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ABSTRACT Conformal integration of semiconductor gain media is broadly important in on-chip optical
communication technology. Here we deploy atomic layer deposition to create conformally deposited
organohalide perovskites—an attractive semiconducting gain medium—with the goal of achieving coherent
light emission on spherical optical cavities. We demonstrate the high quality of perovskite gain media
fabricated with this method, achieving optical gain in the nanosecond pulse regime with a threshold for
amplified spontaneous emission of 65 == 8 2 cm 2. Through variable stripe length measurements, we report a
net modal gain of 125 & 22 cm ™" and a gain bandwidth of 50 % 14 meV. Leveraging the high quality of the
gain medium, we conformally coat silica microspheres with perovskite to form whispering gallery mode optical

cavities and achieve lasing.
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apid developments in thin-film orga-
Rnometallic perovskites are enabling

high-efficiency and low-cost solar
electricity devices."™® The excellent pho-
tophysical properties of this material'®
have been further exploited toward light-
emissive technology with reports of light-
emitting diodes'' and lasing from (i) bulk
perovskite faceted crystals,’? (ii) distributed
feedback resonators,'® and (iii) planar whis-
pering gallery cavities.'*

We were motivated to explore whether
lasing with spherical resonators could be
achieved using perovskite active layers. This
would require a continuous spherical coat-
ing of the perovskite film. Spherical resona-
tors have yielded some of the highest con-
finement coefficients (Q-factors) among the
full suite of optical cavities and have promis-
ing applications in on-chip integrated opti-
cal communications.">~"”

Unfortunately, we found that existing
methods of perovskite film deposition from
the solution phase or via directional coeva-
poration failed to produce, with the needed
high consistency, the required conformal
coverage of the curved resonator surfaces.
For example, we attempted dip-coating
in a liquid CHsNH3Pbls precursor and flash
annealing but found that this approach
did not produce consistent-thickness con-
formal layers of perovskite thin films on
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the spheres and was sensitive to drying
conditions.

To couple the perovskite gain material
efficiently to spherical resonators, we would
require a means of forming films that would
provide intimate physical and hence optical
coupling, minimize scattering loss, and form
a conformal and even layer on the spheres.
Techniques for conformal deposition of ac-
tive materials are also importantin materials
science and optoelectronics broadly, such
as for the direct integration of optical gain
media with CMOS-defined cavities such as
rib waveguides.

We developed a perovskite growth pro-
cess which utilizes atomic layer deposition
(ALD), a low-temperature and low-pressure
thin-film formation method prized for its
conformality, wide process window, and
precise thickness control. We start from a
film of ALD PbS, which forms the conformal
seed layer. This film is then completely con-
verted to Pbl, via exposure to I, gas in a
closed, nitrogen-inert, system. Pbl, is sub-
sequently converted to CH3NHsPbls; perov-
skite (MAPbI3) through treatment with
CHsNHsl (complete description is available
in the Methods section).

RESULTS AND DISCUSSION

Lasing relies on an active medium cap-
able of sustaining population inversion and
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Figure 1. Amplified spontaneous emission from nanosecond pulsed excitation in CH3NHsPbl; grown via ALD. (a) MAPbI3
(75 nm) is deposited onto a glass slide via perovskite-ALD. (b) Spectral absorption coefficient and photoluminescence under
continuous-wave excitation. (c) Development of spectrally narrow amplified spontaneous emission with increasing pump
power. (d) Emission spectra at 67 1J cm 2 of ASE coupled with PL. (e) Integrated emission intensity of PL and ASE as a function
of pump fluence. A clear threshold for ASE is observed at 65 + 8 uJ cm ™2,
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Figure 2. Net modal optical gain in CH;NHsPbl; ALD perovskites under nanosecond pulsed excitation. (a) Variable stripe
length measurement setup for gain determination. (b) Emission spectra for increasing stripe length. (c) ASE intensity at an
emission photon energy of 1.58 eV as a function of stripe length (black) and a linear amplifier fit (red) prior to the onset of gain
saturation (see Methods for full details). (d) Spectral dependence of modal gain (red) and sample ASE spectrum at maximum
stripe length (black). The peak gain bandwidth is 125 + 22 cm~ ', and the gain bandwidth is 50 + 14 meV.
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optical gain through stimulated emission of radiation.
We studied the optical properties of the perovskite
active medium to elucidate the processes that govern
lasing operation. All optical studies are performed
at room temperature unless otherwise noted. We
began by investigating the intensity-dependent
spectral emission properties of a perovskite film on a
lower-refractive-index substrate. We deposited a 75 +
18.7 nm MAPbI; thin film via perovskite ALD onto a
glass slide (Figure 1a) and confirmed that the film has
an absorption onset at 1.55 eV with an absorption
coefficient exceeding 10* cm™' past the band edge
(Figure 1b, blue), indicative of the direct band gap of
the perovskite. Under 460 nm continuous-wave excita-
tion, a broad photoluminescence (PL) signal centered
at 1.61 eV with a full width at half-maximum (fwhm) of
130 meV (Figure 1b, red) is observed. The ultrasmall
Stokes shift of 60 meV is indicative of a sharp band
edge and minimal vibrational relaxation capable of
sustaining optical gain close to the band edge.'® This
increases the upper limit for the open-circuit voltage'®
in perovskite photodiodes, consistent with the im-
pressive values presented in published perovskite
solar cells.

We subsequently excited the film using a pulsed
laser source with an emission wavelength of 355 nm,
pulse duration of 2 ns, and repetition rate of 100 Hz.
Increasing the pump fluence reveals a threshold beha-
vior at which the emission spectrum abruptly transi-
tions from broad photoluminescence to a red-shifted
narrow 17 meV line width emission peak centered at
1.58 eV (Figure 1¢). The spectral narrowing for excita-
tion above a threshold pump intensity is a signature of
stimulated emission, here in the form of amplified
spontaneous emission (ASE).

The resulting spectra contain superimposed emis-
sion from PL and ASE. To distinguish between these
contributions, we estimate the emission due to PL by
doubling the integrated intensity from the PL peak at
1.61 eV and above, averting the sharp ASE signature
(Figure 1d, red). The total emission from ASE is then
estimated as the total integrated intensity across the
entire spectral range from 1.4 to 1.9 eV (Figure 1d, red
+ blue), minus the total PL intensity. Figure 1e shows
the pump excitation dependence of the deconvolved
PL and ASE emission. The integrated power that is
emitted from the broad PL portion of the spectra
follows a sublinear behavior (Figure 1e, red), indicative
of state-filling near the conduction band edge. In con-
trast, the narrow spectral component exhibits a clear
superlinear behavior with a threshold energy density
of 65 & 8 uJ cm™2 (Figure 1e, black). This threshold
behavior with excitation intensity is another character-
istic of stimulated emission, signaling that population
inversion has been achieved.

The capability of perovskites to demonstrate stimu-
lated emission in the nanosecond pulse excitation
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Figure 3. Scanning electron microscope images of micro-
spheres coated via perovskite ALD. (a) Image of the 45°
perovskite surface. (b) Zoomed-out image of the entire
microsphere coated with perovskite. (c) Zoomed-in image
showing coverage all along the curved surface of the
sphere. (d) Cross-sectional image of a sphere cut down
the center with focused ion beam milling revealing a uni-
form coating around the circumference of the sphere. (e)
Zoomed-in image on a cross section of the sphere, showing
distinct perovskite and SiO; regions. (f) Zoomed-in image of
sphere—substrate interface, showing a continuous film with
good infiltration into the grooves. (g) Angled zoomed-in
image of the sphere's cross section, showing a good uni-
form coating of perovskite around the surface of the sphere.
Scale bars: (a—g) 0.2, 10, 2, 10, 3, 5, 4 um.

regime, orders of magnitude longer than previous
reports,'>~'* is a strong indication of a high-quality
gain medium. The absorption coefficient at the spec-
tral position of the ASE signal is evaluated to
be 3100 + 830 cm™". This value is similar to well-
developed, single-crystal semiconductors such as
GaAs,”® a key performance attribute that suggests
promise for thin-film perovskites for optical amplifica-
tion. We also investigated the perovskite gain medium
under continuous-wave, millisecond, and microsecond
pulse durations and found that emission intensity
nonlinearity and spectral narrowing characteristics of
amplified spontaneous emission were not observed.
This is a result of the ASE threshold lying above the
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Figure 4. Modal confinement and lasing in perovskite-coated silica microspheres. (a) Schematic showing a perovskite-coated
microsphere absorbing pump light and coupling luminescence into the cavity, resulting in laser emission. (b) Spectral
dependence of perovskite-coated microsphere emission on pump power at T = 80 K for three different pump fluences
(100 1J cm 2, blue; 175 11J cm ™2, green; and 300 J cm 2, red). Distinct laser modes are observed with a free spectral range of
700 GHz. (c) Lasing emission intensity dependence on pump fluence. The intensity of the dominant lasing peak at 1.642 eV,
“a", with the adjacent background signal at “b” subtracted is compared to the background signal. The slope efficiency of the
lasing mode (blue) is greater than that of the background (red), and a lasing threshold is observed at a pump fluence of 75 +
11 1) em 2. (d) Twenty-four hour ASE stability under lasing conditions.

damage threshold of the film under these conditions.
Strategies that reduce the modal losses and effici-
ently convey heat from the perovskite thin film could
facilitate progress toward achieving population inver-
sion under these pulse durations.

The pronounced threshold as a function of excita-
tion intensity, from photoluminescence alone to the
clear emergence of narrow-band amplified sponta-
neous emission, indicates optical gain with a gain
relaxation time that is shorter than the carrier buildup
time.2" We investigated the net modal optical gain in
the perovskite medium using the variable stripe length
characterization technique.?? Here, we excite our sam-
ple at a fixed pump fluence of 150 xJ cm ™2, above the
threshold for ASE. We focus the circular pump beam to
a stripe using a cylindrical lens. An adjustable straight-
edge razor blade placed close to the sample controls
the length of the excitation stripe, and the emission is
collected from a cleaved edge of the sample using an
optical fiber (Figure 2a).

We examine the dependence of the edge-emission
intensity of a stripe-pumped perovskite above the ASE
threshold on the length of the excitation beam. The full
spectrum for all stripe lengths is shown in Figure 2b.
The emission intensity at 1.58 eV, the energy at which
the ASE signal is maximum, exhibits an exponential
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behavior as a function of increasing stripe length prior
to gain saturation. For increased stripe lengths, gain
saturation occurs in regions in which free carriers have
been depleted by ASE.>*> An exponential fit of the
collected emission in the small stripe regime (stripe
length <0.535 cm) with a 1D amplifier model yields an
estimated gain value of 125 4 22 cm ™' (Figure 2d,e).
This gain value corresponds to the modal gain, which
combines the subunity confinement of the optical mode
to the gain medium, multiplied by the material gain,
and reduced by the effect of modal waveguide losses.
This value for the net modal gain for a 2 ns pump
pulse duration is comparable to prior reports on orga-
nohalide perovskites under 150 fs pulse durations.'? It is
also comparable to the net modal gain in other non-
single-crystal semiconducting systems such as colloidal
quantum dots,>*~%” silicon nanocrystals,”® and semicon-
ducting polymers.?® The spectrally resolved modal gain
bandwidth is 50 + 14 meV, obtained from analysis of
ASE signal versus stripe length at each wavelength. Gain
bandwidths of this magnitude are similar to those
found in compound semiconductors,?® consistent with
the sharp band edge of perovskites, remarkable con-
sidering the perovskite films' polycrystalline nature.
The presence of net optical gain, with a demonstra-
tion of ASE, highlights the potential for ALD perovskites
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to serve as active materials for lasing under nano-
second pulsed excitation. We formed the gain medium
using perovskite ALD onto an optical resonator of
52 um diameter silica microspheres. Lasing can be
achieved provided the cavity losses are less than the
modal gain: thus only if the microspheres were con-
formally coated would it be possible to achieve effi-
cient waveguiding and therefore a net positive modal
gain in the film that coated the sphere.

To study the perovskite growth, we imaged the
coated microspheres with scanning electron micro-
scopy (SEM). Figure 3a shows a 45° tilt SEM image of
the perovskite surface, revealing structured polycrys-
talline domains. Figure 3b,c shows the perovskite coat-
ing onto the curved surface of the microsphere. Using
focused ion beam (FIB) milling, we cut the spheres in
half down the center to better study the film formation
and coverage. Figure 3d—g reveals a uniform, contin-
uous coating of perovskite covering the surface of the
sphere with infiltration deep into the trenches near the
sphere—substrate interface, something not readily
achievable using traditional deposition methods.

We subsequently optically pumped the perovskite-
coated microspheres and measured the emission spec-
tra. We expect whispering gallery modes to couple into
the sphere and produce optical feedback via various
pathways along the circumference of the cavity, result-
ing in multidirectional lasing (Figure 4a). Figure 4b
shows the emission spectra of perovskite-coated mi-
crospheres at T =80 K at varying excitation levels. This
spectrum exhibits clearly defined modes with a regular
spacing of 3 meV, corresponding to an effective
refractive index of approximately 1.4, indicating that

METHODS

ALD Perovskite Sample Fabrication. Glass substrates were pre-
pared by first sonicating in acetone, then isopropyl alcohol and
then deionized water, each for 15 min. Samples to be used for
lasing studies employed silica spheres (52 um diameter, sus-
pended in water) dispensed onto the surface of the glass. Excess
water was dried by heating on a hot plate at 120 °C for 1 min.
Samples were exposed to a 10 min 100 mTorr oxygen plasma
treatment immediately prior to atomic layer deposition.

CHsNHsPblz perovskite films were fabricated on these sub-
strates by a three-step method. (A) PbS deposition: Cleaned
glass slides were placed into a Cambridge Savannah S100
atomic layer deposition system with the sample chamber held
at 150 °C. Alternating pulses of Pb(tmhd), and H,S precursors
(0.5 s pulse duration for both) built up the PbS film of a desired
thickness. The purge time between precursor pulses was 20 s,
and a nitrogen carrier gas was used at a volumetric flow rate of
10 sccm. (B) Pbl, conversion: lodine chips (100 mg) were placed
into a 250 mL nitrogen-sealed container which contains the PbS
films. The container was heated on a 120 °C hot plate for 16 h.
After treatment, the samples were completely yellow and were
converted to Pbl,. (C) MAPbI; conversion: The Pbl, films were
dipped into a 30 mg/mL solution of CH;NHj3! dissolved in iso-
propy! alcohol (IPA) for 60 s, immediately dipped into IPA for
another 60 s, and then dried on a hot plate at 70 °C for 30 min.

Focused lon Beam and Scanning Electron Microscopy. A Hitachi
table-top ion mill model IM 4000 was used for sample FIB
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the mode is predominantly confined to the silica
perovskite region. Figure 4c shows the dependence
of emission intensity on pump fluence. The back-
ground signal is subtracted from the adjacent cavity
mode at 1.642 eV, and the dependence of intensity on
pump fluence is plotted against the background. A
clear threshold is observed for the cavity mode at a
pump fluence of 75 & 11 uJ cm ™2 Further, the slope
efficiency of the cavity mode signal is greater than that
of the background. We attribute this threshold beha-
vior of intensity and spectral features to lasing cavity
modes, and we demonstrate that the perovskite gain
medium is stable under these conditions for 24 h
(Figure 4d). The spectral bandwidth of the laser modes
are dominantly limited by the resolution of the collec-
tion optics, thus we conservatively estimate the lower
bound of the Q-factor for these resonators to be on the
order of 10°.

CONCLUSIONS

The results presented herein show that ALD perov-
skites offer conformal deposition onto substrates of
various curvatures and aspect ratios. This fabrication
strategy forms perovskite films with excellent lasing-
relevant optical properties, enabling them to sustain
population inversion when excited using low peak
intensity pumping, and with excellent material proper-
ties, allowing ready formation of conformal waveguid-
ing films when deposited on spherical resonators.
Facile conformal deposition of perovskite light emit-
ters has the potential to enable applications such as
low-cost on-chip optical communication systems read-
ily integrated with silicon photonics technology.

preparation. Argon ions were used at an accelerating voltage
of 6 kV and a discharge voltage of 1.5 kV. The sample was milled
for 3.5 h with the glass substrate facing the ion source to allow
for gentler milling. Samples were imaged with a Hitachi NB-5000
high-resolution CFEG-SEM. An accelerating voltage of 20 kV and
a variable pressure of 60 Pa were used and imaged using a highly
sensitive ultravariable pressure detector.

Optical Excitation and Collection. Unless otherwise noted, sam-
ples were optically excited using a 355 nm frequency-tripled Nd:
YAG laser with a pulse width of 2 ns and a repetition rate of
100 Hz. All spectral data were collected using an Ocean Optics
USB2000+ UV—vis spectrometer without an input aperture,
with the spectral resolution defined by the width of the input
fiber core. A 62.5 um core diameter fiber was used to collect
all spectra, except for the data presented in Figure 4b,c, which
were collected with a single mode fiber, with the SMF case
producing a spectral resolution of ~0.4 nm, enabling us to
distinguish individual laser modes. To detect whispering gallery
lasing modes, we focused the pump beam to a circular spot so
thatitilluminated a cluster of four spheres as well as some of the
planar background. All measurements of laser power were
taken using an Ophir Laserstar 1201600 single-channel digital
power meter.

Absorption Coefficient. The optical density, Aop, of the perov-
skite film was measured using a PerkinElmer Lambda 950
spectrophotometer with an integrating sphere. A DekTak 3
profilometer was used to measure the film thickness, d.
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This was used to calculate the absorption coefficient, a =
logio(e) x Aop/d.

Variable Stripe Length Measurement. The variable stripe length
technique was employed to determine optical gain in the
CHsNHsPbls film. Intensity at each wavelength as a function
of stripe position was fit to a linear amplifier model: /zse(L) =
A9t — 1)/g, where Iase is the intensity of the ASE, L is the stripe
length, g is the modal gain to be determined, and A is a pre-
exponential factor related to the ratio of emitted spontaneous
emission to modal gain.?
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