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1. Introduction

Metal halide perovskite solar cell is the 
fastest-growing photovoltaic technology 
in terms of efficiency improvement. The 
best laboratory 1.53  eV cell efficiency has 
reached 25.7% from 3.8% in just over  
10 years.[1] As a wide range (1.2  to 2.3 eV) 
of bandgap is realisable for perovskites 
by tuning their composition in precursor 
preparation, perovskites are suitable for 
low-cost, solution-processable multijunc-
tion tandem solar cells, having an effi-
ciency potential over 40%.[2] High bandgap 
(1.7  to 2.0 eV) perovskite cells are integral 
to such tandems, but current demonstra-
tions suffer from high voltage deficit: Woc 
(= Eth/q – Voc) where Eth is the absorption 
edge, loosely used as “bandgap”, and q is 
elementary charge[3] compared to their 
low mid-bandgap (1.5  to 1.6  eV) counter-
parts producing lower voltage outputs, 
lower fill factors (FF) in high bandgap 
devices (Figure S1, Supporting Informa-
tion) indicating room for improving bulk 

High bandgap perovskite solar cells are integral to perovskite-based multi-
junction tandem solar cells with efficiency potentials over 40%. However, 
at present, high bandgap perovskite devices underperform compared to 
their mid bandgap counterparts in terms of voltage outputs and fill factors 
resulting in lower than ideal efficiencies. Here, the low fill factor aspect of 
high bandgap perovskite is addressed by developing a cation-diffusion-based 
double-sided interface passivation scheme that simultaneously provides 
bulk passivation for a 1.75 eV perovskite cell that is also compatible with 
a p-i-n cell architecture. The champion cell achieves a record fill factor of 
86.5% and a power conversion efficiency of 20.2%. Results of ionic distribu-
tion profiling, Fourier transform infrared spectroscopy, and X-ray diffraction 
crystallography reveal evidence of cation diffusion from the surface perovskite 
passivation layer into bulk. The diffused cations reduce Shockley–Read–Hall 
recombination in the perovskite bulk and at the surfaces with the latter being 
more dominant as confirmed by light-intensity dependent and temperature-
dependent open-circuit voltage measurements as well as thermal admittance 
spectroscopy. This concurrent bulk and surface passivation scheme renders 
record fill factor and efficiency in the double-side passivated cells. This pro-
vides new insights for future passivation strategies based on ionic diffusion 
of functionalized materials.
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and interface quality,[4] reducing their susceptibilities to carrier 
recombination.

A number of recent studies have focussed on bulk[5] and/
or surface passivation[6] of high bandgap perovskite films to 
reduce their trap-assisted recombination. A major limitation 
in the demonstrated passivation strategies is that the passiva-
tion effect is confined to either bulk or only at one perovskite/
charge-transport-layer interface. Another limitation is the type 
of perovskite devices that have benefited from successful pas-
sivation strategies. For example, double-sided interface pas-
sivation has been shown to be successful for mid bandgap 
perovskite cells which are predominantly n–i–p devices[7] where 
the n-type layers are fabricated first and p-type layers are fab-
ricated last. Since p–i–n devices have less optically absorptive 
transport layers on the sun-facing side, they can achieve higher 
efficiency potentials than n–i–p ones for tandem applica-
tion.[8] However, there is only one report for “inverted” p–i–n 
mid-bandgap (≈1.55  eV) perovskite device with double-sided 
interface passivation[9] warranting more research on p–i–n 
device in suppressing nonradiative recombination within the 
bulk and at both perovskite/charge-transport-layer interfaces. 
Double-sided interface passivation is yet to be demonstrated 
for high-bandgap perovskites. In the work by Degani et  al.[9] 
the surface passivating layers consist of large PEAI-based cat-
ions (in the form of 2-phenylethylammonium iodide (PEAI), 
4-chloro- phenylethylammonium iodide (Cl-PEAI) or 4-fluoro-
phenylethylammonium iodide (F-PEAI)). The layers were fab-
ricated by dissolving PEAI-based cations in dimethylformamide 
(DMF) or in a mixture of chlorobenzene (CB) with isopropyl 
alcohol (IPA). The former (PEAI in DMF) would be deposited 
on the hole-transport-layer HTL before the fabrication of the 
perovskite absorber while the latter (PEAI in CB-IPA) will be 
deposited on the perovskite absorber prior to electron-trans-
port-layer (ETL) fabrication. This method is suitable for HTLs 
that are hydrophobic but not so for self-assembly monolayer 
(SAM)-based HTLs that are recently becoming popular for the 
state-of-the-art high efficiency perovskite solar cells.[8] Control-
ling the concentration of passivation cations in solvent such as 
CB can also be difficult due to the low solubility of halide salts. 
This may result in process variation, adversely affecting device 
reproducibility.

In this work, we develop a double-sided surface passiva-
tion that also provides bulk passivation for perovskite cells 
at the same time. This method has been demonstrated to be 
successful for p–i–n perovskite cells. This is the first time 
such passivation scheme is demonstrated for high bandgap 
perovskites. This concurrent bulk-passivation and surface-
passivation scheme is based on the partial diffusion of bulky 
organic cations from the surface-layer into the bulk passivating 
defects while the surface-remaining cations passivate the perov-
skite surface. This is similar to the previous work by Mahmud 
et  al.[10] except this time the bulky organic cations are respon-
sible for both bulk and surface passivations while previous 
work relied on the diffused-halide from the surface to passivate 
the perovskite bulk.

The partial diffusion of organic bulky cations into the bulk 
is possible if their ionic radii are comparable to the organic 
cations in the perovskite bulk. This is otherwise not possible 
with larger cations.[11] Evidence of the cation diffusion is seen 

in ionic distribution profiling, Fourier transform infrared spec-
troscopy, and crystallography and one of its effect on the perov-
skite device is bandgap widening.

More importantly, performance of high-bandgap (1.75  eV) 
champion p–i–n perovskite solar cell devices improved by 1% 
absolute after implementing the concurrent bulk and surface 
passivation scheme on one side and another 1% absolute if 
implemented on both sides. The champion cell achieved the 
highest FF of 86.5% and power conversion efficiency of 20.2%. 
These values are the highest for perovskite cells with bandgap 
>1.7  eV (Figure S1, Supporting Information). The new knowl-
edge on cation diffusion generated from this work will inspire 
new approaches for simultaneous bulk and interface passiva-
tions of perovskite films for future devices, especially those 
with high bandgaps for tandem applications.

2. Results and Discussion

For the cation-diffusion-passivation-scheme, we have chosen 
CH6N3

+ (guanidinium, abbreviated as Gu),[6g] which has an 
ionic radius (0.278 nm for Gu+) comparable to that (0.253 nm)[12] 
of formamidinium (HC(NH2)2), abbreviated as FA). For high 
bandgap perovskite cell demonstration, p–i–n device  structure 
using SAM-based HTL ([2-(3,6-dimethoxy-9H-carbazol-9-yl)
ethyl]phosphonic acid (MeO-2PACz)) as shown in Figure 1a 
was used. Details of device fabrication can be found in the 
Supporting Information. The concentration of GuBr precursor 
was first optimized for the best double-sided (DS) passivations 
in terms of device performance (Figure S2, Supporting Infor-
mation). A concentration of 2  mg mL−1 was found to be the 
optimum and was used in subsequent experiments.

For physical characterization of the cell structure, scan-
ning electron microscopy (SEM) cross-sectional imaging was 
first used. While the relatively thick indium tin oxide (ITO), 
perovskite and Cu layers can be easily distinguished as shown 
in Figure S3 of the Supporting Information, the ultrathin Gu+ 
cation-based passivation layer, HTL, and ETL stack consisting 
of BCP/C60/LiF cannot be easily seen under the SEM for any 
of the control, single-sided (SS) or DS passivated cells. We 
therefore conducted transmission electron microscopy energy-
dispersive X-ray spectroscopy (TEM-EDX) cross-sectional 
imaging to identify such ultrathin layer. Figure  1b shows the 
TEM cross sectional image of the perovskite photoabsorber 
layer and the perovskite/ETL interface and the corresponding 
EDX mappings in Figure  1c–j. From the individual EDX 
elemental maps we can observe Cu-rich Cu layer (Figure  1c), 
C-rich C60 layer (Figure  1d) and F-rich LiF layer (Figure  1e). 
Figure  1g–j shows the perovskite photoabsorbing layer rich in 
I (Figure 1g), Pb (Figure 1h), and Cs (Figure 1j). Just on top of 
this layer is a N-rich (Figure  1f) and Br-rich (Figure  1g) layer. 
From the X-ray photoelectron spectroscopy (XPS) surface 
 elemental analysis (Figure 2), we confirmed that this N- and 
Br-rich layer is the GuBr (CH6N3Br) passivation layer, which 
significantly increases N (by ≈37%) and Br (by ≈40%) contents 
at the control perovskite surface (Table S1, Supporting Infor-
mation). We note that the passivation layer (≈10 nm) had some 
overlap with the LiF inorganic layer indicating nonuniform 
and discontinuity of these films hinting possible diffusion of 
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some of  passivation  materials into the perovskite bulk due to 
the partial dissolution of perovskite film[7b] in the highly polar 
precursor solution (2-propanol based) of Gu+ cation. We also 
attempted similar characterizations of the passivation layer at 
the perovskite/HTL interface (Figure S4, Supporting Informa-
tion). It was harder to identify the GuBr under TEM imaging  
in this case as the organic materials in the GuBr passivation 
layer and MeO-2PACz HTL under the perovskite film are very 
sensitive to the electron beam during the lamella preparation 
for TEM cross-section and the bottom interface cracked very fast 
even before the lamella is thinned down to 100 nm (Figure S4, 
Supporting Information). Therefore, we used XPS characteri-
zation to confirm the presence of the passivation layer under-
neath the perovskite film. However, prior to that, to mimic 
the solvent exposure that the GuBr passivation layer would 

have  experienced in full device fabrication, the GuBr layer was 
exposed to the DMF/NMP solvent mixture (where DMF = N,N-
dimethylformamide and NMP = N-methyl-2-pyrrolidone) prior 
to XPS surface elemental analysis. Results still showed the 
presence of Br− anions on the surface (Figure S5, Supporting 
Information) indicating successful deposition of the GuBr pas-
sivation layer on the MeO-2PACz (C16H18NO5P) layer despite 
solvent exposure necessary for full device fabrication.

Given the knowledge of the stronger presence of GuBr at 
the perovskite/ETL interface (the “rear” side of the perovskite 
photoabsorber with respect to illumination) compared to the 
perovskite/HTL interface (the “front” side), we confirmed such 
effect on device performance by comparing rear-sided-passi-
vated and front-sided-passivated cells. Results are shown in 
Figure S6 of the Supporting Information. It is clear that cells 

Figure 1. a) Schematic diagram showing the cell structure for high bandgap p–i–n perovskite solar cell demonstration using SAM-based HTL and 
double-sided (DS) passivation layers sandwiching the bulk perovskite film. b) Transmission electron microscopy (TEM) cross-sectional image and 
respective energy-dispersive X-ray spectroscopy (EDX) elemental mapping of c) copper, d) carbon, e) fluorine, f) nitrogen, g) bromine, h) iodine,  
i) lead, and j) cesium for the perovskite layer and the perovskite/ETL interface. The rectangular box in (f) and (g) mark the top passivation layer which 
is N- and Br-rich.
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with rear passivation (stronger presence of GuBr) show better 
performance than those with front passivation from improved 
open-circuit voltage (VOC). Therefore, for subsequent com-
parisons between SS and DS passivation, rear passivation will  
be used for the SS passivation case. Results in Figure 3a and 
Table 1 show that average performance improvement by more 
than 1% absolute from SS passivation was already quite signifi-
cant due to the ≈100 mV increase in average VOC. DS passiva-
tion provided a smaller average VOC improvement (≈30  mV) 
but the major impact was the higher average FF produced, by 
1% absolute thereby delivering another 1% absolute average 
efficiency improvement. In addition, minimum hysteresis was 
observed in the demonstrated devices in this work (Figure S7  
and Table S2, Supporting Information). To the best of our 
knowledge, both the FF and PCE values of the champion 

DS passivated cell are the highest for high bandgap (≥1.7 eV) 
perovskite cells reported (Figure S1, Supporting Information). 
While the very high FFs demonstrated by the DS passivated 
cells were a result of reduced parasitic resistances (reduction 
of series resistance and increase of shunt resistance as the 
application of passivation layers increased), it was also due to 
other effects that warranted further investigations as reported 
below.

To further understand the effect of DS passivation on mate-
rial properties and device performance, we first investigated 
the surface morphology and topology of the perovskite film 
with and without passivations via top-view SEM and atomic 
force microscopy (AFM). Both SS and DS passivations involve 
the deposition of an ultrathin GuBr layer on top of the perov-
skite. However, they did not appear to affect the grain size of 

Figure 2. High resolution X-ray photoelectron spectroscopy (XPS) spectra of a) N 1s, b) Br 3d, c) C1s, d) Pb 4f, and e) I 3d of the surface of  unpassivated 
(control) and DS passivated perovskite films.

Adv. Energy Mater. 2022, 12, 2201672

 16146840, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202201672 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [20/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2201672 (5 of 10) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

the perovskite films as seen in Figure S8 of the Supporting 
Information. The ultrathin passivation layers did not signifi-
cantly change the surface topology of the perovskite films either 

with only a very small degree of film smoothing as a result of 
double-sided-passivation as measured by the AFM (Figure S9, 
Supporting Information).

Figure 3. Statistical distribution of photovoltaic parameters in J–V characterization: a) distribution of PCE, b) distribution of VOC, c) distribution of FF, 
and d) distribution of current density JSC (the data are based on the J–V results from 15 cells of each kind of device) and e) J–V curves of the champion 
control, SS passivation, and DS passivation cells (reverse scan).

Adv. Energy Mater. 2022, 12, 2201672
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With regards to crystallinity of the perovskite films with and 
without passivations, results of X-ray diffraction (XRD) meas-
urements in Figure 4a,b reveal the disappearance of PbI2 peaks 
after SS and DS passivations. XPS analyses of the same sam-
ples also showed the reduction of Pb and I signals after pas-
sivations (Figure 2d–e). This is likely to be due to the reaction 
between GuBr and PbI2 that is otherwise present on the surface 
of control (unpassivated) perovskite film. This phenomenon is 
not uncommon in perovskites employing surface passivating 
layer.[13] We then took a closer look at the (110) diffraction peak 
of control and passivated films in the XRD pattern (Figure 4b) 
which shifted to lower angles by 0.1° and 0.04°, respectively for 
DS and SS passivated films compared to the control suggesting 
unit cell volume expansion.[14] This suggests diffusion of Gu+ 
which has a slightly larger ionic radius than FA+.[12]

To confirm the existence of Gu+ cation in the perovskite 
bulk, we conducted Fourier transform infrared spectroscopy on 
control and passivated films. Results in Figure  4c,d show the 
existence of the characteristic perovskite peaks[15] (Figure 4c) as 
well as an additional peak in the passivated films at 1650 cm−1 
corresponding to the asymmetric vibration of C–N group in 
Gu+ cation.[16]

Gu+ diffusion from the passivation layer into the perovskite 
bulk was also confirmed by ionic distribution profiling of the 
fabricated cells using time-of-flight secondary ion mass spec-
trometry (ToF-SIMS). Results in Figure  4e–g show that Gu+ 
(CH6N3

+) species cannot be found in control devices (Figure 4e) 
but can be found on the surfaces and within the perovskite bulk 
in both SS and DS passivated cells (green curve in Figure 4f–g). 
The diffusion of Gu+ cation is more pronounced in DS passi-
vated cells (well above the 50% normalized intensity line) as 
expected. This is because SS passivated cells only have one 
surface passivating layer (at the rear) rather than two layers as 
the source of Gu+. This trend is also consistent with that of the 
XRD result showing larger unit cell volume expansion in DS 
passivated film. Results from ToF-SIMS also confirm that no 
Br− diffusion from the passivating layers into the perovskite 
bulk could be observed (Figure S10, Supporting Information).

Now that we understand the effect of DS passivation on 
material properties, we look at the implications on opto-
electronic properties and device performance. Results from 
i) external quantum efficiency (EQE) (Figure 5a), ii) optical 
absorbance (Figure 5b), and iii) steady-state photoluminescence 
(PL) measurements (Figure  5c) showed a small blue-shift or 
an increase (≈0.01  eV) in bandgap for SS and DS passivated 
films compared to the control. This is due to Gu+ diffusion into 
the perovskite bulk. To simulate the effect of the presence of 

Gu+ in the perovskite bulk, “bulk-passivated” perovskite films 
were fabricated whereby GuBr is mixed into the perovskite pre-
cursor for film fabrication. It was found that bandgap widening 
could also be observed in these samples by EQE measurement 
(Figure S11, Supporting Information). While the small bandgap 
increase can contribute to an increased VOC, this effect alone 
would not be responsible for the significant VOC enhancement 
(9% for SS, and 11% for DS from the baseline average VOC) 
in passivated cells demonstrated (Table  1). It is clear from the 
measured steady-state PL (Figure 5c), time-resolved PL (TRPL) 
(Figure  5d), and PL imaging (Figure  5e–g) that quality of the 
perovskite films improves with passivations. The increase in PL 
intensity (Figure 5c,e–g, Supporting Information) and increase 
in effective lifetime (Table S3, Supporting Information) of pas-
sivated perovskite films correlate with the increase in VOC’s of 
passivated cells.

Light intensity-dependent VOC measurement (Figure 6a) 
and temperature-dependent VOC measurement (Figure  6c) 
allow for the determination of ideality factor (n) and activation 
energy (Ea) of recombination current. More details of the cal-
culations can be found in the Supporting Information. Results 
from Figure  6a show that passivation reduces ideality factor 
from 1.73 for control cells to 1.19 for SS passivated cells and 
to 1.08 (close to 1) for DS passivated cells indicating suppres-
sion of trap-assisted Shockley–Read–Hall recombination.[17] To 
confirm this, thermal admittance spectroscopy (TAS) [18] was 
carried out to measure the density of shallow trap-states with 
and without passivation. Results are shown in Figure 6b where 
the x-axis represents the energy of trap-states with respect to 
the valence band. SS passivation reduced the density of trap-
states by two orders of magnitude for Et1 and Et2 and an order 
for Et3 and Et4 compared to control cell. Their densities were 
further reduced by DS passivation. TAS was also carried out on 
“bulk-passivated” only cells (Figure S12, Supporting Informa-
tion). Results show that Et1 and Et2 correspond to shallow bulk 
defects while Et3 and Et4 correspond to relatively deeper surface 
defects. This demonstrates the dual roles played by the GuBr 
passivation scheme explaining the significant improvements of 
VOC and FF. Nevertheless, surface passivation is a more domi-
nant role as evident by the results of temperature-dependent 
VOC measurement (Figure 6c). Activation-energy (Ea) of recom-
bination current increases with SS and DS passivations indi-
cating the dominant recombination mechanism changed from 
surface to bulk[17b,18a,19] with passivations as they improve the 
quality of the surface(s).

As part of the supplementary work, built-in-potentials (Vbi) 
of the controls and passivated cells were also determined from 

Table 1. Photovoltaic parameters—averaged from 15 cells and measured for the champion device in each category: control (unpassivated), SS 
 passivated, and DS passivated perovskite solar cells.

Device Average/champion VOC [mV] JSC [mA cm−2] FF [%] PCE [%] Series resistance [Ω cm2] Shunt resistance [Ω cm2]

Control Average 1085 ± 11 19.3 ± 0.1 84.3 ± 0.5 17.6 ± 0.2 1.42 ± 0.16 3009 ± 1216

Champion 1104 19.4 84.7 18.1 1.46 4563

SS passivation Average 1179 ± 7 19.2 ± 0.2 84.5 ± 0.6 19.1 ± 0.1 1.34 ± 0.08 3108 ± 818

Champion 1187 19.2 85.0 19.3 1.33 4602

DS passivation Average 1208 ± 7 19.3 ± 0.1 85.6 ± 0.5 19.9 ± 0.2 1.04 ± 0.24 3335 ± 1420

Champion 1210 19.3 86.5 20.2 1.15 5445

Adv. Energy Mater. 2022, 12, 2201672
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Mott–Schottky analysis (Figure S13a, Supporting Information). 
The trend correlates with that of the VOC’s. We can conclude that 
the Vbi improvement is solely from bulk and surface passivations 

suppressing trap-assisted recombination and not from changes 
in the energy band alignment caused by the insertion of the inter-
face passivation layer. This is confirmed by XPS and ultraviolet 

Figure 4. a) X-ray diffraction (XRD) patterns of control, SS and DS passivated perovskite films, b) zooming in to the (110) diffraction peak. c) Fourier 
transform infrared spectroscopy (FTIR) spectra of control and passivated films, d) zooming in to the wavenumber region 1900–1600 cm−1 showing 
the additional the C–N vibration peak in passivated films. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) of e) control, f) SS, and g) DS 
passivated devices.
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photoelectron spectroscopy showing no changes in the valence 
band maxima (Figure S13b, Supporting Information) or work 
function position (Figure S13c, Supporting Information) of the 
passivated film. The respectable current output and outstanding 
fill factor of our cells show that the absorber layer thickness, bulk 
and surface passivations have been optimized well with parasitic 
resistances minimized. For future work, development of car-
rier transport or selective layers with better energy band align-
ments will further improve the voltage output of these cells. Part 
of future work can be the exploration of other passivators with 
organic components like azetidinium [(CH2)3NH2]+,[20] which has 
similar ionic radii (0.25 nm) as those of the typical cations used 
in high performing perovskites for solar cell applications.

Finally we present preliminary stability data of encapsulated 
(based on poly-isobutylene polymer “blanket” approach)[21] cells 
in Figure S14 of the Supporting Information, which exhibited 
negligible efficiency drop after 1000 h of storage in the dark at 
20–25 °C and 20–30% relative humidity. Further work will be 
conducted to examine their light and thermal stabilities which 
are important for applications in tandem solar cells.

3. Conclusion

In summary, we report a cation-diffusion-based double-sided 
interface passivation scheme for a high bandgap perovskite cell 
which also provides bulk passivation at the same time and is 
compatible with a p–i–n cell architecture. Record FF (86.5%) 
and PCE (20.2%) are achieved by our champion 1.75 eV perov-
skite solar cell. We report the evidence of partial cation diffu-
sion from the Gu-based passivation layers into the perovskite 
bulk and its benefit which is the suppression the shallow traps 
in the bulk. The remaining Gu cations at the perovskite/ETL 
and perovskite/HTL interfaces are responsible for passivating 
the relatively deeper surface trap-states. The end result of con-
current bulk and surface passivations based on cation diffusion 
was the demonstration of record FF and PCE for high bandgap 
perovskite solar cell. This opens up new avenues for future 
passivation schemes based on ionic diffusion which can be 
extended to functionalized and tailored passivation molecules 
for further efficiency enhancement for single-junction and 
tandem perovskite solar cells.

Figure 5. a) External quantum efficiency (EQE) curves, b) Tauc plots of control (unpassivated), SS and DS passivated cells. The inset in (a) shows 
bandgap widening in the SS and DS passivated cell compared to the controls. c) Steady-state photoluminescence (PL) spectra, d) experimental and 
fitted time-resolved photoluminescence (TRPL) curves, and e–g) PL imaging of control (unpassivated), SS and DS and passivated perovskite films on 
MeO-2PACz/ITO/glass substrates.

Adv. Energy Mater. 2022, 12, 2201672
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4. Experimental Section
Experimental details are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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