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Two-dimensional (2D) Ruddlesden-Popper perovskites with bulky organic cations have attracted exten-
sive attention in light-emitting devices and photovoltaics due to their robust environment stability,
tunable luminescent color, strong exciton binding and promising efficiency. A quantum well (QW) struc-
ture is spontaneously formed by sandwiching PbBr, layers into bulky organic cations. However, some
intrinsic excitonic mechanisms in these materials still need to be elucidated. In this study, the exciton—
phonon interaction of quasi-2D (PEA),(CsPbBrs),_1PbBr, with different PbBr, layer numbers (n) was ana-
lyzed by temperature-varied photoluminescence (PL), scanning electron microscopy (SEM) and powder
X-ray diffraction (PXRD). The mechanism of bandgap shifting with temperature was found to be domi-
nated by the thermal expansion effect in the large-n 2D and bulk perovskite, and gradually switched to
exciton—phonon interaction in the n = 1 (PEA),PbBr4 phase, indicating enhanced exciton—phonon inter-
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action in the thinner quantum well structure. Further analysis showed that the enhanced exciton—phonon
interaction originated from the longitudinal optical phonon-exciton Frohlich interaction rather than
acoustic phonon-exciton coupling. We believe that our results will benefit the further optimization of

rsc.li/nanoscale light-emitting devices based on 2D perovskites.

The layer number n significantly influences the optical and
electronic properties of these material systems (including

1. Introduction
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Although metal halide perovskites have achieved astonishing
progress in photovoltaic and light-emitting efficiency, to date,
they have not yet overcome the environmental durability for
industrial applications."™ Recently, 2D perovskites have
attracted increasing interest in virtue of their outstanding
environmental benignity and excellent electronic merits for
light-emitting devices (LEDs), laser diodes (LDs), solar cells
and other promising applications.>® Typically, 2D perovskite
materials have a general formula of L,(APbXj3),_,PbX, with L =
bulky organic cation as a barrier spacer; A = cations (e.g., Cs,
Rb, methylamine (MA)) and X = halogen anions. These
materials form artificial quantum well structures with n layers
of PbX, as well regions sandwiched by bulky organic spacers.
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exciton binding energy and mobility).” Strong dielectric and
quantum confinement effects enable stable excitons at room
temperature. The efficiencies of solar cells and LEDs based on
2D perovskites have achieved 17.4% ® and 14.36%,° respect-
ively. However, the intrinsic luminescence mechanisms in
these 2D material systems still need to be disclosed. In this
work, the exciton-phonon interaction of  the
(PEA),(CsPbBr3;),_,PbBr, material (PEA: 2-phenylethylamine)
with different layer number n was investigated. The intrinsic
mechanisms in the exciton-phonon coupling causing the
bandgap shifting and spectrum broadening were analyzed.

2. Experimental

CsPbBr; and PEABr in a 1:1 molar ratio were dissolved in a
dimethyl sulfoxide (DMSO) solution. Then, quasi-2D
(PEA),(CsPbBr3),,—1PbBr, thin film was formed on a quartz
substrate by the one-step spin coating method. Owing to the
non-uniform distribution ratio of PEABr:CsPbBr;, mixed
phase quasi-2D (PEA),(CsPbBrs),,_,PbBr, materials with
various n values were simultaneously synthesized on a single
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substrate. SEM images were taken by ZEISS instruments. PXRD
was performed with a 20 value between 4° to 20°. The tempera-
ture-dependent PL measurement was conducted under a temp-
erature range from 50 K to 300 K with a 275 pW, 325 nm con-
tinuous-wave He-Cd laser excitation source. For comparison,
pure phase 2D (PEA),PbBr, was also fabricated and studied.

3. Results and discussion

The SEM images in Fig. 1(a) shows the full coverage of the per-
ovskite thin film with excellent surface uniformity, which
benefits the fabrication of the thin film devices. In addition,
this thin film was characterized as crystal ‘flakes’ with a typical
size of 50 nm-200 nm (Fig. 1(b)). This flake morphology with
crystal sizes ranging in hundreds of nanometers plausibly ori-
ginated from the quantum well structures of the 2D layers
observed from the crystallography.

A series of low angle PXRD peaks were detected by the 20
scan, as shown in Fig. S1a.f In addition to the pure phase 2D
(PEA),PbBr, (Fig. S1b¥), the PXRD results showed clear diffrac-
tion modes at about 5°, 11°, and 16°, which originated from
the (002), (004) and (006) crystal planes of the PbBr, octa-
hedrons," and was direct proof of the 2D structure formation
in our samples.

Room temperature absorption and PL measurements were
also taken, showing various excitonic peaks in agreement with
the observed different layered quasi-2D perovskite (Fig. 2). The
absorption spectrum exhibited four excitonic peaks superim-
posed on the absorption edge. The four bands were ascribed
with the n = 1 to n = 4 layers of (PEA),(CsPbBr3),,_,PbBr, since
the exciton energy decreased monotonously with increasing
layer number.'" In the PL spectrum, four anomalous peaks
appeared near the exciton positions in the absorption spec-
trum, and all peaks showed a red Stokes shift. The Stokes
shifts of these peaks ranged from 20 meV to 34 meV, which
were caused by the inhomogeneous broadening and funneling
effects.> In addition, a peak located at 515 nm appeared in
the PL spectrum, which was absent in the absorption spec-
trum. This luminescent band originated from the bulk
CsPbBr; material. Identical PL bands have been extensively

Fig. 1 SEM images of quasi-2D (PEA),(CsPbBrs),_1PbBr, perovskite: (a)
low magification shows uniform coverage; (b) large magnification shows
nano-sized flakes.
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Fig. 2 RT absorption and PL spectra of 2D (PEA),(CsPbBrs),_1PbBry
show multiple excitonic bands.

proved by our previous work and also by other groups.'*'* The
reason for the absence of the 515 nm band in the absorption
may be the low density of states in the bulk CsPbBr; exciton
energy levels.

Due to the robust exciton binding characteristic and also
fast recombination rate (Fig. S2%), the distinctive excitonic
luminescence bands from n = 1 to 4 and bulk
(PEA),(CsPbBr3),,_1PbBr, survived from 50 K to 300 K, as
shown in Fig. 3. The evolution of the PL spectra with tempera-
ture revealed the fundamental properties of the excitons in
this material.

First, the semiconductor bandgap will change with temp-
erature, inducing peak shifts in the PL spectra. The bandgap
(E¢) evolution of the semiconductors is under a joint influence
of two main mechanisms, including the thermal expansion
effect and exciton-phonon interactions, which is expressed
by:'
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Fig. 3 Temperature dependence of the PL spectra from 50 K to 300 K.
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solid volume.'® In the second term of the exciton-phonon

OE,
interaction, the bandgap was red-shifted by Z( 6ng) X
ig 1,9

1 .
(ni’q +5>7 where n;, = W is the phonon numbers
ig
exp —1

ksT

of the iy, branch and g is the wave number, hw; 4 is the phonon
energy, and kg is the Boltzmann constant.">"” The coefficient
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stant. Typically, the contribution of thermal expansion could
approximately be negligible in conventional semiconductors
(e.g., GaAs, GaN, Si); thus, the exciton-phonon interaction will
induce the normal redshift of the bandgap with temperature.'®
However, in the peculiar lead-based perovskite system, the
thermal expansion effect was eminent and competed with the
exciton-phonon interaction. Many bulk perovskite materials
exhibited a blueshift when the temperature increased.*®"”

In our experiments, as shown in Fig. 4, the luminescence
peaks of (PEA),(CsPbBrs),_1PbBr, with different n featured
different evolution tendencies by temperature. Bulk CsPbBr;
with n = co was almost linearly blueshifted with temperature
with a slope of about 0.083 meV K™, which demonstrates the
domination of the thermal expansion effect rather than
exciton-phonon interaction in this material. This result
coincided well with previous results in the bulk perovskite."*
In addition, the blueshift slope decreased when the layer
number decreased, with 0.032 meV K of n = 4, 0.015 meV
K" of n =3 and 0.002 meV K" of n = 2. Interestingly, in the n
= 1 (PEA),PbBr, with only a single-layered PbBr, octahedron
sandwiched by PEA organic material, the luminescent peak
was redshifted with temperature. This gradual switching of the
PL peak evolution from a blueshift to redshift revealed not
only the suppression of the thermal expansion effects, but also
the gradual enhancement of the exciton-phonon interactions
with decreasing n in the quasi-2D (PEA),(CsPbBr3),_1PbBr,
materials. The suppression of thermal expansion in the low-
dimension perovskite could be explained by the compression
effect of the bulky PEA cation to the PbBr, octahedron. The

by phonon number is always treated as a negative con-
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Fig. 4 The PL peak dependence on temperature switched from blue-
shift to redshift by decreasing the layer number n.
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enhancement of the exciton-phonon coupling in the low-
dimensional perovskite was also reported in
(BA)y(MA),,_,Pbnls,,;***° (BA = C,HoNH;), exfoliated (PEA)
PbBr,,"" (PEA),PbCl,,>" and (PEA)y(MA),_[Pb,ls,+1].>* This
phenomenon should be related with the different excitonic
confinement strengths of different n phases in the quasi-2D
perovskite. On gradually thinning the QW layers, excitons
would be strongly restricted in the PbBr, octahedron and
increase the coupling strength with the phonons inside.”® Our
results were also in line with I. V. Bondarev’s theoretical calcu-
lation, who anticipated that the exciton-phonon scattering will
be significantly enhanced by exciton restriction.>* It should be
noted that although many works reported that the exciton-
phonon interaction was enhanced by decreasing the layer
number n, the effects on the peak shifts and PL broadening
were significantly different. In (BA),(MA),_,Pbnl;,.,"**° and
(PEA),(MA),_4[Pb,1;,:,],>> the phase transition occurred at a
low temperature. The blueshift of the PL peaks existed
throughout the PL spectra from low temperatures to 300 K.
(PEA),PbCl, *' showed very broad self-trapped exciton emis-
sion and upconversion properties. To further analyze the
intrinsic origination of the enhancement of the exciton-
phonon interaction in the quasi-2D perovskite, the line width
dependences on temperature need to be investigated.

In general, the exciton-phonon interaction includes two
sources: an acoustic (AC) phonon deformation scattering and a
longitudinal optical (LO) phonon Frohlich interaction.

In Fig. 5, all the line widths of (PEA),(CsPbBr3),_,PbBr,
with various n layer numbers exhibited notable superimposi-
tion characteristics of linear increasing in the low temperature
regime (50 K-200 K) and a super-linear dependence in the
high temperature regime (>200 K). Since the energy of the
acoustic phonon was typically low (<10 meV), the line width
always broadened linearly with increasing temperature when
the acoustic phonon scattering dominated. Conversely, if the
LO phonon Frohlich interaction dominated, then the super-
linear temperature dependence of the line width appeared due
to the higher energy of the LO phonon (typically >20 meV). In
our case, at low temperature, the LO phonon was inactive due
to its large vibration energy. Thus, the acoustic phonon scatter-
ing dominated, rendering the linear width broadening. With
increasing temperature, the LO phonons were gradually ther-
mally activated. The interaction between the LO phonon and
exciton switched the width-broadening into the super-linear
regime. The line widths were fitted by eqn (2):>>>°

s ©
(»(5) )

kgT
where I, is the inhomogeneous broadening and I, is the
acoustic phonon coupling coefficient. I, and E,, are the LO
phonon coupling coefficient and average LO phonon energy,
respectively. In Fig. 5f, the coupling strength between the LO

phonon and exciton increased monotonously when the layer
numbers were decreased. This could be explained by the stron-
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Fig. 5 (a—e) Width broadening with temperature of (PEA),(CsPbBrs),_1PbBr, with different n values; and (f and g) LO phonon-exciton and acoustic

phonon coupling strength dependence on the layer numbers of PbBr.

ger confinement of the exciton in the thinner QW structures,
which was supported by the intensity dependence on tempera-
ture (Fig. S31). The exciton binding energy of the n = 1 layer
fitted from intensity quenching was 129.9 meV, which was
much larger than the binding energy (67.9 meV) of the bulk
CsPbBr; material. The 302 meV energy value of I',, of n =1 in
the quasi-2D materials was in line with that reported in the
literature."®*>*" This is larger than the binding energy
(163 meV) of pure phase (PEA),PbBr, (Fig. S47), which could
be understood by the lateral confinement of the exciton in the
nano-sized flakes in the quasi-2D material as shown in the
SEM images (Fig. 1b). In addition, the acoustic phonon-
exciton coupling strength arrived at a maximum value at the n
= 3 layer in Fig. 5g. The acoustic phonon demonstrates the
vibrations of the mass center of the unit cells. As discussed
above, sandwiching the PbBr, quantum well layers will sup-
press the vertical vibration of the PbBr, octahedron. The acous-
tic phonon vibration could be restricted by decreasing the
layer number. However, the LO phonon would not be influ-
enced, since the LO phonon is representative of the lateral
vibration of the atoms. Therefore, it could be concluded that
the enhanced exciton-phonon interaction resulting in the
bandgap redshift in the n = 1 (PEA),(CsPbBr3),,_{PbBr, perovs-
kite was ascribed to the increased LO phonon-exciton Frohlich
interactions.

4. Conclusions

In summary, the PL spectral temperature dependence of the
quasi-2D perovskite (PEA),(CsPbBr;),_1PbBr, withn=1, 2, 3, 4
and oo and the pure phase (PEA),PbBr, materials were ana-
lyzed. The bandgap dependence of the quasi-2D layered per-
ovskites switched from a blueshift to redshift from n = oo to n
= 1, showing the gradual increasing of the exciton-phonon
coupling. Further analysis of the PL width broadening demon-

21870 | Nanoscale, 2019, 11, 2186/-21871

strated that the LO phonon-exciton Frohlich interactions domi-
nated the increased exciton-phonon coupling in the low-
dimensional perovskites. We believe that our results will
benefit the further optimization of light-emitting devices
based on 2D perovskites.
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