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Context & scale

Wide-band-gap perovskite solar

cells are considered attractive

options to build tandem solar

cells, combined with well-

established silicon bottom cells.

However, wide-band-gap

perovskites, obtained through

partially substituting iodine for

bromine in the crystal lattice,

suffer from light-induced phase

segregation. In addition,

perovskites, because of their ionic

nature, feature various defect

states, which hampers device

performance. To address these

issues simultaneously, we report a

concurrent cationic and anionic
SUMMARY

Stable and efficient perovskite/silicon tandem solar cells require
defect passivation and suppression of light-induced phase segrega-
tion of the wide-band-gap perovskite. Here, we report how mole-
cules containing both electron-rich and electron-poor moieties,
such as phenformin hydrochloride (PhenHCl), can satisfy both re-
quirements, independent of the perovskite’s surface chemical
composition and its grain boundaries and interfaces. PhenHCl-
passivated wide-band-gap (�1.68 eV) perovskite p-i-n single-junc-
tion solar cells deliver an open-circuit voltage (VOC) �100 mV higher
than control devices, resulting in power conversion efficiencies
(PCEs) up to 20.5%. These devices do not show any VOC losses after
more than 3,000 h of thermal stress at 85�C in a nitrogen ambient.
Moreover, PhenHCl passivation improves the PCE of textured
perovskite/silicon tandem solar cells from 25.4% to 27.4%. Our find-
ings provide critical insights for improved passivation of metal
halide perovskite surfaces and the fabrication of highly efficient
and stable perovskite-based single-junction and tandem solar cells.
perovskite defect passivation

strategy using the phenformin

hydrochloride molecule,

containing both electron-rich and

electron-poor functional groups.

The concurrent passivation of the

perovskite defects suppresses

phase segregation of wide-band-

gap perovskites and improves

performance of monolithic

perovskite/silicon tandem solar

cells. Consequently, our findings

provide critical insights for

improved passivation of

perovskites and the fabrication of

wide-band-gap perovskite-based

solar cells.
INTRODUCTION

Single-junction perovskite solar cells (PSCs) have reached certified power conver-

sion efficiencies (PCEs) of 25.5%, approaching the current record of single-junction

silicon solar cells (26.7%), albeit with a smaller active area.1 The success of PSCs can

be ascribed to a high absorption coefficient,2 a long carrier diffusion length,3,4 am-

bipolar charge transport,5,6 and a high defect tolerance7,8 of metal halide perov-

skites. Furthermore, because of their band-gap tunability, perovskites are attractive

absorber materials to fabricate multi-junction solar cells aimed at surpassing the sin-

gle-junction Shockley-Queisser efficiency limit,9,10 promising high-performance

photovoltaics at an affordable cost.11–15 Specifically, wide-band-gap perovskites

(1.65–1.75 eV) made of mixed-halide compositions are critical enablers for efficient

silicon-based tandem solar cells as top-cell absorbers. However, extrinsic stressors

such as moisture, oxygen, heat, and irradiation alter the perovskite’s composition,

which might be of concern for commercialization.16–18 Wide-band-gap perovskites,

obtained through partially substituting iodine by bromine in the crystal lattice, are

particularly sensitive to such effects,19,20 leading to segregation into different halide

phases under light exposure,21,22 locally altering the band gap, thereby
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compromising long-term device stability and robustness.22 In the case of perovskite/

silicon tandems, this also might detrimentally affect current matching conditions. In

addition, previous studies have shown a strong correlation between halide segrega-

tion and the presence of perovskite surface and grain-boundary defects as well as

ion migration.23,24

Perovskites, because of their ionic nature, can feature various defect states associ-

ated with undercoordinated Pb2+ cations, I�/Br� anions, organic cation (MA+/

FA+), and halide vacancies, which tend to accumulate at grain boundaries and

perovskite interfaces.25–27 Such defect states cause charge trapping, non-radiative

recombination, and hysteresis, all eroding device performance. Under the influence

of extrinsic stressors, defect states can lead to charge accumulation and ion migra-

tion, resulting in disruptions in the material lattice. This leads to long-term device

instability and performance losses under the PSCs’ real-time operation.28–30

Defect passivation can reduce non-radiative recombination and enhance device sta-

bility, for which various strategies have been proposed recently.31,32 To passivate

bulk defects, various metal cations (e.g., Na+, Rb+, K+, and Cd2+) can be introduced

to neutralize undercoordinated I� ions, interstitials ions, and negatively charged

PbI3
� anti-sites; conversely, anions (e.g., thiocyanate [SCN�] and acetate [COO�])

target Pb-interstitial and halide-vacancy neutralization.33 Certain additives can

also control the perovskite film nucleation process, leading to larger gains and

thus a reduction in grain boundaries (and their associated trap densities). Functional

groups of ionic additives can also aid in defect passivation and the reduction of

the mobility of ions in perovskites. Lewis-base additives such as urea, thiophene,

poly(methyl methacrylate) (PMMA), and caffeine might donate electrons (from nitro-

gen, oxygen, and sulfur atoms, respectively) to passivate the undercoordinated

Lewis-acid Pb2+ cations.34–38 To passivate I� defects (PbI3
� anti-site defects),

Lewis-acid molecules such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)

and zwitterions have been proposed.39,40 Surface and interface defects might

mandate specific passivation strategies. Treating the surface defects with additives

such as PMMA, trioctylphosphine oxide (TOPO), and benzylamine is known to sup-

press phase segregation in wide-band-gap perovskites.37,41–43 Introducing a thin 2D

perovskite layer at the interface can also help to alleviate such defects. Overall, the

specific perovskite surface chemistry is crucial in defining adequate passivation stra-

tegies. However, most of the early passivation results have been empirical, underlin-

ing the need for an improved understanding of the defects involved. Being an ionic

mixture of positive and negative charges, the perovskite surface is a strongly suscep-

tive interface, subject to processing details and ambient conditions. Nevertheless, in

most cases, the organic and halide species’ volatile nature renders the surface lead-

rich, featuring undercoordinated Pb2+ ions.44–46 Although larger organic molecules

such as phenethylammonium iodide (PEAI), butylammonium iodide (BAI), and other

organic ammonium cations are known to form a thin 2D layer and passivate the de-

fects,47–50 the positively charged molecules cannot effectively passivate the highly

positive surface as the Pb2+ ions will repel them.

In this work, we aim to design a global passivation strategy that can effectively

passivate the perovskite defects both at the grain boundaries and surfaces. For

this, a multi-functional passivation molecule that features both electron-rich and

electron-poor domains is necessary. Therefore, we propose phenformin hydrochlo-

ride (PhenHCl), consisting of electronegative amine and imine groups alongside an

electropositive ammonium head group. We find that this molecule effectively pas-

sivates the perovskite grain boundaries when incorporated in the perovskite
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precursor solution. In addition, it can further alleviate surface defects when em-

ployed as a post-treatment molecule. To gain fundamental insights into the passiv-

ation mechanisms, we theoretically constructed different perovskite surfaces: a

perfectly cleaved lead iodide (PbI2) surface, an iodide-deficient surface, and a

lead-deficient surface. Density functional theory (DFT) calculations demonstrate

that the PhenHCl molecule can effectively passivate all of these possible surface-

dangling bonds without limitation from the chemical and electronic nature of the sur-

face defects. Because of these enhancements, PhenHCl-passivated single-junction

PSCs deliver a �100 mV higher average VOC than control devices, leading to

PCEs above 20% with the best VOC values reaching 1.22 V.

Moreover, steady-state and transient photoluminescence (PL) measurements show

that PhenHCl passivation considerably suppresses light-induced phase segregation

of wide-band-gap perovskites. PhenHCl passivation also greatly improves the light-

soaking and thermal stability of our single-junction devices. The passivated devices

show no VOC loss after more than 3,000 h of thermal stress at 85�C in an N2 environ-

ment. Finally, the PhenHCl passivation strategy was employed for the fabrication of

perovskite/silicon monolithic tandem solar cells, built onto textured silicon hetero-

junction solar cells. Here, the passivation improved the average VOC of the tandem

devices from �1.75 to �1.81 V, and consequently, the average PCE from 23.3% to

26.5%. The best tandem solar cell delivered a VOC of 1.84 V, a short-circuit density

(JSC) of 19.6 mA/cm2, a fill factor (FF) of 76.0%, and a PCE of 27.4%, which is among

the highest PCEs reported for monolithic perovskite/silicon tandem solar cells.51

We remark that zwitterions, similar to PhenHCl, have electron-rich and -poor func-

tional groups, such as 3-(decyldimethylammonio)-propane-sulfonate inner salt,52

and were reported to effectively passivate perovskite surface defects. However, un-

like most zwitterions, PhenHCl is soluble in perovskite precursor solutions as well as

in perovskite-benign solvents, such as isopropanol. Because of this, we elucidate in

this study the impact of different PhenHCl passivation strategies (grain boundary

passivation, interface passivation, and a combination of both), phase segregation

behavior, performance, and stability of PSCs in detail.
RESULTS AND DISCUSSION

DFT calculations

To understand the interaction of PhenH+ with different perovskite surfaces, we per-

formed DFT calculations. Figure 1A shows the chemical structure (top) and electro-

static potential map (bottom) of the PhenH+ molecule. The molecule has various

functional groups incorporating electron-rich amine and imine as well as electron-

poor ammonium groups. The positive charge on the ammonium head group is coun-

terbalanced by an electronegative chloride anion (Cl�). Because of the functional

groups, the electron cloud surrounding the molecule has electron-rich and elec-

tron-poor domains, which are very useful for the passivation of complex perovskite

surfaces. To support this, DFT calculations are performed for a supercell with

Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3 composition, which is very close to the

Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 composition used in the experimental part of

this study. Three different perovskite surfaces are constructed: a perfectly cleaved

surface (missing axial I atoms), a highly undercoordinated Pb surface (i.e., a highly

I-deficient surface), and a highly undercoordinated I surface (i.e., a highly Pb-defi-

cient surface) as shown in Figures 1B–1D. These surfaces are abbreviated as PbI2,

I-deficient and Pb-deficient surfaces, respectively. The obtained electron density

profiles are shown below the surfaces. The profiles highlight that the perovskite
1568 Joule 5, 1566–1586, June 16, 2021



Figure 1. Electrostatic potential maps and binding energies

(A) Chemical structure (top) and electrostatic potential map (bottom) of the PhenH+ molecule.

(B–D) Shown are (B) PbI2, (C) I-deficient (the I-deficiency is highlighted with the red arrows), and (D) Pb-deficient surfaces studied by DFT, and

corresponding top views of the obtained electron density profiles (scale bar on the right).

(E–G) Electron density differences for the PhenH+ molecule on the (E) PbI2, (F) I-deficient, and (G) Pb-deficient surfaces of

Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3, and resultant binding energies. Pink, light brown, light gray, dark brown, violet, green, and gray balls represent the H,

C, N, Br, I, Cs, and Pb atoms, respectively.
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surfaces consist of a blend of electron-rich and electron-poor domains, the distribu-

tions of which are highly influenced by surface defects. Because it is challenging to

control the nature of surface defects of metal halide perovskites,53 multi-functional

molecules such as PhenHCl, incorporating electron-rich and electron-poor groups,

are expected to be successful for full passivation of the surface defects. Otherwise,

a highly electropositive (electronegative) molecule will simply be repelled from an

electron-poor (electron-rich) perovskite surface domain because of the unfavorable

electrostatic interaction.

Next, we investigate the interaction between the PhenH+ molecule and the three

surfaces. The resulting binding energies and Bader charges are summarized in Table

S1. The highest binding energy is obtained for the Pb-deficient surface (�6.78 eV),

followed by the I-deficient (�3.84 eV) and PbI2 (�1.67 eV) surfaces. These values are

also reflected by the Bader charges, as a positive value indicates that the charge is

transferred from the molecule to the surface. Moreover, the electron density differ-

ence is calculated to understand the nature of the bonding between the molecule

and surface (Figures 1E–1G). The turquoise and yellow regions represent charge

depletion and accumulation, respectively. It is clear that PhenH+ can reorient itself

depending on the nature of the surface defect and therefore can passivate any
Joule 5, 1566–1586, June 16, 2021 1569
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kind of perovskite surface dangling bond. Its electron-deficient NH3
+ group mostly

interacts with the electronegative surface I atoms. In contrast, the electron-rich

amine and imine N atoms primarily interact with the electron-poor Pb surface atoms.

Interestingly, for the I-deficient surface, the calculations show that the NH3
+ group

detaches from PhenH+. Hence, the amine and imine groups in the molecule interact

with the undercoordinated Pb atom, forming the strongest bond. The electron den-

sity differences also suggest that one PhenH+molecule can simultaneously passivate

many surface dangling bonds. In addition to this, the counter Cl� anion of the mole-

cule detaches upon solvation and can passivate undercoordinated Pb surface atoms.

The corresponding binding energies for the Cl passivation are given in Table S1. We

also present partial densities of states (PDOSs) without and with PhenH+ passivation

(Figure S1). For all three non-passivated surfaces (PbI2, I deficient, and Pb deficient),

the valence band edge is mostly due to I states, and the conduction band edge is

mostly due to Pb states. Passivation of the PbI2-terminated surface shifts the Fermi

level into the conduction band, passivation of the I-deficient surface results in Pb in-

gap states, and passivation of the Pb-deficient surface results in I in-gap states.

We also compare DFT results for PhenH+ and phenethylammonium (PEA+) passivation,

the latter being a commonly used passivation molecule.54–57 As shown in Figures S2A

and S2B, PEA+, unlike PhenH+, does not exhibit an electron-rich domain on its phenyl

alkyl backbone. Although the center of its phenyl ring is electron rich, the ring itself is

non-polar, preventing effective passivation of electropositive perovskite surface de-

fects. Binding energy calculations (Table S1) and electron density difference plots (Fig-

ures S2C–S2E) show that PEA+ can passivate the PbI2 and Pb-deficient surfaces as effi-

ciently as PhenH+. In contrast, in the case of the I-deficient surface, the binding energy

(�1.68 eV) is less than half of that in the PhenH+ case. PEA+ attaches to the I-deficient

surface by interaction with the surface I atoms. Because there are fewer I atoms on

the I-deficient surface, those atoms tilt to adjust to the PEA+ molecule, resulting in a

highly distorted structure, which might not be advantageous for device stability.58 In

the case where there is no surface I atom close to a Pb-dangling bond, PEA+ is expected

to be repelled from the surface because it lacks electronegative functional groups. The

weakness of PEA+ for passivating the I-deficient surface is also reflected in the calculated

PDOS, revealing the existence of in-gap states (Figure S1). These results are highly sig-

nificant because a hybrid metal halide perovskite surface is expected to have a more

I-deficient character if no post-treatment is applied.44 The reason is that volatile

halide species are expected to outgas preferentially from the surface (in the form of

HX or X2; X: I and/or Br) during the annealing process.45,46 Hence, we speculate that

multi-functional molecules such as PhenHCl, which incorporate both electron-rich and

electron-poor functional groups, are more effective for passivation of metal halide

perovskite-dangling bonds than commonly used organic ammonium salts (such as

PEA+, butylammonium, allylammonium, and benzylammonium halides) missing elec-

tron-rich functional groups.

PhenHCl-passivated p-i-n single-junction wide-band-gap PSCs

Scheme 1 shows a schematic of the device structure, which has the following p-i-n archi-

tecture: indium tin oxide (ITO)/poly(triaryl)amine (PTAA)/perovskite/C60/bathocuproine

(BCP)/Ag. Before spin casting the perovskite precursor solution, the PTAA surface is

treated with a cesium iodide (CsI) solution to form artificial nucleation sites and conse-

quently improve the wettability of the PTAA surface (further details in Figures S3 and S4

and Note S1). As depicted, the PhenHCl molecule is employed to enable grain bound-

ary passivation (GBP) and top surface passivation (TSP) of the perovskite. As the wide-

band-gap perovskite, we choose Cs0.15MA0.15FA0.70PbI(0.80Br0.20)3 because of its ideal

band gap (�1.68 eV) for the fabrication of perovskite/silicon tandem solar cells.11,15 To
1570 Joule 5, 1566–1586, June 16, 2021



Scheme 1. Illustration of the p-i-n device structure, GBP and TSP strategies, and the molecular structure of the PhenHCl passivation molecule used in

this study
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passivate the perovskite grain boundaries, specific concentrations of PhenHCl are

added into the perovskite precursor solutions. As shown in Figure S5, the average

VOC of the control devices improves from 1.08 to 1.16 V when the concentration of

PhenHCl in the perovskite solution reaches 1 mg/mL. From a device perspective, the

optimum PhenHCl concentration for GBP is 0.25 mg/mL, resulting in an average VOC

of 1.15 V. We find that when the PhenHCl concentration exceeds 0.25 mg/mL, the FF

of the devices decreases (Figure S5D). For the TSP case, specific concentrations of

PhenHCl, dissolved in isopropanol, are spin coated onto the perovskite thin film to

passivate its top surface (i.e., the perovskite-C60 interface, Scheme 1), followed by an-

nealing at 100�C for 5 min. Although the VOC of the control devices improves with

increasing PhenHCl concentration, again, the FF values start to drop for concentrations

higher than 0.5 mg/mL (Figure S6). Consequently, 0.75 mg/mL PhenHCl is found to be

the optimum concentration for TSP. After further process optimization, annealing of the

PhenHCl-coated perovskite layer at 80�C for 5 min was found to deliver the best perfor-

mance (Figure S7).

Figures 2A–2D summarizes the main photovoltaic parameters for the performance

for PSCs fabricated with GBP, TSP, a combination of both (GBP+TSP), and control

devices. Notably, all passivation routes improve the VOC without resulting in a FF

drop for the optimized PhenHCl concentrations. The average VOC of the control de-

vices increases from 1.08 to 1.15, 1.11, and 1.18 V for the GBP, TSP, and GBP+TSP,

respectively (Figures 2A and 2B). All devices reach JSC values slightly above

21 mA/cm2, close to the integrated JSC of 20.5 mA/cm2 obtained from the external

quantum efficiency (EQE) spectra (Figure S8A). The EQE spectra do not change
Joule 5, 1566–1586, June 16, 2021 1571



Figure 2. Single-junction device efficiencies

(A–D) Shown are (A) PCE, (B) VOC, (C) JSC, and (D) FF statistics of the control Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 PSCs with PTAA as HTL in comparison to

GBP, TSP, and GBP+TSP conditions.

(E) J-V curves of the best-performing control Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 PSC with PTAA as HTL compared with GBP+TSP and GBP+TSP with a

PDMS ARF. The inset table shows the corresponding J-V parameters.

(F) Graph showing maximum achievable VOC of PSCs with 2PACz as hole-selective contact, and VOC losses of each condition for the Shockley-Queisser

limit of a single-junction solar cell (1.40 V) with a band gap of 1.68 eV at 25�C.
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considerably upon passivation. The control and passivated perovskites have similar

band gaps (�1.68 eV, extracted from the first derivative of the EQE curves [dEQE/

dl, Figure S8B]). On the other hand, the passivation treatments cause a slight in-

crease in average series resistance (Rs) from 3.5 to 3.8–4.5 U cm2 (Figure S9A).

The increase in RS is counterbalanced by an increase in the average shunt resistance

(Rsh) from 2.5 to 5.0–6.1 kU cm2 (Figure S9B). Consequently, the passivation proced-

ures do not have a considerable effect on the FF. A comparison of the J-V curves of

the best-performing control (with a PCE of 16.7%, a VOC of 1.08 V, a FF of 73.3%, and

a JSC of 21.1 mA/cm2) and GBP+TSP devices is shown in Figure 2E. The VOC of the

champion GBP+TSP device shows an improvement of 100mV, reaching 1.18 V and a

PCE of 19.2%. When a polydimethylsiloxane (PDMS) anti-reflective foil (ARF) is

applied on the glass side, the JSC improves by about 1 mA/cm2 due to reduced

reflectance, resulting in a champion cell PCE of 20.3%. We also fabricated p-i-n de-

vices with [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) self-assembledmono-

layer (SAM) as the hole-selective contact (Figure S10). Similar to the PTAA case, the

2PACz-based devices perform better when a combination of GBP and TSP is used.

The champion device delivers a VOC of 1.22 V with a PCE of 20.5% (with ARF). The

2PACz-based devices deliver slightly higher VOC values than PTAA because the

SAM-modified ITO surface has a higher work function (WF, 5.0 eV) than PTAA

(4.3 eV).59 These are among the highest efficiencies reported in the literature for

such wide-band-gap perovskites, designed for implementation in perovskite/silicon

tandem solar cells.51 Figure 2F compares the minimal achievable VOC losses ob-

tained for each Shockley-Queisser limit condition for single-junction solar cells at

25�C.60 As shown, for the devices incorporating 2PACz as hole-selective contact,

a combination of GBP and TSP decreases the VOC loss from 266 to 180 mV. This

loss can be further minimized by implementing interlayer materials with improved

energy alignment with respect to the perovskite absorbers.61
1572 Joule 5, 1566–1586, June 16, 2021



ll
Article
To verify the concurrent cationic and anionic defect passivation capabilities of

PhenHCl, we fabricated PSCs with I-deficient (PbI2-rich) and Pb-deficient (MAI-

rich) surfaces. Experimental details for the fabrication of these PSCs are provided

in the supplemental information. Briefly, the perovskite films are overannealed to

trigger outgassing of the volatile organic and halide components and consequently

to obtain an I-deficient surface with undercoordinated Pb2+ ions.44 Conversely,

other films are dipped into an MAI solution (5 mg/mL in IPA) to enable diffusion of

the excess MA+ and I� ions into the film,62 and consequently to obtain a Pb-deficient

surface. X-ray diffraction (XRD) patterns of these post-treated films (Figure S11) show

the existence of excess PbI2 (�12.8�) andMAI (�9.7� and�19.7�) peaks,63,64 proving
formation of the I-deficient and Pb-deficient perovskite surfaces, respectively. Fig-

ure S12 shows photovoltaic parameters for the performance of PSCs with such

post-modified surfaces. As shown, when the optimized TSP approach is employed,

the average VOC of the PSCs with the I-deficient surface improves from 1.08 to

1.13 V. Consequently, the average PCE of the devices increases from 15.6% to

17.2%. A similar trend is observed for the devices having Pb-deficient surfaces,

too. These results further support that multi-functional PhenHCl molecule can effec-

tively passivate perovskite surfaces having different chemical compositions and ionic

natures.

Further, the hysteresis of the devices is investigated by analyzing their forward

(�0.1 / 1.2 V) and reverse (1.2/ �0.1 V) scan J-V curves (Figure S13). The control

devices have a low average hysteresis index (defined as 1�[PCEforward/PCEreverse]) of

�3.5 3 10�2. The passivation procedures reduce the average hysteresis index

even further to �1.5 3 10�2, �1.9 3 10�2, and �1.8 3 10�2 for the GBP, TSP, and

GBP+TSP cases, respectively. Because ion migration has been proposed as a cause

of photovoltaic J-V hysteresis in hybrid PSCs,65 reduction of the hysteresis can be

correlated to increased suppression of ion migration upon passivation. In this

respect, PhenHCl can effectively passivate the dangling bonds on the perovskite sur-

face and reduce surface-induced ion migration.

To verify the potential of PhenHCl passivation, we comparatively studied the perfor-

mance of the p-i-n PSCs passivated with PEAI. Details of PEAI passivation are dis-

cussed in Note S2. Figure S14 compares wide-band-gap PSCs passivated with

PhenHCl and PEAI molecules. Here, we note that a GBP+TSP combination is em-

ployed for both passivation agents. The devices are fabricated and measured under

identical conditions. The PSCs passivated with PEAI have slightly higher FF values;

average FF values are 75.7% and 74.5%, respectively, for the PEAI- and PhenHCl-

passivated devices. On the other hand, the PhenHCl passivation delivers a signifi-

cantly higher VOC. The PhenHCl-passivated devices have an average VOC of

1.18 V, compared with 1.14 V for the PEAI case. Similarly, the best VOC values are

1.20 V and 1.17 V, respectively. These results show that PhenHCl passivation pro-

duces about a 30–40 mV higher VOC than PEAI passivation. This can be explained

by the multi-functional groups existing on the PhenHCl molecule, particularly elec-

tron-rich amine and imine nitrogens, absent on PEAI.

Stability of single-junction p-i-n wide-band-gap PSCs

We also investigated the impact of both PhenHCl and PEAI passivation on device

stability. Figure 3A shows the maximum power point (MPP) evolution tracked under

1-sun illumination over 600 s. The corresponding MPP voltage (VMPP) and current

density (JMPP) tracks are given in Figure S15. Interestingly, the control device’s

PCE rapidly drops by about 0.6% absolute (from 17.3% to 16.7%, indicated with

the red square) during the first minute of MPP tracking, whereas the passivated
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Figure 3. Single-junction device stabilities and density of trap states

(A–C) Shown are (A) MPP tracking, (B) light-soaking stability, and (C) thermal stability of the control (dark blue square), PEAI- (green triangle), and

PhenHCl-passivated (orange circle) devices. The thermal stability PCE curves were obtained from an average of four devices for each of the conditions.

(D) J-V curves of a PhenHCl-passivated PSC were taken at different time durations under the thermal stability test at 85�C without encapsulation in an

N2-filled glove box.

(E) SCLC measurement in the dark showing the J�V traces with three different regimes of operation for the control (dark blue square), PEAI- (green

triangle), and PhenHCl-passivated (orange circle) devices.

(F) Arrhenius plots of lnðupeak =T
2Þ as a function of the temperature using the trap peak frequencies (upeak ) of the control, PEAI-passivated, and PhenHCI-

passivated devices with the extracted activation energies.
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devices exhibit a more stable power output. We attribute the initial PCE drop of the

control devices to photo-induced phase segregation of the mixed-halide perov-

skite.22 To investigate this further, we tested the stability of the devices under contin-

uous light soaking, without encapsulation under N2 flow. The symbols projected on

the x axis show the average T80 lifetimes (the time required to reach 80% of initial

performance) of the devices. As shown in Figure 3B, the control device degrades

20% in relation to its initial PCE in less than 5 h (dark blue square). The PEAI-passiv-

ated device exhibits an improved photostability compared with the control device as

it takes �27 h (green triangle) to lose 20% of its initial PCE. On the other hand, the

PhenHCl-passivated device exhibits the best photostability as it retains 80% of its

post-burn-in PCE for �106 h (orange circle) of operation. The thermal stability of

the devices is also tested by heating the devices at 85�C without encapsulation in

an N2-filled glove box (Figure 3C). For this, the average PCE values of four devices

for each condition were recorded every �8 days (�192 h). In line with these light-

soaking tests, the PhenHCl-passivated devices exhibit outstanding thermal stabil-

ities by retaining 80% of their average PCE after more than 1,000 h. In contrast,

the PEAI-passivated and control devices retain 80% of their average PCE only for

�240 and �50 h, respectively. Figure 3D shows the J-V curves of a PhenHCl-passiv-

ated PSC taken at different time durations under the thermal stability test at 85�C. As
shown, the PCE loss is mainly due to the reduction in JSC; however, no loss is

observed in the VOC after more than �3,100 h of the thermal stability test, underlin-

ing the outstanding stability of the PhenHCl passivation. Figures S16 and S17 show

the evolution of VOC, JSC, and FF values of the control, PEAI-passivated, and

PhenHCl-passivated devices under light-soaking and thermal stability tests. For

the control device, all of the efficiency parameters drop rapidly. On the other
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hand, a steady loss in JSC values is the main culprit behind the efficiency losses of the

PEAI- and PhenHCl-passivated devices. Interestingly, the FF and VOC of the PEAI-

passivated device are stable under continuous light illumination, which is not the

case for the thermal stability test. These results suggest that the degradation

behavior of PSCs passivated with different molecules can show different trends de-

pending on the nature of the stability test. Hence, further investigations are required

to understand the degradation mechanisms of the control and passivated PSCs un-

der different stability test conditions.

To extract the density of trap states (nt) and further understand the passivation effect on

the device stabilities, we conducted space-charge limited current (SCLC)measurements

(Figure 3E). From the trap-filled limit voltage (VTFL) of the devices, nt values are calcu-

lated to be 7.3 3 1015 cm�3, 6.3 3 1015 cm�3, and 5.3 3 1015 cm�3 for the control,

PEAI- and PhenHCl-passivated devices, respectively. The low trap density can explain

the better operational stabilities of PhenHCl-passivated devices as trapped charges

play a decisive role in the irreversible degradation of metal halide perovskites. In this

respect, Ahn et al.19 also reported that the beginning of irreversible decomposition

could be attributed to local electric fields induced by trapped charges. They demon-

strated that perovskites degrade irreversibly along surfaces (grain boundaries and inter-

faces) only when bothmoisture and trapped charges exist simultaneously, regardless of

the charge polarity.

In addition, and as already stated above, another route of degradation is the compo-

sitional instability of wide-band-gap mixed-halide (I and Br) perovskites under illumi-

nation. In principle, passivation of trap states should limit halide ion migration in

these regions and consequently suppress phase segregation.66,67 Thus, we also ex-

tracted the activation energy (EA) for ion diffusion in control and passivated samples

by using thermal admittance spectroscopy. Activation energies of the ionic conduc-

tivity are calculated from the frequencies (u) of the �udC=du spectra peaks in the

low-frequency region for the temperature interval of 250–320 K (Figures 3F and

S18). The results show that PhenHCl passivation increases the EA required for ion

diffusion from 422 to 547 meV, higher than PEAI (483 meV). These findings suggest

that PhenHCl is highly effective in suppressing halide segregation, reflected in

significantly improved device stabilities.

Spectroscopic characterization

To investigate the passivation effect on the charge carrier recombination dynamics

of the wide-band-gap perovskite films, we measured time-resolved photolumines-

cence (TRPL) of the control and passivated films. Figure 4A shows the 2D pseudo-co-

lor PL emissions from the control and PhenHCl-passivated (GBP+TSP) samples

(results from the GBP and TSP samples are given in Figure S19). The highest PL in-

tensity and longest carrier lifetime are obtained when a combination of GBP and

TSP is employed, which is also evident from absolute PL imaging of the samples (Fig-

ure 4B), acquired by using hyperspectral microscopy. The entire PL spectrum fit is

based on Würfel’s generalized Planck law and the absorptivity extracted from the

PL spectra.68–70 As shown, the control sample features lower band-gap emission

than the passivated sample, which gives evidence of phase segregation in the con-

trol sample, highlighting the existence of minority iodide-rich andmajority bromide-

rich domains.22 Although the iodide-rich domains have low volume fractions, they

dominate the PL emission because photo-generated carriers relax into lower energy

states. Hence, emission occurs from the lowest band-gap domains. Absolute PL im-

aging of the PhenHCl-passivated sample indicates that PhenHCl passivation effec-

tively suppresses phase segregation. Figure 4C shows band-gap imaging of the
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Figure 4. Comparison of control and PhenHCl-passivated (GBP+TSP) wide-band-gap perovskite thin films

(A–D) Shown are (A) 2D pseudo-color streak camera, (B) absolute PL intensity, (C) band-gap, and (D) QFLS images. For both TRPL and absolute PL

measurements, the films are excited at 532 nm from the surface of the perovskite.

(E–G) Shown are (E) Normalized steady-state PL spectra, (F) TRPL kinetics, and (G) TPV of control wide-band-gap perovskites compared with PhenHCl-

passivated samples with GBP, TSP, and GBP+TSP.
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control and PhenHCl-passivated samples. In line with the absolute PL imaging re-

sults, PhenHCl passivation is found to suppress the formation of lower band-gap

states on a large scale. We use the same intensity scale (in log scale) for the control

and passivated samples to make the PL images comparable. To make a better com-

parison, we show the PL intensity and Eg images of the passivated perovskite sample

in Figure S20. Figure 4D also confirms that the passivation uniformly increases the

quasi-Fermi level splitting (QFLS), giving further evidence that PhenHCl passivation

effectively reduces non-radiative recombination losses. Figure 4E compares the

normalized steady-state PL spectra; the non-normalized PL spectra are given in Fig-

ure S21A. The TSP and GBP+TSP thin films show the characteristic PL peak at around

738 nm, corresponding to a band gap of�1.68 eV. On the other hand, the maximum

PL intensity of the control and GBP samples red shifts to 754 and 739 nm, respec-

tively (Figures S21B and S21C). In addition, the main PL peaks of these samples

can be deconvoluted into two peaks having maximum emissions at around 740

and 760 nm, respectively. These observations suggest that the control and GBP

thin films exhibit two different perovskite phases under light illumination. Although

the GBP process effectively reduces the full width half maximum of the PL spectrum

of the control sample from�57 to�43 nm, the deconvoluted PL signal indicates the

existence of a secondary perovskite phase, emitting at �760 nm, which is reduced

compared with the control sample. Hence, TSP or a GBP+TSP combination is

required to suppress the formation of these phases (Figures S21D and S21E), high-

lighting the importance of passivation of the perovskite top surface, which is here the

perovskite/C60 interface. Furthermore, in line with the absolute PL measurements,

the time-resolved PL (TRPL) decays indicate that PhenHCl passivation incrementally
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enhances the PL lifetime from 45 to 121 ns following GBP and TSP (Figure 4F). There-

fore, reducing the non-radiative recombination losses leads to a VOC enhancement

of �100 mV on average device level (Figure 2B). In line with the TRPL results, tran-

sient photovoltage decay (TPV) curves of the complete devices also show an

increasing trend from 0.79 to 1.91 ms when using PhenHCl passivation (GBP+TSP)

(Figure 4G).

Our findings suggest that GBP reduces halide segregation in the perovskite (Figures

4E and S21), yet additional surface passivation is essential to overcome this issue

entirely. The enhancement in steady-state PL intensities and TRPL lifetimes indicates

that PhenHCl passivation of the perovskite surface reduces the halide segregation

because of a reduced number of surface defects. In line with our findings, Belisle

et al.23 also reported that perovskite surfaces are an integral part of the halide segre-

gation process; charge accumulation and carrier trapping at perovskite surfaces are

principal drivers of photo-induced halide segregation. Hence, effective passivation

of dangling bonds at the perovskite’s surfaces is a pathway to achieve phase stabi-

lization of wide-band-gap perovskites. Moreover, PhenHCl passivation increases the

activation energy (Figure 3F) required for ion diffusion by �125 meV compared with

the control sample. This restricts ion diffusion in the wide-band-gap perovskite film

and thus suppresses phase segregation.24 Furthermore, employing excess halide re-

duces the density of halide vacancies, which is the main reason for halide migration

and segregation.71 Thus, we believe that additional Cl� ions from the PhenHCl salt

could also help minimize the density of halide vacancies and suppress phase

segregation.72

Thin film characterization

Ultraviolet photoelectron spectroscopy (UPS) was used to acquire the energetic

dependence of PhenHCl passivation on the perovskite film. As shown in Figure 5A,

we observe a concomitant decrease in theWF (determined from the secondary elec-

tron cutoff) for TSP and GBP+TSP. In contrast, the GBP alone does not have a signif-

icant impact on the WF. Compared with the control samples, PhenHCl passivation

results in the formation of deeper valence band maximum (VBM) levels (Figure 5B).

Figure 5C represents the energetic positions of ITO, PTAA, C60, and pristine and

passivated perovskite (GBP, TSP, and GBP+TSP). The schematic shows that the

PhenHCl-passivated (GBP+TSP) sample has a band offset of 0.38 and 0.24 eV,

respectively, with PTAA and C60. Further, X-ray photoelectron spectroscopy (XPS)

was used to analyze the presence of PhenHCl in the passivated samples. Shown in

Figures 5D and 5E are the C1s and N1s spectra of the pristine (top) and PhenHCl-

passivated (GBP+TSP, bottom) samples, respectively. The peak assignments are

fully detailed in the supplemental information (Figures S22–S26 and Note S3). The

N1s and C1s line shapes of the control and passivated films differ significantly.

The N1s and C1s surveys of the passivated sample can be understood as a linear

combination of the PhenH+ and perovskite peaks. Also, Pb4f XPS survey scans of

the control and TSP Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 perovskites are collected

with a photoemission take-off angle of 63�, to reduce XPS sampling depth to

4–5 nm.73 As shown in Figure S27, the Pb4f peaks of the control sample shift to lower

binding energy by �0.5 eV after the TSP. In line with previously reported studies,38

this shows that surface Pb atoms of the perovskite become more electron rich when

the electron-rich nitrogen atoms of PhenHCl bind to the undercoordinated Pb sur-

face atoms. Figures 5F and S28 show top-surface scanning electron microscopy

(SEM) images of the control and PhenHCl-passivated films. The SEM images indicate

that the passivation does not have a considerable impact on the grain size. Hence,

the observed VOC enhancements are indeed due to the passivation of surface
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Figure 5. Thin-film characterizations

(A) UPS (He(I) 21.22 eV) spectra of the control and PhenHCl-passivated Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 perovskite thin films. Secondary electron cutoff

(SECO) from which the WF is extracted.

(B) Valence band edge region intensity on a linear scale of the control and PhenHCl-passivated Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 perovskite thin films.

The vertical lines identify the estimated VBM onsets.

(C) Conduction band minimum (CBM), VBM, and WF values of ITO, PTAA, C60, pristine perovskite thin film, and PhenHCl-passivated perovskite thin

films.

(D and E) XPS (Al Ka 1,486.6 eV) spectra are showing high-resolution (D) C1s and (E) N1s surveys of the control (top) and PhenHCl-passivated (GBP+TSP,

bottom) perovskite films.

(F) Top SEM images of the control (top) and PhenHCl-passivated (GBP+TSP, bottom) perovskite films.
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dangling bonds but not due to the improved crystallinity and grain size of the perov-

skite layer. XRD and absorptance spectra of the pristine and passivated samples

further confirm this as both samples exhibit the same patterns (Figures S29 and

S30). In addition, the XRD spectra of the passivated samples do not exhibit low

reflection peaks, implying that PhenHCl passivation does not form a 2D perovskite

layer. Atomic force microscopy (AFM) height images reveal that the root-mean-

square roughness (RRMS) of the control sample (18.5 nm) slightly increases to �28

and �24 nm after the GBP and TSP processes, respectively (Figure S31).

Perovskite/silicon textured tandem solar cells

Next, we integrated the 1.68 eV wide-band-gap Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3
perovskite on top of a silicon heterojunction (SHJ) bottom cell to fabricate perov-

skite/silicon tandem solar cells. J-V curves of the SHJ cell measured under 1- and

0.5-sun illuminations are given in Figure S32. In light of the recent advances in the

tandem field,74 here we employed 2PACz SAM as the hole-selective contact of

the perovskite layer for fabrication of the perovskite layer. Figure 6A gives the device

sketch and corresponding cross-sectional SEM image. Here, a perovskite solution
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Figure 6. Monolithic perovskite/silicon tandem solar cell efficiencies

(A) Schematic of solution-processed perovskite/silicon tandem solar cell architecture, built onto a textured SHJ solar cell. a-Si:H(n), n-doped

hydrogenated amorphous silicon; a-Si:H(i), intrinsic hydrogenated amorphous silicon; a-Si:H(p), p-doped hydrogenated amorphous silicon; SAM,

2PACz; PVK, perovskite. The cross-sectional SEM image highlights the textured SHJ surface, the recombination junction, and the top perovskite sub-

cell.

(B–E) Shown are (B) PCE, (C) VOC, (D) JSC, and (E) FF statistics of the control and PhenHCl-passivated (GBP+TSP) tandem solar cells.

(F) J-V curves of the best-performing control and PhenHCl-passivated perovskite/textured SHJ tandem solar cells. The inset table shows the

corresponding efficiency parameters.

(G) Corresponding EQE of the champion perovskite/SHJ monolithic tandem cells. The gray shaded area in the EQE graph shows the 1-R data.

(H) MPP tracking measurement of the champion PhenHCl-passivated perovskite/textured SHJ tandem solar cell with PCEMPP (top), VMPP (middle), and

JMPP (bottom) values for 10 min.
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processing technique reported by Hou et al.15 is employed to fully cover the

textured silicon surface with a micrometer-thick perovskite layer. Figures 6B–6E

compare the efficiency parameters of the control and PhenHCl-passivated

(GBP+TSP) tandem solar cells. In line with the single-junction device results,

PhenHCl passivation particularly improves the average VOC of the tandem devices

by �60 mV in addition to an average �3% absolute improvement in the FF. The

best VOC of the passivated devices reaches 1.84 V. The enhancements in VOC and

FF can be attributed to reduced recombination losses at the perovskite grain bound-

aries and top surface after passivating the dangling perovskite surface bonds with

PhenHCl. Nevertheless, the high VOC enhancement (�100 mV, Figure S10) of the

SAM incorporating PhenHCl-passivated single-junction devices is not fully reflected

in the tandem devices. We attribute this to a possible coverage issue of the SAM on

the textured Si surface, particularly on the pyramid tips. As such, the average Rsh of

the single-junction devices is �6.1 kU cm2, whereas it drops to �1.7 kU cm2 for the

case of tandem devices. This suggests that the tandem devices have a slightly higher

shunt, reducing the VOC of the devices. Even so, mainly due to the VOC enhancement

by passivation, the average PCE of the tandem devices increases from 23.3% to

26.5%. As shown in Figure 6F, the passivated devices deliver the highest PCE of

27.4%, whereas the best PCE of the control device remains at 25.4%. The EQE of
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the best PhenHCl-passivated tandem device (Figure 6G) shows that the sub-cells are

current matched at 19.3 mA/cm2, being very close to the JSC of 19.6 mA/cm2

measured from the J-V curve. MPP tracking of the passivated tandem device over

10 min demonstrates a stabilized PCE of 27.4% (Figure 6H).

Conclusion

In this study, we demonstrate that multi-functional compounds such as PhenHCl,

incorporating both electron-rich and electron-poor domains, can effectively

passivate perovskite surface dangling bonds and suppress phase segregation

without being limited by the electronic and compositional nature of the surface.

We have shown that such multi-functional compounds lead to improved passiv-

ation of perovskites than commonly reported organic mono-cationic passivation

compounds such as PEAI. Taking these advantages, we found that PhenHCl-

passivated devices deliver �100 and �40 mV higher VOC than control and

PEAI-passivated devices, respectively. In addition, PhenHCl passivation consider-

ably improves the operational and thermal stabilities of wide-band-gap PSCs by

effectively reducing ion migration and consequently phase segregation. Finally,

PCEs reaching 27.4% were obtained when the PhenHCl passivation is employed

to fabricate perovskite/silicon monolithic tandem solar cells. This is among the

highest PCEs reported for monolithic perovskite/silicon tandem devices.51 Hence,

a better understanding of perovskite surface passivation with multi-functional

compounds can potentially further push the current PCEs toward the Shockley-

Queisser limit.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Stefaan De Wolf (stefaan.dewolf@kaust.edu.sa).

Materials availability

This study did not generate new unique materials.

Data and code availability

The published article and its supplemental information include all data generated or

analyzed during this study.

Materials

Patterned ITO glass substrates (15 U ,�1) were obtained from Xinyan Technology

Ltd. Poly(triaryl amine) (PTAA, 99.999% purity, Mwt: �5,000–15,000) was supplied

by Xi’an polymer. Formamidinium iodide (FAI, 99.99% purity), methylammonium

bromide (MABr, 99.99% purity), and phenethylammonium iodide (PEAI, 98% purity)

were received from GreatCell Solar Ltd. Lead (II) iodide (PbI2, 99.999% purity) and

lead (II) bromide (PbBr2, 99.999% purity) were procured from Alfa Aesar. C60

(>99.5% purity) and bathocuproine (BCP, >99.5% purity) were purchased from Os-

sila Ltd. [2-(9H-Carbazol-9-yl)ethyl]phosphonic acid (2PACz, >98.0% purity) was pur-

chased from TCI. PhenHCl (analytical standard), CsI (99.999% purity), dimethylfor-

mamide (DMF, anhydrous, R99.8% purity), dimethyl sulfoxide (DMSO, anhydrous,

R99.9% purity), ethyl acetate (EtAc, anhydrous, 99.8% purity), chlorobenzene

(CB, anhydrous, 99.8% purity), isopropanol (IPA, anhydrous, 99.5% purity), and silver

(Ag shot,R99.99% purity) were purchased from Sigma-Aldrich. Copper pellets (Cu,

99.99% purity) were obtained from Kurt-J. Lesker company. All materials were used

as received without further purification.
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Solar cells fabrication

Fabrication and characterization of single-junction PSCs

The inverted (p-i-n) device stack consists of ITO-PTAA-Cs0.15MA0.15FA0.70P-

b(I0.80Br0.20)3-C60-BCP-Ag. The devices were prepared using the following procedure.

ITO glass substrates were cleaned by sonication successively in detergent, deionized

water, acetone, and isopropanol. The sonication time was 15 min for each cleaning.

They were then dried with N2 flow and transferred to a glovebox filled with N2. The

hole transport layer, PTAA (2 mg/mL in CB), with a thickness of�15 nmwas spin coated

on top of the ITO substrates at 6,000 rpm for 20 s and subsequently annealed at 100�C
for 10min. Prior to coating the perovskite layer, CsI (1.5mg/mL inDMF) was spin coated

onto the PTAA layer at 4,000 rpm for 40 s. Subsequent annealing of the film at 100�C for

5 min results in the formation of CsI islands on PTAA, which act as artificial nucleation

sites. To coat the perovskite layer, the perovskite precursor solutions were prepared

by dissolving CsI, FAI, MABr, PbI2, and PbBr2 salts in co-solvent of DMF/DMSO

(4/1:v/v) to obtain 1.25 M of Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3. The perovskite solutions

were then coated onto the PTAA layer by using a consecutive two-step spin-coating

process consisting of 2,000 rpm for 10 s and 5,000 rpm for 30 s. 300 mL of EtAcwas drop-

ped at the 10th second of the second step. The films were then annealed at 100�C for

25 min. For the GBP, certain concentrations of PhenHCl were added to the precursor

solutions. On the other hand, to passivate the top surface of the perovskite layer, certain

concentrations of PhenHCl dissolved in IPA were spin coated 4,000 rpm for 40 s fol-

lowed by an annealing step. The devices were completed by thermal deposition of

C60 (40 nm thick), BCP (8 nm thick), and Ag or Cu (100 nm thick) at a vacuum of <3 3

10–6 torr.

For the 2PACz-based devices, 2PACz solution with a concentration of 1 mg/mL in

anhydrous ethanol was spin coated on the ITO layer at 3,000 rpm for 30 s. After

spin coating, the substrates were heated at 100�C for 10 min. Unless stated other-

wise, all of the p-i-n single-junction devices in this study were fabricated with

PTAA HTL.

Cs0.15MA0.15FA0.70Pb(I0.80Br0.20)3 perovskite thin films on ITO/PTAA stack with I-

deficient (PbI2-rich) surfaces were fabricated by overannealing the films at 100�C
for 60 min.44 On the other hand, to form Pb-deficient (MAI-rich) surfaces, the films

were dipped in a solution of MAI (5 mg/mL in IPA) for 2 min at room temperature.62

After these post-treatments, the I-deficient (PbI2-rich) and Pb-deficient (MAI-rich)

perovskite thin films were passivated with PhenHCl molecule using the optimized

TSP recipe, and then, the devices were completed by thermal deposition of C60,

BCP, and Ag layers as described above.

Fabrication and characterization of perovskite/textured silicon tandem solar cells

Silicon heterojunction (SHJ) bottom cells were fabricated on float-zone double-side-

textured four inches n-doped wafers with a resistivity of 1–5 U/cm and a thickness of

250–280 mm. The texturing process was done in an alkaline solution to get randomly

distributed pyramids and cleaned in RCA1 and RCA2 solutions. The size of the pyr-

amids was controlled by adjusting the alkaline concentration and the process tem-

perature. The wafers were dipped in 5% hydrofluoric acid solution to remove the

native oxide layer prior the PECVD depositions. The intrinsic, n, and p silicon amor-

phous layers were deposited in a PECVD cluster (Indeotec Octopus 2) with thick-

nesses of 8, 6, and 13 nm, respectively. The back electrode was deposited by sput-

tering sequentially ITO and Ag (150 and 250 nm, respectively) in the PVD part of the

Octopus cluster. The ITO recombination junction (25 nm) was sputtered in an

Angstrom EvoVac sputtering tool. The wafers are annealed at 200�C for 10 min to
Joule 5, 1566–1586, June 16, 2021 1581



ll
Article
recover the sputtering damage. 2PACz solution with a concentration of 1 mg/mL in

anhydrous ethanol was spin coated on the ITO layer at 3,000 rpm for 30 s. After spin

coating, the substrates were heated at 100�C for 10 min.59 The perovskite layer was

deposited using the single-junction device deposition recipe, except a 1.8 M of so-

lution was spin coated on the textured surface. 150 mL of perovskite precursor solu-

tion was dropped on top of Si substrate and deposited by three consecutive spin-

coating steps of 300, 1,500, and 5,000 rpm for 5, 90, and 10 s, respectively.15 During

the third spin-coating step (5,000 rpm), 300 mL solvent of ethyl acetate was quickly

poured onto the substrate after 2 s. The perovskite-deposited films were annealed

on a hotplate at 100�C for 20 min. 20 nm of C60 was thermally evaporated on top

of the perovskite layer in an Angstrom EvoVac evaporation system. The SnOx buffer

layer (20 nm) was deposited by the thermal atomic layer deposition (ALD) technique

using Picosun ALD cluster. Tetrakis(dimethylamino)tin and H2Owere used as precur-

sors for the ALD deposition at 100�C and with 140 cycles. 100 nm of IZO top elec-

trode (42 U/sq) was sputtered on the buffer layer in the Angstrom EvoVac sputtering

system with RF power of 42 W over a 3-inch target (90% In2O3 / 10% ZnO, 99.9%

Plasmaterials, the source to substrate distance is 10 cm). The top Ag contacts

(250 nm) were evaporated through a shadow mask using an Angstrom EvoVac ther-

mal evaporator with a rate of 2.5 Å/s. Finally, 140 nm of MgF2 antireflection films

were evaporated at a rate of 1 Å/s to complete the devices.

Device characterization

The single-junction devices (0.1 cm2) were tested using a Keithley 2400 at room tem-

perature under AM 1.5G illuminations (1,000 W/m2) with an Abet Technologies Sun

3000 solar simulator, which was calibrated using a standard silicon cell (RERA). Cur-

rent-voltage (J-V) curves were obtained both in reverse (1.2 / �0.1 V) and forward

scan (�0.1/ 1.2 V) with a step size of 10 mV. All the measurements were performed

under N2 environment inside a glovebox. The tandem device J-V measurements

were performed using Wavelabs Sinus 220 LED-based solar simulator with AM

1.5 G irradiance spectrum. The temperature was controlled during themeasurement

using a vacuum stage at 25�C. The illumination area of the devices was 1.03 cm2,

which was determined by the laser cut shadow mask coated with black paint. The

EQE of the single-junction solar cells was measured with a commercial Newport

EQE system under N2 environment. The chopped monochromatic light beam was

focused entirely on the active area of the solar cells. The tandem EQEmeasurements

were performed using PV-Tools LOANA equipment. The tandem devices were light

biased by IR LEDs (930 nm) when measuring the perovskite top cells, whereas the

tandem devices were light biased by a blue LED when measuring the silicon bottom

cells. MPP voltages were applied on the devices to enable the near short-circuit con-

ditions for each sub-cells. The tandem EQE characterizations were performed at

ambient air with RH �50% and without any encapsulation. For transient photovolt-

age (TPV) measurements, a 405-nm laser diode was used to maintain solar cells at

approximately VOC conditions. Laser intensity was driven using an arbitrary wave-

form generator Agilent 33500B. A small perturbation was induced with a second

405-nm laser diode driven by a function generator from Agilent. The intensity of

the short (50 ns) laser pulse was adjusted to keep the voltage perturbation below

10 mV, typically at 5 mV. Following the pulse, the voltage decays back to its

steady-state value in a single exponential decay. The characteristic decay time

was determined from a linear fit to a logarithmic plot of the voltage transient and re-

turned the small perturbation charge carrier lifetime. Thermal admittance spectros-

copy measurements were performed in a cryogenic probe station (Lakehore CRX-

4K) under high vacuum (<10–5 mbar). Capacitance-frequency measurements were

conducted in a frequency range of 1 MHz–10 Hz using a Solartron 1260A impedance
1582 Joule 5, 1566–1586, June 16, 2021
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analyzer under dark equilibrium with 0 V forward bias and a perturbation signal with

the modulation voltage of 20 mV. During the measurements, the sample tempera-

ture was varied from 320 to 250 K with 10 K steps. A delay time of 15 min was applied

between the temperature values to obtain thermal stability.

Thin film characterization

A Cary 5000 UV-vis-NIR spectrophotometer was used to measure absorbance with

PTAA-coated ITO glass substrates as references. The XRD patterns were recorded

with a Bruker D2 Advance diffractometer (Bruker, PHASER) with Cu Ka radiation

(l = 1.5418 Å). The time-resolved PL (TRPL) measurements were conducted using

a high-resolution streak camera system. The excitation beam at 532 nm (HELIOS

532-4-125, Coherent Inc.) with a pulse width of 0.85 ns and a repetition rate of

1 kHz was focused to excite the samples. The associated PL emission was collected

by an optical telescope (consisting of two plano-convex lenses) and spectrally and

temporally resolved using a spectrograph (PI Spectra Pro SP2300) and streak camera

(Hamamatsu C10910) system with a temporal resolution of 1.4 ps. The data were ac-

quired in photon counting mode using the streak camera software (HPDTA) and ex-

ported to Origin Pro for further analysis. After the deposition of perovskite layer on

quartz substrates, the sample was placed in a sealed nitrogen chamber to prevent

any changes due to exposure to oxygen and humidity. All measurements were

done at room temperature. The steady-state PL spectra of the perovskite films

coated on quartz were collected using FluoroMax (Horiba) system. The absolute

PL spectra imaging of the samples were collected using IMA hyperspectral micro-

scopy system (Photon, etc.). The sealed samples were excited at 532 nm (CW laser),

and the excitation was set to 1-sun illumination. The absolute calibration procedure

of the setup is reported in detail elsewhere.75 Home-built MATLAB code was used

for further investigation of QFLS, band gap, and Urbach energy. UPS and XPS mea-

surements were conducted using an Omicron multi-probe photoemission spectros-

copy (PES) system (base pressure of 3 3 10�10 mbar) equipped with a Sphera II EAC

125 hemispherical electron analyzer and a multi-channeltron electron detector. All

measurements were carried out in electrical contact to the analyzer without charge

neutralization. UPS was carried out at an electron escape angle of 90� with a focus

HIS-13 helium discharge lamp with a He(1)a source (21.22 eV) 10–1 mbar He (90

mA, 570 V). A minor component (2.5%) of He(1)b 23.09 eV was deducted from the

spectrum to identify the high KE valence band cutoff. A bias of�9.97 eV was applied

to the sample. XPS was carried out at an electron escape angle of 57� with an Al Ka

monochromated X-ray source (XM1000) at a power of 390 W. Calibration was made

under the same experimental settings and conditions assigning the 0 binding energy

position to Fermi level of an evaporated metallic Au reference sample in (UPS) and

Fermi level and Au 4f7/2 difference (D84.2 eV). The photoelectron pass energy was

fixed at 15 eV for high-resolution XPS, 50 eV survey XPS at 5 eV for the valence band

region in UPS, and at 10 eV for the secondary electron cutoff SECO in UPS. Analysis

of the perovskite substrate Pb4f and I3d core level peaks before and after surface

deposition can be used to approximate the coverage of PhenHCl.76,77

DFT calculations

We used the Vienna ab initio simulation package,78 the projector augmented wave

method,79 and the generalized gradient approximation of Perdew, Burke, and Ern-

zerhof. The cutoff energy was set to 450 eV, and the Brillouin zone was sampled on a

Monkhorst-Pack 3 3 3 3 1 k-mesh. We augmented a 2 3 2 3 1 supercell of the

tetragonal unit cell of FAPbI3 along the c-axis with a vacuum slab of 20 Å thickness

to create a PbI2-terminated surface. A Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3 composi-

tion was achieved by replacing four FA+ molecules next to the PbI2-terminated
Joule 5, 1566–1586, June 16, 2021 1583
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surface with two MA+ molecules and two Cs atoms as well as two I atoms in the PbI2-

terminated surface and seven I atoms in the next PbI2-layer with Br atoms. The I-defi-

cient surface was created by removing one I atom from the PbI2-terminated surface,

and the Pb-deficient surface was created by adding one I atom to a Pb-dangling

bond. All structures were optimized until the total energy was converged to 10�5

eV, and the atomic forces were converged to 10�3 eV/Å. Bader charge analysis

was carried out to analyze the charge transfer.80 The binding energy was

calculated as:

E[Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3-PhenH
+/PEA+] – E[Cs0.13MA0.13FA0.74P-

b(I0.81Br0.19)3] – E[PhenH+/PEA+],

where the three terms denote the total energies of Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3
with molecule, Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3 without molecule, and the mole-

cule, respectively.
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