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MAPDbBYr; First-Order Distributed Feedback Laser with

High Stability

Cheng Chang, Yangwei Shi, Chen Zou, and Lih Y. Lin*

A green-emitting perovskite first-order distributed feedback (DFB) laser based on the
methylammonium lead bromide (MAPbBr;) with high stability is demonstrated for
the first time. The laser achieves stable lasing at 550 nm with a full width at half
maximum of 0.4 nm. Low lasing threshold of 60 pJ cm 2 under nanosecond pulsed
excitation and 3.1 pJ cm 2 under femtosecond pulsed excitation is observed,
showing a much lower lasing threshold compared with the second-order DFB
cavities, which are fabricated on the same substrate. By optimizing the antisolvent
treatment and encapsulating with poly(methyl methacrylate), the laser lifetime,
resistance to moisture, lasing threshold, and intensity are significantly improved. The
lasers are fabricated with a complementary metal-oxide-semiconductor-compatible
process, thus offer promising potential for the integrated photonic devices.

for electrically pumped perovskite lasers.
Conventional semiconductor lasers cover
the spectrum from UV to near-IR well except
the “green gap.” Given the facile emission
color tunability of perovskite materials over
the entire visible spectrum, perovskite lasers
are promising for bridging this gap.

There are several types of perovskite
lasers such as Fabry-Pérot resonators, ™!
photonic crystal lasers,™ random lasers,*®!
vertical-cavity surface-emitting lasers,"” and
DFB lasers.['82% Among them, first-order
DFB lasers are especially favorable for inte-
grated photonics with controllable lasing

1. Introduction

Metal-halide perovskites are promising solution-processed
materials with superior optical and electrical properties. Their high
absorption coefficients, high-photoluminescence quantum yield
(PLQY), low-trap-state densities, high carrier mobility, and tunable
direct bandgaps are favorable for many optoelectronic devices such
as light-emitting diodes (LEDs),!' solar cells,*® photodetec-
tors,l”® and optically pumped lasers.*! Recently, the efficiency
for perovskite solar cells and LEDs has reached 25.8%'" and
>28% 1213 respectively. Room temperature continuous-wave
lasing in quasi-2D perovskite second-order distributed feedback
(DFB) laser has also been achieved,!'” showing a promising future
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wavelength, small device structure, horizon-

tal lasing direction, and edge-emitting wave-
guide output coupling. However, first-order perovskite DFB lasers
have not been reported until recently; a red-emitting DFB laser
based on the MAPbDI; fabricated by nanoimprint lithography
achieved a lasing threshold of 310 pJ cm™2 and full width at half
maximum (FWHM) of 1.2 nm.*")

In this article, we demonstrated a green-emitting perovskite
first-order DFB laser with low lasing threshold, narrow FWHM,
high resistance to moisture, and long-term stability. The laser
was fabricated on a silicon wafer with a complementary
metal-oxide-semiconductor-compatible process. Figure 1 shows the
scanning electron microscope (SEM) images (Figure 1a,b) and a
schematic illustration (Figure 1d) of the device. To facilitate detec-
tion of the laser output, second-order DFB gratings are utilized at
both ends of the first-order DFB grating to couple the laser light out
vertically. Those edge second-order DFB gratings were not capable
of generating lasing but only facilitated light extraction, as shown in
Figure S2, Supporting Information. Figure 1c shows the dark field
image of the first-order DFB laser under operation. Upon nanosec-
ond pulsed laser excitation which illuminates the first-order DFB
grating area only, the laser achieved a narrow FWHM of 0.4 nm
and a threshold of 60pJcm 2 This threshold value is about
60% lower than the second-order DFBs with the same design.
The laser also shows long-term stability and moisture resistance
with the encapsulation of a Poly(methyl methacrylate) (PMMA)
layer. During a 4 h pumping process, the emission spectrum shows
no change in FWHM and minor degradation in peak intensity.

2. Results and Discussion

2.1. ASE and Lasing Performance

The details of device design and fabrication are shown in the
supporting information. The experimental setup for measuring
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Figure 1. a) SEM image of the first-order DFB grating for the perovskite laser with b) a second-order DFB grating area for output coupling. A waveguide
region without gratings separates the output-coupling grating from the first-order DFB resonator. c) Dark-field optical microscope image of the first-order
perovskite DFB laser under operation. The image shows the pumping light illuminating the first-order DFB grating region, and the green emission
coupled out of the second-order DFB gratings at both ends. d) Schematic illustration of the perovskite first-order DFB laser.

the amplified spontaneous emission (ASE) and lasing is
described in Experimental Section. A nanosecond pulsed laser
with 337 nm wavelength, 20 Hz repetition rate, and 3.5 ns pulse
width was used as the pumping source, unless otherwise
specified. All measurements were done at room temperature
with an ambient environment.

The ASE was obtained by pumping the area without DFB
gratings. Figure 2a,b shows the evolution of the ASE spectrum
versus pump fluence. At low excitation, the photoluminescence
(PL) spectrum shows an FWHM of 21 nm around a 530 nm
emission peak. After the pump fluence is increased to around
400 pJ cm™?, the FWHM is reduced to 2nm and the emission
peak shifts to 550 nm, both indicating the onset of ASE. The
red shift is attributed to the transition from a higher-energy
bound exciton state (PL) to a lower-energy bound exciton state
(ASE).”? Under high pump fluence, the higher-energy state
serves as the optical pump for the lower-energy state; thus,
the ASE emission at 550 nm dominates.

We then moved the pump light to the first-order DFB grating
region and performed the measurements again. The results
shown in Figure 2c,d clearly indicate lasing of the perovskite
laser. The emission spectrum shows a steep drop in FWHM once
the pump fluence reaches a lasing threshold of 60 pj cm ™2 We
also fabricated the first-order DFB gratings with different periods
ranging from 138 to 144 nm. The emission spectra of the perov-
skite lasers with these DFB gratings are shown in Figure 2e. The
lasing wavelength is tuned from 546.9 to 556.8 nm, corres-
ponding to the grating period change which affects the effective
refractive index as well.

Adbv. Photonics Res. 2022, 2200071 2200071 (2 of 6)

Compared to the lasing threshold reported in other prior
works using picosecond and femtosecond pulsed pump-
ing,'%1%?% the lasing threshold shown in this work is higher
as a nanosecond pulsed laser was used as the pumping source.
Stimulated emission lifetime is shorter than Auger recombina-
tion lifetime, typically in the range of picoseconds. Our pumping
source’s 3.5 ns laser pulse is much longer than the stimulated
emission lifetime, thus leading to a significant heat accumulation
issue. To provide a comparable baseline, lasing performance was
also tested with a femtosecond laser (400 nm wavelength, 50 kHz
repetition rate, and 100 fs pulse width), showing a low threshold
of ~3.4pJ cm™? in Figure S3, Supporting Information.

To compare the lasing threshold of the first-order DFB lasers
with the second-order DFB lasers, we fabricated both first- and
second-order DFB gratings on the same substrate with the same
processing conditions. Lasing thresholds of 69.5 pj cm ™ for the
first-order DFB laser and 168.6 pj cm ™2 for the second-order
DFB laser were observed (Figure 2f), which are in accordance
with the theory that the lasing threshold for the first-order
DFB lasers should be reduced by a factor of 2 compared with
the second-order DFB lasers.[*”

2.2. Antisolvent Treatment

The antisolvent method has been widely used for preparing the
high-quality low-defect perovskite films in the application of solar
cells, photodetectors, and LEDs.** Common antisolvents for
MAPDBr; are chlorobenzene (CB) and toluene (Tol) due to their
insolubility of perovskites and miscibility with the precursor

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 2. a) FWHM and ASE intensity as a function of pump fluence. b) Evolution of the ASE emission spectrum versus increasing pump fluence.
c¢) FWHM and laser output intensity as a function of pump fluence. d) Evolution of emission spectra under different pump fluences.
e) Dependence of the lasing peak wavelength on the grating period of the first-order DFB lasers. f) Comparison between the laser output intensity

of the first- and second-order DFB lasers.

solvent (dimethyl sulfoxide (DMSO)/N,N-dimethylformamide
(DMF)). The antisolvents are added during spin coating right
before perovskite crystallization. During the process, antisolvents
mix with the perovskite precursor, extract the precursor solvent,
and form local supersaturation for perovskites, forcing the mate-
rial to quickly recrystallize.”” It is reported that the antisolvent
with high boiling points and good miscibility with DMSO/DMF
is favorable. A list of several commonly used antisolvents
and their properties is shown in Table S2, Supporting

Adv. Photonics Res. 2022, 2200071 2200071 (3 of 6)

Information. We tested multiple antisolvents (ethyl acetate
(EA), methyl acetate (MA), Tol, CB, and hexane) and demon-
strated that, by applying the EA as antisolvent, the laser perfor-
mance can be best improved. All the results shown previously
were based on EA antisolvent treatment.

Figure 3a shows the light-in versus light-out characterization
results (L-L curve) for the first-order perovskite DFB lasers fab-
ricated using different antisolvents. The lasing thresholds for EA,
MA, Tol, and CB-treated devices are around 60, 95, 110, and

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEAR

www.advancedsciencenews.com

(@)

1.04
EA

—o— MA
—4— TOL
—v— CB

0.8

0.6 4

0.4+

Intensity (a.u.)

0.2+

0.0+

T T T T T
0 100 200 300 400 500 600

Pump Fluence (uJ cm?)

RMS: 9.3 nm

6.8 nm

Figure 3. a) First-order perovskite DFB lasers fabricated using different antisolvents. (a) L-L curve and b) laser emission spectrum under 152 pJ cm

www.adpr-journal.com

(b) 025
0.20 E
“ —— MA
— TOL
~ 0.15 —CB
3
LA
2 010
(72}
i= |
Q I
kS
= 0.05
000" i RSP ) : o
-0.05 T T T
530 540 550 560 570
Wavelength (nm)
48.7 nm

8.9nm

- 7.5nm

MA

hexane

-2

nanosecond pulsed pumping. c) Images of laser samples using different antisolvents with their surface roughness.

147 pJ cm ™2, respectively. In the high pump fluence region, the
laser intensity for MA, Tol, and CB-treated devices is similar due
to saturation, whereas the EA-treated device shows twice the
intensity of the others. Figure 3b presents the lasing spectra
of devices with MAPDBr; films using different antisolvents
under nanosecond pulsed pumping with a pump fluence of
152 pJ cm™2, the peak intensity and wavelength clearly vary.
Figure 3c shows the film morphology and surface roughness
of each device. All devices have a smooth and glossy surface
except the hexane-treated sample, where no lasing or ASE was
detected due to high-film roughness. We think the photon scat-
tering and recombination would cause different lasing threshold
levels. The various antisolvents have different boiling points and
polarity, so the crystallization rate would be significantly discrep-
ant, which could lead to different surface morphology. Rough
films may have large scattering loss, which increases the lasing
threshold. The PL spectrum and time-resolved photolumines-
cence measurement of each antisolvent treated film are shown
in Figure S7 and S8, Supporting Information.

2.3. Laser Stability

Solving the stability issue of solution-processed perovskite lasers
is still a key challenge. It is well known that perovskite materials
degrade due to the chemical reaction with oxygen and moisture
easily. Especially under the condition of high-power pumping,
the accumulated joule heating accelerates the decomposition
process, thus decreasing the laser performance. Ligand modifi-
cation for perovskite quantum dots (QDs),***”) hydrophobic

Adv. Photonics Res. 2022, 2200071 2200071 (4 of 6)

organic-layer engineering,®® and perovskite QD-embedded
polyacrylonitrile!® have all been proved to be effective methods
to prolong the laser’s lifetime by isolating the perovskite gain
materials from the air.

Here, we show that with a thin layer of PMMA on top of the
perovskite layer, the device performance and lifetime can be sig-
nificantly improved. After the perovskites were spin-coated and
annealed, PMMA in Tol solution was spin-coated on the device
and annealed. As Tol is an antisolvent for perovskites, it does
not react with the perovskite layer. However, as PMMA has a
refractive index between MAPDBr; and air (npyma=1.5,
NMAPbBr3 = 2.2, Mgy = 1), it acts as an index ladder and reduces
light confinement, as shown in Figure S4, Supporting
Information. The potential effect of this on the quality factor
can be mitigated by revising the DFB grating structure to increase
the overlap between the laser mode profile and the grating.

To compare the performance of the devices with and without
PMMA encapsulation, we excite the lasers at a pump fluence of
2Py, where Py, is the lasing threshold, using the nanosecond
pulsed laser. As shown in Figure 4a, the unencapsulated device’s
output intensity quickly dropped to 60% of the initial value after
about 10 min. The device encapsulated with PMMA showed
stable lasing for 4h (288000 laser shots) with almost no
FHWM broadening (Figure 4a,b). The laser output spectra in
Figure 4b also show that the laser peak intensity maintained
~82% of its initial value after 4h with a minor blue shift of
~0.3nm. In contrast, the unencapsulated device only main-
tained 35% of the initial intensity and emission peak blue shifted
1.7 nm (Figure 4c). It is interesting to note that there is a slight
intensity increase in the first several minutes of pumping for the

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. a) Laser intensity over time under optical pumping at twice the lasing threshold. The lasing spectrum of b) the PMMA-encapsulated device and
c) the unencapsulated device at the beginning and end of the 4 h measurement. d) Laser performance before and after dipping into water.

encapsulated device, but the PL intensity remains the same
during the process (Figure S9, Supporting Information). The
increase was not very obvious for the unencapsulated device
due to quick degradation. The phenomenon is also observed
in similar works.'”%3! This may be due to some self-healing
effects of perovskites under optical pumping that smoothen
the surface.

A sample was stored in air for a week and measured again.
The results before and after storage are shown in Figure S5,
Supporting Information, showing no degradation in the laser
performance.

To accelerate the degradation effect from moisture, we dipped
the device in water briefly and then compared its performance in
FWHM and L-L characteristics (Figure 4d). The performance
was almost identical before and after the dip, showing that
the PMMA layer provided sufficient protection against moisture.
The perovskite layer in devices without PMMA encapsulation
dissolved immediately in water; therefore, further testing was
not possible for these devices.

3. Conclusions

In summary, we designed, fabricated, and optimized first-order
DFB lasers based on MAPDBr;, which shows around 60%
decrease in lasing threshold compared with the second-order
DFB lasers. Utilizing EA as the antisolvent, the lasing threshold

Adv. Photonics Res. 2022, 2200071 2200071 (5 of 6)

was reduced significantly to 60 pJ cm ™ under nanosecond pulse
pumping, and the optical output intensity was substantially
higher than that of lasers treated with other antisolvents.
Laser emission FWHM as narrow as 0.4nm was achieved.
The peak wavelength can be tuned from 546.9 to 556.8 nm by
changing the first-order DFB grating period. With a thin
PMMA layer encapsulation, the laser performance and stability
can be greatly improved. The results demonstrate the promising
prospect of perovskite DFB lasers in filling the green gap of
semiconductor lasing sources for integrated photonics.

4. Experimental Section

Materials: MABr (>99.5% purity) was purchased from Ossila. PbBr,
(99.9%, metal basis), PMMA (=120 000 MW), and DMSO (anhydrous) were
purchased from Sigma Aldrich. DisCharge (2x) was purchased from DisChem.

DFB Gratings Fabrication: Silicon substrates with 2 ym wet thermal
oxide were cleaned by ultrasonication using detergent, acetone, isopropa-
nol, and DI water, followed by plasma cleaning at 150 W for 3 min. A
110 nm layer of ZEP520A Ebeam lithography resist was spin-coated on
the substrates and annealed at 180 °C for 3 min. Then, a DisCharge layer
was spin-coated on the resist at 4000 rpm. Electron beam lithography was
performed to draw grating patterns on the resist layer using a JBX-6300FS
system (JEOL) with an optimized dose of 185 uC cm ™2 After the exposure,
the substrates were submerged in water for 1 min to strip the DisCharge.
Amyl acetate was used to develop the patterns at room temperature. The
patterned resist layer was used as the etching mask in an inductively coupled

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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plasma fluorine etcher to etch 60 nm of silicon dioxide. Finally, the substrates
were heated in N-methyl-2-pyrrolidone at 90 °C overnight to strip the resist.

Solutions Synthesis: The green perovskite precursor was obtained by
mixing 0.84m MABr and 0.8m PbBr, (MABr : PbBr=1.05 : 1) in
DMSO. The precursor was heated at 60 °C for 12 h with constant stirring.
After cooling to room temperature, the precursor was filtered with 0.45 ym
PTFE filters. The encapsulation layer was prepared by dissolving 20 mg of
PMMA in 1 mL of Tol and stirring for sufficient time.

Device Fabrication: The silicon substrates with DFB gratings were
cleaned as previously described. Then, the substrates were treated by ultra-
violet plasma cleaning to increase wettability. Precursor solution of
MAPbBr; was spin-coated on the substrate at 3000 rpm for T min in a nitro-
gen-filled glove box. 200 pL of antisolvent was dropped onto the substrate
during spin coating to accelerate nucleation. Then, the substrates were
baked at 60 °C for 10 min. PMMA in Tol was spin-coated on the perovskite
layer as an encapsulation layer, and then annealed for another 10 min.

ASE and Lasing Measurement: For both ASE and lasing measurement,
the samples were pumped by a nanosecond nitrogen laser (337 nm,
20 Hz, 3.5ns pulse width; NL 100, Stanford Research System) with a
micro-PL system. The pump fluence was tuned by a continuously variable
neutral-density filter. Both the excitation light and PL were vertically cou-
pled in/off the sample. A cascaded 4-f imaging system in conjunction with
a 450 nm long-pass filter was used to collect the emission before a spec-
trometer (Thorlabs CCS100) and a charge-coupled device camera.

Supporting Information

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