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Abstract. Metal halide perovskite nanocrystals have emerged as excellent candidate materi-
als for various optoelectronic applications due to their distinguished optoelectronic properties.
However, suffering from instability under environmental conditions such as humidity, temper-
ature and ultraviolet radiation restricts its further development and larger-scale application. In
this study, we present a one-step method for fabricating composite thin films of formamidin-
ium lead bromide and a lead-based metal-organic framework with enhanced stability. Mean-
while, the obtained composite films exhibited a low amplified spontaneous emission threshold
of 12.3 pJ-cm™ enhancing their potential for efficient optoelectronic applications, including
light-emitting devices and lasers.
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Annoranus. HaHOKpHCTa/UIBl METaJUIOTAJOTeHUAHBIX TIEPOBCKUTOB CTaIM OTIMYHBIMU
MaTepualaMyu-KaHAMaaTaMy [JIs Pa3jIMyHbIX MPUMEHEHMI B ONTO3JEKTPOHMKE Ojaromaps
CBOUM BBIJAMOIIMMCS ONTORJEKTPOHHBIM CBOMCTBaM. OJHAKO HECTAaOWUJIBHOCTb B YCJIOBUSIX
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OKpYKaIleil cpeabl, TaKUX KaK BIaXXHOCTb, TeMIIepaTypa M YIbTpadUOJIeTOBOE U3yUCHUE,
OorpaHMYMBAET WX JajJbHENIIyI0 pa3paboTKy M ILIMPOKOMACIITaOHOe TNMpuUMeHeHue. B aToMm
UCCIEeNOBAaHMU Mbl TIpEACTaBisieM KOMIIO3UTHbIE TOHKHWE IUIeHKM mnepoBckuta FAPbBr3
U METaJJIOOPraHMYeCKoro Kapkaca Ha OCHOBE CBMHIA C ITOBBIILIEHHON CTaOUJIbHOCTHIO,
TMOJIyIeHHBIE OTHOJTAITHBIM MeTOHoM. IIpm 3TOM TIOJMydYeHHBIE KOMIIO3UTHBIC IIICHKU
TIPOIEMOHCTPUPOBAIM HU3KHWI ITOPOT YCWJICHHOTO CIIOHTAHHOTO M3JIYYCHHUS C ITOPOTOBOU
IUIOTHOCTBIO 3HEepruu Bo30yxkmeHus 12,3 MKJIIXK'CM 2, 4YTO CBUAETEJbCTBYET 00 MX BBICOKOM
rnoreHuane wis 3p@PEeKTUBHOTIO TIPUMEHEHHUS B ONITORJIEKTPOHUKE , BKITIOYAsI CBETOU3TYYaIOII1e
YCTPOMCTBA M J1a3epPhl.
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Introduction

Metal-halide perovskite nanocrystals (MPNCs) based on lead halides exhibit exceptional
optoelectronic properties, such as high absorption coefficients, high photoluminescence quantum
yields, tunable band gaps, and defect tolerance [1]. These characteristics make them promising
candidates for various optoelectronic applications, including light-emitting diodes and lasers.
However, due to the ionic structure, halides perovskites are unstable under the influence of
external influences such as high temperature, air and ultraviolet radiation.

To address the stability issue, researchers vary the composition of the elements included in the
ABX, perovskite structure (A is an organic or inorganic cation, B is a divalent metal, X is a halide
anion) or use ligands, polymer materials, or metal-organic frameworks [2-4]. Metal-organic
frameworks are a class of compounds in which metals and organic ligands form a crystalline
structure called a framework [3, 4].

In this work, we focused on the recombination dynamics and amplified spontaneous emission
(ASE) characteristics of FAPbBr, (FA- CH(NH,),, formamidinium) by incorporating it into a
lead based metal-organic framework constructed with trimesic acid (Pb-MOF). Previous studies
have demonstrated improved perovskite stability using Pb-MOF and a two-step method for film
fabrication [3, 4]. In contrast, we developed a one-step fabrication approach for FAPbBr,-MOF
composite thin films, enabling a simplified and faster preparation process. This approach yielded
a record-low ASE threshold for FAPbBr, (12.3 pJ-cm™), which we were able to rationalize
by examining the underlying recombination mechanisms. A Low ASE threshold is important
for photonic applications, as it enables the development of devices with higher efficiency and
improved operational stability.

Materials and Methods

Materials. The following materials were used in experiments: Lead Nitrate (Pb(NO,),, 99.7%,
LenReaktiv), trimesic acid (1,3,5-H,BTC, 95%, Sigma-Aldrich), Acetic acid (CH,COOH, 93%,
ECOS), dimethyl sulfoxide (DMSO, 99%, ECOS), formamidinium bromide (FABr, >99.99%,
Dyesol).

Methods. Pb-MOF was synthesized using a sonochemical method [5]. The obtained
Pb-MOF and FABr were dissolved in anhydrous dimethylsulfoxide (DMSO) with the addition
of methylammonium acetate (MAAc). The solution was stirred for 5 min (3500 rpm) using
vortex MSV-3500 BioSan. The resulting solution was used to fabricate FAPbBr,-MOF composite
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thin films via spin-coating: first at 3,000 rpm for 90 seconds, then at 5,000 rpm for 10 seconds,
followed by annealing at 80 °C for 10 minutes.

The morphology of the synthesized films was analyzed using a Zeiss LIBRA 200FE transmission
electron microscope (TEM) and a scanning probe microscope AIST-NT SPM SmartSPM™~-1000.

Optical measurements were performed using an Antaus Ytterbium femtosecond fiber
laser operating at a repetition rate of 10 kHz and a wavelength of 343 nm. Time-resolved
photoluminescence (TRPL) was measured using a single-photon avalanche diode detector (SPAD
PDM, Micro Photon Devices). Photoluminescence spectra were recorded with a QE Pro fiber-
optic spectrometer.

The ABC model (equation 1) was used to approximate the decay curves [6].

@:—An—BnZ—CIf. (1)
dt

The term A is responsible for trap-assisted recombination, B for bimolecular recombination,
and C for Auger recombination. At low fluence, Auger recombination does not contribute to
charge carrier recombination [6]. Thus, the normalized PL (equation 2) decay curve exhibits
bimolecular behavior and can be approximated by the following equation:

n(t) = An-exp(—At)
A+ Bn(1—exp(—At)

+ const, (2)

where # is the initial charge carrier density. The initial charge carrier density was calculated using
the following equation:

n=1F-Abs, 3)

where F is the fluence and Abs is the fraction of incident photons that are absorbed. Abs is
calculated as:

Abs =(1-R)-[1-exp(-ad)], 4

d is the thickness of the film and a is the attenuation coefficient.

Results and Discussion

The resulting FAPbBr,-MOF composite film has a low surface roughness of 0.99 nanometers
and a thickness of 116 nanometers (Fig. 1, a). The composition of FAPbBr,-MOF composite
films was confirmed by X-ray diffraction analysis (XRD). The presence of the cubic Pm—-3m
phase is indicated by strong peaks at 14.8 degrees (100) and 29.8 (200) (Fig. 1, b), along with
weaker peaks at 20.9 (110) and 33.8 (210) [7]. Peaks corresponding to Pb-MOF also confirm the
composite nature of the films [5]. Transmission electron microscopy (TEM) revealed encapsulation
of perovskite within the Pb-MOF matrix and showed an average FAPbBr, nanoparticle size of
11.6 nm (Fig. 1, ¢).
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Fig. 1. AFM image of FAPbBr,-MOF film (a), XRD analysis of FAPbBr,-MOF (b), TEM analysis of
FAPbBr,-MOF (¢). Inset in (c) is a histogram of the NCs size distribution
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The photoluminescence (PL) peak of the film is at 530.1 nm with a full width at half maximum
(FWHM) is 24.3 nm (Fig. 2, a) also a similar peak position was confirmed by studying the
absorption spectrum of FAPbBr,-MOF (532.5 nm). For the subsequent analysis of the optical
properties of our film, we investigated the dependence of the photoluminescence quantum
yield on the increasing power density (Fig. 2, ¢). The best PLQY is 43% at a power density of
993 mW-cm2, and the growing dependence of PLQY at an increasing power density indicates high
film quality, as well as a greater contribution of radiative processes relative to non-radiative [8]. To
study the origin of the recombination process in more detail, we performed time-resolved
photoluminescence (TRPL) measurements, as shown in Fig. 2, d. TRPL measurements showed
that the monomolecular (4, non-radiative) and bimolecular (B, radiative) recombination
coefficients increased from 4 = 2.4:-10° s”! and Bn = 9.4-10°s' at 1.3 pJ-cm?2to 4 = 18.7-10¢ s°!
and Bn = 6.5:-10® s! at 10.4 pJ-cm? (Table). This enhancement of radiative recombination
and acceleration of carrier dynamics at higher fluence are beneficial for ASE, as these effects
support faster population inversion and gain buildup. As a result, PL spectra evolution under
increasing pump fluence revealed an ASE threshold of 12.3 pJ-cm™ (Fig. 2, e, f), which is lower
than previously reported [9], demonstrating the suitability of FAPbBr,-MOF films for integration
into next-generation low-threshold laser systems and other light-emitting applications.
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Fig. 2. Photoluminescence spectrum of FAPbBr,-MOF (@), Normalized absorbance spectrum of

FAPbBr,-MOF (b), Dependence of PLQY on the power density (c), decay curves of FAPbBr,-MOF

under increasing pump fluence (d), evolution of the PL spectra of the FAPbBr,-MOF films under
increasing pump fluence (e), ASE threshold of FAPbBr,-MOF (/)

Table
Analysis of decay curves of FAPbBr,-MOF film
Pump fluence, pJ-cm™ | n, cm™ A, s™! Bn, s™!
10.4 3.3-10" 18.7-10° 6.5-10%
5.5 1.7-10" 16.0-10¢ 2.0-108
3.1 9.6-10" 8.1-10° 6.5:-107
1.9 5.9-10"7 4.7-10° 2.2-107
1.3 4.0-10" 2.4-10° 9.4-10°
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Conclusion

We developed a simple one-step method for fabricating FAPbBr,-MOF composite thin
films with improved structural stability and promising optical properties. The encapsulation of
Pb-MOF ensured the formation of a stable composite matrix, while the films demonstrated
efficient radiative recombination and a low ASE threshold (12.3 pJ-cm?), making them suitable
for photonic applications.
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