Downloaded viaZHEJANG UNIV on September 5, 2023 at 02:26:16 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO.. .5

pubs.acs.org/NanoLett

Role of the Exciton—Polariton in a Continuous-Wave Optically
Pumped CsPbBr; Perovskite Laser

Qiuyu Shang, Meili Li, Liyun Zhao, Dingwei Chen, Shuai Zhang, Shulin Chen, Peng Gao, Chao Shen,
Jun Xing, Guichuan Xing, Bo Shen, Xinfeng Liu, and Qing Zhang*

Cite This: Nano Lett. 2020, 20, 6636—6643 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Lead halide perovskites have emerged as excellent optical gain materials for
solution-processable and flexible lasers. Recently, continuous-wave (CW) optically driven lasing
was established in perovskite crystals; however, the mechanism of low-threshold operation is still
disputed. In this study, CW-pumped lasing from one-dimensional CsPbBr; nanoribbons (NBs)
with a threshold of ~130 W cm™ is demonstrated, which can be ascribed to the large refractive
index induced by the exciton—polariton (EP) effect. Increasing the temperature reduces the exciton
fraction of EPs, which decreases the group and phase refractive indices and inhibits lasing above
100 K. Thermal management, including reducing the NB height to ~120 + 60 nm and adopting a
high-thermal-conductivity sink, e.g., sapphire, is critical for CW-driven lasing, even at cryogenic
temperatures. These results reveal the nature of ultralow-threshold lasing with CsPbBr; and provide insights into the construction of
room-temperature CW and electrically driven perovskite macro/microlasers.

KEYWORDS: perovskite, CsPbBr;, continuous-wave laser, exciton—polariton, microlaser, low threshold

D eveloping solution-processable and good-flexibility semi- microcavities have been studied for microlaser construc-
conductor lasers driven by continuous-wave (CW) tion.”'»''7'® Remarkably, CW-pumped green-color lasing
optical and electrical injection is a long-standing challenge in has been observed in CsPbBr; nanowires with a threshold of 6
optoelectronics.l_3 Lead halide perovskites combine the kW cm™2, which is comparable to that of thin films despite the
advantages of organic and inorganic semiconductors and limited gain volume and lower quality of the self-confined
exhibit superior optical absorption, low-lying defect states, low cavity.'"® The ultralow-threshold operation is preliminarily
triple accumulation, and easily engineered electronic band attributed to the presence of exciton—polaritons (EPs)
gaps.4_7 Owing to these advantages, perovskites have not only generated by strong exciton—photon coupling, which can be
attracted enormous attention for applications in solar cells, extended to numerous perovskites with high exciton binding
light-emitting diodes (LEDs), and photon/X-ray detectors*™® energies. However, the central issue, the r(ilge_zogf EPs in low-
but also have emerged as new hybrid gain materials that can be threshold operation, remains to be clarified. ™™ Additionally,
applied to low-threshold solution-processable lasers.'’™"* improving the crystalline quality and increasing the lifetime of

Furthermore, the long-distance bipolar carrier diffusion the me?tastable electronic state to ~100 ns could raise the

capability greatly increases the possibility of realizing electri- operating temperatures of CW lasers in phase-stab{g

cally pumped lasing devices.'*!* polycrystalline thin films, although it is still below 120 K.
After amplified spontaneous emission (ASE) driven by To realize commercial laser devices, the feasibility and

femtosecond-pulsed lasers is demonstrated in three-dimen- challenges3g£_r1(;grérl-§gmperature CW lasing also need to be

sional perovskites, only 3 years are needed to achieve CW addressgd. ]

optically pumped lasing with perovskites.”'*™® This is a In this study, we explore the mechanism and uncover the

milestone toward realizing electrically pumped lasers. Further, rglIe)b%f EPs fo?b;he lo;v}—gthrlesholdv\?p ?iractliolr: OQJSJW—pumped
solution-processed polycrystalline thin films are coupled to sPbBr; nanoribbon (NB) lasers. We find that EPs generate a

external high-quality distributed feedback cavities to construct hl‘(f;h group refractive index (ng hN 60)_ and superior p }}?Sﬁ
vertical/side cavity surface-emitting lasers.> In these works, refractive index (np ~ 2.8) near the exciton resonance, whic

along with the high-quality cavities, the optical gain is
extensively improved by the local introduction of a guest— Received: June 13, 2020

host energy system near the phase-transition temperature of Revised:  August 2, 2020
120—160 K. This feature reduces the laser threshold to 17 kW Published: August 3, 2020
cm™%, which is the typical power density for CW operation.3

Meanwhile, low-dimensional perovskites (i.e., monocrystalline

nanowires) functioning as both gain media and optical
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Figure 1. CW lasing characteristics of an as-grown CsPbBr; NB on the sapphire substrate at 78 K. (a) Schematic of CW lasing (405 nm excitation)
of a CsPbBr; NB on the sapphire substrate. The photoexcited exciton interacts with the photon to form an EP and further propagates along the
CsPbBr; NB. Inset: top view of the scanning electron microscopy image of an as-grown CsPbBr; NB. Scale bar: 2.5 ym. (b) Upper panel: atomic
force microscopy image of a representative CsPbBr; NB with H = 76 nm and W = 1.2 ym. Lower panel: time-resolved photoluminescence (TRPL)
spectrum of a representative CsPbBr; NB with a single-exponential lifetime of 5.6 ns. (c) CW lasing emission in a CsPbBr; NB at 78 K. The four
spectra for various laser pump densities exemplify the transition from spontaneous emission (0.5Py,) via ASE (Py,) to lasing (1.5Py, and 2.5Py,). Py,
= 2.6 kW cm™2. Left inset: lasing image with two bright spots from the end facet with 400 nm pulsed laser excitation, indicating low far-field
scattering and radiation loss. Right inset: linear scale integrated intensity (green dots) and fwhm (red dots) versus power density (excitation
density) at 78 K. The corresponding excitation density at threshold is ~2.1 X 10" cm™.
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Figure 2. Temperature-dependent phase refractive index n,(E) and group refractive index n,(E) of light in an as-grown CsPbBr; NB. (a) Distal PL
(red curves) spectra with 405 nm CW laser excitation and in situ lasing (green curves) spectra with pulsed laser excitation for a representative
CsPbBry NB (L X WX H = 12.8 ym X 3.8 gm X 0.16 m) at temperatures of 295, 230, 140, and 78 K. The FSR in the distal PL spectra decreases
from 6.6 meV to 5.7, 4.5, and 3.8 meV at 2.30S eV as the temperature decreases from 295 K to 230, 140, and 78 K, respectively. (b) Fitted E—k
dispersions extracted from distal PL spectra in panel a with a classical Lorentz oscillator model. Ey is 2.356, 2.357, 2.357, and 2.352 eV at
temperatures of 295, 230, 140, and 78 K, respectively. The corresponding values for  are 227, 227, 224, and 218 meV, respectively. (c) ng(E) and

np(E) (inset) calculated from the E—k dispersions according to n, = (j—f) / (j—i) and n,, = fick/E at temperatures of 295, 230, 140, and 78
vacuum cavity

K. These quantities rapidly increase near Er. (d) Upper panel: temperature-dependent modal loss a,, (red dots), required material gain threshold
gﬂ,‘ (green dots), and T" (yellow dots) for NB in panel a. Lower panel: (red dots) simulated temperature-dependent power density (excitation
density) based on gain—loss analysis in the upper panel; (yellow dots) experimental data from CW laser measurements. Black line: P = 10 kW

cm

increases the modal confinement by a factor of 7.7 and reduces is crucial even at the temperature of liquid nitrogen. These
the cavity-edge transmission loss by 19%. These improvements findings provide insights into the EP effect of perovskite and
lead to ultralow thresholds of ~2.6 and 0.13 kW cm™ at 78 the development of room-temperature CW/electrically driven
and 7.8 K, respectively. We also demonstrate that increasing lasers.
the temperature T significantly decreases the exciton fraction Figure la schematically illustrates the device construction,
of EPs, which causes high temperature-sensitive thresholds and consisting of a rectangular CsPbBr; NB on a sapphire
inhibits lasing under CW excitation above 100 K. Furthermore, substrate. CsPbBr; is selected as a case study, owing to its
heat management (i.e., thin and planar CsPbBr; NBs, as well as relatively good environmental and thermal stability among
a substrate with high thermal conductivity and low reflectivity) perovskites.”' A sapphire substrate (thermal conductivity: 42
6637 https://dx.doi.org/10.1021/acs.nanolett.0c02462
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W m™ K™') is adopted as a superior thermal conductor to
compensate for the poor thermal conductivity of CsPbBr; (0.4
W m™ K™');'® the relatively low refractive index of sapphire
(n, = 1.77) ensures the well-confined photonic mode within
CsPbBry; NB (n, = 2.3). Monocrystalline orthorhombic-phase
CsPbBr; NBs are fabricated using an optimized antisolvent
method (Supporting Information, Note S1 and Figure S1).
The NB exhibits a root-mean-square roughness of ~1.5 nm
(Figure 1b, upper panel), and the PL decays single-
exponentially with a time constant of ~5.6 ns (Figure 1b,
lower panel); these are indicative of good crystal quality. In
particular, most of CsPbBr; NBs exhibit planar cross sections
with a height H of ~120 + 60 nm and width W of several
microns. The large contact area and small height of the NBs
ensure relatively highly efficient thermal diffusion at the
CsPbBr;—sapphire interface. When illuminated nonresonantly
via a 405 nm CW laser at 78 K, an individual CsPbBr; NB
gradually lases with a threshold Py, of 2.6 kW cm™2. Here, the
power density P is equal to the optical pumped excitation
density (N,) based on 1.0 kW cm™ = 0.8 X 107 cm™ (Note
S2). As the power density increases from 0.5 to 6.6 kW cm™
(Figure 1c), the PL undergoes a transition from spontaneous
emission (SE, 0.5 Py,) via ASE (Py,) to lasing (1.5 and 2.5 Py,).
A group of narrow peaks with a full width at half-maximum
(fwhm) of ~0.3 nm arise below the electronic bandgap as P
surpasses the threshold (Figure 1c, right inset). The transitions
of the power dependence profile and fwhm at the threshold
suggest the occurrence of lasing (Figure $2).>** In addition,
the PL image of a typical NB recorded by a high-resolution
optical image system with a pulsed laser as the excitation
source shows a clear interference pattern, supporting the
feasibility of lasing and low scattering/radiation loss (Figure 1c,
left inset and Figure S3). The free spectral range (FSR)
between adjacent peaks A4 is inversely linear to the length L of
the NB, and the lasing is mainly coupled out from the side
facets of the NB, suggesting that these oscillation peaks are
attributed to the resonance modes of the longitudinal Fabry—
Pérot (F—P) cavity between two side facets (Figure lc and
Figure S4). The excitation density threshold (~2.1 X 10"
cm™3) is below the Mott density of CsPbBr; (4.7 X 10'"—1.0 X
10" cm™), suggesting that the lasing is associated with
excitons rather than the electron—hole plasma.**™*® Further-
more, the FSR decreases from 5.5 to 2.1 meV as E increases
from 2.325 to 2.337 eV, which suggests that the group
refractive index n, increases from 16.7 to 43.7. The spatial
dispersion is much stronger than that described by the
Sellmeier’s equation and that induced by the nondegenerate
electron—hole plasma,-34’3’7 this difference is attributable to the
occurrence of a strong exciton—photon interaction.

Distal PL spectra are analyzed to probe the energy (E)—
wavevector (k) dispersion in a representative CsPbBr; NB
(Figure 2a, temperatures from top to bottom panels: 295, 230,
140, and 78 K) by home-built spatially resolved micro-
photoluminescence (u-PL) spectroscopy; this has been widely
utilized to explore the propagating behaviors of EPs in 1D
semiconductors.'®**% At all temperatures, the FSR of the F—
P resonant photonic modes resolved on the low-energy side of
the PL spectrum decreases near the exciton resonance energy
Er. The center energies of these resonant modes are extracted
and further plotted versus the wavevector (dots in Figure 2b;
Note S3), which can be clearly expressed by an EP model
based on the classic two-oscillator interacting theory (curves in
Figure 2b).**~*' Under nonresonant excitation, the polaritons

6638

of the upper polariton branch (UPB) are damped into the
lower polariton branch (LPB) after propagating over tens of
microns. Therefore, the as-detected polaritons are mainly from
the LPB, which has been widely reported in previous
literature.”'2****? Nevertheless, the UPB could be resolved
in some NBs at cryogenic temperatures, exhibiting an
anticrossing feature between UPB and LPB.”’ The Rabi
splitting energy € measured from the maximal energy
difference between the LPB and UPB (e.g, ~227 meV
under 295 K) is greater than the dissipative energy of both
photons (~15 meV) and excitons (~67 meV), which satisfies
the strong coupling condition.”® The as-extracted ng of the
LPB polariton increases significantly near the exciton energy
(e.g., from 3.2 for 2.16 eV to 6.8 for 2.29 eV at 295 K (dots in
Figure 2c)). Additionally, this energy dependence of ng is well
fitted by the EP model (lines in Figure 2c), which confirms the
occurrence of EPs.**** The exciton fraction (effective mass) of
EPs in the LPB is calculated to increase from 0.19 (0.11 X 10~°
m,) to 0.68 (0.27 X 107> m,) (Figure SS); this tendency agrees
with the dispersion curves, which shows the group index
increasing near the exciton resonance. Reducing the temper-
ature enhances the spatial dispersion of EPs, which increases
the group and phase refractive indices. For example, as T
decreases from 295 to 78 K, the FSR of the mode at ~2.305 eV
decreases from 6.6 to 3.8 meV (black dashed line, Figure 2a).
This change suggests that n, increases from 7.2 to 12.8, while
n, increases from 2.3 to 2.35 (Figure 2c), as demonstrated by
the E—k dispersion of the EPs (Figure 2b). As the temperature
decreases, € slightly decreases from 227 to 218 meV.
Moreover, the as-detected EPs in the LPB move closer to
the excitonic reservoir because of the reduced phonon
scattering during the propagation process under nonresonant
conditions.'® This characteristic results in a higher exciton
fraction, a smaller group velocity, and higher refractive indices
nearby. Finally, the group and phase refractive indices near the
exciton energy, where lasing probably occurs, reach 37.5 and
2.6, respectively, at 78 K (red dots, Figure 2c).

The increases in the refractive indices lead to the reduction
of the lasing threshold. In this study, a model similar to that of
a surface plasmon polariton laser is considered to express the
lasing of one-dimensional NB microcavities. In this model, the
stimulated emission is established via population inversion of
the electrons and holes, the emitted photons propagate as EPs,
and the presence of EPs modifies the velocity and refractive
behavior of the propagating photons inside the NB.*"**~%
Lasing occurs when the modal optical gain I'g® over-
compensates for the modal optical loss a,, (ie., I'gh > a,,
with g and I being the material gain threshold and photonic
confinement factor, respectively).*”** Increasing the group and
phase refractive indices increases I" based on the relation I" «
n, and reduces the transmission loss, respectively. The upper
panel in Figure 2d shows that the absorption loss and
transmission loss at the end facets decrease from 363 to 123
cm™! and 1462 to 1268 cm™, respectively, as T decreases from
295 to 78 K. More importantly, the confinement factor
increases from 2.5 to 13.6 (5.4 times), which reduces g% from
737 to 102 cm™'. The absorption loss decreases with
temperature, owing to the suppressed phonon scattering, but
the contribution to the total optical loss is significantly lower
than that of the transmission loss (Notes S4 and $5).* The
power (excitation) density threshold is further extracted under
the Bernard—Duraffourg condition (Note S5 and Figure SS),
which requires the differential between the quasi-Fermi levels
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Figure 3. Height-dependent thermal diffusion in the CsPbBr; NB—sapphire structure. (a) x—y plane schematic of thermal diffusion for the NB—
sapphire structure in a vacuum cryostat. The localized heat mainly diffuses by thermal radiation (vacuum, inefficient) and thermal conduction
(CsPbBr; NB and sapphire, efficient). H: height of the NB. e™: electron. (b) Statistics for the heights of as-grown CsPbBr; NBs, showing that CW
lasing mainly occurs when the height is less than 400 nm and is dominant at ~120 nm. (c) Two-dimensional pseudocolored power density-
dependent PL plot for four NBs with heights of 402, 307, 157, and 75 nm (L X W = 10.0 # 2.0 ym X 2.0 & 0.5 pm). The blue dashed curves show
that the spontaneous emission peaks are gradually blueshifted as the power density increases. For NBs with heights of 307, 157, and 75 nm, the red
dashed curves show that multiple oscillating peaks (ASE) tend to emerge at high power densities. (d) Corresponding equilibrium temperature
versus power density for NBs in panel ¢, as calculated using the thermal coefficients. (e) Simulated transient temperature versus time with P = 1.75
kW cm™ at a position of H/2 in the NBs, as obtained using DEVICE (Lumerical Inc.).

for the electron and hole to exceed the photon energy.'®*’ The
lower panel in Figure 2d shows that the estimated power
density thresholds are 6.4 and 11.1 kW cm™ at 78 and 100 K
(red dots), respectively, which agrees with the experimental
results (5.5 and 10.2 kW cm ™, respectively; yellow dots). This
agreement confirms the reliability of the EP model, which
indicates that the reduced threshold is mainly due to the
enhanced refractive indices. As T increases further, Py, grows
rapidly, exceeding ~10 kW cm™ at 100 K (the typical
threshold for CW operation; dashed line) and reaching ~167
kW cm ™2 at 295 K. This change suggests that CW lasing may
not be sustained above ~100 K (green area) and that
cryogenic operation remains necessary. Further, the calculated
operation temperature of the CW lasing and temperature-
dependent threshold are in agreement with the experimental
results, suggesting the reliability of the proposed lasing
mechanism.

Considering the ultralow thermal conductivity of perovskite,
the continuous irradiation of an excitation laser can generate a
massive amount of localized heat inside an NB. This heat can
locally increase the temperature and consequently reduce the
refractive index, also accelerating the crystal degradation and
increasing Py. Therefore, controlling thermal diffusion is
crucial to sustaining CW-driven lasing.”® Most of the photon-
generated heat is diffused by conduction toward the sapphire
substrate via electrons and phonons (Figure 3a). Hence,
thinner and planar NBs on a substrate with superior thermal
conductivity are preferred. In this study, despite the variation
of lasing thresholds with the width, length, and crystal quality
of NBs (Figure 3b and Figure S6), CW operation is mainly
achieved in NBs with H ~ 120 & 60 nm. Slightly increasing the
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thickness of the NBs (>300 nm) may still support CW
excitation lasing, but the aspect ratio W/H should be greater
than 10 to ensure efficient heat transport (Figure S6). When H
< 50 nm, the photonic mode is prohibited by the optical
diffraction limit, which is not the focus of this work.

The height-dependent lasing behavior is also supported by
the subsequent PL spectroscopy and thermal dynamic analysis
results (Figure 3c—e). Four NBs with H = 402, 307, 157, and
75 nm are selected as case studies. As P increases from 5.2 X
1073 to 1.75 kW cm ™2 (close to Py, at 78 K), the SE peaks of
the NBs at H = 75 and 157 nm exhibit slight blue shifts (blue
lines; Figure 3c and Figures S7—9), suggesting small
temperature increases AT of 7.3 and 11.7 K, respectively
(blue and green dots, Figure 3d). In contrast, the SE peaks of
the NBs at H = 307 and 402 nm become progressively
blueshifted by 3.3 and 5.1 meV, respectively, which suggests
AT of ~19.2 (yellow dots) and 75.6 K (red dots, Figure 3d),
respectively. Remarkably, the stimulated emission feature could
be resolved on the low-energy side of the PL spectra for the
NBs at H = 75 and 157 nm as P > 2.0 X 10~ kW cm™ (red
lines). The thermal dynamics of the NB with a different height
is further analyzed (Figure 3e). For simplicity, the temperature
probe is located at H/2 of the NBs (Figure S10), and the heat
source is settled at time zero (t = 0 s, time revolution: 107'%s).
The transient temperatures for the NBs with H = 75 and 157
nm increase rapidly within 7 X 107 and 3 X 107® s and
gradually become saturated at 85.2 and 89.5 K, respectively.
Meanwhile, the transient temperatures for the NBs with H =
307 and 402 nm increase for 1077 and 3 X 107 s, respectively,
and reach equilibrium at 97.4 and 153.2 K, respectively. The
low equilibrium temperature and short equilibrium time
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Figure 4. Thermal diffusion in CsPbBr; NBs on selected substrates at 78 K and CW lasing characteristics of as-grown CsPbBr; NB on the sapphire
substrate at 7.8 K. (a) Calculated equilibrium temperature versus power density based on thermal coefficients for four NBs with H ~ 160 & 20 nm
on sapphire, silver, glass, and silicon substrates (L X W= 10.0 + 2.0 ym X 2.0 + 0.5 ym). (b) Simulated transient temperature versus time with P =
1.75 KW cm™ at H/2 in the NBs as simulated using DEVICE (Lumerical Inc.). Simulated 2D pseudocolored time—power density—transient
temperature (x—y—z) plots at H/2 in the NBs on the (c) sapphire substrate and (d) glass substrate as simulated using DEVICE (Lumerical Inc.).
Black dashed lines: transient temperatures of 80.6, 88.1, 114.6, and 134.2 K, from left to right. (e) Two-dimensional pseudocolored PL emission in
a CsPbBry NB with L X W X H = 9.6 ym X 2.5 gm X 0.18 ym under 405 nm CW laser excitation at 7.8 K. Black dashed line: Py, = 0.13 kW cm™.
(f) Log—log scale integrated intensity versus power density at 7.8 K with fitted /8 factors of 1, 0.45, 0.1, and 0.01, respectively.

demonstrate that the thermal diffusion is more efficient in
thinner NBs. The structural degradation is also accelerated at
higher temperatures, and the power density-dependent TRPL
spectroscopy results show that an additional nonradiative
recombination process arises in the NB with H = 402 nm
(Figure S11). The lower photostability of the thicker NB
(Figure S11) further increases Py. The simulated Py, for the
NB with H = 402 nm is at least ~30 kW cm™> (Figure 2d),
which is greater than the excitation power (1.75 kW cm™) and
typical CW-driven lasing threshold (2—6 kW cm™) at 78 K.

Four substrates are selected to explore the substrate
dependence of CW lasing: glass (1.4 W m™" K™'), sapphire,
silver (429 W m™' K™'), and silicon (148 W m™! K!).*°
Figure 4a shows that increasing P from 0.01 to 1.75 kW cm™
causes AT of the NBs with thicknesses of ~160 nm to increase
gradually by 1.0, 4.7, and 11.7 K on Ag (yellow dots), Si (blue
dots), and sapphire (red dots) substrates, respectively.
However, it reaches 75.4 K for the glass substrate (green
dots). The corresponding equilibrium temperatures are 79,
82.7, 89.7, and 153.4 K, respectively. According to thermal
dynamics analysis of NBs with H = 160 nm, the transient
temperatures at 1.75 kW cm™ on Ag, Si, and sapphire increase
rapidly within 3 X 10™® s and become saturated at 78.2 (yellow
dots), 82.6 (blue dots), and 89.5 K (red dots), respectively
(Figure 4b). In comparison, the transient temperature for the
NB on glass increases for 7 X 10™® s and becomes saturated at
151.9 K (green dots). This corresponds to an estimated
threshold of ~30 kW cm™2, which is higher than the excitation
power density and prohibits the CW lasing. Despite the good
conductivity of Ag and Si, the high dielectric functions of these
substrates cause high radiation loss at the cavity edge,
prohibiting the CW lasing (Figure S12). Figure 4c,d displays
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the power-dependent dynamics of the transient temperature
for NBs on sapphire and glass substrates, respectively. The
transient temperature is higher on the glass substrate than on
the sapphire substrate at an arbitrary time. The equilibrium
temperature of the NBs on sapphire slightly increases from
79.5 to 89.5 K; on glass, it greatly increases from 82.1 to 151.9
K with P = 0.01-1.75 kW cm™?, resulting in a heat island.
These results confirm the importance of a substrate with high
thermal conductivity for CW-operation lasing.

Further, we evaluate the feasibility of electrically driven
lasing based on CsPbBr; NBs. The lowest threshold achieved
in this study is 2.6 kW cm™ at 78 K, which is 0.4 times that
previously reported to have been obtained at the same
operating temperature and the lowest value among perovskite
green color microlasers (Table S1). This Py, corresponds to a
current density of ~5.6 kA cm™ and an electrically injected
carrier density of 1.4 X 10" cm™ considering an external
quantum efficiency of 0.1% and PL quantum yield of 70%
(Note S2) under electrical operation.”" This value is 10 times
the efficient working current of perovskite-based LEDs (<0.4
kA cm™?) and the onset of Auger recombination (~10'® cm™)
in 3D perovskite,”* indicating that electrically driven lasing is
not feasible at 78 K. Further, we conduct the CW lasing
measurements for 17 NBs at 7.8 K (Figure S13); the threshold
decreases to 0.13—1.14 kW cm™2, and the lowest value occurs
for an NB with H = 180 nm. Figure 4e shows the emission
behavior of the NB laser at 7.8 K. It indicates that lasing occurs
above Py, = 0.13 kW cm™ (excitation power: ~0.77 mW) and
full lasing status at P = 1.4 kW cm ™. At E = 2.326 €V, ng is
~60.0 and n, is ~2.8, resulting in I' ~ 21.6 and gﬂ} ~ 76.5
cm™'. The spontaneous emission factor 3, which is defined as
the fraction of SE radiated into a specific optical mode, is
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determined to be ~0.45 (Figure 4f and Note S6); the fwhm of
the lasing mode is as small as 0.05 nm (Figure S14). The Py, of
0.13 kW cm™ corresponds to a current density of ~0.28 kA
cm™? and thus an electrically injected carrier density of 7.2 X
10" cm™3, which is within the efficient working current density
of LEDs and less than the Auger recombination threshold and
suggests the feasibility of electrically driven lasing. An even
lower threshold is expected for NBs after further reducing the
thickness without lowering the crystal/cavity quality. Addi-
tionally, a blue GaN-based LED chip can work stably with an
output power of 50 mW;™? thus, it may serve as the excitation
source for demonstrated architecture with Py, = 0.77 mW. This
feature suggests that reduced-dimension perovskite can
promote the implementation of miniaturized and integrated
on-chip circuits. Although EPs considerably reduce the
thresholds of NB lasers, it is not evident that the demonstrated
laser is a polariton laser accomplished via Bose—Einstein
condensation (BEC) as has been well-explored in two-
dimensional semiconductor microcavities.”»>> This is because
the evidence of a polariton laser in one-dimensional semi-
conductor nanowire-like microcavities has not been explored
thoroughly (Note S7 and Figure S15).

In conclusion, a CW-pumped perovskite microlaser with a
threshold as low as 0.13 kW cm™ is successfully demonstrated
for the CsPbBr; NB—sapphire geometry. The strong exciton—
photon interaction enhances the refractive index, resulting in a
higher modal confinement factor and lower loss and thereby
reducing the lasing threshold. However, the effect is
considerably suppressed as the temperature increases, owing
to the decrease of exciton fractions in EPs. Utilizing a substrate
with high thermal conductivity and low reflectivity as well as a
thin gain material is critical to decrease the photoheat effect
and realize CW lasing. These findings clarify the mechanisms
of low-threshold lasing and the role of EPs in CW-pumped
lasers, providing insights into the construction of low-cost and
flexible lasers in optoelectronics. We also believe that the
demonstrated architecture can be used in future devices to
accommodate higher current densities.
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