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ABSTRACT: Perovskite semiconductor nanocrystals (NCs) exhibit highly
efficient optical gain, which is promising for laser applications. However, the
intrinsic mechanism of optical gain in perovskite NCs, particularly whether more
than one exciton per NCs is required, remains poorly understood. Here, we use
two-dimensional electronic spectroscopy to resonantly probe the interplay
between near-band-edge transitions during the buildup of optical gain in
CsPbBr; NCs. We find compelling evidence to conclude that optical gain in
CsPbBr; NCs is generated through stimulated emission from strongly interacting
biexcitons. The threshold is largely determined by the competition between
stimulated emission from biexcitons and excited-state absorption from single
exciton to biexciton states. The findings in this work may guide future
explorations of NC materials with low-threshold optical gain.

Perovskjte semiconductor nanocrystals (NCs) have re-
cently emerged as an important class of materials with
inherent properties that are attractive for a wide range of
optoelectronic applications."~'* For example, all-inorganic
cesium lead halide perovskite (CsPbX;) NCs exhibit narrow
photoluminescence (PL) emission with a high quantum
yield."® Remarkably, the PL wavelengths can be tuned to
cover the visible and near-infrared regions by composition
engineering and size control through cost-effective solution-
based procedures,”>™"” making perovskite NCs ideal for
potential applications in next-generation display devices."'*™*!
Of more interest, the high modal optical gain demonstrated in
a wide range of perovskite semiconductor NCs indicates their
great promises for optical amplification and laser applica-
tions.””>* The solution processability of such NCs enables
their implantation into various optical microresonators for on-
chip integration. A variety of NC lasers have been
demonstrated, such as whispering-gallery-mode lasers,"”’
vertical cavity surface emitting lasers,””*® and random
lasers,””” upon linear and nonlinear optical pumping.***”~*

Despite remarkable progress in the development of NC laser
devices, the intrinsic mechanism underlying the optical gain in
perovskite NCs remains poorly understood. It is under debate
whether more than one exciton per NCs is necessary for
optical gain generation in perovskite NCs,"*******" which is
theoretically determined by the degeneracies of the involved
electron and hole levels. This issue has been intensively
surveyed for CdSe NCs by experimentally measuring the
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threshold of the average number of excitons per NC
((Ng)).32_35 Monoexciton (IX)) gain and biexciton (IXX))
gain can be distinguished by their threshold values ((Nj)) of
0.69 and 1.15, respectively (see Figure la,b).35 In addition, the
interaction between multiple excitons within a single NC could
complicate the physical processes involved in gain generation.
Auger recombination induced by multiexciton interaction may
shorten the lifetime duration of optical gain. Conversely, the
multiexciton interaction may decrease the spectral overlap
between the absorption of unexcited NCs and biexciton
stimulated emission (SE), leading to a decrease in laser
threshold.” Power-dependent PL emission and ultrafast
transient absorption (TA) spectroscopy has been used to
study the gain mechanism of perovskite NCs.*>**3%3%37
However, the reported values of laser thresholds are
divergently distributed (Figure lc), making it difficult to
assign the exact mechanism of gain generation. The thresholds
determined from power-dependent amplified spontaneous
emission (ASE) measurements have ranged over 2 orders of
magnitude, from 2 to 192 yJ cm 2,252 28,3840
possibly related to the different reabsorption behavior in
diverse samples and/or the experimental errors. Because of the
spectral overlap between SE and excited-state absorption
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Figure 1. (a, b) Schematic diagram of optical gain mechanisms in
semiconductor NCs. In these models, monoexciton and biexciton
gains are determined by band-edge states degeneracy factors. (c) ASE
thresholds of CsPbBry NCs films reported in literature,>>***%357

(ESA), it is challenging to directly confirm monoexciton or
biexciton gain using TA spectroscopy.23

In this work, we study the intrinsic gain mechanism in
CsPbBr; NCs using the two-dimensional electronic spectros-
copy (2DES). Different from the conventional time-resolved
optical approaches, 2DES can dissect ensembles and overcome
the effect of inhomogeneous broadening®' ~* to largely avoid
the effects related to different-sized NCs in previous studies.
Moreover, 2DES provides information encoding real-time
correlations between the energies of states photoexcited and
probed states,"*’™*’ enabling direct comparison between
resonantly excited band-edge states and hot excitonic states in
semiconductors. These advantages enable us to distinguish the
dynamics of biexciton states and hot excitonic states during the
buildup of optical gain. We clearly observe the characteristics
of SE and optical gain generation in the absorptive 2DES
spectra of CsPbBr; NCs. We argue that the optical gain is
generated when the biexcitonic SE (IXX) — X)) surpasses the
losses caused by both ESA of single excitons (IX) — IXX}) and
absorption of unexcited NCs. Theoretical analysis of the
power-dependent 2DES results suggests that optical gain in
CsPbBr; NCs involves contributions from strongly interacting
biexcitons, which is consistent with the marked spectral red
shift of ASE with respect to spontaneous emission from
CsPbBr; NCs.*® The findings in this work suggest manipulat-
ing biexcitonic interaction may be an effective approach to
further improve the performance of the lasers based on
perovskite NCs.

Synthesis of colloidal CsPbBr; NCs has previously been
described in detail*® In brief, Cs,CO, (0.8 g 99%, Sigma-
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Aldrich) and oleic acid (OA, 2.5 mL, 90%, Sigma-Aldrich)
were dissolved in octadecene (ODE, 30 mL, 90%, Sigma-
Aldrich) at 150 °C and then maintained at 100 °C. PbBr,
(0.138 g, 98%, Sigma-Aldrich) was dissolved in ODE (10 mL)
at 180 °C with a 1:1 mixture of oleylamine (OLA, 1 mL, 70%,
Sigma-Aldrich) and OA (1 mL). The Cs-oleate precursor
solution was quickly injected into the lead halide solution. The
reaction time was conducted for 5 s before the reaction
mixture was placed in an ice—water bath. The purified NCs
were dispersed in toluene and then added to an 1 mm thick
quartz cuvette. The PL of solution sample centers at 2.44 eV
with a full width at half-maximum (fwhm) of ~101 meV
(Figure 2b). Quantum yield of PL emission from the toluene
solution sample is above 90%. Time-resolved PL spectrum
indicates the emission decay is dominated by an exponential
decay component with a lifetime of ~4 ns (Figure SI,
Supporting Information), suggesting that PL emission from the
solution sample is mainly caused by the photoexcited neutral
excitons. Drop-cast films on quartz substrates were prepared
for ASE measurements. Figure 2a shows the sample
morphology of the CsPbBr; NCs characterized by transmission
electron microscopy (TEM). The NCs exhibit cubic phase
with an average size of 8 nm.

Optical measurements were conducted using a Ti:sapphire
regenerative amplifier (Libra, Coherent, 1 kHz) generating
laser pulses at 800 nm with a duration of 90 fs. For power-
dependent ASE measurements, the frequency doubled beam at
400 nm was used as the excitation source. A spherical lens with
a 10 cm focal length was then used to focus the laser beam
onto the sample. The edge emission was collected and
detected by a fiber spectrometer (USB2000+, Ocean Optics).
Our 2DES configuration is based on a pump—probe approach
with active phase stabilization.” Two homemade noncollinear
optical parametric amplifiers (NOPAs) pumped by the
regenerative amplifier’’ served as pump and probe beams.
The pulses were compressed by chirp mirror pairs, enabling a
temporal resolution of better than 20 fs. The spectra of pump
and probe beams were configured to cover the absorption and
PL emission band of the NCs (Figure 2b), respectively. The
pump—probe scheme naturally generates absorptive 2DES
spectra. In this work, 2DES spectra were generated by
calculating the differential transmission in heterodyne
detection (see the Supporting Information for details) to
elucidate the information on population occupation in samples.
The projection-slice theorem has proved that the projection on
the emission axis of the real part of an absorptive 2D spectrum
provides equivalent to that of a TA signal at the same delay
time (Figure S2, Supporting Information).

We record the PL emission spectra from a CsPbBr; NC film
under different excitation fluences (Figure 2¢,d). Optical gain
induced ASE spectra are acquired when the excitation exceeds
a threshold value of 11 yJ cm™ at 400 nm. The ASE feature
appears on the red side of spontaneous emission with an
energy shift of about 76 meV, which is similar to the literature
results." The red shift of ASE emission from CsPbBr; NCs is
much larger than that from CdSe NCs.** In principle, such a
spectral shift may be induced by the reabsorption effect due to
the partial overlap between the absorption and optical gain
spectra. Intuitively, the reabsorption effect plays an important
role because the ASE peak locates at the photon energy right
below the absorption edge. Nevertheless, recent studies based
on temporally and spectrally resolved PL measurements
suggest that the red-shifted emission is caused by the radiative
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Figure 2. (a) Transmission electron microscopy (TEM) images of cubic CsPbBr; perovskite NCs. (b) Absorption (black solid) and normalized PL
(olive dot) spectra of CsPbBr; colloidal NCs in solution. Two homemade NOPAs are configured for resonant excitation and detection, serving as
the pump and probe beams (red and blue dashed-dotted lines) in 2DES experiments. (c) PL spectra and (d) peak intensities recorded at different

excitation fluences from the CsPbBr; NC film.

recombination of biexcitons with mutual interactions.*® In this
scenario, the red shift is primarily caused by the interaction
energy between the excitons.

We perform 2DES measurements on a solution sample of
CsPbBr; NCs at different population time delays and different
excitation densities to study the intrinsic mechanism of optical
gain in the NCs.”” Artifact on the time scale <50 fs induced by
nonresonant nonlinear optical response from toluene is
eliminated from analysis. Compared with TA spectroscopy,
2DES can extract more penetrating information by distinguish-
ing the dynamics of excited states related to different energy
excitations. Figure 3 shows the 2DES data recorded at a pump
fluence of 10 uJ cm™ The diagonal main positive peak (at
246, 2.46 eV) corresponds to the low lying excitonic
transition, which may be contributed by the ground-state
bleaching (GSB) and SE of the band-edge transition.

Two major features of ESA, indicated by a circle and square
in Figure 3a, appear above and below the diagonal,
respectively. The ESA feature above the diagonal (circle) is
long-lived (Figure 3c), which can be assigned to the transition
from excitons to higher levels. The ESA feature below the
diagonal is short-lived with a characteristic lifetime of less than
1 ps (Figure 3d). Such a fast component was assigned to the
hot excitons in previous TA studies with a pump wavelength at
400 nm.*>*>>® In the 2DES spectra, the ESA feature is
observed upon excitation resonant with the low-lying excitonic
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transition (Figure 3a). In this case, the ESA signal mainly
originates from relaxed excitons rather than hot excitons.
Considering that the photon energy is slightly lower than that
of excitons, the short-lived ESA is probably related to the
transition from the exciton state (IX)) to the biexcitonic state
(IXX)). Nevertheless, the short lifetime of the ESA remains to
be explained. The temporal dynamics reveal that the ESA
signal decays while the bleach signal increases after 5 ps
(Figure 3d). Such a crossover from negative to positive can be
explained if a delayed SE component is considered. If the SE
mainly originates from single excitons, the buildup processes of
ESA and SE are simultaneous, which cannot explain the
crossover process. The delayed rise of the SE signal is
consistent with a scenario involving the formation of a
biexciton from two independent excitons (Figure 3e). For a
single exciton in a NC, optical transitions with energies near
the band gap involve the ESA from IX) to IXX) and SE from |
X) to the ground state. When a biexciton is formed in a NC,
the ESA caused by the transition from IX) to IXX) is
eliminated, but the SE caused by the transition from IXX) to |
X) states becomes prominent. If some NCs initially absorb two
photons, the two independent excitons may be converted to
the low-energy bound state,”’ e, IXX), leading to the
crossover from ESA to the bleaching signal probed at 2.39 eV.

Considering the above model (Figure 3e), we can interpret
the entire 2DES data by the global analysis scheme following

DOI: 10.1021/acs.jpclett.9b00524
J. Phys. Chem. Lett. 2019, 10, 1251-1258


http://dx.doi.org/10.1021/acs.jpclett.9b00524

The Journal of Physical Chemistry Letters

a

EY
@

=3

2
<
El
&

Emission energy, 7o, (V)

235 240 245 250 255
Excitation energy, 7io_(eV)

(o)

(,.01) Aususiu]

Emission energy, 7o, (V)

2.30

235 240 245 250 255
Excitation energy, 7o_(eV)

C o.00 — T rrrr—r—
< 0054
2
‘®
[
L
IS O ho_ =246V
-0.10 _
ho, = 2.53 eV
d oot
/::\ 0.00
©
= i
£.0.01
[
]
£ 002 O 7o =2.46eV
ho, = 2.39 eV
-0.03 1 1 | ' fiul Lol P
0 2 10 100
T (ps)
e
Ay Da0 i V) —
T IXX) —7—

SE

Figure 3. Absorptive 2DES spectra of CsPbBr; NCs at the population times (a) 0.5 and (b) 10 ps, respectively. The pump fluence is set at 10 uJ
cm™2 The major ESA features are indicated by a circle and square in (a). (¢, d) Temporal dynamics of the ESA features marked in (a). (e)
Schematic diagram of the near-band-edge transitions related to a single exciton IX) (left) and biexciton IXX) (right).

the literature protocol (see the Supporting Information for
details).>**> The dynamics of 2DES data recorded at 10 uJ
cm™ can be reproduced with four decay components with
significantly different lifetimes. An ultrafast component with a
lifetime of ~100 fs (Figure S3a) is probably caused by the
cooling process of hot excitons while the formation of
biexciton is observed with a component of ~2 ps (Figure
S3b). In comparison with that of biexciton formation, the
signal of the ultrafast component (~100 fs) is more
pronounced under higher energy excitation. These results
explicitly verify the above assignment of the short-lived ESA
signal to the transition from IX) to IXX) states with resonant
excitation (Figure 3). Moreover, the Auger recombination of
biexciton (Figure S3c) and the interband recombination of the
single exciton (Figure S3d) are observed as the components
with lifetimes of ~80 ps and 4 ns, respectively. The line shape
of the biexciton signal becomes broader due to exciton
interaction (Figure S3c). The downhill excitation transfer is
observed as the lower right features in the signal of the single
exciton (Figure S3d).

SE from IXX) to IX) states is observed in the ASE spectral
range, which is responsible for the optical gain generation in
the NCs (Figure 3, Figure S4). The above analysis implies that
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optical gain in CsPbBr; NCs at the red tail of the spectral range
is contributed by interacting biexcitons. The spectral shift
between the GSB and SE, which is ~80 meV in the 2D spectra,
is caused by the biexciton interaction Ayxy. This value is
comparable to that observed in the ASE spectrum, supporting
the scenario of biexciton gain in CsPbBr; NCs. The electronic
correlations between the biexcitons and the fine structures may
be more accurately quantified by double-quantum 2DES,***’
which will be a future subject with an upgraded setup.

The above assignment is further supported by power-
dependent measurements. Parts a and b of Figure 4 compare
the 2D spectra recorded at a population delay of S ps with
pump fluences of 2 and 25 uJ cm ™, respectively. Upon high-
fluence excitation, SE from biexcitonic recombination (Figure
4b) becomes dominant, surpassing the loss caused by ESA of
single excitons (Figure 4a). Such competitive behavior is
manifested in the power dependences of the signals (Figure
4c). The gain is observed with a superlinear dependence on the
incident power when the pump fluence exceeds a certain
threshold value. In addition, the dynamics of SE generation
strongly depends on fluence (Figure 4d). With increasing
pump fluence, the rate of biexciton SE generation becomes
much faster as more NCs absorb more than one photon. This
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Figure 4. Absorptive 2DES spectra of CsPbBry NCs recorded at a population time of 5 ps under pumping with fluences of 2 (a) and 25 yJ cm™
(b), respectively. (c) Pump-fluence-dependent 2DES signals recorded at the excitation and emission photon energies indicated in (a). (d)
Dynamics of the 2D signal recorded with excitation at 2.46 eV and emission at 2.39 eV showing the SE buildup under excitations at different

fluences.

fluence-dependent behavior supports the presence of multi-
exciton interaction during optical generation.

To obtain more insight into the gain mechanism, we
compare the experimental data with different models
considering optical gain generated from single and multiple
excitons. We use the Poisson distribution to describe the
photon absorption process in the NCs. With this assumption,
the pump-induced change in the probe absorption (Aa) can
be quantitatively calculated (see the details in the Supporting
Information). Optical gain is achieved when —Aa > . Figure
S compares the experimental data with the models considering
gains from a single exciton, biexciton, and biexciton with
strong interaction, respectively (Figure 5).** The distinction in
a monoexciton or biexciton gain is determined by the
degeneracy of band-edge states in NCs (Figure la,b). The
single exciton gain reaches the threshold when (N,) is 0.69,
whereas the threshold for a typical biexciton gain with 2-fold
degeneracy is (N,) = 1.15.

To minimize the effect of errors in quantifying the threshold,
we compare the data on a scale of (N)/(N). As shown in
Figure 5, neither the monoexciton model nor the biexciton
model can reproduce the power-dependent results obtained for
the CsPbBry NCs. This is probably caused by the attractive
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Coulomb interaction energy Ayxyx in the NCs. Because of the
large Axy, the optical gain will appear at the shifted spectral
range. Although competition from ESA originating from the |
X) to IXX) transition increases, the reabsorption by unexcited
NCs is effectively suppressed. In the models, we use the ratio
of the interaction energy over the line width of the NC
emission band (r = Axy/T) to evaluate the magnitude of the
biexciton interaction. The larger the r value is, the lower the
threshold gain needs. If r is larger than 42%, the threshold (N)
could be less than 1. Theoretically, if r exceeds 76%, the —Aa/
a, signal will be negative when (N) is small, which readily
explains the ESA at the emission energy of 2.39 eV as observed
in our experiment. The degeneracy factors in CsPbX; NCs
determined theoretically are g, = g, = 2.°* Our experimental
data can be fitted with the biexciton gain model using r = 87%.
The corresponding value of Axy calculated using the PL line
width of CsPbBr; NCs is about 88 meV (Figure 2b). The fitted
value is comparable to the peak shift of 76 meV derived from
ASE experiments, which is also consistent with the biexciton
binding energy of CsPbBr; NCs measured from time- and
spectrally-resolved PL spectra.’® A similar level of biexciton
binding energy was also been observed in MAPbBr; NCs,**
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suggesting that strong biexcitonic interactions are probably a
common characteristic of the lead halide perovskite NCs.
We have conducted 2DES experiments on CsPbBr; NCs to
study their optical gain mechanism. 2DES allows us to study
the interplay between different transitions of near band-edge
states during the generation of optical gain. We have shown
that the generation of optical gain in CsPbBr; NCs can be
described by considering biexcitons with strong interactions.
The lasing threshold can be reduced to a remarkably low level
({(Ng) < 1) benefiting from the spectral shift caused by the
mutual interaction between excitons. Together with the
extrinsic loss, the competition between SE from biexcitons (|
XX) — IX)) and ESA from single exciton to biexciton states (|
X) — IXX)) primarily sets the threshold value. These findings
may be used to guide the design and synthesis of perovskite
NCs with low-threshold optical gain. The mutual interaction
between biexcitons in NCs depends on the size and shape of
the NCs, which can be manipulated to further lower the lasing
threshold. The spectral coverage between SE and absorption is
shown to be critical for gain generation, implying that core/
shell en%ineering, which has been well established for CdSe
NCs,*>*>*° may be a valuable strategy to optimize the laser
performance of perovskite NCs. Moreover, by changing the
ESA from the single exciton to biexciton state ((IX) — IXX))
in charged NCs, the trion gain may be effective to markedly
lower the excitation density required for gain generation.”
These approaches may facilitate the use of perovskite NCs in
continuous-wave pumped and electrically pumped lasers.
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