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ABSTRACT: Metal halide perovskites have emerged as promising
gain materials for on-chip lasers in photonic integrated circuits. For
these to become commercially relevant as economical on-chip light
sources, a clear onset of quasi-continuous wave (quasi-CW) and,
eventually, continuous wave (cw) lasing at room temperature or
Peltier-cooling accessible temperatures from directly patterned
perovskite cavities is a critical milestone that must be achieved.
Herein, through directly patterning with nanoimprint lithography
and encapsulation of the cavity with a thin layer of polycarbonate
(PC), quasi-CW lasing from CH;NH;PbBr; (MAPbBr;) is
demonstrated up to 260 K. The PC layer is also shown to
effectively encapsulate the surface defects of MAPbBr; and protect devices from environmental hazards. Through the combined
analysis of the crystal quality, degradation process during optical pumping, defect encapsulation, and laser performance, room
temperature CW lasing from directly patterned perovskite cavities should be within reach.

KEYWORDS: CH;NH;PbBr;, polycarbonate, nanoimprint lithography, on-chip light source, photonic crystal laser

Bl INTRODUCTION cooling is a crucial intermediate step to achieve this goal.
Although a number of CW perovskite lasers have been
reported, only a handful of them show a clear indication of the
onset of lasing from the light—light (LL) curve and spectral
evolution.”'® The optical cavities in these reports are formed
by spin-coating a perovskite thin film on prepatterned
substrates, which lacks dimension control and repeatability.
However, to insert perovskite lasers into photonic ICs in a
manufacturing friendly manner, directly patterned perovskite
cavities with improved fabrication repeatability, high through-
put yield, dimension controllability, and a smooth surface are
desired. To this end, a few directly patterned perovskite lasers
have been reported, but all were tested under optical pumping

solution-processed and widely tunable metal halide perovskites with pulses of 100 s to 5 ns in the effective pulsed regime

. . . . (when the pulse width is shorter than perovskite’s carrier
have been recognized as a promising candidate since the first lifetime).!'~1® In fact, we previously reported CW lasing at
demonstration of the perovskite laser in 2014.°7*' In ) ¢ P Y P &

: ) . s ) ) room temperature (RT) from a directly patterned MAPbI;-
particular, hybrid organic—inorganic lead halide perovskites distributedpfeedback cavity, which lacks apclear indication of
(MAPbX;; MA = CH;NH;*, X = Br, I, CI7) have shown .27 ’ . .

: / ; : the onset of lasing.”” Through ongoing research, we discovered
remarkably low lasing thresholds, where lasing action is . )

; 7 that CW lasing was not actually achieved because of the
ascribed to a correlated electron—hole plasma.”® Moreover,

perovskites hold great promise for optoelectronic devices
beyond lasers” because of their high quantum efficiency,
balanced ambipolar char}ge transfer, strong light absorption,
and long carrier lifetime.””~>° However, an electrically pumped
perovskite laser—a major goal of perovskite laser research—
has not yet been demonstrated. Optically pumped lasing under
continuous wave (CW) excitation without any substrate

An economical on-chip light source is a crucial component in
high-performance photonic integrated circuits (ICs).'~*
Although inorganic III-V and III—Nitride semiconductor
lasers can be highly efficient and stable, they are typically off-
chip due to the difficulty of their integration with the silicon
(Si) platform. Consequently, the system suffers from large
coupling loss between the off-chip light source and Si chip at a
high packaging expense. Coupling loss and packaging cost
reductions have been reported for heterogeneously integrated
lasers on Si via wafer bonding"’ and homogeneously
integrated 11—V lasers on Si.* In the quest for alternative
gain media for cost-effective and Si-compatible on-chip lasers,
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Figure 1. (a) Schematic of key fabrication steps. SEM images of the nanoimprinted MAPbBr;
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Figure 2. (a) Evolution of the emission spectra. (b) Integrated output power and fwhm as a function of pump power density. (c) Emission spectra
of the laser showing a lasing wavelength blue-shift and widening of the line width from 77 K (1.52 X Py,) to 260 K (1.67 X Pg).

absence of a line width narrowing at the threshold, and the
narrow emission line that was present at low pump powers
below the reported threshold likely originated from a modified
A demonstration of quasi-CW
(e.g., when the pulse width of the excitation source is longer
than the carrier lifetime of the material) and, eventually, CW
lasing at RT or Peltier-cooling accessible temperatures from

P 28
spontaneous emission effect.

directly patterned perovskite cavities with a smooth surface is
required for perovskite lasers to be commercially relevant as
economical on-chip light sources.

In this work, we unambiguously show quasi-CW lasing from
directly patterned and encapsulated MAPbBr; photonic crystal
(PhC) cavities up to 260 K. Because the carrier lifetime of
polycrystalline MAPbBr; is shorter than 10 ns,”” " the quasi-
CW pumping condition is satisfied when the optical excitation
duration is longer than 10 ns. In our case, optical pulses of 17
ns duration and 355 nm wavelength are used as the quasi-CW
pump source. The PhC laser cavity is directly patterned using
the manufacturing-friendly thermal nanoimprint lithography
(NIL) and subsequently encapsulated with a thin layer of
polycarbonate (PC). With the operation occurring within a

1985

Peltier-cooling accessible temperature range, this work paves a
path toward CW lasing in directly patterned perovskite cavities.
In addition, it provides insights into the degradation process of
MAPDBr; during optical pumping and presents a novel method
to encapsulate perovskite effectively with negligible effect on
the lasing threshold.

B RESULTS

The first step toward a high-quality laser cavity composed of
perovskite thin film gain medium is the development of a well-
controlled direct patterning method for perovskite. Our
approach is to use the manufacturing-friendly NIL with
customized SiO, stamps. The height of the stamp is chosen
to be 140 nm to efficiently confine the fundamental mode
while minimizing the number of modes in the vertical
direction. Next, perovskite residue thickness, nanohole
diameter, and PhC period are varied to tune the fundamental
mode wavelength to the center of the gain spectrum for
MAPbBr;. The stamps are fabricated by electron-beam (e-
beam) lithography to have a PhC period of 315365 nm, a
diameter of 200—280 nm, and a height of 140 nm (stamp
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fabrication method and pattern map are shown in section 2 of
Supplementary Part A). As depicted in Figure la, MAPbBr,
films are first spin-coated on SiO, (1 um) on Si substrates and
crystallized by annealing at 70 °C for 5 min. Next, NIL is
performed on the thin film at 100 °C and 70 bar pressure for
20 min to create a MAPbBr; 2D PhC cavity, which is
subsequently encapsulated with a thin layer of PC. Further
fabrication details of PC-encapsulated 2D PhCs are described
in section 1 (MAPbBr; thin film fabrication), section 3
(nanoimprint lithography), and section 4 (PC formation) of
Supplementary Part A. Figure 1 panels b and ¢ show the
scanning electron microscopy (SEM) images of the MAPbBr,
cavity before and after PC encapsulation, respectively. Figure
1c shows that 50 nm of PC uniformly coats the MAPbBr; PhC.
As shown in Figure 1d, the lasing mode wavelength can be
tuned over a wide range by tuning the PhC cavity dimension.
This can be accomplished either by changing the dimension of
the NIL stamp or by changing the perovskite residue thickness
with the same NIL stamp, which changes the cavity’s effective
permittivity. Increasing both the thickness of the PC layer and
perovskite residue layer increases the effective permittivity of
the material stack, leading to a red-shifted lasing wavelength.
Conversely, increasing the nanohole diameter decreases the
effective permittivity, leading to a blue-shifted lasing wave-
length. This trend is also supported by the simulation result in
Figure S6.

Figure 2 panels a and b present the spectral evolution and
light-in versus light-out characteristics of the encapsulated
MAPDBr; PhC laser at 260 K, respectively. At low pump power
densities, a narrower and enhanced asymmetric photo-
luminescence (PL) spectrum compared with the PL from
outside of the pattern (i.e., thin film PL) is observed because of
the spectral filtering by the periodicity of PhC.>**® The
intensity from the asymmetric PL increases with pump energy
density up to 1.96 mJ cm™* (0.435 X Py**X) and remains
almost constant at >2.48 mJ cm™2 (0.55 X P20 %), At 3.9 mJ
cm™2 (0.86 X Py,2°X), a sharp peak appears at ~548 nm. With
increasing pump power, the side-mode suppression ratio
(SMSR) of the mode rapidly increases to 1.27 dB, resulting
in a kink in the LL curve at ~4.5 mJ cm™2. The fwhm evolution
in Figure 2b shows the expected sudden narrowing of the
mode line width to 0.9 nm at 4.5 mJ cm™?, which signifies the
onset of lasing. With further increasing pump power, the
SMSR continuously increases and reaches a maximum of 11.77
dB at 8.37 mJ cm ™% We note that, at above the threshold, the
fwhm fluctuates with an increasing trend, which can be
attributed to the interplay between the temperature-dependent
exciton—phonon interaction and the pump-power dependent
gain coefficient.'* Figure 2c shows the lasing line width of 1
nm at 1.67 X Py,**° ¥ and a much narrower lasing line width of
0.4 nm from the same pattern when tested at 77 K at 1.52 X
Py, for comparison.

Temperature-dependent lasing behavior is depicted in
Figure 3. As temperature rises, the lasing threshold gradually
increases, with a 15X difference between 77 and 260 K. Figure
S7 summarizes the lasing threshold’s dependence on temper-
ature. Note that the pump laser’s repetition rate is 100 kHz for
77—200 K, but a 10 kHz repetition rate is employed for 230
and 260 K to reduce self-heating, which may be a reason why
the slope efficiency at 230 K is slightly higher than that at 200
K. If 10 kHz was used for all temperatures, the lasing threshold
of 77—200 K would be lower than those reported. Nonethe-
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Figure 3. Normalized integrated output power as a function of pump
power density at different temperatures.

less, the trend of an increasing threshold with increasing
temperature is still observed.

The increase in the lasing threshold can be attributed to the
increased loss and decreased optical gain with increasing
temperature.””> We note that reduction of gain with
increasing temperature is the general trend in semiconductor
gain materials.>*>” However, in contrast to conventional
semiconductors, such as III-V, in which the emission
wavelength red-shifts as temperature increases,’®*" the
emission wavelength of MAPbBr; blue-shifts with increasing
temperature, as shown in Figure 2¢ and Figure S8a. This is
attributed to the phase transition of MAPbBr; with increasing
temperature, namely, from orthorhombic to tetragonal phase at
130—150 K and from tetragonal to cubic phase at 230—250
K2

Figure 4a,b shows the cavity dimension’s effects on lasing
performance at 260 K. For the device with the desired cavity
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Figure 4. Evolution of the emission spectra from the laser with (a)
desired and (b) undesired dimensions showing multiple modes
marked by numbers at 260 K. * = lasing mode.

dimensions of diameter of 205 nm, period of 315 nm, depth of
140 nm, PC thickness of 50 nm, and perovskite residue
thickness of 11 nm (Figure 4a) where we design the highest Q
mode to be at the thin film waveguide resonance (see the
distribution of simulated cavity modes in Figure S6a), the
lasing mode at 548 nm is the dominant cavity mode
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Figure S. (a) STEM (top) and AFM (bottom) of MAPbBr; thin film before (left) and after (right) NIL. (b) TEM of MAPbBr; thin film after NIL

(inset: FFT pattern with [001] zone axis).

throughout the entire pumping power range. This mode has a
low threshold because it is at both the PhC band-edge
resonance and the thin film waveguide resonance that is
directly related to the optical gain of a material without
requiring additional optical feedback.*”*’ Figure S8b shows the
amplified spontaneous emission (ASE) from MAPbBr, thin
film’s waveguide resonance (measured outside of the patterned
PhC area) at various temperatures to be 10 mJ cm™ (& 2.2 X
Py2%° %), in which clear ASE at 548—549 nm can be seen at
temperatures below 230 K (see Supplementary Part E for the
details of the optical characteristics of imprinted MAPbBr; thin
films).

However, multiple modes are observed at low pump powers
in a device with undesired cavity dimensions of diameter of
240 nm, period of 325 nm, depth of 140 nm, PC thickness of
50 nm, and perovskite residue thickness of 37 nm, marked by
numbers in Figure 4b. These modes include mode #1 at
549.61 nm, mode #2 at 546.3 nm, mode #3 at 550.39 nm, and
mode #4 at at 552.3 nm. At high pump powers, the mode #2 at
546.3 nm wins the mode competition and becomes the lasing
mode. However, the lasing threshold of this device is 2 times
higher than that with the desired dimensions due to poor
overlap between the high Q mode and perovskite gain.

Because perovskite thin film quality and device performance
are intrinsically intertwined, improvements on a perovskite’s
morphological properties such as enlargement of grain size,""**
surface-passivation,”** and an increase of the preferred crystal
orientation”’ all lead to improved device performance. We
show that the imprinted MAPbBr; has excellent morphology
and crystallinity and that PC encapsulation on the imprinted
film leads to an enhanced stability because PC not only blocks
environmental hazards but also improves the surface quality of
MAPDBr; film by encapsulating the defects.

Thanks to the surface-energy-driven grain growth of
perovskites during NIL,*' the grain size of MAPbBr, is
enlarged, and the number of pinholes is reduced. We note that
a flat stamp is used for NIL effect study. The scanning
transmission electron microscopy (STEM) images in Figure Sa
show that, after NIL, the number crystallographically
controlled voids, indicated by the bright regions, decreases
by ~65%. SEM study also confirms the morphology improve-
ment with a reduced number of voids, a smoother surface, and
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increased grain size (see Figure S9a,b for SEM images of
MAPDBr; thin films before and after NIL, respectively). The
surface roughness reduction is quantified by atomic force
microscopy (AFM), as depicted in Figure Sa (bottom images).
Before NIL, the film has a root-mean-square (RMS) roughness
of 3.84 nm from a 2 X 2 um area. After NIL, the RMS
roughness is reduced by 5-fold, to 0.75 nm.

We directly observe the crystallinity and crystal structure of
MAPDBr; after NIL by carrying out high-resolution TEM
(HRTEM) measurements, which require a specimen with a
relatively flat/smooth surface. In the case of a perovskite, TEM
measurements are challenging for two main reasons. First, the
typical process of making TEM specimens (e.g, Focused Ion
Beam (FIB) for thinning down the material) damages a
perovskite, introducing artifacts in the image. Second, the
crystallinity of perovskite grains gets destroyed by e-beam
energy within seconds, as shown in Figure S12. Therefore, to
obtain TEM images on an e-beam-sensitive perovskite, quick
focusing of the beam and quick imaging are necessary. For
MAPDBr; thin films before NIL, meaningful TEM images
cannot be obtained because of the rough surface of the film, as
shown in Figure S13. In contrast, films after NIL show clearly
observable periodic arrays of atoms in Figure Sb, owing to the
smooth surface (RMS = 0.75 nm) that results from NIL. An
interplanar spacing of 4 A indexable to the (110) planes of a
cubic structure is observed. The inset of Figure Sb shows the
fast Fourier transform (FFT) pattern with the [001] zone axis
of MAPDbBr;. Such direct observation of the arrangement of
atoms allows us to conclude that the MAPbBr; film after NIL
contains highly crystalline structures.

Although NIL enhances the film quality and, thus, the
optical property (Figure S9c), the imprinted MAPbBr; still
contains defects and grain boundaries that serve as trigger
points of degradation. We further improve the device quality
by encapsulating the trigger points with a thin layer of PC film.
Compared with the popular choice of encapsulation by grown
ALO; atomic layer deposition (ALD),”™* we find PC
encapsulation to be more suitable because of its better
uniformity, lower processing temperature, cost-effectiveness,
and fabrication simplicity. The surface of PC-encapsulated
MAPDBr; films is smoother and contains less defects than
those encapsulated by ALD-AlL,O; (see section 2 of
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Figure 6. SEM images of (a) as-spin-coated film, (b) PC-encapsulated MAPbBr;, and (c) PC-encapsulated MAPbBr; with NIL before (top) and
after (bottom) UV. XRD spectra showing the effect of UV exposure on MAPbBT, film (d) without and (e) with PC encapsulation, before (top) and
after (bottom) UV. (f) Schematic of PC encapsulation to prevent perovskite degradation from heat, photon energy from UV, moisture, and oxygen.

Supplementary Part F for the study of encapsulation with
ALD-ALO,).

We find photoinduced damage in the MAPbBr; PhC laser
without any encapsulation after testing with optical pumping,
in which destroyed the PhC structure can be seen (Figure
S10c). We treat the PC-encapsulated MAPbBr; thin films with
more extreme conditions than our typical optical pumping
condition to better show the effect of PC encapsulation,
especially during laser operation far above the lasing threshold.
We illuminate the film with high photon energies of 4.8 and
6.7 eV using a low-pressure mercury lamp without any
substrate cooling in atmosphere.

Figure 6a shows that without PC’s protection, UV light
destroys perovskite grains. Compared with the as-spin-coated
film in Figure 6a (top), more pinholes and a roughened surface
are evident after UV exposure (Figure 6a-bottom). Conversely,
once encapsulated with PC, perovskite grains are protected
from UV [Figure 6b (top) in comparison with Figure 6b
(bottom)]. For nanoimprinted samples, PC plays a similar role
(Figure 6¢).

1988

We further analyze PC’s effect by X-ray diffraction (XRD)
measurements: after UV exposure, a specimen with PC exhibits
the same crystallinity (Figure 6e) whereas one without PC
shows significantly reduced crystallinity (Figure 6d). Figure 6f
depicts a simplified schematic of the degradation mechanisms
caused by heat, photon energy, oxygen, and moisture (top)
and the isolation of the perovskite from the ambient
atmosphere by PC encapsulation of pinholes and grain
boundaries (bottom).

B CONCLUSION

By directly patterning MAPbBr; into a 2D PhC cavity and
encapsulating it with PC, we have demonstrated quasi-CW
lasing from MAPbBr; up to 260 K, pumped with optical pulses
of 17 ns duration and 355 nm wavelength. While
comprehensively studying the temperature-dependent lasing
behavior, we found a gradual increase of lasing threshold with
temperature and better lasing performance when the cavity
mode coincides with the thin film’s resonance. By investigating
MAPDBr; quality enhancement through NIL, we showed that
NIL could reduce the number of inter- and intragranular
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defects and enlarge crystals, thus leading to smoother/flatter
surfaces. We further showed that a thin layer of PC film could
effectively encapsulate the remaining surface defects of
MAPDBr; and protect devices from environmental hazards,
resulting in long-term device stability. We expect that CW
lasing from directly patterned perovskite cavities is within
reach through the combined analysis of crystal quality, the
degradation process during optical pumping, defect encapsu-
lation, and laser performance.

B EXPERIMENTAL SECTION AND METHODS

Atomic Resolution Scanning Transmission Electron
Microscopy (STEM)/TEM. For atomic resolution imaging,
aberration-corrected JEM-ARM 200F (JEOL USA Inc.) is
employed at an accelerating voltage of 200 kV, which can be
operated under either STEM mode or TEM mode. The
morphology of the thin films before and after NIL is
investigated using the STEM mode, and the atomic structure
of nanoimprinted films is examined using the TEM mode. The
sample thickness for STEM/TEM examination was reduced by
scraping MAPDbBr; thin films with a razor blade, and the
scraped MAPDBr; is dispersed in toluene by ultrasonication for
a few minutes. The resulting solution (toluene and scraped
MAPbBr;) is dropped on a TEM grid (Cu-300HD, copper
grids, 300 mesh), and STEM/TEM is performed after the
evaporation of toluene. For nanoimprinted samples, MAPbBr;
films are imprinted with a flat stamp before being scraped with
a razor blade. Note that although specimen preparation for
TEM usually requires focused ion beam lithography to thin
down the sample, the above approach is used to avoid damage
during sample preparation.

X-ray Diffraction (XRD). XRD measurements are
performed using a Rigaku SmartLab X-ray Cu target (Kal =
1.54059 A) and a HyPix 3000 detector. Out of plane
measurements (2-theta/omega scan) are performed on all
samples under the same measurement conditions, in the 2-
theta range of 5— 60° with 0.01° step and ~2° per min scan
speed, to see the thin film crystallinity and structure.

Atomic Force Microscopy (AFM). AFM images are taken
using a Veeco Multimode V SPM to examine the morphology
of thin films. The thin films are scanned for a 2 X 2 ym area at
a 0.8 Hz rate using an AFM tip (OTESPA-R3 from Bruker).

Steady State Microphotoluminescence (Micro-PL)
Spectroscopy. The device under test is excited with 17 ns
optical pulses at 355 nm (TALON-355—20, Spectra-Physics),
with a spot size of 100 ym in diameter. Emission from the
sample is collected using a cascaded 4-f system and focused
onto the slit of a spectrograph (Princeton Instruments,
IsoPlane SCT-320) coupled to a cooled Si detector (Princeton
Instruments, PIXIS:400BRX). A more detailed description can
be found in Supplementary Part H.
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