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ABSTRACT: Quasi-two-dimensional (quasi-2D) perovskites demonstrate out- Wio T80 o with T80
standing optoelectronic performance among various perovskite materials.
However, to fully leverage their potential for electrically pumped lasing, careful
optimization remains imperative. Exploring the domain of quasi-2D perovskite
amplified spontaneous emission (ASE) holds profound significance in achieving
cost-effective, solution-processable green lasers. Challenges arise from the intrinsic
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uneven surfaces and numerous pinholes present in pristine quasi-2D perovskite  pulsed pump fluence (uJ cm?) Pulsed pump fluence (uJ cm™)
films, leading to elevated levels of optical scattering and nonradiative

recombination. In this study, perovskite films with significantly improved surface morphology, optical gain properties, and ASE
performance were obtained through the introduction of Tween 80 (T80) for morphology control and defect passivation.
Consequently, the nonradiative recombination rate of T80-treated perovskite films experiences a 10-fold reduction. Moreover, a
strikingly low ASE threshold of 3.4 4J cm™2, accompanied by a 2-fold increase in the optical gain coefficient, has been achieved. This
study demonstrates that the T80-treated quasi-2D perovskites have great promise in high-performance laser devices.

B INTRODUCTION

Lasers hold significant roles across diverse fields, including
industry, medicine, scientific research, and the military.
Semiconductor lasers, owing to their small size, low power
consumption, extended lifespan, efficiency, and ease of
integration, offer great promise for applications in information
storage, biological imaging, and sensors. > Inorganic semi-
conductors are used as the gain medium of conventional
semiconductor lasers, but their preparation processes are
complex and costly. As an emerging new gain media,
perovskites have high absorption coeflicient, superior carrier
mobility, long carrier diffusion length, efficient fluorescence,
and tunable wavelength.°™"" Introducing quasi-two-dimen-
sional (quasi-2D) perovskites—a subset of perovskites that
integrate sizable hydrophobic organic cations into the
framework of conventional three-dimensional (3D) perovskites
(e.g, phenylethylammonium (PEA), butylamine (BA))—
enhances their environmental stability.'*~" The incorporation
of organic cations contributes to heightened dielectric
shielding and quantum effects within perovskite materials,
thereby expediting the radiative recombination of exci-
tons.'”~** Notably, the spontaneous emergence of quantum
well structures accelerates the energy transfer and facilitates the
amplified spontaneous emission (ASE) of quasi-2D perov-
skites.”

ASE conventionally relies on a waveguide structure, a
configuration sensitive to the roughness and thickness of the
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film.*® A rougher surface topography can accentuate optical
scattering, while a thinner film thickness might hinder the
formation of an effective waveguide structure. Inorganic
perovskites are prone to pinholes, poor morphology, and
limited thickness in films due to the low solubility of CsX (X =
Cl, Br, 1).” Although vacuum thermal evaporation offers a
means to control film thickness and enhance surface
morphology, this method is more intricate and costly
compared to solution-based approaches.”’ " Consequently,
the utilization of organic—inorganic hybrid quasi-2D perov-
skites holds notable advantages for generating thick and
uniformly flat films. Various strategies such as the manipulation
of organic cations,”' " the incorporation of additives,” >’
recrystallization,”***” and surface modification*” have been
implemented to optimize film quality. However, recrystalliza-
tion often entails the use of substantial organic solvents to
establish a conducive atmosphere, with processing times
spanning from 1 h to 2 weeks, rendering the approach
relatively cumbersome and environmentally unfriendly.’’ In
contrast, the introduction of additives into perovskite
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Figure 1. AFM images of perovskite films (a) without and (b) with T80. SEM images of perovskite films (c) w/o and (d) with T80.

precursor solutions has emerged as a simpler and much quicker
way for enhancing the quality of thin films. This approach not
only passivates defects but also augments the luminous
performance of the films, as demonstrated in the context of
perovskite light-emitting diodes. Nonetheless, while additives
exhibit the potential to improve defect passivation and enhance
luminescence, their impact on the optical gain performance of
perovskite thin films remains an area that requires further
exploration.

In this study, we demonstrate the enhanced luminescence
characteristics of perovskite films through the incorporation of
Tween 80 (T80). The introduction of T80 as an additive
improved the film’s morphology, leading to reduced light
losses. The perovskite film treated with T80 exhibits
heightened fluorescence intensity while maintaining the same
phase distribution. This improvement in luminescence is
achieved without alteration of the phase composition. By
effectively passivating defects, the perovskite film treated with
T80 experiences a notable 55% reduction in defect density.
This defect reduction contributes to the suppression of
nonradiative recombination within the perovskite films,
thereby facilitating improvements in the amplified spontaneous
emission. The gain coefficient of the film, treated with T80,
increases from 62 to 120 cm!, signifying a substantial
enhancement. All of these improvements lead to the
attainment of a significantly reduced ASE threshold of 3.4 yuJ
cm™?, which is nearly 1 order of magnitude lower than the
initial threshold of 27.4 uJ cm™. This work presents an
effective and practical approach to enhancing the ASE
performance of quasi-2D perovskites, and will provide feasible
insights for the design of perovskite-based laser devices.

B MATERIALS AND METHODS

Materials. Lead bromide (PbBr), phenylethylammonium
bromide (PEABr), formamidinium bromide (FABr), and
PEDOT:PSS were purchased from Xi’'an Polymer Light
Technology Corp. Tween 80 was purchased from Sigma-
Aldrich. All materials were used directly without further
purification.

Perovskite Film Fabrication and Characterization.
The powders of PEABr, FABr, and PbBr, (molar ratio of
1:3:3) were added into an anhydrous DMF solvent containing
T80 and stirred at S0 °C for 4 h. A transparent perovskite
precursor solution with a concentration of 0.4 M was obtained.
The concentrations of T80 in DMF were 1, 3, 5, and 7 mg
mL ™, respectively. The mixtures were then spin-coated on the
glass at 4500 r.p.m. for 30 s. During the spin-coating process,
0.20 mL of absolute ethyl acetate was dropped onto the
perovskite precursor layer at the fifth second. The substrates
were baked on a hot plate at 120 °C for 10 min. The
morphology of the perovskite films was characterized by
scanning electron microscopy (SEM) (Hitachi 4800). The
surface roughness was analyzed by atomic force microscopy
(AFM) on a Shimadzu SPA-9700. The absorption spectra of
perovskite films were measured on a Shimadzu UV-3101PC.
The photoluminescence (PL) spectra of perovskite films were
measured by using a Hitachi F-7000 fluorescence spectrom-
eter. Time-resolved PL spectra of perovskite films were
measured on an Edinburgh FLS920 spectrometer. The X-ray
diffraction (XRD) patterns of perovskite films were measured
using a Rigaku SmartLab. Pulse optical pumping ASE
measurement was performed by using a CryLas GmbH
Nd:YAG laser at 355 nm with a pulse width of 1 ns and a
repetition rate of S0 Hz. In order to fit the defect density, the
films were optically pumped by using a CryLas GmbH
Nd:YAG laser at 355 nm, and the PL spectra were collected
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from the side. The stripe pumping beam was focused by a
cylindrical lens, and the pump fluence was tuned by calibrated
neutral density filters. Temperature-dependent PL spectra were
collected using a Horiba iHRSS50 system equipped with 405
nm solid-state lasers and a helium-flow cryostat.

B RESULTS AND DISCUSSION

In this study, we employed T80 as a passivator to create
perovskite films. By using additives with hydroxyl functional
groups, we can effectively enhance the 4passivation of defect
sites, particularly the Pb** vacancies.""*” The molecular
structure of T80, illustrated in Figure SI, highlights its
numerous hydroxyl groups. These hydroxyl groups, due to
their Lewis basicity, establish interactions with Pb** ions. This
interaction leads to the development of a smoother surface
morphology with reduced defects in the film. As a result of our
optimization efforts, the thin film achieved significant potential
for application in perovskite lasers.

Figure la,b exhibits AFM images of perovskite films both
without (w/0) T80 and with T80 (5 mg mL™'). The root-
mean-square (RMS) value of the perovskite film, upon the
addition of T80, decreased from 6.66 to 1.93 nm. These figures
illustrate that the inclusion of T80 influences the growth of the
perovskite crystals, resulting in a smoother overall morphology.
To investigate the impact of varying concentrations of T80 on
perovskite films, we also prepared films with T80 concen-
trations of 1, 3, and 7 mg mL™" (Figure S2). As depicted in the
figures, the incorporation of T80 significantly reduced the
surface roughness of the perovskite films. Notably, the
perovskite film with T80 at 1 mg mL™' displays an RMS
value of 1.82 nm, while this value increases to 2.07 nm when
T80 is added up to 7 mg mL™". This finding suggests that the
concentration of added T80 impacts its efficacy in enhancing
film morphology, and excessive T80 might not be advanta-
geous for regulating film structure. The achievement of a flat
surface reduces optical scattering, which is advantageous for
achieving ASE. Figure S3 illustrates the PL of perovskite films
with varying T80 concentrations. Evidently, the addition of
T80 results in perovskite films with enhanced fluorescence.
This enhancement can be attributed to T80’s ability to
passivate defects in the perovskite film, promoting radiative
recombination. Considering both the refined surface morphol-
ogy and intensified fluorescence, we selected a T80
concentration of S mg mL™" for subsequent experiments. In
Figure 1¢,1d, SEM images of perovskite films without T80 and
with T80 treatment are presented. These SEM images
corroborate the morphology observed by AFM (Figure 1).
The introduction of T80 not only contributes to a smoother
film surface but also diminishes the occurrence of pinholes.
This effect is likely due to T80’s presence at grain boundaries,
acting as a passivator and binding the perovskite grains
together.*’ Figure S4 shows the SEM image of the perovskite
film at a higher magnification, which demonstrates more
intuitively that the addition of T80 optimizes the morphology
of the film. The perovskite film containing T80 measures
approximately 100 nm in thickness (Figure SS), which is nearly
identical with the thickness of the original film. This
demonstrates that the addition of T80 essentially does not
alter the film’s thickness.

Figure 2a shows the ultraviolet—visible (UV—Vis) absorp-
tion spectra and PL spectra of perovskite films with and w/o
T80. The PL intensity of the perovskite film with T80 is
significantly enhanced, reaching an enhancement of approx-
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Figure 2. (a) Absorption and PL spectra, (b) XRD, (c) PLQY, and
(d) fluorescence lifetime of perovskite films with and w/o T80.

imately 2.12 times compared to the pristine film. This boost in
PL can be attributed to T80’s ability to mitigate surface
defects, thereby suppressing nonradiative recombination
processes. The absorption spectrum of the perovskite film
with T80 does not exhibit absorption peaks from other phases,
indicating that T80 addition does not influence the quasi-2D
perovskite phases. It is worth noting that both the absorption
and the PL curves exhibit a blue shift. Figure S6 shows the
normalized PL spectra of the perovskite film with T80 and w/o
T80. The PL peak position of the perovskite film with T80
shifts from 531 to 527 nm. This blue shift in both PL and
absorption spectra can be attributed to the smaller grain size in
the perovskite film with T80, as supported by the XRD
patterns of the perovskite films presented in Figure 2b. The
two prominent XRD pattern peaks at 14.8 and 29.7°
correspond to the [100] and [200] crystal planes, respectively.
Additionally, two weak peaks at 21.6 and 33.3° correspond to
[110] and [210] planes, rtespectivel)r.44_46 The growth of
perovskite crystals is predominantly along the horizontal
direction.””** Comparing the peak positions of the XRD
spectra between the perovskite films with and without T80,
they remain nearly identical. This observation suggests that the
crystal structure of the perovskite has not undergone any
significant changes due to the addition of T80. Notably, the
intensity of the XRD pattern does not exhibit an increase,
indicating that the introduction of T80 does not lead to an
enhancement of the perovskite’s crystallinity. Analyzing the full
width at half-maximum (FWHM) of the XRD peak at 14.8°,
the perovskite film without T80 has a FWHM of 0.67°, while
the film with T80 has a FWHM of 0.73°. According to the
Scherrer formula, this increase in the FWHM for the T80-
treated film implies a reduction in grain size. Consequently, the
addition of T80 induces the growth of perovskite crystals into
smaller grains. Figure 2c¢ presents the PL quantum yield
(PLQY) of perovskite films with and w/o T80. The PLQY of
the perovskite film experiences a substantial increase of 4.7
times, rising from 9% (w/o T80) to S$1% upon T80
incorporation. Figure 2d displays the fluorescence lifetimes
(‘L’avg) of the perovskite films. The fluorescence lifetime of the
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perovskite film extends from 26.18 ns without T80 to 94.32 ns
with T80 utilization. This extension in 7, indicates a
reduction in the nonradiative recombination rates within the
perovskite films. The relationship between 7,,, and PLQY can
be expressed using an equation that describes the nonradiative

recombination rate and radiative recombination rate

!
avg I<l‘ + Kl’ll‘ (1)
PLQY = —r

I<l' + K[l[' (2)
© - L-PLQY

Tavg (3)

where K, is the radiative recombination rate and K, is the
nonradiative recombination rate. Obviously, the K, of a film
exhibits an inverse relationship with its PLQY and 7,,,. Both an
increased PLQY and an extended lifetime contribute to a
decrease in the nonradiative recombination rate. For the
perovskite film w/o T80, the nonradiative recombination rate
is calculated as 3.47 X 1077 s™". In contrast, for the perovskite
film with T80, the nonradiative recombination rate is
significantly lower at 5.0 X 107® s7', which is an order of
magnitude decrease. This drastic reduction indicates that the
addition of T80 effectively diminishes the extent of non-
radiative recombination. According to the formula, the
radiative recombination rate was also calculated. The radiative
recombination rate for the perovskite film with T80 is 5.37 X
1077 571, while for the film w/o T80, it is 3.52 X 1077 s~ The
addition of T80 resulted in a 9.6 times increase in the ratio of
radiative to nonradiative recombination rates. As a result of
adding T80, the ratio of radiative to nonradiative recombina-
tion rates increases by a factor of 9.6. This underlines T80’s
effective role as a passivator in suppressing nonradiative
recombination. Figures S7 and S8 show the PLQY and
fluorescence lifetime of perovskite films doped with varying
concentrations of T80. It is evident that the PLQY of the
perovskite film increases from 9 to 83% as the T80
concentration increases. Additionally, the perovskite film’s
fluorescence lifetime extends to 96.9 ns with increased T80
concentration. Table SI provides the fitting results for the
nonradiative recombination rate. Within a certain range, the
introduction of T80 effectively inhibits nonradiative recombi-
nation while simultaneously promoting accelerated radiative
recombination, which proves beneficial for achieving ASE in
perovskite lasers.

To gain a deeper understanding of the intrinsic character-
istics of excitons in perovskite films, we performed temper-
ature-dependent PL measurements using a continuous flow
helium cryostat. Figure 3a,b presents the temperature-depend-
ent PL spectra of perovskite films without T80 and with T80,
respectively. As the temperature ascends from 80 to 300 K, the
PL intensity progressively diminishes, signifying the occurrence
of thermal quenching in the perovskite’s PL emission. With the
increase of temperature, the PL peaks of both perovskite films
show a similar trend: they undergo a blue shift, FWHM
broadens, and the PL intensity decreases. In essence, the shift
in the PL peak can be attributed to the lattice’s thermal
expansion effect and the influence of exciton—phonon
coupling. While exciton—phonon coupling tends to induce a
red shift in the PL peak, the observed blue shift in the PL
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Figure 3. 2D pseudocolor plot of the temperature-dependent PL
spectra of the perovskite films (a) without and (b) with T80.
Temperature-dependent PL intensity of the perovskite films (c) w/o
and (d) with T80.

spectrum is primarily a result of lattice thermal expansion.*’
For perovskites, the exciton binding energy (E,) serves as an
indicator of charge transfer and the probability of exciton
dissociation. Figure 3¢,3d illustrates the temperature-depend-
ent behavior of PL intensity for perovskite films without T80
and with T80, respectively. To calculate the exciton binding
energy (E,), we can fit the PL intensity using the Arrhenius
equation

I(T) = IO/(I + Aexp[ - kE—;]] @
B 4

where I, and kg are the PL intensity at 0 K and Boltzmann’s
constant, respectively. Based on the fitting results, the E, of the
pristine perovskite film is measured at 111.3 meV, while the
perovskite film with T80 shows an E, of 179.6 meV. The E of
the perovskite film with T80 significantly surpasses the
perturbation energy at room temperature (~26 meV), which
facilitates the generation and recombination of excitons.
Furthermore, we compared the ASE of these two films under
nanosecond pulsed laser pumping. The quasi-2D perovskite
films were pumped using a 355 nm nanosecond pulsed laser
with a stripe size of 300 ym X 6 mm. The ASE properties of
the perovskite film without T80 are shown in Figure 4a,4c.
Figure 4a shows the change of the PL spectrum of the
perovskite film under a pump fluence of 25.8—40.6 uJ cm™.
When the pump fluence is less than 27.4 uJ cm™, the PL
spectrum with a central wavelength of 535 nm can be
observed. With the increase of pump fluence, the intensity of
PL spectrum is enhanced. When the pump fluence exceeds
274 puJ cm™?, the PL intensity increases nonlinearly, and a
narrow and high peak appears at 544 nm. The shift of PL peak
reflects the transition from stimulated emission to ASE. Figure
4c provides a more intuitive representation of the relationship
between the PL intensity and FWHM for perovskite films with
or without T80 at different pump fluences. With the nonlinear
enhancement of fluorescence intensity, the FWHM of PL
decreased from 40 to 2.8 nm. By fitting the data points of PL
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Figure 4. Emission spectra of perovskite films (a) with and without
T80 and (b) with T80 at different pump fluence. The output intensity
and FWHM of the perovskite films (c) w/o and (d) with T80 as a
function of the pump fluence.

intensities into two distinct ranges, we can derive two lines
characterized by different slopes. The point at which these two
fitted lines intersect corresponds to the pump threshold (Pg,)
for achieving ASE. The ASE properties of the perovskite film
with T80 are shown in Figure 4b,d. As the pump fluence
increases from 2.9 to 12.6 uJ cm™ the PL spectrum of the
perovskite film with T80 appears as a narrowed peak at 547
nm, and its FWHM narrows from 32 to 1.7 nm. With the
passivation effect of the additive T80, the perovskite film
successfully attained an exceptionally low threshold of 3.4 yJ
cm ™2 This achievement represents a substantial reduction of 7
times compared to the initial threshold of 27.4 uJ cm™
Notably, this film showcases enhanced photophysical charac-
teristics, including a diminished Py, and a narrower FWHM for
ASE.

When perovskite films are evaluated for use in ASE, the
optical gain coefficient becomes a crucial parameter for
assessing their optical waveguide performance. For a more
comprehensive evaluation of the optical gain characteristics,
the variable stripe length (VSL) method is employed to
measure the net gain of the perovskite films. The experlmental
setup utilized for this test is depicted in Figure 5a,°°~>” where a
laser is used to form a variable-length strip on the surface of the
sample. As shown in Figure 5b, the PL intensity dependent on
the fringe length can be obtained by adjusting the slit. The
effective optical gain (g) can be determined using the following
equation, which establishes a relationship between the output
intensity (I) and the length of the excited strip (L)*>**

I=1Iye —1)/g (s)

wherein the term I, represents the rate of spontaneous
emission per unit volume. At a pump fluence of 1.5 times the
Py, the gain coefficient of the untreated perovskite film is ~62
m~". In contrast, for the perovskite film passivated with T80,
the gain coefficient notably increases to ~120 cm™'. This
enhancement represents a substantial increase of 1.93 times
compared with the original film’s gain coefficient. The
increased gain coefficient leads to a large decrease in the
threshold for perovskite films. It is well known that

b C 4
o wio T80 o ° ‘;/‘:Ts" o
o ith T80 ” °
51 ° R ° % 31 withTso
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1 3 k) 2
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Figure S. (a) Variable stripe length experiment for the estimation of
modal net gain for the perovskite films. (b) PL intensity of the
perovskite films with and w/o T80 as a function of stripe length under
the energy densities of 1.5 Py, of the two films. (c) Integrated PL
intensity as a function of photon-generated exciton density within the
low excitation range.

nonradiative recombination channels such as defect states,
Auger recombination, and phonon scattering hinder optical
gain. In order to find out the reasons for the increase of gain
coefficient and the mechanism of T80 suppression of
nonradiative recombination of perovskite thin films, we
analyzed the carrier dynamics of perovskite thin films. Defects
are generally considered to be fast, nonradiative pathways that
compete with radiative recombination.”> The dynamics of the
photogenerated carrier density (n.) can be described by the
following differential equation”

dn (t) __ Z (t)nTP(t) _n (t)

(6)

dn i
le(t) —an (t)n'lrp(t) (7)

where g, is the coefficient, which represents the ability of the
trap states to capture carriers. np is the density of the trap
states. Thus, the relationship between the integrated PL
intensity (Ip;) and the initial photogenerated charge carrier
density n.(0) can be expressed as’

= _ oaTlL/k E
n(0) = mp(O)(1 — %) 4 2 ©
where 7, is the lifetime of carriers under low excitation density,
k is a constant, n (0) is the carrier density, which can be found
in the Supporting Information. Figure Sc shows the relation-
ship between n.(0) and Ip;, and the defect density can be
fitted, as shown by eq 8. It can be calculated that the defect
density of the perovskite film passivated by T80 is 1.7 X 10"
cm™, In contrast, the pristine perovskite film exhibits a defect
density of 3.8 X 10" cm™>, which is 2.2 times higher than that
of the perovskite film with T80. This contrast indicates that the
addition of T80 greatly reduces the defect density,
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consequently suppressing the nonradiative recombination
processes. We also measured the dark current of hole-only
devices with the structure of ITO/PEDOT:PSS/perovskite/
MoO;/Ag under different bias voltages and analyzed the defect
density by using the following equation

2¢e0, Vg,

qL? ©)

J\Tdefects -

& and ¢, refer to vacuum dielectric constant and relative
dielectric constant, respectively, q refers to electron charge, L
refers to the thickness of the perovskite film, and Vg is
transition voltage and is shown in Figure S9. Vi decreases
from 0.33 to 0.15 V, which indicates the decrease in defect
density of the perovskite film with T80 and demonstrates the
positive role of T80 in defect passivation in perovskite films.
This reduction in defect density plays a pivotal role in
facilitating low-threshold ASE.

B CONCLUSIONS

In summary, we introduced the use of additive T80 as an
effective strategy for enhancing the ASE properties of quasi-2D
perovskite films. The treatment with T80 yielded a smoother
surface morphology for the perovskite film, marked by a
reduction in the occurrence of pinholes. This smooth
morphology results in decreased optical scattering and
suppression of defect formation. Consequently, the defect
density of the perovskite film is lowered from 3.8 X 10"’ to 1.7
x 10 cm™3, and the nonradiative recombination rate is
reduced by an order of magnitude. As a culmination of these
effects, an ultralow ASE threshold of 3.4 yJ cm™ is achieved,
marking a remarkable 87.6% decrease compared to the original
threshold of 27.4 uJ cm™. This achievement not only
showcases the potential of T80 treatment for perovskite lasers
but also offers valuable insights into the advancement and
application of perovskite-based laser technologies.
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