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ABSTRACT (olloidal nanocrystal solids represent an emerging class
of functional materials that hold strong promise for device applications.
The macroscopic properties of these disordered assemblies are deter-
mined by complex trajectories of exciton diffusion processes, which are
still poorly understood. Owing to the lack of theoretical insight,
experimental strategies for probing the exciton dynamics in quantum
dot solids are in great demand. Here, we develop an experimental
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technique for mapping the motion of excitons in semiconductor nanocrystal films with a subdiffraction spatial sensitivity and a picosecond temporal

resolution. This was accomplished by doping PbS nanocrystal solids with metal nanoparticles that force the exciton dissociation at known distances from

their birth. The optical signature of the exciton motion was then inferred from the changes in the emission lifetime, which was mapped to the location of

exciton quenching sites. By correlating the metal —metal interparticle distance in the film with corresponding changes in the emission lifetime, we could

obtain important transport characteristics, including the exciton diffusion length, the number of predissociation hops, the rate of interparticle energy

transfer, and the exciton diffusivity. The benefits of this approach to device applications were demonstrated through the use of two representative film

morphologies featuring weak and strong interparticle coupling.
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olution processing of semiconductor

nanocrystal (NC) solids represents a

promising strategy for the develop-
ment of novel optoelectronic applications.
An important advantage of these materials
lies in the spectral tunability of their optical
properties, which results from the quantum
confinement of photoinduced charges. The
colloidal stability of semiconductor NCs of-
fers another important benefit, as it enables
low-cost solution processing of thin films
virtually on any substrate. The electrical
conductivity of quantum dot solids is
typically rendered through the use of
short molecular linkers,' ~® or encapsulating
matrices” ' that preserve some degree of
quantum confinement while promoting an
electrical coupling between neighboring
nanoparticles. So far, this strategy has been
rewarded through the development of high-
performance materials for light-emitting'' '
and photovoltaic'®3* applications. Never-
theless, despite an ongoing improvement
in the function of NC-based devices, the
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electrical transport in semiconductor NC
films remains to be the subject of an active
debate.3>*% Controversial viewpoints arise
from the fact that the basic processes of
exciton and carrier diffusion in nanoparticle
solids cannot be easily imaged. In light of
this limitation, novel experimental tools of-
fering both spatial and temporal sensitivity
are in great demand.

It is generally accepted that photoexcita-
tion of NC films leads to the formation of
localized excitons that diffuse into a solid at
rates determined by the strength of the
interparticle coupling.?” Similar to the ex-
citon dynamics of polymer films, a bound
electron—hole pair in a NC solid will diffuse
until reaching a potential energy minimum,
which could result in its recombination or
dissociation. The exact mechanism of the
exciton decay depends on several morpho-
logical parameters and is highly impor-
tant to the performance of ensuing NC
devices.>>38 For example, the exciton diffu-
sion toward film boundaries in quantum dot
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light-emitting diodes causes quenching of the lumi-
nescence, which limits the device efficiency.>® On the
contrary, the diffusion of excitons to charge-separating
interfaces in NC solar cells is highly beneficial as it leads
to the generation of photocurrent.?” These and other
examples confirm that the knowledge of exciton
dissociation processes is central to the NC device
design.® Ideally, the rates of these processes should
be controlled toward improving the desired function-
alities of NC assemblies.

A unique feature of excitons in NC solids concerns
their relatively low binding energy. Unlike polymer
films, in which the dissociation of excitons occurs only
at interfaces of different material phases, the splitting
of bound electron—hole pairs in NC solids can be
triggered by less energetic processes, such as charge
tunneling between neighboring NCs.*® The emerging
free carriers will then drift through the solid with
mobilities that depend on the strength of interparticle
coupling, as was confirmed by numerous studies of
charge transport dynamics in NC solids.*’ ¢ Studying
the motion of neutral excitons, however, is a far more
challenging task. To date, the exciton diffusion in NC
solids has been investigated via steady-state and time-
resolved spectroscopy methods3%444 =32 while their
diffraction limited spatial profile has been visualized
through optical microscopy.>® Despite these efforts,
the exact nature of the exciton dissociation mechanism
as well as exciton diffusion trajectories in NC solids still
remains poorly understood.

Here, we map the spatial and temporal dynamics of
the energy transport processes in PbS NC solids by
forcing the exciton dissociation at known distances
from their birth. This was achieved by doping the NC
film with Au nanoparticles that induce the nonradiative
recombination of carriers.>>>* Within this approach,
the optical signature of the exciton dissociation
(splitting) events was inferred from the changes in
the lifetime of the Au-doped PbS NC emission, which
was mapped to the location of exciton quenching sites.
The experimental data were then compared to the
predictions of a random walk diffusion approximation
aimed to establish the correlation between the
changes in the exciton lifetime and the density of Au
domains in a film. By applying this strategy to PbS NC
solids, we found that the probability of the exciton
dissociation per single interparticle hop is pgiss (1 hop)
= 9%, if PbS NCs are linked with short-chain 3-mercap-
topropionic acid (MPA) ligands, p4iss (1 hop) = 3% when
longer-chain 8-mercaptooctanoic acid (MOA) mol-
ecules are used. In the case of MPA-linked solids
(interparticle distance = 0.9 nm), excitons diffused to
an average length of 5.7 nm in approximately 12 hops,
which corresponded to the diffusion mobility
(diffusivity) of 0.012 cm? s~ . Meanwhile, MOA-linked
solids (interparticle distance = 1.7 nm) gave rise to a
longer diffusion length of 11.4 nm (34 hops) and a
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lower diffusivity of 0.003 cm? s~ . The observed dif-
ference in the dynamics of the two film types was
found consistent with the proposed charge-tunneling
mechanism of the exciton dissociation.

To reveal the nature of exciton dissociation
processes the fluorescence (FL) lifetime data were
complemented with the steady-state emission mea-
surements of Au-doped PbS NC films. On the basis of
the observed relationship between the density of Au
NPs and the ensuing PbS emission wavelength we
were able to conclude that the exciton dissociation
process is likely to be induced by interdot charge
tunneling rather than carrier scattering on defects.
Another interesting trend was inferred from the com-
parison of nanoparticle solids utilizing different archi-
tectures. Measurements of the exciton diffusion
lengths in MPA- and MOA-passivated NC films allowed
the determination of the effect of the interparticle
distance on the energy transfer (ET) rate. The observed
ET distance dependence suggested a possible devia-
tion from Forster scaling, indicating the presence of the
nondipolar contribution into exciton coupling in NC
films. This phenomenon was previously observed by
Tisdale®® and others> and was ascribed to the effect of
a nanoparticle size, which does not conform the point
dipole approximation. In addition to studying the
exciton diffusion processes, the developed model
was complemented with the time-resolved measure-
ments of free carrier recombination, which further
contributed to elucidating the energy relaxation dy-
namics in PbS NC solids.

RESULTS AND DISCUSSION

The fluorescence intensity decay is emerging as
a viable tool for “non-contact” measurements of
the excited state dynamics in semiconductor NC
solids.*0444856=59 T date, this strategy has been used
primarily for monitoring the downhill migration of
excitons in a film, providing important insights into
the carrier recombination dynamics. Recently, the
emission intensity decay approach was adapted to-
ward distinguishing between the recombination rates
of bound and free carriers in a quantum dot solid. This
differentiation was achieved by extracting the fast and
the slow components of the FL intensity decay in PbS
NC solids containing “insulating” ZnS barriers.** The
presence of ZnS dots in the gaps between PbS NCs
enabled the suppression of the interparticle charge
transfer, which allowed attributing the fast decay
component of the PbS-only NC emission to the exciton
dissociation process while the slow exponent was
ascribed to free carrier trapping on NC surfaces, as
shown in Figure 1.

Despite providing a powerful tool for probing the
excited state dynamics in NC solids, the time-resolved
emission alone does not offer the spatial resolu-
tion needed for imaging the motion of excitons in a
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Figure 1. FL intensity decay of semiconductor NC solids
often contains two distinct decay components.** The fast
time reflects the rate of exciton dissociation, which is
presumably driven by charge tunneling processes, while
the slow exponent is determined by the rate of free carrier
trapping on NC surfaces.

three-dimensional film. As a result, a number of im-
portant questions concerning the energy relaxation
pathways in NC solids still remain unanswered. First of
all, it is unclear how far an exciton can diffuse into a
solid prior to its dissociation into a free electron—hole
pair. The expected diffusion length along with possible
exciton trajectories is central to the design of photo-
voltaic materials, since these parameters determine
the ultimate p—n junction geometry and the maxi-
mum length of the carrier collection path. Second,
knowing mechanisms that trigger the exciton dissocia-
tion is likewise important, as these processes can be
controlled for on-demand enhancement or suppres-
sion of free carrier generation. While it was hypothe-
sized that tunneling of one of the charges is the
primary mechanism of exciton splitting,'® an alterna-
tive explanation based on exciton migrating to trap
states or nonemissive potential minima (large-diameter
NCs) could not be ruled out.

In this work, the subdiffraction mapping of excitons
was achieved by doping PbS NC solids with a small
amount of Au NPs. Owing to a high density of states in
metals, Au dopants promote a nonradiative recombi-
nation of excitons, decreasing their lifetime. By corre-
lating the Au—Au interparticle distance in the film with
the corresponding change in the FL lifetime, AFL, it is
therefore possible to obtain the average length of the
exciton diffusion, /g, and the number of interparticle
hops made by excitons prior to the dissociation, npop.
These two parameters can then be used to derive other
important transport characteristics, including the ex-
citon diffusivity and the dot-to-dot energy transfer rate.

To confirm that Au nanoparticles can be used for
quenching excitons in semiconductor NC solids, we
have carefully examined the emission of mixed (Au,
PbS) NC films. In these experiments, Au nanoparticles
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were electrically coupled into the surrounding “matrix”
of PbS NCs though the use of ligands that promote the
PbS-to-Au charge transfer, causing a nonradiative de-
cay of PbS excitons. We note that quenching of PbS
excitons via energy transfer to Au is likely to be slow.
Indeed, the energy of PbS excitons (1.4 eV) is lower
than that of plasmon excitations (2.2 eV), such that the
resonant ET is uphill and therefore suppressed while
the nonresonant ET is weakened by the poor spectral
overlap of Au and PbS NPs at the PbS band gap energy.
To introduce Au “dopants” into a PbS NC film, solution-
cast films of oleylamine-capped Au and PbS nanopar-
ticles were treated with short-chain MPA molecules.
The ratio of Au to PbS NCs in the resulting (Au, PbS)
solids was determined from TEM images of mixed (Au,
PbS) nanoparticle solutions prior to deposition (see
Figure 2 panels a—c). Several films exhibiting the same
optical density (at the PbS exciton feature) were fabri-
cated to determine the effective radius of Au NPs that
promotes quenching of PbS excitons. According to
Figure 2, the emission of (Au, PbS) films is almost fully
quenched when the ratio of Au to PbS falls below 2,
and is reduced to about 40% when the ratio of Au to
PbS is 1:30. The emission loss in (Au, PbS) films, AFL/FL,
which represents the fraction of “quenched” PbS NCs
was then used to determine the effective radius of Au
nanoparticles that promotes quenching (see Figure
SF1 for details). On the basis of the best model fit
(Figure 2d, red curve), we found the effective “quench-
ing” radius to be R (Au) &~ 3.5 nm, which was just
slightly larger than the physical size of Au NPs ap-
pended with MPA ligands (Rphysical (Au + MPA) ~
3.0 nm). The effective “quenching” radius of Au nano-
particles grew to 3.8 nm when longer-chain MOA
ligands were used as interlinking molecules.

The character of exciton diffusion through a uniform
NC solid (prior to Au doping) can be viewed as random
provided that the energy disorder in the film does not
exceed the room temperature k7. In this case, the
relation between the exciton diffusion length and the
number of interparticle hops, nn.p obeys a three-
dimensional random walk approximation, /gif = hop-
(Nhop/6)"’%, Where I, is the average center-to-center
spacing between adjacent dots (see Supporting
Information). By setting the average probability of
exciton dissociation per single hop, pqiss(1 hop) to be
a free parameter, we can express the probability of
exciton dissociation on its nth hop: p(Nhop) = Paiss(1) x
(1 = paiss(1)™ ', The resulting probability distribu-
tion (black curve in Figure 3a) reflects the fraction of
the exciton population in a solid, Nexciton(Nhop), Which
remain excited (unquenched) after each hop.

With the introduction of Au NPs into a NC solid,
excitons become forced to dissociate at shorter dis-
tances, which are related to the Au—Au interparticle
separation, Ra,_au. As a result, some of the exciton
diffusion volume accessible for PbS-only NC solids will
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Figure 2. Determining an effective radius of a Au nanoparticle that promotes exciton quenching in a PbS NC solid. (a—c).
Transmission electron microscope (TEM) images and the corresponding emission profiles of nanoparticle solids featuring
different concentrations of Au. (a) Au:PbS = 1:2 (by nanoparticle count); (b) Au:PbS = 1:30; (c) PbS only solids. (d) The effective
radius of a Au nanoparticle that results in quenching of excitons is determined by fitting the experimental data (the emission
reduction versus Au concentration) with several predicted quenching scenarios, corresponding to Re¢ = 3.5 nm (red curve), Res
=6 nm (blue curve), R = 9 nm (green curve). Fitting model is described in Supporting Information, Figure SF1.

be restricted when Au NPs are added to the film. This
leads to the reduction of the emission lifetime due to
the forced electron—hole recombination in a metal
nanoparticle. Qualitatively, the emission intensity of
NC films featuring a relatively small value of 18 on Wil
not be altered significantly upon Au doping, since most
excitons in this case will dissociate before reaching Au
NPs. Conversely, when the exciton diffusion length is
large, the motion of most excitons will be interrupted
by the premature recombination on Au, leading to a
significant reduction in the emission lifetime, as com-
pared to PbS-only films.

From the quantitative prospective, the emission
changes in Au-doped PbS NC films convey the suffi-
cient amount of information needed to determine the
probability of exciton dissociation per single interpar-
ticle hop, pgiss(1 hop). Because radiative recombination
of PbS excitons in a solid occurs spontaneously, the
total number of emitted photons from a NC film will be
proportional to the average lifetime of an exciton and,
thus, to the total number of hops, nnyp, that excitons
make prior to splitting or quenching by gold. Conse-
quently, the number of emitted photons from a NC
solid, NP", will be proportional to the total area under
the exciton population decay curve, N(nep), such that
NBSs onty = J5N(Nhop) dnop & (N)X1hop), as shown in
Figure 3a. The emission from a Au-doped film will be
reduced due to a restricted diffusion length, NBR o =
SO N(Nhop) dniop. We can then express the expected
reduction in the number of emitted photons resulting
from Au doping as the ratio of “unshaded” to total area
under the decay curve (see Figure 3 panels b and c):

ph

. NP area (pdiss)
AFLipoo(p§9) = —hu—pos _ Sushaded 17 ()
NPbS — only areatotal(p1 )

Experimentally, the same reduction can be estimated
as the ratio of photons emitted with and without Au
present. To distinguish the band gap exciton emission

KHOLMICHEVA ET AL.

from the contribution of free carriers,** we include only
the fast decay component of the FL decay into the
intensity integration, g = exp(—t/7®):

f:
APh / exp( —t/Tyy _ pps) dt
AFleyp = ?1“ —PbS ~

pl
Nobs — onty /exp( —t/Thes  ony) dI

fast

— TAali — PbS (2)

.L.fast

PbS — only

By setting the theoretical and experimental emission
changes equal to each other, AFLieor(p$™*) = AFLeyp,
we can then determine the probability of exciton
dissociation per single step, pgiss(1 hop).

Figure 3 panels b and c simulate two possible
scenarios of the exciton diffusion through a solid
following a single excitation pulse and corresponding
to a high (pgiss = 0.1; blue) and low (pgiss = 0.03; red)
dissociation probability per single interparticle hop.
The resulting decay population curves (red and blue)
show the fraction of undissociated excitons after each
hop. The corresponding diffusion length 4. . is
shown at the top of the plot. The shaded areas in
Figure 3 panels b and c represent the exciton popula-
tion, which is likely to be quenched through a forced
recombination with Au nanoparticles. The average
scatter-free length of the exciton diffusion, liee travelr
in the presence of Au doping (green dashed line in
Figures 3 panels b and c) will be determined by the
average distance between Au NPs in the film, Ray_au
and the effective Au radius for exciton quenching,
Ret(Au), as illustrated in Figure 5a. The overall lifetime
of a scatter-free diffusion of an exciton in a solid
measured between the photoexcitation and the
quenching events is given by rg)ifcﬁton(nhop) = tstepMhops:
where ty., is the average nearest-neighbor energy
transfer time. Experimentally, the total time of the
exciton diffusion (with or without Au present) is given
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Figure 3. (a). The experimental strategy for determining the
exciton diffusion length in a NC solid. Assuming that on
every hop, excitons have a certain probability of dissociat-
ing, pgiss(1 hop), we can simulate the relationship between
the exciton population in a film and the number of inter-
particle hops. The emission from the film is proportional to
the exciton lifetime and therefore to the area under the
population decay curve, as shown. Using the Einstein rela-
tion for the random-walk diffusion in 3D, we can estimate
the exciton diffusion length, I55*°"(n), which is shown in the
upper x-axis. (b,c). The decay of exciton population in a solid
corresponding to the two values of a single-hop dissocia-
tion probability: pgiss(1 hop) = 0.1 (blue) and pgiss(1 hop) =
0.03 (red) is shown. If Au NPs are inserted into a PbS solid,
the dissociation of excitons will be forced at shorter dis-
tances (see text). This will result in the reduction of the fast
component of the PbS emission lifetime. By comparing the
ratio of the two areas under the exciton population curve,
labeled radiative and nonradiative, to the attenuation ratio
of FL lifetimes in Au-doped PbS NC films, the exciton
dissociation probability can be determined.

by the fast decay component in the FL intensity decay,
Tgiscsiton = rfFast

To determine the exciton diffusion length in ligand-
linked PbS NC solids we have fabricated several mixed
(Au, PbS) films featuring different concentrations of Au
nanoparticles. To this end Au (d ~ 5.0 nm) and PbS (d ~
3.1 nm) NCs were mixed in octane at predefined ratios
and used as “inks” for processing film layers. For better
miscibility the surfaces of both nanoparticle types were
passivated with long-chain oleylamine ligands. Upon
spincasting of a thin layer, the bulky ligands were
exchanged with either 3-mercaptopropionic acid
(MPA) or 8-mercaptooctanoic acid (MOA) molecules
on each cycle of the layer-by-later (LbL) deposition
process. The two ligand types were designed to pro-
mote different degrees of PbS interparticle coupling,
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associated with different rates of exciton hopping
through the solid. On the basis of previously performed
film analyses via grazing-incidence small-angle X-ray
scattering (GISAXS) measurements,’® the partial cross-
linking of short-chain MPA ligands gives rise to an
interparticle edge-to-edge distance of approximately
0.9 nm, while MOA molecules result in longer gaps of
1.7 nm. The thickness of fabricated films was ranging
between 200 and 300 nm.

The fraction of Au nanoparticles in a solid was
determined by finding the ratio of Au to PbS NCs in
solution. To this end, a colloidal mixture of Au and PbS
nanoparticles was deposited onto a TEM grid and
analyzed. The ratio of each nanoparticle type (Au versus
PbS) could be easily obtained by identifying the corre-
sponding populations of each material in a TEM speci-
men, as shown in Figure 4. The ratio of Au to PbS
particles on a TEM grid, ntgm, was then converted to a
Au volume fraction, va, and the average Au-to-Au
interparticle distance, Ray_au @ssuming a simple cubic
packing of nanoparticles (see Supporting Information
for details of calculation):

B 4/37R3, .
(¥/NremDebs+Dau)*’

Rau — au = VNtemDebs +Dau (3)

Vau

A denser packing order of nanoparticles is possible and
may result in the reduction of Ra,_au. In the limiting
case of closed packed ordering (face cubic centered,
fcc), which could form if oily long-chain ligands are
used instead of MPA molecules, Au-to-Au interparticle
distance becomes R, _ay (fcc) ~ 0.89*Rpu_au (Simple
cubic), as shown in the S| section. Upon the introduc-
tion of Au NPs into PbS films, the scatter-free diffusion
length of excitons becomes limited t0 /iee travel (S€€
Figure 5¢ and the Supporting Information, Figure SF2,
for details of calculation), which represents the mean
free path of excitons in a PbS NC solid doped with
evenly distributed Au NPs.

The FL intensity decay of PbS NC films featuring
several concentrations of Au NPs is shown in Figure 5d.
The corresponding “quenching” distances, lee tavels
were determined from the concentrations of Au in
each solid and are given in Figure 5c. Expectedly, the
longest emission lifetime (black curve) was obtained
for PbS-only films for which the exciton diffusion is
limited either by charge tunneling (carrier ionization)
or exciton trapping at potential minima. The inclusion
of Au NPs into PbS NC films resulted in a proportional
drop of the FL lifetime, as seen in Figure 5d. Overall, the
lifetime of the PbS band gap emission was decreasing
in a consistent manner with the growing concentration
of Au NPs. A double exponential fit of the FL intensity
decay was employed to obtain an accurate estimate of
the fast FL component, Ths, corresponding to the
exciton lifetime in a solid.
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Figure 4. Transmission electron microscope (TEM) image of a mixed (Au + PbS) nanoparticle sample used for developing (Au,
PbS) solids. The apparent ratio of Au to PbS nanoparticles on a grid, nygy, can be used to estimate the ultimate gold-to-gold

interparticle distance Ra,_ay in a solid. Ray_au = n3,Dpps + Dau, Where Dpps and Dy, are the diameters of PbS and Au NPs,
respectively.
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Figure 5. Experimental determination of the exciton diffusion length in MPA-linked PbS NC solids. (a) An illustration of the
three characteristic distances in (Au, PbS) solids: the average scatter-free length of the exciton diffusion, lgee traver the
Au—Au interparticle distance, Ra,_a., and the effective Au radius for exciton quenching, R.¢(Au). (b) The relationship between
Rau_au @nd the PbS:Au nanoparticle ratio (see Supporting Information) for simple cubic and fcc packing orders. (c) The
relationship between /tce trave and the PbS:Au nanoparticle ratio (see Supporting Information). (d,e) The attenuation of the
fast decay component in the emission of PbS NC solids induced by an increasing concentration of Au NPs (d) can be correlated
to the changes in the unshaded area under the exciton population curve (e). By modeling the exciton population curve
N(pgiss(1)), we determined the probability of exciton dissociation on each hop in MPA-linked PbS NC solids (dpp,s ~ 3.1 nm) to
be 9%, pgiss(1 hop) = 0.09.

To estimate the probability of exciton dissociation DPdiss(1 hop) was then determined by finding the best
per single interparticle hop, piss(1 hop), the measured ~ match: AFLineor(P5™®) = AFLeyp, conjointly for all inves-
reduction in the emission lifetime in Au-doped NC tigated (Au, PbS) films. This strategy is illustrated
solids, AFLeyp, Was set equal to AFLeor. The value of graphically in Figure 5e. The best fit for the observed
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TABLE 1. Summary of Exciton Transport Characteristics
for PbS-Only NC Solids Obtained Using the Developed
Forced Dissociation Approach

lexcaifr. Trutast Ter  Hexcediff.

type of PbS NCsolid  pgiss(1 hop) (mhep) (Nm)  (ns) (ns) (cm?/s)

MPA-linked (Regge = 0.9 nm)  0.09 12 57 1.1 0.089 0.012
MOA-linked (Regge = 1.7 nm)  0.03 34 114 151 044 0.003

value of AFL.,, was obtained according to eq 2, by
requiring that the ratio of unshaded to the total area
under the N(nnhop) curve was equal to the emission
lifetime ratio Tay—pbs/Trbs—only, CONsistently for all in-
vestigated film. The extracted values of py;ss(1 hop) are
given in Table 1.

We note that each of the several films fabricated
using MPA ligands represents an independent mea-
surement of the exciton diffusion length. In principle,
a single-concentration measurement of emission
quenching is sufficient for determining the transport
characteristics. By employing several PbS films featur-
ing different Au concentrations, we estimate the stan-
dard deviation of the exciton dissociation probability
to be within 10%, as shown in Supporting Information,
Table ST1.

For MPA-linked films, the value of the exciton dis-
sociation probability per single interparticle hop was
found to be 0.09. Under these conditions the 1/e drop
in the exciton population is reached after(nnop) =
12 hops, which corresponds to the diffusion length of
5.7 nm. Since the total time of the exciton diffusion is
given by ik, we can estimate the exciton diffusivity
using the Einstein equation:

2 2
exc __ elhop 1 _ elhop <nhop>

6kT T 6kT 7R(PbS only)

where o, is the center-to-center interparticle dis-
tance, which in the case of MPA-linked films is esti-
mated to be 2Rpps + 0.9 nm = 4.0 nm. According to the
above equation, the room temperature exciton diffu-
sivity for MPA-linked PbS NC solids is 0.012 cm? s™".
Since both the total number of hops ({nhopy = 12) and
the total diffusion time (z2*'(PbS only) = 1.06 ns are
known, we can estimate the average rate of energy
transfer between neighboring PbS NCs: I'er = 1/Thop) =
(Mhop)/TE = 1/0.089 = 11.3 ns™ .

The short-chain MPA linkers are well suited for
applications requiring high photoconductivity of a
NC solid. Alternatively, light-emitting properties of
NCs are enhanced in solids with larger interparticle
gaps.'® In this work, we explore the exciton dynamics
of weakly coupled films by cross-linking PbS NCs
with long-chain MOA ligands. For these molecules,
the edge-to-edge interparticle gap is 1.7 nm, corre-
sponding to a lhep value of 48 nm.”> The greater
interparticle separation for MOA-linked solids is
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expected to cause a slower diffusion of excitons
throughout the film. Likewise, the dissociation rate of
excitons in MOA-linked solids will be reduced com-
pared to MPA-linked films due to an increased poten-
tial barrier between adjacent dots.*®** This trend is
clearly seen in the FL intensity decay of MOA-linked
PbS NC solids. According to Figure 6a, the fast compo-
nent of the emission lifetime (7,5 (MOA) = 15.1 ns) in
PbS-only solids is substantially longer than that of
MPA-linked films (tr.((MPA) = 1.1 ns), reflecting a
slower rate of exciton dissociation. With the addition
of Au NPs the fast component of the emission lifetime
in MOA-linked films (Rau_au = 24.9 NM; lree  travel =
8.8 nm) decreases from 15.1 to 6.7 ns due to quench-
ing. By using the aforementioned strategy (Figure 6b),
we estimate the single-hop dissociation probability for
MOA-linked films using three concentrations of Au in
PbS NC solids (see Supporting Information, Table ST2).
The average dissociation probability was found to be
pdiss(1 hop) ~ 0.03, corresponding to an average
number of interparticle hops, (Nhop), Of 34 (see Table 1).
The associated diffusion length was 11.4 nm.

The increased amount of interparticle hops in NC
solids featuring weaker electrical coupling is consistent
with the previously proposed charge-tunneling mech-
anism of the exciton dissociation.** Indeed, if the
ionization of excitons is driven by trapping on nano-
particle surfaces, then {nn,p(MOA)) should be signifi-
cantly smaller than (nhop(MPA)) since the density of
traps is roughly the same for both film types while
diffusion in MOA-linked films is much slower. However,
if the dissociation event occurs due to tunneling of one
of the charges to a neighboring nanoparticle or a
remote defect state, (nhop(MOA)) could, in principle,
be greater than (nho,(MPA)). This scenario is possible
when the rate of nonresonant charge tunneling to a
different NC drops faster with an increasing interparti-
cle gap than the rate of resonant energy transfer
between neighboring dots. Consequently, the ob-
served increase in the number of interparticle hops
upon MPA — MOA ligand exchange provides additional
evidence supporting the charge tunneling mechanism
of exciton dissociation.

The PbS-to-PbS energy transfer rate for MOA-linked
solids was found to be 1/0.44 = 23 ns™' (see Table 1),
approximately an order of magnitude slower than in
the case of short-chain MPA ligands. Notably, the 0.089
— 0.44 ns increase in the hopping time was caused by
the 4.0 — 4.8 nm enhancement in the center-to-center
interparticle distance. If we assume a power depen-
dence of the ET rate on the donor—acceptor distance,
~(lhop)®, then the best fitis obtained for a = 8.7. Given a
large uncertainty associated with only two data points
(Rmpa and Rmop), it is difficult to tell whether the
observed scaling deviates from the a = 6 Forster power
dependence. However, it should be noted that a
possibility of such non-Forster R-dependence of the
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Figure 6. Experimental determination of the exciton diffusion length in MOA-linked PbS NC solids. (a) The FL intensity decay
of PbS-only (blue) and doped (Au+PbS) NC solids (red). The reduction in the fast decay component due to Au doping (Au:PbS
= 1:55 by count) by a factor of 6.7/15.1 is attributed to forced dissociation. (b) Modeling of the exciton population curve
(N(pgiss(1)) corresponding to the experimentally observed reduction in the fast FL decay component. Here, p;ss(1 hop) = 0.03.

energy transfer in NC assemblies has been acknowl-
edged in a number of recent reports.36°°

To further explore the nature of exciton dissociation
processes the time-resolved data were complemented
with the analysis of the steady-state emission in Au-
doped films. Because of the diffusion of excitons
toward the potential minima, the emission of solid-
bound NCs is typically red-shifted relative to the
corresponding maximum in solution.®' By adding Au
NPs to the solid, we can controllably lower the diffusion
volume of excitons, which should cause the magnitude
of the emission red-shift to diminish. This strategy can
therefore be used to map the average distribution of
excitonic traps—large-diameter PbS NCs that funnel
the exciton energy. Notably, the comparison of the
emission changes between PbS-only and Au-doped
solids provides a more accurate description of energy
funneling process than the one obtained through the
comparison of emission maxima between nanoparticles
in solution and solid forms, since the effect of solvent
charging and wave function delocalization are excluded.

Figure 7 shows the steady-state emission of PbS-
only (red) and two mixed (PbS, Au) films cross-linked
with MPA ligands. The emission maxima of Au-doped
solids are blue-shifted relative to the FL peak of PbS-
only films, as expected due to the restricted volume of
the exciton diffusion in the former case. The maximum
magnitude of the spectral shift is obtained at high
levels of Au doping (Rau_au = 14.6 Nm; exciton mean
free path, liee trave = 6.8 NM) and equals to AL =4 nm
(5.5 meV). Considering that NCs are electrically coupled
if the energy disorder in the film is lower than AE <
2(2AKT)'"? 2~ 30 meV, we conclude that the motion of
excitons in the investigated PbS NC film is rather
random at room temperature. Consequently, quantum
funneling is not likely to be prevalent in MPA-linked
PbS films featuring a small dispersion of nanoparticle
diameters. The lack of a significant energy gradient
in PbS NC solids is consistent with the proposed
charge-tunneling mechanism of the exciton dissociation.
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Figure 7. (a). The steady-state emission of PbS NC solids
doped with Au nanoparticles. The blue shift of the emission
is attributed to the forced dissociated in Au-doped films,
which shortens the diffusion length whereby excitons are
prevented from reaching the local potential minima in the
film. (b). The excitation power dependence of the FL
intensity decay in PbS-only NC solids. The slow decay
component appears to be strongly affected by the excita-
tion intensity, which is consistent with the proposed free-
career origin of this decay channel.

This process is independent of the energy disorder and
can lead to the dissociation of excitons even in a solid of
identical NCs. Consequently, we can assume that the
exciton dissociation probability is the probability of
charge tunneling (ionization), as was suggested by the
work of Guyot-Sionnest.5? That is pyis(MPA) = 0.09 is the
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probability of electron tunneling per single inter-
particle hop.

While the fast component of the FL intensity decay
reflects the rate of exciton dissociation processes, the
slow exponent has been tentatively attributed to the
recombination of free carriers in a NC solid.** If this
assignment is correct, the slow decay component will
be shortened as a result of Au doping since metal
nanoparticles are likely to absorb the excited charges.
From the broader prospective, we expect the decay of
photoinduced carriers in Au-doped films to be deter-
mined by the two competing processes: radiative
recombination, which depends on the concentration
of free carriers in a solid, and trapping of charges,
which is determined by Au-doping. The contribution of
the former process is clearly seen in the comparison of
the PbS-only and Au-doped films in Figure 6a. The slow
component of the FL decay decreases from 150 to
32 ns upon the addition of Au NPs (Ra,_au = 24.3 nm),
which reflects an efficient consumption of free carriers
by Au NPs. Using a previously developed model,** we
estimate the average diffusion length of free carriers in
terms of the slow and the fast components of the FL
intensity decay:/figf " = Igep X (TrLslow/6TeLfast) -
In the case of MPA-linked PbS solids (Figure 7b, green
curve), the value of [TS§ @M€" js 5.3 nm. Notably, the
average mean free path of free carriers in MPA-linked
films estimated from the Au—Au interparticle distance,
lree travelr, (Which in the absence of the electric field
will be the same as for neutral excitons) is ~ 7 nm.
This value is in a good agreement with the extracted
[free  camier £ 5 3 nm, considering that the former figure
is likely to be revised lower when the contribution of
intrinsic (non-Au) traps is included. The observed
reduction of the 7y, lifetime in Au-doped solids
provides additional evidence in support of the pro-
posed free-carrier origin of the slow decay component
in PbS NC solids. This assignment is further confirmed
by the excitation power dependence of the 1/z,,, rate
in undoped PbS NC solids. According to Figure 7b, the
rise in the excitation power leads to the increase in the

METHODS

Materials. Lead(ll) oxide powder (PbO, 99.999% Aldrich),
1-octadecene (ODE, 90% Aldrich), oleic acid (OA, 90% Aldrich), bis-
(trimethylsilyl) sulfide ((TMS),S, Aldrich, synthetic grade),
acetone (anhydrous Amresco, ACS grade), hexane (anhydrous,
95% Aldrich), ethanol (anhydrous, 95% Aldrich), methanol
(anhydrous, 99.8% Aldrich), isopropyl alcohol (anhydrous,
99.8% Acros), toluene (anhydrous, 99.8% Aldrich), 3-mercapto-
propionic acid (MPA, 99%, Alfa Aesar), 8-mercaptooctanoic acid
(MOA, 95%, Aldrich), gold(lll) chloride (AuClz 99%, Acros
Organics) were used as received without any further purifica-
tion. Oleylamine (tech., 70%, Aldrich) was pumped for 1 h at
120 °C and then stored under argon atmosphere prior to
use. Fluorine-doped tin oxide (FTO, SnO,/F) glass (TEC 15,
12—14 Ohm/sq) was obtained from Pilkington Glass. All reac-
tions were performed under argon atmosphere using the
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rate of the slow decay component while the fast
component remains nearly the same. The dependence
of 740w ON the excitation intensity is consistent with the
free-carrier mechanism of the FL decay since the
recombination rate of free carriers is strongly depen-
dent on their concentration in a solid.

CONCLUSIONS

We have demonstrated a spectroscopic approach
for mapping the ultrafast dynamics of excitons in NC
solids with a subdiffraction spatial resolution. By intro-
ducing Au nanoparticles into NC films the motion of
excitons was restricted to a well-defined volume. The
exciton diffusion beyond this volume resulted in
quenching of the fluorescence and was detected as a
change in the emission lifetime. Here, this strategy was
employed for studying the exciton dynamics in two
types of PbS NC solids featuring both strong (MPA-
linked) and weak (MOA-linked) interparticle coupling.
These measurements allowed a determination of a
number of important transport characteristics includ-
ing the exciton diffusion length, the rate of energy
transfer between neighboring PbS dots, the number of
interparticle hops performed by excitons prior to the
dissociation, and the ensuing exciton diffusivity. In the
case of MPA-linked solids excitons were found to
diffuse to an average length of 5.7 nm in approximately
12 hops, which corresponded to the diffusivity of
0.012 cm? s~ '. Meanwhile, MOA-linked solids gave rise
to a longer diffusion length of 11.4 nm (34 hops) and a
lower diffusivity of 0.003 cm? s™". The observed differ-
ence in the dynamics of the two film types was
consistent with the proposed charge-tunneling me-
chanism of the exciton dissociation. The developed
experimental strategy was also extended for imaging
the diffusion of free carriers that emerge as a result of
exciton diffusion. We expect that the demonstrated
imaging strategy will avail the rational design of NC
devices, where interface-limited diffusion of excitons is
critical to the performance. These include NC solar
cells, light-emitting diodes, and photodetectors.

standard Schlenk technique. The centrifuge used for precipita-
tion operated at 7200 rpm.

Synthesis of PbS NCs. PbS NCs were fabricated according to a
procedure adapted from Hines et al.% In a typical synthesis, a
mixture of 0.49 g (2 mmol) of PbO in 18 mL of ODE and 1—16 mL
of OA (increasing the amount of OA results in a larger NC
diameter) was degassed in a three-neck flask at 120 °C for 2 h,
switched to argon, and heated to 135 °C. Meanwhile, 10 mL of
ODE was degassed for 2 h at 120 °C and allowed to cool down to
room temperature. Then, 0.21 mL of (TMS),S was added care-
fully into the flask, and the resulting (TMS),S/ODE mixture was
injected into the Pb precursor solution at 135 °C, while stirring.
The reaction was stopped after 0—5 min (longer reaction time
leads to larger NCs) by removing the flask from the heating
mantle and placing it into an ice water bath. Nanocrystals were
isolated from the mixture by precipitating with acetone,
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centrifuging, and redispersing in toluene. The cleaning proce-
dure was repeated 2—3 times, upon which NCs were redis-
persed in a minimal amount of hexane (4—5 mL).

For example, to fabricate PbS NCs with an exciton absorp-
tion feature centered at 930 nm (dpps = 3.0 nm), 1.5 mL of OA
was used with the reaction time of 1 min. For NCs with a 1s peak
at 1050 nm (dpps = 3.5 nm), 2 mL of OA was used, and the growth
time was limited to 1 min. For NCs with a 1s peak at 1300 nm
(dpps = 4.6 nm), 14 mL of OA was used with the growth time
of 4 min.

Synthesis of Oleylamine-Capped Au NCs. Au NCs were synthesized
according to a previously reported methodology.®* In a typical
synthesis, 0.011 g of AuCl; and 5 mL of oleylamine were loaded
in a one-neck flask and allowed to react at 100 °C for 30 min
under argon atmosphere. During this time, the reaction
mixture's color changed from transparent yellow to orange
(indicating the formation of Au-oleate complexes), and then
finally to purple (indicating the formation of oleylamine-capped
Au NPs). The reaction was stopped by removing the flask from
the heating mantle and allowing it to cool to room temperature.
Then, the solution was transferred from the flask into centrifuge
tubes and precipitated with ethanol. After the centrifugation,
the supernatant was discarded and the pellet was dissolved in
chloroform. The cleaning cycle was repeated one more time
and the final product was redispersed and stored in 5 mL of
chloroform. The final product contained Au NPs with an average
diameter of 5 nm and a surface plasmon resonance (LSPR) peak
at A ~ 525 nm.

Preparation of the NC Film. MPA-linked PbS NC films were
deposited using a layer-by-layer spin-coating process under
an argon atmosphere. For each layer, the solution of PbS NCs in
hexane (concentration 20 mg/mL) or a mixture of PbS and Au
NCs was deposited on the glass substrate and spun at 3000 rpm
for 10 s. Subsequently, 7—10 drops of MPA/methanol solution
(ratio = 1:4) were deposited on the center of the glass slide,
soaked for 10 s and spun at 3000 rpm for 10 s. Finally, the film
was rinsed with methanol and hexane solutions. The total
amount of layers varied from 3 to 4. Ratios of PbS to Au were
calculated using a volume fraction of each material in the
mixture (see the Supporting Information).

MOA-linked NC solids were fabricated using a layer-by-layer
spin-coating process under an argon atmosphere. After the
deposition of 5—7 drops of PbS NCs, or a mixture of PbS and
Au NCs, onto a FTO/glass substrate followed by spinning
at 3000 rpm for 15 s, the film was immersed into 0.7 M MOA
solution in acetonitrile for 1 min and washed with 10 drops of
acetonitrile. Overall, 3—4 cycles were required to completely
perform the deposition of PbS or PbS/Au NCs. Ratios of PbS with
Au for the mixed films were calculated the same way as in the
case of MPA-linked films.

Characterization. Absorbance spectra were recorded using
CARY 50 scan and Simadzu UV-3600 UV—vis—NIR spectrophoto-
meters. Photoluminescence spectra were recorded using a
Jobin Yvon Fluorolog FL3-11 fluorescence spectrophotometer.
High-resolution transmission electron microscopy (HR-TEM)
measurements were carried out using JEOL 3011UHR and 2010
transmission electron microscopes, operated at 300 and 200 kV,
respectively. To prepare a TEM sample, a small amount of NC film
was scraped, dispersed in toluene by sonication, dropped onto a
carbon-coated copper grid, and allowed to dry in air. X-ray
powder diffraction (XRD) measurements were carried out on
a Scintag XDS-2000 X-ray powder diffractometer. FL lifetime
measurements were performed using a time-correlated single
photon counting setup utilizing SPC-630 single-photon counting
PCl card (Becker & Hickle GmbH), picosecond diode laser operat-
ing at 400 nm, as an excitation source (Picoquant), an id50
avalanche photodiode (Quantique), and long pass filters on
400 nm and 532 nm.
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