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ABSTRACT: For over a decade, much effort has been focused
on passivation of the high density of localized electronic trap
states in colloidal semiconductor quantum dots (QDs), which
lead to reduced performance in solar cell, light-emitting diode,
laser, and photoconductor applications. However, here we take
advantage of the naturally occurring high density of trap states to
demonstrate solution-processed high-speed PbSe quantum dot
near-infrared photodetectors. Carrier transport dynamics studies
reveal multiple trapping and release transport dynamics in band
tail states. A sandwich microstrip transmission line photodetector
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utilizing these QD films was fabricated to achieve high performance by allowing carriers to be swept to the electrodes before they
fall into the band tail states. This device demonstrates external quantum efficiency, responsivity, and response time (full width at

half- maximum) of 54%, 0.36 A/W, and 74 ps, respectively.
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B HIGH-SPEED IR PHOTODETECTORS:
BACKGROUND AND CHALLENGES

In a high-speed photodetector, pulsed illumination of a
semiconductor transiently increases the population of mobile
charges above the steady-state thermal background level. There
are subtle aspects of design that are required to take advantage
of this transient population in creating an effective high-speed
detector. Solution-processing, flexibility, and complementary
metal—oxide—semiconductor (CMOS) integrability are desir-
able for next-generation high-speed infrared (IR) photo-
detectors."” A notable example is the graphene-based high-
speed IR photodetector. Although the ~10’s ps carrier lifetime
of band-to-band direct recombination (depicted in Figure 1)
affords a fast response time in graphene devices,” the small
carrier generation area and low optical absorption result in low
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Figure 1. Three operation mechanisms of high-speed photodetectors
leading to high-speed response: direct recombination of electron and
hole, trap filling through recombination centers, and carrier sweeping.
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quantum efficiency and responsivity of the detector.” In
contrast, higher absorption could be achieved with colloidal
quantum dots (QDs). These colloidal QDs can readily be
deposited using solution processing on rigid or flexible
insulating, crystalline, or amorphous substrates. Very high
mobility, such as occurs in a pristine material, enables rapid
sweeping of the charges across the device. This rapid sweeping
mechanism, as shown in Figure 1, has been successfully utilized
to fabricate high-speed IR photodetectors made from InGaAs
or InSb;”® however, the above bulk semiconductor devices
require high temperature and high vacuum during fabrication,
in addition to strict lattice constant match, limiting the ease of
integration with other semiconductor devices. Lead chalcoge-
nide QDs (PbSe, PbS, PbTe) can be electronically coupled in
densely packed thin films through the use of short-chain acids,”
thiols,” or ammonium thiocyanate.” This coupling results in
field-effect mobility close to 1 cm?/(V s).'"> Thus, in well-
designed devices, it is possible to sweep the carrier from one
electrode to another under a high electric field before they are
trapped. For example, a device with a mobility of 1 cm?/(V s)
with a 100 nm transit length and a field in the range of 10°V/
cm should collect the band-edge electrons in around 10 ps if
the attached circuit can respond quickly enough. Deep traps
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Figure 2. High-speed QD photodetector using a coplanar microstrip transmission line structure. (a) Scheme of the photodetector structure
(middle), TEM image of 8 nm PbSe QDs (top left inset) used, and the device cross-section (bottom right inset). (b) Transient photocurrent traces
under various temperatures from 78 to 320 K for a PbSe QD thin film treated with ethanedithiol. The laser fluence is 8.3 mW/cm? and the electric
field is 8 X 10* V/cm. The dashed line is a representative exponential fit of a photocurrent at 78 K. The ringing effect is due to impedance mismatch
of the photoconductive devices, the coaxial cables, and the connectors. (c) Arrhenius plots of the log photocurrent at various delay times in part b as
a function of 1000/ T. The inset is the extracted activation energy, E,(t), for carrier escape from the band tail states as a function of delay time. (d)
Scheme of multiple trap and release transport dynamics in the band tail states, illustrating that activation E,(t) increases with longer delay time after
photoexcitation, as the charges fall into deeper traps over time. A similar transport dynamics model is also applied to the hole carrier in the band tail

states.

with lower mobility can paradoxically improve performance,
however, because they can act as recombination centers that
suppress dark current, as shown in Figure 1. This helps to
explain why so much work in high-speed photodetectors has
involved ion implantation to generate defects in thin-film
InGaAs,"' GaAs,'”"® GaP,"* and other such high-quality
semiconductors. The advent of the ability to tailor-make
quantum dots offers a new set of opportunities for high-speed
photodetector design. Each dot represents a small region of
high quality, surrounded by an interface that possesses defects
that can be modulated through surface modification. QDs
usually have a high density of in-gap defect states due to their
large surface-to-volume ratio. A simple estimate suggests that
one effective defect state in a 3 nm diameter QD will result in a
trapping time of a couple of picoseconds (see SI). This offers
significant advantages for lowering dark current, but also
restricts the mobility. This paper aims to explore this limit,
specifically in the examination of high-speed detectors. Design
considerations here slightly differ from those of time-integrating
high-gain photodetectors with much slower response times in
the range of microseconds,”'® which are operated under
steady-state illumination conditions. In steady-state devices,
gain is achieved through the reinjection of high-mobility holes,
which circulate to maintain charge neutrality as long as there
are long-lived low-mobility electrons in deep trap states. In
high-speed photodetectors, on the other hand, illumination is
via pulsed photons, and only the directly photogenerated
charges participate in the observed current transient, with no
carrier reinjection through electrodes.

In this report, we use a room-temperature solution-processed
PbSe QD film as a model system. We first use an Auston

1218

photoconductive photodetector with a coplanar microstrip
transmission line structure to investigate the carrier transport
dynamics."’~*° The device geometry is similar to that used
previously for slow-speed and high-responsivity PbS QD
photodetectors,'® but we incorporate the photodetector as an
integral component of a high-speed transmission line with a
gold electrode in a split microstrip line.”! Therefore, the
electrode capacitance and inductance are distributed in the
form of a transmission line, leaving only a small capacitance
associated with the active material region of the photo-
conductor (ie., the spacing) to affect the speed of response.”’
We discovered that carriers rapidly fall into trap states upon
photoexcitation followed by multiple trapping and release
(MTR) transport in the band tail states, characterized by time-
dependent shallow trap levels, carrier escape frequency, and
carrier capture cross-section. Next, we use the lessons learned
in the Auston-switch device to build a faster and more efficient
high-speed IR photodetector, demonstrating a ~50% EQE, a
responsivity of 0.36 A/W, and a response time fwhm of 74 ps.
We were unable to create a faster device due to the system
response time limited by the bandwidth of the sampling
oscilloscope, coaxial cable, and connectors.

B COPLANAR MICROSTRIP TRANSMISSION LINE
HIGH-SPEED PHOTODETECTOR TO
CHARACTERIZE CARRIER TRANSPORT DYNAMICS

Figure 2a shows the Auston-switch photodetector structure
with coplanar microstrip transmission line electrodes. A
detailed description of the QD synthesis and photodetector
fabrication can be found in the Materials and Methods section
of the SI. Briefly, a 200 nm thick film of 8 nm diameter PbSe
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QDs with a first absorption peak at 2100 nm is prepared by a
hand-dipping layer-by-layer method on a glass substrate with
the QD solution with 1 mM concentration ethanedithiol
(EDT) inside a nitrogen-filled glovebox. The absorption
spectra of the PbSe QDs in hexane solvent and the crack-free
PbSe QD film with a roughness of 3.9 nm are shown in Figures
S1-S83. The top Au coplanar electrodes with 25 um spacing
and the Au ground plane beneath the glass substrate are
thermally evaporated under vacuum. Therefore, the microstrip
transmission line design, consisting of top and bottom Au thin
films with a glass substrate and active PbSe thin film, allows
high-speed signal transmission. One side of the electrode is
biased with a power supply, and the other side is connected to a
sampling oscilloscope through a coaxial cable. The whole device
was encapsulated in a custom air-free holder and mounted into
an optical cryostat. The device’s fast photocurrent response is
characterized by illumination with a 1 KHz repetition rate, 800
nm wavelength laser with 100 fs pulses onto the active PbSe
QD film to generate photocurrent, which is collected by a 20
GHz sampling oscilloscope. The excitation photon energy is
2.6E, of the QD band gap (E,), well below the threshold 3E,
that may be associated with phenomena of multiple exciton
generation. The transient photocurrent has a rise time of 35 ps,
resulting from the bandwidth of the sampling oscilloscope,
coaxial cables, and connectors (as shown in Figure S4). After
the fast rise, the photocurrent has a fast decay in hundreds of
picoseconds and a slow decay extending to a couple of
nanoseconds, which may be due to the decay of carriers in the
midgap states.”” The fast decay is of interest to us, because it is
a characteristic of the device response time. Figure 2b shows
typical transient photocurrent traces at 8.3 mW/cm® fluence
and 20 V bias under various temperatures in the temporal range
of 0 to 500 ps. In this study the photon flux is below the
threshold for more than one photon to be absorbed per dot.
(The photocurrent decay trace extended to time scales of
nanoseconds is shown in Figure S5 with biexponential decay
fitting.)

Figure 2b shows the photocurrent decay as a function of
temperature. The photocurrent decays faster at lower temper-
atures, indicating thermally activated carrier transport behavior.
Upon photoexcitation, the carriers thermalize toward the band
edge within a couple of picoseconds.”” This thermalization
process is not resolved in our experiment due to limited
temporal resolution. The carriers then fall into trap states,
including band tail states, deep traps, or transport to other dots,
or undergo electron—hole recombination; other trapping
mechanisms are possible via surface exciton trapping, as
observed by Sewall et al.”* When the carriers fall into the
band tail with an energy width comparable to kzT, we expect
that the carrier can occasionally gain enough thermal energy to
be released back from the band tail to the band, further
contributing to the photocurrent. We exclude the bolometric
effect due to laser excitation that results in a negligible
temperature increase of 0.13 K (see detailed calculation in SI).
The rate of this release process should decrease exponentially
with the energy depth of the traps as the carriers fall deeper into
the band tail, leading to a broad distribution of release times
and thus a non-monoexponential decay of the photocurrent in
time. This multiple trapping and release transport dynamic™>~>*
(illustrated in Figure 2d) shows much faster photocurrent
decay with lower temperatures, as seen in Figure 2b. At a low
temperature, the trapped carriers have less chance to escape
from the trap states, resulting in faster photocurrent decay at
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short times. Similar behavior was observed in other low-
mobility systems such as organic semiconductor polymers,*”*°
amorphous semiconductors,” and Cg,*> To determine the
activation energy required to release the carrier from the band
tail, E,(t), we plot the Arrhenius relation of the photocurrent at
various delay times (Figure 2c). The Arrhenius fitting (Figure
2¢, inset) clearly shows that the trap depth E,(t) increases from
~5 meV at 35 ps to 32 meV at 600 ps and then continues up to
40 meV at 1 ns. The observed band tail depth is consistent with
other reported values characterized by voltage—current
measurements.”**

We have characterized the band tail properties by
determining the capture cross-section and detrapping rate,
which are directly related to the device response time. More
importantly, they are desirable parameters that can be uniquely
characterized by the transient photocurrent technique.
According to MTR dynamics, the detrapping rate or the
attempt-to-escape frequency of the carrier, 1, can be obtained
by the following relation:*>**

vy = exp(E,(t)/ksT)/t (1)

,where E,(t) is the activation energy, kz is the Boltzmann
constant, T is the temperature, and v is the attempt-to-escape
frequency. Equation 1 assumes that carrier release is a thermally
activated process. By fitting the E(t) at various delay times
from 35 to 400 ps to eq 1, the attempt-to-escape frequency
obtained is 2.6 X 10'"/s. (see Figure S6). The capture cross-
section of the trap states representing the probability of the trap
capturing the carriers, ,, can be calculated from the following
equation:

8, = v/ kgT g(E) vy, ()

,where g(E) is the density of states and vy, is the carrier thermal
velocity of 107 cm/s. In particular, at 78 K, where most carriers
fall into trap states without thermal release to contribute to
current, we take the density of states in the range of ~10"® cm™
eV™! from literature;”” the extracted capture cross-section value
is 4.3 X 107" cm”. This is equivalent to a dot size of 6.6 nm,
which is close to the studied PbSe QD dot size of 8 nm. This
indicates that at low temperature carriers are trapped in one dot
and possibly captured at dot surface defect states, resulting in
the fast response time of 202 ps. To the best of our knowledge,
these are the first reported experimental values for carrier
detrapping rates and trap-capture cross-sections of PbSe QD
films. By obtaining photocurrent dependence with laser fluence
measurements, we extract the density of trap states of 10Y/cm?
(see Figure S7), consistent with previous studies of EDT
treatment of PbSe dots.**** As illustrated in Figure S7, the
photocurrent decays faster with increasing laser fluence above
50 uW, strongly suggesting an Auger recombination mecha-
nism. This further argues that the decay dynamics dependence
on temperature is due to a trapping mechanism under the low
laser fluence of 8.3 mW/cm? (40 W) in this study and not due
to Auger recombination.

By utilizing the trapping—filling mechanism into trap states at
the lowest tested temperature of 78 K, the Auston-switch
photodetector studied above has the best performance with an
external quantum efficiency (EQE), responsivity, and response
time fwhm of 1073%, 4.0 X 10~ A/W, and 202 ps, respectively
(see calculations in SI). The trap filling mechanism results in a
fast photocurrent decay time, but at the cost of poor device
performance, mainly due to the poor carrier collection
efficiency during transport. In order to improve the EQE and
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Figure 3. High-speed, high-efficiency QD photodetector using sandwich microstrip transmission line structure. (a) Scheme of the device with a PbSe
QD thin film sandwiched between a bottom ITO electrode and a top Au electrode. Actual image of overlapped area (~100 ym?®) of the two
electrodes (top left inset); device cross-section (bottom right inset). (b) Transient photocurrent traces under various biases at room temperature and
a laser fluence of 0.42 mW/cm”. Dashed lines are fitted single-exponential decays of the photocurrents. (c) The photocurrent decay lifetimes are
inversely proportional to the applied biases. (d) Schematic illustrating the proposed transport dynamics under the carrier sweeping transport
mechanism.

Table 1. Key Parameters of Our High-Speed IR Photodetectors of QD-Based and Reported Graphene Devices’

photodetector structure bias (V) EQE (%) responsivity (A/W) fwhm (ps) operating temperature dark current density (mA/cm?®)

sandwich 1.3 S4 0.36 74 room T 11§ x 10°
graphene 0 0.5 6.1x 107 <11 room T 0
responsivity while maintaining the fast response time under photocurrent decays faster under higher bias: a 0.7 V bias
room-temperature operation condition, an additional device results in a photocurrent decay time of 130 ps; increasing the
architecture is implemented in which the carriers are swept by a bias to 1.3 V, the decay time hastens to 74 ps, nearly 3 times
high electric field to the electrodes before they can fall into the faster than the coplanar device. Faster decay below 74 ps and
deep trap states. decay less than 20% of peak current are expected under higher
bias; however, bias voltage above 1.3 V led to device
B SANDWICH MICROSTRIP TRANSMISSION LINE breakdown. The faster decay under higher bias indicates that
PHOTODETECTOR WITH CARRIER SWEEPING the carriers are swept to the electrodes by the electric field.
MECHANISM With the carrier sweeping mechanism, the relationship between
In the new photodetector architecture, a high electric field in decay time and applied bias is governed by
the range of 1.9 X 10° V/cm (1.3 V/70 nm) sweeps out the )
carriers to the electrodes before they fall into the deeper trap = (l)(L_)
states. This design can be achieved with a small electrode unv (3)
separated by a thin layer of PbSe QDs of 70 nm thickness, as
illustrated in Figure 3a, where a PbSe QD film is dip-coated by ,where 7 is the sweep time, y is the majority carrier mobility of
hand on a prepatterned ITO microstrip line of 50 € holes, L is the film thickness, and V is the bias voltage; we
impedance. The transparent contact of ITO allows laser calculate the mobility from the slope of 0.26 cm?/(V s), which
illumination through the glass/ITO contact. The top Au is consistent with other reported values in the literature.”'* We
stripline was thermally evaporated through a shadow mask onto further calculate the key parameters of the high-speed sandwich
the top surface of the PbSe QD film in such a manner that the photodetectors. The calculated EQE is 54% and the
overlap area with the bottom ITO contact was ~100 gm? The responsivity is 0.36 A/W under 1.3 V bias, indicating
ITO side was biased with a power supply, and the Au side significantly improved carrier extraction compared to a coplanar
transmitted the signal directly to the sampling oscilloscope. Au device (see calculations in SI). Without taking into account any
is known to form an ohmic contact with PbSe QDs.>* Using a optical loss due to reflection and absorption of the ITO, the
parallel plate capacitor model, we estimated the circuit rise time above-calculated parameters may compensate for the weak
constant to be 14 ps (detailed calculation in SI), which absorption at longer wavelengths for IR photodetectors, while
indicates that the measurement will still be limited by the the characteristic excitation wavelength is 800 nm in our case.
system bandwidth of 35 ps. Figure 3b clearly shows that the The quantum efficiency and responsivity improvement is due
1220 DOI: 10.1021/acsphotonics.6b00211
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to enhanced carrier collection efliciency before electrons and
holes recombine or fall into trap states. The calculated carrier
drift length under 1.3 V bias is estimated as 50 nm, comparable
to the PbSe QD film thickness of 70 nm, allowing about 70% of
the carriers to be collected before they are trapped.

The key photodetector parameters are tabulated in Table 1,
along with the most comparable nanostructured IR high-speed
photodetector based on graphene.”” The QD-based sandwich
photodetector has superior EQE and responsivity. However,
the dark current density for QD-based devices is quite high due
to the ohmic contacts, on the order of ~10° mA/cm?, as shown
in Figure S8. This could be minimized by adding an electron-
or a hole-blocking layer between electrodes and the PbSe QD
films, as suggested by other studies.””

In conclusion, the high-speed photodetector can be operated
via a trapping mechanism, but demonstrates inferior device
performance due to poor carrier collection efficiency. On the
other hand, using a carrier sweep mechanism, we have shown
high-speed photodetectors with state-of-the-art performance
with ~50% EQE, responsivity of 0.36 A/W, and response time
fwhm of 74 ps at room temperature. This is realized by
reconfiguring the device in a sandwich electrode geometry
between Au and ITO with a small overlap area of 100 #m® The
device operation mechanism and device architecture can be
generally applied to other semiconductor QDs. In addition to
superior device performance, the unique feature of solution
processing and tunable absorption wavelength covering the
near IR and IR range enable semiconductor QDs promising
;lpplicggtigns in optical communications, sensors, and surveil-
ance.”
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