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Abstract

Hybrid organic-inorganic perovskites have emerged as promising gain media for tunable,
solution-processed semiconductor lasers; however, continuous-wave (CW) operation has not
been achieved to date. Here, we demonstrate that optically-pumped CW lasing can be sustained
above threshold excitation intensities of ~17 kW/cm?® for over an hour in methylammonium lead
iodide (MAPDbI;) distributed feedback lasers that are maintained below the MAPbI; tetragonal-
to-orthorhombic phase transition temperature, T~160 K. In contrast to the lasing death
phenomenon that occurs for pure tetragonal phase MAPbI; at T > 160 K, we find that CW gain
becomes possible at T~100 K from tetragonal phase inclusions that are photogenerated by the
pump within the normally-existing, larger bandgap orthorhombic host matrix. In this mixed
phase system, the tetragonal inclusions function as carrier recombination sinks that reduce the
transparency threshold, in loose analogy to inorganic semiconductor quantum wells, and may

serve as a model for engineering improved perovskite gain media.
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After nearly twenty years of intense research, electrically-pumped lasing remains an
elusive grand challenge for the organic and thin film electronics community and would mark a
technological advance with application potential rivaling that of organic light emitting diodes.'”
Recently, hybrid organic-inorganic perovskite semiconductors — the same materials that have
ignited the photovoltaics world — have also emerged as efficient light emitters with attractive
gain characteristics, renewing hope for a tunable, solution-processed laser diode and setting up a

worldwide race to achieve this goal.””

Continuous-wave (CW) optically-pumped lasing is widely believed to be a key stepping-
stone on the path to an electrically-pumped laser diode.'” It has never been accomplished with
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organic semiconductors®® and was only recently reported for colloidal quantum dots.
attempts to achieve CW distributed feedback (DFB) lasing from methylammonium lead iodide
(MAPDI;) perovskite in its tetragonal phase (which exists at temperatures T > 160 K) found that
lasing ceases within tens of nanoseconds following the pump turn-on.'? The origin of this lasing

death phenomenon presently remains unclear, although thermal runaway and Auger loss have

been ruled out.'?

Here, we report an interesting twist: true CW lasing is possible from the same perovskite
semiconductor, but at temperatures below its tetragonal-to-orthorhombic phase transition (T =
160 K). In this case, gain originates from small tetragonal phase volumes that are
photogenerated by the pump. At a substrate temperature of roughly 100 K, our second-order
MAPDI; DFB lasers achieve threshold at a pump intensity of Iy,~17 kW/cm?® and sustain CW
lasing with a clear output beam for over one hour. We propose that the photogenerated tetragonal
phase inclusions may act as charge carrier sinks within the larger bandgap orthorhombic phase

host matrix, enhancing the population inversion in analogous fashion to host/guest organic



%1% These results point toward a general

semiconductor gain media and inorganic quantum wells.
strategy to design perovskite gain media for CW lasing and represent a key step toward the

ultimate goal of a perovskite laser diode.

Figure 1 explores the amplified spontaneous emission (ASE) gain dynamics of a 120 nm
thick MAPbI; film deposited on a sapphire substrate using an InGaN pump diode (1p = 445 nm,
intensity Ip = 37.5 kW/cm?, 920 ns long pulses at 100 Hz repetition rate) and a streak camera. In
Fig. la at a substrate temperature, T = 169 K, tetragonal-phase ASE is observed immediately
following the pump turn-on but ceases within roughly 100 ns, giving way to incoherent
photoluminescence through the end of the pump pulse. This is consistent with the lasing death
phenomenon identified in Ref. [12]. The situation is much different in Fig. 1b when the substrate
is held well below the phase transition temperature at T = 106 K. There, ASE is initially
observed from the orthorhombic phase (peaking at A~750 nm) but quickly transitions into
tetragonal phase ASE (peaking at A~790 nm) that is sustained until the end of the pump pulse;

details supporting the assignment of ASE in each case are provided in Supplementary Fig. S1.

Inspired by the long-lived ASE, we fabricated a second-order DFB laser by depositing a
similar, ~120 nm thick MAPbI; film onto a A = 385 nm period grating etched into a thin
alumina layer on a high thermal conductivity sapphire substrate. This particular structure is
designed to support the fundamental transverse electric (TE() mode with a modal effective index
that satisfies the Bragg feedback condition at the peak of the tetragonal phase ASE spectrum.
Figure 2a shows a cross-sectional scanning electron micrograph of a typical sample, highlighting
the low surface roughness of the MAPbI; film enabled by our solvent exchange deposition
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Figure 2b shows the input-output characteristic obtained for the laser structure under CW
excitation by the InGaN pump diode at a substrate temperature of T = 102 K. There, we observe
a clear threshold at I, = 17 + 1 kW/cm® and a TE-polarized laser line above threshold (Fig. 2b,
inset) that systematically red-shifts with further increase in the pump intensity as shown in Fig.
2c. Figure 2d shows a photograph of the surface-emitted CW beam profile projected on a card
located ~6 cm away. The fan-like pattern is indicative of a second order DFB laser dominated by
index coupling, though we note that in other samples with more deeply-etched gratings, a
double-lobed fan pattern indicative of gain/loss coupling was also observed.'®!” Taken together,

these data unequivocally demonstrate lasing.

Figure 3a and 3b confirm CW lasing over timescales ranging from microseconds (Fig. 3a)
to minutes (Fig. 3b). Consistent with the ASE behavior in Fig. 1b, there is a few hundred
nanosecond delay, At,, between the pump turn-on at time zero and the onset of laser emission in
Fig. 3a that is usually followed by a curious 'wiggle' in the emission wavelength. In general, At
decreases with increasing pump intensity and/or increasing substrate temperature and the
emission line wiggle can even become a damped oscillation as shown in Supplementary Fig. S2.
At long time scales, the laser line exhibits a slow blue-shift and reduces in intensity over the
course of ~10 minutes (see Fig. 3b), though in some of the samples we tested, lasing could be
sustained for more than one hour (see Fig. 3¢). A video of the CW laser operation is provided in

the Supplementary Material.

It is important to point out that, while CW lasing is robust and repeatable for a given
sample set over the course of many months of testing, the details change from day to day and
depend on the history of a particular sample. For example, we observe hysteresis in the laser

threshold (roughly £25% variation) and emission wavelength (roughly +3 nm) between heating



and cooling cycles, similar to previous temperature-dependent photoluminescence
measurements.'*'? Additionally, over the course of several heating and cooling cycles, our
samples exhibit slow increases in their threshold (see Supplementary Fig. S3) and the form of
their sub-pus wavelength variation changes (see, e.g. the difference in the wiggle between Fig. 3a
and Supplementary Fig. S2). This is likely related to morphological and crystal texture changes

that occur upon heating and cooling as discussed previously by Osherov et al."

Although the CW gain and lasing above originate from the tetragonal phase (emission at
A~785 nm), Fig. 4 suggests that the majority of the MAPbI; film remains in the orthorhombic
phase. There, the transient absorption (TA) counterpart of the emission evolution in Fig. 1b
shows a bleach at the orthorhombic band edge corresponding to the short-lived orthorhombic
ASE in Fig. 1b. However, the TA data do not show any tetragonal phase absorption associated
with the crossover to tetragonal ASE in Fig. 1b which, based on the noise floor of the
measurement and the transmission change expected for complete conversion (shown by the
green line in the lower panel), limits the tetragonal phase volume fraction of the film to less than

1%.

This is consistent with the observations of Panzer ef al.*’, who found that tetragonal
phase ASE could be induced at low temperature (T << 160 K) in the orthorhombic phase after
first illuminating with one or more high energy (~mJ/cm?) laser pulses. These authors proposed
that local heating by the laser pulse can trigger the formation of tetragonal phase inclusions that
are kinetically trapped within the orthorhombic bulk. Because the tetragonal phase bandgap is
lower than that of the orthorhombic phase, these sites serve as efficient carrier sinks and become
the dominant recombination pathway. This is closely related to the orthorhombic/tetragonal

phase coexistence that naturally occurs (even without photo-triggering) in MAPbI; over a finite



temperature window (the range of which depends on factors such as processing route and grain

18,1921 Based on the

size) in the vicinity of the nominal T = 160 K phase transition temperature.
temperature-dependent photoluminescence in Supplementary Fig. S4, the natural phase

coexistence temperature range of our films is approximately 120 < T < 160 K.

In the present context, the picture of CW gain that emerges is the following. Upon
illuminating a low temperature orthorhombic MAPbI; film with a sufficiently intense pump, the
associated heat dissipation triggers certain locations (likely predisposed by defects or grain
boundaries*?) to transition into the tetragonal phase. Crucially, because photogenerated carriers

rapidly accumulate within these tetragonal energetic wells,'*’

their population inversion is
increased relative to that of a pure tetragonal phase film under the same excitation conditions, in
much the same manner as traditional inorganic semiconductor quantum well and organic

. . . 13,14
semiconductor host/guest gain media. ™

The possibility of exploiting this mixed phase carrier
concentration mechanism for CW gain in MAPbI; was actually noted previously by

Wehrenfennig ef al.'® and Neutzner ez al.”*, though it remains unclear whether other aspects

associated with the low temperature mixed phase system are also important as discussed below.

At the T > 80 K substrate temperatures used in our experiments, the tetragonal regions
are short lived. When the pump is turned off, they begin to revert back to the orthorhombic phase
on a microsecond timescale (see Supplementary Fig. S5), though we note that the reversion rate
is strongly temperature-dependent since they are reported to be metastable at T = 5 K.** It
therefore seems likely that, under our CW lasing conditions, the tetragonal inclusions exist in a
dynamic equilibrium, with their size determined by a balance between pump-induced heating
(which causes them to grow) and heat extraction into the substrate (which causes them to shrink).

This is consistent with thermal modeling in Supplementary Fig. S6, which indicates that the



equilibrium temperature of CW lasing MAPDI; falls within the 120 — 160 K mixed-phase

temperature range established from photoluminescence in Supplementary Fig. S4.

This situation may explain the red-shift in lasing wavelength with increasing pump power
shown in Fig. 2c, which is notable since pure tetragonal phase emission and lasing normally
blue-shifts upon heating (due to the increasing pump power).'> In the mixed phase, however, the

19,21

tetragonal emission exhibits an anomalous red-shift with increasing temperature (see

Supplementary Fig. S4) that would explain the observed shift in lasing wavelength. As argued

'%22 this may result from strain imposed by the orthorhombic bulk, which causes the

previously,
bandgap of the tetragonal inclusions to increase. The relative strain lessens with increasing
temperature since the growing tetragonal phase displaces more of the confining orthorhombic
phase, which leads to the anomalous red-shift in emission and in turn to the increase in lasing
wavelength with pump power. Such a strain-induced bandgap shift with tetragonal phase volume

fraction may also underlie the early time instability in lasing wavelength (e.g. in Fig. 3a) as the

size of the inclusions evolves rapidly upon pump turn-on.

Moving forward, it will be important to uncover the physical origin of MAPbI; lasing
death at temperatures above 160 K and, in particular, why CW gain is possible from tetragonal
phase inclusions but not from the tetragonal phase bulk. While the mixed phase system should
reduce the threshold carrier density required for transparencys, it is not expected to increase the
modal gain of the MAPbI; film since the enhanced population inversion in tetragonal inclusions
is equally offset by their reduced volume fraction (and thus overlap with the lasing mode)."
Based on the fact that a mere ~70 K difference in substrate temperature constitutes the difference
between CW gain and lasing death in the same film despite a lower gain threshold in the pure

tetragonal phase (see Supplementary Fig. S1), it seems likely that there is more to the story than



just the carrier concentration effect. For example, dielectric screening in the inclusions may be
affected by the large dielectric constant reduction in the surrounding orthorhombic phase and its
associated restriction of the methylammonium cation rotational freedom.**** Alternatively, strain
itself may be key, as recent work has uncovered a significant increase in MAPbI; radiative rate
(and thus stimulated emission cross-section) under hydrostatic pressure as it becomes

increasingly direct bandgap.*®

In summary, we have demonstrated second-order MAPbI; distributed feedback lasers that
operate CW for over an hour above optical pumping thresholds of ~17 kW/cm? and at
temperatures below the tetragonal-to-orthorhombic phase transition (T < 160 K). Continuous
gain originates from tetragonal phase inclusions that are photogenerated by the pump within the
bulk orthorhombic host matrix on a sub-microsecond time scale. While more work is required to
fully understand why this mixed phase arrangement avoids the lasing death phenomenon that
occurs for pure tetragonal phase MAPbI; at T > 160 K, our results suggest that engineering

27-29

perovskite gain media to mimic the same host/guest energy level scheme”™™ may be a useful

strategy moving forward in pursuit of an electrically-pumped laser diode.
Methods

Fabrication. Distributed feedback gratings were created by first depositing an 80 nm thick AL,Os
layer onto a sapphire substrate, followed by a 100 nm thick layer of S1805 photoresist which was
patterned using interference lithography as described previously. The gratings were developed
and hard-baked at 150 °C for 5 minutes followed by a wet etch in 85% H,PO, for 50 s at 68 °C
to transfer the pattern into the underlying Al,Os. Methylammonium iodide (MAI) was
synthesized by mixing aqueous HI (Aldrich) with equimolar methylamine (ethanol solution,

Aldrich) for 2 h at 0 °C. The MAI was then purified by recrystallization from hot



isopropanol:toluene (~1:4) mixture. The MAPbI; active layer was subsequently deposited onto
the gratings by spin-coating a 0.65 M solution of stoichiometric MAI/Pbl, (Alfa) in DMF at
~5200 rpm. The solution was filtered with a 200 nm PTFE filter prior to spinning. To obtain a
smooth film of high optical quality, a solvent exchange was performed by pipetting ~0.5 mL of
toluene at 4 s after starting the spinning, which results in the formation of nano-crystallites and
approximately 4 nm RMS roughness. The films were dried for approximately 5 minutes on a hot
plate and stored in the dark in N during the several months it took to complete the laser

characterization.

Characterization. All measurements were carried out under vacuum in a continuous-flow liquid

nitrogen cryostat. Temperature was recorded from a Si temperature diode mounted directly on
the substrate surface with thermal grease, approximately 10 mm from the pump spot. Samples
were pumped with a 3.5 W blue Nichia NDB7K75 InGaN laser diode driven by a PicoLAS
LDP-V 03-100 pulsed or LDP-CW 18-05 CW current source. A planoconvex lens was used to
focus light directly from the output facet to a full-width half-maximum 120x30 pm? stripe on
the sample, as measured using a CMOS camera placed in the sample plane. Under CW lasing
excitation, the substrate temperature measured by the Si diode typically increased by ~10 K over
its value in the dark due to heat dissipation by the pump; this is consistent with thermal modeling
presented in Supplementary Fig. S6. All of the substrate temperatures reported here reference the

illuminated condition.

Time-resolved emission was collected and focused using a pair of off-axis parabaloidal
reflectors into a Hamamatsu C10910 streak camera with a 1/8 m monochromator and a spectral
resolution limit of AA = 0.5 nm. CW emission was measured using a CCD-coupled spectrograph

with A4 = 0.05 nm spectral resolution. The far-field emission profile of the DFB lasers was



imaged on a white card at a distance of approximately 6 cm using a CMOS camera with a 600

nm long-pass filter to reject stray pump light.

Transient absorption experiments were conducted with a Fianium WhiteLase SC400
super-continuum probe beam arranged within the experimental setup shown in Supplementary
Fig. S7. The ~6 ps pulse width probe light was passed through a 1/8 m monochromator and
focused using a pair of cylindrical lenses to a similar size spot overlapping the diode laser pump.
The super-continuum source was pulse-picked to a repetition rate of 500 kHz and used in
conjunction with a frequency divider and a digital delay unit to trigger the diode laser pump at
125 kHz so that one out of every four probe pulses overlapped near the pump in time. The
change in probe transmission, AT, induced by the pump at varying delays was then detected

synchronously with a Si photodiode and a lock-in amplifier.
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Figure 1 | Gain dynamics of MAPDbI; at low temperature. a, Streak camera image showing the
short-lived nature of amplified spontaneous emission (ASE) from a 120 nm thick MAPbI; film
on a sapphire substrate held at T = 169 K in response to a 920 ns long rectangular pump pulse
from an InGaN diode laser with instantaneous intensity, Ip = 37.5 kW/cm®. The transient trace

appended to the right-hand side of the image is the spectrally-integrated intensity within the
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vertical dashed rectangle and the early and late time spectral traces at the bottom are time-
integrated intensities within the horizontal dashed rectangles. b, Streak camera image of
emission from the same film under the same pump intensity when the substrate temperature is
lowered to T = 106 K. In this case, ASE from the orthorhombic phase of MAPbI; is observed at
early times but evolves within ~200 ns (see blow-up shown in the inset) into tetragonal phase

ASE that is sustained until the end of the pump pulse.
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Figure 2 | CW lasing characterization. a, Cross-sectional scanning electron micrograph of the
second-order distributed feedback laser architecture consisting of the MAPbI; film deposited on
an 80 nm thick etched alumina grating on a sapphire substrate. Color shading has been added for
clarity. b, Input-output characteristic of the laser under continuous excitation by a A = 445 nm
InGaN pump diode at a substrate temperature of 102 K, demonstrating a clear threshold at Ip~17
kW/cm®. The inset shows that the emission spectrum above threshold (Ip = 1.211,) is strongly
s-polarized (red), with a negligible p-polarized contribution (blue). ¢, The laser line red-shifts
with increasing pump intensity and displays a full-width half-maximum linewidth, AAgywyum =

0.25 nm at the highest pump intensity. d, Photograph of the far-field spatial profile of the laser
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beam projected onto a white card as depicted in the diagram. The image was recorded by a

CMOS camera using a 600 nm long-pass filter to reject stray pump light.
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Figure 3 | CW lasing dynamics. a, Streak camera image of the laser emission observed within
the first microsecond following turn-on of the pump (white trace). The pump intensity is Ip =
26.4 kW/cm® = 1.551;,. b, Composite image obtained by collecting individual steady-state
spectra (integrated over 0.1 s) over a 10 minute time period at the same pump intensity. The data
in a and b are obtained from different samples on different days and therefore differences in
emission wavelength between them should not be interpreted chronologically. ¢, CW laser

emission intensity recorded from a single excitation spot over more than one hour.
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Figure 4 | Pump-induced MAPbDI; phase evolution. Transient absorption (TA) spectra
recorded for a MAPbI; DFB laser using super-continuum probe pulses at different times (At)
following pump turn-on under similar conditions as in Fig. 1b; here the pump intensity is Ip =
37.5 kW/cm” and the substrate temperature is T = 86 K. The early time spectra display a
stimulated emission bleach of the orthorhombic phase band edge that extinguishes within ~60 ns,
as evident from the inset transient recorded at the peak bleach wavelength, A = 745 nm. The
magnitude of the inset transient differs slightly from the spectra because the two data sets were
collected on different days on different sample cooling cycles. Notably, the spectra at longer

times (At > 100 ns shown in gray) show no evidence of emerging tetragonal phase absorption
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that would be reflected by a negative TA signal (green line) arising from the difference between
the steady-state tetragonal (T = 168 K, light blue line) and orthorhombic (T = 86 K, light red

line) phase transmission spectra shown in the lower panel.
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