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ABSTRACT

Nanoscale devices are being extensively studied for their tunable electronic and optical properties, but the influence of impurities and defects
is amplified at these length scales and can lead to poorly understood variations in characteristics of semiconducting materials. By performing
a large ensemble of photoconductivity measurements in nanogaps bridged by core-shell CdSe/ZnS semiconductor nanocrystals, we discover
optoelectronic methods for affecting solid-state charge trap populations. We introduce a model that unifies previous work and transforms the
problem of irreproducibility in nanocrystal electronic properties into a reproducible and robust photocurrent response due to trap state
manipulation. Because traps dominate many physical processes, these findings may lead to improved performance and device tunability for
various nanoscale applications through the control and optimization of impurities and defects.

One of the grand challenges of nanoscale systems is to
control local fluctuations and disorder. As size decreases,
the importance of individual defects and impurities grows,
and they can cause unpredictable and undesired changes in
behavior. Charge traps are ubiquitous and can affect a variety
of systems such as electronic states in graphene,1 charge
transport in carbon nanotubes,2 photoluminescence intermit-
tency in semiconducting nanocrystals and nanorods,3,4 and
telegraph noise in resistance.5 Local fluctuations often act
as “hidden variables” that foil attempts at quantitative
property measurement and interpretation. Hence, the dis-
covery of ways to detect and control trap behavior will hasten
progress in the field of nanoscience.

Nanocrystal quantum dots are being studied for a broad
range of optoelectronic applications, including the realization
of tunable and efficient photodetectors,6-10 solar cells,11,12

and light emitters.13 CdSe/ZnS core-shell nanocrystals are
particularly interesting because of their high quantum yield,
large bandgap tunability across the visible spectrum, and
well-established synthesis protocols.14-16 Quantum dot arrays
are light-sensitive artificial solids that serve as flexible model
systems for the study of basic transport phenomena, arising
from the interplay between the recombination-rate limited
and thermally activated charge transport mechanisms.10,17-19

Prior studies have considered the presence of traps in these
systems but were not able to quantify or control them.

Here we demonstrate a robust and reproducible procedure
for controlling the trap population in nanocrystal nanogap
devices and show that qualitatively different photocurrent
behaviors can be produced depending on how traps are
initialized prior to a measurement. Electric field-induced
population and optically induced depopulation of traps can
reverse the temperature dependence of the photoconductivity.
We present a model that explains the role of traps and the
importance of measurement sequence. Our method for
dynamically controlling trap populations achieves optimized
photodetector sensitivity at low or high temperatures for light
sources, photovoltaics, electronics, and other applications.
Moreover, we show that a range of temperature-dependent
behaviors previously attributed to material differences are
reproducible in a single device and provide a possible
explanation for contradictory reports of the temperature
dependence of photoconductivity in the literature.10,17,19-22

These results carry implications for past and future experi-
ments and may inspire analogous procedures for trap
manipulation in other systems.

Figure 1a shows the schematic representation of the
photodetector device based on nanocrystals in a nanogap
electrode geometry. Electrodes made of 3 nm of nickel and
30 nm of gold, separated by only 20-30 nm, ∼4 nanocrystal
diameters, are patterned using electron beam lithography on
a silicon nitride (Si3N4) membrane.23 The membrane is
compatible with high-resolution structural characterization
using transmission electron microscopy (TEM), which allows
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us to confirm that the nanogaps did not have any metallic
debris, as shown in Figure 1b. An optical image of
lithographic features on a typical device is shown in Figure
1c. For more details on device fabrication, please see
Supporting Information Section 1. One advantage of nano-
scale gaps is that the application of relatively small voltages
yields high electric fields in the gap area. For a 20 nm gap
with a bias voltage of 2 V, the field strength experienced in
the 2000 nm2 of active area is 108 V/m. The active area of
these photodetectors in comparison to previous literature17-19

is decreased by 6 orders of magnitude in area and decreased
in gap size by 2 orders of magnitude.

We used Sigma-Aldrich CdSe/ZnS core-shell nanocrystals,
as shown in Figure 1d, which had an average diameter of
5.2 nm, and a shell thickness of ∼0.2 nm or ∼1 monolayer.
Before any treatment, the nanocrystals have a primary
absorption peak at 610 nm and emit at 640 nm. The
nanocrystals were capped with a mixture of hexadecylamine
and trioctylphosphine ligands to prevent aggregation and

passivate surface traps. Five microliters of the nanocrystal
solution were dropcast onto the chip and allowed to dry,
forming a multilayer nanocrystal film on the surface. For
more characterization of the nanocrystals used, see Support-
ing Figures S1-S3.

Electrical measurements were performed in either a
modified Janis VPF-700 or ST-100H cryostat operated at
∼5 × 10-7 torr. Nanogaps were wire bonded to a ceramic
chip carrier thermally coupled to a copper cold finger and
fitted into a Macor socket electrically addressed by silver-
soldered wires making it compatible with high temperature
operation, which coupled the source and drain pins to two
independent BNC breakout boxes. Voltages were applied
with a Yokogawa 7651 programmable DC source; current
signals were amplified and filtered by a Keithley 428 current
amplifier and measured with an Agilent 34401A digital
multimeter. For all measurements at fixed laser intensity, the
I-V characteristics for each device were measured by
sweeping the voltage across the nanogap from 0 V to 2 V to

Figure 1. (a) Schematic of the photodetector nanogap device. Metal electrodes (3 nm of Ni and 30 nm of Au) separated by 20 to 30 nm
are patterned on top of a 40 nm Si3N4 membrane that is supported by a Si wafer. Nanocrystals are deposited on the substrate and electrodes.
(b) TEM image of the Ni/Au electrodes separated by 20 nm prior to nanocrystal deposition. (c) Optical image of the device with 12
electrode pairs. (d) TEM image of CdSe/ZnS nanocrystals with an average size of 5.2 ( 0.6 nm. Inset: Zoomed-in TEM image of a single
nanocrystal.
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-2 V and back to 0 V with a typical cycle taking 200 s.
This gives a maximum voltage drop per nanocrystal of 0.5
V. Prior to nanocrystal deposition and after TEM inspection,
the bare devices were cleaned with an O2 plasma, then the
conductance and photoresponse of the bare devices were
tested. The dark current of devices was measured by
performing an I-V sweep with the nanogap in the dark, and
photocurrent was measured by performing an I-V sweep
while the nanogap was illuminated by a continuous wave
532 nm diode laser. In each measurement set, we measured
at room temperature the dark current of all devices on a chip,
and then the photocurrent of the same devices; the device
was then cooled with either liquid nitrogen or liquid helium,
and both dark current and photocurrent were measured again
at low temperature. Changing measurement order, for
example, performing low-temperature measurements first and
room-temperature measurements second, did not affect
current characteristics.

The samples were annealed in situ because annealing has
been shown to increase photocurrent in nanocrystal sol-
ids17-19,22 by reducing interparticle separation and lowering
tunneling barriers. We detected photocurrent in 17 nanogaps,
and no dark current signal above the maximum noise floor
of ∼0.03 pA at 295 K and ∼0.15 pA at 78 K in 70% of
devices after annealing up to 573 K. From TEM imaging
we confirmed that nanogaps did not have any metallic debris
that could contribute to the dark current, and this was
consistent with our subsequent I-V characterization of the
nanogaps. More importantly, all of our photocurrent is
primary, which means it is a result of direct exciton
generation in the nanocrystals and that there is no measurable
charge injection from the metal electrodes into the nano-
crystal film.21 For more details about the effect of annealing
on photocurrent and dark current measurements, see Sup-
porting Information Section 3 and Figures S4-S6.

Figure 2 shows the I-V response under 532 nm illumina-
tion at different temperatures of two different nanogaps. The
photocurrent is well described by a second-order polynomial
in voltage. Measurements at other wavelengths show con-
sistent behavior once temperature-dependent absorption shifts
are accounted for; see Supporting Information Figure S7 for
I-V characteristics obtained using different illumination
wavelengths. Over all measured devices, the initial room
temperature photocurrent was in the range of 0.1 to 50 pA
with a mean value of ∼5 pA, and the initial low temperature
photocurrent was in the range of 0.1 to 240 pA, with a mean
value of ∼30 pA. A histogram of photocurrent values is
shown in Supporting Information Figure S8. The large
variation in measured photocurrent is probably due to the
small number of nanocrystals in the nanogap; thus the
variations in each individual nanocrystal are not averaged
out. Additionally, film thickness within the nanogap and the
energy barrier at the contacts between the nanocrystals and
the electrodes may vary. Transport through the nanocrystals
inside the gap dominates the photocurrent, while nanocrystals
outside the gap region have a negligible contribution.6

Although more than just the gap area is illuminated, outside
the gap, the high barrier to interparticle transport and the

low field prevent significant contribution to photocurrent. See
Supporting Information Figures S9 and S10 for optical and
TEM images of measured nanogaps.

We observed that the magnitude of the measured photo-
current depends on the recent illumination history of the
device. Even more strikingly, some nanogaps showed pho-
tocurrent that was higher at 295 K than at lower temperatures,
while other nanogaps on the same chip and under equivalent
conditions showed the opposite. Moreover, if the nanocrystals
were illuminated overnight and voltage was applied (hereafter
referred to as a laser voltage treatment), the low-temperature
photocurrent was enhanced, whereas if the nanocrystals were
left in darkness overnight and voltage was applied (hereafter
referred to as a dark voltage treatment), the low-temperature
photocurrent was suppressed. If voltage was not applied
while the sample was left in darkness overnight, the
photocurrent magnitude returned to its initial value. This
trend was repeatable over a measurement period of several
months. The photocurrent at 295 K followed the same trend
as the low-temperature photocurrent in ∼75% of devices,

Figure 2. Photocurrent versus voltage curves at 5 K (light blue),
78 K (dark blue), and 295 K (red) for CdSe/ZnS nanocrystals in
devices where the low temperature photocurrent is higher (a) or
lower (b) than the room temperature photocurrent.
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but the effect was smaller (∼10-30% of the photocurrent
change at 78 K).

To best quantify the photocurrent increase or decrease with
temperature, T, it is convenient to define the relative
photocurrent ratio R ) I78K/I295K, of the low-temperature
photocurrent, I78K, and the room-temperature photocurrent,
I295K. This is analogous to the relative resistance ratio between
the low- and room-temperature resistance in metals, com-
monly used as a criterion of metal purity; if the photocon-
duction in nanogaps were ohmic, resistance would be well-
defined, and then R would be the same as that defined for
metals. Each ratio R was calculated for one cool-down cycle
of measurements taken in a single day. The relative photo-
current ratio has two distinguishable regimes; if R < 1, this
means that the photocurrent increased with T, and if R > 1,
the photocurrent decreased with T. In the discussion below,
I78K and I295K were calculated as averages of photocurrent
magnitudes for the maximum electric field applied across
the nanogaps, corresponding to voltages -2 and 2 V. The
following conclusions hold qualitatively for other voltages
and also apply independently of annealing temperature.
Examples of nanogaps with R ) I78K/I295K smaller or greater
than 1 are shown in Figure 2a (R ) 2.2) and Figure 2b (R
) 0.1). Out of the 17 nanogaps, 15 initially showed R > 1
and 2 showed R < 1. A histogram of R values for 532 nm
illumination and a comparison of R values for both 532 and
650 nm illumination are given in Supporting Information
Figures S11 and S12. As measurements progressed, il-
lumination history was observed to affect this ratio, so that
R could be switched from less than 1 to greater than 1 or
vice versa in a single nanogap. A sample table of the change
in relative photocurrent ratios after laser and dark voltage
treatments is given in Supporting Information Table S1.

Figure 3 shows a histogram of the change in R from Rinitial

to Rfinal from 70 measurements over all devices after laser
and dark voltage treatments. We use a logarithm transforma-
tion to write the change in R on the x-axis as ln(Rfinal/Rinitial).
This manner of representing the change in R is informative
because ln(Rfinal/Rinitial) ) -ln(Rinitial/Rfinal), meaning that an
increase or decrease of R by the same factor is represented
on this scale symmetrically around zero; ln(Rfinal/Rinitial) ) 0
means that R does not change. There are two distinct
distributions in this histogram, showing that device behavior
after a laser and dark voltage treatment is clearly separated.
The laser voltage treatment increases the ratio by an average
factor of 2.2, meaning that Rfinal > Rinitial. The dark voltage
treatment decreases the ratio by an average factor of 10,
meaning that Rfinal < Rinitial. We have also observed this effect
in a large gap with an active area of ∼109 µm2 (∼43.6 ×
2.5 µm), implying that this effect is independent of device
size.

This demonstrated change in ratio R with laser or dark
voltage treatments shows that the temperature dependence
of conductivity is controlled by the measurement protocol.
Consequently, all such measurements on nanocrystal arrays
must be framed in the context of the sample measurement
history in order to be properly interpreted. This consideration
may explain apparent discrepancies in the reported temper-

ature dependence of observed photocurrent.10,17,19-22 As we
will demonstrate, localized charge carriers in the nanogap
can measurably affect the temperature dependence of pho-
toconductivity. The manipulation of trap states by optically
stimulated emptying or voltage induced populating can then
be used to control device performance.

To understand the underlying mechanism, we must first
look at the energy levels through which the charge carriers
travel. Figure 4a shows energy levels for the electrodes with
a single nanocrystal between them; the shortest charge carrier
path in our devices includes four nanocrystals. The carrier
tunneling between nanocrystals can be lost by recombining
with other oppositely charged carriers through radiative or
nonradiative recombination, which usually corresponds to
free recombination or recombining with trapped carriers at
recombination centers, respectively. The primary photocur-
rent in a semiconductor is given by

where e is the charge of an electron, F is the exciton
generation rate, and G is the number of free charge carriers
created that pass between the electrodes for each photon
absorbed, which is also called the photoconductive gain.18,19,24

F is defined by19

where Φ is the excitation flux, a is the film absorption, and
η(E,T) is the field-dependent exciton separation efficiency.

Figure 3. Histogram of the change in the final ratio with respect
to the initial ratio, Rfinal/Rinitial, on a logarithmic scale with over 70
measurements including laser voltage treatments (green) and dark
voltage treatments (blue). An increase or decrease of R by the same
factor is represented on this logarithmic scale symmetrically around
zero. Two distinct distributions clearly show that R increases after
a laser voltage treatment and decreases after a dark voltage treatment
on average 2.2 and 10 times, respectively.

I(E, T) ) eFG (1)

F ) Φaη(E, T) (2)
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η(E,T) is defined in terms of the relevant rates that affect
exciton recombination and transport

where kE(E,T) is the field-dependent rate of charge carriers
escaping to neighboring nanocrystals or electrodes, kR(T) is
the rate of charge carriers radiatively recombining, and kN(T)
is the rate of charge carriers nonradiatively recombining.24

The tunable temperature dependence of the observed
photocurrent can be explained by the relative magnitudes of
the rates kR(T), kN(T), and kE(E,T) involved, shown in Figure
4a, and their temperature dependence. kR(T) increases with
increasing temperature because thermal energy magnifies the
probability of free charge carriers to recombine, causing
photocurrent to decrease with increasing temperature.25 kN(T)
decreases with increasing temperature, since at high tem-
perature, less nonradiative recombination occurs because
charge carriers easily escape from traps with thermal energy,
which causes photocurrent to increase with increasing
temperature.24 The contribution from both radiative recom-
bination and the number of traps is constant over these
measurements and fixed for a given sample, but the contribu-
tion from trap states depends on trap population, which can
be adjusted by laser and dark voltage treatments.

Before any treatment, the system has a number of occupied
trap states that is defined as the steady state, as in Figure 4a.
The laser voltage treatment creates many charge carriers that

recombine with carriers in trap states, causing traps that are
occupied in steady state to be emptied, as in Figure 4b; this
effect of optically stimulated trap emptying in our nanogaps
is similar to an analogous phenomenon well documented in
the semiconductor literature.24 The laser voltage treatment
eliminates many charge carriers, even in energetically
favorable traps, and fewer charge carriers recombine with
trapped charges. This increases photocurrent temporarily, but
over a few days of waiting time, the trap occupancy returns
to its steady state value, as energetically favorable traps are
repopulated, causing photocurrent to return to a steady state
value as well. Conversely, the dark voltage treatment
repeatedly sweeps the voltage, increasing the population of
charge carriers in the traps, as in Figure 4c. Thus, after dark
voltage treatment even energetically unfavorable traps are
populated; the populated traps capture more carriers and
cause them to recombine, temporarily decreasing photocur-
rent. Over a few days of waiting time the trap occupancy
returns to its steady state value, as charge carriers in some
traps escape using thermal energy, causing photocurrent to
return to a steady state value as well. To summarize, by
applying the laser and dark voltage treatments, the trap
population is modified, which allows tuning of the photo-
current response; this has a greater effect at low temperature
because traps can be emptied using the larger thermal energy
at room temperature. Relevant processes for photogenerated
electrons in the conduction band are shown in detail in Figure
4. The photocurrent temperature dependence can be tuned

Figure 4. (a) The energy level diagram for a steady state CdSe/ZnS core-shell nanocrystal between two gold electrodes. Trap states above
the Fermi energy, EF, act as electron traps, whereas trap states below EF act as hole traps. An exciton is created by illumination of the
sample, and it can either recombine radiatively with rate kR, recombine nonradiatively via the trap states with rate kN, or tunnel away from
the nanocrystal at a rate kE related to the applied field E. (b) After applying laser voltage treatment, the traps are emptied which enhances
kE and suppresses kN. (c) After applying dark voltage treatment, the traps are filled, which suppresses kE and enhances kN. Over a few days
of waiting time, trap populations return to their steady state value, which also returns kE and kN to their steady state values. Hole processes
are affected by the treatments in the same way, but are not shown.

η(E, T) )
kE(E, T)

kE(E, T) + kR(T) + kN(T)
(3)
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using these effects, and the resultant adjustability is robust
even when other variables are changed.

Measuring photocurrent dependence on laser intensity at
a fixed wavelength also supports the trap-based model in
explaining the adjustable photocurrent dependence on tem-
perature. While initial photoconductivity measurements were
taken with a fixed illumination intensity of ∼65 mW/cm2,
intensity was later varied between 1.6 to 120 mW/cm2 at
both 78 and 295 K. As illumination intensity was varied,
the current was measured at a constant voltage of 1 V, which
corresponds to 3 × 105 V/cm. The laser and dark voltage
treatments had little effect on the intensity dependence at
295 K, but had a greater effect at 78 K. The treatments can
result in an inversion of the temperature dependence of the
photocurrent for a wide range of intensities; see Supporting
Figure S13.

At 295 K, the intensity dependence of the photocurrent
always followed a power law, Iphoto ∝ IntensityR, where R
) 0.82 ( 0.02 over seven measurements, as shown in Figure
5. This is consistent with previous room temperature
measurements on large arrays of core-shell nanocrystals
yielding the same R value.19 Intensity dependence of the
photocurrent at 78 K gives R ) 0.96 ( 0.02 in agreement
with the linear response at low temperature reported in the
literature.20 The specific value of R helps reveal the type of
carrier dynamics present.

To understand the power law fit, it is instructive to examine
the rate equation for n, the density of free electrons18,24

Here, C is the probability of an electron to be captured, and
ntrap is the density of trapped electrons. n + ntrap represents
the density of holes in the system which can recombine with
free electrons, assuming a neutral nanocrystal. For a steady
state system, (dn/dt) ) 0 and we can rewrite F as

Substituting eq 2 into eq 5, we can write

For ntrap . n, Φ ∝ n, but for ntrap , n, Φ ∝ n2. Since n
∝ Iphoto, this means that for ntrap . n, Iphoto ∝ Φ, but for ntrap

, n, Iphoto ∝ Φ0.5. Thus, R ) 1 implies monomolecular (first-
order) carrier dynamics, whereas R ) 0.5 implies bimolecular
(second-order) carrier dynamics.24 First-order kinetics domi-
nate when the material has many recombination centers, such
as deep hole traps, and when the material has a lower free
electron concentration than in the bulk, as is the case in
nanocrystals where the presence of surface traps is likely.20

Contributions of surface and deep traps, which are only
partially passivated by the shell and ligands, can cause a
deviation of the photocurrent dependence on intensity from
the expected dependence in a bulk solid, where bimolecular
recombination would dominate giving R ) 0.5. Our mea-
sured exponent R ) 0.8 at room temperature implies that
we observe a combination of first and second order recom-
bination dynamics. However, at low temperature we mea-
sured an exponent R ) 1, implying that we observe first-
order recombination dynamics. The variation in the fitting
exponent sheds light on the difference of recombination
center density at each temperature, which supports our
proposed model shown in Figure 4 and encompasses reported
intensity dependence.19,20,24

In conclusion, we have created nanogap devices with
CdSe/ZnS core-shell nanocrystals in the gap region; after
annealing, these devices can be operated as photodetectors
with tunable photoconductivity. We investigated the tem-
perature dependence of photocurrent and found that it
depends on the illumination history of the device. Recent
laser illumination causes optically induced trap emptying and
higher low-temperature photocurrent, while recent voltage
cycling in the dark causes electric field induced trap
population and lower low-temperature photocurrent. This can
resolve existing discrepancies in the literature, demonstrating
the difficulty in defining temperature dependence of photo-
conductivity for semiconducting nanocrystal systems. Ad-
ditional research in this area could include investigation of
trap depopulation time scales, dynamic response, dependence
on nanocrystal material or size, and the optimization of
treatment parameters. We find our controllable photocurrent
temperature dependence to be robust over multiple wave-
lengths and intensities of laser excitation and suggest a route
toward achieving maximal photodetector response at different
temperatures. This approach of tuning the photocurrent
response via trap population can be useful for nanocrystal
device applications, such as sensors, solar cells, and light
emitters, as well as aiding in the study of carrier dynamics
and energy levels in nanoscale materials.
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dn
dt

) F - C(n + ntrap)n (4)

F ∝ (ntrap + n)n (5)

Φ ∝
(ntrap + n)n

aη
(6)
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