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ABSTRACT: Perovskite semiconductor nanocrystals have emerged as an excellent family of
materials for optoelectronic applications, where biexciton interaction is essential for optical gain
generation and quantum light emission. However, the strength of biexciton interaction remains
highly controversial due to the entangled spectral features of the exciton- and biexciton-related
transitions in conventional measurement approaches. Here, we tackle the limitation by using
polarization-dependent two-dimensional electronic spectroscopy and quantify the excitation
energy-dependent biexciton binding energy at cryogenic temperatures. The biexciton binding
energy increases with excitation energy, which can be modeled as a near inverse-square size
dependence in the effective mass approximation considering the quantum confinement effect.
The spectral line width for the exciton—biexciton transition is much broader than that for the
ground state to exciton transition, suggesting weakly correlated broadening between these
transitions. These inhomogeneity effects should be carefully considered for the future
demonstration of optoelectronic applications relying on coherent exciton—biexciton
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interactions.

P erovskite semiconductors have recently emerged as
excellent candidates for next-generation optoelectronic
devices. Quantifying the interactions between electron—hole
pairs has been pivotal in elucidating the exact physics
underlying the high performances of light/electricity con-
version devices.' " Benefiting from the quantum confinement
effects, perovskite semiconductor nanocrystals have been used
to further promote the emission of light from excitonic
states,””” showing promising potentials for applications such as
lasers,”” light-emitting diodes (LEDs),”' polariton condensa-
tion devices,'"'* and quantum light sources.”> ' In the
devices, the interactions between multiple excitons generated
in single nanocr;rstals are fundamentally important for device
performance.”’1 ~2° For instance, the formation of biexcitons
can effectively generate an optical gain in perovskite semi-
conductor nanocrystals.””>* The brightness of LEDs under
high-density excitations is highly sensitive to biexciton Auger
recombination. Biexciton recombination complicates the fine
structures of the emission of light from single nanocrystals,
which has the potential to demonstrate entangled photon pairs
via biexciton—exciton cascade emission by manipulating the
coherent exciton—biexciton interactions.'>'*372¢

The strength of the interaction between two excitons in
single nanocrystals can be quantified in terms of biexciton
binding energy (Axy), i.e., the energy shift for a biexciton (|
XX)) to exciton (IX)) transition relative to the exciton (IX)) to
ground state (IG)) transition.”” In spite of the importance of
biexciton interaction in understanding the optical properties
that are technically significant, the interaction strength of
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biexcitons in perovskite semiconductor nanocrystals remains
elusive.'”"***7% The biexciton binding energies in perovskite
semiconductor nanocrystals have been intensively character-
ized by utilizing a broad range of methods, including
temporally and spectrally resolved PL measurements' " or
transient absorption (TA) spectroscopy.14’29'31’32 However,
whether the biexciton interaction in CsPbBr; nanocrystals is
repulsive™ or attractive'” is unknown. The reported values of
biexciton binding energy in CsPbBr; nanocrystals have been
diversely scattered over one order of magnitude in the range of
5—100 meV.”'*'7*¥73! I addition to differences in prepared
samples, these conflicting results may be caused by the sample
modifications induced by air exposures and/or high-flux
excitations during the conventional measurement ap-
proaches.’® Moreover, the nanocrystal samples were prepared
with inherent size diversity with a typical inhomogeneous line
width for excitonic transitions at the level of 100 meV. The
effect of inhomogeneity on the biexciton binding energy has
been averaged out at the ensemble level. In principle, such an
inhomogeneous effect can be evaluated by employing single-
dot measurements. Nonetheless, the dot-to-dot variation of the
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Figure 1. Polarization-dependent 2D spectra for CsPbBr; nanocrystals. (a) Energy level scheme indicating the excitation of the biexciton state
through two cross-circularly polarized pulses with the ground state (IG)), the one-exciton state (I+1)), and the biexciton state (IXX)). The one-
exciton states are labeled by the total angular momentum ] = +1 and —1. The left- and right-circularly polarized excitations are denoted as ¢* and
o~, respectively. (b) Double-sided Feynman diagrams representing the quantum pathways for the cross-circularly polarized (I and II) and co-
circularly polarized (IIl and IV) configurations. The plus or minus sign above the corresponding diagram indicates the signal phase of the
corresponding diagram. Real parts of rephasing 2D spectra of CsPbBr; nanocrystals at 10 K with the (c) cross-circular and (d) co-circular

excitations. The population delay time is 100 fs.

specific emission energy and the relative broad line width make
it extremely challenging to fully survey the size-dependent Ayy.

In this work, we overcome these limitations by using two-
dimensional electronic spectroscopy (2DES) and succeed in
quantifying the inhomogeneous biexciton binding energy in
CsPbBr; nanocrystals at cryogenic temperatures. 2DES probes
the third-order nonlinear optical response induced by three
sequenced optical pulses with precisely controlled phases,
establishing the correlation between the excited and probed
states with high energy and time resolutions.”>™>" The
transitions between exciton and biexciton states can be
explicitly isolated with weak optical excitation under the
proper configuration of pulse polarizations.”**” Of particular
importance is the fact that the disentanglement capability of
the inhomogeneous line width makes 2DES ideal for
investigating the size-dependent biexciton interactions with
ensemble samples.””*" The biexciton interaction in CsPbBr;,
nanocrystals is characterized as being attractive with a binding
energy in the range of 25—40 meV having a near linear
correlation to the exciton energy (Ey), which can be explained
as the size dependence by theoretical consideration under the
effective mass approximation (EMA). The value of Ayy is
found to show an inverse-square dependence on the
nanocrystal size, which is nearly independent of temperature
(< 100 K), suggesting that quantum confinement is primarily
responsible for the enhanced biexciton binding energy in
nanocrystals with respect to that in bulk samples.

The samples of CsPbBr; nanocrystals were synthesized
following the approach described in the literature.”*” To study
the size-dependent effect, we selected an ensemble of samples
with a relatively broad size distribution with an average size of
~9 nm (Figure S1). Because the effective Bohr diameter is ~7
nm for CsPbBr;,” the nanocrystals can be considered to be in
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the weak/intermediate confinement regime that is used in
most optoelectronic devices.

2DES experiments were performed using the pulses
generated from a non-collinear optical parameter amplifier
(see the Supporting Information for details) with spectra
covering the low-lying excitonic transitions centered at ~2.36
eV (Figure $2).** The pulse duration was ~14 fs as diagnosed
by a fringe-resolved autocorrelator. We conducted 2DES using
a partially collinear configuration with a pump-probe geometry
as described in detail in the Supporting Information (Figure
S3) and the previous method paper."” Two phase-stabilized
replicas with time interval 7 were employed as the pump
pulses. The probe pulse was set with population time delay T
equal to the second pump pulse. The field of the nonlinear
optical response in transmission geometry was captured using
the probe pulse as the local oscillator that was then analyzed
with a fast spectrometer to generate the spectra in emission
domain @, (Supporting Information). Herein, we show the
amplitude of the 2D signal (A,p) of the real part of the
rephasing pulse sequence™ in the domains of excitation energy
(w,) and emission energy (w,) at different population time
delays (T).

As shown schematically in Figure 1a, left- and right-circularly
polarized (6" and o7, respectively) excitations populate the
excitonic states with specific angular momentums (J = 1 or
—1). The low-lying biexciton state can be directly populated by
two pulses configured with crossly circular polarizations. We
use the cross-circularly polarized (6*6”6"6™) and co-circularly
polarized (670767 6™) configurations in 2DES experiments to
distinguish the signals related to the biexciton states (Figure
1b). The Feynman diagrams that contribute to the rephasing
four-wave mixing (FWM) signal are shown in Figure 1b. With
the cross-circularly polarized pulse sequence, the FWM signal
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Figure 2. Excitation energy-dependent biexciton binding energy. (a) Emission spectra extracted from cross-circularly polarized 2D spectra with
excitation energies (@,) of 2340, 2355, and 2370 meV. The amplitude (A,;) of the real part of the 2D signal in the rephasing pulse consequence is
shown as a function of excitation energy. Biexciton binding energy Ayx can be evaluated by the difference between energies resonant to exciton and
biexciton features. (b) Derived biexciton energy plotted as a function of excitation energy. The solid line shows a linear fit.

contains a positive part (I in Figure 1b) and a negative part (II
in Figure 1b). The negative part involves the transition
between the IX) and IXX) states. With the co-circularly
polarized pulse sequence, the FWM signal contains two
positive parts (III and IV in Figure 1b), which involve the
transitions between the ground state and single exciton state
only. The different pathways involved in the 2DES signal
recorded with different polarization configurations allow the
isolation of the signal related to the IX) — IXX) transition with
a weak excitation level of ~1 uJ/cm® The average number of
excitons per nanocrystal is estimated by multiplying the
absorption cross section and the incident photon flux, which is
<0.1, avoiding the high-flux excitation required by conven-
tional measurement approaches.

The 2D spectra of CsPbBr; nanocrystals at 10 K with the
cross-circularly and co-circularly polarized excitations are
shown in panels ¢ and d of Figure 1, respectively. The
population time (T), ie., the time delay between the second
and third laser pulses, was set at 100 fs. The cross-circularly
and co-circularly polarized 2DES spectra both show positive
signals at the diagonal position. The diagonal signals in panels
c and d of Figure 1 correspond to the Feynman diagram (I),
(1) and (IV), respectively, where the excitation energy (®,)
and the emission energy (®,) are resonant to the excitonic
transition (E,). The IX) — IXX) transition is manifested as the
difference between the cross-circularly and co-circularly
polarized spectra, ie., the negative signal below the diagonal
(11, Figure 1c). In CsPbBr; nanocrystals with no static spin
order, the cross-polarization-selective feature (II) is a
characteristic signature of doubly excited states. With a near-
resonant excitation, the bound biexciton is such a state of
double excitation as well established in previous studies of
biexcitonic interaction in semiconductor nanostructures.*”****
The negative signal is observed with the downshift of the
emission energy to the excitation energy, which is similar to
the biexciton feature uncovered in TA spectroscopic
studies."****** Moreover, power-dependent PL measure-
ments suggest a similar energy red-shift of biexciton emission
to excitonic emission (Figure S4). These corroborated results
strongly support the assumption that the feature (II) is
induced by the transition from exciton to bound biexciton
states. According to the level diagram (Figure la), the relative
shift of the negative signal relative to the diagonal in emission
energy is induced by the binding energy Ayxy for attractive
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biexciton interaction. The signal (II) is also elongated but not
parallel to the diagonal, indicating that the value of Ayy varies
with excitation energy. The excitation energy dependence of
Ayx is an indication of the inhomogeneity effect on biexciton
interactions.

There is an additional negative feature appearing with the
emission energy above the probe energy (w, > ®,). In
principle, such a signal may be caused by the transition from |
X) to “hot” biexciton state with a repulsive biexciton
interaction. Nevertheless, the negative feature is partially
dependent on polarization, suggesting that the transition to
higher singly excited states likely makes the major contribu-
tion.**® As proposed in the literature,*® the transition is
plausibly caused by the light-induced symmetry-breaking
polaron in confined nanocrystals. The transition energy is
predicted to increase with a decrease in nanocrystal size, which
is consistent with the excitation energy dependence of such a
negative feature.*®

For better analysis of the inhomogeneity of Ay, we plot the
slice spectra recorded at different excitation energies (Figure
2a). The signals for the IG) — IX) transition are observed with
resonant peaks at @, = ®,. The line width of the exciton peak is
~1 meV as limited by the spectral resolution. The side peaks
close to the resonant excitonic transitions are probably related
to exciton—phonon cotipling as discussed in detail in the
Supporting Information.”” The biexciton binding energy can
thus be simply calculated as the difference in energy between
the IG) — IX) and IX) — [XX) transitions as marked in Figure
2a. The value of Ayy increases from 25 to 40 meV when the
excitation energy increases from 2340 to 2380 meV (Figure
2b).

Excitonic dynamics in perovskite semiconductor nanocryst-
als are highly sensitive to temperature. Figure 3 shows the data
of 2DES measurements on the CsPbBr; nanocrystal film at
different temperatures. With an increase in temperature, the
resonant energy for the IG) — IX) transition gradually
increases and the line width of the excitonic transition
becomes broader (Figure 3a—c). To isolate the temperature
effect, we take the value of Ey resonant to the absorption peak
(Figure S2) at different temperatures (Figure 3d) that can be
considered as the transition energy for a nanocrystal size of 9
nm. The temperature dependence of the exciton transition
energy may be affected by thermal expansion, as well as the
coupling of exciton to acoustic and multiple optical
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Figure 3. Temperature dependence of biexciton binding energy. Cross-circularly polarized 2D spectra measured at (a) 30, (b) 60, and (c) 90 K.
The vertical lines represent the photon energies of the absorption peaks at different temperatures (Figure S2). (d) Temperature-dependent photon
energy Ey resonant to absorption peak (top) and corresponding biexciton binding energy (bottom). (e) Sliced emission spectra recorded with
excitation energies at the absorption peaks at different temperatures. The population delay time is 100 fs.

2,50,51 . .
phonons.””*”*" For a phenomenological description, we

consider two phonon modes to model the temperature (T;)-
dependent transition energy as*"'

1 1
Ex(T,) = Ex(0) + A{m + z]

1 1
+ A ———— + —
2( eh/hl 2) (1)

where A, and A, are the electron—phonon coupling strengths
for the two phonon modes with energies of E; and E,,
respectively. The experimental data can be reproduced with
the following parameters: Ex(0) = 2357 meV, A; = 17.4 meV,
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E, = 34 meV, A, = —18 meV, and E, = 17 meV. The two
modes can roughly be considered as the acoustic and
longitudinal optical modes,”* >* respectively. Nevertheless,
the value of Ayy is nearly unchanged (within a spectral
resolution of ~1 meV) when the temperature increases from
10 to 100 K (Figure 3d), suggesting that the biexciton binding
strength is not sensitive to electron—phonon coupling.

The dephasing process of excitons is strongly dependent on
temperature manifested as line width broadening in the
spectral profile. The sliced spectra at different temperatures
are shown in Figure 3e. With an increase in temperature, the
spectral line width (I'y) for the IG) — IX) transition becomes
broader due to exciton—phonon interaction,”>*® where the fine
structures become indistinguishable above S0 K. The line

https://dx.doi.org/10.1021/acs.jpclett.0c03153
J. Phys. Chem. Lett. 2020, 11, 10173—10181
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Figure 4. Size dependence of biexciton binding energy. (a) Excitation energy-dependent biexciton binding energy extracted from cross-circularly
polarized 2D spectra at different temperatures. (b) Rescaled plot of Ayx (panel a) as a function of nanocrystal size using the EMA (eq 2). The

dashed line shows a curve fitted to the function Ayy = C/r* + A,.

width (I'yy) for the spectral feature of the IX) — IXX)
transition is much less sensitive to the temperature.
Remarkably, the line width for the IX) — IXX) transition is
more than 8 times broader than that for the IG) — IX)
excitonic transition at low temperatures. During single-dot
spectroscopy of perovskite nanocrystals, the spectral line width
for biexciton emission (IXX) — X)) is comparable to that of
excitonic emission. According to the literature, such a
discrepancy in the features of 2DES can be explained as a
result of uncorrelated broadening between the IG) — IX) and |
X) — IXX) transitions like the dynamics in the weakly
confined GaAs quantum dots.”' In other words, there are
multiple biexciton transitions for a specific excitonic transition
energy, which are probably caused by the multiple orbital
configurations of excitonic dipoles,” the diverse shapes of
perovskite nanocrystals,”’ and/or the effect of photocharg-
ing."”** The uncorrelated broadening effect implies that it is
insufficient to evaluate the biexciton energy with single-dot
spectroscopic measurements on a limited number of nano-
crystals, which should be carefully considered in demonstrating
devices relying on coherent exciton—biexciton coupling.

Next, we analyze the size dependence of Ayy at different
temperatures. Figure 4a shows the values of Ayy versus the
excitation energy at different temperatures. In the concerned
range, optical excitation is mainly induced by low-lying exciton
transition. To quantify the size dependence, we establish the
correlation between the transition energy and the nanocrystal
size based on the EMA.”””*” The size dependence of the
excitonic transition at different temperatures (T) can be
described as

2 2
W

2mr? ()

Ex(T, r) = Epg(T) — Ax +

where Ep(T) is the temperature-dependent bulk value of the
band gap and Ay is the bulk value of the exciton binding

2
/

2
energy. The third term, AE(r) = %, is the size-dependent

mr
confinement energy assuming a spherical potential well with

radius r for an exciton with an effective mass of m™*. The
inverse quadratic size dependence of excitonic transition
energy can reproduce the experimental data of cubically
shaped CsPbBr; nanocrystals assuming edge length a ~ r
(Supporting Information).”*”*” In the temperature range
concerned here (<100 K), the perovskite semiconductor
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CsPbBr; is characterized with an orthorhombic structure. The
reduced mass (m*) equals 0.126m, with a free electron mass of
mo."" The value of the exciton binding energy in CsPbBr; bulk
material is 33 meV.”” Temperature-dependent bulk band gap
Epg(T) can be obtained with the experimental data for
nanocrystals having a = 9 nm (Figure 3d). By neglecting the
temperature dependences of m* and Ay, we rescale the
excitation energy-dependent Ayy (Figure 4a) as a function of
nanocrystal size (Figure 4b). The value of biexciton binding
energy can be reproduced as Ay = C/r* + A, (C = 1140 meV
nm?% A, = 17.8 meV), which is largely independent of
temperature (Figure 4b).

The size-dependent biexciton binding energy in semi-
conductor quantum dots has been modeled by considering
quantum and dielectric confinements with a variety of
approaches.”®' 7% The biexciton binding energy measured
here can be explained well with the theoretical consideration in
the weakly confined regime. The size dependence is mainly
caused by the enhanced Coulomb interaction arising from the
increased spatial overlap of excitons with a decreased
nanocrystal size. For the size range studied in this work, the
ratio between the confinement-induced modifications of
biexciton energy and exciton energy # = AEyyx/AEx = 2m X
C/(h*z*) is ~0.38. That is, the size-dependent quantum
confinement effect on the exciton binding energy in nano-
crystals is ~2.6 times that for biexciton binding energy due to
the greater attractive Coulomb force between electron—hole
pairs than the Coulomb correlation between the exciton and
exciton to form biexcitons. The ratio in CsPbBr; nanocrystals
is much higher than that in conventional semiconductors of
GaAs and ZnO,””°® implying that the biexcitons are less
sensitive to quantum confinement than excitons in CsPbBr;
nanocrystals. These differences are possibly related to the
electronic structures of perovskite semiconductors with
comparable effective masses of electrons and holes.

Next, we discuss the dynamics of the 2DES data. The decay
of feature I can be described with two decay components with
lifetime parameters of ~0.8 and ~20 ps (see Figure SS). As
recently uncovered in CsPbl, nanocrystals,” the faster and
slower components can be ascribed to spin depolarization
caused by the excitonic response induced by Coulomb-
mediated exchange interaction and free charge response
induced by carrier—phonon interaction, respectively. The
faster component dominates the decay dynamics of feature
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11, which is consistent with the nature of the transition between
bound excitonic states (i.e., from exciton to biexciton states).
In previous TA spectroscopy studies, the biexciton feature
exhibits a time-dependent “asymmetric” spectral characteristic
that is induced by the “hot” biexciton effect.’”* Taking into
account the capability of the excitation energy resolution of
2DES, our measurements mainly focus on the biexciton with
excitation nearly resonant to the excitonic transitions in this
work. The value of Axy in the concerned range is nearly
independent of the population delay time (Figure S5), which is
reasonable because the hot carrier effect is largely excluded.

We now try to reconcile the diversely distributed results
reported in the literature. Our measurements were conducted
at cryogenic temperatures, while most literature results were
obtained at room temperature. The temperature effect may
cause some differences between the absolute values of
biexciton binding energy. The value of Axy evaluated in this
work is comparable to the value measured by PL measure-
ments at cryogenic temperatures.”’ 2DES allows quantification
of the size-dependent biexciton binding strength with
excitation fluence at a markedly low level. The merit is
important for accessing the intrinsic value of the biexciton
binding energy. The distributed values of Ayx reported in
literatures can now be explained as a consequence of the size-
dependent inhomogeneity in the nanocrystals with size
diversity.”'#'7?*7*! 'In comparison with the conventional
methods of time-resolved spectroscopic measurements on
ensemble samples, the significant size dependence may result
in an overestimation of Ayxy because the excitations may
transfer from smaller nanocrystals to larger nanocrystals in the
film samples. Another key issue is the high-fluence excitation
required to generate the biexcitons in traditional techniques.
Experimental results support the idea that high-fluence
excitation creates some large particles in the samples exposed
to air with bulklike emission.”® Such an emission red-shift was
perhaps considered as biexciton binding in previous measure-
ments.'” As the biexciton interaction is essential for gain
generation in the semiconductor nanocrystals, the inhomoge-
neous biexciton binding and other extrinsic factors should be
carefully considered in future demonstrations of perovskite
nanocrystal devices. The charging effect is frequently observed
in the perovskite nanocrystals, which is also manifested in the
PL spectra (Figure S4). The response of charge excitons is not
sensitive to pump polarization, which is not resolved in the
2DES spectra. Nevertheless, the involvement of the charge
exciton may be a factor leading to the uncorrelated broadening
of exciton- and biexciton-related transitions, which deserves
more in-depth study in the future.

In summary, we have performed a 2DES study on biexciton
binding in CsPbBr; nanocrystals at different temperatures. The
biexciton binding energy, insensitive to the exciton—phonon
interaction, increases nearly linearly with an increase in
excitation energy showing an inverse-square size dependence
under the EMA. The size-dependent biexciton binding in
CsPbBr; nanocrystals can be understood with the model in the
weakly confined regime where the Coulomb interaction is
enhanced in small particles with increased spatial overlap of
carrier wavefunction. In these weakly confined nanocrystals,
the line width broadenings for the IG) — IX) and IX) — IXX)
transitions are not fully correlated. The elucidation of the
homogenous biexciton binding and uncorrelated broadening
between the exciton and biexciton transitions is instrumental

for demonstrating nanocrystal devices based on coherent
exciton—biexciton interaction.
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