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Low Threshold Fabry—Pérot Mode Lasing from Lead lodide

Trapezoidal Nanoplatelets

Yangguang Zhong, Qi Wei, Zhen Liu, Qiuyu Shang, Liyun Zhao, Ruiwen Shao,
Zhepeng Zhang, Jie Chen, Wenna Du, Chao Shen, Jun Zhang, Yanfeng Zhang,
Peng Gao, Guichuan Xing,* Xinfeng Liu,* and Qing Zhang*

Lead lodide (Pbl,) is a layered semiconductor with direct band gap holding great promises in green light emission and
detection devices. Recently, Pbl, planar lasers are demonstrated using hexagonal whispering-gallery-mode microcavi-
ties, but the lasing threshold is quite high. In this work, lasing from vapor phase deposition derived Pbl, trapezoidal
nanoplatelets (NPs) with threshold that is at least an order of magnitude lower than the previous value is reported. The
growth mechanism of the trapezoidal NPs is explored and attributed to the synergistic effects of van der Waals interac-
tions and lattice mismatching. The lasing is enabled by the population inversion of n = 1 excitons and the optical feed-
back is provided by the Fabry—Pérot oscillation between the side facets of trapezoidal NPs. The findings not only advance
the understanding of growth and photophysics mechanism of Pbl, nanostructures but also provide ideas to develop low

threshold ultrathin lasers.

Y. G. Zhong, Dr. Q. Wei

Key Laboratory of Flexible Electronics and Institute of Advanced
Materials

Jiangsu National Synergetic Innovation Center for Advanced
Materials

Nanjing Tech University

30 South Puzhu Road, Nanjing 211816, China

Y. G. Zhong, Dr. Q. Wei, Z. Liu, Q. Y. Shang, L. Y. Zhao, Z. P. Zhang,
J. Chen, Prof. Y. F. Zhang, Prof. Q. Zhang
Department of Materials Science and Engineering
College of Engineering

Peking University

Beijing 100871, China

E-mail: Q_zhang@pku.edu.cn

Q. Y. Shang, Prof. Q. Zhang

Research Center for Wide Gap Semiconductor
Peking University

Beijing 100871, China

Dr. R. W. Shao, Prof. P. Gao

Electron Microscopy Laboratory

School of Physics

Peking University

Beijing 100871, China

Z.P. Zhang, Prof. Y. F. Zhang

Center for Nanochemistry

Beijing National Laboratory for Molecular Sciences
College of Chemistry and Molecular Engineering
Academy for Advanced Interdisciplinary Studies
Beijing National Laboratory for Molecular Sciences
College of Chemistry and Molecular Engineering
Peking University

Beijing 100871, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.201801938.

DOI: 10.1002/smll.201801938

Small 2018, 14, 1801938 1801938

J. Chen, Dr. W. N. Du, Prof. X. F. Liu

Division of Nanophotonics

CAS Key Laboratory of Standardization and Measurement for
Nanotechnology

CAS Center for Excellence in Nanoscience

National Center for Nanoscience and Technology
Beijing 100190, China

E-mail: Liuxf@nanoctr.cn

Prof. C. Shen, Prof. ). Zhang

State Key Laboratory of Superlattices and Microstructures
Institute of Semiconductors

Chinese Academy of Sciences

Beijing 100083, China

Prof. C. Shen, Prof. ). Zhang

College of Materials Science and Opto-Electronic Technology
University of Chinese Academy of Sciences

Beijing 100049, China

Prof. P. Gao

International Center for Quantum Materials

School of Physics

Peking University

Beijing 100871, China

Prof. P. Gao

Collaborative Innovation Center of Quantum Matter
Beijing 100871, China

Prof. G. C. Xing

Joint Key Laboratory of the Ministry of Education
Institute of Applied Physics and Materials Engineering
University of Macau

Avenida da Universidade

Taipa, Macao, SAR 999078, China

E-mail: gexing@umac.mo

(10f 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.201801938&domain=pdf&date_stamp=2018-07-31

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

two-dimensional (2D) layered semiconductors are important for
the development of ultrathin and stretchable optoelectronics due
to their atomic-level thickness, nondangling bonds surface and
novel spin and exciton properties defined by strong quantum
effects, etc.'7! Solid-state planar lasers using 2D semiconductor
as gain media can be easily integrated onto heterogeneous sub-
strates and promises for chip-level light sources.®-13 Due to the
absence of surface dangling bonds, 2D semiconductors lasers
can maintain good device performance for long lifetime even in
few atomic layer levels."*1°] The enhanced Coulomb interaction
of 2D semiconductors not only effectively enhances intrinsic
differential gain, but also ensures high exciton oscillation
strength to realize low threshold exciton—polariton laser.'¢17]

So far, considerable efforts have been made in 2D semi-
conductor lasers."®20 However, most of these 2D lasers have
adopted monolayer transition metal dichalcogenides, which in
turn brings great challenge to gain and cavity fabrications due
to the lack of self-confined cavity and the limit of optical gain
volume.?!l Compared with the transition metal dichalcogenides
those exhibit direct to indirect band gap transition from mono-
layer to multilayer, lead iodide (Pbl,) is a layered semiconduc-
tors with direct band gap from monolayer to bulk phase, and
hence holds great promises in 2D emission devices.??-?’l Mean-
while, PbI, is heavy ionic polar semiconductor of great funda-
mental interests owing to strong exciton—phonon interaction.
Also, the heavy atoms component Pb and I make PbI, potential
for radiation detectors.?-28] Furthermore, PbI, is a precusor
of organic—inorganic and all-inorganic lead halide perovskites
which have recently attracted great attentions in low threshold
lasers.?>%] The study of PbI, laser will be helpful to under-
stand the photophysics of perovskite lasing. Pioneer studies
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have been made on lasing from individual PbI, nanostructures
fabricated by solution processed or vapor phase deposition
(CVD) methods.3*37) However, the lasing threshold is quite
high (=200 W] cm™) even at low temperature of =77 K, which
hinders the potential applications of Pbl, laser in ambient
condition. Therefore, it is urgent to explore new structures of
Pbl, microcavities with lower lasing threshold toward practical
applications.

In this work, we have addressed the synthesis of 2H-polytype
Pbl, trapezoidal nanoplatelets (NPs) on mica substrate. The
trapezoidal NP is vertically aligned on the mica substrate with
growth direction of [110] via the synergistic effects of van der
Waals (vdW) interactions and lattice mismatching. Optically
pumped lasing is achieved from the trapezoidal NPs with the
threshold of 126.2 uJ cm™ at 200 K and 44.5 uJ cm™ at 120 K,
which is one order lower than those reported in Fabry—Pérot (FP)
and whispering-gallery-mode (WGM) microcavities previously.
Lasing mechanism is further unveiled by mode simulations,
low temperature and time-resolved photoluminescence (TRPL)
spectroscopy. These results push forward the applications
research of 2D lasers and advance fundamental understanding
of growth mechanism and photophysics of lead halide and
related material systems.

Figure 1a shows the 2H-polytype Pbl, structure, in which
the Pb atoms are surrounded by six I atoms and then forms an
octahedral [PbI¢]* unit. The [Pbl¢]* layers is bounded by weak
vdW interactions with separation of 0.698 nm.’¥ In general,
the unit cell of PbI, contains one Pb atom and two I atoms,
where Pb atom occupies the top corner and I atoms locate at
quarter positions in the lattice (Figure S1, Supporting Informa-
tion). Figure 1b shows typical scanning electron microscopy of
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Figure 1. Lead iodide nanoplatelets (NPs) grown on mica substrate via chemical vapor deposition (CVD) method. a) Lattice structure of 2H-Pbl,.
b) Scanning electron microscope (SEM) image of in-plane-epitaxial hexagonal NPs (upper plane) and out-of-plane-epitaxial trapezoidal NPs (lower
plane) on mica. c) The corresponding growth diagram of in-plane-epitaxial hexagonal NPs (upper plane) and out-of-plane-epitaxial trapezoidal NPs
(lower plane). d) Atomic force microscope (AFM) images of an in-plane-epitaxial hexagonal NP (upper) and an out-of-plane-epitaxial NP (lower). The
surface roughness: 0.28 nm for hexagonal NP; 0.52 nm for trapezoidal NP. e) Room-temperature PL spectra of typical in-plane-epitaxial hexagonal NP
(ocean blue line) and out-of-plane-epitaxial trapezoidal NP (sunset red line). Inset: the schematic diagram of excitation and collection configuration.
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Figure 2. a) HRTEM image of the in-plane-epitaxial hexagonal NPs, =0.39 nm and =0.23 nm are correlated to the (100) and (110) plane, respectively.
The scale bar is 5 nm. b) The SAED is taken along [001] direction from (a). ¢) HRTEM image of the out-of-plane-epitaxial trapezoidal NPs, 0.35 and
0.23 nm are correlated to the (002) and (110) plane, respectively. The scale bar is 3 nm. d) The SAED is taken along [-220] direction from (c).
e) Schematic illustration of the vdW epitaxy of the in-plane-epitaxial hexagonal NPs. The nucleation preferentially occurs in the low energy surface (001)
and stacks layer by layer along [001] direction. The growth rate along the lateral directions [100] and [010] is much faster than the vertical direction
[001]. f) Top view of incommensurate epitaxial growth of out-of-plane-epitaxial trapezoidal Pbl, NPs. The NPs are stacking along [110] direction of Pbl,
and perpendicular to mica surface of (001). The lattice matches models are shown: 9 X dpyj2(.220) = 2 X dmica(o10) (i-€., that 9 X dpyia(110) = 4 X dmica(o10)
and 3 X dppiz(002) = 2 X dmicaqroo) (i-€., that 3 X dopi2(001) = 4 X dmica(or0))- The fvalues of Pbl, [-220]//mica [010] and Pbl, [002]//mica [100] are 1.5% and

—0.67%, respectively.

the as-fabricated NPs on the muscovite mica by CVD methods
using Pbl, powders as source (Figure S2, Supporting Informa-
tion).?%#% The NPs can be divided into two types according to
the epitaxial direction: aligned parallel (in-plane, upper panel)
and vertical to (out-of-plane, bottom panel) the mica surface.
The in-plane-epitaxial NPs exhibit triangle and hexagonal
shapes which have been reported in the previous literatures;?*”!
while the out-of-plane-epitaxial NPs are trapezoidal in shape.
The statistical histogram suggests that the trapezoidal NPs
distribute along three directions correlate to [100], [1-10], and
[-1-10] of mica substrate, respectively (Figure S3, Supporting
Information). Figure 1c shows the corresponding growth dia-
gram of in-plane-epitaxial hexagonal NPs (upper plane) and
out-of-plane-epitaxial trapezoidal NPs (lower plane). Figure 1d
displays the atomic force microscopy images of the in-plane
hexagonal and out-of-plane-epitaxial trapezoidal NPs. The root-
mean-square roughness of the hexagonal and the trapezoidal
NPs are 0.28 and 0.52 nm, respectively, which are perfectly
smooth in optical level. Figure 1e displays the room-temperature
PL spectra of hexagonal and trapezoidal NPs respectively. The
schematic diagram of excitation and collection configuration is
shown in the inset of Figure le. The PL spectra of hexagonal
NPs which can be well fitted by the sum of two Lorentzian func-
tions centered at =507 and =516 nm, respectively (Figure S4,
Supporting Information). The origin of the two emission peaks
will be discussed in the following sections. Compared with the
hexagonal NPs, the PL spectra of trapezoidal NPs show slight
redshifts possibly owing to the self-absorption effect consid-
ering the longer light propagation distance in the reflective
mode excitation and collection geometry of optical measure-
ment system.!l Notably, a group of sharp peaks with full width
at half maximum (FWHM) of =2.8-8.4 nm appear in the lower
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energy side of PL for the trapezoidal NPs. The spacing between
the two adjacent oscillation peaks becomes smaller in the larger
NPs and nearly inversely proportional to the circumference
of the NPs, indicating that the sharp peaks are the resonant
modes of an optical cavity defined in the NPs (Figures S5-S7,
Supporting Information) and also good quality of the as-formed
microcavities.

High-resolution transmission electron microscopy (HRTEM)
is performed to study the crystalline structures and growth
mechanisms of the NPs, as shown in Figure 2. The HRTEM
image of the hexagonal NPs (Figure 2a) shows hexagonal lattice
with plane distances of =0.39 and =0.23 nm those match well
with the lattice spacing of the (100) and (110) planes of 2H-PbI,
(PDF No. 7-235), respectively. The corresponding selected-area
electron diffraction (SAED) pattern NPs (Figure 2b) confirms
that the intersection angle of the two planes (100) and (110)
is 30°. The results suggest that the hexagonal NPs are stacked
along the [001] direction of Pbl,.*2l Figure 2c,d presents the
HRTEM image and corresponding SAED of the transferred
trapezoidal NPs, respectively. The lattice fringe with distances
of =0.35 nm is correlated to the (002) plane, while lattice
spacing of =0.23 nm is indexed to the (110) plane. The SAED
pattern further reveals that the interplane angle is exactly 90°,
which coincides with the TEM image. The [-220] crystal zone
axis of the trapezoidal NPs suggests a different growth kinetics
compared with the hexagonal NPs. Temperature-dependent
and polarization dependent Raman spectroscopy is conducted
to further study the phase structure of these PbI, NPs (Figure S8,
Note 1, Supporting Information). The Raman spectra of both
NPs exhibits strong peaks corresponding to phonon modes of
E, (72 cm™), Ayg (95 cm™), and A, (110 cm™), suggesting that
the NPs have the same crystalline structure. The appearance
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of high-order Raman modes E, + A;, (166 cm™) and 2A,,
(214 cm™) suggests a strong electron—phonon coupling because
of polar Frélich interaction.3* A frequency Davydov split-
ting at 72 cm™!, expected in 4H-Pbl,, is not observed in the as-
grown NPs, strongly supporting that the crystalline structures
of NPs are 2H-polytype.*”] The polarization resolved Raman
spectra are good consistent with the TEM data (Note 1, Sup-
porting Information). Figure 2e shows schematic illustration of
the vdW epitaxy of the in-plane-epitaxial hexagonal NPs. The
nucleation preferentially occurs in the low energy surface (001)
and stacks layer by layer along [001] direction. The growth rate
along the lateral directions [100] and [010] is much faster than
the vertical direction [001]. And Figure 2f shows the top view of
incommensurate epitaxial growth of out-of-plane-epitaxial trap-
ezoidal Pbl, NPs. The NPs are stacking along [110] direction of
Pbl, and perpendicular to mica surface of (001).

The nucleation growth mechanisms of Pbl, nanostructures
on mica substrates are discussed. During the vapor-solid syn-
thesis process,*® the probability of 2D nucleation on the sur-
face of a whisker, F,, can be described as!*’]

nc’
kT lna) M

E, =Aexp (

Here, A is a constant, o is the surface energy, T is the
temperature, o is the ratio of actual pressure to equilibrium
vapor pressure, so-called supersaturation ratio. According to
the equation, the surface energy is essential that the smaller
surface energy, the higher the 2D nucleation probability.®! The
hexagonal Pbl, NPs is exactly grown from 2D nuclei along the
direction of [001] on the layered mica substrates.*>#°-52 The 2D
nucleation growth is owing to: 1) the theoretical energy of (001)
plane is the lowest (0.428 ] m™) and hence the F, is the highest
among the lattice planes of Pbl,;*?! 2) the interactions between
the mica substrate and the basal plane (001) with hexagonal
closed-packed lattice further promotes the 2D nucleation in the
low energy surface.l*’]

In the growth process of vertically aligned trapezoidal
NPs, the lattice matching between mica and PbI, becomes
more predominant. According to the HRTEM image, the
Pbl, trapezoidal NPs grow either along (002) or (110) plane
on the (001) plane of mica substrate. Both the two planes of
Pbl, have quite large lattice mismatch with mica substrate.
Considering that the mismatch is relatively lower for the (002)
plane (in Table S1, Supporting Information), two incommen-
surate epitaxial models are proposed: (i) Pbl, [-220]//mica [010]
and PbI, [002]//mica [100]; (ii) PbI, [002]//mica [010] and PbI,
[-220]//mica [100]. The plane distances are dpyp002) = 349 A,
dpbiai220) = 1.97 A, diicagion) = 5-20 A, and dyic, (010) = 9-00 A>34
The lattice match models and the mismatch values f, expressed
as f= (1-dpp1a/dmica) X 100%, are shown as below

(i) 9 X dpbiag220) = 2 X diicagoro) (L-€., that 9 X dpppy110) = 4 X
dmicao10) and 3 X dppaooz) = 2 X dmicaoo) (i-€., that 3 x
dpbi2(001) = 4 X dinica(o10))- The fvalues of the two directions are
1.5% and —0.67%, respectively.

(i) 5 X dppra(220) = 2 X drmicagio0) a0d 8 X dppiz002) = 3 X Amica(010)-
The corresponding fvalues for the two directions are —3.3%
and 5.6%, respectively.
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The model (i) is preferred on the basis of lowest lattice match.
Further, since the lattice mismatch along the direction of PbI,
[002]//mica [100] (—0.67%) is lower than that of Pbl, [-220]//
mica [010] (1.5%), the growth rate [002] direction is much faster
than that of [-220], leading to 1D anisotropy growth in (002)
plane. The growth of the trapezoidal NPs is a 3D nucleation
process likely to occurring at small F,. Considering the absence
of lowest energy surface (001) plane in these NPs, the tempera-
ture and supersaturation ratio become two predominant factors
for the morphology control. In the other words, the growth of
the trapezoidal NPs is expected at relatively lower temperature,
or with the decreasing of actual vapor pressure after a period of
reaction.

Next, the lasing properties of the trapezoidal NPs are
explored. As shown in Figure 3a, an individual trapezoidal NP
is optically pumped by 400 nm femtosecond laser pulses at
200 K. Under low pump fluence (P = 87.5 uJ cm™), a broad
spontaneous emission band centered at 513 nm with a FWHM
of Apwum = 14 nm can be observed. As the pump fluence
approaches =126.2 uJ cm™, a sharp peak centered at around
516 nm appears with FWHM of 0.4 nm at the red side of the
main spontaneous emission peak. When the pump fluence fur-
ther increases to P> 143.7 uJ cm™2, more narrow peaks emerge
with intensities increasing much faster than the spontaneous
emission background. Figure 3b shows the light emission
intensity (right axis) and the FWHM (left axis) as a function of
pump fluence, respectively. The evolution of PL spectra exhibits
a concurrent sharp decreasing in FWHM and spiraling upward
of light input-output at the lasing threshold. The linewidth nar-
rowing and superlinear intensity increase above the threshold
Py, = 126.2 U] cm~2, confirming the occurrence of lasing. The
optical image of the trapezoidal NP above the lasing threshold
(inset, Figure 3b) shows that the bright lasing emissions are
mainly coupled out at the two lateral edges of the trapezoid
NPs, preliminarily suggesting that optical feedback in the trap-
ezoidal NPs comes from the FP oscillation between the two lat-
eral facets. The free spectra range (FSR), AA at resonance mode
of A can be described by AA = A?/2Ln,, where n, is the group
refractive index, L is the cavity length.’> The FSR is linear to
the inverse of cavity length (Figure S9, Supporting Informa-
tion), and a group refractive index n, of =5.16 is extracted out
using the linear relation equation, which agrees well with pre-
vious studies.’” Finite-differential time-domain simulation has
been utilized to further analyze the optical mode and calculate
electric fields distribution inside trapezoidal NP microcavity
(Figure 3c). The optical field is well confined inside the micro-
cavity and reflected between the two side facets and base facet
(as the red line shown) of the trapezoidal NP. Due to the good
confinement of the NP, the optical field can only be coupled out
from the side facets and base facets, which coincides with the
PL images above the lasing threshold (Figure 3b, inset).

Temperature-dependent PL  spectroscopy is conducted
below and above lasing threshold to explore the lasing mech-
anism of the trapezoidal NPs. The temperature varies from
230 to 120 K. As shown in Figure 4a, the emission spectros-
copy can be decomposed into two Lorenz peaks indicated as
X; (lower energy, 509 nm, 2.43 eV, at 200 K) and X, (higher
energy, 499.8 nm, 2.48 eV at 200 K). Both peaks exhibit
blueshift and the FWHM becomes smaller with the decreasing
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Figure 3. Lasing from out-of-plane-epitaxial trapezoidal Pbl, NPs at 200 K. a) The evolution spectroscopy from spontaneous emission to lasing status;
the pumping fluence increases from 87.5 to 158.7 i) cm™?; the spacing between the adjacent modes is =1.6 nm; the short edge length and the long
edge length of the sample are 4 and 6 um, respectively. b) The power-dependent of the integrated intensity and FWHM of lasing mode at 516.3 nm.
The threshold is =126.2 u) cm™2. Inset: PL image above threshold. c) Simulated electric field distribution at 510 nm. The electric fields are well confined
at the two side facets of the trapezoidal NP. The light propagation pathway L is described by red arrow line.

of temperature owing to the lattice shrink and lower phonon
scattering, respectively.”® The origins of the two peaks could
be contributed from the recombination of either free, bound,
multiple, or charged excitons. The high energy emission X,
was generally attributed to free excitons recombination.?357->]
However, the origin of low energy emission X;, are contro-
versial that the peak is either assigned to free-to-bound tran-
sition related with defects or second order exciton.37:60:61]
Power-dependent PL spectroscopy is a well-established method
to probe the recombination mechanism of emission peak.
The power law k of free exciton and free-to-bound recombi-
nation intensity is =1-1.3 and 0-1, respectively.?l As shown
in Figure 4b and Figure S10, k is 1.1-1.3 for both X; and X,
peaks, which accords with the emission of free exciton. After
increasing of defect density through sample degeneration, the
intensity ratio of X; and X, do not change, confirming that the
origin of the X; peak is not related with defects (Figure S11,
Supporting Information). In the layered semiconductors, high
order excitons are widely observed owing the strong quantum
confinement effect.%3] Here the energy of X; and X, are =2.46
and 2.49 eV are close to those of n = 1 and n = 2 excitons
reported previously.** The energy difference between the two
excitons reduces with the decreasing of temperature, which
coincides with the decreasing of exciton effective mass owing to
the less population of phonons interacting with excitons.[6>-¢7]
Therefore we assign the X; and X, to the recombination of n=1
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and n = 2 excitons, respectively.l®® Figure 4c displays temper-
ature-dependent lasing spectra with T = 120-180 K. It can be
seen that the lasing peaks always locate in the spectra range of
Xj, suggesting that the lasing is due to the population inversion
of n =1 excitons. Figure 4d shows the plots of lasing threshold
versus temperature. With the decreasing of temperature from
200 to 120 K, the lasing threshold decreases from 126.2 to
44.5 uJ cm2 The increments of lasing threshold at higher
temperature are mainly caused by thermal-activated nonradia-
tive processes, in which the lasing threshold is described as
Py, = Py pexp (T/ Ty — 1).1% T is so-called characteristic temper-
ature and a critical parameter to evaluate the thermal stability of
lasing devices. The T is extracted to be 81 K, which is relatively
lower than those of ZnO (90-130 K) and GaN (160-246 K).7%71]
Nevertheless, the characteristic temperature of as-grown trap-
ezoidal NPs is larger than that of hexagonal PbI, NP (45 K),
which coincides with the lower threshold in the trapezoidal
NPs.’”) Overall, as shown in Table S2 of the Supporting Infor-
mation, the lasing threshold of the trapezoidal NPs at 120 K
(44.5 uJ cm™?) is nearly two orders lower than the values in PbI,
microlasers operated at 77 K (200 WJ cm™2) reported previously,
strongly suggesting the high quality of the as-grown PDbI, trap-
ezoidal FP microcavities.?7273]

In the hexagonal NPs, WGM mode lasing is achieved
(Figure S12, Supporting Information), but the threshold
(=2.3 x 10°* uJ cm™? at 200 K and =1.1 x 10 pJ cm~2 at 180 K)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Temperature-dependent spontaneous emission and lasing spectra of out-of-plane-epitaxial trapezoidal Pbl, NPs. The lengths of short edge
and the long edge of the NP are 3.8 and 5.1 um, respectively. a) Spontaneous emission spectra with temperature varying from 120 to 230 K. b) Power-
dependent spontaneous emission intensity of X; and X, peaks, which are fitted by the function of | e< P% c) Temperature-dependent lasing spectra.
d) The temperature dependence of X;, X,, and lasing energy. e) Lasing thresholds as a function of temperature. Dots: the threshold with the error bar;

red lines: fitting curve using equation of Py, = Py, gexp (T/To — 1). Ty is estimated to 81 K.

is much higher than the trapezoidal NPs, which demonstrates
a good merit of the trapezoidal NPs. Herein, the lasing thresh-
olds of groups of trapezoidal and hexagonal NPs are compared
at 200 K, as shown in Figure 5a. The lasing thresholds of
the hexagonal NPs are =0.7-2.7 x 10° pj cm™2, which is one
order higher than those of their trapezoidal counterparts
(=41-137.5 yJ cm™) with similar dimension. For the semicon-
ductor cavities, the optical losses are mainly induced by the
radiation loss at the non-100% reflective end-facets and the
nonradiative processes owing to defect states, Auger recom-
bination, etc.”#”! For the WGM mode of hexagonal NP, the
reflection of the six end-facets can be nearly regarded as the
total reflection with little radiation loss. As a contrast, the reflec-
tivity of FP mode in trapezoidal NP is only 37%, leading to a
round-trip loss of 86%, which is much higher than the hex-
agonal NP. The lower threshold of trapezoidal NP is benefited

from the higher crystalline quality and lower density of trap-
ping states. Considering the lattice of mica surface is not per-
fect, which contains unreleased strain and impurities including
structure defects, adsorbate, etc., which will introduce defects
in PbI, grown on it. The trapezoidal NPs are vertically grown
on the mica with smaller contact area than the hexagonal NPs,
which can reduce the influence of these impurities and there-
fore show the better crystalline quality. The lower density of
defects in the trapezoidal NPs is proven by PL and TRPL and
the absorption spectroscopy. As shown in Figure 5b, the PL
intensity of trapezoidal NPs (thickness: 175 nm) is five times
higher than that of the hexagonal NPs with the same thickness,
which suggests that the less nonradiative emission in the trap-
ezoidal NPs. Figure 5c shows the TRPL spectroscopy of the two
NPs, which could be well fitted by a biexponential function cor-
responding to nonradiative recombination channel with short

a 1o b C
3 Hexagonal F g Hexagonal
F@200 K Hexagonal .
;@ - 9 15.0k- Trapezoida Trapezoidal
—~ | Q. —
T VN 7 \o/o £ 5
S EQ *} 310.0k- <
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Figure 5. a) The lasing threshold comparison between the out-of-plane-epitaxial trapezoidal Pbl, NPs (blue dots); in-plane-epitaxial hexagonal Pbl,
NPs (red dots). The temperature is 200 K. b) Room-temperature steady state PL spectra of the out-of-plane-epitaxial trapezoidal Pbl, NPs (blue) and
in-plane-epitaxial hexagonal Pbl, NPs (red). The thickness of the NPs is =175 nm. c) The normalized TRPL spectra of out-of-plane-epitaxial trapezoidal
Pbl, NPs (blue) and in-plane-epitaxial hexagonal Pbl, NPs (red) in (b). The TRPL can be well fitted by biexponential function.
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lifetime and longer lifetime for radiative recombination.
In trapezoidal NPs, the 7, and 7, (0.86 and 4.78 ns) are
longer than those of hexagonal NPs (7,,: 0.50 ns; 7,: 3.79 ns),
respectively, which is good consistent with the steady-state
PL spectroscopy. The relatively longer nonradiative decay rate
of the trapezoidal NPs, suggests less density of defect states
and higher optical gain which then leads to lower lasing
threshold.’®! Similar results are observed in the other NPs
with different thicknesses (Figure S13, Supporting Informa-
tion). Further, the absorption tail of trapezoidal NP is shorter
than the hexagonal NP (Figure S14), strongly supporting that
the trapezoidal NPs own better crystalline quality than the hex-
agonal NPs.

In summary, we have demonstrated the synthesis of trap-
ezoidal PbI, NPs on mica substrate using incommensurate
vdW epitaxy method. Low threshold FP lasing is demonstrated
at 120-200 K due to population inversion of n = 1 exciton with
threshold nearly one-order lower than previous studies. The
superior lasing performance is ascribed to the slow nonradia-
tive recombination rate owing to good crystalline quality of the
NPs. These trapezoidal PbI, NPs would be potential for planar
lasers and other 2D layered related optoelectronic applications.

Experimental Section

Pbl, NPs Synthesis: Lead iodide powders (Aldrich, 99.999%) were
used as the reaction source and placed into a single zone furnace quartz
tube (OTF-1200X). A fresh cleaved muscovite mica substrate (2 x 4 cm?)
were placed in the downstream region inside the quartz tube. The quartz
tube was then evacuated to a base pressure of 5 x 1073 Torr followed by
a 30 sccm flow of high-purity N,. The growth temperature was 380 °C
and the heating rate was 10 °C min~'. The growth pressure and time was
200 Torr and 20 min, respectively.

Steady State and Time-Resolved PL Spectroscopy: For the steady-state
PL spectra experiment, a CW 405 nm solid state laser was focused onto
the samples by a 100x objective lens. The PL signal was collected by the
same objective lens and analyzed by a monochromator equipped with
charge coupled device (CCD) detector. A 407 nm long pass filter was
adopted to block the excitation laser line. For the lasing characterization,
the excitation source was femtosecond pulsed laser with wavelength
of 400 nm which was doubled from the Coherent Libra regenerative
amplifier (150 fs, 1 kHz, 800 nm). The pump laser was focused onto
samples by a 50x objective and the diameter of the laser spot was
=30 um. To obtain the lasing images of the sample, the PL emission
signals were imaged on a CCD camera using a long-pass filter to block
the laser line. The HRTEM images and SAED patterns were acquired
at a field-emission high resolution transmission electron microscope
(Tecnai F30).

Supporting Information

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