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In the Supplementary Information, we provide additional theoretical and experimental details,

including stacks’ layout, temperature coefficients of power conversion efficiency, environmental

conditions, and transparent conductive oxides’ complex refractive indices, and supplementary

figures, including parametric analysis, comparable study with silicon technology, evaluation of

heating/cooling load, and investigation of various effects, including thin-film interference and

expanded band tail states. The document includes, 12 sections, 24 pages and 15 figures:

S1.

Stack layout and cross-sectional scanning electron microscopy (SEM) images of

fabricated/examined single-junction organic (OSC), perovskite (PSC), and tandem OSC/PSC,

PSC/PSC solution-processed solar cells (SSCs)

S2.
S3.
S4.
S5.
S6.
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SSCs’ temperature coefficients of power conversion efficiency (Bpce)
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Complex refractive indices of the transparent conductive oxides (TCOs) in 300-2500 nm
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Physical origin of heat source and its dependence on device architecture and A,

Physical origin of radiative cooling load and its potential in SSCs

$10. Investigation of the effect of expanded band tail states in perovskites on PSCs’ optical

properties and operation

S11. Comparable study on optical properties and operation for conventional (silicon) wafer-

scaled solar cells and SSCs

$12. Physical behavior of SSCs during noontime in November



S1. Stack layout and cross-sectional scanning electron microscopy (SEM) images of
fabricated/examined single-junction organic (OSC), perovskite (PSC), and tandem OSC/PSC,
PSC/PSC solution-processed solar cells (SSCs)
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Fig. S1 Stack layout of fabricated (a) p-i-n OSC (blue), (b) n-i-p OSC (dashed blue), (c) OSC/PSC
(green), (d) p-i-n PSC (red), (e) n-i-p mesoscopic PSC (dashed red), and (f) PSC/PSC (dashed
green) composed of various hole-transport layers (PEDOT:PSS, 2PACz, MoO,, NiO, and Spiro-
OMeTAD), electron-transport layers (TiO,, SnO,, ZnO, PNDIT-F3N, Cg,/BCP, and PDINN),
transparent conductive oxides (ITO and FTO), metal contacts (Ag, Au, and Cu), and active layers
(PM6:L8-BO, PM6:BTP-eC9:PC71BM, Csg 15MAq 15FAq 7Pb(lg6Bro4)3, FAPbIs, Csg2FAqePb(lg6Bros)s,

and FAq;MA. 3Pbg sSng sls).
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Fig. S2 Scanning electron microscopy (SEM) cross-sectional images of fabricated SSCs: (a) p-i-n
0SC, (b) n-i-p OSC, (c) OSC/PSC, (d) p-i-n PSC, and (e) n-i-p mesoscopic PSC. Note that the cross-
sectional SEM images of fabricated SSCs appear also in the main manuscript as insets in Figure

1, added in the Supplementary Information at a larger scale for better clarity.



S2. SSCs’ temperature coefficients of power conversion efficiency (8pce)
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Fig. S3 Temperature coefficient of power conversion efficiency (Bpc), i.e., slopes of the PCE
(%)-T. curves, where T is the cell temperature, as a function of band gap wavelength (A;) or
band gap energy (E;). Bpce is normalized at % compared to the solar cells operating at Standard
Test Conditions (STC) (i.e., 1000 W/m? of solar radiation, T. = 25°C). The black dashed curve
corresponds to Bpc; calculated based on the detailed balance method described by Shockley
and Queisser (SQ) assuming ideal (and electrically homogeneous) solar cells.2 Red stars
correspond to experimental Bpce of SSCs in the literature.3 The red solid curve indicates the A,-
dependent SQ B¢ shifted to experimental Bpce values of fabricated PSCs in the literature.®=
Blue stars correspond to experimental Bpce of current industrial (silicon) passivated emitter and
rear cells (PERC),1%1! with interdigitated back contacts (IBC),* aluminum back surface field (Al-

BSF),'! and silicon heterojunction solar cells (SHJ)! plotted for reference.



$3. Parametric analysis

We perform a parametric analysis on SCCs’ PCE loss relative to STC (APCE(%:e;stc)) and operating
temperature (7), to examine the interplay of parasitic absorption (~300-2500 nm) and
conversion losses (<Ag) on SSCs’ operation as well as the physical origin of conversion losses.
Specifically, we calculate APCE(%e stc) (Figure S4c—d) and operating or steady-state temperature
(T) (Figure S4a—b) by solving eq 1 of the main text (see Experimental/Theoretical Methods) as a
function of (i) Ag (or Ey), (ii) PCE in STC (PCEsrc), and (iii) sub-band gap absorption above A, up to
2500 nm. For the calculations, we assume 100% absorption of photons below A, 0% (Figure
S4a,c), and 35% (Figure S4b,d) of sub-band gap absorption above A, i.e., based on the
experimental absorptance spectra of fabricated SCCs in A;—2500 nm, see Figure 1a—f. Moreover,
we used realistic Bpcg, as calculated in Figure S2 (red curve), and environmental conditions, i.e.,
25°C ambient temperature, 50% relative humidity (see Figure S5d), 2.5 m/s wind speed (~16.5
W/m?/°C), and AM1.5G. In Figure S4a—d, y-axis limits are determined by SQ limit for single-
junction solar cells and realistic/empirical limit for tandem SSCs.2 We also plot for reference A,
and PCEsrc of experimental PSCs (i.e., CsFAPbIBr-,*> MAPbIs-,** FAPbI;3-,*> and FAMAPbSnIs-based
PSCs'2), OSCs (i.e., P3HT:PCBM-,® PTB7-Th:PC;,BM-,” PM6:BTP-eC9:PCBM-,8 and PM6:L8-BO-
based 0SCs'®), and their tandems (T) (i.e., PM6:BTP-eC9:PCBM-based OSC/PSC,'® and
FAMAPbSnI;-based PSC/PSC!3), see red, blue, and green rhombuses in Figure S4a—d, respectively.



0% sub-band gap absorption

Band gap energy Eg (eV)
1.77

2.07 1.55 1.38 1.24

FAMAPbSNL(T)
FAMAPDSNL]

700 800

600 900 1000
Band gap wavelength ig (nm)
Band gap energy E_(eV)
g APCE (%
2.07 1.77 1.55 1.38 1.?4
30f ©
— 25 F/gbg
§
E 201 be%
[S4)
o
=¥ CsFAPbIBr
15f
10¢
600 700 800 900 1000

Band gap wavelength ig (nm)

T(°C)

50

45

40

35

30

rel,STC)

35% sub-band gap absorption

Band gap energy Eg (eV)
207 177 155 138 124 (O
301 ,,,.,,/"40°C 42.6°C
. 257
S
o
& 20p
[Sa)
&)
&
15¢
10f
600 700 800 900 1000
Band gap wavelength ﬂg (nm)
Band gap energy E_(eV)
8 APCE (% 1)
207 177 155 138 1.4 e
30t
. 257
g
(&}
& 20p
25}
(&)
=9
15¢
10F
600 700 800 900 1000

Band gap wavelength ﬂg (nm)

Fig. S4 Impact of varying A, (or £5) and PCE in STC (PCEsrc) on (a—b) operating or steady-state

temperature (T) and (c—d) PCE loss relative to STC (APCE(%eis1c)) (see eqs 1 and 6 —

Experimental/Theoretical Methods), assuming (a—d) 100% absorption of photons below Ay, (a,c)

0%, and (b,d) 35% of sub-band gap absorption above A; up to 2500 nm, i.e., based on the

experimental absorptance spectra of fabricated SCCs in A;—2500 nm shown in Figure 1a—f. For

calculations in (a—d), we used realistic Bpc, as calculated in Figure S2 (red curve), and

environmental conditions, i.e., 25°C ambient temperature, 50% relative humidity (see Figure

S5d), 2.5 m/s wind speed (~16.5 W/m?/°C), and AM1.5G. In (a—d), y-axis limits are determined

by SQ limit for single-junction solar cells and realistic/empirical limit for tandem SSCs.'? Red,

blue, and green rhombuses correspond to Ay and PCEsrc of experimental PSCs (i.e., CsFAPbIBr-,3

MAPbIs-,'4 FAPbls-,'> and FAMAPDbSnIs-based PSCs'3), OSCs (i.e., P3HT:PCBM-,1¢ PTB7-



Th:PC7,;BM-,Y” PM6:BTP-eC9:PCBM-,'8 and PM6:L8-BO-based OSCs??), and their tandems (T)
(i.e., PM6:BTP-eC9:PCBM-based OSC/PSC,'® and FAMAPbSnls-based PSC/PSC®3) plotted for

reference.

As shown in Figure S4a, SSCs (rhombuses) can reach high operating temperatures up to ~40.5°C
if A; and PCEgrc are not carefully optimized (see FAMAPbSnI3-based PSC), with a temperature
variance up to ~7.4°C (see P3HT:PCBM-based OSC versus FAMAPbSnl;-based PSC). Due to the
negative Bpce (see Figure S2), PCE decreases as T increases, leading up to APCE(%qeistc) ~ -3.3%rel
(see FAMAPbSnI3-based PSC in Figure S4c), and APCE(%;estc) variance up to ~2.0%. (see
CsFAPbIBr-based PSC versus FAMAPDbSnI3-based PSC in Figure S4c).

Operating temperature can be even higher up to ~44.1°C (see FAMAPbSnIs-based PSC in Figure
S4b) for 35% of sub-band gap absorption (>A;), leading up to APCE(%reistc) ~ -4.1%:e (see
FAMAPDbSnNI;-based PSC in Figure S4d). Interestingly, temperature variance decreases as sub-
band gap absorption increases, ~2.9°C (see P3HT:PCBM-based OSC versus FAMAPbSnl3-based
PSC in Figure S4b), hence APCE(%yeistc) variance, ~1.4%.. (see CsFAPbIBr-based PSC versus
FAMAPDSnNI3-based PSC in Figure S4d).

These results (Figure S4a—d) indicate that as parasitic absorption increases the operating
temperature (hence APCE(%;cistc)) of SSCs of lower Ag increases with higher rate than that of SSCs
of higher A, (see Figure S4a versus 4b). The reason is the similar parasitic absorption in SSCs in A;—
2500 nm no matter functional materials (see Figure 2). Consequently, higher parasitic heat source
is expected for SSCs with lower Ag, which increases T and PCE loss, due to the higher solar
irradiance at lower wavelengths (see Figure 1a — yellow). In contrast, SSCs of higher A; including
tandems despite their even higher PCEsrc (see FAMAPbSnIs-based PSC/PSC versus FAMAPbSnI;-
based PSC) are bound to operate at higher device temperatures (hence higher PCE losses) than
SSCs of lower A, (see FAPbls-based PSC versus FAMAPbSnI;-based PSC/PSC). Results in Figure
S4a—b reveal that this effect arises from conversion losses of fundamental nature due to the less
efficient spectrum utilization as A, increases rather than being architecture constrained, i.e., due
to unoptimized PCEsrc. Specifically, for experimental SSCs (rhombuses), T is predominantly
affected by A, (x-axis) rather than PCEsrc (y-axis); see also Figure S6 showing the physical origin

of increasing T with A,. Consequently, results in Figure S4 show an opposing effect of parasitic



sub-band gap absorption (A1;—2500 nm) and conversion losses (¥300-A; nm) on T with respect to
Ag. Due to this opposing effect, all SSCs (no matter architectures, TCOs, functional/transport
materials, active layers, or A;) are expected to operate not only at higher but also similar
temperatures (hence similar PCE loss) as sub-band gap absorption increases or (equivalently) in

the absence of thermal management.
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S4. Actual environmental conditions
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Fig. S5 Time-dependent (a) solar irradiance, (b) ambient temperature, (c) wind speed, and (d)

atmospheric transmissivity depending on relative humidity and ambient temperature, during

noontime a day in August (green) and November (blue) extracted from actual environment

situations.'020-22 \alues in (c) indicate the calculated wind-speed-dependent nonradiative heat

transfer coefficients (see Experimental/Theoretical Methods).
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S5. Physical origin of increasing conversion losses and T with A,
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Fig. S6 (a) Normalized spectral irradiance of solar simulators’ (red)?*~>> compared to actual

measurements, i.e., Tampa, Florida (green)?® and standard AM1.5G spectrum (black). (b)

Measured (dashed) versus mean (solid) absorptance spectra in 300-2500 nm for examined

PSC/PSC and p-i-n PSC, together with the normalized AM1.5G solar irradiance spectra (yellow).

Red arrows indicate the increased heat source in PSC/PSC compared to p-i-n PSC in each
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S$6. Complex refractive indices of the transparent conductive oxides (TCOs) in 300-2500 hm
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Fig. S7 Refractive index (n — black) and extinction coefficient (k — green) of (a) indium tin oxide
(ITO) and (b) fluorine-doped tin oxide (FTO) transparent conductive oxides used for simulating
the absorption properties of fabricated SSCs in 300-2500 nm (Figure 1a—f) extracted from refs

27-29 and 30-32 for ITO and FTO, respectively.
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S7. Investigation of thin-film interference effects in SSCs in A;.—2500 nm
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Fig. S8 Simulated total (dashed) and 2-pass (solid) absorptance spectra in 830-2500 nm of

examined (a) p-i-n OSC (blue), (b) n-i-p OSC (blue), (c) OSC/PSC (green), (d) p-i-n PSC (red), (e) n-

i-p mesoscopic PSC (blue), and (f) PSC/PSC (green), together with the AM 1.5G solar irradiance

spectra (plotted only in (a) for clarity). Values in (a—f) indicate parasitic heat source in A;,—2500

nm, where A ~ 900, 910, 830, and 1020 nm for OSCs, OSC/PSC, PSCs, and PSC/PSC, respectively,

calculated based on the simulated absorptance (a—f) and AM1.5G (a) (see eq 6 for PCE=0

(Experimental/Theoretical Methods)).
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S$8. Physical origin of heat source and its dependence on device architecture and A,

Parasitic heat source Heat source in active layer
200 500 b
a
B NIR-SWIR (>2,) I V'S (~380-7,nm)
150 [ NS (~380-4,nm) 400-
(E | I UV (<380nm) Ng
2 = 300+
‘5 100- Py
e e
3 3 200+
0 0
T 504 ©
T £ 100
0- 0-
n-i-p PSC p-i-n PSC p-i-n OSC n-i-p OSC OSC/PSC PSC/PSC n-i-p PSC p-i-n PSC p-i-n OSC n-i-p OSC OSC/PSC PSC/PSC
Solution-processed solar cells Solution-processed solar cells
400
Cc
300+
% —e— Active layer (~300-lgnm)
= —=s— Parasitic (~300-2500nm)
@ 200-
©
(]
T
100

T T T T T T
n-i-p PSC p-i-n PSC p-i-n OSC n-i-p OSC OSC/PSC PSC/IPSC
Increasing /19

Fig. S9 (a) Parasitic heat source in fabricated SSCs (see Figure 1la—f —insets) in >A, (NIR-SWIR —
green), ~380-A; nm (VIS — black), and <380 nm (UV — blue) calculated from eq 6 for PCE=0 (see
Experimental/Theoretical Methods) based on the experimental absorptance (see Figure 1a—f —
solid) and AM1.5G (Figure 1a). (b) Heat source in SSCs’ active layer calculated from eq 6 (see
Experimental/Theoretical Methods) based on the simulated absorption in active layer (see
Figure 1a—f — dashed), simulated parasitic absorption (see Figure 2a—f), and AM1.5G (see Figure
1a). (c) Dependence of heat source in active layer (red) and parasitic heat source in 300-2500

nm (black) on A,.
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S9. Physical origin of radiative cooling load and its potential in SSCs
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Fig. S10 (a) Measured front- (black) and rear-surface (red) emissivity of SSCs, together with the

infrared transmission of the atmosphere (blue). Front-surface emissivity was obtained from

measuring the reflectance and transmittance of fabricated SSCs’ front surface in MIR (>4 um)

(see Experimental/Theoretical Methods). Rear-surface emissivity was extracted from refs 3334

assuming highly-emissive encapsulation with typical encapsulant PVDF. (b) Polar distribution of

the average front- (black) and rear-surface emissivity (red) across 5-25 um (i.e., also within the

atmospheric transparency window, 8-13 um) at different angles from 10° to 80°. (c) Refractive

index of glass substrate (black solid curve) and PVDF encapsulant (red solid curve) obtained

from refs 343>, showing the origin of SSCs’ front- and rear-surface emissivity dips in (a).

Specifically, SSCs’ reflectivity increases in >4 um mainly due to reflection from the front-surface,

decreasing SSCs’ emissivity, hence radiative cooling potential in MIR, due to strong impedance

mismatch between glass (black solid curve) and air (black dashed line) arising from glass
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phonon-polariton resonance due to vibrational absorptions in MIR.233:3¢ (d) Front-surface
(black), rear-surface (red), and total (purple) radiative heat dissipation potential as a function of

cell temperature (T.) and relative humidity (see Figure S5d),3” calculated from eqs 2—4 (see

Experimental/Theoretical Methods) based on SSCs’ front-surface (black), rear-surface (red)

emissivity shown in (a—b) and ideal emissivity™~1, respectively.
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$10. Investigation of the effect of expanded band tail states in perovskites on PSCs’ optical

properties and operation
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Fig. S11 Investigation of the effect of expanded band tail states in perovskites on (a—b) FAPbI;
extinction coefficient (k) and (c) p-i-n PSCs’ absorptance. Black arrows indicate gradual increase

of PSC absorptance at >A, due to gradual increase of k at >A,.

18



August November

55 1000 1000
a
~ 357 —
1800 € 1800 £
= =
. . 8 ~ 301 Q
N . :.-.' .o wr '." (@] ~. o
lo:, “wore,eote, wee- 600 _E li: AT-48°C | 600 .E
40+ - == = n-i-p mesoscopic PSC (exp.) ® 25+ = == = n-i-p mesoscopic PSC (exp.) K
—— p-i-n PSC (exp.) £ —— p-i-n PSC (exp.) £
........ i-n P imu. Ambient © seeeeee p-i-n PSC (simu.) Ambient ®
25 p-i-n PSC (simu.) 400 (?) 20- 400 c%
12:00 13:00 14:00 12:00 13:00 14:00
Time (HH:mm) Time (HH:mm)
0 0
+sesesep-i-n PSC (simu.) (PCE,.=25.7%) c — d
19 ——p-i-n PSC (exp.) (PCE,;,=25.7%) A
— = === n-i-p mesoscopic PSC (exp.) (PCE,.=25.2%) — e acemacaaa emmcaem==e=""T
o 2 o 2 -
2 2
= & 3 p-i-n PSC (simu.) (PCE,,,=25.7%)
3 t —— p-i-n PSC (exp.) (PCE,;=25.7%)
% C<L1 -4 - - - - n-i-p mesoscopic PSC (exp.) (PCE,.=25.2%)
-5
= T T T '6 T T T
12:00 13:00 14:00 12:00 13:00 14:00
Time (HH:mm) Time (HH:mm)

Fig. S12 Simulated time-dependent outdoor performance under real world conditions during a
day in August (a,c) and November (b,d), indicating (a—b) temperature and (c—d) PCE losses
reduction in the absence of expanded band tail states in perovskites (dotted red line — see also
Figure S11) on p-i-n PSC operation. (a—b) Time-dependent T and (c—d) APCE(%;| stc) for
experimental n-i-p mesoscopic PSC (red dashed), experimental p-i-n PSC (red solid), and
simulated p-i-n PSC (red dotted) shown in Figures 1e, 1d (solid), and 1d (dashed), respectively.
The time-dependent performance of SSCs is investigated by combining the experimental data
of solar irradiance (yellow), ambient air temperature (gray), wind speed (Figure S5c), and

relative humidity (Figure S5d).10.20-22
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S11. Comparable study on optical properties and operation for conventional (silicon) wafer-

scaled solar cells and SSCs
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Fig. S13 Experimental absorptance spectra in 300-2500 nm, top photo, and scanning electron
microscopy (SEM) cross-sectional images (insets) of (a) current industrial (silicon) passivated
emitter and rear cells (PERC) extracted from ref 1 (blue) and (b—c) fabricated n-i-p mesoscopic
(red dashed) and p-i-n (red solid) PSCs, respectively, together with the AM 1.5G solar irradiance

spectra (plotted only in (a) for clarity).
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Fig. S14 Simulated time-dependent outdoor performance under real world conditions during

a day in August (a,c) and November (b,d), comparing SSCs’ performance with conventional

(silicon) technology. (a—b) Time-dependent T and (c—d) APCE(%e,stc) for PERC (blue), n-i-p

mesoscopic PSC (red solid), and p-i-n PSC (red dotted) shown in Figures S13a, 1e (solid), and 1d

(solid), respectively. The time-dependent performance of SSCs is investigated by combining the

experimental data of solar irradiance (yellow), ambient air temperature (gray), wind speed

(Figure S5c¢), and relative humidity (Figure S5d).10.20-22
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Fig. S15 Simulated time-dependent (a) heat load, (b) radiative and (c) non-radiative heat

dissipation, (d) parasitic absorption, (e) conversion losses, and (f) electricity output of

fabricated p-i-n OSC (blue solid), n-i-p OSC (blue dashed), OSC/PSC (green solid), p-i-n PSC (red

solid), n-i-p mesoscopic PSC (red dashed), and PSC/PSC (green dashed) operating under real

world conditions during a day in November. The time-dependent performance of SSCs is

investigated by combining the experimental data of solar irradiance (Figure S5a), ambient air

temperature (Figure S5b), wind speed (Figure S5c), and relative humidity (Figure S5d).2037
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