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Understanding and suppressing non-radiative losses in 

methylammonium-free wide-bandgap perovskite solar cells 

 

Robert D. J. Oliver#,a, Pietro Caprioglio#,*,a, Francisco Peña-Camargob, Leonardo R. V. Buizzaa, 

Fengshuo Zuc,d, Alexandra J. Ramadana, Silvia G. Mottia, Suhas Mahesha,  Melissa M. McCarthya, 

Jonathan H. Warbyb, Yen-Hung Lina, Norbert Kochc,d, Steve Albrechte, Laura M. Herza, Michael B. 

Johnstona, Dieter Neherb, Martin Stolterfohtb, Henry J. Snaith*,a 

With power conversion efficiencies of perovskite-on-silicon and all-perovskite tandem solar cells increasing at rapid pace, 

wide bandgap (> 1.7 eV) metal-halide perovskites (MHPs) are becoming a major focus of academic and industrial 

photovoltaic research. Compared to their lower bandgap (< 1.6 eV) counterparts, these types of perovskites suffer from 

higher levels of non-radiative losses in both the bulk material and in device configurations, constraining their efficiencies far 

below their thermodynamic potential. In this work, we investigate the energy losses in methylammonium (MA) free high-

Br-content widegap perovskites by using a combination of THz spectroscopy, steady-state and time-resolved 

photoluminescence, coupled with drift-diffusion simulations. The investigation of this system allows us to study charge-

carrier recombination in these materials and devices in the absence of halide segregation due to the photostabilty of 

formamidinium-cesium based lead halide perovskites. We find that these perovskites are characterised by large non-

radiative recombination losses in the bulk material and that the interfaces with transport layers in solar cell devices strongly 

limit their open-circuit voltage. In particular, we discover that the interface with the hole transport layer performs 

particularly poorly, in contrast to 1.6 eV bandgap MHPs which are generally limited by the interface with the electron-

transport layer. To overcome these losses, we incorporate and investigate the recombination mechanisms present with 

perovskites treated with the ionic additive 1-butyl-1-methylpipiderinium tetrafluoroborate. We find that this additive not 

only improves the radiative efficiency of the bulk perovskite, but also reduces the non-radiative recombination at both the 

hole and electron transport layer interfaces of full photovoltaic devices. In addition to unravelling the beneficial effect of 

this specific treatment, we further optimise our solar cells by introducing an additional LiF interface treatment at the electron 

transport layer interface. Together these treatments enable MA-free 1.79 eV bandgap perovskite solar cells with open-

circuit voltages of 1.22 V and power conversion efficiencies approaching 17 %, which is among the highest reported for this 

material system. 

Broader Context 

Photovoltaics (PV) are beginning to play a key role in the world’s 

transition to sustainable energy production, but the speed and 

scale of their adoption will depend strongly on the power 

conversion efficiencies of PV modules. Metal halide perovskites, 

owing to their relatively facile fabrication and broadly tuneable 

bandgap, are extremely promising candidates for 

implementation as the top cell in tandem photovoltaic 

technologies, which promise to deliver power conversion 

efficiencies in excess of 30 %. In the tandem device 

configuration, the perovskite top cell requires a wider bandgap 

(1.7 – 1.8 eV) compared to their single-junction counterparts 

(1.2 – 1.6 eV). However, these wide bandgap perovskites are 

limited by their relatively poor photovoltaic performance, 

compared to their lower bandgap counterparts, and finding 

routes to deliver both enhanced efficiency and stability are key 

to enabling commercially viable technology. Recently, it was 

reported that the addition of an ionic salt (1-butyl-1-

methylpipiderinium tetrafluoroborate) to the perovskite 

material helps to significantly enhance the stability of the 

perovskite solar cell with a concomitant boost in efficiency. The 

stability of these perovskite materials can be further enhanced 

by careful choice of the precursor components, in particular the 

elimination of methylammonium (MA) from the crystal lattice. 
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An in-depth investigation of the working mechanisms of these 

MA-free wide bandgap perovskites, notably in terms of energy 

losses, has been lacking, preventing a complete understanding 

and improvement of solar cells based on these materials. In this 

work, we study the charge-carrier recombination behaviour in 

wide bandgap perovskite thin films and full PV devices, and 

rationalise how the ionic additive improves the photovoltaic 

performance, both by studying neat materials and full 

photovoltaic devices. Using this knowledge, we fabricate state-

of-the-art PV devices and as such, this work provides important 

insights into the physics of wide band gap perovskite devices and 

their optimisation, providing essential knowledge for the 

successful implementation of tandem solar cells based on metal 

halide perovskites. 

Introduction 

During the last decade, metal halide perovskite solar cells have 

experienced an unprecedented rise in power conversion 

efficiency (PCE) which now exceeds 25 % in single-junction cells, 

approaching the record efficiency of crystalline silicon.1 This 

remarkable development can be explained by the impressive 

optoelectronic properties of these perovskites, including long 

charge-carrier diffusion lengths, high absorption coefficients 

and low levels of electronic disorder, quantified via low Urbach 

energies.2–6 These properties, along with the relative ease of 

manufacturing perovskite thin films and widely tuneable 

bandgap, make metal halide perovskite solar cells a highly 

attractive prospect for commercialisation.4,7,8 Importantly, the 

bandgap energies practically achievable make this technology 

suitable for multijunction architectures, either in combination 

with Si or low-bandgap perovskite sub cells.9,10 However, 

despite over 29.5 % efficiency having already been 

demonstrated for perovskite-on-silicon tandems, the wider 

band gap perovskite top cells still contain many more 

fundamental losses, than their lower band gap single junction 

counterparts. For example, wide bandgap (WBG) perovskites (Eg 

> 1.7 eV), essential for tandem applications, suffer from  severe 

open-circuit voltage (VOC) losses.11 Despite recent progress, the 

mechanisms that cause the wide bandgap materials to 

underperform as compared to the lower bandgap materials are 

still not fully understood.11  

Commonly, high-efficiency wide-bandgap perovskites are 

prepared by tuning the halide ratio from I to Br on the X site of 

the perovskite crystal lattice, ABX3.4,7 As such, a wide range of 

bandgaps from ~1.5  to ~2.3 eV can be achieved, while the X-

site is varied from triiodide to tribromide for the lead-based 

perovskites.7  Importantly, in multijunction tandem devices, 

either in perovskite-on-Si or perovskite-on-perovskite device 

configurations, bandgaps of ~1.7 eV and ~1.8 eV respectively, 

are required to ensure that the sub-cells are current-matched 

while still producing the highest voltage and hence maximising 

efficiency.12,13 However, to reach such bandgaps, a certain 

critical Br content (~20 %) is surpassed after which the 

perovskite material can exhibit phase instability under 

illumination, undergoing segregation of the halide species.14–17 

This segregation is particularly severe for perovskites containing 

methylammonium (MA) on the A-site.17 Importantly, after a 

certain ratio of Br is surpassed, the VOC of these devices 

saturates at a value of ca. 1.2 V.18 In early studies, this led to the 

conclusion that the formation of low band gap I-rich domains is 

the main factor limiting the VOC in solar cells featuring a higher 

concentration of Br.14,18–20 However, it has been recently 

clarified that the low VOCs observed in wide bandgap 

perovskites are predominantly caused  by a low radiative 

efficiency of the initial wide bandgap phase and strong non-

radiative recombination at the interfaces with the charge 

transport layers.11,21,22 As such, it is important to understand 

how the conduction and valence bands of the wide bandgap 

perovskite align with the energy levels of transport layers which 

are commonly used for perovskites with a narrower bandgap. It 

has been shown that good energetic alignment between the 

perovskite and the transport layers is crucial to achieving high 

VOC and exploiting the radiative potential of the neat 

semiconductor.23,24 

Another key issue for perovskite photovoltaics is their long-

term stability. It has been shown that the longevity of 

perovskite solar cells (PSCs) can be ameliorated by eliminating 

MA from the crystal lattice.25–27 In addition to that, it has 

recently been reported that incorporating ionic additives (IAs) 

into the perovskite precursor solution can substantially 

enhance the lifetime of PSCs.10,28 One such additive, 1-butyl-1-

methylpiperidinium tetrafluoroborate ([BMP]+[BF4]-) was 

shown to effectively act as defect passivating agent 

concomitantly enhancing the device stability, contrary to many 

common surface passivation techniques which are not suitable 

for long-term operational stability.10,28–30 However, despite 

these impressive improvements, the effects of this approach on 

the recombination mechanisms are yet to be understood.   

In this work, we focus on MA-free, FA0.83Cs0.17Pb(I0.6Br0.4)3, wide 

bandgap perovskite solar cells, both with and without IA 

modification, to investigate the radiative losses in state-of-the-

art wide bandgap systems that are unaffected by halide phase 

segregation. Through photoluminescence quantum yield (PLQY) 

measurements and quasi-Fermi level splitting (QFLS) analysis on 

complete cells, partial device stacks and neat materials, we 

quantify and pinpoint the origin of the non-radiative losses in 

devices based on WBG perovskites. Interestingly, compared to 

1.6 eV bandgap perovskites, despite the absence of phase 

segregation, wide-gap perovskites are generally characterised 

by larger non-radiative recombination in the neat material, 

setting their QFLS far below their thermodynamic limit. 

Additionally, both the hole and electron transport layers (HTL 

and ETL respectively), induce severe interface non-radiative 

recombination, resulting in rather limited VOC. Using time-

resolved photoluminescence spectroscopy (TRPL) studies, we 

calculate that that the IA reduces the surface recombination 

velocity (SRV) at each interface by approximately one order of 

magnitude. We find the SRV at the perovskite/C60 interface can 

be further reduced by the incorporation of a 1 nm thick LiF 

interlayer. Lastly, combining photoemission spectroscopy 

measurements and drift-diffusion simulations, we rationalise 

the crucial role of the energetic alignment between the 
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perovskite absorber and the charge-transport layers in wide 

bandgap systems. With this understanding, we fabricate high 

efficiency 1.79 eV PSCs exhibiting PCEs approaching 17 % with a 

VOC of 1.22 V, which is among the highest reported for MA-free 

wide bandgap PSCs.31–35 Furthermore, we identify that new 

transport layers are crucial to harness the full performance 

potential of these MA-free wide bandgap perovskite. 

Results and discussion 

Bulk optoelectronic properties 

In this work, we use the MA-free formamidinium-caesium 

(FA0.83Cs0.17Pb(I0.6Br0.4)3) based perovskite first developed by 

McMeekin et al.4, which has a wide bandgap of ~ 1.8 eV when 

processed via the anti-solvent quenching method. We chose 

this material due to its high stability and suitability for 

implementation in perovskite-on-perovskite tandem 

photovoltaic devices. To establish the impact of the ionic 

additive on the optoelectronic properties of 

(FA0.83Cs0.17)Pb(I0.6Br0.4)3, a thorough spectroscopic 

characterisation of control and IA modified thin films was 

carried out. The absorption coefficient, α, of control and IA 

modified thin films is very similar for both samples and is shown 

in Figure S1. In line with this, the similarity of the x-ray 

diffraction (XRD) patterns (Figure S2) of both samples 

demonstrates the negligible effect of the IA on the average 

crystallinity of the perovskite thin films. 

To delve into the effect of the ionic additive on the charge-

carrier dynamics within the bulk of the perovskite 

semiconductor, time-resolved photophysical spectroscopic 

studies were performed. In such measurements, perovskite thin 

films are photoexcited by laser pulses. Following an excitation 

pulse, the charge carrier concentration, n, within the perovskite 

semiconductor can be accurately described by the differential 

equation36  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  −𝑘𝑘1𝑑𝑑 − 𝑘𝑘2𝑑𝑑2. (1) 

t is the time following the excitation pulse, k1 is the 

monomolecular recombination rate related to first-order non-

radiative trap-mediated recombination, k2 is the bimolecular 

recombination rate describing radiative second-order band-to-

band recombination within the perovskite semiconductor, and 

Figure 1: Photophysical data for control (top row) and ionic additive (bottom row) samples on quartz substrates. (a,b) Optical-Pump Terahertz-Probe transient 

photoconductivity decays at fluences of 34, 17, 8.7, 3.7, 0.98, 0.40 𝜇𝜇Jcm-2 (blue, green, yellow, red, purple, brown dots respectively) for control and IA modified samples 

respectively. Fitted numerical solutions to an ODE are shown as black lines (see the ESI for details). (c,d) Time-resolved PL transients measured using Time Correlated 

Single Photon Counting at fluences of 16, 76, 155 and 1310 nJcm-2 (blue, green, yellow and red dots respectively) measured using pulsed (1 MHz repetition rate) 

excitation at 398 nm on the same samples as for the THz measurements. The data is normalised to the value at 10 ns following the laser pulse to allow for better 

visualisation. The solid lines are fits to the decays using the model described in detail in the ESI. Diffusion was modelled for the first 20 ns (the charge-carrier profile 

was uniform throughout following this time). The result of the model without diffusion can be seen in Figure S5. 
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we have neglected higher-order (Auger) recombination and 

assumed equal concentrations of electrons and holes.  

To investigate the intrinsic properties of the perovskite thin 

films, optical-pump terahertz-probe spectroscopy studies were 

performed. This technique does not require metallic electrodes 

and allows for investigation of the optoelectronic properties of 

the thin films, such as charge-carrier mobility and bimolecular 

(radiative) recombination, on picosecond timescales. This 

allows us to assess the charge-carrier dynamics of isolated 

perovskite thin films without the influence of any transport 

layers. The THz photoconductivity transients for control and IA 

modified thin films are shown in Figure 1a and Figure 1b, 

respectively. Numerical fits to the measured transient 

photoconductivity decays allow for the extraction of the 

bimolecular charge-carrier recombination constant k2 (Auger 

recombination was neglected, as it was found to contribute 

negligibly at the charge-carrier densities investigated here, full 

details are provided in the ESI). The extracted value k2 is found 

to  be unchanged with the addition of the ionic additive (values 

of 0.50 ± 0.06 and 0.52 ± 0.05 ×10-10 cm3s-1 for control and IA 

modified samples respectively), implying little change in the 

fundamental electronic structure of the material with the 

addition of the IA.37 These values are in line with values 

previously measured for mixed-cation lead mixed-halide 

perovskites.38,39 However, we note that they are 

underestimates of the actual intrinsic values of k2 owing to the 

large thickness of the thin films measured here (> 500 nm), 

which leads to a substantial role for charge-carrier diffusion and 

photon reabsorption which masks the intrinsic value of the 

bimolecular recombination rate constant.40 Concomitantly, we 

find that the charge-carrier mobilities are high in both control 

and treated films, in excess of 32 cm2V-1s-1. These values are 

substantially higher than values reported in the literature for 

similar Br contents, approaching values measured for triiodide 

perovskites, demonstrating the high quality of our control and 

IA treated thin-films.39,41–43 Nevertheless, considering that 

these measurements are short-range mobilities, it should be 

noted that these values represent upper limits of the effective 

mobility (or short-range intra-grain mobilities).44 Overall, the 

absorption and OPTP measurements thus show us that the 

optical absorption, charge-carrier mobility and bimolecular 

(radiative) recombination rates are unaffected by the inclusion 

of the IA. 

We now turn our attention to the extrinsic properties of these 

MA-free WBG perovskites. Time resolved PL measurements 

were carried out to study the trap-assisted recombination 

regime in these materials. Transient decays of PL measured 

using time-correlated single photon counting (TCSPC) are 

shown in Figure 1c and Figure 1d for control and IA-modified 

thin-film samples respectively. We fit the low excitation fluence 

transients (16 nJcm-2) with a stretched exponential,45,46 from 

which we extract the monomolecular recombination rate 

constant (k1) (details provided in the ESI). We observe more 

than a two-fold reduction (from k1 = 1.0 ± 0.1 x 107 s-1 to k1 = 

0.39 ± 0.04 x 107 s-1) with the inclusion of the IA (Figure S3), 

indicating reduced trap-mediated recombination. Due to the 

lower value of k1 in the IA treated film, using the optical-pump 

terahertz-probe mobilites, we estimate that the diffusion length 

is enhanced from 2.8 µm to 4.8 µm. Details of this calculation 

are presented in the ESI. Both these values are substantial and, 

as such, the devices based on this material are unlikely to be 

limited by the diffusion lengths of the charge carriers.  

To better understand the impact of the ionic additive upon the 

charge-carrier dynamics, we investigated the fluence 

dependence of the TCSPC PL transients. As observed in Figures 

1c & 1d, the PL decays recorded for the control sample are 

characterised by stretched dynamics and a more substantial 

shortening of lifetimes with increasing excitation fluence, in 

comparison to the ionic additive modified sample. We are able 

to explain this behaviour using a basic recombination model, 

discussed below, which reveals that the IA preferentially 

passivates traps for one charged species, greatly reducing trap-

mediated recombination in the bulk perovskite.  

If the dynamics were described by a simple recombination 

model, equation 1, the control sample would require an order 

of magnitude higher value of k2, as shown in Figure S4. Our 

OPTP measurements, discussed above, show that this cannot be 

the case owing to the similarity of the THz transients in Figures 

1a & 1b, which give near identical values of the bimolecular 

recombination rate. Instead, we propose that the lower 

excitation density and higher repetition rate in the TCSPC 

measurements (1 MHz as opposed to 5 kHz in the OPTP 

experiment) influence the charge-carrier dynamics significantly, 

notably by altering the amount of trapped charge carriers that 

‘carry over’ from one excitation pulse to the next (see ESI for 

more detail). Given the long lifetimes of trapped carriers in lead 

halide perovskite semiconductors,47 the shorter time period 

between photoexcitation pulses results in trap filling and 

population build-up. We investigate the influence of this higher 

repetition rate by employing a model in which the electron and 

hole first-order decay rates can vary, as previously 

implemented,48 whilst also including the effect of diffusion to 

account for the rapid early time decay, seen in previous 

studies.49 (More details of the model are provided in the ESI.)  

The dark solid lines in Figures 1c & 1d show the modelled PL 

dynamics, implementing diffusion effects, for the control and IA 

modified samples respectively, which accurately describes the 

fluence-dependence of the experimental data. Importantly, 

such an agreement is reached without changes to the effective 

bimolecular recombination rate. The difference between the 

control and ionic additive films results from the unbalanced 

electron-hole trapping dynamics in the control sample and the 

consequent build-up of a charge carrier population owing to the 

1MHz repetition rate of the photoexcitation. The lifetimes of 

electrons and holes for the control and IA modified samples are 

presented in Figure S7, and the corresponding remnant charge-

carrier population at the time of arrival at the next pulse in 

Figure S8. We confirm the role of trap-filling by conducting 

repetition rate dependent TCSPC measurements, Figure S9, 

finding shorter lifetimes in the control sample for less frequent 

excitation pulses. In contrast, the lifetime for the IA modified 

sample was found to be independent of the repetition rate. The 

dynamics of the IA sample can be accurately modelled with 

balanced trapping rates, clearly identifying the role of the IA in 
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passivating traps associated with one species, leading to the 

balanced-trapping dynamics and longer lifetimes evident in 

Figure 1d. We support our model by performing fluence-

dependent TCSPC with a slower repetition rate, Figure S10, 

which allows more time between excitation pulses for traps to 

depopulate. Crucially, the PL transients of the control 

perovskite are best reproduced with unbalanced trap-mediated 

recombination rates for electrons and holes, whereas the PL 

transients of the IA sample can be very accurately reproduced 

with balanced trapping rates. Therefore, even when the role of 

trap-filling and population build up is reduced due to the 

extended time between pulses, our model appears to be 

appropriate. We cannot identify the specific nature of the trap 

species which is passivated by the IA from our studies here. 

However, the role of this same passivation molecule upon 

inhibiting photochemical degradation, which is considered to 

proceed via hole-trapping on Iodide interstitials,10 and recent 

studies showing that hole-traps are prevalent at non-radiative 

recombination sites,50 is consistent with hole-traps being 

predominantly passivated by this IA.      

 

Our spectroscopic analysis of the optoelectronic properties of 

the bulk material demonstrates that IA incorporation reduces 

the non-radiative recombination losses within the bulk material 

without altering any of the fundamental structural, optical and 

electronic properties of the perovskite semiconductor.   

  

Interface recombination 

To quantify the effect of the IA on the interfacial recombination 

in partial device stacks we carried out photoluminescence 

quantum yield (PLQY) measurements. We performed these 

measurements on both glass substrates, to assess 

recombination in the bulk material, as well as on partial device 

stacks to determine to degree of interfacial recombination at 

each CTL/perovskite interface.  As can be seen in Figure 2a, the 

isolated control perovskite on glass (grey symbols) suffers from 

significant non-radiative losses achieving a PLQY of only 0.2 %. 

This is consistent with previous studies and below values usually 

achievable in MA-free 1.6 eV-bandgap materials.11,21,22,51–53 

Given that our samples do not show phase  segregation 

(discussed later), this indicates that perovskites comprising a 

higher Br content exhibit a large degree of non-radiative losses, 

Figure 2: Interfacial recombination analysis. a) Photoluminescence quantum yield (PLQY) for isolated perovskite thin films on glass (labelled glass), a half device stack 

ITO/PTAA/PFN/perovskite (labelled PTAA) and glass/perovskite/C60 (labelled C60) for control (grey symbols) and IA modified (pink symbols). b) The quasi-Fermi 

level splitting (QFLS) of the same samples calculated from the PLQY presented in a) (details provided in the Supplementary Information). c) Time correlated single 

photon counting (TCSPC) decays for quartz/PTAA/perovskite samples with control (grey symbols) and IA modified (pink symbols) perovskites. The samples were 

illuminated from the perovskite side with a 398 nm laser at a fluence of 16 nJcm-2. The dark curves are double-exponential fits to the PL transients. d) TCSPC decays 

for quartz/perovskite/(LiF)/C60 samples with control (no LiF, grey symbols) and IA modified (pink symbols) perovskite and IA modified perovskite with a LiF interlayer 

before the C60 (orange symbols). The samples were illuminated from the quartz side with a 398 nm centre wavelength laser at a fluence of 16 nJcm-2. The dark 

curves are double-exponential fits to the PL transient. e),f) The differential lifetime τdiff(t) calculated using Equation 2 for the PL transients presented in c) and d) 

ti l
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possibly as the result of a higher density of traps in the initial 

mixed phase.11,21,22,51–53 When either the HTL or the ETL are 

attached, the PLQY is significantly reduced owing to strong 

interfacial recombination. Interestingly, here the losses at the 

HTL interface are larger compared with the ETL interface, 

contrary to 1.6 eV-bandgap perovskites using the same 

transport layers where the majority of the non-radiative 

recombination originates at the ETL interface.21,23,49 Such a 

scenario might originate from the substantially different 

energetics that these perovskites may present in conjunction 

with the transport layers.23,24 Importantly, when the ionic 

additive [BMP]+[BF4]- is incorporated in the perovskite, the PLQY 

is enhanced not only in the neat material, denoting a reduction 

of trap-assisted recombination in the bulk, as discussed earlier, 

but also at both the HTL and the ETL interfaces, Figure 2a. This 

key finding highlights how despite the IA being added to the 

precursor solution, its effects are strongly visible at the 

perovskite/transport layer interfaces. Accordingly, the QFLS of 

the IA treated samples are also enhanced, demonstrating the 

possibility of high open-circuit voltages in full photovoltaic 

devices.23,54,55 The improvement of the bulk perovskite 

observed following IA incorporation can originate from an 

effective reduction of trap densities, either by passivation of 

defects or by influencing the crystallisation process.  On the 

other hand, the increase in QFLS when either transport layer is 

attached denotes that, even though the IA is incorporated 

directly in the bulk material, this additive may help to form a 

more ideal interface between the perovskite and each transport 

layer, either providing a better energetic alignment or by 

reducing the trap density at the interface.  

To understand the influence of IA incorporation on the 

interfacial recombination kinetics, we measured the transient 

decay of the photoluminescence of partial device stacks using 

TCSPC. We investigated quartz/PTAA/perovskite (HTL stack) 

and  

quartz/perovskite/(LiF)/C60 (ETL stack) samples. The fluence-

dependent PL transients, and corresponding differential 

lifetime, for each of these conditions are presented in Figures 

S11-S14. In our investigation, we illuminated the HTL stack from 

the perovskite side, and the ETL stack from the quartz side. This 

ensures there is no parasitic absorption in the transport layer 

which would make further analysis challenging. The PL 

transients corresponding to the lowest excitation fluence (16 

nJcm-2) for HTL and ETL stacks are shown in Figure 2c and Figure 

2d respectively. We fit the decays using a double exponential 

(details provided in the Supplementary Information) and show 

them with dark lines. The transient PL of the half stacks is 

influenced by several factors. In addition to charge-carrier 

recombination within the perovskite itself, charge transfer to 

the CTL becomes important, as does interfacial recombination 

between the majority carrier in the CTL with the minority carrier 

in the perovskite.46,56 To disentangle these processes we define 

a differential lifetime which is given by 

 𝜏𝜏diff(𝑑𝑑) =  �d ln�𝜑𝜑(𝑑𝑑)�
d𝑑𝑑 �−1 , (2) 

  

 

where φ(t) is the photon flux. To perform this analysis, we fit 

the PL transients with a double exponential, since it accurately 

reproduces the PL transient, and take the numerical derivative 

of this fit, to determine τdiff. We demonstrate the applicability 

of this fitting in Figure S15. As can be seen in Figures 2e and 2f, 

the lifetimes reach a plateau at large delay time. The initial rise 

at short delay times is attributed to charge transfer into the 

transport layers, whereas the longer lifetime is dominated by 

interface recombination.46,56 As is evident in Figure 2e and 2f, 

the incorporation of the IA significantly enhances the 

differential lifetime at large delay times, indicative of reduced 

interface recombination. This agrees with our PLQY 

measurements where we demonstrated reduced non-radiative 

recombination at each charge transport layer with the IA 

present under steady-state conditions. Moreover, to 

investigate the possibility of reducing the interface 

recombination further, we implemented an ultra-thin (~1 nm) 

LiF interlayer between the perovskite and ETL as previously 

reported.49,57,58 As expected, when LiF is included between the 

IA-modified perovskite thin film and the C60, the differential 

lifetime is further enhanced. To quantify the influence of LiF 

alone, we compare the PL transients of a control 

perovskite/LiF/C60 sample and an IA/C60 sample. As can be 

seen in Figure S16, while the LiF interlayer does reduce the 

interfacial recombination, the IA treatment alone is more 

effective.  

The lifetimes extracted from PL transients above (τeff) will be 

governed by both bulk and surface recombination according to 

the relation59 
1𝜏𝜏eff =

1𝜏𝜏bulk +
1𝜏𝜏surface . (3) 

We have determined the effective lifetime with the transport 

layers present in Figure 2e and 2f, and the “bulk lifetime” when 

the transport layers are absent, from the fitting in Figure 1c and 

1d. Combining these values allows us to calculate the lifetime 

associated with recombination at the perovskite/CTL 

heterojunctions. If we assume that the recombination at the 

perovskite/CTL interface is far greater than at the 

perovskite/quartz or perovskite/air interfaces, we can express 

the surface lifetime as49,59,60  

 𝜏𝜏surface =  
𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 +

4𝐷𝐷 �𝑑𝑑𝜋𝜋�2 , (4) 
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where d is the sample thickness, D is the diffusion coefficient 

and SRV is the surface recombination velocity. We determine D 

using the Einstein relation D = µkBT/q, where kB is Boltzmann’s 

constant, T the absolute temperature and µ the mobility 

obtained in the THz spectroscopy measurements (details in the 

ESI). It is therefore possible for us to estimate the surface 

recombination velocity at each interface, which we display in 

Table 1. 

 

Table 1: Lifetimes extracted from TCSPC measurements of at 16 nJ cm-2 for the HTL and 

ETL stack. The SRV was calculated according to equation 4. The bulk lifetimes used were 

450 ns and 900 ns for control and IA modified samples respectively.  

 

 

For the control sample, the value of the SRV at the fullerene 

interface is comparable to values reported in the literature for 

narrower bandgaps,60 but the SRV at the PTAA interface is 

substantially higher compared to literature values usually 

reported for ∼1.6 eV bandgap perovskites.49,60 This correlates 

with our PLQY data and shows again that the PTAA interface 

performs relatively poorly in the control samples for these wide 

bandgap materials, as we show in Figures 2a and 2b.  

Accordingly, we see that IA modification results in substantially 

reduced SRVs as compared to the control system in the same 

stack configuration. A large beneficial effect from the IA is 

observed at the C60 interface, where the SRV is reduced by 

close to one order of magnitude. As expected, the addition of 

LiF helps to reduce the SRV value even further to as low as 450 

cms-1. This value is among the lowest reported for MA-free 

perovskites.61 This is particularly impressive since our 

measurements were performed on perovskite films in contact 

with a CTL - known to induce significant non-radiative 

recombination as discussed earlier.62  

This reduction of SRV and enhanced radiative efficiency is 

extremely promising for corresponding photovoltaic device 

performance. 

 

Photovoltaic device performance 

To corroborate our study on the recombination mechanisms in 

wide bandgap perovskites thin films, we implement these 

materials in a p-i-n device architecture. Inverted p-i-n device 

architectures have numerous advantages over their n-i-p 

counterparts including reduced hysteresis, low temperature 

processability, and consequent suitability for silicon tandem 

technologies.63,64 The device architecture, shown in Figure 3a, 

comprises PTAA as the hole transport layer  which is coated with 

an ultra-thin layer of PFN-Br onto which the perovskite layer is 

deposited. The solar cell is then finished by evaporating thin LiF 

interlayer (depending on the device type), C60 as the electron 

transport layer, BCP (bathocuproine) and Cu as top electrode. 

The perovskite absorber is optionally modified by adding an 

optimised amount (0.5 mg mL-1) of the ionic additive 

Condition Sample Illumination 

side 

τeff (ns) SRV (cm s-1) 

Control HTL stack perovskite 38 1300 

IA HTL Stack perovskite 100 450 

Control ETL Stack quartz 10 5600 

IA ETL Stack quartz 73 640 

IA & LiF ETL Stack quartz 99 450 

Figure 3: Photovoltaic device performance. a) Schematic of the device architecture utilised in this study. The device area was 0.06 cm2. b) Exemplary JV curves for 

the three types of devices investigated. c) Statistical summary of reference FACs based perovskite solar cells (grey), IA modified devices (pink) and IA modified 

devices implementing a LiF interlayer (orange). The data points are overlapped onto the boxplots which show the median (central line), and the median of the upper 

and lower halves of the data (top and bottom lines of the box, respectively). The top and bottom whiskers are drawn to the highest/lowest data point within 1.5 

times the interquartile range from the top and bottom of the box, respectively. d) Literature comparison between our work (denoted with a star) and pin-type 

devices with MA-free perovskite solar cells. The dashed lines represent 90% of the radiative limit with respect to the bandgap energy. 
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[BMP]+[BF4]- to the precursor solution. The beneficial effects of 

the IA addition in devices are clearly visible in the exemplary JV-

curves represented in Figure 3b, where the VOC, JSC and FF are 

improved upon the incorporation of the ionic additive. We 

present the external quantum efficiency of representative 

devices in Figure S17, and find the integrated current is in good 

agreement with the Jsc determined from the current-voltage 

characteristics. Additionally, with the addition of a LiF interlayer 

the FF is greatly enhanced and the VOC also increases. The 

statistical summary of the three types of devices investigated in 

this work are presented in Figure 3c. Here, the combination of 

the IA with a LiF interlayer allows us to reach VOC of 1.22 V, FF 

above 80 % and PCEs approaching 17 %. We present the 

forward and reverse scans for each device type investigated, 

and the stabilised power output of these devices in Figure S18. 

To compare with other published literature, in Figure 3d we 

show that wide bandgap MA-free perovskites, especially in p-i-

n architectures, are prone to modest power conversion 

efficiencies (PCE), due to larger VOC losses compared to the 

radiative potential at the respective bandgap.  

While the VOC and FF improvements are expected from devices 

showing increased radiative efficiency, as discussed previously, 

the enhancement of the short-circuit current density, evident in 

Figure 3c, following IA modification is unexpected. Such an 

effect would imply either increased charge-carrier generation, 

extraction, or both. To rule out the possibility of increased 

charge-carrier generation, the optical constants of the 

perovskite, with and without the IA, were measured by 

ellipsometry (Supplementary Information). As can be seen from 

Figure S19, the optical constants of the control and IA-modified 

perovskite are extremely similar. As such we do not expect that 

there will be increased charge-carrier generation upon IA 

modification. This allows us to rule out any optical effect 

increasing the Jsc. It has recently been reported that mobile ions 

are the origin of short-circuit current density losses in 

perovskite solar cells.65 Whilst determining the precise origin of 

the current density increase is beyond the scope of the current 

work, we suggest the increased Jsc may be due to reduced ionic 

mobility following IA modification. Such an effect would reduce 

the severity of current losses in these types of devices, 

manifesting as an increased Jsc as compared to the control 

devices. 

 

 

 

Figure 4: Comparison between the measured JV curve of a solar cell and the reconstructed pseudo-JV curves from intensity dependent measurements on the same 

solar cell device and respective neat material. The results are shown in a) for the reference perovskite, in b) for the perovskite including IA, and in c) with the 

additional addition of a LiF interlayer. In a,b,c) the right-most curve is determined from QFLS(I) measurements of thin films on glass, and so represents a pseudo-JV 

curve with minimal interface recombination. The centre curve is derived from VOC(I) measurements on full devices, and represents a pseudo-JV curve with interfacial 

recombination, but in the absence of transport losses. The left-most curve is the JV curve of the same device measured on the solar simulator. d) VOC intensity-

dependent measurements and ideality factors for solar cell devices implementing reference FACs, FACs including IA, and FACs with IA and additional LiF. e) VOC 

energy losses summary calculated from the samples and data presented in a), b) and c). f) a summary of FF energy losses calculated from the samples and data 

presented in a), b) and c). 
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Recombination analysis in full devices 

 To assess the effects of the IA and LiF on the recombination 

mechanisms in complete devices, we carried out two sets of 

illumination intensity dependent measurements: illumination 

intensity dependent PLQY and illumination intensity dependent 

VOC (VOC(I)). The PLQY measurements were carried out on 

isolated thin films on glass substrates and the VOC 

measurements on full devices. The PLQY measurements are 

used to determine the quasi-Fermi level splitting. As proposed 

in a recent publication, QFLS intensity dependent 

measurements (QFLS(I), I is the excitation intensity) can be used 

to reconstruct a pseudo JV-curve (pJV) for isolated perovskite 

thin films in the absence of the influence of charge transport 

layers (see ESI for further details).66 Such pJV curves therefore 

represent the maximum efficiency achievable with a particular 

absorber in the absence of interfacial recombination. In 

addition, it is possible to reconstruct a pJV curve using VOC(I) 

measurements on full devices. Thereby, such pJV curves are 

influenced exclusively by the recombination processes taking 

place in the device, at the interfaces or within the perovskite 

semiconductor, and not during charge-carrier transport. The 

advantage of this analysis approach is that through PLQY (and 

VOC) measurements over a wide range of illumination 

intensities, we can estimate the effect of charge-carrier 

recombination on both the VOC and the FF at the same time. This 

technique allows for the untangling of transport and 

recombination loss mechanisms within the devices, and 

ultimately facilitates estimating a potential efficiency of the 

single absorber or the device in absence of interfacial and 

transport losses. Notably, the intensity dependent PL spectra 

(Figure S20), show no evidence of PL shift upon constant 

illumination and high illumination intensities, denoting the 

absence of  phase segregation that is usually observed in MA-

containing high Br content perovskites.14,16,17,21  

In Figures 4a-c, we compare the normal JV with the pJV of the 

same device (from VOC(I) measurements) and that of the bare 

absorber (from QFLS(I) measurements). From these data, it is 

possible to quantify and visualise the significance of non-

radiative and transport losses of our different cells and 

materials. The losses are highlighted as the shaded purple and 

turquoise areas, respectively, between the different JV and pJV 

in Figures 4a-c. These plots graphically demonstrate that the 

incorporation of the IA is effective at both reducing the 

recombination and transport losses in complete devices, and 

both losses are further reduced by the addition of LiF. This 

finding is in excellent agreement with our TCSPC analysis on the 

IA’s effect on the bulk material and each interface between the 

perovskite and the CTLs. Additionally, in the case of an isolated 

thin film, this estimates the ideal case of a solar cell with zero 

interfacial losses. This highlights how this 1.79 eV (determined 

from the inflection point of the EQE) band gap IA modified 

perovskite could potentially achieve a PCE of 23.17 % if 

implemented in a fully optimised device, where all 

recombination and transport losses at interfaces and in the 

device are eliminated. We present the estimated device 

characteristics in Table 2.  

Table 2: Estimated PCE (in the absence of interfacial and/or transport losses) obtained 

from the pJV of cells and isolated thin films for the materials investigated in the study. 

The JSC used here to estimate the efficiency potentials are calculated by assuming 95 % 

of the thermodynamic limit corresponding to the bandgap.  

 

In Figure 4d, the ideality factor from the VOC intensity 

dependence study is calculated and shows that the devices 

treated with IA and LiF exhibit larger ideality factors compared 

to the reference cell. These results are in line with a recent study 

and demonstrate the effective reduction of interface 

recombination upon optimisation, in agreement with the 

enhanced VOC evident in Figure 3c.67 The LiF has a negligible 

effect on the QFLS in the absence of a transport layer, Figure 

S21. This explains the similarity of the pJV curves for the IA and 

IA & LiF cases summarised in Table 2.  

We summarise the impact of non-radiative losses on the 

radiative potential of our devices in Figure 4e. Generally, this 

MA-free wide bandgap perovskite is characterised by a large 

degree of non-radiative losses (indicated in blue) compared to 

the radiative open-circuit voltage limit of 1.50 V present for a 

solar absorber with the optical properties of the neat material. 

This denotes strong non-radiative losses taking place in the neat 

perovskite absorber, possibly due to high density of traps, which 

are reduced by IA implementation. As discussed earlier, the 

contacting with the transport layers results in significant 

interfacial non-radiative losses (purple region) and therefore a 

further reduction in the VOC and QFLS. Importantly, the QFLS of 

the full devices represents the maximum realistically achievable 

open-circuit voltage which is measured internally in the device’s 

absorber. Interestingly, however, the externally measured VOC 

of these devices lies substantially below these values, as 

indicated by the shaded turquoise region. We find here that IA 

and LiF treatments improve the QFLS of the full devices 

(including the metallic electrodes). Critically, they also improve 

the VOC of the very same devices, but to a more significant 

degree than the improvement in QFLS. As a result, although not 

entirely eliminated, the mismatch between the QFLS and the 

VOC is reduced with these treatments (shaded turquoise region 

in Figure 4e). We proceed to investigate the origin of the 

remaining mismatch. 

A mismatch between QFLS and VOC has been previously 

attributed to an energetic misalignment between the 

perovskite and the CTLs in combination with interface 

recombination.23,24 To investigate the origin of this loss in our 

devices, we conducted ultraviolet photoemission spectroscopy 

(UPS)  measurements specifically probing the perovskite / C60 

interfaces by performing multistep sequential deposition of C60 

molecules, which are presented in Figure S22. As such, we are 

 

Method Jsc 

[mA/cm2] 

Voc [V] pFF 

[%] 

pPCE 

[%] 

Control QFLS(I) 19 1.345 88.5 22.61 

Control Voc(I) 19 1.156 88.2 19.37 

IA QFLS(I) 19 1.375 88.7 23.17 

IA Voc(I) 19 1.22 85.5 19.81 

IA & LiF QFLS(I) 19 1.375 88.7 23.17 

IA & LiF Voc(I) 19 1.23 87.7 20.5 
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able to reconstruct the energetics at these specific interfaces 

accurately, and the band diagrams derived from these 

measurements are presented in Figure S22. Our UPS 

measurements highlight a misalignment between the 

conduction band of the perovskite and the lowest unoccupied 

molecular orbital of the C60 in all conditions investigated, 

despite the implementation of IA or LiF. Therefore, we conclude 

that the reduction of the QFLS-VOC mismatch in these devices is 

not necessarily due to a better energetic alignment of the 

perovskite with the ETL. Such a reduction in the mismatch could 

be related to the partial specific resistances for electrons and 

holes at the CTL interfaces.68 However, we observe that the 

Fermi level is shifted towards mid-gap upon IA modification, 

which may be due to a reduction in surface defects in line with 

our previous analysis.69,70 Further discussion of the UPS 

measurements can be found in the ESI. The finding of the 

energetic misalignment between the perovskite and the C60 is 

significant and sufficient to give rise to a QFLS-VOC mismatch. 

However, we do not exclude the possibility of an additional 

energetic misalignment between the highest occupied 

molecular orbital (HOMO) of the PTAA and the perovskite 

valance band (VB). Since the PTAA HOMO is well-aligned with 

the VB of 1.6 eV perovskites, the shifting of the perovskite 

valence band away from vacuum as the Br content is increased 

is likely to induce an energetic misalignment in these wide 

bandgap perovskites.24,71  

As shown in Figure 4e, even for optimised devices utilising the 

combination IA and LiF, the VOC measured in the device still lies 

more than 60 meV below the potentially achievable internal 

QFLS. Therefore, developing transport layers with better 

energetic alignment, or another approach to reduce the 

mismatch between internal and external voltage, would enable 

full exploitation of the radiative potential of the optimised 

perovskite and interfaces.  

Moreover, this need for a new device architecture for MA-free 

wide bandgap perovskites is further highlighted in Figure 4f. 

Therein, we find the pFFs determined from the isolated 

materials on glass for each condition lie extremely close to the 

radiative limit, indicating that recombination losses have a 

minimal impact on the FF of these materials. On the other hand, 

we see a significant difference between the pFF determined 

from the intensity dependent VOC measurements (presented in 

Figure 4d) and the FF determined from the JV curves, indicating 

the carrier transport losses out of the device, are the main cause 

for FF loss in these devices. We find that, firstly the IA and then 

the LiF addition, successfully reduce the difference between the 

ideal “transport-free” FF and the FF measured in JV scans. 

However, this finding again highlights the need for improved 

charge transport layers for wide bandgap perovskite 

semiconductors.  

To corroborate the combination of our findings and to better 

correlate this improved device performance with the 

spectroscopic characterisation performed earlier, drift-

diffusion simulations were performed using SCAPS.72 

Importantly, we use values determined experimentally in our 

earlier analysis as input simulation parameters, including the 

bulk lifetimes and surface recombination velocities at each 

interface. Moreover, the energy alignment between the layers 

is informed by the photoemission spectroscopy results. A table 

of the input parameters can be found in Table S2. Our 

simulations were able to reproduce the photovoltaic device 

performance parameters well in all aspects apart from the 

enhanced short-circuit current density following IA 

modification, confirming the agreement of our loss analysis and 

recombination model from neat material and interfaces to full 

devices. We present the simulated JV curves in Figure S23, 

which closely reproduce those measured on full photovoltaic 

devices. This demonstrates the validity of our earlier analysis, 

but highlights that understanding current losses in these p-i-n 

devices requires further investigation. 

Conclusions 

In this work, we have unravelled the origin of performance 

limitations in methylammonium-free p-i-n wide bandgap 

perovskite solar cells. We have demonstrated that these solar 

cells are limited by significant non-radiative recombination in 

the bulk material which is exacerbated by the attachment of 

both electron and hole transport layers. We further show that 

there is a large energetic misalignment between the perovskite 

and the charge transporting layers (CTLs). To overcome these 

limitations, we incorporated the ionic additive 1-butyl-1-

methylpiperidinium tetrafluoroborate into the perovskite 

precursor solution which is known to substantially enhance the 

stability of PSCs but its influence on device performance was 

unclear. We found that the incorporation of this additive 

reduces non-radiative recombination within the bulk of the 

perovskite, as well as at each interface with the charge 

transporting layers. This passivation effect results in 

substantially reduced surface recombination velocities at these 

interfaces. We showed further that a thin LiF interlayer 

between the perovskite and the C60 further reduces the SRV. 

We implement this knowledge to fabricate high performance 

1.79 eV band gap perovskite solar cells, which approach 17 % 

PCE with a Voc of 1.22 V. This is among the highest reported for 

MA-free WBG perovskite solar cells. We then performed a 

thorough recombination analysis in the full devices. We found 

that the combination of the ionic additive and LiF interlayer 

significantly reduce the transport losses in full devices, likely 

due to the substantially lower SRVs present at the interfaces in 

these devices. In addition, the Voc sits below the QFLS of the full 

devices, which we attribute to energetic misalignment between 

the perovskite and the charge transporting layers. To recover 

this lost voltage, better alignment of transport layers is 

essential. Therefore, we suggest that new transport layers 

better suited for wide bandgap materials need to be 

implemented in addition to the IA treatment we report here. 
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