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Amid today’s urgent push for sustainable energy, halide perovskite solar cells (PSC) have emerged as
a promising renewable technology. Despite significant progress, PSC devices still struggle to exceed a
one-year lifespan, falling short of industrial standards and limiting commercialization. Rapid detection
of early degradation through accelerated testing over just a few hours can save time and resources,
advancing PSC development more efficiently. The variety of dynamic processes and complex
degradation pathways in PSC under operation conditions can only be understood through in-situ
characterization. This study investigates the evolution of HP crystal lattice under applied bias,
illumination and high temperature with a customized in-situ XRD setup. We show that targeted design
modifications in the PSC can prevent light- and heat-induced perovskite amorphisation into a phase
that creates new shunt paths and increases carrier losses. This work highlights the need for strategies
that reinforces the crystal structure by targeting grain boundaries and mitigates thermal expansion
mismatches through interfacial engineering.
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The commercialization of Perovskite Solar Cells (PSCs) is currently a reality. Now, the detection of early instabilities is vital
for the successful widespread implementation of the technology. High temperatures and heating due to illumination, are
highly relevant stress conditions for PSCs. Commercial devices must sustain temperatures as high as 85 °C in order to surpass
standarization tests and certification for the final PV product. However, stability analysis and detailed structural and
electronic properties of full devices is required, especially under in-situ and non-invasive conditions which are still rarely
found in the literature. In this work, we carried out in-situ operational stability testing, complemented by in-situ X-ray
diffraction, impedance spectroscopy, photoluminescence, current-voltage measurements and electron microscopy.
Through parallel non-invasive characterization of full devices' structural and electronic properties and rigorous operational
testing at 85 °C, the mechanisms driving performance degradation were revealed. A large thermal lattice expansion at 85 °C
due to conduction and light induced heating leads to interfacial lattice strain which resulted in a voltage drop in the PSC.
While no changes in lattice constants over time at constant conditions were observed, a reversible formation of a surface
shell layer surrounding the perovskite grains is formed at 85 °C, and is linked to a decrease in shunt resistance, and the
increase of ionic conductivity. The latter triggered the gradual photovoltaic performance loss observed in our PSC at high
temperature. Additionally, we demontrate the possibility to delay this PSC degradation by employing stability-enhancing
methods such as additive engineering and the application of functionalized 2D TisC. MXene interlayers to the PSC. Our work
showcases the value of complementing stability tests with advanced characterization, significantly showcasing the value of
in-operando structural studies.

system, which can destabilize the halide perovskite (HP) struc-
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Introduction

Before perovskite solar cells (PSC) can satisfy industrial needs
with warranty for acceptable performance,? 3 it is fundamental
to mitigate photovoltaic loss under high temperature and vari-
able light-irradiance conditions experienced under real opera-
tion.* > Photovoltaic modules heat up to an average of ~45-50
°C and up to ~65 °C under operation.® 7 At extreme conditions,
such as space stations or satellites, both radiation and temper-
ature levels are more intense, with temperatures up to 85 °C
measured.8 65 °C and 85 °C are the temperature thresholds de-
fined in the ISOS consensus protocols for PSCs stability,® and
the IEC 61215 standard.0 11

Usually, high temperatures are reached at high irradiation,
yet empirical calculations suggest that the internal heating of
the perovskite layer might be higher than the measured module
temperature.l! Operational testing at illumination and elevated
temperature might be more predictive of outdoor stability.12 13
Both light and temperature provide excess energy into the PSC
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ture leading to material and device degradation. The extra en-
ergy in the PSC system may produce damaging structural effects
in the HP,1* decrease ionic migration activation energies, and
induce sequential degradation processes from intrinsic changes
of the HP.15 16 However, most studies on temperature-induced
degradation only report local material changes in isolated single
crystals or films, eluding the interactions of the selective layers,
applied bias or photogeneration in the degradation, while the
effects on device performance have been observed in separate
experiments with post-mortem investigations eluding reversi-
ble phenomena. Here, we join local and general effects, to un-
derstand the initial degradation pathways of full PSC devices. In
addition, the interplay between varying light intensity and tem-
perature is not frequently reported for full devices but it is crit-
ical to get an accurate picture of mechanisms triggering degra-
dation, particularly relevant for outdoor applications.17-1°
Successful strategies to mitigate PSC degradation at higher
temperatures and illumination include compositional tuning, in-
terlayers to avoid delamination, interfacial engineering, and
molecular additives in the bulk.> 20-23 Additives in the HP solu-
tion can induce changes in the film crystal orientation and re-
laxation of internal strain in the crystal grains. 21-23 Moreover,
additives that incorporate in the bulk HP can lead to formation
of 2D/3D structures. Recently, the use of additives that reside
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only at grain boundaries and surfaces is becoming more fre-
quent.?2 2425 The phosphonate additive 3-phosphonopropionic
acid (H3PP) had proven to passivate shallow defects and pro-
voke a small compression in the perovskite lattice, with the con-
sequence of improved stability at high illumination.? 22 Simi-
larly, interlayers including MXene-functionalized with the H3PP
additive had proven to greatly improve stability of PSCs under
outdoor testing.26 However, the effect of these additions had
not been analyzed at higher temperatures.

In this work, we investigated full PSCs devices under con-
stant light irradiation of ~100 mW/cm?2 (1 sun), in N, and at 85
°C by operational tracking of maximum power point (MPPT) and
with in-situ X-ray diffraction (XRD) while under bias near MPP.
We compared state-of-the-art triple cation-based PSCs (REF) to
modified devices (MOD) with additive engineering in the HP
precursor and functionalized-MXene interfacial layer between
the HP and spiro-OMeTAD. The HP and the MXene were both
modified by adding the organic molecule 3-phosphonopropi-
onic acid (H3PP).

MPP Operational stability testing was complemented with
characterization including in-situ X-ray diffraction (XRD) anal-
yses of full devices during operational conditions, electrochem-
ical impedance spectroscopy (EIS) at varying light intensities,
photoluminescence (PL), current density — voltage (J-V), and
transmission electron microscopy (TEM). This combination of
advanced methods allowed us to identify simultaneous changes
in lattice constants and electrical output at high temperature
and illumination while correlating structural and performance
changes with the observed electrochemical properties of the
devices. We show how reversible stages of degradation in full
devices at high temperatures induce structural transformations
that facilitate inter-grain amorphization without formation of
Pbl, or lattice parameter evolution over time. This contrasts
with previous works where Pbl; is reportedly the end product
of irreversible thermal degradation of perovskite crystals. Our
results also show a photocarrier loss mechanism causing the
MPP decay that is attributed to electrical shunt paths through
the amorphous material originated at grain boundaries.

This work is, to our knowledge, the first study where struc-
tural dynamics by XRD and device performance is monitored
jointly in full PSC devices under thermal conditions of 85 °C and
illumination stress.

Results and Discussion

Operational stability at 85 °C with detailed characterization before
and after (B&A)

Devices investigated in this work were produced with a stand-
ard recipe and with stability enhancing modifications for com-
parison. We produced control n-i-p solar cells with precursor
composition Csp 0sMAo.12FA0.8 Pb(lo.gsBro.12)3(FA:formamidinium,
MA:methylammonium) and device stack FTO/TiO,-¢/TiO>-
mp/HP/spiro-OMeTAD/Au (hereafter REF). Modified devices
(hereafter MOD) incorporate the H3PP additive in the perov-
skite precursor and an interlayer of delaminated 2D MXene
TisC; functionalized with H3PP between the perovskite and the
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Figure 1. PSCs analyzed by in-situ characterization at 85 °C and constant
irradiation of ~100 mWcm. (a) Schematic representation of the modified
n-i-p PSC devices (MOD) studied. (b) Initial EIS and J-V data of the champion
devices before experiments (c) LITOS™ commercial setup employed for the
MPPT stability analysis of PSCs at 85 °C and ~100 mWcm? illumination and
(d) in-situ XRD at ~Vmep at 85 °C and ~105 mWcm? illumination.*

mp/H3PP:HP/H3PP:MXene/spiroOMeTAD/Au (Figure 1a), with
the corresponding champion photovoltaic performance shown
in Figure 1b. Operational testing under 100 mWcm-2 spectral-
matching LED illumination and at 85 °C under maximum power
point (MPP) operational stability test (ISOS-L2) with N, flow was
endured for more than 20 h. Figure 1c shows the set up em-
ployed for stability analysis, and Figure 1d the home-made
setup employed for in-situ characterization.
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The power conversion efficiency (PCE) evolution at 85 °C un-
der illumination in Figure 2b and the efficiencies before and af-
ter operational testing (Figure 2a and c, respectively) show that
the modification with H3PP and MXene interlayer successfully
improved stability in MOD PSCs, in accordance with previous
observations at lower temperatures.?2 26 At these severer con-
ditions, all PSCs of both varieties lose a significant part of their

ARTICLE

devices showed a 0.05 V initial improvement in Vuge,during the
first hours of operation, followed by smalP4dcoMpatied viliage
and current losses. Vipp in REF decayed 0.1 V more (from 0.8 V
to 0.6 V) compared to in MOD, where Vipp even improved 0.05
V at the start of operation, followed by small voltage and cur-
rent losses. We suggest this strategic way of presenting the MPP
decay as it contains more information than only the PCE

g initial function, with MOD PSCs showing a more stabilized per-  (Vmpe*Jmpe/Pin).
é formance once at high temperature.
'él Figure 2d-e shows the corresponding J-V curves before and lonic and electronic changes. In order to reveal how the
5 after MPPT testing, together with the Vimpepe-Jmep evolution (dis-  electronic and ionic mechanisms in our devices differed with the
g' played as gradient-colored dots depending on time), hereafter added modifications, we carried out electrochemical imped-
s = MPP wandering plot. The MPP wandering plot lets us observe a  ance spectroscopy (EIS), photoluminescence (PL) emission and
?:o ) different slope in the Vvpe-Jumpr changes over time; once the REF  time-resolved PL decay (TRPL) on all PSCs before and after the
< 5 sample was operated at higher temperature the MPP voltage operational stress tests. EIS was measured at the open circuit
g E dropped progressively from 0.8 V to 0.7 V, before suddenly fall-  voltage (Voc) under a logarithmic array of light intensities from
5 Q ing further to 0.6 V in the after J-V-scan (Figure 2d), while MOD  0.001 to 103.5 mW/cm?2. Figure 3a displays the EIS data fitted to
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Figure 2. Operational stability test of PSCs analyzed at 85 °C and 100 mWcm (~1 sun) LED illumination using LITOS™ for seven REF PSCs (Blue) and seven MOD
PSCs (red). (a) Power conversion efficiency (PCE) before operational testing for REF and MOD devices extracted from the J-V reverse scan measured under
AM1.5G solar simulator. (b) LITOS™MPP tracking at 85 °C, normalized to initiation of the test (boxplots marking the statistics include 7 PSC). (c) Power conver-
sion efficiency (PCE) after operational testing for the same devices as in (a). (d)-(e) MPP wandering plot showing the change in Vmer and Juee for two PSC of
initial equal performance (in measurement shown in (a)), plotted on the before and after J-V curve taken immediately before (cold cells) and after (warm cells)
MPP test, (d) without modification (REF) and (e) with MXene:H3PP interface and HP:H3PP bulk modification (MOD).
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a standard Matryoshka circuit, as introduced by Bisquert et al.,
(see Figure S1).27-28 |n high efficiency PSCs, the resistances ex-
tracted from the high- and the low-frequency (LF) Nyquist arcs
(Rwr and Ryr, respectively) are attributed to a unique physical
process in the perovskite, where the LF contribution originates
from the phase-delayed electrical response by perovskite mo-
bile ions. While parameters obtained from six different cells of
each variation were very similar in all fresh devices (represented
as grey symbols in Figure 3), a parameter distribution was found
depending on device-to-device variation and the time that EIS
was measured after the MPP test. The fitted EIS values PSC
measured 10 min and 90 min after stress from each variation
(MOD, REF) are represented by red circles and blue squares re-
spectively, with cells measured in-between laying within the
shaded red and blue areas (longer times shown in Figure S2).

EIS analyses show three main changes in MOD and REF de-
vices measured after the high temperature operational test,
compared to before.

The smallest (parallel) resistance has a predominant contri-
bution to the resulting resistance value from EIS. Recombina-
tion resistance (Rrec) shows at high light intensities, while shunt
resistance dominates in dark and low illumination. In Figure 3b,
the resistances are represented as Rsuym = Rur+R.ir.2° First, a
change in the recombination mechanisms in the perovskite film
is deduced by reduced slope of Rsym vs. Voc (Equation S2) at the
highest light intensities. The increased apparent-ideality-factor
(nap) and the reduced intersect (Ro) observed, suggest higher re-
combination rates due to increased number of defect trap
states after stress, resulting in lowered Voc at high light intensi-
ties.30 Second, at lower light intensities, a large decrease in Rsym
occurred in parallel to a Vocdrop at the low light intensity range.
We recently identified this change as a shunt-like mechanism
causing carrier loss within the perovskite film, named as perov-
skite shunt resistance (Rpsk).2° In contrast with traditional shunt
resistance of a photovoltaic device, Rpsn» does not appear to have
a constant value as would be found for an ohmic contact be-
tween the selective layers. Instead, Rps» depends on the electric
field without simple exponential behavior, suggesting it is a ma-
terial property of the perovskite film. The decrease in Rpsh is sig-
nificantly more severe for the REF devices, extending towards
higher light intensities and competing with the R/ signal even
at the highest illumination. Third, a reduction of between one
and three orders of magnitude of the low frequency time con-
stant (tuf) (Figure 3c), tur = Ci.rRir (Equation S1), indicates in-
creased ion conductivity, in-turn dependent on the ionic density
and mobility.31, 32 33, 34,35 After operation at 85 °C, both the REF
and the MOD low frequency phase signal contribution (Figure
S3) shifted right towards higher frequencies, leading to lower
time constants (t.f) in the fittings (Figure 3c). This increase in
ion-related contributions was retarded in MOD devices, partic-
ularly at lower light intensities.

lon mobility or density simulations. When comparing the ex-
perimental EIS data through Nyquist and Bode-plots (Figure S3)
with simple drift diffusion simulated data (Figure S4),1% 32 we
found that the plot shifts observed could be better replicated
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Figure 3. EIS at a logarithmic array of light intensities, before and after
MPP operation at 85 °C for ~24 h. Values obtained from samples meas-
ured 10 min and 90 min after operation from each variation
(MOD/REF) with shadowed approximate range of additional operated
solar cells for visual guide. Yellow arrows mark the degradation trend.
(a) Light Intensity/Voc relationship. (b) Total resistance Rsum = Rur + Rir.
c) The low frequency time-constant, tir. Dark green arrows mark the
recovery phenomena of t.r depending on the time of EIS measurement
after stress.
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by increasing the cation mobility, rather than increasing the cat-
ion density (Figure S4).

We propose that the 1, changes could be related to the cre-
ation of high mobility channels for ions. It is worth noting that
fresh devices before operation showed substantially higher ;¢
for MOD compared to REF PSCs, t,r extraction for MOD devices
was particularly uncertain since the LF arc extended beyond the
longest modulation wavelength measured. This indicates an in-
itial effect of the H3PP and MXene modifications, possibly by
hindering ionic channel pathways or bonding to loosen mobile
ionic states (such as iodine vacancies) at the surfaces.3¢41 The
remarkably low 1, observed in REF PSCs measured immedi-
ately after stress, were jointly observed with effects of shunting
seen on dark J-V curves (Figure S2). Depending on how long time
has passed after the operational test when the EIS was meas-
ured, both REF and MOD parameters showed a strong return
towards initial values (reversibility). Still, MOD values showed a
smaller initial change after stress, especially in these “recover-
ing” regions (Figure 3c and Figure S2). The Rpsh, Rrec, ion mobility
increase, and Voc drop appear to be reversible phenomena with
some irreversible component, and the employed modifications
interceded with these reversible processes.

In summary, the functionalized MXene and the presence of
the bulk additive mitigated recombination and shunt losses af-
ter the high temperature stress test, resulting in higher Voc re-
tention than REF devices at high and low light intensities, re-
spectively. The modification in PSCs led to an initially increased
low frequency time constant (1), related to a lowered ionic
conductivity on fresh devices, and minimized the decrease of 7.
after temperature stress, in comparison with REF PSCs. Below,
we reveal that abovementioned performance losses through
Rrec, Rpsh and T in REF can be attributed to the formation of a
decomposition-related material located at the perovskite grain
boundaries, which appearance is reduced in the presence of
H3PP and MXene (in MOD devices).

Small bandgap changes and loss of generation. To relate the
observed Vpc changes to possible changes in the perovskite
bandgap, photoluminescence emission spectra (PL) was meas-
ured from the incident light side of the n-i-p solar cells before
and after stress. No new peaks or protruding shoulders could be
observed on PL emission spectra for either of the samples after
stress, confirming that the perovskite did not undergo signifi-
cant halide segregation or phase separation into any photo-
emissive material.*2 However, a ~6 nm blue shift in PL (fitted by
a Gaussian function), Figure 4a and b, and a 5-fold drop in emis-
sion intensity was observed after the stress test. The decrease
in PL intensity was coherent for both MOD and REF PSCs, with
the blue shift being slightly more pronounced in the REF sam-
ples. As will be shown in XRD studies below, the thermal lattice
expansion is similar in both MOD and REF, and HP lattices are
not in an expanded state at the end of tests once thermal stress
is removed. The PL blue shift after stress cannot be attributed
to thermal expansion. While deep defects or structural changes
would cause larger shifts, smaller PL shifts have been reported
to stem from interaction with electron states close to the va-

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. PL before and after operational testing at 85 °C.

(a) Statistical distribution of shift (A) in the Gaussian position fitting of
PL spectra emission wavelength (EM A). A mean of spectra positions
acquired before and after TRPL, compared before and after opera-
tional stability. (b) an example of PL spectra to visualize the PL inten-
sity drop after operation. (c) TRPL of two representative REF/MOD PSC
taken before and after operational stability at 85 °C, showing how the
REF PSCs lose luminescence intensity at longer timescales.

lence- and conduction- band, such as electron—phonon interac-
tions, conversion of shallow defects to non-radiative interac-
tion, and cation migration.43-4> Additional support that the blue
shift is defect-related was seen by TRPL (Figure 4c). We assign
the reduced signal at longer lifetimes to trap-mediated paths in
the radiative recombination process, apparently higher in REF
than in MOD after stress. This is probably due to a loss of pho-
toactive material, defective photo-generating pathways or shal-
low defect reactions.*®

In-situ structural and performance evolution at 85 °C.

J. Name., 2013, 00, 1-3 | 5
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By employing a custom-made X-ray diffraction (XRD) holder
(Figure 1b) in @ common use XRD parallel beam setup under
similar conditions and timeframe as the MPPT test, operational
testing could be coupled with the structural evolution in full PSC
devices. XRD scans were acquired continuously over a
timeframe similar to the MPP study while monitoring the device
electronic output by J-V curves and current output at approxi-
mate Vpp. Structural effects were induced independently by
the heating stage (low (27 °C) and high (85 °C)), and from illumi-
nation (dark and at 100 mWcm-2), all at constant N, flow en-
closed by a graphite dome. lllumination was shone from the so-
lar cell glass side by a white LED (Figure S1a) calibrated to pro-
duce a similar Isc as at 1 sun AM1.5G conditions.

Figure 5 shows gathered structural and performance data for
two PSC, one REF and one MOD PSC, through stages of the ex-
periment including varied light and heat, and the main and long-
est stress block at 85 °C and 105 mW/cm? illumination for over
10 h. The experiment can be summarized in five stages as fol-
lows:

1. Dark at room temperature (RT, 27 °C) (Figure 5a-Stage 1)

2. Subsequent light and temperature addition from RT to 85 °C,
and repeatedly turning the light on and off (Figure 5a-Stage 2)
3. Holding the temperature at 85 °C under illumination over-
night for over 10 hours (Figure 5a-Stage 3)

4. Cool-down and light on and off (Figure 5a-Stage 4)

5. Switching the illumination on/off at RT and comparison of il-
lumination and conductive heating (Figure 5a-Stage 5)

We observed that the integrity of all crystalline HP is maintained
throughout the experiment with only different degree of iso-
tropic thermal expansion independent on time, while the aver-
age intensity of all XRD peaks from the REF sample showed a
small gradual decrease at 85 °C and illumination (Figure 5c), in-
dicating that a small part of the perovskite crystal is gradually
lost. On the contrary, the MOD sample, where grains are sur-
rounded by the H3PP molecule and the MXene, did not show-
case this decrease (Figure 5c and S7b). This HP peak intensity
decrease was the only crystalline change observed in the HP in
agreement with the gradual performance (PCE) decrease ob-
served for the REF sample (Figure 5d). Our results suggest that
while part of the perovskite material is converted into a non-
crystalline component, the crystalline integrity of the remaining
HP is maintained.

Upon applying the illumination, a discrete 26 left shift was
seen in all perovskite diffraction peaks (Figure S5), indicating an
increase of the lattice parameter (Figure 5b), while peaks from
the substrate (fluoride doped tin oxide (FTO)), remained unaf-
fected (Figure S7). When the set temperature was elevated to
85 °C, a second larger shift was noted, consistent with the
known effect of thermal lattice expansion.*” The lattice param-
eter at 85 °C and illumination remained steady along a ~14h pe-
riod, without additional changes in Pbl, content or the creation
of new crystalline features (Figure S7a). After fitting all perov-
skite peaks with a Pseudo Voigt function and applying Nelson-
Riley regression to obtain the lattice parameter (a) at the time
of each measurement, no deviation from cubic structure was
detected in any of the conditions, including no major changes in
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microstructure (Figure S7c). Surprisingly, apart from,an;initially
smaller lattice parameter in the MOD devidesQ1£K8/ Rvagpitade
of the changes observed in the a-value for REF and MOD were
the same, within the resolution of the experiment. Both REF and
MOD HP lattice parameters transitioned between different
seemingly discrete values (a jump up slightly below 0.01 A from
the illumination and ~0.02 A when heating from 27 to 85 °C)
(Figure 5a-b, Figure S6). Once stabilized at higher temperatures,
the gradual loss in peak intensity seen on the XRD (at around 6-
16 h in Figure 5c, stage 3) can be linked to the gradual decrease
in the PCE output observed for REF (Figure 5d stage 3, to below
10%) under continued exposure to 85 °C heating and ~100
mWcm-2 LED illumination. The PCE of the MOD device shows a
flat curve upon prolonged exposure to the harsh conditions (Fig-
ure 5d), indicating that the performance of MOD devices is bet-
ter maintained at higher temperature than for the REF devices,
in agreement with the response observed under the stability
analysis shown in Figure 2, under the ISOS-L3 protocol.

The J-V data measured during the in-situ XRD (Figure 5d-h)
provided additional understanding of performance conse-
quences of the crystalline changes, and accentuated the im-
portance of the MXene:H3PP interlayer in MOD solar cells.*8 J-
V curves taken before and after stress in XRD (Figure 5e-f, J-V
curve A and E), correspond well to J-V curves observed before
and after stability tests under MPP tracking, however, the
changes observed on J-V curves for the REF sample during stress
were much larger than expected. We observed an initial sharp
drop in Voc (Figure 5e, J-V curve B) when raising the tempera-
ture up to 85 °C, this response is also observed in the calculated
power conversion efficiency of the REF sample (Figure 5d, J-V
curve B). Vocloss is a common trend upon operation of PV at
higher temperatures, but the detected drop of above 0.2 V (Fig-
ure 5e, J-V curve B) for REF solar cells is double that reported in
previous works.® During the lengthening of interatomic dis-
tances taking place upon thermal lattice expansion, as observed
in Figure 5b, the tightly bound HP/HTM interface could lose con-
tact or band-alignment, causing the voltage drop observed in
Figure 5d-f.47- 49 Strain compensation by the mesoporous TiO;
layer in the identical device structure has been observed as a
lack of residual strain transfer from the FTO layer to the HP after
glass cool down post-fabrication in our previous work.? It is pos-
sible that the MXene provides a similar function, leading to a
lack of strain response in the MOD devices as both interfaces at
the ETL and HTL sides of the perovskite may compensate the
interfacial strain produced during heating. At the heat-up, dur-
ing stage 2, the PCE of both REF and MOD samples showcased
a drop of 50% and 25 %, respectively, a change in the initial ef-
ficiency from 20% to 10% for the REF sample and from 20% to
15% for the MOD sample. However, the fast drop is followed by
a fast recovery of the efficiency in the REF sample, from 10% to
12% (Figure 5d-e J-V curve C). However, the sudden drop and
fast recovery of the efficiency detected for the REF sample is not
observed when the use of the MXene:H3PP interlayer is em-
ployed, an indication of the beneficial effect of the MXene in-
terface which reduces this effect in half or completely prevents
the sharp drop, possibly preventing future device degradation
(Figure 5d,f J-V curves A, B, C).30

This journal is © The Royal Society of Chemistry 20xx
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Both REF and MOD solar cells transition to inverted hyste-
resis at 85 °C (Figure 5e-f, J-V curves B-D).>! In addition to MOD
showing a smaller drop of Voc upon raising the temperature, we
also observe a smaller hysteresis. While the REF sample under-
goes a large increase in the hysteresis index, not stemming from
reduced fill factor, but rather from a 100-150 mV gradually
lower Vocin the reverse scan direction (at speed 40 mV/s, Figure
5e, J-V curves C-D), the absolute hysteresis index at 85 °C re-
mains relatively small in the MOD device (Figure 5f, J-V curves
C-D). Hysteresis is known to originate as a combination of fac-
tors related to electrode poling or ionic accumulation at the in-
terface with the selective contact, modulating the internal elec-
tric field and altering the carrier transport and extraction.52-54
Despite that the exact mechanisms of hysteresis remain elusive,
we attribute the increase in hysteresis in REF to the tempera-
ture - increased ionic motion inside the perovskite layer, in ac-
cordance with the lowered t;r seen in EIS. The increased mobil-
ity would result in larger ionic build-up, widening the depletion
layer near the contacts. Thermal expansion (Figure 5b) is likely
accompanied by a significantly wider perovskite band gap.4® 35
As a consequence, both interfacial band bending and wider gap
will affect the band alignment between the perovskite and the

ARTICLE

selective contacts, probably originating the J-V chapges,and.in:
ducing inverted hysteresis. The retained sfalhyst¥FEEisFHIGAd
in MOD is likely due to the hindered ion migration through the
layer, also shown by larger ¢ values from EIS, and prevention
of the formation of an interfacial depletion layer by the MXene
interlayer. Additionally, REF PSC dark J-V shows lower shunt re-
sistance (Figure 5e) than MOD (Figure 5f), in line with our results
from EIS. Upon cooling, the REF J-V reverse scan recovers to a
point of similar Voc as the forward scan, with similar inversed
hysteresis as MOD but with both lower current and voltage out-
put (Figure 5e-f, J-V curves D-E).

To summarize, in-situ XRD revealed two mechanisms of PSC loss
at 85 °C; the first related to interfacial strain response during
thermal expansion, the second to loss of crystalline HP.

At 85 °C, thermal lattice expansion leads to interfacial strain
that produces a (partially reversible) voltage drop, and the use
of MXene:H3PP interlayer greatly prevented this effect. How-
ever, the main cause of the gradual performance decay at 85 °C,
was revealed to be the gradual loss of crystallinity in the bulk
HP.

Upon cooling, partial peak recovery in REF (Figure 5c) sug-
gests recrystallization, implying the degraded phase remains in
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Figure 5. Simultaneous structural and operational changes during in-situ XRD of 2 devices, reference PSC (REF) and PSC with bulk HP:H3PP additive modification
and MXene:H3PP interface modification (MOD). The output is shown only for the connected pixel, while the area of XRD is outside of the biased area (See Figure
1b). (a) Temperature setting and measured temperature, top marked 5 key stages during the experiment. (b) Lattice parameter from y-axis intercept in Nelson-
Riley fitting (Figure S4) of XRD scans at 45 min intervals, (c) average amplitude of collective HP peaks on each XRD scan. (d) PCE calculated from output current
density at approximated Ve and J-V curves, the yellow shade encompassing a) b), ¢), d) indicates the periods where light is on. (e)-(f) Selection of J-V curves
(marked A-E in d) taken at 40 mV/s to show diode progression for the MOD device (red) and for REF device (blue), and J-V curves in dark conditions, closest to
the points in the approximate PCE plot of J-Vs (e) MOD (f) REF. fw- forward scan, rev- reverse scan.
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the film, but is undetectable by our XRD measurements. The HP
structural evolution directly impacts device PCE, which also
shows partial reversibility. In the presence of the MXene and
H3pp additive (MOD device), HP XRD peaks did not decline, and
the earlier degradation of the PSC, observed in the REF device,
was prevented.

Our results from EIS, PL and in-situ XRD are in agreement
with separate observations of modified ionic movement, the
appearance of inversed hysteresis, apparent shunting depend-
ent on the electric field, and increased recombination and inter-
face delamination above temperature thresholds. 36-%¢ This is
the first time these phenomena are reported jointly on the
same timeline, revealing their direct connection.

Morphology investigations.

In order to reveal more about the morphological consequences
of the crystal decomposition observed in the REF solar cells dur-
ing XRD analysis, we employed ex-situ complimentary transmis-
sion electron microscopy (TEM) with energy dispersive X-ray
spectroscopy (EDX), and cross section scanning electron micros-
copy (CS-SEM). Solar cells from the same batch as in Figure 5
were split in two in preparation for CS-SEM (Figure S8) and in-
vestigated with and without treatment at ~100 mWcm-2 and 85
°C under high N; flow for 20 hours. After testing, HP samples
were obtained by scratching the surface of the PSC, and the re-
sulting powder was analyzed by HRTEM (Figure 6a-f).

HRTEM of un-treated MOD and REF HP samples (Figure S9)
looked similar with clear distinguishable HP grains, as expected.

REF, 85 °C, 100 mWcm=2, 20 h

EES Solar

However, the REF sample treated at 85 °C showed an Quter
“shell” layer enclosing the HP crystallite gr@ins(Fige/feoBdleland
Figure S10). This core-shell nanostructure encompasses a well-
crystalline HP grain in the inside (as confirmed by EDX, Figure
S11), while the outside or the “shell” is characterized by a trans-
parent and amorphous surface layer surrounding the HP grains,
that would also be undetectable by XRD (colored in purple in
Figure 6a-c, Figure S10). In addition, the treated MOD HP sam-
ple is observed to be more isolated with more easily resolved
grains, despite a very scarce presence of another material (col-
ored in green in Figure 6d-f, Figure S10). The maintained inten-
sity of peaks observed in XRD for the MOD HP sample after
treatment, together with the very occasional presence of the
amorphous phase already observed in the REF sample, indicates
that, in MOD, the employment of the organic molecule H3PP
circumvents and delays the formation of the amorphous “shell”
on the surface of the grains. This mitigation is probably due to
the strong interaction between the H3PP molecule and the HP
that could immobilize ions?2, maintaining the integrity of the
crystalline HP. Further investigation with EDX (Figure S11)
showed that the “shell” material had a high carbon content. We
deduce that the large A-site organic cation, being the only avail-
able source of carbon in the HP material, should be highly in-
volved in the creation of the decomposition product. Even if for-
mation of a new material or defects (Figure S12) was not com-
pletely prevented in MOD, the morphology and make-up of the
two materials were vastly different. New phase regions in MOD
had particles imbedded in the dimmer amorphous area as seen
in TEM (Figure S10) and STEM (Figure S11). EDX of the bright

d) |

2Ry |Recc Rt

Perovskite grain
AV
A\NO

e

ETL

uoneaissed ddgH:dH

ETL

Figure 6. Selection of TEM images of HP from PSC treated at ~105 mWcm2 and 85 °C 1 week before TEM experiments. (a)-(c) HP from the treated REF solar cell
half, with amorphous shell layer shaded purple. (d)-(f) HP from the treated MOD solar cell, with small shell shaded green. (g) REF PSC schematic showing how an
amorphous material has been created around HP, leading to additional shunt paths, while in (h) MOD HP, most areas do not show the amorphous layer.
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particles revealed that they contained strong Ti and O signals
together with components of the HP, indicating a likely mixture
of TiO,/MXene and HP. The MOD HP samples also showed a
stronger titanium and oxygen signal, likely from the added con-
tent of titanium carbide from the MXene layer, indicating a
close contact between the MXene layer and the perovskite.

Extended discussion.

As previously detailed, we observed that reversible processes in
the HP material can be related to the PSC device’s performance.
Creation of amorphous-like regions in devices occurs before the
irreversible step of Pbl;formation. Our observations of an amor-
phous “shell” layer around HP are in accordance with previous
studies made by TEM, that agree with the layer by layer decom-
position form the surface of the perovskite grains at 85 °C pre-
viously reported.®7-7C It has been reported that the presence of
intermediate, amorphous like, areas of MAPbI; with what looks
like ionic channels facilitate the reverse intercalation of MAl and
Pbl,, and that the appearance of Pbl; is frequently related to ion
migration, specifically of the large cation.”? 7270, 73,74 |n our ex-
periments we do not observe any significant Pbl, formation (Fig-
ure S7a), instead, we observe that the amorphous material
formed during operation at 85 °C has a very high carbon content
(Figure 6g), which implicates the involvement of the large or-
ganic cations. In addition, it is possible that this material can fa-
cilitate both fast electron and ion diffusion.”> 76 Faster electron
and ion transport in this new amorphous phase is coherent with
changes observed on the photovoltaic performance of the solar
cells (Figure 2, Figure 5) and the EIS signal changes after stress
(Figure 3) that indicate reversible formation of shunts; conduc-
tive channels (Rpsn), and increased ion mobility (decreased tf).
The findings of the formation of this core-shell material ob-
served after treatment at 85 °C, are in good agreement with the
observed conductivity and mobility increases measured by the
EIS analysis (Figure 3) and seen on in-situ J-V curves (Figure
5e),”” which are smaller in the presence of H3PP and MXene (in
MOD devices). This effect is represented by the electric circuits
shown in Figure 6g-h that accentuate the shunt paths created
by the amorphous phase.

We propose that the carbon-rich amorphous shell formed
around the perovskite grains supposes highly conductive chan-
nels leading to both lower barriers for ionic migration (lower t.f)
and electrical shunt-losses (lower Rps). Ab initio calculations
have shown that surface defects dominate the paths for ion mi-
gration in lead-iodide perovskites due to surface-assisted for-
mation of migrating defects.’”® We show that the presence of
these defects relates to the reversible formation of a surface
layer in the HP, that leads to 3-fold increased ion conductivity,
likely due to increased ion mobility. With the grain surface pas-
sivation by organic additive H3PP the migration in the shallow
defects in the surface can be partially prevented resulting in en-
hanced stability. The ab-initio calculations support that the pre-
vention of access to shallow trap states seen by passivation with
H3PP,22 can be synonymous with the prevention of both ion mi-
gration and shallow trap state propagation. At higher tempera-
tures, this new “shell material” surrounding the HP grains seems

This journal is © The Royal Society of Chemistry 20xx

to lead to further voltage drops and shunting-like featyressims
ilar to what was seen on EIS and during opétatioaPtesting 1 Pha
recovery of XRD intensity upon removal of the heating explains
the reversibility in efficiency as the shell converts back intro
crystalline perovskite. Therefore, the new “shell” formed
around the HP grains is likely responsible for the reversible com-
ponent seen by EIS. Incorporation of the H3PP molecule in the
precursor of HP prevents its amorphization as the intensity of
XRD at higher temperature is not gradually lost, yet it seems like
if any material is formed its properties could be different, lead-
ing to a different loss-in-performance behavior.

Although the general voltage drop in MOD devices is con-
cerning, it is a common trend upon operation of PV at higher
temperatures.® Even if additional voltage drops might still oc-
cur, we show how further improvements in grain boundary pas-
sivation and interfacial dynamics at varying temperature and il-
lumination to account for changes could reduce the problems
faced in these conditions. All factors considered, we could relate
the morphological and crystalline changes occurring to elec-
tronic effects observed. Our study shows the value of simulta-
neous data-acquisition to arrive at certainty of the effects of ob-
served changes both electronically and in physical and chemical
properties.

Conclusions

In conclusion, we carried out stability analysis of PSCs at 85 °C
and white LED light (~100 mWcm-2) illumination under opera-
tional testing with MPP tracking. Analyses were carried out un-
der in-operando XRD testing conditions for n-i-p devices with
and without additive engineering (passivation with H3PP addi-
tive) and functionalized with MXene interlayers between the
perovskite and the HTM. Our findings reveal that perovskite lat-
tice expansion occurs under conductive heating of the device
and, additionally, from illumination-induced heat, independent
of the surface temperature level. The expansion observed in the
bulk of the perovskite was non-differentiable when molecular
additives were employed. Instead, the difference in degrada-
tion seen during MPPT was due to a gradual transformation of
the HP without additive into an amorphous phase around the
crystal grains that appears as a carbon-rich layer. The formation
of this “shell” was directly related to an increase in ionic con-
ductivity, shallow trap state propagation and apparent shunting
of devices, all partially reversible. Detailed EIS analysis revealed
increased ionic conductivity and lowered shunt resistances, re-
lated to the creation of ionic and electronic conductive paths
through the device, a phenomenon delayed by the phospho-
nate-group based additive at grain boundaries. The direct ob-
servation of the surface-induced decomposition and perfor-
mance decay together when employing in-situ XRD, provides
proof that paths are located at the surfaces of grains. In addi-
tion, we demonstrate that the functionalized-MXene interlayer
protects the interface during thermal expansion to partially pre-
vent voltage loss. The results provide a framework for future ef-
forts with the aim of stabilizing perovskite solar cells under high
temperature operation. Additionally, interfacial effects be-
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tween the (expanding) perovskite and HTM layer created an ad-
ditional sharp, temporary, voltage drop during changing tem-
perature, and MXene interlayers can aid in compensating for
problems caused by interfacial strain, with a result of higher so-
lar cell stability.
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