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ABSTRACT: We report on a photodetector in which colloidal quantum
dots directly bridge nanometer-spaced electrodes. Unlike in conventional
quantum-dot thin film photodetectors, charge mobility no longer plays a role
in our quantum-dot junctions as charge extraction requires only two
individual tunnel events. We find an efficient photoconductive gain
mechanism with external quantum efficiencies of 38 electrons-per-photon
in combination with response times faster than 300 ns. This compact device-
architecture may open up new routes for improved photodetector
performance in which efficiency and bandwidth do not go at the cost of
one another.
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Colloidal quantum dots (CQDs) profit from the quantum
size effect,1 which gives rise to a variety of unique

phenomena such as size tunability, multiexciton processes,2−4

and slow carrier-relaxation.5,6 Moreover, they combine low-
temperature synthetic methodology with solution process-
ability, allowing for low-cost fabrication methods.7,8 To date,
the use of CQDs as photosensitive material has been mainly
focused on thin-film devices.4,7−9 In these systems, the
extraction-efficiencies of photogenerated charges are dominated
by the charge mobility, which in CQD-films is generally
described by hopping through interparticle barriers. Techniques
to enhance the electronic coupling between the CQDs and thus
improve the film-mobility include the use of short linkers,10

various surface passivation approaches11,12 and the use of
CQDs with large Bohr-radii, in particular lead chalcogenide
quantum dots. In addition, short channel-length detectors have
shown promising performances.13,14

An important advancement in the field of quantum-dot
photodetectors has been the development of devices capable of
photoconductive gain.7,9 In these devices, exciton generation is
followed by the trapping of one of the charge carriers, thereby
lowering the chemical potential for transport of the opposite
charge carrier. If the trap lifetime exceeds the transit time of the
opposite charge carrier, many carriers worth of current can pass
through the circuit before recombination takes place. As a
consequence, the measured photoconductance is considerably
larger than without the presence of such a gain mechanism.
This gain in efficiency does, however, go at the expense of an

increase in the response time due to the slow trap-state
dynamics, which is typically in the order of milliseconds.7,9

Here, we present a photodetector which places a one-
dimensional parallel array of quantum dots in direct contact
with nanometer-separated electrodes (see Figure 1a). In this
CQD-junction, charge mobility no longer plays a role as the
contact of both source and drain electrodes to each CQD
allows for direct charge extraction, which is both fast and
efficient.
Nanometer-spaced electrodes are fabricated by a self-aligned

fabrication scheme, consisting of a basic two-step lithography
process15−17 (see the Supporting Information for details). An
advantage of the self-alignment technique is that the nano-
meter-separated electrodes can be prepared over large widths,
which allows contact to many particles in parallel (see Figure
1b). Here, we use devices with an electrode separation of 4 nm
and with an electrode width of 10 μm. A single layer (see the
Supporting Information) of PbSe quantum dots of 4 nm in size
is placed on top of the electrodes using dipcoating18 after which
a subsequent ligand substitution step with 1,2-ethanedithiol
increases the coupling to the electrodes. Electrical contact of
the particles to the electrodes is confirmed by performing
electrical characterization before and after deposition at room
temperature in a vacuum probe station. Before deposition the
resistance in all 300 devices studied is >100 GΩ at voltages up
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to 2.5 V, whereas after deposition of the PbSe QDs a clear
onset of conductance is observed at approximately 1 V,
reflecting the density of states inside the dots (see Figure 1c).
In all devices, we found a strong photoconductive effect

when irradiating them with visible light. Current−voltage (I−
V) characteristics taken under laser light irradiation (λ = 532
nm, and an irradiance of E = 0.16 Wcm−2, see Figure 2a)
display a linear dependence with the applied voltage in the low-
bias regime; at higher bias the I−V characteristics become
nonlinear at the onset of the dark current. Control experiments
in which bare nanogaps without PbSe-QDs are illuminated,
display no photoconductive response.
To spatially resolve the photoconductive response, we place

a device in an optical scanning confocal-microscope setup.
While scanning a diffraction limited laser spot (λ = 532 nm,
spot size of ∼800 nm) across the device, the current is
measured as a function of the spot position. Conductance
maps, recorded at 750 mV, show a high photoconductive
response when the laser spot is placed directly on top of the
nanogap area (see Figure 2b, data corrected for the dark
current). The response along the gap is consistently above 2
nA, with some variations in the current (within a factor of 2).
These variations maybe the result of a nonuniformity in the
distribution of PbSe QDs along the gap or in the electronic
coupling of the particles to the electrodes. The full width at
half-maximum of the photoresponse is 805 nm measured
perpendicular to the nanogap, consistent with the spot size of
our diffraction-limited laser beam (see Supporting Informa-
tion).
The photoconductive response depends strongly on the

wavelength of the incident light. For the device of Figure 2b, we
fix the laser at the position of maximum response and measure
the current at V = 750 mV and constant optical power, P = 15
μW, for varying wavelengths between 850 nm and 1650 nm as
shown in Figure 2c. The spectral dependence of the
photoconductance closely resembles the absorption spectrum
of a reference film of the same PbSe QDs on quartz (gray solid

line in Figure 2c), including the peak absorption at the bandgap
energy and the absence of response at longer wavelengths (λ >
1600 nm). The correspondence to the QD’s absorption
spectrum shows that the photoconductance is driven by optical
excitations inside the QDs.
We have also recorded the photocurrent at λ = 532 nm at

different optical powers (between E = 2 and 2000 W cm−2,
shown in Figure 3a). At low powers (E < 50 W cm−2), the
current scales linearly with the laser power, while at higher
powers (E > 50 W cm−2) the current saturates. We attribute the
saturation at high powers to the filling of trap states which
reduces the efficiency to the photoconductance gain mecha-
nism, as is discussed below. At lower powers the efficiency is
highest. The external quantum efficiency (EQE), that is, the
number of extracted electrons (or holes) per photon incident
on the device, can be calculated with

ω= ℏ
·

I

e E A
EQE ph

(1)

where Iph is photocurrent (corrected for the dark current) and
A is the illuminated device area (4 × 800 nm2). For the device
in Figure 3a, the efficiency reaches 10.9 electrons per photon at

Figure 1. (a) Schematic of the device architecture illustrating the one-
dimensional CQD array geometry. (b) Colorized scanning electron
micrograph of an empty 10 μm wide device fabricated by a self-aligned
fabrication scheme (see methods section). The inset shows a zoom-in
of the nanogap area. (c) Room-temperature current−voltage
characteristics before and after deposition of PbSe CQDs. The device
width is 10 μm. Measurements are performed in a vacuum probe-
station at room temperature.

Figure 2. (a) I−V characteristics in the dark (solid black line) and
under laser illumination (solid green line, λ = 543 nm, E = 0.16 W
cm−2, spot size = 150 μm.) (b) Map of the photocurrent of a different
device (corrected for a dark current of 0.8 nA) as a function of the
position of the diffraction-limited spot from a different setup with a
spot size of about 800 nm (λ = 532 nm). Dashed white lines indicate
the electrode edges determined from the reflection image. (c)
Wavelength dependence of the photocurrent of the device in B at
constant laser power (blue open circles). Photocurrent points are
taken at a fixed position of maximum response of the device. The
optical absorption spectrum of a solid film of CQDs (solid gray line) is
shown for comparison.
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2 W cm−2 with a bias of 750 mV (see Supporting Information).
At higher bias the photon-to-electron conversion is even more
efficient; for example in the I−V characteristic of Figure 2a,
which is taken at low power; an EQE of 38 electrons per
photon is observed at a bias of 1.5 V. In the calculation of the
EQE it is assumed that all light incident on the gap area is
absorbed by the one-dimensional array of quantum dots. If we
do take the absorption probability of the single row of CQDs
into account,19 we can determine the internal quantum
efficiency (IQE) of the detector. Assuming a coverage of
2000 4-nm-sized particles across the 10 μm wide device of
Figure 2a, we obtain IQEs as high as 5.9 × 103 electrons per
photon (see Supporting Information).
The most striking feature of our device performance is the

combination of high efficiency with fast response. Figure 3b
shows the temporal photoresponse of the device to a 1 μs laser
pulse, measured using a low-noise amplifier and a 600 MHz
oscilloscope. The observed rise and fall time of our device are
approximately 200 and 300 ns, respectively, limited by the
electronic bandwidth of the measurement circuit (see
Supporting Information). Such fast response times combined
with high efficiencies are crucial parameters in, for instance,
video-rate laser-scanning microscopy where dwell-times in the
order of 100 ns are required.20

High efficiencies in CQD-photodetectors are usually
achieved by trapping of one of the charge carriers, which is
photoinduced by the incident light. The trapping of charge
carrier lowers the chemical potential for transport of the
opposite charge carrier, thereby increasing the conductance.8 If
the lifetime of the trap state exceeds the carrier transit-time,
several opposite charge carriers can pass through the device
before recombination with the trapped charge occurs. Thus,
instead of the charge carriers that originate from the exciton
pair only, many more charge carriers contribute to the
photoconductance. The gain factor in this picture is propor-
tional to the ratio of the trap lifetime over the transit time. For
conventional film-based CQD photoconductors, which have
typical mobilities between 10−1 and 10−3 cm2 V s−1 and channel
lengths of around a micrometer, the transit time is hundreds of
nanoseconds or longer.12,13 Appreciable gain therefore requires
trap-state life times as long as milliseconds, inevitably leading to
the slow response times of these devices.
The orders-of-magnitude shorter rise and fall time of our

device shows that, if trap-induced photoconductive gain is
responsible for the high efficiency, the mechanism needs to be

active on very short time scales. This would first of all require
short-lived trap states, shorter than the observed 200 and 300
ns rise and fall time, and second, it would require subnano-
second transit times to explain the observed IQE. Short transit
times are indeed feasible in our device as a direct result of the
nanoscale geometry: the transit time is determined by the
product of the tunnelling probabilities of the two barriers that
separate each CQD from source and drain. The interfacial
electronic coupling energy for PbSe CQDs at or near resonance
is reported to be as high as 100 meV,21 corresponding to
individual tunnel events at subpicosecond time scales.6 Taking
this into consideration, even short-lived traps (≪ 200 ns) could
thus lead to considerable gain factors in our device, allowing for
high efficiency at short time scales.
For a possible explanation for the short-lived trap states we

take a closer look at the quantum dot junction. With the CQD
only separated from source and drain by two tunnel barriers,
the stochastic nature of the individual charge extraction events
becomes important.22−24 After creation of an exciton, either the
electron or the hole will be extracted first, leaving the opposite
carrier temporarily behind as if it was trapped. If it is for
instance the hole which is left behind, the chemical potential for
transport of electrons through the dot is brought closer into
resonance with the Fermi level as a result of the reduced
Coulombic repulsion. This leads to photoconductive gain in the
same way as a conventional trap state at for instance the surface
of a quantum dot would.25 The crucial difference with
conventional traps is, however, that the lifetime of the trap is
only determined by the probabilistic nature of the tunnel
events, which occur at the before mentioned subpicosecond
time-scales.6,21

In the above discussion we have not taken into account
plasmonic field enhancement effects that are known to increase
light collection in nanogapped structures (i.e., enlarge the
optical cross-section of the dots).26−30 If present, they would
also contribute to the enhancement of the IQE number so that
the gain is not solely determined by the ratio of the trap lifetime
over the transit time.
In conclusion, the presented architecture offers a promising

route toward solution processable, low-cost, nanoscale devices
with ultrafast yet efficient detection performance. It moreover
comprises a versatile platform to study the microscopic details
of charge transfer at the metallic interface, not limited to
colloidal quantum dots only, but applicable to a variety of
nanomaterials. In addition, we expect that plasmonic field
enhancement may already play a role in the efficiency of our
device, although the effect is expected to be small for the broad
nonresonant electrodes we have used in our experiment. It will
therefore be interesting to investigate devices with smaller
widths which could profit from both efficient carrier extraction,
as well as optimized light absorption by resonant plasmonic
field enhancement.
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Figure 3. (a) Photocurrent as a function of irradiance (blue open
circles, corrected for the dark current) for the device in Figure 2b and
c. (b) Photocurrent response (bottom panel, corrected for the dark
current) of a different device to a 1 μs square pulsed laser illumination
(top panel, λ = 670 nm, E = 0.85 W cm−2, spot size = 150 μm). The
rise and fall time of the laser signal is <20 ns.
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