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N
anocrystals have attracted consid-
erable interest as the active media
in photodetector systems, owing to

their tunable effective band gaps.1�5 How-
ever, solids and thin films composed of
nanocrystals typically exhibit low mobilities
as a consequence of inter-nanocrystal hop-
ping transport, the dominant charge carrier
conduction mechanism in these material
systems.1,2,6 Photodetectors with nano-
crystals as the active media could therefore
benefit from new schemes for efficiently
extracting photocurrent from a nanocrystal
solid.
In this study, we explore how the photo-

current extraction challenge in nanocrystal
solids canbe overcomebyusing a CdSe/CdS
nanocrystal�CdSe nanowire hybrid photo-
detector device as a model system. The ex-
citons created by radiation interacting with
the nanocrystal solid are nonradiatively tran-
sferred to the embedded nanowires con-
tacted between electrodes, leading to a
photocurrent signal. We thus take advan-
tage of the wide electronic tunability of
nanocrystals combined with the large sur-
face areas and high charge carrier mobilities
afforded by nanowires. Related systems
have previously been studied in the context
of solar cells,7�9 for carbon-nanotube-based
devices,10,11 in molecular systems12 and in
devices with single quantum dots embe-
dded in nanowires.13 For a proof of principle,
we used a scanning confocal microscope to
locally illuminate the device (see Figure 1a).
The resulting photocurrent was recorded as
a function of focal point position. The bare
CdSe nanowire photodetectors were fabri-
cated by the electrically controlled solution�
liquid�solid (EC-SLS) growth process,14,15

which is an extension of the solution�
liquid�solid (SLS) mechanism.16�19 The
EC-SLS method is well-suited for device
fabrication because nanowires are grown
directly betweenmetal electrodes. This yields
functioning devices, such as photodetec-
tors, in a single fabrication step. Nanowire

diameters in our devices were on the order
of 20 nm, which is approximately twice the
exciton Bohr diameter of 11.2 nm in CdSe.
Therefore, the observed absorption edge of
the nanowires around 713 nm is the same as
for bulk CdSe.20�22 Colloidal CdSe/CdSnano-
crystals with an absorption edge around
550 nm were synthesized using standard
wet-chemical techniques and were subse-
quently deposited by drop-casting. The re-
sulting nanocrystal thin films had a thick-
ness of approximately 50 nm (see also
Supporting Information). The difference in
absorption spectrum between the nano-
wires and nanocrystals ensured that at an
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ABSTRACT

Synthetic methods yielding highly uniform colloidal semiconductor nanocrystals with

controlled shapes and sizes are now available for many materials. These methods have

enabled geometrical control of optical properties, which are difficult or impossible to achieve

in conventional bulk solids. However, incorporating nanocrystals efficiently into photodetec-

tors remains challenging because of the low charge carrier mobilities typical of nanocrystal

solids. Here we present an approach based on exciton energy transfer from CdSe/CdS core/shell

nanocrystals to embedded CdSe nanowires. By combining the wide electronic tunability of

nanocrystals with the excellent one-dimensional charge transport characteristics obtainable in

nanowires, we are able to increase photocurrent extraction from a nanocrystal solid by 2�3

orders of magnitude. Furthermore, we correlate local device morphology with optoelectronic

functionality by measuring the local photocurrent response in a scanning confocal microscope.

We also discuss how nancocrystal/nanowire hybrid devices could be used in particle detector

systems.

KEYWORDS: nanowire . nanocrystal . energy transfer . FRET . cadmium selenide
. CdSe
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excitation wavelength of 650 nm only the nanowires
could absorb light, whereas at 514 nm excitons can be
created in the nanocrystals and nanowires (see also
Figure 1b).

RESULTS

A wide field optical microscope image of a device
taken under white light illumination, as well as an
image acquired by recording the reflected light in a
confocal scan at 650 nm, is presented in Figure 2a,b.
Since the nanocrystals form a homogeneous film
covering the entire device, the darker regions in
Figure 2a are indicative of higher nanowire coverage.
Photocurrent maps taken at 514 and 650 nm of the
same device area before nanocrystals were deposited
are shown in Figure 2c,d, and the corresponding

measurements after drop-casting nanocrystals are
presented in Figure 2e,f. All measurements were taken
under the same conditions at a constant bias of 1 V and
under continuous wave laser illumination at 10 μW. A
homogeneous nanowire mat could be expected to
show a photocurrent maximumwhen the laser focus is
placed at the center between the electrodes because
charge carriers from excitons created in the center of
the device have the largest number of pathways to
connect to the electrodes. On the other hand, for
inhomogeneous nanowire coverage, the regions with
higher nanowire density will also have a higher absorp-
tion cross section leading to a higher photocurrent
response. The overall photocurrent induced by illumi-
nating a specific location is therefore a combination of
the local light absorption efficiency coupled with the
ease of photocurrent extraction from that point. Our
model is consistent with the photocurrent maps in
Figure 2c�f, where the photocurrent is largely cen-
tered between the two electrodes, with a shift toward
the left electrode, which also has a higher nanowire
density at its edge, owing to the fabrication process
(compare with Figure 2a). Previous reports of scanning
photocurrent measurements on nanowire-based de-
vices have sometimes observed enhancements when
the laser focus was positioned close to the electrode
edges, resulting from Schottky barriers at the
contacts.23�26 This effect is not prominent in our
devices, indicating ohmic contacts between the nano-
wires and the metal electrodes.
A striking feature in our measurements is the strong

enhancement in photocurrent observed when scanning
at 514 nm after drop-casting nanocrystals onto the
nanowire mat (compare Figure 2c,e). This enhancement
is not observed when scanning at 650 nm (compare
Figure 2d,f) because the nanocrystals are transparent at
this wavelength and photocurrent only results from
direct light absorption by the nanowires. The slight
decrease in photocurrent at 650 nm after drop-casting,
as seen when comparing Figure 2d,f, could be due to
changes in reflectivity and refraction caused by the
nanocrystal film. Control experiments with devices con-
taining only nanocrystals and no wires showed photo-
currents below 0.1 pA, the resolution limit of our setup.
In order to gain a more quantitative understanding

of the photocurrent enhancement observed at 514 nm,
we plot the ratio of the photocurrent maps taken
before and after drop-casting nanocrystals in Figure
3a. Contour lines of the enhancement factors shown in
Figure 3a are superimposed on an optical wide field
image of the device under white light illumination in
Figure 3b. Interestingly, photocurrent enhancement
factors are largest in device regions with the lowest

wire density. In contrast, the overall photocurrent seen
in Figure 2c,e is largest in device areas with the highest
wire density. In the following, we will analyze the pro-
cesses and parameters relevant to the photocurrent

Figure 1. Experimental setup. (a) Schematic of a nanocrys-
tal/nanowire hybrid device and the confocal photocurrent
scanning measurement setup. (b) Optical absorption spec-
tra of a bare CdSe nanowire mat and of a drop-cast CdSe/
CdS nanocrystal film without nanowires.
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enhancement described above. Clearly, photocurrent
enhancement by depositing a nanocrystal film is only
possible if the light absorption efficiency of the plain
nanowire detector at the wavelength of interest is
significantly smaller than unity. In other words, the

maximum photocurrent enhancement achievable by
adding nanocrystals is given by the reciprocal of the
absorption efficiency of the plain nanowire detector.
This is why regions with dense nanowire coverage at
the edge of the left electrode (see Figure 3b) show very
high photocurrents but almost no photocurrent en-
hancement after drop-casting nanocrystals. On the
other hand, in the limit of very low wire coverage,
the photocurrent is also low, but the enhancement
factors after drop-casting nanocrystals are high and
exceed 10 in some regions of the device. If the light
absorption cross section of a nanowire is assumed to
be proportional to its volume, a 50 nm thick nanocrys-
tal film coating a nanowire of 20 nm diameter would
lead to an enhancement factor of about 36. The actual
enhancement factor, however, will be lower owing to
incomplete exciton energy transfer to the nanowire,
lower absorption by the nanocrystal film as compared
to bulk CdSe, and varying light intensity along the
device cross section resulting from absorption. The
maximum observed enhancement factors of about 10
in our device could therefore be at or close to the single
wire limit. In addition, the absolute value of the photo-
current in this region of the device is 2�3 orders of
magnitude larger than the corresponding photocurrent
of 0.1 pA (detection limited) in the plain nanocrystal
device without wires. In other words, exciton extraction
from the nanocrystal solid is enhanced by at least 2�3
orders of magnitude by the nanowires, while the con-
tribution from direct absorption by the nanowires is
below 10% in device regionswith lownanowire density.

DISCUSSION

One of the largest obstacles to achieving complete
exciton extraction from a nanocrystal solid using

Figure 2. Scanning confocal photocurrent mapping. (a) Wide field optical microscope image of the device under white light
illumination. (b) Scanning confocal image from reflected light at an excitation wavelength of 650 nm of the same device area
as in (a). (c�f) Photocurrentmaps of the samedevice area as in (a) and (b) at excitationwavelengths of 514 and 650 nm, aswell
as before and after drop-casting nanocrystals onto the nanowiremat. Everymap consists of 100� 100 data points spaced by
300 nm. All measurements were taken at 1 V bias and at a light intensity of 10 μW, scale bars = 10 μm.

Figure 3. Local photocurrent enhancement factors. (a)
Ratio of photocurrent maps before and after drop-casting
nanocrystals taken at an excitation wavelength of 514 nm.
The original data sets shown in Figure 2c,e were cropped
and shifted for alignment. (b) Contour lines from the data
set shown in (a) superimposed on an optical wide field
image of the device under white light illumination.
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nanowires is incomplete exciton energy transfer from
the nanocrystals to the nanowires. In order to contri-
bute to photocurrent, the location of exciton creation
within the nanocrystal solid has to be close enough to a
wire to ensure efficient exciton capture through a
combination of exciton diffusion within the nanocrys-
tal solid and subsequent energy transfer to the nano-
wire (Figure 4a). In princible, charge separation at the
nanocrystal/nanowire interface, radiative energy trans-
fer, and nonradiative exciton transfer could play impor-
tant roles in this process. However, charge separation
at the nanocrystal/nanowire interface is improbable
because the band alignment of the CdSe nanocrystals
relative to the CdSe nanowires does not form a type II
interface. In addition, this mechanism would lead to
local charging within the nanocrystal film because of
the extremely low conductivity of nanocrystal solids.
As a result, local charging of the nanocrystal filmwould
lead to higher exciton quenching within the nanocrys-
tal film and a subsequent reduction in photocurrent.
Radiative decay of excitons is not likely to play a

significant role because the radiative lifetime of an
isolated nanocrystal, which is about 25 ns, is 2�3
orders of magnitude longer than the exciton transfer
lifetime between two adjacent nanocrystals, which we
calculated to be about 180 ps (see Supporting Infor-
mation). Therefore, nonradiative exciton energy trans-
fer between nanocrystals and from nanocrystals to
nanowires is probably the dominant mechanism in
our device. While excitons are relatively free to diffuse
within a monodisperse nanocrystal solid, energy trans-
fer from a nanocrystal to a nanowire is irreversible
because of lower exciton energies within the nano-
wires. This effectively leads to exciton funneling from
the nanocrystal solid to the nanowires for excitons
createdwithin a capture radius Rc from a nanowire. The
capture radius Rc is given by a convolution of the
exciton diffusion length within the nanocrystal solid
and the energy transfer radius from a nanocrystal to a
nanowire. To ensure optimal detection efficiency of
radiation quanta passing through the nanocrystal
solid, it is therefore desirable to have nanowires sepa-
rated by less than twice the exciton capture radius Rc
(see Figure 4b). Obtaining a good quantitative value for
the exciton capture radius requires more data on
exciton diffusion lengths in nanocrystal solids, which
could then be incorporated into analytical models.27

When comparing Figure 4b,c, it is evident that our
device is conceptually similar to a Geiger counter or
wire chamber in which the metal wires have been
replaced by semiconductor nanowires, and the detec-
tion medium is a nanocrystal solid instead of a vapor.
Indeed, the scheme described above could also be
used to detect radiation other than optical photons
because many types of particles create excitons when
they interact with matter. This is of interest because
nanocrystals offer uniquematerial properties not avail-
able in conventional bulk solids. In particular, the size-
tunable optical and electronic properties of nanocryst-
als offer new combinations of atomic number, band
gap, electron and hole effective masses, g-factors, and
magnetic properties that could be of interest for
optimizing radiation/matter interactions.28,29 A parti-
cularly promising approach appears to be using quan-
tum confinement to increase the band gaps of semi-
conductors containing elements with high atomic
numbers (e.g., PbTl, bulk band gap ∼0.3 eV) in order
to combine high X-ray detection cross sections with
exciton energies that allow for good detectability
at room temperature. Nanocrystal/nanowire hybrid
devices are therefore also a promising route to using
nanocrystals as activemedia in particle detector systems.
In conclusion, nanocrystal/nanowire hybrid devices

combine the broad electronic tunability of colloidal semi-
conductor nanocrystals with the large surface area and
high charge carrier mobilities of nanowires. As a proof
of concept, we studied photocurrent maps of a CdSe
nanowire mesh sensitized with a layer of CdSe/CdS

Figure 4. Exciton energy transfer and devices. (a) Sche-
matic illustrating exciton energy transfer between nano-
crystals and from nanocrystals to a nanowire, including
possible radiative pathways. (b) Schematic of a cross sec-
tion through a nanocrystal solid with embedded nano-
wires for photocurrent extraction. (c) Schematic of a wire
chamber detector.
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nanocrystals using a confocal scanning microscope.
Performing photocurrent scans at wavelengths above
and below the nanocrystal absorption band edge, we
were able to demonstrate up to 10-fold enhancement
from nonradiative energy transfer from the nanocryst-
als to the nanowires. This corresponds to a contribution
from direct nanowire light absorption to the overall
photocurrent of 10% for low nanowire density. Impor-
tantly, the nanowires enhance photocurrent extraction
from than nanocrystal solid by 2�3 orders of magni-
tude as compared to plain nanocrystal devices without

nanowires. In the devices presented here, both the
nanocrystals and nanowires consisted of CdSe, serving
as an example of how shape, size, and dimensionality
can be used to tailor the properties and functionality
of a material. However, other material combinations
optimized for specific detection wavelengths and
types of radiation are also possible. Making use of
quantum confinement to increase the exciton energies
of compounds containing elements with high atomic
numbers, which is of interest for X-ray detection,
appears to be a promising direction for future research.

METHODS
The bare CdSe nanowire devices were prepared by the

EC-SLS method according to Dorn et al.14 and were subse-
quently annealed under vacuum at 350 �C for 30 min in a
nitrogen glovebox. Nanocrystals were prepared according to
standard wet-chemical techniques (see Supporting Information
for details) and added to the nanowire mat by drop-casting
from a 10:1 hexane/octane solution. The samples were held
under vacuum during confocal photocurrent scanning with a
60� air objective (Nikon)mounted on an xyz-piezo stage (PI). An
argon-ion laser (Coherent, Spectra) with a switchable wave-
length between 650 and 514 nm served as a continuous wave
light source. The diameter of the laser focus was approximately
0.4�0.5 μm. We biased the device with a digital voltage source
(Yokogawa 7651 Programmable DC Source) and used an IV
converter (DL Instruments, LLC) in conjunction with a multi-
meter (Agilent 34401A) to measure the induced photocurrent.
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