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ABSTRACT: Be it for essential everyday applications such as
bright light-emitting devices or to achieve Bose—Einstein
condensation, materials in which high densities of excitons
recombine radiatively are crucially important. However, in all
excitonic materials, exciton—exciton annihilation (EEA) becomes
the dominant loss mechanism at high densities. Typically, a
macroscopic parameter named EEA coefficient (Cgg,) is used to
compare EEA rates between materials at the same density; higher
Cgea implies higher EEA rate. Here, we find that the reported
values of Cgg, for 140 different materials is inversely related to the
single-exciton lifetime. Since during EEA one exciton must relax to
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ground state, Cggy is proportional to the single-exciton recombination rate. This leads to the counterintuitive observation that the
exciton density at which EEA starts to dominate is higher in a material with larger Cgg,. These results broaden our understanding of
EEA across different material systems and provide a vantage point for future excitonic materials and devices.
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Excitons can be formed by direct photoexcitation or by
association of free electrons and holes due to their
attractive Coulombic interaction. Excitons dominate the
photophysics of many different classes of material systems;
from nanoscale complexes' such as molecules,” molecular
aggregates,” quantum dots,” nanotubes,* and two-dimensional
semiconductors’ at room temperature to bulk semiconductors®
at cryogenic temperatures. At low exciton densities, many of
these excitonic materials have high luminescence efficiency and
this property has been leveraged in commercial light-emitting
device technologies.7 However, at high exciton concentrations
the recombination is dominated by exciton—exciton annihila-
tion (EEA), where an exciton nonradiatively recombines in the
course of colliding with another exciton.” This nonradiative
process drastically reduces the luminesce efficiency and is the
leading efficiency-limiting factor in numerous applications.
Although EEA is ubiquitously observed and extensively studied
in excitonic materials, a clear and systematic comparison of
EEA rate across different materials systems is lacking.
Generally, EEA is characterized by a macroscopic parameter
named exciton—exciton annihilation coefficient Cgg,. High
values of Cgg, implies high EEA rates for a given exciton
density.

Here, we investigate EEA across 140 different material
systems (see Table S1) collected from published literature.
They represent different classes of materials, such as two-
dimensional (2D) and bulk semiconductors, chloroplasts, solid
phase of noble gas atoms, crystalline ionic compounds,
scintillators, molecular crystals and films, fluorophores,
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covalent organic frameworks, quantum dots array, nanotubes
and nanowires, thus providing a broad basis for characterizing
general patterns in EEA. The observed values of EEA
coefficient and exciton lifetime in these materials spans 10
orders of magnitude. We find that across different material
systems, contrary to intuition, EEA coefficient Cgg, is linearly
correlated with the single-exciton lifetime 7x. We explain the
observed trend with a microscopic quantum theory of EEA.
This trend sets a universal limiting exciton concentration of ~1
X 10*° cm™ at which EEA starts to dominate single-exciton
recombination in different materials, despite having drastically
different EEA coeflicients. More importantly, this trend shows
that the recombination rate at the onset of EEA is linearly
correlated to EEA coefficient, which is a paradigm shifting
insight. These results advance our ability to recognize existing
materials that can support large densities of excitons without
compromising luminescence efficiency, provide a point of
reference against which new materials can be benchmarked,
and shed new light on the microscopic mechanism of exciton—
exciton annihilation.
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Figure 1. Mechanism and Signatures of Exciton—exciton annihilation. Schematic representation of the EEA process in (A) adjacent discrete
molecules and (B) crystalline semiconductors with energy dispersion. Effect of EEA on (C) quantum yield measured by continuous excitation and

(D) time-resolved exciton concentration following pulsed excitation.

Exciton, a bound state of an electron and a hole due to their
attractive electrostatic Coulomb force, is often discussed in the
two limiting cases depending of the size of the exciton.' Small
Frenkel excitons have similar size as lattice spacing and are
typically found in organic molecular crystals,” whereas
Wannier—Mott excitons are larger than lattice spacing and
are typically found in inorganic crystals.'” Both types of
excitons show EEA at high densities. Energy level diagram
demonstrating EEA of localized Frenkel excitons with discrete
energy levels are shown in Figure 1A. Initially two molecules
are in their first excited state, where they each have one
exciton. EEA occurs when the exciton in the right molecule
moves to the ground state and sends the exciton in the left
molecule to a higher energy state through energy transfer.
Internal conversion by phonon emission leads to a rapid
relaxation of the left molecule into its first excited state, leaving
only one exciton after EEA. The energy of large and mobile
Wannier-Mott excitons in semiconductor crystals depends on
their center-of-mass momentum. Schematic representation of
EEA for Wannier—Mott excitons along with their energy
dispersion is shown in Figure 1B, where one exciton
nonradiatively transfers its energy to ionize and/or increase
the center-of-mass kinetic energy of another nearby exciton,
conserving total momentum.

The two principal evidence that identify EEA are that (i) the
luminescence quantum yield decreases sublinearly with
increasing excitation power and (ii) the observed lifetime of
excitons shortens substantially at high exciton densities."" For
both Frankel and Wannier—Mott excitons, the experimental
observations can be captured by a phenomenological macro-
scopic rate equation'” for the exciton density ny(r, t)

containing an annihilation term proportional to the square of

this density

ony(r, t)
ot

ny(r, t)

X

=G(r, t) + DVan(r, t) —

- CEEAn}Z((r, t)

(1)

where r is position, t is time, G(r, t) is the exciton generation
rate, D is the exciton diffusion coeflicient, 7y is the single-
exciton lifetime, and Cgp, is the EEA coefficient. In the case of
spatially uniform generation G(r, t) = G(t), the diffusion term
vanishes, and eq 1 simplifies to

() _ iy 1)

ot T

— Cepanx(t)

)

which is widely used to describe photophysics of excitonic
systems. In the case of steady-state excitation, the time

. . o 2
derivative vanishes and G(t) = G = s Cgeany- The

radiative recombination of rate is proportional to the exciton
concentration. Therefore, the relative quantum yield (QY) can
be written as

nx

G x4 CEEAn)Z(

%
which is constant at low exciton density and decreases with
increasing exciton density. This is one of the primary evidence
of EEA (Figure 1C). We define the exciton density and
generation rate, at which relative quantum yield drops to half
of the low pump value, as the onset exciton density and onset
recombination rate
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For the same lifetime the onset exciton concentration
decreases with increasing Cggs (Figure 1C). In the case of
pulsed excitation, G(t) = ny (0) 5(t), where 5(t) is the Dirac
delta function, time varying exciton concentration from eq 2
can be written as

n(@exp(—-)

YT )

ny(t) =

We note, at increased exciton concentration, the initial decay
of the excitation population becomes faster, leading to an
observation of reduced effective lifetime. This is more primary
evidence of EEA (Figure 1D).

EEA has been extensively studied in many different material
systems. EEA coefficient (Cgp,) as a function of exciton
lifetime (7y) for different materials along with their relative
histograms are shown in Figure 2. To be present in our data, a
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Figure 2. Exciton—exciton annihilation coeflicient vs exciton lifetime.
Exciton—exciton annihilation coefficient decreases with increasing
single exciton lifetime in different excitonic materials. 2D, MF, 3D,
QD, NW, and NT are abbreviations of two-dimensional, molecular
films, three-dimensional, quantum dot, nanowire, and nanotube,
respectively. The relative histogram of Cgg, and 7y is shown on right
and top, respectively and has the same color coding as the main figure.
Each decade is divided into two bins; the height of the bars represents
how many values fall into each interval. The bars on the histogram
have different widths for distinguishability; it carries no numerical
significance.

material must have been characterized in literature either by
experimental techniques that track time-resolved exciton
density after pulsed excitation or by steady-state measurement
of luminescence efficiency as a function of exciton density. The
observed values of 7y and Cgg, in nature spans 10 orders of
magnitude. We note from the histogram that, 2D semi-
conductors have relatively short exciton lifetime (0.1—10 ns),
but large EEA coefficient (1 X 107" to 1 X 1077 cm?®/s). In
contrast, bulk semiconductors exhibit a relatively long exciton
lifetime (1 X 10* to 1 X 107 ns) but a small EEA coefficient (1
X 107" to 1 X 1072 em®/s). Molecular films, however, cover
the entire range of lifetime and EEA coeflicient. Over the
whole range, we observe a general trend of decreasing Cggy
with increasing exciton lifetime 7y for all material classes.

We now present a quantum theory of interacting dipoles
that provides an intuitive understanding of the crucial
mechanism that leads to the inverse relationship between
EEA coefficient and single-exciton lifetime. We first explore the
microscopic EEA rate at the limit where excitons do not
diffuse. Then we introduce exciton diffusion and relate the
macroscopic EEA coefficient Cg, with the microscopic rate.
Let us consider the nonradiative transfer of energy from a
donor exciton to an acceptor exciton that are very close to each
other and fixed at nearby sites, as shown in Figure 3. This is
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Figure 3. Interaction between excitons. Nonradiative energy transfer
between two excitons either in molecular systems or crystalline
semiconductors. The transition rate depends on the relative
orientation of the transition dipole moments and the distance R
between them.

similar to fluorescence resonance energy transfer (FRET);
however, unlike FRET, the acceptor site is at an excited state.
Energy levels that are relevant to exciton—exciton annihilation
(EEA) are also shown in Figure 3. The ground-state (a), the
first excited-state (b), and higher excited-state (c) energies of a
pair of excitons are labeled. These energy levels could be the
discrete levels of Frenkel excitons discussed in Figure 1A or
relevant k-states of Wannier—Mott excitons in Figure 1B. At
the beginning, both donor and acceptor excitons are in their
ground excited state, b. After EEA, the donor exciton is
annihilated, and the acceptor is excited to higher energy state c.
If the wave functions are denoted by y;, the initial and final
state can be written as s w}) and Iy yP), respectively.
Therefore, from Fermi’s golden rule, the rate of nonradiative
energy transfer can be written as

2
B= 7” Ky, IV )P

where V is the dipole—dipole interaction potential and py, is the
density of states at the energy of the final states. The
electrostatic potential between two dipoles that have transition
dipole moments of 4, and pp, and are distance R apart can be
approximated as

Hakp

V «x 'S

where angular dependence is ignored for simplicity. Substitut-
ing the potential on the rate equation and using the fact that
the coordinates of donor and acceptor excitons are
independent, we can write
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The first matrix element of the product is proportional to the
rate of transition of the donor exciton to the ground state,
independent of the presence of any other excitons, which is
inversely related to the single exciton lifetime (7). The second
matrix element of the product is proportional to the rate of
transition of the acceptor exciton to a higher excited state,
which is related to the relative absorptivity of these two levels
and is independent of the single exciton lifetime (7y).
Therefore, the microscopic EEA coeflicient, B ,is inversely
proportional to 7y, (B x i)

Now let us consider the case where the excitons can move
on a lattice of points in a crystal or among molecules in a film,
denoted by a vector q that has the same dimensionality as the
material. The time evolution of the probablhty f,(t) of finding
an exciton at point g can be written as'*™"*

5O _40
dt Ty

PINROEIAG

q°,9"#q
t
’ INL2 (41
—/0 th(t—t)fq(t) @

where F is the rate of diffusion between two adjacent points
and I'(¢) is a memory function that takes into account of the
movement of excitons prior to annihilation and depends on
both the microscopic EEA coefficient B and the diffusion rate
F. Dividing the probabilities w1th unit cell volume V gives us
the mean-field rate equation' stated in eq 1. The diffusion
coefficient D is related to the diffusion rate as D = FA, where A
is the average unit-cell side area. The macroscopic EEA rate
coeflicient Cggy results from the integration of the memory
function term on eq 1. Detail derivation of the memory
function gives the following expression in one dimension'®

B/1 + 4Fry
Bty + /1 + 4Fzy

Cgpa =

relating macroscopic EEA rate coefficient Cgg, to the
microscopic EEA rate and diffusion coeflicient. We have
already derived that B 1/7y, therefore

c 1 J1 + 4Fry
& —
FEA + /1 + 4Fry ()

Ty Btk
In an excitonic semiconductor, two limiting cases of transport
are often distinguished.”'” In hopping transport, the Frenkel
exciton is almost localized, and they can transfer from one site
to another. In molecular crystals where hopping is the main
mechanism of diffusion, it is known from the Smoluchowski—
Einstein theory of random walks that'®™>'
1
Fox —
x

Therefore, from eq S, for hopping-dominated diffusion, we get
Cgpa & i

In band transport, phonons scatter the Wannier—Mott
excitons in a crystalline semiconductor from one wavevector
state to another. The transport is then governed by the

scattering times of the wavevector states. The dependence of

diffusion constant on the exciton lifetime at the band limit is
. . . . e 22,23
complex but it decreases with increasing lifetime.
Combination of these relationships still leads to decreasing
Ceea with increasing 7y. If the diffusion rate is large

((J1 + 4Fry > Bry) then also Cgp, i

both types of transport, we observe decreasing EEA coeflicient
with increasing lifetime. The relationship between macroscopic
and microscopic EEA coeflicients are convoluted in higher
dimensions, but in all dimensions, Cgg, decreases with
increasing exciton lifetime.'*"

The onset exciton density and recombination rate at which
relative quantum yield drops to half of the low pump value can
be written as

Therefore, for

1 2
ny,y=—"— G, =

i BEATX i Creatx (6)
Both quantities have a more direct impact on practical
applications than either lifetime or EEA coefficient. For light-
emitting devices, higher onset recombination rate G/, would
imply higher photon emission rate without dropping efficiency
due to EEA. In the case of Bose—Einstein condensation or
excitonic lasing, larger onset exciton concentration n,,, would
imply a large number of quasiparticles can be amassed in that
material without sacrificing lifetime. We show G,,, and n,,, in
Figure 4 as a function of 7y in different materials. If Cggy and
7x were independent, eq 6 would suggest that G, is inversely
proportional to 7%. However, as a consequence of the trend
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Figure 4. Onset of exciton—exciton annihilation. (A) Generation rate
and (B) exciton concentration at the onset of exciton—exciton
annihilation. 2D, MF, 3D, QD, NW, and NT are abbreviations of two-
dimensional, molecular films, three-dimensional, quantum dot,
nanowire, and nanotube, respectively. Histograms of onset generation
rate and exciton concentration are shown on the left.
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Figure S. EEA coefficient and exciton lifetime with exciton transition energy. (A) EEA coefficient and (B) single exciton lifetime as a function of
exciton emission energy Ey. 2D, MF, 3D, QD, NW, and NT are abbreviations of two-dimensional, molecular films, three-dimensional, quantum
dot, nanowire, and nanotube, respectively. Relative histogram of exciton transition energy is shown on the top.

between EEA coeflicient and lifetime, G, /, scales inversely with
Ty, independent of the type of exciton, material or diffusion
involved (Figure 4A). Therefore, materials with very short
lifetimes such as 2D semiconductors are suitable for bright
light-emitting devices. Because materials with short lifetimes
have the largest Cgp, materials with the largest Cggy also has
the largest onset recombination rate for EEA.

1 2
Copa x — = Gy = 2

Co 2 o Crpa
X EEA'X
Similarly, if Cggs and 7y were independent, eq 6 would suggest
that n,, is inversely proportional to 7y. However, because of
the inverse scaling of EEA coeflicient with lifetime, onset
exciton concentration shows no strong dependence on 7y
(Figure 4B). In all excitonic materials characterized in the
literature, EEA begins to dominate the recombination process
below an exciton concentration of 1 X 10*° cm™3,
corresponding to an interexciton distance of just 2.7 nm.
This is a very important number to gauge the potential of
future excitonic materials compared to the existing library of
materials. The inverse scaling of EEA coeflicient with single-
exciton lifetime leads to strikingly different scaling of onset
recombination rate and onset exciton concentration with
lifetime, which is not evident from eq 6. We also show the EEA
coefficient and lifetime with corresponding exciton emission
energy for different materials in Figure 5. We do not observe
any general correlation among them. Optical bandgap of 90%
of the materials, in which EEA has been characterized, lies
between 1.5 to 2.5 eV.

At high densities, EEA dominates the efficiency and
performance of any application of excitonic materials. Our
analysis demonstrates the inverse scaling of EEA coefficient
with lifetime and elaborates on the enormous role this trend
plays in shaping the practically important performance metrics
such as onset exciton concentration across different material
systems. It is remarkable that despite the broad differences in
the material systems examined here, their photophysical
parameters exhibit similar qualitative and quantitative pattern.
This common structure arises from the underlying fundamen-
tal physics of excitons. The photophysics of nanoscale
materials is governed by excitons." As more new optical
nanomaterials are synthesized in the future, this work will serve
as a point of reference to benchmark them and assess their
rank in the library of excitonic materials for optoelectronic

applications. The macroscopic understanding EEA also enables
the estimation of EEA coeflicient from lifetime and vice versa
for new materials. The insight that recombination rate at the
onset of EEA is linearly correlated to EEA coefficient is
paradigm shifting. The upper limit of 1 X 10** cm™ for onset
exciton concentration found here is a key design constraint for
optoelectronic devices and quasiparticle experiments. Finally,
we note that the pattern uncovered here could be a subset of
other unifying characteristics in different nanoscale systems
that arises from their excitonic nature and further studies in
this direction will improve fundamental understanding of
material-independent excitonic characteristics.
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