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Abstract: Halide perovskite materials have rapidly emerged as outstanding optoelectronic
materials for solar cells, light-emitting diodes (LEDs), and lasers. Compared to hybrid
organic-inorganic perovskites, all-inorganic perovskites have shown unique merits that may
contribute to the ultimate goal of developing electrically-pumped lasers. In this paper, we
demonstrate a distributed feedback (DFB) resonator using an all-inorganic perovskite thin
film as the gain medium. The film has a gain coefficient of 161.1 cm™ and a loss coefficient
of 30.9 cm™. Excited by picosecond pulses, the microstructured all-inorganic perovskite film
exhibits a single-mode emission at 654 nm with a threshold of 33 pJ/cm®. The facile
fabrication process provides a promising route towards low-cost single-mode visible lasers
for many practical applications.

© 2017 Optical Society of America

OCIS codes: (140.3490) Lasers, distributed-feedback; (140.3380) Laser materials; (230.4000) Microstructure
fabrication.
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1. Introduction

Recently, halide perovskite materials, ABX; (A = methylammonium (MA), formamidinium
(FA), Cs; B = Pb, Sn; X = Cl, Br, I), have rapidly emerged as a series of materials with
outstanding optoelectronic performance. These direct band gap materials exhibit large
oscillator strengths, long carrier diffusion lengths and low defect densities. Solar cells based
on these materials can reach a power conversion efficiency of over 20% [1-3]. On the other
hand, owing to their band gap tunability, perovskites also demonstrate great potential in light-
emitting applications. Wang et al. demonstrated a solution-processed perovskite LED based
on self-organized multiple quantum wells exhibiting an external quantum efficiency up to
11.7% [4]. The light-emitting perovskite thin films can be deposited by spin-coating with a
subsequent thermal annealing process. By varying the halide anions, the band gap of
perovskite can be easily tuned from 1.1 to 3.1 eV, covering the entire visible spectrum and
part of the near infrared. Other than thin films, researchers have also demonstrated light-
emitting perovskite nanomaterials. Protesescu et al. synthesized all-inorganic perovskite
nanocrystals with photoluminescence quantum yields (PLQY) up to 90% by hot-injection
methods [5]. Hintermayr et al. exfoliated perovskite nanoplatelets from bulk materials by
ligand-assisted sonication [6].

The radiative efficiency of perovskite thin films is strongly affected by the injected
charge-carrier density [7]. Under relatively low carrier density (10" c¢m™), the slow
bimolecular recombination (107 cm®s™ scale) in perovskite films is a fundamental limit for
developing high-efficiency LEDs. However, with higher carrier density (> 10'7 cm™), the
bimolecular recombination and subsequent avalanche can effectively compete with the charge
carrier trapping, leading to a much higher radiative efficiency. This means perovskite thin
films may become a more promising candidate when used as the laser gain medium,
especially for developing electrically pumped lasers in the future.

Since the first demonstration of optically pumped room-temperature amplified
spontancous emission (ASE) and lasing in 2014 [8], perovskite lasers using a broad range of
cavities have been demonstrated, including Fabry-Pérot (FP) cavities [9], microplatelets [10],
spherical resonators [11], nanowires [12], natural photonic crystal corrugations [13], etc.
Compared to micro/nano lasers, which are based on whispering gallery modes (WGM), DFB
lasers can achieve a wavelength-tunable single-mode output more easily, and at the same time
provide low thresholds, high quality factors and facile manufacturing [14—17]. Lasers
working at customized wavelengths with single-mode operation are highly desirable for many
practical applications like sensing and communications. In 2016, Brenner ef al. [18], Saliba et
al. [19] and Whitworth ef al. [20] independently reported DFB lasers based on hybrid
organic-inorganic perovskite thin films, however, the laser emission of these demonstrations
were all located at the near-infrared spectral region. Visible perovskite DFB lasers were
demonstrated very recently by Cha et al. [21] and Harwell ef al. [22], both of which were also
based on hybrid perovskites.

Here we demonstrate a nanoimprinted DFB resonator using a red-emitting all-inorganic
perovskite CsPbBrl, as the gain medium. Compared to hybrid perovskites, all-inorganic
perovskites can achieve higher current densities [23], reduce the heating effects [24], and
exhibit better stability against thermal degradation and hydrolysis by atmospheric water
[23,25-27]. Besides, the architecture of DFB-integrated light-emitting transistors has been
reported as a promising route to achieving an electrically-pumped laser with extremely high
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current densities [28]. All of these merits may benefit to the ultimate goal of developing
electrically-pumped lasers. Pumped by a picosecond laser, our microstructured perovskite
film shows a emission peak centering at 654 nm with a threshold of 33 pJ/cm® The
nanoimprint lithography we applied enables a facile and inexpensive way to fabricate DFB
resonators, which is also compact with up-scaling and mass production.

2. Solution-processed CsPbBrl, thin films

The CsPbBrl, precursor solutions [0.3M in dimethyl sulfoxide (DMSO)] were prepared by
mixing CsPbBr; (CsBr: PbBr, = 1.2: 1) and CsPbl; (Csl: Pbl, = 1.2: 1) solutions with a
volume ratio of 1: 2. The excessive amount of CsX was proven to enhance PLQY [29].
Polyethylene oxide (PEO) was then added into the precursor solutions to improve the film
quality, resulting in an further enhanced PLQY [23]. The thin films were fabricated by spin-
coating solutions onto quartz substrates inside an argon-filled glovebox, followed by a
thermal annealing at 70°C for 5 minutes. The absorption and photoluminescence (PL) spectra
are presented in Fig. 1(a). The PL curve peaks at 649 nm with a broadband absorption
covering a large portion of the UV and visible spectrum. Figure 1(b) compares the PL spectra
from a CsPbBrl,-PEO film and a neat CsPbBrl, film excited at 360 nm with the same
absorbance. The PL emission from the neat CsPbBrl, film is very weak due to the weak
exciton binding energy, while the PEO additive enhanced the PL emission by almost an order
of magnitude. According to the atomic force microscope (AFM) images of CsPbBrl,-PEO
[Fig. 1(c)] and neat CsPbBrl, [Fig. 1(d)] films, the PEO-treated film shows a much more
uniform morphology and smaller grain sizes. The surface roughness was reduced from 24.8
nm to 6.02 nm. This indicates the enhanced PL intensity is attributed to the improved
morphology of the CsPbBrl,-PEO thin films, with smaller microcrystalline domains and
improved surface smoothness. With the PEO additive, excitons can be confined in small
perovskite nanograins with increased exciton binding energies, a process similar to the effects
of ligand-stabilized luminescent nanocrystals. Based on Suzuki’s method [30], the PLQY of
neat film excited at 360 nm was less than 1%, while the value of PEO-treated film was
roughly octupled. The XRD patterns of CsPbBrl,-PEO and neat CsPbBrl, films are shown in
Fig. 1(e). The two
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Fig. 1. (a) Absorption and emission spectra of CsPbBrL-PEO thin films. (b) PL spectra of a
CsPbBrl,-PEO film and neat CsPbBrl, film under the same excitation intensity. AFM images
of a (¢) CsPbBrl,-PEO film and (d) neat CsPbBrl, film on quartz substrates. (¢) XRD patterns
of CsPbBrl, films with and without the PEO additive.



Research Article Vol. 25, No. 24 | 27 Nov 2017 | OPTICS EXPRESS A1158

Optics EXPRESS

.

patterns are consistent, which indicates the CsPbBrl, films, with and without the PEO
additive, are dominated by the same phase.

The ASE of CsPbBrl,-PEO planar films was observed when the samples were excited at
400 nm with 120 fs pulses at a repetition rate of 1 kHz and with a pump energy of 52
wJ/pulse. As shown in Fig. 2(a), the measured ASE curve centers at 662 nm with a narrowed
linewidth of 8.1 nm, while the full-width-at-half-maximum (FWHM) of the spontaneous
emission was around 42 nm. Gain and loss coefficients were measured by using the variable-
stripe-length (VSL) method [Fig. 2(c)] and shifting-excitation-spot (SES) method [Fig. 2(d)].
The details of the VSL and SES methods can be found in the previous report [31]. The results
were shown in Fig. 2(b) and fitted by Eq. (1):

G(A)-L -1 — gy (A)-L

l1—e

G e, ()

e

IVSL(Laﬂ’)_J‘OLISES(Xﬂﬁ’)dX:A(A)IP'[ 1, (1)

where the Iys (L, 1) is the measured edge-emitting VSL intensity, Isgs(X, 4) is the SES
intensity, X is the excitation spot position with respect to L = 0, A(4) is a constant related to
the cross section for spontaneous emission, /, is the pump intensity, G(4) is the net optical
gain, and ar(4) is the total optical loss due to self-absorption and scattering [32]. The real
gain g(4) equals to [G(1) + ar(A)]. The gain coefficient of the perovskite thin film was found

(b)
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Fig. 2. (a) ASE spectrum of CsPbBrl,-PEO thin films, pumped by a 400 nm laser with 120 fs
pulses at a repetition rate of 1 kHz. (b) The measured PL integral intensities against the VSL,
and against the distance of the SES. The pump energy was 52 pJ/pulse. Optical gains and
losses were acquired by fitting the difference curve of the VSL and SES. A schematic diagram
of the (c¢) VSL method and (d) SES method. For the gain measurement, the pump laser was
shaped into a stripe of different lengths and positioned right up to the edge of the sample. For
the loss measurement, the length of the stripe was fixed at 2 mm and the stripe was positioned
at different distances to the edge. The edge-emission was collected by a fiber-coupled CCD
detector.
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to be around 161.1 cm™', which is close to the value reported in prior work [11]. The loss
coefficient was around 30.9 cm™.

3. DFB laser fabrication and characterization

The schematic diagram of the microstructured all-inorganic perovskite is shown in Fig. 3(a).
The system consists of a nanopatterned periodic structure and a perovskite gain layer. The
optical feedback is provided by Bragg scattering with an expression of 2n A =m4,,  [16],

where 7 is the effective refractive index, 4 is the periodicity, Agg, 18 the Bragg wavelength
and m is the order of Bragg scattering. Here we used m = 2 to achieve a surface-emitting
signal. Nanopatterned substrates were fabricated by transferring patterns from a binary silicon
master grating to hybrid polymer-coated quartz substrates using nanoimprint lithography. As
shown in Fig. 3(b), high-quality grating patterns were formed on the substrates, with a period
of 360 nm (50% duty cycle), a groove depth of 160 nm and a grating area of 10 mm x 10 mm.
Figure 3(c) shows the scanning electron microscope (SEM) image of the CsPbBrl,-PEO
coated substrates. The spin-coated film has a thickness of around 80 nm. Eventually, the
CsPbBrl,-PEO coated substrates were encapsulated in the glovebox with UV-curable epoxy
and glass coverslides.

The sample was then optically pumped by a 355 nm picosecond laser with a repetition
rate of 10 Hz and a pulse duration of 90 ps. The excitation beam was focused to a spot of 1
mm radius on the sample. The emission was collected by a monochromator with a single-
photon CCD detector. The emission property under different pump energy densities was
characterized. Figure 4(a) shows the emission spectra when the sample was pumped below,
around and above threshold, indicating a clear linewidth narrowing of emission at the lasing
transition. The emission peak above threshold centers at 654 nm with a linewidth of 4.9 nm.
For a multilayer slab waveguide consists of an air cladding (n = 1), a 80 nm-thick perovskite
core (n = 2.47) [33] and a substrate cladding (n = 1.5), the calculated n.is 1.816, leading to a

: 2 pm ; 2 um
—

ey

Fig. 3. (a) A schematic diagram of the DFB resonator with an all-inorganic perovskite gain
medium. SEM images of the (b) nanopatterned substrates and (¢) CsPbBrl,-PEO coated one.
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Fig. 4. (a) Emission of the microstructured CsPbBrl,-PEO film at different pump energy
densities. The inset shows the polarization of the laser emission. (b) Peak intensity and FWHM
as a function of pump energy density.

theoretical lasing peak at 653.7nm, which is almost identical to the experimental results. The
emission intensity and linewidth as a function of pump energy density is shown in Fig. 4(b).
The change in the slope of the fitted lines determines a threshold of 33 pJ/cm? which is in a
reasonable range compared to the thresholds of perovskite DFB lasers in prior work [20].
Although all the other characteristics are consistent with lasing, due to the challenges to
clearly classify the observed 4.9 nm-linewidth emission is lasing, we decide not to call our
observations lasing. We believe the relative wide linewidth is mainly caused by the unfavored
duty cycle of the grating. A binary grating with a duty cycle of 50% provides minimal in-
plane feedback [34], which is not favorable in our case. A change in duty cycle from 50% to
25% or 75% can form DFB cavities with high-finesse, so the demonstrated microstructured
perovskite can potentially achieve a narrower linewidth and lower threshold. In addition, we
also fabricated a DFB resonator with neat CsPbBrl, film as a comparison. We did not observe
any lasing behavior, even at very high pump energy densities. This is probably because the
non-radiative losses dominate the decay channels in the neat film due to large number of
pinholes and high surface roughness.

The polarization of the emission above threshold was distinguished using a polarizer and
the results are shown in the inset of Fig. 4(a). The dominant emission in the TE-polarization
(the component of the electric field is parallel to the groove direction) indicates the emission
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Fig. 5. (a) A schematic diagram of the angle-resolved transmission measurement rig. (b)
Angle-resolved transmission spectrum of the microstructured CsPbBrl,-PEO film.

is strongly polarized. The weak signal in the TM-polarization is mainly attributed to the
insufficient optical density in the orthogonal polarization of the applied polarizer. According
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to our calculation, a 80 nm-thick CsPbBr,-PEO can only effectively support the TE,
waveguide mode, which is consistent with the achieved single-mode emission.

In order to confirm the observed above-threshold emission peak arises from the DFB
resonator, an angle-resolved transmission measurement was made using a customized system
consisting of a tungsten light source, a rotational platform and a spectrometer. The schematic
diagram of the system and the angle-resolved transmission are shown in Fig. 5(a) and 5(b),
respectively. The optical resonance wavelength varies with the angle of the incident beam due
to the light in-coupling of periodic Bragg structures. The wavelength at the crossing point of
the transmission spectrum corresponds to the resonance wavelength at normal incidence (6 =
0°), and the value of around 654 nm matches with the observed lasing peak.

4. Conclusion

In conclusion, we have demonstrated a solution-processed all-inorganic CsPbBrl, film with a
DFB resonator fabricated by nanoimprint lithography. The gain and loss coefficients of the
CsPbBrl, planar film were 161.1 cm™ and 30.9 cm™, respectively. Excited by picosecond
pulses, the microstructured film exhibited a single-mode emission at 654 nm with a threshold
of 33 pl/em®. With wavelength-matching Bragg gratings, the halide exchange and mixing of
all-inorganic perovskites can potentially realize perovskite lasers covering the entire visible
spectrum. This work provides a promising route towards low-cost single-mode visible lasers
for applications including displays, high-density data storage and readout, and underwater
communications. The unique merits of all-inorganic perovskites may accelerate the
development of electrically-pumped lasers.

Funding

National Natural Science Foundation of China (61705042, 51677031, 61378080); Shanghai
Sailing Program (16YF1400700); and Engineering and Physical Sciences Research Council
(EP/JO1771X/1).



