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Two-dimensional (2D) metal halide perovskites (MHPs) hold great potential for optoelectronic and spin-

tronic device applications due to their outstanding optical and electronic properties. In this study, we con-

ducted a systematic temperature-dependent photoluminescence (PL) investigation to elucidate the

influence of exciton—phonon scattering on the optoelectronic properties of 2D Ruddlesden—Popper (RP)

perovskites, (CgH;SNH3z), (CHzNH=),_1Pb,l3,41 (n = 1-4). The results from our micro-PL study suggest

that the optical band gap of each 2D phase (a perovskite with a specific number of inorganic layers, n)

varies with temperature due to thermal lattice expansion and exciton—phonon interactions. The strength

of exciton—phonon interactions differs in each 2D phase within a mixed-phase sample, with a notable

increase as the layer number (n) rises. This enhancement is attributed to greater lattice mismatch,

increased interface complexity, and a higher degree of disorder within the system. Additionally, we found

that parameters such as exciton—phonon coupling strength and exciton binding energy exhibit signifi-
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1. Introduction

Organic-inorganic metal halide perovskites (OIMHPs) are
rapidly emerging as the shining stars in the realm of opto-
electronics due to their excellent electrical and optical pro-
perties such as tunable bandgap, high light absorption coeffi-
cient, high defect tolerance, long charge carrier diffusion
length, and high photoluminescence (PL) quantum yield.'™
Due to these superior optoelectronic properties, OIMHPs have
shown great promise for photovoltaics, light-emitting diodes,
lasers and photodetectors.® ' Moreover, OIMHPs exhibit
exceptional spin-dependent photophysical properties due to
giant spin-orbital coupling (SOC) in heavy lead (Pb) atoms and
interactions  between  spin-orbit and electron-hole
exchange.''* This suggests that OIMHPs are also promising
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cantly different behaviours across various mixed-phase perovskite samples, likely due to changes in the
local environment around excitons in each specific phase. These findings offer valuable insights into the
mechanisms underlying nonradiative processes and scattering phenomena and provide guidance for opti-
mizing the efficiency of 2D-RP mixed-phase perovskite-based optoelectronic and spintronic devices.

materials for next-generation spintronic devices and have gen-
erated great research interest on perovskite spintronics.
However, three-dimensional (3D) perovskites face inherent
instability when exposed to ambient conditions, posing a
barrier to their widespread practical utilization.”® In this
regard, extensive recent research has focused on two-dimen-
sional (2D) layered Ruddlesden-Popper (RP) perovskites as a
notably stable substitute for their 3D counterparts because of
the presence of terminal hydrophobic large aliphatic or aro-
matic alkylammonium cations within the structure.***

The general formula of 2D-RP lead halide perovskites is
(A2(4),-1Pb,X3,41, where A’ is a monovalent long chain
organic spacer cation, A is a monovalent small organic or in-
organic cation, X is a halide anion and n denotes a positive
integer indicating the number of inorganic layers sandwiched
between two layers of A’ spacer cations.'® These structures rep-
resent atomically thin 2D quantum wells composed of
[PbXe]*~ octahedral sheets separated by organic chains
(Fig. 1a) and bound together by van der Waals forces. By
adjusting the chemical compositions and layer number (n), it
is possible to finely modulate the optical band gap of the
material across a broad spectrum, ranging from violet to near-
infrared wavelengths.'” The organic chain A’ acts as a dielectric
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Fig. 1 (a) Schematic structures of the 2D RP perovskites, (TEA),(MA),,_1Pb,l3,41 (n = 1-4). (b) Absorption spectra of the 2D RP perovskite films (S1—

S4).

layer with a lower dielectric constant compared to the in-
organic layer.'® This difference results in a substantial exciton
binding energy (EBE) due to dielectric confinement, offering
significant potential for applications in polaritonic devices."
Additionally, RP halide perovskites have been found to exhibit
various photophysical processes, including biexciton for-
mation, exciton-exciton annihilation, edge-state formation,
self-trapping of excitons, and spin-related phenomena such as
Rashba and Dresselhaus splitting, the optical Stark effect
(OSE) and the magneto-optical effect, which make them suit-
able for optoelectronic and spintronic applications.>*°
However, the performance of such devices is contingent upon
several factors. In optoelectronic devices, efficiency is influ-
enced by exciton dissociation, emission linewidth, and carrier
relaxation time.>” On the other hand, for spintronic devices,
essential factors include the time of spin flips and spin relax-
ation via momentum scattering and spin decoherence time, all
of which are mainly regulated by phonon scattering
mechanisms.”®*° It has been reported that both the size of the
organic cation species and the quantity of inorganic octa-
hedral layers play crucial roles in determining the excitonic
properties and carrier dynamics of 2D perovskites.>**! In
2016, Guo et al. explored exciton relaxation mechanisms and
phonon scattering in ultrathin single exfoliated flakes of
2D-RP perovskites by analyzing temperature-dependent PL
dynamics.** Li and co-workers investigated the effects of
thermal expansion and electron-phonon interactions in
phase-pure 2D-RP perovskites by examining how the optical
band gap evolves with temperature.’®> Recently, Ye’s group
reported on the phenomenon of electron-phonon coupling in
pure-phase 2D single crystals with different organic cations
and inorganic layers by observing the broadening of emission
linewidths.>* However, these previous studies primarily focus
on the carrier phonon interactions within phase-pure 2D-RP
perovskite systems only. On the other hand, it has been gener-
ally observed that solution-processed RP-type 2D perovskite
samples tend to exhibit mixed-phase (phases with different n
values) characteristics due to comparable phase formation
energies.”> To date, there have been limited reports on
exciton-phonon coupling in mixed-phase RP perovskite
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systems. A thorough and comparative analysis of phonon scat-
tering across different phases within mixed-phase perovskites
remains absent in the literature. Hence, comprehending the
influence of the layer number (n) on exciton-phonon inter-
actions in mixed-phase 2D-RP perovskites is crucial not only
for advancing fundamental research but also for enhancing
their efficiency in optoelectronic and spintronic applications.

In this study, we present a systematic investigation of
exciton-phonon coupling in mixed-phase 2D-RP perovskites
(TEA),(MA),,_1Pb,13,., (n = 1-4) by temperature-dependent PL
spectroscopy. We examined variations in PL intensity, spectral
shifts, and linewidth broadening of the samples as functions
of temperature which is a consequence of exciton-phonon
scattering. As the temperature decreases, the PL intensities of
all peaks enhance, while linewidths become narrower, attribu-
ted to the suppression of optical phonons. Additionally, the
degree of phonon scattering increases with increasing number
of inorganic layers due to more lattice mismatches and grain
boundary scattering. Furthermore, the EBE, strength of
phonon scattering and other related parameters corresponding
to a particular phase exhibit significantly different behaviors
across mixed-phase samples. This discrepancy is ascribed to
changes in the surrounding environment of excitons and
alterations in the electronic structure. Our experimental find-
ings with qualitative and quantitative interpretations provide a
comprehensive understanding of exciton-phonon scattering
within mixed-phase 2D-RP perovskites.

2. Experimental section
2.1 Materials

The chemicals 2-thiopheneethylamine (C¢H,SNH, (TEA),
98%), methyl ammonium iodide (CH3NH;I (MAI), 99.9%),
lead iodide (Pbl,, 99.999% purity, metals basis), dimethyl-
formamide (DMF), hydroiodic acid (HI, 57%), dimethyl sulfox-
ide (DMSO), isopropyl alcohol (IPA), ethanol, diethyl ether and
acetone were obtained from Sigma-Aldrich. These chemicals
were employed as received without any further purification.

This journal is © The Royal Society of Chemistry 2025
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2.2 Synthesis of 2-thiopheneethylamine iodide (TEAI) salt

TEAI salt was synthesized via the reaction between TEA and
HI. Equimolar quantities of TEA and HI were dissolved in
ethanol and subjected to stirring for 3 h. Subsequently, this
solution was subjected to rotary evaporation under controlled
conditions at 60 °C. The resulting TEAI salts were redissolved
in an ethanol solution and subjected to multiple washes with
diethyl ether. Finally, white crystals were obtained after drying
at 60 °C for 6 h and stored within N, gas filled glove box for
further use.

2.3 Preparation of precursor solutions

The precursor solutions were prepared to facilitate the syn-
thesis of perovskite materials. Different precursor solutions
were prepared according to their stoichiometric ratios. For the
case of (TEA),Pbl,, 0.2 mmol of TEAI and 0.1 mmol of PbI,
were dissolved, whereas for (TEA),MAPb,I, the precursor solu-
tion comprised 0.2 mmol of TEAI, 0.1 mmol of MAI, and
0.2 mmol of Pbl,. Similarly, for (TEA),MA,Pb;l;,, the solution
consisted of 0.2 mmol of TEAI, 0.2 mmol of MAI, and
0.3 mmol of Pbl,, while for (TEA),MA;Pb,l;3, the solution
included 0.2 mmol of TEAI, 0.3 mmol of MAI, and 0.4 mmol
of Pbl,. These salts were dissolved in a mixture solvent com-
posed of 900 pL of DMF and 100 pL of DMSO.

2.4 Preparation of perovskite films

Quartz substrates were subjected to a multi-step cleaning
process involving sequential immersion in detergent water, de-
ionized (DI) water, acetone, and IPA within an ultrasonic bath
for a duration of 10 min each. Subsequently, the substrates
were subjected to UV/ozone treatment for 20 min. Perovskite
films were fabricated via spin coating onto the treated quartz
substrates at a speed of 4000 rpm for 20 s, followed by anneal-
ing at 120 °C for 5-6 min. We prepared four types of samples
(S1-S4) to obtain 2D and quasi-2D perovskite phases:
(TEA),Pbl, in S1, (TEA),MAPb,I, in S2, (TEA),MA,Pb;1,, in S3,
and (TEA),MA;Pb,1,; in S4.

2.5 Characterization

X-ray diffraction (XRD) patterns of the (TEA),(MA),_;Pb,l3,.4
(n = 1-4) perovskite films were obtained using a Rigaku
MiniFlex diffractometer. Steady-state UV-visible absorption
spectra were recorded using a Shimadzu UV-2700 spectro-
meter. Temperature-dependent PL measurements were carried
out in a home-build low-temperature micro-PL setup. In this
setup, a microscope objective (5x and 0.15 NA) was used for
the collection of PL and spectra were recorded using a charge-
coupled device (CCD) detector with 600 groves mm™' from
Ocean optics (USB4000). To vary the sample temperature, a
temperature-controlled  heating stage from  Linkam
(LTS420E-PB4) was used. Current-voltage (I-V) measurements
were performed using a programmable source meter (Keithley
2400). PL decay for all samples was measured using a Horiba
Fluorolog-QM system with a pulsed 400 nm laser as the exci-
tation source.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

The structures of the prepared 2D perovskites,
(TEA),(MA),,_1Pb,I3,+1 (n = 1-4), are schematically shown in
Fig. 1(a). Thin-film XRD patterns, as shown in Fig. S1,f
demonstrate the highly crystalline nature of the spin-coated
RP perovskite films. For S1, the XRD pattern displays a sharp
and intense diffraction peak at 20 = 6.2°, indicating the pres-
ence of a pure 2D phase.?® The intense lower-angle diffraction
peak shifts at 26 =~ 4.8° in the S2 sample, which is a direct con-
sequence of the increased interlayer distance due to the incor-
poration of more inorganic layers. However, the appearance of
a low intense peak at diffraction angle of 6.1° for S2 indicates
that a pure 2D phase perovskite material is also present.
Furthermore, in S2 and S3, the XRD patterns exhibit distinct
peaks at ~14.8° and 29° that are indicative of the 3D perovskite
phase.*® Moreover, the presence of diffraction peaks of S2 in
the XRD pattern of S3 suggests the coexistence of mixed
phases. The characteristic peak of the low-dimensional perovs-
kite gradually diminishes from samples S2 to S4, reflecting the
transition to a more quasi-2D structure. For S4, the XRD
pattern shows more pronounced diffraction peaks of the 3D
phase at ~14.8° and 29°. The XRD results indicate that S1 con-
sists of a pure 2D phase (n = 1), while the S2-S4 are mixed-
phase samples contain both 2D phases (n = 1-4) and bulk
phases.

Fig. 1(b) shows the absorption spectra of the 2D perovskite
films (S1-S4) at room temperature. The absorption spectra
reveal that sample S1 exhibits a distinct peak at 2.39 eV,
whereas additional peaks are observed at 2.18, 2.03, and 1.92
eV in each of samples S2-S4. Based on previous studies of
similar kinds of perovskite materials, the absorption peaks
observed at 2.39 eV (519 nm), 2.18 eV (569 nm), 2.03 eV
(611 nm) and 1.92 eV (646 nm) correspond to the different-
layered phases from 7 = 1 to 4, respectively.”®**?” These obser-
vations infer that a combination of phases (n = 1-4) are
present in our quasi-2D (n > 1) lead halide perovskite samples.
Though the films were prepared following the standard
formula for each phase, coexistence of a mixed phase arises
because the formation energies of the different phases are
comparable.”® As anticipated, the absorption peaks exhibit a
consistent blue-shift from n = 4 to n = 1, which is attributed to
the increase in the optical band gap as n decreases. As the in-
organic layers become thinner, charge carriers are quantum
mechanically confined in the direction perpendicular to the
plane, increasing the distance between energy levels and con-
sequently enlarging the optical band gap.*® In a pure 2D per-
ovskite, the exciton state is localized (Frenkel-type) perpendicu-
lar to the layer and delocalized (Wannier-type) in the layer.>
As the number of perovskite layers n increases, excitons gradu-
ally spread out between the PbX,>" layers, transitioning from a
localized Frenkel-type to a delocalized Wannier-type state at
the 3D limit. Therefore, the rise in the optical band gap is par-
tially offset by the increase in the EBE as the layer number
decreases from 4 to 1 which can be attributed to the reduced
dielectric screening strength. The combination of these two
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phenomena results in the differences depicted in the absorp-
tion behavior of the samples (Fig. 1(b)).

To explore exciton—-phonon scattering in the 2D perovskites,
we conducted temperature-dependent micro-PL measurements
across the temperature range of 83-298 K. The excitation wave-
length (energy) used in the micro-PL study was 405 nm (3.06
eV) for S1 while for $2-54, a 532 nm (2.33 eV) laser was utilized
for excitation. We have fine-tuned the excitation power across
the entire measurement range to ensure that it remains below
the threshold for detector saturation, particularly within the
lower temperature range. Fig. 2(a-d) illustrate the variation of
PL intensity and peak position as a function of temperature
for the perovskite samples with n values ranging from 1 to 4.
The PL spectra indicate distinct spectral characteristics among
the samples. Sample S1 displays a prominent peak at approxi-
mately 2.36 eV, whereas sample S2 exhibits multiple peaks cen-
tered at around 2.14, 1.99, and 1.91 eV. Conversely, samples S3
and S4 feature an additional peak observed at around 1.6 eV
compared to sample S2. Similar to the absorption spectra, the
PL spectra of S2-S4 provide evidence for the coexistence of
different-layered phases in the quasi-2D perovskite samples.
According to earlier studies on similar materials, the observed
peaks at 2.36 eV (526 nm), 2.14 eV (580 nm), 1.99 eV (621 nm)
and 1.91 eV (650 nm) are attributed to the phases from n =1 to
n = 4, respectively.”?%**%° The additional peak in S3 and S4 at
1.6 eV (775 nm) reflect the characteristics of 3D lead iodide
perovskites.*'*?

To precisely ascertain the underlying origins of these peaks,
we conducted excitation power-dependent PL measurements at
83 K, as depicted in Fig. S2,T and extracted the emission inten-
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sity under each peak using the multiple peak fitting technique.
To systematically analyze the data, we have deconvoluted all
the PL spectra using the Lorentzian function. The PL intensi-
ties of all peaks were plotted as a function of excitation power
and fitted with the relationship, I o« P (where I is the PL inten-
sity and P is the excitation power) (Fig. S3t). It is found that all
the peaks show a super linear (m~1) relationship with the exci-
tation power which reflects the excitonic emission behavior.*?
We must mention that this study primarily concentrates on
the principal PL peak of each sample (i.e., for n = 1 at 2.36 eV
of S,n=2at2.14evVof S2, n=3at 1.99 eV of S3 and n =4 at
1.91 eV of S4). However, a detailed analysis of other peaks of
all the samples are also provided in the ESI.{

As shown in Fig. 2(a-d), the PL intensities of all the
samples increase as the temperature decreases from room
temperature to 83 K. At higher temperatures, the thermal
energy of the materials increases which promotes phonon-
mediated non-radiative processes, such as phonon scattering
and phonon-assisted recombination. As the temperature
decreases, the scattering of excitons by lattice vibration mini-
mizes due to the reduction in thermal energy. Consequently,
the non-radiative processes such as phonon-assisted tran-
sition, defect-related processes and exciton-phonon coupling
are suppressed. As a result, more excitons are allowed to
undergo radiative recombination, leading to increased PL
intensity. After careful observation, one can find that the
primary PL peak splits into two distinct peaks below 140 K
for the S1 sample and 200 K for the S2 and S3 samples (Fig. 2
(a—c)). At 83 K, a single emission peak accompanied by a sec-
ondary lower-energy shoulder has been observed for the S1, S2
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Fig. 2 Temperature-dependent PL spectra of the (TEA),(MA),_1Pb,l3,.1 thin films at different temperatures from 83 to 298 K. Panels (a—d) corres-
pond to samples S1-5S4, respectively. The excitation wavelengths were 405 nm for S1 and 532 nm for S2—-S4.
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and S3 samples, which is attributed to the coexistence of the
high and low temperature phases and phonon replica and/or
self-trapped states.*>**> On the other hand, only one emission
peak corresponding to the n = 4 phase in S4 is present, arising
mainly from the free carrier recombination. It should be noted
that though there is a coexistence of multiple phases in the
quasi-2D (n > 1) samples, the PL peak dominates in samples
S2 and S3 are for n = 2 and n = 3, respectively (Fig. 2(b and c)).
It is evident from the PL spectra (Fig. 2(c and d)) that in S3,
the bulk features are induced and notably more pronounced
compared to other peaks in the S4 sample due to the greater
incorporation of MA for the synthesis of quasi-2D perovskites
with higher n. As a result, the photoexcited carriers can be
transferred from the higher excited states to the available
lower bulk energy level via phonon scattering.*® Hence, for this
charge transfer process, the PL intensity of the peak corres-
ponding to the n = 4 phase in the S4 sample is notably dimin-
ished. The temperature evolution of the peak corresponding to
the 3D bulk perovskite phase at around 1.6 eV is very similar
to that of the previous report.*> However, the detailed analysis
of the bulk characteristics is beyond the interest of this study.
In 2D MHPs, excitonic recombination is the source of the
measured PL and the increase in the thermal dissociation rate
of excitons at higher temperatures is the reason for the
decrease in PL intensity. The increasing temperature can
supply the necessary activation energy to trigger the dis-
sociation of excitons, creating a competition with radiative
excitonic recombination processes.’” Therefore, we can deter-
mine the activation energy required for exciton dissociation,
which is nothing but the EBE, by monitoring the variation in
PL emission intensity with temperature. The temperature (T)
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dependency of integrated PL intensity I(T) can be elucidated
by utilization of the Arrhenius equation:*®

m=—T (1)
)

7Ex
1+ C exp

kgT

where the PL intensity at 0 K is denoted by I,,, Ey is the EBE,
the pre-exponential component is C and kg is the Boltzmann
constant. Through fitting eqn (1) to the experimental data
corresponding to the principal peaks of samples S1-S4 (Fig. 3
(a-d)), we have derived the values of the EBE, which are
230 meV for n = 1(S1) and 64 meV for n = 4 (S4).

The comprehensive details regarding the best fit para-
meters of 1/I(T) vs. 1/T plots for other peaks of samples S2-54
are shown in Fig. S4 and Table S1.f The EBE is nothing but the
electrostatic potential energy that arises from the interaction
between the photoexcited electrons and holes. As more inorganic
layers are added, the electrons and holes become farther apart,
diminishing their coulombic interaction energy and consequently
lowering the EBE. Moreover, with increasing number of inorganic
layers the width of the inorganic well with higher dielectric con-
stant also expands, which further weakens the EBE due to
enhanced dielectric screening effects. Interestingly, the EBE
corresponding to a particular phase decreases as one moves from
S2 to S4 (Table S17). Although there are mixed phases in samples
S2-54, they may be formed in different proportions because the
organic and inorganic salts are used in different stoichiometries
for preparing these samples. As a result, the local environment of
excitons associated with a particular phase varies across different
mixed-phase samples.
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Fig. 4 (a—d) Evolution of the PL peak position as a function of temperature for the n = 1-4 phases, respectively, of (TEA)>(MA),_1Pb,lz1.

The PL peak positions exhibit distinct variations with the
temperature in different 2D perovskite phases (Fig. 4). In the
case of the n = 1 phase of S1, the PL peak shows a gradual blue
shift as the temperature increases from 83 to 298 K with a
deep between 240 and 260 K (Fig. 4(a)). The sudden red shift
at 240 K could be attributed to orthorhombic to orthorhombic
phase transition.”® As the temperature increases from 83 K,
the emission peak initially undergoes a consistent blue shift
followed by a subsequent red shift for the n = 2 and 3 phases
of the S2 and S3 films (Fig. 4(b and c)). Therefore, a structural
phase transition may occur for these phases between 190 and
220 K. As shown in Fig. 4(d), for the n = 4 phase (of S4), there
is a minimal increase in the peak energy at low temperatures
and the emission peak shows a monotonic red shift with the
increase of temperature followed by a phase transition at
around 200-220 K. These findings suggest that the tempera-
ture-dependent emission behavior of different 2D phases is
intrinsic in nature. However, the exceptional blue shift of PL
emission in perovskites with an increase in the temperature
cannot be explained by the Varshini model, which is fre-
quently employed for describing the typical red shift of PL
emission in conventional semiconductors due to lattice
dilation with increasing temperature.*”° It is noteworthy that
in typical semiconductors, the conduction band minima
(CBM) and the valence band maxima (VBM) are determined by
the bonding and antibonding orbital pairs between atoms.
Consequently, when the lattice is stretched, it causes a widen-
ing effect on these orbitals, resulting in a reduction of the
energy gap between the VBM and the CBM.”" In contrast, for
MHPs, a strong s-p antibonding interaction between Pb and I
form the VBM while the CBM is primarily shaped by the
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bonding orbital states of lead’s 6p electrons. As a result, lattice
dilation causes the VBM energy to decrease while the CBM
energy marginally increases. Consequently, the optical band
gap of MPHs shifts towards higher energies, exhibiting a blue-
shift with increasing temperature, as observed in this study.’?

According to the previous literature, thermal expansion of
the lattice and exciton-phonon interaction are the two ways in
which temperature influences the emission peak or optical
band gap (E,).”*»** Thermal expansion modifies the lattice con-
stant, thereby directly affecting the electronic bands, while
exciton-phonon interaction induces lattice vibrations influen-
cing the electronic band structure.>*>® The temperature-depen-
dent behavior of the optical band gap, under constant pressure
and utilizing a quasi-harmonic approximation, can typically be
described as follows:>>>°

OBy OFg dv OF, 1
= o ) (v 3) @)

where 7,7 is the number of phonons at the j branch with the
wave vector ¢ and follows the Bose-Einstein distribution. The
first part of eqn (2) reflects the thermal expansion of the lattice
which arises due to the anharmonicity in the potentials
between atoms, while the second term denotes the impact of
exciton-phonon interaction on the system. It is nearly hard to
calculate the second term of eqn (2) exactly because it com-
prises all phonon modes that might possibly exist throughout
the whole Brillouin zone.>® In practice, only a limited number
of phonon modes are typically taken into account and numer-
ous models have been considered to elucidate the experi-
mental findings in relationship to the number of dominant

This journal is © The Royal Society of Chemistry 2025
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phonon modes that play a significant role in the optical band
gap evolution.>**® Among these models, the two-oscillator
model is a commonly employed approach for interpreting the
temperature-dependent evolution in the optical band gap,
which takes into account only one branch of the acoustic and
optical phonons. According to previous reports, the tempera-
ture evolution of the optical band gap in 3D perovskites is
better described by the one-oscillator model.>® For our 2D per-
ovskite within the temperature range of 83-298 K, the primary
influence on exciton-phonon interaction arises from longi-
tudinal optical (LO) phonon scattering through Frohlich coup-
ling and the contribution from acoustic phonon scattering is
insignificant.”””>® Hence, we opted for the one-oscillator model
for our subsequent analysis. If we make the assumption that
there is a direct correlation between the lattice constant and
the temperature along with the one-oscillator model we dis-
cussed above, eqn (2) can be expressed as,>*>>>¢

2

ho
exp (kB_T> -1
where Arg and Agp are the respective weights assigned to the
thermal expansion and exciton-phonon interaction, respect-
ively, kg is the Boltzmann constant and A® denotes the average
optical phonon energy contributing to exciton-phonon coup-
ling. E, is the initial optical band gap and after considering

the quantum factors in the Bose-Einstein distribution, the
optical band gap is E, (T = 0) = E, + Agp. Utilizing eqn (3) to

Ey(T) = Eog + ArgT + Agp +1 (3)
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model our temperature-dependent PL peak curves resulted in
remarkable consistency with the experimental data for the
2D-RP perovskites with all different phases (Fig. 5(a-d)). This
suggests that this simplified model effectively captures the
primary factors driving the variation in the optical band gap with
temperature in our samples. In order to distinguish the impact
of thermal expansion and exciton-phonon interaction, we
derived their individual contributions to the temperature-
induced optical band gap evolution based on the fitting para-
meters (Table 1 and Table S27), which are plotted in Fig. 5(a—d)
for the main peaks and in Fig. S61 for other peaks of all the
samples. These results infer that the observed shift in the PL
peak is evidently governed by the interplay between thermal
expansion and exciton-phonon interaction. As indicated in
Table 1, the weights of thermal expansion and exciton-phonon
interaction exhibit a consistent increase as the number of in-
organic layers increases from n = 1 to n = 3. However, there is a
slight decrease in weight parameters from n = 3 to n = 4, possibly
attributed to enhanced structural rigidity, better dielectric screen-
ing, high phonon-phonon interaction and more efficient
packing of branched organic chains for the n = 4 phase.>

Now to validate our results, we calculated the ratio between
the free charge carriers and the excitons by using the Saha-
Langmuir equation:®°

3
) 3
x 1 (2nukT\2 —Ey
— = — | ——— | ex 4
1 x N( 2 P\keT “)
where x is the fraction of free charge carriers over the total
excitation density (N), which is about 10" m™ for our
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(a—d) Temperature-dependent PL peak positions of the main phases of samples S1-S4, respectively, fitted with egn (3) (solid lines). The

dashed-dotted (blue) and dashed (pink) lines show the individual contributions of thermal expansion and exciton—phonon interaction, respectively.
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Table 1 Parameters estimated from the fitting of experimental data shown in Fig. 5 using eqn (3)

Sample Phase Eo (eV) Arg (meV K™) Agp (meV) ho (meV)
S1 n=1 2.332 + 0.001 0.17 £ 0.01 —58.46 £ 2.11 41.76 + 2.38
S2 n=2 2.073 £ 0.001 0.88 + 0.03 —176.94 + 4.96 21.56 +1.05
S3 n=3 1.85 +0.01 1.78 £ 0.21 —578.17 £+ 41.57 29.72 +1.10
S4 n=4 1.80 = 0.02 1.53 £0.25 —476 + 60 26.90 + 0.83

measurements, E, is the EBE, the reduced mass of the exciton is
u, and A is the Planck constant. The values of x for different per-
ovskites phases were estimated from eqn (4) using a reported
value of y = 0.2 and E, from Table S1f and are listed in
Table $3.1'® The value of x is found to be 0.19 for n = 1 and 0.80
for n = 4 at a high temperature. This observation suggests that as
the layer number increases, the population of free charge carriers
becomes predominant at room temperature which can enhance
the carrier-phonon interaction. We have already shown that the
exciton-phonon interaction enhances with an increase in the
layer number, which could be rationalized by the increase of free
carrier population in the perovskites having many inorganic
layers. Moreover, at 83 K, the value of x is very low in all the
phases (Table S3t). This indicates the fact that at room tempera-
ture, the PL in 2D perovskites could be the result of recombina-
tion of both free carriers and excitons whereas at low temperature
free carrier contribution is almost negligible.

To obtain direct evidence of the increasing free carrier
population in 2D perovskites with higher layer numbers, we
measured the carrier mobility of mixed-phase perovskites.
Metal-insulator-metal (MIM) sandwiched structures with the
configuration aluminum (Al)/perovskite/indium tin oxide (ITO)
were fabricated with a perovskite layer thickness of 200 nm.
Current density-voltage (/-V) measurements for the fabricated
devices were performed by applying voltage sweeps from —5 V
to +5 V with a step size of 0.01 V (Fig. S71). Under high electric
fields, charge transport in the perovskite devices follows the
space charge limited conduction (SCLC) mechanism.®' The
current density in the SCLC regime can be described by the
Mott-Gurney law:**

_2 273
J= 88r80yV L (5)
where ¢, and ¢, represent the permittivity of free space and the
dielectric constant, respectively, u is the carrier mobility, V is the
applied voltage and L is the sample thickness. As shown in
Fig. S7,T the J-V curves fit well with eqn (5), confirming the pres-
ence of the SCLC conduction mechanism in our devices. The
product of carrier mobility and the dielectric constant (ue,) for
the S1-S4 samples is found to be 3.19 x 107>, 3.35 x 107", 1.08
and 2.84 cm® V™' 57, respectively. Since both x and &, tend to
increase with higher free carrier concentrations, the significant
increase in pe, of S4 indicates an enhancement in the free carrier
population with increasing number of layers in the 2D
perovskites.

Next, we performed time-resolved PL (TRPL) measurements
of our mixed phase samples and the obtained decay curves are
presented in Fig. 6 and Fig. S8.1 To extract PL lifetimes, the
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Fig. 6 Time-resolved PL for the main phases of samples S1-S4 with
the fitting results (solid lines). The excitation wavelength was 400 nm.

decay traces can be analyzed with a multi-exponential function
of the form

1(6)=>" e (6)
L

where q; is the pre-exponential factor and r; represents the life-
time of the /™ decay component. We fitted the PL decay kinetics
for n = 1 with a single-exponential function, while for other
phases, a bi-exponential function was used (Fig. 6 and Fig. S87).
The fitting results are summarized in Table 2. Based on previous
studies, the fast decay component (z;) is attributed to trap-
mediated recombination, whereas the slow decay component (z,)
corresponds to free carrier recombination.®® The average PL life-
time (z,,) was calculated from the following equation:

S
Tavg = ﬁ (7)

i
a;

> a
i
component.

where f; = is the fractional contribution of the i decay

Table 2 PL lifetimes of different perovskite phases extracted from the
fitting of TRPL decay curves

Sample  Phase 7;(ns) fi(%) (ns)  f2(%)  7ag(ns)
S1 n=1 0.19 100 — — 0.19
S2 n=2 0.23 99.36 3.54 0.64 0.25
S3 n=3 0.53 94.26 4.31 5.73 0.75
S4 n=4 0.64 87.25 3.43 12.75 0.99
S4 3D 2.38 65 44.7 35 17.19

This journal is © The Royal Society of Chemistry 2025
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As is evident from Table 2, the n = 1 phase exhibits no slow
decay component, whereas the fractional contribution (f;) of
the slow decay component increases progressively from n = 2
to the bulk phase. Moreover, the average PL lifetime (7ayg)
increases with increasing number of inorganic layers, reaching
approximately 17 ns for the 3D phase of S4. These obser-
vations suggest that the incorporation of additional inorganic
layers leads to a higher population of free carriers in the
sample.

To quantify the exciton-phonon coupling strength, we ana-
lyzed the data showing the variation of PL linewidth with
temperature. The PL linewidth in the presence of phonon scat-
tering is described by the following equation:

F(T):FO+Fac+rLO+Fimp

—E
=0+ 7T +— A2ty exp( ) (8)
ex ELO _1 ]CBT
PlksT

where I, is the temperature-independent inhomogeneous
broadening which is a result of scattering caused by lattice dis-
order and imperfections.®® The second term, I, is due to
acoustic phonon scattering with a coupling strength y.c, I'io
corresponds to homogeneous broadening that results from
longitudinal optical (LO) phonon (Frohlich) scattering with a
coupling strength y;o and Ejo is the energy of the LO
phonon.®*** For acoustic phonons, the phonon energy is sig-
nificantly less than kT at room temperature and has a linear
relationship with the coupling strength. The LO phonon
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Fig. 7
solid lines represent the fitting results using eqn (8).
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ex Eﬂ -1
P ]CBT

means that the coupling strength decreases greatly as the
temperature decreases.®® The last term is attributed to the
inhomogeneous broadening from fully ionized impurities,
where Ey, and [y, are the average binding energy of impurities
and the coupling strength, respectively.®®®” According to the
previous literature, scattering caused by impurities is not a sig-
nificant factor in this case.””’®® Hence, we took the value of
Iimp &~ 0 for our analysis. The relevance of acoustic phonons
with extremely low energy is notable only at low temperatures
(below 100 K) and can be ignored in this case, as supported by
various experimental investigations conducted on both 2D and
3D perovskites.®®®® Therefore, in our analysis, we considered
only the broadening induced by lattice disorder (I'y) and coup-
ling with LO phonons (/o). Fig. 7(a-d) show the evolution of
FWHM with temperature for the main peaks of all the
samples. The temperature variation of FWHM for other peaks
of samples S2-S4 can be found in Fig. S9.

We previously mentioned that from the temperature-depen-
dent shift of the PL peak position, a phase transition occurs at
around 200 K for the 2D perovskites with n = 2, 3 and 4.
Hence, we limited our fitting of the experimental data below
the transition temperature. The fitting results for the main
peaks of all the samples are presented in Fig. 7 and Table 3.
The detailed analysis and the estimated values of I'1o, 710, and
E;o corresponding to other peaks of samples S2-S4 are given
in Table S4.7

follows the Bose-Einstein distribution , which
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(a—d) Temperature-dependent full width at half maximum (FWHM) of the main PL peaks of the (TEA),(MA),_1Pb,lz,.1. N = 1-4 films. The
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Table 3 PL linewidth broadening parameters of (TEA)>(MA),_1Pb,l3n41
(n=1-4)

Sample Phase I’y (meV) 710 (MeV) Eio (meV)
S1 n=1 10.9 £ 0.7 31+4 13+1
S2 n=2 12.1+0.4 332 13.4+0.2
S3 n=3 25.6+0.4 843 + 33 671
S4 n=4 35.7+0.9 695 + 55 53+1

It can be seen from Table 3 that both lattice disorder (1)
and scattering strength (y;o) are increased with an increase in
the number of inorganic layers in the 2D perovskites. As the
number of inorganic layers increases, the crystal structure
becomes more complex, leading to increased disorder and
defects within the material. These defects can act as scattering
centers for phonons, causing them to scatter more frequently
as they propagate through the material. With more layers,
there are more interfaces where phonons can interact with
each other. Nonetheless, adding more inorganic layers can
introduce lattice mismatch between the layers causing strain.
This strain can lead to phonon scattering as the lattice
vibrations encounter changes in the local environment. It is
evident from Table S47 that the values of the parameters Iy,
710, and Ejo are different for the same perovskite phase of
different samples. All these parameters are found to increase
on going from film S2 to film S4. These 2D perovskite films
were prepared by increasing the ratio of large organic and lead
cations. As a result, all 2D phases (n = 1-4) are formed in S2-
S4 with varying proportions. For example, S4 is expected to
have more n = 4 phase than S2. Therefore, the surrounding
environment of excitons in a particular phase undergoes
notable transformations as one go from S1 to S4, which could
be the possible reason for the enhanced values of the para-
meters. In essence, the incorporation of additional inorganic
layers increases grain boundary scattering and consequently
the overall strength of phonon scattering is enhanced within
the material. Furthermore, we compared the values of the
parameters Agp and yro with those reported for 3D perovskites
(Table 4). We found that both parameters for the n =3 and n =
4 phases in our mixed-phase samples are higher than those of
3D perovskites. This strong carrier-phonon coupling in
samples with higher layer numbers may be attributed to the
presence of multiple coexisting phases.

Table 4 Comparison of the carrier—phonon scattering parameters of
the mixed-phase 2D RP and 3D perovskites

Mixed-phase 2D (our work)

n=1 n=2 n=3 n=4 3D
Agp -58.46 —176.94 —578.17 —476 —400 (CsPbBr;)*
(meV)
710 (MeV) 31 33 843 695  161.9 (MAPbBr;)"°

92.1 (MAPbI;_,CL)"*"
34.8 (FAPbI;)"!
58 (FAPbBr;)"?
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4. Conclusions

In summary, we experimentally investigated how variations in the
number of inorganic layers affect the optical and electronic pro-
perties of mixed-phase 2D-RP perovskites through temperature-
dependent micro-PL measurements. As the layer number
increases, both exciton-phonon interaction and thermal expan-
sion significantly intensify, resulting in a reduction of the optical
band gap at lower temperatures. The exciton/carrier-phonon
interaction strength rises markedly from —58.46 meV for n = 1 to
—476 meV for n = 4 driven by an increase in free charge carriers
within the system. Similarly, the exciton-phonon scattering
strength is substantially enhanced, increasing from 31 meV for n
=1 to 695 meV for n = 4, due to intensified lattice mismatch,
greater interface complexity, and higher disorder within the
system. Moreover, parameters associated with a particular 2D
phase show considerable variability across different mixed-phase
samples, likely due to structural distortion and changes in the
surrounding environment caused by different amounts of large
organic cations. These findings reveal the complex exciton-
phonon coupling mechanisms within mixed-phase 2D-RP perovs-
kites with varying layer numbers, highlighting their promising
potential in future optoelectronic and spintronic device
applications.
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