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Abstract: The high crystal quality of formamidium lead bromide perovskite (CH(NH,),PbBr3 =
FAPDbBr3) was infiltrated in a mesoporous TiO; network. Then, high-quality FAPbBr3 films were
evaluated as active lasing media, and were irradiated with a picosecond pulsed laser to demonstrate
amplified spontaneous emission (ASE), which is a better benchmark of its intrinsic suitability for gain
applications. The behavior was investigated using two excitation wavelengths of 440 nm and 500 nm.
Due to the wavelength-dependent absorbance spectrum and the presence of a surface adsorption
layer that could be reduced using the shorter 440 nm wavelength, the ASE power dependence was
strongly reliant on the excitation wavelength. The ASE state was achieved with a threshold energy
density of ~200 uJ/ cm? under 440 nm excitation. Excitation at 500 nm, on the other hand, needed
a higher threshold energy density of ~255 pJ/ cm?. The ASE threshold carrier density, on the other
hand, was expected to be ~4.5 x 10'8 cm~3 for both excitations. A redshift of the ASE peak was
detected as bandgap renormalization (BGR), and a BGR constant of ~5-7 x 10~? eV cm was obtained.

Keywords: formamidium; perovskite; amplified spontaneous emission; bandgap renormalization

1. Introduction

Hybrid organic-inorganic metal halide-based perovskites are a new emerging class
of photovoltaic materials due to their high absorption coefficients, long-range balanced
electron and hole transport lengths, and high carrier mobilities [1-7]. The crystalline
structure of hybrid perovskite materials is ABX3, with A being an organic molecule, B
being an inorganic metal (Pb, Cs), and X being a halogen (Cl, Br, I, or mixed Cl/1, Br/I,
and Cl/Br). Besides their recent extraordinary success as solar-light-harvesting materials,
perovskite materials formerly showed a promising potential to be used as active layers in
light emitting diodes (LEDs) and lasing applications [8-12]. Over the past two decades,
research efforts have been focused on 2D layered perovskite structures, which have a such
a big A molecule that the unit cell structure extends into 2D layers [8]. Strong exciton
binding energies (up to 300-400 meV) emerge from quantum and dielectric confinement in
2D perovskites, making them particularly promising for optoelectronic applications [8-12].
Most recently, 3D hybrid perovskites, which have much smaller organic cations such as
methylammonium (MA) or formamidinium (FA), were also demonstrated as promising
materials for light emitting diodes (LEDs) and lasing applications [13-19].
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The physical properties of 3D perovskite materials can be modified by cation and anion
replacements in the perovskite lattice [15]. Few reports appeared on FA-based perovskite
materials and devices [20-24]. Compared to MA cation-based perovskites, FA cation-
based perovskites are said to have substantially greater thermal and photo-stability [23].
Furthermore, they do not have the tetragonal-to-cubic transition (as in the case for MA-
based lead halide perovskite at ~50-60 °C), which can be an issue in relatively warm
ambient conditions [23]. On the other side, the replacement of iodine with a bromide anion
widens the perovskite bandgap to ~2.3 eV, which allows the realization of true-green light-
emitting devices that have strong limitations in their present fabrication technologies [25].

In this work, we investigate Amplified Spontaneous Emission (ASE) as a better bench-
mark of its intrinsic suitability for gain applications in a high quality FAPbBr3z perovskite
film under different excitation wavelengths. This is achieved by introducing a mesoporous
layer of TiO; (300 nm), and the behavior is investigated using two excitation wavelengths
of 440 nm and 500 nm. Formamidium lead bromide perovskite (FAPbBr3) is infiltrated in a
mesoporous TiO; network of ~20 nm nanoparticles by a spin-coated method. In principle,
introducing the mesoporous layer will improve the morphology of the subsequently grown
FAPDbBrs perovskite layer, and the grain size is ultimately limited by the TiO, mesoporous
network. The ASE threshold energy density is shown to be highly dependent on the be-
havior of the absorbance spectrum. However, the threshold carrier density is shown to be
similar under different excitation wavelengths. A redshift in the bandgap is observed at
high carrier densities, which is attributed to the bandgap renormalization (BGR) effect.

2. Materials and Methods
2.1. Materials

All of the chemicals were acquired from Sigma-Aldrich (Saint Louis, MO, USA) or
Acros Organics, and were utilized as-is. The current study made use of a high-quality
FAPDbBr; sample. The processing of the material is described in detail in [20]. Using the
sequential approach, an FAPbBr; film was spin-coated onto a mesoporous layer of TiO,
(300 nm) [4,20].

2.1.1. Fabrication of the TiO, Mesoporous Layer

The FTO substrate (NSG 10, Nippon sheet glass, Japan) was cleaned with ultrasonica-
tion in Deconex (0.2 % deionized HyO) detergent, rinsed completely with deionized water
and ethanol, and then treated in a UV /O3 cleaner for 15 min prior to the deposition of the
TiO, mesoporous layer. A TiO; mesoporous layer with a thickness of 300 nm was spin
coated (5000 rpm, acceleration 2000 rpm for 30 s) onto cleaned TCO glass using diluted
TiO, (Dyesol 30 NRD) paste (2:7 wt. ratio, dilution was done with terpineol). Then, in dry
air, a series of sintering steps (325 °C for 5 min with a 15 min ramp time, 375 °C for a 5 min
with a 5 min ramp time, 450 °C for 15 min with 5 min ramp time, and 500 °C for 15 min
with a 5 min ramp time) were performed.

2.1.2. Fabrication and Deposition of FAPbBr; Perovskite

Sequential deposition was used to create FAPbBr3 films. Continuous stirring at 60 °C
for 30 min yielded 1.2 M PbBr; precursor solutions in DMF and DMSO. At 3000 rpm for
30s, PbBry, (DMEF), PbBr, (DMF+DMSOQO in 1:1 volume ratio), and PbBr, (DMSO) solutions
were spin-coated onto mesoporous TiO; films. After this, the films were annealed for
15 min at 80 degrees Celsius. After cooling to room temperature, the films were immersed
ina 50 x 10~ m isopropanol solution of FABr for 5 min at 60 °C, washed with 2-propanol
for 5 s, and dried for 30 min at 80 °C.

2.2. Characterization
2.2.1. Structural and Spectroscopic Characterization

A field-emission scanning electron microscope (FESEM, Merlin, Zeiss, Germany) was
used to examine the film’s structural characteristics. An in-lens detector was employed
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with an electron beam accelerated to 3 kV. The diffraction pattern was acquired using
computer-aided high-resolution X-ray diffraction equipment (X'PERT PRO MRD, PANalyt-
ical, Almelo, The Netherlands) with CuKa (A = 1.54 nm) radiation, operating at 45 kV and
40 mA over a 20 range from 10 to 70°, in order to characterize the structural features of the
produced perovskite films. A high-resolution goniometer with a minimum 26 step size of
0.0001° was included in the system. Using a V-670 UV-vis spectrophotometer (JASCO Corp.,
Tokyo, Japan) and a fluorescence spectrophotometer (Lumina, Thermo Fisher Scientific,
Madison, WI, USA), absorption and photoluminescence (PL) measurements of FAPbBr3
thin films with a thickness of approximately 350 nm on a mesoporous layer of TiO, (300 nm)
were recorded in the 350-700 nm spectral range.

2.2.2. Amplified Spontaneous Emission Experiments

A Beta-Barium Borate Optical Parametric Generator (OPG) (Tunable range, 420-2300 nm)
(LT-2215 OPG-PC, LOTTIS 11, Minsk, Belarus) operated and pumped by a Q-switched
Nd:YAG picosecond laser was used to collect the power-dependent PL and ASE data (LS-
2151, LOTTIS II, Minsk, Belarus). The pulses were 70-80 ps long, with a 15 Hz repetition
rate. After passing through the OPG, a handy lens focused the circular laser beam to a
diameter of around 2 mm. In order to gather the laser excitation pulse from the detector
and choose the wavelength emitted from the sample, special filters were utilized. The
sample’s output signal was gathered using an optical fiber and a collimating lens connected
to A QE65 Pro spectrograph (Ocean Optics, Inc., Dunedin, FL, USA). The laser energy
density was attenuated using a variable neutral density filter wheel, and the energy was
read using an LM-P-209 coherent thermal sensor head to enable the analysis of the thresh-
old dependency on the energy density. Finally, the data from the ASE experiments were
analyzed, and Gaussian fits of dual PL and ASE emission peaks were obtained using a
custom python-based tool built by our research group.

3. Results

Figure 1a shows the absorbance spectrum of the sample in the UV-visible region;
strong absorption in the UV region was observed, which can be validated by the PL
excitation scan [26]. FAPbBr; Perovskite cannot absorb more visible light, owing to the
fact that its absorption edge is located at about 520 nm [27]. As such, it is discovered
to have substantial UV absorption and considerable emissions at visible wavelengths.
The absorbance spectrum (blue curve) has a decreasing feature with the increase of the
wavelength, and it shows an absorption edge at ~520 nm with a sharp peak at 533 nm.
This peak indicates the presence of an excitonic transition, and it also indicates the high
crystal quality of the film, as shown in Figure la,c [28]. Here, the mesoporous layer
was introduced, in order to improve the morphology of the subsequently grown FAPbBr;
perovskite layer, and the grain size was ultimately limited by the TiO, mesoporous network,
as discussed in our previous work [29] and some previous reports for other researchers [30].
Furthermore, the XRD pattern of the FAPbBr; film is deposited onto mesoporous TiO,
(Figure 1c), which then revealed strong and prominent peaks at (20) 14.68°, 21.01°, 29.78°,
and 42.68°, which matched to diffractions from the (100), (110), (200), and (220) crystal
planes, respectively. The XRD spectrum revealed some peaks related to the TiO, film
pattern. The resulting perovskite film’s X-ray diffraction pattern could be indexed to the
cubic phase of FAPbBr3; perovskite. The diffraction from the (100) plane at 14.68° was fairly
powerful, and its presence, along with the secondary diffraction peak of the (200) plane,
indicated the presence of a highly crystalline and defect-free cubic phase [29,31,32].

An absorption background of ~0.3 was subtracted from the absorption spectrum in
order to remove the wavelength-independent component of light scattering [33]. As can be
seen in the SEM image in Figure 1b, the absorption background was weakly dependent on
the wavelength, which may be explained by the Mie scattering of light by the sub-micro
grains in the perovskite layer. The absorption spectrum was recalculated using the Elliot
formula, as reported by Sestu et al. [34], and the results are also presented in Figure 1a. The
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2918 2.756 2.611 2.480 2.362 2.255 2.157 2.067

best-fitting parameters give a bandgap energy of 2.375 eV, an exciton binding energy of
53 meV (similar to values published by [35,36]), and an exciton peak broadening of 70 meV.

Energy (eV)

—— model

0.4+ - - exciton absorption /

Absorbance (a.u.)

=4
[ )
1

----- bandedge absorption . /
—— PL low injection i
—— PL high injection R
— Exp. Absorption

N

PL Intensity (a.u.)

e
=]

425 450 475 500 525 550 575 600

‘Wavelength (nm)

700

600 (100) C
] * TiO,
500

400

(200)
300

Intensity (a.u.)

200 - *

10 15 20 25 30 35 40 45 50 55 60 65 70
(26)°

Figure 1. (a) The FAPbBrj; film’s absorbance and PL spectra. In the black line, the computed bandgap
and exciton absorption spectra, as well as their summed spectrum, are depicted. For comparison,
two PL spectra at low and high pump energy densities are given in green. The Two PL spectra are
not to scale. (b) The FAPbBrj3 film’s plan view SEM image, and (c) the XRD pattern of the FAPbBr3
film deposited onto mesoporous TiO,.

Excitation wavelengths of 440 nm and 500 nm, which correspond to optical densities
of 0.71 and 0.47, respectively, were used in the amplified spontaneous emission (ASE)
experiments. Figure 2a,b shows the PL spectra evolution, indicating the presence of
two regimes from Spontaneous Emission (SE) to ASE, with increasing the pump energy
density under the two excitation wavelengths. Below the threshold energy densities, PL
shows relatively broad emission spectra centered at 544 nm under both excitations. Above
the threshold, as reported previously [12,20,37,38], this broad emission is split with the
emergence of a narrower peak at ~ 556 nm, which characterizes the ASE state.
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Figure 2. Evolution of the PL spectra with a pulse energy density under (a) 440 nm and (b) 500 nm
excitation.

The origin of the two peaks in distinct perovskite materials has received little attention
in the literature [12,15,37,38]. Following Ding and co-workers [39] thorough studies on
(Zn,Cd)Se/ZnSe quantum well lasers, Xing et al. [15] suggested the presence of ASE at the
lower energy side of the exciton band, even below the Mott transition limit. Although a
definite excitonic band can be detected in our sample (see Figure 1a), perovskite materials
may not meet the other requirements required by [39] to have such excitonic gain. In partic-
ular, in perovskite materials [40-42], the criterion of having considerable inhomogeneous
broadening compared to homogeneous thermal broadening [39] is not met. Biexcitons
were blamed by Kondo et al. for the formation of the lower-energy ASE peak [12]. In
reality, they used 2D multilayered perovskite in their research, which is well-known for its
high exciton binding energies, as was previously indicated. Biexcition production is more
likely when the exciton binding energy is higher. This hypothesis is also dubious, given
that our 3D perovskite has a one-order-of-magnitude lower exciton binding energy [35,36].
The two peaks, according to Priante et al., are caused by surface imperfections, with the
greater energy peak having a limited density of states (DOS) and the lower energy peak
having a significantly higher DOS [37]. When the excitation energy is increased, there
is no defect-like signature for the broad peak with a limited density of states. In these
states, the photogenerated excess carrier starts to fill the accessible states, and then the
PL intensities become saturated. This observation backs up the theory that the PL hump
is caused by bulk defects [37]. As a result, the PL spectra for this sample only had one
narrow peak and one broad hump, both of which were connected to surface states and
minor bulk defect recombinations. This result indicates a suitable starting material for light
emitters, which is in line with the XRD data shown in Figure 1c. This theory was inspired
by the observation that high-quality single crystals only have a single peak [43], whereas
polycrystalline samples generated under very mild circumstances had two peaks [37].
Kai Chen et al. [38] investigated ultrafast broadband PL and absorption, and discovered
a short-lived (10 ps) PL emission caused by uncorrelated hot carriers above the bandgap.
After heated carriers are thermalized, an ASE peak appears on the lower energy side that is
stronger and sharper [38]. Indeed, sample preparation procedures can cause very dissimilar
behavior in various perovskite samples, with differing origins of the two peaks.

Figure 3a,b depicts the behavior of integrated PL and FWHM as the pump energy
density increases for the two excitation wavelengths, respectively. Clearly, the excitation
wavelength has a significant impact on the ASE behavior. Varying excitation wavelengths
absorb differently depending on the absorption spectrum, resulting in different free carrier
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densities for the same excitation energy density. As a result, the ASE threshold energy
density will follow the absorption spectrum as it varies with the excitation wavelength.
The ASE state was achieved with a threshold energy density of ~200 pJ/cm? under 440 nm
excitation. Excitation at 500 nm, on the other hand, needs a higher threshold energy density
of ~255 pJ/cm?. The lower slope of the PL vs. pump energy density charts in Figure 3a
indicates that excitation with 500 nm results in a slower differential quantum efficiency.
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Figure 3. Integrated PL intensity (a), FWHM (b), and ASE peak position (c) vs. the pulse energy
density under both excitation wavelengths.

Under both excitation wavelengths, Figure 3c depicts the behavior of the ASE peak po-
sition with the pump energy density. The ASE peak redshifts with increasing pump energy
densities at both excitation wavelengths. Bandgap renormalization (BGR) in the perovskite
crystal under strong excitation is responsible for such characteristics [44]. BGR is a charge
carrier many-body problem in semiconductors, in which interactions between electrons
and holes under high population conditions cause the bandgap to redshift [45,46]. Over
the whole pump energy density range under study, the ASE peak is slightly redshifted by
1.5 nm under both excitations compared to the PL, equating to a bandgap renormalization
of ~7-8 meV, as will be detailed later. The small red-shift of the ASE peak can be explained
by attractive exciton—exciton interactions, and it also indicates the high crystal quality of
the film, as discussed above [28,47-49].

The static properties of the integrated PL with the pump energy density for the two
emission peaks are shown in Figure 4. Both peaks were fitted with appropriate Gaussian
functions using least square fitting. The integrated PL for the two peaks under 440 nm
and 500 nm excitations, respectively, is shown in Figure 4a,b. The presence of the well-
known spontaneous and stimulated emission areas distinguishes the ASE peak (open
circles). Under 440 nm excitation, this categorization is simple to achieve. The delayed ASE
increase, however, prevented a distinct beginning of the stimulated emission zone under
500 nm excitation.
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Figure 4. (a,b) Results of Gaussian fitting for integrated PL vs. the pump energy density for both
broad band (BB) and ASE peaks under (a) 440 nm excitation and (b) 500 nm excitation; (c) plot of
the ASE/BB peaks’ ratios under different pump energy densities; (d) absolute transmittance for the
FAPDbBr3 /ms-TiO, /FTO sample vs. pump energy densities. Absolute transmittance rapidly increases
from the level of blue solid circles to that of blue open circles under 440 nm illumination, as indicated

in the text.

Figure 4c compares the integrated PL of the ASE peak to that of the higher energy
broad (BB) peak in order to gain a better understanding of the ASE mechanism in our
sample. Figure 4c plots the ratio of the two peaks’ areas over the range of the pump energy
density (Penergy) where the Bernard Durrafourg condition is likely achieved (Penergy > En)
under both excitations. Two regions can be distinguished over this pump energy range:
a fast-growing ratio over energy range Eg, < Penergy < 2 Ey,, which is followed by a
saturation region above ~2 Ey,. The rate of ratio growth is highly dependent on the
excitation wavelength. The peaks’ ratio has a faster growth under the 440 nm excitation
compared to the 500 nm one.

The absorption behavior of the perovskite layer was further investigated under the
high picosecond pulses utilized to induce the ASE in order to correctly quantify the carrier
densities involved in our experiments. Absolute transmittance measurements were taken,
and a discrepancy between the two excitation wavelengths was discovered. The absolute
transmittance findings for both excitations are shown in Figure 4d. Under 440 nm, absolute
transmittance begins (solid blue circles) extremely near to that of 500 nm (solid red circles),
before rapidly increasing by ~60-70 percent (open blue circles). This increase in transmit-
tance occurs in a matter of seconds under 440 nm stimulation, and it happens even faster
under increased excitation power. Absolute transmittance, as well as ASE, stays stable after
this rapid increase. The absolute transmittance under 500 nm excitation does not have the
same transient behavior as it does under 440 nm excitation. The presence of a highly ab-
sorbing surface layer on the perovskite film, which could be removed by the higher-energy
440 nm pulses, is credited with the improvement in absolute transmittance. There have
been reports of molecules/complexes adsorbing at the TiO, / perovskite interface or on the
perovskite surface, which can have a significant impact on the absorbance and other optical
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properties of perovskite films [50-52]. In order to figure out where this extra layer came
from, more enquiries are being carried out.

Figure 5a shows the ASE power dependence as a function of the injected carrier
density (n). The carrier density was determined using the absorbance spectrum, taking
into consideration the increased absorption of the surface layer under 500 nm excitation.
Under both excitations, the spontaneous emission to the ASE state occurs at a distinct
onset of 4.5 x 10'8 cm~3. Figure 3a shows how the quantum efficiency behaves under both
excitations. Both excitations had similar quantum efficiency characteristics, with a slightly
lower slope under 440 nm, which might be explained by thermal effects due to increased
phonon-assisted photocarrier thermalization.
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o . 241 o @ 2, =500nm
" 3 |
N 2 4
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Figure 5. (a) Integrated PL versus the injected carrier density n, and (b) BGR versus n!/3 under both
440 nm and 500 nm excitations.

The bandgap renormalization factor can be calculated using the equation [29,31,44,53]:
AEpgr = 2 7 n'/?, where 7 is the bandgap renormalization factor. The redshift in the
emission peak as the pump power increases can be utilized to estimate the BGR at different
pump powers. Indeed, the ASE is expected to appear at the gain region’s highest point. The
position of this maximum as a function of the carrier density in a bulk material is nearly
constant, as the absorption has a steplike function due to the Sommerfeld amplification
factor [44].

The graphs of AEggRr vs. n'/3 for the two excitation wavelengths are shown in Figure 5b.
BGR rises as the carrier density rises, as one would expect. At a pump energy density of
~0.9 mJ/cm?, a maximum BGR value of ~7-8 meV is reached, equivalent to a maximum
red-shift of 1.5 nm. This tiny BGR is expected for unconfined photocarriers in a three-
dimensional framework. The BGR becomes saturated at higher pump energy densities
(greater than 0.9 mJ/cm?). Different scattering and other gain losses can likely occur
in a gain-clamping state due to the 3D and cavity-free structure of our sample and the
comparatively large laser spot size of 2 mm.

Gain clamping prevents the carrier density from increasing significantly as the fluence
is increased. Because the BGR is solely dependent on the carrier density, the energy shift
is essentially undetectable above 0.9 mJ/cm?, which is further obscured by the spectral
resolution of 0.16 nm in our setup. As a result, only the lower carrier density values
were used to calculate the bandgap renormalization coefficient, which was found to be
~5-7 x 107? eV cm for both excitations. This bandgap renormalization coefficient value is
very close to the GaAs values reported in the literature [44].

Our findings show that, despite its unresolved stability difficulties, perovskite behaves
similarly to a typical semiconductor, and can thus be handled further using the same
formalisms. Finally, in Table 1 below, some of the numbers stated in the document are listed.
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Table 1. A summary of the important parameters mentioned in the manuscript.

Carrier Density

Excitation Eg, (uJ/cm?) (cm-3) AEgcr (meV) v (eV)
440 nm 200 0.45 x 1019 7 7 x 1077
500 nm 255 0.45 x 101 8 5x107°

As a result, we may trace back the variation of the bandgap as a function of the carrier
density by tracing the ASE peak position as a function of the fluence. In order to better
understand this behavior, gain vs. energy curves are plotted in Figure 6 using the values of
carrier effective masses (electrons and holes) retrieved from [54] for FAPbBr3, as well as the
exciton binding energy of 53 meV computed above. At the band edge absorption spectrum
in Figure 1, the steplike behavior of the gain function can be seen to be more evident at
larger carrier densities, resulting in the ASE peak reflecting the bandgap behavior as well.

o
ik

Gain (arb. units)

N
e

24 25 26 27 28 29
Energy (eV)

Figure 6. Gain vs. energy curves retrieved for different carrier densities.

4. Conclusions

Using picosecond laser pulses with various absorbed excitation wavelengths of 440 nm
and 500 nm, the ASE evolution of a cavity-free high quality FAPbBr; perovskite layer was
examined. Thermal effects linked with increased energy and heavily absorbed 440 nm
pulses had a minimal effect on the quantum efficiency, according to power-dependent PL
observations. A strongly absorbing surface layer was observed, confirming the perovskite
surface’s claimed great sensitivity to the environment. The ASE state was achieved with a
threshold energy density of ~200 uJ/ cm? under 440 nm excitation. Excitation at 500 nm, on
the other hand, needs a higher threshold energy density of ~255 1 /cm?. For the FAPbBr;
film, the BGR was calculated, yielding a BGR constant of ~5-7 x 10~? eV cm.
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