fabrication step, and the solu-
tion was allowed to evaporate under ambient conditions.

The interdigitated electrodes on the glass substrates were
fabricated by standard optical lithography followed by metal

evaporation of 5 nm Cr and 50 nm Au. Due to the peculiar sol-
vent evaporation and fluid convection dynamics, usually referred
to as the “coffee stain” effect,17,32,40,41 the nanorods present in
solution were transported to the pinned contact line and started
to form large-scale ordered superstructures that are reminis-
cent of nematic/smectic liquid crystal phases upon evaporation
of the solvent. In detail, the nanorods formed tracks in which
they assembled side by side over length scales of tens of
micrometers. These tracks were oriented mainly perpendicular
to the film border, and therefore, the majority of the individual
rods were oriented parallel to the edge of the coffee stain. We
used 15 �L of nanorod solution with a nanorod concentration of
5 	 10�7 M that resulted in a coffee stain of approximately 1
cm diameter on the glass slides. For our measurements on ori-

Figure 4. Optical and photoelectrical properties of layers of
oriented nanorods with 4.5 nm diameter and 60 nm length.
The data displayed by the solid red (dotted blue) lines cor-
respond to nanorods oriented parallel (perpendicular) to
the electric field. (a,b) Photoluminescence (PL) spectra re-
corded from oriented nanorod layers at different bias volt-
ages (0, 60, 80, 100, 120 V). The exciting laser wavelength
was at 405 nm, and the spectra were obtained at room tem-
perature under air. (c) Normalized PL amplitude (PLbias/PL0)
(lines � markers), and the photocurrent intensity (lines) for
different rod orientation as a function of bias voltage. (d)
Normalized PL amplitude (PLbias/PL0) of nanorods oriented
parallel to the electric field for different excitation wave-
lengths at a bias voltage of V � 120 V.
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ented nanorod assemblies, we selected the interdigitated elec-
trode structures near the border of the stain such that the elec-
tric field direction was either parallel or perpendicular oriented
with respect to the long axis of the nanorods. Electrode fingers
having width and spacing of 10 and 8 �m, respectively, were
used for measurements, and the applied voltages ranged from
0 to 120 V.

All of the electrical measurements were carried out in an
electromagnetically shielded probe station at room temper-
ature and under vacuum (p � 10�5 mbar). A Yokogawa 7651
dc source was used as voltage supply, and the current was
measured with a DL 1211 current amplifier. This setup al-
lowed us to record transients during switch on/off experi-
ments of the sample illumination by sampling the current at
the rate of (40 ms)�1.

For the spectral photocurrent experiments, a 175 W xenon
lamp in combination with a 0.11 m monochromator was used
as the excitation source. The light intensity was monitored with
a calibrated Si photodiode in order to provide the spectral curve
used to normalize the device response. The spot size was �50
�m in diameter with an illumination intensity of �142 nW at 480
nm. PL experiments were performed with a confocal system
(Olympus FV1000) in epilayer configuration. The samples were
excited by diode lasers at 405, 458, 488, and 512 nm through a
40	 objective lens with a numerical aperture of NA � 0.8. The
emission from areas with 10 �m diameter, which were selected
with the confocal system, was detected by a 0.32 m monochro-
mator equipped with a nitrogen-cooled CCD camera (Jobin Ivon)
that was coupled to the confocal head (the spectral resolution
of the whole system is 0.5 nm). All PL measurements were per-
formed in air at room temperature.

Supporting Information Available: Fitting curves and the cor-
responding parameters that we obtained from applying the tun-
neling model to the current voltage characteristics of the ori-
ented nanorod layers are reported. This material is available free
of charge via the Internet at http://pubs.acs.org.
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