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Abstract:@c-inorganic hybrid perovskite multi-junction solar cells have immense

potential !rea!lze power conversion efficiencies (PCEs) beyond the Shockley-Queisser limit

of single-" nctio’solar cells, however, they are limited by large non-ideal photovoltage loss

(Voc.loss) igand large bandgap subcells. In this work, we have utilized an integrated

approach 10 1mprove V,. of subcells with optimized bandgaps and fabricated perovskite-

lem solar cells with small Vi 0s. A fullerene variant, Indene-Ce bis-adduct is

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/adma.201702140.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/adma.201702140
https://doi.org/10.1002/adma.201702140
https://doi.org/10.1002/adma.201702140

WILEY-VCH

used to achieve optimized interfacial contact in small bandgap (~1.2 eV) subcell that

facilitates higher quasi-fermi level splitting, reduces non-radiative recombination, alleviates

hysteresis i ilities, and improves V. to 0.84 V. Compositional engineering of large
bandgap ( rovskite is employed to realize a subcell with transparent top electrode
I

and ph:t tabilized V,. of 1.22 V. The resultant monolithic perovskite-perovskite tandem
solar cell ghowsgya high V.. of 1.98 V (approaching 80% of the theoretical limit) and a
stabilizedg 18.5%. The significantly minimized non-ideal Vocjoss 1S better than the
state—of—tmmon—perovskite tandem solar cells, which highlights prospects of using
perovskite-perovgkite tandems for solar energy generation. It also unlocks opportunities for

water splittémg hybrid perovskites with solar-to-hydrogen (STH) efficiencies beyond

(O

Organic- nic hybrid perovskites are chemically diverse, multifunctional

15%.

semicol at have recently generated immense interest in the field of optoelectronics

and photogltaic industry.

realized fmjkite solar cells (PVSCs), which is close to single-junction Shockley-

=71 power conversion efficiencies (PCEs) beyond 22% have been

Queisser it.®) To further improve PCE, it is highly desirable to develop all
perovskitiandem solar cells, which possess merits of solution processability and low-cost,

large-scmcturing capability inherent to hybrid perovskites. Characteristically sharp

absorptiognd low open-circuit voltage loss (Vo 10ss) makes hybrid perovskites[lo] ideal
material for tandem application. In addition, the versatility of hybrid perovskites®! have
enable evelopment of high quality photovoltaic materials over a wide-range of

bandgaps (1.2-2.3 eV), which is pivotal for building all perovskite tandem solar cells.
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Perovskite-perovskite tandems can be constructed by either mechanically stacking (4-
terminal, 4-T) or monolithically series integrating (2-terminal, 2-T) subcells. A 4-T

conﬁguratlt' relatively insensitive to bandgap (E,) matching and primarily reliant on the

efficacy o subcells, while precise £, matching is required in a 2-T configuration
N . . o
due to th! need for current matching (Figure 1). Nevertheless, the 2-T configuration is
preferred m because it has minimized parasitic absorption, higher practical efficiency,
and is supe om the economic point of view.!') In perspective to hybrid perovskites, PCE

of ~36% 1 oretically achievable using an optimal £, combination of 1.2 and 1.8 eV in a 2-

S

T configuration§Figure 1). Therefore, to further advance 2-T perovskite tandems is an

exciting sci challenge which will facilitate further hybrid perovskites development and

[y

lower the to facilitate technology translation.

Earlie nb pment of 2-T tandem PVSCs were restricted by lacking of small E,

d

perovs nd difficulty in achieving orthogonal processability (PCE limited to <10%)./'>"*!

Althou

M

rmal evaporation was employed to circumvent processing challenges, device

performance was still limited (~15% PCE) due to non-optimized E, combination (1.6 ¢V and

I

2 eV mat e used) and significant current-voltage (J-7) hysteresis.!'*! Development of

semitranspe PVSCs with sputtered ITO top electrode!®! and small E, (~1.2 €V) Pb/Sn

v

O

binary pe ites''*'”) have recently enabled construction of 2-T tandems with solution

n

{

3:

proces skite absorbers and optimized E, combination (1.2 eV with 1.8 eV),

resulting E of ~17%.*") However, the performance is still limited by severe

photovolt (Vocjoss=Ee/q — Voc).

Th photovoltage for monolithic 2-T tandem PVSCs with an ideal £, combination

A

[20]

is only ~67% of the theoretical (Shockley-Queisser) limit,”~ which is inferior to ~74%

achieved in the state-of-the-art 2-T perovskite-silicon tandem (Vo ~1.65 V, PCE ~23.6%)[21]
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(Table S1). The potential of realizing high photovoltage is a distinctive advantage of such
series-connected tandem architecture, however, it has not been accomplished in perovskite-

perovskitﬁue to photo instability, limited V,. and hysteresis of individual subcells.

The theor igin photovoltage for 2-T tandem is defined by the sum of V. sq (Figure
 E— . . . .

S1) for sugells, but the typical V,is lowered due to unavoidable SQ loss and avoidable non-

1deal loss. ﬁre, efforts to minimize non-ideal Vi o5 1S critical for further advancement

of 2-T tan SCs.

S

In this"WorK] we demonstrate a highly efficient ideal bandgap matched 2-T tandem

3

PVSCs with mindimized non-ideal Vo joss Via improved subcell characteristics, precise current

matching neering of tandem construction. Mitigation of non-radiative recombination

N

centers arising from improper interfacial energetics and poor optoelectronic characteristics of
absorber mat were pivotal in reducing non-ideal Vojoss. Enhanced quasi-fermi level

splittin

and V. realized in both small and large E, (~1.2 and 1.8 V) subcells were

closer

M

limit compared to previous works (Figure S1). Optical simulations were also

utilized to validate current matching criterion and identify possibilities for further improving

I

current g in tandem architecture. Ultimately, a stable 2-T tandem cell was
demonstr a high PCE of 18.5% under operating conditions with negligible J-V
hysteresis ighu /. (1.98 V) was also realized, which is approaching 80% of the theoretical
limit a best for all perovskite monolithic tandem solar cells.

Small’E, eV) PVSCs. Although the early development was hindered by poor film

yt

morphologies and interfacial issues, Pb/Sn binary perovskite (MAPb;Snsl3) alloys have
enable alization of the small £, of ~1.2 eV 10192221 A wide-range of processing
techniques (solvent washing, hot casting, 2-step and anti-solvent extraction) and mixing of

organic cations (methylammonium, formamidinium, cesium) were explored to attain optimal
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film coverage, which eventually improved PCE of the small £, PVSCs to 12-15% [17:18:2024.23]
These works utilize commonly employed PEDOT:PSS and PC4sBM/Cg as hole-transporting
layer (}#electron-transporting layer (ETL), respectively. However, compositional
modiﬁcatid/ perturbs frontier energy levels and results in energetic mismatch at
interfa(;sEs imposes severe limitation on device characteristics (high Vicioss, J-V
hysteresis Qstability under operating conditions) which are deleterious for tandem

application us selecting appropriate interlayer is crucial.

With wed processing conditions and additive formulation, a phase pure
MAPbo,ssan was obtained with homogenous coverage and excellent crystallinity with
a Eg of ~ cV' (Figure S2). There is a significant mismatch between conduction band

minimum (CBM) of MAPDb sSngsI; and the lowest unoccupied molecular orbital (LUMO) of

fabricated.

L

Choi:ﬁL strongly perturbed J-V characteristics of resultant devices (Figure 2b).

Despite gain in Js, due to higher electron mobility of C60,[26] devices with Cgo
showe(ﬂ (0.6-0.7 V) and PCE (~10%) with apparent inverted hysteresis (higher V.,
FF in Wn compared to reverse scan). Conversely, much higher V. (~0.84 V) and
PCE (~15% negligible hysteresis could be achieved using ICsBA. Contrast in J-V

characteristics was persistent at different scan rates ranging from 0.01 to 1 V/s (Figure 2b

and S3 ‘1@ lifference was also evident in the stabilized maximum power output (Figure
2¢), where device with Cgy shows a significant decay compared to ICsBA which does not

show any decay even after 1000 s. The observed behavior is closely tied to the electronic
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nature of MAPb sSnsI3/ETL interface rather than any processing artifact in devices with
Ce0, demonstrated by similarity between devices with solution processed and thermally
evaporate! Figure S4a). Demonstration of inverted hysteresis and lower V. in devices
with Ceo: ) blend ETL (Figure S4b) further reinforces this claim. These results
H o .
unamblgussly demonstrate the superiority of ICsBA compared to Ceyp as ETL in small E,
PVSCs ublish an intimate link between interfacial properties and device
characteris{té8 T he contrast in characteristics of devices with Csyp ETL compared to previous

works[zo’zwlated to the difference in composition and frontier energy levels of the

employed n\ginary perovskite alloys.

U

The lﬁnsity dependence of V. in devices was investigated to understand the

factors intluenced by the choice of ETL that determine hysteresis behavior and V. (Figure
2d). Devi Ceo show two distinct regions (transition from higher to lower slope as the

light 1 increases), whereas devices with IC¢BA show only a constant slope in the

entire intensities. Observed slopes are close to previously reported values for Sn-
based perovskites!'®! and a similar transition of slopes has been previously observed in

PVSCs whctive TiO,/MAPbDI; interface.”® Differences in Vo dependence on light

intensity! manifests that more pervasive trap-assisted recombination exists in

devices wi compared to devices with IC4BA and is apparently an indication of
defectigﬁno,sh/cm interface. Sub-bandgap surface defects and interfacial fermi
level pinn ikely the origin for such deleterious interface and associated consequences
on device ance.”" " This was examined by evaluating the quasi-fermi level splitting

(QFLS{MAPbMSth films with Cgp and IC4BA. QFLS enhanced with IC¢BA
compared to n¢a MAPb(sSngsI; and films with Cgy (Figure 2e), evidently illustrating the
significance of rational interlayer selection employed here. Higher QFLS in MAPb sSng sls
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(0.84+0.01 eV) realizable with ICqBA correlates well with device V,. (0.84 V) and

demonstrates improved quality of interfacial contact.

Additmnt spectroscopic studies were carried out to further pinpoint the impact
of interfaces. Recent studies by Petrozza et al.*” and Ginger et al.*™ clearly illustrate that an
N
optimizedm should have non-quenched PL at open-circuit due to minimized non-
radiative (terfa’al recombination. Accordingly, at open-circuit we observe that PL is
dramaticamched with addition of Cg to MAPb, 5Sng 53, whereas an opposite trend is
observed dition of IC¢BA (Figure 2f). In fact, we observe slower PL decay and
higher photolumifiescence quantum yield (PLQY) with IC¢BA compared to that of the neat

MAPb0.5SEms, which highlights the dramatic reduction in non-radiative recombination

alike above results (Figure 2g). Furthermore, femtosecond transient absorption

spectrosc also revealed distinct beneficial characteristics of interfacial contact with
IC60B ure )
Un xcitation fluence (0.1 pJ/cmz), both Cgp and ICcBA exhibited a similar

populatioxruenching of photo-bleaching at high energy band (PB1) corresponding to initial

ultrafast cmansfer in vicinity of interfaces along with carrier cooling (Figure S5).

However leaching at the band edge (PB2) of MAPb,sSngsl; films with 1CsBA

showed fstically higher populations (Figure 2h) illustrating that both hot and relaxed
charge mo not suffer from charge transfer losses at the interface during
populatio lation of perovskite films unlike interface with Cgp. The trend is even

clearer in the kingtics of PB2 and PL (Figure S6 and 2g, i). A slow characteristic decay time

band-edge population and strong bimolecular recombination

[35,39]

characteristics support the formation of intimate contact between MAPb,sSngsl; and

ICBA (Table S2).
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The intimate contact alleviates non-radiative recombination losses from intrinsic and

photo-induced sub-gap defect statesP****!! during charge transfer process across IC¢BA, in

contrast to mis-matched MAPbsSngsI3/Cg interface quenching charge carriers non-
radiativel ring repopulation process at interfaces. Deleterious interface formation
explains ts appearance of inverted hysteresis in devices with Cgp, where pile up charges at

the correg interface would beneficially impact electron extraction as recently

133

demonstrat Tress et al.’*] The observations agree well with previously determined

10,30,31]

S

analogous tions between interfacial trap sites, device hysteresis and V.

Striking ditfere in hysteresis behavior between devices with Cgp and ICsBA is therefore

U

itself an ele emonstration of interfaces role in MAPby sSny sI3 and signifies importance

n

of IC¢B ize stable devices with minimized photovoltage loss (Figure 2b-c).

Relati 11 PLQY, faster PL decay along with population and decay behavior of

d

PB2 il

¢ dominance of non-radiative losses over beneficial impact of high Ce( electron

M

mobili arge transfer at the MAPDb, sSny 5I3/Cg interface, which ultimately constrained

device performance. With IC4BA we not only mitigate hysteresis related instability but also

1

realize a ly high V. (0.84 V) which is ~88% of the SQ limit. Stable devices with

small Vi, @ B8 V) realized here is the lowest among reported small £, PVSCs (Figure

S1) and 1 rable to the state-of-the-art inorganic photovoltaic technologies./ This

provid to realize high V. in 2-T tandem PVSCs.

Large £, (~%8 eV) PVSCs. Development of large E, perovskites with bandgap between

ut

1.70 to 1.75 e\g(by halide mixing) has been driven by the motivation for coupling with
silicon Il in tandem configuration.'**** A challenging issue in the development of
large E, perovskites is material’s vulnerability to light-induced phase segregation, which

44,45]

tends to result in high Vi 10ss and instability under operating conditions.| Several
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approaches like enhancing grain size, mixing of FA and Cs cations, substituting Pb with Sn

have been successfully utilized to alleviate adverse impact of phase segregation and realize

efficient with E, ~1.73 eV .84 However, the lowest E, (~1.2 eV) perovskite

requires ary E, of ~1.80-1.85 eV for current matching in 2-T tandem PVSCs
N I ) .

(Figure 1) To realize photo-stable, efficient PVSCs based on ~1.8 eV E, is an arduous task

because pmgregation is sensitive to film composition, morphology, and processing

conditions. Even the state-of-the-art PVSCs based on photo-stable perovskite with

~1.8eV wfer from huge Vo joss (Figure Sl).[zo]

Methylamm;ium based large E, perovskites was chosen to avoid the potential

formationgterious non-perovskite phases and maintain processing temperatures <

100°C. A of ~1.8 eV was realized using MAPb(I¢Bro4); and phase segregation in this
compositimneen alleviated previously by engineering internal bonding environment

throug al substitution of lead by tin, but suffered from low V. due to poor PLQY.**! To

OVerco oto instability without compromising optoelectronic quality, we chose to

engineer the lattice in an analogous manner, via partial replacement of MA by Cs.

L

A serie ingle junction PVSCs (device structure in Figure S7a) were fabricated to
optimize tht of Cs incorporated in MAPb(Iy ¢Br¢ 4);. The device with 10% Cs showed
the besﬂerformance (Figures S7b-c, f) with high V,.of 1.2 V and a PCE of 12.5%
with nWV hysteresis (Figure 3a). MA(oCsg 1Pb(Ip¢Bro4); films were phase pure
(Figure exhibited relatively longer lifetime (Figure S7e) due to improved

crystallinity withs Cs incorporation.”

Moreover, striking differences were observed in
phOtO- of MAPb(Ip¢Bro4); and MA(oCsyPb(Io¢Bro4); based PVSCs. With Cs

incorporation, devices were photo-stable and current density at the maximum power point

(MPP) was constant under continuous illumination (1 h), whereas devices without Cs showed
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significant decay in less than 10 min of illumination (Figure 3b). This stability under
operating conditions is critical for 2-T tandem, where any change in subcell behavior will

impact curt atching and significantly degrade tandem performance.

Optoelectronic quality and photovoltage losses in MAoCsg1Pb(Iy ¢Bro4); were evaluated

N
using timwd photoluminescence (TRPL) spectroscopy. Absolute PL intensity spectra
and absor@ shown in the inset of Figure 3¢ and the E, is ~1.82 eV. A relatively stable
QFLS ~1. as observed which correlates well with the device V. (Figure 3¢). Though
the V,. of 1ge®E, devices obtained here is better than that obtained from previous work!*"
(Figure S1 ;: a ;,1055 of ~0.3 V compared to SQ limit still exists. Deleterious non-radiative

recombin to material quality (PLQY <0.01%) along with mismatched energy levels
at the

(~0.35eV 105/MA 9Csg 1 Pb(Iy ¢Bro 4); interface (Figure S8) limited V. and could be

improved mmre by defect passivation and development of appropriate interlayers.

To ena nolithic tandem, the top Ag electrode was replaced with sputtered ITO
which i absorbed light efficiently and provides robustness for subsequent solution
processini The resultant devices performed well and showed a V. of ~1.22 V, a Jcof ~12.1
mA/cm?, a ~0.69 and a PCE of ~10.1% (Figure 3a), analogous to Ag electrode devices
discussed he drop in Jy is reasonable considering an increased transmittance of long

waveleng! light through top ITO and correlates well with corresponding EQE spectra

(Figure‘m device stack is unaffected during sputtering and the superior performance

of semitram devices without compromising in V. ensures high optoelectronic quality

of sputtere
2-Tﬁonolithic tandem PVSCs. Selection of appropriate ICL and realization of

current matching between subcells are keys for achieving effective coupling of above

developed small and large E, PVSCs to realize successful 2-T tandem cells. Accordingly, the
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tandem device structure (Figure 4a) was designed to have sputtered ITO sandwiched

between Cgo/Bis-Cgo and PEDOT:PSS as ICL. The energetics of ITO relative to adjoining

interlayers (Eigure 4b) along with its superior electrical conductivity ensure effective transfer

of charge efficient recombination to reduce electrical losses. To assess current

generatlor!m subcells and optical losses limiting Jg, transfer matrix model based optical

simulatiomerformed. Refractive indices of perovskite absorbers and all other layers
t

used in op ulations are presented in Figure 4¢ and S9.

Figure™d sfows the variation of subcell photocurrents (Jpn) as a function of large E, and
small E, @ckness ranging from 150-450 nm and 300-600 nm, respectively. As the
thickness ¢€ E, layer increases, the front subcell photocurrent (Jons) continually
increases at the expense of back subcell photocurrent (Jonp). A proportional increase in
thickness mEg layer can minimize mismatch in Jp, arising due to this compromise. The

corres variation in overall tandem J,, determined by current-limiting subcell is shown

in Fig a. The profile of Jonr and Jpnp intersects at a certain line of thickness
corresponding to the current-matched conditions among subcells in tandem configuration

(Figure 4hline of current-matching along with difference in subcell photocurrents for

entire ran @i cknesses are portrayed via a 2D-contour plot in Figure 4e. The point of

intersectio ickness combination used here was observed to lie right on the line
corres the current-matched condition. Further, the ICL ITO thickness has

{

negligible on subcell photocurrent and does not significantly diverge from current

U

matching S10b). A 100 nm ICL ITO was chosen and it has small parasitic absorption

due to tinction coefficient (Figure S9b).

A

The fabrication scheme for tandem solar cells was tailored specifically to facilitate

contact of ITO ICL and thus enables the possibility for examining each subcell individually
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(Figure S11). Figure Sa shows the cross-section SEM image of a typical tandem cell where

clear demarcation between layers are observed. The corresponding layer thicknesses and

simulated oﬁ' | field intensity distribution within device stack are portrayed in Figure Sb.

With our layer thicknesses, wavelength less than and greater than 700 nm are

 EE—
concentra§ in large E, and small E, layers, respectively, which ensures maximized current

generatim@ells.

J-V chagaggemistics of the best performing 2-T tandem (Figure 5c¢) shows an exceptional
Vo of 1.9 , & J, of 12.7 mA/cmz, and a FF of 0.73 resulting in a remarkable PCE of
18.4%. No ObVi;S J-V hysteresis was observed (Figure S12). The EQE of subcells (Figure

5d) showglent current matching as predicted by optical simulations and integrated
gree we

currents a 1 with the J;. obtained from J-J characteristics. The reliability of PCE was

further cm by measuring the steady-state current output at MPP (~1.55 V) which

provid abilized efficiency of ~18.5% (Figure Se). An absolute PCE improvement of

~4% 1 ed compared to single-junction device (Figure 5c¢ and Table 1). When the
constituent subcells were combined individually in a 4-terminal configuration, the PCE drops

to 16.7%¥ S13) due to increased parasitic absorption. Statistics of performance

metrics fo @ ices studied in this work are summarized in Figure S14. To the best of our

knowledg PCE obtained here is the highest performance for monolithic 2-T tandem
PVSCgll date (Figure 5f).'*'*?! Fyrther, if an electrolyzer is coupled in series
with the 2 m developed here and operated at conditions close to the maximum power
point (~1. d 11.8 mA/cm?), water splitting with remarkably high solar-to-hydrogen
(STH) ies ~15% would be realizable (details in supporting information), which is a

significant im ement compared to the previous demonstration with series-connected

perovskite solar cells.[**!
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A large Voo (~1.98 V) close to the sum of subcell Voc’s realized for tandem cell manifests

the effectiveness of rational design in our work. This is a significant improvement compared

{

to previous orted V. (1.66 V) for similar bandgap-matched 2-T perovskite tandem.”
Relations experimental V. and the various upper bounds of V. are summarized
N

in Figurew S15. Overall Vicioss (Egi/q + Egp/q - Vo) for the resultant 2-T tandem 1is

substantially re@gced and the non-ideal Vi oss (related to interfacial energetics and absorber

G

optoelectro ality) is ~0.5 V which is much smaller than the previously reported non-

ideal V. -0.8 V).[14’2O] A comparison of Vicjoss and PCE of 2-T tandem PVSCs

S

reported so far clearly shows that this work outperforms earlier works (Figure 5f). '%!42"]

U

To pry roader outlook, the 2-T perovskite tandem developed here was also

n

compared with other state-of-the-art series connected tandem cells (Figure 5g and Table S1),

where P seamlessly coupled with another PV technology (OPV, CIGS and

d

Silicon e key difference to note is the non-ideal loss, ~30% of Ey/q in case of

tande

\]

PV and CIGS, which ultimately limits V,.. However, employment of well-

established silicon PV has reduced the non-ideal loss fraction to ~21% in silicon-perovskite

I

tandem a rd PCE of ~23.6% was achieved.'”"! The 2-T perovskite tandem developed

here has a al loss fraction (~17%) lower than the record silicon-perovskite tandem and

0

the realize 1.98 V) corresponds to an impressive ~80% of the theoretical limit (Figure

n

5¢g). It t to note that there are several other perovskite-silicon tandems reported

{

[51-53

with diffe -ideal loss fractions J'and only the work with highest power conversion

U

efficiency i pared here to maintain simplicity and consistency.

Wi alization of high V. and FF, the PCE of tandems are currently limited by

A

relatively moderate Ji. (~13 mA/cm?). The analysis of different aspects in light extinction and

current generation in 2-T tandem cells (Figure 5h and S16) shows that small E, subcell is the
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current-limiting factor. An increase in thickness of perovskite layers will substantially

improve the J (Figure S10a) and a PCE of ~20-24% is certainly realizable in the near

{

P

future. Fu provement in optoelectronic quality of perovskite absorbers, minimization

of parasit evelopment of appropriate interlayer and molecular strategies to dope

]
ICsoBA ultimately push the Js. and PCE of 2-T tandem PVSCs to even higher values.

In suf@mary§ we have successfully realized highly efficient bandgap-matched 2-T

C

perovskite solar cells by applying an integrated process, compositional, interfacial,

optical, and deVice engineering. ICqBA was employed to achieve optimized interfacial

US

contact wi small E, (~1.2 eV) perovskite (MAPbgsSngsl;). It shows perfect
“nonquenghing at open-circuit due to reduced non-radiative recombination losses. This
enables devi ith negligible hysteresis and high V. (0.84 V). Devices based on the large

E,(~1.8¢ skite (MA9Cso.1Pb(Io6Bro4)3) with sputtered ITO as top electrode showed

all

a high stabilized V. of 1.22 V. Optical simulations were also used to ensure current

matchi the resultant 2-T tandem device exhibited a very high V. (1.98 V) and PCE
(18.5%). The reduced photovoltage loss (V. approaching 80% of the theoretical limit) is the

lowest amf he perovskite based tandem solar cells reported so far, which demonstrates

the stronal of perovskite-perovskite tandems. With further increase in absorber

thickness provement in perovskite optoelectronic quality, even higher PCEs of ~20-
24% s chable with 2-T tandem PVSCs.

<
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Experimental

Soletion: For large bandgap perovskites, MA(oCso1Pb(Iy¢Bro4); precursor
solution d by dissolving MAI (0.143 g), CsI (0.026 g), Pbl, (0.184 g) and PbBr;
(0.220 9 in mixed solvent (1 ml, volume ratio 3:7) of dimethyl sulphoxide (DMSO) and y-
butyrolactMBL) and stirred at 60 °C for 1 h. For small bandgap perovskites,

MAPDbD sSlly 513 pfecursor solution was prepared by dissolving MAI (0.159 g), Pbl, (0.254 g),

C

Snl, (0.186G¢g) SnF; (0.008 g) in Dimethylformamide (0.7 mL) and stirred at 60 °C for 1 h;
additionalm (0.3 ml) was added into the above precursor just before use. For fullerene
ETLs, Ceo or ICSKA (15 mg/mL) was dissolved in dichlorobenzene and stirred at 80 °C for 2
h. For fu urfactant, Bis-Cgp (2 mg/mL) in isopropyl alcohol was dissolved using
sonication (typically 1 h). For NiOy, precursor solution was prepared by dissolving Nickel (II)
acetate te e (124.4 mg) in ethanol (5 mL) and ethanolamine (30 puL) was added to it;

the mi was stirred at 60 °C for 2 h. PEDOT:PSS (Baytron PVP Al 4083) solution was
allowe ch room temperature before usage. All solutions were filtered with 0.22 um

PVDF filters before spin coating.

L

Device ication: ITO glass substrates were initially masked using Kapton tape as per
the requir (Figure S11); then zinc powder was applied on the substrates which were
subseq@ed into a beaker with concentrated hydrochloric acid for 10 s and then
complew with water. Afterwards, sequential steps of ultrasonication for 10 min in

detergent,ﬁed water, acetone, and isopropanol alcohol was used to clean ITO glass.
Cleaned ITO g substrates were subjected to UV ozone treatment (10 min) before start of
device @ NiOy precursor was spin coated onto the clean ITO glass at 3000 rpm for
60 s and annealed at 400 °C for 1 h in air. After this step, substrates were transferred into N,-

filled gloveboxes. MAoCsy 1 Pb(IpBro4); precursor solution was spin coated onto the
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substrate using 2-step spin program (1000 rpm for 15 s and 4000 rpm for 45 s); during the
last 20-10 s of the second spin-coating step, toluene (0.7 ml) was dropped onto the spinning
substrate a e substrates were annealed at 100 °C for 10 min using a hot plate.
Subsequeﬁas evaporated onto the perovskite films with a steady deposition rate
(~0.2 lgs !?en,Bis-Ca) solution was spin coated onto at 3000 rpm for 60 s. At this stage,
substrates gwerégremoved from glovebox for ITO sputtering. Around 100 nm ITO was
depositedQLeSker Sputter system (DC based magnetron sputtering) with low power
(150 W) meorr of Ar. Immediately, PEDOT:PSS solution was spin-coated on the

sputtered aty5000 rpm for 30 s and annealed at 100 °C for 10 min in ambient. Then

U

substrates ﬁransferred into glovebox again for device completion. MAPbysSng ;s

precursor was dropped on PEDOT:PSS and spin-coated at 5000 rpm for 30 s in

glove bome (0.7 mL) was quickly dropped onto the spinning substrate after 10 s

elapse. ing perovskite films were annealed at 70 °C for 5 min. Subsequently,

ICsBA or lution was spin coated using 1500 rpm for 55 s and 4000 rpm for 5 s
followed by annealing at 70 °C for 5 min. Then, Bis-Cs( surfactant solution was spin coated
on top at @000 rpm for 60 s. Finally, a 150 nm thick silver (Ag) electrode was evaporated
under higl@n (<1x10 ~° Torr) through a shadow mask (14 mm?). The entire fabrication

process an trode design for tandem cells are illustrated in detail in Figure S11. Single

junction sgr cells were fabricated as per device structure using the similar procedure. All

single ]M tandem solar cells were characterized by applying a shadow mask with an

aperture area of !i mm®.

Photog characterization.: Large bandgap PVSCs were tested using Class A solar
simulator ( ight 16S-300) inside glovebox, whereas small bandgap and 2-T tandem
PVSCs were tested using Class AAA solar simulator (OAI TriSol) in ambient without

encapsulation. To account for spectral mismatch factor, solar simulator was calibrated to
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match the integrated current calculated from corresponding EQE. A calibrated reference
silicon photodiode was used to measure light intensities. J-V scans were measured using
Keithley4Hurce Meter at different scan rates, by varying delay times at constant step
size (0.0l&imes of 10, 100 and 1000 ms correspond to scan rates 1, 0.1 and 0.01
V/s res;egWTypical forward J-V scans (short circuit, SC = open circuit, OC) measured
at 1 V/s ¢ wged to calculate solar cell performance metrics, unless specified. Hysteresis
characterme measured using an uninterrupted sequence of forward and reverse scans
(SC%chtabilized PCE were determined using steady-state current measurements at
an applie@e corresponding to maximum power point without encapsulation. Light
intensity de t measurements were performed using a set of neutral density filters; J-V
characteriée measured under eight different intensities ranging between 0.5 to 100

mW/cmz.Mear fits of data had high degree of accuracy, with R-squared values

nalysis and interpretation of illumination intensity dependent J-V data are

iterature.!'®*%! For all measurements under illumination, the shutter was
opened just before measurement and no intentional light or electrical bias soaking was used.
EQE measrements were performed using a setup consisting of xenon lamp (Oriel, 450W) as

light sourrohromator (Newport Cornerstone 130), optical chopper, lock-in amplifier

(Stanford rch Corp SR830), and a NIST-certified Si-photodiode (Thorlabs FDS 100-
CAL) for @alibration. The fluctuation of xenon arc lamp source was within 5% during the
entire Mneasurements. For tandem solar cells, EQE spectra were measured by
contacting@dle electrode (sputtered ITO) with bottom (ITO) and top (Ag) electrodes
respectivel asure front and back subcells individually. EQE spectra were integrated

over A hoton-flux to attain photocurrent density. All EQE measurements were

carried out in ambient without any device encapsulation.

This article is protected by copyright. All rights reserved.



WILEY-VCH

Additional experimental details including materials, thin-film characterization, transient
absorption spectroscopy, photoluminescence measurements, PL decay modelling, quasi-fermi
level splitllﬁlculations, optical simulations, and efficiency simulation for tandem solar

cells are p, iilgsupporting information.
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Figure 3. Photovoltaic and optoelectronic characteristics of large bandgap (~1.8 eV)
perovskites. a-b, Typical J-V characteristics (a) and steady-state current under AMI1.5

illuminatign at applied voltage corresponding to MPP (b) of MAPb(l¢Bro4); and
MAQgCMOA)g PVSCs. ¢, Stabilized Quasi-fermi level splitting of

MA0,9CSO,er,4)3 with initial PL spectra and absorbance shown in figure inset,
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Table 1. Performance metrics for single junction and 2-T perovskite-perovskite tandem solar
cells.

E; Auovvas”  Voe Jse PCE” S-PCE?

SQ
VI [Vl [V [mAlm? gl (] o

Small b&
ma 1.22 0.85 0.84 25.5 0.67 144 13.9 0.88

sing| &tjunetions

1.82 1.23 1.20 15.1 0.69 125 12.8 0.80

@ 1.98 127 073 184 185 0.809
tan

“Corresponds iized maximum value; ”PCE obtained from forward J-V scan; “PCE obtained from steady-
state current responseYof the device maintained at voltage corresponding to maximum power point under AM1.5
illumination; tandem obtained by adding SQ limit of subcells.
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High V,. (1.98 V) and PCE (18.5%) is realized in an ideal bandgap-matched two-
terminal perovskite-perovskite tandem solar cells via an integrated approach to minimize
the non-idgal phgtovoltage loss. Fullerene variant, Indene-Cg bis-adduct is used to achieve
optimizHial contact and alleviate hysteresis instabilities in small bandgap subcell.

Compositi gineering is employed to realize higher photo-stabilized V,. in large
bandgap s
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