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ABSTRACT

High internal quantum efficiency semiconductor nanocrystal (NC)-based photon upconversion
devices are currently based on a single monolayer of active NCs. Devices are therefore limited
in their external quantum efficiency based on the low number of photons absorbed. Increasing
the number of photons absorbed is expected to increase the upconversion efficiency, yet
experimentally increasing the number of layers does not appreciably increase the upconverted
light output. We unravel this mystery by combining kinetic modeling and transient
photoluminescence spectroscopy. The inherent energetic disorder stemming from the
polydispersity of the NCs means that the kinetics are governed by a stochastic transfer matrix.
By drawing the rates from a probabilistic distribution and constructing a reaction network with
realistic connectivity, we are able to fit complex photoluminescence traces with a very simple
model. We use this model to explain the thickness-dependent performance of the upconversion
devices, and can attribute the reduced efficiencies to the low excitonic diffusivity of the exciton
within the NC layers and increased back transfer of the created singlets from the organic
annihilator rubrene. We suggest some avenues for overcoming these limitations in future devices.

Keywords: upconversion efficiency, triplet exciton transfer, triplet-triplet annihilation, energetic

disorder, nanocrystals

The hybrid interface between colloidal nanocrystals (NCs) and organic semiconductors (OSCs)
provides new avenues in optoelectronic research.!® By combining the tunable electronic structure
of NCs with the unique features of OSCs, it is possible to engineer devices that can overcome the
Shockley-Queisser’ limit in single-junction photovoltaics,® improve biological imaging!'® and
reduce the cost of infrared imaging.!!

In contrast to non-linear frequency upconversion using lanthanide ions which requires high



photon fluxes,!!!3 the upconversion process here relies on direct triplet sensitization of the OSC
(typically rubrene) and subsequent diffusion-mediated triplet-triplet annihilation (TTA). Taking
advantage of the long-lived triplet states, this TTA-based process is viable at sub-solar photon
fluxes.!* TTA relies on the interaction of two spin-triplets on neighboring molecules, which can
interact to generate a higher-lying spin-singlet excited state.®!>1¢ However, triplet states are spin-
forbidden due to spin-selection rules and therefore not directly optically accessible: triplet sensitizers
are required. Conventionally, this has been achieved by phosphorescent metal-organic complexes
which show strong intersystem crossing.!>!71° Recently, lead sulfide (PbS) NCs have been shown
to be efficient triplet sensitizers.!*>1420 In particular, these devices take advantage of the rapid spin-
dephasing in PbS semiconductor NCs resulting from the small exchange interaction between singlet
and triplet states at the band edge caused by strong spin-orbit coupling.?!?? This allows the NCs to
directly sensitize the otherwise optically inactive spin-triplet states in the OSC by direct triplet
exciton transfer (TET) from the band-edge exciton on the PbS NC. This TET process maintains
the spin state, and is therefore an allowed transition.?

Recent progress on the up-conversion system composed of PbS NCs and rubrene has shown that
the triplet exciton transfer at the inorganic-organic interface can be made fast and efficient, by tuning
the ligand length separating the NC and rubrene.*?* However, so far focus has been placed on increasing
the internal device efficiency: the percentage of absorbed low-energy photons which are converted into
high-energy photons. The external upconversion efficiency, defined as the percentage of total
converted incident photons, remains low. To achieve a high device efficiency, a larger fraction of
incoming photons must be absorbed and subsequently transferred into the upconverting layer.

In our previous studies the main goal was to decipher the underlying TET mechanism, which is
thought to be based on a short-range exchange-mediated energy transfer (Dexter mechanism).*>2
To minimize effects caused by inter-dot energy transfer, the NC film thickness in the devices was
limited to one monolayer (ML),* resulting in an achievable external upconversion efficiency well
below 1%, due to the absorption of ca. 0.5% per ML PbS NCs at the first excitonic feature in the
absorption spectrum.

In this work, we investigate the dependency of the upconversion efficiency on the NC film thickness,
using an octanoic acid (8 C) ligand. This ligand length was chosen to decrease the inter-NC spacing,
and promote increased exciton transport in the PbS NC film, yet avoid potential charge separation, as

well as increase the TET rate due to the reduced NC-rubrene spacing.



When increasing the NC film thickness from one ML to two MLs (Figure la,b), to first-order
approximation one would expect a doubling in the upconverted steady-state PL (Figure 1c), due
to the fact that twice as many photons are absorbed by the NC film. As only excitons at the NC-
OSC interface can undergo the short-range TET, this approximation is only valid if exciton
transfer (ET) from the second ML is efficient to the interface.

We experimentally find that although the upconverted steady-state PL (corresponding to the external
upconversion efficiency) increases slightly (~5% increase) going from one to two MLs (Figure
1d), the internal upconversion efficiency decreases by about half, since twice as many photons
are absorbed in the case of two MLs. This indicates that ET from the second NC ML to the first
NC ML is likely inefficient.

To investigate the underlying reason for this result, we turn to transient photoluminescence
spectroscopy. Figure 2a shows the thickness dependent PL dynamics of the NC films in absence
of rubrene (brown traces), as well as the quenched dynamics in presence of rubrene for one ML
(green) and two MLs (red). Using the previously reported extraction method of active and
inactive NCs, we obtain a population of 92% active NCs for the single ML NC device, and 49%
active NCs for the two ML device. This result is in good agreement with the observed ca. 5%
increase in the external upconversion efficiency seen in the steady-state PL, assuming the second
ML does not play a large role in TET due to inefficient ET to the NC/rubrene interface.
However, the late-time PL decay dynamics, which can be associated with the inactive PbS NC
fraction show an unexpected result: in the presence of rubrene, the NCs show a slower decay than
their unperturbed counterparts. This can be seen in the non-parallelity of the late-time dynamics
(Figure 2a, dashed black lines function as guides to the eye). This is consistent with a
replenishment of the NC exciton population at later times, which we attribute to a back-transfer
of the singlet excitons created by TTA. To model this, we construct a simple model of the process
as shown in Figure 2b. The PbS NC population with an exciton lifetime of 2.4 ps (brown traces)
is quenched by TET to rubrene with a time constant of 150 ns for one ML (green) and 2 ML (red).
To account for the non-parallelity, the PbS NC population is replenished by singlet back transfer
modeled with an estimated 15 us lifetime of the diffusion-mediated TTA based triplet-singlet
conversion in rubrene convoluted by the 2.4 us inherent PbS NC lifetime (Figure 2b, bottom
inset).

We can see that this simple model qualitatively reproduces the observed PL kinetics both in



presence and in absence of rubrene, yet it cannot capture the multi-exponential decay dynamics
observed experimentally for the NC films. One anticipates that this multiexponential behavior
results from the polydispersity of the NCs. In crystalline and highly ordered systems, PL decay
dynamics can be easily fit by such a single exponential function. In a system with multiple decay
channels or multiple populations with a variety of decay rates, the resulting dynamics can be
highly multi-exponential.>>?” The different rates can in principle be captured by a multi-
exponential fit. Unfortunately, trying to fit a large number of exponentials to a single time
trace is mathematically ill-posed. As a result, extracting more than two or three time constants
simultaneously is experimentally very challenging.

For the hybrid NC-OSC system investigated here one can sidestep this issue to some extent by
invoking an active/inactive PbS NC model to extract the TET decay dynamics — simply
subtracting the multi-exponential decay dynamics of the “inactive” PbS NC population — and
thereby extract overall efficiencies in the presence of disorder.*> However, the transfer matrix
formalism provides a more general solution, allowing us to describe the kinetics of a system with

a true distribution of rates.?® Below we briefly outline how this method is used to describe the

kinetics of our devices, with more details provided in the Supporting Information.

There are four important processes in the model:
e Nanocrystal PL rates Each NC is assumed to have its own radiative decay rate (k;). It is
evident from the multiexponential nature of the PL data that these rates must be
heterogeneous. We assume the decay rates follow a log-normal distribution, so that k; for

the it dot takes the form:

AEL)
kT

Where the effective energy barriers AE; are normally distributed. The decay rates are thus

ki=EeXp<

governed by two parameters: the mean rate, k, and standard deviation E, of the
distribution of activation energy barriers.
e NC-t0o-OSC Energy Transfer. These rates (krgr) are assumed to be zero for dots more
than one layer separated from the OSC due to the short range nature of triplet energy
429,30

transfer.

e NC-to-NC Energy Transfer We model the energy transfer between NCs of different



sizes using the Bell-Evans-Polanyi principle:3!'-2

EL'—Ej

exp( o= ) if E; > E;
kET if Ej < E;

EET

(5)

NC —

This results in preferential energy transfer from small NCs (higher energy) to large NCs
(lower energy). The distribution of NC energies we use is a normal distribution fit, based
on the known size polydispersity (2.67 = 0.35 nm) of the NCs used here and the empirical
equation by Moreels ef al. linking the size and band gap of PbS NCs.?

e OSC-to-NC Energy Transfer. These rates (k,; ) reflect the back transfer of upconverted
singlet excitons to the NCs These rate constants are assumed to be nonzero for all dots in
the device due to the longer-ranged nature of singlet energy transfer. 2934

This model captures the minimal physics required to quantitatively describe these devices.

The NCs are assumed to occupy a hexagonal close-packed grid coupled to a bulk OSC phase on

one side. We emphasize that this method is stochastic and the results are therefore averaged over

a large set of rates — strictly analogous to the ensemble average in the experiment.

We used the above method to model the PL dynamics seen in Figure 2a. The main feature to note
is the ability of this model to capture the “bendiness” of the PL curve (the degree to which the PL
curve varies from linear on a semi-logarithmic scale, which denotes purely mono-exponential
behavior). This effect is usually accounted for using a multi-exponential fit. However, if there is
no a priori knowledge of multiple discrete populations presentin the sample, itis hard to associate
meaning with the fit parameters, and the number of parameters can quickly become unphysical.
In the present model, a very non-linear curve is fit using only two parameters: the mean and energy
variance of the decay constant. As can be seen in Figure 3b the model fits the data very well. As
shown in the Supporting Information, a stretched exponential fits the IML data almost equally
well, so the present result should not be seen as incontrovertible proof of the log-normal ansatz for
k; . Rather, this choice is one of several rate distributions that is consistent with the experimental
data. As expected, both model and experiment show very little dependence of the infrared PL
dynamics on the number of MLs. We note that the degree of heterogeneity, defined as the variance
in the rate distribution, is quite small energetically, on the order of 37 meV. The interesting part
comes in the measurement of the NCs with a rubrene layer. The model is able to reproduce both

experimental curves with a single set of rate parameters.

Figure 4 summarizes the flow of energy in the system. The interfacial ML of PbS NCs can



efficiently couple to the rubrene and transfer energy. The additional second ML of NCs is too far
from the NC-rubrene interface for TET to occur directly. Some ET from the second PbS NC ML
to the interfacial ML does occur. According to the model the second layer enhances the forward
flux by up almost 10%. But that flux is partly cancelled by an increase in the back transfer of
upconverted singlets to the NCs. Basically, the additional MLs provide an additional source and
sink for excitons and the two effects roughly cancel one another. Using the full kinetic model, we
are also able to confirm that the late time deviation from parallelity is due to different rates of back-
transfer. Indeed, careful observation of the long-time data is consistent with the notion that back
transfer is more efficient in the two ML sample as compared to one, and the heterogeneous kinetics
model correctly reproduces this result without any additional parameters.

In conclusion, we have presented a kinetic model which can capture the decay dynamics of
disordered systems. We then applied the model to an upconverting system composed of NCs
with an OSC phase, and deduced the relevant rate constants. We find that the model predicts a
rapid decline in intemal efficiency with increasing NC layer thickness due to inefficient inter-dot ET
and rapid back transfer of the created singlet excitons. This back transfer may be the underlying
cause of the only 7 % internal upconversion efficiency in the one ML devices, despite nearly
unity TET efficiency.* To further increase the external upconversion efficiency, future work should
first aim to increase the interdot ET efficiency while maintaining near unity TET. Our
simulations suggest that most of the excitons in the second dot layer fail to make it into the
rubrene layer, severely limiting device performance. A second aim is reducing the amount of back
transfer of the upconverted singlets from the OSC to the NC layers, possibly by using energy

funneling ideas.
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Figure 1: (a) Energy flow of the previously studied single PbS NC ML device. The PbS NCs are quenched via
TET to the rubrene layer. Only ca. 0.5% of the incident photons are absorbed, while the other 99.5% pass
through the device. (b) First-order approximation: to increase the absorbed photons by a factor of two, a second
PbS NC ML is added. ET from the second ML to the first allows for subsequent TET to the rubrene. (c)
Expected result of the steady-state upconverted light output from the dopant dye DBP (corresponding to the
external upconversion efficiency), where two MLs of PbS NCs results in twice as much light output. (d)
Experimental result, showing that an additional ML of NCs does not show a noticeable increase in the obtained
upconverted light intensity, indicating a reduction of the internal upconversion efficiency by a factor of two.
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Figure 2: (a) Experimental PL dynamics of the one ML (two MLs) PbS film in light brown (dark brown) in
absence of rubrene. In the presence of rubrene, the infrared PL dynamics of the PbS NC ML (two MLs) are
quenched by TET to the triplet state of rubrene, shown in green (red). The non-parallelity of the late-time decay
dynamics is highlighted by the dashed black lines, which function as guides to the eye. (b) Simple first-order
kinetic model. The PbS decay dynamics are simulated as a monoexponential decay (brown) with a lifetime of
2.4 ps. In presence of rubrene, 92% (49%) of the population of one (two) ML PbS NCs is quenched on a 150 ns
time-scale. To account for the late-time mismatch of the PL dynamics, singlet back transfer is modeled as a
rising exponential with a 15 ps lifetime, convoluted with the 2.4 us lifetime of the NCs (bottom inset).
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Figure 3: (a) An illustration of the system and the various rates considered in the model. The PbS NCs are
excited at 785 nm. They can undergo inter-dot energy transfer or TET into rubrene. After TTA, the resulting
singlets can emit, be far-field reabsorbed, or undergo FRET back into the sensitization layer. (b) Experimental
PL traces for one and two NC MLs, in presence (green, red) and in absence of rubrene (light and dark brown).
The fits obtained by the kinetic model are overlaid as solid lines. The model can capture the “bendiness”
of the PbS NC PL dynamics stemming from energetic disorder very well.
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Figure 4: The flow of energy in the system. (a) The first PbS ML of NCs can readily transfer to rubrene, while
accepting the singlets created by TTA back via FRET, which in turn can be recycled and transferred to rubrene
again. (b) The first ML has similar properties as seen in (a). The second PbS ML however, undergoes inefficient
ET to the first ML, and cannot undergo short-range TET to rubrene. It can still accept singlets created by TTA
via long-range FRET, yet these are not recycled efficiently as in the case of 1 ML. The end result is an increase
in the loss channels for little gain. (¢, d) Energy level diagrams showing the energy transfer pathways for one
and 2 ML upconversion devices. The additional fast (100ps) FRET step from rubrene to DBP has been omitted
for simplicity.



