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Abstract

Achieving low-threshold lasing in formamidinium (FA)-based perovskite films
remains challenging due to difficulties in controlling their crystallization. In
this study, we introduce a dual-additive strategy utilizing zinc acetate (Zn
(Ac),) and 5-aminovaleric acid (5-AVA) to modulate the crystallization process
of FA-based perovskite films. The synergistic effect of these additives enables
the formation of smooth and dense FAPbBr; films with a low surface rough-
ness of 1.36 nm and a high photoluminescence quantum efficiency (PLQE) of
63.6%. Based on these high-quality films, we demonstrate amplified sponta-
neous emission with a threshold as low as 26 wJ/cm®. Moreover, by integrating
the perovskite films with distributed feedback gratings, we achieve perovskite
lasing with a record-low threshold of 15.5 wJ/cm® under nanosecond-pulsed
optical excitation at room temperature. This work offers valuable insights
into the fabrication of high-quality FA-based perovskite films and represents a
significant step toward the development of high-performance perovskite laser
devices.
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1 | INTRODUCTION

Metal halide perovskites have emerged as prominent op-
toelectronic materials in recent years, showing great po-
tential for applications in devices such as solar cells, light-
emitting diodes (LEDs), photodetectors, and lasers.'®
These materials adopt a three-dimensional (3D) perov-
skite crystal structure characterized by an octahedral
framework with the general formula ABXj;, where the A-
site is occupied by monovalent cations, the B-site by diva-
lent metal cations, and the X-site by halide ions.”®
Although the A-site cation does not directly participate in
the formation of energy bands, it profoundly influences
material properties. This influence arises not only from
its impact on electronic and optical characteristics but
also from its role in determining structural stability.”*!
Common A-site cations used in perovskite compositions
include methylammonium (MA"), formamidinium
(FA™), and cesium (Cs™), selected based on Goldschmidt's
tolerance factor.'? Notably, FA" offers an advantage over
Cs™ due to the superior solubility of FA-based halide salts
(e.g., FABr), which facilitates solution-based process-
ing.">'* Moreover, FA™ is preferable to MA™ owing to its
larger ionic radius, which contributes to enhanced perov-
skite stability.">'® Indeed, the highest efficiency perov-
skite solar cells and LEDs reported to date have been
fabricated using FA-based perovskites.'**

Despite these advantages, reports on FA-based perov-
skite lasers remain relatively scarce, and their lasing
thresholds are generally high.*'>* Achieving efficient
lasing typically requires smooth, dense perovskite films
with high photoluminescence quantum efficiency (PLQE).
However, FA-based perovskite films developed for LEDs,
though exhibiting high PLQE, often possess a discrete
grain structure.'®** In contrast, those optimized for solar
cells usually show smooth and dense morphology but
suffer from low PLQE.?® Thus, to fully unlock the lasing
potential of FA-based perovskites, it is essential to develop
fabrication methods that yield high-quality films simulta-
neously satisfying both morphological and optical
requirements.

In this work, we addressed this challenge by con-
trolling the crystallization of FAPbBr; through a syner-
gistic effect of two additives: Zn(Ac), (Zinc acetate) and
5-AVA (5-Aminovaleric acid). Using this dual-additive
strategy, we successfully produced smooth and dense
FAPbBr; films with a remarkably low root-mean-square
(RMS) roughness of 1.36 nm and a high PLQE of
63.6%. These properties represent a substantial improve-
ment over the control film, which exhibited a roughness
of 85.53 nm and a PLQE of only 4.1%. By integrating this
high-quality film with distributed feedback (DFB) grat-
ings patterned via a double-beam interference method,

we demonstrated lasing operation at room temperature
under nanosecond-pulsed optical pumping, achieving a
low threshold of 15.5 uJ/cm?.

2 | RESULTS AND DISCUSSION

We began by introducing Zn(Ac), as an additive to
modulate the crystallization of FAPbBr;. Figure 1 pre-
sents a comparison of optical properties and morphol-
ogies of FAPbBr; films prepared from precursor solutions
with and without Zn(Ac),. As shown in Figure 1A,B, the
film with Zn(Ac), displays well-defined absorption (cut-
off near 550 nm) and photoluminescence (PL) (peak at
~542 nm) spectra, consistent with those of typical 3D
FAPbBr; perovskites.”” In contrast, the film without Zn
(Ac), only exhibits absorption and emission features
associated with intermediate phases.?®** This conclusion
is confirmed by annealing experiments conducted across
a range of temperatures (70°C-150°C) and durations
(4-30 min), as shown in Supporting Information S1:
Figure S1. Furthermore, the incorporation of Zn(Ac),
significantly enhanced the PLQE from 4.1% to 16.4%
(Figure 1C) and prolonged the PL lifetime from 13.7 to
26.8 ns (Figure 1D). Morphological examinations further
reveal that the film without Zn(Ac), consists of discrete
grains with a size of 492.18 £+ 79.73 nm (Supporting In-
formation S1: Figure S2), resulting in poor substrate
coverage and a high surface roughness of 85.53 nm
(Figure 1E). In comparison, the film with Zn(Ac), dem-
onstrates uniformly distributed small grains, improved
continuity, and a reduced roughness of 18.09 nm
(Figure 1F). These findings suggest that Zn(Ac), effec-
tively regulates the crystallization and grain growth of
FAPbBr3;, leading to a higher-quality film with sup-
pressed defect formation. The superior quality of the Zn
(Ac),-modified film was further corroborated by ampli-
fied spontaneous emission (ASE) measurements. While
the control sample showed no ASE, the film with additive
exhibited a clear ASE signal with a threshold of ~180 uJ/
cm? (Supporting Information S1: Figure S3).

To further improve the film quality and reduce the
ASE threshold, we incorporated 5-AVA as a second ad-
ditive into the precursor solution to precisely tune the
perovskite crystallization process. Figure 2A-D illustrate
the morphological and optical characteristics of the
FAPDbBr; film prepared with both Zn(Ac), and 5-AVA
additives. Atomic force microscopy (AFM) measure-
ments reveal an exceptionally smooth surface with a
roughness of only 1.36 nm (Figure 2A). Scanning electron
microscopy (SEM) images further show that the film
(~100 nm thick) consists of densely packed small grains
(with a size of 37.40 + 11.87 nm) with no observable
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FIGURE 2 Morphologies and optical properties of FAPbBr; films with the dual-additive. (A) The Atomic force microscopy image.
(B) The PLQE. (C) The time-resolved PL. (D) The SEM image, with the inset showing the cross-sectional SEM image of the film; the scale
bar is 200 nm. (E) PL spectra of the film at varying excitation intensities. (F) The PL intensity as a function of excitation intensity. SEM,

scanning electron microscopy.

pinholes or voids (Figure 2D and Supporting Information
S1: Figure S2). Notably, the smooth surface minimizes
interfacial light scattering, while the dense, fine-grained
structure reduces internal scattering—both essential for

efficient light confinement and feedback, thereby facili-
tating laser emission.**** Furthermore, the dual-additive
film exhibits significantly improved optical performance,
achieving a high PLQE of 63.6% (Figure 2B) and a greatly
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prolonged PL lifetime of 98.4 ns (Figure 2C). These
outstanding characteristics enable the realization of
ASE with a low threshold of 26 pJ/cm? under nano-
second-pulsed optical pumping at room temperature
(Figure 2E,F and Supporting Information S1: Figure S4).

The effects of Zn(Ac), and 5-AVA on the crystalliza-
tion process of FAPbBr; were investigated using Fourier
transform infrared (FTIR) and nuclear magnetic reso-
nance (NMR) spectroscopy. Figure 3A shows the FTIR
spectra of FABr and perovskite films. Peaks observed at
3120-3450cm ™}, 1717 cm ™, 1669 cm ™, and 1629 cm ™ are
assigned to the N-H stretching vibration (v-N-H), asym-
metric C-N stretching vibration (v,s-N-H), scissoring vi-
bration of -NH, (8s-NH,), and scissoring vibration of -
NH, " (8,-NH, ™), respectively.>* Upon addition of Zn(Ac),
to FABr, a pronounced 8;-NH, peak emerges while the 8-
NH," signal vanishes, indicating a strong deprotonation
effect of Zn(Ac), on FABr. This phenomenon is also
evident in perovskite films containing Zn(Ac),, consistent
with previous reports suggesting that Zn*" promotes
deprotonation of FA* through coordination with the -NH,
group,**’ thereby modifying perovskite crystallization
kinetics and contributing to the formation of high-quality
perovskite films.***° However, excessive deprotonation
may induce perovskite decomposition.>*>”*° Interest-
ingly, the introduction of 5-AVA as a second additive re-
duces the intensity of the 8;-NH, peak in FABr, implying a
moderated deprotonation effect. The synergistic mecha-
nism between the two additives was further elucidated by
13C NMR spectroscopy (Figure 3B). A larger chemical shift
change observed in the Zn(Ac), + 5-AVA sample reveals
that 5-AVA exhibits stronger coordination with Zn*>" than
FA™, leading to a tempered deprotonation of FA™* by Zn
(Ac), and consequently promoting more controlled

perovskite crystallization. The in situ absorption
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spectroscopy during spin-coating processes confirms that
the deprotonation effect of Zn(Ac), accelerates crystalli-
zation, while 5-AVA mitigates the strong deprotonation
effect and thus retards the crystallization process (Sup-
porting Information S1: Figure S5). Additionally, the
carboxyl and amino groups in 5-AVA contribute to effec-
tive defect passivation within the perovskites (Supporting
Information S1: Figure $6).*"** Together, these effects
enable the formation of high-quality FAPbBr; films, with
greatly improved stability (Supporting Information S1:
Figure S7). We mentioned that, post-treatment of pre-
formed films with 5-AVA neither mitigates the strong
deprotonation effect of Zn(Ac), nor improves film
morphology (Supporting Information S1: Figure S8),
highlighting the critical importance of using 5-AVA as an
additive rather than a post-treatment agent.

To evaluate the lasing potential of the high-quality
FAPDbBr; film, we integrated it with DFB gratings. The
structure of the laser device is schematically shown in
Supporting Information S1: Figure S9. AFM measure-
ments confirmed that the DFB gratings possess a uniform
sinusoidal profile with a period of 317 nm (Supporting
Information S1: Figure S10). Importantly, the surface
roughness (1.77 nm) of the perovskite film did not change
much after spin-coating onto the grating substrate (Sup-
porting Information S1: Figure S11). Lasing emission was
observed when the pumping intensity reached a threshold
of 15.5 wJ/cm?, characterized by a sharp narrowing of the
PL full width at half maximum to ~ 0.99 nm and a rapid
increase in emission intensity increasing excitation in-
tensity (Figure 4A,B). The presence of a distinct double-
lobed far-field pattern (inset in Figure 4A) further con-
firms lasing action. The emitted light also exhibited strong
linear polarization with a degree of 99.8% (Figure 4C).
Additionally, by varying the grating period from 317 to
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FIGURE 3 The chemical interactions among different components. (A) FTIR spectra of different films. (B) '*C nuclear magnetic

resonance spectra (DMSO-dy) of precursor solutions.

85US017 SUOLLLIOD BAIER1D 3|qedtjdde auy Ag pausenob afe 3l e VO ‘88N JO Sa|nJ o Akeiq1T 8Ul|UO A1 UO (SUO R IPUOO-PUR-SLLBHWI0D" A3 | 1M Afe.d)1)BU1 |UO//SONY) SUOIPUOD PUe SWiia | 84} 35S *[9202/90/80] U0 Aeig1auljuo AB|1M uIyDeURIL0D AG LE00L ZWI4/200T OT/I0p/W00" A3 1M Afeiq 1 pUI|UO//SORY WO14 paPRO|uMOQ ‘T ‘920 ‘90TE9E8Z



LAT ET AL.

(A) so000-

——9.9 pJiem?
——12.0 pJicm?
15.5 pdicm?
18.4 wiem?
22.5 pdiem?
39.0 wicm?
———75.9 pJicm?
——93.6 wicm?

U

u.)

340000

20000 -

PL intensity (a

520 530 540 550 560 570
Wavelength (nm)

90
120 60

©)

® - Experiment
——Malus’ law

240 i 300
270

PL intensity (a.u.)

FleXMat-WiLEY——=

(B) 60000 25
L 20
40000 4 -
L15 E
=
L10 2
20000 4 . E
L5
q i -
0 e = -0
0 20 40 60 80 100
Pump energy (uJ/cm?)
1.0 —317 nm
—322 nm
3 08
s
& 0.6-
bl
N
2 0.4
E
2 0.2 LLJ
0.0 e

500 520 540 560 580 600
Wavelength (nm)

FIGURE 4 Lasingbehaviors of the perovskite film coupling with DFB gratings. (A) PL spectra under different excitation intensities, with

the inset showing a photo of the laser beam. (B) The PL intensity and full width at half maximum as a function of pump intensity. (C) Linear

polarization of the laser emission. (D) Laser spectra for different DFB gratings with periods of 317 and 322 nm. DFB, distributed feedback.

322 nm, the lasing peak could be tuned from 549.6 to
556.7 nm (Figure 4D). These results unambiguously
demonstrate low-threshold lasing at 15.5 wJ/cm?® The
lasing threshold histogram for 9 devices shows an average
threshold of 16.98 uJ/cm” and a small relative standard
deviation of 1.52 uJ/cm? (Supporting Information S1:
Figures S12 and S13). Notably, the threshold of 15.5 uJ/
cm? represents a new record for FAPbBr; films under
nanosecond-pulsed optical excitation at room tempera-
ture (Supporting Information S1: Table S1).

3 | CONCLUSIONS

In summary, we have developed a dual-additive strategy to
fabricate high-quality FA-based perovskite films with su-
perior morphological uniformity and high PLQE. By
incorporating Zn(Ac), and 5-AVA, we achieved improved
crystallization control and effective defect passivation,
leading to films with excellent optoelectronic properties.
Through integration with DFB gratings, we demonstrated
a perovskite laser with a notably low threshold of 15.5 uJ/
cm?, representing a new record for FAPbBr; films under
nanosecond pulsed pumping at room temperature. This
work offers valuable insights into the crystallization
management of halide perovskites and contributes to the

advancement of efficient perovskite-based coherent light
sources.

4 | EXPERIMENTAL SECTION

4.1 | Preparation of perovskite films

The FAPbBr; perovskite precursor solution containing
both additives was prepared with a solute mass fraction of
20 wt%, using N,N-dimethylformamide (DMF) as the sol-
vent. The molar ratios of the components were FABr:
PbBr,: 5-AVA:Zn(Ac), = 2.25:1: 0.45:1. The spin-coating
process was carried out at 4000 rpm for 45 s, followed by
annealing at 90°C for 6 min. For the FAPbBr; precursor
solution with only Zn(Ac), as the additive, the solute mass
fraction was also 20 wt%, with molar ratios of FABr:PbBr,:
Zn(Ac), =2.25:1:1.2. The same spin-coating and annealing
conditions were applied as described above.

4.2 | Preparation of DFB gratings

Laser interference lithography was employed to fabricate
the gratings, a technique that offers advantages such as
photomask-free operation, low cost, and high efficiency.
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In this study, a negative photoresist SU-8 was used as the
etching medium, with a 355 nm laser as the interference
light source. The main steps of the process are as follows:
spin-coating SU-8 photoresist onto the substrate; soft
baking the coated layer; exposing the sample to inter-
fering laser beams; developing the pattern using a suit-
able developer; and finally annealing the sample to obtain
well—defined DFB gratings. Gratings with different pe-
riods could be achieved by adjusting the optical path
difference of the incident laser beams.

4.3 | Optoelectronic characterization

The PL spectra of the perovskite films were acquired using
a QE Pro spectrometer and a 375 nm continuous-wave
(CW) laser. The photoluminescence quantum efficiency
(PLQE) was measured with an integrating sphere setup
coupled to the same spectrometer and laser source. Ab-
sorption spectra were recorded on a Shimadzu UV-1780
UV-Vis spectrophotometer. The surface morphology of
the films was characterized by scanning electron micro-
scopy (SEM, JEOL JSM-7800F) and atomic force micro-
scopy (AFM, XE-70, Park). PL lifetime measurements were
performed using a Hamamatsu C10910 series streak
camera system. >*C NMR spectra were obtained on a JEOL
NMR spectrometer (JNM-ECZ400S, 400 MHz). FTIR
spectroscopy was conducted using a Bruker INVENIO-S
spectrometer equipped with a reflectance accessory.

44 | ASE and lasing measurements

A frequency-tripled Nd:YAG laser operating at 355 nm
with a pulse duration of 5 ns and a repetition rate of
10 Hz was used as the excitation source. For ASE mea-
surements, the excitation laser beam was shaped into a
long strip using a lens system, and the emissions were
collected with a QE Pro spectrometer. For lasing mea-
surements, the excitation laser was focused into a circular
spot to excite the perovskite films coupled with DFB
gratings. The resulting laser emissions from the samples
were measured using an Andor SR500i-A-R spectrometer
(Oxford Instruments).
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