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De mediated carrier recombination at the interfaces between perovskite and neighboring charge
traf§port layers limits the efficiency of most state-of-the-art perovskite solar cells. Passivation of
interfa defects is thus essential for attaining cell efficiencies close to the theoretical limit. In this
wo monstrate a novel double-sided passivation of three-dimensional (3D) perovskite films
wi ace layers of bulky organic cation based halide compound forming two-dimensional (2D)
layered perovskite. We report highly efficient (22.77%) mixed dimensional perovskite devices with a
remarka pen-circuit voltage of 1.2 V for a bulk perovskite film having an optical bandgap of ~1.6
eV i combination of experimental and numerical analysis, we show that the double-sided
surface layers provide effective defect passivation at both the electron and hole transport layer
aces, suppressing surface recombination on both sides of the active layer. Despite the semi-

HY

ture of the passivation layers, we observe an increase in the fill factor of optimized cells.

arge transport through localized unpassivated regions, similar to tunnel-oxide passivation
n silicon photovoltaics. The demonstration of effective double-side passivation with a
single material expands the application of 2D layered perovskite materials in mixed-dimensional
olar cells and provides new insights into their surface passivation mechanism.
OptimiZ&%iea of the defect passivation and charge transport properties of these films has the potential to
crease cell efficiencies.

1. Introdut.sn

Within a de @ e power conversion efficiency (PCE) of perovskite solar cells (PSCs) has risen from

3.8% to over 25%. This rapid development, coupled with the potential for low-cost fabrication
compar, ntional crystalline silicon (c-Si) solar cells, continues to drive worldwide research

into thiw photovoltaic (PV) technology. In pursuit of even higher device performance,

substantial researdh is being undertaken to improve the crystal quality of perovskite films as well as

the charge e n at the perovskite/electron transport layer (ETL) or perovskite/hole transport
layer (HT ce.l?
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Commonly used solution-processed three-dimensional (3D) polycrystalline perovskite films exhibit
notable structural defects/trap states, which lead to non-radiative carrier recombination, and a
reductioﬁcircuit voltage well below the theoretical limit.”) In addition, current-voltage
hysteresis inked to the interaction of defects and mobile ions,™ and may adversely affect
the Iongte!mnty of perovskite devices.”™ In PSCs, a major contributor to these trap-assisted
carrier recogbination phenomena are surface defects at the perovskite/electron transport layer
(ETL) and p e/hole transport layer (HTL) interfaces, ' indicating the importance of developing

effective swssivation techniques. A number of recent studies involving surface passivation

have dem; suppressed non-radiative carrier recombination and consequently high open
circuit vol oc)

and enhanced PCE.’* 7' These surface passivation techniques include the

incorporat!n of excess Pbl, in the perovskite layer,”® ! controlled doping of perovskite,”® 7® &

ETLY™ 7 or nsertion of a passivation layer at one or both of the perovskite/ETL!® """ 78 of

perovskite/ M8 ] interfaces.

Among the rEed techniques, incorporation of large alkyl-ammonium cation based halide
compounds has attracted substantial research interest recently due to their hydrophobic property
and conco!itant effect on device stability.®®’® % These compounds are either incorporated into

[7e, 8]

the bulk of perovskite or applied as a surface passivation layer either at perovskite/HTL

[3a, 643, 6b, 73, 11]

interface in (n-i-p) structured PSCs or perovskite/ETL interface in inverted (p-i-n)

structuredSSCs.”c’ 78 %] The 2D or 2D-layered perovskites formed with the incorporation of these
halide cMave been variously reported to contribute to the passivation of grain-boundaries

of 3D perovskite, 1% epnhancement in the crystallinity of the bulk perovskite;[eb' 8 favorable band

[3a, 12]

U

alignment of perguskite film for cascaded charge transfer; and the inactivation of interfacial

-

trap-sta Since both perovskite/ETL and perovskite/HTL interfaces suffer from trap-assisted
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carrier recombination,®! application of 2D passivation layers on both interfaces of a cell is a natural
extension of these previous works, but one that has not yet been reported in the literature. The

rationale !e ind such double-sided 2D passivation also lies on the previous successful

implemen ly(methyl methacrylate) (PMMA) based dual-sided interface passivation®”

and graﬂ\immne oxide™ in PSCs for enhanced PCE. However, the semi-insulating nature of

[9a]

2D perovskites ed on bulky organic cations “* requires a trade-off between having a sufficiently

thick layer ctive surface passivation, while maintaining good carrier conductivity to allow

efficient c?‘Wsport between the perovskite active layer and the transport layers.

Here, we demonstate highly efficient (maximum PCE: 22.77%) mixed dimensional PSCs via double-

sided past?@ quadruple cation perovskite (Csgg7Rbg.03FA0.765MAg.135Pbl5 55Brg 45, MA: methyl

ammoniu mamidinium) films with n-butylammonium iodide (C4H:,IN; n-BAl) in an n-i-p

device con@r. The resulting symmetric passivating layer structure substantially reduces non-
radiativ, iaation at both perovskite/charge transport layer interfaces. This is confirmed by
enhanced V fill factor (FF) of passivated PSCs and is substantiated by steady-state

photoluminescence intensity, photoluminescence (PL) imaging, time-resolved photoluminescence

(TR-PL) chicterization and X-ray diffraction (XRD) spectral peak analysis. The champion device with
double-sid ssivation demonstrates a remarkable Vocof 1.20V, and a stabilized PCE of 22.60%

with negli oto-current hysteresis. Using a combination of ultraviolet photoelectron

spectroscog (UPS)!™ surface analysis and numerical device simulations, we propose that

discontitMerovskite layers chemically passivate defects on the surface of the 3D perovskite

film, while simulfaneously allowing efficient localized charge extraction via pinholes or similar

unpassivated ret' ns. This mechanism is similar to that exploited in tunnel-oxide passivating
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contacts in crystalline silicon solar cells. The insights presented in this work open new opportunities

for further enhancement of PCE with mixed dimensional 2D/3D PSCs.

.

Q.

2. Results andaRiseussion

L

To compareggthengffect of 2D interlayer passivation on device performance, PSCs with control (no

passivation | as single-sided (SS) passivation (at perovskite/HTL interface) with six different

concentrarwv-BAl (0.5 mg/ml, 1 mg/ml, 2 mg/ml, 3 mg/ml, 4 mg/ml and 5 mg/ml in 2-

propanol) gpared. Keeping the other fabrication steps identical, 20 cells of each kind were
e

fabricated. overall device structure with SS passivation was FTO/compact TiO, (cp-

TiOZ)/meS&rOUS TIOZ (mp'TiOZ)/PMMA:PCBM[7f]/CSO.07RbO'03FA0.765MA0.135Pb|2.558r0‘45 perOVSkite/n'

BAI passivmr/smro-OMeTAD/Au. For double-sided passivation, an additional n-BAl layer was

incorporated betWeen PMMA:PCBM and perovskite layers (Figure 1a), more details of which are

discussed beE)dividual layer thicknesses are shown in the cross-section scanning electron
micros mage of a representative PSC (Figure 1b). No distinct 2D surface layer could be
clearly idegified at the interface between 3D perovskite and Spiro-OMeTAD HTL from cross-

sectional SE ages; hence high-resolution transmission electron microscopy (HRTEM) cross-

section im s conducted (Figure 2). As demonstrated in Figures 2a-2b and Figure S1, we
observeﬂn-uniform and discontinuous interlayer at the 3D perovskite/HTL interface. To
confirm that thisgthin layer is the 2D perovskite we measured the interplanar spacing at
representa tions close to the interface as shown in Figure 2d. The 3D perovskite layer is

identified haracteristic interplanar spacing of 3.52 A, which is clearly different from the

interpl ating of 9.1 A exhibited by 2D surface layer. Based on this we estimate the maximum

This article is protected by copyright. All rights reserved.
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layer thickness of the 2D perovskite to be approximately 20 nm (Figure 2c). Nevertheless, as the
HRTEM images reveal, the 2D surface layer is non-uniform and discontinuous at the 3D
perovskitetT interface, which has substantial implications on the device performance as discussed

in the follo ions.

H I
The statistical chart-boxes presented in Figures 1c-1f show the distribution of photovoltaic

l

performangé andScurrent-voltage (J-V) parameters of the fabricated devices. As observed from

G

Figures 1c-1f, ssivated (single-sided) cells demonstrate higher photovoltaic performance

5

compared ntrol PSCs. The performance enhancement mostly originates from increased Vqc

and FF, consistentfwith interface passivation from the n-BAl. The average Vo value monotonically

U

increases wij asing n-BAl concentration, whereas the average short-circuit current density (Jsc)

I

and FF sta with concentrations over 1 mg/ml. The reduction in Jsc and FF for higher n-BAl

concentrations be attributed to the increased 2D film thickness and concomitant reduction in

d

film co iscussed in more detail below).®™ The optimum n-BAI concentration for the

single-sided tion was found to be 1 mg/ml. This value was chosen to develop PSCs with

double-sided (DS) passivation.

Figure 3a h J-V curves of the champion control and double-side passivated PSCs at a scan
rate of 50 @ e control PSC demonstrates moderate hysteresis, yielding an efficiency of 20.02%
(19.65%) wj = 1.16 V (1.15 V), Jsc = 23.80 mA/cm? (23.79 mA/cm?) and FF = 72.55% (71.87%),
from retrd) J-V scan. In contrast, the champion DS PSC has an efficiency of 22.77% from
reverse sc 22.59% from forward scan) with Voc = 1.20V (1.20 V), Jsc = 23.94 mA/cm® (23.97

mA/cm?) and FF =19.31% (78.56%). The DS PSC also exhibits a higher steady state PCE (~22.60%) at

maximum point voltage (Vwpp=1.008V) compared to that (19.88%, Vupee = 0.957V) of the

control devi igure 3b). It is also notable that the MPP stabilization occurs more rapidly for the
This article is protected by copyright. All rights reserved.
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passivated cells compared to the control, and the current-voltage hysteresis is also reduced, as
indicated by the hysteresis indices calculated at different scan rates (Figure 3c). These improvements

based inte scuss this further in relation to numerical device simulations below). External

in cell per!r::nce are clear indications of enhanced interface passivation provided by the n-BAl

quantur% eE(EQE) measurements were conducted on both PSCs (Figure S2) and as expected,

there was ntsigjlcant difference in the integrated Jsc values of the control and DS PSCs.

To get a more plete understanding of the performance enhancement in single and double-side
passivatedﬁ next investigate the structural, optical and electrical performance of passivated
and unpassivatedfeells and films. First, XRD measurements of the relevant films were taken to

investigate structural changes at the surface, or in the underlying 3D perovskite film (Figure

S3a). As e oth control and passivated films exhibit characteristic XRD diffraction peaks for

3D perovsmever, we also observe prominent 2D perovskite peaks for the films having n-BAl

concen 3 mg/ml. Film crystallinity is also somewhat enhanced in passivated samples,

with the narr peak width (full width at half maximum, FWHM) of the major 3D perovskite peak
(110) occurring for an n-BAI concentration of 1 mg/ml (Figure S3b). This is also reflected by the
lowest mitistrain and dislocation density calculated for 1 mg/ml perovskite film from XRD spectral

peak fittinO (Figure S3c). Enhanced crystallinity and lower surface strain with 1 mg/ml n-BAl

concentrati contribute to the enhanced FF of the corresponding PSCs. The absence of an

observabl&D perovskite peak for the optimum n-BAI concentration of 1 mg/ml may also support

previouw” suggesting that the formation of the 2D perovskite phase is not essential for

enhanced iewceirformance; rather that the unconverted halide layer itself may provide effective

surface passivatit reduce surface strain and enhance 3D perovskite crystallinity.

This article is protected by copyright. All rights reserved.
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To verify the presence of n-BAl components on the perovskite surface at low concentration (1
mg/ml), we have conducted surface elemental analysis of control and passivated films with X-ray
photoel#ectroscopy (XPS). From the deconvolution of high resolution C 1s XPS spectra
(Figure S4m that the weighting factor for the C-C bond on the surface increases
proportl-onw the n-BAl concentration (Figure S4b). This can be directly attributed to the

presence of the long carbon chain of n-BAl at the surface, confirming the chemical modification of

the perovs ce, even at very low n-BAl concentrations.

Along withwace chemistry, the addition of the n-BAl layer also induces minor changes to the

surface morpholos of the 3D perovskite films, as evidenced from the top-view SEM images of the

films prese iamFigure S5. Perovskite grain size initially increases slightly with increasing n-BAI
concentrati ever gradual reduction in grain size is observed for concentrations over 1 mg/ml.
This trend riation of perovskite grain size with n-BAl concentration is consistent with the

values

dimension calculated from XRD spectral analysis using the Scherrer equation
(Figure S3b)!*®! has also been observed in previous literature on mixed 2D/3D PSC." Although
large perovskite grain-size has been linked to enhanced Voc of PSCs in some literature,"” we do not
observe a !rect link between the perovskite grain size and the V¢ values of the fabricated PSCs.
Device Voc nically increases up to an n-BAIl concentration of 5 mg/ml, whereas the variation
in perovski size does not follow any proportional relationship. We also do not observe a
significant SEange in surface roughness between the control and optimum passivated perovskite

films erforce microscopy (AFM) characterization (Figure S6), which suggests that the

modification in ssace morphology or topology with the passivating layer does not play a major role

in the performaf:enhancement of the mixed dimensional PSCs.

This article is protected by copyright. All rights reserved.
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We also conducted optical characterization of the perovskite films using ultraviolet-visible-near
infrared (UV-Vis-NIR) spectroscopy. Absorbance and transmittance spectra of perovskite films on
FTO sum presented in Figure S7a and Figure S7b, respectively. The absorbance of the
passivated ilms slightly reduces with the increase in n-BAl concentration at the far end of
the visiaewm (~660 nm-750 nm), which is also observed in the respective transmittance

profiles inﬁ wavelength region. The reduced absorption with higher n-BAl concentration at

longer wa can be attributed to the partial conversion of 3D perovskite into 2D at the
surface.Ba'Wer, the slight reduction in film absorbance has a negligible effect on the short-

circuit currl mplete cells. The optical bandgaps of the control and passivated perovskite films

were also with a Tauc plot and no significant variation was found (Figure S7c).

Subsequen:easured the steady-state PL spectra of control and n-BAl modified films on ETL-

coated FT@tes to investigate carrier recombination before and after passivation (Figure 4a).

The pe ity increases with increasing n-BAl concentration, consistent with the observed

trend in devic } This confirms the suppression of non-radiative carrier recombination.'®® ¢ Here,
it is worth mentioning that the PL intensity with 1 mg/ml DS perovskite is higher than the single-
sided 1 n!‘ml perovskite film, corroborating the beneficial role of the double-sided surface

passivationg ating trap-states at both interfaces of the 3D perovskite film and its neighboring

charge tran yers. Interestingly, we do not observe any PL emission associated with the higher-

bandgap s perovskite material, as has been noted in similar works with other large-cation

treatme“a‘a’ 100

We can directI; oServe a reduction in non-radiative recombination by PL imaging of control, SS and

DS passiva under open-circuit conditions (Figures 4b-4d). As expected, both the passivated

cells (SS an hibit higher PL intensity compared to the control cell. Under steady-state open
This article is protected by copyright. All rights reserved.
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circuit conditions, the suppressed non-radiative recombination phenomena contribute to excess
carrier density in the photoactive perovskite layer, resulting in enhanced V¢ through increased quasi
The DS PS

Fermi Ieveti:'::fing.[lg] Thus, the passivated cells exhibit higher Voc compared to the control device.

strates higher PL intensity compared to SS PSC, consistent with the higher V¢

mg/ml (Figﬁfollowing the observed Vqc trend in Figure 1d. As expected, these observed

increases i ~state PL emission intensity are well correlated with increased transient lifetimes

compargd Eml SS PSCs. The PL intensity keeps increasing with halide concentration up to 5
observed mime—resolved—photoluminescence (TRPL) measurements. Details of TRPL

measurem assivated and unpassivated films with several different layer combinations are

provided i porting information (see Figures $9-510 and relevant text).

The experCesuIts presented so far are entirely consistent with chemical passivation of

interfacial @Nhereby the interface defect density on the surface of the 3D perovskite active

layer is he n-BAI treatment. An alternative explanation, proposed in several prior studies

of mixed dim al PSCs,B**? s improved energy band alignment between the perovskite and
transport layer(s), resulting in electronic passivation and more efficient carrier extraction. In the
following 1a|ysis we combine experimental energy level data from UPS and inverse photoemission

spectrosco measurements with numerical device simulations to clarify the role of the 2D

passivation >~ While we cannot rule out an electronic contribution, our analysis provides strong

support fo‘hemical passivation being the dominant enhancement mechanism in our cells.

Figure 5a *ows the evolution of the secondary electron edge from the UPS curves for perovskite
films (on FTO su;rates) and Figure 5b shows the valence band (VB) region of the respective
spectra. T ated workfunction values for the control, 1 mg/ml, 3 mg/ml and 5 mg/ml

perovskite fi 3.410.1 eV, 2.940.1 eV, 3.3+0.1 eV and 3.3+0.1 eV, respectively. The values of

This article is protected by copyright. All rights reserved.
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VBM of the control and passivated perovskite films are presented in Figure 5d, extracted from the
linear extrapolation of the leading edges of the magnified UPS curves in the VB region (Figure 5c). All
passivatMJw a slight upshift in VBM compared to the control perovskite film. Since the HTL
is constan e PSCs, the upshifted VBM in passivated perovskite films reduces the

VBM/HTest occupied molecular orbital) energy gap between perovskite and HTL,

compared tg caatrol. Similar valence band shifts have been reported for other 2D passivation

layers® a

ontribute to enhanced hole extraction in the passivated devices. On the other
hand, consiflefing the perovskite/ETL interface, since the ETL is identical for all devices, the elevated

VBM assoc h the passivation layer increases the VB energy gap at the interface with the ETL,

potentially ting to improved hole blocking™® compared to reference devices.

Although tC\/ed shifts in VBM suggest the possibility of electronic passivation and improved
carrier extme must also consider the effect of changes to the conduction band alignment at

the sa . The conduction band minima (CBM) of the control and passivated perovskite

films are also in Figure 5d. It is apparent that the shift in CBM energy with the addition of the
thin n-BAl l[ayer is larger than the VBM shift, consistent with the surface bandgap widening identified

in previou§reports on mixed-dimensional PSC.”? This increase in the CBM would introduce an

[

energy bar lectrons to transfer to the ETL. Thus, while the upshift in the VBM is predicted to

O

have a posi act on hole extraction and hole blocking properties at the HTL and ETL interfaces

respectivell, the corresponding increase in CBM energy should have a negative impact on electron

q

extracti L interface. This is inconsistent with the experimental observation that the n-BAl

{

treatment can be@pplied to both sides of the cell, resulting in significant improvement in Voc and FF

U

in each case. To _resolve this apparent contradiction, we propose that the dominant contribution of

the 2D | layer is chemical passivation of surface defects, rather than electronic passivation,

A

This article is protected by copyright. All rights reserved.
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while efficient carrier extraction is maintained by incomplete surface coverage of the ultrathin

passivation layer. Experimental and numerical evidence supporting this interpretation are discussed

=

below.

Singular-va osition (SVD) analysis of the UPS spectra indicates that the valence electron
H I

spectra of the passivated films in Figure 5 include contributions from both 2D and 3D perovskite (see
Figures Sl@i relevant text in supplementary section). Given that the sampling depth of the
UPS measuremeants is on the order of 3 nm, this observation suggests three possible interpretations:
(a) the 2D sigation layer is continuous, but <3nm thick so there is a contribution from the
underlying 3D per@vskite film; (b) the passivation layer is discontinuous, leaving some exposed 3D

material atﬁace; (c) the surface layer consists of a mixture of 2D and 3D materials formed

during the ting of the n-BAl on the 3D film surface. Interpretation (a) is unlikely given that

such thin I@cessed by solution are rarely continuous or pinhole-free, leaving us to conclude

that al ) or (c) are most likely. This provides a plausible explanation for why the 2D

passivation la n be applied effectively at both the ETL and HTL interfaces. In regions where the
2D layer forms on the surface of the 3D film, it passivates defects, but also increases the local series
resistance;geanwhile, the remaining areas of exposed 3D perovskite contact directly with the
transport | oviding efficient carrier extraction, albeit with a higher defect density. The

proposed ¢ ransfer mechanism through the semi-insulating 2D layer is thus similar to the

tunnel-oxis passivation layers used in silicon photovoltaics,[m] which has been discussed later.

To explorelHis Hypothesis further, we next use numerical device models developed in-house 21 to

test whether th;observed increase in voltage and fill factor, and reduction in hysteresis, is

consistent efect passivation at the perovskite/transport layer interfaces. We performed

transient si ions of a prototypical perovskite solar cell (i.e. TiO,-MAPbI;-Spiro) in which two
This article is protected by copyright. All rights reserved.
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ionic species of opposite polarity are mobile. Interface recombination was modelled using simplified

Shockley-Read Hall (SRH) statistics in which charge carriers on both sides of the interface are free to

interact thk interface traps. We simulated the influence of surface recombination velocities
(SRVs) for nd electrons by adjusting their level uniformly at each interface. Thus, we

assume!nte passivation is equally effective at both interfaces. We simulated the current density-

voltage (J-V: CUjes using a time-varying voltage equivalent to the 50 mV/s scan rate of the

experimen easurement protocol. Secondly, we simulated the transient response of the

photocurrw abrupt application of forward bias at the maximum power-point voltage and
one-sun eaillumination. Note that we have not attempted to match the absolute magnitude
of the cell eristics (eg: V. and Ji) precisely as the aim of the simulations is to explore the

consistencyAbetween changing interface recombination and experimental performance of the cell.

Neverthelm relative trends in performance characteristics can be compared to the
experimentafr S.

As interface r ination increases, the simulated transient J-V curves exhibit a decrease in both

open-circuit voltage and fill-factor and a relatively nominal change in short-circuit current (Figure 6a)
consistentSith the experimental data. Voltage and fill-factor loss are ultimately attributable to
charge carrj mbination at the interfaces. At short-circuit, however, charge extraction is still
near 100% oderate surface recombination velocities since diffusion lengths exceed the
thickness !the perovskite absorber. The first indications of J,. reduction are seen at SRV = 1000
cm/s in Mur simulations also suggest an important influence of the mobile ions’ mobility in
reproducinﬂatively large decline in fill-factor with increasing SRV. A detailed explanation is
beyond the sco f this work, but we provide here a brief overview. At the initial, stabilised, open-

circuit onditions prior to the J-V sweep, the mobile ions accumulate on the perovskite side

This article is protected by copyright. All rights reserved.
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of the transport layer interfaces in response to the built-in electric field in the perovskite absorber
(we assume that the ions are blocked by the transport layers). The electric field generated by the net
ionic char the interface repels minority carriers from the interface and any recombination-

active def t each interface, the high density of majority carriers in the respective

pt

transpoﬁ layer provide an effectively infinite source for recombination, resulting in a recombination

£

bottleneck impgsed by the availability of comparatively rare minority carriers. As the terminal

G

voltage mo rds short-circuit, the built-in electric field reduces and the net ionic charge at the

interfaces @ecf€as@s. This in turn reduces the electric field strength at the interface that is working

S

against mi rrier transport. Therefore, the voltage sweep toward short-circuit results in a

U

proportion er loss of photocurrent due to ion movement and thus a reduction in fill-factor.

The magnifude of this effect depends on the rate of change of the terminal voltage relative to the

[0}

mobility of, ¢ defects. This is fundamentally the same mechanism invoked to describe the

[4b]

d

voltage sweep -dependence of the hysteresis index of PSCs'™ except that here we emphasize
that the ap fill-factor decrease as a result of interface recombination depends upon the choice

of swe

M

ion mobility in our simulations. Although the sweep rate is fixed by the

experimental conditions (at 50 mV/s), we are ultimately uncertain about the mobilities of the mobile

[

ions in this perovskite composition. As a result, we have not attempted an exact fit to our
experimen @ s, but we note that the ion parameters are plausible within published values of
other per mpositions (See Tables S4-S5 and relevant text in Supplementary section). We

instead e asize_that the movement of ions during the J-V sweep is likely a necessary factor in the

th

significant increase seen between the control cell and the 1 mg/ml n-BAI concentration.

U

Next, we considergdihe experimental transient response of the maximum power-point current which

stabiliz cantly faster in cells passivated with the n-BAl layers (Figure 3b). Our simulations

A
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demonstrate that this is also consistent with reduced interface recombination (Figure 6b). Hysteretic

phenomena in PSCs result from Coulombic coupling between ions and electrons (and holes) and

t

subsequen ification of recombination currents. The manifestation of hysteresis requires both

mobile io _radiative recombination mechanisms ** 22 Accordingly, reducing interface

recombinafion in our simulations— in addition to increasing the magnitude of the maximum power-

1

point curre creases the rate at which the photocurrent reaches steady state. This is despite

each simul dicting similar redistribution of ions through the perovskite absorber as a result

of a step talfofWar@ bias.

S

Our simulations tRerefore show that changes in the transient electrical characteristics of the 1

U

mg/ml n-B lative to the control case are consistent with reduced interface recombination in

1

the presen iles ions. It is notable that the 1 mg/ml n-BAl layer can achieve this with minimal

influence g sé a esistance and fill-factor. This is an improvement over existing voltage-enhancing

a

s such as PMMA:PCBM,"? which also reduce fill-factor, suggesting a resistive

bottleneck to extraction. In this work, the 1 mg/ml n-BAl layer does not reduce fill-factor. This

change in the electron affinity shown in Figure 5d that predicts an energy barrier to
electron eiaction of approximately 0.7 V at the ETL (Figure S13). Although our simulations do not
address dir, y the n-BAl film does not increase resistance, we can posit theories based on

analogous ogies employed in other photovoltaic devices, and supported by the UPS data

discussed !eviously.

We know ’om tHe cross-section HRTEM image of the device (Figure S1) that the n-BAl film is non-

uniform and discahtinuous along the 3D perovskite/HTL interface and the thickness can be well

below its m thickness (20 nm) in places. This suggests a similarity with tunnel-oxide

passivation in silicon photovoltaics, in which an ultrathin (< ~15 A) silicon dioxide layer is
This article is protected by copyright. All rights reserved.
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grown on a silicon substrate prior to the deposition of charge-selective transport layers or metal
contacts.”® A notable example is the tunnel oxide passivated contact (TOPCon) technology, which
has achieveéd silicon solar cell efficiencies in excess of 25%.% Relevant to the results here, the

contact re the tunnel oxide structure increases dramatically (tunnelling probability

n

4

decreas

(¢

s)for oxide thicknesses greater than ~15 A, with an extremely high sensitivity to film

thickness (e,g. Fideclines by 70% absolute as the silicon oxide layer increases from 15 to 20 A®")). It

C

may be th ecline in cell performance for n-BAl concentrations above 1 mg/ml, which is

dominatediby @ refluced fill factor, is the result of nanometer-scale increases in thickness which are

$

below our o discern through electron microscopy but are nonetheless influential on the

U

efficiency nnelling process.

However, ICfactor for higher n-BAI concentrations is also correlated with improved voltages,

% that the lower concentration n-BAl layers are not continuous, containing gaps or

hich low resistance contact is made to the transport layers at the expense of
increased inte recombination. This is consistent with the SVD analysis of the UPS spectra of the
passivated perovskite films discussed above. Continuing our analogy to tunnelling silicon oxides, it is
known thi process conditions (including annealing temperatures) can affect pinhole density in
ultra-thin ers. In fact, process conditions have been deliberately manipulated to introduce
pinholes in r layers (> 20 A) in order to facilitate charge transport, albeit by reducing

passivatio!quality.m] The continued increase in open-circuit voltage with higher concentrations

even asMclines, could be explained by increased n-BAl coverage if the film were too thick

to allow eﬁ:ectlvejectron conduction via tunnelling.

If the hi rmance of the 1 mg/mL n-BAl cells relies on the passivation layer being

discontinuo interface, as our analysis indicates, future optimisation of the coverage fraction

This article is protected by copyright. All rights reserved.
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to maximise the voltage/fill-factor trade-off may provide further efficiency gains. Temperature-
dependent current-voltage measurements have been used to separate tunnelling vs pinhole
transport te anisms in silicon-dioxide test structures,'” suggesting an avenue for future

investigati transport mechanisms through ultra-thin passivating layers in PSCs.

Following orts of improved stability in cells passivated with 2D perovskite films,[Gb' 7e 8 100 \y

e

[

investigat he Night stability of un-encapsulated PSCs under continuous light soaking in a N,

5C

atmosphere (1 ) while holding the devices at their maximum power point. After 20 hours of light
soaking, b ntrol and passivated cells showed a relative efficiency decrease of approximately

10%. Thus, the efficiency-optimized 2D passivation layer does not appear to have a significant

Gl

impact (po egative) on the device stability under steady state illumination (Figure S14). This

n

may be a ence of the incomplete surface coverage in cells optimized for efficiency as

discussed abo it may indicate that other degradation mechanisms are dominant in these cells,

d

for ex associated with the hygroscopic Spiro-OMeTAD layer, which is known to

contribute to instability. Replacing the Spiro-OMeTAD with dopant-free novel HTLs"® 2 is

M

therefore a priority for improving long term cell stability of PSCs, but this is beyond the scope of the

current st .

or

3. Conclusi

§

L

In sum ve demonstrated the first successful implementation of double-side passivation

of 3D perovskite films with a bulky organic cation based n-BAlI compound, resulting in a mixed-

b

dimensional P ith a 22.60% stabilized PCE. The optimized n-BAl surface modification (from 1

mg/ml n< cursor) provides outstanding passivation at both interfaces between perovskite and

£

This article is protected by copyright. All rights reserved.
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neighboring charge transport layers, contributing to a remarkable Voc of 1.2 V, which is one of the
highest open-circuit voltages reported for perovskite cells with an optical bandgap of ~1.6 eV. In
contrast totr jous reports that have emphasized improved energy level alignment when discussing

[3a, 12]

the perfor ncement offered by 2D perovskite interlayers, our results indicate that

chemicdl pqisswalon of interfacial defects plays a dominant role. The ultrathin n-BAl based layers

effectively passivate surface defects, reducing the surface recombination velocity and suppressing
interfacial u

combination at both the perovskite/HTL and perovskite/ETL interfaces. Efficient
carrier extw maintained by ensuring that the passivation layer is discontinuous, providing

conductivms between the 3D perovskite and the transport layers. This trade-off between
passivatio and charge extraction enables both enhanced Voc and FF in double-sided

passivated!evices, compared to unpassivated or single-side passivated PSCs. Further improvement

in device p ce may be possible by optimizing the surface coverage of the passivation layer,
by tailoring“th stal orientation of the 2D interlayer for enhanced charge collection™ and by
exploring rgistic effect of mixed halide compounds to achieve both energy band alignment
and ch iwation properties.

-
4. Experim ction
Experimenta Ils are provided in the Supporting Information section.

Supportlngn!ormation

Supporting Informiion is available from the Wiley Online Library or from the author.
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Figure atic illustrating the layer sequence of a double-side passivated perovskite

1.@. Sch
solar cM-section SEM image of the device demonstrating the thickness of the

Spiro-OMeTAD (~170 nm)
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Figure 2. 3 oss-section TEM image of the perovskite device demonstrating the thin 2D
perovskitg the interface between 3D perovskite and Spiro-OMeTAD HTL, b. Zoom-
in view oigthegaighdichted region in Figure 2a, HRTEM image at the interface between 3D
and 2D pgroyskite showing c. the 2D layer thickness and d. the variation in interplanar

spacing bggween the 3D and 2D layer.

b S & el o
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Figure 3. a. Current density-voltage (J-V) curves of the best performing control and double-
side passivated PSCs, b. Stabilized efficiency of the respective PSCs at maximum power
point (the inset shows the first 40 seconds of the stabilization, demonstrating the variation in

transier%of the control and the passivated cells), c. Hysteresis indices of control and
double-si ﬁivated PSCs at different scan rates
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Figure 4. a. Steady-state PL (ST-PL) spectra of control and passivated perovskite films, PL
images of b. control, ¢. 1 mg/ml and d. 1 mg/ml double-side passivated perovskite devices
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Figurewectra of control, 1 mg/ml, 3 mg/ml and 5 mg/ml perovsite films: a. The
secondary electron cut-off region for determining the material workfunction, b. the valence
. The magnified valence band region from UPS spectra and the IPES

thesiegpeetive films to determine the VBM and CBM of the materials, respectively,
d. Energy band diagram illustrating the VBM energy gap between perovskite and TiO, ETL
and the Vi BM/HOMO energy gap between perovskite and Spiro-OMeTAD HTL with the

incorpora assivating layers (The UPS measurement allows an error of £0.1V. The
figures are(ot 8wn to the scale)
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Figure 6. a. Simulated current density-voltage (J-V) curves with voltage sweep rate of 50
mV/s as a function of interface recombination. b. Simulated transient photocurrent at
maximum power point (MPP) voltage as a function of interface recombination. The
dependMe short-circuit current density, fill-factor and open-circuit voltage on
i ombination is plotted in figures c.-e., respectively. Both J-V and transient MPP
fle same parameter set, detailed in supplementary information.
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