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ABSTRACT

Two-dimensional (2D) layered lead halide perovskites with large exciton binding energies, efficient radiative recombination, and outstanding
environmental stability are regarded as supreme candidates for realizing highly compact and ultralow threshold lasers. However, continuous-
wave (CW) pumped lasing of 2D lead halide perovskites, as the precondition for the electrically pumped lasing, is still challenging. Here,
we tackled this challenge by demonstrating lasing emission in phenylethylammonium lead iodide [(PEA),Pbls] embedded in a vertical
microcavity under continuous pumping at room temperature. The millimeter-sized (PEA),Pbl, single crystal was obtained from a two-
step seed-growth method, showing high crystallization, excellent thermal stability, and outstanding optical properties. We used the exfoliated
(PEA),Pbl, thin flake as the gain medium to construct a vertical-cavity surface-emitting laser (VCSEL), showing robust single-mode CW
lasing operation with an ultra-low threshold of 5.7 W cm™ at room temperature, attributed to strong optical confinement in the high-Q
cavity. Our findings provide a strategy to design and fabricate solution-based 2D perovskite VCSELs and mark a significant step toward the
next-generation of coherent light sources.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0052458

Organic-inorganic metal halide perovskites have blossomed
into a fantastic family of semiconducting materials on account of
their extraordinary optoelectronic performances in photovoltaics,’
photodetectors,”” and light-emitting devices.* Recently, 2D lay-
ered organic-inorganic perovskites have aroused much attention
owing to their outstanding environmental stability.” The gen-
eral chemical formula for the 2D organic-inorganic perovskites is
RyAn—1PbyXsn+1, where R represents long organic chains, such as
phenylethylammonium (PEA™), 1-naphthylmethylamine (NMA™),
and n-butylammonium (BA¥); A means the organic/inorganic
cation, such as methylammonium (MA™), formamidinium (FA"),

and cesium (Cs™); and X can be a halide anion, such as iodide (I”),
bromide (Br™), or chloride (CI").° For n > 1, multilayered small
cations (A) form quasi-2D perovskites, and for n = 1, two long-
chain layers and one inorganic [PbXs]*~ form a molecularly thin 2D
structure.” The variations of n values affect the bandgaps and bind-
ing energies of the materials due to different quantum confinement
effects of self-built multiple-quantum-well structures. In particular,
the excitons in 2D organic-inorganic perovskites own a robust elec-
trostatic Coulomb coupling and small Bohr radius, leading to their
distinct optical properties, such as large exciton binding energy,
effective quantum vyield, and efficient radiative recombination.’
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Thanks to these brilliant properties, 2D layer organic-inorganic
perovskites are superior candidates for the gain medium in prac-
tical lasing applications in the integrated optical circuit, quantum
communication, and quantum computing.

Recently, the amplified spontaneous emission (ASE) and las-
ing emissions (LEs) of 2D organic-inorganic perovskites have been
intensively studied.®!! For example, Li et al. have reported the
tunable ASE in hybrid (NMA),(FA)Pb,Bryl;_y thin films.'” Using
NMA-based 2D perovskite films as gain media, Leyden et al.
reported distributed feedback (DFB) lasers and LEDs at room
temperature.'” By fabricating micro-ring arrays based on the 2D
(BA)2(MA),-1Pb,Brs,.1 perovskite thin film, high Q-factor whis-
pering gallery mode lasers have been realized.'* However, the las-
ing was mainly observed from solution-processed thin films, con-
sisting of a mixture of domains having components with different
n values, which leads to different bandgaps, and the energy fun-
neling from small n domains (high bandgaps) to large n domains
(low bandgaps) contributes to the build-up of population inver-
sion. The investigation of pure phase 2D organic-inorganic per-
ovskites is necessary for further understanding of inherent las-
ing mechanisms. In addition, achieving continuous-wave (CW)
pumped lasing from 2D perovskites is still challenging, which is
regarded as a precondition toward the electrically pumped laser.'”
Nevertheless, only limited studies for pulse pumped lasing from
single-crystalline 2D perovskites have been tried. Raghavan et al.
reported that the random lasing from the millimeter-sized homol-
ogous (BA)2(MA)n-1Pbnlsns1 (n = 1, 2, and 3) single crystals at
room temperature attributes to the multiple scatterings from the
resonant feedback formed by gain media.'® Yin et al. demonstrated
broadly tunable lasing from exfoliated single-crystalline BA-based
2D perovskite thin flakes at cryogenic temperature.'” Due to the
weak van der Waals interactions among the organic layers, the 2D
perovskites are appropriately exfoliated and transferred to the sub-
strates without requirement of the lattice matching, which is in
favor of device fabrication. In sharp contrast to cavity-free per-
ovskite lasers based on the 2D PEABr and NMABr perovskite thin-
film spin-coated on distributed feedback gratings,'® due to low
defect densities of single-crystalline 2D perovskites and their self-
built quantum well structures, 2D perovskite embedded microcav-
ities with the matched resonance between the spontaneous emis-
sion and the cavity mode are the promising device architectures to
achieve CW lasing with low threshold and high stability at room
temperature.

In this work, we have realized CW lasing from a single-
crystalline (PEA),Pbly flake embedded microcavity at room tem-
perature. Owing to the high crystal quality of the (PEA),Pbl4 and
ultrathin cavity, a single-mode lasing emission has been observed
at an ultra-low threshold of 5.7 W cm™2, which is generally lower
than the lasing threshold values reported in existing 2D perovskite
lasers.'® The apparent features of spectral linewidth narrowing and
nonlinear evolution of the emission intensity reveal the occurrence
of lasing emission. Meanwhile, the fabricated (PEA),Pbl, vertical-
cavity surface-emitting laser (VCSEL) exhibits environmental and
optical stability. Our results not only advance the development of
2D single-crystalline perovskite planar VCSELs but also shed light
on the next-generation of on-chip integrated photonics.

The 2D layer (PEA)zpr4 [(CGH5C2H4NH3)2PbI4] single Crys-
tal was fabricated in a modified seed-growth approach,'” which

scitation.org/journal/apm

includes two typical crystallization procedures of nucleation and
growth. In particular, unlike the previous growth process using
y-butyrolactone (GBL) as the dissolving solvent, which usually
requires a step of heating up to 110 °C,”’ the operation of the seed-
growth approach is simpler and safer with a comparable gentle
condition (90 °C). Structurally, the inor§anic layer of (PEA),Pbl,
is formed by the arrangement of [Pbls]*" octahedra, which share
corners in their orthogonal directions. This inorganic lead-halide
layer is separated from each other by two organic layers formed
by long-chain PEA™" cations, as shown in Fig. 1(a). The connection
between the organic layer and the inorganic layer is attributed to the
Hy- - I hydrogen bond, while the interaction between two adjacent
organic layers is owing to the weak van der Waals force.”! Therefore,
such a hybrid perovskite owns a two-dimensional layered structure,
which allows us to mechanically exfoliate the bulk crystal to the thin
flake.

The thermal stability of this crystal was studied by the ther-
mogravimetric analysis (TGA) system. As shown in Fig. S2(a), this
material gets no decomposition until ~190 °C, which means that the
(PEA),Pbl, single crystal has excellent stability at room tempera-
ture. X-ray diffraction (XRD) is a useful instrument to get vision
into the crystal structure of crystalline materials. We performed the
XRD examination of an as-prepared (PEA),Pbly single crystal with
the (00n) crystal direction perpendicular to the measurement stage.
As shown in Fig. 1(b), the observed positions of these fingerprinting
peaks show the right consistency with the previous studies,”” and
the sharp shape of each peak indicates the good crystal quality of
(PEA),Pbls. The strongest peak located at 26 = 5.38° corresponds to
the (002) plane, suggesting an interplanar distance of 1.65 nm. Thus,
the thickness of a single layer (PEA),Pbl, can be estimated.”

A representative optical image of exfoliated (PEA),Pbly flakes
is presented in Fig. 1(d), with the relatively large size of several
micrometers. In particular, the optical contrast of the (PEA),Pbly
can reflect its thickness, which originates from the interference
between the sample and the substrate.”* The region in purple rep-
resents thinner samples, while the area in yellow represents a much
thicker location (i.e., hundreds of nanometers). The AFM image and
the corresponding height profile are shown in Figs. 1(e) and 1(f),
respectively, where the thickness of the thin region is 175 nm. The
optical image and AFM image of the thinner flake are shown in Fig.
S3. The Raman spectrum excited by a 633 nm CW laser is shown in
Fig. S2(b), where the dominant peak is located at 106 cm™'. Coin-
cident with the previous studies, this peak is ascribed to the m-7
vibration of PEA rings.”” The modes of in-plane Pb-I stretching,
out-of-plane I-Pb-I rocking, and octahedral rotation, which were
demonstrated locating at the frequency smaller than 60 cm ™% were
not recorded here due to the cutoff of Rayleigh scattering by our
long-pass filter. In addition, under the excitation of a 488 nm CW
laser at room temperature, the (PEA),Pbly flake exhibits the PL
emission with a narrow linewidth of 13.5 nm at 527.1 nm [Fig. 1(¢)],
which is corresponding to an excitonic emission at 2.36 eV and indi-
cates the high quality of the crystals.” The average PL lifetime for
the (PEA),Pbly thin flake is 3.48 ns (Fig. S5), and the estimation of
binding energy is 226 meV (Fig. S6). Due to such robust excitonic
emission, the (PEA),Pbl, flake can be unambiguously employed as
an optical gain medium for further lasing investigation.

To realize efficient lasing emission, the most important consid-
eration is sufficient optical gain and affordable losses of the cavity.
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FIG. 1. Morphological and optical characterization of the prepared (PEA),Pbls. (a) Schematic illustration of the optimized crystal structure of 2D layered (PEA),Pbly
crystals along the C axis. (b) The XRD patterns of the (PEA),Pbls bulk crystal recorded from the (001) plane. (c) PL spectrum of the exfoliated (PEA),Pbl;, flake at room
temperature. The emission peak is at 527.1 nm. (d) Optical image and (e) Atomic Force Microscope (AFM) image of the exfoliated (PEA),Pbl, flake on the SiO; substrate.
(f) The corresponding height profile of the selected zone in (e). Scale bar: 10 um for (d) and 5 um for (e).

In general, high reflectivity distributed Bragg reflectors (DBRs) are
the prerequisite to realize in a vertical-cavity surface-emitting laser.
As illustrated in Fig. 2(a), the bottom DBRs are constructed by
12 pairs of dielectric SiO,/TiO, layers with alternative quarter-
wavelength thicknesses to guarantee high reflectivity. Notably, in
order to reduce the possible strain effect arising from the SiO»/Si
substrate, one layer of SiO, was pre-deposited in advance. After
the deposition of the bottom DBR, the exfoliated (PEA),Pbl, flakes
were transferred onto the surface via the Scotch tape method. Sub-
sequently, about 200 nm-thick PMMA was spin-coated on the
exfoliated (PEA),Pbl, flake for covering the fragile perovskites, pre-
serving their intrinsically optical quality, and merged with the per-
ovskite layer to support Fabry-Pérot oscillation. After that, 11 pairs
of Si0,/Ta, 05 layers were deposited on the PMMA as the top DBR.
Replacing TiO, with Ta,0s here is vital because Ta;Os has a low
melting point. Thus, the operating temperature of the e-beam evap-
oration can keep low, which prevents the damage of the delicate gain
media. The optical image and the corresponding fluorescence image
of the DBR/2D perovskite/DBR sample are shown in Fig. S4, which
show the uniform shape and green emission. The cross-sectional
scanning electron microscope (SEM) image of the as-fabricated bare

cavity is presented in Fig. 2(b), in which the solid dielectric layers
can be clearly distinguished, and their interfaces are evident for the
alternating structures of the microcavity. As shown in Fig. 2(c), the
normalized reflection spectra ranging from 500 to 570 nm of the bot-
tom and top DBRs exhibit their maximum reflectivities of 99.8% and
97.4%, respectively. Such a broad high-reflectivity region of the stop-
band covers the complete spontaneous emission of the (PEA),Pbly
perovskite and is beneficial to strong optical confinement. In con-
sideration of the incidence of 488 nm excitation laser and the output
emission from the top DBR, its reflectivity is designed to be slightly
smaller than that of the bottom one. Figure 2(d) shows the emission
of the (PEA),Pbl, perovskite embedded cavity. Compared with the
spontaneous emission band (i.e., located at 527.1 nm with a width
of 13.5 nm) of the (PEA),Pbls perovskite on the SiO, substrate
[Fig. 1(c)], the emission linewidth of the perovskite embedded in the
microcavity narrows down to 0.45 nm and redshifts to 537.4 nm,
owing to the strong optical confinement of the microcavity. The
quality factor Q is estimated by
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FIG. 2. Construction and characterization of the microcavity. (a) Schematic of the (PEA),Pbls VCSEL, green block: SiO; layer, orange block: (PEA),Pbls, gray block: PMMA,
purple block: Ta,Os, and blue block: TiO,. (b) Classic cross-sectional scanning electron microscope (SEM) image of the microcavity. Scale bar: 1 um. PMMA locates at the
center with a thickness of about 200 nm. (c) Reflectivity spectrum of top DBRs (Ta,05/SiO,, red trace) and bottom DBRs (TiO,/SiO;, black trace). (d) Lasing mode of the

(PEA),Pbls embedded microcavity.

where AA and A represent the width of cavity mode and the emis-
sion wavelength, respectively; in our case, the derivative Q is about
1194.

The lasing characteristic of a (PEA),Pbls VCSEL is explored
by using a 488 nm CW laser as the pumping source and collect-
ing the emission under the backscattering configuration at room
temperature. As presented in Fig. 2(d), a strong lasing emission
(LE) peak at 537.4 nm and a weak broad emission band resulting
from leaked spontaneous emission (LSE) emerge in the PL spectrum
of a (PEA),Pbly VCSEL. Figure 3(a) presents the evolution of the
steady-state PL spectra of this perovskite VCSEL sample pumped by
various low-excitation powers, ranging from 535 to 540 nm. The
emission band raises in intensity and becomes narrower with an
increase in excitation power. Figure 3(b) shows the evolution of PL
spectra under different high excitation powers in the broad spec-
tral ranges covering all the emission range, where the LSE band is
ignorable compared with the LE peak, implying the low optical loss
of the VCSEL device. Furthermore, the evolution of the emission
peak at 537.4 nm has been explored in detail as the excitation power

increases. As shown in Fig. 3(c), the integrated PL emission intensity
is plotted as a function of excitation power, which is also called
the L-L curve. As the excitation power exceeds a specific value, the
PL emission intensity increases remarkably, where such a value is
called threshold.”” Subsequently, lasing emission takes place from
the device. From the L-L curve, it is evident that there are two turn-
ing points, which divide the curve into three regions categorized
as spontaneous emission (SE), superlinear amplification (SLA), and
lasing emission, respectively. The SE data (in green) display a sublin-
ear dependence, owing to the reabsorption caused by the reflection
of the DBR mirrors and the quenching of exciton emission origi-
nating from nonradiative recombination.'*'®?® The SLA range (in
yellow) displays the superlinear feature, while the lasing range (in
red) presents the nearly linear behavior. Concisely, this nonlinear
characteristic in the L-L curve is the tangible evidence of lasing.
A similar transition from sublinear to superlinear has been broadly
observed in microcavity lasers based on other large excitonic systems
such as 2D transition metal dichalcogenides and organic solid-state
crystals.”®?’ Meanwhile, the evolution of the emission peak width
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FIG. 3. Lasing characterization of (PEA),Pbls VCSEL. (a) PL spectra collected at the zoom-in range under varied low excitation powers (<120 nW). (b) PL spectra collected
at the extensive range under various high excitation powers (>160 nW). (c) L-L curve presenting the emission intensity at lasing wavelength as a function of excitation
power. (d) Full width at half maximum (FWHM) of the emission as a function of excitation power. The green, yellow, and red regions represent spontaneous emission,

superlinear amplification, and lasing.

under the excitation with various powers is present in Fig. 3(d),
where it narrows from 0.67 to 0.42 nm during the transition from
SE to SLA, with a reducing ratio of 38%. The emission peak is much
narrower compared with existing 2D perovskite VCSELs under the
pulsed laser pumping, for example, the width of which is 0.8 nm
reported by Zhai et al.,'’ suggesting a high Q-factor and efficiently
optical confinement of our VCSEL device. The similar narrowing of
the lasing peak has generally been detected in other 2D perovskite
lasers,'*17*" which is another suggestive evidence for the evolution
from SE to LE. From the change in the intensity and the width with
the increasing excitation power, the lasing threshold is extracted at
about 65 nW, equivalent to 5.7 W cm™~ with an irradiated laser
spot size of 1.2 ym, which is one order of magnitude lower than
the threshold of the recently reported 2D perovskite CW laser.'®
Such a value is reasonable because perovskites with the preferred

crystal orientation usually exhibit a lower threshold.!'*! For exam-
ple, a threshold of VCSEL based on the single-crystalline 3D
MAPbBr; perovskite thin film is lately reported as 34 mW cm™>*
This ultra-low threshold is ascribed to the high quality of the crys-
talline gain medium and cavity. The spin-coated 2D perovskite thin-
film usually contains multiple Ruddlesden-Popper perovskite com-
ponents, which are easy to form bound excitons and bi-excitons
under high-density pumping. In addition, the scattering and the
nonradiative recombination at the boundary of the polycrystalline
domain could induce optical loss, which hinders the occurrence
of lasing. On the contrary, a single crystal with high crystallinity
can reduce the defect density efficiently. On the other hand, unlike
cavity-free configurations such as nanowire,” the designed VCSEL
configuration is a useful strategy to promote optical gain. During
the fabrication process, the use of PMMA is in favor of the smoother
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surface and waveguiding effects. Unlike merely covering the top
DBR, which is hard to control the thickness and probably induces
additional air gaps, directly depositing the top DBR help for close
contact, resulting in a better optical confinement. In contrast, exist-
ing CW DEFB lasers'®* rely on the growth of perovskites as the
submicron periodic construction, which produces large scattering
loss and leads to larger thresholds.

The stability of emission with continuous excitation is of crit-
ical concern for the practical application of a laser device. In order
to evaluate the stability of our device, the lasing behavior was mon-
itored via confocal PL measurement along with time. As shown in
Fig. 4(a), the as-fabricated (PEA),Pbly VCSEL is under constantly
pumping by a 488 nm CW laser with an intensive power of 20 yW for
300 s, and the emission spectra probed from a single pumping spot
are illustrated as the contour map of the in situ time-dependent PL
intensity. A single narrow peak was observed from the spectra with-
out any boarding or shifting over times. Figure 4(b) shows the inte-
grated emission intensity of lasing emission as a function of pump
time, where the lasing intensity decreases to 75% of its original value
over 300 s. In the previously reported organic-inorganic MAPbI;
perovskite CW laser, the RT lasing emission of which totally van-
ished after 250 s continuously pumping with the excitation power
near the threshold. By contrast, our (PEA),Pbl; VCSEL is more sta-
ble, owing to the protection afforded by the long-chain PEA cations
and surface passivation effects of PMMA.>**

It is worth mentioning, the variation of (PEA),Pbl, perovskite
layer thickness, unintentionally induced from the exfoliation pro-
cess, is possible to cause changes in the cavity length, which may
lead to multi-mode emission. As shown in Fig. 5(a), the PL spectra
of (PEA),Pbl; VCSEL in a broad range exhibit two narrow emission
peaks located at 538.3 and 539.8 nm, denoted as mode 1 and mode 2,
respectively. Both modes rise with the increase in pumping power.
LSE is relatively low, indicating the lasing fraction is dominating.
The mode spacing between modes 1 and 2 is 1.5 nm. If we assume
this 1.5 nm spacing is free spectral range of a Fabry—Pérot resonator,
which is defined as

AZ
MApsg = —,
FSR 2l
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300

1470
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where A represents the wavelength of the resonated optical wave in
vacuum, # denotes the group refractive index, and L stands for the
length of the cavity. In our designed cavity, AArsg can be deviated as

AZ

AArsg = ,
21peroLpero + 2npMmaLPMMA

where nper, and npypa denote the refractive index of (PEA),Pbly
perovskite and PMMA and Lp.r, and Lpyma stand for the thickness
of (PEA),Pbly perovskite and PMMA, respectively.

If we take

AAgsg = 1.5 nm,

then the thickness of the (PEA),Pbl, perovskite can be calculated as
Lpero = 44 pum,

which is two orders of magnitude larger than our designed thickness,
even much larger than the lateral size. Therefore, we assigned these
two modes to the emission that originated from perovskite flakes
with slightly various thicknesses. The power-dependent PL measure-
ment has been conducted for detailed studies. As shown in Fig. 5(b),
the L-L curve of mode 1 exhibits the kink point pronouncedly,
which appears around 307 nW. The regions of SE, SLA, and LE can
be identified clearly. Figure 5(c) presents a similar evolution of mode
2, but the extracted threshold is at 110 nW. The different thresholds
of these two modes indicate that they are originated from perovskite
flakes with different thicknesses, i.e., the cavity length is changed.
Thus, the thresholds are different due to the change in the dielectric
environment.

The wavelength of the cavity mode is greatly dependent on
the cavity length. In order to explore the relation between the
thickness of the (PEA),Pbly flake and the position of the cavity
mode, the simulated reflection spectrum of our designed cavity
structure with the perpendicular incidence was theoretically cal-
culated with the finite-difference time-domain (FDTD) method.
The simulated VCSEL structures were set to consist of 200 nm
PMMA and one (PEA),Pbly layer with thicknesses of 243, 245,

(b)
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FIG. 4. Stability of as-fabricated (PEA),Pbl, VCSEL under constant excitation. (a) Contour map of the time-dependent PL intensity. (b) Integrated emission intensity of
lasing emission as a function of pumping time at room-temperature ambient atmosphere. The excitation is the 488 nm CW laser with a power of 12 yW.
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FIG. 5. Lasing characterization of as-fabricated (PEA),Pbl, VCSEL with two lasing modes. (a) PL spectra collected under a variety of excitation powers. [(b) and (c)]
Intensity of PL emission of two modes as a function of excitation power. The green, yellow, and red regions represent spontaneous emission, superlinear amplification, and
lasing, respectively. (d) Simulated reflection spectrum of as-designed VCSEL with various thickness of (PEA),Pbl, flakes.

and 248 nm, respectively. Thus, it is understandable that there are
two modes in the spectrum [Fig. 5(d)]. However, only the mode at
the long wavelength side will be observed from PL spectra because
the mode located at about 460 nm is out of the emission range of
(PEA),Pbly. The wavelength of the cavity photon was designed to
locate at the lower energy side of the emission range, considering
the higher absorption at the higher energy side. As the thickness
of the (PEA),Pbly layer slightly increases, the cavity mode redshifts
synchronously. The modes at the long-wavelength side of the cavi-
ties with 243, 245, and 248 nm (PEA),Pbl, layers are 536.1, 538.8,
and 541.5, respectively. Obviously, the step of the redshift with an
increase of 3 nm in thickness is 2.7 nm. Therefore, we consider the
mode spacing between modes 1 and 2 in Fig. 5(a) as 1.5 nm, which
can be attributed to the roughness of the exfoliated (PEA),Pbly
flakes’ surface, leading to the difference in thickness as well as the
change in cavity length.

In summary, millimeter-sized high-quality 2D layered
(PEA),Pbly single crystals have been successfully synthesized by a
modified two-step seed-growth method, the mechanically exfoliated
thin flakes of which exhibit high crystallization, excellent thermally

stability, and outstanding optical properties. The exfoliated
(PEA),Pbl, flakes were utilized as the superior gain materials and
embedded in two sets of high-reflectivity DBRs to form a high
Q-factor VCSEL. The single-mode CW lasing with an ultra-low
threshold of 5.7 W cm™2 has been observed at room temperature,
which is demonstrated by the intensity kink of the L-L curve and
the linewidth narrowing. The as-fabricated laser displays improved
photostability with a working duration of over 300 s, which is much
more stable compared with the relevant 3D perovskite laser.”” The
multi-mode emission has been synchronously explored, attributed
to the roughness induced unintentionally during the exfoliation
process. This work is not only beneficial to the development of
electrically driven laser based on 2D lead halide perovskites but also
truly pushes the field of practical coherent light sources and on-chip
integrated optics.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental details.
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