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ABSTRACT: For the application of colloidal semiconductor
quantum dots in optoelectronic devices, for example, solar
cells and light-emitting diodes, it is crucial to understand and
control their charge transport and recombination dynamics at
high carrier densities. Both can be studied in ambipolar, light-
emitting field-effect transistors (LEFETs). Here, we report the
first quantum dot light-emitting transistor. Electrolyte-gated
PbS quantum dot LEFETs exhibit near-infrared electro-
luminescence from a confined region within the channel,
which proves true ambipolar transport in ligand-exchanged
quantum dot solids. Unexpectedly, the external quantum
efficiencies improve significantly with current density. This effect correlates with the unusual increase of photoluminescence
quantum yield and longer average lifetimes at higher electron and hole concentrations in PbS quantum dot thin films. We
attribute the initially low emission efficiencies to nonradiative losses through trap states. At higher carrier densities, these trap
states are deactivated and emission is dominated by trions.
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Semiconducting colloidal quantum dots (QDs) are attractive
materials for solution-processed optoelectronic devices

including solar cells,1−3 photodetectors,4−6 field-effect tran-
sistors (FETs),7−11 and light-emitting diodes (LEDs).12−15 For
these QD-based devices, where charge carrier densities can be
high and influence the optoelectronic properties, a fundamental
understanding of charge transport and recombination dynamics
is necessary. An excellent system to investigate these effects is
an ambipolar light-emitting field-effect transistor (LEFET). In
an ambipolar FET, holes and electrons are injected into the
channel from the source and drain electrodes, respectively,
depending on the biasing conditions.16 The formed accumu-
lation layers meet within the channel resulting in electron−hole
recombination and thus light emission from a narrow line, the
recombination zone. The position of the recombination zone
depends on the applied gate and source-drain voltage and can
be moved arbitrarily through the entire channel. When the
emission zone is located away from the electrodes all injected
holes and electrons must recombine. Thus, hole and electron
currents are always perfectly balanced without the need for hole
or electron blocking layers. One of the most important features
of LEFETs is the charge carrier density, which can be orders of
magnitude higher than in diodes and thus allows for the
investigation of recombination and emission dynamics large
carrier concentrations. Ambipolar LEFETs have so far been
demonstrated for bulk organic semiconductors (conjugated
polymers17 and single crystals18), two-dimensional semi-

conductors (e.g., transition metal dichalcogenides like WS2
19

or MoS2
20), and one-dimensional semiconductors (individual

single-walled carbon nanotubes21 and networks22). However,
LEFETs based on zero-dimensional semiconductors have so far
remained elusive, either due to insufficient ambipolar charge
transport or severe Auger quenching of emission in thin films.
They are the last missing example to demonstrate the
universality of ambipolar transport and light-emission in field-
effect transistors. PbS QDs are ideal candidates for the
realization of quantum dot light-emitting FETs. They exhibit
good photoluminescence yields and size-tunable emission
wavelengths in the near-infrared (800−1800 nm)23 and have
been applied in LEDs as alternatives to traditional InGaAsP
light-emitting diodes.15,24 They have a small bandgap and a
large Bohr radius (∼18 nm),25 which facilitates ambipolar
charge transport.
Electrolyte-gating is a powerful method to reach high carrier

densities for both holes and electrons.26 It enables access to the
intrinsic properties of semiconducting QDs by efficient
compensation of trap states and dopants.9,11 The dielectric of
a conventional top-gated or back-gated transistor is replaced
with an electrolyte, which in our case is an iongel based on an
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ionic liquid. By applying a gate voltage (VG) the anions and
cations of the electrolyte move toward the gate electrode and
the semiconductor surface, respectively, and form nanometer-
thin electric-double layers (EDLs). The applied gate voltage
drops over these EDLs, which results in huge effective
capacitances (few μF·cm−2), enabling the injection and
accumulation of large charge carrier densities (∼1013 cm−2)
at very low voltages (<3 V). Electrolyte-gating is especially
useful for nanoparticle films because the electrolyte can
penetrate the porous particle layers and form EDLs on the
surface of each nanoparticle. This hugely enhances the gating
effect compared to conventional top- or back-gated geo-
metries.27 Not only the first layer but almost the entire film is
charged and thus contributes to the charge transport.
Electrolyte-gating can be viewed as an electrochemical doping

process where the gate electrode is a polarizable counter
electrode, the source/drain electrodes are the working
electrode, and the QD film is the electroactive species. Usually,
no additional reference electrode is used in electrolyte-gated
transistors.
Here, we demonstrate the first quantum dot light-emitting

field-effect transistor. We were able to obtain both good
ambipolar charge transport and near-infrared light emission
using electrolyte-gated PbS QD thin films. Because LEFETs
operate at very high carrier densities we also studied the
influence of hole and electron accumulation on the
recombination dynamics of the PbS QD films by gate
voltage-dependent, time-resolved photoluminescence measure-
ments. We propose a model that can explain the significant
impact of accumulated charges on the emission efficiencies via

Figure 1. (a) Transmission electron microscopy images of PbS 1 QDs (d ∼ 4.3 nm), PbS 2 QDs (d ∼ 4.6 nm), and PbS 3 QDs (d ∼ 5.1 nm) and
(b) corresponding absorption spectra with λPbS1 = 1230 nm (green), λPbS2 = 1303 nm (red), and λPbS3 = 1407 nm (blue). (c) Scanning electron
microscopy images of a five layer-by-layer PbS QD film. The top view image shows some surface cracks, the cross-section images reveal a
homogeneous layer with a thickness of about ∼230 nm. (d) Schematic illustration of a PbS QD light-emitting field-effect transistor with a side-gate
and an iongel electrolyte containing the ionic liquid [EMIM][FAP].

Figure 2. (a) Typical transfer characteristics of an electrolyte-gated FET with spin-coated and ligand-exchanged PbS QDs indicating ambipolar
transport. (b) Schematic illustration of hole and electron accumulation and recombination zone for a transistor in the ambipolar regime. (c) Position
(distance from hole injecting electrode) and intensity of emission from a PbS QD FET (PbS 2 QDs, channel length L = 5 μm; integration time 10 s)
depending on gate voltage for constant source-drain voltage (VSD = −1.2 V) and (d) false-color near-infrared images (wavelengths 800−1600 nm;
integration time 5 s) of the recombination and emission zone from the same device at different gate voltages (VSD = −1 V); see also movie in
Supporting Information D.
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deactivation of the nonradiative decay channels and creation of
trions as radiative decay channels in ligand-exchanged QD
films.
We used different sizes of PbS QDs to create LEFETs

including quantum dots with diameters of 4.3 nm (absorption
maximum λAbs = 1230 nm; PbS 1), 4.6 nm (λAbs = 1303 nm;
PbS 2), and 5.1 nm (λAbs = 1407 nm; PbS 3) as shown in the
transmission electron microscopy (TEM) images in Figure 1a
and corresponding absorption spectra (Figure 1b). Thin films
of these PbS QDs were fabricated via spin-coating in a layer-by-
layer (LBL) approach including a ligand exchange of the long
capping ligand oleic acid with the short 3-mercaptopropionic
acid (MPA). The ligand exchange causes a redshift of the
photoluminescence (PL) (see Supporting Information Figure
S1) and a substantial decrease in quantum yield (QY). The PL
QY drops from relatively high values of around 12% in solution
to 1.5−7% for single layer films (with oleic acid) and 0.05−
0.07% for ligand-exchanged LBL films. The obtained small
interdot spacing promotes efficient charge transport but also
leads to reduced QY.15,28

Cross-sectional scanning electron microscopy (SEM) images
(Figure 1c) show that the 5 LBL PbS QD films are very
homogeneous with a thickness of 220−240 nm. All films show
a large number of cracks arising from the volume loss caused by
the ligand exchange.29 However, due to crack filling after
several LBL steps none of these cracks runs through the entire
thickness of the film and continuous charge transport is
guaranteed. By annealing the PbS QD films for 30 min at 120
°C these cracks could be removed and carrier mobilities
increased but such heat treatment also caused significant
broadening and redshift of the emission (see Supporting
Information Figure S2) probably due to ligand loss and
sintering of the PbS QDs. Hence, all of the following
measurements were obtained from nonannealed films.
We used electrolyte-gating with an iongel based on the ionic

liquid 1-ethyl-3-methyl-imidazolium-tris(pentafluoroethyl)-tri-
fluorophosphate ([EMIM][FAP]) to achieve high charge
carrier densities. For simplicity, we employed a side-gate
geometry as shown in Figure 1d. Transistors were measured in
a nitrogen-filled glovebox and showed clear ambipolar transfer
characteristics although with relatively large hysteresis. This
hysteresis is typical for PbS and PbSe QD FETs and probably
originates from a large number of shallow trap sites.9,10 Figure

2a shows current−voltage characteristics of an LEFET
fabricated with PbS 2 QDs (d = 4.6 nm). Field-effect mobilities
were estimated from the transconductance at low source-drain
voltages (VSD) and ranged from 0.04 to 0.06 cm2 V−1 s−1 for
electrons (μe) and 0.003 to 0.009 cm2 V−1 s−1 for holes (μh),
assuming a constant capacitance of Ci = 3.4 μF·cm−2 for the
iongel. This capacitance value was obtained from measurements
of the pure ionic liquid [EMIM][FAP] in a plate−plate
geometry with platinum electrodes30 and may differ somewhat
from the effective (gate voltage dependent) capacitance of the
iongel.
The observed V-shaped transfer curves of PbS QD LEFETs

are characteristic for ambipolar transistors. For higher source-
drain voltages (VSD) the transfer curves shift due to the altered
potential difference between the drain and gate electrode
(Figure 2a), which is a typical behavior for ambipolar FETs.16

The output and transfer characteristics of LEFETs fabricated
with the three different PbS QDs (see Supporting Information
Figure S3) all show the same trend; while sweeping the gate
voltage for a constant source-drain bias we observe a transition
from unipolar electron accumulation (low positive VG) via the
ambipolar regime (low negative VG) to the unipolar hole
accumulation regime (high negative VG). The valley of the
transfer curve corresponds to the ambipolar regime where both
electrons and holes are present in the channel. In this regime,
recombination takes place leading to exciton formation and
light emission from a confined region in the channel (see
scheme in Figure 2b). The position of the resulting emission
zone is directly controlled by the applied voltages (Figure 2c,d)
and can be moved from the source electrode through the
channel to the drain electrode and vice versa (Figure 2c,d, and
movie in Supporting Information D). This observation is
unambiguous proof for truly ambipolar charge transport and
exciton formation by electron−hole recombination in PbS
quantum dot films. These PbS QD FETs are thus the first
ambipolar, light-emitting FETs based on a zero-dimensional
semiconductor.
The emission zone is very uniform and moves through the

channel in a straight line, which indicates a homogeneous PbS
QD layer and uniform charge injection and transport. The
apparent width of the emission zone of about 2 μm (see
Supporting Information Figure S4) is partially caused by the
limited resolution of the optical setup in the near-infrared. The

Figure 3. (a) Photoluminescence spectra (excited at 640 nm; ∼10 mW/μm2; integration time 20 s) of PbS QDs (green, PbS 1; red, PbS 2; blue, PbS
3) within the channel region and electroluminescence spectra from the same spot (VG = 0.1 V; VSD = −1.2 V; integration time, 60 s). (b) External
quantum efficiency (EQE) of a PbS light-emitting FET (PbS 2) at different source-drain voltages and thus current densities. Inset: maximum EQE
versus corresponding current density.
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intensity of emission decreases toward the electron source (see
Figure 2c) because of the lower hole mobility in the PbS QD
film. This leads to lower currents (as seen in Figure 2a) and
thus fewer recombination events when the larger part of the
channel is filled with holes. In contrast to electrolyte-gated
LEFETs, PbS QD transistors in a top-gate configuration with a
thin hafnia dielectric show almost no hole transport. Although
electroluminescence can be observed for these devices as well,
it is weak and exclusively located at the hole injecting electrode
(see Supporting Information Figure S5), which is typical for
unipolar LEFETs.
Electroluminescence (EL) and PL spectra from the channel

region of the electrolyte-gated FETs are almost indistinguish-
able (Figure 3a) for all particle sizes. The peak width for all
QDs is about 200 nm. We observe a minor redshift of EL
versus PL of about 10 nm but no indication of predominant
emission from defect states or nanoparticles with larger than
average diameters and thus lower energy levels. This further
indicates that transport of holes and electrons indeed takes
place through the 1Sh and 1Se states of the QDs, respectively.
The large gating effect and thus high charge carrier densities
enabled by electrolyte-gating facilitate transport through all
QDs of the film despite the relatively broad size distribution.
The EL spectra did not change at higher current densities.
For comparison, PbS QDs with very high PL QYs in solution

and more narrow size distributions can be obtained by another
synthesis route using PbCl2 and sulfur. Trap sites are passivated
by the chlorine anions and a large excess of Pb during particle
growth.2,31 However, transistors based on these particles
showed very strong electron-doping. Ambipolar currents and
thus light emission remained low although measurable with
narrow EL and PL peaks (see Supporting Information Figure
S6). The emission was largely confined to the hole injecting
electrode. Other schemes to increase carrier transport while
maintaining high photoluminescence yield, for example,
capping PbS nanoparticles with molecular metal chalcogenide
complexes32 could potentially increase emission in quantum
dot LEFETs but were not investigated in this study.
The external quantum efficiencies (EQE) of LEFETs give

further insights into transport and emission properties of PbS
QD films at high carrier densities. Our devices exhibit EQEs of
about 0.002% (see Figure 3b) for forward emission. These EQE
values are comparable with those of PbS QD LEDs fabricated
with the same short MPA ligand.15 However, while the EQE of
PbS QD LEDs drops at high current densities PbS QD LEFETs
exhibit a steady increase in efficiency even beyond current
densities of 10 A·cm−2 (taking into account the source-drain
current, the total channel width of 20 mm and the full height of
the film, i.e., 220 nm). Apparently, additional charges do not
lower but improve the quantum yield. This behavior is
unexpected because doping is usually associated with
quenching of excitons.33−35 Further, photoluminescence
measurements of the channel region under constant laser
excitation (λexc = 640 nm) at various positive and negative gate
voltages and thus electron and hole accumulation, respectively,
show a sharp increase in intensity at the threshold voltage for
electron and hole transport without any spectral changes (see
Figure 4a and Supporting Information Figure S7).
With the aim to understand this effect we performed PL

lifetime measurements for different applied gate voltages and
thus levels of electron and hole doping of QD films. Note that
this is essentially an electrochemical doping experiment with
the source/drain electrodes acting as the working electrode and

the gate as the counter electrode. In order to monitor the
conductivity of the QD film we applied a small source-drain
voltage of −10 mV. VDS is kept very low so that the apparent
onset of electron transport is not significantly shifted to more
negative gate voltages. It also ensures that only one type of
charge carrier is present and no electroluminescence occurs.
The excitation power was kept low enough as to avoid
multiexciton contributions (see Supporting Information I).
Figure 4b presents PL intensity and PL average lifetime for PbS
2 quantum dots and the corresponding PL transients for
selected gate voltages (Figure 4c) (see Supporting Information
J for the definition of average lifetime and data for PbS 1 and
PbS 3 QDs). The signal intensity follows the dependence of the
average lifetime on gate voltage, that is, lifetime and intensity
increase for hole and electron accumulation.
The observed increase in intensity for charge accumulation

can be a sign of a larger number of QDs with high PL QY and/
or higher PL QY of the particles that emit. Additional changes
in the average decay lifetime imply a modification of the
radiative and nonradiative recombination channels. At high
doping levels, we can create large numbers of positive or
negative excitons, that is, trions. Trions are generated when an
imbalance of charge carriers occurs due to surface trapping or
electron/hole accumulation.35−40 Trion lifetimes are usually
much shorter than exciton lifetimes due to the fast Auger decay
rate (nonradiative losses) and higher probability of radiative

Figure 4. (a) PL spectra, (b) integrated PL intensity (black triangles)
and average emission lifetime (blue circles) at different doping levels,
and (c) corresponding normalized PL decays of PbS 2 QDs (IRF =
instrument response function).
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decay. This in turn may lead to a higher PL QY of trions
compared to excitons with fast nonradiative decay channels
although most reports consider trions as “dark” or “gray”
emitting species in terms of emission efficiencies.36,38,39 In our
case, a larger number of trions explains the variations of both
lifetime and PL intensity with doping that cannot be explained
by simple compensation of trap states.
Analysis of the PL intensity decays sheds light on the

observed trends (Figure 4c). For initial conditions and positive
gate voltages (0 V < VG < 2 V, no mobile electrons and no
significant changes of PL intensity) the PL decay is dominated
by a fast decay component. Taking into account the low PL
quantum yields (∼0.05−0.07%) and long exciton radiative
lifetimes of all three PbS QD films (assuming they are the same
as in solutions, i.e. ∼ 1−3 μs, see Supporting Information K),
this component represents fast nonradiative decay channels in
the QDs. When VG > 2 or 0 V > VG > −2 V an additional slow
decay component emerges, leading to an effective increase of
the arrival time of the detected photons. More importantly, the
decay slopes of the long-lived components are increasing, thus,
the associated time constant decreases. This becomes especially
clear for VG = −2.5 V (see Figure 4b,c and Supporting
Information J, Figure S8).
In order to investigate these trends quantitatively, we used

nonlinear transient analysis to separate the slow decay
components from the fast components similar to an approach
used by Saba et al.37 The PL decay curve at VG = 0 V was
subtracted from the other transients (see Supporting
Information Figure S10a−c). The resulting signal can be easily
fitted with a monoexponential decay function giving a lifetime
that corresponds directly to the component that only appears
for high doping levels (see Supporting Information, Figure
S10d−f). As expected from the observed increase of the average
lifetime in Figure 4b, most of the obtained lifetime values for
the slow decay components are higher than the initial average
lifetime at VG = 0 V (1−12 ns versus 2−3 ns). A second
calculation method using a triexponential fit, taking into
account the instrument response function (IRF) (see
Supporting Information L), was used to estimate the missing
data in the range 0 V < VG < 2 V and to check the reliability of
the fitting methods. Both methods gave an excellent correlation
of the obtained values and low fit residuals (Supporting
Information Figure S10d−f and S11). For all QDs, the values of
the decay lifetime for hole and electron doping are found to be
different. That is, for positive voltages >2 V (electron
accumulation) the lifetime is longer than for negative voltages
<0 V (hole accumulation). This leads to the conclusion that
positive and negative trions may have different lifetimes.
Unfortunately, only a few papers compare the lifetimes of

positive and negative trions and the issue remains un-
clear.36−38,40 It is believed that mirror symmetry between the
valence and conduction bands for PbS will cause similar trion
lifetimes for both signs. As for the absolute values it is common
to estimate the trion lifetimes from the biexciton Auger-decay
lifetimes.38 For example, for the PbS QDs of the same size used
in this study but with oleic acid ligands a biexciton Auger-decay
lifetime of less than 100 ps was measured by Stewart et al.,41

which would lead to a trion lifetime of a few hundred
picoseconds. This is one order of magnitude lower than the
trion lifetimes of a few nanoseconds that we observe for our
QD films. Differences between the density of states effective
mass of holes and electrons (for PbS: mh*/me* ≈ 0.6342),
charged surface ligands, and strong local fields due to the

electrolyte-gating could introduce asymmetric localization/
delocalization of electron and holes in quantum dot thin
films and thus change the absolute values and the ratio of
positive and negative trion lifetimes substantially.
Apart from the variation of the average lifetime due to trion

emission, the intensity enhancement is still unclear. Using the
amplitudes of the exponents from the triexponential fit we can
renormalize these values in order to represent the fraction of
the emitting species with a sum of fast and slow components
(see Supporting Information L for details). According to this
procedure only 1−3% of the QDs are responsible for the slow
decay components at VG = 0 V, whereas for higher voltages this
fraction drastically increases up to 35% (Supporting Informa-
tion Figure S10g−i). Taking into account that fractions of the
fast components decrease only slightly and their lifetime is
fixed, we can conclude that the observed intensity variation in
Figure 4a is due to the modulation of the number of emitting
quantum dots associated with the slow decaying component.
Following our previous conclusion, that this emission is trion-
related and the total intensity of the emission increases, we can
state that trion emission is higher than emission from particles
associated with the fast decaying component. According to
these considerations, 97−99% of the initial QDs (at VG = 0 V)
are inefficient emitters.
One of the probable reasons for the surprising trans-

formation of dark into bright QDs at high doping levels could
be the decrease of the nonradiative losses via electron and hole
trap states. As recently discussed, recombination centers can be
efficiently activated or deactivated by the variation of the
relative position of the Fermi level.39 This effect is also well-
known from the operation of FETs and is reflected in the
threshold voltage, at which trap states are filled and charge
carriers become mobile.43 The appearance of hole and electron
midgap states was considered to be caused by defects, ligands,
and stoichiometry variations.44−47 For our ensemble measure-
ments, we can expect the presence of two subgroups of QDs
with excess of either electron or hole trap states. If those traps
contribute equally to the same QD, compensation may occur,
leading to the effective deactivation of both trap states and thus
a higher ratio of radiative to nonradiative decay rates.
Figure 5 summarizes our model for the observed intensity

and lifetime variations for three typical conditions of charge
accumulation in QDs. Here, the first and the last column
correspond to the electron and hole accumulation regimes,
while the middle column corresponds to the initial conditions.
Recombination channels within the QDs with either predom-
inant electron (“blue” QDs) or hole (“red” QDs) traps are
depicted together with QDs where compensation occurs
(“green” QDs). Depending on the applied gate voltage, the
Fermi level (EF) is shifted with respect to their energetic
position (Et− and Et+ for electrons and holes, respectively),
leading to the activation or deactivation of the traps. For initial
conditions (middle column, 0 V < VG < 2 V, no mobile
carriers), exciton emission is represented as a sum of radiative
γrX0 and nonradiative γnrX0 decay rates for all QDs. The latter
corresponds to the intrinsic (not related to traps) exciton losses
via quenching or dissociation. However, most of the QDs (97−
99%) are dark, because they are dominated by nonradiative
transitions with a fast decay rate (γnr). For the electron
accumulation regime (left column, VG > 2 V), the shift of the
Fermi level leads to the deactivation of electron traps in
numerous QDs, converting them into QDs with negative trion
emission with corresponding radiative (γrX−) and nonradiative
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(γnrX−) decay rates. This manifests itself in the modified lifetime
and increased intensity of the slow decay component (Figure
4b,c, and Supporting Information Figure S8). It is worth noting
that the shift of the Fermi level also leads to the transformation
of previously bright QDs (“green” at 0 V < VG < 2 V) into QDs
with hole traps (“red”), while QDs with hole traps remain
unaffected. The same situation occurs for the hole accumu-
lation regime (last column Figure 5, VG < 0 V). Now light
emission is dominated by the radiative recombination of
positive trions (with radiative γrX+ and nonradiative γnrX+ decay
rates). Comparing the expected temporal response of the QDs
governed by the above-mentioned decay channels with
nonlinear PL transients, we can again justify the assignment
of the slow decay component to trion emission (see Supporting
Information M for details). The effective deactivation of the
traps via carrier density can also be mediated via excitation/
pumping rate with a laser, even without electrical charge
injection (see Supporting Information N, Figure S12). Note
that midbandgap states may also be radiative.44,46 However, due
to the limitation of our detectors photons with wavelengths
above 1600 nm were not detected and thus corresponding
transitions are considered as nonradiative in our model.
According to the proposed model, the increased charge

carrier density has a two-fold effect. First, it leads to dominant
trion emission. And second, a large number of QDs with fast
nonradiative losses becomes luminescent, effectively increasing
the overall emission efficiency. The latter is probably the main

reason for the observed increase of EQE in QD LEFETs at
higher current densities as shown in Figure 3b despite the low
PL efficiencies of the ligand-exchanged films. Although
deactivation of trap states might describe improved EQE, the
introduction of trions into the model is necessary to explain
different emission lifetimes for positive and negative charge
accumulation, as shown in Supporting Information Figure S10.
In summary, we demonstrated the first ambipolar, light-

emitting field-effect transistor based on quantum dots. We used
electrolyte-gating in order to achieve ambipolar transport in
ligand-exchanged PbS quantum dot thin films with high current
densities. This resulted in near-infrared emission from a
confined zone, whose position within the channel and intensity
could be controlled by the applied voltages. These quantum dot
LEFETs finally complete the series of light-emitting transistors
from zero-dimensional to bulk semiconductors. Further,
electrolyte-gated PbS QD FETs enabled the investigation of
electron−hole recombination and emission in QD solids at
high charge carrier concentrations. We found that emission was
initially limited by nonradiative decay channels due to charge
carrier traps. Electron and hole accumulation lead to increased
trion emission and higher PL quantum yields, which also
explains the increase of external quantum efficiency in LEFETs
at higher current densities. Our results suggest that high carrier
densities are not always detrimental to device performance but
can indeed improve it. These findings have implications for
solar cells and light-emitting devices based on QD solids, whose
performance strongly depends on carrier density and
recombination dynamics.
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