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Abstract: We demonstrate tunable green lasing from a bromide-based organic-inorganic per-
ovskite thin-film. The optical feedback required for laser emission is provided by a circular grating
that forms a disk Bragg resonator inside a spin-coated 200 nm thin-film of methylammonium
lead tri-bromide (CH3NH3PbBr3). As the emission spectrum below as well as above the lasing
threshold is reasonably affected by the Bragg grating resonance, it becomes possible to engineer
and thus tune the emission between 541 and 552 nm. Our study incorporates the influence of the
temperature on both the linear optical properties as well as the emission.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Organic-inorganic metal-halide perovskites are semiconductors with exceptional material proper-
ties which enable them as a future optical material for photovoltaics and light generation. They
have a direct bandgap [1] with a strong absorption in the near-infrared and visible wavelength
region [2] and a high charge carrier mobility [3]. Additionally, to these optical material properties
they are solution processable and their bandgap can be tuned over the entire visible spectrum
by varying the halide composition [4], where the bandgap for I based materials is at 1.5 eV, for
Br based materials at 2.3 eV and for Cl based materials at 3.1 eV [5,6]. The research in the last
years was focused on the development of perovskite solar cells based on CH3;NH3Pbl; due to
its high absorption in the entire visible spectral range. The conversion efficiency was increased
from 3.8% [7] in 2009 to 23.7% in 2019 [8]. The combination of exceptional electro-optical
properties, low material costs and possible facile fabrication, make perovskites also very attractive
for light generation devices such as LEDs or lasers. In recent years perovskite LEDs have
shown an increase in external quantum efficiency for red, green, blue and white light emission
[9-12]. In order to generate coherent light from perovskites, several different optical feedback
mechanism and structures have been studied. For example, the first realized perovskite laser used
a Fabry—Pérot cavity [13], other confirmed devices utilize nanowire structures [14], whispering
gallery mode resonators [15,16] as well as simple 1-D distributed feedback (DFB) structures
for iodide [17-19], bromide [20,21] and all-inorganic [22] based perovskites. Apart from the
material composition these different realizations of perovskite DFB lasers employ different
fabrication processes and report on stimulated emission under the excitation of different pump
regimes. The most common fabrication process was nanoimprint lithography of a normal DFB
structure on perovskite thin-films synthesized by evaporation, spin-coating, nanocrystal-pinning
or inkjet printing, which produces films with nm roughness. All of the mentioned results for
achieving stimulated emission were measured under ns excitation pulses at repetition rates in

#357534 https://doi.org/10.1364/OME.9.002006
Journal © 2019 Received 14 Jan 2019; revised 15 Mar 2019; accepted 16 Mar 2019; published 2 Apr 2019


https://orcid.org/0000-0003-3905-0411
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.9.002006&amp;domain=pdf&amp;date_stamp=2019-04-02

Research Article Vol. 9, No. 5/1 May 2019/ Optical Materials Express 2007

-

o

the kHz range but for I based perovskites also stimulated emission under continuous wave (cw)
excitation was reported [18]. The thresholds at room temperature ranged from 0.32 up to 6
uJ cm~2 for the organic-inorganic methal-halide perovskites, 54 pJ cm~2 for the inkjet printed
perovskite and 33 uJ cm™? for the all-inorganic perovskite. Based on these approaches, the final
goal would be to combine these feedback mechanisms with the entirely solution processable
material resulting in electrically driven LEDs [23] or an electrically pumped, easy to fabricate,
cw laser operating at room temperature.

Here, we investigate the realization of a solution-processed circular DFB structure made of
methylammonium lead tri-bromide (CH3;NH3PbBr3). Circular Bragg gratings with varying
grating periods on a glass substrate are covered with a thin perovskite film deposited by spin-
coating. Also, these films are neither flat, in the sense that the grating as a whole is covered by a
perovskite layer, nor smooth compared to the operation wavelength. Nevertheless, we can clearly
resolve waveguiding and resonant optical feedback by optical extinction measurements. Evaluating
both, the linear properties of the DFB structures as well as the optical emission over a wide
temperature range we observe stimulated emission matching the individual grating resonances.
The observed emission covers the entire luminescence emission band of methylammonium lead
tri-bromide from 541 to 552 nm at temperatures up to 240 K. The achieved laser wavelength
region around 550 nm is one of the crucial three wavelengths for the efficient generation of colors
in laser projectors, which shows a larger possible color range than LED based projectors [24].
One of the problems for the realization of such lasers is the so called green-gap at exactly this
wavelength in the emission efficiency of InGaN and AlGalnP based diodes [25].

2. Circular DFB grating

A distributed feedback cavity is a well-known realization of a laser resonator, which is generated
by the wavelength-selective constructive interference of reflections at the interfaces of a periodic
refractive index grating incorporated into a waveguide [26]. By fabricating the gain medium
as a waveguide, as can be achieved with thin-films, a monolithic laser design without any
external cavity can be realized. Additionally, such a um-sized laser can be directly integrated
into opto-electronical circuits [27,28]. The simplest realization is a 1-D grating employing
2" order Bragg Reflection for surface emission perpendicular to the grating [29,30]. In a first
approximation the resonance wavelength of a 2"! order Bragg grating has to fulfill the following
condition:
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(1)

with resonance wavelength Ap,,,, order m = 2, grating period A, and effective refractive index
ner composed of the material refractive index and waveguide geometry.

For our studies we use a more advanced 2-D grating. The structure consists of a substrate
which is covered with an approximately 200 nm thick thin-film of CH3;NH3PbBr3;, where the
film acts as waveguide. The DFB structure itself, which is etched into the glass substrate, is
composed of an unstructured central disk surrounded by a concentric, periodic circular grating.
The resonating light is thus vertically confined in the gain medium and horizontally concentrated
in the central disk. The grating provides both the optical feedback and couples the emission
out of the perovskite thin-film. The advantages of this structure are a low possible threshold by
concentrating the light in the central disk [31], a circular symmetric far-field beam with a narrow
divergence, and a good emission efficiency because most of the outcoupled light is emitted in the
zero-order mode [32]. A disadvantage is the high possibility of multi-mode emission caused by
the low threshold and the small mode discrimination of such a grating structure [31].

The circular gratings are fabricated in several steps. First, standard electron beam lithography
in poly(methyl methacrylate), electron gun evaporation, and subsequent lift-off is used to prepare
a chromium etch mask. This mask is then transferred into the glass substrate by reactive plasma
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etching (ECR-RIE) with Freon (CHF3). The remaining chromium is removed with a commercial
liquid etching solution. The result is displayed in the SEM images in Fig. 1(a) which depicts a
section of the unstructured central disk with a diameter of 20 um and the surrounding grating with
100 um diameter. Figure 1(b) shows the structure after a FIB cut, which reveals a modulation
depth of 80 nm, a groove width of 150 nm, and an elevation width of 130 nm. Several different
structures with grating periodicities between 261 and 286 nm were produced on the same substrate.
The periodicities are chosen according to Eq. (1) and an estimated effective refractive index of
the perovskite thin-film of approximately 2.0, derived from a material refractive index of 2.29
[33], to realize grating resonances at wavelengths slightly above the bandgap of 539 nm.
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Fig. 1. (a) SEM image showing the circular grating surrounding the flat central disc.
(b) FIB cut of the grating visualizing its dimensions. (c) Microscope image of a circular
DFB structure spin-coated with CH3NH3PbBr3. (d) AFM image of a spin-coated grating
surrounding the central disk, whereas the marked square is enlarged in figure (e).
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The perovskite solution which is synthesized by blending MABr (1.2 M) and PbBr; (1.2 M) in
an anhydrous dimethylformamide (DMF:DMSO) solution with a ratio of 4:1. The perovskite
was spin-coated onto the glass substrate with the circular grating in a two-step process at 1000
and 6000 rpm for 10 and 30 s respectively. During the second step, 100 ul of chlorobenzene was
poured on the spinning substrate 15 s before the end of the procedure. Afterwards, the sample was
annealed at 100 °C for 1 h in a nitrogen atmosphere glove box [34,35]. The resulting thin-film has
a thickness of 200 nm. In Fig. 1(c) an optical microscope image of the final structure is shown. It
seems to reveal that the thin-film is not homogeneous above the structure, especially with respect
to the difference between the flat central disc and the surrounding grating. However, from the
AFM image in Fig. 1(d) it becomes evident that the average height difference only amounts to
15 nm. The circular corrugation which is apparent both in the optical and the AFM image is the
same order but has a periodicity of several um and is thus much larger than the actual grating
(see. Figure 1(a)). Figure 1(e) depicts a zoom-in of Fig. 1(d), which reveals a rms-roughness of
6.4 nm, which is comparable to reported thin-film perovskite DFB lasers. But there are several
grains visible with heights of up to 40 nm and diameters of several hundred nm, being on the
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same order as the grating geometry. These deviations from a perfectly flat and homogeneous
thin-film reduce the performance of the samples. However, no post-treatments were used in this
proof-of-concept study outlining first strategies for process optimization in future works.

3. Stimulated emission

In the following the circular structures are investigated with respect to their ability for lasing
operation under pulsed optical pumping. The grating resonances responsible for the optical
feedback are characterized by white-light transmission spectroscopy. For this a fiber coupled
thermal light source is focused to a spot diameter of 90 um on the sample. A 200 um pin-hole
in front of the focusing lens is used to reduce the angular distribution of the white light. The
transmitted light is dispersed with a SpectraPro 500i grating monochromator (Acton) with a
grating density of 1800 mm~! and analyzed with a Pylon 400 F liquid nitrogen cooled Si-CCD-
Camera (Roper Scientific). The grating resonances are acquired relative to the transmission
through a bare perovskite thin-film. Optical pumping at a wavelength shorter than 539 nm is
required to achieve population inversion. For this a PolarOnyx Yb fiber laser with 1030 nm
wavelength, pulse duration of 400 fs, and a repetition rate of 37 MHz is frequency doubled
with a thin LBO crystal to generate sub-picosecond pulses. In order to reduce the thermal load
on the perovskite, a chopper wheel running at 100 Hz with ~3000 pulses per opening is used.
Each pump sequence has thus a length of 80 us which together with the high repetition rate
mimics the thermal load which would occur during cw pumping. The pump beam is then focused
through the glass substrate onto the perovskite to a diameter of 80 um. The excited emission is
collimated by a lens with an NA of 0.4 and analyzed by the same system as mentioned above,
whereas a tilted 550 nm long pass filter is used to block the residual pump light. The sample is
mounted inside a liquid helium-cooled MicrostatHe2 cold-finger cryostat (Oxford Instruments)
with a temperature accuracy of 0.2 K. The sample was kept under vacuum conditions to prevent
chemical degradation through humidity [36].

Figure 2 displays the results upon optically exciting the perovskite thin-film. For these
measurements the structure with a period of 271 nm was excited at 5 K. The red curve in Fig. 2(a)
and (b) indicated by the red squares in 2(c) and 2(d) are recorded at a pump energy density of
1.9 uJ cm™2. Here, only a dip in the spectrum of the photoluminescence is visible at 546 nm,
originating from the grating resonance which is indicated by the black curve in Fig. 2(a). By
increasing the pump density from 1.9 to 2.4 uJ cm™2, a sharp emission peak emerges at this
spectral position, as visible in the green curve in Fig. 2(a) and (b). As depicted in Fig. 2(d) this
emission peak has a linewidth of only 0.6 nm, compared to the 9 nm of the photoluminescence
emission. Increasing the pump density further to 3 uJ cm™ leads to a very strong increase of
the emission intensity as visible in Fig. 2(b) and (c). The emission peak experiences spectral
broadening as well as a shift to shorter wavelengths due to the increasing density of excited
carriers and excitons, which lead to a band filling, a shift of the quasi-Fermi levels and to exciton
screening [37,38]. In addition, the stronger pumping will lead to a local heating, whereby a
blue-shift can occur in CH3NH3PbBr3 [39]. By further increasing the pump density to 10.8
uJ cm~2 a saturation of the emission efficiency can be clearly seen in Fig. 2(c). Likewise, a
saturation of the broadening can be observed in the values of the extracted FWHM shown in
Fig. 2(d). Simultaneously, a second emission peak occurs at a slightly longer wavelength as
visualized in Fig. 2(b). This second peak at 550 nm contains the amplified spontaneous emission
(ASE) and was also observed from the photoluminescence emission from bare perovskite, which
can be seen in the appendix Fig. 12. In contrast to the blue-shift of the narrow emission peak, the
second peak experiences a red-shift for increasing pump energy, as expected for ASE [40,41].
These observations, the threshold behavior, the saturation, as well as the linewidth narrowing
are characteristic for lasing operation. Analogous measurements with consistent results are
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performed for several grating periods and temperatures as provided in Figs. 8—11 in the appendix
data.
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Fig. 2. (a) (colored, right axis) Emission spectra for different pump densities normalized
to their individual maximal value along with the linear transmission spectrum (black, left
axis) of the DFB grating. b) Same spectra as in (a) plotted in a logarithmic scale. (c) Peak
intensity of the emission as function of the pump density for a grating period of 271 nm at
5 K. (d) FWHM of the emission plotted as a function of the pump density.

A further characteristic of laser emission is a strong degree of polarization compared to
unstimulated photoluminescence. In Fig. 3 three polarization dependent measurements are
presented, one for the photoluminescence from an unstructured part of the sample, the second
from the structure with 271 nm grating period and a pump power below threshold, and from
the same structure with a pump power significantly above threshold. For these measurements a
rotatable linear polarization filter was inserted in front of the spectrometer.

In Fig. 3(a) the normalized peak intensities are visualized as a function of the polarizer angle,
whereas in Fig. 3(b) the spectra without a polarization filter are plotted. The photoluminescence
from the unstructured area shows an undefined polarization state. In contrast, the emission from
the structured area below threshold shows a difference between a polarization angle of 45° and
135° introduced by the grating itself. From symmetry considerations one would not expect any
preferential polarization direction from a circular grating. However, in a real world experiment
the emission from the perovskite film will not be uniformly distributed across the grating but will
show some spatial gradient due to a non-central or tilted illumination, thus the diffraction for a
certain polarization will be preferred. As soon as the stimulated emission above threshold sets in,
the emitted light will hence show a strong polarization in this preferred direction, as can be seen
in the near zero emission under a polarization filter angle of 120° for the lasing spectra.
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Fig. 3. (a) Normalized peak intensity plotted for different polarization angles to compare
the emission from photoluminescence (black), structure with a pump power below threshold
(red) and above threshold (red). (b) Measured spectra without a polarization filter.

4. Tunability

From Fig. 2(a) it becomes evident that the wavelength of the laser emission is determined by the
resonance of the grating. In a first approximation the grating resonance follows the condition for
second-order Bragg diffraction in 1 D gratings given by Eq. (1).

Figure 4(a) shows the linear transmission spectra for different grating periods ranging from
261 to 286 nm at a sample temperature of 5 K. The resonance wavelength changes from 546
to 553 nm. Intuitively one would expect with respect to Eq. (1) a broader tuning range due to
the variation of the investigated grating periodicities. However, the effective refractive index is
constituted by both the material and the waveguide and thus a strong wavelength dependence is
expected. Additionally, the difference between 1-D gratings and circular gratings is neglected
here. The resulting emission spectra above threshold are plotted in Fig. 4(b). The structure with
a periodicity of 286 nm shows no lasing emission. The wavelength of the lasing emission peak
increases with increasing grating periodicity although there is no exact match.
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Fig. 4. (a) The transmission spectra of different grating periods at 5 K normalized to an
unstructured part of the perovskite thin-film. (b) Laser emission from the different gratings
at 5 K at a pump density of 6.5 uJ em2.

In general lasing emission occurs at the overlap between the resonance of the optical cavity and
the intrinsic gain of the active medium. The latter can be characterized by the photoluminescence
spectrum. From Fig. 2d the spectral width of the photoluminescence is approximately 9 nm
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which corresponds to the emission from 545 to 553 nm. All spectra in Fig. 4(b) are excited with
the same pump density, thus the intrinsic gain of the perovskite is given by the photoluminescence
which is resembled in the yield of the laser emission. Obviously, the overlap between the grating
resonance of the structure with the periodicity of 286 nm and the intrinsic gain is too weak to
support laser emission.

By comparing the exact wavelengths in Fig. 4(a) and 4(b) a small deviation between the
resonance position and its corresponding emission can be found. The white light transmission
measurement is only suited for measuring the far-field scattering and not the local intensity
distribution inside the gain medium which influences the laser emission wavelength.

Additionally, the influence of the inhomogeneity of the spin-coated perovskite thin-film, which
was mentioned before, influences both the spectral position of the transmission and emission
measurements. Visible spectral shifts of + 1 nm are observed by small changes of the excitation
position.

By adapting the grating period and thus the resonance one can engineer a laser with a
wavelength which is suited best for the desired application, only restricted by the spectral width
of the photoluminescence.

5. Temperature dependence

In Fig. 5(a) the central wavelength of the grating resonance is plotted over a temperature range
from 5K to 240K for gratings with periodicities from 261 to 281 nm. The wavelength was
obtained by fitting a Gaussian peak to the measured transmission spectra. By increasing the
temperature, the grating resonance exhibits a linear blue-shift of approximately 7 nm over a
temperature difference of 235 K for all gratings. This shift is induced by the influence of the
temperature dependent refractive index of the perovskite on the grating resonances. Regarding
the resonance condition for second-order Bragg grating given by Eq. (1) the results from Fig. 5(a)
indicate a decrease of the effective refractive index for increasing temperatures. It is well known
that the bandgap of CH3NH;3PbBr; exhibits a blue-shift with increasing temperature [39,42]
which results in a decrease of the refractive index for wavelengths longer than the bandgap
energy [33]. Figure 5(b) shows the wavelength of the laser emissions relating to the gratings
from Fig. 5(a) over the same temperature range. This wavelength was also obtained by fitting a
Gaussian peak to the measured spectra. The pump density for all emission spectra was slightly
above their individual threshold to reduce the influence of the pump density dependent blue-shift
on the comparability of the wavelengths. As expected from the behavior of the grating resonances,

o 552 ———T———— "~ 261 nm o 1 T T
- —e—266 nm| —~
E i 271 nm| E 552 .
< 548 II— ~v—-276 nm| &
8 vo '\v\ 281 nm| S 'y%v\
@ i N, Ny . A [} . v
~ e = 2548 1 -
S 544 | g g S | 41 3 oo \,
o i T~ | 3 ili' . \
g TR e Soasf woe v i
5 540 \ 1 3 vy
o I ] E s
. i
536 L 1 L 1 2 1 L 1 " 540 n 1 2 1 1 1 L 1 L
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (K) Temperature (K)

Fig. 5. (a) Center wavelength of the grating resonance as a function of temperature for the
different grating periods. (b) Wavelength of the laser emission over temperature for different
periods.
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the emission wavelengths also blue-shifts linearly for increasing temperature. The deviation
between the exact central wavelength of a resonance at a certain temperature and its emission
wavelength was discussed previously. The structures with a small grating period of 261 and
266 nm and thus the structures with the shortest emission wavelength have a low maximal
temperature between 50 and 75 K respectively for supporting laser emission. The structures with
greater periodicities have maximal emission temperatures higher than 175 K and the structure
with a grating period of 281 nm exhibits laser emission even at 240 K.

In Fig. 6 in the appendix the emission from the structure with a grating period of 281 nm
is plotted exemplary. The general spectral shape of the laser emission remains constant. The
laser emission is slightly red-shifted with respect to the photoluminescence maximum but both
experience the same blue-shift with increasing temperature. Yet a strong decrease of the yield
with increasing sample temperature is apparent. This can also be retrieved from a study of the
temperature dependency of the threshold which is presented in Fig. 7. Here an exponential
increase with increasing temperature is observed.

The structure with the grating period of 281 nm was not the most efficient at 5 K due to the
fact that its resonance was not coincident with the maximum of the photoluminescence as visible
in Fig. 4(b). Nevertheless, it is the only structure which shows laser emission close to room
temperature. This is most likely due to the fact that it is further away from the absorption edge of
the bandgap as the other grating resonances. Thus it will experience less additional absorption
from the broadening of the Urbach tail with increasing temperature [43]. This influence of
the absorption at the short wavelength edge of the photoluminescence can be obtained from
appendix Fig. 8(a) where the structure with a periodicity of 261 nm shows the lowest emission
intensity comparing to the other structures at this temperature. Although both, the bandgap and
the resonance wavelength are blue-shifting with increasing temperature this might not be at the
same rate. Figure 5(b) supports this suggestion, as no emission has been obtained from the
structures with a periodicity of 261 nm and 266 nm at temperatures above 50/75 K. The favored
amplified emission at longer wavelengths due to the lower absorption is likewise visible by the
occurrence of ASE in this spectral region, as can be seen in the appendix Fig. 12.

The threshold pulse energy density at 240 K was 21 uJ cm~2 which is higher than the thresholds
reported in previous publications about Br based DFB perovskite lasers at room temperature
[20,21], although the circular grating should have a lower threshold than the normal DFB design.
This discrepancy can be explained by the thin-film quality as well as the different pump regime.
With a MHz repetition rate excitation laser, in contrast to the previous used kHz lasers with higher
light fluence, the thermal load deposited on the sample is comparable to cw excitation. In contrast
to other studies, no post-treatment of the used thin-films has been employed in order to reduce
the roughness and waviness. The resulting scattering will most likely limit the waveguiding
properties of the films. Thus, a comparable threshold is noteworthy.

6. Summary

In summary we demonstrated stimulated true-green laser emission from CH3NH3PbBr3 spin-
coated circular DFB structures from 541 to 553 nm, excited by high repetition rate pulsed optical
pumping. The emission exhibits a typical threshold and saturation behavior, with thresholds
as low as 2.5 pJ cm™2 and a spectral FWHM of 0.4 nm. Additionally, it shows a significant
polarization dependence for pump densities above threshold. The wavelength of the laser emission
is determined by the grating resonance, which can be tuned over a range of approximately 9 nm
by varying the grating periodicity from 261 to 281 nm. For increasing temperatures, the grating
resonance and thus the laser emission exhibits a linear blue shift and not a red shift in accordance
with the unusual temperature dependence of the bandgap known for organic-inorganic perovskites.
This leads to a decrease in the possible wavelength tuning range of the fabricated structures
caused by an increased absorption for short wavelengths through broadening of the Urbach-tail.
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Nevertheless, laser emission was observable for sample temperatures up to 240 K. Based on
the presented structures prospective geometries with resonances both further away from the
absorption edge and closer to the true green 550 nm emission could be designed. Future work
will focus on an improved geometry by tailoring the circular grating all the way to the center and
thus varying the central disk diameter, as well as tailoring the remaining waveguide properties,
especially the thin-film quality, to design gratings which support lasing thresholds low enough to
enable room temperature lasing.

A. Appendix
A.1.  Emission from 281 nm grating period for temperatures from 5 fo 240 K

In Fig. 6(a) the spectra of the 281 nm grating period structure are plotted for different temperatures.
The pump density was slightly above the threshold. In order to better compare the spectral shape
of the emissions the spectra from Fig. 6(a) were normalized to their individual maximum value
and plotted in Fig. 6(b).
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Fig. 6. (a) Emission spectra for 281 nm grating period at different temperatures close to the
threshold pump density. (b) The same spectra normalized to each maximal value.

The emission from this structure blue-shifts from 553 nm to 545 nm for increasing temperature,
due to a blue-shift in the grating resonance. The threshold increases also for increasing
temperatures except between 5 K and 50 K. This can be understood as follows. At 5K the
resonance is at the edge of the photoluminescence, thus the intrinsic gain is weak. For 50K the
photoluminescence yield and thus the gain should decrease, but the resonance blue-shifts closer
the maximum of the intrinsic gain. The smallest threshold energy density is 6.5 uJ cm™2 and
the highest is 23.7 uJ cm™2. The same behavior can be seen for the yield of the emission which
decreases for increasing temperature except between 5 K and 50 K because of the same reason as
the threshold. From Fig. 6(b) it becomes evident that the spectral width as well as the overall
shape does not change significantly with increasing temperature.

A.2. Lasing threshold versus temperature behavior

In the Fig. 7 the thresholds of all structures are plotted as function of the temperature. The
thresholds were obtained by linearly fitting the slope of the peak intensity of the photoluminescence,
as well as the increased slope of the peak intensity after the threshold.

The threshold increases exponentially over temperature from 2.5 uJ cm™2 at SK to 22 uJ cm™2
at 240 K.
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Fig. 7. Threshold density as a function of temperature for different grating periods.

In this plot it can also be seen that structures with shorter grating period stop lasing at certain
temperatures, as well as an increasing threshold before this temperature. This can be clearly seen
for 261 nm at 50K, 271 nm at 190K and 276 nm at 220 K.

A.3. Linear and logarithmic spectra

The following Figs. 8—11 show an overview of the emission spectra for several grating periods at
temperatures of 5 K, 75K, 150K and 225 K on a linear and a logarithmic scale. The periods
at each temperature except 225 K were chosen to represent the short wavelength range, the
maximum and the long wavelength range of the photoluminescence. At 225K there is only
one structure left, showing stimulated emission. Also, the power levels were chosen to be just
before threshold (black), right after the threshold (red), at lasing operation (green), and after the
saturation (black).

The two different plots have the advantage of emphasizing different properties of the spectra. In
the linear plots the peak intensities and the spectral widths of the emissions with a large excitation
density can be clearly compared, while the logarithmic plots are more suited to visualize the
behavior at low excitation densities as well as the shape of the residual unstimulated emission.

The general behavior of the spectra for increasing pump energy density remains the same for
all temperatures and grating periods. There is a visible dip in the photoluminescence below
threshold which results from the resonance of the circular DFB grating. Above threshold there
is a narrow peak emerging from the resonance dip. For an increasing pump density, the peak
intensity is strongly growing and blue shifts. The growth of the intensity slows down after
reaching the saturation pump energy and can even reverse.

The 261 nm structure has a low lasing threshold and exhibits a narrow emission but the position
of its emission is in the short wavelength part of the photoluminescence and by blue-shifting
over temperature the intrinsic gain becomes weaker. This leads to an early saturation where an
increase of the pump energy doesn’t increase the peak power anymore.

The structure with a resonance located nearby to the PL maximum but also on the longer
wavelength side has a periodicity of 271 nm. This shows a low threshold but also a significant
higher saturation point in comparison to the 261 nm structure. Here, the reduction of peak
growth is smaller. In the logarithmic spectra another peak at 550 nm which comes from amplified
spontaneous emission from the photoluminescence is visible. This peak was also observed for
unstructured parts. It has a higher threshold than the lasing emission and red-shifts for increasing
temperature.
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The structure with the longest wavelength at 5 K has a grating period of 281 nm. It has a higher
threshold because it is located at the edge of the photoluminescence. In the logarithmic plot at
high energy densities there is also the second peak at 550 nm visible which leads to a broadening
of the spectra.

At 75 K all grating resonances are located close to the maximum of the photoluminescence.
This means low thresholds and high saturation pump densities for all structures. They all have
narrow peaks for low excitation energies above threshold and the broadening can be explained by
the second PL peak from ASE which becomes more significant above saturation pump density.

At 150K one can obtain that in comparison with 75 K the emission peak from the grating with
271 nm is shifted further away from the ASE peak. This leads to a reduction of the efficiency
additional to the reduction from the increasing temperature. On the other hand, the emission
from the circular grating with 281 nm shifts closer to the ASE peak This leads to an increased
emission for high a pump density compared to the emission from the same structure at 75 K
while the threshold seems not to be influenced by the position relative to the ASE peak.

At 225 K, stimulated emission can be only observed from the structure with the 281 nm grating
period. The exponential increase of the threshold for increasing temperatures as depicted in
Fig. 7 has a significantly higher influence than for 75 K.

A.4. Photoluminescence at T=75 K
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Fig. 12. Linear and logarithmic spectra from the photoluminescence measured from an
unstructured part of the fabricated sample at a temperature of 75 K at different excitation
densities.

The Photoluminescence was measured by excitation of an unstructured part of the fabricated
sample close to the position of the different gratings presented in the measurements above. The
photoluminescence increases with increasing pump densities and at a pump density of 8.2 pJ
cm™2 a second peak starts to emerge. This peak is due to amplified spontaneous emission from
the bare perovskite. If the pump density increases furthermore the second peak exhibits a strong
red-shift in contrast to the blue-shift for the stimulated emission when increasing the pump
density. For increasing temperatures, the threshold for the ASE increases, its peak wavelengths
blue-shifts and the photoluminescence in general becomes broader.
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