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ABSTRACT: Quantum dots (QDs) are promising candi-
dates for solution-processed thin-film optoelectronic devices.
Both the diffusion length and the mobility of photoexcited
charge carriers in QD solids are critical determinants of solar
cell performance; yet various techniques offer diverse values of
these key parameters even in notionally similar films. Here we
report diffusion lengths and interdot charge transfer rates
using a 3D donor/acceptor technique that directly monitors
the rate at which photoexcitations reach small-bandgap dot
inclusions having a known spacing within a larger-bandgap QD matrix. Instead of relying on photoluminescence (which can be
weak in strongly coupled QD solids), we use ultrafast transient absorption spectroscopy, a method where sensitivity is
undiminished by exciton dissociation. We measure record diffusion lengths of ∼300 nm in metal halide exchanged PbS QD
solids that have led to power conversion efficiencies of 12%, and determine 8 ps interdot hopping of carriers following
photoexcitation, among the fastest rates reported for PbS QD solids. We also find that QD solids composed of smaller QDs (d =
∼3.2 nm) exhibit 5 times faster interdot charge transfer rates and 10 times lower trap state densities compared to larger (d =
∼5.5 nm) QDs.
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Q uantum dots (QDs) are a subject of longstanding
interest for both fundamental physical chemistry and

also next-generation optoelectronic devices. Bandgap tuna-
bility, colloidal stability, and surface functionalization allow
them to be used in solution processed optoelectronic devices
such as photovoltaics,1−6 light-emitting diodes,7−9 and photo-
detectors.2,10 In solution, QDs are synthesized using long alkyl
chain molecules, typically oleic acid, for colloidal stability.11 In
films, this results in large interdot distances and insulating
barriers that impede exciton dissociation and carrier trans-
port.12,13 Solution-phase ligand exchange protocols have been
developed whereby oleic acid on the QD surface is replaced by
halide ligands in a biphasic solution, facilitating the preparation
of concentrated QD inks.14 This has resulted in QD
photovoltaics with high power conversion efficiencies recently
certified at 12.0%.15

Solution-phase exchanges enable the formation of thick
active layers (>300 nm) and ensure fuller surface coverage of
QDs with halides. This enables greater densification of the QD
solid resulting in stronger interdot coupling,16 which leads to
faster exciton dissociation and carrier transfer rates. One of the
most important metrics in a photovoltaic device is the diffusion

length, LD, of the carriers, which should exceed the thickness of
the active layer for highly efficient charge collection.17 The
diffusion length is related to the mobility of the carriers and
their lifetime by the following formula

τ=L DD (1)

where D is the diffusion coefficient and τ is the lifetime of the
carrier. D is related to carrier mobility via the Einstein relation

μ=D
kT

q (2)

where k is the Boltzmann constant, T is temperature, μ is
carrier mobility, and q is the charge of the carrier. There are
numerous reported measurements of mobilities and charge
carrier lifetimes in QD solids.18−22 These often rely on
techniques that probe the QD solid at a device level, for
example, in a field-effect transistor (FET) architecture or using
Hall effect measurements. These methods rely on carrier
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injection to fill shallow traps and thus do not fully account for
the effect of polydispersity on transport, which can greatly
influence carrier mobilities when transport predominantly
occurs by interdot carrier hopping between localized
states.18,23 Further, the active layer is typically probed at
operating conditions different from those of a QD solar cell,
and interfacial defects and traps between the active layer and
contacting electrodes may also affect measured mobilities and
lifetimes.17

Optical methods offer an attractive alternative to electrical
methods, because interfacial defects are obviated, and low
photoexcitation fluences can more closely mimic solar
illumination conditions. Such methods have proven to be
successful for determining diffusion lengths in QD solids.24−26

Introducing fixed amounts of smaller bandgap acceptor QDs
into the QD active layer and monitoring how the donor/
acceptor photoluminescence (PL) ratio changes with increas-
ing acceptor concentration allows for the determination of
carrier mobilities and lifetimes.25 However, utilizing PL ratios
still has limitations: QD solids with excellent transport
properties, despite low trap state densities, can have very low
photoluminescence quantum yield (PLQY) owing to rapid
exciton dissociation, which can occur within a few hundred
picoseconds for strongly coupled QDs,27−29 followed by
migration of free carriers to traps where they recombine
nonradiatively, eliminating most of the PL signal.30 This can
make determining the ratio of donor:acceptor PL intensity
unreliable. In time-resolved PL measurements using time-
correlated single photon counting (TCSPC), rapid (sub-ns)
lifetimes can eliminate almost the entirety of the PL signal,31

preventing an optical measurement of τ which should be in the
range of 10 to 100s of ns.27,31,32

Here, to overcome these limitations but maintain the usage
of a contactless and purely optical technique to determine
carrier diffusion lengths, we use a combination of ultrafast and
microsecond transient absorption spectroscopy (TAS). The
bandedge bleach signal in TAS, whose amplitude is
representative of the bandedge carrier population,28 persists
for both excitons and unbound electron−hole pairs,33 and is
thus is sensitive to the presence of electrons and holes but does
not depend on their recombination for detection. The signal
amplitude is therefore not strictly dependent on PLQY,
allowing measurements on low-PLQY QD solids at device level
thicknesses with low excitation fluences. The change in donor
QD lifetime with varying concentrations of acceptor QDs
provides the diffusion coefficient and mobility. Population
transfer can be monitored directly by following the decay (rise)
in the spectrally distinct donor (acceptor) QD bleach signals,
and interdot transfer rates can be determined by modeling the
number of hops that occur in the time it takes for carriers to
transfer to the acceptor QDs. We use this technique to
measure diffusion coefficients and carrier lifetimes for QD
solids composed of two different sizes of PbS QDs, and find
record diffusion lengths of 300 ± 30 nm for 1.3 eV bandgap
(3.2 nm dot size) PbS QD solids used in solar cells with
certified power conversion efficiencies of 12.0%.15 We also
measure ∼8 ps interdot hopping times and sub-10 ps spectral
diffusion following photoexcitation, which are among the
fastest charge transfer rates in PbS QD solids. For larger 0.95
eV bandgap (5.5 nm dot size) PbS QDs, which are emerging as
promising candidate materials to harvest infrared photons with
energies below the bandgap of crystalline silicon,34−36 we find
longer interdot hopping times of ∼50 ps and therefore lower

mobilities compared to smaller QDs. Additionally, we find a 10
times greater trap state density in these larger QD materials
that results in shorter lifetimes and lower diffusion lengths of
∼90 nm. This indicates that IR bandgap QDs do not only
suffer from lower mobilities, but current ligand exchange
methods that lead to record efficiency NIR QD solar cells1,15

are not as effective at maintaining lower trap state densities in
QD solids composed of larger dots.
Details of the QD synthesis, ligand exchange, preparation of

the donor:acceptor mixtures, and spin coating of the thin films
used in this study can be found in the Methods section. Briefly,
the QDs undergo a biphasic solution-phase ligand exchange
with PbI2 to passivate the surface with atomic halide ligands
before being redispersed as a concentrated solution and spin
coated into thin films.37 Absorbance and photoluminescence
spectra of the QDs in solution before and after exchange, as
well as in thin films, can be found in the Supporting
Information (Figure S1). All films used in this study followed
identical fabrication procedures for the QD active layers used
in high efficiency photovoltaic devices, resulting in thicknesses
of 350−400 nm (Figure S2).1,34

We expand upon the 3D model of Zhitomirsky et al.24,25

used to extract carrier mobilities from PL ratios of donor/
acceptor QD blends. The capture rate of carriers into traps
(interchangeable with acceptor QDs) is the inverse of the
trapping lifetime τtrap

−1 and in the Shockley−Read−Hall
recombination model can be expressed as

τ σ= =−k V Ntrap trap
1

th t (3)

where Vth is the thermal velocity in the hopping regime, also
expressed as Vth = d/τhop with interdot distance d and the
interdot hopping time τhop. Nt is the density of traps. σ is the
capture cross section, which for the 3D model is assumed to be
1/4πd2.25 Mobility μ is expressed as38

μ
τ

=
qd

kT6

2

hop (4)

From the Einstein equation relating D and μ

=V
D
d

6
th (5)

D can then be obtained as

στ
= =D

dV d
N6 6

th

trap t (6)

To extract D experimentally, we vary the density of traps Nt by
introducing the quenching acceptor QDs and measuring the
change in lifetime by following the bandedge bleach signal of
the donor QDs. While it is possible to obtain D from a single
measurement on a film with a given Nt, we perform
measurements on at least four films with different Nt (varying
over an order of magnitude) in order to calculate a more
consistent value for D. We assume that these acceptor dots are
homogeneously dispersed throughout a donor matrix since
both donor and acceptor dots undergo the same ligand
exchange in solution prior to being cast into a film, and the dot
diameters are generally within ∼2 nm of each other. TAS
measurements performed with pulses impinging on both the
front and back (substrate-side) of a 5% acceptor film
(photoexciting at 400 nm) gave identical bleach peaks for
donor and acceptor QDs (Figure S3), which is consistent with
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the acceptor QDs being isotropically dispersed throughout the
donor matrix rather than a graded distribution (i.e., most of the
acceptor QDs at the bottom of the film).39,40

The effective lifetimes observed in ultrafast TA measure-
ments are assumed to be equal to the trapping lifetime in a film

τ τ τ τ= + ≈− − − −
eff

1
radiative

1
trap

1
trap

1
(7)

since τtrap is usually tens or hundreds of ns in the acceptor-free
film,27,41 or hundreds of picoseconds when acceptors are
introduced, which is much shorter than normal PbS QD PL
lifetimes (>1 μs).12 Since τtrap and Nt are inversely related
(assuming homogeneous dispersion of the acceptor QDs), in
order to obtain a linear slope experimentally, we solve for D as

στ σ
= = τ −

D
d

N
d

6 6 ( )Ntrap t trap
t

1 (8)

To extract carrier mobility from plots of τtrap versus 1/Nt, we
introduce fixed concentrations of acceptor QDs into films that
are otherwise comprised of donor QDs. Photoexcitation near
the exciton resonance of the donor film will generate carriers
that migrate throughout the film until they find an acceptor
QD. In this work, we assume that photogenerated excitons

dissociate before diffusing over multiple dots, owing to the
small exciton binding energy in PbS42 and the strong interdot
coupling, and that all transport occurring is via charge transfer
of free carriers. The donor:acceptor blend is illustrated
schematically in Figure 1a. The injection of electrons from
donor to acceptor is assumed to be rapid and irreversible
owing to the large energy gap between donor and acceptor
conduction bands (∼300 meV, >10 kT). We note that in both
our modified model here and the original one from which it is
derived, we specifically focus on electron diffusion. Photo-
electron spectroscopy measurements by Miller et al. on PbS
QD films43 show that the valence band energy is nearly equal
in films made of QDs with bandgaps ranging between 1.0 and
2.5 eV, whereas the shifting in conduction band energies
accounts for most of the change in the optical bandgap. Holes
will then not be (irreversibly) trapped in acceptor dots owing
to similar valence band energies.24,43 This is consistent with
our monoexponential rather than biexponential fits for
trapping lifetimes, and our observation that photoexciting
directly into smaller bandgap dots can still cause time-
dependent bleaching in larger bandgap dots. We discuss both
of these points in more detail below.

Figure 1. Probing carrier transfer in a donor/acceptor blend. (a) Photoexcitation at the exciton resonance of the donor QD generates excitons that
rapidly dissociate into free carriers, which diffuse throughout the film. Electrons are eventually trapped in the acceptor QDs. (b) Transient
absorption spectra at various delay times for a donor/acceptor blend of IR bandgap QDs, whereby the decay of donor signal and rise of the
acceptor signal are simultaneously observed in this spectral window. (c) Time traces at the bleach signals for the donor QD (1277 nm) and the
acceptor QD (1500 nm). The decay rate at the donor peak and the rise-time at the acceptor peak will not be identical because the acceptor rise-
time will be convoluted with fast, higher order Auger recombination processes as the QDs become overloaded with carriers from the surrounding
donor matrix.44 For clarity, the raw data in these traces were smoothed with a moving average filter. Fits were obtained using unsmoothed data.
Tracking the rise-time in 3.2 nm higher mobility QD solids for a donor:acceptor ratio of 99:1 similarly demonstrates negligible initial population of
the acceptors from the photoexcitation pulse (Figure S5).
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Acceptors need to be introduced at sufficiently high
concentrations such that the changes in lifetime are well-
resolved in the 7.5 ns time window of our ultrafast TA
experiments. The concentration range needed then depends on
the mobility of the donor QD film: for example, in larger 5.5
nm QDs, acceptor QD concentrations (by weight percentage)
of 1, 5, 10 and 15% are used. For higher mobility 3.2 nm QDs,
acceptor concentrations are 0, 0.5, 1, 2 and 5%. We observe a
linear correlation between trapping lifetime and trap
percentage, which is consistent with homogeneously dispersed
acceptors throughout the film (if acceptor QDs were
aggregating and thus lowering the effective trap percentage,
we would measure longer trapping lifetimes than expected
from a linear trend).25 Atomic force microscopy measurements
show that the film roughness is unaffected by the introduction
of these larger acceptor dots (Figure S2).
With sufficiently high acceptor concentrations, we observe

bleach signal from the acceptor QDs as they are populated by
diffusing carriers. Figure 1b demonstrates this for a blend of
90:10 donor/acceptor QDs with exciton resonances at 1277
and 1500 nm, respectively. In all experiments, we chose
photoexcitation wavelengths nearly resonant with the donor
QD exciton peak (930 nm photoexcitation for 950 nm
bandgap QDs and 1270 nm photoexcitation for 1300 nm
bandgap QDs) in order maximize the amount of light absorbed
by the donors and minimize direct excitation of the acceptors.
At early times (1−10 ps), there is minimal population of
acceptor QDs directly excited from the photoexcitation pulse
despite the fact that they comprise 10% of the film, because the
absorbance of the donor QDs is roughly 25 times higher than
the acceptor QDs at the photoexcitation wavelength (Figure
S4). These dynamics are temporally tracked in Figure 1c,
where the rise-time of the acceptors generally mirrors the
decay of the donors.
Figure 2 shows the absorption spectra and kinetic traces

from TA experiments in 3.2 nm PbS QDs solids with acceptor
concentrations of 0, 0.5, 1.0, 2.0 and 5.0%. All measurements
were performed with an excitation density of ⟨N⟩ = 0.001 in
order to minimize Auger recombination (Figure S6) but still
obtain sufficient signal-to-noise ratios. The decay times are fit
well by biexponential functions, besides the acceptor-free film,
which is estimated by a monoexponential function. The second
lifetime becomes shorter with increasing acceptor concen-
tration, and the first (longer) lifetime remains relatively
constant. The first lifetime extends well beyond the time
window of these experiments and is attributed to the traps
inherent to the QD film, which are much lower in density than
the purposely introduced acceptors.25 We note that the fit for
the acceptor-free donor film is unreliable owing to the limited
time window. This lifetime corresponds to the τtrap of the
native film, which we will use in combination with the
extracted D values to calculate LD. We discuss later how we
obtained carrier lifetimes using a modified TA setup. Because
we expect only τtrap to change upon mixing more acceptor QDs
into the films and because all films were measured under
identical conditions, we can subtract the dynamics of the
acceptor-free QD film from the rest of the transient traces to
isolate a single exponential corresponding to τtrap. A single
trapping lifetime supports our model treating only electron
diffusion rather than both electrons and holes, as the mobility
of these carriers usually differs in PbS QD solids.28 The longer
time dynamics are identical in all films as surmised from the
fact that the curves after subtraction begin to become flat at

later times, especially at higher acceptor concentrations (Figure
2c). The resulting trapping lifetimes lead to the expected linear
curves when plotted against Nt

−1. Similar raw data and fits for
the 5.5 nm QDs can be found in the Supporting Information
(Figure S7, Table S3).
Because the carrier lifetime of the acceptor-free film is ∼102

times longer than the time window of our ultrafast transient
absorption spectrometer, we attempted to measure carrier
lifetimes using TCSPC for films with QD acceptor
concentrations ranging from 0 to 6% but found no differences
with increasing acceptors; in all cases, a subnanosecond decay
dominates the TCSPC traces, and the longer time scale
dynamics have no discernible trend with increasing acceptor
concentration (Figure S8).27 We conclude that rapid exciton
dissociation and subsequent nonradiative recombination of
carriers prevents a sufficient PLQY to obtain accurate carrier
lifetimes. We instead used a continuous-wave (CW) laser

Figure 2. Mobilities from the dependence of carrier lifetime on trap
percentage. Trap percentages represent the fraction of the solid that is
comprised of larger (acceptor) QDs. (a) Absorption spectra of
donor:acceptor films with 950 nm donors and ∼1400 nm acceptors.
Spectra are normalized at the donor QD exciton peak and then offset
for clarity. Donor/acceptor mixtures were prepared according to
Table S1 in the Supporting Information. (b) Kinetic traces at the
exciton bleach peak of 950 nm bandgap QD donor films with a range
of acceptor QD concentrations, increasing from top (0%) to bottom
(5%). (c) Data with fits after subtracting the acceptor-free dynamics
from each trace. Fitting parameters can be found in Table S2.
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probe and directly recorded the transient absorption dynamics
over a microsecond time range on a fast photodiode. Films are
photoexcited by using the same ultrafast laser pulses as the
mobility experiments and probed with a CW 980 or 1310 nm
laser, depending on the bandgap of the donor QD. Transients
require biexponential fits, where the first lifetimes range
between 100−500 ns and correspond to the actual lifetime of
the carriers, which is in good qualitative agreement with other
reported lifetimes for PbS QD solids.27,41 The second lifetimes
are well over 1000 ns and are attributed to long-lived trapped
carriers that can still contribute to the bleach signal (similar
signals have been observed due to sub bandgap traps with μs
lifetimes in lead halide perovskites).45 Using ultrafast TA to
measure diffusion coefficients and our modified TA setup to
obtain carrier lifetimes, we can thus obtain the values needed
for calculating diffusion lengths and interdot transfer rates.
Plots of Nt

−1 versus τtrap and transients measured over several
microseconds are shown in Figure 3. Transport properties
derived from these measurements are shown in Table 1 with
bracketed values indicating uncertainty calculated from 95%
confidence intervals (from the linear fits to the slope of τtrap
versus Nt

−1).
Key metrics can be extracted from the combination of the

measured carrier lifetime (from the native acceptor-free film)
and the τtrap versus Nt

−1 linear curves, including trap state
density, the diffusion coefficient, and the carrier mobility. Trap
state densities can be calculated by extrapolating the slope and
using the measured carrier lifetimes to obtain the inverse trap
percentage of the pure donor QD films, then multiplying the
trap percentage by the bulk QD density 2 × 1019 cm−3

(calculated using an interdot spacing of 3.2 nm and a packing
density of 64%).25 The mobility of the 3.2 nm QDs are almost
an order of magnitude higher than the larger 5.5 nm QDs. The
smaller QDs also possess long carrier lifetimes of 437 ns, which
in combination with a large diffusion coefficient yields a
diffusion length of 300 ± 30 nm, which to our knowledge is the
highest reported for PbS QD solids.27 The same ligand

exchange procedure and 3.2 nm QDs used in this study have
been used to fabricate highly efficient QD solar cells with
power conversion efficiencies up to 12.0%.15 In contrast, the
lower diffusion lengths and lifetimes obtained for the larger 5.5
nm QD films are consistent with the fact that when the same
ligand exchange procedure was applied to larger QDs, the
resulting photovoltaic devices exhibited a much lower
performance of 3.5% PCE.46 Considering both the shorter
lifetimes and the lower mobilities of these films, we conclude
that these active layers using larger QDs have higher trap state
densities than films composed of smaller QDs.
To obtain interdot transfer times, the diffusion length can be

related to τhop by the equation24

τ
τ σ

τ
τ

= = =L D
d
V N

d
6 6D

2

hop th t

trap

hop (9)

thus leading to τhop as

τ
τ

=
( )6 L

d

hop
trap

2
D

(10)

These equations reflect an analytical treatment that is
equivalent to the Miller-Abrahams hopping model,47 which
Gilmore et al. used in kinetic Monte Carlo simulations of PbS
solids to obtain excellent fits of TA data in order to calculate
interdot hopping rates.28 Using the values obtained for lifetime
and diffusion length, the interdot transfer times for the 3.2 and
5.5 nm QD films are 8 ± 1 and 48 ± 5 ps, respectively. Faster
charge transfer for smaller sized QDs has been previously
observed by Bozyigit et al. using temperature dependent
current−voltage characterization of QD solids48 and time-of-
flight measurements supported by Monte Carlo simulations.49

A secondary confirmation of this ultrafast interdot transfer
time derived from TA can be seen in the rate of spectral
diffusion. Photoexcitation of the QD film creates a non-
equilibrium distribution of excited carriers, owing to bandgap

Figure 3. Mobilities and lifetimes for the two QD solids. (a) Linear fits of τtrap versus Nt
−1, whose slope can be used to obtain diffusion coefficients

and mobilities of the carriers. (b) Microsecond transients for pure donor QD films. Measurements on QDs in solution yield expected lifetimes of
∼2−3 μs (Figure S9, Table S4).

Table 1. Transport Properties for the two QD solids

QD τ (ns) slope (%trap
−1 ps−1) Ntraps (cm

−3) D (cm2 s−1) μ (cm2 V−1 s−1) Ld (nm) τhop (ps)

3.2 nm 437 5.8 (±0.6) × 10−4 7.5 (±0.7)× 1014 2.1 (±0.2)× 10−3 8.0 (±0.8) × 10−2 300 (±30) 8 ± 1
5.5 nm 240 9.9 (±0.7) × 10−5 7.8 (±0.8) × 1015 3.5 (±0.3) × 10−4 1.4 (±0.1) × 10−2 92 (±9) 48 ± 5
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inhomogeneity resulting from QD polydispersity, as well as
structural disorder within the QD matrix. Carriers on higher
energy sites will rapidly migrate to lower energy sites to restore
a Fermi−Dirac distribution. Gao et al. have reported such
spectral diffusion within 2 ps for strongly coupled PbSe QD
solids,50,47 whereas Gilmore et al. measured spectral diffusion
over 100s of ps in PbS QD solids that underwent solid-state
ligand exchange with ethanethiol.28 We have also previously
reported spectral diffusion occurring in ∼300 ps for 3.2 nm
PbS QD solids that were solution-exchanged with thioglycer-
ol.31

We measure much more rapid spectral diffusion in our metal
halide exchanged 3.2 nm PbS QD solids following photo-
excitation at 930 nm, shown in Figure 4. To obtain a time
constant for spectral diffusion, we use global analysis, whereby
a sum of exponentials with associated time constants and
wavelength dependent amplitudes are fitted to the TA map.51

Here we obtain two decay associated spectra (DAS), shown in
Figure 4b with their corresponding lifetimes. The shorter of
the two time constants is 8 ps, and corresponds to the DAS
with a shape that is antisymmetric around the bleach
maximum, indicating transfer from higher to lower bandgap
QDs. The second lifetime corresponds to an overall decay of
the signal amplitude occurring on much longer time scales,
attributable to carrier recombination within the film (although
this time constant is poorly estimated owing to the limited
time window for this experiment). Kinetic traces on either side
of the center of the initial bleach peak are shown in Figure 4c.
Signal at shorter wavelengths decays in parallel with rises at
longer wavelengths as carriers move from higher to lower
energy. Our spectral diffusion time constant of 8 ps is
consistent with the time scale of the interdot hopping that was
calculated from mobilities obtained using the acceptor QD
quenchers. However, we note that spectral diffusion should
always occur on faster time scales than the average interdot
hopping since this process is strictly downhill. While there have
been numerous reports of high carrier mobilities in large PbSe
QD solids,4,29,38,50,52 the rates of charge transfer found here are
much higher than those previously found for PbS QD solids
with short ligands,42,50,53−55 which typically focus on QDs
exchanged with mono- or bidentate thiol molecules. Our
results show that using halide ligands instead of small
molecules provides much higher mobility QD solids via
solution-phase ligand exchanges.14

To further verify our measurements of interdot charge
transfer rates, we performed ultrafast TA experiments on a 1:1
mixture of QDs with exciton resonances at 950 nm for the
donor and 1060 nm for the acceptor, shown in Figure 5. For
direct photoexcitation of the donor QDs at 950 nm, we
observe a ∼20 ps (time constant obtained from global fitting)
interdot transfer rate manifest as a rapid decay of the donor
bandedge bleach and an identical but opposite increase in
signal amplitude at the acceptor bandedge bleach. This
matches well within the range of our calculated interdot
hopping times, though may be longer potentially due to
imperfect blending of the donor:acceptor QDs at such high
acceptor concentrations (i.e., some electrons need more than
one hop to reach an acceptor). When we instead directly
photoexcite the acceptor QDs at 1100 nm, we observe a small
amplitude population transfer with a time constant of ∼10 ps
from acceptor to donor QDs. This supports our hypothesis
that the valence band energies are similar for the various QD
sizes used in this study, and thus we can observe a small

transfer of population (holes) from larger to smaller dots,
indicating that holes are not irreversibly trapped in the
acceptor QDs. We carried out additional ultrafast TA
experiments on films with larger acceptor QDs and donor/
acceptor ratios of 1:2 and 1:4, and similarly find ultrafast
decays of the donor exciton bleach signal (<10 ps), consistent
with rapid charge transfer from donor to acceptor QDs in these
films (Figure S10).

Figure 4. Ultrafast spectral diffusion in PbS QD solids. (a) TA map
showing the red shifting of the bandedge bleach maximum with time
(white line tracks the peak maximum). (b) Decay associated spectra
and time constants obtained from global fitting. (c) Kinetic traces on
either side of the bleach maximum. Fits were obtained using global
analysis (Glotaran).51 For clarity, raw data in these traces were
smoothed using a moving average filter. Fits were obtained using the
unsmoothed data.
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In summary, we have shown that TA can be used to
overcome limitations of PL based methods to measure carrier
mobilities, lifetimes, and diffusion lengths in low PLQY QD
solids. We find diffusion lengths of ∼300 nm for solution
exchanged QDs, which are the longest yet reported for PbS
QD solids, and rapid interdot hopping times of ∼8 ps, among
the fastest reported for these materials. These results help to
correlate QD solar cell performance with carrier diffusion
length and mobility and demonstrate the advantage of
solution-based ligand exchanges over conventional solid-state
layer-by-layer ligand exchange methods. We identify both
lower mobilities and higher trap state densities in IR-bandgap
5.5 nm QD solids, which may account for their much lower
power conversion efficiencies compared to NIR-bandgap 3.2
nm QD solids.
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