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Interfacial Chemistry Triggers Ultrafast Radiative Recombination in
Metal Halide Perovskites
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Abstract: Efficient radiative recombination is essential
for perovskite luminescence, but the intrinsic radiative
recombination rate as a basic material property is
challenging to tailor. Here we report an interfacial
chemistry strategy to dramatically increase the radiative
recombination rate of perovskites. By coating aluminum
oxide on the lead halide perovskite, lead–oxygen bonds
are formed at the perovskite-oxide interface, producing
the perovskite surface states with a large exciton binding
energy and a high localized density of electronic state.
The oxide-bonded perovskite exhibits a �500 fold
enhanced photoluminescence with a �10 fold reduced
lifetime, indicating an unprecedented �5000 fold in-
crease in the radiative recombination rate. The enor-
mously enhanced radiative recombination promises to
significantly promote the perovskite optoelectronic per-
formance.

Introduction

Metal halide perovskites are extremely attractive for opto-
electronic and photonic applications, such as solar cells,
photodetectors, light-emitting diodes, and lasers, because
they combine solution-processability with remarkable semi-
conductor characteristics.[1] Since a high radiative efficiency
is essential for high-performance optoelectronic devices,
considerable research effort has been devoted to enhancing
radiative recombination and suppressing non-radiative re-
combination in the perovskites.[2] The radiative recombina-
tion rate can be increased by localizing charge carriers via
quantum confinement[3] and ion doping[4] or by increasing
the density of photonic state with metamaterials/
metasurfaces,[5] while the trap-assisted non-radiative recom-
bination rate can be reduced through recrystallization of
perovskites[6] or chemical passivation of defects.[7] The
enhancement of intrinsic radiative recombination in perov-
skite materials represents a more direct and powerful
strategy for improving the perovskite optoelectronic per-
formance, especially that of luminescent devices.[8] However,
current quantum confinement and ion doping strategies
suffer from limited increases (<100 times, Table S1) in
radiative recombination rate because of their failure to
significantly affect the intrinsic electronic band structure of
perovskites.

In this work, we demonstrated an interfacial chemistry
strategy of modifying metal halide perovskites to dramati-
cally enhance their radiative recombination rate. By coating
aluminum oxide onto the lead halide perovskite film via
atomic layer deposition, lead-oxygen bonds are formed at
the perovskite-oxide interface, which results in a �500 fold
enhanced photoluminescence intensity together with a �10
fold reduced lifetime, corresponding to an unprecedented
�5000 fold increase in the radiative recombination rate.
Investigations of excited-state dynamics and calculations of
electronic band structures reveal that the giant enhancement
of radiative recombination is attributed to the formation of
oxide-bonded perovskite surface states with a large exciton
binding energy and a high localized density of electronic
state. As a result, the oxide-coated perovskite film allows for
stable and efficient optical gain with a remarkably low
threshold. The discovery that a surface chemical modifica-
tion of perovskites enhances radiative recombination rate
provides valuable guidance for perovskite optimization
towards improved optoelectronic performance.
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Results and Discussion

The films of cesium lead bromide (CsPbBr3) perovskites
were fabricated through anti-solvent assisted spin-coating
and modified by aluminum oxides (Al2O3) via plasma-
enhanced atomic layer deposition (PEALD) (Figure 1a, see
Supporting Information for further details). The thickness of
as-prepared perovskite films is around 125 nm (Figure S1).
Scanning electron microscopy (SEM) images (Figure 1b,d)
and atomic force microscopy images (Figure S2) show that
the CsPbBr3 films have very similar surface morphologies
with a surface roughness of �27 nm before and after the
Al2O3 modification. Energy-dispersive X-ray spectroscopy
(EDS) images (Figure 1c,e) exhibit uniform distributions of
Cs, Pb, and Br with molar ratios of 0.96 :1.00 :3.03 and
0.94 :1.00 :3.02 for the CsPbBr3 films without and with the
Al2O3 coating, respectively, which both conform well to the
CsPbBr3 stoichiometry. In addition, the uniform Al and O
distributions indicate the formation of a dense Al2O3 film on
the perovskite film. X-ray diffraction (XRD) patterns show
that the bare and Al2O3-coated CsPbBr3 films yield the same
diffraction peaks that can be indexed to the CsPbBr3
orthorhombic crystal phase (Figure 1f).[6b,9] Overall, the
CsPbBr3 perovskite films maintain their original morpholo-
gies, components, and crystal structures after the Al2O3

modification. These results exclude the potential possibility
that the CsPbBr3 perovskite film experiences changes in the
morphology, component, or crystal structure during the

Al2O3 deposition, which might affect the perovskite lumines-
cence.

X-ray photoelectron spectroscopy (XPS) measurements
were conducted to probe the interfacial interaction between
the CsPbBr3 and Al2O3. While the Cs and Br 3d peaks show
no shift (Figure S3), the Pb 4f peaks experience a clear shift
towards high binding energy after the Al2O3 modification
(Figure 1g). In the bare CsPbBr3 film, the two Pb XPS peaks
observed at 143.0 and 138.1 eV correspond to Pb 4f5/2 and
Pb 4f7/2 levels in the Pb� Br octahedra, respectively.

[10] After
the Al2O3 coating, the Pb 4f peaks become broad and can be
deconvolved into two components: the original doublet
peaks of the Pb–Br octahedra and two additional high-
binding-energy peaks at 143.5 and 138.6 eV. The two newly
emerged peaks can be assigned to the Pb� O bonds at the
CsPbBr3-Al2O3 interface (Figure 1a).[11] The formation of
the Pb� O bonds is expected to significantly alter the
electronic band structure of the CsPbBr3 perovskite leading
to unique band-edge emission phenomena.

Figure 2a,b show the photoluminescence (PL) images of
the CsPbBr3 perovskite films with and without Al2O3

modification under ultraviolet (UV) excitation. The UV
light power was kept constant, while the UV exposure time
for PL imaging of the bare perovskite was 100 times longer
than that of the Al2O3-coated one. Apparently, the Al2O3-
coated CsPbBr3 film exhibits a much stronger green light
emission. As shown in the corresponding PL spectra (Fig-
ure 2c), the PL intensity of the CsPbBr3 film increases

Figure 1. a) Schematic diagram showing the chemical modification of the CsPbBr3 perovskite with Al2O3. b) SEM image and c) EDS mapping of a
typical CsPbBr3 perovskite film. Scale bar is 10 μm. d) SEM image and e) EDS mapping of a CsPbBr3 perovskite film coated with Al2O3 of 40 ALD
cycles. Scale bar is 10 μm. f) XRD patterns of the CsPbBr3 perovskite films with and without Al2O3 coating, corresponding to the same CsPbBr3
orthorhombic phase. g) XPS spectra of Pb 4f of the CsPbBr3 perovskite films with and without Al2O3 coating, revealing the formation of Pb� O
bonds.
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�500 times after Al2O3 modification. Accordingly, the PL
quantum yield of the CsPbBr3 perovskite film increases
from �0.1% (instrument limited) to 8.6%. A systematic
study was further carried out on the PL of the CsPbBr3 films
coated by Al2O3 with an increasing number of ALD cycles
(Figure S4). The PL intensity of the CsPbBr3 film strongly
increases up to 20 ALD cycles and then levels off with
additional ALD cycles (Figure 2d). This indicates that the
formation of a dense Al2O3 film on the whole surface of a
CsPbBr3 film requires at least 20 ALD cycles.

Figure 2e shows the PL decay profiles of the bare and
Al2O3-coated CsPbBr3 films under the same excitation
powers, which both can be well fitted exponentially with
average PL lifetimes of 5.8 and 0.52 ns, respectively. We
systematically investigated the PL decay dynamics of the
CsPbBr3 films coated by Al2O3 with different ALD cycles
(Figure S5). When the ALD cycle increases, the PL lifetime
of the CsPbBr3 film first declines rapidly and then
approaches a plateau value (Figure 2f). When more than
20 ALD cycles are employed, the PL lifetime is reduced
more than 10 times. Apparently, the decrease of the PL
lifetime corresponds well to the increase of the PL intensity
(Figure 2d, f), which indicates that the PL enhancement in
the Al2O3-modified CsPbBr3 perovskite is mainly caused by
a more efficient radiative recombination. The radiative
recombination rate can be evaluated by the ratio of PL
quantum yield to PL lifetime.[8] Because the light absorption
coefficient of the CsPbBr3 film remains nearly unchanged
before and after Al2O3 modification (Figure S6), the PL
intensity is in direct proportion with the PL quantum yield.
Hence, the �10 fold PL lifetime reduction, together with
the �500 fold PL intensity enhancement, reveals a �5000
fold increase in the radiative recombination rate of per-

ovskite, which is much larger than those reported by other
strategies (Table S1).

One of the most intriguing features of the perovskites is
their chemically tailorable band gaps supporting tunable
light emission.[12] Here, we fabricated the CsPbClBr2 and
CsPbBr1.5I1.5 perovskite films with cyan and red emission,
respectively, and modified them with Al2O3 (Figure S7).
Both of the CsPbClBr2 and CsPbBr1.5I1.5 films exhibit
increased PL intensities and reduced PL lifetimes after the
Al2O3 modification, corresponding to the remarkable
enhancement of radiative recombination. This indicates that
the interfacial chemistry strategy of enhancing radiative
recombination is universal for the perovskites with different
halogen compositions.

To reveal the mechanism underlying the radiative
recombination enhancement, we first investigated the ex-
cited-state dynamics in the CsPbBr3 perovskites. The PL
spectra of bare and Al2O3-coated CsPbBr3 perovskite films
were recorded at different temperatures ranging from 5 to
300 K (Figure 3a,b). With the decrease of temperature, the
light emissions from both the bare and Al2O3-coated
CsPbBr3 films undergo notable red shifts, spectral narrow-
ing, and intensity increases (Figure 3c–e). The temperature
(T) dependent PL peak energy (E), full width at half
maximum (FWHM, Γ), and integrated intensity (I) satisfy
the following Equations (1)–(3), respectively:[13]

E ¼ E0 þATET þAEP
2

exp EAP
kBT
� 1

� �þ 1

0

@

1

A (1)

where ATE and AEP are the contribution coefficients of
lattice thermal expansion and electron-phonon interaction

Figure 2. a,b) PL images of bare and Al2O3-coated CsPbBr3 perovskite films under UV (330–380 nm) excitation with the same power. The UV
exposure time for PL imaging of the bare perovskite is 100 times longer than that of the Al2O3-coated one. Scale bars are 20 μm. c) PL spectra of
the CsPbBr3 perovskite films with and without Al2O3 coating under same UV excitations, showing a �500 fold PL enhancement after Al2O3 coating.
d) PL intensities of the CsPbBr3 perovskite films coated by Al2O3 with different ALD cycles. e) PL decay profiles and fitted curves of the CsPbBr3
perovskite films with and without Al2O3 coating under the same excitation powers. f) PL lifetimes of the CsPbBr3 perovskite films as a function of
Al2O3 ALD cycles.
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to the band gap variation, respectively, EAP is the average
phonon energy, and kB is the Boltzmann constant;

G ¼ G0 þ gAT þ
gLO

exp ELO
kBT

� �
� 1 (2)

where γA and γLO are the contribution coefficients of exciton-
acoustic phonon and exciton-longitudinal optical phonon
interactions to the FWHM variation, respectively, and ELO is
the longitudinal optical phonon energy;

I ¼
I0

1þAexp � Eb=kBTð Þ
(3)

where A is a pre-exponential factor and Eb is the exciton
binding energy.

Table 1 lists the fitting results of the contribution
coefficients of the lattice expansion to band gap variation,
phonon energies, and exciton binding energies. The band
gap of Al2O3-coated CsPbBr3 experiences less influence
from the lattice expansion than that of bare CsPbBr3,
indicating a CsPbBr3 lattice anchoring by the surface Al2O3

with a smaller thermal expansion coefficient.[14] Meanwhile,
the Al2O3-coated CsPbBr3 exhibits larger phonon energies
than the bare CsPbBr3, which is attributed to the formation
of interfacial PbO and Al2O3 with higher rigidities.

[15] These
results demonstrate that the highly efficient light emission in
the Al2O3-coated CsPbBr3 perovskite film originates from
the CsPbBr3 surface states chemically bonded with Al2O3.
Besides, the Al2O3-modified CsPbBr3 surface states have a
larger exciton binding energy than the bare CsPbBr3 because
the interfacial PbO and Al2O3 with lower dielectric constants
weakens the Coulomb screening of electron-hole pairs.[16]

The large exciton binding energy induces a large electron-
hole capture rate and a high radiative transition probability,
accounting for the ultrafast radiative recombination in the
Al2O3-coated CsPbBr3 perovskite film.

The CsPbBr3 surface radiative states were further
investigated through the excitation power dependent ex-
cited-state dynamics. We collected the PL spectra of bare
and Al2O3-coated CsPbBr3 perovskite films under different
excitation powers ranging from 18.7 nW to 16.8 μW (Fig-
ure 4a,b). The excitation power (P) dependent integrated
PL intensity (I) follows an exponential function, I/Pk,

Figure 3. a,b) PL spectra of bare and Al2O3-coated CsPbBr3 perovskite
films measured at different temperatures. c–e) Temperature-dependent
PL peak energies, PL FWHMs and integrated PL intensities of the
CsPbBr3 perovskite films with and without Al2O3 coating.

Table 1: Fitting results of lattice expansion contributions to band gap variation, phonon energies, and exciton binding energies.

ATE [meVK� 1] EAP [meV] ELO [meV] Eb [meV]

CsPbBr3 0.46 36.6 21.0 37.2
CsPbBr3+Al2O3 0.41 40.1 23.4 52.8

Figure 4. a,b) PL spectra of bare and Al2O3-coated CsPbBr3 perovskite films under different excitation powers. c) Integrated PL intensities of the
CsPbBr3 perovskite films with and without Al2O3 coating versus excitation powers.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202115875 (4 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



where the power coefficient k=1 and 2 denotes monomo-
lecular and bimolecular recombination processes,
respectively.[17] The fitted power k values fall between 1 and
2 for both bare and Al2O3-modified CsPbBr3 (Figure 4c),
indicating the coexistence of exciton and free charge carrier
recombination processes. The Al2O3-modified CsPbBr3 per-
ovskite has a smaller k value, implying a higher proportion
of the exciton recombination, which further confirms its
larger exciton binding energy.

For a deeper understanding of the ultrafast radiative
recombination, we measured the PL characteristics of the
CsPbBr3 perovskite films from the substrate side (Fig-
ure S8). After the Al2O3 coating, the PL intensity increases
�480 times and the PL lifetime decreases �10 times.
Apparently, the ultrafast radiative recombination in the
Al2O3-modified CsPbBr3 film detected from the substrate
side is almost the same as that from the perovskite surface
(Figure 2). This phenomenon can be explained by a physical
picture for the ultrafast photogenerated carrier dynamics as
follows. Optical excitation leads to the generation of carriers
in both perovskite bulk and surface phases. The CsPbBr3
bulk phase with a long intrinsic carrier lifetime serves as a
carrier reservoir, while the Al2O3-modified CsPbBr3 surface
state offers an ultrafast radiative recombination pathway for
the photogenerated carriers. Because the carrier diffusion
length (up to 10 μm) of the CsPbBr3 perovskite is much
larger than the CsPbBr3 film thickness (�125 nm),[18] the
photogenerated carriers in the bulk phase diffuse rapidly to
the perovskite surface and are captured by the CsPbBr3
surface states with a larger exciton binding energy. As a
result, almost all radiative decay of the photogenerated
carriers in the Al2O3-modified CsPbBr3 perovskite films
occur through the surface ultrafast recombination pathway.

To further elucidate the mechanism underlying the giant
radiative recombination enhancement, we calculated the

electronic band structures of CsPbBr3 perovskites before
and after Al2O3 chemical modification (Figure 5a,b, see
Supporting Information for calculation details).[19] Both the
bare and Al2O3-modified CsPbBr3 perovskites have direct
band gaps at the G-point of the Brillouin zone (Figure 5c,d,
left panels), representing a prerequisite for efficient radia-
tive recombination. From the electronic band dispersion, we
extracted the effective masses of the electron and hole (me

and mh) and further calculated the reduced electron-hole
masses (mr) (Table 2). Compared with the bare CsPbBr3,
the Al2O3-modified CsPbBr3 perovskite has a larger reduced
electron-hole mass, which is in good agreement with its
larger exciton binding energy as the Equation (4):[1d]

Eb ¼
mre

4

8ph2e2
(4)

where e is the elementary charge, h is the Planck constant,
and ɛ is the dielectric constant. In addition, the Al2O3-
modified CsPbBr3 perovskite exhibits higher densities of
electronic states in both valence and conduction bands than
the bare CsPbBr3 perovskite (Figure 5c,d right panels),
providing more transition pathways for the radiative
recombination. Furthermore, we calculated the real-space
distributions of the densities of electronic states at the
conduction band minima of the bare and Al2O3-modified
CsPbBr3 perovskites (Figure 5e, f). The density of electronic

Figure 5. a,b) Theoretical models of orthorhombic-phase CsPbBr3 perovskites without and with Al2O3 chemical modification. c,d) Calculated
electronic band structures and projected densities of electronic states of the CsPbBr3 perovskites without and with Al2O3 modification. e, f) Real-
space distributions of the densities of electronic states at conduction band minima of the bare and Al2O3-modified CsPbBr3 perovskites.

Table 2: Calculated effective masses and reduced masses of the
electron and hole.

me mh mr

CsPbBr3 1.25 0.26 0.21
CsPbBr3+Al2O3 1.13 0.42 0.31
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states uniformly distributes in the CsPbBr3 lattice before the
Al2O3 coating, but becomes localized at the CsPbBr3-Al2O3

interface after the Al2O3 modification. The localization
corresponds to an increase in the electron-hole wave
function overlap in the Al2O3-modified CsPbBr3 perovskite,
which significantly enhances the radiative recombination
probability.[4c,8] Overall, both the increase and localization of
the density of electronic states contribute to strongly
enhancing the radiative recombination rate in the Al2O3-
modified CsPbBr3 perovskite.

To sum up, by probing the excited-state dynamics and
electronic band structures, we reveal that the giant
enhancement of the radiative recombination is attributed to
the formation of oxide-bonded perovskite surface states
with a large exciton binding energy and a high localized
density of electronic states. The enhanced radiative recombi-
nation promises to improve the perovskite optoelectronic
performance, especially in luminescence applications. For
example, the optical gain increases with the radiative
recombination rate as the stimulated emission cross-section
can be calculated based on Equation (5):[20]

s lð Þ ¼
l4EF lð Þ

8pn2 lð ÞctF
(5)

where λ is the wavelength, n(λ) is the refractive index, c is
the vacuum light velocity, τF is the PL lifetime, and EF(λ) is
the PL quantum distribution versus wavelength. The stimu-
lated emission cross-section is proportional to the ratio of
PL quantum yield to PL lifetime, that is, the radiative
recombination rate. This indicates a �5000 fold increase in
the stimulated emission cross-section for the Al2O3-modified
CsPbBr3 perovskite, which would significantly improve the
optical gain of CsPbBr3 perovskites.

The optical gain in CsPbBr3 perovskite films with and
without Al2O3 coating was investigated through optically
pumped amplified spontaneous emission (ASE) (Fig-
ure S9).[21] The PL spectra of CsPbBr3 perovskite films were
collected under excitation with increasing energy fluence
(Figure 6a,b). At low pump fluences, the CsPbBr3 films
exhibit broad PL spectra, corresponding to the spontaneous
emission.[22] When the pump fluence exceeds certain thresh-
olds, the PL from CsPbBr3 films experiences a notable
spectral narrowing and a dramatic intensity increase, indicat-
ing the occurrence of ASE.[23] The nonlinear response of the
light emission intensity to pump fluence confirms the ASE
behaviors in both kinds of CsPbBr3 perovskite films (Fig-
ure 6c).[24] From the pump fluence-dependent PL intensities,
we derived the ASE thresholds of 51.5 and 20.6 μJcm� 2 for
the bare and Al2O3-modified CsPbBr3 films, respectively.
The notable reduction of ASE threshold in CsPbBr3
perovskite films after Al2O3 coating is attributed to the
increase in the stimulated emission cross-section. Besides
improving its optical gain, the Al2O3 coating endows the
CsPbBr3 perovskite with high stability.

[25] We recorded the
ASE intensities of the CsPbBr3 perovskite films under
continuous excitation of 5 hours (Figure 6d). The ASE
intensity from the bare CsPbBr3 film starts to decline
significantly after 2 hours and drops down to 46% of its

initial output intensity after 5 hours, while the Al2O3

encapsulated CsPbBr3 film maintains 90% of its initial ASE
intensity after 5 hours. Overall, the Al2O3-coated CsPbBr3
perovskite fully demonstrates stable and efficient optical
gain.

Conclusion

In summary, we realized a giant enhancement of the
radiative recombination rate in metal halide perovskites
with an interfacial chemistry strategy. The CsPbBr3 perov-
skite film was chemically modified by Al2O3, producing a
perovskite-oxide interfacial hybrid system. After the Al2O3

modification, the perovskite film exhibited a �500 fold PL
enhancement and a �10 fold PL lifetime reduction,
indicating an unprecedented �5000 fold increase in the
radiative recombination rate. By exploring the excited-state
dynamics and electronic band structures, the giant
enhancement of radiative recombination was attributed to
the formation of oxide-bonded perovskite surface states
with a large exciton binding energy and a high localized
density of electronic state. The enormously enhanced
radiative recombination rate significantly improved the
optical gain in the CsPbBr3 perovskite film. Our experimen-
tal finding opens up an avenue to optimize metal halide
perovskites with high performance for optoelectronic appli-
cations.
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