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Novel Detection Scheme for Temporal and Spectral X-Ray Optical Analysis:
Study of Triple-Cation Perovskites
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Multimodal x-ray microscopy is key to assessing the property-functionality relationships of semi-
conductor devices with the utmost sensitivity and spatial resolution. Here, we report on a novel
setup—the “Analyzer of X-ray excited Optical Luminescence Offering Temporal and spectral resolution”
(AXOLOTL)—and demonstrate its use by investigating a series of triple-cation mixed-halide perovskite
solar cells (PSCs) with varying Cs content. These PSCs exhibit spatially varying performance and are
thus ideally probed by multimodal x-ray microscopy to elucidate the origin of the performance variations.
Specifically, our nanoscale characterization of the wrinkled perovskite photoabsorber unveils a segrega-
tion of I and Br, which is accompanied by a narrowed band gap and an increased charge-carrier lifetime in
thick absorber areas. Overall, we demonstrate with this technique the spatial correlation of compositional
inhomogeneities, topography, electrical performance, and optical performance, which is of highest inter-
est for identifying loss mechanisms at the nanoscale in high-performance electronic device development,

including solar cells.

DOI: 10.1103/PRXEnergy.3.023011

I. INTRODUCTION

In recent years, synchrotron-based hard x-ray raster-
scanning microscopy setups have become invaluable tools
to evaluate, with high spatial resolution, the composition
and performance of semiconductor structures [1—4] and,
especially, solar cells [5—8], as high-energy x rays allow
the penetration of a full solar-cell stack.
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To evaluate the local composition, x-ray fluorescence
(XRF) is typically used, where a core electron is excited
by absorbing an x-ray photon and the resulting core hole
is filled by a higher-level electron under the emission of
an XRF photon of element-specific energy. The tunable
x-ray-beam energy at synchrotron beam lines allows us to
choose the excitation energy such that the measurement is
highly selective to the elements of interest.

To evaluate the local electrical performance with an
x-ray probe, x-ray-beam-induced current (XBIC) [6,9]
and voltage (XBIV) [10] measurements are performed.
When charge carriers, locally excited by a focused hard
x-ray beam, are collected or their potential is measured,
lock-in amplification is often used to improve the signal-
to-noise ratio [11]. Compared to laser-beam-induced cur-
rent (LBIC) measurements [12,13], only a fraction of the

Published by the American Physical Society


https://orcid.org/0000-0001-9210-2992
https://orcid.org/0000-0002-1673-5218
https://orcid.org/0000-0001-8696-0499
https://orcid.org/0000-0001-5273-6608
https://orcid.org/0000-0003-2768-9496
https://orcid.org/0000-0002-2795-1338
https://orcid.org/0000-0002-8849-2788
https://orcid.org/0000-0003-0787-7991
https://orcid.org/0000-0003-1619-9061
https://orcid.org/0000-0002-2229-1027
https://orcid.org/0000-0002-9759-1200
https://orcid.org/0000-0002-9663-7422
https://orcid.org/0000-0002-8244-5235
https://ror.org/01js2sh04
https://ror.org/00g30e956
https://ror.org/00g30e956
https://ror.org/01js2sh04
https://ror.org/01q3tbs38
https://ror.org/05591te55
https://ror.org/01js2sh04
https://crossmark.crossref.org/dialog/?doi=10.1103/PRXEnergy.3.023011&domain=pdf&date_stamp=2024-06-27
http://dx.doi.org/10.1103/PRXEnergy.3.023011
https://creativecommons.org/licenses/by/4.0/

CHRISTINA OSSIG et al.

PRX ENERGY 3, 023011 (2024)

incident photons is absorbed during XBIC measurements.
However, these high-energy photons generate a cascade of
excitations [14], where at the end of the thermalization
process, thousands of charge carriers are excited at the
band edges from a single absorbed photon [6].

The radiative recombination of these charge carriers
is denoted x-ray excited optical luminescence (XEOL)
[15,16]—this is the x-ray analogue to laser-beam-excited
photoluminescence (PL). From both XEOL and PL mea-
surements, the optical performance can be evaluated as the
local band gap, luminescence yield, and charge-carrier life-
time [17—19]. The emitted photons are usually measured
when the solar cell is in the open-circuit state. With a pre-
liminary version of the setup presented in this work, we
have demonstrated that fourfold multimodal measurements
of a Cu(In,Ga)Se; solar cell are feasible, including XRF,
XBIC, ptychography, and the XEOL intensity [20,21],
though without any temporal or spectral sensitivity.

Here, we integrate the upgraded XEOL-detection setup,
which we call the “Analyzer of X-ray Excited Optical
Luminescence Offering Temporal and spectraL resolution”
(AXOLOTL) into the scanning x-ray environment at the
microprobe end station of the PETRA III beam line P06.
Due to its modular concept, the AXOLOTL setup can
be used at various synchrotron end stations or even as
stand-alone setup for photoluminescence microscopy.

The XEOL photons are measured in a direct beam path
and the signal is resolved spectrally and temporally.

The effectiveness of the AXOLOTL setup is demon-
strated with a study on triple-cation mixed-halide per-
ovskite solar cells (PSCs). The stability of perovskites is
one of the challenges to be overcome for PSC commer-
cialization [22]. In recent years, mixed-cation perovskites
have shown promising results with significantly improved
stability compared to early stage metal-halide perovskites
[23-27].

While mixing Br on the halide side of FAPbl; (FA =
formamidinium) is most effective in the crystallographic
stabilization in favor of «-phase perovskites, density-
functional-theory calculations by Kim ef al. [25] have
revealed that the band-gap widening of Br replacing
I diminishes the photoconversion efficiency. Therefore,
methylammonium (MA) should be introduced on the
cation site to reduce the amount of necessary Br. Adding
Cs dramatically increases the chemical stability of FAPbI;
[25]. Additionally, the introduction of Cs can lower the
trap density and leads to shallower trap states [28,29], sup-
presses the growth of intermediate phases and promotes the
a-phase formation [30,31]. Promising results have been
shown by Peng ef al. [32], who have created PSCs with an
absorber composition of CS().05FA().88MA0.07PbIQ,5(,Br0.44
and a record efficiency of 23.17%. However, a further
increase of the Cs content to around 20% has been reported
to result in a decrease in efficiency going hand in hand with
halide segregation [29]. Additionally, an increase in Cs can

greatly influence the topography of the resulting thin film,
leading to the formation of wrinkles [33-36], i.e., thicker
and thinner areas in the absorber layer that we denote as
mountains and valleys in the following.

Wrinkle occurrence is generally associated with a relief
of compressive strain [34,36]. Wrinkled perovskites have
been shown to exhibit inhomogeneous optical perfor-
mance, with inconsistent results reported in the literature:
(1) a band-gap narrowing at mountains [34], with a red
shift in the PL peak, or (ii) a band-gap widening at moun-
tains [35], with a blue shift in the PL peak. There are
three possible explanations for the inhomogeneous PL
response:

(1) Compositional inhomogeneity. An increase in Br
and Cs content generally widens the band gap
[23,37-40]; Bercegol et al. have reported on an
increased Cs content in the mountains that led to a
blue-shifted PL spectrum [35].

(2) Lattice strain. Braunger et al. [34] have found no
compositional variation but systematically larger
grains in the mountains. They have associated the
observed band-gap narrowing with findings from
D’Innocenzo et al. [41].

(3) Reabsorption effects. As the absorber layer is thicker
in the mountains than in the valleys, PL photons
have a greater chance to be reabsorbed with sub-
sequent emission of a lower-energy photon, which
leads to a red shift of the overall PL spectrum
[42-45].

As the composition [35] as well as the preparation
method [34] impact on the formation of wrinkles, a large
parameter space is given. Hence, each system has to be
evaluated individually with the spatially resolved assess-
ment of multiple parameters to establish a causal relation-
ship with the synthesis conditions.

The studies of Braunger et al. [34] and Bercegol et al.
[35] have used different probes for the evaluation of the
optical performance (laser), the composition (electrons),
and the crystallographic structure (x rays). As electron
probes are surface sensitive, while lasers and especially
x rays have a deeper penetration depth, their respec-
tive beam-sample interaction volumes are not comparable.
Therefore, a direct link between local performance and
composition or grain structure has not yet been established.

With the AXOLOTL setup included in a multimodal
X-ray microscopy measurement scheme, we have exclu-
sively combined x-ray-based techniques to elucidate the
local relation between absorber topography, composition,
and optical and electrical performance. The advantage
of x-ray-based over electron- or ion-based methods is
the sensitivity to the full depth of the solar cell with
a comparable beam-sample interaction volume for all
modalities.
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II. RESULTS

A. A novel XEOL spectroscopy setup: AXOLOTL

The addition of optical-luminescence measurements to
the suite of raster-scanning techniques offers the possibil-
ity of investigating the local optical performance of the
device through spectrally (SR) and temporally resolved
(TR) XEOL [15,16,46-49]. Measuring XEOL instead of
classical PL has its own constraints and considerations.
XEOL spectroscopy measurements are challenging due to
the small beam-sample interaction volume, low absorption
cross section, and considerations of beam damage, which
are thoroughly discussed in [8,50].

Existing beam lines such as the hard x-ray nanoprobe
23A at the Taiwan Photon Source [49], the nanoimaging
beam line ID16B at the European Synchrotron Radiation
Facility [51], or the applied x-ray absorption spectroscopy
beam line P65 at PETRA III [52] employ fiber-coupled
optics and streak cameras for simultaneous SR- and TR-
XEOL measurements. These are not optimized toward
detection sensitivity, as is needed for raster scanning
beam-damage-sensitive samples such as perovskites with
a nanofocused x-ray beam. The AXOLOTL instrument,
schematically shown in Fig. 1, has been specifically

developed to address this challenge and to offer the highest
detection sensitivity. It has been designed to be trans-
portable, compact, and modular for ease of use and adap-
tation of the instrument to different samples and beam line
environments.

Consequently, the whole setup has been built as an opti-
cal enclosure upon a breadboard that can be aligned to the
sample and other components of the beam line. Further, it
can either be controlled as part of the beam-line control
system or as an independent detection unit.

The major constraint for multimodal scanning
microscopy measurements is the competition for detec-
tion solid angle. To efficiently collect the XEOL photons
in combination with other detectors, such as XRF or
XRD detectors, and for compatibility with transmission-
geometry measurements such as ptychography, a large-
aperture infinity-corrected objective (1) (see Fig. 1) with
a long working distance has been implemented. The lens
system has been mounted on a piezo XYZ stage for optimal
alignment and situated to cover the solid angle upstream
of the sample surface as far as the beam-line environment
has allowed (10° between the detector and the sample sur-
face; see Fig. S1 of the Supplemental Material [53]). For
the detection of the collected photons, the beam has been

X-ray
fluorescence
detector

X-ray beam
Phase plate
CRLs

Chopper

1 Object 6 Slits 11 Beam splitter (10:90)
. Beam sphtter (50:50) 7 Spectrograph 12 Ir

3 Mirror 8 Spectroscopy camera 13 Focusmg lens

4 Focusing lens 9 Imagmg camera 14 Alignment camera

5 Avalanche photodiode 10 Laser

FIG. 1.

A schematic representation of the XEOL-detection setup and multimodal measurement approach. Drawn into the scheme

are the beam paths: blue for the alignment laser, red for the XEOL photons, and purple for the x-ray beam. For further explanation of

the elements, see Sec. IV.
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split and directed into two separate detection units, one
for TR-XEOL measurements (Fig. 1) (5) and the other for
SR-XEOL measurements (7—8).

The TR-XEOL unit consists of an avalanche photodiode
(APD) (5) with a time-correlated single-photon-counting
(TCSPC) instrument that has been synchronized with the
x-ray-beam clock to measure the delay of the XEOL pho-
tons relative to the x-ray excitation pulse. A spectrograph
(7) in combination with one of two charge-coupled devices
(CCDs) (8, 9) has been employed for SR XEOL. Detailed
descriptions can be found in Sec. IV.

The alignment of the probe, sample, and detector poses
a six-dimensional (6D) problem: the interaction spot of the
highly focused x-ray beam [coherent 100 nm (vertical) x
96 nm (horizontal) full width at half maximum (FWHM);
see Fig. S2 of the Supplemental Material [53]] with the
sample [the first three-dimensional (3D) alignment] and
the focus of the AXOLOTL objective with the interac-
tion spot (the second 3D alignment) have to be managed to
<1 pm?. Aligning the focus spot of the AXOLOTL setup
under a shallow angle increases the difficulty. Thus, an
alignment laser and camera have been installed to aid in
the 6D positioning of the x-ray-beam—sample—AXOLOTL
setup. The laser further offers the possibility of conduct-
ing classical PL measurements without the x-ray beam
or, potentially, even more sophisticated nanoscale x-ray-
pump—laser-probe measurements when synchronized to
the bunch clock.

The capability of the AXOLOTL setup will be demon-
strated in the following on the multimodal x-ray-based
analysis of PSCs.

B. Study of perovskite solar cells
1. Impact of Cs on the perovskite wrinkling structure

To study the impact of Cs in PSCs, three cells with vary-
ing Cs content have been prepared: the perovskite mixture
of the samples is Cs;MA( 15FA.35_+Pb(Ip 8,Bro2)3, with x
being 0.05, 0.15, and 0.25. Three representative samples,
denoted as Cs05, Cs15, and Cs235, respectively, have been
extracted from the cells as fully operational subcells to pro-
ceed with x-ray-based measurements. They originate from
central positions on the substrates and cells to avoid edge
effects and have been selected based on their open-circuit
voltage under ambient light.

A decrease in efficiency with increasing Cs content has
been observed in laboratory-based measurements of copro-
cessed sister cells. The J-V curves, with further statistics
of the cell-performance parameters, are provided in Figs.
S3—S5 of the Supplemental Material [53]. An increase of
the band gap and the V¢ deficit (Table S1 of the Sup-
plemental Material [53]) for increasing Cs concentration
has been derived from external quantum efficiency (EQE)
measurements. The decrease in efficiency is assumed to
be related to the formation of wrinkles in the absorber.

Here, the wrinkles are studied in greater detail, employing
x-ray-based multimodal measurements.

For an overview of the samples, the composition and
electrical performance have been assessed with XRF
and XBIC measurements, respectively. An x-ray beam
with an energy of 13.5keV, slightly above the Brgx edge
(13.47keV) and the Pb; edge (13.04 keV), has been cho-
sen to ensure a high absorption cross section and a strong
XREF signal for Pb ($py). The ®py, signal strength is indica-
tive of the absorber topography—Pb is not competing
directly with other elements for its lattice space and a linear
relationship between the XRF count rate and the perovskite
thickness can be assumed in the thin-film approximation
[54,55].

In Fig. 2, we show the distribution of &p,
[Figs. 2(a)2(c)] and the electrical performance as XBIC
signal Ixgic [Figs. 2(d)-2(f)]. Additional XBIV measure-
ments are shown in Fig. S6 of the Supplemental Material
[53]. The wrinkle structures of Csl5 and Cs25 are visi-
ble in the ®py distribution as well as in the Ixgc signal.
The maps of Ixgc reveal areas of significantly lower per-
formance [Figs. 2(d)-2(f)] that do not coincide with the
wrinkling structure [Figs. 2(a)-2(c)] or with the variations
in the XRF signal of any heavy absorber element (Pb,
Br, Cs, or I; see Figs. S7-S9 of the Supplemental Mate-
rial [53]). Areas that are electrically underperforming at
the nano- and microscale have been reported earlier. They
have been attributed to pinholes in the absorber [56], local
trap states acting as recombination centers [57], or other
spatial inhomogeneities of interfaces and layers (including
charge-selective layers) [58] beyond sensitivity or resolu-
tion of the presented XRF measurements. The origin of
local underperformance is not at the core of this study;
independently of their origin, their prominent and spatially
expanded effect on the XBIC measurements is assumed to
be due to the large diffusion length of the charge carriers.

The influence of the large diffusion length is further
visible in the comparison of the amplitude variations of
Ixgic and ®p, for Cs15 and Cs25 (see Figs. S10(g) and
S10(h) of the Supplemental Material [53]). The peri-
odicity of the wrinkles has been retrieved using fast-
Fourier-transformation analysis (see Fig. S10(i) of the
Supplemental Material [53]) and a period of 7¢ = 18.2 um
for Cs15 and of Tf = 8.3 wm for Cs25 has been found.
While the period of the XBIC and XRF signal is the same,
the difference between the modulation strengths of the two
modalities is greater for Cs25 than for Csl5. This can
directly be attributed to the smaller wrinkle period and sup-
ports the hypothesis of a larger point-spread function of
XBIC compared to XRF.

Further, a monotonic increase of the median /xgic is
observed across the series of cells, as evidenced in Fig.
S7 of the Supplemental Material [53]. This can likely be
attributed to the generally increased charge-collection effi-
ciency related to the overall increased performance that
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is evidenced by the open-circuit-voltage increase with
increasing Cs content (cf. Fig. S4 of the Supplemental
Material [53]).

2. Variation of the optical performance over wrinkles

Aside from the formation of wrinkles, PSCs with higher
Cs content have shown to undergo a general blue shift of
their PL spectra [23,37-39] and to exhibit longer PL life-
times [35]. This has been linked to a defect-passivating
role of Cs [23,28]. While these results indicate a possi-
ble improvement of the efficiency for a Cs content around
10%, and Tang et al. [29] have found a decrease in effi-
ciency at 20% Cs content, the laboratory measurements
of the cells measured here (see Figs. S3—S5 of the Sup-
plemental Material [53]) already indicate a decrease in
lifetime for a cell with 15% Cs content.

So far, the role of inhomogeneities within the wrin-
kled structures has not been clear: Braunger et al. [34]
have found no significant compositional change from val-
leys to mountains but Bercegol ef al. [35] have claimed
an increased amount of Cs in mountains; Tang et al. [29]
have uncovered a segregation of Br- and I-rich phases for
PSC with high Cs content, albeit without spatial resolution.
Thus, whether or not the two phases are associated with the
wrinkle topography has been left to speculation.

To elucidate these aspects, the XRF signal for the spatial
assessment of the composition as well as XEOL for the
recombination yield, band gap, and lifetime of the charge
carriers have been measured with high spatial resolution.
An area of 20 pum x 20 pum has been raster scanned (for
further details, see Sec. IV D).

In the following, we discuss the findings using Csl5
as an example and refer to the Supplemental Material for
additional XRF maps and the measurements of Cs05 and

~
N

(98]

o
S o S
®py, (kcounts/s)

(O8]

93}
S S O
®py, (kcounts/s)

25 25
~ 4/\
32 ”
) 38
2 9 O
& 2 g
1

(a)(c) The XRF signals of Pb ®p, of (a) Cs05, (b) Cs15, and (c) Cs25. (d)y«f) The XBIC signals Ixgic of (d) Cs05, (e) Csl15,

Cs25 (see Figs. S11-S14 of the Supplemental Material
[53].

In Fig. 3(a), we show the distribution of the XRF
Pb count rate ®p,, which reflects the thickness of the
absorber. A horseshoelike wrinkle structure is visible. The
ratio of the XRF Br count rate ®p; to ®p, is shown in
Fig. 3(b) and exhibits the same horseshoelike feature. If the
absorber matrix was homogeneous over the scanned area,
the @,/ Ppy, ratio should not contain any spatial features;
in particular, since the energy of both the Pb;3 and Brg
absorption edges is high enough such that self-absorption
effects are not strong enough to explain the ®g./ Ppy, vari-
ations (see Sec. IVE.). Therefore, we conclude that the
valleys are Br rich, while the mountains have an accord-
ingly higher I content. The demixing of Br and I itself is a
known phenomenon for perovskites [29,59,60].

In Fig. 3(c), we show the central wavelength A, of the
Gaussian-fitted XEOL spectrum (for corresponding maps
of all fit parameters, see Fig. S15 of the Supplemental
Material [53]). The scanned area shows a variation of
around 10nm in A, indicating a band-gap narrowing of
approximately 20 meV from valley to mountain. This is
similar to the results of Braunger et al. [34]; here, however,
the red shift can be directly linked to the segregation of Br
and I as observed in Fig. 3(b). A contour of A,y = 734 nm
has been overlaid from Fig. 3(c) onto Figs. 3(a) and 3(b)
to highlight the correlation. The contour clearly relates the
red-shifted area to the thicker absorber [Fig. 3(a)] and the
Br-poor area [Fig. 3(b)]. This has led to the conclusion that
the red shift at mountains compared to valleys is mainly
caused by the compositional segregation into Br-poor and
Br-rich regions.

Photon recycling via self-absorption has been consid-
ered as an alternative cause for the red shift of Ac.,. By
taking the detector geometry into account and comparing
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The XRF and XEOL analysis of cell Cs15. (a) The XRF ®py, signal. (b) The XRF &g,/ Ppy, ratio. (¢) The central wavelength

Aeen from SR-XEOL measurements. (d) The effective lifetime 7.y from TR-XEOL measurements upon fitting the decay with two

exponentials. (¢) Pearson’s correlation coefficient p.

the amplitude of the XEOL signal as well as the topogra-
phy (and thus the orientation of the emitting solid angle),
we conclude that this is a negligible effect in our case (for
the full discussion of this topic, see Sec. S7B and Fig. S17
of the Supplemental Material [53]).

The TR-XEOL decay curves, measured simultaneously
with the SR XEOL, have been fitted with a double-
exponential function. Maps showing the individual fitting
parameters are given in Fig. S17 of the Supplemental
Material [53]. In Fig. 3(d), we show the effective life-
time g calculated from the amplitudes and time constants
of the fit (see Sec. IVG) for Csl5. A slight trend to
longer effective lifetimes in areas with a thicker absorber
is observed.

We present two hypotheses pertaining to the increase in
the lifetime in the mountains:

(1) The mountains could have fewer bulk and surface
defects than the valleys, which would prolong the
effective lifetime. This reduction of defects is linked
to an increase in Cs as suggested by Bercegol et al.
and in accordance with previous findings [34-36],
as Cs has a passivating effect [28].

(2) The AXOLOTL setup features high-numerical-
aperture optics and the TR-XEOL measurement is
done in a confocal approach. Hence, recombina-
tion is only measured from those charge carriers
that recombine spatially within the focus spot; car-
riers that diffuse or drift out of the focus spot will
not be detected. Consequently, the measured amount
of radiative recombination as well as the lifetime
appear too low for materials with a large diffusion
length and lifetime. As the band gap is narrower

in the mountains, there is a lower probability that
charge carriers will drift out of mountains into the
wide-band-gap valleys than vice versa, which leads
to a longer effective lifetime. This is in accordance
with the findings observed by Frohna et al. [59].

In Fig. 3(e), we show the statistical correlations between
Figs. 3(a)-3(d) as Pearson’s correlation coefficient p. Here,
1 indicates perfect positive correlation, 0 no correlation,
and —1 perfect anticorrelation. The strong anticorrela-
tion between ®p, and the ®p,/Ppy, ratio highlights that
the local thickness variation of the absorber is associ-
ated with the separation into Br-rich and Br-poor regions.
Accordingly, the strong anticorrelation between the cen-
tral wavelength A, and the ®p,/Ppy ratio corroborates
the segregation hypothesis. The correlation coefficients of
T are weaker than the others, which is partly rooted in
the higher noise of Fig. 3(d) compared to the other maps.
Nevertheless, the trend to longer effective charge-carrier
lifetimes at thicker absorber areas is evident in the positive
correlation between ®py, and Teg.

3. Overall impact of Cs on the optical performance

The spatially resolved evaluation of the three PSCs has
not only revealed an intracell inhomogeneity in the optical
performance but also an intercell shift toward a broader
distribution of the effective lifetime as well as the band gap
with higher Cs content. In Fig. 4(a), the histograms of the
effective lifetime are depicted as violin plots (7. on the
vertical axis). The effective lifetime increases from Cs05
to Cs15, while Cs25 has a slightly lower median effective
lifetime than Cs15 but also a broader distribution.
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FIG. 4. A comparison of the optical performance of the three PSCs, Cs05, Cs15, and Cs25. (a) The distribution of the effective
lifetimes as violin plots; the dashed lines indicate the 25th, 50th, and 75th percentiles. (b) The distribution of the central wavelength
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Cs15. (e) The ®pp, count rate of Cs25. (f) Area-averaged XEOL spectra corresponding to the colored areas in (c)—(e), respectively.

Figure 4(b) similarly displays violin plots of the central-
wavelength (Ace,) distribution of the XEOL spectra. The
blue-shifting effect of Cs as well as an increasing spread
in the distribution is evident when comparing the three
violins. The average peak position of the Gaussian fit is
739 nm for Cs05, 733 nm for Cs15, and 722 nm for Cs25,
showing the same trend of roughly 10 nm in blue shift per
10% of Cs, as noted in the literature [23,37—39]. The red-
side end of the distribution shifts less than 10 nm, while the
bulk of the distribution shifts almost 20 nm. Overall, the
energy corresponding to the mean value of A, is slightly
higher than the laboratory-based £, values (see Table S1 of
the Supplemental Material [53]) from EQE measurements.
This could be due to a higher local filling of the elec-
tronic states in the conduction band by the particle shower
compared to laser-based excitation. This would lead to
recombination from states higher than the conduction-
band minimum, explaining the discrepancies between the
PL- and XEOL-based estimations of the band gap.

The influence of beam damage to the XEOL spectra has
been considered in the choice of beam intensity (see Sec.
IV B) and a comparison of full beam intensity and low
beam intensity is shown in Fig. S18 of the Supplemen-
tal Material [53]. High beam intensity leads to a strong
blue shift and deviation of the XEOL spectra from a Gaus-
sian shape. A shoulder at higher energies appears, which is
partly attributed to the higher local filling of the electronic

states in the conduction band. The observation of this shift
to higher energies with a strong beam intensity corrobo-
rates the hypothesis that even at a low x-ray-beam flux, the
local filling is greater than during the EQE measurements,
thus leading to a seemingly wider band gap.

The spectral shift in correlation with the absorber
thickness is highlighted in Figs. 4(c)—4(f). The maps in
Figs. 4(c)4(e) show the Pb XRF signal ®p, with a dis-
crete color scale to indicate binned areas for which the
averaged XEOL spectra are plotted in Fig. 4(f). Here,
it appears that the red-side edge is hardly shifted at all,
while the blue side is shifting more strongly for higher-
Cs-containing PSCs. This nonintuitive “pinning” of the
red side could be explained by the iodine increase in
the mountain areas, countering the blue shift induced by
higher Cs content. In the valley areas, the cumulative effect
of the increased Br content and the overall increase in
Cs further promote the strong blue shift of the XEOL
spectra.

In addition to the statistical correlations between ele-
mental distributions and local performance, in the cell
Cs25 we have observed submicrometer small spots with a
surplus of Cs and a deficit of Br. These spots are assumed
to originate from the Csl precursor and feature a red shift of
the XEOL signal compared to the surrounding area, which
is expected from the Br deficiency (for further details, see
Sec. VI B of the Supplemental Material [53]).

023011-7



CHRISTINA OSSIG et al.

PRX ENERGY 3, 023011 (2024)

I11. DISCUSSION

The novel AXOLOTL detection unit for combined SR
and TR XEOL has been used in a multimodal hard x-ray
scanning microscopy setup to study the wrinkled struc-
ture of PSCs containing varying amounts of Cs (Cs15 and
Cs25). Initial laboratory-based measurements have indi-
cated that the overall efficiency of a PSC decreases with
increasing Cs content, which we speculate to be caused
by the wrinkling of the absorber. The spatially resolved
optical performance of the cells has been measured with
the AXOLOTL instrument to elucidate the cause of the
inhomogeneous PL previously reported for these systems
[34,35].

The multimodal approach has allowed us to relate the
segregation of I and Br to thick and thin absorber areas,
respectively, which we have identified as the primary cause
of the band narrowing in the mountain and the band
widening in the valley areas.

With these findings, we have demonstrated that the
AXOLOTL setup is able to evaluate beam-sensitive mate-
rials such as perovskites. By performing multimodal
simultaneous XEOL and XRF measurements, the optical
performance has been directly linked with the compo-
sition, eliminating the drawbacks of separate measure-
ments—a major advantage of XEOL over classical PL.

After demonstrating the multimodal compatibility of our
setup in this study, we can envision further experiments
encompassing more modalities. A first logical extension
would be the inclusion of x-ray diffraction to verify the
impact of inhomogeneous lattice spacing on the optical
performance. A challenge for the measurements will be
that the random orientation of the grains in the absorber
only allows the evaluation of those few grains that coinci-
dentally fulfill the Bragg condition.

With the introduction of fourth-generation synchrotrons,
ptychography appears as a feasible addition to our multi-
modal suite, as the demand for a coherent beam would no
longer limit the photon flux.

Going a step further, employing heating stages as
demonstrated by Chakraborty et al. [61] would be an
option for investigating solar cells in situ. With the
alignment laser already present in the AXOLOTL instru-
ment, simultaneous use of the laser and x-ray beam
could further be an option, with the two beams act-
ing as either pump or probe. Overall, multimodal hard
X-ray scanning microscopy measurement schemes offer
an opportunity to directly probe the spatially resolved
correlations between composition, structure, and perfor-
mance to provide insights into semiconductor devices.
In view of such correlations elucidating the materials
paradigm, the modular AXOLOTL setup is designed to
be used at various synchrotron beam lines, adding to the
capacity for temporal and spectral optical-luminescence
measurements.

IV. EXPERIMENTAL PROCEDURES

A. Sample preparation

For the PSC fabrication, indium tin oxide- (ITO)
covered glass (sheet resistance: 15 /sq, XinYan Tech-
nologies) substrates have been sonicated in water-
acetone-IPA (isopropyl alcohol) baths, prior to a 10-min
UV-ozone treatment to clean the surface. The NiO,
hole-transport layer (HTL) (20nm) has been deposited
via rf magnetron sputtering, following a well-established
procedure [62]. The perovskite layer (approximately
500nm) has been deposited under a nitrogen atmo-
sphere via spin coating of perovskite solutions of
CSXMA()_15FA0_85_XPb(I().8,BI‘0.2)3 (1 M) in a cosolvent of
dimethyl formamide (DMF)—dimethyl sulfoxide (DMSO)
(4:1 v/v). Here, a two-step spin-coating process with
2000 rpm for 10s and 5000 rpm for 30s has been used.
During the second step, after 10 s, 300 ul of chloroben-
zene has been dropped as an antisolvent. The films have
been subsequently annealed at 100°C for 25min. The
Ceo electron-transport layer (ETL) (20 nm, nano-C), 5 nm
of bathocuproine (BCP, Sigma-Aldrich), and 100-nm sil-
ver contacts have been deposited via thermal evapora-
tion (Angstrom Engineering) within the same deposition
chamber, as reported previously [63].

B. Experimental settings

The x-ray measurements have been conducted at the
hard x-ray micro-/nanoprobe beam line P06 (microprobe
end station) at Petra III (DESY, Germany) using a beam
energy of 13.5keV. As sketched in Fig. 1, the x-ray beam
has passed a retractable optical chopper (MC2000B with
MCI1F10HP, Thorlabs), running at 813 Hz, to enable the
use of a lock-in amplifier (UHFLI, Zurich Instruments) for
the XBIC measurements. After the chopper, the beam has
been guided through the focusing optics, which have con-
sisted of 50 Be-CRLs (compound refractive lenses) [64],
a phase plate, and a 400-um pinhole. The coherent part
of the beam had a spot size of 100 nm (vertical) x 96 nm
(horizontal) FWHM. The sample surface has been oriented
perpendicular to the beam path to minimize the beam foot-
print. A fluorescence detector (Vortex-ME4, Hitachi) has
been situated opposite the XEOL detector with a central
angle of 47.6° to the sample surface. The sample has been
mounted and electrically contacted on a printed circuit
board and fastened to a kinematic mount (KB25/M, Thor-
labs) as described in Ref. [11]. The XEOL-detection unit
has been angled to the sample at 10°.

C. AXOLOTL

The setup is described following the numbering in
Fig. 1. For the coarse alignment with respect to the x-
ray beam and the beam line itself, the breadboard that
hosts the optical setup has been installed on top of
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a manual rotation stage and motorized XYZ translation
stages. An infinity-corrected long-working-distance objec-
tive (Olympus LMPLFLN100X, NA = 0.8) (1), connected
to a lens tube, has been mounted to piezo-motors (PI) for
the fine alignment. The XEOL signal collected from the
sample has been divided into two parts by a 50:50 beam
splitter (KM200B/M, Thorlabs) (2). One part has been
focused (lens AC254-100-A, mounted in translation lens
mount LM1XY, Thorlabs) (4) onto an APD (PDM Series,
Mirco Photon Devices) (5); the other part has been focused
on the entrance slit of a spectrograph (6).

The signal from the APD has been fed into a TCSPC
module (PicoHarp 300, PicoQuant) for TR-XEOL mea-
surements and to the counter of the beam-line system for
fast intensity evaluation.

The spectrograph (Acton SpectraPro Series, model
23001, Princeton Instruments) (7) with either a mirror or a
300 gr/mm grating (750-nm blaze) selected, has guided the
light onto one of two of the CCD cameras: (iDus4200E,
Andor) (8) or (ProEM 512, Princeton Instruments) (9).
The two cameras have been installed to account for either
fast imaging of the spot emitting the XEOL signal for
the proper alignment (ProEMS512) or for low-noise exper-
iments (iDus4200E). Both cameras contain a Si chip suit-
able for the visible—near-infrared spectral range. As the
whole system is modular, individual components (cameras,
mirrors, gratings, filters, etc.) are easily interchangeable to
cover other wavelength regions of interest.

A simple imaging camera (webcam with dismounted
lens) (14) and a laser (440 nm, LDH-P-C-440, Picoquant
with laser driver PDL 800-D) (10) have been incorpo-
rated into the system for initial coarse alignment of the
system to the x-ray-beam—sample interaction spot. The
laser beam has been attenuated by a neutral density filter
and filtered by a 450-nm short-pass filter (FES450, Thor-
labs). Mirrors (3) have guided the beam to a beam splitter
(10:90) (11) and the smaller fraction further through an
iris (ID12, Thorlabs) (12) to the entrance aperture of the
objective.

Using a flip mirror (3), the light collected from the
sample could be either focused on the webcam (14) by a
lens to inspect the focus of the alignment laser or on the
aforementioned CCD (8, 9) and APD (5) detectors.

For conventional PL measurements, a 450-nm long-pass
filter (FELH 450, Thorlabs) has been placed in front of the
50:50 beam splitter (2) to suppress the laser light.

Both the APD and CCD cameras have been controlled
and read out by a personal computer that was indepen-
dent of the beam-line controls. Synchronization has been
obtained by trigger signals from the electron bunch clock
and from scan positions. Contingent on the time profile of
the x-ray pulses, an effective time resolution of 64 ps has
been experimentally achieved with a nominal x-ray pulse
duration of 44 ps and a nominal timing resolution of the
APD of 50ps. The spectral resolution of the SR-XEOL

setup was 1.7 nm and the spatial resolution around 500 nm
(close to diffraction limited).

D. Measurement settings

The XRF measurements have been conducted at full
beam intensity. For the dedicated XBIC and XEOL mea-
surements, the beam intensity has been attenuated to only
1% to limit the x-ray-induced degradation and excitation
levels, both of which are discussed in Sec. VIII of the Sup-
plemental Material [53] and in the literature [8,50,65—67].

All maps in Fig. 2 have been measured in 1-pm steps,
with a dwell time of 25 ms. The XEOL maps in Fig. 3 have
been measured in 400-nm steps with a dwell time of 1.0s.
The XRF maps in Fig. 3 have been measured in 200-nm
steps with a dwell time of 0.3 s.

E. XRF analysis

The energy of the incident photons has been chosen in
a trade-off between the availability of x-ray optics with a
long working distance and a small spot size, x-ray flux,
self-absorption, and sensitivity to all critical elements (Pb,
Br, I, and Cs). This is not ideal for the quantification of
iodine and cesium, where the evaluation needs to rely on
the XRF signal from the L edges and the quantification
is heavily impaired by self-absorption. Hence, the signal
detection for Cs and I is to be seen critically, as both have
a low absorption cross section at the excitation energy and
suffer from self-absorption effects. Therefore, our conclu-
sions uniquely rely on the Br-Pb distribution. The Br and
Pb distributions have been obtained from similar energies
in the XRF spectra (Brg, 11.9—13.5 keV; Pb;, 9.2—15.2
keV). At these energies, self-absorption has had a similar
effect on the Br and Pb quantification and is negligible.

The fitting of the XRF spectra has been done with
PyMca [68]. The four detection channels of the Vortex-
ME4 have been fitted individually and summed after fit-
ting. Based on a layered model of the cells, we have
applied a self-absorption correction during the fitting pro-
cess in PyMca following a similar approach as in Ref. [69].
However, this is of limited value, as it cannot adequately
reflect the spatial variations in absorber thickness due to
the wrinkling structure.

F. XEOL spectra fitting

The XEOL spectra have been fitted with a Gaussian
function of the form

2
G(x):A-exp{—%(xO_—jO)} el (1)

where 4 is the amplitude, x, is the central wavelength, o
is the standard deviation, and C is an offset accounting for
the dark counts in the spectrograph.
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G. XEOL decay fitting

We have used a conventional approach [70] for fit-
ting luminescence decay curves with two exponential
functions but additionally convoluted them with the Gaus-
sian response function of the detector.

For a single exponential decay convoluted with a
Gaussian function, the analytical solution is given as

St _é i 0_2
0=don(-2)on(2)

- erfc (L — L) +C (2)
«/57: o2 ’

where 4 is the amplitude, 7 is the decay constant, o is the
parametrization of the Gaussian width, and C is an offset
to consider dark counts. The complementary error function
erfc(x) = 1 — erf(x) is derived from the error function

erf(x) = % /O ) exp (—#*) dt. (3)

The extension to a model with two exponentials is triv-
ial, as it is a simple summation, leading to the fitting
function

so=Gow (7)o (55) (5 - 2a)
=—exp|——)exp| — |erfc | — — ——=
2 P T p2r12 V2t o2

n Ay t o2 )
Zexp|——)exp | —
2 P T P 213

o t
x erfc («/51:2 — a_ﬁ) + C. 4)

The effective lifetime has been calculated from the
amplitudes and their respective decay time constants as

_ ZiAiTiz
YA

By using a multiple-step procedure, we have aligned our
decay curves to the same excitation time. This was neces-
sary as the start point oscillates between two bins of our
TCSPC unit (see Fig. S17 of the Supplemental Material

[53]).
The data sets generated during and/or analyzed dur-

ing the current study are available from the corresponding
author on reasonable request.
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