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A comprehensive study of the optical properties of CsPbBr; perovskite
multiple quantum wells (MQW) with organic barrier layers is presented.
Quantum confinement is observed by a blue-shift in absorption and emission
spectra with decreasing well width and agrees well with simulations of the
confinement energies. A large increase of emission intensity with thinner
layers is observed, with a photoluminescence quantum yield up to 32 times
higher than that of bulk layers. Amplified spontaneous emission (ASE)
measurements show very low thresholds down to 7.3 uj cm=2 for a perovskite
thickness of 8.7 nm, significantly lower than previously observed for CsPbBr;
thin-films. With their increased photoluminescence efficiency and low ASE
thresholds, MQW structures with CsPbBr; are excellent candidates for

high-efficiency perovskite-based LEDs and lasers.

1. Introduction

Metal halide perovskite materials are direct-bandgap semicon-
ductors that have caught the attention of researchers in the field
of optoelectronic devices over the last decade,!! due to their
excellent properties such as long carrier lifetime,/?) low defect
trap density,’] and large absorption coefficient.l*] Remarkable ad-
vances have led to high performance in both solar cells (power
conversion efficiencies > 25%%)) and light-emitting diodes (ex-
ternal quantum efficiency > 20% [©7]) based on perovskite
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materials. Additionally, perovskites are
of special interest for high-fluence ap-
plications such as lasers due to their
very high damage thresholds, narrow
linewidth, and high optical gain.®! Since
the bandgap can be tuned over the entire
visible light spectrum by either modify-
ing the composition®! or tailoring the
dimensionality,[') perovskite-based lasers
are not only possible alternatives for already
existing laser devices, but would rather
open a full spectrum of new applications!!!!
by filling the spectral gaps where common
lasers cannot emit.

Most of the research in perovskite-
based light-emitting applications has been
based on perovskite materials fabricated
by solution processing.['2) However, perovskite thin films can
also be manufactured by vacuum deposition, which has already
shown to be more promising for photon amplification.*3] Vac-
uum deposition is easily scalable, which paves the way for a
more facile realization of industrial-scale perovskite optoelec-
tronic devices.'*] Another important benefit of deposition by
thermal evaporation is the possibility to fabricate complex multi-
layer structures with precise control of layer thicknesses down to
sub-nanometer scale.

When using an alternating heterostructure of materials pos-
sessing different bandgaps, multiple quantum wells (MQWs) can
be created if the layers are sufficiently well-defined.[" With a well
width comparable to the exciton Bohr diameter, the charge car-
riers are confined and the energy levels become discrete with
a step-like density of states. The exciton Bohr diameter of bulk
CsPbBr, perovskite, as the one used in this study, is 7 nm.!'% 171 In
this small volume of space, the carrier concentration is very high
and electron-hole recombination is enhanced, which enables a
stronger population inversion.!'®] These advantages make MQWs
afield of intense research, leading to the demonstration of super-
luminescent light-emitting diodes, infrared photodetectors, and
quantum cascade lasers with very high efficiencies.#21]

Combining the advantages of perovskites with the improve-
ments that can be achieved by their integration into MQW
structures is a promising method to approach the goal of elec-
trically driven perovskite-based lasers. As steps toward that
goal, electrical pumping of perovskite diode structures??!
and amplified spontaneous emission (ASE) of films!!
have been shown. MQW structures made of CsPbBr; and
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Figure 1. a) Schematic sketch of the band structure of a single quantum well. The structure is repeated five times to create the MQWs. b) Unit cell of
orthorhombic CsPbBr; perovskite and c) chemical structure of TPBi. d) General structure of the samples: The CsPbBr; perovskite thickness was varied
from 3-20 nm between samples and the TPBi thickness was kept constant at 5 nm. e) Cross-section SEM of an MQW 20 sample with five 20 nm-thick
perovskite layers (bright) confined in 5 nm-thick TPBi layers (dark) on a glass substrate. The precise determination of thicknesses was conducted via
small-angle X-ray reflectivity (XRR, see Supporting Information for more details).

1,3,5-tris(2-N-phenylbenzimidazolyl) benzene (TPBi) layers were
already presented in ref. [15] where the authors have shown
quantum confinement by blue shifts of emission and absorption
spectra with decreasing well thickness.

Here, we present a comprehensive study of type-I multi-
quantum well structures and their potential for use in perovskite-
based light-emitting or even lasing devices. For this purpose,
similar to the previous report by Lee et al.['l TPBi was used
as an organic blocking layer between CsPbBr, perovskite lay-
ers to realize quantum wells for both electrons and holes si-
multaneously (Figure 1a—d). Both materials were sequentially de-
posited on glass substrates via thermal evaporation. We demon-
strate that the MQW structure has optical properties far superior
to bulk films.

2. Results and Discussion

To investigate the effect of the perovskite layer thickness on the
MQW properties, five different sample structures were produced
by vacuum deposition. In each structure, five perovskite layers of
varying thicknesses (3, 5, 7, 10, and 20 nm) were sandwiched be-
tween blocking layers (TPBi) with a thickness of 5 nm. The gen-
eral MQW structure, and a scanning electron microscopy (SEM)
cross-section of the sample with a perovskite thickness of 20 nm
are shown in Figure 1d,e. Additionally, a thin film sample con-
sisting of a 50 nm-thick perovskite layer enclosed between two
5 nm-thick TPBi layers was fabricated as reference. In the follow-
ing, the MQW samples are labeled as MQW 3, 5, 7 .. and the bulk
sample is referred to as bulk 50.
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2.1. Structural Characterization of the MQWs

SEM cross-section of the MQW 20 sample (Figure 1e) shows that
compact and pinhole-free perovskite films are formed for these
layer thicknesses, which is crucial for the observation of quantum
confinement effects. Similar formation of well distinguishable
layers for thinner samples was confirmed by small-angle X-ray
reflectivity (XRR) measurements. In these measurements, ho-
mogeneous films with small surface roughness result in a char-
acteristic series of Bragg reflections corresponding to the peri-
odic layer thicknesses in the MQW structures. In Figure 2a, clear
Bragg reflections are observed, which confirm the formation of
clearly distinguishable layers. In addition, we find thickness os-
cillations (Kiessig fringes) corresponding to the thickness of the
entire MQW structure.[?)] The experimental results were fitted
assuming an electron density profile where all layers of the same
type have the same thickness, and the r esults are summarized in
Table S1, Supporting Information. We find excellent agreement
between the nominal film thicknesses and those extracted from
the XRR measurements.

The deposition of ultrathin perovskite layers by thermal evap-
oration raises questions regarding their crystalline quality. To in-
vestigate this, the MQW structures and the bulk reference sam-
ples were characterized by X-ray diffraction (XRD). The XRD
diffractograms shown in Figure 2b confirm the successful forma-
tion of perovskite layers with a tetragonal structure for the layered
structures and orthorhombic for the bulk.[?*! While no clear re-
flexes were observed for the MQW 3 structure, we believe that
this is caused by the very small amount of perovskite materials

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) X-ray reflectivity patterns of different layer thicknesses. The total reflection edge is at 2 ©® ~ 0.5 °. For higher angles, characteristic Bragg peaks
due to reflections at layer interfaces and thickness oscillations (Kiessig fringes) are clearly visible. b) X-ray diffraction data of different layer thicknesses

and the reference for orthorhombic and tetragonal CsPbBr,.[24]
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Figure 3. Optical properties of the investigated samples. a) Absorption spectra for different layer thicknesses. b) Photoluminescence spectra of MQWs
when excited by a 405 nm CW laser, the inset shows the normalized spectra (measured in an integrating sphere, see Experimental Section for more

details).

in these samples that does not lead to measurable X-ray diffrac-
tion. Please note that between 20° and 25°, the amorphous back-
ground of the glass substrate becomes noticeable for the thinner
perovskite layers.

2.2. Optical Characterization of the MQWs

The optical properties of materials confined in a quantum well
structure depend on the width of the well, leading to a blue-shift
in absorption for narrower quantum wells.[®! Figure 3a shows
the measured optical absorption spectra, clearly shifting toward
shorter wavelengths (e.g., higher energies) for smaller perovskite
thicknesses. Additionally, the same trend can be observed in the
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emission spectra (Figure 3b). These shifts are typical for quantum
well structures due to the higher confinement energies at smaller
well sizes.

In contrast to our observations, Lee et al., measured much
larger energy shifts for the same perovskite thicknesses in single
quantum well structures.'> 2] Assuming variations in the per-
ovskite thickness, charge carriers are expected to accumulate at
positions with slightly higher well thickness so they can mini-
mize their energy. The relatively high values of surface rough-
ness obtained via XRR (Table S1, Supporting Information) are in
agreement with this effect. Additionally, as Lee et al.,'] has al-
ready shown for a barrier thickness of 7 nm, tunneling effects
cannot be excluded. Charge carriers are hence able to tunnel
through the TPBi barrier and accumulate at the thickest CsPbBr;
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Figure 4. a) Integrated emission intensity and Photoluminescence Quantum Yield (PLQY). For the MQW 3, the integrated emission intensity is more
than 15 times larger than that of the bulk and the PLQY is increased by 35 times. b) Band gap shift depending on the well thickness (obtained by XRR
measurements) of the MQWSs compared to the bulk energies. The absorption spectra are analyzed via the Tauc-plot method, the peak position of the
photoluminescence emission spectrum is used, and the simulation results are determined by finding the eigenenergies within the quantum wells.

well. If the formation of a closed layer was not successful, isolated
grains of perovskite could exist embedded in TPBi that would
behave like a quantum dot due to the confinement in all dimen-
sions. CsPbBr; quantum dots with similar diameters as the thick-
ness of the thin layers in our work show a significantly larger
blue shift in emission and absorption spectra than observed for
our quantum wells.[?”] Therefore, we additionally assume that
we have a successful formation of closed perovskite layers. 2D
confinement in lead halide perovskites has also been shown in
Ruddlesden—Popper perovskites, where confinement energies of
500 meVI? 2] are reached, which is about one order of magni-
tude stronger than our observations. This strong confinement is
achieved by creating well thicknesses down to one unit cell.

2.3. Confinement Simulation

To verify the observed band gap shifts due to confinement, the
MQW structures were simulated by numerically solving the
Schrodinger equation employing the method of finite differ-
ences. This method creates discrete approximations that can be
solved using linear equations, and by that preserves important
properties of the underlying continuum equation. As sketched
in Figure S6, Supporting Information, a simple 1D step-like po-
tential is assumed which represents the potential curve of the
conduction band for electrons or the valence band for holes. Well
heights of 0.41 eV in the conduction band and 0.55 eV in the va-
lence band were assumed, 2] and the effective masses in the well
were set to 0.15 m, for electrons and 0.14 m, for holes.*%!

Solving the eigenvalue problem results in multiple eigenen-
ergies for each well thickness. Only the ground states are used,
since charge carriers elevated into higher energy levels are ex-
pected to relax to the ground state very fast. The simulation was
performed for electrons in the conduction band and for holes in
the valence band, and the obtained minimum eigenenergies were
added to get the total confinement energies.

Since the energy eigenstates heavily depend on the effective
masses in well and barrier and the effective masses for TPBi are
unknown, the simulation is conducted by fitting the obtained
band gap shifts to the measured values depending on the bar-
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rier effective masses. The best-fitting value is reached by using
the least-square method between the simulation results and both
the data from the Tauc-plot and from the spectral emission posi-
tion. By that, effective masses of 0.46 m, for electrons and 2.07 m,
for holes were obtained, which are within the range of other or-
ganic semiconductors.?'-3} The resulting band gap shifts (Fig-
ure 4b) agree well with the gap shifts obtained from the emission
spectra. By that, successful quantum confinement is additionally
confirmed. Conducting the simulation for single quantum wells
with the beforehand obtained effective mass of TPBi results in
1.6% higher energy levels. This small difference is explained by
the presence of adjacent quantum wells in the MQW structure,
which allows coupling between the wave functions of the individ-
ual quantum wells.

2.4. Photoluminescence Quantum Yield

To our knowledge, there is currently no report about emission in-
tensity of CsPbBr,;/TPBi MQW structures. Figure 3b shows that
the emission intensity is significantly increasing for smaller well
thickness. Integrating the emission signals results in an emis-
sion intensity 15 times higher for the MQW 3 compared to the
bulk (Figure 4a). As a result of lower absorbance of the thinner
samples, MQW structures with lower well width exhibit a much
higher photoluminescence quantum yield (PLQY) than thicker
wells. The efficiency increases from 0.13% for the bulk to 4.62%
for the MQW 3, which is an increase by a factor of 35.

Excitons are known to dissociate in bulk CsPbBr,.** By spa-
tially confining the excitons using quantum wells, the probability
of dissociation can be lowered, thus, the radiative recombination
is becoming more likely which results in the observed increase
of emission intensity. The enhanced overlap of the electron and
hole wave functions for thin wells additionally increases the prob-
ability for radiative recombination. Furthermore, the high sur-
face roughnesses observed in XRR increases the outcoupling ef-
ficiency.

Since PLQY represents the ratio of emitted photons per elec-
tronic excitation, it is a crucial factor for designing efficient LEDs

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) Normalized ASE spectra in various MQW systems, showing the phenomenon of spectral narrowing in the transitional region from sponta-
neous to stimulated regime and b) determined ASE thresholds for these structures.

or lasers.[*] These new findings show that MQW structures can
pave the way to high-efficiency perovskite-based LEDs.

As shown in Section 2.6, samples with a total structure thick-
ness above 60 nm exhibit waveguide formation in the spectral
range of emission. If waveguiding (and therefore higher absorp-
tion within the layer) in thicker structures would be the main
reason for the observed increase in emission intensity of thin-
ner structures, the emission intensity of bulk 50 would be in the
range of MQW 5 and MQW 7 (maybe even higher since it con-
tains more perovskite material, see Table S1, Supporting Infor-
mation). However, since the bulk 50 shows the lowest PLQY, it
is clear that waveguiding only plays a minor role in influencing
PLQY. For a precise determination, detailed simulations would
be necessary.

2.5. Decay Properties

For luminescence decay trace measurements, a picosecond time
correlated single photon counting technique (TCSPC) is used.
The decay traces are fitted using a model assuming two expo-
nential decay components and a power-law decay (see Supporting
Information for more details). There is a clear trend observed to-
ward longer decay times for thinner perovskite layers, and MQW
3 exhibits a power-law decay constant of 1.5 ns, which is sig-
nificantly higher than for the other samples, where it stays be-
low 0.5 ns (see Table S2, Supporting Information). This result
suggests that the effective charge carrier mobility, and therefore
the recombination rate of free charge carriers, is lowered due
to a higher probability of scattering in the thin quantum well.
More experiments are needed to unveil the underlying process
resulting in different power-law decay constants. For the expo-
nential decay times, there is a clear difference observed between
the MQWs and the bulk structure: the first exhibit decay times
around an average of 0.35 ns while in the latter excitons decay
much faster with 0.19 ns. For a full understanding of the decay
characteristics, further studies including temperature and den-
sity dependencies are needed.
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2.6. Amplified Spontaneous Emission

In optical material systems where a single-pass gain is suffi-
ciently large, the spontaneously emitted photons may undergo
amplification even if the system lacks an efficient mechanism
for positive optical feedback. This process of photon amplifica-
tion can be identified unambiguously from the measurements of
the output intensity as a function of optical pump power (input—
output characteristics, [0). Assuming that the stimulated emis-
sion threshold is reached, the IO shows an S-shaped dependence
due to a non-linear increase from spontaneous emission to the
ASE regime, which is typical for laser devices.’* 3’ Here, we in-
vestigated ASE properties of the CsPbBr,; /TPBi MQW structures,
measuring and using the ASE threshold as a material parameter,
which characterizes perovskite-based MQW as a gain medium
and reveals its potential for lasing applications.

Figure 5a shows experimentally measured normalized ASE
spectra in various perovskite-based MQW systems. With increas-
ing pump intensity, a narrow second spectral peak arises on the
low-energy shoulder of the PL spectrum for the structures with
total thicknesses exceeding 60 "nm (see Table S1, Supporting In-
formation). This spectral narrowing phenomenon is typical for
the ASE processes in the transitional region from spontaneous
to stimulated regime. The spectral red-shift of the ASE peak with
respect to the PL spectrum is caused by a relatively small Stokes
shift and thus the interplay between absorption and emission
bands, which overlap substantially in the energy domain (see also
Figure 3). This leads to a significant spectral shift of the ASE peak
to the red side of the spectrum, as the optimal conditions (i.e., the
balance between gain, loss, and optical density of states) for the
ASE to develop happens on the very tail of the absorption band,
where optical losses vanish rapidly. The ASE does not develop
in the MQW 3 structure as its overall thickness barely exceeds
50 nm, whereas in ref. [13] it was determined that a minimum
thickness of 60 nm is necessary to allow waveguide formation in
avery similar structure. Therefore, the thinnest structure is insuf-
ficient to support any waveguided modes in the spectral region
where the gain peak of the perovskite material evolves. For larger
thicknesses of the structure, the optical mode confinement starts

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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to improve substantially, which in turn causes a reduction of the
ASE threshold.[*®]

Figure 5b summarizes ASE thresholds for these structures.
The thresholds have been determined from the corresponding 10
dependencies from Figure 5a). To determine the ASE threshold,
the ASE and PL emission has to be separated, and the pumping-
dependent ratio Ryqpp;. Of the spectral intensity of the ASE peak
to the PL peak has to be examined. More details about the used
method can be found in Supporting Information. Here, we re-
port ASE thresholds as low as 7.3, 7.8, 8.0, and 8.2 pJ cm~2 for the
MQWs 7, 10, 20, and the bulk, respectively. These very low ASE
thresholds are unprecedented for CsPbBr; thin film structures
inspite of high layer roughnesses observed in XRR, which gives
rise to a parasitic light scattering and prevents formation of well
confined waveguide modes. In previous works, much higher ASE
thresholds of 35 uJ cm=2 for vacuum deposited CsPbBr; films
with thicknesses of 35 nm and above,['* and 2.55 m] cm~2 for so-
lution processed CsPbBr;!*! are reported. Using CsPbBr, quan-
tum dots, thresholds as low as 127 pJ cm™2 are reached through
two-photon absorption processes.[*!

A clear trend of increasing threshold intensity with increas-
ing layer thickness is observed beginning at MQW 7 (Figure 5b).
Since mode confinement is expected to monotonically increase
with layer thickness, the ASE threshold should decrease.38! To
explain the observed behavior, the lower thickness of total per-
ovskite resulting in a higher volume concentration of charges (i.e.
excitation density/thickness) for the same excitation density has
to be considered. For thinner layers, a population inversion can
therefore already be achieved at lower excitation densities. It can
be concluded that a minimal structure thickness for mode forma-
tion is needed combined with a rather small amount of perovskite
for early population inversion to achieve low ASE thresholds.

As one can see from Figure 5a, the spectral shift of the ASE
depends on the overall thickness of the structure. Moreover, in
contrast to PL and absorption spectra, the spectral position of
ASE shows a dependence not only on the layer thickness, but
also on the total thickness of perovskite in the structure: In Fig-
ure 5a, it can be seen that ASE occurs at longer wavelengths for
the MQW 20 (containing 100 nm of total perovskite thickness)
than for the 50 nm-thick bulk sample. This implies a larger gain
due to more perovskite material. Hence, long-wavelength pho-
tons can be amplified despite their low density of states.['*] In
contrast, the MQW 10 shows slightly blue-shifted ASE compared
to the bulk, even though both possess the same total perovskite
thickness and the total structure of the former is thicker. Here
the TPBi-interlayers are playing an important role in lowering
the gain for longer wavelengths.

We do not observe any significant optical performance degra-
dation, even at high excitation intensities. However, the photosta-
bility of perovskite materials under optical excitation is, in gen-
eral, much higher than for most organic materials.[*!]

In conclusion, the development of coherence due to ASE or
lasing is an extremely complicated process, which depends on
many material parameters. We attribute these unusually low
ASE thresholds observed in our MQWs to the exciton squeez-
ing along the growth direction of the quantum well structures
and all subsequent modifications to optical and structural prop-
erties of the whole system. These modifications have been proven
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through the linear absorption and PL emission measurements,
and the XRR measurements, respectively. In particular, the ex-
citon confinement has led to higher PL quantum efficiencies,
which gives rise to easier population inversion and the earlier
start of the stimulated emission. Furthermore, the decay dynam-
ics in MQWs are considerably slower than in weakly confined
(or bulk) systems, which further contributes to a longer exci-
ton lifetime in its excited state and, consequently, to lower ASE
threshold.

3. Summary and Outlook

In summary, we present a comprehensive study of the optical
properties of CsPbBr;/TPBi MQWs with respect to the potential
to utilize such a structure in perovskite-based electrically pumped
lasers. We accomplished strong increase in emission efficiency
and could lower the threshold for ASE by using quantum well
structures with high confinement. Quantum confinement is in-
dicated by the observation of a blue-shift in absorption and emis-
sion spectra with decreasing well width. Simulation of 1D MQWs
having the same properties as the used materials showed very
similar confinement energies. Since the effective carrier masses
of TPBi are unknown, the simulation was fitted to the measure-
ments by varying the effective masses. Here, a high degree of
agreement with the measured values is reached for an effective
electron mass of m* = 0.46 m, and an effective hole mass of m*
= 2.07 m, for TPBi.

Alarge increase of emission intensity with thinner layers is ob-
served with up to 15 times higher integrated emission intensity
for a perovskite thickness of 3.2 nm compared to the bulk. Due to
the lower absorbance, PLQY is even increased by 32 times. The
increased overlapping of the charge carrier wave functions due
to quantum confinement results in faster decay times and there-
fore, higher probability of radiative recombination. Furthermore,
confinement prevents the dissolving of excitons, which also leads
to higher emission intensities, and the high surface roughness
may enhance the outcoupling efficiency.

Since vacuum processed perovskites are of interest for high
carrier density applications such as lasers, ASE measurements
were conducted. Here, very low thresholds down to 7.3 pJ cm™2
for a perovskite thickness of 8.7 nm are reached. Such low thresh-
olds are unprecedented for CsPbBr; thin-film structures, up to
now. With increasing perovskite layer thickness, an unusual in-
crease of threshold is observed. This effect is described by the eas-
ier to achieve population inversion due to the lower layer thick-
ness. The small perovskite thickness itself does not allow waveg-
uide formation but for the whole structure, waveguide formation
is possible, and therefore, the perovskite acts as layers of a gain
medium within the propagation channel.

Due to the increased photoluminescence efficiency, the MQW
structures presented here are excellent candidates for high-
efficiency perovskite-based LEDs. The demonstration of success-
ful ASE proves that MQW structures with CsPbBr, are promising
candidates for gain materials in future low-energy lasing devices.
The detailed role of waveguide formation in MQW structures has
to be further analyzed to understand the observed thresholds,
spectral positions, and intensities of ASE.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was supported by the DFG-project Phive-X (LE 747/64-1 and
SCHR 700/38-1) “Perovskite Heterostructure Investigations using Vac-
uum Evaporation and X-ray diffraction”, the EFRE-project (100341673) “In-
vestigation of lead and tin free perovskites by vacuum deposition”, and the
DFG Projects LE 747/67-1 and LE 747/68. The authors thank the Dresden
Center for Nanoanalysis for granting access to the SEM facility.

Open Access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

amplified spontaneous emission, confinement, luminescence, perovskite,
quantum well, simulation, vacuum deposition, X-ray reflectivity

Received: January 27, 2022
Revised: April 18, 2022
Published online: July 3, 2022

[1] L. Schmidt-Mende, V. Dyakonov, S. Olthof, F. Unlii, K. M. T. Lé, S.
Mathur, A. D. Karabanov, D. C. Lupascu, L. M. Herz, A. E. A. Hinder-
hofer, APL Mater. 2021, 9, 109202.

[2] K.P.Goetz, A. D. Taylor, F. Paulus, Y. Vaynzof, Adv. Funct. Mater. 2020,
30, 1910004.

[3] J. M. Ball, A. Petrozza, Nat. Energy 2016, 1, 16149.

[4] Z. Liu, S. Huang, ). Du, C. Wang, Y. Leng, Nanophotonics 2020, 9,
2251.

[5] ). Jeong, M. Kim, ). Seo, H. Lu, P. Ahlawat, A. Mishra, Y. Yang, M. A.
Hope, F. T. Eickemeyer, M. Kim, Y. J. Yoon, I. W. Choi, B. P. Darwich,
S. ). Choi, Y. Jo, J. H. Lee, B. Walker, S. M. Zakeeruddin, L. Emsley,
U. Rothlisberger, A. Hagfeldt, D. S. Kim, M. Gritzel, ). Y. Kim, Nature
2021, 592, 381.

[6] X.-K.Liu, W.Xu, S. Bai, Y. Jin, ]. Wang, R. H. Friend, F. Gao, Nat. Mater.
2021, 20, 10.

[7] K.Lin,J.Xing, L. N. Quan, F. P. G. de Arquer, X. Gong, J. Lu, L. Xie, W.
Zhao, D. Zhang, C. Yan, W. Li, X. Liu, Y. Lu, J. Kirman, E. H. Sargent,
Q. Xiong, Z. Wei, Nature 2018, 562, 245.

[8] M. M. Stylianakis, T. Maksudov, A. Panagiotopoulos, G. Kakavelakis,
K. Petridis, Materials 2019, 12, 6.

Adv. Sci. 2022, 9, 2200379

(1]
(1]
(12]
(13]

(14]
(15]

(16]
(17]

(18]
(19]

20]
(27]
(22]
(23]
(24]

(25]
26]

(27]
28]

(29]

(3]

(31]
(32]
33]
(34]

(33]
(36]

(37)

(38]
(39]

[40]

(47]

2200379 (7 of 7)

www.advancedscience.com

J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal, S. Il Seok, Nano Lett.
2013, 73, 1764.

R. L. Z. Hoye, ). Hidalgo, R. A. Jagt, J.-P. Correa-Baena, T. Fix, . L.
MacManus-Driscoll, Adv. Energy Mater. 2021, X, 2100499.

D. S. Hodson, Semin. Cutaneous Med. Surg. 2008, 27, 292.

B. R. Sutherland, E. H. Sargent, Nat. Photonics 2016, 10, 295.

C. Cho, A. Palatnik, M. Sudzius, R. Grodofzig, F. Nehm, K. Leo, ACS
Appl. Mater. Interfaces 2020, 12, 35242.

Y. Vaynzof, Adv. Energy Mater. 2020, 10, 2003073.

K. ). Lee, B. Turedi, L. Sinatra, A. A. Zhumekenov, P. Maity, |. Dur-
sun, R. Naphade, N. Merdad, A. Alsalloum, S. Oh, N. Wehbe, M. N.
Hedhili, C. H. Kang, R. C. Subedi, N. Cho, J. S. Kim, B. S. Ooi, O. F.
Mohammed, O. M. Bakr, Nano Lett. 2019, 19, 3535.

R. Saran, A. Heuer-Jungemann, A. G. Kanaras, R. J. Curry, Adv. Opt.
Mater. 2017, 5, 1700231.

J. Li, L. Luo, H. Huang, C. Ma, Z. Ye, ). Zeng, H. He, J. Phys. Chem.
Lett. 2017, 8, 1161.

E. O. Odoh, A. S. Njapba, Adv. Phys. Theor. Appl. 2015, 46, 26.

T. Yamatoya, S. Mori, F. Koyama, K. Iga, Jpn. J. Appl. Phys. 1999, 38,
5121.

B. F. Levine, J. Appl. Phys. 1993, 74, R1.

B. S. Williams, Nat. Photonics 2007, 1, 517.

C. Cho, T. Antrack, M. Kroll, Q. An, T. R. Bérschneider, A. Fischer, S.
Meister, Y. Vaynzof, K. Leo, Adv. Sci. 2021, 8, 2101663.

P. Poulopoulos, S. Grammatikopoulos, D. Trachylis, G. Bissas, I. Dra-
gatsikas, M. Velgakis, C. Politis, J. Surf. Interfaces Mater. 2015, 3, 52.
S. Gates-Rector, T. Blanton, Powder Diffr. 2019, 34, 352.

P. Bracken, Adv. Stud. Theor. Phys. 2020, 40, 117.

K.]. Lee, N. A. Merdad, P. Maity, J. K. El-Demellawi, Z. Lui, L. Sinatra,
A. A. Zhumekenov, M. N. Hedhili, J.-W. Min, J.-H. Min, L. Gutiérrez-
Arzaluz, D. H. Anjum, N. Wei, B. S. Ooi, H. N. Alshareef, O. F. Mo-
hammed, O. M. Bakr, Adv. Mater. 2021, 33, 2005166.

O. H.-C. Cheng, T. Qiao, M. Sheldon, D. H. Son, Nanoscale 2020, 12,
13113.

P. Tyagi, S. M. Arveson, W. A. Tisdale, J. Phys. Chem. Lett. 2015, 6,
1911.

S. Kumar, |. Jagielski, S. Yakunin, P. Rice, Y.-C. Chiu, M. Wang, G.
Nedelcu, Y. Kim, S. Lin, E. J. Santos, M. V. Kovalenko, C.-J. Shih, ACS
Nano 2016, 10, 9720.

L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Krieg, R. Caputo, C.
H. Hendon, R. X. Yang, A. Walsh, M. V. Kovalenko, Nano Lett. 2015,
15, 3692.

J. Northrup, Appl. Phys. Lett. 2011, 99, 062111.

H. Ishii, N. Kobayashi, K. Hirose, Phys. Rev. B 2013, 88, 205208.

L.-F. Mao, H. Ning, C. Hu, Z. Lu, G. Wang, Sci. Rep. 2016, 6, 24777.

J.-H. Cha, ). H. Han, W. Yin, C. Park, Y. Park, T. K. Ahn, J. H. Cho, D.-Y.
Jung, J. Phys. Chem. Lett. 2017, 8, 565.

F. Fries, S. Reineke, Sci. Rep. 2019, 9, 15638.

A. Yariv, in Quantum Electronics, 3rd ed, John Wiley& Sins, New York
1989.

H. Yokoyama, K. Nishi, T. Anan, Y. Nambu, S. Brorson, E. Ippen, M.
Suzuki, Opt. Quantum Electron. 1992, 24, S245.

M. Anni, A. Perulli, G. Monti, J. Appl. Phys. 2012, 111, 093109.

A. Balena, A. Perulli, M. Fernandez, M. L. De Giorgi, G. Nedelcu, M.
V. Kovalenko, M. Anni, J. Phys. Chem. C 2018, 122, 5813.

J. Pan, S. P. Sarmah, B. Murali, I. Dursun, W. Peng, M. R. Parida, J.
Liu, L. Sinatra, N. Alyami, C. Zhao, E. Alarousu, T. K. Ng, B. S. Ooi,
O. M. Bakr, O. F. Mohammed, J. Phys. Chem. Lett. 2015, 6, 5027.

S. Chen, A. Nurmikko, ACS Photonics 2017, 4, 2486.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



