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% Check for updates Lithium salt-doped spiro-OMeTAD is widely used as a hole-transport layer

(HTL) for high-efficiency n-i-p perovskite solar cells (PSCs), but unfortunately
facing awkward instability for commercialization arising from the intrinsic Li*
migration and hygroscopicity. We herein demonstrate a superoxide radicals
(«O,") derived HTL of metal-free spiro-OMeTAD with remarkable capability of
avoiding the conventional tedious oxidation treatment in air for highly stable
PSCs. Present work explores the employing of variant-valence Eu(TFSI), salts
that could generate O, for facile and adequate pre-oxidation of spiro-OMe-
TAD, resulting in the HTL with dramatically increased conductivity and work
function. Comparing to devices adopting HTL with LiTFSI doping, the <O, -
derived spiro-OMeTAD increases the PSCs efficiency up to 25.45% and 20.76%
for 0.05 cm? active area and 6 x 6 cm? module, respectively. State-of-art PSCs
employing such metal-free HTLs are also demonstrated to show much-
improved environmental stability even under harsh conditions, e.g., main-
taining over 90% of their initial efficiency after 1000 h of operation at the
maximum power point and after 80 light-thermal cycles under simulated low
earth orbit conditions, respectively, indicating the potentials of developing
metal-free spiro-OMeTAD for low-cost and shortened processing of perovskite
photovoltaics.

Regular planar halide perovskite solar cells (PSCs), which consist of
an active perovskite layer sandwiched between electron- and hole-
transporting layers (ETLs and HTLs), have attracted extensive inter-
est owing to their outstanding photovoltaic performance and easy
fabrication process. Currently, the state-of-the-art PSCs with power
conversion efficiencies (PCE) exceeding 25% rely on the benchmark
HTL of 2,27, 7-tetrakis[N, N-di(4-methoxyphenyl)amino]-9,
9-spirobifluorene (spiro-OMeTAD, Fig. 1a)'?, in which lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) is typically used as a
p-type dopant to enhance the hole extraction and conductivity of
spiro-OMeTAD according to the subsequent reactions*®: (i) spiro-
OMeTAD + O, © spiro-OMeTAD"0,"; and (ii) spiro-OMeTAD"0," +
LiTFSI > spiro-OMeTADTFSI + LiO,. However, such a formulation
typically requires an air-oxidization process for approximately
24 hours for the cationization of spiro-OMeTAD (Fig. 1b). This is time-
intensive and highly dependent on ambient conditions, thereby

'State Key Laboratory of Solidification Processing, Center for Nano Energy Materials, School of Materials Science and Engineering, Northwestern Poly-
technical University, Xi‘an, China. 2Shaanxi Joint Laboratory of Graphene (NPU), Xi‘an, China. ISOM, Universidad Politécnica de Madrid, Madrid, Spain.
“Research & Development Institute of Northwestern Polytechnical University in Shenzhen, Shenzhen, China. ®Department of Chemical and Biological
Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong SAR, China. 6These authors contributed equally: Linfeng Ye,

Jiahao Wu, Sergio Catalan-Gémez.

e-mail: guopengfei@nwpu.edu.cn; honggiang.wang@nwpu.edu.cn

Nature Communications | (2024)15:7889


http://orcid.org/0000-0001-8425-1234
http://orcid.org/0000-0001-8425-1234
http://orcid.org/0000-0001-8425-1234
http://orcid.org/0000-0001-8425-1234
http://orcid.org/0000-0001-8425-1234
http://orcid.org/0000-0001-7268-6214
http://orcid.org/0000-0001-7268-6214
http://orcid.org/0000-0001-7268-6214
http://orcid.org/0000-0001-7268-6214
http://orcid.org/0000-0001-7268-6214
http://orcid.org/0000-0002-0414-4920
http://orcid.org/0000-0002-0414-4920
http://orcid.org/0000-0002-0414-4920
http://orcid.org/0000-0002-0414-4920
http://orcid.org/0000-0002-0414-4920
http://orcid.org/0000-0003-0541-4256
http://orcid.org/0000-0003-0541-4256
http://orcid.org/0000-0003-0541-4256
http://orcid.org/0000-0003-0541-4256
http://orcid.org/0000-0003-0541-4256
http://orcid.org/0000-0002-8364-4295
http://orcid.org/0000-0002-8364-4295
http://orcid.org/0000-0002-8364-4295
http://orcid.org/0000-0002-8364-4295
http://orcid.org/0000-0002-8364-4295
http://orcid.org/0000-0003-1262-1958
http://orcid.org/0000-0003-1262-1958
http://orcid.org/0000-0003-1262-1958
http://orcid.org/0000-0003-1262-1958
http://orcid.org/0000-0003-1262-1958
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52199-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52199-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52199-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52199-4&domain=pdf
mailto:guopengfei@nwpu.edu.cn
mailto:hongqiang.wang@nwpu.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52199-4

a b
A T Conventional doping T 2 r—or—7n —z2n—4n
i Y~ |—8h——12h— 24n
- L'IFSI Y LiTFSI-doping
Spiro-OMeTAD HTL 3 g i O 24F
o >ﬁ\§, (}g\f i E
k Eu(TFSI)z 2
P
] F. [~
TiO, ETL >1\ £ AKEE g
FTO NIy 8
F‘ﬁg)”;’rioo o ~
Glass HOER ; 00 02 04 06 08 10 12
........................................................... : Voltage (V)
€3
r\ f\ — oh 24h «0,derived
§24f
<
Q @ @ -
>
e 1e + 5 16
(]
Spiro- Eud* S
OMeTAD 5 8f
l |3
A 0 . . . . . ;
Spiro-OMeTAD ~ Spiro-OMeTAD: Oxidized Eu¥  Spiro" TFSI”  EuOX(TFSl)y 00 02 04 06 08 10 12
solution Eu(TFSI)2 Spiro-OMeTAD Electron transfer in solution Voltage (V)

Fig. 1| Comparison in LiTFSI-doped and +0,-derived spiro-OMeTAD HTLs.
a Schematic illustration of a n-i-p PSC with spiro-OMeTAD HTLs doped by LiTFSI or
Eu(TFSI),. b J-V curves of the LiTFSI-doped PSCs under different oxidation time.

¢, d Schematic illustrations of the pre-oxidation and +O, -doping process by the
addition of Eu(TFSI), in the spiro-OMeTAD solution. e J-V curves of the O, -derived
PSCs under different time. Source data are provided as a Source Data file.

hindering the commercialization of PSCs’'°. The inadequate doping
efficacy of this post-treatment process may lead to the retention of
unreacted reactants and/or detrimental by-products in the doped
spiro-OMeTAD layer, thereby negatively affecting the device
efficiency'®™™. Furthermore, a significant challenge that restricts their
practical application is the trade-off between high efficiency and
stability. This is primarily attributable to the rapid diffusion of
lithium ions along with the hydrophilicity and the lower glass tran-
sition temperature of the LiTFSI-doped spiro-OMeTAD. This ulti-
mately contributes to the environmental instability of the PSCs and is
further aggravated by external stimuli such as heat, light, and
moisture'* %, Therefore, it is highly desirable to find a post-oxidation-
free and Li-free doping strategy that enhances the selectivity for
holes in the spiro-OMeTAD HTL while maintaining the balance
between high efficiency and high stability in PSCs.

Tremendous efforts have been dedicated to optimizing the spiro-
OMeTAD HTL for synchronously enhanced PCE and stability of PSCs.
Considering that the actual doping process of the spiro-OMeTAD HTL
is to attain a TFSI-stabilized radical cation (spiro-OMeTADTFSI") in
accordance with the above formulas, the entire process is highly
dependent on the O, ingress, diffusion, and oxidizing ability, while the
large anion TFSI in LiTFSI merely serves as a charge balancer for the
oxidized spiro-OMeTAD". Therefore, the vulnerable Li is redundant
and can be removed from dopants. In order to minimize the negative
effects of Li, less hygroscopic dopants such as metallic salts”?, dica-
tionic salts of spiro-OMeTAD***, and protic ionic liquids** have been
incorporated as substitutes for the oxidant LiTFSI. For instance, Seo et
al. used spiro-OMeTAD HTL with substantial improvements in both the
photovoltaic performance and long-term moisture stability by sub-
stituting conventional LiTFSI with large-sized Zn(TFSI),*% Utilizing
molecular additives to anchor the migrated Li ions in order to preserve
the structural integrity of the spiro-OMeTAD HTL under humidity,
heat, and light stress is an alternative method**”. Although these
strategies may unquestionably improve the stability of the device, they
still require an air-exposure process. To obtain post-oxidation-free PSC
devices, a CO,/0,-bubbling doping method was recently employed to

pre-oxidize the spiro-OMeTAD solution under ultraviolet light, realiz-
ing highly efficient and stable PSCs without any post-treatments*. More
recently, the pre-synthesized spiro-OMeTAD,*(TFSI"), radical accom-
panied by the doping modulation of ionic salts has been found to be
directly involved in the spiro-OMeTAD HTL of PSCs without the oxi-
dation process. This has resulted in delivering PCEs of > 25% and much-
improved device stability under harsh conditions'. Inspired by the ion-
modulated radical doping, it is well indicated that the doping effi-
ciency of spiro-OMeTAD HTLs and subsequent device performance of
PSCs are mainly determined by the content and distribution of spiro-
OMeTAD"" radicals. However, technological hurdles remain not only in
the synthesis of these pre-synthesized radicals but also in their sub-
sequent doping modulation within HTLs. Therefore, the investigation
of efficient new dopants and/or doping methods still remains an
ongoing pursuit for highly stable spiro-OMeTAD-based PSCs.

Herein, we developed a rapid and Li-free doping strategy for
spiro-OMeTAD that avoids post-oxidation by constructing <O, in the
spiro-OMeTAD solution. The O, can be facilely formed in the spiro-
OMeTAD solution in air with the addition of variant-valence Eu(TFSI),
salts obtained from the chemical reactions between Eu metal and
HTFSI (Fig. 1c). During this process, O, obtains an electron from the
Eu?*-Eu* redox shuttle and rapidly produces the +O,, resulting in the
subsequent oxidation of spiro-OMeTAD and its p-type doping (Fig. 1d).
In stark contrast to conventional LiTFSI doping with air exposure, *O,™-
derived spiro-OMeTAD HTLs can instantly obtain high conductivity
and ideal work function without requiring post-treatments, delivering
their PSCs with PCEs over 25% (Fig. 1e). Furthermore, the long-term
stability of the PSCs based on the O, -derived spiro-OMeTAD HTLs is
significantly enhanced due to the increased resistance toward moist-
ure and ion migration, in addition to the lack of Li* and air exposure.
After 5000 hours of air storage at a relative humidity of 70% without
encapsulation, the resultant devices can retain 80% of their initial
efficiency. Also, they maintain over 90% of their initial efficiency after
1000 hours under maximum power point operating conditions, or
under thermal stress of 85 °C. In addition, O, -derived devices exhibit
remarkable light-thermal-cycling stability under simulated low earth
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Fig. 2 | 0, doping mechanism. The color evolution of different solutions bubbled
with O, under different time: a spiro-OMeTAD:Eu(TFSI),, b spiro-OMeTAD:LiTFSI,
and ¢ EuTFSI,:CB. d EPR spectra of the EuTFSI,:CB solution bubbled with O, for 10 s
and tested after 5 min (5,5-dimethyl-1-pyrroline-N-oxide, DMPO). e FTIR spectra of
the raw, LiTFSI-doped and O, -derived spiro-OMeTAD powder. The insets show

Binding energy (eV)

Binding energy (eV)

the optical images of three powers. f UV-vis spectra of the <O, derived spiro-
OMeTAD solution under different time. g High-resolution XPS spectra of Eu 4d for
the *O, -derived spiro-OMeTAD film and the residual precipitate. h High-resolution
XPS spectra of F 1s for the O, ™-derived spiro-OMeTAD solution and film. Source
data are provided as a Source Data file.

orbit (LEO) conditions. In PSCs with post-oxidation-free or Li-free
spiro-OMeTAD HTLs, the present O, -deriving work ranks among the
highest in terms of both efficiency and stability (Supplementary
Table 1).

Results and discussion

Superoxide radicals doping mechanism

The +O, deriving method is first demonstrated by bubbling the spiro-
OMeTAD:Eu(TFSI), solution with O, (Fig. 2a and Supplementary
Movie 1), where the Eu(TFSI), salts were facilely synthesized by che-
mical reactions between Eu metal and HTFSI in acetonitrile (see
“Methods” section). By adding the Eu(TFSI), with an optimal con-
centration of 40 mol% into the as-prepared spiro-OMeTAD solution, it
can be seen that the color of the spiro-OMeTAD:Eu(TFSI), solution
rapidly changes from light yellow to dark red after 30 seconds of
bubbling with O,, indicating that the spiro-OMeTAD in solution is
oxidized to form the spiro-OMeTAD™'°. However, in the conventional
spiro-OMeTAD:LiTFSI solution, there is not much change in color
when bubbled with O, for even 2 minutes (Fig. 2b), which is consistent
with findings from previous reports’. Furthermore, after adding
Eu(TFSI),, the spiro-OMeTAD solution can be directly oxidized in air
within 30 seconds (Supplementary Fig. 1 and Supplementary Movie 2

and Supplementary Movie 3), indicating the presence of a robust
oxidation medium in the spiro-OMeTAD solution.

A comparative analysis was conducted to determine the reason
behind the different oxidation patterns observed in spiro-OMeTAD
solutions doped with LiTFSI and Eu(TFSI),. To accomplish this, an
additional solution consisting of Eu(TFSI),: chlorobenzene (CB) was
prepared without spiro-OMeTAD (Fig. 2c). Strikingly, the color of the
Eu(TFSI),:CB solution was changed instantly from light yellow to
colorless when bubbling with O,, indicating the transformation of
Eu®' to Eu*, as evidenced by the existing red phosphorescence after
being irradiated by ultraviolet light®®. The lost electron from the Eu**-
Eu** redox shuttle would thus be recovered by O,, contributing
rapidly to the generation of the <O,”, which is confirmed by the
electron paramagnetic resonance (EPR, Fig. 2d). The EPR recorded at
room temperature in both dark and light conditions shows 6 peaks
for the O,-bubbled Eu(TFSI),:CB solution, demonstrating the gen-
eration of +O,” in solution”. Furthermore, we conducted the EPR
spectra on the O,-bubbled spiro-OMeTAD:Eu(TFSI), solution to
specifically detect the signal of «O,™ in solutions with spiro-OMeTAD
(Supplementary Note 1). After bubbling with O, for 10 s, we imme-
diately detected the signal of +«O,™ and found the presence of <O, in
this solution based on the observation of its six peaks

Nature Communications | (2024)15:7889


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52199-4

(Supplementary Fig. 2a). The resultant <O, will instantly oxidize the
spiro-OMeTAD to a TFSI-stabilized spiro-OMeTAD" radical cation
along with the Eu® reaction products, as evidenced by the color
evolution of their solutions (Fig. 2a) and EPR spectra after sufficient
oxidation (Supplementary Fig. 2b). These results significantly
demonstrate that «O,” shows an improved reaction rate compared
with O, when involved in the in situ oxidation of spiro-OMeTAD in
solution (Supplementary Note 2). After filtering and drying, a dark
brown and oxidized spiro-OMeTAD powder was consequently syn-
thesized by the <O, -derived strategy, as illustrated in the insets of
Fig. 2e. Therefore, the step-by-step reaction of the oxidation of spiro-
OMeTAD in solution can be described as follows (Supplementary
Fig. 3 and Supplementary Note 3):

Eu’* +0, > Eu’* +e0; @D
spiro-OMeTAD +e0; — spiro-OMeTAD " +0*~ 2)
spiro-OMeTA* + TFSI™ — spiro-OMeTAD* — TFSI~ 3)

The overall reaction can be follows:
spiro-OMeTA " O, + Eu(TFSI), — spiro-OMeTAD" — TFSI™ + EuO, TFSl 3 ,,, (4)

In order to determine whether the <O, is involved in an in situ
oxidation of spiro-OMeTAD in solution, Fourier-transform infrared
spectroscopy (FTIR) and ultraviolet-visible (UV-vis) absorption spec-
troscopy were used to check the generation of spiro-OMeTAD" radical
cations, which is known to arise in oxidized spiro-OMeTAD reported in
previous works>?. Figure 2e shows the FTIR spectra of the pristine,
LiTFSI doped (after 12h of air exposure) and <O, -derived spiro-
OMeTAD. It is clearly evident that there are emerging absorption peaks
at -1059, -1137 and -1195 cm™ corresponding to S-N, S=0, and CF;
bonds after the doping of spiro-OMeTAD, respectively, in which the
peak intensity for the «O,-derived spiro-OMeTAD is higher than those
doped by conventional LiTFS], elucidating the strong doping ability of
the *O,". As shown in Fig. 2f and Supplementary Fig. 4, the spiro-
OMeTAD:Eu(TFSI), solution bubbled with O, exhibits a gradually
increased polaron absorption peak centered at about 521 nm with the
increasing bubbling time or concentration of Eu(TFSI),. In contrast,
there are no peaks emerging in the UV-vis spectra for the conventional
spiro-OMeTAD:LiTFSI solution with or without O, bubbling. The for-
mation of polaron peaks for the spiro-OMeTAD" can therefore be easily
distinguished from ground-state spiro-OMeTAD, and serves as a pre-
oxidation signal for the spiro-OMeTAD solution®.

After the pre-oxidation of spiro-OMeTAD solution, there are two
reaction products produced in the solution: oxidized spiro-OMeTAD
and Eu®** precipitate. The oxidized spiro-OMeTAD can be re-dissolved
in the solution, whereas the insoluble precipitate can be filtered and its
composition can be determined through X-ray photoelectron spec-
troscopy (XPS). Figure 2g and 2h show the high-resolution XPS spectra
of Eu 4d and F 1s for the oxidized spiro-OMeTAD and derived pre-
cipitate, respectively. Two prominent peaks are located in the pre-
cipitate at 137.2 and 142.7 eV, which correspond to the Eu 4d5,, and Eu
4ds),, respectively. These peaks indicate the generation of trivalent Eu
ions. The peak located at 688.9 eV in Fig. 2h, which corresponds to the
F 15, signifies the existence of the TFSI anion in the precipitate, as well
as the existence of TFSI and its coordinate spiro-OMeTAD" in the
oxidized spiro-OMeTAD. Therefore, the existence form of this pre-
cipitate may be EuOL(TFSI)(.,x). Such precipitate generated in solution
can be completely removed by filtration, as evidenced by the absence
of Eu 4d signals in the oxidized spiro-OMeTAD (Fig. 2g).

Properties of superoxide radicals derived spiro-OMeTAD

Figure 3a shows the differential scanning calorimetry (DSC) thermo-
grams of the spiro-OMeTAD materials based on different doping. It can
be clearly seen that the glass transition temperature (7g) increases up
to 130 °C for the <O, -derived spiro-OMeTAD, which is nearly 30 °C
higher than that of LiTFSI-doping. The significant rise in 75 observed in
the spiro-OMeTAD is beneficial to the thermal stability of the resultant
PSC device. Then, different spiro-OMeTAD HTLs deposited onto glass
and perovskite substrates were prepared to evaluate their film quality
(Supplementary Fig. 5). Similarly, both films present uniform and
compact surface morphology regardless of the substrates before aging
in air. The pristine morphology of the <O, -derived film was observed
to persist even after 24 hours of exposure to air, which is the typical
oxidization time for LiTFSI-doped spiro-OMeTAD. However, many
byproducts and/or voids in the LiTFSI-doped film are clearly observed.
This is probably attributed to the migration and diffusion of residual Li
within the spiro-OMeTAD layer', as well as its sensitivity to humidity
in air®.

The conductivity of different HTLs was further investigated by
constructing the hole-only devices with the structure of ITO/PED-
OT:PSS/doped-spiro-OMeTAD/Au. The effects of the O, on the HTL
conductivity exhibit two distinct stages as a function of the increasing
amount of Eu(TFSI), dopants. Strikingly, there is initially an extremely
high doping efficiency with a small doping ratio of <O, (Eu(TFSI), of
5 mol%, Fig. 3b), which could increase the conductivity of the HTL by
almost three-fold better than that of the LiTFSI-doped HTL after
24 hours of oxidization, indicating efficient generation of hole polaron
by the 0, -doping. With regard to higher O,  concentrations, the
current densities of corresponding devices show a linear dependence
over the entire voltage range from -3 V to 3V, indicating a higher
conductivity in spiro-OMeTAD HTLs"?. This increase could be attrib-
uted to the filling of deep trap states by the <O, -generated charge
carriers, which in turn favors higher hole concentration and mobility
(Supplementary Fig. 6 and Supplementary Note 4)"*?. It should be
noted that the conductivity of HTLs would reach peak at the con-
centration of <O, up to 40 mol% owing to a doping saturation phe-
nomenon (Supplementary Note 5)'. Figure 3c shows the high-
resolution liquid nuclear magnetic resonance (NMR), where the
undoped spiro-OMeTAD exhibits peaks of 2.3, 3.8, 6.7-6.9, 7.2 and
7.3-7.4 corresponding to the aromatic protons in 'H NMR signals
(Supplementary Fig. 7). These peaks diminish significantly following
<0, -doping, demonstrating that the effective electron exchange takes
place between spiro-OMeTAD and spiro-OMeTAD'TFSI in the pre-
sence of the TFSI stabilizer originating from Eu(TFSI),, which is con-
sistent with previous reports'?.

In addition to conductivity, the charge transfer at the perovskite/
spiro-OMeTAD interface is critical to PSCs performance. The steady-
state and time-resolved photoluminescence (PL) spectra of different
HTLs deposited on perovskite films were further conducted to inves-
tigate the interfacial loss. As shown in Fig. 3d, there is a significant PL
quenching for both of them, while the <O, -derived HTLs exhibit lower
PL intensity than that of LiTFSI-doped ones, suggesting the excellent
hole extraction ability of the «O,™-derived spiro-OMeTAD. Similarly, as
observed in Fig. 3e, the average carrier decay lifetime is reduced from
77.5 ns to 21.9 ns for the perovskite/«0O,-derived HTLs (Supplementary
Table 2). These results indicate that the hole extraction at the per-
ovskite and HTL interface has been significantly enhanced, most likely
as a result of interfacial energy level optimization. Ultraviolet photo-
electron spectroscopy (UPS) was thus performed to investigate the
impact of O, on the relevant energy levels (Supplementary Fig. 8). The
energy of the highest occupied molecular orbital (HOMO) is calculated
to be -5.01 and -5.19eV for LiTFSI-doped and O,-derived HTLs,
respectively. The interfacial band alignment using different HTLs
could be depicted with the corresponding energy-level diagram
(Fig. 3f). The optimized energy level of the -O,-derived HTLs lowers
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Fig. 3 | The characterization of the 0, -derived spiro-OMeTAD. a DSC curves of
the LiTFSI-doped and <O, -derived spiro-OMeTAD. The vertical dashed lines indi-
cate the glass transition temperature. b /-V curves for the LiTFSI-doped spiro-
OMeTAD (oxidation for 24 h) and the +O, -derived spiro-OMeTAD with different
concentration of Eu(TFSI),, respectively. ¢ '"H NMR characterization of the spiro-

OMeTAD solution with or without «O,~ doping (4-tert-butylpyridine, tBP; deuter-
ated chloroform, CDCls). Steady-state PL (d) and TRPL (e) spectra for CSFAMA
perovskite and CsFAMA/spiro-OMeTAD HTL (doped by LiTFSI and +O;") films.

f Schematic diagram of energy levels for perovskite films with different HTLs.
Source data are provided as a Source Data file.

the interfacial charge transfer barrier, facilitating hole extraction and
minimizing carrier recombination. This, in return, enhances photo-
voltaic performance of PSCs, especially with respect to achieving a
high open-circuit voltage (Voc).

Photovoltaic performance of PSCs upon «0,-doped spiro-
OMeTAD HTLs

In order to explore the effects of O, -doped HTLs on photovoltaic
performance, a series of n-i-p planar PSCs were constructed using
various O, -derived spiro-OMeTAD HTLs deposited on perovskite films
with the COmpOSitiOn of CSO.OSFAO.SSMAO.IOPb12.9lBrO.O9 (CsFAMA,
bandgap of 1.56 eV, Supplementary Fig. 9). The corresponding con-
figuration of FTO/TiO,/perovskite/spiro-OMeTAD/Au is shown in
Fig. 1a. The optimum doping concentration of spiro-OMeTAD HTLs for
CsFAMA devices is 40 mol%, as indicated by the statistics of 40 indi-
vidual devices under each condition in Figs. 4a-c and Supplementary
Fig. 10, and the corresponding photovoltaic metrics were summarized
in Supplementary Table 3. The average PCEs rise increasingly from
LiTFSI-doped 22.40% to 25.06%, attributed to the large improvement
of Voc (from 1.161 to 1.205 V) and fill factor (FF, from 77.89% to 82.01%),
as well as the slight increase of short-circuit current density (Jsc, from
24.77 mA cm™ to 25.36 mA cm). As shown in current density-voltage
(/-V) curves in Fig. 4d and Table 1, the O,-derived CsSFAMA devices yield
immediately a champion PCE of 25.45% under reverse scanning, with
Voc of 1.210V, Jsc of 2541 mA cm™, and FF of 82.50%, based on the
optimized concentration. However, conventional LiTFSI-doped devi-
ces achieve a PCE of merely 23.19% under reverse scanning after oxi-
dation for over 24 hours. More importantly, the O,-derived devices
exhibit a negligible hysteresis (hysteresis index (HI), 0.04%) when
measured in both reverse and forward scanning (Table 1), which is
significantly smaller than that of the LiTFSI-doped devices (6.0%).
Additionally, the <O, -derived devices deliver a stabilized power out-
put (SPO) of 25.22% for 100 s, while the SPO of LiTFSI-doped devices is

just stabilized at 22.48% (Supplementary Fig. 11). It should be noted
that the PCE of 25.45% is one of the highest value recorded to date for
PSCs based on Li-free and post-oxidation-free spiro-OMeTAD HTLs
(Fig. 4e and Supplementary Table 1). Supplementary Fig. 12 shows the
corresponding EQE spectra of the champion CsSFAMA devices with an
integrated current density of 24.28 mA cm 2 for LiTFSI-doped PSCs and
24.70 mA cm™ for <O, -derived PSCs, respectively, which are in good
agreement with the J-V results. The enhanced EQE in the long wave-
length range of 650-780 nm is mainly attributed to the optimized
energy-level arrangement at the interface between perovskite and
*0, -derived spiro-OMeTAD. In order to demonstrate the applicability
and compatibility of the O, -derived spiro-OMeTAD HTLs on large-
area perovskite films, a 6 x 6 cm? PSC module with an active area of 18
cm? was fabricated (see details in “Methods” section). Similar to the
small-area PSCs, this module achieves a remarkable PCE of 20.35%
(average value from reverse and forward scan results) with negligible
hysteresis, (Fig. 4f and Table 1). These results indicate the universality
and upscaling capacity of the <O, -derived spiro-OMeTAD HTLs on
enhancing photovoltaic performance regardless of the device areas.
To enhance comprehension of the mechanism by which photo-
voltaic performance improves, Fig. 4g illustrates the relationship
between Voc and light intensity. The deviation of the slope from kgT/q
reflects defect-assisted recombination in PSCs, where kg denotes the
Boltzmann constant, T represents the absolute temperature, and q is
the electric charge. It is found that the LiTFSI-doped devices exhibit a
significantly steeper 1.72 kg7/q in comparison to those doped with the
*0, -derived devices (1.47 kgT/q). This indicates substantially reduced
carrier recombination within PSCs, which results from the decreased
charge extraction barrier at the interface between perovskite and <O, ™-
derived spiro-OMeTAD. This is also evident from the electrical impe-
dance spectroscopy (EIS) in Fig. 4h. According to the fitting results of
two Nyquist plots, the LiTFSI-doped devices show a charge transport
resistance (R.) of 6039 Q at high-frequency, as well as a charge
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Fig. 4 | Performance of PSCs employing different HTLs. Statistical distribution of
40 individual CsSFAMA devices with different O, -derived spiro-OMeTAD HTLs:
aPCE, b Voc, c FF.d J-V curves of champion CsFAMA devices with LiTFSI-doped and
*0, -derived spiro-OMeTAD HTLs under reverse scan and forward scan, respec-
tively. The insets in (d, e) are stabilized power outputs of the corresponding
devices. e Summary of the reported PCE of the recently reported PSCs based on

modified spiro-OMeTAD HTLs. f -V curves of the 6 x 6 cm* PSC module with <O, -
derived spiro-OMeTAD HTLs under reverse scan and forward scan. g Voc vs light
intensity curves for PSCs with different HTLs. h Nyquist plots of PSCs with different
HTLs in dark. i Mott-Schottky plots of PSCs with different HTLs. Source data are
provided as a Source Data file.

Table 1| Photovoltaic parameters of PSCs employing different spiro-OMeTAD HTLs

Devices Scanning mode Voc (V) Jsc (mA cm?) FF (%) PCE (%)
LiTFSI-doping Reverse 1174 25.05 78.87 23.19
Forward 1.166 25.00 74.77 21.80
«O,-derived Reverse 1.210 25.49 82.50 25.45
(0.05 cm?) Forward 1209 2554 82.47 25.46
«O,-derived Reverse 8.910 3.05 76.40 20.76
(6x6 om?y Forward 8.880 3.07 75.08 20.47

" Note: the active area is 18 cm?.

recombination resistance (R.ec) of .09 x 10° Q at low-frequency. While
the <O, -derived devices present lower R, of 5460 Q and higher R, of
1.89x10° Q, indicating efficient charge collection and reduced
recombination in PSCs. Additional evidence of this reduced interface
barrier was further confirmed by the Mott-Schottky (M-S) plots shown
in Fig. 4i. The slope of M-S plots inversely reflects the interfacial charge
density of PSCs*, which is calculated to be 0.85x10% cm™ and
1.34x10" cm™ for the <O, -derived and LiTFSI-doped devices,
respectively. Furthermore, the *O, -derived devices demonstrate an
increased built-in potential from pristine 0.95V to 1.0 V, which is also

benefit for the enhancement of Vo and SPO for PSCs. These results
indicate that rapid charge collection and reduced carrier accumulation
at the interface between perovskite and <0, -derived spiro-OMeTAD,
along with the boosted conductivity of spiro-OMeTAD layer, con-
tribute to high PCE of PSCs with significantly increased Voc and FF.

Environmental stability of PSCs upon ¢0,-derived spiro-
OMeTAD HTLs

The storage stability of different spiro-OMeTAD films was first
explored at room temperature under a relative humidity (RH) of 40% (a
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general oxidation environment for regular PSCs; see Supplementary
Fig. 5). Prior to aging, all spiro-OMeTAD films deposited on FTO glass
substrates exhibit flat, compact, and clean morphologies, regardless of
the doping method. However, some precipitated phases emerge in
LiTFSI-doped spiro-OMeTAD after only 24 hours of oxidation. This is
due to the hygroscopicity and migration of Li salts. These phases fur-
ther increase and evolve over the course of 10 months of air exposure.
In contrast, «0O, -derived spiro-OMeTAD is capable of maintaining its
initial morphology during long-term aging. The moisture stability of
perovskite films was evaluated by depositing different spiro-OMeTAD
HTLs onto them under RH of 70%. As shown in Figs. 5a and 5b, the
LiTFSI-doped samples show numerous pinholes after 1000 hours,
which further deteriorate under harsh conditions (85% RH and 85°C,
Supplementary Fig. 13). These pinholes create pathways for moisture
in the air to diffuse through the HTL and degrade the perovskite
underneath, whereas the <O, -derived samples remain unchanged
under such harsh conditions. This indicates that the hydrophobicity of
the <O, -derived samples has been improved owing to the absence of
Li, thereby inhibiting the moisture infiltration, as evidenced by the
increased contact angle from 59.6° to 80.6° (see the insets in
Figs. 5a, b). Such protection contributes thus to the improved moisture

stability of the perovskite films, evidenced by the color changes of the
perovskite films (see the insets in Figs. 5a and 5b). The degradation of
perovskite films with different HTLs under a RH of 70% was checked
using X-ray diffraction (XRD) analysis, as shown in Fig. 5c. It is found
that two distinct peaks emerged at 11.6° and 12.7° in LiTFSI-doped
samples after 1000 hours, which correspond to the &-phase perovskite
and Pbl,. While the <O, -derived samples demonstrate excellent
moisture stability as indicated by the absence of phase change and
displacement of diffraction peaks.

We further investigated the environmental stability of the corre-
sponding PSCs on the basis of the stability analyzes of perovskite films
with different HTLs. Firstly, the moisture stability of unencapsulated
PSCs was evaluated in ambient air under an RH of 70%. As shown in
Fig. 5d, the PCEs of the LiTFSI-doped devices exhibit a consistent
decline, reaching 45% of their initial PCE after 2400 hours. Whereas the
*0, -derived devices retain more than 80% of their initial efficiency
even after 5000 hours. Surprisingly, the thermal stability of <O,™-
derived devices shows an even more significant improvement. As
shown in Fig. Se, the -0, -derived devices retain 90% of their initial PCE
after annealing at 85°C for 1000 hours, while LiTFSI-doped devices
retain only 48% of their initial PCE after 500 hours. The remarkable
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enhancement observed can be attributed to the utilization of Li-free
doping and the exceptional thermal stability exhibited by the -0,
derived spiro-OMeTAD HTLs (Fig. 3a). The operational stability of PSC
devices with different HTLs was tracked over time at the maximal
power point (MPP) under continuous light (100 mW cm?). As shown in
Fig. 5f, the <O, -doped devices exhibit superior operational stability,
maintaining 95% of their initial PCE for 1000 hours in comparison with
that of LiTFSI-doped devices (50% for 150 h).

Furthermore, recent reports have demonstrated that PSCs can
endure the extreme environmental conditions of space, such as elec-
tron/proton radiation, gamma ray, and UV light exposure® . In space-
based PSCs, however, the effect of thermal cycling in conjunction with
light exposure has not been thoroughly investigated. Therefore, we
investigated the effect of light-thermal cycles on the PCE of the <O, -
derived devices under simulated conditions of LEO (see the inset in
Fig. 5g and “Methods” section). As shown in Fig. 5g, the PCE derived
from the J-V curves taken at 330 K is plotted for 80 LEO cycles, and the
corresponding photovoltaic parameters (/sc, Voc and FF) are sum-
marized in Supplementary Fig. 14. It can be observed that the <O, -
derived devices show higher stability, maintaining 90% of their initial
PCE after 80 LEO cycles. On the contrary, the LiTFSI-doped devices
retain only 40% of their initial PCE after an equivalent of 80 LEO cycles.
This indicates that the <O, -derived HTLs endure the erosion caused by
light-thermal cycles under LEO conditions, indicating their potential in
near-space and polar region applications. In fact, a comparison of the
dark J-V curves before and after the LEO experiment reveals that the
*0,-doped devices exhibit significantly fewer degradation in diode
characteristics (Supplementary Fig. 15).

It is important to emphasize that present work demonstrates the
feasibility of spiro-OMeTAD pre-oxidization in solution through the
construction of *O,™ using the variant-valence Eu(TFSI), salts for highly
efficient and stable PSCs. As the*O," is more reactive than molecular
oxygen (0,) due to differences in their electronic structures (Supple-
mentary Note 2)***, the entire oxidization process can thus be com-
pleted within 30 seconds and rapidly promote the p-type doping of
spiro-OMeTAD, along with instantly increased conductivity and work
function of their HTLs. In addition, it is worth noting that the absence
of hygroscopic LiTFSI in the*O, -derived spiro-OMeTAD solution,
along with the ultrafast oxidation process in air, could contribute to
minimizing the impact of the external environment (Supplementary
Fig. 16). To assess the impact of temperature on the doping rate of
spiro-OMeTAD HTLs as well as the efficiency and stability of PSCs,
additional experiments were conducted by bubbling O, into spiro-
OMeTAD:Eu(TFSI), solutions at various temperatures (0°C, 23°C,
40°C, 60°C, and 85°C). The results revealed a gradual increase in the
oxidation rate of the spiro-OMeTAD solution with higher tempera-
tures. However, over a sufficient period of time, the degree of oxida-
tion reached consistent levels (see the final color at 40°C, 60°C and
85°C in Supplementary Movie 4 and Supplementary Fig. 17), indicating
the amount of formed-0,™ at different temperatures is identical. These
results suggest that the final amount of formed «O," is predominantly
influenced by the concentration of Eu(TFSI), introduced and the
duration of oxygen exposure. Therefore, it is expected that the doping
of spiro-OMeTAD HTLs and the performance of their devices would
not be affected by the applied temperatures (Supplementary Fig. 18,
Supplementary Table 4 and Supplementary Note 6).

Owing to the interfacial energy-level optimization between per-
ovskite and spiro-OMeTAD, the <O, -derived devices achieve remark-
able photovoltaic performance with PCEs of over 25% in a small area
(0.05 cm?) and over 20% in a 6 x 6 cm* module (active area, 18 cm?).
Furthermore, the hysteresis observed during the J-V scan is negligible.
More importantly, in the absence of lithium, devices doped with «O,"
demonstrate substantially enhanced stability when subjected to
external stimuli such as moisture, heat, light, and even thermal-light
cycling. This is primarily due to the increased T, and hydrophobicity as

well as the suppressed ionic migration for HTLs. As far as we know,
both the efficiency and stability of the current <O, -derived device rank
among the top records in PSCs based on the post-oxidation-free and
Li-free spiro-OMeTAD HLTs (Supplementary Table 1). It is also worth
noting that the extracted <O, -derived spiro-OMeTAD powder (the
insets of Fig. 2e) could be used directly as the precursor to deposit
HTLs without any additional treatments, delivering nearly identical
PCE regardless of the storage time compared to that of its solution
counterpart (Supplementary Fig. 16). Given these striking merits, we
believe such <O, -deriving strategy for metal-free HTLs will be inspiring
for researchers working on low-cost and shortened processing of n-i-p
PSCs employing spiro-OMeTAD as HTLs (Supplementary Note 7),
which is particularly crucial for the commercialization and scaling-up
of perovskite photovoltaics.

In summary, we have demonstrated an efficient Li-free and post-
oxidation-free doping strategy to address the environmental
instability of the spiro-OMeTAD HTLs by constructive O,  with
strong oxidation capability, minimizing the trade-off between high
efficiency and high stability of n-i-p PSCs. Such doping can be facilely
realized in the as-prepared spiro-OMeTAD solution within 30 s by
adding of variant-valence Eu*" salts, and instantly obtain high con-
ductivity and ideal work function when depositing as HTLs without
additional post-treatments. Thus, the fabricated PSCs based on such
HTLs universally feature not only high efficiency in different active
areas that can rival the performance of the state-of-the-art LiTFSI-
doped PSCs, but deliver excellent stability under various external
stimuli. The O, ™-deriving strategy in present work provides possi-
bilities to advance the development of commercialization for reg-
ular perovskite photovoltaics.

Methods

Materials

Unless stated otherwise, all materials were purchased from Sigma-
Aldrich without further purification. Fluorine-doped tin oxide (FTO)
coated glass substrates with partial etching were purchased from
Opvtech. Formamidine iodide (FAI, 99.5%), methylamine hydro-
bromide (MABr, 99.9%), cesium iodide (Csl, =99.9%), lead bromide
(PbBr,, >99.9%), lead iodide (Pbl,, 99.99%), spiro-OMeTAD
(299.8%), 4-tert-butylpyridine (tBP, >99.9%) and lithium-bis(tri-
fluoromethanesulfonyl)imide (LiTFSI, >99.9% purity) were pur-
chased from Xian Polymer Light Technology Corp.
Bis(trifluoromethanesulfonyl)imide (HTFSI, 99% purity) were pur-
chased from Innochem Technology Corp. Titanium tetrachloride
(TiCly) were purchased from Alfa Aesar.

Preparation of Eu(TFSI), solution

Eu(TFSI), solution was prepared by adding 300 mg of HTFSI and
excess Europium (Eu, 99% purity) in 1 mL acetonitrile solvent in a
nitrogen-filled glovebox, the bubbles could be observed instantly,
demonstrating strong chemical reactions between Eu and HTFSI. After
reaction, the formed Eu(TFSI), solution was filtered using an organic
filter (0.22 pm, PTFE), and then stored in brown bottles in a nitrogen-
filled glovebox. The Eu(TFSI), precursor solution is very stable in the
inert atmosphere for more than several months and can be used
directly without re-filtration.

Preparation of spiro-OMeTAD precursor solution
The classic LiTFSI-doped spiro-OMeTAD precursor solution was pre-
pared by dissolving 72 mg spiro-OMeTAD, 28.5uL tBP and 17.5puL
LiTFSI solution (520 mgmL" in acetonitrile) in 1mL chlorobenzene
(CB) in N, glovebox, and then stirred and filtered (0.22 pum, PTFE)
before use.

For the <O, -derived spiro-OMeTAD, Eu(TFSI), with different mole
ratios to spiro-OMeTAD including 0.05:1,0.10:1, 0.20:1, 0.30:1, 0.40:1,
and 0.50:1, along with 15 pL tBP that was employed to improve the
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dispersibility of Eu(TFSI),*, were added into the spiro-OMeTAD:CB
solution, respectively. The mixtures were then bubbled with O, for
different durations. The optimal mole ratio of Eu(TFSI), to spiro-
OMeTAD was determined to be 0.40:1. After filtration (0.22 pm, PTFE),
the oxidized spiro-OMeTAD solution was consequently obtained, and
can be directly deposited as the HTL of Li-free spiro-OMeTAD for PSCs,
without the need for a post-oxidation process. Also, the pre-oxidized
spiro-OMeTAD solution can be extracted as powders through facile
drying. These spiro-OMeTAD powders can then be redissolved and
deposited as HTLs for PSCs without any additional treatments.

Device fabrication

The FTO glass was cleaned in detergent, deionized water, acetone and
isopropanol sequentially. After drying by N, blowing, the cleaned FTO
substrates were treated with ultraviolet ozone for 20 min. An -40 nm
thick TiO, compact layer was prepared by chemical bath
deposition®”, In brief, 0.8 mL TiCl, was first added drop by drop to
40 mL of ice water. After the melt of the ice, the clean FTO glass was
then immersed in the TiCl, aqueous solution using a petri dish as the
vessel, and heated at 70°C for 60 min in an oven. After washing with
pure water, the TiO, films were prepared onto FTO glass by nitrogen
purging and further heat treatment at 100°C for 30 min. The FTO/TiO,
substrate was treated with ultraviolet ozone for 10 min before
deposition of the perovskite film. The Csg o0sFAo.85MAg10Pbl2.01Bro.00
precursor solution (1.55 M) was obtained by dissolving Csl (20.13 mg),
FAI (226.57mg), Pbl, (750.31mg), MABr (17.36 mg), and MACI
(20.93 mg) in a mixed solvent (DMF/DMSO =4:1). The resulting solu-
tion was coated onto the FTO/TiO, substrate by a consecutive two-step
spin-coating process at 2000 and 4000 r.p.m for 10 and 30s,
respectively. Then, 0.2 mL ethyl acetate was immediately poured on
the spinning substrate 10 s prior the end of the program. Thereafter,
the substrate was placed onto a hotplate for 60 min at 100°C.

For the hole transporting layer, 20 pL different spiro-OMeTAD
precursor solutions were deposited onto the top of the perovskite
layer by spin-coating at 4000 rpm for 30s. Finally, 100 nm of Au
electrode was thermally evaporated on the hole transporting layer
using a shadow mask. The active area of this electrode was 0.05 cm?,
which was calculated by a mask plate and further determined by an
optical microscope.

For the fabrication of 6 x 6 cm?> PSC modules, three laser-
patterning lines, P1 (200 pm), P2 (200 pm), and P3 (400 pm), were
created using a laser beam with power settings of I8 W, 10 W, and 7 W,
respectively®. And the thermal-stable FACs perovskite was used to
prepare the module. The FACs perovskite precursor is a mixture
solution of Pbl, (461 mg), FAI (163.4 mg), PbCl, (19.2mg), MACI
(20 mg), Csl (13 mg) in 600 pL DMF and 90 pL. NMP. The large-scale
perovskite layers were prepared by the blade coating and a vacuum-
flash process. The gap between the blade and the FTO/TiO, was about
200 pm and the speed of the blade was 5 mm s™. The resultant wet film
was shifted into a vacuum system (-10 Pa) to quickly remove solvent,
and then was shifted onto a hotplate at 130°C for 10 min. Then, the
spiro-OMeTAD HTL and Au electrode were successively deposited
onto the perovskite layer by spin-coating and thermal evaporation,
respectively.

Characterization

Under standard AM 1.5G illumination using a xenon-lamp-based
solar simulator (Enlitech, IVS-KA5000), the current-voltage (J-V)
characteristic and steady-state power output of solar cells were
measured by a Keithley 2420 Source Meter. The light intensity was
calibrated by assilicon (Si) diode (Hamamatsu S1133) equipped with a
Schott visible-color glass filter (KG5 color-filter). The step voltage
and scan speeds were 20mV and 0.2Vs™. A mask with size of
0.04556 cm? was used to calculate the current density of PSCs dur-
ing testing. EQE measurement was carried out with a Newport QE

measurement kit by focusing a monochromatic beam of light onto
the devices.

SEM images were obtained using a field emission scanning elec-
tron microscope (FEI Verios G4). The absorption was characterized by
the ultraviolet-visible (UV-vis) spectrophotometer (Perkin-Elmer
Lambda 35 UV-vis-NIR). The FTIR spectra (4000-500cm?) were
recorded on a Jasco FT/IR-6100 FTIR. The X-ray diffraction (XRD)
spectra were obtained by a PANAlytical X'pert PRO. The X-ray photo-
electron spectroscopy (XPS) measurements were carried out by an
Axis Supra (Kratos). The Thermogravimetric analysis and differential
scanning calorimetry were performed on Netzsch STA-2500 at a
heating rate of 10 °C min® under nitrogen atmosphere. Electron
Paramagnetic Resonance (EPR) spectra were acquired with a Bruker
A300 spectrometer. The generation of superoxide radical anion «O," in
CB was studied using EPR spectroscopy and 5, 5-dimethyl-1-pyrroline-
N-oxide (DMPO) as spin trap. High-resolution liquid nuclear magnetic
resonance (NMR) spectra were acquired with a Bruker Avance
500 spectrometer operating at 500 MHz for 1H. Samples were dis-
solved in deuterated chloroform (CDCl;) solvent mixture. Ultraviolet
photoelectron spectroscopy (UPS) was characterized by a VG Scienta
R4000 analyzer and the Hel (21.22 eV) emission line employed for
excitation at a bias of -5V. The contact angles measurements were
conducted by a data physics OCA-20 contact-angle system at ambient
air. The steady-state photoluminescence spectra were obtained using a
pulse laser as an optical excitation source (wavelength: 470 nm, Horiba
FluorologFL-3), and a time-resolved photoluminescence (TRPL)
experiment was carried out by excitation at 470 nm. The electrical
impedance spectroscopy (EIS) was characterized applying a bias of
0.8 Vin the dark in a frequency range from 1 MHz to 0.1 Hz (CHI660E).
The active area of the device in the EIS measurement is 0.05 cm?. Mott-
Schottky was measured by a CHI660E at a frequency of 1kHz with an
applied bias voltage of OV ~1.4 V.

Moisture-stability measurements of the non-encapsulated films/
solar cells were performed in a constant temperature and humidity
incubator in dark. Thermal-stability of the non-encapsulated solar cell
was tested on a hot plate (85°C) in a nitrogen atmosphere. PCEs of the
devices were periodically measured under AML.5 G simulated sun light
in ambient air. Long-term operational stability of the non-encapsulated
devices were measured under MPP tracking and continuous light
irradiation with a white LED lamp, 100mWcm™ in a nitrogen
atmosphere.

For the simulated low earth orbit (LEO) test, the devices were
placed in a cryostat chamber under a 3 x10° mbar vacuum environ-
ment. The temperature and time were controlled with a custom-made
Labview program to mimic the conditions of a spacecraft in LEO.
During the LEO cycle the device was initially exposed to sunlight at
240K, and the temperature was increased at a constant rate up to
330K during 40 min, under continuous light exposure. Then, after
20 min of light exposure at 330 K, the light source was switched off and
the temperature was decreased at a constant rate down to 240K
during 30 min. From this point, the cycle was started again. The LEO
cycles were performed using a Xe light source equipped with an
AMLS5 G solar filter yielding a power density of 100 mW-cm? at the
device, calibrated with a pyroelectric radiometer. A K230 Keithley
voltage source as well as a K617 Keithley electrometer was used to
perform the J-V measurements. The J-V curves were taken at 330K at
the end of the illumination period, sweeping the voltage from reverse
to forward bias at a rate of 10 mV s?, with 0.01V step, and 300 ms of
delay between points, and no preconditioning conditions were
applied. The devices were biased at MPP conditions during illumina-
tion, and were left under open circuit under dark conditions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information files.
Additional details that support the findings of this study will be made
available by the corresponding author upon request. Source data are
provided with this paper.
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