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Abstract 

Perovskites offer exciting opportunities to realise highly efficient multi-junction photovoltaic (PV) 
devices in combination with various established and emerging PV technologies, set to overcome the 
fundamental limitations of single-junction solar cells. To this end, high-VOC and often Br-rich perovskite 
cells are required, which currently suffer from severe limitations commonly attributed to halide 
segregation. Here, we study efficient triple cation perovskite cells over a wide bandgap range (~1.5 eV 
- 1.9 eV). While, all studied wide-gap cells (≥1.69 eV) experience rapid phase segregation under 
illumination (seconds), the electroluminescence spectra are less affected by this process. The 
measurements reveal a low electroluminescence quantum yield of the mixed halide perovskite phase 
which explains the significant VOC losses with increasing Br-content. Photoluminescence 
measurements on fresh, partial cell stacks prior to significant halide segregation reveal that both 
transport layer (PTAA and C60) cause a significant reduction in PL yield in Br-rich (>30%) samples. The 
findings confirm that the presence of the segregated iodide-rich domains is not directly responsible 
for the low VOC, but the significant non-radiative recombination at the interfaces. Consistent with this, 
LiF can improve the VOC of cells that are primarily limited by the n-interface (≤1.75 eV) resulting in 20% 
efficient 1.7 eV bandgap cells. However, a simultaneous optimization of the hole transport layer or p-
interface is necessary to further advance even larger bandgap (≥1.75 eV) pin-type cells in the future. 

 

Introduction 

Perovskites have attracted enormous research interests due to their ease of fabrication and favourable 
opto-electronic properties such as defect tolerant nature,1 and near ideal optical and emissive 
properties.2 This renders them highly interesting for a range of applications including 
photodetectors3,4, LEDs5,6  and solar cells.7–9 In particular, perovskite-based multi-junction solar cells 
are among the fastest growing research topics in the perovskite community as the simple 
processability from solution10,11 or vacuum deposition12,13 opens a range of new tandem applications. 
These combinations include perovskite/quantum dot solar cells,14,15 perovskite/organic 
photovoltaics,17 perovskite/perovskite,18,19 silicon/perovskite,20–22 CIGS/perovskite23,24 and other 
combinations with established thin film technologies.25–27 Of particular interest for all these tandem 
solar cells are wide bandgap perovskites, here defined with a bandgap ≥1.7 eV.28 For example, a 



perovskite with a bandgap of around 1.7 eV is the ideal candidate for monolithic Si/perovskite tandem 
cells while a bandgap of 1.8 eV is suitable for perovskite/perovskite tandem cells due to the current 
bandgap limitation of mixed Sn/Pb based perovskites at a minimal bandgap of ~1.2 eV.19 Depending 
on the achievable short-circuit current of the low-gap partner cell, or the number of junctions, even 
higher bandgap perovskites may be useful for multijunction cells.  

A common, well-known approach to tune the bandgap is to substitute the ions on the X-site of the 
ABX3 perovskite structure.29 For lead-based perovskites, APb(IxBry), this allows to increase the bandgap 
from ~1.5 eV when A=formamidinium and x=1 (pure iodine) to 2.35 eV when A=methyl ammonium 
and y=1 (pure bromine).30 Although the substitution of iodine by bromine does, in fact, shift the 
absorption onset,31 as soon as the bromine proportion exceeds a critical value, increasing the bandgap 
does not translate into a corresponding increase in the VOC as depicted in Figure 1a. In the community, 
this phenomena is known as the Hoke limit,32 who first observed the formation of a photo-induced low 
energy peak during photoluminescence (PL) measurements and attributed this to the segregation of 
halides into small physical domains.33 Because of the correlation between the photo-induced 
segregation effect and the pinning of the VOC, it was subsequently assumed that the halide segregation 
is responsible for the open-circuit voltage losses with increasing bandgap. However, very recently this 
interpretation has become under debate again. In particular, Mahesh et al.30 argued that the halide 
segregation is not the critical limitation but the low initial electroluminescence quantum yield (EQEEL) 
of the non-segregated phase. This conclusion was based on an estimation of the initial 
electroluminescence quantum yield of a wide-gap cell (e.g. ≈1x10-6 for a 1.77 eV gap cell) by comparing 
the measured VOC with the radiative open-circuit voltage. The loss due to the halide segregation was 
then quantified from the increased sub-gap absorption from the iodide-rich domains during constant 
illumination which increases the radiative VOC losses. The authors concluded that the low initial EQEEL 
yield of the non-segregated cell dominates the voltage losses (e.g. 385 mV for the 1.77 eV cell), while 
the additional radiative VOC loss due to the halide segregation was much smaller (e.g. 75 mV). However, 
the EQEEL yield was not experimentally measured and it remains unclear whether the halide-induced 
segregation loss can be fully captured from the increase in the radiative recombination current due to 
extended device absorption or if there are other non-radiative losses associated to halide-segregation 
influencing the low, initial EQEEL. For example, Br-rich samples may be partially phase segregated but 
the impact on the absorption or EQEPV  absorption could negligibly small and barely detectable. 
Moreover, the segregation could lead to enhanced non-radiative recombination before the halide 
segregation appears in the absorption spectrum.  

However, these new interesting developments raise the important question whether it is actually a 
bulk property (e.g. defects) or indirectly the segregation of halides that limits the open-circuit voltage 
of these wide bandgap pin-type cells, or if there are other dominant recombination processes. For 
example, the halide segregation could reduce the radiative efficiency of the neat material due to 
increased non-radiative recombination in the bulk or at the surface and thus change the relative 
importance of bulk recombination with respect to the recombination at the interfaces. The latter been 
demonstrated to be the main performance limitation in pin-type triple cation perovskite cells with a 
bandgap close to 1.6 eV.34 Moreover, both or one particular interface could deteriorate with increasing 
Br-content. Another aspect that should be taken into account is the change of energy level alignment 
between the perovskite (valence and conduction) bands and the transport layers when the bandgap 
of the absorber layer changes. In this regard, using ultraviolet photoelectron spectroscopy (UPS), we 
have recently shown that the valence band maximum of Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 triple 
cation cells with a bandgap of 1.63 eV is well aligned with the hole-transporting layer.35 This is 
consistent with the match between the external VOC and the internal voltage (i.e. the quasi-Fermi level 
splitting) in the perovskite layer, which suggests that both transport layers (PTAA and C60) are 



energetically aligned.36 However, this alignment may be impaired when the bandgap of the absorber 
layer increases (while keeping the same transport layers).  

In order to address the above raised questions, we have studied pin-type triple cation perovskite solar 
cells as a model system over a wide range of bandgaps from 1.53 eV to 1.88 eV. In terms of photovoltaic 
performance, we observed - not unexpectedly - a saturation of the VOC to approximately 1.17 V when 
increasing the bandgap beyond 1.53 eV to up to 1.9 eV. In order to elucidate the reasons behind this 
common observation in literature, we performed absolute photoluminescence (PL) and 
electroluminescence (EL) measurements. Interestingly, while the PL of complete cells behaved as 
expected considering the above described findings in literature, with a red-shifted peak emission at 
around 1.55 eV, the EL spectrum was very different. In fact, the peak of the EQEEL followed within a 
relatively small uncertainty the bandgap of the mixed halide phase, allowing to directly assess its 
radiative efficiency (i.e. the nominal composition of the absorber layer). The results showed a strong 
reduction in EQEEL yield when increasing the bandgap, which confirms that the primary limitation is 
due to strong non-radiative recombination in the mixed halide phase which caps the VOC of the cells to 
a certain value. To further investigate the reason behind the low EQEEL yield, we measured the PL-yield 
on partial solar cell stacks fast enough to prevent the occurrence of significant halide segregation. 
These measurements demonstrate a significant drop in the PLQY of the mixed phase in the presence 
of either transport layer, in particular in the case of the hole transport layer when the Br concentration 
increases beyond ≈30%. This explains why improvements at the top interface (e.g. using LiF) fail at 
even higher Br concentrations and bandgaps as in this case, the recombination at the p-interface 
becomes limiting. We conclude that the presence of the iodide-rich domains is not the primary reason 
for the observed VOC loss, rather a comparatively high interfacial defect density in the mixed halide 
phase and partially energy alignment issues. 

Results  

We fabricated several perovskite solar cells in the pin-structure of [ITO (150 nm)/PTAA:PFN-Br (8 
nm)/perovskite (400 nm)/C60 (30 nm)/BCP (8nm)/Cu (100 nm)], where ITO is indium tin oxide, PTAA is 
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine], PTAA-Br is poly[(9,9-bis(30-((N,N-dimethyl)-N-
ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] dibromide, BCP is bathocuproine 
and perovskite stands for a triple cation composition consisting of Cs0.05(FAxMAy)0.95Pb(IxBry)3, where x 
= 1-y ranges from 0.5 to 1.0. As discussed previously, the absorption onset is directly related to the 
bromine/iodine ratio at the X site of the perovskite structure ABX3. Figure 1b shows the normalised 
EQEPV curves which demonstrates the increasing bandgap with the increasing Br ratio. The summary 
of the parameters for all fabricated devices is shown in Figure 1c. It is clear that the losses in power 
conversion efficiency are mainly due to losses in VOC, which does not follow the increase in bandgap, 
but plateaus at approximately 1.17 V when the proportion of bromine surpasses 30% (i.e. when x=0.70) 
consistent with recent reports.28  



 

Figure 1. a, The open-circuit voltage deficit (highlighted in orange) observed in literature for perovskite 
compositions with bandgaps from 1.75 eV to 2.25 eV, which has been ascribed to the Hoke effect.  
Notably, there are already exceptions to this trend, however, to our knowledge only in nip-type cells.37 
Data adapted from ref.,28 permission pending. b, Normalised external quantum efficiency (EQEPV) for 
all the studied compositions for triple cation perovskite solar cells with stoichiometry of 
Cs0.05(FAxMAy)0.95Pb(IxBry)3, where x=1-y was varied from 0.5 to 1.0. c, Corresponding solar cell 
performance, highlighting that the VOC does not increase at bandgaps larger than 1.63 eV, which 
confirms the observations in literature for the studied perovskite system. Ultimately, the saturation in 
VOC leads to a significant drop in the perovskite solar cell performance at bandgaps greater than 1.63 
eV.  

To investigate the potential impact of halide segregation, we first performed photoluminescence (PL) 
measurements on the complete cells under a 1 sun equivalent illumination, following our previous 
approach. As shown in Figure 2a, we found that although the bandgap shifts as expected with the Br-
content, the steady-state peak emission is independent on the studied composition and it is centred 
at ~1.55 eV. Whilst this is quite unexpected for solar cell technologies, for wide bandgap perovskites 
it is not. The constant PL peak position indicates that regardless of the perovskite composition, the 
emission comes from an iodide-rich domain with a lower bandgap below 1.6 eV. Notably, very similar 
findings have been reported in various recent papers.33,38,39 Moreover, the PL intensity reduces with 
increasing bandgap, something that will be discussed further below. We note that the PL was 
measured on cells that were characterised with JV measurements one day earlier and the samples 
were illuminated for around 10 seconds before recording the PL spectra. This suggests that the samples 
immediately phase-segregate during initial JV measurement which will be discussed further below. On 
the other hand, the absence of an absorption feature in the EQEPV spectra (until 10-2) in Figure 2a 
indicates that the volume fraction covered by the segregated domains is relatively small as they would 
otherwise be noticeable in the EQEPV spectra as shown, for instance, in reference.30 In order to 
investigate this further, we recorded the EQEPV spectra close to 10-4 as shown in the Supplementary 
Figure S1 and found no additional prominent feature in the subgap regime. To test whether this halide 
segregation becomes visible in the EQE spectra, we illuminated the cells for 30 minutes under the 
simulated AM1.5G sun spectrum (that of our JV measurement setup) and recorded the EQEPV once 
more (Supplementary Figure S1). Again, no additional feature in the EQE was observed after the 
illumination, further consistent with the assumption that the iodide rich domains did not significantly 
contribute to the absorption or charge collection. This highlights the absence of additional 



recombination losses in this type of cells due to the halide segregation.30 At this point, we also note 
that the PCE of the cells did not change significantly after several months of dark storage 
(Supplementary Figure S2). Moreover, Supplementary Figure S3 presents the maximum power point 
tracking for 60 minutes. This shows that the samples are relatively stable on these timescales despite 
the presence of the halide segregation in the PL.  

In the next step, we performed electroluminescence measurements as shown in Figure 2b under 
carrier concentrations comparable to 1 sun illumination, i.e. where the injection current is 
approximately equal to the short-circuit current. The spectra in Figure 2b are normalized whilst 
Supplementary Figure S4a shows the original ones. Very surprisingly (and in contrast to the PL 
measurements), we find that the electroluminescence spectra follow the same trend as the EQEPV 
which means that it is the emission from the mixed perovskite phase which governs the absorption.40 
It is worth clarifying that both the electroluminescence flux and the external electroluminescence 
quantum efficiency were taken on the same samples one day after measuring the photoluminescence 
spectra. Therefore, we can exclude that the difference between the EQEEL and the PL spectra is due to 
a sample to sample variation. Overall, the results indicate that in the EQEEL measurements, the 
occupation of the low bandgap states corresponding to the iodide-rich domains is very low and hence, 
does not result in an appreciable contribution to the EL spectrum. Although this is certainly surprising, 
we have not yet found the exact reason for this interesting observation and this is subject of ongoing 
work. 

 

Figure 2. a, Normalised external quantum efficiency (EQEPV) of the wide bandgap perovskite solar cells 
for several iodine:bromine (x:y) ratios and steady-state photoluminescence (PL) emission spectra 
showing the position of the peak is centred at ~1.55 eV. b, Normalised electroluminescence emission 
spectra showing that the peak emission follows that the bandgap of the different perovskite 
compositions. c, Electroluminescence quantum efficiency (EQEEL) as a function of applied voltage for 
the selected compositions. The dashed line intersects with the EL curves when the injected current 
equals short-circuit current density (1 Sun). d, The open circuit voltage calculated by means of equation 
(2) in comparison to the value obtained from the JV-scan.  

In order to correlate the observed VOC losses in the wide bandgap cells with the efficiency of radiative 
recombination, we measured in the next step the external electroluminescence quantum efficiency 
(EQEEL) as a function of the applied voltage as shown in Figure 2c, while Supplementary Figure S4b 
shows the EQEEL as a function of injected current. Under conditions similar to open-circuit under 1-sun 
illumination (injected current density equals JSC,), the EQEEL values monotonically decrease as the 
bromine proportion (and hence the bandgap) increases. That means that the more the bromine 



content, the less the radiative efficiency. The losses in VOC can be quantified starting from the definition 
of EQEEL as follows 

 EQEEL =
𝐽𝐽rad

𝐽𝐽R,tot
=

𝐽𝐽rad

𝐽𝐽rad + 𝐽𝐽non-rad
 , (eq. 1) 

 

where 𝐽𝐽rad, 𝐽𝐽non-rad and 𝐽𝐽R,tot are the radiative, non-radiative and total recombination current density 
at a finite QFLS, respectively. Here, 𝐽𝐽R,tot also corresponds to the total injected current density in EL. 
Now, from Rau’s reciprocity relation41, it is known that 

  𝑉𝑉OC = 𝑉𝑉OC,rad +
𝑘𝑘𝐵𝐵𝑇𝑇
𝑞𝑞

ln(EQEEL) 
(eq. 2) 

 

where 𝑘𝑘B the Boltzmann constant, 𝑇𝑇 the temperature, q the elementary charge and 𝑉𝑉OC,rad is the 𝑉𝑉OC 

in the radiative limit given by 𝑉𝑉OC,rad = 𝑘𝑘𝐵𝐵𝑇𝑇
𝑞𝑞

ln � 𝐽𝐽SC
𝐽𝐽0,rad

�. Here, 𝐽𝐽0,rad is the radiative recombination current 

in the dark. The 𝑉𝑉OC,rad and the  𝑉𝑉OC calculated from the EQEEL are shown in the Figure 2d along with 
the measured 𝑉𝑉OC  from the JV-curves. This shows that the 𝑉𝑉OC  losses increase for cells with more 
content of bromine, i.e. with increasing bandgap. The good agreement between the 𝑉𝑉OC from the JV 
scan and the calculated 𝑉𝑉OC from Equation 2 further demonstrates that the 𝑉𝑉OC penalty is due to the 
low radiative efficiency of the mixed halide phase. Thereby these results demonstrate that the 
segregated iodide-rich domains and the red-shifted emission are not directly responsible for the losses 
in 𝑉𝑉OC.  

Having experimentally confirmed that the EQEEL of the mixed phase is comparatively low, in the next 
step, we aim to understand the reason for this observation. In order to assess the radiative efficiency 
of the different partial cell stacks comprising the cells, we performed again PL measurements, but this 
time on fresh samples that have never been exposed to light before. We also illuminated the samples 
for a very short time (~1s) only, before recording the data, hoping to assess the impact of interfacial 
and bulk recombination on the radiative efficiency prior to significant phase segregation. The results 
are shown below in Figure 3, whilst Supplementary Figure S5 shows the PL of all stack layers after 
constant illumination for several minutes, i.e. the impact of phase segregation in these different stack 
layers. Whereas Supplementary Figure S5 suggests that C60 may partially halt the phase segregation 
in the absence of the HTL, we aim to analyse the initial measurement of the emission prior to significant 
segregation that masks the emission from the mixed halide phase. Only this allows to assess the quality 
of the individual cell components (bulk and transport layers) as previously demonstrated.34,35,42 
Importantly, similar to the EQEEL, after such a short illumination, the PL originates mainly from the 
mixed halide phase. At this point it is important to note, that in order to correlate the PL to the QFLS 
in the film or cell, one needs to analyse the emission of the mixed halide phase, as only this emission 
is related to the absorption via the principles of detailed balance. Interestingly, Figure 3 shows that 
the neat material on glass exhibits by far the highest PLQY while both transport layer cause 
considerable losses for all perovskite compositions. However, also the PLQY of the neat perovskite 
drops slightly when going from 1.63 eV to 1.88 eV. We note, that the steady-state PLQY (measured 
under open-circuit conditions) is given by the ratio of the radiative recombination current to the sum 
of radiative and non-radiative recombination currents (i.e. in analogy to the EQEEL ), i.e. PLQY =
𝐽𝐽rad/(𝐽𝐽rad + 𝐽𝐽non−rad) . Therefore, the reduction in PLQY from the neat perovskite to the 
perovskite/transport layer stacks for a particular perovskite composition, is inversely proportional to 
the increase of the non-radiative recombination current. Consequently, for all samples, the 
recombination at the interfaces clearly dominates the overall loss. However, there are distinct 



differences among the different perovskite compositions, that is the reduction in the radiative 
efficiency from low to high bandgap is much more pronounced for the HTL/perovskite stacks. 
Therefore, while the electron transport layer dominates the recombination in the 83:17, 76:24 and 
70:30 perovskite cells, in the higher gap ones, both transport layers limit the PLQY of the pin-stack (and 
complete cell) approximately equally. This results in a significant reduction of the radiative efficiency 
with respect to the PLQY of the pin-stack of the 83:17 composition (~1.5x10-4). For example, in the 
case of the 50:50 triple cation perovskite, the emission from both the HTL/perovskite and 
perovskite/ETL stack, drops to 2x10-5, whereas the emission of the pin-stack is even lower ~7.5x10-6 
(at the same photon energy). As shown in Supplementary Figure S6, this is still several times higher 
than the EQEEL  for this particular stack (~1x10-6). This mismatch indicates the presence of small 
energetic offsets between the perovskite and the transport layers for majority carriers, although the 
difference between the internal QFLS (corresponding to the PLQY) and the VOC (from the EQEEL) is not 
large (≈50 meV).36,43 The fact that the HTL interface causes a more rapid decrease in the PLQY would 
indicate that this offset is mainly at the HTL interface, however the low PLQY could be also related to 
an increasingly high defect density at this interface. The hypothesis of an energy offset at the p-
interface would be consistent with literature where an increasing amount of Br has been found to 
correlate with a larger ionization potential, although triple cation perovskites as studied here have not 
been directly analysed in these works.44–46 To test the energy offset at the p-interface, we measured 
the UPS on ITO/HTL and ITO/HTL/perovskite layer stacks for different perovskite compositions.47,48 
Surprisingly, under illumination, we found no significant energy offset between the valence band of 
PTAA:PFN-Br and the perovskite as shown in Supplementary Figure S7. This suggests that the defect 
density at the HTL is the more critical factor in lowering the PLQY although this conclusion will require 
further studies in the future.  

 

Figure 3. Photoluminescence quantum yield (PLQY) on partial solar cell stacks for five perovskite 
compositions highlighting the strong reduction in the PL emission from the perovskite, in particular in 
the presence of the transport layers, upon increasing the bromine content. The emission flux on the y-
axis has been scaled to represent the photoluminescence quantum yield at the peak position. The 
upper label stands for the proportion (in molar %) of FAPbI3 (x) and MAPbBr3 (y) in the triple cation 
perovskite Cs0.05(FAxMAy)0.95Pb(IxBry)3.  



Finally, in order to improve the performance of these cells, we aimed to supress the recombination at 
the n-interface by including lithium fluoride (LiF) as an effective interlayer between the perovskite and 
the C60. As previously shown,49 LiF can significantly reduce the decisive interfacial recombination losses, 
although its working mechanism was never fully clarified, despite some attempts.50 As shown in Figure 
4b, for those cells whose bandgap is below 1.74 eV, the performance is improved by the inclusion of 
this interlayer. Particularly for cells with a bandgap of 1.69 eV, there is an improvement from 18.6 to 
20.1 % in PCE due a combination of FF and VOC gains. The average performance parameters of cells 
with LiF are shown in Supplementary Figure S8 while Supplementary Figure S9 shows hysteresis scans 
of the JV curves. In order to further elucidate the working mechanism of LiF, we performed ultraviolet 
photoelectron spectroscopy (UPS) measurements on perovskite films with and without LiF and C60, as 
shown in Supplementary Figure S10. Strikingly, LiF induces a significant decrease in the perovskite 
work function indicating the presence of a surface dipole that repels holes from the C60 layer. This is 
consistent with the identical binding energies of the iodine core levels as shown in Supplementary 
Figure S10. Interestingly, however, the passivation does not work anymore for even wider bandgap 
cells (≥1.75 eV). This completes the above findings, which demonstrate that the HTL interface becomes 
strongly limiting at a bandgap 1.8 eV corresponding to a perovskite composition of 60:40. Therefore, 
in order to improve the performance of these cells further, the recombination at the HTL must be 
simultaneously improved with the n-interface in the future.  

 

Figure 4. a, Performance improvement upon LiF addition in triple cation perovskite cells with a 
bandgap of 1.69 eV. b, External quantum efficiency of the LiF-containing cell shown in panel a. c, 
Summary of the impact of LiF on the photovoltaic performance parameters for perovskite cells with 
varying bandgap (the best performing cells are shown for each composition). The grey area highlights 
the targeted compositions intended for silicon-perovskite and all-perovskite tandem cells. 



Interestingly, while LiF significantly improves the performance of cells up to 1.74 eV, at even higher 
bandgaps, the performance cannot be further improved due to the limitations imposed by the HTL.  

 

Conclusions  

In this work, we have performed a thorough investigation of open-circuit voltage losses in wide 
bandgap triple perovskite solar cells that are relevant for tandem solar cells applications. In line with 
literature, also in this type of perovskite solar cells, we find a remarkable saturation of the open-circuit 
voltage when increasing the perovskite bandgap beyond the optimum of 1.63 eV. Aiming to improve 
the performance, we introduced an ultrathin lithium fluoride (LiF) layer between the perovskite and 
C60 which was found to induce a significant reduction (~0.65 eV) of the perovskite work function. This 
improved the performance to 20% (through an increase in the VOC and FF) for a perovskites with a 
bandgap of up to 1.69 eV, although LiF did not improve the performance of cells with a gap larger than 
1.75 eV. To understand the saturation of the VOC, we recorded photoluminescence spectra on 
previously illuminated cells. This revealed an emission peak being centred at 1.55 eV (at a Br ratio 
>30%), consistent with emission of iodide rich domains, thereby confirming that the samples were 
already phase-segregated. We then correlated the PL spectra with the EL emission and found a 
surprising difference between these two measurements. In fact, the EL spectra followed the expected 
emission from the mixed phase, which allowed us to directly access the non-radiative recombination 
losses in the mixed halide perovskite phase that governs the light absorption. By measuring the EQEEL 
we could experimentally confirm that the mixed perovskite composition explains the VOC of the cells 
and therefore the VOC losses with increasing Br concentration. Additional measurements on partial 
perovskite solar cells that were never exposed to light uncovered significant non-radiative 
recombination at both interfaces prior to significant halide segregation that would mask the emission 
from the mixed phase. This highlights that the emission from iodide-rich domains is not the dominant 
factor in determining the VOC of the cells but that it is rather the high interfacial defect density in the 
mixed halide phase and partially improper energy alignment that causes the losses. The findings of this 
work suggest that interfacial engineering, in particular the p-interface, will enable higher open-circuit 
voltages in wide-gap perovskites (≥1.75 eV) in the near future. 
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Supplementary Methods 
 
Absolute Photoluminescence Measurements: Excitation for the PL imaging measurements was 
performed with a 520 nm CW laser (Insaneware) through an optical fibre into an integrating sphere. 
The intensity of the laser was adjusted to a 1 sun equivalent intensity by illuminating a 1 cm2-size 
perovskite solar cell under short-circuit and matching the current density to the 𝐽𝐽SC  under the sun 
simulator (e.g. ~22.0 mA/cm2 at 100 mWcm-2, or 1.375x1021 photons m-2s-1

 for a 83-17 triple cation 
perovskite cell). A second optical fiber was used from the output of the integrating sphere to an Andor 
SR393i-B spectrometer equipped with a silicon CCD camera (DU420A-BR-DD, iDus). The system was 
calibrated by using a halogen lamp with known spectral irradiance, which was shone into to integrating 
sphere. A spectral correction factor was established to match the spectral output of the detector to 
the calibrated spectral irradiance of the lamp. The spectral photon density was obtained from the 
corrected detector signal (spectral irradiance) by division through the photon energy (ℎ𝑓𝑓), and the 
photon numbers of the excitation and emission were obtained from numerical integration using 
Matlab. In a last step, three fluorescent test samples with high specified PLQY (~70%) supplied from 
Hamamatsu Photonics where measured where the specified value could be accurately reproduced 
within a small relative error of less than 5%.   

Device Fabrication of pin-type cells: Substrates and HTL: Pre-patterned 2.5x2.5 cm2 15 Ω/sq. ITO 
substrates (Automatic Research, Germany) were cleaned with acetone, 3% Hellmanex solution, DI-
water and iso-propanol, by sonication for 10 min in each solution. After a microwave plasma treatment 
(3 min, 200 W), the samples were transferred to a N2-filled glovebox. For the pin-type cells shown in 
the main text, a PTAA (Sigma-Aldrich) layer with thickness of 8 nm was spin coated from a 1.5 mg mL-

1 PTAA/toluene solution at 6000 rpm for 30 seconds. After 10 min annealing on a hotplate at 100 °C, 
the films were cooled down to room temperature and a 60 µL solution of PFN-Br (1-Material, 0.5 
mg/mL in methanol) was deposited onto PTAA while the substrate was being spun at 5000 rpm for 20 
s resulting in a film with thickness below the detection limit of our AFM (< 5 nm). No further annealing 
occurred.  

Perovskite solutions: The triple cation perovskite solutions were prepared by mixing two 1.2 M FAPbI3 
and MAPbBr3 perovskite solutions in DMF:DMSO (4:1 volume ratio, v:v) in a certain ratio of x:y 
(FAPbI3:MAPbBr3, e.g. 83:17) which we call “MAFA” solution. The 1.2 M FAPbI3 solution was thereby 
prepared by dissolving FAI (722 mg) and PbI2 (2130 mg) in 2.8 mL DMF and 0.7 mL DMSO which 



contains a 10 molar% excess of PbI2. The 1.2 M MAPbBr3 solution was made by dissolving MABr (470 
mg) and PbBr2 (1696 mg) in 2.8 mL DMF and 0.7 mL DMSO which contains a 10 molar% excess of PbBr2. 
Lastly, 40 μL of a 1.5 CsI solution in DMSO (389 mg CsI in 1 mL DMSO) was mixed with 960 μL of the 
MAFA solution resulting in a nominal perovskite stoichiometry of Cs0.05(FAxMAy)0.95Pb(IxBry)3 
respectively.  

Perovskite film fabrication: All triple cation perovskite films were deposited by spin-coating at 4500 
rpm for 35 s and 10 s after the start of the spinning process, the spinning substrate was washed with 
300 µL ethylacetate for approximately 1 s (the anti-solvent was placed in the centre of the film). We 
note, that by the end of the spinning process the perovskite film turned dark brown. The perovskite 
film was then annealed at 100 °C for 1 h on a preheated hotplate where the film turned slightly more 
dark.  

ETL and Top Contact: After annealing, the samples were transferred to an evaporation chamber where 
fullerene-C60 (30 nm), 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline BCP (8 nm) and copper (100 nm) 
were deposited under vacuum (p = 10-7 mbar). The overlap of the copper and the ITO electrodes 
defined the active area of the pixel (6 mm2).  

Current density-voltage characteristics: 𝐽𝐽𝐽𝐽 -curves were obtained in a 2-wire source-sense 
configuration with a Keithley 2400. An Oriel class AAA Xenon lamp-based sun simulator was used for 
illumination providing approximately 100 mW cm-2 of AM1.5G irradiation and the intensity was 
monitored simultaneously with a Si photodiode. The exact illumination intensity was used for 
efficiency calculations, and the simulator was calibrated with a KG5 filtered silicon solar cell (certified 
by Fraunhofer ISE). The obtained short-circuit current density (𝐽𝐽SC ) is checked by integrating the 
product of the External Quantum Efficiency and the solar spectrum which matches the obtained 𝐽𝐽SC 
within less than 5%. The temperature of the cell was fixed to 25 °C and a voltage ramp (scan rate) of 
67 mV/s was used. JV-curves at different scans speeds and stabilization times are presented in 
Supplementary Figure S2.  

Electroluminescence: Absolute EL was measured with a calibrated Si photodetector (Newport) 
connected to a Keithley 485 pico Ampere meter. The detector (with an active area of ~2 cm2) was 
placed directly in front of the device (< 0.5 cm) and the total photon flux was evaluated considering 
the emission spectrum of the solar cell and the external quantum efficiency of the detector (around 
≈86 % in the relevant spectral regime). A forward bias was applied to the cell using a Keithley 2400 
source-meter and the injected current was monitored. Measurements were conducted with a home 
written LabVIEW routine. Typically, the voltage was increased in steps of 20 mV and the current 
stabilized for typical 1s at each step. No relevant changes in the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 were observed for different 
stabilization times. 

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed at an ultra-high 
vacuum system (base pressure of 5 × 10-10 mbar) using a monochromatized helium discharge lamp 
(photon energy of 21.22 eV) and a hemispherical analyzer (SPECS Phoibos 100). The SECO spectra were 
recorded at a bias of -10 V on the samples to overcome the work function of the analyzer. The valence 
band onsets were extrapolated on a logarithmic photoemission intensity scale.1,2 All spectra were 
recorded at room temperature and various the excitation photo-fluxes were tested (e.g. varying the 
UV flux as well as by applying an additional white light), to investigate the surface photovoltage effect 
as established by our previous report.3  

 

 

 



 

 

Figure S1. EQEPV curves of cell with three different triple cation compositions Cs0.05(MAyFAx)0.95Pb(IxBry)3 

where the x:y=I:Br [%] ratio is shown on top along with the corresponding bandgap. Note, the 
measurements were performed on the same cells shown in Figure 2a and 2b after the PL and EL 
measurements. First, the measurement is taken on the cells which were kept in the dark, and then, 
immediately after 30 minutes of 1 sun light exposure under open-circuit. According to Mahesh, et. al.4, 
one of the indications for halide segregation is the appearance of a large shoulder in the region close 
to the exponential absorption onset of the EQE at ~10-2. This shoulder represents a redshift in the 
onset which means that the light is being absorbed by the low gap (iodine) domains. This shifting is 
enhanced by the exposure of the cell for several minutes to a 1 sun equivalent illumination.  However, 
here no significant shoulder appears after 30 minutes like soaking suggesting that the halide 
segregation is small in volume despite the dominance of the redshifted emission in PL. We note, that 
this does not exclude that there is in fact a feature at EQE values of ≤10-4 or at lower energies. 

 

 



 

Supplementary Figure S2. Performance of the fabricated devices over time. The first measurement 
was done on 09 January 2020, when the cells were fresh, and the last one on 07 April 2020. The x-
labels indicate the composition of corresponding triple cation Cs0.05(FAxMAy)0.95Pb(IxBry)3 cells. The 
figures shows the stability of the cells kept in the dark since their fabrication until now. The trend of 
every parameter is the same for both the dates. The subtle differences in PCE are mainly due to the fill 
factor decrease.  

 

 

 

Supplementary Figure S3. Short-time maximum power point (MPP) tracking of 3 selected triple cation 
Cs0.05(FAxMAy)0.95Pb(IxBry)3 cells. While the cells with a Br-content of 24% and 40% are stable on these 
timescales, the 50% Br containing device displays a continuous decrease in PCE due to the severe 
halide segregation in this sample.  

 



 

Supplementary Figure S4. a, Original electroluminescence spectra of the different 
Cs0.05(FAxMAy)0.95Pb(IxBry)3 wide bandgap perovskites solar cells in a log-linear representation at a 
voltage of 1.2 V. b, Electroluminescence quantum yield (EQEEL) as a function of injected current density 
for the selected compositions. The highlighted data points represent 1 Sun conditions, i. e. where the 
injected current equals the short-circuit current.  

 

 



Supplementary Figure S5. PL of different stack layers, after a few seconds (initial) and after a few 
minutes of illumination which promotes the halide segregation (final). While both interfaces are 
problematic in Br-rich samples, the results also show that perovskite/C60 films (blue) segregate slower 
than all other films (i.e. all films with PTAA and the neat perovskite). However, unfortunately, the 
presence of C60 cannot stop the segregation in the complete pin-stack (green). 

 

 

 

Supplementary Figure S6. The initial PLQY (~after 1 s illumination) of the cells and the pin-stacks 
compared to the device EQEEL considering the emission from the mixed halide phase. At a FAPI to 
MAPbBr3 ratio of 50:50, the EQEEL is approximately 1x10-6, while the PLQY of the pin-stacks on glass 
and the complete cell are both around ~7.5x10-6. This indicates that the internal QFLS is around ~53 
mV larger than the external VOC in the 50:50 triple cation cell.  

 

 

 



 

Supplementary Figure S7. Possible band diagram of the wide-gap, Br-rich perovskite cells as deduced 
from ultraviolet photoelectron spectroscopy measurements. The energy levels of the hole transport 
and perovskite layer were obtained by measuring the top surface of ITO/PTAA:PFN and 
ITO/PTAA:PFN/perovskite films, respectively. The graph shows the valance band onset with respect to 
the Fermi level of the ITO substrate, while the optical gap of the perovskites was added to obtain the 
conduction bands. In order to flatten the internal band bending in the HTL/perovskite films (i.e. the 
built-in field), the samples were illuminated using a roughly 1-sun equivalent light source that saturates 
the shift in the valance band spectra with increasing intensity. This allows to assess the energy levels 
under “flat band” conditions. We attribute the internal band bending in the perovskite to a n-type 
surface due to the presence of donor-type surface states possibly consisting of metallic Pb.3,5 However, 
we also note, that the origin of the photo-voltage remains as a heavily debated topic,6 for example, 
the band bending could also occur at the buried bottom interface.7,8 Moreover, the spatial extend of 
the bending is unknown, which depends on the doping of the perovskite. In any case, the field 
facilitates photocarrier extraction (holes to the HTL, or electrons to the ETL) and we found that it 
increases with decreasing Br-content. Importantly, all perovskites exhibit similar values of work 
function and valence band onset under saturated illumination condition, demonstrating a rather 
constant ionization energy of the mixed perovskites. Importantly, the valence band onset of the 
perovskite under illumination matches with the valence band onset of PTAA. Therefore, these 
measurements suggest that there is no significant energy offset at the p-interface, which is consistent 
with the relatively small mismatch between the PLQY and EQEEL in Supplementary Figure S6.     

 

   



 

Supplementary Figure S8. Average performance parameters of the Cs0.05(FAxMAy)0.95Pb(IxBry)3 triple 
cation perovskite cells with LiF.  

 

 

 

Supplementary Figure S9. Forward and backward JV-scans (hysteresis) at different scan speeds 
exemplified on a freshly prepared 76-24 triple cation cells. The stabilization (“stab”) time at each 
voltage, the voltage step size, the duration per scan in one direction and the resulting scan speed are 
specified in the figure legend. The scan rate is varied from 167 mV/s to 6.7 mV/s which means the scan 
speed is changed by a factor of 25. Generally, we observe a comparatively small hysteresis in these 
pin-type devices, which might be however more pronounced at even faster scan speeds. The fastest 



scan speed of our solar simulator setup is around ~300 mV/s when aiming to keep a sufficient voltage 
resolution (50 mV).  

 

Supplementary Figure S10. a, UPS spectra on different stack layers of Cs0.05(FAxMAy)0.95Pb(IxBry)3 with 

x=76, y=24 triple cation perovskite with a bandgap of 1.69 eV. The measurements demonstrates the 
creation of a significant reduction of the perovskite workfunction (Wf) upon application of LiF. b, The 
identical iodine 3d5/2 core levels of the perovskite suggest that the reduction of the workfunction is 
due to the formation a surface dipole. Otherwise, if doping were responsible for the Wf shift, the 
change in the local electrostatic potential would shift the atomic energy levels, the work functions, 
valence bands and core levels, which is not observed here. Notably, the reduction of the workfunction 
significantly increases the PL of the neat perovskites, the perovskite/C60 stack and the device VOC as it 
creates a barrier for minority carriers to reach the C60 layer.  
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