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Abstract

Time-resolved photoluminescence spectroscopy is used to quantify the Forster-mediated
exciton migration rate and the exciton population decay rate in drop-cast solid emulsions
of PbSe colloidal nanocrystals emitting near 1.5 um, from 77 to 300 K. For both
unimodal and bimodal emulsions, at a fixed temperature in a given sample, the measured
time constants that characterize the fast transient decay (blue side of the spectrum) and
buildup (red side of the spectrum) vary considerably with emission wavelength, but the
average fast time constant, ~ 25 ns, varies little (i.e. within < 25%) with temperature
from 77 to 300 K. Over the same temperature range, the exciton population lifetime,
ascribed to non-radiative decay, decreases by ~ 5 times, but is always longer than the
Forster time constant. The increase of the Forster-mediated efficacy of exciton
redistribution at low temperatures, before they decay, is therefore almost all due to the
variation of the non-radiative decay rate. By analyzing the temporally resolved and
steady state emission spectra, it is noted that the time required for the exciton population
to equilibrate is non-exponential, and considerably longer (~ 150 ns) than the rapid decay
and buildup time constants extracted from the decay curves at fixed wavelengths.

Keywords: Nanocrystals, Optical properties, Exciton dynamics, Photoluminescence of
semiconductors, Time resolved spectroscopy, Energy transfer between semiconductor
nanocrystals.



Introduction

Densely packed colloidal nanocrystals ensembles are of considerable interest for solar
energy harvesting,’ # photodetectors,® * and light emitting diodes,® due to the ease with
which their bandgap energy can be tuned over a wide range, and their relatively simple
and inexpensive synthesis. Pb-based colloidal nano “spheres”, most prominently PbSe or
PbS with diameters in the range of 3.5-6 nm, are of particular interest at energies below
the bandgap of silicon, down to < 800 meV.

The distribution of particle sizes, and hence bandgaps, in solid-state emulsions formed by
drop-casting nanocrystalline solutions, is a minimum of ~ 4% for nominally
monodispersed samples, and can be controlled by blending different-sized monodispersed
solutions before drop-casting. When above bandgap radiation is absorbed by any given
particle within such a sample, it is usually assumed that rapid energy relaxation within
the particles results in the formation of a “ground state” exciton within a few picoseconds.
The subsequent fate of the excitons then depends strongly on the details of their
environment. In dilute solutions, the excitons typically will either radiatively decay by
emitting a photon, or non-radiatively recombine via mid-gap and/or surface states in the
particle where the exciton was first created. If free charges are trapped near a particle,
efficient, non-radiative Auger recombination effectively excludes them when considering
the dynamics of the ensemble’s exciton population.

In densely packed, three-dimensional (3D) arrays of nanocrystals, it is well-known that
the excitons can also move from one particle to another via the dipole-dipole, Forster
interaction.®” Since the Férster interaction is expected to depend on the inverse sixth
power of the interparticle separation, the density and sizes of particles in the ensemble
will determine whether or not there is significant equilibration of the as-excited exciton
population within the ensemble of particles before radiative and/or non-radiative
recombination occurs. Significant non-radiative transfer of excitons between particles,
before they decay, may be advantageous for certain device applications.®
Time-resolved spectroscopy of the radiative emission from 3D emulsions and 2D arrays®
of mono- and multi-dispersed colloidal nanocrystals excited bg/ short-pulse lasers has
been used by several groups to study their exciton dynamics. 1% *%4 Common to all
of these reports is that the time-dependence of the emission from the blue side of the
spectra contains a “fast component” that can be easily distinguished from a slower
component that is often similar for all wavelengths in the emission spectrum. The fast
component, absent in dilute solutions of the same particles, so long as the excitation
level is sufficiently low, is evidence of exciton redistribution amongst the particles on
timescales shorter than the population lifetime, that is associated with the slower decay.

The fast component has reasonably been attributed to the Forster interaction, and efforts
to compare the fast decay rate with the theoretical expression for this process,
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separation, and R, is the “Forster radius” for a given pair of particles, have yielded
estimated particle separations, R consistent with what one would expect for close-packed
3D arrays of the particles used in the experiments. The validity of this analysis is
questionable to some extent, given that the fast component of the reported decay curves
typically varies considerably as a function of spectral position, and the R, value also
depends strongly on the relative sizes of the interacting particles. The latter is relevant
since for a given emission frequency, the originating, relatively small particle will be
surrounded by particles of different sizes and hence R, values.

Some of the other reported behavior is less consistent between particle types and
laboratories. In some, but not all cases, there is a clear buildup time observed on the red
side of the spectra. When this is present, the corresponding time constant is often not
compared to the fast decay constant observed in the blue side of the spectra. In perhaps
the most comprehensive analysis, done as a function of temperature using CdTe
particles, the authors argue that it is in fact this buildup time that should be attributed to
the “Forster interaction rate”. They then conclude that the Forster interaction rate is
essentially temperature independent from 300 to 100 K, and then decreases by an order
of magnitude by 20 K. In another temperature dependent study, using PbS particles, the
authors state that the Forster energy transfer rate, based on the fast component of the
decay from the blue part of the spectra, increases from 1/50 ns™ at 200 K to 1/30 ns™* at
160 K. Unfortunately, the steady-state spectra from even the mono-dispersed samples
used in both of those studies were quite complicated.

The time-resolved, temperature-dependent emission from high-quality PbSe nanocrystals
reported here shares features reported by others, but there are distinguishing attributes.
By analyzing the dynamics of several samples at multiple emission wavelengths and
temperatures, we conclude that both the rates of the rapid rise on the red side, and the
rapid decay on the blue side of the spectra, are wavelength dependent at a given
temperature, but that the average value of these rates shows no clear dependence on the
temperature, from 300 to 77 K.

The quantity that varies most over this temperature range — almost an order of magnitude
- is rather the relatively slow exciton population decay rate. For low temperatures, more
of the exciton population is redistributed via the Forster interaction before the population
decays: the “Forster efficiency” is higher at lower temperatures almost exclusively
because of the longer non-radiative recombination times, not a change in the “Forster
scattering time”. Higher Forster efficiency leads to more prominent PL buildup on the
red side of the spectrum.

The time-dependent spectra are also analyzed to highlight and discuss the subtle but
quantitatively significant difference between the fast “Forster scattering time” as



extracted from exponential fits of the initial decay/buildup of the emission, versus the
“equilibration time” required for the excitons to establish a quasi-steady-state distribution
amongst the available particles. Finally, a simple phenomenological model of the Forster
interaction rate is offered to explain the measured, weak temperature dependence
between 77 and 100 K.

Sample Preparation and Experimental Procedures

All results described below were obtained using two batches of PbSe colloidal QDs
prepared as described in Ref. 16, 17, 18, with nominal diameters of 4.0 nm (batch A) and
4.5 nm (batch B).'® Drop-cast versions of the individual, unimodal A and B solutions,
and of a bimodal (nominally a 50/50 blend of A and B by weight) solution, were formed
in a nitrogen-filled glove box on silicon substrates that were RCA-1 cleaned and
immersed in a dilute buffered oxide etch solution for 1 minute prior to QD treatment.
Before deposition, QDs were evaporated from TCE under nitrogen flow, weighed, and
dispersed in spectroscopic grade hexanes (Sigma Aldrich) to a concentration of 50
mg/mL for drop-casting. Substrates for drop-cast samples were first mounted in the
cryostat, through which nitrogen flowed, and several < 0.1 mL drops of the highly
concentrated QD solution were pipetted onto the sample substrate to form a single,
conglomerated opaque emulsion of QDs several square millimeters in area. Nitrogen
flow was continued for several minutes to allow for residual solvent evaporation and
finally the cryostat was put under vacuum. Sub-monolayer distributions of QDs were
formulated inside a nitrogen-filled glove box using a dip-coating procedure. Substrates
were suspended (sample plane vertical), immersed into the QD solution at a speed of 1
mm/s, held for 5 seconds, withdrawn at a speed of 0.8 mm/s, and placed inside the
cryostat. The cryostat, containing the dip-coated samples, was removed from the glove
box, and nitrogen flow through the sample chamber of the cryostat was quickly
established and maintained until the sample was mounted, followed by evacuation of the
sample chamber to < 107 torr.

Both time-integrated spectra and spectrally-integrated, time-resolved decay curves were
used to compare various preparations. Steady state PL (SSPL) spectra were obtained
using a CW HeNe laser, while time-resolved spectra (either spectrally integrated or
filtered using 12 nm wide bandpass filters), were obtained using either a ~ 1.5 picosecond
pulsed Ti:sapphire laser (~ 800 nm) operated at 80 MHz in conjunction with an electro-
optic pulse-plucker, or a variable repetition rate diode laser @ 658 nm, with pulse
duration ~ 500 ps. The measured decay time constants were the same for either excitation
source. In all cases the excitation beam was directed by a reflective objective to a spot
size on the sample of diameter ~ 3 um. In contrast to the dilute solutions, the SSPL
spectra and the time-resolved decay curves obtained from the dense, randomly packed
QDs in drop-cast films are very sensitive to the optical excitation rate. In order to obtain
intensity-independent results, the average excitation intensity had to be kept below 0.1
MW/cm?. The solid samples were mounted in an evacuated cold-finger cryostat, and the
PL emission normal to the surface was collected with the same reflective objective and
directed either to a Bruker Fourier Transform spectrometer for time integrated spectra, or
an InGaAs infrared single photon detector for spectrally-integrated, time resolved



measurements. The synchronization and time delay control was achieved with two pulse
generators, and a long wave pass filter was used to ensure only the PL was detected in the
fast detector.

Results with Steady-State Emission Spectra

Figure 1a shows three steady state PL (SSPL) spectra corresponding to dilute unimodal
solutions of A and B individually, and the bimodal blend at 300 K. The fact that the
SSPL spectra from the blend is essentially a linear superposition of the two individual
spectra (see the dotted curve in Fig. 1a) suggests that there is negligible interaction of
excitons between the two species when in dilute solution.
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Figure 1. Normalized plots of steady state photoluminescence for two unimodal size distributions of
quantum dots; solid red 4.5 nm diameter, and blue 4.0 nm, and from a bimodal mixture (segmented green).
Left (a) figure is from the quantum dots in solution at 300 K, figure (b) is from solid state thick films at 300
K. The dotted curve in a) is the equally-weighted sum of the two unimodal spectra, for comparison to the
blend spectrum.

Figure 1b) shows the corresponding SSPL spectra from all three samples in drop-cast
form, again at 300 K. All are red-shifted with respect to the corresponding solution
spectra, and the blend spectrum from the drop-cast sample is much more heavily
weighted in favour of the larger, lower energy QDs. This is qualitatively consistent with
a scenario wherein excitons in closely spaced QDs can migrate via the Forster interaction,
and thus explore the available density of states (DOS) as defined by the size distribution
of the ensemble. The solution spectra provide a measure of the DOS (within some Stokes
shift), and the drop-cast spectra represent the redistribution of the excitons within that
DOS (again within a Stokes shift, that could be different from the Stokes shift in solution).
If there was no differential Stokes shift between solution and the drop-cast formulations,
the redshifts of the monodispersed spectra would provide a measure of the effective
temperature describing the exciton distribution within the QD ensemble; the cooler the
effective temperature, the larger the redshift. This qualitative picture for the shift is
difficult to quantify because of the unknown differential Stokes shift, and the fact that the
actual DOS associated with the distribution of QD sizes is considerably narrower than the
solution PL linewidth would indicate, since the solution linewidth involves a convolution
of the homogeneous linewidth of individual QD emission, with the DOS distribution.??



In the case of the blend spectra, there is addition information associated with the
difference in the relative contributions of the small and large QDs on going from solution
to drop-cast formulations. Again, the observed behaviour is qualitatively consistent with
thermalization of the distribution in drop-cast samples, as there is clearly less
contribution from the smaller, higher energy QDs than in solution. However, again,
quantitative evaluation based on the SSPL spectra is not possible, owing to the same
factors identified above, together with the fact that the relative weighting depends both on
the energy separation of the two peaks in the DOS for the blend, and their
inhomogeneous linewidths. These challenges in quantitatively extracting thermalization
information from the SSPL spectra motivate the time-dependent studies described below.

Results with transient Decay

Figure 2 shows the time-resolved PL (TDPL) curves obtained from the unimodal solid
state formulation of sample A at both 300 and 77 K. At 300 K there is very little
variation in the decay dynamics at different wavelengths. In contrast, there is a strong
spectral dependence at 77 K, with the blue side clearly showing a relatively fast decay,
and the red side a relatively fast buildup.
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Figure 2: Normalized temporal evolution of the PL signal from a solid state formulation of sample A
particles obtained at different wavelengths; 1400 nm (blue), 1450 nm (green), 1500 nm (yellow), 1550 nm
(red), and spectrally-integrated (black), at 300 K (a), and 77 K (b). The scatter in the data reflects the
uncertainty of the raw measurements. The solid lines are best fits assuming an instantaneous initial
excitation followed by a subsequent evolution described by two exponentials (see text).

Figure 3 shows the TDPL obtained from drop-cast film made from the blend of batches A
and B at 300, 200, and 77 K. Clearly there is strong spectral dependence to the decay
curves at all three temperatures, each exhibiting a relatively fast decay component on the
blue side, and a corresponding fast buildup component on the red side.
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Figure 3: Normalized temporal evolution of the PL signal from a solid state formulation of the blend of
sample A and B particles obtained at different wavelengths; 1300 nm (pink), 1350 nm (purple), 1400 nm
(blue), 1450 nm (green), 1500 nm (yellow), 1550 nm (red), 1600 nm (brown) and 1650 nm (gold), and
spectrally-integrated (black), at 300 K (a), 200 K (b), and 77 K (c). The scatter in the data reflects the
uncertainty of the raw measurements. The solid lines are best fits assuming an instantaneous initial
excitation followed by a subsequent evolution described by two exponentials (see text).

Another way to display these dynamics is to plot the spectrally-sampled spectra at
various times after laser excitation. Figure 4 does this for the bimodal blended sample at
300 K, and the unimodal sample A at 77 K.
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Figure 4: Energy dependence of the emission spectra at different times after excitation for the bimodal
blend of A and B in solid form at 300 K (a), and for the unimodal sample A at 77 K (b). The legend
describes the times at which the spectra are displayed. In (a) the red dashed line represents the SSPL
spectrum from the same sample at 300 K, while the blue dashed curve is the SSPL spectrum from the blend
in solution. In (b), the dashed red curve is the SSPL spectrum from the same sample at 77 K, and the
broken blue curve is the SSPL spectrum from a dilute monolayer made from a solution of sample A at 77 K.
The spectra at different times were normalized to the signal at 6250 cm™(a), and 6666 cm™ (b) and shifted
for clarity.

Discussion

All of these results are qualitatively similar to previously reported studies of different
types of colloidal nanocrystals.?> However, one main difference is that most others report
a greater spectral dependence, and clear evidence of a fast decay component on the blue
side of the spectra from unimodal solid state samples even at room temperature. We
attribute this to the fact that the data in Fig. 2 was obtained using very low excitation
powers in comparison to those reported by others: we observe more spectral dependence



and the emergence of more significant fast transients from unimodal samples excited by
higher power pulses.

Much of the related literature analyzes the transient decay curves to extract a fast “Forster
time constant”, and a slower population decay time constant. The former is often used to

extract a mean Forster radius for the particles (R, in Egn. 1), assuming one knows the
average inter-particle separation (R in Eqn. 1)'°, or to compare the mean inter-particle

separation one gets from Eqn. 1 with the particle radius, assuming one can estimate the
Forster radius.** When data over a range of temperatures has been measured, the ratio of
fast and slow time constants is attributed to a temperature dependent “FOrster efficiency”,
which nominally provides a measure of the extent of equilibration that occurs amongst
the particles before the excitons recombine, either radiatively or non-radiatively.

While these are reasonable ways to simply parameterize a complex system’s dynamical
behaviour, they typically ignore two significant facts; i) the fast decay and fast buildup
time constants typically depend significantly on wavelength, and perhaps more
significant, ii) the time for the spectra to fully develop a quasi-steady-state shape is
typically significantly longer than the fast time constant extracted and used as a measure
of the “FOrster time constant”.

Below we analyze and interpret our data based on the following picture for exciton
dynamics in these solid emulsions, given that the theoretical Forster transfer rate, k , from
a single donor to a single acceptor separated by a distance R , is related to the donor’s

emission spectrum, F,(v), and the acceptor’s molar extinction coefficient, &,(v), as™

«_[2000In10)<%c ‘ﬁ‘-efﬁ(v)sz(v)v*‘dv
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where x* = <COS 6 —3C0s ¢ cos ﬂ> =2/3, where 0 is the angle between the two involved
dipoles from the observation point; a and 3 are the angles that the transition dipoles make
with R, the vector connecting the two dipoles. Tq [s7] is the radiative lifetime of the
exciton, c is the speed of light n is the refractive index of the host medium, and N, is
Avogadro’s number [mol™].

If the exciton population lifetime was arbitrarily large, the scenario for system dynamics
in the weak excitation regime would start with absorption of the nonresonant excitation
pulse, followed by rapid intra-dot thermalization, resulting in an initial (tens of
picoseconds) distribution of excitons within the ensemble (either monodispersed or
bimodal) that closely resembles the distribution of dot sizes (and therefore the solution
spectrum at room temperature, with the homogeneous linewidth deconvolved). Any
given dot in the ensemble will be surrounded by dots of different sizes, and if initially
populated, would transfer via the Forster interaction to one of the nearby dots. For a
given nearest-neighbour separation, the transfer rate would be highest to larger dots, if



available, whose absorption spectrum best overlaps with the populated dot’s emission
spectrum. Excitons in larger dots transfer to nearby smaller dots, but at a much lower
rate for a given separation, depending on temperature. The spectrally windowed TDPL
spectra recorded here and in the literature, monitor the net effect of scattering in- and
scattering-out processes for a given dot size, specified by the emission wavelength. For a
specific populated dot, assuming a dilute population of excitons amongst the dots, the
initial scattering out rate is the sum of the transfer rates to adjacent dots. The scattering-
in rate to that dot, assuming it is unpopulated, is the sum of the Forster rates from all
adjacent, populated dots. Eventually the excitons distribute themselves amongst the
available dots in an approximately Maxwellian (at the temperatures considered here),
quasi-thermal distribution where the net scattering-in and scattering-out rates, in an
ensemble sense, are equal.

Thus if the quasi-steady state distribution of excitons is similar to the distribution of dots
themselves (approximately the case at high temperature in unimodal samples), one would
expect little evidence of the Forster transfer processes in the TDPL curves even though
Forster mediated interdot transfers are occurring. This is consistent with the observations,
as depicted in Fig. 2a). When there is a large difference between the quasi-steady state
distribution and the distribution of dots (the case at low temperature, especially in
bimodal samples), TDPL curves from relatively scarce, relatively small dots at the blue
extreme of the spectrum should be dominated by a fast decaying component that reflects
the net Forster-mediated scattering-out rate to a distribution of surrounding (larger) dots.
This is in general wavelength-dependent, and not necessarily monotonic. Spectra from
relatively scarce, relatively large dots at the extreme red side of the steady-state spectrum
should be dominated by a fast rising signal that reflects the net Forster-mediated
scattering-in rate from a distribution of surrounding (smaller) dots. This too will be
wavelength dependent, and not necessarily monotonic. At intermediate dot sizes, the
TDPL curves will exhibit short-term Forster-related transients that are due to a
combination of scattering-in and scattering-out rates, each to or from a distribution of
different sized dots.

Analysis

In order to extract representative time constants from the decay curves in Figs. 2 and 3
for the different filters and temperatures, they were all fit using:

y=Ae = +Be'™ 4+C 3
where the short time constant is associated with the net rate of exciton transfer between
dots: it can have either a negative or positive amplitude depending on whether the
initially excited exciton population is below or above the quasi-steady-state value. The
long time constant characterizes the steady state population decay, and this term can only
have a positive amplitude.

Figure 5a) (unimodal drop-cast sample A) and Fig. 5b) (bimodal drop-cast sample)
summarize the extracted time constants from 77 to 300 K, averaged over all of the
detected wavelengths for a given sample and a given temperature. Over the entire
temperature range, and for both sample distributions, the average fast exciton transfer



time constants are all well-separated (significantly faster) than the population decay time
constants. We note that the spectrally-averaged and spectrally-integrated population
decay times are almost identical for the unimodal and bimodal samples.
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Figure 5: The fast (blue) and slow (red) time constants extracted from the TDPL curves using Egn. 3 as a
function of inverse temperature for the unimodal sample (a), and the bimodal mixture (b). The lines are
guides to the eye, for the temperature dependence of the average values, and the uncertainties in the time
constant are consistent with the symbol size The uncertainty in the inverse temperature is negligible for
estimating the trend lines.
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In contrast, some wavelength dependence for the fast, Forster-related time constant is
expected from Eqn. 2. For extremely small particles, initially populated by the pulsed
laser on the high energy side of the distribution, their decay rate will be dominated by
scattering out, primarily into larger particles with absorption spectra that best overlap the
populated particle’s emission spectrum, in proportion to the density of those particles in
their surroundings.?* We argue that it is only this segment of the dot distribution that
decay in a way that can be directly related to a relatively simple (at least conceptually)
Forster scattering rate calculation, given the more complicated scenario outlined below
for larger dots.

For relatively large particles on the red side of the distribution, especially at lower
temperatures, their occupation will build up from its initially excited values, due to
Forster related scattering-in from a range of surrounding particles. Since this in-
scattering rate is not proportional to the occupation of the receptor dot, we do not see any
“simple” way to directly relate this rate to an intuitive Forster scattering rate calculation.
Nevertheless, to a good approximation when the population lifetime is considerably faster
than the decay and buildup time constants, the conservation of excitons means that the
buildup times must be directly related to the decay times, when a full self-consistent
analysis is done.

Figure 6 plots the measured fast time constants versus their associated (normalized)
amplitudes (the A parameter in Egn. 3). All of the temperatures and wavelengths appear
on these “universal plots”, one for each of the sample types. Note that there is a very
strong correlation between the wavelengths and the magnitudes of the amplitudes: the
blue shift for the positive amplitude data increases with amplitude, and the redshift of the
negative amplitude data increases with the absolute value of the amplitude. The



following discussion is based primarily on the bimodal sample data, which has several
representative values from both the blue (positive amplitudes) and red (negative

amplitudes) sides of the spectra, in contrast to the monodispersed sample, which has a
much narrower emission spectrum compared to our filter centre-frequency separation.
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Figure 6: The fast time constants extracted from the TDPL curves using Eqn. 3 as a function of
normalized amplitude for the unimodal sample (a), and the bimodal mixture (b). The positive amplitude
corresponds with fast decay and the negative amplitude with the net buildup time. The scatter in the data
points reflects the uncertainty in the parameter estimations.

From the data in Fig. 6 we first conclude that for both sample types, the variation with
temperature does not follow any clear trend, and its average value varies little over the
whole temperature range in comparison to the variation of the lifetime with wavelength
for each temperature (consistent with Fig. 5). For the bimodal distribution, the variation
with wavelength is on the order of the scatter in the data due to measurement
uncertainties, but it is sufficient to conclude that there is a definite trend for the fast
lifetime to increase on the blue side of the spectra, as the participating dots get larger and
approach the mean size, while the lifetime similarly increases on the red side of the
spectrum the more the dot size increases away from the mean. Following the discussion
above, if we limit an intuitive explanation to the positive amplitude, blue shifted portion
of the data, then this dependence on wavelength can be used to infer the energy
difference between “optimally coupled” donor-acceptor pairs®® for which the spectral
overlap integral in Egn. 2 is a maximum. An energy difference of less than ~ 50 meV
would mean that the fast time constant of the most blue shifted of the dots would be
associated with scattering out primarily to receptor dots with energies on the blue side of
the bimodal density of states (represented by the dashed blue curve in Fig. 4a). Then the
time constant should decrease for less blue-shifted dots, then remain roughly constant
before increasing as the principal receptor dots energy moved to the red side of the
roughly flat-toped density of states. An energy difference of more than 100 meV would
suggest that the fast time constant would increase monotonically as the blue shift of the
donor dots decreased, but by more than a factor of two times, since the density of states
falls off rapidly below ~ 6500 cm™. We therefore deduce that the energy separation



associated with optimal donor-acceptor exchange is between 50 meV and 100 meV in
these samples. This is consistent with the conclusion reached in Ref. 20 with PbS.

As mentioned above, we see no simple way to predict or interpret the wavelength
variation of the fast buildup time constant with wavelength and/or (correlated) negative
amplitude in Fig. 6, but it is interesting that the buildup time in the bimodal sample
exhibits a similar variation as the decay time, albeit with a larger range of variation, and a
similar mean. Based on exciton number conservation at short times, the fact that the
mean decay time is very similar to the mean buildup time makes sense. That the negative
amplitude time constant data is to some extent a laterally translated version of the
positive amplitude time constant data in Fig. 6a, may be related to the inferred energy
separation of between 50 and 100 meV between optimally coupled donors and acceptors,
but we can not quantify this conjecture.

The relative lack of data for the monodispersed sample makes it difficult to draw strong
conclusions about the wavelength dependence of the fast time constant. As indicated in
Fig. 6, the average values of the fast time constant vary less with temperature than the
variation with wavelength, and the scatter in the data.

From this data and analysis, we therefore conclude that the spectrally averaged Forster-
related relaxation rate is at most weakly temperature dependent in both the
monodispersed and bimodal blend samples over this temperature range. Most
significantly, in both samples the variation in the time constant over the spectrum
(including both decay and buildup transients), at a fixed temperature, exceeds the total
variation of the average with temperature and between samples.

The weak temperature dependence of the average Forster time constant observed in both
of our samples, and in Ref. 8 deserves comment. With reference to Eqn. 2, the net
scattering out time from a relatively small dot will be dominated by its transfer rate to
slightly larger (more numerous) dots whose absorption spectrum best overlaps with the
small dot’s emission spectrum. We are unaware of high-quality temperature-dependent
emission and absorption data from single quantum dots, however a simple numerical
evaluation of this scattering out rate for a given, optimally overlapped donor-acceptor
pair, confirms it is essentially independent of T from 300 to 77 K. The same argument
holds for the net scattering in rate for relatively large dots in the distribution. More
crudely, one might expect that the spectrally averaged Forster rate we deduce from Figs.
2 and 3, could be related to the integral in Eqn. 2, using the ensemble absorption and
emission spectra. A full set of temperature dependent absorption and emission spectra
from an ensemble of CdSe dots* suggests that the integral of spectra in Eqn. 2 is in fact
only weakly temperature dependent over the range of temperatures considered here.
Given a weak temperature dependence of the spectral overlap integral contribution to k,
there then remains the temperature dependence of R and trin Egn. 2. Given the single-
peaked nature of the spectra from our samples over the temperature range, and previous
kinetic modeling of the temperature dependent spectra from similar samples,?* we have
no reason to believe the radiative decay rate has a significant temperature dependence.



We have no measure of the temperature dependence of the inter-particle separation, but
based on this interpretation, it would appear to be weak.

As noted above, the spectrally averaged long time constant corresponding to exciton
population decay is almost identical for the monodispersed and bimodal blend samples,
and its variation with temperature is more significant (roughly a factor of 5 increase in
the decay rate from 77 to 300 K) than that of the fast time constant. Consistent with
previous reports, the relative importance, or “efficiency” of Forster-mediated population
transfer (if taken as the ratio of these two time constants) increases in both of these
samples as the temperature decreases. However, Fig. 5 clearly shows that most of this
increase in efficiency is due to the reduced long-time exciton population decay rate at
lower temperatures. Based on other work on similar samples,*® % 2 we attribute this
temperature dependence of the long time constant to a reduced non-radiative
recombination rate at lower temperatures, owing to its activated nature.

However, it is not clear to what extent the average fast time constant extracted from the
TDPL curves is the relevant Forster parameter to include in an efficiency figure of merit.
Careful inspection of the temporal evolution of the spectra in Fig. 4 suggests that the
characteristic time required for the spectra to attain their quasi-steady-state shape is
typically between 100 ns and 200 ns, much longer than the “fast time constant” extracted
from the spectrally filtered TDPL curves. Thus in some sense, the net Forster-related
equilibration time for the excitons to come within ~ 10% of their quasi-steady state
distribution, is more like 150 ns than 20-30 ns. A very simple 4 level kinetic model
captures the essence of this somewhat counter-intuitive observation. With reference to
Fig. 7, if we assume a scattering rate y;» from a donor state 1 to an acceptor state 2, y»; for
the reverse scattering rate, and a common vy, recombination rate for both states 1 and 2
returning to their respective ground states, the corresponding rate equations are:

Figure 7. Energy level and scattering rate diagram for a donor (left) and acceptor (right) pair of QDs with
resonant transition energies separated by AE , and Forster-related scattering rates y,, and ,, . Both

populations are assumed to decay at a rate y, .

dn, _
dt
dn

d_t2:7/21n1_(7/r +7/21)nz

_(7r + 712)”1 + 71N,



The simple donor-acceptor absorption/emission model referred to above confirms that
¥, varies as exp(-AE/KT) over the temperature range of interest here, when AE is chosen
to maximize the donor-acceptor scattering rate, y,,, which as noted above, is essentially

temperature independent. This ratio of inter-state scattering rates ensures that the quasi-
steady-state population ratio in states 1 and 2 is Maxwellian. Solving the set of Eqns. 4,
assuming some arbitrarily initial populations n (t =0)=N,and n,(t =0) =N, yields
transient solutions,

n(t) = (7’12N1 — YN, jexp(_rlt) +(721N1 + 7N, Jexp(_rzt)

Yi2t Va1 Vi2t V2 5
—7,,N; +7,,N N, +7,,N
nz(t):( V12N T 751 zjexp(_rlt)_l_(?/lz 1770 ZJexp(—th)
Vot Va1 Yiot Va1
where

Ii=yi2+y21+yr
1—‘2:%

One state population decays and another increases so that their ratio approaches the
quasi-equilibrium value, with a fast time constant equal to the sum of the 3 relevant time
constants. In the experimentally relevant case where y,<< y;,, and short time span, Eqns.
5 are approximately

n (t) =N + (Nl - nlss) exp (_Flt)

6
N, (t) = Ny + (N, — Ny ) exp(-Iit)
where
N =(N; + N,)/(1+exp(AE/KT)) .

Nyes = (Nl + Nz) — Nigs

The relevant quantity to assess the extent to which the spectra (populations) have reached
quasi-equilibrium is the ratio, n,(t)/n,(t), which clearly does not vary exponentially.
One cannot therefore ascribe a clear “time constant” for this equilibration process, but
inserting parameters consistent with those in Figs. 5 and 8 (y1,=1/20 ns, y,=1/500 ns and
v21=1/500 ns), we find that the n,(t)/n,(t) ratio comes within 10% of its quasi-

equilibrium value in ~ 150 ns, completely consistent with the time observed in the set of
spectra within Figs. 4.



Conclusions:

A detailed analysis of the spectral and temperature dependence of the steady-state and
time-resolved photoluminescence spectra from both unimodal and bimodal solid state
emulsions of PbSe quantum dots emitting in the infrared near 7000 cm™ indicates that; i)
the average of the fast transient decay times observed on the blue side of the spectra, and
the fast transient buildup times observed on the red side of the spectra is essentially
independent of temperature, ~ 20- 25 ns, from 77 to 300 K, ii) the variation of the this
fast transient time constant at a fixed temperature, as a function of wavelength, is
considerable (from 10 to 40 ns), and at least qualitatively consistent with what is
predicted from the theoretical expression for the Forster transfer rate where the optimal
overlap of the donor emission and acceptor absorption spectra occurs for an energy
separation of between 50 and 100 meV, and iii) the population lifetime of the QDs is the
same for all dots in the emulsions, and it increases by a factor of ~ 5 times from 300 to 77
K. If one uses the fast time constant as a measure of the Forster interaction rate, the
“Forster efficiency”, intended as a measure of how much exciton migration amongst the
QD ensemble occurs before they decay, thus changes by a factor of 5 times between 300
and 77 K, but this is entirely due to the temperature dependence of the population lifetime.
The temperature independence of the Forster rate is consistent with modeling the
theoretical expression for the coupling rate between optimally separated donor-acceptor
pairs, and also with the temperature dependence of absorption and emission spectra from
QD ensembles in the literature over this temperature range. Finally, we note that the fast
time constant extracted from spectrally-resolved decay and buildup transients is at least
five times shorter than the (non-exponential) time it takes for the exciton population to
approach within ~ 10% of its quasi-steady state shape (consistent with a simple model),
which suggests that the typically-used “Forster efficiency” is ambiguous, and at best a
qualitative measure of the degree to which the excitons equilibrate before decaying.
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