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Quantum-Defect-Minimized, Three-Photon-Pumped
Ultralow-Threshold Perovskite Excitonic Lasing

Jianhui Sun, Zhedong Zhang, Yongyi Chen, Meng Qiu, Wei Jin, Cun-Zheng Ning,
Henry J. Snaith, Alex K.-Y. Jen, and Dangyuan Lei*

Three-photon-pumped (3PP) excitonic lasing in inorganic semiconductor
quantum dots (QDs) is of particular importance for near-infrared biophotonics
and optical communications. However, the implementation of such lasers
has been hindered severely by the required high pump thresholds. Here, 3PP
excitonic lasing of all-inorganic cesium lead bromide perovskite QDs (CsPbBr3

PQDs) embedded in a whispering-gallery microcavity is demonstrated, and
achieving a record low threshold of 3 mJ cm−2 by tuning the 3P pump energy in
resonance with the S exciton state. Wavelength-dispersive Z-scan spectroscopy
reveals that such reduced lasing threshold is attributed to the exciton resonance
enhanced multiphoton absorption, which, as disclosed by the kinetics analysis
of transient absorption spectroscopy (TAS), leads to the appearance of net
gain at a pump fluence as low as 2.2 mJ cm−2, corresponding to an average
S exciton population of 1.5. A microscopic model incorporating the quantum
master equation reproduces the TAS results and provides the intrinsic
parameters of biexciton relaxation for lasing. The 3PP resonant excitonic
transition is the most favored multiphoton pumping process that minimizes
quantum defect (6.8% of the pump photon energy) to realize optical gain
at low threshold, marking a major step toward using all-inorganic perovskite
QDs for on-chip integrated microlasers and multiphoton bioimaging.
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1. Introduction

Three-photon-pumped (3PP) stimulated
emission from inorganic semiconductor
QDs enables coherent frequency up-
conversion with merits such as ultrahigh
photostability and large multiphoton ab-
sorption cross-sections in comparison
to organic counterparts.[1–6] It is particu-
larly important for near-infrared-pumped
bioimaging and optical communication
since the excitation wavelengths lie in
the near-infrared biological transparency
window[4,7] and also in the low-loss trans-
mission region of optical fibers.[8,9] In
principle, 3PP lasing requires the optical
gain media with extraordinarily large 3P
absorption cross-sections and ultrahigh
photoluminescence (PL) quantum yields.
Recently, all-inorganic colloidal perovskite
quantum dots (PQDs) like CsPbBr3 have
been found to show infrared two-photon
(2P) absorption cross-sections[10–12] about
two orders of magnitude larger than that
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of conventional II-VI group semiconductor QDs.[13,14] Despite
this exotic property, it has remained a great challenge to reach
near-infrared 3PP population inversion in these materials be-
cause their 3P absorption cross-sections are substantially smaller
than the one-photon (1P) and 2P processes. For this reason,
earlier investigations of all-inorganic PQDs mainly focused on
the 1PP and 2PP amplified spontaneous emission (ASE) and
lasing,[15–18] and the 3PP lasing still remains elusive.

It is well known that optical absorption in semiconductor QDs
can be enhanced through excitonic excitations, particularly for
excitons with stronger oscillator strengths.[19] Therefore, it is
prospected that the 3P absorption of CsPbBr3 PQDs can be sig-
nificantly leveraged through a single exciton resonance match-
ing three times the pump photon energy. In addition, resonant
optical pumping of the gain medium is an attractive path for
quantum-defect-free lasing.[20–22] Since the infrared pumping en-
ergy is triplicated exactly towards the PQD exciton radiation en-
ergy under the quantum-defect-free pumping, it therefore mini-
mizes the amount of energy dissipation through phonons. This
can inhibit the lattice temperature rising of the PQDs and thus
prevent potential photothermal damage as well as radiance effi-
ciency losses, thereby improving the stability of laser devices. De-
spite such unparalleled merits, the development of PQDs-based
3PP laser devices has been substantially hindered by their poor
stability: Most polar solvents deleteriously quench the PL signals
of halide PQDs because their ionic crystal structures can be easily
etched in humid environment,[17,23] which becomes even worse
under intense pumping. Therefore, high quality factor (high-Q)
optical cavities are necessary to make compatible incorporation
of PQDs in a protective environment.

Here, we demonstrate 3PP excitonic lasing from CsPbBr3
PQDs, which exhibits a record low pump threshold in compar-
ison with other all-inorganic semiconductor QDs (see Table S2,
Supporting Information). First, we combine 1P, 2P and 3P ab-
sorption spectroscopies to determine the parity-allowed excitonic
transitions of the PQDs, which fulfill respective optical selection
rules and agree with our quantum mechanical calculations. Sec-
ond, we show the 2PP and 3PP excitonic lasing thresholds of the
PQDs incorporated in bottle-like optical microcavities support-
ing whispering-gallery modes reach minima when the 2P and
3P pump energies approach the P and S excitonic states of the
PQDs at which the nonlinear absorption cross-sections exhibit
maxima. Third, an ultrafast pump-probe spectroscopic signal re-
veals that the excitonic radiation reaches an optical net gain at
a 3P pump fluence of 2.2 mJ cm−2 with the population inver-
sion lasting for 18 ps, whilst further increasing pump fluence
leads to whispering-gallery-mode-supported excitonic lasing with
a threshold ≈3 mJ cm−2. A quantum mechanical model incorpo-
rating master equation can produce the results in perfect agree-
ment with the ultrafast pump-probe measurement. The intrin-
sic parameters of excitons in PQDs such as biexciton damping
and non-radiative decay rates are found, manifesting the univer-
sality for all the pump fluences in the experiments. Finally, we
demonstrate that the 3PP exciton laser can be switched between
multiple and single modes, both exhibiting long-lived output sta-
bility, by simply adjusting the cavity diameter with an easy-to-
implement all-solution-processed method. Briefly, our enhanced
fundamental understanding of the rich excitonic transitions in
the PQDs, the methodology developed for controlling lasing char-

acteristics, and the ultralow-threshold 3PP excitonic lasing and
exceptional output stability we have observed, achieve a great
step toward practical use of all-inorganic PQDs for near-infrared-
pumped bioimaging and optical communication.

2. Results and Discussion

2.1. Morphological Characterization and Optical Spectroscopies
of CsPbBr3 PQDs

The transmission electron microscopy (TEM) micrograph in
Figure 1a shows that the CsPbBr3 PQDs synthesized in the study
exhibit an orthorhombic shape inherited from their crystalliza-
tion in the cubic perovskite phase. The lattice fringe pattern of a
single CsPbBr3 PQD shows a lattice spacing of 0.58 nm, corre-
sponding to the (100) plane of the perovskite phase and demon-
strating good crystallinity. The average size of the PQDs was mea-
sured to be 9.2±1.2 nm along their edges (see the size distri-
bution analysis in Figure 1b and the TEM image in Figure S1,
Supporting Information), close to the bulk Bohr exciton diameter
(7 nm) for the CsPbBr3 PQDs,[24] at which the quantum confine-
ment effect discretizes the electron and hole energy levels. As a
result, the two lowest levels in conduction band, Se and Pe, and
the two highest levels in valence band, Sh and Ph, are resolved,
responsible for rich excitonic transitions in the PQDs.[25]

Since the rich electronic transitions between discrete energy
levels of low-dimensional semiconductors obey different optical
selection rules,[26] we essentially combine 1P, 2P, and 3P absorp-
tion spectroscopies to obtain a complete scenario of allowed ex-
citonic transitions in the CsPbBr3 PQDs. In Figure 1c, the 1P
absorption spectrum of the PQDs shows, right above the band
edge, two shallow peaks ≈507 nm and 470 nm, corresponding to
the transitions Sh → Se and Ph → Pe, respectively, in consistence
with the results obtained by transient absorption spectroscopy in
Figure S2 (Supporting Information). However, the 1P absorption
spectrum cannot resolve the energy splitting between Se and Pe
(and between Sh and Ph). This requires the use of 2P absorption
spectroscopy to access a completely different manifold of exci-
tonic transitions, i.e., Sh →Pe and Ph → Se. To this end, we carried
out wavelength-dispersive open-aperture Z-scan nonlinear spec-
troscopies on the PQDs in toluene over the pump wavelength
ranging from 750 to 1650 nm, enabling to probe the excitonic
dark states absent in the 1P absorption. In order to measure the
2P and 3P absorptions, we make use of the property that the ab-
sorption cross-section increases as a higher-order power law of
the photon intensity. With an excitation beam focusing on a posi-
tion of fixed size, we scan the sample through this focal point to
record the change in the transmission of the probe beam of the
same wavelength. As dictated by the angular momentum associ-
ated with the exciton wavefunction, the excitonic 2P absorption
obeys different selection rules, which normally allow hot excitons
to reach higher-lying states that are parity-forbidden in 1P and 3P
absorption processes.[4,27] These selection rules have been cor-
roborated in near-spherical semiconductor QDs and anisotropic
nanorods.[28,29] Indeed, the wavelength-dependent 2P absorption
cross-section spectrum shown in Figure 1d exhibits a resonant
peak at ≈970 nm, corresponding to a 2P energy of 2.557 eV, which
lies at a higher energy than the lowest-energy 1P absorption peak
at 2.446 eV (507 nm), indicating an energy splitting of 111 meV
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Figure 1. a) Transmission electron microscopy (TEM) micrograph of the PQDs with a PQD showing the (100) lattice plane with lattice spacing of
0.58 nm. The black scale bar is 10 nm. b) Histogram statistics of the PQD size distribution. c) 1P absorption spectrum (black) and PL spectra of the
PQDs in toluene under 1P (CW 405 nm, cyan), 2P (fs 970 nm, red) and 3P (fs 1500 nm, orange) excitations. d,e) Wavelength-dependent 2P (d) and 3P
(e) absorption cross-sections derived from Z-scan measurements. Error bars represent standard deviation of the fitting results. f) Calculated real-space
distribution of the S and P exciton wave functions in a CsPbBr3 PQD using a cubic box model with an infinite potential barrier. g) Jablonski diagram of
allowed 2P (blue lines) and 3P (red lines) excitonic transitions in the PQD. Upon excitation to the Pe state through either process, the PQD undergoes
fast relaxation to the Se state through vibrational damping and gives rise to 2P or 3P PL.

between the Se and Pe states. In contrast, the selection rules for
3P absorption are the same as that for 1P absorption because
they both correspond to the transitions between parity-opposite
states. Consequently, the 3P absorption cross-section spectrum
in Figure 1e exhibits a resonant peak at 1500 nm, equivalent to
a 3P energy of 2.480 eV, almost the same as the 1P absorption
peak (2.446 eV). The 2P and 3P absorption cross-sections of the
CsPbBr3 QDs are 1.88 × 10−44 cm4 s photon−1 at 970 nm and 5.10
× 10−75 cm6 s2 photon−2 at 1500 nm (extracted from the Z-scan
responses in Figure S3, Supporting Information). The 2P absorp-
tion cross-sections quantify the probability of this process occur-
ring in a QD, while 3P absorption is a similar nonlinear optical
process, but it involves the simultaneous absorption of three pho-
tons. The 3P absorption cross-section of CsPbBr3 QDs is smaller
than that of the 2P absorption cross-section. This is because
the 3P absorption requires the simultaneous fulfillment of en-
ergy and momentum conservation conditions for three photons,
whereas the 2P absorption requires for two photons only. Due
to the more stringent conditions for 3P absorption, the absorp-
tion coefficient is relatively small. In particular, the measured 3P
absorption cross-section for the CsPbBr3 QDs is about three or-
ders of magnitude higher than that of conventional metal-sulfide
based QDs,[4,13,14] indicating the possibility of achieving ultralow-
threshold 3PP lasing.

To gain a deeper understanding of the selection rules that
govern the 2P and 3P absorption processes in the cubic-phase
CsPbBr3 PQD, we calculated its quasi-particle band structure
using a cubic box model with an infinite potential barrier,[30,31]

where the band gap of bulk CsPbBr3 is assumed to be 2.25 eV.[32]

The effective masses of electron and hole are 0.15m0 and 0.14m0,
respectively, where m0 is the electron mass in vacuum.[33] In our
model, we consider the first four levels with finite degeneracy,
i.e., one (111) S state and three P states: (211), (121), and (112),
where the three numbers in each parenthesis represent the nodal
planes associated with the spatial confinement along x, y, and z
axes (the growth directions of the PQDs), respectively. The or-
bital quantum numbers of each exciton state are identified by
the character of its real-space wavefunction shown in Figure 1f
(calculation details in Supporting Information). The calculated
energies for the excitonic transitions Sh → Se and Sh → Pe in a
9.2 nm CsPbBr3 QD are 2.434 and 2.523 eV, agreeing well with
the values extracted from the experimental spectra in Figure 1c,d.
The calculated intra-band S-P energy spacing is 89 meV for the
electron and 95 meV for the hole (see Figure S4, Supporting In-
formation), both close to the experimental results. Note that the
S–P energy differences for the electron and hole are nearly iden-
tical. Thus, the transitions Sh → Pe and Ph → Se cannot be re-
solved in 1P absorption. Based on the linear and nonlinear ab-
sorption results in Figure 1c–e, we illustrate the full scenario of
2P- and 3P-pumped excitonic transitions in the CsPbBr3 PQDs
in Figure 1g: upon exciting an electron to the Pe state through ei-
ther a 2P (from Sh) or 3P (from Ph) process, it relaxes toward the
lowest-energy excited state Se through vibration damping, and
then decays to the ground state Sh through excitonic recombina-
tion, giving rise to either 2P or 3P PL. It is important to point
out that the resonant 3P excitation from Sh to Se is the most

Adv. Funct. Mater. 2024, 34, 2401247 2401247 (3 of 9) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202401247 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [08/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. a) Schematic procedure of fabricating bottle-like microcavities as well as two typical microscopic images of the fabricated microcavities (scale
bar is 50 μm). b) Schematic diagram of the lasing measurements setup. c) A typical 3PP lasing spectrum from an 88 μm diameter microcavity. The
inset shows the log-log plots of integrated emission intensities versus pump fluence. d) Level diagram for the lasing produced from the Biexciton →
Exciton transition (red arrow). Green arrow denotes the transition responsible for PL. 𝛿E1 and 𝛿E2 give the biexciton binding energy and single-exciton
Stokes shift, respectively. e) 3PP lasing spectra versus pump fluence. f) Integrated lasing intensity as a function of the angle (𝜃) between the fibre length
direction and the transmission axis of a polarizer in front of the detector. The solid line represents a cos2𝜃 fit to the experimental data (solid dots).

efficient multi-photon pumping process among all the possibili-
ties depicted in Figure 1g due to two key advantages: (i) The mini-
mized quantum defect between resonant 3P pumping and emis-
sion involves lowest phonon emission and is the most efficient
optical pumping process; (ii) the involvement of only the ground
state of conduction band with the longest lifetime is the easiest
to achieve population inversion.

2.2. Fabrication of the Microcavities and the Lasing Measurement

We fabricated “bottle-like” polymeric microcavities by dispens-
ing a droplet of a PMMA and epoxy resin containing solution
of the PQDs onto a commercial optical fiber, as we show in the
left panel of Figure 2a (see details in Materials and methods). As
seen from the right panel of Figure 2a, the optical images in-
dicate a circular symmetry along the equator of the microcavi-

ties, which are equatorial whispering-gallery modes as discussed
later on. We validated the lasing action of the fabricated micro-
cavities using a fluorescence microscope system (see Figure 2b).
The input beam was focused onto the equator of the bottle-like
microcavity and the lasing emissions were collected by an ob-
jective coupled to a fiber spectrometer. In order to better show-
case the WGM microcavities as prepared, we measured micro-
graphs of the WGM microcavities under two-photon excitation.
From the image in Figure S5 (Supporting Information), it can
be observed that the QDs are uniformly distributed inside the
microcavity.

As shown in Figure 2c, the 3PP lasing emission was mea-
sured on an 88 μm-diameter microcavity. The profile of the las-
ing peaks show a red-shift with respect to the spontaneous emis-
sion, suggesting that the lasing emission originates from the
biexcitonic recombination.[11] According to the energy difference
between spontaneous emission maximum and lasing peak, the
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biexciton binding energy is derived as 44 meV, which is close to
the value reported previously in CsPbBr3 PQDs.[15] Such large
binding energy in CsPbBr3 PQDs allows the biexciton states to
survive at room temperature (thermal energy ≈ 26 meV at 300
K). Moreover, the large redshift can reduce the detrimental re-
absorption loss in CsPbBr3 PQDs. The light input–output curve
versus pump fluence is shown in log–log plot in the inset of
Figure 2c, where the well-defined nonlinear power-dependent be-
havior within three distinct regimes can be recognized from ASE
threshold (Pa = 2.1 mJ cm−2) and lasing threshold (Pth = 3.0
mJ cm−2). The cubic power dependence (with slope of 3.1) ob-
tained below ASE threshold is attributed to spontaneous emis-
sion following 3P absorption, as illustrated in Figure 1g. The on-
set of lasing at higher 3PP fluence was accompanied by a sixth
power dependence (with slope of 5.6), and the fitted exponents
to the output intensities under 3PP confirm the biexciton gain
model.[5] At higher pump intensities, the input–output curve is
again approximately cubic (with slope of 2.9), signifying the gain
saturation of the CsPbBr3 PQDs due to the twofold-degenerate S
exciton state. For comparison, the log–log plot of lasing emission
under 2PP is provided in Figure S7 (Supporting Information),
where the observed lasing threshold (Pth = 0.6 mJ cm−2) is five
times smaller than that of the 3PP lasing.

Figure 2d illustrates the level diagram indicating the chan-
nels for lasing and PL emissions in the PQDs. The single-exciton
Stokes shift 𝛿E2 from the phonons interacting with the electrons
in the conduction band and the exciton-exciton binding 𝛿E1 lead-
ing to the biexciton state, e.g., 𝛿E1 ≃ 44 meV and 𝛿E2 ≃ 126 meV
in the CsPbBr3 PQDs, causes the quantum defect. The lasing ef-
ficiency within conventional paradigms is mostly bottlenecked
from the phonon-induced exciton relaxation as a result of the
quantum defect. Since the 3PP pumping has the energy tripli-
cated exactly the same as the Ex

1, the energy dissipation through
phonons can be minimized. In this sense, the quantum defect
of our laser is minimized to its lowest value composing only the
biexciton binding energy 𝛿E1 and the inherent Stokes shift en-
ergy 𝛿E2. We will elaborate this later on.

Figure 2e shows the evolution of 3PP lasing emissions against
the pump fluence. As the pump fluence is over ASE threshold (Pa
= 2.1 mJ cm−2), sharp peaks with a linewidth of 0.17 nm emerges
and grows rapidly in further when exceeding the lasing thresh-
old (Pth = 3.0 mJ cm−2). The lasing peaks are slightly blue-shifted
as the pump fluence increases, probably due to the state-filling
effect.[34] The bottle-like microcavity with cylindrical symmetry
could support two types of high-Q factor lasing modes: one is the
traditional equatorial whispering-gallery mode where light prop-
agates in closed loop around the equator; the other is called “bot-
tle mode” where light spirals back and forth along the resonator
axis between two turning points.[35] Our microcavity is a fiber-
stand polymer resonator, where bottle mode is not allowed. A
periodic pattern of rare-earth upconversion nanoparticles-based
lasing has been observed in similar microcavities,[36,37] which
demonstrated the support of whispering-gallery-mode lasing at
a thin equatorial ring near the surface of the microcavity. For a
whispering-gallery mode, the mode spacing (Δ𝜆) of the two adja-
cent maxima is determined by the following equation

Δ𝜆 =
𝜆0

2

𝜋Dmneff
(1)

where 𝜆0 is the peak wavelength of the lasing spectrum, Dm is
the external diameter of microcavity and neff (= 1.46) is the ef-
fective refractive index of the PMMA polymer.[38,39] The Δ𝜆 of
the 88 μm microcavity was calculated to be 0.72 nm from Equa-
tion (1), in good agreement with the measured value of 0.75 nm
that corroborates the fact that our bottle-like microcavity supports
whispering-gallery mode lasing.

The polarization of lasing emission was analyzed by putting
a polarizer in front of the detector and setting the polarizer’s
transmission axis parallel to the optical fiber (corresponding to
rotation angle of zero). The integrated intensities of lasing peaks
as a function of rotation angle are shown in Figure 2f. The data
fits well with Malus’ law,[39] and the lasing polarization is con-
sequently identified to be transverse magnetic (TM) modes. The
polarization is quantified with a large polarization extinction ratio
of 93%, defined as the ratio of lasing intensities in the two polar-
ization directions. Moreover, numerical calculation of the elec-
tromagnetic field distribution of the TM modes inside the micro-
cavity was carried out using the finite element method (supported
from COMSOL Multiphysics). As seen in Figure S8a (Supporting
Information), cross-sectional view of simulated electric field pro-
files for the first and second order whispering-gallery modes of
the microcavity were calculated according to the circular symme-
try of the equator on the microcavity. In order to understand the
field distribution better, intensity profiles of the first and the sec-
ond orders in radial direction are plotted in Figure S8b (Support-
ing Information). Notably, integration of the mode distribution
curve shows that up to 99% of optical energy is confined inside
the microcavities for both cases, which account for the low loss
WGM lasing.

2.3. Exciton Resonance Effect and Optical Net Gain Evolution

The wavelength-dispersive pump thresholds of the 2PP and
3PP lasing is shown in Figure 3a,b. Clearly, the pump thresh-
olds reach minima when the 2PP and 3PP energies approach
the S and P exciton states at which the nonlinear absorption
cross-sections exhibit maximum. The 2P and 3P absorptions
of CsPbBr3 PQDs are significantly leveraged through match-
ing the input excitation energy with an exciton resonance, thus
leading to low-threshold excitonic lasing. To our knowledge,
the observed threshold of ≈3.0 mJ/cm2 here may be the low-
est value reported for 3PP lasers with inorganic semiconductor
QDs, five times lower than that with CdSe/CdS/ZnS QDs (see
Table S1, Supporting Information). Additionally, Figure 3a,b il-
lustrate the wavelength-dispersive intensities of 2PP and 3PP las-
ing emissions, where the lasing intensities could retain near-to-
90% and 80% of their initial values over 107 laser pulses (cor-
responding to 2 h of excitation), respectively (see Figure S9,
Supporting Information). As the infrared pumping energy ap-
proaches the PQD exciton radiation energy under the quantum-
defect-minimized pumping, heat generation can be greatly re-
duced because the waste heat per photon is reduced (to 12.4%
for 2PP lasing and 6.8% for 3PP lasing, see Table S1, Sup-
porting Information). This can significantly inhibit the lattice
temperature rising of the PQDs and thus prevent potential
photothermal damage, thereby improving the stability of laser
devices.
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Figure 3. a,b) Wavelength-dispersive pump thresholds and the stability tests by 2P (a) and 3P (b) absorption. c) Bleaching amplitude of the CsPbBr3
PQDs at wavelengths 525 nm (orange squares) and 537 nm (purple dots) as a function of pump fluence (pump-probe delay is 5 ps). The solid lines are
fitted with the two-fold state-filling model.[40] d) Transient absorption kinetics of the PQDs for various 1500 nm pump fluence. The solid lines are fitting
by Equation (2). The dashed black lines in (c) and (d) denote the optical gain threshold.

To track the evolution of 3PP optical net gain in CsPbBr3
PQDs, we employed ultrafast transient absorption spectroscopy.
Optical net gain (i.e., negative absorption) corresponds to pump-
induced absorption bleaching with a magnitude that is greater
than absorption in the ground state which can be manifested
as −Δ𝛼/𝛼0 > 1, where 𝛼0 is the linear absorbance at probe
wavelength.[41] As seen in Figure 3c, the value of −Δ𝛼/𝛼0 mea-
sured at a delay of 5 ps at wavelengths of 537 nm (in coincide
with the lasing peaks) shows the emergence of an optical net
gain when pump fluence exceeds 2.2 mJ cm−2, yielding an av-
erage exciton population of 1.5, close to the ASE threshold (2.1
mJ cm−2) observed in Figure 2c. Besides, the value of −Δ𝛼/𝛼0
probed at 525 nm (coinciding with the maximum of spontaneous
emission) is below the gain threshold and got saturated. This
is attributed to the finite degeneracy in the S exciton state.[41]

Figure 3d shows the ultrafast kinetics of −Δ𝛼/𝛼0 of CsPbBr3 QDs
at the probe wavelengths of 537 nm, revealing that the excitonic
radiation reaches an optical net gain above the ASE threshold,
with the population inversion lasting for 18 ps for lasing emis-
sions.

To gain a deeper understanding of the present time-resolved
measurement results, a microscopic model for the pump-probe
signal incorporating the density matrix dynamics is developed.[42]

The quantum master equation for the density matrix of a four-
level model describes the fast-evolving dynamics of popula-
tion and quantum coherence, responsible for the time-resolved
pump-probe measurements and the lasing dynamics. From the
experimental schemes, the transmission of the probe pulse was
measured, giving the signal Spp (𝜔, t) = Im[E∗

pr(𝜔)P(𝜔)] where

Epr(𝜔) is the Fourier component of the probe with positive fre-
quency and P(𝜔) is the polarization of the PQDs. Some algebra
leads to the signal measured at 𝜆probe = 537 nm corresponding to
the f1 → e1 transition in Figure 2d:

Spp
(
𝜆probe, t

)
=

2| 𝜀(𝜔f1e1
− 𝜐

)||||
2

𝛾f1e1

⎡⎢⎢⎣
𝜌

(0)
f2 f2

1 − x

(
e−𝛾E t − e−

𝛾E t
x

)
+ 𝜌

(0)
e2e2

e−𝛾nr t − 1
⎤⎥⎥⎦ (2)

where 𝜀(𝜔 − 𝜐) gives the Fourier component of the probe pulse
envelop and 𝛾f1e1

yields the line-broadening of the signal, x =
𝛾E /Γ. 𝛾nr, 𝛾E and Γ represent the rates of phonon-induced non-
radiative decay of single exciton, biexciton damping and two-
exciton decay, respectively. 𝜌(0)

e2e2
and 𝜌

(0)
f2 f2

are the initial popula-
tions of single and two-exciton states created by the femtosecond
pump pulse, as illustrated in Figure 2d. All the theoretical details
are given in SI.

The solid lines in Figure 3d illustrate the time dependence of
the signal produced from Equation (2) in comparison with the
experimental measurements. Notably, the transmission of the
probe field exhibits a sharp rising edge during the first few hun-
dred femtoseconds, before the decay. This is prominent when las-
ing emerges under an intense pumping, and can be attributed
to the fast population relaxation from the two-exciton metastable
state to the biexciton state. Basically, there are two channels
for populating the biexciton state f2 which trade off with each
other: one is the pumping from the metastable state f1 while the
other is the exciton-exciton annihilation (EEA).[43] As revealed in
Figure 3d, the microscopic model produces the results in perfect
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Figure 4. a) Three-photon-pumped lasing spectra collected for microcavities with 125, 88 and 33 μm in diameter. b) The measured Δ𝜆 and Q-factor as
a function of Dm. The Q factor is defined as the ratio of the resonant frequency (𝜆0) to its FWHM (𝛿𝜆). The data can be well fitted to a single-exponential
function (dashed line) and a linear function (solid line), respectively. c) Single-mode lasing spectra collected from a 15 μm diameter microcavity under
varied pump fluence. d) The log-log plots of integrated lasing emission intensities and linewidths versus pump fluence of the single-mode lasing.

agreement with the experimental measurements, provided that a
typical set of relaxation parameters 𝛾−1

E = 7 ps, Γ−1 = 0.2𝛾−1
E , 𝛾−1

nr =
2.5𝛾−1

E applicable for all the pumping intensities. This indicates
two fitting parameters only: 𝜌(0)

e2e2
and 𝜌

(0)
f2 f2

subject to the pump-
ing intensities. The fitting results are summarized in Table S1
(Supporting Information). From the microscopic model, the life-
time of the optical net gain is manifested to be ≈18 ps. It is worth
noting that the population of biexciton state is upper bounded by
the fast relaxation of metastable state. This is proved in a math
rigor and is thus the bottleneck for optimizing the optical gain
efficiency in the present experiment.

2.4. Tuning the Microcavities for Single-Mode Lasing

Finally, we demonstrated that the 3PP exciton laser could be
switched between multi- and single mode by simply adjusting the
cavity diameter with an easy-to-implement all-solution-processed
method. Figure 4a presents the reduced mode number with re-
ducing the microcavity diameter. The mode spacing as a func-
tion of Dm are presented in Figure 4b, where the measured val-
ues of Δ𝜆 versus Dm can be well fitted from Equation (1). The
fitting yields a value of neff = 1.47, which is close to the esti-
mated value of 1.46, confirming the WGM lasing mechanism.
In addition, the Q-factors increase linearly with the Dm as shown
in Figure 4b, because the scatter loss is linearly scaled with the
Dm,[39] suggesting that larger microcavities perform better in

light confinement than that of smaller ones. The maximum Q-
factors (> 3000) of our microlaser are higher than the reported
ones using perovskite nanoplatelets and nanowires,[44–46] mani-
festing that the low scattering loss is well achieved with our all-
solution-processed method.

The single-mode lasing was demonstrated in a small microcav-
ity with Dm = 15 μm (see Figure 4c). The single-mode emission
is a result of a relatively large mode spacing (4.2 nm) with respect
to the global width of lasing spectrum in CsPbBr3 QDs. This S-
like log–log plot in Figure 4d clearly shows a transition from a
spontaneous emission to an ASE, and finally to a single-mode
lasing emission. As shown in Figure 4d, the full width at half
maximum at 537.6 nm narrows rapidly from 19 to 0.19 nm as
increasing the 3PP fluence around the onset power. The pump
threshold for single-mode lasing was found to be 3.7 mJ cm−2.
The slightly increased pump threshold with respect to that of the
multimode lasing is attributed to the large curvature loss in small
diameter microcavities.

3. Conclusion

We realize 3PP lasing of all-inorganic CsPbBr3 PQDs in a WGM
microcavity and achieve a record low threshold of 3 mJ cm−2

by quantum-defect-minimized resonant pumping. Based on
the wavelength-dispersive open-aperture Z-scan nonlinear spec-
troscopy, the parity-allowed excitonic transitions were precisely
measured, which are consistent with the quantum mechanical

Adv. Funct. Mater. 2024, 34, 2401247 2401247 (7 of 9) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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calculation using a cubic box model. Moreover, the optical net
gain in CsPbBr3 PQDs was observed by ultrafast transient ab-
sorption spectroscopy when pump fluence is above 2.2 mJ cm−2,
and it could survive as long as 18 ps for the lasing emission.
A four-level model incorporating quantum master equation pro-
duces the signal in perfect agreement with the ultrafast transient
absorption measurement results, where the intrinsic parameters
of excitons in the CsPbBr3 PQDs were found to be applicable
for all the pump fluences used in experiments. An all-solution-
processed method was used to fabricate the microcavities to con-
fine the CsPbBr3 PQDs for lasing emissions. Such methodology
has enabled us to readily incorporate the PQDs into the poly-
meric microcavities, which allows flexible modulation of the las-
ing characters. Finally, we demonstrated the switch of 3PP ex-
citon laser between multi- and single mode by simply adjust-
ing the cavity diameter with the easy-to-implement all-solution-
processed method. The demonstration of 3PP microlaser with
a record threshold marks a major step towards inorganic semi-
conductor PQDs on-chip optoelectronics for high-performance
near-infrared biophotonics and optical communication.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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