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ABSTRACT: Organic—inorganic perovskites are highly promising solar cell materials
with laboratory-based power conversion efliciencies already matching those of
established thin film technologies. Their exceptional photovoltaic performance is in
part attributed to the presence of eflicient radiative recombination pathways, thereby
opening up the possibility of efficient light-emitting devices. Here, we demonstrate
optically pumped amplified spontaneous emission (ASE) at 780 nm from a 50 nm-
thick film of CH;NH,;PbI; perovskite that is sandwiched within a cavity composed of a
thin-film (~7 pm) cholesteric liquid crystal (CLC) reflector and a metal back-reflector.
The threshold fluence for ASE in the perovskite film is reduced by at least two orders
of magnitude in the presence of the CLC reflector, which results in a factor of two
reduction in threshold fluence compared to previous reports. We consider this to be
due to improved coupling of the oblique and out-of-plane modes that are reflected into
the bulk in addition to any contributions from cavity modes. Furthermore, we also
demonstrate enhanced ASE on flexible reflectors and discuss how improvements in the quality factor and reflectivity of the CLC
layers could lead to single-mode lasing using CLC reflectors. Our work opens up the possibility of fabricating widely wavelength-
tunable “mirror-less” single-mode lasers on flexible substrates, which could find use in applications such as flexible displays and
friend or foe identification.
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O rganic—inorganic perovskites are generating a great deal efficiencies of up to 70% at room temperature and approaching
of excitement in the photovoltaic community with 100% at low temperature having already been reported.'®"
certified device power conversion of 20.1% recently demon- Minimizing the fraction of recombination that is nonradiative
strated."® The crystal structure of the perovskite family of is important for pushing the open-circuit voltages in photo-
materials takes the form ABX;, and the hybrid perovskites of voltaic devices toward thermodynamic limits.”" Efficient
recent interest are composed of an organic cation (A = radiative recombination also opens up the possibility of highly
CH,NH;* or HC(NH,),"),”"® a metal cation (B = Pb** or efficient light-emitting devices based on these perovskites.
Sn?*),%"1? and halides (X = I, Br , or CI7)° These Perovskite light-emitting diodes (LEDs) were first demon-
components can be interchanged to allow tuning of the strated in the 1990s using two-dimensional perovskite
electronic band gap from ~1.3 eV to ~3.0 eV.'">"""® Their high structures that only showed electroluminescence (EL) at liquid
performance is in part due to long carrier diffusion lengths,'*"> nitrogen temperatures.”>~>* To achieve room-temperature EL,
large extinction coefficients, and a sharp optical band edge, Mitzi and co-workers devised a scheme whereby a quaterthio-
suggesting low levels of disorder."®"” Their performance can phene diamine dye was used as both the organic cation and
also be attributed to the presence of efficient radiative

bimolecular recombination of free electrons and holes.'*72° Received: February 18, 2015

These radiative processes become dominant at higher charge Revised: ~ May 9, 2015

densities (>10" cm™?), with photoluminescence (PL) quantum Published: May 19, 2015
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emissive component, but the emission was not from the
perovskite sheets themselves.”® Tan et al. recently demon-
strated the first LEDs utilizing these three-dimensional
CH;NH;PbX; perovskites, reporting room temperature in-
ternal quantum efficiencies (IQEs) of ~3%.>” Recently,
Deschler et al. and separately Xing et al. reported a narrowing
of the emission spectrum in thin films of CH;NH,;PbX,
perovskites at room temperature due to amplified spontaneous
emission (ASE),'*?¢ a phenomenon that occurs for the guided
wave modes that propagate freely in-plane.”” Deschler et al. also
observed out-of-plane cavity modes at room temperature under
pulsed laser excitation from a vertical cavity in which the
perovskite was sandwiched between a gold mirror and a Bragg
reflector, and multimode lasing was observed above a threshold
of ~50 pJ/cm?*/pulse. Optically pumped lasing has also been
recently achieved at room temperature in polygonal nano-
cavities”®*” and spherical resonators,*® as well as random lasing
from microcrystal networks,>" beckoning the emergence of a
new field in perovskite research.'

Chiral nematic (cholesteric) liquid crystals (CLCs) are a
liquid crystalline phase that spontaneously self-organizes to
form a macroscopic helicoidal structure.”” When the pitch (the
length scale that defines the periodicity of the structure) of the
CLC helix is on the order of the wavelength of visible light,
vivid Bragg reflection can be observed. With the advent of high
twisting power chiral additives, it is now possible through
simple means to form CLC phases with a Bragg reflection
centered at any desired wavelength ranging from the ultraviolet
to the infrared.>> Furthermore, CLC polymers can be spin-
coated onto a range of substrates including flexible structures.
The use of CLCs instead of conventional inorganic Bragg
reflectors™ could potentially simplify the fabrication procedure
and would provide a facile means with which to access a range
of wavelengths simultaneously (e.g., through pitch gra-
dients®>**) that is not necessarily readily achievable with
other forms of Bragg reflector.

Here, we demonstrate enhanced optically pumped ASE from
the CH;NH,PbI; perovskite when the material is sandwiched
within a cavity composed of a CLC polymer reflector on glass,
an alumina underlayer, and a metal back reflector. We find that
the threshold for ASE from the perovskite in the device stack is
lowered by at least two orders of magnitude compared to films
without the CLC layer, and reduced even further for deposition
on flexible substrates, resulting in a factor of two reduction in
threshold fluence for gain narrowing compared to previous
reports.'”?%*® With further improvements to the quality factor
and reflectivity of the CLC layer, the device structure is
particularly promising for the development of a potentially
wavelength-tunable single-mode “mirror-less” laser for use in a
range of photonic applications.

To fabricate a controllable device stack, we use a compact
layer of AL,O; (c-Al,O;), deposited by controlled atomic layer
deposition (ALD), as a transparent insulating spacer layer
between the CLC (on glass) and the perovskite film. Films of
CH;NH,;PbI; of thickness ~50 nm were produced on
substrates using the vapor-assisted solution processing
(VASP) method reported in detail elsewhere. Briefly, 50
nm of Pbl, was thermally evaporated onto the substrate and
then converted to the perovskite by exposing the film to
methylammonium iodide (MAI) vapor. The films were spin-
coated with the insulating polymer poly(methyl methacrylate)
(PMMA) to protect them from air and moisture (see
Supporting Information for full experimental methods)."*

4936

Figure 1 shows the time-resolved PL decays of the perovskite
deposited on bare glass (blue) and on a dense compact 170 nm
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Figure 1. Time-resolved PL decays from the perovskite coated on neat
glass (CH;NH,Pbl;; blue) and on compact ALO; (c-AL,O5/
CH;NH,Pbl;; black), both with top layers of the insulating polymer
PMMA. Samples were photoexcited with pulsed excitation (510 nm, 1
MHz repetition rate, 117 ps pulse length, 0.03 yJ/cm?/pulse), and the
emission was detected at 780 nm. The measured PLQE values are
labeled on the plot. Inset: steady-state PL spectra of the samples.

layer of AL,O; (black), with pulsed photoexcitation of the
samples at a wavelength of 510 nm and emission collected at
780 nm. We find that the PL lifetime of the perovskite is
extended when it is deposited on the alumina underlayer. In
addition, the photoluminescence quantum efficiency (PLQE)
comparably increases from 9.1% for the neat film to 19.7% for
the film deposited on alumina. These results are consistent with
those reported by Tan et al,, who found a substantial increase in
LED quantum efliciency when inserting a thin alumina
underlayer, which they attributed both to suppressed
luminescence quenching at their device junction and also to
the surface-induced structuring of the perovskite layer.>” We
speculate that the influence of the substrate upon both
crystallization and generation of surface defects is playing a
role here.*®*” In addition, the previously observed “n-doping”
from mesoporous alumina may also occur to a lesser extent at a
planar interface,* which would result in filling of nonradiative
electronic trap sites at this interface. These results suggest that
¢c-Al,Oj; is a highly suitable choice for the spacer layer.

We next built up the full device stack shown in Figure 2,
panel a. The CLC layer (~7 ym) was fabricated by spin coating
the CLC mixture on a rubbed polyimide glass plate. The
reflection peak of CLC was centered at ~780 nm so that the
center of the reflection band matched the peak emission
wavelength of the perovskite (4 ~ 780 nm) while remaining
transparent to the pump beam (530 nm) (Figure 2b). To
maximize amplification of the perovskite emission within the 50
nm perovskite layer, we sandwich the perovskite between two
transparent spacer layers: an underlying 170 nm layer of Al,O,
as described above, and a ~170 nm spin-coated top layer of the
insulating polymer PMMA, to make a ~390 nm (~A4/2) thick
Fabry—Perot resonator cavity. The stack was completed by
thermally evaporating a gold back reflector (7S nm), which
reflects both the perovskite emission and the optical pump, thus
allowing for a second pass of the pump and thereby increasing
the absorption in the perovskite. We show a scanning electron
microscope (SEM) cross-section of the layers of the stack in
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Figure 2. (a) Schematic of the device stack. (b) Transmission spectrum of the CLC reflector on glass (left axis) with PL spectrum from the
perovskite thin film overlaid (black circles, right axis). The blue line shows the modeled transmission spectrum of the device stack using the 4 X 4
Berreman matrix approach. (c) SEM cross-section image of the full device structure on glass. The alumina layer has been shaded for contrast. (d)
Emission from full device stack (red), stack without CLC (black), and stack without CLC and alumina (blue dashed), with pulsed excitation (530

nm, 4 ns pulses, 10-Hz repetition rate, ~60 yJ/cm*/pulse).

Figure 2, panel ¢, and we show the transmission spectrum of
the device stack modeled using the 4 X 4 Berreman matrix
approach designed for anisotropic media in Figure 2, panel b
(blue line).* We note here that depositing on the CLC with
alumina by ALD or processing the perovskite by the VASP
method (as presented here) or by solution-processing (not
shown here) did not in any way degrade the CLC layer or alter
its properties, suggesting the CLC layer is robust to a variety of
processing conditions. We also note that, through a
combination of polarizing optical microscopy and transmission
measurements, we did not observe any birefringence in the
perovskite, which would otherwise scramble the polarization of
the light in the stack thereby potentially making the CLC
reflector ineffective.

We show the emission from the stack with pulsed excitation
(530 nm, 4 ns pulses, 10-Hz repetition rate, ~60 uJ/cm*/pulse)
in Figure 2, panel d. We see ASE from the sample with the full
device stack (CLC/AL,O;/CH,;NH,Pbl;/PMMA/Au; red
spectrum), whereas we only observe PL from the identical
sample without the CLC layer (Al,0,/CH;NH,Pbl,/PMMA/
Au; black) and with the neat perovskite film deposited on glass
(CH,;NH,Pbl,/PMMA/Au; blue). We attribute the emission
narrowing as a result of the CLC layer to be due to ASE rather
than other narrowing mechanisms, such as superfluorescence or
excitonic effects,*”** which we would not expect to be affected
by the addition of the CLC layer. Additionally, we rule out
excitonic effects because of the low exciton binding energies in
these materials.***> We note that the trend of increasing PL
intensity with the underlying Al,O; layer is consistent with that
reported in Figure 1. We also note that the emission from the
device stack and control films does not exhibit any degree of
polarization (see Supporting Information).

Figure 3, panel a shows the pump-dependent emission from
the full device stack (glass/CLC/Al,0;/CH;NH;Pbl;/
PMMA/Au) through a range of excitation fluences at room
temperature. At a threshold fluence of ~10 yJ/ cmz/pulse, the
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emission changes from a broad PL (FWHM of ~0.1 eV) at low
fluence to ASE (FWHM of ~0.01 eV) at high fluence. In
contrast, the corresponding control stack without the CLC
layer (glass/Al,0;/CH;NH;Pbl;/PMMA/Au) only shows
broad PL even at the highest excitation fluence (600 uJ/cm?*/
pulse; dashed green line). We note here that we have also
observed ASE from highly emissive control films, but the use of
CLCs consistently yielded stronger ASE and at a much lower
threshold. ASE occurs for the guided wave modes that
propagate freely in-plane,”” and therefore we would not
necessarily expect a vertical cavity to lower the ASE threshold.
We believe that, in this case, the role the CLC reflector layer
plays is to redirect the emission that propagates along the out-
of-plane and oblique paths back into the bulk. As a result, the
optical path length in the medium is increased, resulting in a
lower ASE threshold when compared with the non-CLC
substrates. Here, the CLC layer is effectively improving the
waveguiding capability of the perovskite film. It is also possible
that the out-of-plane cavity modes are also contributing to the
gain narrowing we have seen here.*

The results for the full device stack measured at a
temperature of 200 K are shown in the Supporting Information.
We observe a general narrowing of the PL linewidths, a slight
red-shift (~20—30 meV), and an increase in absolute emission
intensity compared to the 300 K data, consistent with previous
reports. 5264546

For both temperatures, increasing the excitation fluence
results in a transition from a broad PL spectrum to a much
narrower ASE feature at a fluence of ~10—20 uJ/cm?/pulse.
The emission intensity at T = 300 K is plotted in Figure 3,
panel ¢ and is used to extract a transition fluence of 15.3 yJ/
cm?/pulse. These values are consistent with the values of ~10—
20 uJ/cm?*/pulse reported by Xing et al. and Deschler et al. for
CH;NH,;PbI; in related stacks or even highly emissive thin
films."*?® We extract a lower ASE threshold fluence of 6.2 yJ/
cm?/pulse for T = 200 K (see Supporting Information), which
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Figure 3. (a) Emission from the full device stack (glass/ CLC/ALO,/
CH,;NH,Pbl;/PMMA/Au) following photoexcitation (530 nm, 4 ns
pulses, 10-Hz repetition rate) at a range of fluences. Emission from the
control without the CLC (glass/AlZO3/ CH,;NH,PbL,/PMMA/Au) is
also shown for the highest excitation fluence (600 yJ/cm?®/pulse).
Emission (b) FWHM and (c) intensity, with the extracted ASE
threshold fluence (15.3 uJ/cm?*/pulse) denoted by the black dashed
line. The spectral resolution of the detector setup at the measurement
wavelength was ~6 meV (~1.8 nm). We did not observe visible
sample degradation (photobleaching) until fluences of as high as ~10
mJ/ cm?/ pulse.

is consistent with the observation of a higher PLQE at lower
temperature that we have reported previously.'"® We observe
that the FWHM and emission intensity both saturate at higher
fluences at both temperatures, and a further increase in the
fluence does not appear to result in a further collapse of the
linewidth.

Following experimental evidence that the ASE threshold
decreases with the addition of the CLC layer, we monitored the
temporal variation of the ASE mode distribution in the full
device stack. Figure 4 shows “snapshots” (gate-length 30 ns) of
the emission profile with 6 Hz sampling rate following pulsed
excitation at 530 nm (100 fs pulse length, 1-kHz repetition rate,
30 ns detection window after pulse) at various excitation
fluences. Below the ASE threshold (Figure 4a; 12 uJ/cm?/
pulse), the emission is broad and featureless. At fluences close
to the ASE threshold (Figure 4b; 19 uJ/cm?/pulse), the shape
of the emission changes, and a peak in the red tail of the
emission spectrum evolves. At fluences above the ASE
threshold (Figure 4c; 32 uJ/cm?®/pulse), this peak increases
in intensity and slightly redshifts further. It is clear that there
are fluctuations in the mode distribution over time; we observe
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Figure 4. Temporal evolution of the emission spectra from the full
device stack measured with a 6 Hz acquisition rate. The samples were
photoexcited with 530 nm pulses of length 100 fs, 1-kHz repetition
rate, 300-um spot size, and a 30 ns detection window, with fluences
(a) below (12 uJ/cm?*/pulse), (b) near (19 uJ/cm?/pulse), and (c)
above (32 uJ/cm?*/pulse) the ASE threshold.

temporal and spectral fluctuations in the ASE (Figure 4b,c)
with modes being mostly observed only during one snapshot,
without sustainable lasing.

The results presented above suggest that the emission from
the device stacks above is unstable ASE and not lasing, and
further refinement of the device stack will be required to
achieve single mode lasing. The instability could be due to the
relatively low quality factor of these CLC layers and because the
CLC only reflects 50% of linearly polarized light. Therefore, the
losses will be much higher here than in a conventional Bragg
reflector. In addition, the nonuniformity of the device thickness
caused by the current method to spin-coat PMMA may not
allow the precise thickness control required for amplifying a
single mode, although the desired thickness may be achieved in
the current devices in some local areas where this thickness is
achieved. Recent advances in methods to solution-process
perovskites*’>° and other materials such as PMMA®' have
yielded ultrasmooth layers, and therefore an entirely solution-
processed device with minimal thickness variation could be
feasibly fabricated. A more optimized stack accounting for the
refractive indices (n) of the layers would consist of the ~S0 nm
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perovskite layer (n &~ 2.3 at ~780 nm>>) sandwiched between
~80 nm of AL,O; (n = 1.75) and ~80 nm of PMMA (n = 1.5),
giving an optical path length of 1/2~390 nm. The saturation of
the FWHM and emission intensity at high fluences (Figure
3b,c) suggests the absorption becomes saturated, and no
further increase in excitation density can be achieved.
Therefore, we expect that lasing could be achieved if the
quality of the cavity was improved.

To test how the ASE threshold could further reduce with
higher reflectivity substrates, we fabricated an 80% reflector by
spin coating the CLCs on both sides of a half-wave film (see
Supporting Information).>>** Here, the fraction of the
unpolarized perovskite emission with the same handedness as
the CLC on top of the half-wave film will be reflected, whereas
light of the opposite handedness will be transmitted through
the CLC. The transmitted light from the top CLC layer will
change its handedness while it passes through the half-wave
film (7 phase shift) and will be further reflected by the CLC on
the bottom side of the film, yielding a net reflectivity of up to
~80%.* The compound substrate is free-standing and flexible,
which allows us to additionally demonstrate the versatility of
these reflectors. Because of the temperature sensitivity of the
wave plate, we omitted the ALD layer and instead first
deposited a ~50 nm layer of PMMA by spin-coating, followed
by a 300 nm layer of mixed halide perovskite
(CH,;NH;PbI, Cl,) by coevaporation,” which allows for a
lower annealing temperature of 100 °C for a shorter period of
time, and finally another ~50 nm spin-coated layer of PMMA.
A photograph of the flexible device stack is shown in the inset
of Figure 5. We plot the emission intensity as a function of
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Figure S. Extracted emission intensity from a device stack fabricated
on a flexible 80% CLC reflector following photoexcitation at a range of
fluences (532 nm, S ns pulses, 100-Hz repetition rate). The ASE
transition fluence is determined to be 7.6 uJ/ cm?/ pulse. Inset:

photograph of the flexible device.

excitation fluence in Figure 5, where the ASE threshold has
indeed been reduced further to 7.6 uJ/cm?/pulse (cf. 15.3 uJ/
cm?/pulse for the 50% reflector). We note that the reduction in
threshold is primarily attributed to the improved reflector
because we again do not observe ASE up to the maximum
pump intensity from the control sample (without the CLC),
which was also prepared using coevaporation (see Supporting
Information for PL spectra and FWHM data) or when using
thicker (~300 nm) perovskite films with the 50% reflectors.
This reduction in ASE threshold is highly encouraging, and it is
expected that further improvements in the reflector quality and
reflectivity (e.g., beyond 99%) will allow us to achieve sufficient
amplification of the out-of-plane perovskite emission for lasing
in these structures. We expect that the limitations in reflectivity
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of the CLC layers are predominantly practical, and further work
into the deposition of these novel CLC layers will lead to
further reflectivity improvements. For example, use of multiple
stacks of left- and right-handed CLCs could result in much
higher reflectivities.**

Furthermore, the perovskite emission wavelength is easily
tunable by substituting different cations or anions; for example,
by increasing the bromide content, the emission maximum
blue-shifts toward the green, and additional chloride doping can
shift the emission further toward the blue region of the visible
spectrum.'”'¥?¢ Likewise, the CLC reflector can be easily
designed to match the perovskite emission peak across this
range of possible emission colors by changing the concentration
of chiral additive.*® The CLC could also be processed on top of
the dielectric stack, which would remove the need for the Au
back reflector and allow lasing from both ends of the cavity.
However, we note that this will require alternative CLC
fabrication methods to avoid methods for curing and
mechanically rubbing the alignment layer that may damage
the perovskite. The next logical steps are to pursue the avenues
described above to optimize the devices to demonstrate a
single-mode solution-processed perovskite laser.

In conclusion, we have investigated CLC reflectors as a
means to enhance the line narrowing and ASE from organic—
inorganic perovskite thin films toward lasing in these structures.
We fabricated layered devices and observed perovskite ASE
enhancement in stacks containing the CLC layer and have
confirmed that these effects were not reliably seen in control
devices without the CLC. We found ASE thresholds of ~7 ]/
cm?/pulse on flexible CLC reflectors, which are lower than
values reported elsewhere.'””® The work suggests a promising
route to single-mode “mirror-less” lasing from perovskite
materials with the CLC providing additional potential
functionality, such as flexible substrates and allowing wave-
length-tunability, in addition to acting as the reflector. Flexible
lasers may find use in flexible displays or military applications
such as friend or foe identification.
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Full experimental methods, low temperature device stack
measurements, additional characterization and description of
the 80% reflector devices, and polarization checks. The
Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.Sb00678.
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