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Carrier multiplication detected through transient
photocurrent in device-grade films of lead selenide
quantum dots
Jianbo Gao1,w, Andrew F. Fidler1 & Victor I. Klimov1

In carrier multiplication, the absorption of a single photon results in two or more electron–hole

pairs. Quantum dots are promising materials for implementing carrier multiplication principles

in real-life technologies. So far, however, most of research in this area has focused on optical

studies of solution samples with yet to be proven relevance to practical devices. Here we report

ultrafast electro-optical studies of device-grade films of electronically coupled quantum dots

that allow us to observe multiplication directly in the photocurrent. Our studies help rationalize

previous results from both optical spectroscopy and steady-state photocurrent measurements

and also provide new insights into effects of electric field and ligand treatments on multiexciton

yields. Importantly, we demonstrate that using appropriate chemical treatments of the films,

extra charges produced by carrier multiplication can be extracted from the quantum dots

before they are lost to Auger recombination and hence can contribute to photocurrent of

practical devices.
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P
rocesses of photon-to-charge-carrier conversion are of key
importance in photosynthesis, generation of solar fuels, and
production of photoelectricity. A traditional assumption is

that a single photon is converted into a single electron–hole
(e–h) pair or an exciton. However, the fundamental laws of
physics do not prohibit the absorption of a single photon from
producing multiple e–h pairs if the photon energy (hv) is
sufficiently high to ensure energy conservation. This process,
usually termed ‘carrier multiplication’ (CM) or ‘multiexciton
generation’, can be understood in terms of impact ionization
whereby a valence band electron is promoted across a band gap
(Eg) as a result of a collision with an energetic carrier (an electron
or hole) (Fig. 1a). Ideally, quantum efficiency (QE) of photon-to-
exciton conversion (q) in the presence of CM is characterized by a
staircase-like function where each increment of hv by Eg results in
a new e–h pair, that is, an increase in QE by 100% (Fig. 1b; blue
line). If CM operates at this energy-conservation defined limit, it
could lead to dramatic advances in solar energy conversion
technologies1,2.

In macroscopic, ‘bulk’ semiconductors, however, CM is
inefficient within the solar spectrum due to a high activation
threshold (ECM) which is at least B4Eg (refs 3,4) (Fig. 1b; red
line). As was originally demonstrated in ref. 5 the CM threshold
could be considerably reduced (to o3Eg) using nanosized
semiconductor crystals known as quantum dots (QDs), and
further pushed down to the fundamental 2Eg limit through QD
hetero-structuring6 (Fig. 1b; green line). The observed reduction
in ECM can be linked to relaxation of constrains imposed
by translation momentum conservation due to suppression of
translation motion of carriers in QDs7–9. In addition, CM in QDs
benefits from a discrete, atomic-like structure of electronic
states, which makes a competing process of photon emission
less efficient than in the bulk2. Following the original report on
CM in PbSe QDs5, this process has been observed in QDs
of a variety of compositions5,10–15, as well as other nanomaterials
including semiconductor nanorods16, semiconductor hetero-
structures6,17, carbon nanotubes18 and graphene19. Considerable
progress has also been made towards demonstrating CM-
enhanced photocurrent in practical devices20–22 as well as the
development of various theoretical frameworks for treating this
process in nanomaterials8,23–28.

While the conducted studies have indicated a significant
promise of engineered nanostructures for obtaining enhanced
CM, there are still a number of questions and challenges that need
to be addressed to fully realize the potential of CM in practical
devices. For example, the majority of quantitative insights into

CM has been derived from optical spectroscopic studies of
solutions of isolated QDs29–31, while practical devices use films
of electronically coupled particles20,22,32–35. The available
studies of QD films, however, do not provide a conclusive
answer to the question on the effect of electronic coupling on
multiexciton yields. For example, time-resolved microwave
conductivity measurements indicate that CM efficiencies in
PbSe QD films can be considerably higher than those in QD
solutions36. On the other hand, the CM yields obtained from
studies of PbSe QD-based solar cells are lower than those from
ultrafast spectroscopic studies of solution samples22. Therefore, it
is still unclear how the CM yields determined spectroscopically
for QD solutions translate into those observable in photocurrent
in photoconducting films. A related problem is a still unknown
effect of electric field on CM, which is an important factor in
p–n junction devices. Yet another open question is the role of
nonradaitive multicarrier Auger decay. This process is inherent to
CM-enabled devices and owing to its extremely short timescales37

it can potentially erase all gains due to CM. An outstanding
challenge is also the lack of experimental means for rapid and
reliable evaluation of CM performance of nanomaterials.
Ultrafast spectroscopic techniques, applied most commonly in
CM measurements, use complex and expensive equipment, are
labor-intense and very time consuming, which is a serious
obstacle to more rapid progress in the development of new, more
efficient CM materials.

In the present report we demonstrate that the above challenges
can be successfully addressed by using an ultrafast transient
photocurrent (TPC) technique for studies of early time electronic
dynamics, and specifically CM, in device-grade films of
coupled QDs. This method has been previously applied to, for
example, organic materials38,39, however, up to now not to QDs.
In our studies, we incorporate QD films into a fast electro-optical
switch40 triggered by femtosecond laser pulses and monitor
dynamics of photogenerated carriers with 40 ps resolution
which allows us to resolve Auger decay of multicarrier states
directly in photocurrent. Following a rigorous validation of this
method via a quantitative analysis of TPC signatures of single
excitons and biexcitons, we use it to investigate CM yields in QD
films and then compare them with existing literature on optical
studies of QD solutions and photocurrent-based measurements of
QD devices. Application of TPC helps rationalize these previous
results and also provides new insights into the effects of an
electric field and ligand treatments on CM yields as well as
competition between Auger recombination and charge extraction
from the QDs.
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Figure 1 | CM and its characteristics. (a) Absorption of a photon with a sufficiently high energy (hv) generates a hot carrier, which can excite an additional

e–h pair via an impact-ionization-like collision with a valence band electron. As a result, two e–h pairs are produced per single absorbed photon.

(b) Comparison of the ideal QE of photon-to-exciton conversion in the energy-conserving limit (blue) with those of bulk germanium (red) and PbSe/CdSe

core/shell QDs (green) assuming the same band gap of 0.67 eV, which is equal to Eg of Ge; the Ge and QD data are adopted from refs 4,6, respectively.

Owing to the reduced threshold (ECM), CM in nanomaterials is active over a wider fraction of the solar spectrum (grey shading) than in the bulk.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9185

2 NATURE COMMUNICATIONS | 6:8185 | DOI: 10.1038/ncomms9185 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


Results
TPC technique. In these studies, we use PbSe QDs with mean radii
(R) from 2.8 to 3.5 nm (Fig. 2a,b) and corresponding
band gaps of 0.60–0.76 eV as inferred from the position of the
band-edge peak in optical absorption spectra (Fig. 2a). The
dots are incorporated into a photoconductive switch (Fig. 2c),
which comprises a B200-nm thick QD layer assembled on a
glass substrate with a 100 nm-thick gold ground plane on its back
side. The QDs are treated with 1,2-ethanedithiol (EDT) or EDT/
hydrazine using procedures that are similar to those applied in
previous studies of charge transport in QD films41–44, QD-based
photodetectors20,35 and solar cells22. The device is completed by
thermally evaporating 100 nm thickness interdigitated gold contacts
prepared as co-planar microstrips with a 50O impedance. One
contact of the switch is biased with an adjustable d.c. voltage, while
the other is connected to the input port of a fast sampling
oscilloscope with a 20GHz bandwidth. The switch is triggered with
short B100 fs laser pulses of an amplified Ti:sapphire laser at
1.55 eV (fundamental output) or 3.1 eV (frequency doubled
output). We characterize the excitation intensity in terms of the
average number of photons absorbed per QD per pulse oNabs4
which can be expressed via a per-pulse photon fluence (w) and an
absorption cross section (s) as oNabs4¼ws. The overall system
response time is B40ps as illustrated by the resolution-limited
signal rise time in Fig. 2c. All measurements reported below have
been conducted at room temperature.

Temporal evolution of a photocurrent across the
switch can be described by the following expression40:
j hn; tð Þ ¼ q hnð ÞeE ne tð Þme tð Þþ nh tð Þmh tð Þ½ �, where j(hv, t) is the
current density which is directly proportional to the experi-
mentally measured photocurrent I(t), e is the electron charge, E is
the applied electric field, ne and nh are the densities of
photogenerated electrons and holes, respectively, and me and mh

are their mobilities. Expressing ne and nh in terms of the density
of the QDs (nQD) and QD average electron and hole occupancies
(oNe4 and oNh4, respectively), and further assuming that
because of mirror-symmetric conduction and valence bands of
PbSe electron and hole mobilities are similar (me¼ mh¼ m), we
can present j as j hn; tð Þ ¼ q hnð ÞeEm tð ÞnQD Ne tð Þh iþ Nh tð Þh ið Þ. If
we further assume that on experimental time scales (to3 ns) the
QD occupancies change only as a result of e–h recombination
and thus at all times oNe4¼oNh4¼oN4, we arrive at the
following equation:

j hn; tð Þ ¼ 2q hnð Þem tð ÞEnQD N tð Þh i: ð1Þ

Equation (1) suggests that in general the dynamics of the
measured photocurrent is governed by temporal evolutions of
both mobilities and QD occupancies. However, if the changes
in mobility due to, for example, charge trapping at intraband
defects are slow compared with recombination time scales, the
photocurrent directly reports on carrier population dynamics.
In this regime, TPC is not sensitive to exciton dissociation or
charge migration between the dots as these processes do not affect
the average occupancy of the QDs. Equation (1) also suggests
that the contribution from a given charge to photocurrent does
not dependent on the total number of other charges residing in
the QD, meaning in particular that the contribution from a
biexciton to j is twice that of a single exciton, as confirmed below
based on the analysis of TPC data. The listed features of the TPC
technique have much in common with those of transient
absorption, especially when it is used to monitor the band-edge
bleach, as it’s also proportional to the average occupancy of the
QDs45. As a result, as we show below, some of the methods
developed for the analysis of transient absorption data can be
directly applied to TPC measurements.
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Figure 2 | Schematic of TPC measurements. (a) Absorption spectra of QDs of three different mean radii of 2.8 nm (bottom), 3.0 nm (middle) and 3.5 nm

(top). (b) An example of a transmission electron microscopy image of PbSe QDs with a mean radius of 3.5 nm, scale bar is 10 nm. (c). A photoconductive

switch comprises a thin film of PbSe QDs deposited on a glass substrate with top interdigitated Au contacts. Photocurrent is excited by shortB100 fs laser

pulses and monitored with a 20GHz sampling oscilloscope. An example of a TPC trace on the oscilloscope’s screen shows a ca. 40 ps buildup (tb)
corresponding to the time for the signal to increase from 10 to 90% of the peak amplitude; this constitutes the overall temporal resolution of the system.
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Validation studies using sub-CM-threshold excitation. In
Fig. 3a, we display TPC data for EDT-treated QD films
obtained using excitation at 1.55 eV and an electrical bias
V¼ 60V. The QD mean radius is B3.5 nm and the band gap
is 0.69 eV, which corresponds to hn¼ 2.25Eg. The CM threshold
for PbSe QDs is B2.7–2.8Eg (ref. 29), so we expect to find
no signatures of CM for this photon energy. At low
fluences when oNabs4 oo1, the TPC shows fairly slow
dynamics that are virtually independent on pump intensity
(that is, differ only by a constant multiplier), as expected for the
situation when QDs are excited with single excitons and the
increase in oNabs4 leads only to the increase in the number of
photoexcted QDs. These single-excitonic dynamics can be closely
described by an exponential decay with a constant
offset: j tð Þ / uX ¼ ð1� f Þþ fe� t=tX , where tX¼ 1.7±0.1 ns and
f¼ 0.6±0.1.

When the excitation fluence is increased (oNabs4 becomes
B0.5 and higher), the measured transients develop a short early
time component, which is a typical signature of multiexcitons
decaying via an Auger process whereby the e–h recombination
energy is transferred to the third carrier. According to a well-
established volume scaling37, the biexciton Auger lifetime (tA,XX)
in 3.5 nm radius QDs is expected to be B180 ps, and this is
very close to the 170±10 ps time constant of the early time
TPC component. A similar agreement between the measured
decay and expectations based on either volume scaling or
literature results is also observed for all other studied QD sizes
(see Supplementary Fig. 1). This confirms the interpretation of
the early time TPC component in terms of the biexciton Auger
decay, which we describe by uXX ¼ e� t=tA;XX .

For the quantitative analysis of the measured transients we
consider the situation of moderate pump levels when excitation
produces only single excitons and biexcitons with fractions p1 and
p2 within the QD ensemble. In the case of linear scaling of j with
N (see equation (1)), the early time photocurrent can be expressed
as j(t¼ 0)pp1þ 2p2. During Auger decay all biexcitons
are converted into single exciton and if tA,XXootX (as
indicated by our measurements; see above) the fraction of
singly excited QDs becomes equal to (p1þ p2), which yields
j(tA,XXototX)pp1þ p2. On the basis of these prior- and
post-Auger-decay conditions, we can present the overall temporal
evolution of the photocurrent as (see Supplementary Note 1 for a
detailed derivation of this expression):

j tð Þ / p2uXX þ p1 þ p2ð ÞuX ¼ p2e
� t=tA;XX þ p1 þ p2ð Þ 1� fð Þþ fe� t=tX

h i
: ð2Þ

Now, we can determine fractions of single excitons and biexciton
in a photogenerated ensemble by fitting TPC traces from Fig. 3a
to equation (2) with p1 in and p2 as adjustable parameters.
The fits are additionally convoluted with a Gaussian to account
for the finite temporal resolution (see Supplementary Note 1 and
Supplementary Fig. 2 for additional information). The values of
p1 in and p2 derived from this procedure are plotted in Fig. 3b as a
function of w.

To validate the derivation of p1 in and p2, we conduct a
statistical analysis of a carrier distribution across a QD ensemble.
In the absence of CM, it is expected to follow Poisson
statistics defined by a single parameter, which is the
average QD occupancy oN(t¼ 0)4¼oNabs4¼ws (ref. 45).
Calculating p1 in and p2 on the basis of Poisson distribution
(see Supplementary Note 2 for further details), and using s and a
shared amplitude factor as the two adjustable parameters we can
simultaneously fit the pump-intensity dependence of p1 in and p2.
On the basis of the fitting, s is 2.6� 10� 15 cm2, which is in close
agreement with the estimation based on the QD volume45 as well
as published literature values46. Absorption cross-sections derived

for other QD sizes from a similar Poissonian analysis of TPC
data are also consistent with values documented in the
literature (Supplementary Fig. 1). This confirms that our
TPC measurements indeed allow us to quantify relative
fractions of single excitons and biexcitons, which is a key
capability in CM studies.
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Figure 3 | TPC measurements using excitation with a 1.55 eV sub-CM-

threshold photon energy. (a) Pump-power dependence of TPC traces

measured for the EDT-treated film of QDs with Eg¼0.69 eV for oNabs4
varied from 0.003 to 0.68 (from bottom to top; coloured lines); the applied

bias V¼60V. Increasing fluence leads to the development of a fast

component consistent with multicarrier Auger recombination. Fits to the

data are shown as the dashed black lines; see text for details of the fitting

procedure. (b) The pump-fluence dependence of fractions of single

excitons (p1, blue circles) and biexcitons (p2, red squares) generated in a

QD ensemble. The data can be accurately described assuming Poisson

statistics of carrier distributions (lines). (c) Exciton multiplicities calculated

based on the measured p1 and p2 (circles) are perfectly described by the

Poisson dependence (dashed line) and indicate that oNX4 tends to unity

in the limit of zero fluences, as expected for the no-CM case. Error bars in b

and c are s.d. derived from the non-linear least squares fits to the measured

photocurrent transients used to derive amplitudes of the single-exciton and

multiexciton decay components.
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Next, we evaluate average exciton multiplicity, oNX4, which
is the average number of e–h pairs per photoexcited QD.
The zero-pump-fluence limit of this quantity defines the QE
of photon-to-exciton conversion: q¼ limw-0oNX4 (ref. 5).
For a photoexcited system considered here, which contains only
single excitons and biexcitons,

NXh i ¼ 2p2 þ p1ð Þ= p1 þ p2ð Þ: ð3Þ
Using p1 and p2 derived from the TPC traces, we calculate
oNX4 as a function w and plot the results in Fig. 3c
(red circles). As expected for the situation with no CM,
oNX4-1 in the limit of w-0. Again, we observe a close
agreement between the measured exciton multiplicities and those
calculated based on the Poisson analysis (Fig. 3c, red line) using
the same cross section as derived from the fit in Fig. 3b.

CM studies of QD films. To study CM, we use pump pulses at
3.1 eV. In the example in Fig. 4a we apply them to the
sample with Eg¼ 0.69 eV (same as in Fig. 3), which corresponds
to hn/Eg¼ 4.5. At high excitation fluences, we again observe the
fast decay component due to Auger recombination of biexcitons.
However, in contrast to the 1.55 eV excitation, this component
persists in the limit of extremely low excitation intensities (down
to oNabs4 of 0.007) when the likelihood of multiple photon

absorption is negligibly small (o1%). This implies that biexcitons
are generated by single photons, that is, are due to CM. Using
the fitting procedure described above we obtain the exciton
multiplicity and plot it in the inset of Fig. 4b as a function
of w. By extrapolating experimental data to zero excitation
fluence we obtain QE¼ 1.44±0.04 (144%), and further
multiexciton yield Z¼ (q–1) of 0.44±0.04 or 44%. We conduct
similar measurements for samples with other QD sizes and
summarize all results in Fig. 4b (red circles).

Interestingly, we can replicate the low-pump-intensity 3.1 eV
TPC traces using 1.5 eV excitation, however, with much higher
pump fluences. As illustrated in the example of Fig. 4a inset, the
3.1 eV trace taken with oNabs4¼ 0.08 perfectly matches the
1.5 eV traces acquired with oNabs4¼ 0.68, implying identical
exciton multiplicities. As we showed earlier, for 1.5 eV excitation,
oNX4 is controlled by Poisson distribution uniquely defined by
oNabs4. The fact that in the case of 3.1 eV excitation the same
value of oNX4 is realized for much lower fluence indicates that
carrier distribution across the QD ensemble is non-Poissonian,
which is a distinct attribute of the CM process47.

Comparison with QD solutions. As was mentioned earlier, an
important and still open question is the relationship between CM
yields observed spectroscopically for QD solutions and those
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For the EDT- and EDT/hydrazine-treated films the fluences are, respectively, B7� 1012 and B2� 1011 cm� 2 for both excitation energies.
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attainable in devices usimg coupled QD films. Compared with
steady state or ‘slow’ time-resolved techniques used in previous
measurements of QD films22,36, the TPC method is a more
suitable tool for assessing the CM performance of film versus
solution samples as it probes CM under conditions that largely
replicate ultrafast optical measurements and thus allow for
elimination of potential distortions in CM yields due to
recombination and/or transport carrier losses. In Fig. 4b, we
compare our TPC results with CM measurements from previous
ultrafast optical studies of PbSe QD solutions48. For all studied
QD sizes, we find a close agreement between these two sets
of data, which leads us to an important conclusion that CM yields
observed in QD solutions can in principle be reproduced in QD-
film-based devices, at least at early stages after photoexcitation
before any significant carrier losses to recombination occur. This
also implies that a large body of existing spectroscopic data on
CM in various classes of QDs can be used for evaluating their
prospective performance in devices.

In addition to the advantage of replicating ultrafast optical
measurements in a more device-relevant regime, the TPC method
also allows for a significant time saving in evaluating CM
performance of materials. For example, even at the lowest
pump fluences (oNabs4 o0.01), it takes o1min to acquire a
low-noise TPC trace and o1 h to obtain a CM yield from several
TPC measurements conducted at different pump powers. On the
other hand, it would require more than 12 h to record a single
trace with a comparable signal-to-noise ratio with standard
transient absorption or PL techniques (for a considerably
smaller number of data points), and a few days to complete a
single CM-yield measurement.

Effect of electric field. An interesting opportunity opened by the
TPC technique is the studies of CM under conditions not acces-
sible with standard spectroscopic methods applied to QD solutions.
For example, using TPC we can readily evaluate the effect of an
applied electric field on CM yields. It is known that impact ioni-
zation, which underlies CM in extended bulk solids, is enhanced by
electric field49, however, its effect on CM in QDs has never been
evaluated either experimentally or theoretically. To fill this gap,
here we analyse multiexciton yields as a function of bias applied to
a photoconductive switch in the range up to 60V (E up to
B24kVcm� 1). Control experiments conducted below the CM
threshold (1.55 eV excitation) at low fluence where Auger decay is
not present indicate that the photoconductance (I(t)/V) is constant,
indicating Ohmic behaviour (Supplementary Fig. 3). Changing the
excitation to above the CM threshold we again observe no
dependence of measured dynamics on applied voltage apart from a
linear increase of photocurrent with V (Fig. 4c). This behaviour,
observed for all studied QD sizes (Fig. 4c inset), indicates that the
CM yield is E-independent, at least in the range of biases used in
these measurements. Further, since applied fields are of the order
of those existing in a depletion layer of p–n junction QD solar
cells50, we can conclude that the presence of built-in electric fields
in practical photovoltaic structures should not affect the CM
performance of the QDs.

Interplay between Auger recombination and charge extraction.
A high temporal resolution of TPC measurements also allows us
to evaluate the influence of fast multicarrier Auger recombination
on performance of practical devices. While in standard solar cells
it is only active at high light intensities (for example, under
concentrated solar radiation), it’s always present in CM-based
devices independent on incident flux and thus can potentially
eliminate all potential photocurrent gains if charge extraction is
not sufficiently fast. For example, in EDT-treated QD films in

Figs 3 and 4, we clearly resolve fast photocurrent decay due
to Auger recombination. While this prominent feature helps us
detect CM and quantify its yield, it also tells us that all
extra charges generated through CM are lost to non-radiative
recombination before extraction. This result helps rationalize
the observations of ref. 22 that EDT-treated films did not
exhibit any boost in steady-state photocurrent due to CM. On the
basis of our TPC measurements, the lack of CM-enhancement in
this case was primarily due to early time carrier losses to Auger
recombination but not, for example, charge transport losses or
exciton quenching by electrodes.

The above considerations point to an important role of inter-dot
coupling in CM-based devices that must be sufficiently strong to
ensure fast charge extraction outpacing Auger decay. Mild
hydrazine treatment following the treatment with EDT is known
to enhance inter-dot coupling and also to improve passivation of
surface defects44. When we apply a combined EDT–hydrazine
treatment to our QD films and then measure them using sub-CM-
threshold 1.5 eV excitation, we do observe suppression of defect
related relaxation as indicated by nearly decay free TPC traces on a
nanosecond timescale (Fig. 4d). Interestingly, when we switch to
3.1 eV excitation, which is above the CM threshold, we do not
observe signatures of Auger decay at low fluence either, while they
were present in EDT-treated film. Furthermore, the increase in the
early time signal amplitude between 1.55 and 3.1 eV, observed for
the same incident fluence, is identical for both EDT and hydrazine
treated films, indicating that the CM yield was not diminished with
the treatment process. Using equation (1) we may estimate the CM
yield in the EDT–hydrazine-treated films based on the peak
photocurrent value as 148%, which is in agreement with the
144±4% yield found for the EDT-treated films (see Supplementary
Note 3 for additional details). This indicates that the applied surface
treatment does improve inter-dot coupling such as separation of
multiple charges between adjacent QDs occurs faster than Auger
recombination but does not change the number of additional
charges generated through CM. This result is again in agreement
with previous steady-state photocurrent studies of ref. 22 according
to which QD films treated with a combination of EDT and
hydrazine show clear signatures of CM as manifested in more than
100% external QEs in extracted photocurrent. Together with earlier
measurements our newest ultrafast photocurrent data affirm a high
potential of CM for boosting photocurrent of practical devices.

Methods
PbSe QD synthesis. The PbSe QD synthesis and Cl passivation were adapted
from a previously reported method51. All syntheses and manipulations were
performed under dry argon using standard Schlenk-line and glove-box techniques.
Oleic acid (90%), lead (II) oxide (PbO, 99.999%), selenium shot (Se, 99.999%),
1-octadecene (90%), Bis(trimethylsilyl)sulfide (TMS2S, 95%), di-i-butylphosphine
((i-Bu)2PH, 98%) and trioctylphosphine (TOP, 97%) were used without additional
purification. PbO (1.1 g), Oleic acid (5ml) and 1-octadecene (20ml) were heated to
120 �C under vacuum for 30min, then the solution was purge with argon and
heated to 180 �C. A volume of 5ml of 2M trioctylphosphine selenide (TOPSe) and
B50 ml of ((i-Bu)2PH were rapidly injected, and the solution was kept at 160 �C for
1–10min, depending on desired QD size. PbSe QDs were precipitated with excess
ethanol and centrifugation to remove the decantate, and then redispersed in
hexane. To passivate the QD surface with Cl, aqueous hydrochloric acid (37%) and
sodium hypochlorite (6%) were mixed to generate Cl2. The resultant aqueous
solution was mixed with CCl4 that subsequently phase separates into an aqueous
and organic layer, with the Cl2 extracted into the CCl4 layer. After taking CCl4
layer, the solution was dried by anhydrous CaCl2. QD solution and Cl2/CCl4
solution were mixed, and Cl-treated QDs were purified by adding excess ethanol
and centrifugation to remove decantate. The final QDs were redispersed in hexane.

Fabrication of devices and their characterization. A PbSe QD film was
deposited onto a glass substrate with a prefabricated 100 nm-thick gold ground
plate on its back side in a layer-by-layer fashion to a film thickness of B200 nm
(ref. 52). The 100 nm thickness co-planar Au microstrips of 50O impedance were
then thermally deposited on top of the QD film under a vacuum of 2� 10� 6 Torr.
The gap between the gold microstrips was 25 mm. One side contact of the device
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was biased with a tunable voltage d.c. power supply, while the other side contact
was connected to a 20GHz bandwidth oscilloscope through coaxial cables. The
oscilloscope was triggered by laser pulses using a high-speed Si photodetector to
minimize timing jitter. A regeneratively amplified Ti:sapphire laser producing
B100 fs pulses at 1.55 or 3.1 eV with a repetition rate of 250 kHz was used as an
excitation source. The laser beam was focused with a cylindrical achromatic lens
into a line of a B100–300mm width, which produced spatially uniform excitation
across the photoactive area of a device. The system response time was B40 ps. All
devices were fabricated in a nitrogen glove box and sealed in an argon-filled
housing for measurements to avoid oxidation of the samples.
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