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The voltage dependence of the phototransport in colloidal CdSe nanorods �NRs� arrays was studied for
different capping molecules and degree of NR alignment. The photocurrent was found to considerably enhance
by exchanging the trioctylphosphine capping ligands by diamine molecules or upon annealing. The corre-
sponding current-voltage characteristics were highly nonlinear, showing, in the aligned NR arrays, a notable
decrease in the differential conductivity at a certain capping-molecule-dependent applied electrical field. This
transition smears, however, when the degree of NR alignment is reduced. These findings are well described by
an exciton field-ionization model, which also accounts for the correlation we observe between the photocurrent
I�V� curves and the voltage dependence of the fluorescence quenching in seeded-grown CdSe/CdS core/shell
NR films.
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I. INTRODUCTION

The conductivity and photoconductivity through arrays of
semiconductor nanocrystals �NCs�, either two or three di-
mensional, are of interest both from the fundamental view-
point and for various applications in optoelectronics, includ-
ing light emitting diodes,1–5 photodetectors,6–8 and
photovoltaic cells.9–11 The discrete, size-dependent energy-
level structure of colloidal NCs together with their ability to
self-assemble into densely packed arrays make them prom-
ising building blocks for fabrication of such devices, as well
as for investigating the electronic and optical properties of
the intriguing “NCs-solid” phase.12 The physical properties
of the NC solids are easily controlled by modifying the size,
shape, and chemical composition of the NCs, as well as the
surface ligands, which determine the distance and bridge
characteristics, and consequently the electrical coupling be-
tween adjacent NCs. Enhancing the inter-NC coupling was
found to result in band-gap reduction13,14 and is obviously
expected to significantly enhance the conductivity through
the array. Studies of transport and phototransport in arrays
comprising spherical quantum dots �QDs� have already been
performed for CdSe,15–21 PbSe,22–27 ZnO,28 and CdTe �Ref.
29� “QD solids.” Several studies were reported also for ran-
domly oriented nanorod �NR� assemblies.9,10,30,31 However,
the transport properties of aligned NRs arrays were not in-
vestigated yet. Semiconductor NRs have already demon-
strated considerable advantages over their QDs counterparts
in various aspects, including improved performance in pho-
tovoltaic cells on account of better charge transport
properties9,10 and enhanced optical gain as compared to
spherical dots while providing polarized lasing.32 These ad-
vantages are expected to be even more pronounced in
aligned NRs arrays, making them attractive for future
applications.

It has been shown previously that the transport properties
of NC films dramatically improve upon treatment with di-
amine cross-linking molecules,19,20,22,25 thus facilitating ex-
periments that could advance the understanding of charge
transport mechanisms in NCs. In this work we extend the

above investigations to arrays of well aligned CdSe NRs
having smectic ordering, where the various effects governing
the transport are more clearly manifested. By this, further
insight into the corresponding transport mechanism is
gained, in particular, upon comparison with data acquired on
disordered arrays, as shown below. Consistent with previous
reports,19,22,25 the photocurrent was considerably enhanced
by exchanging the capping ligands by diamine linker mol-
ecules �in particular, hydrazine� or after thermal annealing.
The photocurrent-voltage �I�V�� characteristics were highly
nonlinear, showing, in the aligned NR arrays, a notable de-
crease in the differential conductivity at a certain capping-
molecule-dependent applied electrical field. This specific
electric field was higher and at the same time the photocur-
rent was lower, for samples treated with 1,4-
phenylenediamine molecules or annealed, relative to the
hydrazine-treated samples. Altering the excitation intensities
and wavelengths, on the other hand, does not affect this tran-
sition field nor the general shape of the I�V� curves. Impor-
tantly, we found that the sharpness of the transition between
the higher to the lower differential conductance regimes is
significantly reduced as the degree of NR alignment �and
smectic ordering� is reduced. All these observations can be
well accounted for by a model based on the assumption that
phototransport is governed by exciton filed ionization. This
model is also consistent with the correlation we find between
the photocurrent I-V characteristic and the voltage depen-
dence of the photoluminescence �PL� quenching in CdSe/
CdS QD/NR core/shell NCs.

II. EXPERIMENTAL DETAILS

A. Sample preparation

CdSe NRs, about 30 nm long and 4.3 nm in diameter,
were grown using the methods of colloidal nanocrystal syn-
thesis, as described elsewhere.33,34 The synthesis yields high
quality NRs, capped with trioctylphosphine �TOP� ligands
and with narrow size distribution of less than 10% in diam-
eter and less than 15% in lengths. Seeded-grown CdSe/CdS
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NCs consisting of a 3.6 nm diameter CdSe spherical core
embedded inside an elongated CdS shell, 5 nm in diameter
and 40 nm long, were prepared as described in Ref. 35. The
sample was purified by precipitation from the growth solu-
tion with methanol and the precipitate containing NRs was
redissolved in toluene, forming a solution used for array for-
mation on the substrate, a surface oxidized p-doped Si wafer.

Long-range alignment of CdSe NRs on the oxidized sili-
con substrate was achieved by inserting a piece of the latter
vertically into the NRs solution so that the solution-substrate
contact line sweeps down along the substrate during the
evaporation process. During the slow evaporation process,
long-range directional ordering of the NRs was frequently
achieved. Similar process was carried out formerly for metal
rods36 but this is a first use of it for colloidal �semiconductor,
in our case� rods on patterned substrates for transport mea-
surements. When deposited on clean unpatterned Si sub-
strates, the corresponding NR assemblies consisted of large
domains of NRs aligned parallel to one another in smectic
type ordering but spatial variations appeared in the direction
of orientation from one domain to another. The evaporation
rate, which was controlled by changing the vial aperture, was
found to be a crucial parameter determining the array quality
and was set to the optimal rate of �15 nm /s. In addition,
high NR concentration �above 0.25 optical density� was
found essential for achieving ordered arrays. However, sur-
face contamination as well lithographically patterned surface
structure highly perturbed the array formation. After pattern-
ing the electrodes on the oxidized Si substrate we found that
in most cases the NRs tend to align vertically to the elec-
trodes surface and order in ribbons running parallel to the
surface, as shown in Fig. 1�a�. Unfortunately, we could not
obtain arrays with NRs aligned parallel �ribbons running nor-
mal� to the electrodes, irrespective of the orientation of the
electrodes compared to the solvent surface.

After the deposition, some of the samples were inserted
into a glove box for treatment with diamine linker molecules.
For hydrazine treatment,22 the sample was immersed in 1 M
hydrazine solution in tetrahydrofuran solvent for 1 h and
rinsed by anhydrous acetonitrile. For treatment with 1,4-
phenylenediamine we used acetonitrile as a solvent, with 100
mM solution concentration.20 In this case, the sample was
immersed in 1,4-phenylenediamine solution for 30 min and
rinsed with anhydrous acetonitrile. Some �TOP-capped NR�
samples were annealed at 200 °C for 2 h under nitrogen
flow. All samples were inserted promptly into a vacuum
chamber, with minimal exposure to ambient atmosphere, for
transport measurements.

For our devices we used heavily doped p-type Si sub-
strates with 300 nm surface thermal oxide. Au/Ti electrodes,
20 �m wide, with either 1 or 2 �m spacing and 50 nm
thick �45 nm gold deposited on top of a 5-nm-thick Ti adhe-
sion layer�, were patterned by conventional e-beam lithogra-
phy and lift off.

B. Transport measurements

All the electrical transport measurements were carried out
under nitrogen atmosphere inside a pre-evacuated homemade

vacuum chamber. In most of the measurements, the samples
were illuminated with 473 nm wavelength diode pumped
solid-state �DPSS� laser with typical intensity of
380 mW /cm2. We used a Keithley 236 electrometer as a
voltage supply and DL Instruments model 1211 current pre-
amplifier for current detection. The I-V characteristics were
taken with source-drain voltage steps of 0.4 V and time in-
tervals of 0.5 s. All measurements were carried out at room
temperature.

C. Photoluminescence intensity measurements

Photoluminescence microscopy was used to study PL
quenching of the NRs under applied source-drain voltage.
The device structure was the same as that used for the pho-
toconductivity measurements. The NRs were excited by 405
nm wavelength DPSS laser with typical intensity of
1 mW /cm2. Optical images of the electrodes area were col-
lected by �100 objective at different source-drain bias volt-
ages �VSD� in the range 0–80 V. The relative fluorescence of
the NRs was measured by comparison between the bright-
ness intensity of a defined area between the electrodes before
and after applying bias voltage. The voltage was changed in
increments of 10 V and was set back to zero after each mea-
surement in order to eliminate the photodegradation contri-
bution to the PL quenching.

100 nm

Electrode

Electrode(a)

(b)

100 nm

Electrode

Electrode

FIG. 1. Scanning electron microscope images of aligned CdSe
NRs between gold electrodes �a� before and �b� after treatment with
hydrazine. Zoom in to smaller area of aligned NRs is shown in the
inset.
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III. RESULTS AND DISCUSSION

Figure 1 presents scanning electron microscope �SEM�
images of aligned CdSe NRs between gold electrodes �a�
before and �b� after treatment with hydrazine. In both cases
the NRs are aligned side by side in long ribbons running
nearly parallel to the electrodes’ edges and the direction of
the aligned rods is approximately vertical to them. The side-
by-side orientation of the NRs is better demonstrated in the
high-resolution SEM image shown in the inset of Fig. 1�a�.
Although it is difficult to determine the thickness of the NRs
film from the SEM images, we estimate that the film contains
between two to four layers of aligned NRs. Voids and cracks
are seen in the NRs film after treatment with hydrazine �Fig.
1�b��, probably due to the reduction in inter-NR distance
during the hydrazine treatment. Voids were observed previ-
ously also in hydrazine-treated QD arrays.22,25 We note in
passing, however, that the elongated shape of the voids in
our case, compared to these previous works, reflects the
present geometry of directional alignment of elongated NRs.

Figure 2�a� shows typical dark-current and photocurrent
I-V curves of the TOP-capped CdSe NRs. The dark current is
very low, only few pA, with linear shape and distinct hyster-
esis loop, probably due to charging of the nanocrystals. Low
dark conductivity implies that the injection of charge carriers
from the electrodes to the NRs solid is hindered. This obser-
vation is consistent with previous data measured on QD-
array systems.15,18,19 Indeed, it was shown previously that it
is difficult to inject electrons into the conduction band and
nearly impossible to inject holes into the valence band of
CdSe NCs from a gold electrode.15 The contacts in this situ-
ation are referred to as blocking and the only contribution to
the photocurrent is therefore from photoexcited charge carri-
ers. The photoconductivity of the TOP-capped NRs was
found to be slightly higher than the dark current �about three
times larger at the higher voltages� and the nonlinear shape
of the I-V characteristics suggests some type of interparticle
tunneling governed conductance. The relatively low photo-
current of the TOP-capped NRs is attributed to the large
spacing between adjacent NRs, ��1.2 nm with TOP mol-
ecules� accompanied by high potential barriers for interpar-
ticle charge tunneling.

Representative dark-current �blue curve� and photocurrent
I-V characteristics obtained on hydrazine-treated CdSe NRs
array between 1 �m spaced electrodes are presented in Fig.
2�b�. While the dark current is still very low, the photocon-
ductivity of the hydrazine-treated NRs is significantly en-
hanced relative to that of the TOP-capped NRs. This en-
hancement may be attributed to the reduction in the spacing
between the NCs and to the effect of hydrazine induced
n-type doping, as discussed previously in Refs. 22 and 25,
where dramatic enhancement of the conductivity was re-
ported for spherical QDs upon hydrazine treatment. These
considerations, however, cannot directly account for the sur-
prising nonlinear shape of the photocurrent I-V curve ob-
served for the hydrazine-treated sample. Clear change in the
curve slope appears at about VSD=10 V, where the voltage
dependence of the photocurrent reduces. This is demon-
strated even more clearly by the dI /dV vs V curve presented
in Fig. 2�c�, showing a sharp reduction in the differential

conductivity at around 10 V. This unique photocurrent shape
was observed in all measured hydrazine-treated CdSe NRs
samples of similar dimensions and, moreover, the typical
bias voltage at which the slope changed was found to be
approximately the same in all samples of aligned hydrazine-
treated CdSe NRs arrays placed between 1 �m spaced elec-
trodes. Importantly, however, this cross-over voltage scaled
linearly with the spacing between the electrodes, as demon-
strated by the inset of Fig. 2�b� where an I�V� curve taken on
a similar array between 2 �m spaced electrodes is pre-
sented. This indicates that the change in the I-V slope occurs
at a specific cross-over electric field Ec or voltage drop per
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FIG. 2. �Color online� �a� Dark-current �blue curve� and photo-
current I-V curves measured on TOP-capped CdSe NRs aligned
between 1 �m spaced electrodes. The arrows show the direction of
voltage sweep. �b� The same for hydrazine-treated NRs. The inset
shows a photocurrent I�V� curve measure with 2 �m spaced elec-
trodes. Note the difference in scale between the different plots. �c�
The dI /dV-V characteristics corresponding to the photocurrent
curve in �b�.
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NR, vc, which in this system are �0.7�105 V /cm and
�0.2 V /particle, respectively.

Further insight into the phototransport mechanisms in
aligned NR arrays was gained by studying the dependencies
of the photo I-V characteristics on other NR surface treat-
ments and excitation wavelength and intensity. The effect of
surface treatment on the photocurrent and, in particular, on
vc, was studied here by comparing between the I-V curves
measured on hydrazine-capped CdSe NRs arrays to those
acquired for arrays treated with 1,4-phenylenediamine mol-
ecules and for thermally annealed TOP-capped arrays. Figure
3�a� depicts a comparison between these three treatments. All
curves exhibit similar nonlinear I-V shapes but the photocur-
rent critical voltage vc values varied considerably. Interest-
ingly, vc shifted to higher values as the array photoconduc-
tance decreased from the hydrazine capped through the 1,4-
phenylenediamine-capped NR arrays, ending with the merely
annealed sample. This photocurrent intensity ordering is con-
sistent with the different average interparticle coupling re-
sulting from the different surface treatments, with distance

being the smallest ��3–4 Ǻ� in arrays where the TOP
ligands were exchanged by hydrazine linker molecules and

largest ��1 nm� in the annealed arrays. This systematic in-
crease in vc with increased NR separation can be understood
within a model presented below. We would like to note here
that the annealed and the 1,4-phenylenediamine-treated
samples were found to be unstable with time and after 2 or 3
VSD sweeps the photocurrent quenched considerably, in con-
trast to the very robust hydrazine-treated arrays. Because of
the higher photoconductivity and stability of the latter, we
chose to continue working mainly with the hydrazine-treated
arrays.

Figures 3�b� and 3�c� show a comparison between photo-
current I-V curves obtained with different excitation intensi-
ties and wavelengths, respectively. It is clearly evident that
the shape of the I-V curves, as well as cross-over voltage vc,
do not depend on the excitation intensity or photon energy
�for supra band-gap excitations�. The negligible photocurrent
obtained with subband-gap excitation ��=1028 nm, see Fig.
3�c�� indicates that charge-carrier photogeneration takes
place mainly by band-to-band excitation and the contribution
of surface states or capping-molecule related states is negli-
gible. One can thus conclude, based on the data presented
here, that the shape of the I-V characteristics and, in particu-
lar, vc is an intrinsic property of the NRs array.

Another fundamental property of interest here is the de-
pendence of the photocurrent on excitation intensity. This is
plotted in Fig. 3�d� on a log-log scale for three different VSD
values. The photocurrent shows a power-law dependence on
intensity, I�G�, where G is the generation rate and �=0.75
�as extracted from the linear fit�. Such a value for the “�
exponent” �0.5���1�, suggests, in bulk systems, the con-
tribution of band tails to photoconductivity.37 In our system,
in turn, this should reflect the contribution of inhomogeneous
broadening typical of NC systems. The effect of this broad-
ening on the shape of the I-V curves is further discussed
below.

Our results are well described by the exciton field-
ionization model previously presented by Leatherdale et al.16

According to this model, the photocurrent is governed by the
tunneling rate of the field-ionized exciton charges between
neighboring NCs. Correspondingly, the photocurrent is deter-
mined by three main �sample average� factors: the tunnel
barrier height, 	, the distance between adjacent NCs, d, and
the energy difference, 
, between the initial exciton ground
state and the final state where the electron and hole reside on
adjacent NCs. One would thus expect that the onset of the
current through the array will take place �assuming no level
broadening� only when the voltage drop per NC or site-to-
site potential, v, will exceed 
, and therefore 
�vc. This is
indeed directly reflected in the dependence of the tunneling
rate, �, on v, given by16
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FIG. 3. �Color online� �a� Photo-I�V� characteristics of aligned
CdSe NRs arrays after different treatments, as indicated in the fig-
ure. �b� Photo-I�V� curves of a hydrazine-treated array under differ-
ent excitation intensities at �=473 nm. �c� Photo-I�V� curves for
different excitation wavelengths �normalized to the current at maxi-
mal VSD�. �d� The dependence of the photocurrent �normalized to
the current at maximal excitation intensity� on excitation intensity
for three different VSD, all showing power-law behavior.
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Here, m is the effective mass of the electron and e is the
elementary charge. The parameter b describes the amount of
effective broadening of 
 due to fluctuations in the NC size
and the inter-NC separation, d. This broadening allows pho-
tocurrent also for small VSD, where v�
�vc. In addition,
the broadening washes out any signature of level discreet-
ness in the “global” photo-I�V� curves, which appear to grow
smoothly for v�vc, unlike the case of tunneling spectra
measured14 on single NCs within an array. Note that the in-
terparticle distance d is expected to affect 
, thus contribut-
ing to ��v� beyond the trivial exponential dependence of the
tunneling rate on distance.

Figure 4 shows an example of a calculated I-� curve
based on this model, together with �and normalized to� the
experimental photocurrent data already shown in Fig. 2�b�.
The site-to-site potential, shown in the x axis of Fig. 4, is
calculated by assuming that the potential drops uniformly
across the spacing between the electrodes and that the rods
are oriented exactly parallel to the direction of the applied
voltage. A qualitatively good agreement with the experimen-
tal data was achieved with 	=2.3 eV, d=3 Å, 

=0.18 eV, and b=0.08 eV, which are reasonable param-
eters. The short spacing between adjacent NRs, of only 3 Å,
is consistent with the previously reported value for
hydrazine-treated QDs, based on small-angle x-ray scattering
measurements.25 The values of 	, 
, and b are close to those
used in the modeling of spherical CdSe QDs,16 with minor
changes probably resulting from differences in shape, orien-
tation, and capping molecules of the NRs studied here.

The exciton field-ionization model enables us to better
understand the physical mechanism responsible for the
unique shape of the I-V curves measured on aligned NR
arrays. As can be seen in Fig. 4, the change in the slope of
the curve occurs at a site-to-site potential, that is, very close
to 
 �see also the inset of Fig. 4�, as anticipated and dis-
cussed above. The I-V characteristics �or ��v�� can be sepa-
rated, therefore, into two well-defined regimes. At low bias
voltages, v�vc�
, the current grows rapidly with VSD due
to the rapid enhancement of the exciton ionization efficiency
with voltage; the smaller the broadening parameter b is, the

sharper will this process be �and no current is expected for
v�
 when b=0�. When v�
, the exciton field-ionization
process is not energetically hindered any more and the volt-
age dependence of the photocurrent is governed merely by
tunneling between two sites separated by a distance d under
the �slightly bias-tilted� potential barrier of height �	
�where a constant structureless density of states is assumed
here above the band edges, as noted above�. According to
this description, the higher vc value, together with the lower
photocurrent, observed upon treatment with 1,4-
phenylenediamine compared to hydrazine-treated arrays
�Fig. 3�a�� is due to the relatively large spacing between
neighboring NRs in the former samples. Larger d acts not
only to reduce the tunneling current, but also to increase 
,
due to the larger electron-hole separation in the final state of
exciton ionization. The same considerations obviously hold
also for the annealed samples.

The exciton field-ionization process described above is
expected to quench the PL in such NCs arrays and therefore,
to further verify the model, we turned to study the corre-
sponding PL intensity dependence on VSD. The quantum
yield of the CdSe NRs is very low and thus we performed
this experiment on assemblies of seeded-grown CdSe/CdS
QD/NR core/shell NRs. Figures 5�a� and 5�b� show optical
microscope pictures of 2 �m spaced electrodes after depo-
sition of CdSe/CdS NRs and under supra band-gap illumina-
tion, with zero bias voltage and under applied voltage of 60
V, respectively. The quenching of the fluorescence is clearly
seen by darkening of the region between the electrodes �Fig.
5�b��. Figure 5�c� shows the correlation between the bias-
voltage dependence of the PL quenching and the photo-I-V
curve measured on TOP-capped CdSe/CdS NRs sample.
�The origin for the much larger photocurrent observed here
even before any surface treatment, compared to the CdSe NR
samples is not yet fully understood, and may be due to the
different shell material; note that we observed larger photo-
currents also for CdS NRs. This material-related issue will be
addressed elsewhere�. The similarity between these two de-
pendencies indicates, indeed, that both the photoconductivity
and PL quenching in NRs array are controlled by the same
physical mechanism, namely, the exciton field ionization
while the photocurrent is enhanced as the rate of electron-
hole separation increases, the PL is obviously reduced due to
such charge separation.
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The general shape of the I-V curves observed on the
aligned NRs arrays is consistent with previous observations
on QD arrays.16 However, the cross over from the high to
low differential conductance regime is much sharper in our
case. We assign this to the smectic ordering in the NR arrays:
the arrays consist of NR ribbons running nearly parallel to
the electrodes, where within each ribbon the NRs are aligned
perpendicular to the electrodes. Consequently, the condition
that the local v exceeds 
 may take place nearly simulta-
neously �as a function of VSD� for all the NRs, and thus vc is
well defined for a given such array. In some samples, how-
ever, the NR deposition did not result in an ordered array and
after hydrazine treatment the �much shorter� ribbons ar-
ranged in random spaghettilike structures, as shown by Fig.
6�a�. �This probably occurred since the corresponding elec-
trode was placed too close the initial solvent surface, so the
steady-state conditions needed for ordering were not yet
established.36� In such an array, the above condition does not
hold and the transition is expected to be blurred due to the
vast inhomogeneous broadening. Indeed, the I-V characteris-
tics measured on that �hydrazine-treated� CdSe NR assembly

exhibited a smeared transition �blue curve in Fig. 6�b�� com-
pared to that measured on the ordered array �red curve�, al-
though the value vc is comparable between the two. This
curve can indeed be well fit to the model using the same
parameters as in Fig. 4, except for the broadening parameter
which is much larger here, b=0.14. The significantly �order
of magnitude� smaller photocurrent observed on the disor-
dered sample results from the strongly meandering ribbon
arrangement and the concomitant random directional orien-
tation of the intervening voids, complicating the tunneling-
percolation paths between the two electrodes.

IV. CONCLUSIONS

The photoconductivity of aligned CdSe NRs arrays is sig-
nificantly increased by exchanging the TOP capping ligands
by hydrazine or 1,4-phenylenediamine linker molecules or
by thermal annealing. The photo-I-V characteristics of these
arrays are nonlinear, and the differential conductance exhib-
its a transition from higher to lower values as the average
voltage drop per NR, or average site-to-site potential, ex-
ceeds some array specific value, independent of the excita-
tion wavelength or intensity. The sharpness of this cross over
increases with the degree of NR orientation and smectic or-
dering of the array. All these findings are well described by
an exciton field-ionization model proposed previously,16 the
details of which are more clearly demonstrated here via the
effects of array ordering and NR surface treatment. The good
correlation that was found between the PL quenching as a
function of the applied bias and the photo-I-V curves pro-
vides further support to this model.
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