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Room temperature two-photon-pumped random
lasers in FAPbBrs/polyethylene oxide (PEO)
composite perovskite thin film+

Long Xu, @12 Yan Meng,}? Caixia Xu*® and Ping Chen*®

Solution-processed organic—inorganic halide lead perovskites have attracted increasing attention due to
their great potential in low-cost, effective, and versatile light emission applications and large-scale
portable optoelectronic devices. In this paper, formamidinium lead tribromide perovskite thin films
composited with polyethylene oxide (PEO) were fabricated by a solution processing method. Great
enhancement of photoluminescence was observed and more attractively, two-photon-pumped random
lasing action could be achieved at room temperature when pumped by a nanosecond pulse laser with
excitation wavelength centered at 1064 nm. Evident transition from spontaneous upconversion emission
to random lasing action was investigated by monitoring the log-log light emission slope and peak width
at half height. The lasing threshold is at around 1.1 mJ cm™2, which is comparable to that of other two-
photon upconversion random lasers. The efficient random lasing emission originates from the multiple
random scattering provided by the micrometer-scale rugged morphology and polycrystalline grain
boundaries. Compared with conventional lasers that normally serve as a coherent light source, the
perovskite random lasers show promise in fabricating low-cost thin-film lasing devices for flexible and
speckle-free imaging applications.

Introduction

Recent years have witnessed the great development of low-cost
and effective organic light emitting diodes," solar cells,” field-
effect transistors®*® and other optoelectronic devices,” which
benefit from the high-performance of hybrid organic-inorganic
halide lead perovskites.®™® In general, these types of materials
exhibit outstanding optical and electrical properties, such as
high carrier mobility,"* spectrally tunable optoelectronic prop-
erty” and high fluorescence yield,* which are desirable for
designing low-threshold lasers'” and photodetectors.'® From the
perovskite microlaser aspect, solution-processed methyl-
ammonium lead halide perovskite (MAPbX;, X = Cl, Br, I) and
cesium lead halide perovskite (CsPbX;) quantum dots, partic-
ularly in single crystal forms, possess large absorption coeffi-
cients, long carrier lifetimes and low trap densities, giving rise
to low-threshold and tunable optically-pumped lasing and
photoluminescence with high quantum efficiency.'*
Compared with classic inorganic semiconductors and colloidal
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quantum dots, one fatal flaw of MAPbX; and CsPbX; perov-
skites is that they are too fragile to exhibit stable performance
because of their poor thermal and high humidity sensitivity,
which hinder their potential in the realization of sustained
inversion and continuous wave pumped lasers. Recently, for-
mamidinium lead halide perovskites (FAPbX;) showed better
temperature and moisture stability by converting from meth-
ylammonium to formamidinium (CH(NH,),").?*** Recently,
nanowire lasers of FAPbX; perovskite with improved stability
have been achieved, which stemmed from their unexpected
long carrier dynamics and diffusion length.**** Moreover,
organic cations and additives also optimized the morphology
and photoluminescence of FAPbX; films.?® Until now, amplified
spontaneous emission, lasers, random lasers, and photo-
luminescence have been widely studied in MAPbX;, FAPbX;,
and CsPbX; perovskite thin films and bulk.>-** Although many
practical light sources made by halide lead perovskite crystals
have already been reported, two-photon excitation-pumped
lasers possess advantages that cannot be replaced by the
former. For example, in the application of the non-destructive
detection and imaging of biological tissues, two-photon
pumping technology can avoid damage to organisms by irra-
diating near-infrared light sources with minor absorption on
the surface of the biological tissue. By increasing the pumping
intensity, two-photon- or three-photon-pumped photo-
luminescence and lasing action in these materials have also
been observed. However, only a few of them could be

This journal is © The Royal Society of Chemistry 2018
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accomplished at room temperature because of their thermal
stabilities.***® Considering perovskite thin films in solution, it is
also very essential and highly desirable to develop a stable two-
photon-pumped hybrid lead halide perovskite laser at room
temperature. In this study, two-photon-pumped photo-
luminescence and random lasing action were achieved in for-
mamidinium lead tribromide perovskite (FAPbBr;) thin films
when composited with a polyethylene oxide (PEO: H-[-O-CH,-
CH,-],~OH) additive under the pumping of a nanosecond pulse
laser with excitation wavelength centered at 1064 nm. Evident
transition from spontaneous upconversion emission to random
lasing action was investigated by monitoring the log-log light
emission slope and narrowed peak width at half height.
Compared with conventional lasers that normally serve as
a coherent light source, the perovskite random lasers are
promising in fabricating low-cost thin-film lasing devices for
flexible and speckle-free imaging and projection applications.

Materials preparation

The precursor solution of FAPbBr; was prepared in a glove box
(water and oxygen content <0.1 ppm). CH(NH,),Br and PbBr,,
bought from Xi'an Baolite Optoelectronic Technology Co. LTD,
were dissolved in N,N-dimethylformamide (DMF, Shanghai
Aladdin Biochemical Technology Co. LTD., purity > 99.8%) at
a concentration ratio of 1.5 : 1. After stirring the solution for
more than 12 hours at room temperature, 40 wt% FAPDbBr;
solution was obtained. Polyethylene oxide (PEO, Aldrich,
average M, - 1 000 000) was also independently dissolved in
DMF solution with a concentration of 20 mg mL . Finally, PEO
solution was mixed with FAPbBr; precursor solution with
a volume ratio of PEO : FAPbBr; = 10 : 1. For comparison, the
same FAPbBr; precursor solution without PEO solution was also
prepared.

Before preparation of the thin films, the quartz substrates
were cleaned using an ultrasonic cleaner, and the cleaned
quartz substrate was then treated with ultraviolet ozone for
15 min (SunMonde UVO; Cleaner, 120 W). The PEDOT:PSS film
was first coated to the quartz substrate via a spin-coating
method (4500 rpm, 40 s) to improve the thin film quality.
Then, the quartz substrates with the PEDOT:PSS films were
transferred to the heating stage in the atmospheric environ-
ment to conduct thermal annealing treatment at 120 °C for 20
minutes. After the quartz substrates were cooled, FAPbBr; and
FAPbBr;/PEO composite perovskite nanocrystal films were
synthesized by the solution-processed one-step precipitation
method (3000 rpm, 60 s) in the glove box. After annealing
treatment at 80 °C for 20 minutes, we finally obtained the
FAPDbBr; and FAPbBr;/PEO composite perovskite thin films, as
seen in Fig. 1(c).

The surface appearance of the as-prepared FAPbBr; and
FAPDbBr;/PEO composite perovskite nanocrystal films were
characterized by scanning electron microscopy (SEM, JEOL JSM-
7100F). The SEM accelerating voltage used in this study was 10
kv and the emission current was 105 pA. As seen in Fig. 1(d),
FAPDbBr; perovskite nanocrystals were synthesized; the nano-
crystals were spaced closely with a grain size of about 200 nm.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

PEO
N/EO\C“;'/C "’}“\on
. A\ FAPbBryPEO
() PEDOT: PSS i 4 Bh“’EO
4000 r/min 3000 r/min —— FAPDB
05— 605 dmmmm—
- | e
Gubst?
Quat

(a) (b) (c)

Fig.1 (a) The preparation of PEDOT:PSS layer by a solution-processed
one-step precipitation method; (b) the preparation of FAPbBrz or the
FAPbBrs/PEO layer by a solution-processed one-step precipitation
method; (c) schematic of the structure of the prepared specimens; (d)
surface appearance image of FAPbBrs perovskite thin film taken by
scanning electron microscope (the inset is also the surface appear-
ance shown at a higher magnification); (e) surface appearance image
of FAPbBrs/PEO composite perovskite thin film taken by scanning
electron microscope (the inset is also the surface appearance shown
at a higher magnification).

The perovskite nanoparticles in the film were tightly arranged
before mixing with the PEO molecules. However, on mixing
with the PEO molecules, the perovskite nanoparticles in the
film are aggregated onto a series of independent islands and are
covered by PEO molecules, as seen in Fig. 1(e). These islands
formed a covering layer to gather part of the FAPbBr; perovskite
nanocrystals together to form larger units, which effectively
protected the FAPbBr; perovskite nanocrystals from moisture
damage and improved the stability of the perovskite thin films.

Experimental results and discussion

To study the optical properties of the FAPbBr; and FAPbBr;/PEO
composite perovskite thin films, their room-temperature
ground-state absorption spectra were measured using a UV-
Vis spectrometer (Shimadzu, UV-2600), as seen in Fig. 2(a).
The absorption intensity of the FAPbBr;/PEO composite thin
films enhanced slightly in the visible region, but increased in
the range from 20% to 100% in the UV region. Two main factors
contributed to the enhancement of the absorbance of the
composite film in the UV region. One factor is that the PEO
polymer additive itself very strongly absorbs ultraviolet light,
and it increased the absorption of ultraviolet light of the
material when it was added to the perovskite thin films. The
other factor is that the PEO polymer increased the scattering
intensity of the material surface, which in turn increased the
resident length of the UV light in the material, which was
similar to the increase in the effective distance that photons
propagated through the material. When the thin films were
pumped with radiation by a violet-blue diode laser at 405 nm
with a pumping power of 100 mW (FC-D-405, Changchun New
Industries Optoelectronics Technology Co., Ltd), the thin film
composited with PEO showed a 10-fold enhancement in the
photoluminescence intensity (see the black and red dash lines

RSC Adv., 2018, 8, 36910-36914 | 36911
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Fig. 2 (a) The room-temperature ground-state absorption and pho-
toluminescence spectra of FAPbBr; and FAPbBr3/PEO composite
perovskite thin films; (b) the X-ray diffraction spectra of FAPbBrz and
FAPbBrs/PEO composite perovskite thin films; (c) one-photon-pum-
ped (OPP) and two-photon-pumped (TPP) photoluminescence of
light in FAPbBrs/PEO composite thin films; (d) schematic of the energy
transition of the two-photon-pumped photoluminescence process.

in Fig. 2(a)). The XRD data of these thin films were detected by
an X-ray diffractometer (D/MAX-rB, Rigaku, Japan), as shown in
Fig. 2(b). The strong (001) and (002) diffraction peaks implied
that the composite of FAPbBr; nanocrystals wrapped in PEO
preserved good perovskite structure, albeit it showed some
other diffraction peaks. In addition, the one-photon-pumped
(OPP) and two-photon-pumped (TPP) photoluminescence in
the FAPbBr;/PEO composite thin films were investigated, as
seen in Fig. 2(c). Compared with the OPP light emission
intensity, the TPP light emission intensity was much weaker
because this emission process needs to absorb two photons at
1064 nm continuously to excite the electrons to the conduction
band from the valence band (refer to Fig. 2(d)). Hence, TPP
photoluminescence would be more ineffective than OPP pho-
toluminescence. While considering the perovskite thin films in
solution, it is still very essential and highly desirable to develop
a stable and effective two-photon-pumped hybrid lead halide
perovskite laser at room temperature.

FAPbX; perovskite exhibited high-
performance lasing action by the one-photon-pumped
method, which possessed a stable lasing emission for more
than 10° laser shots at room temperature.* To further study the
lasing performance in FAPbX; perovskite nanocrystals, in this
paper, we studied the two-photon-pumped random lasing
action in the FAPbBr;/PEO composite thin films. A nanosecond
pulse laser with excitation wavelength at 1064 nm (15 ns, 1 kHz)
was used as the pumping source, as seen in Fig. 3(a), and the
lasing emission was collected by a lens system and separated
from the pumping light by using Bragg gratings. In addition,
the lasing spectra were measured and recorded by using the
spectrometer and its software (Ocean Optics, QE65Pro). All
these experiments were conducted at room temperature (20 °C).

Below the threshold, the light emission showed a broad
spectrum with the full width at half maximum intensity
(FWHM) at around 17 nm, as shown in Fig. 2(b), and the
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Fig. 3 (a) Illustration of the experimental setup; (b) two-photon-
pumped random lasing spectra versus pumping intensity; (c) two-
photon-pumped random lasing intensity and full width at half
maximum intensity versus pumping intensity; (d) the TPP photo-
luminescence and (e) random laser intensity distributions recorded by
a home-built fluorescence microscope.

emission peak showed a 13 nm red-shift compared with that in
the OPP photoluminescence spectrum. In this region, the
emission peak intensity increased along with the pumping
energy with a log-log slope of 2.07 (refer to Fig. 3(c)). At this
time, the light intensity distribution is homogeneous, as seen in
the photograph taken by a home-built fluorescence microscope
(Fig. 3(d)). Above the threshold, a sharp peak located at
538.2 nm appeared at the left side of the light emission spec-
trum (refer to Fig. 3(b)), and the FWHM dropped to 0.4 nm
rapidly, which is a remarkable feature of the formation of
random lasing action in the specimen.?” At this time, the log-
log slope of laser emission intensity versus the pumping inten-
sity increased to 4.79, as seen in Fig. 3(c). Moreover, the light
intensity distribution of the random laser was inhomogeneous
and concentrated in some localized region, as recorded in
Fig. 3(e). Upon further increasing the pumping energy, more
lasing modes appeared near the first lasing mode due to the
formation of the weak localization of light in a different scat-
tering region. The Q factor of this lasing emission mode could
reach up to 1280, which is comparable to the lasing emission
from the whispery gallery mode and from nanowires of perov-
skite materials.***°

To further study the TPP random lasing performance in
FAPbBr;/PEO composite perovskite thin films, the polarization
property of the lasing emission at 538.2 nm was measured, as
shown by the black dots in Fig. 4(a). The largest light emission
intensity was observed when the analyser angles were 0° and
180°, while the minimum light emission intensity was observed
at the angles of 90° and 270°, which effectively fitted the linear
polarization intensity angular distribution, as seen by the red
dots in Fig. 4(a). However, the polarization performance of the
light emission was still not good (the extinction ratio of light
(Imax/Imin) Was 50:1) because the random lasers emission
originated from the multiple scattering of light in the medium.

Except for the polarization behaviour, the optical stability
performance of the random lasing action was also tested, which
was still an urgent issue for expanding perovskite microlasers to
optoelectronic-related applications. Stabilities of the random

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) The polarization property of the lasing emission of FAPbBrz/
PEO perovskite thin film; (b) the stability of random lasing emission
intensity of FAPbBrz/PEO and the two-photon-pumped photo-
luminescence of FAPbBrz perovskite thin films.

lasing emission intensity of FAPbBr;/PEO and two-photon-
pumped photoluminescence of FAPbBr; were tested when
exposed to air atmosphere, as seen in Fig. 4(b). The pumping
intensity was selected as 1.32 mJ cm >, which was 120% larger
than the random lasing emission threshold of FAPbBr;/PEO
perovskite nanocrystals. We can see that the two-photon-
pumped photoluminescence of FAPbBr; thin films began
damping after 30 seconds (~30 000 shots) under the influence
of thermal and moisture effects. Following this, the photo-
luminescence intensity decreased drastically with time, and
reduced to 16% of the original intensity after 10 000 seconds
(about 10” shots). While the two-photon-pumped random lasing
emission of FAPbBr;/PEO composite thin films showed better
stability, the lasing intensity began to fade after 1000 seconds
(10° shots), and 90% of the original intensity was still main-
tained after 10 000 seconds (about 10’ shots), which resulted
from the protection of the PEO layer by isolating the FAPbBr;
nanocrystals from moist air. The PEO addictive could separate
FAPDbBr; nanocrystals from each other, which increased the
thermal dissipation performance effectively. Compared with
the large absorption coefficient at the UV and violet regions, the
absorption coefficient of FAPbBr; thin films near the infrared
region was almost zero, which may avoid the heat accumulation
caused by absorbing the pumping beam.

This journal is © The Royal Society of Chemistry 2018
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The enhanced photoluminescence emission intensity in
FAPDbBr;/PEO composite thin films was promising in developing
effective light sources. In addition, the two-photon-pumped
photoluminescence of FAPbBr; thin films pumped at 1064 nm
may possess great potential in non-invasive medical treatment
because this waveband is not absorbed by the aqueous solution.
Moreover, the high stability made the FAPbBr;/PEO composite
thin films more valuable in developing continuous-wave pum-
ped lasers and even electrical pumped lasers. These results were
also promising in the application of optoelectronic devices.

Conclusions

Based on all the experimental results mentioned above, we can
see that two-photon-pumped random lasing action was ach-
ieved in FAPbBr;/PEO composite perovskite thin films based on
the multiple scattering of light among the PEO bulks. Although
the threshold was much larger than that pumped by UV pulse
lasers (several microjoules), it was still comparable to the lasing
action in other colloidal quantum dots, inorganic semi-
conductor nanowires, and other perovskite thin films based on
the two-photon-pumped process. More significantly, the
enhanced optical stability of lasing action in this study was
excited by using a nanosecond pulse laser at room temperature,
which laid the foundation for the realization of the micro-
second laser for continuous-wave pumping lasers. This study
also provided an economical and effective method for
enhancing photoluminescence efficiency with higher moisture
and thermal stability, which may be desirable for expanding the
application of organic perovskite materials in optoelectronic
devices.
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