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ABSTRACT: Halide perovskites have recently gained widespread
attention for their exceptional optoelectronic properties, which
have been illuminated by extensive spectroscopic investigations. In
this study, nanophotonic surface engineering using a newly
developed soft lithographic technique has been used to reproduce
nanostructures with enhanced optical functionalities. The thermal
sensitivity of the metasurfaces is first observed in the temperature-
dependent photoluminescence (PL) spectra. In order to observe
the local changes in heat transport induced by nanopatterning of
the perovskite thin films, a noninvasive optical technique based on
Raman spectroscopy is employed. The thermophysical properties
of the engineered perovskite surfaces are extracted from the
softening of the representative peak positions in the Raman spectra,
which act as temperature markers. The investigation suggests a comparatively higher rise in the local temperature for the patterned
thin films as compared to the pristine thin films. We characterize different imprint geometries on perovskite thin films in terms of
both optical and thermal transport simultaneously and report for the first time the existence of a window of thermal tolerance for the
metasurfaces within which optical efficiencies can still be maximized.

1. INTRODUCTION

The hybrid organic−inorganic halide perovskite CH3NH3PbI3
(MAPbI) with an ABX3 architecture has recently been
demonstrated as a successful optical and optoelectronic
material owing to its tunable direct band gap, long carrier
lifetimes, high carrier mobilities, and diffusion lengths.1−3 In
addition, the low cost and facile fabrication of MAPbI thin
films in solution form are advantageous in terms of their large-
scale industrial preparation.4,5 The nanopatterning of perov-
skite thin films has been shown to improve the efficiency of
solar cells through reduced surface reflectance, tailored light
trapping, and higher external radiative efficiency and
directionality.6−8 Researchers have demonstrated different
techniques for the fabrication of perovskite metasurfaces
ranging from etching of the substrate and subsequent
conformal coating to direct patterning using focused ion
beam milling.9−13 Soft polymer-based imprinting techniques
are appropriate for halide perovskites due to their sensitivity to
water and plasma processing present in conventional
lithography and etching processes. This goal was achieved by
employing nanoimprint lithography using an inflexible stamp
(silicon, Si) as well as using more flexible polydimethylsiloxane
(PDMS) stamps.14−19 Unlike an inflexible Si stamp, PDMS
can imprint its textures conformally over nonuniform surfaces
and defects.20 The process also proves to be cost-effective as
multiple PDMS stamps could be recycled from a single master.

MAPbI perovskites have been known to degrade upon
prolonged exposure to heat and light since it is hard to avoid
temperature increase and light soaking for solar cells/LEDs
during their operation.21−25 One of the contributing factors for
the heat sensitivity of the perovskites is their ultralow thermal
conductivity (0.2−0.5 WK−1 m−1), which is a result of both the
coupling of the MA cations to the inorganic PbI2 cage and an
overall tetragonal-to-cubic phase transition.26−31 Raman and
photoluminescence (PL) spectroscopies are widely used
nondestructive noncontact methods to demonstrate the
thermal transport in materials.32−34 The laser beam serves a
dual purpose: (i) a source of photons, which get scattered
inelastically by the material, and (ii) a heat source, which
increases the local temperature of the material at the point of
incidence. The increase in the local temperature depends on
the phonon transport; therefore, temperature- and excitation
power-dependent optical measurements enable us to map the
lattice vibrations of the materials to their thermal properties.
The Raman spectra of MAPbI perovskites have been studied in
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detail by many researchers.35−41 The MAPbI structure features
a significant dynamical disorder, which is aptly visualized
through lattice vibrations (phonons) and molecular rota-
tions.42−44 Although electron−phonon interactions have a
substantial influence on the solar cell operations, phonon−
phonon scattering is directly related to the thermal properties
of the perovskite.45−47 The low thermal conductivity in
perovskites is directly related to the phonon lifetimes. The
phonon lifetime is essential as it provides critical insights into
the different electron−phonon and phonon−phonon couplings
occurring in the material.48 The hybrid organic−inorganic
lattice in MAPbI has larger lattice parameters than fully
inorganic counterparts. The incoherent rattling motion of the
MA atoms embedded in the PbI2 cage, coupled with the Pb−I
vibrations, provides the requisite phonon scattering. The
ultralow thermal conductivity of the MAPbI (∼0.18 W/
K-1m-1) material is intrinsically due to the large cations in the
Pb−I inorganic cage and the weaker bonds, analogous to the
case of PbI2 with an already low thermal conductivity (∼0.32
W/K-1m-1).49 Hata et al. showed that this further suppression
of the thermal conductivity in MAPbI (∼0.18 W/K-1m-1) with
respect to PbI2 (∼0.32 W/K-1m-1) results from the
introduction of MA cations in the soft inorganic lattice and
the corresponding coupling of the librational modes to Pb−I
vibrations.50 Indeed, this suppression mechanism of the MA
cation on the lattice thermal conductivity was demonstrated
using ab initio molecular dynamics (AIMD) simulations with
different crystal structure models, which included and excluded
the MA cation from the inorganic cage of PbI2, respectively.
The results claimed that the thermal transport is mainly
suppressed by a complicated dynamical switching between the
translation and rotational motions of the MA cations, which
are then coupled to the low-frequency Pb−I vibrations.50

AIMD simulations along with the third-order perturbation
theory have predicted very short phonon lifetimes of ∼20 and
∼1 ps at the Brillouin zone center and Brillouin zone
boundaries, respectively, for such low-frequency modes (∼14
cm−1).51−54 The short phonon lifetimes mean that the
phonons do not efficiently dissipate heat and can therefore
affect the carrier relaxation and phonon−phonon scattering
processes. The inefficient dissipation of heat can result in a
localized increase in temperature accelerating the destabiliza-
tion process for the halide perovskites. Within the realms of
our experimental setup, the modes mostly affected by changes
in temperature are the MA ion librational mode at 110 cm−1

and the Pb−I stretching mode at 96 cm−1. In the spectral range
of investigation, the highest vibrational peak with a profound
temperature dependence occurs at 110 cm−1 and thus is
considered for the present study for Raman thermometry. The
mode at 96 cm−1 effectively behaves as quasi-harmonic and is
therefore not considered for the present study. We extract the
thermal variation of the detected Raman peaks to intuitively
understand the temperature-dependent phonon process.
In this study, we make use of the conventional Raman and

PL spectroscopy techniques to demonstrate the optical and
thermal transport mechanisms in surface-patterned MAPbI
perovskite thin films. We adopt a surface imprinting method
coherent with a thin spin-coated precursor MAPbI perovskite
film in a soft gel state imprinted with a topographically
prepatterned elastomeric PDMS mold.55 Temperature-de-
pendent PL measurements are conducted to demonstrate the
temperature sensitivity of the emission properties in the
nanostructured thin films. The analysis of the Raman active

modes as a function of temperature and laser power for both
the prepatterned and patterned perovskites is performed to
extract a quantitative change in the local thermal behavior. The
study concludes with a discussion of the thermal transport
mechanism in planar and patterned perovskite films with
possible consequences on the working efficiency of a solar cell/
optical device, elucidating the requirement of defining a
workable thermal window for spatially patterned MAPbI thin
films.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of the MAPbI Perovskite Solution.

Initial ingredients of methylammonium iodide (MAI, 99.99%,
Ossila) and lead iodide (PbI2, 99.99%, Sigma-Aldrich) were
taken in accordance with the stoichiometric ratio. A solution of
N,N-dimethylformamide (DMF, 99.99%, Sigma-Aldrich) and
dimethyl sulfoxide (DMSO, 99.99%, Sigma-Aldrich) was
prepared in a molar ratio of 4:1. A stoichiometric powder
mixture of MAI (0.159 g) and PbI2 (0.461 g) was dissolved in
the DMF:DMSO solution to prepare a 1 M solution (1 mL)
inside a nitrogen-filled glove box. The solution was kept at 60
°C on a hot plate with constant magnetic stirring for 3−5 h for
homogeneous mixing of the powder in the solution.

2.2. Preparation of PDMS Stamp. A Si chip (20 mm ×
20 mm) was cleaned with “Piranha” (H2SO4:H2O2, 3:1). Two
surface imprints of interest were prepared for the present
study: (i) a grating with width = 1.3 μm, period = 2.6 μm, and
height = 150 nm and (ii) an array of nanosphere with a radius
of 225 nm. The pattern was subjected to spin coating of an
electron beam resist (ZEP 520A) followed by electron beam
lithography (ELS-G100 Elionix). The pattern was transferred
to the Si chip by reactive ion etching (Corial 200I) with a
mixture of SF6 and CHF3. After etching, the remaining ZEP
was stripped and the sample was cleaned with “Piranha.” A
layer of octadecyltrichlorosilane was formed on the Si master
surface to make the Si substrate hydrophobic. Gelest h-PDMS
base and curing agents were mixed in a ratio of 1:1. The
mixture was degassed for a few minutes until all the air bubbles
disappeared. The h-PDMS was spin coated on the precleaned
Si master for 30 s at 2000 revolutions per minute (RPM). The
spin-coated complex was degassed again to remove any
residual air bubbles. The h-PDMS−Si substrate was then
partially cured in the oven for 30 min at 65 °C until h-PDMS
was slightly sticky. SYLGARD 184 base and curing agents were
mixed in a ratio of 5:1. The mixture was degassed until all the
air bubbles disappeared. s-PDMS was poured on top of the h-
PDMS layer and degassed for about 1 h and subsequently
cured at 65 °C for 12 h. The h-PDMS/s-PDMS stamp was
then gently detached from the Si master.

2.3. Fabrication of Patterned Thin Films. Glass
substrates having dimensions of 15 mm × 20 mm were
cleaned by ultrasonication successively in deionized water,
acetone, and isopropyl alcohol and dried with nitrogen gas.
They were then further cleaned in an O2 plasma atmosphere
for 10 min to make the surface hydrophilic for uniform wetting
of the substrates with the perovskite precursor solution. The
cleaned substrates were transferred inside the glove box and
spin coated with the perovskite precursor solution in a two-
step process initially at 1000 RPM for 10 s followed by 3000
RPM for 20 s. During the spin-coating process, toluene
solution (15−20 μL) was added dropwise to the precursor
solution. This antisolvent treatment prevents unwanted
nucleation of the perovskite solution during spin coating,
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resulting in improved crystallization.56 For the patterned films,
elastomeric PDMS stamp, with the designated patterns, was
placed face down on the spin-coated gel and annealed at 90 °C
under an applied pressure of 4 kgcm−2 for 15 min for the final
crystallization and the removal of excess solvent.
2.4. Characterization. The X-ray diffraction (XRD)

spectra of the samples were measured using a Bruker D8
Advance X-ray diffractometer in the range of 10° < 2θ < 80°
using a step size of 0.01°. The scanning electron microscopy
(SEM) images were obtained with an extra high-resolution
scanning electron microscope Magellan TM 400 L. Trans-
mission and reflection spectra were measured using a custom
microscope setup. For transmission, the sample was illumi-
nated with a white light source (tungsten-halogen lamp) using
a microscope condenser lens. The transmitted light was
collected by an objective lens (Nikon, 50×, NA 0.45) and
taken to a fiber-coupled Ocean Optics Flame spectroscope.
Reflection measurements were carried out in an inverted
reflection microscope configuration using the same light
source, objective lens, and spectrometer. The absorption was
calculated from reflection and transmission using the relation A
= 1 − R − T. The Raman and PL spectra for the samples were
measured using a Renishaw inVia Raman spectrometer, which
was equipped with a 2400 lines per mm grating and a Peltier-
cooled CCD. A 50× objective was used to focus the laser beam
on the sample with a spot diameter of ∼1 μm. For the
temperature-dependent PL measurements, the sample was
placed in a heating setup and the laser power was fixed to 20
μW to reduce any additional heating from the laser at the point
of incidence. The Raman measurements were carried out
under ambient conditions with an excitation wavelength of 514

nm with varying laser powers. The temperature at the
measurement point was extracted using eq 1. The baseline-
corrected Raman spectrum was deconvoluted with a
Lorentzian lineshape, and the individual contributions of
constituent peaks were obtained by refining the peak position,
full width at half maximum (FWHM), and amplitude. The X-
ray photoemission spectra of the samples were recorded using
an X-ray photoelectron spectroscope (Axis Supra). X-ray
photoelectron spectroscopy (XPS) profiles of the samples were
acquired using a monochromatic Al Kα source with energy hν
= 1486.7 eV and operated at 15 kV and 15 mA. The binding
energy was determined with reference to the C 1s line at 284.8
eV.

2.5. Numerical Simulations. Finite-difference time-
domain (FDTD) simulations were performed using commer-
cial software (Lumerical Inc., FDTD Solutions). The refractive
index data used in the simulation were obtained from ref 57
after it was verified to produce similar results to the films.

3. RESULTS AND DISCUSSION

Figure 1a shows schematically the idea of probing a differential
thermal transport mechanism simultaneously with a PL
enhancement in textured perovskite films developed using
the soft lithographic technique. The prepatterned and
patterned perovskite thin films are characterized with the
help of XRD as shown in Figure S1 of the Supporting
Information. The difference in the quality of crystallization
achieved is shown in Figure S1b,c for planar and imprinted
films. The core-level XPS spectra for MAPbI (Figure S2,
Supporting Information) show the characteristic signature
peaks.58 Figure 1b shows the SEM images of the stripe- and

Figure 1. (a) Schematic representation of surface-patterned perovskites and their corresponding properties. (b) SEM images of MAPbI stripes and
nanoholes. (c) Raman spectra of MAPbI. The inset shows the region of interest for the present study. (d) Absorption and PL spectra of MAPbI
pristine, stripes, and nanoholes.
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nanohole-patterned perovskite thin films, which are negative
replications of the original PDMS mold. The height of the
grating is 140 nm, with width and period of 1.3 and 2.6 μm,
respectively. The average diameter of the nanohole is 493 nm,
and the mean depth is 127 nm. These results demonstrate that
although the perovskite is an ionic compound with no glass-
transition behavior, it can still be imprinted using soft
lithographic methods through molding into cavities under
the application of heat and pressure. The use of the elastomeric
stamp has a favorable crystallization effect on the thin film as it
reduces regions of lower surface energy and prevents unwanted
nucleation of the crystals forming isolated large arrays with
pores (Figure S3, Supporting Information). Figure 1c shows
the Raman spectra of a MAPbI film obtained under laser
excitation of 514 nm with the inset defining the region of
interest for our present study on Raman thermometry.
Different sets of vibrational peaks are observed at low
frequencies (80−250 cm−1), mid frequencies (300−800
cm−1), and higher frequencies (>800 cm−1) having their
origins due to the motion of the atoms inside the inorganic
PbI2 cage as well as the organic MA cations. The deconvoluted
Raman spectra are shown in Figure S4a−c (Supporting
Information), which show that an individual broad peak can
be decoupled into smaller contributions. In Figure S4a, a
Raman signal is observed between 80 and 170 cm−1 with peaks
at 96, 110, and 126 cm−1. The peak associated with 96 cm−1 is
related to Pb−I stretching, whereas the region 100−200 cm−1

represents the librational motion of MA cations. The broad
Raman band at 200−350 cm−1 is assigned to the torsional
motion of the MA cations.44 The range 400−3000 cm−1

(Figure S4b,c) is associated with the MA cations only and is

independent of the vibrations of the inorganic component.
These high-frequency vibrations are attributed to the bond
stretching and angle deformation of MA cations. A detailed
explanation of the origin of the vibrational modes in the
Raman spectra of MAPbI is provided in Section S5 of the
Supporting Information.
Optical characterizations were performed for the pristine

and metasurface-designed thin films by measuring the
reflection and transmission spectra across the visible regime
averaged over several locations as shown in Figure 1d. MAPbI
is very much absorptive to begin with and we observe an
enhancement in absorption. Clearly, absorption enhancement
will become more dominant for a thinner film device having a
lower initial absorption. A clear resonance is not visible as the
material is highly absorptive, which may dampen and broaden
any existing resonant peak. Such resonances may significantly
arise in the infrared regime, where the photon energies are
below the band gap of MAPbI, and the structure loses its
absorbing properties. The nanoholes show higher absorption
than the planar films and stripes, ensuring higher photon
absorption in the visible spectrum. We have not taken into
account the surface scattering; so, we should note that the
actual absorption will likely be slightly less than what is directly
derived from the measurement. Since the planar films and
nanoholes represent the two ends of the spectrum, to show this
enhanced absorption, a FDTD simulation of the electric field
in a nanohole array is performed and compared to the planar
counterpart (Figure S9, Supporting Information). It confirms
the presence of waveguide modes arising in the nanohole
perovskite layer as well as an increased localization of the field
inside the cavity. We observe that for longer wavelengths

Figure 2. (a) PL spectra for MAPbI thin film and nanoholes, (b) temperature-dependent PL spectra for MAPbI planar thin film, and (c) variation
of normalized PL intensity with temperature for both thin film and nanohole structures.
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(relative to the cavity size), the field is less localized in the
cavity and leaks into the perovskite where it gets guided and
absorbed. The absorption of the pristine and metasurfaces is
calculated as A = 1 − T − R, where A is the absorption, R is the
reflectance, and T is the transmittance. The metasurfaces
exhibit strong light-trapping capabilities with enhanced
absorption. In order to assess the contribution for generating
free carriers under solar illumination, we calculated the portion
of photons to be absorbed in the range of 400−800 nm under
AM1.5 illumination by multiplying the absorption spectra with
the irradiance from the Sun. For the planar film, we obtained
an absorption of 69% of the photons, whereas for the nanohole
metasurfaces, a value of 78% was found with the grating
absorption showing an intermediate value. This corresponds to
an overall 15% increase in the number of absorbed photons in
the case of nanoholes.

MAPbI shows an efficient PL spectrum at 765 nm with a
FWHM of 43 nm. The room temperature PL intensity of the
nanoholes is higher than that of the thin film with a small
redshift as shown in Figure 2a. To better understand the origin
of the large PL enhancement, we consider the following
plausible explanations. First, increased absorption will
obviously contribute to external PL efficiency. However, we
cannot singularly attribute the increased PL efficiency to
enhanced absorption. The second most plausible explanation is
the consideration of modified spontaneous emission arising
from the photonic structure.59 The emission rate of an emitter
is dependent on the surrounding electromagnetic field and
local photonic density of states.60 Therefore, a stronger field
confinement in the perovskite (Figure S9, Supporting
Information) enhances the rate of emission. However, the
most dominant contribution comes from the improved photon

Figure 3. Temperature dependence of the deconvoluted Raman shift at 110 cm−1 for (a,d) thin film, (b,e) stripes, and (c,f) nanoholes. The
temperature is extracted using eq 1.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.0c10187
J. Phys. Chem. C XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10187/suppl_file/jp0c10187_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10187?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10187?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10187?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10187?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.0c10187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


outcoupling in the thin film. It has already been established
that photon recycling, the reabsorption of emitted photons,
plays an important role in MAPbI,61 which means that not all
emitted photons exit the thin-film surface. The angle of
incidence to the surface normal for a textured surface is
relatively less compared to a planar film, which allows more
photons to be outcoupled from the system and provides the
necessary boost to the PL enhancement. The absorbed high-
energy photons stimulate hot carriers in the perovskite with
nonzero kinetic energy, which then decay to the band edge and
transfer their kinetic energy to the lattice through phonon
scattering, which when in thermal equilibrium result in heating
the sample. Therefore, temperature-dependent PL spectrosco-
py can be used for investigating the heat sensitivity and heat
fluctuations in samples, which can effectively act as markers for
temperature sensitivity. The temperature-dependent PL
spectra for the perovskite thin film show quenching on
increased heating of the sample (Figure 2b). The dependency
of normalized PL intensity on temperature is shown in Figure
2c. The PL of the nanoholes quenches faster with respect to
the temperature than for the planar film.
The temperature-dependent PL spectra showed the

enhanced thermal sensitivity of the nanostructures. In this
section, we try and find an insight into the local thermal
transport in perovskite thin-film metasurfaces. In order to
investigate the thermal transport of the nanostructures,
temperature- and laser power-dependent Raman spectra for
the pristine and patterned perovskites are shown. Since
temperature affects the density of iodine defects in perovskites,
we identify that the modes mostly affected by changes in
temperature are the MA ion librational mode and the Pb−I
stretching mode at 110 and 96 cm−1, respectively.62 The 110
cm−1 branch is an in-plane vibration, whereas the 96 cm−1

branch represents an out-of-plane vibration of optical phonons.
We consider the temperature dependence of both these
vibrations for the present study.
The deconvoluted Raman profiles for the planar, striped,

and nanohole perovskite systems in the range of 80−200 cm−1

for different laser excitations are shown in Figures S5−S7,
respectively, in the Supporting Information. The laser acts as a
localized heat source, and therefore, the Raman peak shifts act
as appropriate temperature markers. The frequency shift due to
phonon−phonon coupling is represented as63,64

ω
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(1)

where ω0 is the Raman frequency at 0 K, A is the anharmonic
constant, γ is the Grüneisen parameter, and β is the coefficient
of thermal expansion. The temperature at the measurement
point is calculated from the variation of peak positions as a
function of the incident laser power in accordance with eq 1.
The deconvoluted Raman profiles at 110 cm−1 for the three
samples at different temperatures are shown in Figure 3a−c,
respectively. The Raman shift as a function of temperature for
planar, stripe, and nanohole metasurfaces is shown in Figure
3d−f, respectively. The corresponding temperature depend-
ence of the Raman shift at 96 cm−1 is shown in Figure S8 of
the Supporting Information. The peak positions redshift with
an increase in temperature, which indicates that the thermal

properties of the samples are modified due to the heat from the
laser.63−65 In both the striped and nanohole perovskites, the
temperature reaches around 343 and 355 K, respectively,
compared to the planar film (∼335 K). A higher local rise in
temperature is observed in patterned perovskites compared to
the pristine sample. Considering a three-photon scattering
process, the scattering mechanism is empirically defined as τ−1

= τb
−1 + τp

−1 + τu
−1,where τb

−1 is due to the scattering from
sample boundaries and τp

−1 is due to scattering from point
defects like vacancies, substitutions, and other pointlike
impurities.66 With the increase in temperature, phonon−
phonon interactions start to dominate as given by the three-
phonon Umklapp scattering τu

−1 ∝ T3.66 τp
−1 is mostly a bulk

property of the sample and the effect of nanopatterning on it
can be ignored as the patterning does not inherently change
the vacancy defect densities in the materials. First, an increase
in the absorption plays a role in increased energetic photon
absorption. Due to the inherent ultralow thermal conductivity
of the material, the spread of optically deposited heat will be
hindered. Since the number of photoexcited carriers is low and
their contribution to the thermal transport is negligible, the
main contribution of the high-energy incident photons will be
to heat the material.67 Second, due to altered grain and grain
boundary dimensions arising as an artifact of the patterning
process, boundary scattering τb

−1 also contributes to the
thermal conductivity although its effect is much less than
anticipated.66,68 Therefore, the redshift in the phonon branches
results from an increase in the phonon−phonon scattering
(τu

−1). Thus, the phonon−phonon interactions in the nano-
patterns may be more due to the increased rattling motion of
the MA cations in the perovskite arising from the increased
local heating of the sample.69 It is worth noting that the
contribution of the boundary scattering from the metasurfaces
to the thermal transport is negligible.66,68 In a way, the
metasurfaces act as “localized heat concentrators,” which
concentrate the heat onto the perovskite underneath by
absorbing high-energy photons. We quantify this heat
sensitivity in the following section.
In order to understand quantitatively the heat sensitivity of

the systems under investigation, we investigate the shift in
phonon modes with respect to temperature. Figure 3d−f
shows the Raman shift as a function of temperature due to
laser-induced heating for planar and imprinted perovskite thin
films. The Raman frequencies redshift with temperature, which
can be analyzed by the following equation34

ω ω χ= +T T( ) 0 T (2)

where ω0 is the phonon frequency at absolute zero and χT is
the first-order temperature coefficient. By fitting the phonon
redshift using eq 2, the obtained χT values for the pristine,
grating, and nanohole perovskites are −0.018, −0.020, and
−0.022 cm−1/K, respectively. Recalling the thermal variation of
the 96 cm−1 mode, we find that the corresponding χT values
for pristine, grating, and nanohole perovskites are −0.008,
−0.008, and −0.01 cm−1/K, respectively. Apparently, the
wavenumber decrease of in-plane phonons is much larger than
that of the out-of-plane phonons, indicating a strong
anisotropic temperature dependence of wavenumbers of
phonons and consequently the thermal transport. This
observation is similar to the case of layered PbI2.

70 From the
calculated values of χT, it is clear that the heat sensitivity of the
nanoholes is more than those of the stripes and planar film,
respectively. This is in direct correlation with the temperature-
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dependent PL spectra for the thin film and nanohole
perovskite, which present themselves as two extremes in the
heat sensitivity spectrum.
The thermal transport, based on the observations of the

temperature dependence of phonon wavenumbers, is aniso-
tropic in nature. The in-plane thermal response far exceeds the
out-of-plane thermal behavior. In order to quantify the change
in the thermal transport upon optical irradiation, we try to
estimate the change in the thermal conductivity based on our
observations from Raman thermometry. The heat conduction
through a surface with the cross-sectional area S can be
evaluated from the equation: ∂Q/∂t = −K∮ (∇T.dS) where Q
is the amount of heat transferred over the time t and T is the
absolute temperature. Considering a circular heat front
propagating radially outward in a circular geometry, the
thermal conductivity is given by K = γ.(Q/ΔT),71 where γ ∝
1/2πd. Writing the uniform radial heat flow equation for the
two laser excitation powers P1 and P2, corresponding to the
two hot spot temperatures T1 and T2, respectively, the thermal
conductivity is expressed as K = (1/2πd)(ΔP/ΔT), where d is
the thickness and the local temperature rise ΔT is due to the
difference in the heating power ΔP = P2 − P1. For low-
excitation power levels, the peak position varies linearly with
the sample temperature ω = ω0 + χTT. The final expression for
the thermal conductivity in the radial heat wave case can be
written as72

χ
π

= ω −i
k
jjj

y
{
zzz
i
k
jjj

y
{
zzzk

d P
1

2
d
dT

1

(3)

where dω is a small shift in the peak position due to the
variation dP in the heating power on the sample surface.
Intuitively, a local temperature increase for two different
materials will be lower for the material with higher thermal
conductivity, assuming absorption to be constant. Considering
the dominant in-plane response, the deconvoluted Raman shift
as a function of laser power for the in-plane vibrations at 110
cm−1 obtained from Figures S5−S7 (Supporting Information)
is shown in Figure 4a−c, respectively. We have estimated the
slope (dω/dP) from Figure 4a−c for the pristine, striped, and
nanohole thin-film systems. Here, P represents the laser power.
The solid lines are the linear fit to the experimental data. Shen
et al. have shown that the thermal conductivity of MAPbI is
independent of thickness (d) ranging between 90 and 400
nm.71 Therefore, the effect of thickness “d” on the thermal
conductivity (k) can be assumed to be negligible for all the
three systems. Therefore, the only values of consideration are
χT and (dω/dP).
We categorize the three systems under investigation

(pristine, striped, and nanoholes) as A, B, and C, respectively,
with nearly equal absorption. The slope for the nanohole
(−0.38 cm−1/mW) is higher than the striped (−0.32 cm−1/
mW) and thin film (−0.27 cm−1/mW) perovskites, respec-
tively. The nanoholes show an ∼5% decrease in the in-plane
thermal response with respect to the grating structure and an
∼11% decrease with respect to the planar film if the absorption
in the samples is normalized with respect to the planar
perovskite. Thus, the nanohole-MAPbI perovskite thin films
act as material systems with reduced thermal conductivity
compared to the grating-MAPbI and planar-MAPbI perovskite

Figure 4. Raman shift of MAPbI thin films as a function of laser power for (a) thin film, (b) stripes, and (c) nanoholes.
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thin films. The inherent ultralow thermal conductivity of planar
MAPbI hinders the distribution of the optically deposited heat.
The reduced thermal conductivities in the grating and
nanohole metasurface-MAPbI systems with respect to the
planar film therefore mimic systems in which further restriction
in the outward flow of heat is observed, giving rise to more
local heating of the sample. These observations are therefore in
direct correlation with the observations regarding the heat
sensitivity, χT, and the PL quenching observed in Figure 2c.
We propose that partial lithographic engineering of perovskite
thin-film surfaces can therefore be an attractive way to set up
thermal gradients required for developing thermal potentials.
However, the effect of other factors like boundary scattering
and grain boundary engineering need to be addressed to fully
understand the mechanism of modulating thermal conductivity
using perovskite metasurfaces. This work thus aims to offer an
insight into designing future photothermal devices using
perovskite metasurfaces. In a broader sense, this work for the
first time also defines a window of thermal sensitivity for
MAPbI thin film−metasurface systems in which we can
maximize device functionalities for solar cells and other optical
applications.
We now discuss the consequences of this increased thermal

heating on optical/solar cell functioning. As mentioned earlier,
nanoimprinting of perovskite thin films does not alter the
defect density in the materials; the defect chemistry is solely
dependent on the temperature. The defect states, which have
significant impact on the optical degradation of the perovskite
solar cells, are due to the migration of ions and their
corresponding vacancies (quasi-ions). In order to understand
how the enhanced absorption and the local heating may have a
depressing effect on the working efficiency of the perovskite
solar cells, we need to understand the temperature-dependent
dynamics of the migrating ions in the material. There are two
kinds of charge carriers that play a significant role in the
working of solar cell/optical devices: (a) electrons and holes
resulting from absorption are responsible for the power
conversion process and (b) lattice defects in the form of ion
vacancies caused by migrating ions result in the optical
degradation of MAPbI.73 Since the formation energy of
MAPbI is very low, some amount of ionic and lattice defects
exists in the materials at room temperature. These vacancies
become ionized and take the form of quasi-ions when the
material absorbs photons resulting in the formation of
electron−hole pairs. Under the influence of the built-in
electric field, the quasi-ions move toward the end of the
perovskite layers giving rise to a reverse field. Thus with
sufficient time, density of such quasi-ions increases and the
working potential difference of the perovskite will be
completely nullified and the charge carrier separation will
cease.74 These quasi-ions, which are responsible for additional
energy levels below the conduction band minimum, will result
in higher nonradiative recombination and therefore the PL will
show quenching. Temperature can accelerate the change in the
densities of defects and their migration toward the edges of the
perovskite layers. For a 300−350 nm perovskite layer, the
formation energies of iodine and MA vacancies are 0.41 and
0.49 eV, respectively, which are quite low and can be easily
overcome with an increase in temperature.75 Thus with the
increase in temperature, the vibrational energy of ions in lattice
structures also increases, which enhances the probability of an
ion moving to the crystal surface, grain boundaries, or
dislocation surfaces. It has been shown experimentally that

with an increase in temperature, the number of ions inside the
layer volume decreases and the quasi-ion density at the edges
builts up.74,75 Thus, as temperature increases, the density of
vacancies/trap states increases enhancing the nonradiative
recombination rate, quenching the emission efficiency. It has
been shown that longevity of planar perovskite solar cells/
optical devices reduces drastically when temperature is
increased from room temperature.75 In our metasurface
systems, we see an increase in temperature locally, which
should definitely act as a catalyst in driving the materials
toward lower longevity on exposure.

4. CONCLUSIONS

We have investigated the temperature- and power-dependent
phonon behaviors in spatially patterned MAPbI thin films in
order to determine the thermophysical properties of the
MAPbI metasurfaces fabricated using the solution-mediated
soft lithographic technique. We observe good replication of the
patterned metasurfaces on the perovskite thin films using a
home-made pressing machine at an applied pressure of 4
kgcm−2, thus making the fabrication of metasurfaces on
perovskite thin films realizable for nonspecialist research
groups. We have demonstrated an enhanced absorption in
the perovskite metasurface systems under solar illumination
due to scattering and coupling to waveguide modes, which
enhances the field inside the material. PL enhancement in the
nanoholes is attributed to the combination of enhanced
absorption, enhanced spontaneous emission, and enhanced
photon outcoupling. A temperature-dependent PL measure-
ment demonstrates the differential heat sensitivity of the
perovskite metasurfaces with respect to the nontextured films.
The use of a noncontact and simple tool in Raman
spectroscopy allows us to study the local heating dynamics at
the nanoscale level and investigate the thermal phonon
behavior of perovskite thin films. Based on the Raman
measurements, the first-order temperature coefficient of the
phonon shifts has been determined for both pristine and
patterned perovskite thin films. The increased phonon
softening in nanohole perovskite thin films compared to the
planar and striped samples is responsible for concentrating
more heat locally and increasing the temperature. We are able
to define, for the first time to our knowledge, a window of
thermal sensitivity for MAPbI thin film−metasurface systems
using which we can maximize device functionalities for solar
cells and other optical applications. Based on our findings, we
propose that selective nanopatterning of perovskite thin films
can act as an innovative approach to develop localized thermal
gradients for the fabrication of futuristic photothermal devices
subject to further investigation.
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F.; Garnett, E. C. Controlling crystallization to imprint nanophotonic
structures into halide perovskites using soft lithography. J. Mater.
Chem. C 2017, 5, 8301−8307.
(18) Jeong, B.; Hwang, I.; Cho, S.-H.; Kim, E.-H.; Cha, S.; Lee, J.;
Kang, H.-S.; Cho, S.-M.; Choi, H.; Park, C. Solvent-Assisted Gel
Printing for Micropatterning Thin Organic−Inorganic Hybrid
Perovskite Films. ACS Nano 2016, 10, 9026−9035.
(19) Liu, W.; Zhou, H.; Chen, G. Patterned Lead Halide Perovskite
Crystals Fabricated by Microstructured Templates. Cryst. Growth Des.
2020, 20, 2803−2816.
(20) Verschuuren, M. A.; Knight, M. W.; Megens, M.; Polman, A.
Nanoscale spatial limitations of large-area substrate conformal imprint
lithography. Nanotechnology 2019, 30, 345301.
(21) Wang, H.; Liu, S. C.; Balachandran, B.; Moon, J.; Haroldson,
R.; Li, Z.; Ishteev, A.; Gu, Q.; Zhou, W.; Zakhidov, A.; Hu, W.
Nanoimprinted perovskite metasurface for enhanced photolumines-
cence. Opt. Express 2017, 25, No. A1162.
(22) Niu, G.; Li, W.; Meng, F.; Wang, L.; Dong, H.; Qiu, Y. Study
on the stability of CH3NH3PbI3 films and the effect of post-
modification by aluminum oxide in all-solid-state hybrid solar cells. J.
Mater. Chem. A 2014, 2, 705−710.
(23) Niu, G.; Guo, X.; Wang, L. Review of recent progress in
chemical stability of perovskite solar cells. J. Mater. Chem. A 2015, 3,
8970−8980.
(24) Grätzel, M. The light and shade of perovskite solar cells. Nat.
Mater. 2014, 13, 838−842.
(25) Li, X.; Tschumi, M.; Han, H.; Babkair, S. S.; Alzubaydi, R. A.;
Ansari, A. A.; Habib, S. S.; Nazeeruddin, M. K.; Zakeeruddin, S. M.;
Grätzel, M. Outdoor Performance and Stability under Elevated
Temperatures and Long-Term Light Soaking of Triple-Layer
Mesoporous Perovskite Photovoltaics. Energy Technol. 2015, 3,
551−555.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.0c10187
J. Phys. Chem. C XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10187/suppl_file/jp0c10187_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saswata+Halder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4079-5250
mailto:saswata.halder@mail.huji.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uriel+Levy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5918-1876
https://orcid.org/0000-0002-5918-1876
mailto:ulevy@mail.huji.ac.il
mailto:ulevy@mail.huji.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amit+Kessel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8113-100X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noa+Mazurski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10187?ref=pdf
https://doi.org/10.1126/sciadv.1501170
https://doi.org/10.1126/sciadv.1501170
https://doi.org/10.1038/nature12509
https://doi.org/10.1038/nature12509
https://doi.org/10.1021/acsenergylett.9b00847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400349b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400349b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511198f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511198f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4747795
https://doi.org/10.1063/1.4747795
https://doi.org/10.1021/acs.nanolett.6b02971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OE.24.023677
https://doi.org/10.1364/OE.24.023677
https://doi.org/10.1063/1.4963893
https://doi.org/10.1063/1.4963893
https://doi.org/10.1063/1.4963893
https://doi.org/10.1021/acsnano.5b08153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b08153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201604268
https://doi.org/10.1002/adma.201604268
https://doi.org/10.1021/acsnano.6b05535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b05535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mee.2017.02.023
https://doi.org/10.1016/j.mee.2017.02.023
https://doi.org/10.1016/j.mee.2017.02.023
https://doi.org/10.1002/adma.201605003
https://doi.org/10.1002/adma.201605003
https://doi.org/10.1039/C7TC02775C
https://doi.org/10.1039/C7TC02775C
https://doi.org/10.1021/acsnano.6b05478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b05478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b05478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b01717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b01717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/ab1c86
https://doi.org/10.1088/1361-6528/ab1c86
https://doi.org/10.1364/OE.25.0A1162
https://doi.org/10.1364/OE.25.0A1162
https://doi.org/10.1039/C3TA13606J
https://doi.org/10.1039/C3TA13606J
https://doi.org/10.1039/C3TA13606J
https://doi.org/10.1039/C4TA04994B
https://doi.org/10.1039/C4TA04994B
https://doi.org/10.1038/nmat4065
https://doi.org/10.1002/ente.201500045
https://doi.org/10.1002/ente.201500045
https://doi.org/10.1002/ente.201500045
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.0c10187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Katan, C.; Mohite, A. D.; Even, J. Entropy in halide perovskites.
Nat. Mater. 2018, 17, 377−379.
(27) Egger, D. A.; Bera, A.; Cahen, D.; Hodes, G.; Kirchartz, T.;
Kronik, L.; Lovrincic, R.; Rappe, A. M.; Reichman, D. R.; Yaffe, O.
What remains unexplained about the properties of halide perov-skites.
Adv. Mater. 2018, 30, No. 1800691.
(28) Weller, M. T.; Weber, O. J.; Henry, P. F.; Di Pumpo, A. M.;
Hansen, T. C. Complete structure and cation orientation in the
perovskite photovoltaic methylammonium lead iodide between 100
and 352 K. Chem. Commun. 2015, 51, 4180−4183.
(29) Quarti, C.; Mosconi, E.; Ball, J. M.; D’Innocenzo, V.; Tao, C.;
Pathak, S.; Snaith, H. J.; Petrozza, A.; de Angelis, F. Structural and
optical properties of methylammonium lead iodide across the
tetragonal to cubic phase transition: implications for perovskite
solar cells. Energy Environ. Sci. 2016, 9, 155−163.
(30) Whitfield, P. S.; Herron, N.; Guise, W. E.; Page, K.; Cheng, Y.
Q.; Milas, I.; Crawford, M. K. Structures, phase transitions and
tricritical behaviour of the hybrid perovskite methyl ammonium lead
iodide. Sci. Rep. 2016, 6, 35685.
(31) Comin, R.; Crawford, M. K.; Said, A. H.; Herron, N.; Guise, W.
E.; Wang, X.; Whitfield, P. S.; Jain, A.; Gong, X.; McGaughey, A. J.;
Sargent, E. H. Lattice dynamics and the nature of structural
transitions in organolead halide perovskites. Phys. Rev. B 2016, 94,
No. 094301.
(32) Liu, X.; Wu, X.; Ren, T. In situ and noncontact measurement of
silicon membrane thermal conductivity. Appl. Phys. Lett. 2011, 98,
174104.
(33) Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan,
D.; Miao, F.; Lau, C. N. Superior thermal conductivity of single layer
graphene. Nano Lett. 2008, 8, 902−907.
(34) Majumdar, D.; Biswas, S.; Ghoshal, T.; Holmes, J. D.; Singha,
A. Probing Thermal Flux in Twinned Ge Nanowires through Raman
Spectroscopy. ACS Appl. Mater. Interfaces 2015, 7, 24679−24685.
(35) Ben-Uliel, T.; Aviv, H.; Zhou, J.; Li, M.; Avadyayev, S.; Kapon,
O.; Damle, V.; Yi, C.; Tischler, Y. Raman scattering obtained from
laser excitation of MAPbI3 single crystal. Appl. Mater. Today 2020, 19,
No. 100571.
(36) Ledinsky,́ M.; Löper, P.; Niesen, B.; Holovsky,́ J.; Moon, S. J.;
Yum, J. H.; De Wolf, S.; Fejfar, A.; Ballif, C. Raman Spectroscopy of
Organic−Inorganic Halide Perovskites. J. Phys. Chem. Lett. 2015, 6,
401−406.
(37) Nakada, K.; Matsumoto, Y.; Shimoi, Y.; Yamada, K.; Furukawa,
Y. Temperature-Dependent Evolution of Raman Spectra of
Methylammonium Lead Halide Perovskites, CH3NH3PbX3 (X = I,
Br). Molecules 2019, 24, 626.
(38) Zhou, Y.; Garces, H. F.; Padture, N. P. Challenges in the
ambient Raman spectroscopy characterization of methylammonium
lead triiodide perovskite thin films. Front. Optoelectron. 2016, 9, 81−
86.
(39) Xie, L. Q.; Zhang, T. Y.; Chen, L.; Guo, N.; Wang, Y.; Liu, G.
K.; Wang, J. R.; Zhou, J. Z.; Yan, J. W.; Zhao, Y. X.; Mao, B. W.; Tian,
Z. Q. Organic−inorganic interactions of single crystalline organolead
halide perovskites studied by Raman spectroscopy. Phys. Chem. Chem.
Phys. 2016, 18, 18112−18118.
(40) Pistor, P.; Ruiz, A.; Cabot, A.; Izquierdo-Roca, V. Advanced
Raman Spectroscopy of Methylammonium Lead Iodide: Develop-
ment of a Non-destructive Characterisation Methodology. Sci. Rep.
2016, 6, 35973.
(41) Segovia, R.; Qu, G.; Peng, M.; Sun, X.; Shi, H.; Gao, B.
Evolution of Photoluminescence, Raman, and Structure of
CH3NH3PbI3 Perovskite Microwires Under Humidity Exposure.
Nanoscale Res. Lett. 2018, 13, 79.
(42) Brivio, F.; Frost, J. M.; Skelton, J. M.; Jackson, A. J.; Weber, O.
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