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1. Introduction

Metal halide perovskites are under extensive research as candidates
for light-harvesting and light-emitting devices. Impressive results
have already been achieved using such perovskites as solar cells,[1]

reaching power conversion efficiency of over 25%,[2,3] due to high
absorption coefficients, long charge carrier diffusion lengths, and
well-suited direct bandgap of relevant perovskites. Their properties
such as low trap density and high luminescence efficiency also
resulted in bright perovskite light-emitting diodes (LEDs)[4] as a
source of electroluminescence, exceeding quantum efficiency of
20%.[5–7] Perovskite-based lasers have been demonstrated in various
cavity configurations and material morphologies.[8–11] Recently, the
optically pumped lasing threshold at room temperature was reduced,
allowing continuous wave (CW) lasing,[12–15] which is an important
intermediate step toward the goal of electrically pumped lasers.[16,17]

Lasing has been demonstrated using many different perovskite
compositions and preparation methods.[8–10,12,18,19–33] While the
hybrid perovskites are more studied and possibly show lower

thresholds, inorganic perovskites show better
thermal stability and lifetimes.[34–37] Among
the optical configurations used in perovskite-
based lasers are planar microcavities,[33]

nanowires,[20,28] spherical resonators,[9,19,30]

whispering gallery mode resonators,[8,18]

nanocuboids,[38] distributed feedback (DFB)
lasers,[10,12,14,24,25,27,29,32] and 2D struc-
tures.[21–23,26] Among those schemes, DFB
lasers have attracted attention due to reso-
nance controllability by optimizing the grat-
ing period. Moreover, unlike other

complicated structures, the DFB can be directly implemented to
planar thin films by structuring the bottom layer or nanoimprinting
the top surface. It is believed to be the most compatible resonator
with conventional thin-film diode structures, as shown by recent
works.[39,40] However, compared with the intensive research effort
on material engineering for perovskite lasers, the optical aspects of
DFB lasers have not been deeply investigated, mainly due to the
short history of research. Moreover, while current research efforts
are mostly focusing on the reduction of lasing threshold, to get
closer to electrically pumped devices, the efficiency of lasing output
has not been sufficiently optimized, leaving room for exploration.

Based on thermally evaporated CsPbBr3 perovskites, here, we
investigate 1D and 2D DFB lasers to obtain better understanding
of their design rules. While both lasers achieve low lasing thresh-
olds compared with thresholds of amplified spontaneous emis-
sion (ASE) of a pure film, the 2D DFB lasers are shown to reach a
higher lasing output power by suppressing the loss pathway of
ASE. We conduct a detailed mode analysis in k-space, to describe
the optical properties of 1D and 2D DFB structures and provide
further insight for future perovskite lasers.

2. Results and Discussion

First, we examine the photoluminescence (PL) of the CsPbBr3
perovskite as an unstructured layer and on top of 1D and 2D
DFB structures (Figure 1a,c,d). The X-ray diffraction analysis
(XRD) of the unstructured perovskite layer shows a tetragonal
crystalline phase (Figure 1b) and photoluminescence quantum
yield (PLQY) of 0.018%. PL of an unstructured layer excited
by pulsed laser (wavelength of 400 nm and durations of 100 fs
and 1 ns) shows ASE at 30 � 2 μJ cm�2 (Figure 2a,b). While a
few works reported dependence of the ASE threshold on the dura-
tion of the excitation pulse,[11] here, the ASE thresholds at 100 fs
and 1 ns pulses are shown to be almost identical. This indicates
that charge recombination lifetime near the threshold condition
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in the perovskite is longer than 1 ns and hence depletion of
population inversion during the pump pulse is not significant.

Further increasing pump energy leads to a shift of the ASE
emission peak away from absorption region toward longer wave-
lengths from 537 to 545 nm, as well as the broadening of the spec-
tral shape (Figure 2a,c). It is consistent with previous reports on
ASE of CsPbBr3, whereas their origin is still under debate.[41–44]

Output intensity saturation is observed for pump intensities
above 1000 μJ cm�2 (Figure 2b).

To fabricate DFB lasers, we prepare 1D and 2D grating struc-
tures with a period of 285 nm, aiming for resonance at wave-
length of 540 nm (refer to the Experimental Section for
details). The CsPbBr3 perovskite layers (120 nm) are formed
by thermally coevaporating CsBr and PbBr2 precursors on the
structured substrates. The evaporation process enables the

perovskite layer to conformally follow the structure, as shown
in Figure 1a. Lasing in both DFB samples is observed at thresh-
old of 13 � 3 μJ cm�2 (Figure 3a), regardless of the pump pulse
duration, as explained earlier. The emission above the lasing
threshold is spectrally narrow (full width at half maximum
(FWHM) of 0.5 nm), polarized, and directed. All samples exhibit
high stability under excitation and show steady output for pump
intensities up to 104 Eth, where Eth is the threshold energy density.

Introduction of a small thickness gradient in perovskite layers
allows tunability of the resonances in the range of about 10 nm
due to changes in the effective refractive index of the waveguides.
We observed the same values of the threshold within the error
range for both structures and all wavelengths under consider-
ation, contrary to previous work, showing reduced thresholds
for 2D DFB in nonperovskite emitters.[45,46] In contrast, 2D

(a)

(b) (d)

(c)

Figure 1. a) Schematics of the DFB device. Corrugated structure on the glass substrate with perovskite layer evaporated on top. b) XRD analysis of the
unstructured perovskite layer shows a tetragonal crystalline phase. c,d) Atomic force microscope (AFM) scan of the corrugated layer of the 1D and 2D
DFB accordingly.

(a) (b) (c)

Figure 2. Emission of the unstructured layer of the perovskite under an optical excitation. a) Emission spectrum of the perovskite below and above ASE
threshold. b) Input–output curve for ASE emission for femtosecond (100 fs) and nanosecond (1 ns) excitation. c) Dependence of the peak position of the
ASE on the pump energy.
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DFB lasers reach saturation at higher levels of output, allowing
more efficient light extraction. In Figure 2b, we compare lasing
output normalized by PL at threshold for best-performing devi-
ces at different wavelengths, representing maximal amplification
achieved. The region of the highest output is 534–540 nm, which
is within the ASE range, but has a shorter wavelength than the
ASE peak at high pump intensities (Figure 2c). We observe
device-to-device variations for all the samples, yet the 2D DFB
devices systematically provide higher outputs compared with
1D DFB by a factor of 3 and more. Most 2D DFB devices perform
very close to the shown best results; however, variations of output
power for 1D DFB are much larger. We attribute the higher sen-
sitivity of 1D devices to fabrication imperfections. For the best
devices, we observe a total output above 4 nJ for 2D DFB and
0.75 nJ for 1D DFB in the lasing regime. Both are observed at
the onset of saturation at about 50 μJcm2 and up to
10000 μJcm2 without noticeable change in output intensity.

The far-field emission patterns and the mode structure of 1D
DFB devices can be understood from the sketch shown in
Figure 4a, which schematically represents scattering and cou-
pling of light in the k-space.[47] Depicted circles correspond to
a mode at a fixed wavelength and are centered at around
�2πΛ, 0, and 2πΛ, where Λ is the grating periodicity. The radius
of each circle is neff=λ, where neff is the effective refractive index
of the waveguide and λ is the wavelength of the propagating
mode. The shaded area around the origin of coordinates sche-
matically represents kx and ky, which lie inside of the light escape
cone and hence can be outcoupled from the waveguide. The cou-
pling between different modes occurs on intersection points
between the circles. Coupling of two counterpropagating modes
in the origin of the coordinates (kx ¼ ky ¼ 0) provides a mecha-
nism for an effective optical feedback, which can lead to lasing in
favourable conditions.

We carry out a direct measurement of the wavelength depen-
dence on in-plane momentum, k. Using a polarization analyzer,

we separate transverse electric (TE) (Figure 5a,b) and transverse
magnetic (TM) (Figure 5c,d) modes. In this figure, for both TE
and TM, the intersections of modes in k⊥ ¼ 0 are visible; how-
ever, it lies outside the high-gain spectral region and, therefore,
no lasing should be expected in these particular samples. For
higher pump energies, we observe ASE (Figure 5b,d), which
sometimes can be misinterpreted as lasing if only the spectrum
is considered but can be unambiguously identified in k-space as
no directional emission is observed above the threshold.

The mode structure of 2D DFB can be understood as a super-
position of two perpendicular 1D structures in k-space
(Figure 4b). To get further insight into the mode structure,
we conduct 1D cuts of 2D k-space (Figure 6). To make all modes
visible, we slightly tilt the sample and introduce a small detuning
from ky ¼ 0. In Figure 6a, TEx modes are clearly visible, whereas
TEy modes cannot be seen directly (as they are p-polarized), but
can be seen through their interaction with the TEx mode. All the
modes intersect at the vicinity of kx ¼ ky ¼ 0, providing cou-
pling, which can lead to lasing in the normal direction. For
ky 6¼ 0 (Figure 6b) cut, only a slight change is seen in the TEx

mode, but now the TMy mode is clearly visible. For p-polarized
emission (Figure 6c), interaction between TMx and TEy can be
seen. Figure 6d shows the interaction between TMx and TMy

modes for ky 6¼ 0 cut. The TMy mode is not directly visible
but can be deduced through points of more intense emission.
Figure 7 shows schematically the discussed cuts in the k-space.
We mark momentum coordinates where lasing occurs by red
spots and show green dashed lines for measured k-space cuts.
Such a diagram represents a single fixed-wavelength slice,
whereas in principle lasing can occur simultaneously at other
wavelengths too and should be described by diagrams with
circles of different radii.

When the gain is high enough, the above-described interac-
tion of modes leads to lasing. To illustrate it, we superimpose
two k-space images of lasing (lasing at normal direction and

(a) (b)

Figure 3. a) Input–output curves for 1D and 2D DFB lasers for femtosecond (100 fs) and nanosecond (1 ns) excitations, whereas the output intensities
were measured at lasing wavelengths (inset: normalized spectrum above the lasing threshold). b) Dependence of the lasing output at saturation on
wavelengths for 1D and 2D DFB structures. The relative intensity represents maximal lasing output normalized by PL at threshold for best devices and
different wavelengths.
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at angle) on the k-space-mode image (Figure 8a,b for 1D and 2D
structures). In the far field, we observe a standard pattern of
emission from 1D DFB structures (Figure 8c,d).[24,48] Arcs on
the image correspond to alternating TE and TM modes (starting
from TE mode in the center), propagating in opposite directions.
The far-field image is a full k-space projection; therefore arcs are

parts of the circles lying within the light cone (Figure 7a). For 2D
DFB structures, the far-field lasing pattern shows a center spot
and four arms of the cross (Figure 8e). The center spot has a ring
shape (cannot be resolved in the image), which can be attributed
to 2D Bloch modes,[26] whereas arms are other intersections of
momentum circles, as was discussed before.

(a) (b)

Figure 4. Schematics of the mode structure in the k-space. a) Circles are centered around �2πΛ, 0, and 2πΛ and represent a mode at a fixed wavelength
of 1D DFB. The shaded area represents kx and ky, which lie inside the light escape cone. b) 2D DFB structure is a superposition of two 1D DFB structures
along kx and ky axes.

(a) (c)

(b) (d)

Figure 5. Images of 1D DFB structures in the k-space. a) s-polarized emission below ASE threshold (TE mode). b) s-polarized emission above ASE
threshold (TE mode). c) p-polarized emission below ASE threshold (TM mode). d) p-polarization emission above ASE thershold (TM mode).
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The k-space imaging of the device emission allows us to sug-
gest an explanation for the difference between saturation levels of
1D and 2D devices. Careful comparison of the k-space-resolved
emission spectra of 1D and 2D DFB structures reveals an ASE

along with lasing emission (Figure 9a,b) in 1D structures. While
lasing can be seen as localized bright spots, which correspond to
narrow linewidth and directional emission, broader and undi-
rected ASE is seen as vertical stripes (similar to Figure 5b,d).
We do not observe such effects for 2D structures, where light
is confined in both directions (Figure 9c,d). It is well known that
in macroscopic lasers, ASE is undesirable and leads to lower
emission saturation, and therefore laser systems are designed
in a way to minimize it. In microscopic lasers, due to the small
volume of active material and higher β-factors, ASE is rarely
observed together with lasing. However, the low ASE threshold
in perovskite materials can have a negative influence on lasing at
high pump rates. In fact, in our devices, ASE and lasing have
similar thresholds and we observe their coexistence for 1D
structures.

3. Conclusion

In this work, we investigate emission and lasing of thermally
evaporated CsPbBr3 perovskite formed on top of 1D and 2D
DFB structures. We analyzed mode structures, far-field patterns,
and lasing thresholds and output for both cases. Furthermore, we
assess not only the lasing threshold, but also the output emission
at high pump rates, which is influenced by emission saturation
effects in perovskite, as well as by specific feedback structures.
We find that the 2D DFB structures are superior to 1D DFB

(a) (c)

(b) (d)

Figure 6. Images of 2D DFB structures in the k-space. a) s-polarized emission for kx ¼ 0 and ky � 0. b) s-polarized emission for kx ¼ 0 and ky 6¼ 0.
c) p-polarized emission for kx ¼ 0 and ky � 0. d) p-polarized emission for kx ¼ 0 and ky 6¼ 0.

Figure 7. Schematics of 2D DFB mode structure in the k-space. Red dots
are points in k-space, where lasing occurs. Green dashed lines are experi-
mentally measured 1D cuts.
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and produce stronger output at saturation excitation. We attri-
bute this to the better mode confinement in such structures

and suppression of the competition between ASE and lasing.
We believe that emission saturation and the possible negative
influence of ASE in perovskites should be taken into account
in the development of high-output-power perovskite lasers.

4. Experimental Section

Fabrication of DFB Structure: The Bragg condition for wavelength λ was
satisfied when Nλ ¼ 2neffΛ, where N is the grating order (N ¼ 2 for
second-order grating, which is used in this work), Λ is gating periodicity,
and neff is the effective refractive index of the waveguide which is numeri-
cally solved[49] for the grating depth of 70 nm and perovskite layer of
120 nm to obtain Λ ¼ 285 nm. To fabricate the structure, we used nega-
tive photoresist AZ nLOF 2020. The photoresist was deposited by spin
coating on a glass substrate and exposed to the interference of UV laser
light using Lloyd’s mirrors configuration; however, by adjusting the mirror
angle, the grating period was tuned to 285 nm. For 2D structures, the sam-
ple was rotated by 90� and exposed again.

Perovskite Deposition: A 120 nm-thick CsPbBr3 was thermally evaporated
on top of structures. The CsPbBr3 layers were deposited by coevaporation
of CsBr (Sigma) and PbBr (Sigma) in a vacuum deposition chamber (MINI
PEROvap, CreaPhys GmbH, Germany) at a base pressure of 2e-6 mbar.
Slight thickness gradient naturally appeared on large-area samples, allow-
ing device tunability.

The deposition rates were monitored with separate quarz crystal bal-
ances and held constant at a deposition rate of 0.11 A s�1 for CsBr and
0.13 A s�1 for PbBr. The high refractive index of the perovskite (n� 2.1)[44]

situated between air and photoresist (n� 1.5) provided a waveguide.

(a)

(c) (d) (e)

(b)

Figure 8. a) Lasing in 1D DFB (red) superimposed on PL (cyan). b) Lasing in 2D DFB (red) superimposed on PL (cyan). c) Far-field image of PL from 1D
DFB below the threshold. d) Far-field emission from 1D DFB just above the threshold. e) Far-field emission from 2D DFB just above the threshold.

(a) (b) (c) (d)

Figure 9. Examples of lasing in k-space when the pump intensity exceeds
ASE threshold. a,b) Examples of coexistence of lasing and ASE in 1D DFB
just above the ASE threshold at the different spots of the identical devices,
showing the repeatability of the result. c,d) Examples of emission from 2D
DFB above ASE threshold at the different spots of the identical devices.
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Characterization of Lasing Properties: The sample was excited by femto-
second laser pulses with a duration of 100 fs and repetition rate of 5 KHz.
The pulses were produced with a Micra femtosecond oscillator and ampli-
fied with a regenerative amplifier (RA) Legend Elite Duo, both by Coherent.
The second harmonic was generated at 400 nm from the output of the RA.
The same setup was used to produce nanosecond pulses by bypassing the
compression stage of the RA. Excitation beam was focused by a lens to a
spot size of 120 μm in diameter. The emission was collected by high
numerical aperture (NA) objective lens and guided into a spectrometer,
equipped with a cooled charge coupled device (CCD) camera. For k-space
imaging, we used additional pair of lenses to image back the focal plan of
the objective lens onto the spectrometer entrance slit.[50]
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