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ABSTRACT: Halide perovskites are under intense inves-
tigation for light harvesting applications in solar cells. Their
outstanding optoelectronic properties such as long charge
carrier diffusion lengths, high absorption coefficients, and
defect tolerance also has triggered interest in laser and LED
applications. Here, we report on the lasing properties of 3D
distributed feedback halide perovskite nanostructures prepared
via an all-solution process. A colloidal crystal templating
approach was developed to precisely control the hybrid halide
perovskite structure on the nanoscale. The prepared
CH3NH3PbBr3 thin films with inverse opal morphology
show narrow lasing emissions with a full width half-maximum
as low as 0.15 nm and good long-term stability under pulsed laser excitation above the lasing threshold of 1.6 mJ cm−2 in ambient
atmosphere. Furthermore, lasing emission was also observed for CH3NH3PbI3 inverse opals under excitation with a focused laser
beam. Unlike other protocols for the fabrication of distributed feedback perovskite lasers, control of the nanostructure of hybrid
halide perovskites is achieved without the use of expensive and elaborate lithography techniques or high temperatures. Therefore,
the presented protocol opens a route to the low cost fabrication of hybrid halide perovskite lasers.
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Over the past years, halide perovskites have emerged as an
attractive material class for diverse optoelectronic

applications. Their versatility in optoelectronics arises from
several beneficial properties such as long carrier lifetimes,1 high
absorption coefficients at energies above the bandgap,2 and
their crystallization at room temperature, which allows
inexpensive solution-based syntheses of optoelectronic devices
at or near room temperature.3−5

Even though halide perovskites have been known since
1893,6 initial research on their electronic properties by Mitzi
and co-workers started only in the 1990s.7,8 The research
interest in the optoelectronic properties of halide perovskites
started with the first report by Miyasaka et al. about a halide
perovskite sensitized solar cell in 2009.9 Since then,
accompanied by structural changes, halide perovskite solar
cells showed rapidly increasing efficiencies.10 The beneficial
optoelectronic properties of halide perovskites also led to the
development of light emitting diodes and, more recently,
lasers.11−19

Lasing was firstly demonstrated from optically pumped cavity
lasers,20 single crystals,21 nanodisks,22,23 nanowires,18,24,25 and
nanoplatelets17 fabricated by chemical vapor deposition or
solution based processes. More recently, lasing from 1D and
2D halide perovskite distributed feedback (DFB) structures was
reported.15,16,26,27 Furthermore, Gra ̈tzel and co-workers
achieved lasing by infiltrating the naturally occurring photonic

crystal formed by butterfly wings.28 Unlike conventional laser
structures, in which the gain medium is embedded in a
resonator structure (usually two mirrors) to provide optical
feedback, in a DFB structure the feedback mechanism is
distributed over the gain medium.29 This is usually achieved via
a periodic refractive index change, which results in a photonic
band structure in which stop-gaps open up resulting in
anisotropic propagation of light within the gain medium. The
center wavelength of the photonic bandgap λmax can be
calculated from the modified Bragg law (eq 1) and depends on
the lattice parameter d, the filling fractions f and the refractive
indices n of the two media, and the angle of the incident light
θ.30

λ θ= + − −d f n f n2 ( (1 ) ) sin ( )max 1 1 1 2
2 2

(1)

Optically pumped lasing from 1D and 2D DFB structures has
already been demonstrated for halide perovskite materials. In
these 1D and 2D DFB structures, the optical feedback is
provided by patterned substrates, which are covered by a halide
perovskite layer.15,16,27 To obtain spatially well-defined feed-
back structures, the patterned substrates are prepared via cost-
intense and elaborate lithography techniques.15,16,26,27 In these
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reported structures, the refractive index contrast is formed
between the patterned substrate (SiO2, Si, Au, organic
polymers, and natural butterfly wing) and the halide perovskite
material. However, to achieve a higher refractive index contrast,
it is favorable to prepare a DFB structure in which the refractive
index contrast is formed between air and the halide perovskite
material,31 as it can be realized in 3D inverse opal structures. An
inverse opal consists of a 3D face centered cubic array of
spheres with a low refractive index (air), which are surrounded
by a high refractive index medium (halide perovskite).32,33

Herein, we report on the fabrication and lasing properties of 3D
halide perovskite DFB inverse opal structures via a facile and
all-solution based colloidal crystal templating approach.

■ RESULTS AND DISCUSSION
3D inverse opal halide perovskite structures were prepared by
an improved protocol previously developed by our group.32

The procedure involves infiltrating polystyrene opal thin films
with a perovskite precursor solution followed by solvent
removal to crystallize the halide perovskite material around the
polystyrene and subsequent template removal by toluene at
room temperature. To prepare the polystyrene opal templates,
first two aqueous suspensions of monodisperse polystyrene
spheres with different diameters were prepared by a modified
surfactant assisted polymerization reported previously.32 The
polystyrene spheres have diameters of 210 and 320 nm and are
named “S-PS” (small-PS) and “L-PS” (large-PS), respectively.
For the application of 3D inverse opal structures as lasers, a

high degree of ordering is the major prerequisite, as structural
defects will reduce the quality of the cavity by introducing loss
channels into the structure. As a consequence, high require-
ments have to be met for the polystyrene opal template.
Important parameters that determine the suitability of the
polystyrene suspensions to form high quality opal films are the
monodispersity of the polystyrene particle diameter and the
zeta-potential of the polystyrene spheres in the solvent.34,35 If
the polystyrene particle size distribution is too polydisperse,
disorder in the form of vacancies or local lattice distortions will
be introduced into the opal structure, which prevents the
formation of a pronounced photonic stop-band.35,36 As
dynamic light scattering measurements show, the prepared
polystyrene suspensions have very low polydispersity indices of
0.02 (S-PS) and 0.04 (L-PS), meaning that the particles have a
very narrow particle size distribution (Table S1). Furthermore,
high (according to magnitude) zeta-potentials result in stronger
repulsive forces between the polystyrene particles as the
distance between the particles decreases upon solvent removal.
Thus, high zeta-potentials prevent the aggregation of the
polystyrene particles in solution, which would prohibit the
evolution of a highly ordered structure.34,37 The prepared
polystyrene suspensions possess high zeta-potentials of −58
and −50 mV, respectively. Consequently, the polystyrene
particles are very stable in the suspension, which prevents their
aggregation and results in well-ordered opal films upon solvent
removal. The properties of the prepared polystyrene
suspensions are summarized in Table S1.
At this point it should be mentioned that the inverse opal

halide perovskite thin films that our group previously
reported32 did not show any lasing behavior. Only after
significant improvement of the inverse opal halide perovskite
structure, based on improved methods for the synthesis of the
polystyrene opal templates, was the quality of the halide
perovskite inverse opal samples sufficient to observe lasing. To

improve the template quality, it was crucial to improve the
monodispersity and the zeta-potential of the polystyrene
spheres, which was achieved by modifying the ratios between
styrene, sodium dodecyl sulfate and sodium persulfate and by
using milli-Q water as the reaction medium during all synthesis
steps. Furthermore, it was crucial to avoid convection of air
during the self-assembly of the polystyrene spheres while the
solvent was removed.
To prepare thin film polystyrene opals, a given amount of the

prepared polystyrene suspensions was drop cast onto clean
glass coverslips followed by evaporation of the water at 60 °C.
After approximately 10 min, the water was completely
evaporated, and strongly iridescent polystyrene films with a
thickness of approximately 4 μm were obtained. The prepared
polystyrene opal films possess pronounced photonic stop-bands
at 500 nm (S-PS) and 750 nm (L-PS), respectively (Figure 1a).
The stop-band positions are (according to eq 1) in excellent
agreement with the polystyrene diameters obtained from SEM
measurements (Table S1).
Comparison of the relative widths (Δλ/λmax) of the photonic

stop-bands of 7.2% (S-PS) and 7.6% (L-PS) and the
transmissions at the stop-band maxima of 8% (S-PS) and
17% (L-PS) indicate the high quality (good ordering) of both

Figure 1. (a) Vis-NIR transmittance spectra of S-PS and L-PS. (b)
Cross-sectional SEM image of S-PS. SEM images of (c) S-PS and (d)
L‑PS polystyrene opal films. The length of the scale bars is 2 μm.
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opal templates and show significant improvement over the
structures previously reported.32 However, in comparison with
L-PS, S-PS has better quality, as the relative widths and the
transmission at the stop-band maxima show. Furthermore,
Fabry−Perot fringes are visible in both spectra, which indicate a
constant thickness of the polystyrene template of 4.0 and 4.2
μm, respectively, over the illuminated area of approximately 30
mm2. The thickness obtained from the visible and near-infrared
(vis-NIR) spectra is in excellent agreement with the expected
value of 4.1 μm and with the thickness observed from cross-
sectional SEM micrographs (Figure 1b). SEM micrographs of
the surfaces of S-PS and L‑PS further confirm the highly
ordered arrangement of the polystyrene spheres in the prepared
films (Figure 1c,d).
Subsequently, the prepared polystyrene opal templates were

infiltrated with a 1.0 M CH3NH3PbBr3, or a 0.9 M
CH3NH3PbI3 dimethyl sulfoxide solution via spin coating.
DMSO was selected as a solvent because of the good solubility
of the halide perovskite precursors and the good stability of
polystyrene in this solvent at temperatures up to 60 °C.33

Subsequently, the solvent was removed by heating the samples
to 60 °C (under vacuum in the case of CH3NH3PbI3), which
leads to the crystallization of the halide perovskite material
around the polystyrene spheres within approximately 10 min.
To obtain the 3D halide perovskite inverse opal thin films, the
polystyrene template was selectively removed by immersing the
polystyrene/halide perovskite composite film into toluene for
10 s as the last step of the synthesis. By this method
CH3NH3PbBr3 and CH3NH3PbI3 inverse opals were prepared
from S-PS and L-PS. The halide perovskite inverse opals are
labeled as S-Br, L-Br, S-I, and L-I according to the employed
polystyrene template and the halide component of the halide
perovskite material. SEM micrographs of the prepared halide
perovskite inverse opal samples are given in Figure 2 and show
well replicated opal structures for S-Br and L-Br. It should be
noted that, from the SEM images, S-Br and L-Br seem to have a
better quality than their iodide counterparts. Furthermore, the
cross-sectional SEM micrograph of S-Br (Figure 2e) and the IR
spectra in Figure S1 prove that essentially all polystyrene is
removed from the sample, also in the deepest layers of the
inverse opal structure, which indicates the complete removal of
the polystyrene template while maintaining a highly ordered
CH3NH3PbBr3 inverse opal structure. It should be noted that
the cross-sectional SEM image was recorded by breaking the
inverse opal film in the center of the substrate, rather than at
the edge of the prepared inverse opal film.
Figure 3 shows the diffuse reflectance vis-NIR spectra of the

prepared samples. The position of the photonic stop-band for
S-Br and S-I is at approximately 545 nm, whereas the photonic
stop-band is located at approximately 820 nm in the case of L-
Br and L-I. Thus, the spectral position of the photonic stop-
band and the optical bandgap (and therefore that of the
photoluminescence) of the perovskites match in the cases of S-
Br and L-I. On the other hand, no spectral overlap between the
photonic stop-band and the optical bandgap is given in the
samples L-Br and S-I. Consequently, anisotropic propagation of
the photoluminescence, which is required for DFB lasing is
expected for S-Br and L-I only. The samples L-Br and S-I will
serve as control experiments since no lasing is expected from
these structures.
Lasing experiments were performed with a 532 nm pulsed

laser operated at 2000 Hz and 0.5 ns pulses. The collimated
excitation beam has a diameter of 25 μm. Figure 4a shows the

emission intensity and the full width half-maximum (fwhm) of
the emission peak of S-Br. The abrupt lasing threshold is
situated at an incident energy density of approximately 1.6 mJ
cm−2, which is higher than that of reported 1D and 2D halide
perovskite DFB structures. This can be a result of the lower
effective gain resulting from the low perovskite fraction in the
inverse opal structure, or result from increased scattering due to
irregularities of the all-solution processed 3D photonic crystal
structure compared to that of sophisticated lithography
techniques used to produce 1D and 2D photonic crystal

Figure 2. SEM images of halide perovskite inverse opals S-Br (a), L-Br
(b), S-I (c), and L-I (d). Cross-sectional SEM of S-Br (e). Scale bar in
each image is 2 μm.

Figure 3. Vis-NIR diffuse reflectance spectra of S-Br, L-Br, S-I, and L-I.
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structures. Also the high surface area of the inverse opal
structure may facilitate nonradiative recombination as a result
of surface defects, which could be reduced by surface
passivation.31 Since the inverse opal structures are prepared
via a solution-based process, bulk trap states may serve as a
nonradiative recombination pathway to increase the lasing
threshold. Furthermore, the long pulse durations of 0.5 ns used
in our experiments can be a cause for the relatively high lasing
thresholds. It is reported that, due to the lower generated
carrier density, long pump durations (nanoseconds) increase
the lasing thresholds by 2 orders of magnitude as compared to
short excitation pulses (femtoseconds).27,38 However, above
the lasing threshold, the line width (fwhm) collapses down to
0.15 nm (spectral resolution of the spectrometer 0.037 nm),
which is among the smallest line widths as compared to
previously reported DFB perovskite lasers, suggesting that the
cavity quality factor is not the origin of the high lasing
threshold.
Figure 4b,c shows two narrow emission lines at 544.56 and

545.54 nm, which overlap well with the photonic stop-band’s

position. In theory, two different lasing mechanisms can occur
in DFB structures, namely gain-coupled and index-coupled
lasing. In gain-coupled lasing, a single peak at the photonic
stop-band maximum is expected, whereas two modes offset
from the stop-band maximum are expected for index-coupled
oscillations.39 However, in real systems, spatial inhomogeneity
and inhomogeneous broadening of optical transitions, among
other effects, can lead to multimodal lasing,40 as it is frequently
observed for 1D and 2D halide perovskite DFB structures,26,27

as well as for DFB structures made from other materials.41−44

In the 3D halide perovskite inverse opal structure, inhomoge-
neity of the DFB structure within the illuminated area and
inhomogeneous broadening of the material’s optical transition
from local variations (defects, strain, etc.) can lead to
nonuniform saturation behaviors in different parts of the
illuminated area, which allows multimodal lasing. Random
lasers are also often multimodal, but in this case random lasing
is implausible for the following reasons: (1) no lasing was
observed from L-Br, whose photonic stop-band does not
overlap with the material’s gain spectrum (Figure S2); (2) no
lasing was observed from a less ordered photonic crystal
structure made previously using the same sized polystyrene
beads, which excludes random lasing from resonance-driven
scattering;45 (3) the lasing is stable over minutes (Figure S3),
while random lasing modes often fluctuate sensitively in time.46

Table S2 summarizes the pulse durations, lasing thresholds
and fwhms of this work and of previously reported perovskite
lasers. It should be noted, that a 540 nm long-pass filter was
used to prevent the excitation beam from reaching the detector,
which also cuts off parts of the CH3NH3PbBr3’s photo-
luminescence and results in the decreasing fwhm at increasing
incident energy densities below the lasing threshold. Similar to
the spatial inhomogeneity of the efficiency of halide perovskite
solar cells, at some parts of the 20 × 20 mm2 photonic crystal
film no lasing was observed. In our case this can be due to
disorder that occurs unavoidably at some parts of the film
during the polystyrene self-assembly process. These observa-
tions demonstrate the importance of a well-defined structure, as
already discussed in previous reports.38

To evaluate the stability of S-Br under laser excitation, the
sample was illuminated for 18 min with an incident energy
density of 1.76 mJ cm−2 (which is the maximal power of the
excitation beam) with a repetition rate of 2000 Hz. Under these
conditions, constant lasing emission was observed from the
sample. As depicted in Figure S3, the emission spectrum and
the emission intensity are constant over the observed time
frame, which indicates that the 3D DFB structure does not
undergo degradation from the excitation beam, despite the high
lasing threshold. To exclude lasing mechanisms that do not
stem from the overlap of the photonic stop-band and the
optical bandgap, L-Br, which does not have an overlap between
the photonic stop-band and the bandgap, was used as a
reference sample. As expected, no lasing was observed for this
sample, which excludes the presence of lasing mechanisms
other than DFB lasing (Figure S2).
Under the same illumination conditions, no lasing was

observed for L-I, although it has a photonic stop-band within
the bandgap of CH3NH3PbI3 and, therefore, would be expected
to lase. The absent lasing action can be explained by the lower
degree of ordering of L-I, which is reflected by the SEM
micrographs (Figure 2) and the less pronounced photonic stop-
band as compared to S-Br (Figure 3). Another possibility for
the absent lasing emission could be the lower stability of

Figure 4. Emission intensity and fwhm of the photoluminescence peak
of S-Br as a function of the incident energy density (a). Emission map
of S-Br as a function of the incident energy density (b). Emission
spectra at incident energy densities of 1.50 mJ cm−2 and 1.76 mJ cm−2,
respectively (c).
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CH3NH3PbI3, as compared to CH3NH3PbBr3, which is well-
known in the literature. Therefore, lasing experiments were also
conducted with poly(methyl methacrylate) (PMMA)-coated L-
I. However, still no lasing was also observed for this sample
under these illumination conditions.
To verify lasing from L-I required higher excitation energy

densities. These were achieved by focusing the previously
collimated excitation laser beam onto the sample. As a result of
the increased incident energy densities, lasing with a sharp
onset and fwhm of 0.16 nm was also observed from L-I (Figure
5). However, immediate irreversible degradation of the sample

at the center of the excitation beam was observed after a single
shot with maximal incident energy density (Figure S4). Thus, it
is reasonable to assume that the lasing emission originates from
excitation of the higher order maxima of the Airy disc pattern of
the excitation beam. Since evidence for this assumption cannot
be given, we prefer not to give values for the excitation energy
densities for the experiments performed with a focused laser
beam. The degradation of the sample by the focused laser beam
was also confirmed by long-term stability measurements which
show a 20% decrease of the emission intensity within the first 2
min of excitation and unsteady emission spectra over the
observed time frame (Figure S5). This implies that, besides the
very fast (single pulse) degradation of the CH3NH3PbI3,
another slower degradation mechanism is present as well. This
can either be thermal degradation or light-induced degradation
in the presence of oxygen to PbI2, as previously observed in
CH3NH3PbI3 solar cells.

47

■ CONCLUSION
In conclusion, we have demonstrated the first all-solution based
protocol for the fabrication of CH3NH3PbBr3 and
CH3NH3PbI3 distributed feedback lasers based on a 3D
photonic crystal nanostructure. By this method distributed
feedback halide perovskite lasers were prepared without
expensive and elaborate lithography techniques that are

required by the existing protocols to prepare nanostructured
halide perovskite materials and devices. The prepared
CH3NH3PbBr3 3D DFB laser shows narrow lasing emission
with a fwhm as low as 0.15 nm and good long-term stability
under pulsed laser excitation above the lasing threshold of 1.6
mJ cm−2 in ambient atmosphere. Our results open a novel path
toward the low cost and large scale fabrication of hybrid halide
perovskite lasers.

■ METHODS
Polystyrene Template. Prior to use, all glassware was

extensively cleaned with piranha solution (3:1 concn H2SO4/
30% H2O2), followed by rinsing with milli-Q water, to allow the
fabrication of high quality polystyrene spheres. Monodispersed
polystyrene suspensions with two different polystyrene
diameters were prepared via a surfactant-assisted emulsion
polymerization modified from existing literature.32 First, 50 mL
of milli-Q water was heated to 80 °C in a 250 mL three-neck
round-bottom flask equipped with a reflux condenser and an Ar
inlet under a constant Ar flow for 60 min to remove dissolved
oxygen from the water. Subsequently, polystyrene spheres with
a diameter of 210 nm (320 nm) were prepared by adding 7.5
mL (11 mL) of styrene (previously extracted 3× with 1 M
NaOH and 3× with deionized water) to the milli-Q water.
After the mixture reached a stable temperature of 80 °C, 216.7
mg (154.8 mg) sodium persulfate and 32.2 mg sodium dodecyl
sulfate dissolved in 10 mL of milli-Q water were rapidly added
to the mixture under an Ar counterflow. The mixture was
stirred for 5 h under an Ar atmosphere. Subsequently, the white
suspension was sedimented by centrifugation (30 min, 16500
rpm). The supernatant liquid was removed and the polystyrene
spheres were redispersed in milli-Q water via sonication. This
process was repeated three times. Finally, the suspensions were
diluted with milli-Q water to 0.5 wt % polystyrene. Polystyrene
opal films were prepared on 20 × 20 mm2 glass substrates
previously cleaned by sonication in acetone, isopropanol and
milli-Q water for 20 min each. Hydrophilicity was achieved by
immersing the clean glass slides in a freshly prepared piranha
solution. Subsequently, the glass slides were placed on a
precisely vertically aligned hot plate. To obtain high quality
polystyrene opal films, it was found crucial that convection of
air around the sample during solvent evaporation was
minimized. For this reason, a cylinder was placed on the hot
plate around the sample to reduce air convection. Subsequently,
235 μL of a 0.5% polystyrene solution was dropped on the glass
slide and the water was slowly evaporated at 60 °C to give an
average thickness of the polystyrene opal film of 4.1 μm.
Evaporation of the solvent leads to the self-assembly of the
polystyrene spheres in a close-packed array with the (111)
surface parallel to the glass surface.

CH3NH3PbBr3 and CH3NH3PbI3 Inverse Opal Films. The
preparation of the inverse opal perovskite films followed the
procedure previously reported.32 CH3NH3PbBr3 inverse opals
were prepared by dropping 150 μL of a solution consisting of 1
M methylammonium bromide and 1 M lead(II) bromide in
DMSO on the polystyrene opal template and spin-casting at
2000 rpm for 10 s. MAPbI3 inverse opals were prepared
similarly with the exception that a 0.9 M CH3NH3PbI3 solution
in DMSO was applied to avoid formation of bulk crystals on
the surface of the inverse opal structure. After drying at 60 °C
for 1 h (under vacuum in the case of CH3NH3PbI3), the
polystyrene template was removed by immersing the film for 10
s in toluene at room temperature.

Figure 5. Emission intensity and fwhm of the photoluminescence peak
of L-I as a function of the incident energy density (a). L-I emission
spectrum above (red line) and below (black line) the lasing threshold.
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Sample Characterization. Transmission vis-NIR spectra
were recorded with a Varian Cary 4000 spectrometer equipped
with self-built sample holder. Vis-NIR diffuse reflectance
spectra were recorded with a PerkinElmer Lambda 365
spectrophotometer equipped with an integrating sphere.
Samples for scanning electron microscopy (SEM) were
prepared by sputter coating a 10 nm Au layer on the samples.
SEM micrographs were recorded with a Hitachi TM3030 with
an acceleration voltage of 15 kV in back scattered electron
contrast. Dynamic light scattering experiments for particle size
distribution and ξ-potential determination were carried out on
a Malvern Nano-ZS Zetasizer with a 633 nm laser. The detector
angle was 173° in each measurement. IR spectra were obtained
from powders by scratching off the polystyrene, polystyrene/
CH3NH3PbBr3, and CH3NH3PbBr3 films, respectively. The
spectrometer was a Nicolet MAGNA-IR 560 equipped with
single reflection diamond ATR cell.
Lasing Experiments. All lasing experiments were per-

formed in ambient air. The setup is essentially an inverted
fluorescence microscope equipped with real-space and back-
focal plane (Fourier-space) imaging, as well as spectral
(Fourier) imaging as described by Koenderink et al.48 Samples
are placed on the platform of the inverted microscope with the
substrate facing the objective (Nikon Plan Fluor, air, 100×, NA
= 0.9). The samples are pumped through the objective and
substrate side with collimated laser pulses of 532 nm
wavelength (Teem Photonics, type STG-03E-1S0), with a
beam diameter at the sample of about 25 μm adjusted by an
iris. For focused illumination in the plane of the sample, the
collimated laser beam was incident on the back focal plane of
the objective directly. Each pulse has a width of 0.5 ns. The
laser power is controlled by a computer-controlled acousto-
optic modulator. The emission is passed through a long pass
filters to remove pump laser light, and is imaged on either a Si
CCD camera or a Shamrock303i spectrometer with an Si CCD
detector (spectral resolution of 0.037 nm), through the same
objective and beam splitter, and a 1× telescope and a tube lens.
In addition to collecting images and spectra in real space,
Fourier images are obtained by adding a lens on a flip mount at
a focal distance from the back-focal plane of the objective.
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