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The performance of all solar cells is dictated by charge recombination. A closer to ideal recombination

dynamics results in improved performances, with fill factors approaching the limits based on Shockley–

Queisser analysis. It is well known that for emerging solar materials such as perovskites, there are several

challenges that need to be overcome to achieve high fill factors, particularly for large area lead–tin

mixed perovskite solar cells. Here we demonstrate a strategy towards achieving fill factors above 80%

through post-treatment of a lead–tin mixed perovskite absorber with guanidinium bromide for devices

with an active area of 0.43 cm2. This bromide post-treatment results in a more favorable band alignment

at the anode and cathode interfaces, enabling better bipolar extraction. The resulting devices

demonstrate an exceptional fill factor of 83%, approaching the Shockley–Queisser limit, resulting in

a power conversion efficiency of 14.4% for large area devices.

Introduction

Lead–tin mixed (LTM) perovskites [ABX3 structure where A is
either formamidinium (FA), cesium (Cs), methylammonium
(MA) or a mixture of these]1,2 are emerging as promising semi-
conductor systems for photovoltaics (PVs). With bandgaps in
the range of �1.2–1.3 eV,3 close to the optimum Shockley–
Queisser bandgap, these devices have demonstrated rapid
improvements in performance with single junction cell effi-
ciencies now exceeding 20%.4–7 Furthermore, Pb–Sn based
systems are also of signicant interest as low bandgap cells for
all perovskite multi-junction solar cells,1,8–10 which expands the
potential towards developing an all solution processed PV
device architecture with efficiencies exceeding the single

junction efficiency limit. While these LTM perovskite PVs have
demonstrated short circuit current densities (Jsc) exceeding
those of the best performing Pb only perovskite PVs5 and
respectable open circuit voltage (Voc) losses of �200 meV,5 their
ll factors (FFs) are oen found to be lagging, with the best
achieved values being below 80%.1,11–13 This is in particular due
to many non-radiative recombination loss pathways including
grain boundary recombination,14 recombination with defects
due to the oxidation of Sn2+ to Sn4+ (ref. 15) and recombination
in the charge selective transport layers. For Pb-only perovskite
PVs, there is now growing understanding of processing routes
such as the incorporation of excess iodide,2,16 which has been
found to signicantly improve device stability and performance.
While recent work has indicated bromine incorporation as
a possible route towards improving LTM perovskite device
characteristics,17 there is currently a lack of similar under-
standing of suitable protocols on LTM perovskite absorbers that
would enable FFs exceeding 80% to be achieved.

In this work, we outline a route towards improving LTM
perovskite PVs based on guanidinium bromide (GABr) treat-
ment, which leads to signicant improvements in their opto-
electronic properties. Using the triple cation system of
Cs0.05FA0.79MA0.16Pb0.5Sn0.5I3 as the perovskite absorber, we
demonstrate that devices based on the inverted architecture of
ITO/PEDOT:PSS/LTM perovskite/PCBM/ZnO/BCP/Ag can ach-
ieve high FFs approaching 83% and a champion power
conversion efficiency (PCE) of 14.4% following the bromide
post-treatment. In comparison, an untreated reference device
architecture shows a lower PCE of 12.2%. The high FFs obtained
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are observed to be close to the theoretical limits predicted by the
Shockley–Queisser limit (88%). Analysis of the LTM perovskite
based on optical, charge transport and ultraviolet photoelectron
spectroscopic measurements indicates that the origin of the
high ll factors is the modication of the energy level align-
ment. The quasi Fermi levels of the LTM perovskite absorber
and the transport layers maximize charge extraction through
the incorporation of Br� into the perovskite lattice. While it may
be hypothesised that similar improvements are possible based
on other organobromide systems, we note that some of these
systems (for example formamidinium bromide) can modify the
perovskite composition itself unlike GA+ whose cationic radius
inhibits its incorporation into the 3D LTM perovskite struc-
ture.18 This does not enable a clear understanding of the impact
of the post-processing protocols. As a result, this study focused
on utilising GABr only.

Results and discussion
Impact of post-treatment on structural characteristics

The overall LTM perovskite absorber deposition process for the
reference and GABr treated samples was carried out based on
a combination of the appropriate anti-solvent and thermal
annealing, as reported previously by Bandara et al.19 and is
depicted in Fig. 1a and b. A representative scanning electron
micrograph of a “reference” lm prepared using this protocol is
given in Fig. 1c while a representative scanning electron
micrograph of such a lm following this post-treatment process
is shown in Fig. 1d. For post-treatment of the above LTM
perovskite absorber, we utilized a guanidinium bromide (GABr)
solution in 2-propanol at a concentration of 5 mg ml�1 in
combination with a thermal treatment that enables the
restructuring of the LTM absorber layer followed by an addi-
tional 2-propanol wash enabling the removal of unreacted
guanidinium cations. The removal of the unreacted guanidi-
nium cations avoids the formation of an insulating surface layer
that can negatively impact charge extraction. To identify the
impact of the post-treatment on the grain growth process, we
carried out a grain size analysis for both the reference and post-
treated lms. Prior to the post-treatment process, the grains are
observed to show a normal distribution with regard to size with
an average grain size of 435 � 33 nm (Fig. 1e). The GABr post-
treatment process is observed to result in a more bi-modal
distribution (Fig. 1f) with average grain size values of 495 �
25 nm and 594 � 14 nm, indicative of an Ostwald ripening
process.20 We note that the grain sizes observed herein are in
agreement with previously reported values for LTM
perovskites.4,5

Following the study of the impact of the GABr post-treatment
on the morphology of the LTM perovskite absorber, we evalu-
ated the impact of the GABr post-treatment process on the
composition of the LTM perovskite through XPS, ToF-SIMS and
EDXS on the thin lm surface as well as on the lm cross-
sections. EDX spectra obtained on the surface of the lm indi-
cate the presence of Br� (Fig. S1†) which is also conrmed by
XPS analysis (Fig. 2a and S2†). Furthermore, the GABr surface
treatment is also observed to result in a change in the local

chemical environment as is evident from the shis observed for
the binding energy of I3d for the GABr treated sample in
comparison to that of the reference (Fig. 2a). Following the
above, we proceeded to estimate the composition of the
perovskite phase closer to the surface of the LTM perovskite
absorber. Based on the XPS spectra obtained for the I3d & Br3d
signals (Fig. 2a and b), an I� : Br� ratio of 0.8 : 0.2 is estimated
for the surface. Based on the above, we tentatively assign
a perovskite phase of the form Cs0.05FA0.79MA0.16Pb0.5Sn0.5(-
I0.8Br0.2)3 (CsFAMAPbSnI2.4Br0.6) for the surface region of the
LTM perovskite following the GABr treatment. It is noted that
an O1s signature is also observed for the LTM perovskite lms
(Fig. 2c) which is anticipated due to exposure of samples to the
ambient environment during transfer from a glovebox to the
XPS system.

In order to identify whether the above-mentioned LTM
perovskite of the form CsFAMAPbSnI2.4Br0.6 is present
throughout the thickness, or a more “graded” type semi-
conductor with a different I� : Br� to that calculated above is
present throughout the thickness of the lms, we carried out
ToF-SIMS measurements. Analysis of the negatively charged
species present in the lm (i.e.mainly the anions present in the
perovskite absorber) (Fig. 2d) indicates a nearly uniform I�

content throughout the thickness of the lm. Interestingly, the
Br� signal is also observed throughout the thickness of the
entire perovskite lm, indicating that the impact of the post-
treatment process in our lms is not restricted to the surface
and the subsurface region of the LTM perovskite absorber.
Based on photoluminescence spectroscopy measurements (as
discussed later), this increase in Br�/(I� + Br�) results in
a wider-bandgap perovskite. In addition to the above where the
incorporation of Br� is observed throughout the thickness of
the lm, we note the increased Br� content observed closer to
both surfaces of the LTM perovskite absorber. Therefore, it is
proposed that following the GABr treatment, an absorber of the
form CsFAMAPbSnI2.4Br0.6/CsFAMAPbSnI3�xBrx/
CsFAMAPbSnI2.4Br0.6 is formed where 0 < x < 0.6.

Following the evaluation of the Br� distribution through the
thickness of the lm, we proceeded to examine the distribution
of the guanidinium cation through the thickness of the lm.
The ToF-SIMS characteristics for the positively charged species
(Fig. 2e) indicate that the concentration of the guanidinium
cations decreases exponentially from the surface on which the
GABr treatment is carried out to �50% of the LTM perovskite
absorber thickness followed by a plateauing of the guanidinium
cation content at greater depths. This observed decrease in the
guanidinium cation content is most likely to be due to the larger
ionic radius of this species (278 pm)21 as compared to the
smaller ionic radius of Br� (196 pm).22 In order to verify the
above observations based on ToF-SIMS analysis, we carried out
EDXS mapping on the cross-sectional samples of the LTM
perovskite absorbers (Fig. 2f). Evaluation of these maps for the
Br� distribution indicates the presence of Br� throughout the
thickness of the lm, in agreement with the observations made
from the ToF-SIMS measurements as discussed above. In
addition to the above, a bright region is clearly visible closer to
the interface of the LTM perovskite and the Pt layer deposited
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for the preparation of the cross section. We have observed
similar characteristics for lead only perovskite lms which have
not undergone any post-treatment process (Fig. S3†) which we
attribute to a charge build-up due to the formation of a more
insulating organic layer on the lm surface. However, based on
the available evidence, it is not possible to assign this region to

any specic organic species such as the guanidinium cation
alone.

Based on ToF-SIMS analysis, it is evident that following the
GABr post-treatment, there is a varying concentration of
(mainly) guanidinium through the thickness of the lm prior to
plateauing to a xed concentration as well as high

Fig. 1 (a) Schematic depicting the process steps followed for the preparation of the reference and (b) GABr treated LTM perovskite films. (c) SEM
micrographs of reference and (d) GABr treated perovskite thin films. The related grain size distribution analysis for (e) reference and (f) GABr
treated samples indicates a change in the average grain size from 435 nm to a bi-modal distribution with average grain sizes of 495 nm and
594 nm following GABr treatment.
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concentration of Br� at the two “surfaces” of the lm. While
guanidinium has been suggested to be too large to form a stable
3D perovskite phase on its own, recent work indicates the
possibility of forming a stable 3D perovskite phase based on
multi-cation perovskite systems.23,24 Furthermore, guanidinium
in combination with Sn2+ has also been reported to form 2D
perovskites.25 Therefore, in order to identify whether a new
perovskite phase is formed, we carried out thin lm X-ray
diffraction (XRD) analysis of both the reference and GABr
treated LTM perovskites. The XRD scans for neither the refer-
ence nor the GABr treated samples (Fig. S4†) show evidence for
the presence of additional lead halide26,27 phases typical of triple
cation lead only systems. Nor did we observe the presence of any
tin halide phases. The lack of any such excess phases in both the
reference and the GABr treated samples indicates that the
absorber formed is based on the Pb2+ in the starting precursor
mix while the Sn2+ content is based on the un-oxidized content
present following the treatment protocols followed here. With

regard to the GABr treatment carried out on the LTM perov-
skites, there remains the question about whether the guanidi-
nium cation is incorporated into the perovskite lattice. In their
recent study, Zhang et al. indicated that the incorporation of
a moderate level of guanidinium into the perovskite lms can
result in the formation of either 1D/3D or 1D/2D/3D perovskite
systems.23,24 However, this has been observed to result in an
increase in the perovskite lattice parameters as opposed to the
decrease in the lattice parameters observed herein following the
GABr treatment. Therefore, it is concluded that the excess
guanidinium is segregated either at the grain boundaries or at
the surface of the LTM perovskite absorber. Following the
conrmation of the absence of the formation of the above
perovskite phases, we proceeded to analyze the reduction in
lattice parameters (or the shi to higher 2q) (Fig. 3a) following
the GABr treatment. For this purpose, we carried out a modied
Williamson–Hall strain analysis28,29 for the perovskite absorber
(Fig. 3b and c) which indicates an increase in micro-strain

Fig. 2 XPS spectra showing the (a) Br3d peak indicating the incorporation of Br� following the post-treatment process and (b) slight shifts in the
I3d peak indicating the change in the local chemical environment. (c) TheO1s peak observed for both reference and LTM perovskite samples. The
depth profiles obtained through ToF-SIMS for (d) the anions and (e) the cations. The Br� concentration is observed to be slightly higher closer to
the two surfaces of the LTM perovskite film while the GA+ content is observed to decrease through the thickness prior to achieving a constant
“loading”. (f) The EDX mapping of the cross-sectional micrograph of the treated perovskite layer showing Br� distributed throughout the
thickness of the film.
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following the GABr treatment process. Such an increase in
micro-strain is anticipated mainly due to the concentration
gradient observed for the large guanidinium cation which can
inuence the perovskite grains formed in the direction
perpendicular to the lm surface.

Impact of post-treatment on optical characteristics

In order to identify the origins of the observed enhancement, we
probed the optical and electronic properties of the perovskite
absorber layer. For this purpose, steady-state photo-
luminescence measurements were carried out through illumi-
nation from the GABr treated surface (referred to as back
excitation) as well as the substrate side (referred to as front

excitation) of the perovskite lm (Fig. 4a). Comparison of the
front and back excitation spectra obtained for the reference and
GABr treated perovskite lms (Fig. 4b) indicates a blue shiing
of the PL emission following the GABr treatment, indicative of
a bandgap increase from �1.25 eV for the reference to �1.30 eV
(Fig. S5†) aer GABr treatment. This blue shi is in agreement
with the Br� incorporation observed above based on ToF-SIMS
measurements and indicates the incorporation of Br� into the
perovskite lattice.30 Further analysis of the lms based on the
initial photoconductivity in optical-pump THz-probe (OPTP)
spectroscopy usingmethods outlined previously31 indicates that
the GABr treatment slightly lowers the overall mobility of the
absorber layer to 3 cm2 V�1 s�1 from 11 cm2 V�1 s�1 for the
reference (Fig. 4c). While the increased Br content enhances the
momentum scattering due to disorder and/or a change in
electron–phonon coupling, thereby lowering the mobility, the
inter-band recombination time remains long, at over 5 ns
before and aer GABr treatment, as estimated from the OPTP
dynamics at later delay times, circumventing the non-
exponential recombination dynamics evident in the OPTP at
early pump–probe delay times (<1 ns), when bimolecular
recombination contributes.31 The sufficiently high mobilities
and slow recombination yield diffusion lengths of around
490 nm (reference) and 270 nm (GABr treated). We note that
these values are lower than those that have been recently re-
ported in the literature based on double A-site cation perov-
skites,6 indicating that further careful optimisation of these
triple cation LTM perovskites is required, particularly to
increase the light absorption properties. However, the carrier
diffusion lengths observed above are compatible with the LTM
perovskite absorber thickness of �300 nm as used in photo-
voltaic devices discussed in the next section which ensures that
the carrier diffusion lengths are not the limiting factor for the
efficiency of the devices studied herein. In addition to the

Fig. 3 (a) XRD spectra of the two films (100 and 200 peaks shown
here) showing peak shifts with GABr treatment to higher 2q (lower d-
spacing). (b) Fits for strain analysis based on the modified Williamson–
Hall method and (c) the micro-strain values calculated for the refer-
ence and GABr treated films.

Fig. 4 (a) Schematic representation of the front and back excitation of the surface treated LTM layer where the back excitation is done at the
treated surface. (b) Steady state PL spectra obtained from the front and back excitation of the perovskite layer (excitation wavelength¼ 475 nm),
where a blue shift of PL peaks for the GABr treated LTM perovskite is obtained regardless of the surface of excitation. (c) Photoconductivity
dynamics from optical-pump THz probe spectroscopy.
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carrier mobilities and diffusion length, we also evaluated the
carrier lifetimes for both the reference and the GABr treated
LTM perovskites based on the optical pump THz probe spec-
troscopy measurements, which yielded similar lifetime values
of �8 ns, indicating that the post-treatment process does not
inuence the carrier lifetimes. We note that these carrier life-
time values are similar to values previously reported in the
literature5 for LTM perovskites of similar thicknesses.

Photovoltaic device performance

To identify the impact of the GABr treatment on PV device
performance, we fabricated and tested LTM perovskite PVs
using the inverted architecture of ITO/PEDOT:PSS/LTM perov-
skite/PC60BM/ZnO/BCP/Ag (Fig. 5a). We note that we have
incorporated a thin layer of ZnO between the PC60BM and BCP
layers as it was found to result in lower Voc losses. The current
density (J)–voltage (V) behaviours of the best performing refer-
ence and GABr treated PVs are shown in Fig. 5b and the
distributions of photovoltaic device parameters are given in
Fig. 5c–f and Table 1. We observed an improvement in Jsc from
23.5 mA cm�2 to 24.3 mA cm�2 following GABr treatment. The
enhancement in the Jsc is identied with the improved photo-
current generation throughout the whole wavelength range as
evident from External Quantum Efficiency (EQE) measurements
(Fig. 5c), indicative of better charge extraction. However, we do
note a slight decrease in the Voc from 0.73 V to 0.72 V following
the GABr treatment. Most notably, the FF of the device increases
from �70% to values exceeding 80% with the highest value of
83%. Based on a survey of reported work in the literature
(Fig. 5h), we note that this, to the best of our knowledge, is the
highest reported FF for Sn incorporated perovskite PVs and
approaches the best FFs observed for Pb-only perovskite PVs.32

The multiple enhancements achieved for the device parameters
following the GABr treatment enable a PCE of 14.4% to be
reached as opposed to the 12% obtained for the reference
device. Furthermore, tracking of the photocurrent at the
maximum power point (Fig. 5b inset) indicates a relatively
stable response over time for the GABr treated device in
comparison to the stronger decrease over time observed for the
reference devices. In order to determine if the GABr post-
treatment inuences the background carrier density of the
LTM perovskite devices, we carried out capacitance–voltage
measurements using the Mott–Schottky analysis based on the
following relationship:

1

C2
¼ 2

qA23N
V (1)

where C is the capacitance, q is the electronic charge, A is the
device area, 3 is the dielectric constant and N is the carrier
density. Based on the ts obtained for the 1/C2 vs. V plot (Fig. 5i),
we estimate a carrier density of �2–3 � 1015 cm3 for both the
reference and the GABr treated lms, which is suggestive of the
fact that the post-treatment process does not lead to a signi-
cant alteration in N and therefore the electronic properties of
the LTM absorber. Based on the similar carrier lifetimes
observed before the optical pump THz probe spectroscopy

measurements and the similar carrier densities from the Mott–
Schottky analysis, it is evident that the origin of the improved
device ll factors is the improved absorber/contact junctions
and interfaces as discussed later.

In addition to the above, studies were also carried out on the
impact of the voltage sweep rate on the hysteretic behavior of
the reference and GABr treated LTM perovskite devices (Fig. 5j)
based on the hysteresis index dened as33

Hysteresis index ¼ PCEreverse � PCEforward

PCEreverse

(2)

The analysis indicates a fairly high hysteresis for scan rates
below 100 mV s�1 which reduces signicantly at higher sweep
rates. Throughout the whole range of sweep rates studied here,
the GABr treatment has resulted in the reduction of the
hysteresis index as is evident from the lower hysteresis index
calculated for the GABr treated lms in comparison to the
reference devices. We note recent work on Pb perovskites34

which only consists of iodide as the halide where visible light
illumination has been observed to induce variations in strain,
which in turn impact the temporal stability of the PV perfor-
mance. However, the similar behaviour in LTM perovskites is
less well understood at present.

Estimation of FF limits

Following the observations made on the high device FF for the
LTM perovskite system utilized in this work, we estimated the
theoretical limits for the FF of the Pb–Sn perovskites based on
the empirical expressions developed by Martin Green35 for
a solar cell whose output current (I)–voltage (V) relationship is
given by

I ¼ IL � I0

(
exp

�
qðV þ IRsÞ

nkT

�
� 1

)
� V þ IRs

Rsh

(3)

where IL is the photocurrent, I0 is the diode saturation current,
Rs and Rsh are the series and shunt resistances (respectively), n
is the diode ideality factor, k is the Boltzmann constant and T is
the cell temperature. The normalized values for the open circuit
voltage (voc) can be dened as

voc ¼ Voc

q

nkT
(4)

The limiting cases when Rs is negligible and Rsh is large
result in the empirical relationship for the maximum ll factor
as

FF0 ¼ voc � lnðvoc þ 0:72Þ
voc þ 1

(5)

The dependency of FF0 values on the bandgap and different
diode ideality factors is given in Fig. 6a where the upper limit for
Voc has been estimated based on a thermodynamic loss of
300mV. Considering an ideal Voc of 1 V based on the bandgap of
the GABr treated LTM perovskite absorber (1.30 eV) and
assuming that recombination within the semiconductor takes
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Fig. 5 Photovoltaic device performance comparison before and after surface treatment. (a) Schematic representation of the PV device stack (not
drawn to scale). (b) J–V characteristics of the champion and GABr treated devices with the maximum power point shown as MPP (inset: PCE
tracking at the MPP). Box plots for (c) Voc, (d) Jsc, (e) FF and (f) PCE comparison of the PV devices. (g) EQE profiles of the devices with the
integrated current densities. (h) Comparison of literature FF values for different Pb–Sn mixed PV devices (references given within brackets) with
that in the current work (indicated by a red sphere). (i) 1/C2 vs. voltage measurements for Mott–Schottky analysis and (j) the hysteresis index for
the reference and GABr treated LTM perovskite absorbers.
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place only through a 1st order process (i.e. Shockley–Read–Hall
mechanism) with very low injection from the contacts (i.e. n ¼
1), an FF0 limit of �88% is estimated. To account for the �5%
FF decit, we proceeded to estimate n based on the illumination
intensity dependence of Voc as described by36

Voc ¼ nkT

q
ln

�
Jph

Js
þ 1

�
(6)

which under the conditions where
Jph
Js
[1 and Jph varies line-

arly with illumination intensity L can be written as

Voc ¼ nkT

q
lnðLÞ þ C (7)

where C is a temperature dependent value. Based on illumina-
tion intensity dependent measurements (Fig. 6b), an ideality
factor of �1.2 is estimated for the GABr treated samples which
places an upper limit of �86% for FF0 (Fig. 6b). This 3% loss in
FF can be attributed to a number of factors such as 2nd order
recombination and resistive losses in the contact layout used.
We note that further gains can be achieved especially through
further optimization of the active layer, charge selective layers37

and engineering for the series resistance losses for the trans-
parent contact.

Energy level alignment and proposed mechanism for
enhanced FF

Previously, based on OPTP measurements, we identied that
the GABr treatment does not have a noticeable impact on the
interband recombination times, indicating that the enhanced

ll factors are most likely due to the alignment of energy levels
between the perovskite and the hole and electron transport
layers (HTL and ETL), which can result in improved carrier
extraction. For this purpose, we carried out ultraviolet photo-
electron spectroscopy (UPS) analysis to identify the impact of
GABr treatment on the surface electronic properties of the LTM
perovskite absorbers (Fig. 7).

We observe shiing of the valence (VB) and conduction band
(CB) to deeper energy values following the GABr treatment while
the Fermi level Ef is observed to shi closer to the CB edge
(Fig. 7d). Previously, based on ToF-SIMS measurements, we
have identied the back (i.e. GABr treated) surface and the front
surface to be compositionally similar. In this scenario, we can
assume that both the HTL and the ETL form junctions with
a perovskite layer whose electronic properties are akin to those
measured for the GABr treated LTM perovskite lms. Consid-
ering the scenario for hole extraction, the shallower Ef of the
GABr treated LTM results in the formation of a more favourable
eld for hole extraction at the PEDOT:PSS/GABr treated LTM
perovskite interface in comparison to the untreated LTM
perovskite (Fig. 7e). It is noted that the relative shi of the work
function of PEDOT:PSS can also be unfavourable for device
performance as the selective carrier extraction can be lost in
some instances. However, the shi that is anticipated to take
place on this occasion is not detrimental to the device perfor-
mance as evident from the device characteristics discussed
previously. Similarly, for electrons, the deeper Ef for the
untreated LTM perovskite results in the formation of a higher
barrier for charge transfer from the LTM perovskite absorber to

Table 1 Photovoltaic device performance parameters. The principle photovoltaic device parameters for reference and GABr treated LTM
perovskite PVs. The average values are presented on results from 6–7 devices. The devices were tested using an aperture with an area of 0.43
cm2 with a Pb : Sn ratio of 0.5 : 0.5 in the inverted device configuration

Device parameters

Reference LTM GABr surface treated LTM

Average Champion device Average Champion device

Voc (V) 0.70 � 0.03 0.73 0.69 � 0.02 0.72
Jsc (mA cm�2) 22.9 � 1.2 23.5 24.3 � 0.5 24.3
FF (%) 68.6 � 3.3 70.3 79.5 � 2.8 82.6
PCE (%) 11.1 � 0.9 12.0 13.3 � 0.7 14.4

Fig. 6 (a) FF0 estimation. Estimated maximum fill factors (FF0) based on varying semiconductor absorber layer bandgap and varying ideality
factors (n). (b) Fits for the estimation of n for the reference and GABr treated devices based on illumination intensity dependence of the Voc.
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the fullerene (Fig. 7f). On the other hand, the incorporation of
Br� into a low bandgap Cs0.05FA0.79MA0.16Pb0.5Sn0.5I3 perovskite
absorber results in the formation of a more electron doped
perovskite layer. The resulting shis in the conduction band,
valence band and Fermi level energies reduce the barrier for
both hole and electron transfer from the LTM perovskite
absorber to the anode and cathode contacts in comparison to
the untreated Cs0.05FA0.79MA0.16Pb0.5Sn0.5I3 perovskite
absorber, which enables ll factors exceeding 80% to be ach-
ieved. The GABr treatment demonstrated in this work opens
a new route to increase the efficiencies of single junction Sn-

based perovskite PVs towards the Shockley–Queisser limit and
is also expected to provide a route to signicantly improve the
efficiencies of all-perovskite multi-junction cells.

Experimental section
Materials and solvents

Formamidinium iodide (FAI,$98%), methylammonium iodide
(MAI, $98%), cesium iodide (CsI2), tin uoride (SnF2, 99%), tin
iodide (SnI2, 99.99%), guanidinium bromide (GABr, $98%),
aluminum-doped zinc oxide (Al-ZnO nanoparticle ink, 2.5 wt%),

Fig. 7 Work function and valence band position analysis of the perovskite thin films. Low kinetic energy cut-off of (a) reference and (b) GABr
treated LTM layers. (c) Valence band spectra (band onsets shown here) for the aforementioned samples. (d) Schematic diagrams indicating the
band positions for the perovskite layers as calculated fromUPS spectra, along with the band positions of the layers in the device stack. Schematic
diagrams of (e) the alignment of the PEDOT:PSS Fermi level with the quasi Fermi level for holes (Ef,p) of the untreated (left) and GABr treated LTM
perovskite layers. The shallower Ef in the GABr treated LTM perovskite absorber results in more efficient extraction of holes at the anode in
comparison to the untreated LTM perovskite. Similarly, (f) shallower Ef in the GABr treated LTM perovskite results in a lower barrier for electron
extraction which is increased in the absence of the GABr treatment.
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and 1-2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP;
sublimed grade, Sigma Aldrich, 99.99% purity) were purchased
from Sigma Aldrich (UK). Lead(II) iodide (PbI2, 99.99%) was
purchased from Tokyo Chemical Industry Co., Ltd. (TCI, Japan),
and [6,6]-phenyl-C61-butyric acid methyl ester (PC60BM) was
purchased from Solenne B.V. and poly(3,4-
ethylenedioxythiophene) (PEDOT:PSS; Heraeus Clevios P VP AI
4083) was purchased from Ossila. Solvents dimethyl sulfoxide
(DMSO, anhydrous, $99.9%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), methanol (HPLC grade, $99.9%), chloro-
benzene (anhydrous, 99.8%), 2-propanol (anhydrous, 99.5%)
and toluene (anhydrous, 99.8%) were purchased from Sigma
Aldrich (UK).

Solution preparation

Perovskite precursor solution. PbI2, FAI, and MAI powders
were dissolved in a glass vial with a DMF : DMSO 4 : 1 (v/v)
solvent mixture and stirred for at least 12 h in a N2 lled glo-
vebox (MBraun MB20G). SnF2 and SnI2 powders were added to
this solution and stirred for at least 1 h. The nal concentra-
tions of the dissolved salts were 0.65 M (0.05 M PbI2 in excess),
1 M, 0.2 M, 0.12 M and 0.6 M, respectively. To this, 42 ml of CsI
(390 mg ml�1 in DMSO) was added and stirred for another
30 min.

Hole transport materials. PEDOT:PSS was diluted 1 : 2 (v/v)
in methanol under ambient conditions.

Electron transport materials. 20 mg of PC60BM powder was
dissolved in 1 ml of chlorobenzene in a N2 lled glovebox.

Electron transport materials. Al doped ZnO nanoparticle ink
was diluted 1 : 1 (v/v) in 2-propanol and sonicated in an ultra-
sonic bath for 5 min at 100 W.

Guanidinium bromide treatment solution. 5 mg of GABr was
dissolved in 1 ml of 2-propanol overnight.

Device fabrication

PV devices were fabricated on 15 mm � 15 mm � 0.7 mm ITO
(indium tin oxide; In2O3:Sn) coated glass substrates (Lumines-
cence Technology Corporation, 15 U per square), which were
rst run through a cleaning cycle of sequential sonication in
acetone, 2-propanol and methanol for 5 min each, in an ultra-
sonic bath at 100 W, and subsequently dried under N2 gas and
exposed to O2 plasma for 5 min. The hole transporting layer was
then spin coated on the ITO substrates at 3000 rpm for 25 s
under ambient conditions and annealed at 150 �C for 10 min on
a hot plate. The coated substrates were then transferred into
a N2 lled glovebox where each substrate was spin coated with
30 ml of perovskite absorber layer sequentially at 1000 rpm for
8 s, and 6000 rpm for 37 s. 75 ml of toluene anti-solvent was
dropped 5 s prior to the end of the spinning cycle, and the
coated substrates were annealed at 120 �C for 20 min inside the
glovebox. The samples were taken out of the hot plate and le to
cool down for 5 min, before spin coating with 100 ml toluene at
6000 rpm for 30 s to remove any oxidized Sn species, followed by
annealing at 120 �C for 5 min. For the surface treated devices,
the samples were then coated with 50 ml of the GABr solution at
5000 rpm for 30 s and annealed at 120 �C for 10min, followed by

coating with 50 ml of 2-propanol at 5000 rpm for 30 s. All
samples were then cooled to room temperature, and each was
spin coated with a 30 ml PC60BM electron transport layer, at
1000 rpm for 35 s. As the next electron transport layer, Al doped
ZnO nanoparticle solution was then spin coated at 5000 rpm for
30 s. Finally, the devices were loaded on a shadow mask and
a 7 nm thick BCP layer and a 120 nm thick silver cathode were
thermally evaporated under a base pressure of <3 � 10�6 mbar
at a rate of 0.5 Å s�1.

Device characterization

Current–voltage characteristics. The current–voltage char-
acteristics of the devices (active area¼ 0.68 cm2) were studied in
a N2 atmosphere, under an AM 1.5G 1 sun solar spectrum
generated by an ABET 10500 solar simulator (class AAB) with
a 150 W Xe arc lamp, calibrated to 100 mW cm�2 with a refer-
ence Si cell (Newport, PVM 165). PV devices were connected
directly to a Keithley 2400 source measure unit (SMU) as the
external load. The devices were illuminated through an aperture
mask of 0.433 cm2 open area.

External quantum efficiency (EQE) measurements. The EQE
characteristics of the test devices were measured using a Ben-
tham PVE300 system under ambient conditions. Devices were
biased under short circuit conditions and EQE was measured
using a dual quartz/halogen light source with illumination
wavelengths in the range of 300–1100 nm.

Capacitance–voltage, and illumination intensity depen-
dence measurements. Capacitance–voltage and illumination
intensity measurements were carried out using Fluxim's Paios
all-in-one test platform. Devices were fabricated using the same
methodology described for photovoltaic device character-
isation. The pixel area was set to 5.6 mm2 in order to minimise
capacitive effects that can inuence device characteristics.

Scanning electron microscopy imaging. Samples for SEM
were prepared on cleaned and O2 plasma treated silicon
substrates or ITO coated glass substrates by spin coating the
LTM layer (with and without surface treatments) following the
same procedure as in device fabrication. Prior to SEM
measurements, electrical contacts were made using conductive
silver ink between the metal SEM stub and the perovskite thin
layer. The samples were investigated with an FEI Quanta 200F
Environmental SEM setup under a vacuum of <10�5 mbar.

To investigate the cross sections, the samples were milled
using an FEI Nova Nanolab Focused Ion Beam (FIB) system, and
mounted at an angle of 52� before imaging. Prior to milling, the
area of interest of the perovskite layer was enclosed by
a protective Pt coating by EBID (electron beam induced depo-
sition) at 5 keV and �1 nA, followed by Pt-IBID (ion beam
induced deposition) at 30 keV and 0.4 nA, under a vacuum of�5
� 10�6 mbar. The cross section was made using a Ga+ ion beam
at 30 keV and 0.4 nA. Subsequently, a cleaning cross section step
was carried out at 5 keV and a lower current.

Energy dispersive X-ray (EDX) spectroscopy. Samples for
SEM were prepared by coating the LTM layer on cleaned silicon
substrates. The EDX analysis was carried out on the samples
through an x-act Oxford Instruments EDX detector coupled with
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a Zeiss Supra 40 SEM setup. The images were analyzed using
INCA soware from Oxford Instruments. Cross-sectional EDX
was performed with a 52� rotation of the sample.

X-ray diffraction (XRD) measurements. For thin lm XRD
measurements, LTM perovskites were coated on ITO coated
glass substrates. XRD spectra were obtained based on the
CuKa1 (1.54060 Å) emission from a Rigaku Mini Flex 600
system.

Ultraviolet-visible (UV-Vis) spectroscopy. The UV-Vis absorp-
tion of the LTM thin lms wasmeasured using a Varian Cary 5000
UV-Vis-NIR spectrometer tted with a transmission accessory. The
LTM samples were prepared on glass substrates.

X-ray photoelectron spectroscopy (XPS). XPS analyses were
performed on a Thermo Fisher Scientic Instruments (East
Grinstead, UK) K-Alpha+ spectrometer. XPS spectra were
acquired using a monochromated Al Ka X-ray source (hn ¼
1486.6 eV). An X-ray spot of �400 mm radius was employed.
Survey spectra were acquired employing a pass energy of 200 eV.
High resolution, core level spectra for all elements were
acquired with a pass energy of 50 eV. All spectra were charge
referenced against the C1s peak at 285 eV to correct for charging
effects during acquisition. Quantitative surface chemical anal-
yses were calculated from the high resolution, core level spectra
following the removal of a non-linear (Shirley) background. The
manufacturers' Avantage soware was used and it incorporates
the appropriate sensitivity factors and corrects for the electron
energy analyser transmission function.

Ultraviolet photoelectron spectroscopy (UPS). UPS
measurements were carried out at room temperature using
a custom setup equipped with a helium discharge lamp and
SCIENTA RS4000 photoelectron analyser. The valence-band
photoemission spectra were obtained at a pass energy of
10 eV using monochromated He II radiation (40.8 eV). The work
function was evaluated from the secondary electron cut-off
measured at a pass energy of 2 eV with He Ia radiation (21.22
eV) on the sample biased at �5 V. The Fermi energy was eval-
uated from the Fermi edge of an Au(111) single crystal.

Surface analysis by ToF-SIMS. ToF-SIMS analyses were
carried out on an ION-TOF GmbH (Münster, Germany) TOF.-
SIMS 5 system. The instrument is equipped with a reectron
type analyser andmicrochannel plate detector. A Bi liquid metal
ion source (LMIS) was employed for mass data acquisition.
Mass data were acquired using the Bi3+ cluster ion. Mass data
acquisition was performed by raster scanning over a 100 � 100
mm2 area. A 25 keV Bi3+ primary ion beam delivering a current of
0.18 pA was used. A cycle time of 100 ms was employed for mass
data acquisition. A Cs ion source was employed as the sputter/
etch tool. The area analysed by the LMIS was at the centre of the
sputter/etch crater formed using the rastered Cs+ beam. A 3 kV
Cs+ primary ion beam was employed. The Cs+ sputter/etch area
was 400� 400 mm2. A sputter/etch interval of 1 s was used for all
of the depth prole studies described here. The depth proling
analyses were performed in the ‘non-interlaced’ mode, that is,
repeat cycles of mass data acquisition by the Bi LMIS and 1 s
sputter/etch by the Cs source, followed by 1 s charge compen-
sation using a low energy electron ood gun were employed.

Terahertz spectroscopy. An optical pump terahertz probe
spectrometer based on an ultrafast Ti:sapphire amplier
(Newport Spectra Physics Spitre Ace, 13 mJ, 1 kHz, 40 fs) was
used. Pump pulses with 50 fs duration were generated using
a TOPAS Prime optical parametric amplier pumped by a 3 mJ
amplier beam. Optical rectication in GaP was used for the
generation of the terahertz probe which was then detected by
electro-optic sampling in ZnTe, using a balanced photodiode
scheme and a Pico Technology PicoScope 4262 oscilloscope for
data acquisition. A four-pulse scheme, where the terahertz
beam and the optical pump are chopped at 500 Hz and 250 Hz
(respectively), provided the transmitted terahertz electric eld
amplitudes Eoff and Eon, with DE/E ¼ (Eon � Eoff)/Eoff. The knife-
edge method was used to measure the terahertz and optical
pump beam diameters resulting in a Gaussian prole with
a standard deviation of 300 mm for the terahertz beam and
1.2 mm for the optical pump beam. A gold retroreector
mounted on a motorized stage was used to generate a 3 ns delay
line between the terahertz generation and detection beams
relative to the xed optical pump beam.

Steady state photoluminescence spectroscopy. A Horiba
Jobin Yvon (HJY) Fluorolog spectrouorometer was used to
obtain the steady state photoluminescence spectra. The
samples were illuminated with 475 nm light (bandwidth 29 nm)
from a 450 W xenon lamp with a monochromator, at an
intensity of approximately 400 W m�2. The photoluminescence
was measured with an HJY iHR320 spectrometer coupled to
a DSS-IGA020L detector.
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XRD analysis

In the range of the measurement, 4 distinctive peaks are seen (Fig. S4) at 2θ values of ~14⁰, 

~20⁰, ~24⁰ and ~28⁰ which were identified to be corresponding to 100, 110, 111, 200 planes 

respectively, as seen in prior reports for triple cation perovskites.1 The occurrence of an excess 

PbI2 phase is not seen in the LTM films as can be seen by the lack of any peaks at lower 2θ 

values near the main 100 perovskite peak. The peak positions have shifted to higher 2θ values 

following the GABr treatment. When fitted with the orthorhombic model;

1

𝑑 2
ℎ𝑘𝑙

=  
ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2

(S1)

the unit cell parameters can be calculated as, a = 6.33 Å, b = 6.34 Å, c = 6.34 Å for the reference 

LTM and a = 6.32 Å, b = 6.29 Å and c = 6.33 Å for the GABr treated LTM, clearly showing 

the contraction of unit cells following the GABr treatment. 

Modified Williamson-Hall method for microstrain estimation 

Reduction in grain size (Scherrer broadening) and/or non-uniform strain (microstrain) causes 

a broadening and peak shifts in XRD spectra. It is noted that Scherrer broadening is significant 

only for grains whose sizes are less than 100 nm which is below that, observed in this work.  

For crystalline materials, small fluctuations in the lattice spacing as a result of crystal 

imperfections/structural defects including dislocations, vacancies, stacking faults, interstitials, 

twinning and grain boundaries2–4 can result in microstrain. By considering Braggs law5:

                                                                 (S2)𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

where n is an integer, λ is the wavelength of the X-ray energy used, d represents the lattice 

parameter and  represents the diffraction angle, it is evident that small fluctuations in d results 𝜃

in small fluctuations, or broadening, in θ. For this work, the extent of microstrain in the LTM 

perovskite films studied in this work were evaluated by analyzing the peak broadening in the 

diffraction patterns based on the modified Williamson-Hall method2,4. Under experimental 

conditions, three factors affect the effective d-space broadening (dobs) of an XRD peak. This 

includes the instrument response (dins), the grain size (dsize) and the microstrain (dε) width 
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broadening, which contributes towards the Gaussian full width half maximum broadening in 

the 2θ scan. These can be de-convoluted from the observed broadening, via, 

                                                    ∆𝑑 2
𝑜𝑏𝑠 = ∆𝑑2

𝜀 +  ∆𝑑 2
𝑖𝑛𝑠 + ∆𝑑 2

𝜀𝑖𝑧𝑒 (S3)

In the above, the unit-less microstrain ε is defined as ε = (dε/𝑑), where d is the mean d-spacing. 

As mentioned above, based on the grain sizes observed in this work, the size effect induced 

peak width broadening can be neglected. Therefore,  

(∆ 2
𝑜𝑏𝑠 ‒ ∆ 2

𝑖𝑛𝑠)
1

2 ≈  𝜀𝑑
(S4)

As a result, the microstrain, ε, in the crystals can be estimated from the slope of 

 vs . In contrast to the pristine perovskite film, we can clearly observe an (∆ 2
𝑜𝑏𝑠 ‒ ∆ 2

𝑖𝑛𝑠)
1

2
𝑑

increase in microstrain following the GABr treatment which is attributed to the formation of 

Cs0.05FA0.79MA0.16Pb0.5Sn0.5(I0.8Br0.2)3 perovskite phase at the grain boundaries of 

Cs0.05FA0.79MA0.16Pb0.5Sn0.5I3 and on the film surface. 

Estimation of bandgap energies

To estimate the bandgap energies of the LTM films, the steady state photoluminescence 

(PL) spectra of the two films were investigated. Each film was excited at 475 nm from both 

surfaces as shown in Fig. S5. The resulting spectra show a blue-shift in the peak positions 

following the GABr treatment. In order to determine the bandgap energies of the LTM 

perovskites, the back excited PL spectra were fitted with Voigt functions, and centre x-values 

are taken as the EBG. 

Estimation of work function

The work functions were measured with He Iα (21.22 eV) on the sample biased at -5 V and the 

valence band spectra were measured at room temperature with He II (40.8 eV).

The work function ( ) was evaluated as:Φ𝑠

Φ𝑆 = 𝐸𝑐𝑢𝑡𝑜𝑓𝑓 + 𝐸𝑏𝑖𝑎𝑠 + Φ𝐴 (S8)
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where Ecutoff is the low-kinetic energy cutoff (evaluated in Fig. 7a & b); Reference 5.243 eV 

and GABr 5.163 eV), Ebias is the bias potential (-5V) and  is the work function of the analyser Φ𝐴

(4.135 eV). 

 was evaluated from the Fermi level of Au(111) single crystal. The work functions with Φ𝐴

respect to the vaccum level (fermi level; Ef)were calculated as -4.4 eV for the reference LTM 

and -4.3 eV for the GABr treated LTM.

The valence level with respect to the work function was calculated by the onset of the valence 

band in each sample (Fig. 7c). There appears to be an energy offset of the two samples where 

the GABr treatment has shifted onset to 1.037 eV compared to 0.827 eV for the reference. The 

valence band positions were hence calculated to be -5.2 eV for the reference sample and -5.3 

eV for GABr LTM. The conduction band positions were evaluated by:

𝐶𝐵 = 𝑉𝐵 ‒  𝐸𝐵𝐺 (S9)

where, CB and VB denotes conduction and valence band energies and EBG is the bandgap 

energy. As calculated conduction band energies are -3.9 eV for reference and -4.0 eV for GABr 

LTM.
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Fig. S1. The EDX mapping of surface of the treated perovskite layer showing 

homogeneous Br- distribution (indicated by red dots) laid on top of the SEM micrograph 

of the tested LTM perovskite surface. 
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Fig. S2. XPS surface analysis of LTM thin films. The Br 3d peak is clearly visible for the 

GABr treated sample whereas the reference does not show any such feature. Here, the 

Br(3d) and I(3d5) atomic percentages are 4.37% and 17.07%, resulting in a Br-1: I-1 ration 

of 0.2:0.8. The rest of the spectra are largely seen to be similar in both LTM films showing 

no major changes in the elemental structure due to the surface treatment.
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Fig. S3. Cross sectional SEM image of a Cs0.05FA0.79MA0.16Pb(I0.85Br0.15)3 film. A bright 

capping layer on the perovskite layer is observed despite the lack of any additional 

surface passivation. 
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Fig. S4. XRD spectra of LTM perovskite films. Shift in peaks are seen following the 

GABr treatment to lower lattice spacing.
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Fig. S5. Fits for determination of bandgap energy (EBG) based on steady state PL spectra 

obtained from back excitation of the perovskite layer (excitation wavelength = 475 nm). 

The spectra are fitted with Voigt functions (fittings shown in dotted lines) to obtain the 

bandgap. 
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