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ABSTRACT 

Inorganic perovskite lasers are of particular interest, with much recent work focusing on Fabry-Pérot cavity-forming nanowires. We 

demonstrate the direct observation of lasing from transverse electromagnetic (TEM) modes with a long coherence time ~ 9.5 ps in 

coupled CsPbBr3 quantum dots, which dispense with an external cavity resonator and show how the wavelength of the modes can 

be controlled via two independent tuning-mechanisms. Controlling the pump power allowed us to fine-tune the TEM mode structure 

to the emission wavelength, thus providing a degree of control over the properties of the lasing signal. The temperature-tuning 

provided an additional degree of control over the wavelength of the lasing peak, importantly, maintained a constant full width at half 

maximum (FWHM) over the entire tuning range without mode-hopping. 
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1 Introduction 

All-inorganic lead halide perovskites such as alkali-metal 
caesium lead halides (CsPbX3, X = Cl, Br or I) are emerging as 
highly promising materials for optoelectronic devices, from 
solar cells to light emitting diodes, due to their higher stability 
and robustness compared to organic–inorganic lead halides 
[1–8]. Lasing has so far been demonstrated in CsPbBr3 
nanowires (NWs) with Fabry-Pérot cavity modes bounded on 
the either end by the facets of single-crystal NWs [7–10] whose 
diameter needs to exceed ~180 nm to confine efficiently emission 
at a wavelength ~ 535 nm [7] and to increase the spectral 
coherence of laser devices. A key factor is the narrowness of 
the emission line measured at the full width at half maximum 
(FWHM). It is noteworthy that lasing from CsPbBr3 arises 
from self-assembled clusters of nanocrystals that encapsulate 
the quantum dots (QDs) without reliance on an external cavity 
resonator, unlike the confinement provided by their single- 
crystal nanowire counterparts. The nanocrystals are distributed 
homogeneously with a spacing ~ 20–30 nm between each 
nanocrystal inside a self-assembled cluster characterized by a 
regular cuboidal geometry with facets ~ 1–2 m in diameter 
(Fig. 1(a)). The QDs were synthesized by solution-based 
processing (see the Electronic Supplementary Material (ESM) 
for Chemicals and Synthesis) and show a broad spectral 
linewidth of ~ 5 nm [11, 12]. Although an improved spectral 
linewidth of ~ 2 nm can be achieved by embedding colloidal 
quantum dots into silica spherical cavities, this approach is not 

suitable for practical applications [11]. 
Here we present the first observation of lasing from transverse 

electromagnetic (TEM) modes in CsPbBr3 QD clusters, 
generated by stimulated emission (SE) from single excitons 
and characterized by a coherence time of the lasing signal   
~ 9.5 ps. We demonstrate also how the wavelength of lasing 
mode can be continuously controlled without degrading the 
signal quality using two independent mechanisms, including 
optical pump power and temperature-tuning. By varying the 
optical pump power, we show how the signal can be fine- 
tuned across a fixed frequency comb of TEM modes, whereas 
by controlling the temperature, we show coarse-tuning of the 
lasing signal while maintaining a constant FWHM and avoiding 
mode-hopping.  

2 Experimental  

2.1 Sample preparation  

High-quality CsPbBr3 QDs were synthesized using a top-down 
fabrication approach which is easy to reproduce and highly 
cost-effective. First, we synthesized the bulk CsPbBr3 by 
dissolving PbBr2 in hydrobromic acid and then subsequent 
addition of Cs2CO3 gives the yellowish orange precipitate. The 
bulk product and octylammonium bromide were dissolved in 
dimethylformamide (DMF) and then toluene was added to it 
resulting in the yellow colloidal solution. Octylammonium acts 
as capping ligand to arrest the precipitation of the CsPbBr3 QDs.  
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The nanoparticles were separated by a centrifuge operating at 
5,000 rpm for 5 min. 

2.2 Structural characterization 

Powder X-ray diffraction was measured on a D/MAX2500V/PC 
diffractometer, Rigaku using a Cu-rotating anode X-ray source. 
The Bragg diffraction angle (2θ) range was set to 10°–50° and 
the scan rate was 2°/min. Transmission electron microscopy 
images were taken on a JEOL JEM-2100F electron microscope 
using a 200 kV electron source. 

2.3 Photoluminescence measurements 

A 70 ps pulsed diode laser operating at 450 nm (20 MHz 
repetition rate) and a frequency-doubled femtosecond 
Ti:sapphire laser (100 fs pulses at 76 MHz) operating at 400 
nm were used to excite the CsPbBr3 in the μ-PL experiments. 
The sample was mounted in a continuous-flow helium cryostat. 
A 100× reflecting objective was held by a sub-micron precision 
piezoelectric stage and used to focus the laser to a spot size  
of ~ 1 μm and to collect the resulting luminescence. The 
luminescence was then directed to a spectrometer (spectral 
resolution of 0.15 nm) confocally via a multi-mode optical 
fiber of 25 μm core size to limit the collection area to a spot of ~ 
0.4 μm. For coherence measurement, a Michelson interferometer 
was built with a non-polarizing 50:50 beamsplitter for directing 
the PL signal into the two arms. A cage translator with ½’’ 
z-axis travel micrometer of 0.001’’ per graduation precision 
was deployed as a delay stage. The interference pattern was 
then directed into a camera for real-time adjustment. Time 
resolved photoluminescence (TRPL) measurements were carried 
out using the same experimental set up as above. The dispersed 
PL was reflected towards a photomultiplier connected to a 
commercial photon counting system (Becker&Hickl SPC-130), 
with a time resolution of ~ 35 ps. 

3 Results and discussion 

The crystal structure of the CsPbBr3 QDs was characterized  
by X-ray diffraction (see Fig. S1 in the ESM), revealing 
orthorhombic or cubic symmetries [13–16]. Images of individual 
CsPbBr3 QDs obtained by transmission electron microscopy 
(Figs. 1(a) and 1(b)) show clear lattice fringes and the interplanar 
distance is estimated to be ~ 0.28 nm, in good agreement 
with that of the (200) plane of a CsPbBr3 crystal with diameters 
~ 3.5–7 nm [13, 17]. The morphology of the QDs is consistent 
with that reported elsewhere, such as in Di et al. [17], and 
should not be confused with lead precipitates that can result 
from transmission electron microscopy beam damage to the 
sample [18]. Individual QDs deposited on a copper substrate 
are presented in Fig. S2 in the ESM under transmission electron 
microscopy. On average, two or three QDs are encapsulated in 
a so-called nanocrystal with dimensions ~ 20 nm (Fig. S2 in the 
ESM). In turn, the nanocrystals are distributed homogeneously 
with a spacing ~ 20–30 nm inside a self-assembled cluster 
characterized by a regular geometry with facets ~ 1–2 μm in 
diameter (Fig. 1). 

Power-dependent photoluminescence (PL) measurements 
were performed on individual clusters with diameters ~ 2 μm 
with the spectra showing excitonic PL by spontaneous emission 
(SPE) in the low excitation fluence regime (Fig. 1(d)), whilst 
at high excitation fluences very sharp and intense SE peaks 
emerge at the onset of lasing (Fig. S3 in the ESM). Direct 
measurement of the lasing signal yielded a characteristic 
S-shaped intensity curve (Fig. 1(e)) showing an onset threshold 
(Pth) at a fluence ~ 75 μJ/cm2 and a saturation intensity of    
~ 300 μJ/cm2. Lasing was corroborated by TRPL, which shows 
that the lifetime of the SE is three orders of magnitude shorter 
than that of the SPE [19]. The decay curve for the SE signal 
(inset in Fig. 1(f)) yields a time constant of ~ 45 ps that is 

 
Figure 1 (a) Schematic of a self-assembled cluster of nanocrystals. Each nanocrystal comprises two to three CsPbBr3 QDs. The side of the cluster ranges 

between ~ 1–2 μm, compared to the much smaller nanocrystals ~ 20 nm in diameter. The laser excitation area illuminates hundreds of nanocrystals.

Bottom right is an SEM image of a cluster (scale bar is 1 m). (b) Transmission electron microscope image of CsPbBr3 QDs inside a cluster. The dark spots 

inside the clusters are individual QDs (diameter of ~ 5 nm). (c) High-resolution transition electron microscope image of a QD, highlighting the 

crystallinity of the assembly with a lattice spacing of 0.28 nm. (d) Power-dependent PL spectra at a low excitation fluence regime below ~ 106 μJ/cm2. Each 

spectrum shows a broad background SPE with a FWHM of ~ 3 nm due to the ensemble effect. (e) Integrated emission intensity of the background SPE

and the sharp lasing peak (with the SPE subtracted) as a function of excitation power. An S-shape characteristic of lasing can be seen for the SE trace, with 

an onset and saturation, while the intensity of the SPE emission continues to increase linearly. (f) Time resolved photoluminescence at ~ 200 μJ/cm2 for 

the SE and SPE signals at a low excitation fluence ~ 95 nJ/cm2, with the inset detailing the same decay within the first nanosecond. 
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much faster than the SPE, and is consistent with a fast lasing 
lifetime [19]. The decay curve for SPE shows a biexponential 
decay with lifetimes of 310 ps and 5.96 ns for the fast and slow 
components respectively. The fast component agrees with value 
measured previously in CsPbBr3 nanocrystals [20]. 

A sub-threshold PL spectrum taken below an excitation 
power of ~ 45 J/cm2 shows a FWHM of ~ 0.085 nm for the 
SE peak (Fig. S4 in the ESM). As the peak width is limited by 
the resolution from our spectrometer (0.15 nm), the actual 
width is smaller, presenting one of the smallest recorded values 
for CsPbBr3 single crystals [4, 6, 9]. We note further that for a 
small number of clusters two peaks are present, Figs. 2(a) and 
2(b), which match the energy of those reported elsewhere [21], 
attributed to emission from coupled and uncoupled QDs.  
The SE peak emerges at energies near 536 nm, as expected  
for emission from an ensemble of coupled QDs with near- 
identical structures. This is further underscored by the highly 
reproducible red-shifted emission line (Fig. 2(b)). The coherence 
time of the lasing emission was measured using a Michelson 
interferometer, yielding a coherence time of ~ 9.5 ps for the SE 
peak (Figs. 2(c) and 2(d)). That is two orders longer than the 
SPE coherence time of 41 fs obtained from a Gaussian fit and 
provides clear evidence that the SE originates from a spectrally 
coherent narrow mode that is lasing as opposed to incoherent 
amplified spontaneous emission (ASE). 

Generally, wave guiding in QDs without an external cavity 
can be discounted due to their small size compared to the 
emission wavelength. Nevertheless, our QD clusters behave as 
a de-facto optical cavity if we consider that the walls of the 
clusters form an intrinsic resonator. This is surprising considering 
that the clusters are not single crystals, unlike nanowires that 
form facets naturally. Lasing spectra obtained by confocal 
imaging integrating over an area above the center of a typical 
cluster reveals TEM modes with circular symmetric spatial 
mode profiles, represented (Fig. S5 in the ESM) as surface 
intensity plots for individual mode wavelengths.  

Circularly symmetric beam profiles can be described by 
Gaussian modes under the paraxial wave approximation [22]. 
Considering the cuboidal shape of our QD clusters we choose 
planar symmetric Gauss-Hermite modes (Eq. (1)). We note 

that only the phase terms, rather that spatial terms or the 
actual cavity geometry, are necessary for estimating the mode 
spacing. 

( )

H
,

2

,2
0

1
2 2 exp i i

( ) w( ) w( ) 1 i

m n

m n m n

E

x x ρ
H H kz ψ

w ζ ζ ζ w ζ

=
é ùé ù é ù
ê ú- -ê ú ê ú
ê úê ú ê ú +ë û ë û ë û

 

(1) 

The symbols in the equation follow the nomenclature in [22]. 
For a given longitudinal mode supported by a cavity, the phase 
term determines the frequency of the transverse modes. Hence 
the frequencies of the transverse modes can be characterized by:  
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where i and j are integers, n is the refractive index of the gain 
medium, L is the size of the cavity, z is the fundamental 
Gaussian mode index, and are the parameters describing   
the curvature of the cavity surfaces given by gi = 1−Li/βi, with 
β the curvature factor. With our cluster radius ~ 1 μm and 
refractive index ~ 2.2–2.3 [6], the modal wavelength separation 
can be as low as 1 nm between a higher order TEM mode and 
a fundamental mode with a higher Gaussian mode index. 
Conversely, the same two-dimensional (2D) maps for the SPE 
show no mode structure (Fig. S6 in the ESM). 

The dependence of the TEM mode structure was 
characterized as a function of the optical pump power, as 
shown in Fig. 3(a) highlighting the mode profiles at increasing 
powers obtained from a single QD cluster. As the excitation 
fluence increases, new fundamental modes are occupied to the 
higher energy (blue) side, Fig. 3(b), whilst the lower-energy 
(red) ones fade and higher order TEM modes are populated as 
the underlying emission blueshifts. This process arises as the 
PL emission populates the fixed comb of optical cavity modes 
by coupling to the fixed transverse modes of the cavity 
(outlined by boxes in Fig. 4(b)). 

 
Figure 2 (a) The longer wavelength emission corresponds to SE from QD clusters. (b) Short-wavelength emission is from isolated or uncoupled QDs. 

(c) and (d) First-order correlation of the SPE and SE emission obtained from the interference fringe visibility resulting from the overlap of the emission

signal in the two arms of a Michelson interferometer (inset in (d) shows the real fringe image at zero time-delay). The fitted correlation function of 

both the SE and SPE are presented, with the SE peak showing an exponential decay with a long coherence time of 9.5 ps corresponding to a linewidth

of 105 GHz. The solid lines are Gaussian fits of the data. 
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Mode-tuning by controlling the optical pump power provides 
a degree of control over the properties of the lasing signal. We  
repeated the test on several clusters to corroborate the results, 
thus confirming that the effect is reproducible (Figs. 4(a) and 
4(b) and Fig. S7 in the ESM). For our low pump fluences we 
calculated that the maximum possible temperature rise would 
be of the order ~ 1 K. Given that a 1 nm blueshift of the 
emission would require a temperature rise of ~ 10 K (Fig. 4(d)) 
taken from another cluster where only single mode is supported), 
we conclude that the blueshift of the background has a 
different origin to that resulting typically from a heat-induced 
phase transition. Pump-probe PL studies of the dynamics of 
hot carriers during thermalization and cooling phases suggest 

that the blueshift in lead halides originates from band-filling 
of the density of states by energetic carriers [23, 24]. In    
the immediate aftermath of photoexcitation, carriers whose 
temperature exceeds the crystal temperature thermalize by 
scattering with other carriers and optical phonons. This is 
followed by a slower cooling phase mediated by carrier-phonon 
scattering when the radiative recombination between carriers 
away from the band-edge, where they form a Boltzmann 
energy distribution, dominates. This becomes apparent in the 
net blueshift of our time-integrated PL spectra as the emission 
shifts to higher energy. As the pump fluence increases, the 
density of states occupied by carriers increases thus filling the 
bands to higher energy, resulting in a further blueshift of the 

 
Figure 3 (a) Fluence-dependent PL 2D maps for an area 3 μm × 3 μm showing the intensity distribution in the beam cross-section of TEM lasing modes

at different fixed wavelengths emitted by a single CsPbBr3 QD cluster. With increasing fluence, higher-order TEM modes are occupied at higher energy 

and lower-energy modes fade as the underlying emission blueshifts. The same behavior is observed in different clusters. (b) Power-dependent PL spectra 

taken at in an increasing radial distance from the center of the QD cluster. 

 
Figure 4 (a) Emission spectrum at excitation fluence of ~ 582 μJ/cm2 showing intense and sharp peaks (marked P1 to P5) on top of a background 

emission around 539 nm arising from excitonic recombination. At higher excitation powers the wavelength of the sharp lines shifts to bluer wavelength,

while additional peaks emerge (Fig. S7 in the ESM) and become dominant. The average FWHM of each peak is ~ 0.1 nm. (b) Power-dependent 2D 

contour map of emission spectra taken over a region of a QD cluster. The black and red rectangles are visual guides showing lasing modes at fixed

wavelengths. The white arrows indicate the onset of new peaks. The series of additional peaks that appear with increasing excitation power, from P1 to P5.

(c) Temperature-dependent PL tuning of SE2 peak. (d) Wavelength and FWHM of the SE2 peak as a function of temperature. The dashed line provides an 

eye-guide to highlight that the FWHM of the lasing peak remained almost unchanged by the temperature increase. 
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emission. Conversely, as the carriers recombine and deplete 
the band, the emission energy redshifts, although this was not 
observed within our optical pumping scheme but has been 
reported elsewhere [24]. 

We verified that the blueshift is reproducible across a 
range of nanocrystals in the sample. The shift is clearly 
observable even at 20 K while the temperature difference 
required for the mode wavelength change in Fig. 4(b) from a 
thermal effect is ~ 160 K. Again, this rules out the possibility 
of heat-induced shift of the PL in Fig. 4(b) where the modes 
remain at fixed wavelengths. From a technological perspective 
it is worth noting that the wavelength-tuning is achieved in a 
controlled manner as it moves between consecutive modes 
and that the width of the SE peak remains constant within our 
spectrometer resolution of 0.15 nm (Fig. 4(d)). It is also worth 
pointing out that even if the SE peak broadens slightly with 
temperature, its linewidth remains resolution limited. The two 
control methods, through optical pump power in tandem with 
temperature, enable us to coarse- and fine-tune which of the 
fixed comb of lasing modes is populated whilst maintaining a 
high-quality coherent signal. While a study of the underlying 
causes of this effect go beyond the scope of this investigation, 
future work could focus on carrier dynamics as a function of 
temperature. By contrast, the amplified spontaneous emission 
(ASE) from MAPbI3 films red-shifts with power [25, 26], arising 
from reabsorption [27] or biexciton recombination that is 
red-shifted by ~ 10 nm with respect to the single exciton 
emission [28, 29]. The binding energy of biexcitons in CsPbBr3 
is 38–60 meV [11, 29] so we can rule out lasing from biexcitonic 
recombination. 

4 Conclusion 

In conclusion, we have made a direct observation of     
TEM lasing modes from clusters of CsPbBr3 QDs and have 
demonstrated that the modes could be tuned without mode- 
hopping by varying the optical pump power, which provided 
fine-tuning, as well as the temperature for coarse-tuning. 
Importantly, we showed that the quality of the lasing signal 
was maintained throughout this process, thereby showcasing 
the technological potential of inorganic perovskite QDs for 
deployment in highly coherent tunable micro-lasers in the 
visible-range and more broadly in ultrafast optoelectronics. 
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