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Abstract:

The open circuit voltage (Voc) deficit in perovskite solar cells (PSCs) is greater in wide bandgap (>1.7
eV) cells than in ~1.5 eV perovskites.” Quasi-Fermi level splitting (QFLS) measurements reveal Voc-
limiting recombination at the electron transport layer (ETL) contact.*’ This, we find, stems from
inhomogeneous surface potential and poor perovskite-ETL energetic alignment. Common
monoammonium surface treatments fail to address this; instead we introduce diammonium
molecules to modify the perovskite surface states and achieve a more uniform spatial distribution of
surface potential. Using 1,3-propane diammonium (PDA), QFLS increases by 90 meV, enabling 1.79
eV PSCs with a certified 1.33 V Voc, and > 19% power conversion efficiency (PCE). Incorporating
this layer into a monolithic all-perovskite tandem, we report a record Voc of 2.19 V (89% of the
detailed balance Voc limit) and > 27% PCE (26.3% certified quasi-steady-state). These tandems

retain more than 86% of their initial PCE after 500 hrs operation.
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Main Text:

The wide range of bandgaps achievable using metal-halide perovskites (~ 1.2 eV — 3.0 eV) has enabled
tandem solar cells with silicon, copper indium gallium selenide (CIGS), and organic photovoltaics.®”
Recently, all-perovskite tandems made from stacked wide-bandgap (WBG) ~1.8 eV and narrow-bandgap
(NBG) ~1.2 eV layers surpassed the highest recorded power conversion efficiency (PCE) for a single-

junction perovskite solar cell (PSC).'*!!

Despite rapid progress, the PCE of perovskite tandems is limited by the large open-circuit voltage (Voc)
loss of the WBG cell.'? While single-junction ~ 1.5 eV PSCs have demonstrated Voc deficits (the difference
between the bandgap and device Voc) as low as 0.3 V,'? mixed iodide/bromide>1.75 eV PSCs have yet to
achieve Voc deficits lower than 0.5 V (Supplementary Fig. S1).!*!* The Voc deficit has been suggested to
stem from increased trap density in perovskites with > 20% Br concentration, photoinduced halide
segregation, and poor energetic alignment with charge transport layers.'>'® The photoluminescence
quantum yield (PLQY) of perovskites, once in-contact with charge transport layers, tends to decrease
dramatically, suggesting that the perovskite/transport-layer interface produces recombination pathways
within the perovskite bandgap.* Several causes have been reported in efforts to uncover the origin of this
phenomenon: band misalignment,'® energy-level pinning,” and halide migration from the perovskite into
the transport layer.'!” Here we examine the perovskite/Ceo interface as it is ubiquitous in perovskite tandems,
is the most easily.accessed interface when fabricating inverted (pin) PSCs, and yet remains to be considered

one of the worst offenders for inducing trap states.'®’

We spin-coated WBG perovskite Cso2FAsPb(lo¢Bro4)s films atop ITO/hole transport layer (HTL)
substrates with a structure of ITO/NiOx/Me-4PACz and measured their PLQY with and without a Ceo
layer (Fig. 1b). Consistent with previous reports,™* we found that after C¢o deposition, the PLQY is two

orders of magnitude lower, equivalent to a drop of ~100 meV in quasi-Fermi level splitting (QFLS).'®
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Previous studies have focused on post-treatments which reduce the defect density of the perovskite
surface, and thus increase the PLQY of films.'’?* Extending this practice to WBG perovskites we found
that treating the surface with the popular passivant butylammonium iodide (BA) increases PLQY, but that
the improvement is not retained following the deposition of Cgo (Fig. 1b). Indeed, the QFLS of the stack is

likely pinned due to interfacial recombination rather than the inherent trap density of the perovskite.’

Seeking a different approach, we reasoned that tuning the surface potential at the perovskite/Ceo interface
would suppress this cross-interface recombination by reducing the band offset between the perovskite and
Ceo, and reducing the population of minority carriers at the interface. This effect is analogous to field-effect
passivation in traditional Si solar cells.**** Thus, we turned our focus toward short-chain diammonium
ligands, strong Lewis bases that have previously been shown to induce n-type doping and surface dipoles
which alter surface energetics in mixed Pb-Sn perovskites.”>?’ Treating the perovskite surface with 1,3-
propane-diammonium iodide (PDA) (Fig. 1a), the diammonium equivalent to BA, we observed only a slight
increase in PLQY. However, following deposition of Ceo there was no dramatic drop in PLQY, suggesting
that the recombination pathways induced by the Cso had been effectively suppressed. We also compared the
effects of perovskite post-treatments with similar concentrations of 1,2-ethane-diammonium iodide (EDA)
and 1,4-butane-diammonium iodide (BDA), diammonium ligands with a shorter and longer chain length,
respectively. Of these diammonium ligands, only PDA resulted in the retention of PLQY after the

deposition of Cep (Supplementary Fig. S3).

To understand -how both treatments affect interface energetics we used ultra-violet photoelectron
spectroscopy (UPS) and found that BA induces a Fermi level downshift, whereas PDA induces a Fermi
level upshift, resulting in stronger and weaker surface p-type doping, respectively (Fig. 1c). The latter
change in the surface potential produces a lower minority carrier concentration at the interface and it reduces
the band offset between the perovskite and Ceo by 60 meV. Drift-diffusion modelling suggests that this has

the potential to increase QFLS by ~ 90 meV (Supplementary Fig. S4).
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Using time of flight secondary ion mass spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy
(XPS) (Supplementary Fig. S5, S6) we found that PDA ligands are present on the film surface after
treatment. Using density functional theory, we studied the work function changes upon PDA treatment of
various surface structures (Supplementary Fig. S7, Fig. 1d). Among considered surface configurations that
we contemplated, the pristine Pb-I terminated surface with a bromide vacancy (Vs;), which exhibited a 0.44
eV lower work function after PDA treatment (Supplementary Fig. S8), was in best agreement with the 0.1
eV shift obtained from the experimental UPS data. Then, through density of states (DOS) analysis of BA
and PDA surface treatments (Fig. le, Supplementary Fig. S9), we found that after PDA treatment, the in-
gap surface states near the valence band maximum (VBM) region are suppressed (see supplementary
materials), consistent with the Fermi level upshift relative to the . VBM (Fig. lc) observed in UPS

measurements.

Seeking to investigate how PDA affects films on the nanoscale, we used hyperspectral imaging to
generate QFLS maps of perovskite films with and without Ce (Fig. 2a-b, Supplementary Fig. S10). From
these maps we observe significantly greater spatial fluctuation than has been observed for perovskites
with narrower bandgaps (< 1.65 eV) which have a typical standard deviation (c) in QFLS of ~ 10 meV.*?*
After PDA treatment, however, ¢ lowers significantly (61 meV to 24 meV), suggesting the treated film is
more homogeneous. After Cg deposition the QFLS of the control drops (1.32 to 1.25 eV) and broadens
further (¢ = 77 meV), whereas the QFLS of the PDA film is retained at 1.33 eV with a slightly narrower
distribution (o = 22 meV). Kelvin probe force microscopy (KPFM) (Fig. 2c-d, Supplementary Fig. S11)
suggests that this effect is correlated with the nonuniform contact potential of the control film, which will
act to broaden the interfacial electronic states when in contact with Cg leading to increased
recombination.’?” PDA treatment narrows the contact potential distribution significantly (¢ = 2.9 mV
compared to 11.1 mV for the control), which is indicative of reduced recombination and improved carrier

extraction.’*!
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We used grazing incidence wide-angle X-ray scattering (GIWAXS) to reveal the crystallographic
consequences of PDA treatment. Varying the incident angle of the X-ray beam, we compared the crystal
structure of the film bulk (1°) and surface (0.15°) (Fig. 2e-h, Supplementary Fig. S12). In contrast to
prior perovskite systems treated with diammonium ligands, there exist no low-q-value peaks for the PDA

treated film: thus, no indication of reduced-dimensional perovskite formation,*>33

nor of a perovskite
polymorph.** The concentration of PDA spin-coated onto the perovskite surface is low and thus does not
appear to result in appreciable diffusion into the bulk perovskite. Two structural differences between
control and treated films are apparent however: a peak at 0.88 A™' for the control which we ascribe to
Pbl,, which is entirely removed by PDA, and a secondary peak with a g-space value of 1.03 A alongside
the (1 1 0) perovskite peak (1.00 A™), indicative of a Br-rich phase. This secondary peak is more obvious
when probing only the first ~ 5 nm of film, suggesting that the film surface is segregated into Pbl, and Br-
rich perovskite regions, the likely cause of the broad contact potential.*> The suppression of surface phase
segregation and removal of Pbl, implies that while PDA does not induce the formation of a new crystal
phase, it does react with the surface of the perovskite. This has been observed previously with
diammoniums which template the growth of perovskite crystallization.***” This is corroborated by SEM
images (Supplementary Fig. S13), transient absorption (Supplementary Fig. S14) and transient reflection
(TR) spectra (Fig. 2i, j). The TR spectra reveal that two additional bleaches are present in the control

compared to the PDA treated sample: a peak around 500 nm (Pbl,) and a fast-decaying bleach at around

600 nm (~ 85% Br=rich perovskite, which correlates exactly with the shift in g-space seen in GIWAXS).*

Encouraged by the reduced interfacial recombination and surface homogeneity imparted by the PDA
treatment, we fabricated WBG solar cells. The device structure was ITO/NiOx/Me-
4PACz/perovskite/Cso/ ALD-SnOx/Ag, where Me-4PACz is a self-assembled monolayer of [4-(3,6-
Dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid. Fig. 3a contains the forward and reverse J-V curves for
champion control and PDA-treated 1.79 eV WBG PSCs (EQE spectrum shown in Supplementary Fig. S15),

exhibiting a Voc increase from 1.23 to 1.33 V, the highest Voc reported for ~ 1.8 eV PSCs (Supplementary
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Fig. S1). Fig. 3b shows the J-V curve of a PDA-treated PSC exhibiting a Voc of ~1.33 V and a PCE of
19.3% as verified by the PV cell and module performance group at the National Renewable Energy Lab
(NREL) (Supplementary Fig. S16). Improvements in device Voc, FF and PCE were consistent across 30
control and PDA-treated devices, as shown in Fig. 3c. We also fabricated 1 cm*> WBG devices using the

PDA surface treatment, which delivered a Voc of ~1.35 V and a PCE of 19.0% (Supplementary. Fig. S17).

We conducted transient photovoltage and photocurrent (TPV/C) measurements of control and PDA-treated
devices (Supplementary Fig. S19). The charge-recombination lifetime (t;) of the PDA-treated device was
longer than that of the control device (2.0 us compared to 0.4 us), consistent with reduced carrier trapping
at the Cq interface after PDA post-treatment (Supplementary Fig. S20, Supplementary Table S4).*°
Calculating the diffusion length (see Supplementary Note 2), we found that PDA treatment results in a 2-

fold increase, from 600 nm to 1.2 pm.

We followed the output of a PDA-treated WBG cell operating for 700 hrs at the maximum power point
(MPP) to determine the impact of PDA on device stability (Supplementary Fig. S21). After 700 hours of
continuous operation under 1-sun illumination, the PDA-treated device exhibited no loss in PCE. We
attribute this to an increased ion migration barrier exhibited in the PDA treated films, calculated from

thermal admittance spectroscopy (Supplementary Fig. S22).

We used intensity-dependent PLQY measurements to conduct systematic loss analysis (See Pseudo-JV
Methods) of control vs. PDA treated films (Fig. 3d, Supplementary Table S3).* Both samples have similar
bulk and HTL interface losses, but the PDA treatment reduces Voc loss at the ETL from 104 mV to 16 mV.
PDA also eliminates a 14 mV mismatch between the full stack QFLS and device Voc present in the control
sample, indicating a reduced band offset between perovskite and Ce after treatment,'® consistent with band
alignment analysis in Fig. 1. In addition to reduced Voc loss, PDA treated devices exhibit reduced transport
(fill factor) losses compared to the control, 3.4%aps. VS. 8%abs. (Supplementary Table S3). This also suggests

favorable band bending at the treated interface, resulting in improved carrier extraction.
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Using our high-Voc PDA-treated WBG active layer in combination with a Csg.osFAo7MA25Pbo.sSngsl3 ~1.2
eV NBG mixed Pb-Sn perovskite, we fabricated monolithic all-perovskite tandem solar cells (see details in
Methods). The tandem device structure was ITO/NiOx/Me-4PACz/WBG perovskite/Cso/ ALD SnOx/Au (1
nm)/PEDOT:PSS/NBG perovskite/Ceo/ ALD SnOx/Ag (Fig. 4a), and the SEM cross-sectional image shows
the ~1 pum thick Pb-Sn perovskite layer needed for current matching (Fig. 4b).'° The integrated short-circuit
current density (Jsc) values for the WBG and NBG subcells from EQE measurements of a tandem device
were 15.4 and 15.2 mA/cm?, respectively (Fig. 4c). The bandgaps of the WBG and NBG subeells calculated

from the EQE spectra were 1.79 eV and 1.22 eV respectively.

Figure 4d shows forward and reverse J-V scans of a champion tandem, WBG and NBG PSCs. A record
PCE of 27.4% was achieved with a high Voc 0f 2.19 V, along with'a Jsc.0of 15.1 mA/cm? and FF of 83.1%.
The 2.19 V Voc represents a significant improvement over the previous highest reported Voc among the
best all-perovskite tandems (2.05 V),'**'* due to the high Vioc of the PDA-treated WBG subcell. We sent
a tandem cell to an accredited independent PV calibration laboratory (NREL). The device delivered a
certified PCE 0f 26.29% and Voc of 2.13 V (Fig. 4e, Supplementary Fig. S23), and is the first certified all-
perovskite tandem to surpass the record PCE (25.7%) of single-junction perovskite solar cells using the
same asymptotic Ppax (maximum power)scan protocol.''*> We also fabricated 1 cm? all-perovskite tandem
solar cells, which delivered a PCE of 26.03% and Voc of 2.16 V (Supplementary Fig. S24). We note that
there is still room for improvement, particularly in the Jsc of the tandem as Jsc values of > 16.5 mA/cm?
have been reported.'® Therefore, we anticipate that PCEs approaching 30% are already experimentally

feasible.

We tested operating stability using MPP tracking of an encapsulated tandem in ambient air (Fig. 4f). Under
AMI1.5G 1 sun illumination at the maximum power point, the device retained 86% of its initial PCE after
500 hours of continuous operation. This promising operating stability in combination with high Voc and
PCE enabled by diammonium surface modification represents an important step towards the application of

all-perovskite tandem solar cells.
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Fig. 1 | Recombination between perovskite and ETL: analysis and strategies for its minimization.
(a) Schematic crystal structure of the perovskite surface being treated with a PDA ligand. (b) PLQY data
from control, butylammonium (BA) and propane diammonium (PDA) treated films with and without Cqo,
on an ITO/HTL substrate. (¢) Band alignment of control and BA and PDA treated films compared with
Ceo (values from UPS/IPES measurements in Supplementary Fig. S2). (d) Work function difference
(AW), between an untreated and PDA treated Pb-I terminated surface with a bromide vacancy (Vg;), is
obtained by calculating electrostatic potential difference via AW = AP = Pynireated — Prreated- As a result, a
positive value for AW represents a Fermi level upshift and a negative value for AW represents a Fermi
level downshift. (e) Density of states (DOS) calculated for bulk perovskite and different surface
structures. The detailed DOS plots in the gap region are shown in the zoomed-in insets. In each inset, the
control (slab) DOS are represented as blue dashed lines.

Fig. 2 | Surface inhomogeneity and its remediation using surface-adsorbed molecular layers. (a)
QFLS maps of control and PDA treated films demonstrating increased homogeneity and resistance to Ceso-
induced defects. (b) Histogram of QFLS pixel values taken from larger 100 pm x 100 pm images
(Supplementary Fig. S10). KPFM images of (c¢) control and (d) PDA treated films. GIWAXS patterns of
(e) control, (f) PDA treated films at 0.15° incident angle — the red circle draws the eye to obvious splitting
of the (1 1 0) perovskite peak. Azimuthal integrations comparing surface (0.15°) and bulk (1.0°) crystal
structures for (g) control and (h) PDA treated films. Transient reflection measurements of (i) control and
(j) treated films. Films were encapsulated between two glass slides to mitigate environmental damage.

Fig. 3 | Characterization of WBG perovskite solar cells. (a) J-V curves of control and PDA treated WBG
devices. (b) NREL-certified J-V curve of PDA-treated WBG perovskite solar cell. Devices were
encapsulated to mitigate environmental damage. (¢) PV parameters of control and treated devices (30
devices for each type). (d) Loss analysis for the PCE and Voc of control and treated devices. PCE and Voc
losses were extracted from pseudo-JV measurements shown in Supplementary Fig. S18 and Supplementary
Table S3.

Fig. 4 | PV Performance and stability of perovskite tandem solar cells (a) Schematic diagram of tandem
device structure. (b) Cross-sectional SEM image of tandem device. (¢) EQE curves of the WBG and NBG
subcells within the tandem device and (d) J-V curves of champion NBG, WBG and all-perovskite tandem
devices. () NREL-certified J-V curve of all-perovskite tandem device (Supplementary Fig. S23). (f) MPP
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stability tracking of encapsulated WBG and tandem devices in ambient conditions under simulated 1 sun
illumination (initial PCE of 19.0% and 26.9% respectively). The tandem device retains >86% of initial
efficiency after 500 hours of operation.

Methods:

Materials

All materials were used as received without further purification. Commercial ITO substrates (20 /sq) with
25 mm x 25 mm dimension were purchased from TFD Inc. The organic halide salts (FAI, FABr, MAI,
BALI) as well as 4-Fluorophenethylammonium bromide (4F-PEABr) were purchased from GreatCell Solar
Materials (Australia). Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) aqueous
solution (Al 4083) was purchased from Heraeus Clevios (Germany). Pbl, (99.99%), PbBr2 (99.999%), CsBr
(>99.0%) and [4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic Acid (Me-4PACz) were purchased
from TCI Chemicals. Csl (99.999%), Snl, (99.99%), SnF2(99%), Glycine hydrochloride (99%), Guanidine
thiocyanate (GuaSCN, 99%), and ethane-1,2-diammonium iodide (EDAI2, 98%) were purchased from
Sigma-Aldrich. Ceo, Bathocuproine (BCP), PDAI, were purchased from Xi’an Polymer Light Technology

(China). All the solvents used in the process were anhydrous and purchased from Sigma-Aldrich.

Perovskite precursor solutions

Wide bandgap perovskite. 1.2 M wide-band gap perovskite precursor solution with a composition of
FA(3Cso2Pb(lgcBros)s was prepared by dissolving Csl, FAI, PbBr; and Pbl; in mixed solvents of DMF and
DMSO with avolume ratio of 4:1. The precursor solution was stirred at 60 °C for 1 h and then filtered using

a 0.22 um PTFE membrane before use.

Narrow bandgap perovskite. 1.8 M narrow-bandgap perovskite precursor solution with a composition of
Cs0.0sF Ao 7M A 25Pbo sSng 513 was prepared by dissolving Csl, FAI, MAI, Snl, and Pbl; in the mixed solvents

of DMF and DMSO with a volume ratio of 3:1. Tin powders (5 mg), GuaSCN (4 mg), SnF, (14 mg), 4F-
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PEABr (2 mg) and glycine hydrochloride (4 mg) were added to the precursor solution. The precursor
solution was then stirred at room temperature for 1 h. The precursor solution was filtered using a 0.22 pm

Polytetrafluoroethylene (PTFE) membrane before using.

Solar cell fabrication

Single junction wide bandgap perovskite solar cells. NiOx nanocrystal (10 mg ml™' in H»O and 2-
Propanol mixed solvent with volume ratio of 3:1) layers were first spin-coated on ITO substrates at 3,000
rpm for 25 s in air without any post-treatment, then the substrates were immediately transferred to the
glovebox. The NiOy nanoparticles were prepared via the hydrolysis reaction of nickel nitrate referring to
our previous work.** Me-4PACz (0.3 mg ml™") in ethanol was spin-coated on the NiOx film at 3,000 rpm
for 25 s and then annealed at 100 °C for 10 min. For the perovskite film fabrication, the substrate was spun
at 4000 rpm for 32 s with an acceleration of 1000 rpm, 100 pL.. Anisole was dropped onto the substrate
during the last 8 s of the spinning. The substrates were then transferred onto a hotplate and heated at 100
°C for 15 min. The organic salts surface treatment solutions were prepared by dissolving PDAI, and BAI
in IPA with different concentrations. The optimal concentration of PDAI, used in devices was 1 mg/ml.
The surface treatment was finished by depositing 130 ul organic salts solution onto the perovskite film
surface at a spin rate of 4,000 rpm for 25 seconds with a 1,000 rpm/s acceleration. The film was then
annealed at 100 °C for 5 min. After cooling down to room temperature, the substrates were transferred to
the evaporation ‘system-and a 20-nm-thick Cgo film was subsequently deposited on top by thermal
evaporation at atate of 0.2 A s™'. The substrates were then transferred to the atomic layer deposition (ALD)
system (Picosun) to deposit 20 nm SnO, at 90 °C using precursors of tetrakis(dimethylamino) tin (iv)

(99.9999%) and deionized water. A 140 nm Ag electrode was then deposited by thermal evaporation.

Single junction Pb—Sn perovskite solar cells. The prepatterned indium tin oxide (ITO) glass substrates
were sequentially cleaned using acetone and isopropanol. PEDOT: PSS was spin-coated on ITO substrates

at 6,000 rpm for 30 s and annealed on a hotplate at 160 °C for 20 min in ambient air. After cooling, we
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transferred the substrates immediately to a nitrogen-filled glovebox for the deposition of perovskite films.
The perovskite films were deposited with a two-step spin-coating procedure: (1) 1,000 rpm for 10 s with
an acceleration of 200 rpm s, (2) 3800 rpm for 45s with an acceleration of 1000 rpm s, 300 ul CB was
dropped onto the spinning substrate during the second spin-coating step at 20 s before the end of the
procedure. The substrates were then treated on hotplate for 10 min at 100 °C. Post-treatment with EDAI>
was carried out by spin-coating a solution of 0.5 mg/ml EDAI, in 4:3 IPA:Toluene at 4000 rpm for 25 s,
followed by annealing at 100 °C for 5 min. 20 nm C60, 8 nm BCP and 140 nm Ag were sequentially

deposited on top of the perovskite layer by thermal evaporation.

All-perovskite tandem solar cells. The wide bandgap perovskite solar cell fabrication was completed as
described above until the deposition of ALD SnO,. After ALD deposition of SnO>, 1 nm of Au was
deposited by thermal evaporation. Next, PEDOT:PSS (diluted at a 1:2 volume ratio in IPA) was spin-coated
onto the wide bandgap subcell at 4000 rpm for 30 s and annealed at 120 °C for 10 min. The substrates were
then cooled and transferred to a N,-filled glovebox for the deposition of the narrow bandgap subcell. The
narrow bandgap perovskite precursor solution was spin-coated onto the substrates at 1000 rpm for 10 s
followed by 3800 rpm for 45 s. 20 s before the end of the second step, 300 uL of chlorobenzene was dropped
onto the substrate. The substrate was then annealed at 100 °C for 10 min. Post-treatment with EDA was
carried out by spin-coating a solution of 0.5 mg/ml EDAIL in 4:3 IPA:Toluene at 4000 rpm for 25 s, followed
by annealing at 100 °C for 5 min. Finally, C¢o (30 nm), ALD SnO, (20 nm) and Ag (140 nm) were

sequentially deposited as described earlier.

Device testing

The current density-voltage (J-V) characteristics were measured using a Keithley 2400 source meter under
illumination from a solar simulator (Newport, Class A) with a light intensity of 100 S5 mW c¢cm™ (checked
with a calibrated reference solar cell from Newport). J-V curves were measured in a nitrogen atmosphere

with a scanning rate of 100 mVs™ (voltage step of 10 mV and delay time of 200 ms). The active area was
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determined by the aperture shade mask (0.049 cm? for small-area devices) placed in front of the solar cell.
A spectral mismatch factor of 1 was used for all J-V measurements. For stabilised output measurements at
maximum power point (MPP), the device testing chamber was left under ambient conditions. Solar cells
were fixed at the MPP voltage, (determined from J-V sweeps in both scanning directions) and current output
was tracked over time. EQE measurements were performed in ambient air using a QuantX-300 Quantum
Efficiency Measurement System (Newport) with monochromatic light focused on the device pixel and a
chopper frequency of 20 Hz. For tandem solar cells, EQE measurements were performed in ambient air and
the bias illumination from bright LEDs with emission peaks of 850 and 450 nm were used for the
measurements of the front and back subcells, respectively. No bias voltage was applied during the EQE

measurements of the tandem solar cells.
Stability testing

Devices were placed in a homemade stability tracking station. For the single-junction devices, the
illumination source was a white light LED with intensity calibrated to match 1-sun conditions. For tandem
solar cells, an AM1.5G solar simulator illumination source (G2V sunbrick) with an intensity of 100 mW
cm ? was used. For room temperature tests (ISOS-L-11), device chamber was sealed and supplied with
continuous N purging. MPP were tracked by a perturb and observe algorithm that updates the MPP point
every 10s. Encapsulation was done by capping device with a glass slide, using UV-adhesive (Lumtec LT-

U001) as sealant.
Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS)

GIWAXS measurements were conducted at the BXDS (LE-wiggler) beamline of the Canadian Light Source
(CLS) using X-ray with a wavelength of A= 0.82 A at a grazing incidence angle of either 0.15° or 1°, and
an exposure time of 5 s. The GIXRD patterns were collected by a MarCCD 225 detector with a sample-
detector distance of 430 mm, and were presented in q coordinates using the equation q=4nsin6/A, where 0

is half of the diffraction angle. In the present GIXRD data, q has been calibrated by measuring the XRD
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from a Lanthanum hexaboride reference sample. Images were calibrated using LaB6 and processed via the

Nika software package ¥’ and the GIXSGUI MATLAB plug-in *.
Drift-diffusion simulations

Simulations of perovskite solar cells were conducted in the heterojunction solar cell simulator SCAPS-1D,

version 3.3.07.%
TA/TR Spectroscopy

Femtosecond laser pulses of 1,030 nm generated by a Yb:KGW laser at a 5 kHz repetition rate (Pharos
(Light Conversion)), passed through an optical parametric amplifier (Orpheus (Light Conversion))
selected for 450 nm light. The beam passed through the parametric-amplifier served as the pump pulse,
whereas the probe pulse was generated by focusing the initial 1,030 nm pulse into a sapphire crystal,
which resulted in a white-light continuum (Helios (Ultrafast)). With a temporal resolution of the system
of ~250 fs, each time step meant delaying the probe pulse with respect to the pump, with time steps that
increased exponentially. Every other pump pulse was blocked with a chopper to determine the change in
optical density. After going through a grating spectrograph, the pulses were measured by means of a

charge-coupled device (CCD) (Helios (Ultrafast)).
Intensity-dependent photoluminescence quantum yield (PLQY) measurements

The excitation source was an unfocused beam of a 442 nm c.w. diode laser. Photoluminescence was

collected using an integrating sphere with a pre-calibrated fibre coupled to a spectrometer (Ocean Optics

QE Pro) with an intensity of ~300 mW cm 2. PLQY values were calculated by PLQY = > Ps <> where 4 =
Ex*

P . . . o . .
1- P—L , Ps 1s the integrated photon count of sample emission upon laser excitation; Pg,, is the integrated
Ex

photon count of the excitation laser when the sample is removed from integrating sphere, and P;, is the
integrated photon count of excitation laser when sample is mounted in the integrating sphere and hit by the

beam. A set of neutral density filters were used to vary the excitation density.
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TRPL spectroscopy

TRPL measurements were performed using a Horiba Fluorolog Time Correlated Single Photon Counting
(TCSPC) system with photomultiplier tube detectors. A pulsed laser diode (532 nm, 110 — 140 ps pulse
width) was used as excitation sources for steady-state and transient measurements. For transient

measurements, a 160 ns period (0.28 nJ per pulse) was used to capture accurate lifetimes carrier lifetimes.
IPES and UPS

For combined ultraviolet photoelectron spectroscopy (UPS) and inverse photoelectron spectroscopy (IPES)
measurements, an Excitech H Lyman-a photon source (10.2 eV) with an oxygen-filled beam path was used
for excitation and coupled with a PHI 5600 ultrahigh vacuum system with a hemispherical electron energy
analyzer. A sample bias of -5 V and a pass energy of 5.85 eV were used for UPS acquisition. Inverse
photoelectron spectroscopy (IPES) measurements were performed in the Bremsstrahlung isochromat mode
with electron kinetic energies below 5 eV and an emission current of 2 pA to minimize sample damage. A
Kimball Physics ELG-2 electron gun with a BaO cathode was used to generate the electron beam and the
emitted photons were collected with a bandpass photon detector that included an optical bandpass filter
(280 nm for 3F-PEA and BA treated films, and 254 nm for control and PEA treated) and a photomultiplier
tube (R585, Hamamatsu Photonics). Samples were held at a -20 V bias during all IPES measurements and

the UHV chamber was blacked-out to exclude external light.

Perovskite films sent for combined UPS/IPES were fabricated on ITO/NiOyMe-4PACz substrates.
Transient photovoltage/photocurrent

These measurements were carried out according to reference *.

Kelvin Probe Force Microscopy (KPFM)

Kelvin Probe Force Microscopy (KPFM) images were generated using an Asylum Cypher S atomic

force microscope (Oxford Instruments; Asylum Research, Santa Barbara, USA) with a Ti-Ir coated
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ASYELEC.01-R2 cantilever with k=440.5 N/m (Asylum Research). Scans were performed over 2
um at 512 pixels and 0.5 Hz in a two-pass nap method; the first pass in tapping mode and the second
in KPFM mode with a tip potential of 5V and surface clearance of 5 nm. Cantilever calibration was

performed using the Asylum Research GetReal database.
Hyperspectral imaging

Perovskite films were deposited on HTL/ITO films using the same recipe as used fordevice fabrication,
and the Ceo film was evaporated on top of perovskite films to have pin device stack. The absolute PL
spectra of the encapsulated samples were collected using a hyperspectral imaging system coupled to a
microscope with 2 nm spectral resolution (Photon etc. IMA). Samples were excited from the top surface
of perovskite (and Ceo layer) with 405 nm laser at ~1 sun illumination condition.’' The absolute
calibration procedure of the setup is reported in detail elsewhere.?*> The collected data was analyzed via
home-built MatLab code using modified Wiirfel’s generalized Plank law to get quasi-Fermi level splitting

(QFLS, Ap):*3¢

cos @ ) 1

PEo)= Aoy 332E -
4m3h3c? (E Ap
exP\ T )_ 1
B

where Ag g) is the absorption probability of a photon with energy E, incident at an angle 6 with respect
to the surface normal. k5T is Boltzmann constant and the temperature (equivalent to 25.7 meV at room
temperature). Here, cos 6 factor appears as the emission from the surface following the Lambert’s law.
Finally, fitting is applied to each data cube to construct the images with 2 pixel averaging, which gives

spatial resolution ~ 0.6 pm/pixel.
SEM

High-resolution SEM images were obtained using the Hitachi S5200 microscope with an accelerating
voltage of 1.5 kV. A low accelerating voltage and a low beam current were deployed to reduce surface

damage of perovskite films under electron beam bombardment.
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Pseudo-JV (pJV)

Pseudo-JV curves were plotted based on the intensity-dependent PLQY measurements. First, quasi-Fermi

level splitting (QFLS) is calculated by the PLQY values at various excitation light intensities:

QFLS = kgT X In(PLQY X S X J¢/]orad)
where S is the sun-equivalent excitation intensity, J the generated current density at 1 sun (taken from
device Jsc) and Joraq the radiative recombination current in the dark (taken from the dark current value
from Shockley-Queisser limit).
Since the generated current density is proportional to the excitation light intensity, an exponential
current—QFLS curve is created that ideally follows the same functional dependence on voltage as the dark
current—voltage curve of a diode without any series resistance. Subtracting this from a charge generation
current density at 1 sun (Jg) creates a pJV curve that is only limited by non-radiative recombination

processes in the cell but not by the transport and/or the series resistances.
DFT Calculations

All DFT calculations were done by FHI-aims code.”’ The default numerical settings, referred to as
“intermediate” in FHI-aims were used. Local minimum-energy geometries of Born-Oppenheimer surfaces
were obtained with residual total energy gradients below 1x102 eV/ A for atomic positions by the PBE-
GGA functional® within the Van der Waals corrections followed by the Tkatcheko-Scheffler (TS)®!
method. The density of states (DOS) is calculated through PBE-GGA functional, including spin-orbit
coupling effects®® within a k-point grid of 2x2x1 to sample the Brillouin zone that corresponds to the unit

cell shown in Supplementary Fig. S7 b,c.

To mimic the experimental compositions Cso2FA¢sPb(lo.6Bro4)s, an alloyed structure was first built by
using a 2x2x2 supercell based on the cubic phase conventional cells (as shown in Supplementary Fig. S7
a) within a composition, Cso25FA¢75sPb(lo.534Bro.416)3. Next, the slab structures (as shown in Supplementary

Fig. S7 b,c, the total ¢ axis is set to 100 A) were built based on these PBE+TS relaxed alloyed structures
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in a 1x1x3 supercell for Pb-I terminated and (FA, Cs)-I terminated surfaces. The detailed surface
configurations are very important for prediction of work function tunability, which will be largely
affected by the surface terminations and surface defects. As a result, three different surface configurations
(perfect surface, surface with one iodine vacancy Vi, and surface with one bromine vacancy Vg;) are
considered for the Pb-I terminations. On the other hand, five different surface configurations (perfect
surface, surface with one Cs vacancy Vs, surface with one FA vacancy Vra, surface with one iodine
vacancy Vi, and surface with one bromine vacancy Vg;) are considered for (FA, Cs)-I terminations. In all
of the geometry relaxations for the slab, the bottom three layers of atoms are fixed to mimic the bulk

environment, and the atomic positions of all the atoms besides these three layers are relaxed by PBE+TS.

Based on these relaxed slab structures, we can calculate the work function changes caused by PDA
treatment according to the electrostatic potential difference between the treated surface (ligands on top,
Supplementary Fig. S8 b (bottom)) and the untreated surface (Supplementary Fig. S8 b (top)) as shown in
Supplementary Fig. S8 c. Among different surface configurations (Supplementary Fig. S8 a), the Pb-I
terminated surface with the bromide vacancy Vg, provides the closest agreement of AW after PDA
treatment (theoretically calculated value is 0.12 eV) with the experimental UPS data (experimental result
is 0.1 eV, Fig. 1c). Next, the detailed density of states comparison is used to elucidate the possible
changes to the surface states after PDA treatment and their corresponding n-doping/p-doping effects. In
the DOS comparison plots, the contribution from the 3™ bottom fixed Pb-I layers in the slab (as shown in
Supplementary Fig. S7 c) is used to align the DOS positions to the bulk case (as shown in Supplementary

Fig. S9).
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