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Abstract: Hybrid perovskite materials have considerable potential for light emitting devices
such as LEDs and lasers. We combine solution processed CH;NH;Pbl; perovskite with UV
nanoimprinted polymer gratings to fabricate distributed feedback (DFB) lasers. The lead
acetate deposition route is shown to be an effective method for fabricating low-loss
waveguides (loss coefficient ~ 6 cm-1) and highly compatible with the polymer grating
substrates. The nanoimprinted perovskite exhibited single-mode band-edge lasing, confirmed
by angle-dependent transmission measurements. Depending on the excitation pulse duration
the lasing threshold shows a value of 110 pJ/cm2 under nanosecond pumping and 4 pJ/cm2
under femtosecond pumping. We demonstrate further that this laser has excellent stability
with a lifetime of 10° pulses.

© 2016 Optical Society of America
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1. Introduction

Hybrid organic-inorganic halide perovskites have recently emerged as an important new class
of optoelectronic materials [1]. Perovskite solar cells have shown by far the most rapid
growth in performance of any photovoltaic technology with efficiencies now exceeding 20%
[2, 3]. Most research has focused on methylammonium lead halides (CH;NH;PbX; where
X=Cl, Br or I). By altering the halide constituent, the band-gap may be tuned from near-
infrared to deep-blue [4, 5]. The CH3;NH;PbX; thin films can be solution processed by
depositing precursors onto a substrate followed by a thermal annealing process. There is now
considerable interest in light-emitting devices as well as solar cells. Light-emitting diodes



(LEDs) [6-8] have been demonstrated using CH;NH;PbX; thin films, while fully inorganic
CsPbX; colloidal nanocrystals have shown photoluminescence quantum yields (PLQY) of up
to 90 % [9, 10].

The high brightness and band-gap tuneability has made CH;NH;PbX; perovskites
attractive candidates as optical gain media for a new family of low-cost semiconductor lasers.
Combined with their high ambipolar charge mobility they have future potential to be used as
visible wavelength tuneable diode lasers. Perovskite lasers have been demonstrated in several
configurations: resonators including a Fabry-Perot cavity formed with parallel edge facets
[11]; ring resonators in microspheres or nanoplatelets [9, 12-14]; and random lasing in
scattering films [15]. These structures have supported multimode lasing spanning the full
amplified spontaneous emission (ASE) bandwidth (5-10 nm). For many applications
(spectroscopy, sensing, communications) laser action at user-defined wavelengths and single-
mode operation is very desirable [16]. Photonic crystal single-mode perovskite lasers have
recently been demonstrated using both SiO, and Si photonic crystals fabricated by electron
beam lithography [17] and holographic lithography [18]. Here we present distributed
feedback (DFB) perovskite lasers fabricated on UV nanoimprint lithography (UV-NIL)
polymer gratings. This is a simple, high-throughput and fully solution processable method for
DFB grating fabrication which we demonstrate to be compatible with perovskite solution
processing.

To achieve high performance operation in perovskite lasers, it is important to create films
with good optical performance and low scattering losses. As such, deposition methods which
produce large crystallites such as thermal evaporation are less suitable for making DFB lasers
[19]. Here we demonstrate DFB lasing by using the lead acetate deposition method to form a
low loss optical waveguide on top of high fidelity polymer micro pillar arrays made by UV-
NIL where sub-nanometre lasing spectra are observed at the band edge of the photonic
dispersion. We compare laser thresholds under nano- and femto- second optical pumping and
show that the perovskite lasers are very stable compared with organic semiconductor lasers,
even at high repetition rates of 20 kHz, dropping to half their initial output after ~ 10° pulses.

2. CH;NH;Pbl; solution deposited waveguides

Perovskite solutions were prepared by combining methylammonium iodide and lead acetate
trihydrate, at a 3:1 molar ratio (dissolved in dimethylformamide (DMF) at 400 mg/ml).
Hypophosphorous acid was also added to the solution for improved film quality and increased
PLQY [20] (0.3% of the total volume) prior to deposition. Films were fabricated inside a N,
glovebox by spin-coating solution onto substrates pre-treated by oxygen plasma ashing. DFB
laser samples had an additional encapsulating layer of CYTOP spin-cast on top of the
perovskite surface. Planar waveguide samples were initially fabricated by using glass
substrates without encapsulation. These were used to measure the amplified spontaneous
emission as well as the perovskite waveguide loss. The 450 nm output from an OPO (4 ns
pulse duration, 20 Hz) (Continuum Panther) was focused to a stripe of dimensions 4 x 0.5 mm
using a cylindrical lens onto a glass/perovskite film. When pumping above ASE threshold,
the stimulated emission signal was collected from the edge of the film and passed through a
100 pm slit into a fibre coupled CCD spectrograph. Using a motorised stage the pump stripe
was scanned across the 2.5 cm x 2.5 cm films, and the ASE signal collected at each position.

Figure 1(a) shows the measured ASE spectra centred at 788 nm and the reduction in ASE
intensity detected as the stripe was moved away from the edge of the film. The reduction is
due to loss in the waveguide and the decay was fitted to the equation I,e~** | where I, is the
initial intensity, « is the loss coefficient and x is the distance between the excitation stripe and
the detection edge, giving the waveguide loss to be 6 + 0.3 cm™.
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Fig. 1. (a) ASE intensity as a function of increasing distance from detection edge (black circles). The red line is a fit
to an expentional decay. The inset shows the ASE spectral profile centred at 790 nm. (b) Time-resolved fluorescence
data (open circles) and instrument response function (black dotted line). The red curve is the fitted decay
characteristics with the exponential time constants and pre-exponential amplitudes stated.

The excited state lifetime at the ASE threshold (18 wJ/cm” under femtosecond pumping)
was subsequently measured with a synchroscan universal streak camera (C10910) from
Hamamatsu Photonics. Excitation was at 650 nm, 300 fs (FWHM) at a repetition rate of 5
kHz, which was produced as the signal output of an Orpheus OPA, pumped by a Pharos
regenerative amplifier (Light Conversion). The excitation intensity was controlled with a
neutral density wheel until the CH;NH;Pbl; film was just at the ASE threshold. The time-
resolved fluorescence data was then integrated over 760 nm to 820 nm to plot the excited
state dynamics of the perovskite films, [Fig. 1(b)] displaying an initial instrument response
limited decay followed by a longer 82 ps tail.

3. Nano-imprinted CH;NH;Pbl; laser fabrication

Distributed feedback cavities are formed via the high reflectivity of a periodic nanostructure
near the photonic band edge, and can be achieved by simple deposition of a gain medium
onto a pre-structured surface. Lasing occurs when the Bragg condition, 2n.sfA = m4a,, is
met, where n,zf is the effective refractive index, A is the grating period, m is the diffractive
order and A, is the feedback wavelength. Using an EVG 620 photomask aligner with custom
NIL tooling a perfluoro-polyether daughter stamp was cast from a silicon master structure
(cured by UV exposure) and subsequently used to nanoimprint into a spin-coated UVCur06
film under UV exposure. To fabricate the DFB lasers the perovskite precursor was then spin-
coated onto UV Cur06 nanoimprinted gratings fabricated by UV-NIL. A schematic cross-
section of the perovskite DFB laser is shown in Fig. 2(a). The fluorinated polymer CYTOP
was used as a hydrophobic encapsulant to prevent moisture from degrading the samples.

Nanoimprinted perovskite structures (without CYTOP encapsulant) were imaged in a
dual-beam scanning electron microscope (SEM)/focussed ion-beam (FIB) system. A layer of
gold (1-10 nm) was sputtered on top of CH3;NH;Pbl;/UVCur06 samples using a Quorum
QI50R ES stutterer to avoid any charging effects. Samples were then placed into an FEI
Scios™ DualBeam system for carbon deposition, FIB etching and SEM imaging. Fig. 2(b)
shows an inclined SEM image (52°) of the surface of a perovskite film over the top of the
grating. A portion of the perovskite has been removed to reveal the 2D pillar array underneath
achieved by using the FIB in imaging mode with a flux strong enough to strip away the
perovskite layer whilst leaving the more resilient UVCur06 layer unaffected. The perovskite
film planarises the grating, with only its intrinsic surface roughness apparent on the top



surface. Images were also taken of the perovskite surface over unstructured regions for
comparison [Fig. 2(c)]. Crystal domains were observed with lateral size ~300 £ 100 nm.

(@)
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Fig. 2. SEM images of neat CH;NH;Pbl; and DFB samples. (a) Schematic of CH;NH;Pbl; DFB laser with
encapsulating CYTOP layer. (b) SEM image at a 52° inclination to the normal of CH;NH;Pbl; on top of the grating
with a portion of the perovskite removed by FIB. (¢) SEM image of the surface of CH;NH;Pbl; on a planar substrate.
(d) Cross-sectional SEM image of a FIB etched trench showing the perovskite layer on top of the UV nanoimprinted
grating. The sample area has a carbon layer deposited on top of the CH;NH;Pbl; for good image contrast (upper
black layer). The grating in the perovskite layer can be clearly seen at the interface with the nanoimprinted layer
(UVCur06).

The FIB was used to mill directly through the perovskite laser to image the cross-section
of the DFB grating [Fig. 2(d)]. Prior to milling, a carbon layer (black upper layer) was
electro-deposited onto the surface of the CH;NH;3Pbl; film. This acted as a protective layer to
provide a clean vertical cut as well as a layer to provide a high contrast with the perovskite.
The grating period can be measured from this cross-section to be A = 365 nm with a 2D fill
factor of 0.6 and a grating height of ~ 80 nm. The perovskite layer sits an extra ~ 145 nm
above the grating peaks.

4. CH;NH;Pbl; distributed feedback lasing

Perovskite DFB lasers were optically pumped using both nanosecond and femtosecond laser
sources. Nanosecond 355 nm excitation pulses were generated by a diode-pumped solid-state
(DPSS) passively Q-switched laser source (FTSS355-Q2-OEM, CryLas GmbH) at 100 Hz
and pulse duration of 0.91 ns. Spectral emission was collected by a fibre coupled Andor CCD
spectrometer, collecting light at normal incidence to the samples. Laser pulses were focused
to a spot diameter of 0.5 mm on the perovskite DFB samples to generate laser action. All
spectroscopy measurements were carried out in air.

A clear line narrowing was observed in the emission spectra [Fig. 3(b)-3(e)], above a
threshold of pulse density of 110 wJ/cm’, centred at 784 nm. This line narrowing was
accompanied by a super-linear increase in the optical output [Fig. 3(a)]. At 120 pJ/cm” pump
fluence, the emission spectrum collapsed to a narrow < 0.4 nm full-width-at-half-maximum
(FWHM) lasing peak. This peak broadened slightly at higher pumping intensity to ~ 0.6 nm
where some multimodal behaviour became evident in the spectrum. Using the Bragg
equation, the lasing wavelength implies an effective index of ney = 2.15, assuming second
order diffraction.
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Fig. 3. Distributed feedback lasing spectra from structured CH;NH;PbI; films. (a) Input/output power characteristic
with linear fits plotted for low and high energy data points (black), along with corresponding FWHM (blue). (b-¢)
Following a 355 nm nanosecond pulsed excitation, emission spectra from the DFB sample shown with corresponding
pump energy density.

To confirm that the observed lasing arises from the DFB structure, angle dependent
transmission measurements were made using a J.A. Woollham spectroscopic ellipsometer.
When the beam was directed through the grating area, a distinctive coupling dip was observed
in the transmission spectrum. Fig. 4(a) shows the angle dependent transmission of the DFB
samples. This image shows an optical resonance, the wavelength of which varies with the
light beam angle of incidence, showing the coupling of the periodic grating to a waveguide
mode. The spectral position of the crossing of this resonance at normal incidence (6 = 0°) is
A, for distributed feedback structures. From Fig. 4(a) we determine 4, = 783 nm, close to the
DFB laser wavelength of 784 nm. We note that the ellipsometer used for Fig. 4(a) has a
resolution of ~1.5 nm which is not high enough to directly measure the photonic stop band
itself.
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Fig. 4. Photonic dispersion in CH;NH;Pbl;. (a) Angle dependent transmission spectra normalised by the planar film
transmission. (b) Refractive indices and extinction coefficients of CH;NH;Pbl; measured using spectroscopic
ellipsometry.



The ellipsometer was also used to determine the refractive index of the perovskite films.
A wide range of refractive indices has previously been reported in the literature, ranging from
2.4 — 2.8 in the emission region [18-20]. The refractive index measured here at 783 nm was
found to be, n.g; = 2.458, agreeing closely with Ldper et al [22]. The thickness of the planar
films of CH;NH;Pbl; was measured to be ~ 190 nm by surface profilometry. Taking the
refractive index of the UVCur06 layer (measured by ellipsometry) and the cladding layer
CYTOP to be 1.535 and 1.335 respectively the effective refractive index of the waveguide
was calculated to be nes = 2.14. This is in excellent agreement with the value nes = 2.15
obtained from the Bragg equation. The 0.5 % difference in these values is accounted for by
the uncertainty in the refractive index data and thickness measurements.

The effect of pump laser pulse duration was investigated by replacing the nanosecond
laser source with a femtosecond laser (pulse duration ~ 200 fs). Femtosecond pulses were
generated by the 515 nm 2™ harmonic of a PHAROS regenerative amplifier, with 200 fs
pulses, with the repetition rate reduced from 100 kHz to 20k Hz using a pulse picker. A fibred
coupled OceanOptics USB spectrometer in the femtosecond pumping experiments. With the
pump pulse shorter than the electron-hole recombination lifetime of the perovskite we
observe a substantial reduction in lasing threshold, by almost two orders of magnitude to 4
pJ/em? [Fig. 5(a)]. Under femtosecond excitation it was seen that the lasers exhibited much
higher stability than is typical for an organic laser in air. For pumping at 20 kHz (7 wJ/cm?) in
air, the CH;NH;Pbl; laser output decreased to half its initial maximum after 108 pulses as
shown in Fig. 5(b). The stability at high repetition rates indicates that perovskites may be able
to sustain continuous wave operation [17, 18, 24].

(a) (b)
1.0
1.0 . . .
~ ~0.9
- 200 fs ns E 08l * ..
g 0.8+ 4 . 5 . o
=
£ . S 0.6 ML
2 0.64 . B ®ee
» = P
2 . 2 04d * ceoe
= 044 . | =V
S ] 2
2 0.2
& 024 -
004 —anare | j 0.0 | |
1 10 100 0.0 5.0x107 1.0x10° 1.5x10°

Pump Energy Density (pJ/cmz)

Number of Pulses

Fig. 5. Femtosecond and nanosecond optical pumping of CH;NH;Pbl; DFB lasers. (a) Input/output threshold
characteristic of femtosecond (red) and nanosecond (black) optical pumping. Nanosecond data the same as shown in
Fig. 3(a). (b) Lasing stability data of CH;NH;Pbl; DFB laser under femtosecond pumping operating at 20 kHz.

5. Discussion

The much higher threshold for nanosecond pumping can largely be attributed to the pulses
being much longer than the fluorescence lifetime [25] [Fig. 1(a)]. We can compare the lasing
thresholds more accurately by considering the excitation density threshold for lasing over the
course of the lifetime of the excited states (82 ps). This yields excitation density thresholds of
Pns = 9.1 x10% em™ and of pg = 5.1 x10” cm™ for nanosecond and femtosecond pumping
respectively, bring them in much closer agreement with each other.

A key factor to achieve single mode DFB lasing is to fabricate a high quality periodic
waveguide [Fig. 2(a)]. Filling the grating grooves and having a smooth perovskite surface
minimises waveguide losses, lowering the DFB lasing threshold. This was achieved by
choosing the lead acetate precursor route for the fabrication of CH3;NH;Pbl; films by spin-
coating. This method has been shown to give much smoother films than other deposition



methods such as evaporated crystals [26], creating relatively low loss waveguides with loss
coefficient, o = 6 + 0.3 cm™ [Fig. 1(a)], much smaller than some previously reported
perovskite waveguide losses (19-21 cm™) [27] comparable with others for CH;NH;PbI;
perovskite films deposited from DMF (6.7 cm™) [28]. In comparison to more established DFB
lasers, these perovskite films still have very high surface roughness as shown in Fig. 2(b)-
2(d). If smoother films could be fabricated with improved deposition methods we would
expect the lasing threshold to be lowered, increasing the future applicability of perovskite
lasers. The negative effect of the surface roughness can be seen in Fig. 3(b); at high pump
intensities random lasing modes can be seen to emerge in the background of the DFB laser
spectrum.

6. Conclusion

In conclusion, we have demonstrated simple fabrication of a solution-processed CH;NH;Pbl;
distributed feedback laser using nanoimprinted polymer gratings. The laser shows single
frequency lasing at the stop band edge of the photonic structure. SEM images of the
perovskite surface and a cross-sectional image of the waveguide demonstrate that the solution
processed CH;NH;PbI; formed via the lead acetate route can fill sub-micron structures well
and that the surface is unperturbed by the presence of the grating underneath. Under
femtosecond excitation the perovskite laser exhibits a low lasing threshold of 4 pJ/cm” and
high stability with a half-life of 10° pulses. These results show that perovskite materials
provide a promising new route to low-cost fully solution-processed lasers.
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