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Organic-inorganic halide perovskite materials, APbX; (A =
methylammonium (MA), formamidinium; X = Br, I), have rap-
idly emerged as exciting light-harvesting materials with dramat-
ically improved solar power conversion efficiencies from 3.8%
in 200911 to 20.1% in 2014, which is still the current record.?!
These materials exhibit remarkably high absorption over the
visible spectrum,? a direct band gap,l and charge carrier dif-
fusion lengths in the micrometer range>® implying a sharp
optical band edge with low trap densities.”) Perovskite thin
films can be deposited by a variety of techniques including: one
step deposition from a metal-halide precursor solution,’3#% two
step processing where a metal-halide layer is subsequently con-
verted to perovskite by exposure to an organic component,[10-12]
and/or simultaneous coevaporation of the respective perovskite
precursor components.'>¥ Importantly, by varying the cation,
metal, or anion in the perovskite, the electronic band gap may
be tuned continuously between 1.1 and 3.1 eV.'>"V7] It is this
combination of facile manufacturability, optical tuneability, and
material properties that has heralded a new branch of research
into light-emission applications using perovskites.

Previous works on related perovskite structures have dem-
onstrated biexciton lasing at 40 K8 and electroluminescence
at liquid nitrogen temperatures,!'®2% leading to early perovs-
kite light-emitting diodes (LEDs).2%2!l More recently, perovs-
kites similar to MAPDbI;, which is used widely for solar cells,
resulted in room temperature LEDs,?2l as well as amplified
spontaneous emission?’l and lasing when the perovskite is
sandwiched between a gold mirror and a dielectric stack.l?*l
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Following this, amplified emission has been demonstrated in
microcrystal networks,”’! spherical resonators,**! polygonal
nanoplatelets,?”] cholesteric liquid crystals,?® and nanow-
ires.l?’l However, these architectures frequently require labo-
rious techniques for integrating mirrors to form the optical
cavity, and often exhibit poor optical tuning behaviour as well
as no single mode emission, potentially barring the application
of these cavities as routes to low-cost commercial solid state
laser diodes. Thus, achieving single mode operation (with a
single frequency and narrow emission) using a device architec-
ture that is compatible with scalable low-cost manufacturing
still remains a challenge.

One design that can meet industrial demands is the dis-
tributed feedback (DFB) cavity. In this structure, optical feed-
back is provided by Bragg scattering from an interference
grating built either directly into the active medium or within
the vicinity of the whole resonator by periodically alternating
the refractive index. Pioneered by Kogelnik et al. in 1971,5%
DFB lasers have become the standard for many industrial
applications due to their inexpensive manufacturability, low
thresholds, high quality factor (QF), mirror-free design, narrow
linewidth, and most importantly tuneable single mode output
over a wide spectral range.?!l Successful DFB systems have
been realized using a myriad of active gain media including
semiconducting polymers,32 dyes,% organic,** and inorganic
materials.

In Figure la, we show a schematic diagram of a corru-
gated DFB structure consisting of two media with refractive
indices n; and n,. In this geometry, the Bragg conditions can
be expressed as®% 2n A = MApyug,, Where neg is the effective
refractive index of the combined structured polymer-perovskite-
air medium, A is the periodicity of the corrugated structure,
m is the diffraction order, and Ag,,g4, is the Bragg wavelength.
First order Bragg scattering (m = 1) results in an edge-emitting
mode, while second order Bragg scattering (m = 2) results in
a surface-emitting mode. From this, it is clear that the DFB
design only works for a precisely patterned active medium.

However, structuring perovskite thin films with this degree
of precision has not been demonstrated yet. Therefore, it is cru-
cial to develop a practical route to implement a perovskite-based
DFB structure which is critical for assessing the potential indus-
trial impact of perovskite lasers. One very common approach
for fabricating organic DFB lasers is the direct nanoimprinting
of the active material.}33>3¢ However, it is important to note
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Figure 1. a) Schematic diagram of a generic distributed feedback (DFB) cavity with a glass/patterned polymer resist/perovskite structure. The perio-
dicity is A, the refractive index for the polymer is n; and n, for the perovskite layer. Upon optical pumping, the DFB structure responds with surface
emission in the case of second order Bragg scattering. Atomic force microscopy (AFM) images of the patterned polymer resist in b) 3D and c) 2D.
d) Height profile in the direction of the green dashed line (averaged over 4 ym) in (c) confirming the periodicity of 410 nm. e) AFM image (top view)
after the perovskite is evaporated on the polymer resist. f) Height profile of the patterned perovskite obtained in direction of the green dashed line
(averaged over 4 pm) in (e) confirming the periodic and conformal perovskite coating.

the distinction between organics (soft materials) and perovs-
kites (hard materials). It is not directly obvious that a technique
used to enable lasing in organics would be translatable to per-
ovskites. Indeed, it still remains an open challenge to demon-
strate direct nanoimprinting of perovskite films.

Here, we realize for the first time a perovskite DFB cavity
by nanoimprinting a corrugated structure onto a polymer
template, followed by the subsequent evaporation of a con-
formal perovskite layer. More specifically, we manufacture
corrugated perovskite films with periodicities from 370 to
440 nm by nanoimprinting a UV-curable polymer resist,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

coated on a glass substrate. Then, the textured polymer films
get coated by a film of =120 nm thick perovskite, which is
deposited by a dual source coevaporator of methylammo-
nium iodide and lead chloride according to the procedure
developed by Liu et al.l¥l The photoluminescence quantum
efficiency of these films was determined to be =16%. We pat-
terned areas of 0.27 cm? and up to 1.6 cm? which are both
sufficiently large to observe interference effects by eye from
the resulting corrugated structures (see Figure S1 in the Sup-
porting Information). Full fabrication details can be found in
the Experimental Section.
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In Figure 1b—d, we present atomic force microscopy (AFM)
images demonstrating the successful pattern transfer onto the
polymer resist via nanoimprinting for a periodicity of 410 nm
which was patterned over an area of 0.27 cm? We show the
full glass/corrugated polymer/evaporated perovskite DFB stack
in the AFM image in Figure le and the corresponding height
profile in Figure 1f and have included additional SEM images
in Figure S2 (Supporting Information) showing clearly that the
perovskite layer is corrugated. Similar results are obtained for
the other periodicities as well. From this, we conclude that the
evaporated perovskite conformally coats the underlying corru-
gated polymer resist.

Our approach provides for the first time a general strategy
for introducing 2D in-plane optical structuring of perovskite
films, which could be expanded to any feasible 2D pattern. The
DFB cavity is a first concrete application proving the concept
of our approach, which is also specifically a critical step toward
injection laser diodes. Hence, this generic structuring prin-
ciple opens the prospects of the perovskite material for much
improved optical control not only in LEDs and solar cells, but

www.advmat.de

also toward applications as optical devices, through in-plane
wave-guiding or plasmonics.37#0

Our experiments focus on a surface-emitting DFB cavity,
i.e., second-order Bragg scattering. We screened through eight
different grating periodicities from 370 to 440 nm in steps of
10 nm including an unpatterned reference area (see Figure S1
in the Supporting Information for images of the master stamps
used). In Figure 2a—c, we present the emission spectra of the
full glass/corrugated polymer/perovskite stack when optically
pumped from the glass side of the substrate at A = 532 nm with
1 ns pulses, a repetition rate of 1 kHz and excitation fluences
(or pump powers) varying from 0.04 to 4.35 pJ cm™ pulse™
for three different grating periodicities of A = 400, 410, and
420 nm which were all patterned on the same perovskite film to
ensure comparability.

A clear trend for all periodicities is the emergence of a peak
at 760 nm, which is at a slightly shorter wavelength than the
steady-state photoluminescence peak, and continues to increase
with higher excitation intensities. In addition, an amplified
emission peak of much narrower linewidth occurs at a higher
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Figure 2. a—c) Emission from a full DFB structure (glass substrate with a corrugated polymer resist and evaporated perovskite) with a) A =400 nm,
b) 410 nm, and c) 420 nm periodicity (all on the same perovskite film) upon optically pumping at 1 = 532 nm for excitation fluences varying from
0.04 to 4.35 p) cm™2 pulse™ with 1 ns pulses at repetition rate of 1 kHz. d—f) Peak intensity of the amplified emission mode as a function of excitation
fluence for the corresponding periodicities (a—c). The vertical dashed line corresponds to a threshold of =0.32 (A = 400 nm), =0.54 (A =410 nm), and

=2.11 (A =420 nm) p) cm~2 pulse™.
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wavelength at 779 nm for A = 400 nm, 784 nm (A = 400 nm),
and 793 nm (A = 420 nm).

As an example, for A =400 nm, the amplified emission peak
increases rapidly with increasing excitation fluences accom-
panied by a narrow full width at half maximum (FWHM)
of 2.2 nm for the highest excitation fluence at 4.35 pj cm™
pulse™’. This trend can also be seen for grating periodicities
of A =410 and 420 nm where the narrow peak increases rap-
idly in intensity with FWHMs of 2.1 and 1.4 nm, respectively.
In Figure 2d—f, we show the input-output characteristics by
extracting the narrow peak intensity from the emission spectra
as a function of the excitation fluence. At first, we note a linear
increase in the intensity (due to spontaneous emission) that
is then superseded by a rapid increase at the respective flu-
ence thresholds of =0.32 (A = 400 nm), =0.54 (A = 410 nm),
and =2.11 (A = 420 nm) pJ cm™2 pulse™!, which is significantly
lower than most values of =10-20 pJ cm™2 pulse™ reported in
literature for lasing structures with similar perovskites.?*24

We could reproducibly observe this effect for various
devices imprinted with a single stamp over an area of 1.6 cm?
and a periodicity of A = 416 nm. We present these results in
Figure S3 in the Supporting Information where amplified
emission can be seen at 796 nm (FWHM of 1.4 nm) with
a threshold of =1 pJ cm™ pulse™. It is noteworthy that our
results were realized on simple glass/polymer/perovskite
stacks without any additional layers—highlighting the sim-
plicity of manufacture.

Furthermore, the amplified emission peak is found to red-
shift as the grating period is increased from 400 to 420 nm. To
elucidate this point further, we present in Figure 3 the magni-
fied emission spectra of these three periodicities at the highest
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fluence (4.35 pJ cm™ pulse™) supplemented by another two
periodicities (380 and 390 nm) which were measured at a later
time on a separate sample. We also include a control device
(dashed line) from an unpatterned part of the film along with
an inset of the peak wavelength as a function of the periodicity.
The QF of the DFB cavity could not be determined accurately
due to the resolution limit of the spectrometer. However, in
comparison with similar organic DFB structure we estimate
that it should exceed the apparent value (QF = 400).

The inset of Figure 3 displays peak wavelength as a func-
tion of the periodicity showing a redshift with increasing perio-
dicity. Hence, our findings for the amplified emission peak
are a significant narrowing of the linewidth with increased
excitation fluences, which cannot be seen for a control device,
a clear threshold, and a controlled redshift of the wavelength
as the grating periodicity of the DFB cavity is increased. This
constitutes at least amplified spontaneous emission (ASE) and
shows that our structuring approach resulted successfully in
the first perovskite DFB cavity. We note that lasing has already
been proven in perovskites,?l and provided all other character-
istics are consistent with lasing, we may already observe lasing
action. However, due to the challenges to clearly classify that
the observed emission is lasing, which would require highly
specialized photon statistics measurements, we prefer not to
call our observations lasing.

Furthermore, while we observe a redshift of the wavelength
with increasing periodicity, we also note that the shift does not
follow the Bragg scattering law with a constant refractive index.
Assuming an effective refractive index of n.g= 1.9 or 2.0 (moti-
vated by simulations in Table S1 (Supporting Information) where
we found n.g = 1.916.) and using the 2nd order Bragg equation

4
5x10™ - -~ control
| — A = 380nm
— A = 390nm "
4X1 04 _ —_—A= 400nm e
—— A =410nm
;.‘ J——A=420nm
s 3x10* 1
c
ie]
w -
K]
,_,EJ 2x10* 1
2.3nm
1x10*

~
©
w
T
[ ]

~ ~
~N ©
© =
T T
[ )

L ]

Peak Wavelength (nm)
3
°

380 390 400 410 420
A (nm)

FWHM:1.4nm

Wavelength (nm)

Figure 3. Magnified emission spectra for A = 380, 390, 400, 410, and 420 nm at highest fluence (4.35 pJ cm=2 pulse™). The dashed line is a control

device at the same fluence from an unpatterned part of the film.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2016, 28, 923-929



ADVANCED
MATERIALS

s
Mt oS
www.MaterialsViews.com

ABragg = Megt X A, we would expect the modes to be separated by
at least 19 nm (see Figure S4a, Supporting Information) instead
of the observed =5 nm. This discrepancy can be explained
by the dispersion of the refractive indices. In Figure S4b
(Supporting Information), we calculate what the effective refrac-
tive index should be in order to match the observed modes. From
this, negdrops from =2.0 (for A =380 nm and A eagureq = 770 nm)
to negr = 1.88 (for A =420 nm and A casured = 793 nm) showing
the potential impact of even small changes in refractive index.
This behaviour is supported by refractive index measurements
of similar perovskite materials by Ball et al.,*! Loper et al.,*
and Lin et al.**l who all report a decline in refractive index from
770 to 800 nm with a relative difference of up to An = 0.1. This
is in agreement with our calculations.

Furthermore, using the Bragg scattering law is only a first
order approximation and simulations are required to get a more
realistic picture. To this end, we calculate the fundamental DFB
waveguide modes for a periodicity of 400 nm by solving numer-
ically the phase-matching conditions*! for a three-layer wave-
guide consisting of a polymer substrate, the perovskite film, and
air as the cover medium. To demonstrate the impact of the dif-
ferent refractive indices of perovskite as reported in literature,
we use one of the smallest reported values in the 770-800 nm
range: Mgoo nm.sanl = 2.507 by Ball et al.,*!) and one of the largest
reported values: 1779 nm.1in = 2.853 by Lin et al.*¥ as well as the
full dispersion relation by Ball et al.*!l. This permits for a real-
istic range of values with which we can cross check our experi-
mental results. In Figure S5 (Supporting Information), we pre-
sent the calculated fundamental mode for a DFB grating with a
periodicity of 400 nm as a function of perovskite film thickness.
For 120 nm, we expect the DFB mode from 770 to 800 nm,
depending on the refractive index, highlighting the importance
of accurate dielectric constant data. The mode is in good agree-
ment with our experimental results.

In summary, we have presented a new strategy for struc-
turing organic—inorganic perovskite materials for optoelec-
tronic applications. By conformally evaporating perovskite
onto a nanoimprinted polymer resist, we were able to create
a working perovskite DFB cavity and to tune the emission
between 770 and 793 nm simply by varying the grating peri-
odicity. Our experimental findings are further supported by
optical simulations. This is the first time a general structuring
approach for perovskite thin films is presented which can be
expanded to any feasible 2D pattern. DFB perovskite cavities
have huge potential as inexpensive, mirror free, widely tune-
able, single mode lasers that are easy to manufacture on a
large scale. The DFB structure is highly versatile and can be
optimized, for example, toward lower thresholds or different
output energies. Broad tuneability may be achieved by utilizing
the various closely related organic—inorganic perovskites and
tailoring the cavity to the gain maximum of the unpatterned
film. With this approach, continuous tuning of the emission
from 1.1 to 3.1 eV should be feasible which has relevance for
telecommunication, medicine, and many other applications.
Furthermore, our work provides a crucial step to the exciting
prospect of an all-electrically pumped perovskite laser—a device
that will have far reaching consequences and a multitude of
commercial applications including sensors, displays, guidance
systems, and lab-on-chip technology.

Adv. Mater. 2016, 28, 923-929
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Experimental Section

Lead Chloride: Lead chloride (CAS No. 6080-56-4) was purchased
from SigmaAldrich.

Methylammonium lodide: Methylammonium iodide (CH3;NHsl) was
prepared by reacting methylamine (33 wt% in ethanol, Sigma-Aldrich)
with hydroiodic acid (HI) (57 wt% in water, Sigma-Aldrich) at room
temperature. HI was added drop-wise while stirring. Upon drying at
100 °C, a white powder was formed, which was dried overnight in a
vacuum oven and purified with ethanol before use.

Electron-Beam (e-beam) Lithography: To achieve optical feedback,
the Bragg wavelength needs to match the photoluminescence (PL)
spectrum of a CH3NH;Pbl; perovskite film, which has an emission peak
at 780 nm with a spectral range from 740 to 820 nm.>'3l Furthermore,
to ensure maximum efficiency, the grating period needs to match the
Bragg wavelength with the gain maximum of the material. Therefore, we
used as a first order approximation, m = 2 (surface-emitting), assumed
ner = 1.85431 (effective refractive index of the combined polymer-
perovskite-air medium), and a perovskite PL wavelength of =780 nm,
resulting in a periodicity of A = 420 nm.

Thus, a large area (2 cm x 2 cm) nanoimprint lithography stamp was
fabricated on a 200 nm thick Si/Cr substrate. The stamp was designed to
contain multiple gratings with 100 nm deep Cr ridges and periodicities
ranging in 10 nm steps from 370 to 440 nm. This is referred to as a
“multistamp” here. The periodicities from 370 to 440 nm covered an
area or “pixel” of 0.6 cm x 0.45 cm. An additional pixel was only partially
covered to allow for a large unpatterned area for control experiments.

A bilayer polymethylmethacrylate (PMMA) resist, with molecular
weights of 495k (6% in anisole) and 950k (3% in anisole), respectively,
was spun onto the Si/Cr substrate at 6000 rpm and prebaked at 175 ° for
5 min, and was then patterned according to the above design using a
JEOL JBC-5500ZC electron beam lithography system.

Subsequently 100 nm of Cr was thermally evaporated onto the
patterned resist and lift-off was performed in hot N-methyl-2-pyrrolidone
(NMP) with mild sonication. Scanning electron microscopy confirmed
the uniformity of the features across large areas of the sample which
was then used as a hard stamp for creating further soft nanoimprint
lithography masks.

Nanoimprinting Lithography (NIL): For the nanoimprinting, two
different hard stamps were employed—the multistamp described
above and a Thorlabs diffraction grating with a periodicity of =416 nm
(2400 grooves mm™, 1.27 cm X 1.27 cm, part number: GH13-24U).

A soft stamp was fabricated from these hard stamps using Obducat’s
Eitre nanoimprint lithography (NIL) system. The hard stamp was
pressed against a flexible intermediate polymer stamp (IPS, Obducat)
while holding the temperature at 155 °C and the pressure at 40 bar.

Next, a microscope slide was cleaned with acetone, ethanol and
exposure to an oxygen plasma treatment for 10 min. Then, Obducat’s
STU (Simultaneous Thermal and UV) resist was spin-coated at 2000 rpm
for 120 s resulting in =100 nm thick films.

The soft stamp was used to transfer the patterns onto the microscope
slide by a simultaneous thermal and UV imprint process. Throughout
the 3.5 min long procedure, the temperature was 70 °C and the pressure
30 bar. After 30 s, the polymer resist was exposed to UV light for 60 s.
Thereafter, the soft stamp was lifted off the microscope slide.

The successful pattern transfer was confirmed by SEM images and
the interference pattern from the corrugated structure that could be seen
by eye.

Evaporation: Thin perovskite films were deposited by dual-source
evaporation, as described in ref. [13].

Lead chloride (PbCl,) and methylammonium iodide (CH3NH;l) were
deposited simultaneously onto nanoimprinted substrates (see above)
under high vacuum.

500 mg of CH3NH;l and 100 mg of PbCl, were loaded into separate
crucibles and the substrate was mounted on a holder above the sources.
In the next step, volatile impurities were removed by heating the two
crucibles above the desired deposition temperatures under high vacuum
(1075 mbar) for 5 min. To prepare representative perovskite films, key
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deposition parameters such as the deposition rates and duration for
the two sources were set in guidance with the previously optimized for
best performance of the material in solar cells.'¥! This includes using a
CH;3NH;I:PbCl, molar ratio of 4:1 and heating the CH3;NHj;l to around
115 °C and PbCl; to 330 °C. The substrate holder was kept at 21 °C and
was rotated to ensure uniform coating while the film was deposited
on the substrate. The deposition rate and the thickness of the films
were monitored using a quartz crystal microbalance. Subsequently,
the perovskite films were fully crystalized in a nitrogen-filled glove box
by annealing at 100 °C for 30-45 min depending on the thickness of
the film. For the multistamp patterns, =120 nm thick perovskite films
were used and =80 nm for the single stamp pattern (Thorlab diffraction
grating).

Optical Characterization: The emission properties of the devices were
tested by pumping with an Nd:YAG laser (6FTSS355-Q4-S) operating at
532 nm with 1 ns pulses at repetition rate of up to 1 kHz. The laser was
focused onto the device from the glass side using a focusing lens to a
spot size of 100 pm. The device output was collected using an objective
and focussed with an achromatic collimating lens into a 600 pm
diameter fiber coupled to a spectrometer (Ocean Optics USB2000+,
1.7 nm resolution).

Scanning Electron Microscopy (SEM): SEM images were acquired on
Pd-coated films using a Hitachi S-4300 SEM.

Atomic Force Microscopy (AFM): AFM images were taken using a
ThermoMicroscopes AutoProbe M5 housed in an acoustic isolation
enclosure in noncontact mode, with a scan rate of 0.2 Hz and
256 x 256 pixels. Aluminum coated antimony doped Si tips (Bruker)
were used, with typical tip radii of 8 nm, resonant frequencies of 75 kHz,
and stiffness of 3 N m".

Photoluminescence Quantum Efficiency (PLQE): PLQE values were
determined using a 532 nm CW laser excitation source (Suwtech LDC-
800) to illuminate a sample in an integrating sphere (Oriel Instruments
70682NS), and the laser scatter and PL collected using a fiber-coupled
detector (Ocean Optics USB 2000+). The spectral response of the
fiber-coupled detector setup was calibrated using a spectral irradiance
standard (Oriel Instruments 63358). Excitation intensities were adjusted
using optical density filters and the highest intensities were obtained
using a 25 cm focusing lens to reduce the spot size. PLQE calculations
were carried out using established techniques.*!

Simulations: The effective indices of the waveguide modes are
estimated by solving numerically the phase-matching conditions!*4l
for a three-layer waveguide consisting of a polymer substrate
(Mpolymer = 1.52), the perovskite film (Nperovskite = 2.56), and air as the
cover medium (n,, = 1.00). The refractive indices of the different
materials are fixed at 780 nm and later the dispersion relation for
perovskite is taken into account.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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