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Enhanced and robust room temperature excitonic
structures in Li-doped CsPbBr3 nanocrystals
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Lina Quan, ‡c Christopher J. Stanton *a and Giti A. Khodaparast *b

We investigated the nonlinear photoluminescence (PL) response of CsPbBr3 nanocrystals (NCs)

embedded in a Cs4PbBr6 matrix under sub-bandgap 800 nm laser excitations at room temperature (RT).

Adding Cs4PbBr6 matrix allowed us to stabilize these materials, making them very robust under high-

fluence laser excitation. Furthermore, doping our structures with Li up to 40% leads to a substantial

increase in the PL. This fact indicates that Li acts to passivate surface/interface states and also can form

complexes with trap states such as the positively charged bromine vacancies, leading to their saturation

and the suppression of nonradiative recombination. One of the significant aspects of our observation is

that even at RT, the PL shows rich and well-resolved excitonic structures, which are typically observed

at low temperatures. Our optical excitations was performed at two different fluence regimes. At low

fluences, log–log fits of peak PL intensity versus fluence give slopes near 2. This fact is consistent with

two-photon absorption as the dominant excitation pathway. At higher fluences, for one transition, we

observe spectral narrowing and a faster increase in intensity, while other transitions demonstrate

saturation. This observation indicates the possibility of optical gain or amplified spontaneous emission in

our structures, even in the presence of Li doping.

1 Introduction

Hybrid organic/inorganic halide perovskites (HPs) have recently
gained significant attention due to their potential for photovoltaic
applications,1,2 where their fabrication cost can be inexpensive,
and their power conversion efficiencies are improving rapidly;
however, their long-term operational stability can limit the func-
tionality of the devices. As an alternative, inorganic perovskites
(IPs),3 such as CsPbX3, are promising candidates with greater
stability that can be used for a wide range of optoelectronic
applications—including light-emitting diodes (LEDs), lasers,
photodetectors, semiconductor optical amplifiers, and solar
cells—owing to their strong photoluminescence (PL) emission
even at room temperature (RT). Recent advances in perovskite
optoelectronics have further demonstrated their potential for
high-performance imaging, photodetection, and information
processing applications.4–6

Furthermore, nanostructures based on IPs have the potential
to outperform conventional CdSe nanocrystals (NCs) in several
key aspects, such as absorption cross-section, carrier mobility,
synthetic simplicity, and narrow emission bandwidth.7 How-
ever, IP quantum dots (QDs) can suffer from poor thermal
stability as a result of ligand degradation and particle aggrega-
tion, leading to rapid PL quenching. It has been demonstrated
that embedding ligand-free CsPbBr3 NCs in a wide bandgap
(3.95 eV8) Cs4PbBr6 matrix employing low-temperature solution
synthesis can significantly improve thermal robustness and can
achieve quantum PL yields of up to 55–97%.9,10

A perovskite crystal lattice is typically defined as a three-
dimensional network of corner-sharing BX6 octahedra, forming a
structure with the general stoichiometry ABX3. In this configu-
ration, A represents a large monovalent cation—commonly an
alkali metal such as cesium (Cs); B is a smaller divalent cation,
typically Pb2+ or Sn2+; and X denotes a halide anion (Cl, Br, or
I).11,12 This structural motif is central to the unique optoelec-
tronic properties of HPs. In Fig. 1, we illustrate the cubic crystal
structure for CsPbBr3.

In this work, we focus on the formation of three-dimensional
(3D) CsPbBr3 NCs embedded within a zero-dimensional (0D)
Cs4PbBr6 host matrix. The 0D structure Cs4PbBr6 consists of
electronically isolated [PbBr6]4� octahedra, resulting in a wide
bandgap and negligible electronic coupling between neighboring
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units. However, the 3D CsPbBr3 phase exhibits extended corner-
sharing octahedra, resulting in strong electronic delocalization
and a narrower bandgap, allowing efficient PL emission. We also
investigated the effects of Li doping. Lithium incorporation
during growth stabilizes 3D CsPbBr3 embedded within the 0D
nonperovskite Cs4PbBr6 matrix, promoting the emergence of a
predominantly cubic structure and facilitating the strong optical
emission that will be discussed in the following sections.

2 Material preparation and
characterization

In this section, we describe the synthesis of undoped and
Li-doped CsPbBr3 NCs embedded within a Cs4PbBr6 host
matrix, along with structural characterization that confirms
their crystallographic phases. The growth process and the
sample preparation steps are detailed in Section 2.1, followed
by structural analysis using X-ray diffraction (XRD) in Section 2.2.
This matrix-embedded configuration enables the coexistence of
0D and 3D perovskite phases, where the wide-bandgap Cs4PbBr6

matrix provides structural and thermal stability, while the
embedded CsPbBr3 NCs govern the optical response. These results
establish a direct connection between synthesis conditions, struc-
tural configuration, and the enhanced PL properties discussed in
subsequent sections.

2.1 Preparation method

For undoped films (Pb : Cs = 1 : 4), 0.25 mmol PbBr2 was dissolved
in B1 mL DMSO at RT, and B1 mmol CsBr was dissolved in
300 mL H2O. The CsBr solution was added dropwise to the PbBr2

solution over B2 minutes, and the mixture was stirred for
B1 hour at RT. For the Li-doped samples, LiBr and CsBr were
combined at a specified molar ratio, dissolved in 300 mL H2O, and
processed identically. A bright yellow powder precipitate formed
after stirring. Glass slides were cleaned and treated with O2

plasma immediately before use. The films were prepared by
drop-casting the precipitate onto slides, heating them at 50 1C
until dry, then protecting with glass slides fixed with double-sided
tape. As shown in Fig. 2(a), the resulting samples consist of
powder-like precipitates containing CsPbBr3 NCs embedded
within the Cs4PbBr6 matrix.

For optical and structural measurements, the powders were
compressed between two glass slides, forming mechanically
stable, optically accessible films without the use of organic
ligands or polymer binders. This configuration preserves the
intrinsic matrix–nanocrystal architecture while enabling repro-
ducible spectroscopic characterization. Fig. 2(b) shows the
bright PL emission from the sample excited at 800 nm through
the cryostat windows used in this study.

2.2 Material characterization: X-ray diffraction

Powder X-ray diffraction (XRD) measurements were performed
using a Bruker D8 wide-angle diffractometer with Cu Ka radia-
tion (l = 1.5406 Å). Scans were collected over 2y = 101–501,
background-corrected, and normalized for comparison. Fig. 3
compares the measured diffraction patterns of undoped (0%
Li) and Li-doped (40% Li) NC samples with reference patterns
for cubic and orthorhombic CsPbBr3, as well as the Cs4PbBr6

matrix phase. Here % Li refers to the molar ratio of LiBr relative
to PbBr2. We examined Li concentrations from 0% to 40%, and
the 40% Li sample showed the strongest PL enhancement and
most pronounced cubic-like CsPbBr3 diffraction features, so it
was selected for detailed comparison with the undoped sample.
In both samples, the dominant reflections align with the cubic-
like CsPbBr3 perovskite reference, corresponding to the (100),

Fig. 1 Standard depiction of the cubic halide CsPbBr3 perovskite structure.

Fig. 2 (a) Optical image of the undoped sample under ambient light.
(b) The PL emission can be seen by the naked eye, showing bright green
emission under 800 nm laser excitation.
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(110), (111), (211), and (220) planes. Notably, these reflections
appear as single, sharp peaks, which are characteristic of the high-
symmetry cubic phase as opposed to the lower-symmetry phases
(orthorhombic and tetragonal), where these peaks will split. Weak
and closely spaced features observed near B151, 21.51, 26.451,
37.641, and 43.851 (green doublet markers) are consistent with
expected near-doublets of orthorhombic CsPbBr3. These features
are low in intensity relative to the primary cubic reflections,
indicating that any orthorhombic contribution is minor. A gray
reference overlay confirms the presence of Cs4PbBr6 matrix peaks,
which remain subdominant throughout the measured range.

Overall, the XRD patterns indicate that the embedded CsPbBr3

NCs are predominantly cubic-like in both undoped and Li-doped
samples, with minor orthorhombic signatures and matrix-related
features. The most distinct structural signature differentiating
cubic and orthorhombic phases—peak splitting due to symmetry
reduction—is not observed for the dominant CsPbBr3 peaks,
particularly in the 40% Li sample, supporting a primarily cubic
phase assignment. The reduced Cs4PbBr6 peak intensity in the
40% Li sample likely reflects sample loading or packing differ-
ences rather than matrix suppression. The unchanged matrix

peak positions and widths suggest that Li mainly promotes
embedded cubic-like CsPbBr3 nanocrystal formation rather than
altering the Cs4PbBr6 host. Crystallite sizes were estimated using
the Debye–Scherrer relation

t ¼ Kl
b cos y

; (1)

where K E 1 is the shape factor, b is the full width at half
maximum (FWHM) of the diffraction peak in radians, and y is
the Bragg angle. The FWHM for each reflection was determined
by first identifying the maximum peak intensity Imax, calculating
the half-maximum value (Imax/2), and then defining the separa-
tion between the two 2y positions at which the diffraction profile
intersects this half-maximum intensity.

The resulting FWHM values, originally obtained in degrees,
were converted to radians using b = FWHM � p/180. Instru-
mental broadening was not subtracted; therefore, the extracted
crystallite sizes represent lower bounds. Representative crystal-
lite sizes for the 40% Li-doped sample are summarized in
Table 1.

For the undoped sample, the CsPbBr3 diffraction peaks are
significantly weaker, and the pattern is dominated the Cs4PbBr6

matrix. This makes reliable peak-width analysis and crystallite
size estimation difficult for the undoped sample. This further
indicates that Li doping plays a crucial role in the formation of
the nanocrystals. Within the measured 101–501 range, the pre-
dominance of single, unsplit reflection lines supports a primarily
cubic-like phase for the embedded CsPbBr3 NCs.

We note the appearance of weak additional peaks in the Li-
doped sample, which suggests that lithium in the growth
solution promotes the formation of domains and enhances
structural ordering within the matrix.

This structural evolution is consistent with the observed PL
enhancement in this study. Lithium is not expected to sub-
stitute into the perovskite lattice, based on ionic-size mismatch
and Goldschmidt tolerance-factor considerations. Instead, it
likely passivates surface/interface defects, and traps, reducing
nonradiative recombination pathways and increasing radiative
emission efficiency.13

3 Experimental methods

PL measurements were conducted at two complementary facilities
to investigate the fluence-dependent responses under 800 nm
excitation. Low-fluence measurements (mJ regime) were performed
at Virginia Tech (VT), and high-fluence measurements (mJ regime)

Fig. 3 Phase references in the XRD stacks. Top: measured patterns for
(a) 40% Li (orange) and (b) 0% Li (blue). Bottom: reference patterns for
(c) CsPbBr3 cubic (red) with indexed reflections (100, 110, 111, 211, 220) and
the Cs4PbBr6 matrix (gray), and (d) CsPbBr3 orthorhombic (green) with
representative near-doublet markers (e.g., 020/101, 220/022). Vertical
shaded bands highlight expected reflection positions (red: cubic, green:
orthorhombic).

Table 1 Scherrer crystallite size estimates for representative cubic-like
CsPbBr3 reflections in the 40% Li-doped sample. Values assume K = 1 and
are not corrected for instrumental broadening; therefore, they represent
lower-bound estimates. t represents NC sizes in nanometers

hkl 2y (1) FWHM (1) b (rad) t (nm)

100 21.00 0.174 0.00304 45.8
110 36.50 0.060 0.00105 42.4
211 37.80 0.374 0.00653 21.3
220 43.80 0.202 0.00353 38.6
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were obtained at the National High Magnetic Field Laboratory
(NHMFL).

At VT, PL was excited using an 80 MHz repetition-rate laser
with a spot size of approximately 0.25 mm, focused by a lens with
f = 22.5 cm. The PL emission was collected in free space and was
directed to a Horiba spectrometer equipped with a nitrogen-
cooled CCD camera. At the NHMFL, a 1 kHz repetition-rate laser
was used with a 1 mm spot size and focused by a f = 20 cm lens.
The emitted light was collected through a 250 mm-core optical
fiber and analyzed with a Princeton Instruments spectrometer
attached to a nitrogen-cooled CCD. In collecting the PL emission
in both cases, the spectrometer gratings were set at a line density
of 150 grooves per mm. An optical density (OD) filter was used at
the NHMFL to prevent detector saturation during RT PL collec-
tion; the corresponding attenuation was accounted for in the
presented spectra. No neutral density filters were used for the
measurements at VT.

We should note that the laser fluences were determined from
the average power measured at the beam center before the
focusing lens, with the repetition rate and beam spot size
(considering a Gaussian intensity profile) were accounted for.
Identical samples were measured in both setups, and automatic
background subtractions were implemented by both spectro-
meters; no additional normalization or correction was applied
beyond the OD filter calibration and the exposure time.

4 Optical properties
4.1 Absorption spectra: electronic bandgap

Absorption measurements were conducted to identify the optical
band-edge energies and assess the influence of Li incorporation
on the electronic structure. The absorption spectra were mea-
sured using a Hitachi UV-Vis-NIR spectrophotometer (Hitachi
High Technologies). The instrument employs a tungsten lamp
that covers the 300–2500 nm wavelength range, allowing for
broad and accurate measurements in both the visible and near-
infrared regions. Fig. 4 presents the RT absorption spectra for
undoped and Li-doped perovskite NCs. It is evident that Li
incorporation does not significantly modify the absorption
response; the overall spectral shapes and band-edge features
remain nearly identical in both cases.

As shown in Fig. 4, the absorption remains relatively flat for
photon energies above 2.38 eV and begins to drop sharply,
approaching zero below approximately 2.30 eV. This trend
indicates a band edge slightly below 2.38 eV. Furthermore, we
observe that Li doping induces a small redshift in the band
edge of approximately 20 meV, but it does not significantly alter
the shape of the absorption curve.14

We note that previous reports of Li-induced blueshift in
CsPbBr3 systems arise from different mechanisms and sample
configurations than those considered here. In electrochemically
doped single crystals, blueshift is attributed to the Burstein–
Moss effect due to carrier-induced band filling.15 In colloidal
NCs synthesized via the hot-injection methods, Li incorporation
can reduce NC size, enhancing quantum confinement and

producing a blueshift.16 In contrast, our CsPbBr3 nanocrystals
are embedded within a Cs4PbBr6 matrix and lie in the weak-
confinement regime (see Section S1), where the confinement
energy is small (3.6–14 meV). In this regime, modest increases in
effective NC size or improved structural ordering lead to a slight
reduction in confinement energy, resulting in the observed small
redshift. Furthermore, Li primarily acts as a surface/interface
passivator and trap-state saturator in our system, rather than
inducing band filling or size reduction, consistent with prior
reports.13,17 This weak redshift is consistent with the NCs already
residing in the weak-confinement regime, where the exciton Bohr
radius is much smaller than the NC size and the confinement
energy varies only slowly with size (see Section S1 of the SI). We
infer that Li incorporation promotes a modest increase in the
effective NC size. As a result, quantum confinement effects are
weaker, and we see a slight redshift.

Even if Li incorporation promotes modest NC growth, the
resulting reduction in quantum-confinement energy is
expected to be small for NC sizes in the tens-of-nanometers
range, leading only to a minor redshift rather than a pro-
nounced change in the band edge. Direct NC size extraction
for the undoped sample is limited by the weak intensity of the
CsPbBr3 diffraction peaks due to the dominant Cs4PbBr6

matrix, preventing a reliable Scherrer analysis for 0% Li. How-
ever, comparison of the XRD patterns (Fig. 3) shows that the
cubic-like CsPbBr3 reflections exhibit systematically higher
intensities and sharper features in the 40% Li-doped sample.

This behavior is consistent with enhanced microcrystalline
growth and improved structural ordering of the embedded
CsPbBr3 domains with Li incorporation. This increase in effective
domain size is also consistent with the slight redshift observed in
the absorption spectra (Section 4.1). It is compatible with a modest
increase in effective NC size. Instead, Li primarily acts to passivate
surface states, introducing carriers that can saturate trap and

Fig. 4 Normalized RT absorption spectra overlaid with RT PL for undoped
and lithium-doped CsPbBr3 NCs measured under a fluence of 10.19 mJ cm�2.
All PL spectra were recorded at the same fluence. The band edge shows a
small shift of less than 20 meV with Li doping. We note that the band edge is
broad (running from about 2.30–2.38 eV), indicative of a broad distribution of
nanoparticle sizes and/or possibly high carrier doping. We note that for low Li
doping, there is a peak in the PL which appears around 2.31 eV, and an
additional strong peak slightly below 2.29 eV which increases with Li doping.
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defect states within the NCs. We do not believe that Li substitu-
tionally enters the perovskite lattice in a manner that would directly
and significantly modify the electronic band structure.13,18,19 We
also observe in Fig. 4 that the PL intensity increases substantially
with Li doping, and a strong, relatively narrow peak appears below
2.30 eV. Therefore, we attribute the enhanced PL to the passivation
of surface states and saturation of bulk traps.

In several studies, the bandgap for cubic CsPbBr3 has been
reported as 2.34–2.45 eV.10,20–29 Meanwhile, the orthorhombic
phase shows a slightly larger bandgap.30 These observations are
consistent with our XRD measurements, which indicate that
the NCs predominantly exhibit a cubic-like structure.

From the estimated NC sizes obtained via XRD (Table 1), we
calculate quantum confinement energies of approximately 3.6–
14 meV using a particle-in-a-box model within the effective-mass
approximation (see Section S1 of the SI). These values yield a
bandgap near 2.36 eV, in good agreement with previous reports
for cubic-phase CsPbBr3

20 and with our absorption data. These
confinement energies are small compared to the exciton binding
energy (E35–60 meV31–36). Hence, excitonic effects dominate
and are more important than quantum confinement effects
determining the position of the optical transitions.37,38 We note,
however, that quantum confinement (coupled with excitonic
effects) can become important for the optical matrix elements
and increase the strength of the transitions.

This agreement reinforces the reliability of our optical and
structural characterizations and supports the conclusion that Li
doping does not appreciably alter the band structure, but rather
enhances radiative efficiency through surface passivation.18,19

This interpretation is consistent with the excitonic analysis in
Section S1 of the SI, which shows that Li-induced changes do
not shift the system out of the weak-confinement regime and
therefore do not substantially alter the electronic structure.

Note that the dielectric function relevant for the optical
transitions is the high-frequency dielectric constant, since
exciton formation occurs on timescales faster than lattice relaxa-
tion (or equivalently, the exciton binding energies are larger than
the optical phonon energies). In CsPbBr3, reported optical and
longitudinal-optical phonon energies span B4.6–19 meV,36,39,40

much smaller than the exciton binding energy. The reported high-
frequency dielectric constants cluster around eN E 4–5 (distinct
from the much larger static dielectric response).21,41–46 The band-
gaps of the matrix compounds CsPb2Br5 and Cs4PbBr6 are signifi-
cantly higher, ranging between 3.1–4.0 eV.8,10,47–55 Since our matrix
material is Cs4PbBr6 with a bandgap close to 4 eV, we do not
observe the PL coming from the matrix. In addition, excitation into
the matrix would involve more than two photons for an 800 nm
pump pulse.

Consequently, the observed PL emission originates predomi-
nantly from the CsPbBr3 NCs, while the matrix material make
negligible contributions to the PL.28,48 Moreover, the PL excita-
tion wavelength of 800 nm (photon energy 1.55 eV) lies well below
the band edge, confirming that carrier generation occurs through
a two-photon (or multiphoton) absorption process. For reference,
the reported bandgaps and refractive indices of CsPbBr3 and the
relevant matrix compounds are summarized in Table 2.

Having established that Li incorporation does not significantly
modify the optical band edge or the overall absorption profile, we
now discuss our PL observations to examine how these subtle
changes in electronic structure and surface passivation manifest in
the emission properties. While absorption provides information
about the optical transition threshold, PL probes the subsequent
carrier relaxation and recombination processes, revealing the
nature and population of emissive excitonic states.37 In the
following section, we discuss RT PL spectra under high-fluence
excitation to resolve the excitonic structure, assess the role of Li
doping on radiative efficiency, and explore how excitation density
influences the population of distinct emissive states.

4.2 High-fluence PL

In this section, we discuss the PL response of our undoped and
Li-doped cesium lead halide perovskite NCs at RT. Our high-
fluence PL measurements (at the NHMFL), as described in
Section 3, were carried out using 800 nm excitation pulses
from an amplified Ti:sapphire oscillator (100 fs pulse duration,
1 kHz repetition rate, and 1 mm spot diameter). An example of
the normalized PL spectrum was shown previously in Fig. 4
along with the absorption data.

To provide a consistent reference for interpreting the PL
peak positions, we use the absorption onset energies extracted
in Section 4.1 as estimates of the optical band-edge (free-
exciton) energy. From the absorption data, we obtain Eg E
2.34–2.35 eV for the 0% Li sample and Eg E 2.32–2.33 eV for the
40% Li sample, corresponding to a small redshift of approxi-
mately 20 meV upon Li incorporation, consistent with the
weak-confinement and passivation-dominated regime dis-
cussed in Section 4.1. (Here, Eg denotes the absorption onset/
free-exciton edge and is used solely as a reference energy for
comparison with the PL peak positions.)

In the weak-confinement regime relevant for our tens-of-
nanometers NCs (Section S1 of the SI), the size-dependent
confinement correction is estimated using a particle-in-a-box
model within the effective-mass approximation. In this regime,
the confinement energy is only a few tens of meV and decreases
as L�2; therefore, a modest increase in effective NC size for 40%
Li can account for the observed slight redshift in the absorption
edge without invoking a change in the intrinsic band structure.

Fig. 5 shows our PL spectra for 0% and 40% Li-doped
samples on both linear and semi-logarithmic scales. On this
scale, as shown in Fig. 5, the high-energy tails of the PL spectra

Table 2 Optical parameters of bromide perovskites. CsPbBr3 exhibits a
phase-dependent bandgap, with the smallest for the cubic phase and
slightly larger values for the more stable orthorhombic and tetragonal
phases. Matrix compounds Cs4PbBr6 and CsPb2Br5 show wide bandgaps
along with lower refractive indices

Material Phase Bandgap (eV) Refractive index

CsPbBr3 Cubic 2.34–2.4510,20–28 2.2–2.656–58

CsPbBr3 Orthorhombic 2.34–2.4510,20–28 2.2–2.656–58

CsPbBr3 Tetragonal 2.34–2.4510,20–28 2.2–2.656–58

Cs4PbBr6 — 3.8–4.08,10,28,47–55 1.856

CsPb2Br5 — 3.1–4.08,10,28,47–55 1.856
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exhibit an approximately exponential dependence on energy.
For reference, we overlay guideline slopes corresponding to
�1/(kBT) with T = 300 K, which represent the expected Boltz-
mann distribution for a thermally equilibrated population at
RT. The close agreement between the measured high-energy
tail and the 300 K guideline—particularly for the 40% Li-doped
sample—indicates efficient carrier thermalization under high-
fluence excitation. A quantitative analysis of the effective carrier
temperature extracted from these high-energy PL tails, including
its evolution with excitation fluence and comparison between
undoped and Li-doped samples, is presented in Section S2 of the
SI. Our observed PL spectra reveal excitonic structures at RT that
deviate from the single Gaussian peak commonly reported in the
literature.

In this study, our laser fluences ranged from 0.509 mJ cm�2

to 20.37 mJ cm�2. Considering these fluences, our matrix-
embedded NCs demonstrated a high degree of robustness and
stability at RT, consistent with the near-thermal carrier distribu-
tions inferred from the high-energy PL tails discussed earlier and
quantified in Section S2 of the SI. Such thermal stability is
particularly relevant for optoelectronic devices operating at ele-
vated temperatures.

Therefore, we developed an automated fitting model to analyze
the PL spectra. This model uses initial peak guesses determined by
visual inspection and then fits the spectra based on the chosen
function—single Gaussian, single Lorentzian, Voigt profile, or a
combination of Gaussian and Lorentzian components. An exam-
ple of the fitting result, which shows the spectral components (as
shaded areas under the full spectrum), the experimental data
(blue), and the simulated fit (red), is presented in Fig. 6.

We did not include PL components above 2.38 eV in Fig. 6
due to higher uncertainty in their fitted energy and intensity,
although they were included in the final fit to recover the full
spectrum. We then applied this model to all available fluences
for both doping levels and extracted the peak center and peak
height as the peak energy and peak intensity, respectively.

We see several important features:
(1) At low fluence, the dominant PL occurs at 2.32–2.34 eV

which we believe is near or slightly below the band-edge energy.
Considering the B20 meV difference between the band edges
between doped and undoped samples, we estimate the band
edge for the undoped sample is around B2.34–2.35 eV while
this value is B2.32–2.33 eV for the 40% Li-doped sample. There
is an additional feature at lower energies, slightly above 2.30 eV

Fig. 5 High-fluence PL spectra of undoped and 40% Li-doped CsPbBr3 NCs measured at NHMFL at RT. Panels (a) and (b) show the undoped (0% Li)
sample on linear and semi-log scales, respectively, while panels (c) and (d) show the 40% Li-doped sample. At high fluence, the undoped NCs exhibit a
dominant peak B2.31 eV, whereas the Li-doped sample shows stronger emission from the lower-energy peak B2.285 eV, though both features are
present in all spectra. In the semi-log plots, a black guideline with slope �1/(kBT) at T = 300 K is overlaid to benchmark the high-energy exponential tail
expected at thermal equilibrium. The 40% Li sample (d) shows a tail slope closely matching the 300 K reference, whereas the undoped sample [panel (b)]
exhibits a noticeably shallower decay, indicating an effective tail temperature higher than RT. This comparison highlights how Li incorporation modifies
the carrier distribution and spectral-weight redistribution under high excitation. For legends, please refer to panel a.
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for the undoped sample and slightly below 2.30 eV for the Li-
doped sample. This feature becomes dominant at high-fluence
levels.

We associate the higher energy emission peak at low fluence
with luminescence from the above ‘‘bandgap’’ states. We note
from Fig. 5(b) and (d) that the luminescence spectra follow a
thermal distribution which is characteristic of above bandgap
luminescence. From the low-fluence log plots in Fig. S3(b)
and (d) in the SI, we observe that there are four peaks in the
luminescence (which are less discernible at high fluence). We
attribute these to the splitting of the bands due to the electron–
hole exchange and the Rashba effect as discussed by Becker
et al.20 Becker et al.20 demonstrated that for cubic CsPbBr3, the
electron–hole exchange interaction splits the bands into a
triplet, which is optically active, and a lower-energy singlet
state, which is not optically active. When one includes the
Rashba effect due to the structural asymmetry in these materi-
als, the triplet states become the lower energy states. We believe
the 4th peak (labeled as peak F) in Fig. S3 arises from the
higher-lying singlet state that picks up some oscillator strength
from mixing with the triplet. We observe that the higher energy
luminescence feature is shifted lower by about 20 meV in the Li

sample compared to the undoped sample. This is in agreement
with the small shift in the absorption spectra.

In contrast, the dominant high-fluence PL feature B2,
appearing at B2.31 eV for 0% Li and B2.29 eV for 40% Li (with
the nearby shoulder B1), lies several tens of meV below the
dominant low-fluence peak discussed above. We estimate that it
is approximately 30–40 meV below the low-fluence peak. This is
fully consistent with our range of estimates for the binding energy
of the free exciton. Using the effective dielectric constant range
eE 4–5, the hydrogenic model yields an exciton binding energy of
the order of tens of meV (EB E 35–55 meV), which is consistent with
other reported RT values for CsPbBr3 referenced earlier in the text.
Thus, we identify these features as the ‘‘bound’’ states of the free
exciton. Here, ‘bound’ in this instance does not mean bound to an
impurity. It is simply a below-bandgap state of the free exciton.59,60

We also considered the possibility that the multi-peak PL arises from
a broad NC size distribution. However, the XRD-derived NC sizes
place the system in the weak-confinement regime, where the esti-
mated confinement energies are only 3.6–14 meV. Such size disper-
sion would mainly cause inhomogeneous broadening, whereas the
distinct peak positions and different fluence dependences support
assignment to separate excitonic states.

Fig. 6 Gaussian-fit components and peak assignments for PL from 0% and 40% Li-doped NCs at RT for two excitation fluences. Panels (a) and (c)
correspond to 1.02 mJ cm�2 excitation for 0% and 40% Li, respectively, while panels (b) and (d) correspond to 15.3 mJ cm�2 excitation for 0% and 40% Li.
All 0% Li spectra across the full fluence range are well described by sums of Gaussian components. For 40% Li, spectra at fluences below 10.19 mJ cm�2

(including 1.02 mJ cm�2) are likewise fitted accurately using purely Gaussian models, whereas spectra at and above 10.19 mJ cm�2 (including
15.3 mJ cm�2) require mixed Gaussian–Lorentzian line shapes with a variable mixing ratio (0 = purely Gaussian, 1 = purely Lorentzian). Shaded regions
denote individual fitted components, labeled according to the peak families defined in the main text. Panel (d) presents the legend.
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We also observe additional lower-energy emission features
(A1–A4, B2.24–2.27 eV). These are most likely related to a combi-
nation of biexciton/trions as well as donor- or acceptor-bound
excitons, or excitons localized at residual defects or interface
potentials within the Cs4PbBr6 matrix. We note that Zhu et al.61

observed evidence of a triplet structure at low temperature in a
single CsPbBr3 semiconductor quantum dot (see Fig. 5(a) in their
paper) in the excitons as well as evidence of biexcitons which lie
B14 meV below the excitons, with the biexcitons being substan-
tially weaker.

(2) The RT PL cannot be described simply by a single Gaussian
(as reported by others36,62–65) but shows several distinct peaks.
This multi-peak structure is already visible at low excitation
fluence in the Virginia Tech measurements (see Section S3 in
SI and also in Fig. 5 and 6 of the main text), demonstrating that
these features are distinct intrinsic excitonic states rather than
artifacts of high-fluence excitation. The persistence of the same
peak families (A, B, and C) across both low- and high-fluence
regimes indicates a well-defined excitonic manifold at RT, rather
than a single inhomogeneously broadened transition.

(3) The positions of the peaks exhibit at most very small
shifts (o20 meV) with Li doping. As shown in Section S5 of the
SI, the fitted peak centers remain essentially constant as a function
of excitation fluence, with only a small Li-dependent offset (a
redshift o20 meV) between the 0% and 40% Li samples. This shift
is comparable to the expected confinement-energy scale and the
fitting uncertainty, and therefore does not indicate excitation-
induced bandgap renormalization or a modification of the intrin-
sic band structure. Instead, Li incorporation primarily alters the
relative population and radiative efficiency of existing excitonic
states.

(4) The peaks become much stronger with Li doping, which
is consistent with Li acting to passivate surface states and fill
trap states and hence suppress nonradiative recombination.

(5) The peak B2 around 2.29 eV becomes substantially
enhanced with Li doping. The pronounced enhancement of the
B2 peak with Li incorporation indicates that Li passivation pre-
ferentially stabilizes the bound-exciton recombination channel. By
reducing nonradiative surface and interface traps, Li increases the
radiative yield of excitons, allowing relaxation into bound or
biexciton-like states to dominate the emission at high fluence.
This selective amplification of the B1/B2 manifold—rather than a
uniform increase across all peaks—further supports the assign-
ment of these features to excitonic complexes whose formation
benefits from reduced nonradiative loss and improved carrier
thermalization. As discussed below, the preferential growth of
the B1/B2 manifold with increasing fluence and Li doping also
foreshadows the gain-like behavior observed at the highest excita-
tion densities, where these states become the dominant recombi-
nation pathway. This behavior is quantified in Fig. 7, where the B1/
B2 peaks increase more rapidly with fluence and persist to higher
excitation densities than the other peak families.

Fig. 7 shows the peak intensity versus fluence for both Li-
doping levels on semi-log and log–log scales. Panels (a) and (c)
plot the peak heights versus fluence on semi-logarithmic axes
for the 0% and 40% Li samples, respectively, while panels (b)

and (d) show the same data on log–log axes to highlight power-
law scaling. At higher fluences, purely Gaussian peak profiles
were insufficient for the 40% Li spectra; therefore, we used a
mixed Gaussian–Lorentzian model where needed, while the 0%
Li spectra were adequately described using Gaussian profiles
throughout. A key observation from this figure is that peak B2 in
the undoped sample and peaks B1 and B2 in the 40% Li doped
sample exhibit behavior distinct from the remaining peaks.

This behavior reveals a clear two-segment response. At low
to intermediate fluences, all peaks follow an approximately quad-
ratic scaling consistent with two-photon absorption. At higher
fluences, the response becomes peak-dependent: most peaks
begin to saturate, while the B2 peak shows a superlinear increase,
approaching a slope of B4 in the log–log plots [panels (b) and (d)].
Notably, the onset of saturation of most peaks occurs at a lower
fluence in the 40% Li-doped sample (around 5 mJ cm�2) com-
pared to the undoped sample (around 10 mJ cm�2), marking the
early saturation of competing recombination channels. This earlier
saturation, together with the continued growth of the B2 peak,
indicates the emergence of gain-like behavior associated with the
B2 transition. This behavior is further analyzed in Section 5.1.

To quantify the low-fluence behavior, we analyze the peak
intensities on log–log axes (panels (b) and (d) of Fig. 7) and fit the
data over 0.5–12.0 mJ cm�2 to extract the initial power-law
exponent. The extracted low-fluence exponents (and the asso-
ciated fits) are reported in Section S4 of the SI. For visual
comparison, panels (b) and (d) also include reference guidelines
with slopes of 2 and 4, which highlight a near-quadratic response
at low fluences and a steeper, stronger-than-quadratic increase at
higher fluences. The fitted low-fluence exponents approach a
value of 2, as expected for a two-photon absorption process. Two-
photon absorption in CsPbBr3 at an excitation wavelength of
800 nm has likewise been reported in prior studies.62,63

Taken together, the high-fluence PL spectra and fluence-
dependent intensity analysis establish a clear hierarchy among
the excitonic recombination channels in these NCs. While the
overall spectral structure remains stable with excitation density,
the B1/B2 manifold exhibits a distinctly different fluence
response, characterized by a delayed saturation and nonlinear
intensity growth at elevated fluences, particularly in the Li-
doped samples. These observations suggest that Li incorpora-
tion not only enhances radiative efficiency but also promotes
preferential population of specific bound-exciton states at high
excitation densities. In the following section, we build on these
findings to examine whether this selective amplification is
consistent with the onset of gain-like behavior and amplified
spontaneous emission in the B1/B2 manifold.

5 Discussion

Optical gain and amplified spontaneous emission (ASE) at RT
have been widely reported in lead-halide perovskites under
intense optical pumping, including thin films and nanocrystal-
based materials.36,62,64–66 In these systems, gain typically man-
ifests as a preferential amplification of a narrow spectral window
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accompanied by superlinear fluence scaling, spectral narrowing,
and, in well-developed cases, a distinct threshold-like onset.
Here, our high-fluence PL observations at RT allow us to evaluate
whether Li incorporation promotes similar gain-favored behavior
and to identify which emissive channels dominate as the excita-
tion density is increased.

5.1 Enhanced emission/gain-like behavior

The high-fluence PL evolution provides consistent spectroscopic
evidence that the B1/B2 manifold becomes the preferred radiative
channel as the excitation density increases, most prominently in
the 40% Li sample. In the linearly scaled spectra of Fig. 5 [panels
(a) and (c)], the B1/B2 features grow disproportionately relative to
the lower-energy A manifold and the near-band-edge C, features at
the highest fluences.

The semi-log representation in Fig. 5 [panels (b) and (d)]
emphasizes this redistribution by showing a preferential enhance-
ment concentrated in a narrow spectral window around B1/B2,
together with a suppression (saturation) of the other components.

To further isolate changes in spectral shape, we normalize
the last four (highest-fluence) spectra to their respective max-
ima in Fig. 8. This normalization reveals a clear redistribution

of spectral weight toward B1 and B2 with increasing fluence,
indicating that these transitions become the dominant radiative
recombination pathways at high excitation densities. The rela-
tive prominence of the B1/B2 manifold is also systematically
stronger for the 40% Li sample [panel (b)] than for the undoped
sample [panel (a)]. Concurrently, the remaining features exhibit
comparatively weak growth (or saturation) at the highest flu-
ences, consistent with a competitive population transfer into the
B1/B2 channel. These trends provide consistent spectroscopic
evidence for the onset of gain-like emission in the B1/B2
manifold. Specifically, (i) the B1/B2 intensity increases more
rapidly with fluence than the other spectral components, (ii) the
effective emission becomes increasingly concentrated within a
comparatively narrow spectral window around B1/B2, and (iii)
this redistribution becomes pronounced only at the highest
excitation densities explored here. Taken together with the two-
segment fluence dependence observed in Fig. 7, these features
indicate a transition into a nonlinear regime characterized by
preferential amplification of the B2 transition. Based on the
onset of this redistribution and deviation from quadratic scal-
ing, we estimate an effective transition fluence of approximately
10 mJ cm�2 for the 40% Li-doped sample and 15 mJ cm�2 for

Fig. 7 Peak PL intensity as a function of excitation fluence for 0% and 40% Li-doped NCs at RT (high-fluence). The intensities are extracted as peak
heights from the multi-peak fits to the spectra in Fig. 5, using purely Gaussian profiles for the 0% Li sample and Gaussian or mixed Gaussian–Lorentzian
profiles for the 40% Li sample, as described in the text. Panels (a) and (c) show the peak intensities versus fluence for 0% and 40% Li-doped NCs on a
semi-logarithmic scale, respectively. Panels (b) and (d) present the peak heights versus excitation fluence on log–log axes for 0% and 40% Li, respectively.
In (b) and (d), reference lines with slopes of 2 (orange) and 4 (blue) highlight two distinct power-law regimes: slopes close to 2 at lower fluences are
consistent with a two-photon absorption process, while the steeper response at higher fluences reflects a stronger-than-quadratic growth of the PL
signal. For legend labels, please refer to panel (a).
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the undoped sample. This shift indicates that Li incorporation
lowers the effective threshold for this gain-like behavior, con-
sistent with reduced nonradiative recombination and enhanced
population buildup in radiative states. However, the present
data do not yet exhibit a sharply defined threshold or an abrupt
linewidth collapse that would constitute unambiguous evidence
of fully developed ASE. It is possible that the enhancement may
arise from carrier redistribution driven by the saturation of
surface and trap states (due to Li doping and increasing
fluence), leading to preferential population of the B2 state. Such
behavior is expected to precede the onset of true gain. We
therefore interpret the high-fluence PL evolution as a gain-like
regime in which B1 and B2 are preferentially amplified, rather
than as definitive lasing or strong ASE.

It is important to note that the low-fluence PL shown in
Fig. S5 of the SI, compared with Fig. 7, exhibited saturation
near 40 mJ cm�2, whereas the high-fluence PL saturated around
5–10 mJ cm�2. The observed difference is attributed to the
different laser repetition rates for the two fluence regimes,

resulting in different induced cumulative heating and nonra-
diative quenching. As a result, the low-fluence data shown in
Fig. S5 do not exhibit any superlinear enhancement or devia-
tion from quadratic scaling, indicating that the gain-like behav-
ior emerges only at higher excitation densities.

A plausible physical picture is that Li passivation suppresses
nonradiative losses and stabilizes bound-exciton (or excitonic-
complex) recombination channels, enabling more efficient car-
rier accumulation and preferential relaxation into the B1/B2
states at high excitation density. Under these conditions, radia-
tive recombination through these channels can outcompete
competing pathways, leading to the observed gain-like behavior.
Together with the superlinear fluence dependence and spectral
redistribution, these observations provide consistent spectro-
scopic evidence for a nonlinear regime with preferential ampli-
fication of the B2 transition and a reduced effective threshold in
Li-doped samples. While direct gain measurements are beyond
the scope of this study, these results highlight the improved
optical quality of the Li-passivated NCs and motivate future time-
resolved investigations of optical gain and stimulated emission.

6 Conclusions

In summary, we have studied the PL in CsPbBr3 NCs embedded
in a Cs4PbBr6 matrix and the effect of Li doping for below
bandgap (800 nm) photoexcitation. The matrix acts to stabilize
the samples, making them highly robust, with our measure-
ments reproducible over a long time period. We observe strong
RT PL that is substantially enhanced by Li incorporation and
exhibits a rich excitonic structure beyond a simple single
Gaussian emission profile.

Whereas multi-peak excitonic emission is typically resolved
only at cryogenic temperatures, we clearly observe this structure
at RT. This observation highlights the robustness of the exci-
tonic manifold under technologically relevant operating condi-
tions. Our observations at RT are particularly important because
most devices operate near or above ambient conditions; it is
therefore essential to understand the excitonic behavior under
these conditions. We emphasize that these samples are extre-
mely stable at RT and may offer a more stable alternative to
hybrid organic/inorganic lead-halide materials used in photo-
voltaics, as well as possible applications in LEDs and lasers.

Furthermore, our analysis shows that the PL intensity at low
fluence follows a quadratic dependence, consistent with two-
photon absorption. At higher fluences, the response becomes
peak-dependent: while most excitonic features saturate, the
dominant peak (B2) exhibits a superlinear increase. Together
with the observed spectral redistribution, this behavior pro-
vides consistent spectroscopic evidence for the onset of a gain-
like regime, with a reduced effective threshold in the Li-doped
samples.

With Li doping, there is a very small redshift in the bandgap
(o20 meV), and the PL increases strongly for the dominant
transition and saturates for the others. These observations
indicate that Li incorporation primarily passivate the surface

Fig. 8 PL at RT for undoped (0% Li) and Li-doped (40% Li) NCs in the
high-fluence regime, normalized to their respective maximum intensities.
Panels (a) and (b) show the normalized PL spectra for 0% and 40% Li,
respectively, using only the four highest excitation fluences (5.093–20.37
mJ cm�2). The normalization highlights the redistribution of spectral
weight between the B1 and B2 peaks with increasing fluence and Li
doping. Overall, the B1/B2 amplitudes remain more pronounced for the
40% Li-doped NCs across the entire fluence window. For legend, refer to
panel (a).
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and acts as a donor to saturate defect-related trap states, rather
than substituting into the perovskite lattice or significantly
altering the electronic band structure. As a result of the Li
doping, nonradiative recombination is suppressed, and radia-
tive recombination pathways are preferentially enhanced,
thereby increasing PL intensity. We do not observe any distinct
emission from the Cs4PbBr6 matrix. This is most likely because
the photoexcitation is well below the matrix band edge and
would require higher-order (more than two) photon absorption
compared to the embedded CsPbBr3 NCs.

Unlike reports of Li-induced blueshift in strongly confined or
electrochemically doped systems, the small redshift observed here
is consistent with weak confinement and Li-induced surface
passivation in matrix-embedded nanocrystals. Taken together,
our results demonstrate that Li-passivated, matrix-embedded
CsPbBr3 NCs combine optical stability, robust RT excitonic emis-
sion, and gain-like behavior under high excitation, with a reduced
effective threshold in the Li-doped samples, making them promis-
ing candidates for stable light-emitting and gain-based optoelec-
tronic applications.
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