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1. Introduction

Silicon-based solar cells are approaching their expected efficiency
limit and intense research efforts have been devoted toward
breakthroughs in the development of emerging photovoltaic

absorbers.[1–5] Halide perovskites have
been identified and emerged as one of
the most promising photovoltaic materials
due to their power conversion efficiency
(PCE) enhancement.[6,7] Particularly,
Pb-based halide perovskite solar cells
have made rapid progress in the last
decades.[8–10] For instance, single-junction
solar cells based on formamidinium lead
triiodide (FAPbI3) have achieved PCE
exceeding 22%.[11] The advancement in
Pb-based halide perovskite photovoltaics
has been ascribed to facile synthesis,
enhanced light absorption, and high defect
tolerance as well as longer diffusion
lengths and extended lifetimes of charge
carriers.[12] However, two main critical
challenges that need to be tackled are their
instability toward moisture and the toxicity
of Pb.[13–16] To commercialize halide perov-
skite solar cells, Pb needs to be either
substituted by less toxic elements to resolve

the toxicity issue or encapsulated to solve the imperative problem
of stability issue.[17] Another emerging research direction has
been persued to explore Pb-free perovskite solar cells.
Nontoxic elements such as tin (Sn), bismuth (Bi), and germa-
nium (Ge) have been considered as well as Sb-based

S. M. Neguse, S. Yoon, A. Frebel, D. M. Jöckel, B. Balke, A. Weidenkaff
Energy Materials
Fraunhofer Research Institution for Materials Recycling and Resource
Strategies IWKS
Aschaffenburger Straße 121, 63457 Hanau, Germany
E-mail: song.hak.yoon@iwks.fraunhofer.de

M. Widenmeyer, A. Weidenkaff
Department of Materials and Earth Sciences
Technical University of Darmstadt
Peter-Grünberg-Straße 2, 64287 Darmstadt, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202300184.

© 2023 The Authors. Advanced Photonics Research published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202300184

S. Lange, C. Hagendorf
Diagnostics and Metrology of Solar Cells
Fraunhofer Centre for Silicon Photovoltaics CSP
Otto-Eißfeldt-Strasse 12, 06120 Halle (Saale), Germany

A. Rosspeintner
Department of Physical Chemistry
University of Geneva
Quai Ernest Ansermet 30, CH-1211 Geneva 4, Switzerland

S. G. Ebbinghaus
Institute of Chemistry
Martin Luther University Halle-Wittenberg
Kurt-Mothes-Strasse 2, 06120 Halle (Saale), Germany

Pb-free halide perovskites have recently attracted immense attention due to the
number of advantages in their optical and electronic properties. However, tuning
the optical bandgap with minimized amounts of point defects is a particularly
challenging task in photovoltaics. It is pivotal to clearly understand the detailed
relationship between the bandgap change with defect generation and charge
carrier lifetime. In this study, Cs3Sb2I9 crystals are synthesized by varied choice of
solvents, namely, γ-butyrolactone, a mixture of dimethylformamide and dimethyl
sulfoxide, and hydroiodic acid. Although the same principles of decreasing
solubility and crystallization are applied, Cs3Sb2I9 crystals with different size and
shape in microscopic and macroscopic scale are obtained during heating and
cooling of the solution. The synthesized crystals are investigated using a com-
bination of different spectroscopies including Raman, UV–visible, and time-
resolved photoluminescence. In the results, it is suggested that there is a strong
relationship between Urbach energy and the lifetime of charge carriers. In this
research, readily applicable practical principles and examples of how to control
the defects for the advancement in Pb-free perovskite photovoltaics are provided.
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perovskites.[18–20] These have gained further attention, due to
their suitable bandgap for single-junction solar cells.[21] In par-
ticular Cs3Sb2I9 has been shown to be a promising candidate
for various optoelectronic applications including solar cells, pho-
todetectors, light-emitting diodes, photocatalysts, and resistive
switching memory.[22–29] For instance, pressure induced
bandgap engineering, forced degradation studies with different
environmental conditions, and the reversible thermochromic
behavior have been investigated.[22,30–32] Cs3Sb2I9 can be formed
either in a layered 2D structure or in a dimer 0D structure.[33] The
2Dmaterials are expected to perform better in terms of efficiency
for solar cell application compared to 0Dmaterials.[34] This is also
supported by the bandgap values reported with an indirect
bandgap of 2.30 eV for the 0D and direct bandgap of 2.05 eV
for the 2D Cs3Sb2I9.

[31]

In this study, we primarily focus on exploring the effects of
different solvents and synthesis methods on the optical proper-
ties of Cs3Sb2I9 crystals with different size and shape on micro-
scopic and macroscopic scale. The solvents used in this study
were γ-butyrolactone (GBL), a 7:3 mixture of dimethylformamide
and dimethyl sulfoxide (DMF/DMSO), and strong hydroiodic
(HI) acid solution. GBL is widely used in the synthesis of various
halide perovskites, especially for iodide-based systems.[35–37] In
addition, GBL is regarded as less toxic than DMF/DMSO.[38]

The solvents DMF and DMSO were widely used to dissolve
the precursors.[39,40] Zhang et al. utilized the mixture of DMF
and DMSO for a successful synthesis of Cs3Bi2I9, and the same
approach was applied for the Cs3Sb2I9 system.[41] Alternatively,
HI acid is widely used for the synthesis of Cs3Sb2I9 crystals pro-
viding an abundant and easily accessible source for iodide in
water. After the synthesis, the resulting crystals were analyzed
with Raman spectroscopy and X-ray diffraction (XRD) for
phase identification. Microstructural characterization of the
crystals was carried out by scanning electron microscopy
(SEM). UV–visible (UV–vis), steady-state, and time-resolved
photoluminescence (PL) spectroscopic measurements were
conducted to find the correlation between defect structure and
optical properties of Cs3Sb2I9.

2. Results

For the purpose of phase identification Raman spectroscopy was
used as it is highly sensitive to local crystal structure and sym-
metry.[42] Figure 1 shows the normalized Raman spectra of the
synthesized crystals. The spectra were normalized to the most
intense band (131 cm�1), which allows to analyze the position
and broadening of the other bands. The Cs3Sb2I9 crystal struc-
ture was confirmed for all four samples synthesized under dif-
ferent experimental conditions. All spectra exhibited seven
distinctive Raman peaks at around 52, 63, 95, 110, 131, 146,
and 171 cm�1.[43] No additional bands were observed within
the measured range of 50–1500 cm�1, revealing that the local
crystal structures of the four samples are not different from each
other. The spectra did not show any major deviations in peak
positions or intensities. The relative intensity of the bands
decreases in the order DMF/DMSO_fast > GBL_slow >
GBL_fast > HI_fast except for the band at around 52 cm�1 as
shown in Figure 1. The full width at half maximum (FWHM)

of the band at around 131 cm�1 was evaluated to investigate
the degree of crystal imperfections or defects in the Cs3Sb2I9
crystal lattice. A higher FWHM value indicates a higher concen-
tration of imperfections or defects leading to Sb–I bond vibra-
tions with broken local symmetry. The resulting FWHM
values were 7.54, 6.44, 7.19, and 6.62 cm�1 for GBL_slow,
GBL_fast, DMF/DMSO_fast, and HI_fast, respectively. The
FWHM values indicate that GBL_fast and HI_fast showed better
crystallinity compared to GBL_slow and DMF/DMSO_fast.

Cs3Sb2I9 was confirmed for all samples by Raman spectros-
copy. However, a precise determination and differentiation of
polymorphs by Raman spectroscopy were limited. In this regard,
for further characterization, the crystal structure was analyzed by
XRD and a selected 2θ range of the patterns is shown in Figure 2.
All reflections of the four samples can be assigned to the
2D-layered structure with space group P3m1 (JCPDS-PDF No.
98-003-9822). An extended XRD patterns and details of the unit
cell parameters derived from the Le Bail fitting are shown in
Supporting Information S1. The peak at 2θ= 32.2° in
GBL_slow belongs to CsI, which was not found in the other sam-
ples synthesized by the hydrothermal method. Evidently, it can
be inferred that only finite amount of CsI can be soluble during
the heating up the solution in GBL even though an extremely
slow ramping to 95 °C with 2 °C day�1 was applied to grow crys-
tals. Thus, hydrothermal synthesis seems more favorable for get-
ting Cs3Sb2I9 crystals. In addition, the peak at 2θ= 29.9° only
found in HI_fast is a signature of the 0D dimer phase as this
peak is absent in the layered phase. This peak was not found
in the other samples synthesized by the organic solvents.[44]

In general, it is not justifiable to distinguish different phases
from just one reflection in XRD. However, when Cs3Sb2I9 phase
of 2D-layered structure with space group P3m1 and that of
0D dimer phase with space group P63/mmc (JCPDS-PDF No.
98-000-1447) are compared, the peak at 2θ= 29.9° can be a fin-
gerprint of the 0D dimer phase. The other peak at 2θ= 32.2° that
belongs to 0D dimer that should be absent for 2D-layered
structure unfortunately overlaps with CsI phase (JCPDS-PDF
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Figure 1. Normalized Raman spectra of the synthesized Cs3Sb2I9 crystals.
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No. 98-008-4989). Therefore, in a given condition of XRD data
obtained, the peak at 2θ= 29.9° could be a good indicator for
the existence of 0D dimer phase formed only in HI_fast. In
previous papers, it has been reported that only the 0D dimer
form crystallizes from HI solution.[22,31–33] In contrast, in our

synthesis, the 2D-layered phase is formed together with the
0D one in HI_fast.

The difference in crystal size and morphology depending on
the synthesis conditions is evident from Figure 3. The depicted
SEM images reveal that GBL_fast consists of well-defined
hexagonal crystals (Figure 2b), whereas highly agglomerated
and irregular-shaped crystals are found for GBL_slow even
though nucleation and crystal growth were well controlled by
an extremely slow solution heating. The SEM image from
DMF/DMSO_fast showed much less defined irregular particles
mixed with hexagonally shaped crystals. Lastly, the most well-
defined and the largest crystals were obtained in case of
HI_fast. While the crystals from the organic solvents reveal more
platelike or irregular morphology, the crystals originating from
HI are several times larger in size and smoother on the surface.

Different colors of the crystals were observed depending on
the utilized solvents. GBL_slow and GBL_fast had an orange
color, while DMF/DMSO_fast and HI_fast exhibited a very dark
red color as shown in Supporting Information S2. UV–vis absor-
bance spectra converted from the measured reflectance spectra
are shown in Figure 4. The absorption edges for both samples
synthesized in GBL can be found at around 600 nm, while
DMF/DMSO and HI samples showed a shifted absorption edge
to higher wavelength at around 660 nm. Interestingly, for
HI_fast a second band edge was observed at around
670 nm.[32] Reportedly, antimony-based perovskites usually tend
to form a 0D dimer structure in solution-processed synthesis
instead of 2D-layered structure.[32] The indirect optical bandgaps
were estimated to be 2.11, 2.00, 2.12, and 1.85 eV for GBL_slow,
GBL_fast, DMF/DMSO_fast, and HI_fast, respectively. The
HI_fast exhibited the smallest bandgap. The Urbach energies
EU determined by plotting the logarithmic absorption against

Figure 3. Scanning electron microscopy images of Cs3Sb2I9 crystals synthesized in different solvents: a) GBL_slow, b) GBL_fast, c) DMF/DMSO_fast,
and d) HI_fast.
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Figure 2. X-ray diffraction patterns of γ-butyrolactone (GBL)_slow,
GBL_fast, dimethylformamide and dimethyl sulfoxide (DMF/DMSO)_fast,
and hydroiodic acid (HI)_fast. * indicates CsI (JCPDS-PDF No. 98-008-
4989) and # indicates the existence of 0D dimer Cs3Sb2I9 (JCPDS-PDF
No. 98-000-1447).
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the photon energy and then taking the reciprocal of the
slope[45,46] were 118.2, 69.2, 158.8, and 251.4meV for
GBL_slow, GBL_fast, DMF/DMSO_fast, and HI_fast, respec-
tively. EU is one of the indicators for crystal imperfections includ-
ing lattice defects.[47,48] Ledinsky et al. have found that EU is
3.8� 0.7 meV for CH3NH3PbI3, which is smaller than that of
Si, GaAs, InP, or GaN, highlighting the remarkable optoelec-
tronic properties of Pb-based iodide perovskite.[47] Hence, EU
is regarded as a good figure of merit to show the potential of
a newly discovered light absorber. A higher EU reflects a higher
structural disorder or higher amounts of defects in the crystal. It
should be noted that the lowest bandgap and highest EU of
HI_fast was observed among all four samples. Unexpectedly,
GBL_fast exhibited almost two times lower EU than
GBL_slow. Controlled slow solution heating (GBL_slow) did
not result in reduced concentration of defects.

PL spectroscopy was performed (Supporting Information S3) to
obtain a better understanding of the photoexcitation and photo-
emission characteristics of Cs3Sb2I9. The emission peaks of maxi-
mum intensity are found to be slightly lower than those reported
in literature.[42,49] The PL peak of GBL_slow exhibited a redshift
compared to those of three other samples. Obvious conclusion to
explain this has not been reached yet and future study would be
needed. Moreover, the emission peak is asymmetric and broad for
all samples. The origin of asymmetry is attributed to several factors
such as the electron–phonon coupling, the defect states in the
band structure, or self-trapped excitons.[43,50]

The lifetime of charge carriers was measured and estimated by
time-resolved PL (TR-PL) at the band edge emission. The results
are shown in Figure 5a as a log–log scale plot. These decay curves
were fitted with a double-exponential decay (Equation (1)).

I tð Þ ¼ A1exp
�t
τ1

� �
þ A2exp

�t
τ2

� �
(1)

where t is the time, A1 and A2 are pre-exponential factors, and τ1
and τ2 are the corresponding decay times for the exponential
components, respectively. The fitted results of the lifetimes of

τ1 and τ2 for each sample are shown in Figure 5b. The decay con-
stants for τ1 are in the range of 1–3 ns, similar to the values
reported by Wang et al.[51] The τ2 decay time is in a much broader
range of 15–300 ns. By comparing the decay times τ1, it can be
concluded that GBL_slow showed a much shorter charge carrier
lifetime for τ1 indicating faster recombination processes and
hampering the process of charge transfer. In contrast, the other
three samples synthesized by the hydrothermal method showed
almost two times longer τ1 compared to GBL_slow. The three
different solvents used for the hydrothermal synthesis resulted
in a broad range of the τ2 decay times.

3. Discussion

Cs3Sb2I9 has attracted much interest as a potential photovoltaic
absorber to replace Pb-based halide perovskites. However, there
are critical issues and several inherent limitations that hamper
the utilization of Cs3Sb2I9 in solar cells. First of all, dimension-
ality matters. This is also one of the reasons why the reported
Pb-free perovskite and perovskite derivative photovoltaics
(0D, 1D, and 2D structures) have shown inferior PCE compared
to Pb-based halide perovskite photovoltaics (3D structure).[52]

Two polymorphs of Cs3Sb2I9, namely 0D dimer phase and
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Figure 4. UV–visible absorption spectra of GBL_slow, GBL_fast,
DMF/DMSO_fast, and HI_fast.
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Figure 5. a) Time-resolved photoluminescence (TR-PL) spectra on a
double-logarithmic scale and b) decay parameters τ1 and τ2 from TR-PL.
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2D-layered one, were reported in 1997.[33] The variation of the
Sb–I octahedral network structure results in an inevitable change
of the optoelectronic properties of Cs3Sb2I9.

[22,44] Depending on
the crystal growth conditions, different crystal structures are
formed. The 0D dimer form was mainly found for samples syn-
thesized from HI solution at relatively low temperatures,[32]

whereas the 2D-layered phase is formed in solid-state
reactions,[33] colloidal synthesis of nanocrystals,[31,53] and
HCl-assisted solution methods.[54] The increased pressure during
the hydrothermal synthesis applied in this study may be the deci-
sive difference compared to the synthesis conditions reported in
literature. Compared to organic solvents (GBL or DMF/DMSO),
the HI aqueous solution exhibited a decreased solubility when
the temperature decreased leading to nucleation and crystal
growth. Thus, the crystals synthesized by hydrothermal method
using HI aqueous solution (HI_fast) resulted in well-defined
big (more than 10 μm) and thick crystals, even though the cooling
rate was the fastest among all. Moreover, 0D- and 2D-phase mix-
tures were identified by XRD for HI_fast in this study. This phase
mixture can be linked to two absorption bands in UV–vis spectros-
copy. Further study is essential to obtain a deeper understanding
of the synthesis condition in HI aqueous solution and its resulting
crystal formation of Cs3Sb2I9 polymorph.

Concerning the bandgap value of the 2D-layered Cs3Sb2I9
phase, mostly values of 2.05–2.10 eV are reported.[21,26,44] By sub-
stitution of Sb, a much smaller bandgap of 1.63 eV was obtained
for Cs3Bi0.6Sb1.4I9.

[51] In our study, the bandgaps of the Cs3Sb2I9
crystals were in good agreement with the reported values of 2D
Cs3Sb2I9 except HI_fast for which a slightly lower value of
1.85 eV was obtained due to the existence of the second band
edge observed at around 670 nm. By density-functional theory
calculation, V 0

Cs, I
0
i, Cs

•
i , I

•••
Sb, and V •

I are found to be dominant
defects in Cs3Sb2I9. I0i, I

•••
Sb, and V •

I are generally expected to
be a possible source of charge carrier traps.[21] X-ray photoelec-
tron spectroscopy (XPS) measurements were carried out to inves-
tigate the Cs/Sb and (CsþSb)/I ratios of the synthesized Cs3Sb2I9
and the results are summarized in Supporting Information S4.
No observable difference was found in Cs/Sb ratio. However,
DMF/DMSO_fast showed that the (CsþSb)/I ratio is approxi-
mately four times higher than that of HI_fast (�2.4 vs. �0.6).
Considering the abundant iodide in the synthesis condition,
the deep defects do not seem to be resulted from V •

I in
HI_fast. HI_fast showed the highest EU, which implies large
amounts of deep defect states that could act as recombination
centers. The highest EU and the shortest τ2 for HI_fast revealed
the existence of different types of defects, such as e.g., stacking
faults or a large mosaicity. The carrier lifetime of Cs3Sb2I9 needs
to be improved to enhance the PCE, and one of the major
remaining challenges is the fundamental understanding of
defect formation in this material. The change of (CsþSb)/I ratio
could not be fully understood and further studies would be nec-
essary to address this issue in more detail. The findings are sum-
marized in Supporting Information S5.

4. Conclusion

The crystal structural and optical properties of Cs3Sb2I9 crystals
grown from various solvents (GBL, a mixture of DMF/DMSO,

and HI) were investigated. Different colors of crystals are
obtained depending on the solvent used. Cs3Sb2I9 crystals of
mixed 0D dimer and 2D-layered crystal structures could be
grown in HI solution by hydrothermal synthesis revealing the
highest Urbach energy with the shortest charge carrier lifetime.
In contrast, Cs3Sb2I9 synthesized in GBL by hydrothermal syn-
thesis revealed the lowest Urbach energy but the longest charge
carrier lifetime. Thus, GBL is found to be not only more ecolog-
ically feasible for the whole device fabrication compared to acidic
solvent, but also more necessarily suitable within the investigated
hydrothermal synthesis condition with enhanced optical proper-
ties. Fundamental understandings of solvent role in Cs3Sb2I9 can
also provide further information about the various synthesis
route of other Sb-based halides. Future work should focus on
upgrading synthesis methods for industrial applications.

5. Experimental Section

Synthesis of Cs3Sb2I9 Crystals: Crystals were grown by changing the
solubility which depends strongly on temperature and pressure.[55] The
Cs3SbI9 crystals were synthesized using an oil bath on a hot plate. To
produce a clear precursor solution, 6 mmol CsI (Alfa Aesar, 99.9%)
and 4mmol SbI3 (Alfa Aesar, 99.9%) were dissolved in 10mL GBL
(Sigma-Aldrich, Technipur, for synthesis). The reaction vessel with the pre-
cursor solution was capped to prevent evaporation of the solvent and a
small hole was drilled in the cap to release the increased pressure during
heating. The oil bath was heated to 80 °C with stirring and then held for 1
day. Afterward, an extremely slow ramping to 95 °C with 2 °C day�1 was
applied to grow crystals. After reaching 95 °C, the grown crystals were sep-
arated from the GBL solution and dried on a filter paper. They are denoted
as GBL_slow in the following. In addition to this slow crystal growth
method, microwave-assisted hydrothermal synthesis was applied for a
faster crystal growth. Microwave digestion system Turbowave 1500
(MLS Mikrowellen-Labor-Systeme GmbH) was used. 6 mmol CsI and
4mmol of SbI3 were dissolved in 10mL GBL. The starting precursor
together with GBL solution were put in a Teflon-lined autoclave and placed
in the microwave system. The autoclave was heated up to 90 °C in 10min
with a pressure of 4.7MPa and kept under these conditions during a dwell
time of 1 h. Then, the solution was heated up to 105 °C in 5 h where the
heating rate was fast (3 °C h�1) compared to the one using the oil bath
(2 °C day�1). The crystals were then instantly separated by decanting
the solution. The grown crystals were dried on a filter paper and are
denoted as GBL_fast. In a separate experiment, a 7:3 mixture of DMF
(Sigma-Aldrich, for peptide synthesis) and DMSO (Sigma-Aldrich, anhy-
drous, ≥99.9%) was used for hydrothermal synthesis. The 6mmol CsI
and 4mmol SbI3 were dissolved in 7mL DMF and 3mL DMSO under
the same hydrothermal conditions. These crystals are named DMF/
DMSO_fast. When HI was used for hydrothermal synthesis, 3 mmol
CsI and 2mmol SbI3 were dissolved in 5mL HI aqueous solution
(48 wt%, Alfa Aesar). The solution was heated to 200 °C for 10min with
a pressure of 4.7 MPa and then cooled down to room temperature in 1 h.
The cooling rate thus was rather fast in this experiment (150 °C h�1).
Again, the grown crystals were separated by decantation and dried on
a filter paper. These crystals are denoted as HI_fast.

Characterization of Cs3Sb2I9 Crystals—Raman Spectroscopy: Raman
spectra were recorded at room temperature using a Bruker SENTERRA
Raman Microscope. An excitation wavelength of 632.8 nm (He-Ne laser)
was applied with a resolution of 2–5 cm�1. An objective lens with a mag-
nification of 20 and an aperture of 25 μm was chosen. The spectral reso-
lution was 0.5 cm�1 in a measured range of 50–1500 cm�1.

XRD: The powder XRD patterns were obtained using a Co-source dif-
fractometer (Malvern PANalytical Empyrean, Co-Kα1,2 radiation) to identify
the phases present in the synthesized Cs3SbI9 samples. The diffraction
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patterns were recorded in a 2θ range of 20° and 100° with an angular step
interval of 0.013°.

SEM: The particle sizes and their size distribution and morphology
were studied by a field-emission SEM (Carl Zeiss) equipped with an
X-Max large-area energy dispersive spectroscopy (EDS) detector
(Oxford Instruments) operating at an accelerating voltage of 5 kV.

UV–Vis Spectroscopy: UV–vis diffuse reflectance spectra were acquired
using a Perkin Elmer Lambda 900 spectrometer equipped with a deute-
rium arc lamp for UV light and a tungsten–halogen lamp for visible
and near-infrared light. The baseline measurement was taken with
BaSO4 as white standard. The spectra were recorded with a scan speed
of 500 nmmin�1 in the wavelength range from 1000 to 200 nm. The
obtained reflectance spectra were converted to absorbance using the
Kubelka–Munk function FðRÞ (Equation (2)).

α � FðRÞ ¼ ð1� RÞ2
2R

(2)

where α is the absorbance and R the reflectance.[56] The bandgaps were
calculated using the Tauc plot method.[11] In addition, the Urbach energy
interpreted as one of the indicators for the amount of localized states in
the optical bandgap and for crystal imperfections[57] was determined by
plotting ln(α) against photon energy (Equation (3)).

αðEÞ ¼ α0exp
hv
EU

� �
(3)

PL Spectroscopy and TR-PL: The PL emission spectra were obtained at
room temperature using a spectrofluorometer (Fluorolog 3-2iHR, Horiba)
with an R5509-73 PMT as detector. All spectra were corrected for
photometric response. The spectra were measured in front face geometry
with the powder/microcrystals being mounted between 2 quartz plates.
The excitation wavelength was set to 440 nm. For TR-PL experiments,
the samples were excited with the output of a pulsed laser diode
(437 nm, PicoQuant LD-440) with approximately 1 pJ on a spot with a
diameter (using the 1/e definition) of approximately 30 μm resulting in
fluence of �100 nJ cm�2. The repetition rate of the light source was
31.3 kHz. The polarization of the excitation was controlled using a
Glan–Taylor polarizer and set to s-polarization. Fluorescence of the
samples (mounted between microscope plates) was collected using a
Cassegrain-type collection optic (Anagrain; Anaspec Research
Laboratories Ltd., Berkshire, UK) in 180° back-scattering geometry, passed
through a long-pass filter (488 nm, IDEX/Semrock), a wire-grid polarizer
(Thorlabs, WP25M-UB) at magic angle with respect to the excitation,
and focused onto a fiber/fiber-bundle using an achromatic lens
(Thorlabs, AC254-100-AB). The fiber output was directly focused on a
single-photon avalanche diode (Micro Photon Devices, MPD-100-CTE) with
the help of an elliptic mirror (Horiba, 1427C). The time-correlated single-
photon counting was established using a PicoHarp-300 (PicoQuant).

XPS: XPS was performed in a Kratos Axis Ultra DLD instrument,
equipped with a monochromatic Al-Kα source (E= 1486.6 eV). An analysis
area of 300� 700 μm was defined by an electrostatic–magnetic lens sys-
tem. Sample charging was suppressed by a low-energy electron flood gun.
Survey spectra between 1330 and –5 eV binding energy were recorded with
an analyzer pass energy (PE) of 80 and 0.5 eV energy step width. Core level
and valence band detail spectra were recorded with a PE of 10 eV and
energy step width of 0.1 and 0.025 eV, respectively. For acquisition of
depth profiles and for removal of contaminations, the surface was gradu-
ally sputter-eroded by a 500 eV Arþ ion beam with a beam current density
in the order of 10 μAmm�2.
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