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Supplemental Data

Proton fluence at ISS orbit

103 . T r 10°
ISS orbit E
4 10° g
102 .
—_ . w
- 410" o
o £
E —
£ 10 4100 8
3 o
[ >
()] 1 [r=
2 1" =
0 B
10 o
1102 @
=

1071 1 10-3

0.1 1 10 100
proton energy (MeV)

Figure S1: Proton spectrum in ISS orbit: Fluence and differential fluence of the proton spectrum in an ISS
orbit as simulated using SPENVIS 18 This spectrum was used as input to simulate the damage from
polyenergetic omnidirectional proton irradiation in the orbit of the ISS, as shown in Figure 1. See
supplementary materials for computational details.



In-operando measurements after stopping the proton irradiation
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Figure S2: (A, B) In-operando measurements of Voc, Jsc, FF, and n normalized to their initial value of the
perovskite/CIGS and perovskite/SHJ tandem solar cells, related to Figure 1. Measurements were started
directly after stopping the proton irradiation (after ® =2:10'2 p*/cm?). (C, D) Normalized short-circuit
current of the perovskite/CIGS and perovskite/SHJ tandem solar cell under illumination with NIR and blue
LED’s at a wavelength of A = 450 nm/850 nm alternatingly set to either 100 % or 14/5 %, again directly
after stopping the proton irradiation. The employed illumination regimes are described in the main
manuscript in more detail. (Fig 1G)



Operando Perovskite/SHJ JV characteristics
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Figure S3: Operando JV characteristics under 450 and 850 nm LED illumination set to 1450" = 100% &
[850nm = 100% (black), [450"m =100% & 1850nm =504 (blue), 450" =149% & 1850"m =100% (red) of the
perovskite/SHJ tandem solar cells under 68 MeV proton irradiation for accumulated doses of ® = 0,
1.7x1011, 2x10, 5x10%, 1x10%2, and 2x10'? p*/cm?, related to Figure 1.



Operando Perovskite/CIGS JV characteristics
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Figure S4: Operando JV characteristics under 450 and 850 nm LED illumination set to 150" = 100% &
[850nm = 100% (black), 1450nm =100% & [850nm =504 (blue), [450"™ =149% & [850"™ =100% (red) of the
perovskite/CIGS tandem solar cells under 68 MeV proton irradiation for accumulated doses of ® = 0,
1.7x10%1, 2x10, 5x10%, 1x10%2, and 2x10'2 p*/cm?, related to Figure 1.

Interestingly, the perovskite/SHJ and perovskite/CIGS tandem solar cells behave quite differently when
the bottom cell is limiting the overall current (under illumination with 14% 850nm, 100% 450nm). We
believe that this is caused by the lower shunt resistance of the CIGS bottom cell compared to the SHJ
bottom cell. Evidence for this is found in Figure S10 and S19, where we provide the dark JV
characteristics and derive a 10x higher shunt resistance in the case of SHJ bottom cells. A similar
situation is often seen in commercial InGaP/GaAs/Ge triple-junction solar cells, where the InGaP and Ge
sub-cells exhibit JV characteristics that are similar to the CIGS case here when forced into limitation by
appropriate light biasing. Often this then complicates spectral response measurements. 1°



Summarized photovoltaic parameters

Table S1: Summarized photovoltaic parameters. In all cases, JV measurements were recorded from Jsc-
to-Voc and Voc-to-Jsc. Given that the MPP tracking indicates similar results, we summarize parameters
extracted from Jsc-to-Voc scans only.
Voc Jsc FF n Nmep Pwmpp ]§Z’iEQE Jogtom,
(V) mA/cm? % % % W/m2  mA/cm?2 mA/cm?

Perovskite/SHJ

as prep AM1.5G 1.73 18.0 67.9 211 21.3 213 21.9 18.0

as prep AMO 1.76 21.5 66.7 18.8 19.2 257 235 21.5

irradiated AM1.5G 1.40 0.26 50.8 0.18 0.33 3.3 17.9 0.26

irradiated  AMO 1.41 0.3 52.8 0.16 0.31 4.0 22.0* 0.30
*f = 4Hz

SHJ single

as prep AM1.5G 0.74 36.3 77.9 20.9 - - 36.3

irradiated AM1.5G 0.33 1.0 52.7 0.18 - - 0.35

Perovskite/CIGS

asprep  AM15G 152 16.7 70.8 18.0 18.0 180 17.9 16.7

asprep  AMO 1.55 20.0 65.7 15.2 15.1 202 21.9 20.0

iradiated  AM1.5G 1 g5q 16.8 59.4 149 1577 158 183 152166

iradiated ~ AMO 1.52 19.4 57.4 126  12.90 173 225 1817199
*f = 144Hz

CIGS single

asprep  AML15G  0.64 34.2 70.9 155 ; ; 34.2

irradiated AM1.5G 0.61 34.5 65.4 13.8 - - 34.3



Proton Irradiation of

Identically Prepared SHJ

Single Junction Solar
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Figure S5: (A) Current-voltage characteristics of SHJ single junction solar cells under AM1.5G illumination
conditions. Solid lines refer to measurements performed on as prepared solar cells, while dashed lines
refer to measurements after 68 MeV proton irradiation at a total dose of ® =2-10%2 p*/cm2. (B) External
quantum efficiency of the SHJ single junction solar cells before and after proton irradiation. The reflection
is shown as 1-R. Related to Figures 2 and 5.
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Figure S6: (A) Quasi-Fermi-Level-Splitting (QFLS) histogram and (B, C) QFLS maps of the perovskite top
absorber in the as-prepared and proton-irradiated perovskite/CIGS tandem solar cell measured under
405 nm laser illumination with an intensity equivalent to 1 sun (see SM for details). Related to Figure 4.



Absolute photoluminescence imaging with high spatial resolution of
the perovskite sub-cell in perovskite/SHJ tandem solar cells
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Figure S7: (A, B) Absolute photoluminescence images of the non-irradiated and irradiated (Ep = 68 MeV,
@ =2-10*2 p*/cm?) perovskite sub-cell in the perovskite/SHJ tandem solar cell at a wavelength of
A =764 nm. (C) Corresponding photoluminescence histogram. (D) Corresponding photoluminescence
spectra. Data obtained on the non-irradiated and irradiated specimens are plotted as solid and dashed
lines, respectively. Thick lines refer to the overall photoluminescence spectra, while thin lines refer to
bright and dark regions, as indicated in (A, B) As described in the main text, the overall PL intensity
reduces by a factor of two after proton irradiation. (E) and (F) depict the same data-set, now normalized,
on a linear and semi-logarithmic scale. Evidently, both bright and dark regions feature a red-shifted
shoulder after proton irradiation. Related to Figure 3.



Photoluminescence lifetime mapping with high spatial resolution of
the perovskite/SHJ tandem solar cells
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Figure S8: (A, B, C) Photoluminescence lifetime histogram and maps of the non-irradiated and irradiated
(Ep = 68 MeV, ® = 2-1012 p*/cm?) perovskite/SHJ tandem solar cells under excitation with a wavelength of
Aexc = 636 nm. Lifetimes were obtained by fitting the photoluminescence decay on each pixel with a bi-
exponential decay. In general, slightly shorter lifetimes are observed after proton irradiation. Moreover,
heterogeneity increases similar to the trend derived from absolute PL maps shown in Fig S3. (D) Selected
TRPL decays of areas indicated in B and C. All measurements were performed on the complete device
stack. Selective contacts are known to quench the PL decay in hybrid perovskites significantly, due to
rapid charge carrier extraction into the contact layers and/or additional surface recombination at the
interface between perovskite and the employed selective contacts. ?° Related to Figure 3.

Optical spectroscopy of the SHJ bottom cell

12 _IA T xexc - 670 nm l- 0 B L} 10d T T T
lexe = 10 mJ/cm? 107¢
10 - ]
107
__ 8} non -
S irradiated \ W
p N = R
@ 6 B Silicon A :i 10_1 1 -
i non irradiated
4t ] s
Aexe. = 670 Nm
oL | I =1.0 mJ/cm?
irradiated N
— irradiated
0 L - it T M 10-2 1 1
0.9 14 1.3 0 50 100 150
photon energy (eV) time (us)

Figure S9: Photoluminescence spectra (A) and transient photoluminescence (TRPL) (B) of the SHJ
bottom absorber before and after proton irradiation. In both cases, excitation was performed from the
backside on regions that were not covered with Ag. Related to Figure 3.



Dark current-voltage characteristics of the perovskite/SHJ tandem
solar cells
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Figure S10: (A) Dark current-voltage and (B) differential-resistance-voltage characteristics of investigated
Perovskite/SHJ Tandem and SHJ Single junction solar cells. Solid and dashed lines refer to as prepared
and irradiated specimens, respectively. (Ep = 68 MeV, ® =2-10%2 p*/cm?) Interestingly, we observe an
increase in rectification and differential resistance for the perovskite/SHJ tandem solar cells. Similar
increases have been found for perovskite single junction solar cells.?! SHJ single junction solar cells
feature a substantial decrease of the built-in-voltage after irradiation that corroborates the Voc losses after
irradiation. Related to Figure 2.



Supplementary Note 1

To further assess the impact of the proton irradiation on the perovskite sub-cell, we selectively probed the
perovskite top cell using steady-state and time-resolved photoluminescence (PL and TRPL)
measurements. Similar to the perovskite/CIGS tandem solar cells, we employ absolute hyperspectral PL
imaging with high spatial resolution to record the local QFLS of the perovskite sub-cell with 405 nm
excitation generating equivalent current densities to 1 sun. In Figure S3, we show QFLS maps of an
irradiated (E) and a non-irradiated device (D), along with the number histograms from the measured pixels
(C). The mean QFLS remains high and reduces only slightly from 1.13 +0.01 eV (non-irradiated) to
1.11 + 0.02 eV (irradiated). Similar to the perovskite/CIGS case, an increase in heterogeneity can be
identified, as seen in the slightly negatively skewed histogram. Interestingly, we observe a low energy
shoulder in PL emission throughout the entire specimen after irradiation, which indicates the presence of
radiation-induced tail states. (Figure S7 E & F)) Concomitant TRPL maps reveal an increase in
heterogeneity as well as an overall decreased lifetime (Figure S8), consistent with the generation of
radiation-induced tail states. Note that we do not observe similar changes of the perovskite PL when
deposited on CIGS (Figure S14 E), which we attribute to radiation-induced changes of NiO that increases
and prolongs the PL and TRPL of the perovskite sub-cell in the perovskite/CIGS tandem stack. (see the
main manuscript for further details). To compare these subtle changes in perovskite sub-cell
luminescence to the SHJ bottom-cell, we selectively probed the SHJ PL and TRPL in the tandem stack by
excitation from the bottom. PL and TRPL data plotted in Figure S9B & C reveal large differences. Most
importantly, the PL intensity is quenched by an order of magnitude after proton irradiation. Furthermore,
the PL lifetime is drastically reduced after irradiation. Both effects indicate the presence of radiation-
induced recombination centers in the SHJ bottom cell. This is corroborated by identically prepared and
irradiated SHJ single junction devices, which show a vast reduction in Jsc and EQE from 36.3 mA/cm? and
92 % (max) to 1 mA/cm? and 3.4 % (max) after proton irradiation. (Note that the change in Jsc of 36.3 to
0.34 mA/cm? and 19.9 to 0.26 mA/cm? is larger for the SHJ single junction device compared to the SHJ
bottom cell, resulting in a larger radiation-induced Voc loss in SHJ single junctions compared to SHJ

bottom cells)

Radiation-induced Si-vacancies (Vsi) and di-vacancies are known to diminish the minority carrier lifetime
of crystalline silicon 2228, and the associated gradual decrease in performance during proton irradiation
has been studied extensively. 26:27.29-33 Abrupt degradation of the short-circuit current and performance of
silicon solar cells during high-energy high-fluence proton irradiation has further been observed and
explained by an exponential decrease in majority carrier concentration, which provokes an abrupt
increase in base resistance. 2 The perovskite/SHJ tandem solar cell tested here relies - like the majority
of perovskite/SHJ tandem solar cells to date 13436 - on a phosphorous doped n-type float zone (FZ) Si
base. Positron annihilation spectroscopy has recently shown that high energetic proton irradiation of n-

type silicon forms thermally stable phosphorous-divacancy complexes that are majority carrier traps. 22



This can de-activate the phosphorous doping and reduce the Jsc reduces rapidly. While dissociation of Si
di-vacancies and phosphorous-divacancy complexes can restore the minority carrier lifetime and the
majority carrier concentration, the required temperatures of 450 K and above would inevitably deteriorate
the perovskite sub-cell with its organic contact layers. 2325 Optimized Si space solar cells, often rely on a
boron-doped p-type base and a very thin wafer thickness of 50 um to withstand about 104 p/cm? at
10 MeV. 23 Radiation- and light-induced boron-oxygen complexes, however, are efficient minority carrier
traps and, hence, it will be crucial to use float zone silicon wafers with low oxygen content. 3738 Using a p-
type FZ silicon base for perovskite/SHJ tandem solar cells is not straight forward as the required regular
perovskite top cell, often relies on high-temperature TiO2 contact layers which would deteriorate employed
hydrogenated amorphous silicon layers. 3° Further, inverted perovskite top cells, as used in this study, are
often found to be more reliable and robust against UV, oxygen, and moisture-induced degradation. 4°
Using a thin silicon base, ultimately, will require advanced light management strategies to ensure the

efficient collection of NIR light. 4

The most promising measures to strengthen the radiation hardness of perovskite/SHJ tandem solar cells,
therefore, comprise an increased perovskite bandgap (forcing the tandem into limitation by the more
radiation hard perovskite, thereby masking radiation-induced degradation of the SHJ bottom cell) and/or
changes of the SHJ architecture (to become more robust to the inevitable radiation-induced lifetime loss,
i.e., by employing a thinner silicon base). Both measures will, however, sacrifice some of the excellent
initial performance for improved radiation hardness. Further, the vast and inherent impact of radiation-
induced defects on the electrical properties of crystalline silicon makes such approaches challenging and

ultimately more expensive.



Proton Irradiation of Identically Prepared CIGS Single Junctions Solar
Cells
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Figure S11: (A) Current-voltage characteristics of CIGS single junction solar cells under AM1.5G
illumination conditions. Solid lines refer to measurements performed on as prepared solar cells, while
dashed lines refer to measurements after 68 MeV proton irradiation at a total dose of ® = 2-1012 p*/cm?2.
(B) External quantum efficiency of the CIGS single junction solar cells before and after proton irradiation.
The reflection is shown as 1-R. Related to Figure 2.



Dark current-voltage characteristics for perovskite/CIGS tandem solar
cells
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Figure S12: (A) Dark current-voltage and (B) differential resistance-voltage characteristics of investigated
perovskite/CIGS tandem and CIGS single junction solar cells. Solid and dashed lines refer to as prepared
and irradiated specimens, respectively. (Ep = 68 MeV, ® = 2-1012 p*/cm?) In contrast to the perovskite/SHJ
tandem solar cell no increase in rectification and differential resistance visible. Interestingly, the
perovskite/CIGS tandem solar cell features some hysteresis, which is visible only in the dark JV curves
and not under AMO or AM1.5G illumination. Related to Figure 2.



Photoluminescence lifetime mapping with high spatial resolution of
the perovskite sub-cell in the perovskite/CIGS tandem solar cell
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Figure S13: (A, B) Photoluminescence lifetime mapping of the non-irradiated and irradiated (Ep = 68 MeV,
® = 2-102p*/cm?) perovskite sub-cell in the perovskite/CIGS tandem solar cell under excitation with a
wavelength of Aex. = 636 Nnm, based on a single exponential fitting of the photoluminescence decay on
each pixel. (C) Photoluminescence decay of selected short and long lifetime regions on the non-irradiated
and irradiated specimens. The PL lifetime maps show an increased heterogeneity and more long-lifetime
areas after irradiation. Overall this results in a longer lifetime. Related to Figure 4.



Absolute photoluminescence imaging with high spatial resolution of
the perovskite sub-cell in the perovskite/CIGS tandem solar cell
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Figure S14: (A, B) Absolute photoluminescence images of non-irradiated and irradiated (Ep = 68 MeV,
@ =2-10%2 p*/cm?) perovskite sub-cell in the perovskite/SHJ tandem solar cell at a wavelength of
A =764 nm. c Corresponding photoluminescence histograms revealing an increase in heterogeneity. (D)
Corresponding photoluminescence spectra. Data obtained on the non-irradiated and irradiated specimens
are plotted as solid and dashed lines, respectively. Thick lines refer to the overall photoluminescence
spectra while thin lines refer to bright and dark regions, as indicated in A Interestingly, bright regions
feature a higher PL intensity after irradiation, while the PL intensity of dark regions remains unchanged.
(E) and (F) depict the same data-set, now normalized and on a linear and semi-logarithmic scale. In
contrast to the PL spectra of the perovskite/SHJ tandem, no low energy shoulder is observed. Related to
Figure 4.



Spectral mismatch of mimicked AMO and AM1.5G conditions

To estimate the spectral mismatch of the mimicked AMO and AM1.5G spectra, we measured the
irradiance as a function of wavelength and compare it in figure S11 to the ASTM G-173 and ASTM E-490
spectra. The upper panel further specifies the spectral mismatch in 100 nm intervals, calculated from the
ratio of the incident irradiance integrated over the specified wavelength interval.

= 15 = v I v I v I N I N MO I v 1 v 1 ' I v =
g / -
g 10 N ® o ° /Q ° ° ® =
£ I |
g 05F ® A rating interval AM1.5G © il
e T e
? 25 _ mimicked AMO spectrum _
£ - AMO (ASTM E-490) ]
g 20F H
= 15F A -
[0}
2 u N -
s 107 mimicked AM1. i
8 0 5 - -
= 1 AM1.5G (ASTM G-173-03) VoA
0 4 | " 1 " 1 L | X | " | " 1 1 LTy
'%00 400 500 600 700 800 900 1000 1100 1200

wavelength (nm)

Figure S15: Mimicked AM 0 and AM 1.5G spectra, compared to the standard AMO and AM1.5G spectra*?.
The top panel depicts the spectral mismatch in 100 nm intervals. Related to Figure 2.



Supplemental Experimental Procedures

Preparation of Perovskite/SHJ Tandem Solar Cells: Prepared perovskite/SHJ tandem solar cells
comprise  LiF/1IZO/SnO2/Cso/Perovskite/PTAA/ITO/(n*)  nc-SiOx/(i)a-Si:H/(n)-c-Si/(i)-a-Si:H/(p)-a-Si:H/
Al:ZnO/Ag and feature an active area of 0.81 cm?. A detailed description of the fabrication procedures is
described elsewhere. 1 In here, we detail fabrication of the two absorber layers only: For the perovskite top
absorber 1.5 M nominal Pbl2 and PbBr2 in DMF:DMSO = 4:1 volume were first prepared as stock
solutions and then added to FAI and MABr with 10 % PbX2 excess, respectively (X = | or Br). The so
obtained FAPbIs and MAPbBr: were then mixed in a 5:1 volume ratio to obtain a “double cation”
perovskite. Finally, 5% volume of 1.5 M nominal Csl in DMSO was added to form a “triple cation”
perovskite and subsequently spun at 4000 rpm for 35 s. 25 s after the start of a spinning, 400 pul ethyl
acetate anti-solvent drop was utilized, and finally, the films were annealed at 100°C for 1 h. For the SHJ
bottom cell, a 260 um thick polished FZ <100> n-type crystalline silicon (c-Si) wafer in a rear junction
configuration was used. The front surface of the wafer was left polished to facilitate the perovskite top cell
deposition, while the rear surface of the wafer was chemically textured to obtain random pyramids with
<111> facets to improve the optical response of the bottom cell in the NIR region. Again, a more detailed
description can be found elsewhere. ! Fabricated Perovskite/SHJ tandem solar cells were then
encapsulated under inert atmosphere using a quartz cover and epoxy resin. No intermediate index
matching layers or light-management foils were used, as they typically darken upon proton irradiation due
to the formation of radiation-induced color centers. As we found previously, such coloring can reduce the
Jsc of perovskite solar cells dramatically and consequently dominate proton irradiation-induced
degradation. 2

Preparation of Perovskite/CIGS Tandem Solar Cells: Prepared perovskite/CIGS tandem solar
cells comprise LiF/IZO/Sn0O2/Cso/Perovskite/PTAA/NIOZnO/CdS/CIGS/Mo/glass and feature an active
area of 0.81 cm?2. A detailed description of the involved preparation procedures is given elsewhere. 3 Here,
we summarize the deposition of both absorber layers and the NiOx layer only: The perovskite absorber is
prepared identically to the perovskite/SHJ tandem solar cells described above. For the CIGSe absorber,
thermal evaporation from elemental sources using a processing sequence based on the well-known multi-
stage process is used. 4 In this process, an (In,Ga)2Sez precursor is deposited at a substrate temperature
of 300 °C in the first stage, followed by the evaporation of Cu and Se at a substrate temperature of 530 °C
until the absorber becomes overall copper-rich. The process is completed by the evaporation of In, Ga,
and Se in the last stage to make the absorber copper poor again (CGI=0.9, GGI=0,3). The NiOx was
deposited after a pre-deposition oxygen plasma treatment using atomic layer deposition from
bismethylcyclopentadienyl-nickel (Ni(MeCp)z), 97%, Sigma-Aldrich) as the precursor and an Oz plasma as
the co-reactant. A total of 350 ALD cycles were performed each consisting of 3 s Ni(MeCp)z dose, 4 s
purge time , 3 s Oz plasma exposure, and 1 s purge time. Details on the NiOx process development
including the saturation curves are published elsewhere. 5 Similar to perovskite/SHJ tandem cell, the
fabricated perovskite/CIGS tandem solar cells were then encapsulated under inert atmosphere using a
quartz cover and epoxy resin.

Proton Irradiation: The tandetron-cyclotron combination of the Helmholtz-Zentrum Berlin®7 was
used to accelerate protons to an energy of 68 £ 1 MeV. A thin scattering foil and appropriate aperture
masks were used to provide a homogeneous irradiation over an area of 3.0 cm2. The beam intensity was
monitored online, utilizing a transmission ionization chamber. After irradiation, all devices were transferred
to a lead cabinet until the activity of generated short-living isotopes in the irradiated samples dropped to a
safe level of less than 102 Bq (~10 days of storage). To avoid the thermally-activated healing of radiation-
induced defect states often observed in CIGS absorbers above 400 K, the devices were stored at RT in
the dark. 810



In-operando measurements: In-operando measurements of the photovoltaic parameters were recorded
during proton irradiation. Therefore, a Keithley 2400 was remotely controlled to record JV measurements
from Voc-to-Jsc every 3 seconds. This high repetition rate did not allow for reverse and forward
measurements. lllumination was performed using two high-intensity LED’s that are selectively absorbed in
the high and low gap sub-cells (A}g, =450 nm and A%, = 850 nm). When set to 100%, both LED
illuminated the entire active area homogenously at about ¥2 AMO. Then the A1, = 450 nm LED was set to
0.7 mW/cm? (5 % of its initial value), thereby forcing the perovskite sub-cell to limit the overall current.
Subsequently, the A2;, = 850 nm LED was set to 1 mW/cm?2 (14% of its initial value), thereby forcing the
SHJ or CIGS bottom cell to limit the overall current. The three used regimes were alternated every 10 s
during proton irradiation using a homemade Arduino controlled circuit. Note, the low-intensity settings
were adjusted to slightly different values to allow an unambiguous assignment of the employed regimes.
Radiation-induced degradation of the employed LEDs and LED optics was avoided using focusing mirrors
and keeping the LEDs at a safe distance from the proton beam.

Current-Voltage-Characteristics: AM1.5G and AMO spectra were simulated using a Wavelabs
Sinus 70 AAA LED sun simulator. The simulated and target spectra, as well as a mismatch calculation,
are shown in Fig S11. The intensity was adjusted to 100 or 135 mW/cmz? respectively by measuring the
short-circuit current of a calibrated silicon solar cell (Fraunhofer ISE). Current-voltage scans were
performed in forward and reverse direction with a voltage sweep of 85 mV/s. Additionally, we tracked the
maximum power point (MPP) using homemade feedback software. In all cases, the temperature
amounted to 25°C. In some cases, shadow masks (A = 0.778 cm?) were used to avoid underestimation of
the active area.

Suns-Voc measurements: To estimate ideality factors, we varied the incident light intensity by
modulating the LED intensity and measured the stabilized Voc. In all cases, the temperature was set to
25°C using a temperature-controlled stage. In the case of single junction solar cells, the slope of the Suns-
Voc data can be used to estimate the ideality factor n using:

kgT
Vocx = % ‘n - In(X) + Vo x=1 (1)

Here kg is the Boltzmann constant, and T is the temperature. In the case of monolithic tandem
solar cells, the Voc equals the sum of the sub-cell open-circuit voltage Voc,i. and hence, the intensity
dependence of the Voc can be approximated by:

Vaentem = "E5 Tim; - In(X) + VSR )
Here the ni denotes the ideality factor of the individual sub-cell i. The ideality factor of a tandem solar cell
ntandem js thus given by the sum of the individual sub-cell ideality factors.

ntandem — Zi n; (3)

An identical finding is obtained using the segmental approximation often employed to describe the current-
voltage characteristics of multijunction solar cells, including InGaAs/GaAs and GalnP/GalnAs/Ge tandem
solar cells. 1*

External quantum efficiencies (EQE): Appropriate light and voltage biases are required to
record the spectral response of the perovskite/SHJ and perovskite/CIGS tandem cells. For this purpose,
we employed LEDs at a wavelength of A =455 nm and A = 855 nm that are selectively absorbed in the
respective sub-cells. In case of the perovskite/SHJ tandem, the perovskite sub-cell was measured at an
intensity of 2.3 mW/cm?2 (A=455nm) and 2.9 mW/cm? (A=855nm)) while the SHJ sub-cell was



measured using 14.5 mW/cm? (A = 455 nm). In the case of the perovskite/CIGS tandem, an intensity of
6 mW/cm? (A = 855 nm) and 16.4 mW/cm? (A = 455 nm) was used for the perovskite and CIGS sub-cells,
respectively. The CIGS bottom cell was also measured under bias light from a halogen lamp
(109 mW/cm?, 1.1sun (AM15) equivalent) equipped with a 750nm short pass filter. The EQE of both sub-
cells was integrated over an AM1.5G or AMO spectrum. Derived values were used to avoid overestimation
of the Jsc measured under mimicked AM1.5G and AMO illumination. Standardly, the monochromatic probe
was chopped at 74 Hz. In the case of the perovskite/SHJ tandem solar cell, we additionally employed
lower chopper frequencies as indicated. In the case of the perovskite/CIGS tandem solar cell, we further
used higher chopper frequencies as indicated.

Absolute Photoluminescence imaging: Absolute photoluminescence maps were recorded
using a hyperspectral widefield imager from Photon etc. at a magnification of 20x. Following literature 12,
the setup was calibrated by combining a spectral calibration employing a calibrated halogen lamp that was
coupled into an integrating sphere and an absolute calibration at one wavelength using a fiber-coupled
laser. Excitation was performed using a 405 nm laser set to 1 sun (AM1.5G) equivalent fluence. The laser
intensity was, therefore, adjusted to 2130 W/m?2, which corresponds to 4.3-102! photons m-2s-1, Taking
into account the EQE at A = 405 nm of 0.67 and 0.55 for the perovskite/Si and perovskite/CIGS tandem
solar cells, respectively nPero'Si=292.1021 m2s1 and nPeo'Si = 2.37-1021 m2s1 charge carriers are
generated. These values -correspond well to the generation rate under AM1.5G of n=

f:oooosgAMl.SG(A)d/l = 2.1-102" m~2s~1, (Total number of photons in AM1.5 = 3.89-10?! photons'm-2-s)

To calculate the QFLS we assumed Lambertian emission and utilize Wirfels generalized Planck law 13,
which relates the spontaneous emission of photons in a direct semiconductor to the chemical potential of
the non-equilibrium charge carrier concentration to the local temperature T providing that the specific
absorptivity a(E) is known.

2nE2a(E) 1
Ip,(E) = n3c2 'eX (E—QFLS_l) (4)
p kpT

Assuming that the spectral absorptivity approaches unity for photon energies above the bandgap this
equation can be simplified to

In (M) = £ L QfS (5)

2mE2 kgT kgT

Here IpL is the measured absolute photoluminescence, E the photon energy, ks the Boltzmann constant, T
the temperature, c the speed of light, h the Planck constant. By fitting equation (5) to the high-energy
slope of the PL emission, the QFLS and the local charge carrier temperature can be extracted. 4

For the Suns-QFLS dependence, absolute photoluminescence maps were recorded while varying the
excitation intensity between 1 sun and 0.08 sun using a hyperspectral widefield imager from Photon etc.
at a magnification of 20x as described above. All maps were averaged to increase the signal-to-noise
ratio, and the resulting spectra were fitted to equation (5) to extract the QFLS. In all cases, the local
temperature of the probed emissive volume was found to be slightly elevated, and we thus assumed a keT
of 0.029 eV for the calculation of the internal ideality factor.

Photoluminescence Lifetime Imaging: A confocal single-photon counting fluorescence
microscope from Picoquant was used to record photoluminescence lifetime maps of the perovskite top
cell. Excitation was performed at 636 nm using a 100x long working distance air objective (NA =0.8), a
repetition rate of 5 MHz, and an intensity of 380 nJ/cm?/pulse. The photoluminescence was collected
through a dichroic mirror, a 640 nm long-pass filter, and a 50 um pinhole onto a single photon counting
SPAD detector. Both the excitation and emission were raster-scanned using a galvo mirror system, where
both the objective and sample remain at a fixed position.



(Macro) Photoluminescence Measurements: Photoluminescence spectra and transients of the
SHJ bottom cell were recorded using a prism monochromator equipped with an InGaAs detector after
excitation from a pulsed dye laser with a wavelength of Aexc =505 nm or 365 nm. The laser fluence
amounted to 6 pJ/cm? for transient measurements and to 12 mJ/cm? in the case of spectral dependent
measurements. A continuous-wave temperature controlled 910 nm laser (Thorlabs) was used to photo
excite the CIGS bottom cell through the perovskite top cell for spectral dependent measurements. The
emission was recorded using an Andor IDus DU490A InGaAs detector. The spot size was recorded using
a Thorlabs beam profiler, where the size was set to be to where the intensity of the beam falls to 1/e2. The
laser fluence amounted to 6.1 W/cm?2,

(Macro) Transient Photoluminescence: Transient measurements of the CIGS sub-cell in the
perovskite/CIGS tandem were recorded using a confocal single-photon counting microscope from
Picoquant equipped with a 10x air objective. Excitation was performed using a pulsed 636 nm laser at a
repetition rate of 20 MHz and a fluence of 160 mJ/cm?2. According to the spectral response measurements
shown in Figure 2, 8 % of incident 636 nm light is absorbed in the CIGS bottom-cell. The effective
excitation fluence of the CIGS absorber thus amounts to 13 mJ/cm?2. Photoluminescence of the CIGS
absorber was collected through a dichroic mirror and two consecutive long-pass edge filters (cut-on
wavelength of 950 nm and 1100 nm) onto a single photon counting SPAD detector. This allowed an
effective suppression of the emission from the perovskite top-cell (maximum at A = 765 nm).

SRIM Simulations: To estimate the non-elastic damage of monodirectional 68 MeV proton
irradiation, a total of 5-107 protons were simulated using SRIM 5. Employed densities were:
pLiF =2.63 g/cm?, pizo =6.64 g/cm?, psno2 =6.85 g/cm?, pceo =1.65 g/cm?, Prero =4.59 g/cm?,
prTaa =1.2g/cm?, pniox=6.67 g/cm3, pzno=5.1 g/lcm?® pcds=4.82 g/cm?, pcies=5.7 g/cm3, pmo=10.28 g/cms,
Pnc-siox=2.3 g/cms, Pa-si=2.285 g/cm?, psi=2.285 g/cms, pznoai=5.1 g/cms, Pauartz =1.72 g/cms,
pLiF =2.63 g/cm3, pito =7.2 g/cm3, and pag=10.49 g/cm3. To approximate the damage induced by
omnidirectional, poly-energetic irradiation, the proton spectrum at an ISS orbit (see Fig S1) was used.
Using Python® and PYSRIMY” automated SRIM simulations were performed varying the incident proton
energy as well as the incident angle between 0 and 90° in 10°steps. In case of the perovskite/CIGS
tandem solar cell, the depth-averaged energy loss of monoenergetic 68 MeV proton irradiation amounted
to 6.3x105 eV/(A ion), while for the ISS orbit an average of 4.34x105 eV/(A ion) is obtained. With a total
flux of about 1x102% p* cm? st in the ISS orbit, a dose of 2x10'2 would be accumulated after around 90
years. While this is true for solar cells mounted on the satellite surface, free-standing solar arrays are
exposed from both sides, and therefore a dose of 2x1012 p* cm-2 would be reached earlier after about 50
years.
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