Effects of X-Rays on Perovskite Solar Cells
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Abstract — Synchrotron micro- and
nanoprobe beamlines have demonstrated
great potential to advance photovoltaic
devices. Most importantly, their small
X-ray spotsize has enabled the direct cor-
relation of electrical performance with
elemental composition at sub-grain res-
olution for a variety of polycrystalline
solar cells. Whereas the bulk of most
inorganic semiconductors is stable un-
der the high X-ray flux of focused X-
ray beams, semiconductors with organic
components are prone to a variety of
degradation mechanisms. This is partic-
ularly critical to evaluate for the emerg-
ing organometal halide perovskite solar
cells. Here, we investigate the effects
of hard X-rays on the nanoscale per-

formance and elemental distribution of
these solar cells. We show that their
composition does not change during com-
mon operando and in-situ measurements
at synchrotron nanoprobes. However, we
found a significant X-ray induced elec-
tronic degradation of solar cells with
methylammonium lead iodide absorbers.
Time- and dose-dependent measurements
unveiled two characteristic degradation
time constants on the order of 12 and
200s that are independent of the X-ray
flux. Based on heat and dose simu-
lations, we attribute the fast decay to
the dose-driven creation of recombina-
tion centers, while the slow decay is com-
patible with the observation of compo-
sitional changes. Finally, we detail how



degradation-induced measurement arti-
facts can be outrun and showcase the
high correlation of the X-ray beam in-
duced current with the iodine and lead
distribution.

Introduction

The advent of correlative X-ray microscopy®
in photovoltaic research is largely based on
the co-development of brilliant hard-X-ray syn-
chrotron micro- and nanoprobe beamlines at
third-generation synchrotrons and of experi-
mental techniques such as X-ray beam induced
current (XBIC)'™ and voltage (XBIV).57
These operando measurement techniques are
conceptually related to electron- (EBIC) and
laser-beam induced current (LBIC), and give
access to the charge collection efficiency in the
absorber layer, providing the high penetration
depth of LBIC at the high spatial resolution of
EBIC. Enabled by the great penetration depth
in low-Z materials and by the long working
distance, hard X-rays are intrinsically suited to
serve as probe beams for in-situ measurements
of complete solar cell stacks under various con-
ditions.%7”

In the framework of multimodal scan-
ning X-ray microscopy,® the combination
of XBIC/XBIV with X-ray fluorescence
(XRF) and nano-diffraction measurements
has turned out to be particularly powerful
for the point-by-point correlation of the elec-
trical performance with the elemental com-
position and strain in thin-film solar cells
with compound polycrystalline absorber lay-
ers such as Culn;_,Ga,Sey, %910 CdTe, 112
or methyl-ammonium lead iodide (MAPI,
CH3NH;3PbI3). 1317

The record efficiency of perovskite solar cells
(PSCs) with an organometal halide absorber
has been increasing at an unprecedented rate,
being after a few years of development al-
ready beyond the record efficiency of other
more established polycrystalline thin-film so-
lar cells.'® This justifies the tremendous re-
search efforts, although upscaling challenges
and degradation have hindered large-scale im-

plementation of PSCs so far. Perovskite so-
lar cells suffer from a variety of degradation
mechanisms caused by humidity, light, atmo-
sphere, and combinations thereof.!? 23 Further-
more, damage of operational PSCs and their
absorber layer has been reported from electron
and X-ray beams.!*?%? For advanced charac-
terization at the nanoscale—most importantly,
to study degradation mechanisms operando and
in-situ—it is therefore critical to understand
and quantify the probe-induced modifications.

Methods

Solar cell fabrication

To study the X-ray beam induced damage
of PSCs, we have synthesized perovskite so-
lar cells on glass substrates with fluorinated
tin oxide (FTO) that serves as front contact
during standard solar cell operation. A com-
pact and a mesoporous layer of titanium diox-
ide was deposited onto the FTO by sputtering
and spin coating, respectively. The archety-
pal MAPI was spin coated as absorber layer
on the TiOy scaffold following the procedure
described elsewhere.?® As hole-transport layer,
spiro-MeOTAD was spin coated on the ab-
sorber, and gold was evaporated as back con-
tact. The solar cell synthesis is detailed else-
where in greater detail,?” and the sample-
specific details are provided in the supporting
information (SI) in Tab. S4.

XRF and XBIC measurements

The experiments were performed at the
nanoprobe beamline 26-ID-C?® at Argonne Na-
tional Laboratory. The angle between the XRF
detector and incident X-ray beam is fixed to
90°. The angle between the normal to the sam-
ple surface and the incident X-ray beam was
15°, optimized to reduce self-absorption effects
in the XRF signal while minimizing the foot-
print of the X-ray beam. A zone plate focused
the coherent X-ray beam at 9keV to 30 —40 nm
(FWHM), resulting in a photon flux on the or-
der of 2.6 x 108 photons/s.



The strong X-ray absorption in glass did not
allow measuring the XBIC signal with the glass
facing the incident X-ray beam, which would
correspond to standard solar cell operation.
Therefore, the X-ray beam entered the solar
cell through the rear contact (p-type) that was
grounded to avoid measurement artifacts as dis-
cussed elsewhere.! The low X-ray absorptance
in MAPI leads to a flat charge generation pro-
file throughout the solar cell thickness that is
comparable to the illumination with red light
and depends only marginally on the illumina-
tion side. To reduce the X-ray beam intensity,
aluminum filters of 114 and 343 pm were used
with an X-ray transmittance of 35.3 and 4.4%,
respectively. All data shown here are normal-
ized to the X-ray flux assessed by an up-stream
ion chamber to mitigate artifacts from the de-
caying electron current in the storage ring.

The careful reader will note that the molar
ratio between iodine and lead differs signifi-
cantly from the nominal stoichiometric ratio
of 3 that is expected for the perovskite crys-
tals. This difference is predominantly caused by
measurement artifacts: self-absorption of fluo-
rescence photons, errors of thin-film standard
calibration, and limited comparability of the
spectrum fitting for Pby; and Iy, peaks cause
an apparently off-stoichiometric ratio between
the lead and iodine distributions, in this case
an underestimation of lead. For further discus-
sion of these effects on the elemental quantifica-
tion in thin-film devices such as perovskite so-
lar cells, we refer to the literature. 72930 Note
that these errors in the absolute quantification
of elements cancel out in relative evaluation.
Consequently, these effects to not affect the out-
come of this study, as all conclusions will be
drawn from a relative comparison of elemental
concentrations as a function of time and space.

Simulations

For the quantification of the dose distribu-
tion, we have performed numeric simulations
of the X-ray photon/solar-cell interaction us-
ing a personalized version of PENCYL that
is included in the PENELOPE software pack-

age.?13? The dose profiles shown in Fig. S6
& ST have been obtained with 10® simulated
incident photons. The simulation parameters
were the same as the experimental parameters
(9keV incident-photon energy, layer stack with
the thicknesses and compositions as detailed in
Tab. S4), except for the beam diameter and the
beam/sample-surface angle that were 0 nm and
90°, respectively.

For the evaluation of the temperature dis-
tribution, heat transfer simulations were per-
formed in COMSOL Multiphysics®) software. 33
To simulate the heat flux coming from the X-ray
beam absorbed in the sample, we assumed a line
source at the origin of uniform magnitude (in
W /m) through the thickness of each layer. The
magnitude of the line source in each layer was
taken from the absorbed energy per X-ray pho-
ton in each layer calculated in the PENELOPE
dose simulations at a flux of 2.6 x 108 photons/s
per the beamline operating specification. X-ray
measurements were taken in vacuum with the
sample integrated atop a thick glass substrate,
such that heat transfer from the sample is poor.
To establish a worst-case heating scenario, we
assumed no heat transfer across the upper or
lower boundaries of the sample, meaning that
we overestimated the temperature rise in the
absorber. Further details about the simulations
are given in the SI.

Results

Effects of X-rays on absorber com-
position

First, we shall investigate the impact of X-ray
irradiation on the compositional distribution in
the solar cell absorber.! Therefore, we have
subsequently measured a solar cell area 5 times
as shown in Fig. 1 and published elsewhere;
a 6 map has been taken slightly larger. Com-
paring the pristine vs. re-measured areas by eye,
we barely note X-ray beam induced modifica-
tions, despite of the uncommonly long dwell

!'Note that these measurements based on hard X-rays
are not sensitive to compositional variations of organic
absorber components.
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Figure 1: Repeated X-ray fluorescence measurement of a perovskite solar cell area to investigate X-ray beam
induced changes of the compositional distribution. Top: lead distribution. Bottom: iodine concentration.
All maps were taken with 100 nm x 100 nm pizel size and 1s dwell time. Reproduced with permission from

Adv. Funct. Mater. 2018, 1706995. (© 2018 WILEY-VCH Verlag GmbH € Co. KGaA, Weinheim.

time of 1s per pixel. As detailed in the SI,
we conclude that compositional variations of
the absorber layer are not relevant within com-
monly used dwell times.

Effects of X-rays on charge collec-
tion

Figure 2 illustrates the problem of X-ray beam
induced electrical degradation of PSCs with
a MAPI absorber, when the solar cells are
naively measured at X-ray nanoprobes under
typical conditions used for other thin-film solar
cell measurements (here: 0.5s dwell time and
100 nm step size). Figure 2(a) shows the io-
dine distribution resulting from the XRF mea-
surement, where no degradation is apparent. In
contrast, the simultaneously taken XBIC mea-
surement shown in Fig. 2(b) clearly shows a
strong signal at the beginning of the scan at
coordinates (X,Y) = (—2pm, —2pm) that de-
creases to 50 % within the first few lines. The
strong electronic degradation masks any under-
lying structure in the XBIC signal. The spa-
tial confinement of the degradation is visible
in Fig. 2(c), for which a quick overview scan
was taken with larger step sizes, outrunning the
degradation induced by the second scan.

By comparison of Fig. 2(c) with the 4 um x
4pm sized measurement of Fig. 2(b), we note
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Figure 2: Apparent X-ray beam induced degrada-
tion of a perovskite solar cell in a synchrotron
X-ray manoprobe. Left: un-impacted iodine dis-
tribution from X-ray fluorescence measurements
(a), and the degrading X-ray beam induced cur-
rent (XBIC) (b). The measurement started from
the left bottom and continued in horizontal lines
to the upper right corner. Right: XBIC map of a
larger area (c) including the area that was mapped
with high resolution. The color scales of both XBIC
measurements are equal.



first that the “electronic crater” is slightly
larger than the originally scanned area. Sec-
ond, we notice that the solar cell performance
has decreased even few micrometers away from
the “electronic crater”: the XBIC does not
reach beyond 50 % of the maximum XBIC sig-
nal of the pristine sample. Yet, it is noticeable
that the X-ray beam induced damage is later-
ally contained. A few dozen micrometers away
from the irradiated spot, the solar cell prop-
erties are unaffected: the XBIC signal reached
values that were comparable to the first XBIC
measurements of the pristine solar cell. Fur-
thermore, the open-circuit voltage of the solar
cell—evaluated upon illumination of the entire
solar cell inside the vacuum chamber by visible
light—did not change within the measurement
precision.

On one hand, this means that no significant
shunts between the two electrodes are created
by the X-rays. On the other hand, it indicates
that the defects lead to spread-out recombi-
nation and act as a sink for the electron-hole
pairs that are generated within the diffusion
length. Alternative explanations for the appar-
ently spread-out degradation that will be dis-
cussed later include beam-induced heating ef-
fects and degradation from the tails in the X-
ray profile.

For the assessment of the degradation kinet-
ics of the electrical performance, we have mea-
sured the XBIC signal during continuous fo-
cused irradiation of 3 distinct spots with dif-
ferent X-ray intensities corresponding to 100,
35.3, and 4.4% of the maximum focused flux
of 2.6 x 10® photons/s. The pristine spots were
first illuminated during 11 min—the integrated
time of a fast XBIC scan—followed by a minute
with shutter closed and another minute with
shutter open again. The results are shown in
Fig. 3. In all three cases, the signal intensity
decreased within 11 minutes to about 50% of
the respective initial state as shown in the in-
set. Note that the degradation kicks in only
after a few seconds, which leaves enough time
for a quick XBIC measurement before the scan
continues to the next pristine spot.

As expected, the XBIC signal decay appears
faster at elevated X-ray intensities; quantita-
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Figure 3: Decay of the XBIC signal at 3 pristine
spots upon irradiation with a focused X-ray beam
that was attenuated with Al filters to 100, 35.3, and
4.4% of the full incident beam. The inset shows the
XBIC signal after normalization to the filter trans-
mittance and fitted to double exponential functions.
The resulting fit parameters are given in Tab. S2.

tive results from the fit with double exponen-
tial functions are given in Tab. S2. A closer
look at the decay rates unveils a fast and slow
decay with characteristic decay times that are
on the order of 12 and 200s, respectively. This
suggests two distinct degradation mechanisms
such as the generation of electronic defects
(recombination-active states in the bandgap)
followed by the chemical re-arrangement (de-
tails are provided in the SI). Note that the fit-
ting unveils similar values of both time con-
stants independent of the flux. However, the
low-flux decay shows significantly smaller am-
plitude of the fast, and larger amplitude of the
slow component. As a result, the effective de-
cay appears slower at short time scales for the
low flux.

For the assessment of the lateral expansion



of the degradation effect, we have performed
quick XBIC scans across the damaged areas
(see Fig. 4), in both X and Y directions in the
sample surface plane. In order to reduce the ef-
fect of spatial non-uniformities that are respon-
sible for XBIC variations next to the “electronic
crater,” the XBIC signal is normalized to the
medium XBIC signal of the plateau next to it.
In agreement with the previous measurements,
we observe a decrease of the XBIC signal to
50% around (X,Y) = (0,0) where the beam
had been parked for a total of 12min. More
remarkable is the lateral dimension of the dam-
age: with increasing irradiation intensity, the
diameter of the damaged area increases up to
4pm, i.e. two orders of magnitude larger than
the FWHM beam size. Note that the “elec-
tronic craters” are considerably larger than the
highly localized “compositional craters” that
occur upon extended irradiation (details are
provided in the SI, see Fig. S4).
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Figure 4: (a) Vertical and (b) horizontal extent of
the X-ray beam induced damage, evaluated by quick
XBIC scans across the points irradiated for Fig. 3.

Causes for degradation

We considered four possible causes for the ob-
served X-ray beam induced degradation: (1)
temperature-induced decomposition from local
heating by the X-ray beam; (2) X-ray beam in-
duced ablation; (3) compositional changes such
as ion diffusion; (4) dose-related creation of
electronic defect states by the ionizing X-ray
irradiation.

(1) We have simulated the X-ray beam in-
duced heating in a simplified perovskite solar
cell stack as shown in Fig. S5. Although we
were overestimating the temperature increase

by limiting the sample volume and prohibiting
heat transfer at boundaries, the simulations in-
dicate no temperature increase beyond a few
K, neither at short- (10 ps) nor long-time scales
(100s). Furthermore, the high thermal conduc-
tivity of the sample leads to fast thermal equi-
libration, which is not compatible with the spa-
tially confined degradation. Therefore, we ex-
clude X-ray beam induced temperature increase
as the dominant cause of the X-ray beam in-
duced decay of the electrical signal.

(2) Cold X-ray beam induced ablation can oc-
cur in a similar way as laser ablation. Athermal
ablation requires pulse duration in the femto-
second range, which is not compatible with the
pulses that are about 50ps long at the syn-
chrotron. Furthermore, ablation is expected to
significantly reduce the area density of the ab-
lated material (at least gold as the uppermost
material), and the XBIC signal is expected to
vanish upon ablation. Neither of these abla-
tion signatures is compatible with the measure-
ments. Therefore, we exclude ablation as mech-
anism responsible for the observed XBIC degra-
dation.

(3) As detailed in the SI, extended exposure
to focused X-ray beams leads to a slight re-
duction of the local concentration of lead and
iodine.  Overall, the time constants of the
elemental-concentration decay are comparable
to the slow time constant of the XBIC signal
decay, indicating that compositional variations
may be responsible for the slow XBIC decay.
These results are in agreement with the effects
of substoichiometry observed earlier.'®'* The
larger degradation amplitude and lateral exten-
sion of the XBIC signal can be explained by the
large diffusion length of charge carriers in the
absorber.

However, the results do not support the hy-
pothesis of compositional variations causing the
fast XBIC decay at the time scale of seconds.

(4) For an estimation of the X-ray dose that
is absorbed in the perovskite solar cell during
XBIC measurements, we have simulated the en-
ergy density being deposited by 10® photons.
We have found that the interaction volume,
within which 68 % of the dose in the absorber
is deposited, spans a diameter of about 200 nm,
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Figure 5: For a comparison of the elemental distribution from XRF measurements with the nanoscale
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duced degradation, the XBIC measurement was taken first with attenuated X-ray beam (filter transmittance:
35.83%) and short dwell time (0.5s) followed by an XRF measurement with unattenuated beam and 1s dwell

time.

which gives an idea of the intrinsic limitation
of the spatial resolution of such XBIC measure-
ments as detailed elsewhere. ™17

We note that pixels in the beginning of a scan
have absorbed significantly less dose prior to
the XBIC evaluation there compared to sub-
sequently measured pixels. Figure S7 guides
through the process of convoluting the X-ray
beam size with the dose distribution from a
pencil-like X-ray beam. These simulations are
in full agreement with the rapid decrease of
the XBIC signal observed experimentally (see
Fig. 2(b)), and with the XRF maps that do
not suffer from degradation to the same extent.
These simulations suggest that the large differ-
ence of the interaction radii for XBIC and XRF
measurements, being on the order of 100 nm?
and 15 nm, respectively, may further widen the
lateral dispersion of XBIC degradation com-
pared to elemental concentration, in addition
to the broadening of the XBIC degradation by
the charge-carrier diffusion.

These results imply that the electronic degra-
dation may be induced by the deposited dose
leading to enhanced recombination, whereas
compositional degradation occurs only locally
and at a slower time scale.

2The interaction radius of 100 nm from high-energy
secondary photons and electrons is only a lower limit
and does not take into account the diffusion length of
the charge carriers that may be larger.

Outrunning degradation artifacts
during XBIC measurements

Mapping the electrical performance of a degrad-
ing sample is often challenging, particularly if
the recombination-enhanced area is larger than
the beam footprint and step size in combined
XBIC/XRF measurements. Nevertheless, there
are ways to perform high-quality XBIC/XRF
measurements that are hardly affected by the
detrimental measurement-induced degradation
effects. In the following, we will shortly discuss
best-practice approaches that may be combined
for greatest signal-to-noise in both XBIC and
XRF measurements.

Optimize distinct scans

Combined XBIC/XRF measurements are a spe-
cial case of multi-modal measurements with si-
multaneous acquisition of different modalities
that require a compromise of scan settings that
are not compatible for all modalities.® In this
case, taking subsequent scans of the same area
as shown in our previous work '* may lead to the
best results: a first scan is optimized for XBIC
measurements with short dwell times and atten-
uated beam to limit beam-induced degradation.
A second scan covering the same area can then
be optimized for high sensitivity and spatial res-
olution of XRF measurements. Due to drift and
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Figure 6: Based on the XBIC and XRF maps shown in Fig. 265, the scatter plots show the correlation
between the electrical performance, the lead concentration, and the iodine concentration. Each dot represent

one pizel, and the red lines are the result of linear fits.

standard deviation.

lack of reproducibility of scan positions that are
inevitable at the nanoscale, the XBIC and XRF
measurements will require alignment e.g. by im-
age registration.*

Decrease measurement time

Given that the signal-to-noise ratio in XBIC
measurements is rather limited by currents
induced by the environment than by statis-
tics, the integration time can be even be-
low 1ms if the response chain of the solar
cell/amplifier/data acquisition system is fast
enough. However, scanning speed may be lim-
iting, in particular if no continuous ’fly-scan
mode’® or fast shutter are available, such that
the sample degrades during the settling time
prior to the measurement at each scan position.
In this case, the scan step size may be increased
to match the diameter of the interaction volume
that ultimately limits the spatial resolution and
can be larger than the probe diameter at X-ray

The insets indicate the slope and offset with the

nano- and microprobe endstations. This ap-
proach has been demonstrated earlier.?

Use lock-in amplification

By using lock-in amplification, the signal-to-
noise ratio of XBIC measurements can be in-
creased by orders of magnitude.*73% This al-
lows the X-ray beam to be attenuated with-
out sacrificing the signal-to-noise ratio,® which
leads to a significant reduction of beam damage.

Correlation of XBIC and XRF

Here, we showcase an example of dealing with
the trade-off between high-resolution XRF mea-
surements and minimizing electrical degrada-
tion during XBIC measurements.  First, the
XBIC measurement was taken with the nanofo-

3Varying the beam intensity leads to different
charge-injection levels in the solar cell, thus the charge-
collection and recombination mechanisms may change.



cused X-ray beam attenuated to 35.3% and 0.5 s
dwell time. The scan speed was limited by the
motor settling time of 0.3s at each scan step.
Lacking of fly-scan mode and a fast shutter, the
high-resolution XBIC scan still suffered from
degradation artifacts with the signature of the
inverted pattern of Fig. S7; these artifacts were
corrected as described elsewhere.® While such
a correction is clearly not ideal for a quantita-
tive analysis, it still allows to analyze the overall
XBIC distribution of degrading samples.

Second, the XRF measurement was taken
with unattenuated beam and 1s dwell time.
The resulting XRF spectra were fitted using
MAPS3738 to extract the molar iodine and lead
area concentrations from the Ij, and Pby; lines,
respectively. From the iodine and lead distri-
bution, the molar lead-to-iodine ratio was de-
termined. Figure 5 shows the results of these
subsequent scans that were optimized for XBIC
and XRF measurements, respectively. In con-
trast to earlier studies, where areas of partic-
ularly high lead-to-iodine concentration indi-
cated the presence of a Pbl, phase that was cor-
related with low XBIC signal,1''? such features
are not clearly visible here, which is typical for
a higher quality of the solar cell.

Maps as in Fig. 5 lay the foundations for a cor-
relative analysis between electrical performance
and elemental distribution as shown in Fig. 6.
Here, the iodine and lead concentrations are
correlated with each other and the XBIC sig-
nal, and linear fits were applied to all scatter
plots resulting from the point-by-point corre-
lations. This analysis is shown in Fig. 6(a—c)
for the measurement with degradation artifacts
(data from Fig. 2), and in Fig. 6(d—f) for the
optimized measurement with fewer degradation
artifacts (data from Fig. 5).

As expected, Fig. 6(c&f) show a high cor-
relation between the lead and iodine concen-
tration that were measured simultaneously and
are dominated by topological variations. How-
ever, the decaying XBIC signal does not corre-
late with the elemental distribution, as unveiled
by the large uncertainty of the fitted slope in
Fig. 6(a—b).

In contrast, a strong correlation was found be-
tween the XBIC signal and the iodine and lead

concentrations of the optimized measurements
(see Fig. 6(d—e)) as indicated by the small stan-
dard deviation of the slope. The clear corre-
lation between XBIC, Pb, and I shows that
measurement-induced degradation of the film
no longer dominates the XBIC signal and in-
stead, chemical inferences can be made.

Conclusions

Our approach correlating the X-ray beam in-
duced photocurrent with the elemental distri-
bution at the nanoscale shines light on the rela-
tion between performance and composition that
is often driven by smallest defects. Although
XBIC measurements locally damage perovskite
solar cells irreversibly, we have demonstrated
ways how to acquire high-quality XBIC data
despite of the presence of degradation effects.
Furthermore, we have quantified the degrada-
tion kinetics and run simulations to elucidate
the reasons behind. As a result, we could ex-
clude that the degradation is caused by tem-
perature increase. Instead, the results suggest
that the degradation of the photocurrent is gov-
erned by the dose deposited in the absorber
layer across the interaction volume.

This detailed study of experimental pa-
rameters for successful measurements of the
degradation-sensitive perovskite solar cells will
open the door for the in-situ and operando
characterization of perovskite solar cells.
This is of particular interest in view of the
nanoprobe endstations at fourth-generation
synchrotrons3®? that will enable experiments
with 2-3 orders of magnitude higher focused
X-ray flux.

There is no doubt that higher flux will lead to
more pronounced dose-induced sample degra-
dation. However, based on this study we
may speculate that a dose-independent, slower,
degradation component—related for example
to diffusion coefficients—could be outrun by
fast measurements at a higher dose rate.

Ultimately, such correlative X-ray microscopy
experiments will foster the understanding of the
relationship between composition and charge
collection at the nanoscale and accelerate the



development of superior solar cell chemistries
and fabrication approaches of perovskite solar
cells.

Supporting Information

SI 1: Further time-dependent XBIC and XRF
measurements to support the kinetics measure-
ments

SI 2: Heat transfer simulation

SI 3: Simulation of the X-ray interaction vol-
ume and the resulting dose upon scanning X-
ray microscopy measurements
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