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Mixed-dimisional perovskite solar cells combining 3D and 2D perovskites have recently attracted
widesi owing to improved device efficiency and stability. Yet, it remains unclear which method
of combi 3D and 2D perovskites works best to obtain a mixed-dimensional system with the
es of both types. To address this, we investigated different strategies of combining 2D
es with a 3D perovskite, namely surface coating and bulk incorporation. We found that
throug ce coating with different aliphatic alkylammonium bulky cations, a Ruddlesden-Popper
‘quasi-2D’ perovskite phase was formed on the surface of the 3D perovskite which passivated the
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surface defects and significantly improved the device performance. In contrast, incorporating those
bulky cations into the bulk induced the formation of the pure 2D perovskite phase throughout the bulk
of the 3D perovskite, which negatively affected the crystallinity and electronic structure of the 3D

i mework and reduced the device performance. Using the surface coating strategy with n-
but¥lammonium bromide to fabricate semi-transparent perovskite cells and combining with silicon

1. Introdut!on

Perovskite@e attracted tremendous interest in the photovoltaic community due to their high

efficiency an entially low fabrication cost. From the first reported efficiency of 3.8% in 2009,

the efﬁcierwgle junction perovskite solar cells has skyrocketed to 25.2% approaching the

record of tlie cur5xt|y dominating silicon technology[zl. Perovskite solar cells (PSCs) have the

potential to y compete with existing photovoltaic technologies, but to be combined with
silicon sola ilstandem configurations to target an efficiency of greater than 30%". To date,
efficiency of 28 7‘ been achieved for perovskite-silicon tandem in a two-terminal configuration

while an efficiency of 27.1% has been attained in a four-terminal configuration'®. Further steps to

improve the ov tandem efficiency involve enhancing the efficiency of each sub-cell, especially

the per ells, and managing the light more efficiently™. In term of enhancing the
efficiency (!PSCS, there has been increasing interest in utilizing mixed-dimensional perovskites by
combining D perovskites. 2D perovskites especially the ones arranged in Ruddlesden
Popper ph a class of quantum well-like materials with the general formula RyA,.1B,X3/:1.
Here, n deses the number of inorganic sheets which are intercalated with bulky organic cations R
acting aWtween the inorganic sheets and X is a halide anion'®. Thus, when n =1, a pure
2D perovs »BX is formed. By introducing a small organic cation A and increasing n 2 2, a multi-
layer ‘quasi-2D’ pegovskite is formed and finally converges to the 3D perovskite as n = =’ In a 2D
perovsi{r:ic size constraints are significantly relaxed, compared to Goldschmidt tolerance
factors that determine the formation of 3D perovskites'®. This enables a wide range of choices for
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the bulky organic cations R to be designed and engineered, thus obtaining the desired optical and
electronic propertiesm. In addition, various strategies can be applied to combine 2D perovskites with
3D perom the aim of enhancing both device efficiency and stability. Wang et al.
incorporatmvmonium cations into 3D mixed-cation mixed-halide perovskites
FA0_83C5517@3 (where FA is formamidinium), which led to the formation of 2D perovskite
platelets antsurressed the non-radiative charge recombination in the devices®. Other researchers

added a s nt of phenylethylammonium (PEA) cations into the 3D perovskite precursor,

which led w’nation of the 2D perovskite at grain boundaries and suppressed the ion
migration[;a very different strategy, Koh et al. and Cho et al. used bulky organic cations n-
butylamm d/or iso-butylammonium to passivate the surface of the 3D perovskite which

enhanced Roth the efficiency and moisture resistance of the devices™". Gharibzadeh et al.

demonstra ord open circuit voltage (Vy¢) of up to 1.31 V using n-butylammonium bromide to
passivate thé's e of FAq.53Cs0.17Pb(lg.6Bro.4)z perovskite”z]. Utilizing PEA cations, Cho et al. also
used a s§ng approach and found that the selective growth of a pure 2D perovskite

PEA,Pb e surface of the 3D perovskite improved the charge transfer and reduced the

charge recombination™. Overall, it can be observed that different strategies have been applied to

combine ZMite with the 3D perovskite, however it is unclear which strategy works the best

for each co @ ’n of 2D and 3D perovskites. In this work, we explored two different strategies for
combined erovskites, namely: i) surface coating of the 2D perovskite onto a pre-existing 3D
perovskﬁd ii) mixing the precursors together such that the 2D perovskite was

incorporatﬁe bulk of the 3D perovskite. With regard to the chosen materials, we focused on

various ali ylammonium bulky cations such as n-butylammonium, iso-butylammonium and
t-butyl m (all known to form 2D structures) and a quadruple-cation mixed-halide 3D
perovskite, exhi g a bandgap of 1.72 eV that was optimized for tandem applications[l‘”. We found
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that the two 2D treatment strategies caused vastly different impacts on the crystallinity, optical
properties and electronic structure of the mixed-dimensional perovskite, leading to contrasting
trends ih performance. Using X-ray diffraction (XRD), transmission electron microscopy
(TEM), cat cence (CL) and other characterization techniques, we clearly evidenced that
the fom!atq{!nc”:\uddlesden-Popper ‘quasi-2D’ perovskite phase through the surface coating
strategy passivated the surface defects, changed the electronic structure at the surface of the 3D
perovskite Ited in better carrier lifetime and higher efficiency. Using the optimum 2D
surface tremondition to fabricate semi-transparent perovskite cells and measuring them in a
four-termi skite-silicon tandem configuration, we achieved a tandem efficiency of 27.7%
with an int;

ed back-contact (IBC) silicon bottom cell and 26.2% with a passivated emitter

with rear ISaIIy—diffused (PERL) silicon bottom cell in a 1 cm? size-matched tandem.

2. Results mssion

Figure ifferent 2D treatment strategies: surface coating and bulk incorporation. In the

surface coatin hod, the 3D perovskite film is first spun on a substrate following a standard
procedure and the substrate is subsequently annealed on a hot plate at 100°C for 30 minutes™. The
quadrupIeStion mixed-halide perovskite Rbg o5Csg.095MAq.1425FAg 7125Pbl,Br with a bandgap of 1.72
eV is utilize 3D perovskite framework. The 2D perovskite precursor (n-butylammonium
bromide (BDbutylammonium bromide or t-butylammonium bromide diluted in 2-propanol
with differ@nt concentrations) is then spun on top of the 3D perovskite film, followed by annealing at
100°C fw. In the bulk incorporation method, different percentages of the 2D perovskite
precursor ( alkylammonium cations in a mixture of dimethylformamide/dimethyl sulfoxide)

are added into the8D perovskite precursor to form a mixed 2D-3D perovskite precursor. The mixed

spun on the substrates following the same procedure as mentioned above.
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Figure 1. S!ematic detailing two different 2D treatment routes for perovskite solar cell absorber

layer.a—su ating. b — bulk incorporation.

2.1. Photovoltaic Performance

We fabricateEvskite solar cells using perovskite active layers that underwent different 2D
treatm ioned above in a n-i-p cell structure indium tin oxide / compact TiO, /
mesoporoui TiO, / perovskite / Spiro-MeOTAD / Au. Similar trends were observed in the device
performance with surface coating and bulk incorporation, regardless of the choice of aliphatic
alkylammo ky organic cations (Figure S1, Table S1). Thus, for the remainder of the work we

only perfo!ef Eefailed investigations on the properties of samples treated with the n-

butylammanium cation. Hereafter, we abbreviate the different 2D treatments as Surface - High:

surface coati jh high concentration (2.5 mg/ml), Surface - Low: surface coating with low
concentrat g/ml), Control: control sample, Bulk - Low: bulk incorporation with low
concen %) and Bulk - High: bulk incorporation with high concentration (5%). As shown in

Figure 2, the contrdl devices exhibited an average efficiency of 16.9% (reverse scan) with a
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respectable Vyc of 1.23 V. There was a small difference of ~¥3% between the efficiencies extracted

from the reverse and the forward current density — voltage (J-V) scans. This hysteresis effect is well

t

P

known in PSCs, which has been attributed to unbalanced charge carrier transport, ion migration,

[16]

trap-assist combination and other possible causes'™. With the low-concentration

surface'¢o Ing treatment, the efficiency was increased significantly by an absolute value of 1% to an

[

average of 12.9%. In this condition, the champion device showed an efficiency of 18.3%. The

G

efficiency € ent came from a substantial increase in the Vo-to 1.26 V and noticeable
increase infthelfill factor (FF). In addition, the hysteresis in the devices was negligible. When the

concentrat 2D coating precursor was increased, the V¢ increased further to over 1.27 V,

U

whichis o highest values reported for perovskite solar cells with a similar bandgap (1.72

eV). HowevVer, the increase in the V,c was compensated by a reduction in the FF and short circuit

[

. Thus, the average efficiency of PSCs using high concentration surface coating

4V

current de

remained si the control devices. In contrast to the surface coating strategy, the devices using

the bulk in tion strategy showed dramatically reduced performance. The average efficiency

Y

was 14, incorporation - low concentration and was further reduced to 12.0% for the

high concentration. The reduction in the cell performance was the result of drops in all the

[

photovoltaic parameters. Moreover, the hysteresis became much more severe as indicated by a

large diffe @ e efficiencies extracted from the J-V curves in both reverse and forward

directions.

N

Givent skite cell performance was improved with 2D surface coating, we further

{

examined the impact of the surface coating on the stability of the devices. We tested the light

U

stability of perovskite cells both with and without 2D surface coating. The devices were kept

operati Itage close to the maximum power voltage under light and inside a custom-made

A

sample holder with constant N2 flow, and J-V characteristics were determined every hour. Over 100
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hours of operation, the control device retained about 88% of its initial efficiency, and the efficiency

recovered to ~94% of its original value after two days in the dark (Figure S2). The device with surface

t

P

coating sh lightly better light stability with the efficiency retaining about 93% of the initial
efficiency rs and the efficiency recovered to over 99% of its original value after two

daysin e A Ae shown in Figure S3 and Figure S4, we also detected reversible halide phase

segregation in the control film and surface-coated film in agreement with previous work™, however

Cl3

we have pr shown that, even though halide segregation occurs at the film level in both

control and{sulffacétpassivated perovskite films, its impact at the device level is negligible when the

S

perovskite s operate under light near their maximum power point“gl. Therefore, the gradual

U

drop in effi likely to be due to the reversible migration of cations inside the active perovskite

layer as reported previously[lgl, but further investigation is required to understand the exact

[

degradatio ism.

d

Author M
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Figure 2. Distri n of photovoltaic parameters of perovskite solar cells with different 2D
treatm d from J-V curves in both reverse (R, green) and forward (F, red) scanning

directions.s— open circuit voltage (Vy¢), b — short circuit current density (Js¢), ¢ — fill factor (FF), d —

efficiency. T, rate is 50 mV/s in all the measurements.

2.2. Effect of Different 2D Treatments on the Surface Morphology, Crystal Structure, New Phase

Formation!nd Lifetime of Perovskite Films

To understand thegmechanisms behind the trend in photovoltaic performance of the devices when
the perovs: were subjected to the different 2D treatment routes, we first investigated the

changes of' ace morphology and crystal size of the perovskite films. As shown in Figure S5,

the con exhibited crystal sizes ranging from 400 — 600 nm. The crystal sizes did not change in

the case of surface“toating with low concentration and no additional layer was observed on the film

This article is protected by copyright. All rights reserved.
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surface. When the concentration of the 2D surface coating precursor was increased, a thin layer on

the surface could be seen although the grain sizes of the underlying 3D perovskite seem unchanged.

;t

P

This observatign was verified by examining the cross-sectional SEM images of the samples. As shown
in Figure 3 control sample and the sample with surface coating — high concentration

had monol{thica y grown grains with similar sizes extending throughout the thickness of the films. In

£

addition, a very thin layer (~10 nm) was observed on top of the 3D perovskite film in the Surface —

C

High film. | s with bulk incorporation, the grain size becomes significantly smaller and ranges

from 100 440 ven with a concentration as low as 2%. The grain size also ranges from 100 —

$

400 nm w 2D perovskite was added into the 3D precursor. This resulted in the multiple

U

grains stac ach other throughout the thickness of the Bulk - High film as illustrated in Figure

3c. Reducti@n of perovskite crystal size upon precursor modification has also been observed

[)

previously a large cation was incorporated into perovskite™ 2%, Interestingly, some

d

features appea n the films with brighter contrast suggesting the non-conducting nature of the

features res not only appear in the bulk but also were detected on the surface of the

M

sample ts indicate that the presence of the 2D perovskite compound in the 3D

perovskite precursor had a strong impact on the perovskite crystallization process. Since the BA

f

cation has a too large effective radius to fit within the A sites of the perovskite structures i.e. the

cages bet ctahedral units, it could not be incorporated properly within the 3D perovskite

9

structure. t features were indeed related to the formation of a pure 2D perovskite phase as

evidenced py our results in the next sections. This indicates that the BA cation caused a distortion in

th

[9, 21]

the crystal and changed the crystallization kinetics of the perovskite

U

Next, we used timerof-flight secondary ion mass spectrometry (ToF-SIMS) to understand the

distribu ifferent elements and species on the surface and interfaces of samples with different

A

2D treatments. Figure 3d shows the depth profile of Au® for the gold metal contact, CHsO" for the

This article is protected by copyright. All rights reserved.
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Spiro-MeOTAD, Pb" for the perovskite active layer, Ti" for the TiO,, and Sn* for the transparent

conducting oxide ITO, which thus represents the full device structure. The depth profile of the 2D n-

at

P

butylamm cation (C;H,,N" with mass 74) is shown in Figure 3e, clearly showing the emergence
of the 2D rface of the perovskite layer in the films with surface coating treatment. In

the filmew perovskite incorporated in the bulk, the intensity of the 2D cation is slightly higher

[

on the surface ofthe perovskite film and significantly higher near to the perovskite — TiO, interface.

C

This pheno as previously been observed when incorporating HOOC(CH,),NH3),Pbl, (AVAI)

into the b bl; perovskite®. As shown in Figure S6, the roughness of the control perovskite

$

film was 2 ith surface coating, the surface roughness was reduced to 14.9 nm and 10.3 nm

U

with low ¢ tion and high concentration, respectively. That indicates the 2D coating layer

might fill tRge “valleys” and smooth out the surface of the underlying 3D perovskite layer. With the

n

bulk incormmples, the roughness was also reduced significantly to 12.4 nm and 10.3 nm for
low concentfat nd high concentration, respectively. This was mainly due to the smaller grain size
of the pero rystals, in which the height difference between the grain interior and grain

bounda

ificantly reduced.

Author M
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Figure zection of the perovskite cell with the perovskite film Surface - High (surface

coating — high concentration). The red lines mark the presence of a thin layer on the surface of the

3D perovsh - Cross-section of the perovskite cell with the control perovskite film. c - Cross-

section of skite cell with the perovskite film Bulk - High (bulk incorporation — high

concen:ratﬁ scale bar is 1 um. d — ToF-SIMS depth profiles of Au®, CHsO", Pb*, Ti" and Sn* to
show t structure of the device. e — ToF-SIMS depth profile of C4H;,N" in perovskite films

with differ*t 2D treatments.

We checkenstal properties of the perovskite films using X-ray diffraction (XRD). As shown in

indexed to (110)

bntrol film exhibited characteristic peaks at 14.4°, 20.4°, 25° and 28.9° which were

002), (112)/(200), (202) and (004)/(220) tetragonal phases, respectively. The main

This article is protected by copyright. All rights reserved.
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peak was located at 20.4° indicating that the perovskite film was oriented along the (112) and (200)

directions. On the surface coated films, the dominant peak remained at 20.4° although the intensity

of the peat lightly decreased. Importantly, new peaks at 9.0° and 13.5° were detected and an
additional low angle 4.5° could be found using grazing incidence XRD (Figure S7). These

peaks 48 rsﬁspond to the characteristic peaks of BABr located at 5.5° as reported

previously[@\d, these peaks were related to the Ruddlesden-Popper (RP) ‘quasi-2D’ perovskite

(BA),A,1Pb 2n+1 With n =2 as previously reportedm]. Here, A is the combination of small
organic (Fiwd inorganic cations (Cs, Rb), where the exact composition remains unknown. In
samples w corporation, a distinctively different peak positioned at 12.92° was detected in
the bqu—in;;d samples with high concentration, which corresponds to the 2D perovskite
BAsz(IyBr!E4 phase. Interestingly, the main peak on the perovskite films changed to the position of
14.4°, whicmted that the films were oriented along the (110) and (002) orientation instead.

This finding Sup s the hypothesis that the BA cation introduced in the 3D perovskite crystal

causes the jon in the crystal structure and changed the crystal orientation. Several reports
indicat otovoltaic performance of perovskite solar cells depends on the crystal
orientation of the perovskite crystals formed on the substrate!®”. However, it is still unclear which

crystal orien!a!lon of the perovskite active layer would be more beneficial for the device

performan @ bther factors such as device structure and the choice of charge transport layers

need tofed.

We use(Mon electron microscopy (TEM) to confirm the formation of different phases in the

perovskite mh different 2D treatments. Figure 4b shows the bright-field TEM image of a
perovskite film witd high concentration surface coating, in which a region with 2D perovskite on the
surface¢ (highlighted in yellow). From the high-resolution TEM (HRTEM) of this area
(Figure 4c-d), it is evident that multiple phases with significantly different interplanar spacing are

This article is protected by copyright. All rights reserved.
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formed. One phase has an interplanar spacing of 3.62 A, which matches with the (202) reflection of

the 3D perovskite according to Bragg’s law (Table S2). The other phase with much larger interplanar

spacing (6.& is closely related to the ‘quasi-2D’ RP perovskite peak at 26 = 13.5°. Figures 4e-g
show the EM of a perovskite film with 2D incorporated in the bulk at high

concen#atﬂ!n.nese images, the bright features identified in the SEM image can be observed and

highlighted. :he j terplanar spacing calculated from the HRTEM image of the highlighted area is 6.81

A, which ca igned to the pure 2D perovskite phase peak at 26 = 12.92°. The excellent

agreementibetWedh the TEM and XRD results confirms the formation of the RP 2D perovskite phase

(BA)ZAn_lem (n=2) on the surface of the 3D perovskite when the bulky organic cation is

used in th coating strategy, however the pure 2D perovskite phase is formed instead when

the bulky &anic cation is utilized in the bulk incorporation strategy.

This article is protected by copyright. All rights reserved.
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Figure 4. a — XRD patterns of perovskite films deposited on glass/ITO/ms-TiO, substrates with
different 2D treatments. The * symbol represents the (BA),A,.:Pb,(1,Bri,)s,.1 2D perovskite phase
and themWesents the BA,Pb(l,Bry.,), phase. b — bright-field TEM image of the perovskite
films with ing - high concentration. c — HRTEM image of the highlighted regionin b. d —
Zoom-irFoH!eglonighlighted in ¢ to show the presence of the ‘quasi-2D’ RP perovskite. e - bright-

field TEM itge j the perovskite films with bulk incorporation — high concentration. f — HRTEM

image of th

the pure Zw

To verify th, we used cathodoluminescence (CL) to characterize the different phases in

hted region in e. g — Zoom-in of region highlighted in e to show the presence of

perovskite!lms with the various 2D treatments™ %!, Figure 5a,b shows the magnified SEM images

of the peroyskitefilms with surface coating — high concentration and bulk incorporation — high
concentrat ents. A thin layer of the 2D perovskite film can be observed on the surface of
the3D p ite film on the Surface — High film, while some bright features can be clearly seen on
the Bul film. Figure 5¢ presents the CL spectra of the control film, the Surface-High film and

the Bulk-High film (inside and outside of the bright features as marked in Figure 5b). The CL
spectrum *trol film has a peak at ~ 720 nm, which agrees with the optical bandgap
extracted @bsorption data. On the sample with surface coating at high concentration, we
detected a rum with double peaks located at 720 nm and 610 nm. The latter corresponds to
the emi f the thin Ruddlesden-Popper 2D perovskite film with n=2 reported in

)

literature™. Interestingly, we detected a single peak CL spectrum at the area outside of the bright

spot (Spot Eouble peak CL spectrum on the bright spot (Spot 2) of the bulk-incorporated

sample. T ional peak of the CL spectra on the bright spot was positioned at the wavelength

~515 nm, whi lose to the emission peak of the pure 2D perovskite (n=1). The

This article is protected by copyright. All rights reserved.
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photoluminescence spectra of the pure 2D perovskite (n=1), Ruddlesden-Popper 2D perovskite film
(n=2) and 3D perovskite film are shown in Figure S8, which confirms the finding in the CL results.
Furtherr#applied two filters while capturing CL images, a 605 nm long pass filer to detect the
main 3D p k and a 500440 nm bandpass filer to detect the pure 2D perovskite
BAsz(Iy!r ma. Figures 5d show a strong correlation of the bright features on the SEM image
(Figure 5b) and high luminescence areas on the bandpass filtered images. Those bright areas
however a rk on the long pass filter image (Figure S9a), which indicates lower luminescence

at the wavglength @f 720 nm. In the CL image of the Surface-High film with no filter (Figure S9b), the

S

CL signal is uniform which indicates that the 2D layer (n=2) is uniformly distributed through

U

the surfac D layer. We examined the absorbance spectra of perovskite films as shown in

Figure $10&\ The surface coated films exhibited similar absorbance spectrum to the control film. This

[

indicated t layer of the Ruddlesden-Popper 2D perovskite on the surface did not affect the

d

absorption of t nderlying 3D perovskite film. In contrast, a clear edge at ~500 nm could be

observed i Ik incorporated films with both low and high concentrations. In addition, the

absorp ient was significantly lower in the case of bulk incorporated films as compared to

the control film and surface-coated films (Figure S11). Although the bandgap as determined from

1

the Tauc plot seemed unchanged at 1.72 eV for all the perovskite films (Figure S10b), the emergence

O

of the ne @ ce edge at ~500 nm suggested that as the 2D was incorporated into the 3D

perovskite

cation with Pb and other halides (I, Br) and that this significantly changed the optical property of the
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Figure 5. a - High magnification SEM picture of Surface — High film. b — High magnification SEM

picture of hh clearly showing the bright spots. The scale bar is 500 nm. c —

Cathodoluce spectra of perovskite Surface - High, Control and Bulk - High at two different

spots. d — Cldi of Bulk-High film using 500140 nm bandpass filer. The penetration depth of the

electromssi easurement was calculated to range between 210 nm to 263 nm.

e

In order to; how the changes in the film crystallinity and the formation of different phases

affect the the perovskite films, we applied thermally stimulated current (TSC) technique to

probe th 4@ tates in the device®®. TSC was performed on full solar cells by filling the trap states

using photo illumiffation at low temperature (18 K) and then devices were heated with a constant
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rate (7K/min) resulting in the release of trapped carriers. The current originating from the de-
trapped carriers is measured as a function of temperature which gives the typical TSC spectrum.
Figure GH TSC spectra of perovskite solar cells with different structures and with different
2D treatm ontrol device and device with low concentration surface coating, two distinct
peaks w-eriIMd around 90 K (T1) and 235 K (T2) (red line). To identify the location of the traps,
we performed TSC a on perovskite film without transport layers and only observed at peak at T2 in
this sample ue line). This indicated that the peak around T1 originated from one of the two
transport |W|e the peak around T2 came from the perovskite active layer. The magnitude of
TSC peak a e surface coated device is found to be slightly lower than that of the control
device. In t Incorporated device (cyan line), beside the common peaks at T1 and T2, an

additional Rroad peak was observed at around 178 K (T3). Furthermore, the magnitude of TSC peak

atT2in thmorporated device is higher than that of the control device. Due to the broadening
p

of the TSC e average trap depth (Et) of the corresponding peak was estimated using™®”:

E E; = kgTyIn(Ty*/b)

where is kg is the Boltzmann constant, and T,, is the temperature of the TSC peak, and b is the

heating rahrrent magnitude in the TSC signal is the measure of the number traps, and the

lower Iimitensity was estimated from the time integral of TSC signal using:
s fITSCdt < eNtdA

where density, e is the elementary charge, d is the thickness of the active layer and A is

area of the device.i he summary of trap depths and trap densities corresponding to each peak for all
the devicesis s in Table 1. From TSC results, it can be concluded that the surface coating
strategy the number of traps while the bulk incorporation strategy increased the number of
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traps at the trap position E; = 485 meV. The bulk incorporation strategy also created an additional

trap level in the perovskite with a trap depth E, = 350 meV and trap density N, = 1.25x10™® cm™.
p p p depth E; p y Nt

I

We used ti ved photoluminescence to measure the lifetime of the films. As shown in Figure
6b and su able S3, the lifetimes of the surface coated films with both low and high
H I

concentrati@n were much higher than the control film. This indicates that formation of the
Ruddlesded*Popp8&k 2D perovskite on the surface of the 3D perovskite passivates the defects on the
surface of th erovskite. Surface defects have been regarded as the main source of non-

radiative r tion in perovskite™. However, the reduction in the FF of the devices with
surface coating at fligh concentration suggests that as the concentration of the surface coating
precursor i , the surface coating layer became excessively thick. Therefore, its insulating
nature inhi carrier extraction in the device. In contrast, the life time of the bulk-
incorporat@as much lower than the control films and the life time was further reduced with

the hig ation of the bulk incorporation. This agrees with the reduction in the crystal size,

with more graj ndaries and the increase in the phase impurity (pure 2D phase BA,Pb(l,Br.,)a)
acting as recombination centers inside the perovskite. In addition, since the structure of the pure 2D
and its ani!tropy induce an in-plane growth with layer orienting parallel to the substrate'®, it can
hinder the ansport from the bulk of the perovskite active layer to the charge transport
layers. The t PL results were also confirmed by measuring the steady state PL images of the
devices ungr light and open circuit condition. As shown in Figure 6¢c-e and Figure S12, the devices
with surM (both with low and high concentration) showed much higher PL counts than the
control device, which was in line with the enhanced V¢ in the devices. This again emphasized the
substantial reducti@n in the non-radiative recombination inside the device. In the case of bulk
incorp@cially the device with high concentration doping, the PL count was very non-
uniform over the active area. Since the V. of the devices was much lower than the control device,
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the locally high PL count suggests misalignment of the energy levels between the perovskite and the

electron and/or hole transport layers, which is further investigated in the next section.

o
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Figure 6. a%lly stimulted current (TSC) spectra of perovskite devices in different structure

and with dD treatments. b - Time resolved photoluminescence of perovskite films with
differe:rnts. The fluence of the lase is ~10 pJ/cm?/pulse. c — PL image of a control
perovs L image of a device with 2D surface coating — low concentration. e - PL image of

a device w’h 2D incorporated in the bulk — high concentration.

Table 1. 1on of the trap depth and trap density in perovskite device with different 2D
treatm<
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Device Et; Et, Nt Nt,

[meV] [meV] [em™ [em™)

Control H 485 - 3.12x10'° -

Surface - @5 - 2.27x10' -

Bulk - T ) 485 350 5.68x10" 1.25x10"

[

2.3. ImpacOSurface Chemistry and Electronic Structure of Perovskite Films

To underst@nditheSurface chemistry of perovskite films with different 2D treatments, we measured

$

the x-ray p ron spectra (XPS) to quantitatively evaluate the change in the elemental

U

compositi surface of the films. In the C 1s spectra as shown in Figure 7a, three individual

peaks positioned at 285.1 + 0.15 eV, 286.8 + 0.15 eV and 288.6+ 0.15 eV were attributed to C-C,

A

C-N and C5 g, respectively[zgl. C-0O could be excluded since no obvious oxygen signal was

d

observed in the data. From Figure 73, it is evident that the C=N was decreased while the C-N

was increas surface coating. In contrast, the relative concentration of different carbon

M

species ly stable with the bulk incorporation. This finding was verified by fitting the N 1s

spectrum as shown in Figure 7b, in which the peaks located at 400.94+0.15 eV (assigned to N=C) was

[

decreased a peak located at 402.5 £ 0.15 eV (assigned to N-C) was increased™. In addition,

O

the C-C loc 85.6 +0.15 eV for all the samples with 2D treatments, which is 0.5 eV higher

than the c@ntrol sample. A possible cause for this would be a dipole formed between the 2D

g

perovskWand the 3D material after the 2D treatments. Higher relative concentration of Br
and lower $oncentration of | were also observed on the surface treated sample while these

seemed unchanged with the bulk-incorporated samples (Figure S13a-c). The XPS results indicate

e on the surface of the samples with 2D surface coating treatment, which supports

the finding from the XRD that a thin Ruddlesden-Popper 2D perovskite film was formed on the
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surface of the 3D perovskite film. The less prominent change in the XPS in the samples with 2D

incorporated in the bulk is understandable since the pure 2D phase BA,Pb(l,Br;.,), is distributed

throughout ulk of the perovskite films and potentially near the perovskite/ETL interface. We
also obser vel of Pb defects in the samples with 2D incorporated in the bulk compared

to the con ?mple and samples with surface coating by fitting the Pb 4f spectra (Figure S13d,e).

We speculatg that these Pb defects are under-coordinated Pb on the surface, which might lead to

(31]

more surfa bination in the films~™.
C-C b N-C— N=C it
Fitting of C 1s Fitting of N 1s

Surface - High

Surface - Low

Control

Bulk - Low

Bulk - High

294 292 290 288 286 284 282 280406 404 462 460 398 396
Binding Energy (eV) Binding Energy (eV)

Figure 7. ahhe high resolution XPS spectra of the C 1s of perovskite films with different 2D

treatments @ of the N 1s spectra of the same set of samples.

To examin!Ee e!ectronic structure at the surface of perovskite films upon different 2D treatments,
we used ul‘aviole'photoelectron spectroscopy (UPS) and inverse photoemission spectroscopy
(IPES). Fig ililmstrates the secondary electron cut-off region, the valence electron region of the

UPS spectr e conduction electron region of the IPES spectra for different perovskite films.
The vaI{e electronic levels and energies were extracted and are presented in Figure 8b.
The control samplé‘had a work function (WF) of 3.42 £0.10 eV. The valence band was 1.3+0.10 eV
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below the Fermi level while the conduction band was 0.6 =0.10 eV above the Fermi level, suggesting

the n-type properti of this perovskite semiconductor. An energy gap of 1.9+0.20 eV can be

calculated ﬁﬂidata, which is substantially higher than the optical bandgap extracted from the
absorption V). This phenomenon has been observed previously (especially in organic

. . . . [32] . .
semmonduSors) and is well explained in a previous report~“. In the samples with surface coating,

the WF wasgignifigantly reduced to 3.37+£0.10 eV and 3.17£0.10 eV for low and high
concentratgectively. In addition, the valence band was minimally shifted down to 1.35+0.10
eV below twlevel in both cases while the conduction band was also slightly shifted down to
0.45i0.10@w concentration and 0.4 20.10 eV for high concentration above the Fermi level.

The notablﬂn in the WF of the materials suggests that the surface coating layer greatly

modified t nic properties of the 3D perovskite surface, such as energy level structure. Since

Fermi Ieveme to the equilibrium of electrons at the perovskite/HTL interface[33], we

specula eduction in the WF of perovskite caused more upward energy band bending at

the interface d the increasing difference between the WF, and that this along with the

reduction in surface defects was responsible for the enhanced V, and FF of the devices. In the bulk

incorporats samples, the change in the WF was contrastingly different. The WF was increased to

3.62i0.10Q3.92i0.10 eV for low and high concentration, respectively. In addition, the

valence ban slightly shifted up to be 1.25+0.10 eV below the Fermi level for low concentration

and seeme‘unchanged for high concentration. The conduction band, however, minimally shifted
down td“ev above the Fermi level in both cases. The substantial increase in the WF of the

perovskite might 5 responsible for the energy level misalignment between the perovskite/HTL

interface, whic ulted in much poorer device performance and the non-uniformity in the PL
images d above.
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Figure SWd IPES spectra of perovskite films with different 2D treatments. (b) Energy level

diagram of perovsite films extracted from the UPS/IPES spectra. The uncertainty of the measured

valuesis =0

2.4. High Efficien

Four-terminal Perovskite-silicon Tandems
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We previously reported an calculated efficiency of 26.4% when stacking a semi-transparent
perovskite top cell, in which the opaque gold contact is replaced by a semi-transparent contact
Mo0s/1Z0,"0n top of a interdigitated back contact (IBC) silicon cells in a four-terminal tandem

configurati .@,

of eachgut!mmr improve the optical management of the design®. Therefore, the

ther improve the efficiency of the system, we need to improve the efficiency

enhancement indevice performance resulting from the 2D surface coating with optimal
concentrat nted here should benefit the tandem efficiency. In addition, the application of
the 2D sur%ng layer reduces the surface roughness of the perovskite film. Therefore, we

were able ; the thickness of the Spiro-MeOTAD layer to around 110 nm to reduce its

parasitic a in the long wavelength region without affecting the cell reproducibility, which

previously @ad been negatively affected®. We also thinned down the MoO; thickness from 10 nm

to5nmto me parasitic absorption of the layer as this layer becomes absorbing after the

transparento tion oxide sputtering process as shown in a previous report[35]. We used the
surface canow concentration with n-butylammonium bromide to fabricate semi-transparent
perovs champion semi-transparent device exhibited an efficiency of 17.1% with
negligible hysteresis and with the steady state efficiency of 17% after monitoring for 300 s (Figure
S14a). The average efficiency of more than 20 fabricated devices was 16.5% (Figure S15) indicating
good reped m of the process. We note that lower value of Vy was observed for semi-
transpaﬂ since masking was applied during the measurement of these devices, which will
lead to Increased recombination in the shaded area. Without masking, the V¢ of semi-transparent
devices is sijai the opaque devices (Figure S16). To minimize the reflectance loss in the four-

terminal p -silicon tandem solar cell, a textured foil was utilized on the top of the perovskite
cell and¢ index matching layer was applied between the perovskite and silicon cell (Figure
9a). The presenceé*@f the very thin 2D passivating layer negligibly impacted the transparency of the
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device. As shown in Figure S17, both the control device and device with surface coating absorb
about 12-14% in the infrared region and they both had excellent transparency of over 80% in the
long wa\mmn. We prepared a 2.5 cm x 2.5 cm inactive perovskite device following a similar
procedure tive devices. By stacking this on top of the interdigitated back contact (IBC)
silicon c%lls!mcon cell with an initial efficiency of 24.7% retained an efficiency of 10.7% under
the perovskite filtered light (Figure 9c). Overall, we achieved a calculated efficiency of 27.7% (0.21
cm? semi-t nt perovskite cell and 4 cm? silicon cell) for the perovskite-silicon tandem in the
four—termiwuration. To our knowledge, this is the highest value reported for a four-terminal

perovskite:ndem. We carried out a light stability test of an encapsulated four-terminal
a

perovskite ndem solar cell for 5 day/night cycles (12 hours under light and 12 hours in the
dark for eag cycle). The perovskite cell and silicon cell were held at fixed voltages close to their

maximum ints and J-V curves were recorded every hour. We found that in each cycle, after

12 hours opéfa under light, the efficiency of the semi-transparent perovskite top cell retained

around 9 initial efficiency recorded at the start of the cycle (Figure S18). The efficiency then
recove 98-99% of the efficiency recorded at the start of the previous cycle after the cell
stayed in the dark for 12 hours. After five day/night cycles, the efficiency of the semi-transparent

perovskite ;op ce” retained 96% of the original efficiency. For the silicon bottom cell, the

photocurre @ able under light which indicated a negligible change in the

absorption sion of the perovskite top cell (Figure $19). The overall four-terminal perovskite
silicon tﬁency retained over 97% of the original efficiency after five day/night cycles
(Figure S2 sult indicates that the four-terminal perovskite-silicon tandem solar cell is
relatively :ﬁer operating conditions, however more stability improvement is needed to

achieve@ device.
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Up-scaling of perovskite solar cells has been one of the major challenges in commercializing
perovskite solar cells®”. To show that the method of 2D surface coating could be applied for a larger
area d&n‘t:yHricated semi-transparent cells (layout as in the inset of Figure 9d) with an active
area of 1.2 easured the cells using an aperture area of 1 cm” We achieved a steady state
efficienc-y E{or the semi-transparent perovskite (Figure S14b), which was slightly lower than
the small deyice due to series resistance. We combined this perovskite top cell with a 1 cm?
passivatedumth rear locally diffused (PERL)"® silicon cell in a four-terminal tandem
configurati@n.heSilicon cell with an initial efficiency of 22.4% retained an efficiency of 10.1% when

operating n perovskite top cell. The lower efficiency of the PERL silicon cell as compared to
p

the IBC cel erating under the perovskite was mainly due to the difference in the spectral

response o!the silicon cells at long wavelengths as shown in the external quantum efficiency (EQE)

results (Fig evertheless, the overall efficiency of the 1 cm? perovskite-silicon tandem
reached 26.2% iency, which was not far behind the calculated efficiency when combining the
small pero§ll and filtered large IBC silicon cell (Table 2). Future work in engineering the
ETL/pe ite i face to further enhance the V¢, replacing the absorbing Spiro-MeOTAD HTL by

other materials such as CuSCN and completely removing the MoQj3 interlayer is expected to boost

the four-termmal perovskite-silicon tandem efficiency to 30%.

O
L
r—
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<
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Figure 9. a — Schematic showing the four-terminal perovskite-silicon tandem in the four-terminal

tandem co&' uration and the cross-section SEM image of a semi-transparent perovskite solar cell.

The scale

perovski

nm. b — EQE of perovskite cell and silicon cells performing as standalone devices

or under the ;vskite cell. c —J-V curves of perovskite-IBC silicon tandem. d — J-V curves of

Table 2. % of the efficiency of perovskite — silicon tandems.

Aperture
Jsc Efficiency
Device [cm?] Vo [V] | [mA/cm?] FF [%]
0.21 1.205 18.0 0.789 17.1
Semi-transparent perovskite cell
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(reverse scan)

Semi-transparent perovskite cell

(forwarW 0.21 1.202 18.0 0.785 17.0
Semi-trans @ erovskite cell

(steady sta@d 0.21 17.0
IBC silicon s” 4 0.717 42.5 0.81 24.7

IBC silicon cell (fiftered) 4 0.697 19.6 0.78 10.7

Calculated inal perovskite-

IBC silicon cn 27.7
Semi-transparent ;rovskite cell
(reverse sc 1 1.205 17.5 0.763 16.1

Semi-trans@arent perovskite cell

(forward scan 1 1.2 17.5 0.763 16.1
rovskite cell

(steady state 1 16.1
PERL silicon ¢ 1 0.699 40.1 0.801 22.4
PERL sil er perovskite

cell) 1 0.675 18.6 0.804 10.1
Four—termiMskite—PERL

silicon tand 1 26.2

In sumer)lored different strategies of combining 2D perovskite with 3D perovskite

materials t@ enhance solar cell performance. We found that by coating the surface of
quadruple-cati ixed halide perovskite with different aliphatic alkylammonium bulky cations, the
2D Rud@per perovskite phase with n=2 was formed which passivated the surface defects,
changed the electronic structure at the surface of the 3D perovskite and resulted in better carrier
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lifetime and higher efficiency. In contrast, incorporating the aliphatic alkylammonium bulky cations
into the bulk of the 3D perovskite negatively affected the crystallinity, induced the formation of the
pure ZDMWV[I‘] n=1, greatly changed the electronic structure of the 3D perovskite and
finally led r@ce performance. Using the surface coating strategy with n-butylammonium
bromide‘ca@fabricated semi-transparent perovskite cells with an efficiency up to 17.1% and
average transpanency over 80% in the long wavelength region. When combined with IBC silicon cells,
we achieveumncy of 27.7% in a four-terminal perovskite-silicon tandem. In addition, a
tandem efw 26.2% was attained when combining 1 cm” semi-transparent perovskite cell
with 1 cngon cell. The work paves the way for the development of high efficiency four-

terminal p silicon tandems.

4, ExperimCtion
4.1. Materm

Forma ide, formamidinium bromide, methylammonium iodide, methylammonium

bromide, n-but monium bromide, iso-butylammonium bromide, t-butylammonium bromide,

TiO, pa ered from GreatCell Solar Materials. Lead iodide was ordered from Alfa Aesar.
Spiro—MeOSD was ordered from Lum-Tech. Refractive index matching layer (series AA, refractive

index=1.4 ordered from SPI Supplies. Other materials were ordered from Sigma Aldrich.

4.2. Solar Ce jcation
ITO gla were cut into 1.45 cm * 1.25 cm and cleaned in ultrasonic bath with detergent

for 90 mwfor 15 minutes in acetone, 2-propanol and ethanol sequentially. The substrates

were further cIeanid using UV Ozone for 30 minutes before being immediately transferred to a N,
purging glove 0 nm of compact TiO, was deposited on the substrates by spinning a solution of
TTIP in 4t 5000 rpm for 15 s. The substrates were then annealed at 500 °C for 30 minutes
in air. 100 nm of mesoporous TiO, was deposited on the substrates by spinning a solution of TiO,
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paste in ethanol at 5000 rpm for 15 s. The substrates were then annealed at 500 °C for 30 minutes in
air. 3D perovskite precursor (1 ml) was prepared by mixing of FAPbI,Br (0.75 ml, 1.3 mol in N,N-
Dimethm (DMF) / Dimethyl sulfoxide (DMSQ) 4:1 volume ratio), MAPbI,Br (0.15 ml, 1.3
mol in DM :1 volume ratio), CsPbl,Br (0.1 ml, 1.3 mol in DMSQ) and Rbl (0.05 ml, 1.3 mol in
DMSO)Hemwas deposited on the substrates by spinning the solution (40 pl) at 2000 rpm for
10 s (accelergtiop.rate 200 rpm/s) and 6000 rpm (acceleration rate 1000 rpm/s) for 20 s. 5 s before
the prograuhlorobenzene (150 ul) was quickly dropped on the middle of the substrates. This
was then f@y an annealing at 100°C on a hotplate for 30 minutes. For 2D surface coating, n-
butylamm mide (90 pl) diluted in 2-propanol with different concentrations (1 mg/ml for
low conce:,;.S mg/ml for high concentration) was spun on the substrates at 5000 rpm for 30
s. The sub:!ates were further annealed at 100°C for 5 minutes. In case of iso-butylammonium

bromide a lammonium bromide, the optimal concentrations were found to be 1.6 mg/ml
S

and 3 mg/ ctively. For 2D incorporation in the bulk, mixture of n-butylammonium iodide

(0.87 mol), ammonium bromide (0.43 mol), lead iodide (0.87 mol), and lead bromide (0.43

mol) in (12 ml, 4:1 volume ratio) was added into the 3D perovskite precursor with
different ration (2% for low concentration and 5% for high concentration). The molar ratios were the

same for other aliphatic alkylammonium bulky cations. The perovskite film was then deposited

following t @ procedure as described above. Spiro-MeOTAD layer was deposited on the

perovskite pinning solution of Spiro-MeOTAD (40 ul, 72 mg/ml) in chlorobenzene with Li-
TFSI (17.5 4, /ml in acetonitrile) and 4-tBp (28.5 pl) at 4000 rpm for 30 minutes. For opaque

devices, 1 u was deposited on the substrates by thermal evaporation through a shadow
mask with area of 0.16 cm®. For semi-transparent devices, 5 nm of MoO; was deposited on
the sub thermal evaporation at very low vacuum (2xE-7 Torr). 30 nm of 1ZO was then

deposited on th bstrates by radio frequency sputtering through a shadow mask with an active
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area of 0.36 cm?. Metal grids were deposited on top of the 1ZO layers by E-Beam evaporation. For
large area device, substrates with size of 1.8 cm * 1.8 cm were used instead and a shadow mask with
an apertur%JHcm2 was used to define the active area. To integrate large area perovskite solar
cell and sili | in an area-matched four-terminal tandem, the 1 cm? PERL silicon cell was
directly-pla}ﬁ!emerneath the semi-transparent perovskite top cell. A refractive index matching

layer was pt beﬁeen the two cell and a textured foil was placed on top of the perovskite top cell.

Each cell w red independently under simulated AM1.5G light. Four-terminal perovskite-
silicon tanw cells were encapsulated between two glass substrates using butyl rubber edge
sealant ins e box. Butyl rubber edge sealant was laid around the edge of each glass
substrate device was attached in the middle of the glass substrate. The whole stack was
placed in a!ustom—built jig and put on a hot plate at 95 °C (Figure S21). The thermal insulator in the
middle of tmited the temperature experienced by the cell to below 70 °C. The four screws on

the jig were'ig ed to press the stack down and the jig was kept at 95 °C for 15 minutes before

cooling do om temperature.

4.3. Characterizations

The J-V chicteristic of the opaque perovskite cells was measured using solar simulator model
H#WAVELAB -220 equipped with a potentiostat source AutolabPGSTAT302N. The light
intensity thed at one Sun (100 mW/cm?, AM1.5G) using the certified FraunhoferCalLab
reference SII. Semi-transparent perovskite cells were measured in ambient using the same solar
simulatWtiostat. An opaque mask with an aperture of 0.21 cm? was used during the
measuremglarge area semi-transparent cell, an opaque mask with an aperture of 1 cm” was
used. Unless stated otherwise, the scan rate is fixed at 50 mV/s with a voltage step of 10 mV and
dwell ti{ws. IBC silicon cells were measured using the same solar simulator and
potentiostat under a 2.5 cm x 2.5 cm perovskite filter and a mask with an aperture of 4 cm? was
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used. PERL silicon cells were measured using the same solar simulator and potentiostat under a large
area semi-transparent perovskite cell and a mask with an aperture of 1 cm? was used. X-ray
diffractiHmed with a D2 Phaser X-Ray Diffractometer with step size of 0.01° and
integratioraer step. Grazing incidence XRD was measured with a high-resolution

PANaIyEcaERO MRD system with the step size of 0.005° and the integration time of 1s per

step. Reflection/Lransmission was measured with a Lambda 1050 spectrophotometer (Perkin Elmer)

in integrati e mode. Cathodoluminescence (CL) measurement was performed on an FEI
Verios scanihing/eléetron microscope (SEM) equipped with a GatanMonoCL4 Elite with the procedure
as previou ed®. cL images were captured in panchromatic mode with appropriate
dichroic filters® ng pass filter at 605 nm and band pass filter 500 + 40 nm were used. SEM surface

and cross—!ctional images were taken using the same system. TEM analyses were performed using
a JEOL 210 ent on perovskite films spun on the carbon side of the copper TEM grid. TSC

measurements e conducted in a closed cycle He cryostat using helium gas as the heat transfer

medium. sphere of the sample chamber was replaced with helium gas to make it inert. The
possibl filled by illuminating a white LED array on the devices through an optical window
for 5 minutes. After switching off the illumination, the device was kept in the dark for another 5

minutes to a“ow *or thermalization of the carriers. Then, the device was heated up to room

temperatu m constant rate of 7K/min. The TSC signal was monitored using a sub-femtoamp

source met ley-6430) during the heating. No external voltage was applied to measure the

current an -.W t-in field was used to collect the de-trapped carriers. Steady state

photolumi measurements were performed using a custom-made PL setup. A pulsed laser of
j

365 nm wi ition rate of 1 kHz was used for the excitation of the samples, with a fluence of
~1 w/cmg teady state photoluminescence was captured using an ACTON spectrometer and a
CCD camera PI 12 at room temperature. Time-resolved photoluminescence decay
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measurements were performed using LabRAM HR Evolution system with a time-correlated single
photon counting (TCSPC) system (DeltaPro-DD, Horiba). A 508 nm diode laser (DD-510L, Horiba) with
pulse du#fllOps, w/ fluence of ~10 cm?/pulse, and a repetition rate of 312.5kHz was used for
excitation. inescence images of perovskite solar cells were taken following the procedure
reporteEir!_Eurprevious workP?. In short, the illumination is provided by Lumileds blue light LEDs

with a peak wavelength of emission of 450 nm filtered through Semrock FF01-451 band pass filters

=

(400- 500 nm). Images were captured using a Princeton Instruments Pixis 1024 camera with a
a A
Peltier-cooled (-70 °C) silicon CCD detector. ToF-SIMS was performed using a dual beam depth
\ & 4
profiling w imary ions for the erosion (1 keV, 75 nA) and primary beam Bi;* for the analysis
(15 keV, 0. “XPS was conducted in an ultra-high vacuum apparatus from SPECS, which maintains

a base pres8ure at low 10™ mbar. The Mg Ka. line (12 kV, 200 W) is used for the measurements

with an Umonochromatic X-ray source. The angle between the X-ray source and the analyser
is 54°. Survey's t a pass energy of 40 eV was processed first. High-resolution scans at a pass
energy of re then recorded for Mo, O and C. UPS was applied to determine the occupied

U and the minimum energy required for an electron to escape

electro sample surface
the surface lsecondary electron). In the measurement, electrons were emitted with a UV radiation

of 21.218 eV excitation energy, and thus collected by detector. The UPS was operated with in-situ

XPS to avotamination during sample transfer. IPES was used in this work for determining
the unoﬂttron states of a sample [42], which was based on electron in/photon out
mechanism, Int xperiment, a beam of electron with specified energy was directed onto a sample
surface, engesi e unoccupied states and releasing photon with corresponding energy. The

photon wa d by ionizing gas phase of a mixed Ar/acetone inside a Geiger-Miiller tube. As a
functio@ic energy of the electrons, the emitted photons allowed comprising the IPES
spectrum. By op ing in-situ IPES after UPS, a complete energy band structure of the sample was
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acquired. For determining the WF, the secondary electron cut-off on the binding energy scale of the
UPS spectra was analyzed. The WF was taken by calculating the difference between the excitation
energy (Mwhich was 21.22 eV used for UPS, and the peak cut-off along the base line of the
spectra. T lence band was determined by approximating the base line and the onset of
vaIence-eIe!wak of UPS with a linear curve and determining their intersections'®?. The same

procedure was agplied for determining the value of conductive band upon the conduction electron

G

peak of IPE quantifying the peaks of XPS spectra, the intensity of peaks of various elements
were normali h atomic sensitive factor (ASF)™*. The stability of four-terminal perovskite
silicon tan cells was carried out under simulated AM1.5G light in ambient. Fans were used

to limit th ature experience by the device to below 32 °C.
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Surface coating of 3D perovskite with alkylammonium bulky cations passivates the surface defects
and improves the perovskite solar cell performance while incorporating those cations into the bulk
negatively affects the crystallinity and reduces the device performance. Using the surface coating
stratengr'\al perovskite-silicon tandem reaches an efficiency of 27.7% with interdigitated
back-conta ilicon bottom cells.
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