RESEARCH ARTICLE

W) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Boosting the Performance of Epitaxial Perovskite

Microstructures by Surface Passivation

Shuyu Zhou, Viktor Rehm, Roman Grizfeld, Zihao Liu, Yufei Han, Tomds Hrbek,
Iva Matolinovd, Jedrzej Korczak, Andrzej Szczerbakow, Tomasz Story, Mordechai Kot,
Maria A. Loi, Zijian Peng, Masato Sotome, Takashi Kondo, Karen Forberich, Larry Liier,

Christoph. J. Brabec, Julia Mergheim, and Wolfgang Heiss*

Epitaxial growth enables the fabrication of films and heterostructures

with exceptional properties, particularly when performed on single-crystalline
substrates with a suitable lattice type and lattice parameters. While epitaxial
growth is extensively utilized for conventional semiconductors, epitaxial micro-
and nanostructures of lead-halide perovskites have also been successfully
obtained through vapor-phase and liquid-phase deposition techniques.
Surface passivation, widely employed in polycrystalline perovskite films and
single crystals to suppress surface recombination of charge carriers, is often
overlooked for epitaxial structures due to the presumption that their inherently
smooth surfaces are free of defects. In this study, surface passivation agents
commonly used in colloidal nanocrystal chemistry are investigated, such

as trioctylphosphine oxide (TOPO), or protective matrices like poly (methyl
methacrylate) (PMMA), to improve the performance of epitaxially grown
Formamidinium lead bromide (FAPbBr;) and Cesium lead bromide (CsPbBr;)
micro- and nanostructures. These findings reveal that surface passivation
significantly boosts luminescence intensity and decay times, reduces lasing
thresholds to record-low levels for microcrystalline perovskite lasers, and
enhances the specific detectivity of photoconductors. These advancements
are consistent across structures grown by both vapor deposition

and solution processing. This study highlights the critical role of surface
passivation for achieving the full potential of epitaxially grown perovskite
structures, thereby paving the way for advanced optoelectronic applications.

1. Introduction

Epitaxial growth of semiconductors is a
cornerstone technique for realizing their
maximum performance potential. In ad-
vanced silicon technology, high-quality
polished silicon wafers serve as substrates
for epitaxial layers with properties finely
tailored to differ from the underlying mate-
rial. This approach is indispensable for the
fabrication of highly integrated circuits(?!
and high-power electronic devices®! The
success of semiconductor laser diodes
depends on the epitaxial growth of III-V
semiconductor heterostructures,!* as well
as the development of white light-emitting
diodes that are replacing incandescent
lamps.’] These epitaxially grown struc-
tures, produced at an industrial scale,
are foundational to modern technology
and pervasive in daily life. The strength
of epitaxial growth lies in its unparal-
leled precision, enabling the sequential
deposition of atomic layers with varying
compositions to form coherent interfaces
between materials with differing bandgap
energies. This precise engineering of band
gaps within epitaxial heterostructures
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unlocks electronic properties and device functionalities that are
unattainable through alternative methods.(®!

Compared to conventional semiconductors, for which epitax-
ial growth is well established, the application of this technique
to metal-halide perovskite semiconductors presents unique chal-
lenges. The greatest developments in lead-halide perovskites
have been realized in photovoltaics, where thin-film solar cells
based on polycrystalline materials have reached record power
conversion efficiencies, comparable to those of single-crystalline
silicon devices. Remarkably, a record power conversion efficiency
of 26.7% has been reported for these cells.l” The advantages of
polycrystalline perovskite solar cells stem not only from their
cost-effective production via simple solution processing meth-
ods but also from their ability to effectively passivate defect states
at grain boundaries and surfaces, which would otherwise act as
nonradiative recombination sites for free charge carriers.[8-10.11]

In contrast, epitaxially grown perovskite structures have only
sparingly demonstrated their potential in optoelectronic applica-
tions, despite exhibiting defect densities comparable to those of
single-crystal counterparts—ranging as low as 10° cm~3, which
is up to nine orders of magnitude lower than in polycrystalline
films.["2] Flexible single-crystal devices were for instance demon-
strated by a solution-based lithography-assisted epitaxial-growth-
and-transfer process. Among the devices demonstrated by this
process were solar cells based on lead-tin-gradient structures
with an average efficiency of ~#19%.!13] Beyond their photovoltaic
applications, lead-halide perovskites show considerable promise
for X-ray!'*l and gamma-ray detection,[**] specifically in the form
of single-crystal direct converters. The exceptional performance
of lead-halide perovskite single crystals, including their ultra-
high sensitivity and ultra-low detection limits, is highly depen-
dent on proper surface passivation.[1¢17]

Despite its proven importance in perovskite solar cells!!:181°]
and single-crystal devices,[??? surface passivation remains
largely unexplored for epitaxial perovskite structures. Numerous
studies have introduced epitaxial growth of various metal-halide
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perovskites on different substrates via commensuratel2*-26] or
incommensuratel?? 21 growth techniques, including molec-
ular beam epitaxy,3°] vapor phase deposition,[25272831-35] and
solution epitaxial growth.['323-2536-1] However, the surfaces of
these structures have consistently remained un-passivated. Sim-
ilarly, passivation was omitted in studies demonstrating func-
tionalities such as luminescence from platelets,[*! photodetec-
tor response,?! lasing,*1*?! and quantum coherencel?°! in epitax-
ial films. This omission may stem from the assumption that the
smooth and flat surfaces produced by epitaxial growth inherently
lack defect states, rendering surface passivation unnecessary.

In this study, we demonstrate the critical role of surface passi-
vation in enhancing the performance of epitaxial lead-halide per-
ovskites across various structural forms, whether synthesized via
vapor deposition or solution epitaxy. Our investigation focuses on
the optical properties of these structures, specifically photolumi-
nescence (PL) intensity and lifetime, laser thresholds in optical
micro-resonators, and specific detectivity in photoconductors. In
all cases, surface passivation yields important improvements, un-
derscoring its importance for both smooth and corrugated epitax-
ial surfaces. These findings establish surface passivation as a piv-
otal strategy for maximizing the potential of epitaxial perovskite
structures, whether through the techniques presented here or by
employing alternative passivating molecules and methodologies.

2. Surface Passivation of Epitaxial
Lead-Halide-Perovskite Micro- and Nanostructures

2.1. Surface Passivation of Solution Epitaxial FAPbBr,
Microcrystals to Improve Luminescence Properties

Surface passivation has been extensively shown to noticeably
enhance the performance of metal-halide-based optoelectronic
devices!***] and is particularly critical for improving the stability
of unencapsulated solar cells.l*8] Consequently, a variety of strate-
gies have been developed for the surface passivation of metal-
halide perovskites, including the deposition of cations, anions,
Lewis acids, Lewis bases, and wide-bandgap semiconductors.[*¢]
These approaches address the diverse defects that cause carrier
trapping or act as recombination centers. Among the numerous
passivating agents available, this study focuses on two: TOPO
and PMMA. TOPO was chosen due to its established role as a
surface ligand in colloidal quantum dot chemistry**->!l and its
demonstrated efficacy in passivating lead-halide perovskites. For
instance, DeQuilettes et al. showed that TOPO treatment elevated
the photoluminescence quantum yield (PLQY) of perovskite thin
films by nearly an order of magnitude and extended the pho-
toluminescence lifetime to 8 us under solar-equivalent carrier
densities.l®?] Similarly, Lutao et al. demonstrated that an ultrathin
PMMA layer markedly improved carrier lifetimes and mitigated
surface defects in CsPbBr,-based Light-Emitting Diodes.[>3]

In addition to these findings, PMMA has been shown to refine
the photovoltaic performance and stability of solar cells,[* the
photoluminescence of Ruddlesden-Popper perovskites,[*>! and
the near-infrared amplified spontaneous emission of Methylam-
monium lead iodide.[®! Nonetheless, these studies primarily ad-
dress polycrystalline films, which inherently exhibit high defect
densities. By comparison, the potential of TOPO and PMMA
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Figure 1. Passivation mechanism and water barrier effect of the organic molecular layer. a) Imperfections in perovskite crystals arise from undercoordi-
nated lead ions, and organic molecules such as PMMA and TOPO donate lone pairs of electrons from their oxygen atoms to passivate these defects. b)
The first row of SEM images shows perovskite microcrystals without passivation, as well as those passivated with TOPO and PMMA, respectively, while
the second row of SEM images corresponds to the microcrystals after dipping the crystals into water.

as passivating agents for epitaxially grown perovskite microcrys-
tals, which may exhibit fewer surface defects due to epitaxial
growth, remains largely unexplored. This study investigates the
effectiveness of these Lewis bases for passivating various epitax-
ial lead-halide perovskite microstructures, including laser micro-
resonators of FAPbBr, grown via solution epitaxy and photo-
conducting wire networks of CsPbBr; fabricated by vapor phase
epitaxy. As illustrated in Figure 1a, the C=0 and P=0 functional
groups serve as passivating species by donating lone electron
pairs from their oxygen atoms to undercoordinated Pb?* ions,
thereby restoring the stoichiometric charge balance of the imper-
fect surfaces.

The growth of the microcrystal arrays by drop casting with
well-controlled shapes is surprisingly robust with respect to con-
ditions, but high luminescence yields cannot be obtained when
the growth is performed at high humidity, such as is given on
rainy days in a lab with not air condition. Changing temperature
simply changes size distributions, and changing molar content
changes also the micro-crystallites sizes. Uniform crystal growth
over the substrate is always obtained when the deposited pre-
cursor droplet is spilling over the sample edges and the solu-
tion covers the whole substrate. More critical is the quality of
the substrate — it has to be a freshly cleaved from a bigger sin-
gle crystal and all residuals (powders) have to be carefully re-
moved, making use of isopropanol. Most important is the acti-
vation of the substates surface by a 0.125% mass concentration
of bromine/methanol solution, which is performed for 5 s with
a freshly prepared solution. This solution should always be kept
in a tightly closed glass, because it changes composition imme-
diately when opened, and it loses its surface activation activity
with proceeding decomposition. It can be used for longer times,
however, in when already aged the treatment times have to be
prolonged.

To demonstrate the significance of surface passivation, we
first examined epitaxially grown micro-resonators functioning as
optically pumped lasers. These micro-resonators, characterized
by their simplicity and high reproducibility, are fabricated via
solution epitaxial growth. Specifically, nearly perfectly cuboidal
FAPbBr; micro-resonators, epitaxially grown on lead sulfide
(PbS) substrates, were produced through drop-casting, with
their dimensions governed by the precursor concentration.”! In
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terms of lasing performance, alternative deposition techniques,
such as epitaxial growth by antisolvent vapor-assisted crystalliza-
tion, can achieve up to a 30% reduction in threshold pump pow-
ers, albeit at the expense of obviously longer growth times.>’! For
this work, precursors were selected to yield micro-resonators with
lateral dimensions below 10 um (Figure 1b, top-left panel), which
are optimal for achieving low lasing thresholds.l*”]

To passivate the surfaces, the epitaxial microcrystals were
coated by spin-coating a 10 mg mL~! TOPO solution or a
2.5 mg mL~! PMMA solution in toluene. Following solvent evap-
oration, scanning electron microscopy (SEM) revealed TOPO
ligands or PMMA as dark regions around the perimeters of
the micro-resonators or, occasionally, as dark spots on their top
surfaces. In most areas, though, no distinct signatures of the
deposited materials were visible under SEM (Figure 1b, top-
middle and top-right panels). To confirm the presence of or-
ganic passivating agents on the surfaces, we conducted a con-
trolled water immersion test. Unprotected FAPbBr; microcrys-
tals were immersed in water for one second and then dried with
compressed air, resulting in apparent morphological changes.
The cuboidal crystals were effectively destroyed, decomposing
into needle-like sheets that partially aligned, resembling lamel-
las in a closed jalousie. This transformation is attributed to
the dissolution of organic ammonium salts in the perovskite
lattice.

By comparison, microcrystals treated with TOPO exhibited
strengthened resistance to water. Although some needle-like
structures formed around the cuboids and minor surface cor-
rosion was observed, the micro-resonators largely retained their
initial shapes and dimensions. This pronounced difference em-
phasizes the hydrophobic and protective properties of TOPO on
the FAPDBr, surfaces. Even greater stability was accomplished
with PMMA passivation. The spin-coated PMMA layers effec-
tively shielded the crystal surfaces, showing virtually no signs
of etching after immersion. The superior protective efficacy of
PMMA compared to TOPO may arise from the higher Lewis ba-
sicity of the oxygen atom from the carbonyl group along its poly-
mer backbone compared to the oxygen atom from TOPO, which
forms stronger and more persistent bonds than TOPO'’s single
P=0 electron pair. To explore whether the enhanced water resis-
tance observed with PMMA also translates into superior optical
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Figure 2. Effect of surface passivation on micro-luminescence of epitaxial FAPbBr; microcrystals. a) Photoluminescence maps of the FAPbBr; micro-
crystals without passivation (left) and passivated by 10 mg mL~! TOPO/toluene. b) Photoluminescence (PL) spectra for 15 microcrystals from the three
types of samples, untreated, TOPO, and PMMA-passivated FAPbBr; microcrystals. The lines in bold represent the averaged spectra for each sample

type.

passivation, we investigate the optical properties in the subse-
quent section.

To evaluate the passivation effects of TOPO and PMMA on
perovskite microcrystals, hyperspectral PL microscopy and time-
resolved photoluminescence (trPL) measurements were con-
ducted. It should be noted that the luminescence properties of
lead-halide perovskites are sensitive to aging and environmental
factors, particularly light exposure during experiments—a well-
documented phenomenon in these materials. To ensure accurate
and consistent comparisons, all samples were prepared one day
prior to the experiments and stored under identical conditions.
Measurements were completed within five minutes for each
sample.

For both passivated and pristine microcrystals, emission spec-
tra were recorded, exhibiting a single peak near 548 nm, consis-
tent with FAPbBr; single crystals.®8l All PL spectra were mea-
sured under the same conditions (integration time of 0.5 s), en-
abling direct comparison across samples. Un-passivated micro-
crystals exhibited weak and uneven emission, as reflected in the
photoluminescence maps (Figure 2a). This uneven intensity dis-
tribution is attributed to the irregular surface of manually cleaved
substrates, which often caused individual microcrystal surfaces
to fall slightly out of focus under the optical microscope.

In stark contrast, TOPO-passivated microcrystals emitted with
considerably greater intensity, leading to blurred images where
adjacent microcrystals appeared to merge into connected regions
(Figure 2a, right panel and Figure S1, Supporting Information).
For a quantitative comparison, the integrated intensity of each
microcrystal was calculated over a 10 um x 10 pm area, as out-
lined in the white squares of the intensity maps (Figures S1-S3,
Supporting Information). To statistically validate the results, 15
microcrystals of comparable size (%12 um) were randomly se-
lected from the reference and passivated samples. The TOPO-
passivated samples exhibited a more than tenfold increase in
luminescence intensity compared to the reference, demonstrat-
ing that TOPO effectively suppresses nonradiative recombina-
tion by passivating surface defect states (Figure 2b). TOPO rep-
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resents an L-type ligand, acting as Lewis base, which binds to
electron-deficient surface cites. Fourier transform infrared exper-
iments combined with X-ray photoelectron spectroscopy (XPS)
proved that the electronegative oxygen of P=0 forms bonds to
Pb** /metallic Pb,*®! which are present at the surface of the
FAPDBr; crystals, Figure 1a. These bonds passivate the surface
trap states.

PMMA, which has shown superior water protection ability for
the FAPDBr;, Figure 1b, exhibits basically the same passivation
effects as TOPO, in this case via the electronegative C=0. By XPS
performed on single crystalline CsPbBr, films it was shown, for
instance, that passivation by PMMA results in elimination of un-
coordinated metallic Pb atoms from its surface.>¥ The achieved
passivation decreases the non-radiative recombination and re-
sults in a decreased photoluminescence line width, due to re-
duced disorder in the energy states close to the and gap. Ba-
sically, the same happens on the epitaxial FAPbBr; crystallites
(Figure 2b). The PMMA-covered samples show a luminescence
peak intensity that is increased by a factor of ~5, while for the
TOPO passivated sample, the luminescence-increase amounts to
a factor of 15.

To quantify the PL quantum yield from the passivated FAPbBr,
microcrystals we compared their micro-luminescence maps with
those of a well-characterized reference sample. The reference
consists of colloidal CsPbBr; nanocrystals synthesized according
to the procedure described in ref. [60] embedded into a PMMA
matrix (inset in Figure 3a). For a thick film of these nanocrystals
in PMMA blend, we measure a PLQY of 72% (Figure 3a) with
an integrating sphere. A direct comparison of the microlumines-
cence spectra extracted from the hyperspectral microscopic PL
provides 22% of the intensity of the reference for the TOPO passi-
vated microcrystals (Figure 3b,c). This lower emission intensity is
caused to a great part by a reduced outcoupling efficiency, rather
than by a strongly reduced radiative recombination rate. We es-
timated the difference in outcoupling efficiency between the epi-
taxial microcrystals by considering the angle-dependent trans-
mission coefficient for internal reflection at an interface between

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUoWWOD aAIEaID 8|dedldde ay) Ag pauienob ase Sejoile YO 8sn Jo Se|n 10} Aiq1 8UIIUO AB|IAA UO (SUONIPUOD-PUE-SWLIBIA0D"AB | IM" AIg 1 [BU 1 |UO//:SdiL) SUORIPUOD pUe Swis | 8Y) 89S *[9202/T0/92] Uo Ariqiauljuo ABIM el YyoLesssy HAWD yoiine wniuezsbunyosiod Aq 0TZE0SZ0Z Wope/Z00T 0T/I0p/L0D A8 1M ARig 1 Bul|Uo"peoUeApe//Sdny o) pepeojumoq ‘T ‘9202 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

a

PL intensity (counts *107)
H

0
360 400 440 480 520 560
Wavelength (nm)

TOPO-FAPbBr; MCs

PL Intensity (counts*100)
N

440 480 520 560 &

S 10
o I
s LT S e
o 84 []:
= H
2 -
S 810}:
b Nesssnnnnns
@ 4 25 um
c 0 s
Q
£ 2
-
o
0 .

440 480 520 560

Figure 3. Quantum yield of individual epitaxial FAPbBr; microcrystals. The quantum yield was determined by comparison with a well-calibrated reference
sample, CsPbBr; nanocrystals in PMMA matrix. a) Quantum yield measurement in an integrating sphere of the reference sample (sample is shown
as an inset in the solution form and as a deposited film on glass). The orange line represents the laser excitation without sample, and the green line
represents the emission of the nanocrystals and the rest of the laser emission. b) Hyperspectral photoluminescence microscopy image and luminescence
spectrum of the reference. c) Hyperspectral photoluminescence microscopy image and luminescence spectra of the TOPO-protected FAPbBr; epitaxial
microcrystals measured under identical conditions. Further spectra are given in Figure S5 (Supporting Information). d) Sketch of the luminescence cone
of emission that can be collected by an objective with a numerical aberration of 0.8.

a medium with n = 2.37 (representing perovskite) or n = 1.49
(representing PMMA) and air, using the angle-dependent Fres-
nel formulas (details are given in Supporting Information). The
emission into the whole solid angle (Figure 3d; Figure S4, Sup-
porting Information) was considered by discretizing the angle
between 0° and 90° and computing the transmission coefficient
separately for each angle. The overall transmission value was ob-
tained by integrating over all angles, taking into account the solid
angle and the cosine projection. Finally, we considered that only
photons emitted into a certain angle were measured since the
emission was collected with a lens with a numerical aperture of
0.8. As a result, we find that 4.8% of total emission is coupled
out for n = 2.37 (with a maximum internal emission angle of
19.7°), and 14.9% of total emission is coupled out for 1.49 (with
a maximum internal emission angle of 32.5°). This results in a
factor of 3.1 between the outcoupling coefficient of PMMA and
FAPDBr;, which is based only on the difference between reflec-
tion and transmission coefficients. Taking these different cou-
pling efficiencies into account, the quantum yield of the FAPbBr,
microcrystals is ~#68% of that of the colloidal nanocrystal refer-
ence providing a PLQY value of 49%, is considerably lower than
what is achieved in FAPbBr; colloidal nanocrystals, reporting val-
ues between ~70% and 95%,°!) but is considerably higher as in
FAPDbBr, based thin films, with measured PLQY of ~0.5% for a
pristine film. Only when FAPbBr, is doped by Cerium the quan-
tum yield is increased to exceed 109.162]

Adv. Optical Mater. 2026, 14, €03210 €03210 (5 of 15)

Surface passivation not only affects the PL intensity but also
its transient behavior, which is affected by several recombination
mechanisms either in sequence or in parallel, combined with ex-
cess charge carrier diffusion. To get a consistent picture here a
rate equation model was considered, which was previously suc-
cessfully applied to determine the trap density in a polycrystalline
CsPDbBr, film prepared by aerosol deposition.[®*) The rate equa-
tion model considers direct band-to-band recombination by a rate
k.;,, and recombination via trap states via trap and release coef-
ficients k, and k,. The rate equation model, which is described
in the supporting information of ref. [64] is suitable for thin
films for which carrier diffusion effects are usually neglected, as-
suming an instantaneous homogenization of the excess charge
carriers over the film cross sections. While this assumption is
justified for thin films, in the present case of epitaxial micro-
crystallites with thicknesses in the 10 ym range, the photolumi-
nescence quenching due to diffusion has certainly to be consid-
ered. Thus, we added a diffusion term to the rate equation from
ref. [64], which is proportional to the second derivative of the ex-
cess charge carrier concentration times the diffusion constant:

Daz‘?. The rate equation, solved by a finite element approach,
allowed to differentiate trap densities at the surface, within the
bulk of the sample, and at the bulk/substrate interface, by param-
eters Ny, Ny,, N;;. Comparisons with experiments were then done
by assuming that the measured luminescence is proportional to

the excess charge carrier concentration present at the top-most
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Figure 4. Effect of passivation on the transient photoluminescence of epitaxial FAPbBr; microcrystals. a) Simulation results from a drift diffusion model
for various sets of parameters. 1,2,3 varies the band-to-band recombination rate for small diffusion and does not consider any carrier trapping. 4,5,6
considers trap states at the surface and at the perovskite/substrate interface. If diffusion is dominant the initial slope is —1. b) Time-resolved PL transient
of untreated FAPbBr; microcrystals for an excitation intensity of 617 n] cm™2. ¢) Transient PL measured for a fluence of 617 nj cm~2 for FAPbBr,
microcrystals passivated by 2.5 mg mL™! PMMA/ toluene. The solid curve represents simulated results, providing a best fit to the data assuming
diffusion and trap assisted recombination at the perovskite-substrate interface only.

element of the model located at the sample surface. Conversely,
all excess charge carriers were assumed to be generated by a
short laser pulse within this topmost surface element. Thus, ex-
cess charge carriers diffusing away from the surface do not con-
tribute to the detected luminescence. Figure 4a summarizes the
most relevant of the simulation results. As example, the effect
of band-to-band recombination rate at constant diffusion (D =
2.5 x 10° pm? s~!) was simulated by changing ky;, (1 X 10> um? s~?
for (“27), 1 X 10° um? s~! (“3”), and 1 x 10° ym? s~! (“1”) with-
out considering any trap states. What can be seen from this
comparison is for instance for high band recombination coef-
ficients (ky,, “1”) there is a short decay time and there is al-
most no influence of diffusion. In contrast, for small k; (“2”)
a fast decay until ~20 ns due to band-to-band recombination
is followed by a slower decay, caused by diffusion. If now trap
states are added at the surface and at the interface in between
the perovskite and the lead sulfide substrate (with densities N,
=1x10° um™3, and N; = 1 X 107 um™3, respectively with k, =
1 x 10*pm? s71, k. = 1 X 102 ym? s71) then drift and diffusion
(“4”, ky, = 1.0 X 10* um® 571, D=5 x 10° um? s7!) cause an ini-
tial slope of the excess charge carrier density to be in between —1
and —2. Only when the band-to-band recombination is small, and
diffusion is high (“5”, ky, = 10 pm® s™': D =5 X 10° um? s~! and
“6”, ky, =1 um3 s71, D =5 x 10° um? s71) the initial slope is —1
due to diffusion and decreases significantly after ~10 ns, which is
caused by trap-assisted recombination at the perovskite/substrate
interface.

Having these simulated results in mind, it is straightforward
to interpret the results from the transient photoluminescence ex-
periments for the control sample, presented in Figure 4b. These
data were measured with an excitation fluence of 627 nJ cm™
to achieve a good signal to noise ratio. The transient shows an
initial slope of —1 up to ~70 ns, which is according to the simula-
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tions indicates a diffusion-limited luminescence decay, whereas
after this time the slope becomes much steeper, close to —3. This
steep luminescence decrease cannot take place without signif-
icant contributions from trap assisted recombination, and for
the reference sample it causes the luminescence to vanish after
~400 ns. This is in contrast with the transient photolumines-
cence measured for the PMMA passivated sample (Figure 4c)
for which a considerably longer luminescence decay was ob-
served, persisting for at least 1 us under identical excitation con-
ditions. Indeed, the experimental transient fits well to a sim-
ulated one, obtained for the following set of parameters: D =
1x 108 pm? sk, =1 % 10° pm?® sk, = 0; ky, = 0; N, =
Ny, = 0; N; = 1 X 10° um™>. The set of parameters basically
predicts that the luminescence is diffusion limited and affected
only by interfacial recombination, causing the slope to slightly
become steeper after %200 ns. Adding recombination in the bulk
or trap-assisted recombination at the surface will always provide
a steeper initial slope. That the interfacial recombination cannot
be avoided is clear, because of the by far smaller bandgap energy
of the PbS substrate than that of the FAPbBr; microcrystals. It
should be noted that the diffusion constant determined by the fit
of 1 cm?/s can be converted into a mobility € = 38 cm? Vs~!
by making use of the Einstein relations (D/u = kyT/e, with kg-
Boltzmann constant, T-temperature, and e-elemental charge).
This value is higher than that achieved by the band like transport
in quantum-dot based transistors with ultrahigh detectivity!®®!
with a hole mobility of 14 cm? Vs~!, but is smaller than in
FAPDBr; single crystals for which a trap-free hole mobility
was determined by Mott—-Gurney’s space charge limited cur-
rent theory from the Child region, providing ~#200 cm? Vs=1.1¢]
This high value for the single crystal was achieved after
a trap passivation treatment by exposure of the crystals to
UV-0,.
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Figure 5. Near-ambient-pressure X-ray photoelectron spectroscopy of FAPbBr; epitaxial microcuboids on PbS. a) Survey spectrum for PMMA-covered
FAPbBr; /PbS showing all expected elements. b—d) Details of the Pb 4f and Br 3d peaks for the uncovered sample and samples covered by PMMA and
TOPO. The fitted peaks are color-coded for different bond configurations as follows: Pb-Br in FAPbBr; (orange) and in PbBr (bright green), Pb-S (yellow),
Pb-Br (violet), Pb-O (light blue), metallic Pb? (grey). The corresponding peak positions are provided in Tables S1and S2 (Supporting Information).

2.2. Quantifying Surface Passivation of FAPbBr, by PMMA and
TOPO

To prove the higher environmental protection ability of PMMA
in respect to TOPO in a quantitative way, XPS is applied. Since
the surface adsorbed passivating agents can be removed when
the samples are inserted into an ultra-high vacuum (UHV), we
have chosen to perform near-ambient-pressure (NAP) XPS in
Ar-atmosphere with a pressure of 1 mbar, rather than UHV-
XPS. The survey NAP-XPS spectrum of the PMMA-protected
FAPDBr, /PbS sample exhibits all expected elements, as indicated
in Figure 5a. The C1s peak, which is usually used as a well-known
reference point, in this case it is more involved, since on the
nominally carbon free PbS sample a carbon is found from con-
taminant which is possibly present also on all other samples,
for PMMA at least five carbon peaks are found due to carbon
atoms present in different pond configurations such as 0—C=0,
CO0—, C—0, C—C=0, C—C/C—H,[*"] and the carbon peak from
the formamidinium is possibly shifted by surface passivation.
Using the C 1s peaks for calibration of the energy scale can be im-
precise to compensate for shifts of the energy scale due to sample
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charging, especially considering that reported peak-shifts origi-
nating from passivation of lead-halide perovskites reported in lit-
erature are in the order of 0.2 eV or even smaller. 7273 Thus,
we present the XPS data on uncorrected scales, except when
explicitly stated. Since the FAPbBr, epitaxial microcrystals only
partly cover the PbS substrate, the first step is to understand the
substrate, both without and with passivating species. The pris-
tine PbS substrate exhibits a characteristic Pb 4f; , and 4f; , dou-
ble peak that is found at binding energies 137.4 and 142.2 eV
due to the Pb—S bonds, with small shoulders towards higher en-
ergies indicating the presence of small amounts of surface PbO
(Figure S6a, Supporting Information), at energies of 138.1 and
142.9 eV, in close agreement with ref. [74] As listed in Table S1
(Supporting Information), after deposition of PMMA and TOPO,
the Pb 4f peaks due to the Pb—S bonds shift to higher energies
by 0.2 eV, indicating a changed binding energy due to charging.
Nevertheless, the Pb—O shows larger shifts after deposition of
PMMA and even larger ones after deposition of TOPO (Figure
S6b,c and Table S1, Supporting Information). Without charging
effect, the PMMA forming Pb—O=C, Pb—O—CH, resonant moi-
eties, shift the Pb—O peak by 0.2 eV, and the TOPO, reacting on
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the surface via Pb—O=P, shifts the Pb—O by 0.3 eV, with respect
to the native P—O (presumably from PbO, or hydrated PbO). Con-
sidering the areas of the peak, the fraction of Pb-O increased from
the native PbS (12% with respect to Pb—S) to the PMMA (25%)
and TOPO (27%).

The deposited FAPbBr; on PbS causes a by far more drastic
change of the Pb 4f spectra as the oxidation by the passivating
agents does. In particular, another 2 significant NAP-XPS peaks
appear on the high energy side of the Pb-S peaks (yellow) due
to Pb-Br (bright blue) (Figure 5b; Table S2, Supporting Informa-
tion) with energies of 138.3 and 143.2 eV, in the range to those
reported for FAPbBr, polycrystalline films.!”>7¢] The Pb-Br peaks
are located between the Pb-S and the Pb-O peaks. For this sam-
ple, the Br 3d exhibits a doublet ascribed to 3ds;, and 3d,/"’! that
always obeys an intensity ratio of 3:2. To fulfill that intensity ratio,
the NAP-XPS spectra due to Br between 67 and 71 eV have to be
fitted by two double peaks. The low-energy doublet with ~1 eV
splitting (orange in Figure 5b) corresponds to Br in FAPbBr;!”8
and the higher energy doubled (bright green) to that of Br in
PbBr,,[”*l resulting from a partial removal of the formamidinium
molecules at the FAPbBr, surface (Table S2, Supporting Infor-
mation). These 4 Br peaks do not shift at all, by deposition of
PMMA, so that we consider no charging effects for this sample.
The Pb 4f spectra for the PMMA-covered sample, exhibits for
the Pb 4f; , only a single peak, even though we know that there
should be Pb—S bonds from the substrate, Pb—Br bonds from
the FAPDBr, as well as Pb—O due to the PMMA passivation. In
order to deconvolute these three contributions, we allowed only
small shifts for all peaks, with respect to that obtained for the
non-passivated sample (Pb—S, Pb—Br) or for the PMMA passi-
vated PbS substrate (Pb—0), resulting in a Pb—O to Pb-Br ratio
of 35%. The TOPO-passivated sample, first of all shows a down-
shift of the Br 3d peaks by 0.7 eV. Since the Br should not be
much affected by the oxygen bond of the passivating agents to
the surface Pb atoms, this collective shift we attribute to a charg-
ing effect, which we thus removed from the Pb 4f peaks. Further-
more, for deconvolution, the same peak energies were then ap-
plied as for the PMMA-covered sample, resulting in a somewhat
higher Pb-O to Pb-Br ratio of 44%. In this spectrum (Figure 5c),
an additional peak appeared on the lower energy side of the Pb-
S peak, which can be attributed to metallic Pb°, which was most
probably formed due to extensive X-ray excitation in the charging
sample. Thus, in total, the NAP-XPS analysis suggests a some-
what more complete passivation of the FAPbBr, by TOPO than
by PMMA, which is in agreement with the optical characteriza-
tion of the samples described in the following.

2.3. Surface Passivation of Solution Epitaxial FAPbBr,
Microcrystal Lasers

To assess the impact of surface passivation at high excess car-
rier densities, we examined its effect on the lasing properties of
FAPbBr, microcrystals under 1.3 ns-pulsed excitation at a wave-
length of 532 nm. All experiments were conducted under am-
bient conditions, and the emission was excited and collected
through the objective of an optical microscope. To protect the
perovskite microcrystals from laser damage and ensure accurate
threshold measurements, each sample was exposed to the fo-
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cused laser beam for no more than 10 min. Solution-grown epi-
taxial FAPbBr; micro-resonators have previously demonstrated
high lasing stability under ambient conditions.'®) Among halide-
perovskite micro-resonators, only CsPbBr; exhibited superior
stability, but this superior laser stability was observed exclusively
in inert nitrogen atmospheres.[#]

Recent advancements in FAPbBr; micro-resonators, achieved
through epitaxial growth using antisolvent vapor-assisted crys-
tallization, have optimized the lasing threshold to 66 kW cm~2
at a repetition rate of 1 kHz.>”] For samples produced by drop-
casting, which we use here due to its simplicity and high re-
producibility, the average threshold power was found to be close
to 100 kW cm~2, with the lowest recorded threshold power be-
ing around 90 kW cm~2.57] The excitation intensity-dependent
spectra reveal a clear transition: from broadband spontaneous
emission with a peak at 552 nm and a full width at half max-
imum (FWHM) of ~17 nm at low excitation intensities, to the
emergence of a narrow emission peak (~0.8 nm, limited by spec-
trometer resolution) superimposed on the spontaneous emission
maximum just above the threshold, and finally to a dominating
narrow peak at high excitation powers (Figure 6a). This lasing
threshold is highly reproducible, in that we found almost identi-
cal results for very similar sized individual microcrystals grown
on different substrates (Figures S7 and S8, Supporting Informa-
tion). For the given FAPbBr, micro-resonators, the spontaneous
emission is noticeably weaker than the stimulated emission,
making the characteristic linewidth narrowing at the threshold
most apparent when spectra are displayed on a logarithmic scale
(Figure 6a). TOPO-passivated samples, shown in Figure 6b on a
linear scale, also exhibit a pronounced narrow lasing peak above
the threshold. At high excitation powers, the spontaneous emis-
sion background becomes visible but is dominated by the lasing
signal.

To determine accurate laser threshold values, the spectrally in-
tegrated intensity was plotted against the pump power on a log-
log scale (Figure 6¢). Both TOPO-passivated and reference sam-
ples exhibit typical S-shaped dependencies, highlighted with lin-
ear fits as guides for the eye. The comparison of these curves
points out the greatly optimizations completed through sur-
face passivation. The passivated samples exhibited higher inte-
grated intensities at all pump powers and a critically reduced
lasing threshold. Even the reference sample, with a threshold of
86 kW cm~2, outperformed previously reported values for drop-
cast epitaxial lead-halide perovskites. Remarkably, the TOPO-
passivated sample achieved a threshold of 29 kW cm~2, nearly
three times lower than the reference and the lowest lasing thresh-
old ever reported for an epitaxial microcavity laser structure based
on lead-halide perovskites and measured with a pulsed laser with
a repetition rate in the kHz range. (see Table S3, Supporting
Information for a comparison of laser thresholds from various
epitaxial metal halide perovskite structures reported in litera-
ture). Lower threshold values have only been obtained for square-
shaped lead halide perovskite laser resonators, when they are
pumped with substantially lower repetition rates of 100 Hz or
even 10 Hz (see Table S4, Supporting Information), for which
device cooling between laser pulses is greatly facilitated. The ob-
tained threshold values depend on details of the passivation pro-
cedure and are worse when the recipe deviates from the opti-
mum TOPO concentration of 10 mg mL™" in toluene, as shown
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Figure 6. Effect of surface passivation on lasing of cubic-shaped FAPbBr; micro-resonators. a) Excitation intensity-dependent spectra of an un-passivated
single FAPbBr; microcrystal with a length of &7 um. Excitation was conducted at 532 nm with 1.3 ns long pulses. b) Laser emission of a single FAPbBr,
microcrystal passivated with 10 mg mL~' TOPO/toluene, with a length of ~7 um. Excitation was performed at 532 nm with 1.3 ns long pulses. c) Intensity
dependence evaluated from the spectra in Figure 6b and Figure S8 (Supporting Information) at the wavelength of the laser peak.

by the mean threshold values measured for 40 micro resonators
in Figure S9a. For PMMA passivation, for which example las-
ing spectra and threshold curves are demonstrated in Figure
S10 (Supporting Information), the optimum concentration is
2.5 mg mL~! (Figure S9b, Supporting Information).

The surface passivation procedures demonstrated above to
improve PL quantum yield and lasing thresholds also provide
improved long-time stability of the micro-resonators in lasing.
As an example, the unprotected FAPbBr; microcrystals showed
a greatly enhanced laser threshold power after storage for two
months in a nitrogen-filled glove box followed by a further two
months in the ambient. The spectra (Figure 7a) show only spon-
taneous emission up to a pump fluence up to 170 kW cm™2,
which is the same maximum value for which the spectra are also
shown in Figure 7b. The results for the PMMA-protected sample
are shown, which allows to observe lasing, however, with an in-
creased threshold power of 106 kW cm =2 (Figure 7b) as compared
to the freshly grown sample. Interestingly, the PMMA-protected
sample showed the same threshold of 106 kW/cm? also for the
freshly prepared sample after water treatment, as is shown in the
comparison of 45 micro-resonator thresholds before and after
water treatments for three sample types — unprotected, TOPO-
treated and PMMA-treated, in Figure 7c. Thus, the surface pas-
sivation of epitaxial microstructures results in an increased sta-
bilization in ambient and even in the harsh environment given
by immersion in water. While TOPO provides a better passiva-
tion for the freshly prepared samples, PMMA provides superior
water protection and thus better thresholds for water-treated and
aged samples.

2.4. Surface Passivation of Epitaxial CsPbBr; Nanowires From
Thermal Evaporation

While we focused up to this point on surface passivation of epi-
taxial FAPDBr; structures with micrometer dimensions, surface
passivation should have an even more pronounced effect on epi-
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taxial nanostructures, for which the main portion of the mate-
rial is close to the surface, possibly within the exciton- or free
carrier diffusion length from the surface and surface defects. So-
lution epitaxial growth via drop-casting facilitates the formation
of micron-sized, oriented crystallites in a simple and rapid man-
ner. By adjusting the precursor solution concentration, the final
dimensions of the microstructures can be partially controlled.
However, for fabricating nanometer-scale structures, methods
with slower deposition rates may be more suitable, as the dimen-
sions in such cases are primarily governed by deposition time.
Vapor-phase deposition methods, which are more commonly em-
ployed than solution epitaxy, offer distinct advantages, especially
for depositing all-inorganic perovskites.[?-26313235] These meth-
ods enable perovskite evaporation without generating corrosive
hydro-halide acids, typically formed as decomposition products
of organic-inorganic hybrid perovskites under vacuum condi-
tions. Thus, the epitaxial growth of nanostructures by evapora-
tion was performed for CsPbBr; which was conducted in an
evaporation chamber equipped with a substrate heater, main-
tained at 375 °C the growth proceeded over a duration of 3 h and
was performed on freshly cleaved muscovite mica substrates. The
incommensurate van der Waals-type epitaxial growth resulted
in a network of well-aligned, surface-bound nanowires. These
nanowires were horizontally oriented on the mica (001) surface,
and their morphology was characterized using atomic force mi-
croscopy (AFM) (inset, Figure 8a). The nanowires exhibited vary-
ing dimensions, with heights reaching up to 300 nm and widths
generally below 1 um. Notably, the top surfaces displayed crys-
talline facets devoid of observable defects or imperfections.

In accordance with the literature, 2832351 many nanowires
were parallel, with growth directions exhibiting six-fold symme-
try. Angles of 60° or 120° were observed between nearly all in-
terconnected nanowires. Figure S11 (Supporting Information)
presents the X-ray diffraction (XRD) patterns of the as-grown
samples, compared with the mica substrate and a CsPbBr; stan-
dard. While the mica substrates displayed a series of nearly
equally spaced diffraction peaks, the samples exhibited additional

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUoWWOD aAIEaID 8|dedldde ay) Ag pauienob ase Sejoile YO 8sn Jo Se|n 10} Aiq1 8UIIUO AB|IAA UO (SUONIPUOD-PUE-SWLIBIA0D"AB | IM" AIg 1 [BU 1 |UO//:SdiL) SUORIPUOD pUe Swis | 8Y) 89S *[9202/T0/92] Uo Ariqiauljuo ABIM el YyoLesssy HAWD yoiine wniuezsbunyosiod Aq 0TZE0SZ0Z Wope/Z00T 0T/I0p/L0D A8 1M ARig 1 Bul|Uo"peoUeApe//Sdny o) pepeojumoq ‘T ‘9202 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED ARVANGED
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advopticalmat.de

a b

Non-passivated PMMA-passivated
(4 months) (4 months)

e /
540 550 560 570 580 540 550 560 570 580
Wavelength (nm) Wavelength (nm)
C
PMMA 63 106 pristine
water treated
TOPO | 35 222
Non 94 398
0 100 200 300 400 500

Lasing Threshold (kW/cm?)

Figure 7. Surface passivation maintains lasing in FAPbBr;. a,b) exhibit emission spectra upon sample storage for 2 months in nitrogen and further
two months in the ambient for a non-passivated sample and a PMMA passivated one. c) Lasing thresholds measured for surface passivated and
non-passivated micro-resonators before and after treatment in water. Shown are averaged values for 45 micro-resonators for each sample type. The
passivating agent is given on the left side.

=y
»

A
PMMA 4000

-
N
T

L Control

, 400 0\\

400 450 500 550 600|
Wavelength (nm)

Detectivity (Jones* 1E9)
ES (e}

Figure 8. The optoelectronic performance of passivated CsPbBr; nanowires. a) PL map of the non-passivated CsPbBr; nanowires fabricated by vapor
phase deposition methods. The inset displays the AFM topography of the non-passivated CsPbBr; nanowires. b) PL map of the CsPbBr; nanowires
passivated using a 10 mg mL~" PMMA/toluene solution. c) Specific detectivity spectra of passivated and non-passivated CsPbBr; nanowires, after the
deposition of a thin PMMA layer, the detectivity was greatly increased by a factor of six compared to the control group.

Adv. Optical Mater. 2026, 14, 03210 €03210 (10 of 15) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUoWWOD aAIEaID 8|dedldde ay) Ag pauienob ase Sejoile YO 8sn Jo Se|n 10} Aiq1 8UIIUO AB|IAA UO (SUONIPUOD-PUE-SWLIBIA0D"AB | IM" AIg 1 [BU 1 |UO//:SdiL) SUORIPUOD pUe Swis | 8Y) 89S *[9202/T0/92] Uo Ariqiauljuo ABIM el YyoLesssy HAWD yoiine wniuezsbunyosiod Aq 0TZE0SZ0Z Wope/Z00T 0T/I0p/L0D A8 1M ARig 1 Bul|Uo"peoUeApe//Sdny o) pepeojumoq ‘T ‘9202 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

peaks at 21.55° and 44.10°, corresponding to the (110) and
(220) planes of cubic-phase CsPbBr; (space group: Pm3m,
a = 5.830 A). The absence of other CsPbBr, diffraction peaks
strongly suggests that the nanowires were highly oriented, con-
sistent with epitaxial growth, where the (110) lattice planes of
CsPDBr, align parallel to the mica surface.

While the nanowire network exhibits features characteristic of
epitaxially grown samples, the varying orientations supported by
the mica substrate impart a polycrystalline nature to the overall
film. The crystalline wire segments, which are several microme-
ters in length, are organized into a network with a triangular pat-
tern, as evident in the microscopic PL image of the as-grown sam-
ple (Figure 8a). The overall PL intensity of these samples was low,
requiring a 10 s integration time to detect emission at each point
in the PL map. Apart from a few exceptionally bright spots, the
PL image consistently shows bright needle-like structures sepa-
rated by dark regions corresponding to CsPbBr; wire emission
areas, with uncovered mica regions in between.

Passivating the structures with PMMA did not alter this spatial
pattern but resulted in a marked increase in PL intensity across
the entire sample area. For the reference sample, the detected lu-
minescence intensities were near the lower end of the intensity
scale, starting at 400 counts for a 10 s integration time. Follow-
ing PMMA passivation, the luminescence intensity increased to
~4000 counts, reaching the upper end of the scale (Figure 8b).
At several locations, the emission was so intense that it appeared
blurred, obscuring details of the underlying microstructure.

A comparison of the PL maps in Figure 8a,b demonstrates
a nearly one order-of-magnitude enhancement in luminescence
intensity due to passivation. Importantly, the PL spectra of both
passivated and un-passivated samples are identical, as shown in
Figure S12 (Supporting Information), and correspond to the bulk
CsPbBr, emission, with a peak at 536 nm.[8!] This result confirms
that the boosted luminescence arises from reduced nonradiative
recombination rather than changes in the material’s intrinsic op-
tical properties.

The interconnected network of triangularly arranged
nanowires facilitates lateral charge transport through the
CsPDbBr; film, rendering it promising for applications such as
photoconductive detectors. A critical figure of merit for photode-
tectors is specific detectivity (D*), which quantifies the device’s
responsivity relative to the noise current density, normalized
by the detector area and bandwidth. It is noteworthy that the
CsPbBr; nanowires do not fully cover the substrate, and their
thin structure may limit their ability to absorb all incident
photons. As previously discussed, the reference sample exhibits
weak luminescence, likely due to surface defects, defects at the
perovskite/mica interface, and bulk material imperfections.

Despite these challenges, we successfully measured the re-
sponsivity spectrum and noise current to derive the detectivity
spectrum, as shown in Figure 8c. The spectrum displays the char-
acteristic feature of vanishing at wavelengths corresponding to
the semiconductor’s bandgap, while a broad photoconductive re-
sponse is observed at sub-bandgap wavelengths. Overall, the de-
tectivity is moderate; nevertheless, similar to the photolumines-
cence, it is highly sensitive to surface passivation. Following the
deposition of a thin PMMA layer, the detectivity advanced signif-
icantly, comparable to the boost observed in photoluminescence.
Across all wavelengths, the detectivity exhibited an improvement
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by nearly a factor of six, demonstrating the efficacy of PMMA pas-
sivation in enhancing the performance of photoconductive de-
vices fabricated via epitaxial growth.

3. Discussion

Even though epitaxial growth was developed with the help of
solution deposition by Royer already in 1928,182] resulting in
a set of rules base on crystal-structure considerations that de-
scribe the fundamentals of epitaxy, up to know solution epitaxy
is not a successful technique in respect to real-life device devel-
opments. This fact is surprising in view of the manifold of in-
dustrially semiconductor structures, that are manufactured by
vapor phase epitaxial growth, finding applications in lighting,
lasing, and in all kinds of electronics. Solution epitaxial growth
is ideally suited for lead-halide-perovskites,**#*] and has been
applied previously to demonstrate photodetectors!® and micro-
crystalline lasers, that have been tested up to know without pas-
sivating their surfaces [see Table S3 (Supporting Information)
and references therein]. Here, surface passivation by organic lig-
ands (TOPO), and by PMMA has been demonstrated to provide
greatly positive effects on (opto-)electronic properties in general,
and on laser emission, and photodetection in particular. Further
improvements by surface passivation are certainly possible by
fine-tuning ligand-perovskite surface interactions. For that pur-
pose, ligand species that are currently explored in the field of per-
ovskite solar cells or optoelectronics can be applied, such as the
chloride-N,N-dimethyl selenourea complex, a multi-anchoring
ligand to significantly enhance perovskite crystallinity, to sup-
press defect formation, and dramatically improve moisture re-
sistance and overall stability.!®] If electrical conductivity is an is-
sue, then for example iodotrimethylsilanel®®%7] could be consid-
ered, from which the iodine ions are used for passivation, simi-
larly as when an alkyl ammonium iodide-based ligand is used.[®®!
Certainly, also all ligands that have been applied in perovskite
displays are possible candidates for passivation of epitaxial per-
ovskite structures, such as those listed in ref. [89] or as the phos-
pholipid capping ligands that have been designed for increasing
the luminescence of metal halide nanocrystals.?l All of these lig-
ands have the potential to outperform TOPO and PMMA, how-
ever, they will not make a further as significant improvement any
more as TOPO and PMMA already made in respect to the non-
passivated reference. As an example, the transient luminescence
in Figure 4c is already diffusion-limited, and according to the fit-
ted model non-radiative recombination takes place solely due to
charge transfer from the perovskite microstructure to the sub-
strate. The lasing threshold, on the other hand, still has a long
way to improve until something like continuous wave (cw) op-
eration could be obtained. This can, however, possibly only be
achieved by the growth of quantum structures, such as quantum
dots or quantum wells in a solid matrix, since even in vapor-phase
grown epitaxial bulk Gallium Arsenide, no cw laser operation can
be achieved at room temperature. Thus, the surface passivation,
which was demonstrated here for both, solution epitaxial as well
as vapor deposition epitaxial structures, represents an important
milestone for epitaxial metal-halide-perovskite micro- and nanos-
tructures. Aside to the (opto-) electronic properties and device
performance in photoconductors and lasers the epitaxial growth
combined with ligand passivation tackles the most serious
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disadvantage of lead-halide perovskites, that is, environmental in-
stability. The solution epitaxial growth results in single-crystalline
materials without grain boundaries, which enable fast penetra-
tion of water into the materials, and the additional surface passi-
vation protects their surfaces from direct contact with water. Both
effects retard degradation in respect to polycrystalline layers, in-
duced for instance by a transformation of the perovskites into
wide-band-gap hydrate compounds.®®! Thus, by the surface pas-
sivation introduced here for epitaxial lead-halide perovskites, two
important properties, namely the optoelectronic performance as
well as the stability, has been achieved. This will possibly change
the epitaxial growth solution from being a non-successful tech-
nology to an option, which is worth to be considered also for
commercial applications. The latter can benefit from the facile
scalability and applicability of both the solution epitaxial growth
and the solution-based-passivation. The last hindrance towards
a commercial use of solution epitaxial growth is probably given
by the fact, that the semiconductor industry prefers to process
large scale epitaxial films rather than microcrystal arrangements.
Continuous films could also be achieved from the lead-halide-
perovskites, based on the availability of largescale substrates,
which provide, next to a proper lattice parameter, also a suitable
surface energy to enable a layer-by-layer epitaxial growth mode.

4. Conclusion

We have epitaxially grown archetypal lead-halide perovskites, in-
cluding FAPDbBr; via solution processing and CsPbBr; via vapor
deposition, resulting in well-faceted microcubes and triangular
nanowires to evaluate the effects of surface passivation. The pas-
sivating agents were chosen based on their established efficacy
in colloidal nanocrystals or as protective matrices for perovskites.
The attachment of these passivating species was indirectly con-
firmed through the advanced water resistance of the epitaxial
structures, with PMMA providing more pronounced protection
than TOPO. Both passivating agents act as Lewis bases, prefer-
entially binding to cations on the perovskite surfaces.

The effectiveness of surface passivation is demonstrated
through several observations: boosted photoluminescence inten-
sity compared to un-passivated references, a record-low laser
threshold power for epitaxial perovskite microcrystal lasers, and
increased detectivity in nanowire networks. These results under-
score the importance of surface passivation in epitaxial bromide-
based perovskite structures, paralleling its significance in poly-
crystalline and single-crystal samples. This contrasts with lead-
iodide perovskites, for which defect-free surfaces have been the-
oretically predicted to lack trap states.[*!] However, the situation
aligns more closely with colloidal nanocrystals, where dangling
bonds of surface Br~ ions are known to create deep trap states
that can be effectively passivated by the addition of ions to the
surface.[??]

By transferring insights from the field of nanocrystals—
particularly surface passivation strategies involving polymers or
ligands—and applying them to epitaxially grown structures, typ-
ically obtained via vapor deposition of all-inorganic compounds,
we observed outstanding advancements. This approach may also
apply to structures grown by molecular beam epitaxy of other
semiconductors, including conventional materials, highlighting
its broader relevance.
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5. Experimental Section

Chemicals:  Formamidinium bromide (FABr) was obtained from
Greatcell Solar. Lead bromide (PbBr 98%), N, N-dimethylformamide
(DMF, anhydrous, 99.8%), Toluene (anhydrous, 99.8%), cesium bromide
(CsBr, 99%), TOPO (99%), PMMA (average M,, ~15 000 by GPC), and
y-butyrolactone (GBL, 99%) were sourced from Sigma-Aldrich. Bromine
(99%) was procured from Acros Organics, and high-purity methanol was
supplied by Alfa Aesar. All chemicals were used as received without further
purification.

Substrates:  PbS single crystals were grown using the self-selecting va-
por growth method.[?3] Substrate slides were cleaved from the single crys-
tals along the {100} crystallographic planes using a blade.

Substrates Activation: The PbS substrates were immersed for 5sina
0.125% (mass concentration) bromine/methanol solution to activate the
surface. Following immersion, the substrates were rinsed twice with pure
methanol and dried using compressed air. The surface activation was per-
formed immediately before material deposition.

FAPbBr; Microcrystals Epitaxially Grown by Drop Casting:  FAPbBr; pre-
cursor solutions were prepared at a concentration of 0.1 M by combining
stoichiometric amounts of FABr and PbBr, in a DMF/GBL mixture with a
1:1 volume ratio. After surface activation, the substrates were placed on
a hotplate maintained at 120 °C. Subsequently, 1.5 uL droplets of the pre-
cursor solution were deposited onto the substrates using a micropipette,
and the solvents were allowed to evaporate for 3 min under ambient con-
ditions.

CsPbBr; Nanowires Epitaxially Grown by Chemical Vapor Deposition:
CsPbBr; films were prepared via co-evaporation of CsBr and PbBr, onto
freshly cleaved V1-grade 2.5 x 2.5 cm? muscovite mica substrates in
a physical vapor deposition system. The substrates were maintained at
375 °C during growth. Deposition rates of CsBr and PbBr, were controlled
using quartz crystal microbalances, set at 0.1 and 0.14 A s™, respectively,
and the process lasted for 10 000 s. A slight excess of PbBr, was supplied
to offset its relatively high re-evaporation rate at the elevated substrate
temperature. To ensure uniform deposition, the substrate was rotated at
2 rpm throughout the process.

Surface Treatment of Epitaxial FAPbBr; Microcrystals:  TOPO (10 mg)
and PMMA (2.5 mg) were individually dissolved in 1 mL of toluene. For
the passivation process, ~2 uL of the respective passivation solution was
deposited onto the sample, followed by spin-coating at 2000 rpm for 60 s.
The sample was then annealed on a hotplate at 120 °C for 5 min, sub-
sequently cooled to room temperature, and the entire process was con-
ducted in air.

Surface Treatment of CsPbBr; Nanowires: PMMA (10 mg) was dis-
solved in 1 mL of toluene. The passivation process was conducted by de-
positing ~10 uL of the passivation solution onto the sample to ensure the
solution completely covered the 1.5 x 1.5 cm? sample, followed by imme-
diate spin coating at 2000 rpm for 60 s. The sample was then annealed on
a hot plate at 120 °C for 5 min and subsequently cooled to room temper-
ature.

Synthesis of Caesium Lead Bromide Nanocrystals: CsPbBr3 nanocrys-
tals embedded in a PMMA matrix were prepared according to the pro-
cedure reported by Protesescu et al.l%l To prepare the nanocrystals, a
mixture of 0.188 mmol lead bromide and 5 mL octadecene was added
to a 25 mL three-neck flask. This mixture was dried under vacuum for
2 h at 120 °C using standard Schlenk line techniques. Subsequently, the
atmosphere was changed to argon, and 0.5 mL pre-distilled oleic acid
and 0.5 mL pre-distilled oleyl amine were injected to solubilize the lead
bromide. Once the solution became clear, the temperature was raised to
160 °C. At this point, 0.4 mL of a preheated caesium oleate stock solution
(0.125 ™ in octadecene) was promptly injected. After 5 s, the growth was
quenched by placing the flask in an ice-water bath. The resulting nanocrys-
tals were isolated from the reaction mixture by centrifugation at 6000 rpm
for 30 min, and the pellet was redispersed in 3 mL toluene.

Embedding of CsPbBr; Nanocrystals into PMMA Polymer: For the
PMMA polymerization, 60 pL of the nanocrystal stock solution was com-
bined with 500 uL of methyl methacrylate. The residual toluene was
first removed under vacuum. Subsequently, 5 mg of the photoinitiator
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phenyl-bis (2,4,6-Trimethylbenzoyl) phosphinoxid (BAPO) was dissolved
in the nanocrystal-monomer mixture. The final solution was then spread
onto a glass substrate and polymerized using an 8 W, 365 nm UV lamp
until a solid film formed.

Electron Microscopy: SEM was performed using a JEOL JSM-7610F
Schottky field-emission scanning electron microscope, equipped with an
X-MAX 80 EDS detector (Oxford Instruments).

Photoluminescence Measurement: Steady state PL spectra were mea-
sured using a 375 nm laser as the excitation source, and a 420 nm long-
pass filter.

Hyperspectral Photoluminescence Imaging: The photoluminescence
(PL) emission maps were acquired using a wide-field, hyperspectral imag-
ing microscope (Photon etc. IMA VIS). A continuous-wave, power-tunable
405 nm laser was used as the PL excitation source. A 50X microscope
objective was used, and the images were captured with a camera (CCD,
EMCCD, sCMOS). The setup enabled the recording of spectrally resolved
images with a spectral resolution of 2 nm and a spatial resolution of
0.53 um.

Time-Resolved Photoluminescence: The TrPL signal was excited with a
402 nm laser with a repetition rate of 0.5 MHz and collected with a Fluo-
Time 300 system.

Laser Spot Size: It was determined by using Raspberry Pi 4B and
Raspberry Pi HQ camera module with a script (https://github.com/
koopaduo2/Beam-GUI). It is noted that the infrared filter of the HQ cam-
era was removed to minimize the distance between the lens of the micro-
scope and the sensor of the camera and to ensure the focus position is
properly aligned. In addition, to avoid saturating the up limit of the HQ
camera, one or several neutral filters were used when using different mag-
nification objectives.

Solving the Rate Equation Model:  The rate equation with the diffusion
term is solved for the excess charge carrier concentration using a 1D fi-
nite element model, that extends over 10 um from the surface of the mi-
cro crystal to the substrate. The discretization in space is carried out with
a sufficiently high number of linear finite elements, and a fourth-order
Runge-Kutta method is used for time integration. As initial conditions, it
is assumed that the excess charge carrier concentration and the density
of occupied electron traps are zero everywhere. Excess charge carriers are
then generated close to the surface to represent illumination by a laser
pulse. The evolution of the excess charge carrier concentration due to dif-
fusion, band-to-band recombination, and recombination via trap states is
simulated within the micro crystal for 1-5 ps.

NAP-XPS Experiments: The XPS measurements were conducted on
freshly prepared samples with sufficient dimensions well above the spa-
tial resolution of the used EnviroESCA device (Specs) with a monochro-
matized Al K, source (1486.71 eV). Signal detection was performed us-
ing a Phoibos 150 NAP 1D-DLD (Specs) hemispherical analyzer in Fixed
Analyzer Transmission (FAT) regime. The raw data were analyzed with-
out peak shifting to compensate for sample charging, except when explic-
itly states, by making use of CasaXPS software. The background was con-
sidered in these fits by a straight-line spanning over the energy region of
interest.

Lasing Measurements: A 532 nm pulsed ns laser with a repetition rate
of 1kHz and pulse width of 1.3 ns was used to carry out optically pumped
lasing measurements on single FAPbBr; micro-crystallites in ambient
conditions at room temperature. The pump laser was introduced into a
home-built optical microscope and focused on the sample by an 32X, NA
0.5 objective. The emission from the microcrystal was collected with the
same objective and the pump laser line was blocked with a 550 nm long-
pass filter. The photoluminescence spectra were recorded using AvaSpec-
ULS2048L spectrometer from AVANTES with 600 mm~" grating and res-
olution FWHM of 0.7 nm. Photoluminescence images were taken using
BRESSER Mikro Camll 5MP HIS microscope camera.

Atomic Force Microscopy: The AFM measurement was performed by a
Hitachi AFM5200s scanning probe microscope in the dynamic force mi-
croscope mode.

X-Ray Characterization: The XRD 26/0 pattern was measured by a
Malvern Panalytical Empyrean diffractometer operating at 45 kV and
40 mA with a Ge (220) two-bounce monochromator (Cu Ka1 A = 1.5406).
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Photoconductivity Characterization: Photoconductor devices were fab-
ricated in a coplanar geometry with two carbon electrodes (Dyenamo) sep-
arated by a distance of 1 mm. After deposition of carbon paste, the sam-
ples were annealed for 15 min at 120 °C. Photogeneration was obtained us-
ing a conventional tungsten halogen lamp coupled with an Acton SP2150i
monochromator. The light source was focused uniformly onto the sample
and modulated with a chopper at 10 Hz. A bias of 85 V was applied using
a Keithley 2612B source measure unit, and the resulting photocurrent was
measured across a 1 MQ series resistor with a Stanford Research Systems
SR&30 DSP lock-in amplifier. Noise measurements were performed using
the same lock-in amplifier with its internal oscillator as a reference.
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the author.
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