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Abstract: 

Targeted functionalisation of 3D perovskite with a 2D passivation layer via R-NH3I treatment has 

emerged as an effective strategy for enhancing both the efficiency and chemical stability of ABX3 

perovskite solar cells, but the underlying mechanisms behind these improvements remain unclear. 

Here, we assign a passivation mechanism where R-NH3I reacts with excess PbI2 in the MAPbI3 film 

and unsaturated PbI6 octahedra to form (R-NH3)2(MA)1-nPbnI3n+1. Crucially, we show that precise 

control of the 2D (R-NH3)2(MA)1-nPbnI3n+1 layer underpins performance improvements: n = 1 yields 

over a two-fold improvement in hole injection to the HTL; n > 1 deteriorates hole injection. Ultrafast 

transient absorption spectroscopy suggests this n-dependence is rooted in the fact that fast (< 6ns) 

hole injection does not occur between the 3D and 2D layers. These results help explain 

contemporary empirical findings in the field and set out an important design rule for the further 

optimisation of multidimensional perovskite optoelectronics.  
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An intense research effort over the last decade has driven the meteoric rise in power conversion 

efficiency (PCE) of perovskite solar cells (PSCs) to values over 25%.1 Today, many of their remaining 

short-comings can be traced back to structural defects. Remarkably, harmful bulk defects that form 

electronic states within the band-gap – i.e. traps – are found at relatively low concentrations in 

hybrid perovskites compared to other solution processed technologies.2 However, the interruption 

of crystal symmetry at the surface and grain boundaries inevitably leads to a significant population 

of traps at the interfaces with the charge transport layers (CTLs).3–5 Such trap-states ultimately limit 

the quasi-Fermi level splitting (QFLS) of electrons and holes under illumination, and thus the open-

circuit voltage (𝑉𝑂𝐶), in MAPbI3 to below the theoretical maximum of 1.32 V,6 and lead to current 

voltage hysteresis and chemical instability.7–9  

Braly et al showed that Lewis base passivation of positively charged traps in MAPbI3 such as iodide 

vacancies (VI) with electron donating tri-n-octylphosphide (TOPO) leads to an internal QFLS of 1.28 

eV.10 The implication of this is that the bulk material does not intrinsically limit the 𝑉𝑂𝐶  and that 

effective trap passivation at the surface and grain boundaries should lead to values approaching the 

radiative limit. Therefore, an intense research effort has set about developing strategies that 

emulate such passivation with other small molecules, inert polymers and CTLs.11–18 

Treatment of perovskite with iodide salts is another well-established passivation strategy. It has 

been shown that adding over-stoichiometric (< 5 wt%) amounts of small iodide salts - where ‘small’ 

is here defined as those salts containing an R-NH3
+ cation that would satisfy Goldschmidt’s tolerance 

factor if incorporated into a traditional 3D perovskite lattice19 - to the perovskite precursor mixture 

can yield devices with a slightly larger PCE, but when applied in excess, the build-up of unreacted R-

NH3I can degrade device performance.20–22 On the other hand, introducing 2D character to 

perovskite by adding bulky ammonium iodide salts (R-NH3I) – i.e. those that cannot be incorporated 

into the 3D perovskite lattice – has come to the fore as an effective passivation strategy. The R-NH3I 

is either added to the precursor solution to induce bulk passivation23,24 or as a post-treatment to 
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provide targeted functionalisation of the perovskite|CTL interface [where CTL = hole transport layer 

(HTL) in nip, electron transport layer (ETL) in pin].25–27 In the latter strategy, a layer of reduced-

dimensional perovskite (RDP) with formula (R-NH3)2(MA)1-nPbnI3n+1 is formed between the 3D 

perovskite layer and the CTL. Such 3D/RDP PSCs have superior stability than their purely 3D 

counterparts,24,28–30 which is often attributed to the hydrophobicity of the R-NH3
+ ions in the RDP 

layer.31–33  

Less clear is the role of the RDP layer in enhancing charge extraction and ultimately device PCE.26,28–

30,33–35 Here, the progression of research has largely relied on empirical observations, rather than 

rigid design rules based on a comprehensive understanding of the 3D/RDP system. Pioneering work 

has elucidated the importance of energy cascades, energy transfer and charge mobility in the 

3D/RDP system,36–39 but a consistent model for hole injection at the 3D/RDP|HTL interface is still 

lacking. The Grancini group has made significant steps forward in this regard, showing that effective 

RDP-on-3D passivation is predicated by a flat conformation of the RDP layer.40 In another study, they 

showed that the 3D/RDP interface is dynamic, in that the RDP layer - initially consisting largely of (R-

NH3)2PbI4 (n = 1) - can scavenge intrinsic MA cations from the 3D perovskite to form device-limiting, 

higher order (R-NH3)2(MA)n-1PbnI3n+1 (n = 1, 2…) heterostructures, which can be proscribed by careful 

design of the RDP-inducing passivant.41 Elsewhere, Teale et al developed a technique for 

dimensional mixing of the passivating RDP layer. They used grazing incidence wide-angle X-ray 

scattering (GIWAXS) to suggest that device PCE was enhanced for mixed-n RDPs, but suggested that 

further study should be carried out with more precise optical techniques.42 Interestingly, the 

common denominator in the latter two studies is the significance of the n value in the passivating (R-

NH3)2(MA)1-nPbnI3n+1 layer. However, the link between the value of n and charge extraction remains 

unseen. Additionally, it is unclear whether the RDP layer actively mediates hole injection in 

3D/RDP|HTL systems,26,43,44 or forms an electronically benign passivating layer.23,40 
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Herein, we use a combination of surface sensitive structural and time-resolved optical spectroscopy 

to elucidate the full scale of passivation in n-i-p MAPbI3 perovskite films treated with R-NH3I salts. 

We show that bulkiness is a prerequisite to enhancements in the injection efficiency, with smaller 

cations actually working to reduce charge extraction by forming trapping centres. We reveal that the 

improvements with bulky cations are due to the treatment of excess PbI2 with R-NH3I to form (R-

NH3)2(MA)n-1PbnI3n+1 at the MAPbI3|HTL interface. Moreover, we gain new insights into the charge 

separation mechanism at the MAPbI3|(R-NH3)2(MA)n-1PbnI3n+1|HTL (3D/RDP|HTL) interface: (i) the 

RDP layer does not mediate hole injection between the 3D perovskite and HTL; (ii) efficient hole 

injection is only possible for n = 1 and is significantly inhibited in systems where n > 1. These results 

yield an important design rule for the development of high performance 3D/2D perovskite 

optoelectronics. 
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Figure 1. (a) ∆𝑂𝐷𝑚𝑎𝑥 - i.e. ∆𝑂𝐷 from transient absorption spectroscopy (TAS) measured 1 µs after 

excitation - for TiO2|MAPbI3:R-NH3I (20 mM)|PTAA samples, where R-NH3
+ is ammonium (A), 

methylammonium (MA), butylammonium (BA), phenylammonium (PA), phenylmethylammonium 

(PMA) and phenethylammonium (PEA). The same parameter for a MAPbI3|HTL sample with no 

passivation treatment is given in black. The samples were excited at a wavelength of 510 nm and 

pulse fluence of 10 µJ cm-2. A probe wavelength of 1500 nm was used to identify injected holes in 

the HTL layer. The structures of the passivating agents surround (a); anti-clockwise: AI, MAI, BAI, PAI, 

PMAI and PEAI. (b) Time-resolved single photon counting (TCSPC) decays of MAPbI3 films treated 

with 20 mM PEAI (magenta) and MAI (brown). The control MAPbI3 decay with no coating is given in 

black. Samples were excited with a pump wavelength of 635 nm at 0.11 nJ cm-2 and probed at 760 

nm. (c) Steady-state photoluminescence of the samples after excitation via the film surface with a 

wavelength of 450 nm at 260 mW cm-2.  

In order to investigate the role of chemical structure in determining the efficacy of passivation, we 

screened methylammonium and phenethylammonium (MAI and PEAI) and several other R-NH3I (R = 

ammonium, phenylammonium, phenylmethylammonium, butylammonium) salts. We note that 
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samples were prepared via a one-step deposition of MAPbI3 with a 1:1 PbI2:MAI ratio as reported 

elsewhere,45 followed by iodide salt treatment and annealing as outlined in the supporting 

information.  

Device efficiency is ultimately based on the yield of sustained charge injection at the interfaces 

between MAPbI3 and its CTLs. Therefore, we first investigated the role of the R-NH3I cation in 

determining the hole transfer yield at the MAPbI3:R-NH3I|HTL interface with microsecond transient 

absorption spectroscopy (µs-TAS). Details of the µs-TAS technique and set-up can be found in the 

supporting information. Figure S1 shows that MAPbI3 exhibits no transient absorption features on 

the microsecond timescale, which is in line with the typical 10-100 ns recombination timescale for 

this material in the fluence range used. On the other hand, when interfaced with the HTL poly-

(triarylamine) (PTAA), a broad TA feature is observed with a maximum signal strength, ∆𝑂𝐷𝑚𝑎𝑥 at 

1500 nm, which can be attributed to hole polarons in PTAA formed after injection from the MAPbI3 

valence band.46,47 Given the proportionality between ∆𝑂𝐷𝑚𝑎𝑥 and the concentration of injected 

holes in PTAA, we could then track the impact of each R-NH3I treatment on hole transfer to the HTL.  

Figure 1 shows the relative hole injection yield (i.e. ∆𝑂𝐷𝑚𝑎𝑥) in MAPbI3|HTL films in the case of 

passivation with 20mM of the different iodide salts. Strikingly, only the iodide salts with bulky 

cations i.e. those to the right of the control (black) film in Figure 1 can improve the hole injection 

yield to the HTL. 

In contrast, application of MAI and AI to MAPbI3 results in a reduction in hole injection yield at the 

MAPbI3|HTL interface. This supports work elsewhere in the literature, where MAI applied in great 

excess, or as a post-treatment, works to lower the PCE of PSCs.20–22 In order to understand this 

surprising result, we turned to steady-state and time-resolved photoluminescence (PL) spectroscopy 

using MAI as an example salt treatment with a small cation. In Figure 1b and c we see that the 

lifetime and intensity of the MAPbI3 film after MAI treatment are much reduced. This suggests that 
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the addition of MAI adds additional trap-states through which the photoexcited charges in the 

MAPbI3 layer can recombine.  

Consideration of the reaction between MAI and the perovskite film leads to a potential explanation 

for the increase in trap density after MAI passivation and annealing. As-crystallised MAPbI3 contains 

an excess of PbI2 at the grain boundaries due to the ready escape of MAI during annealing.48 This 

excess PbI2 is known to improve the performance of perovskite solar cells through a passivation 

effect,48–50 and may also lower the hole injection barrier at the MAPbI3|HTL interface, improving hole 

extraction.49,50 We display evidence for the formation of excess PbI2 with grazing-incidence X-ray 

diffraction (GIXRD) measurements in Figure S2, where our control MAPbI3 film shows a peak at 2𝜃 = 

12.6o associated with the (001) orientation of unreacted PbI2.51 We also observe a contribution at 2𝜃 

= 14.2o, associated with the (110) orientation of the 3D perovskite. The removal of the 2𝜃 = 12.6o 

peak in the MAI-treated sample (Figure S2, second panel) suggests that the MAI reacts with PbI2, 

removing its beneficial passivation effects. We note that the peak position of the (110) contribution 

associated with 3D perovskite remains unchanged and the intensity is not reduced, allowing us to 

discard the idea that MAI treatment deteriorates performance by exerting strain on, or damaging, 

the pre-existing 3D perovskite structure.52  

On the other hand, MAPbI3 films treated with R-NH3I salts containing bulky R-NH3
+ cations 

consistently exhibit greater hole injection yields than the unpassivated control. The enhanced PL 

lifetime and intensity in MAPbI3:PEAI films exhibited in Figure 1b and c provides strong evidence that 

recombination of photoexcited charge carriers in MAPbI3 is much supressed after PEAI treatment. 

Furthermore, the entirely opposite effect of PEAI compared to MAI treatment on charge separation 

in the MAPbI3 film suggests that the cation plays a decidedly different role in the former case. 

Further insight into the mechanism of passivation in the case of MAPbI3:PEAI films is given in Figure 

1c, where an additional PL contribution can be observed at 525 nm.  



9 
 

As has been established elsewhere,26,35 passivation with bulky organic cations leads to the formation 

of a reduced dimensional perovskite (RDP) layer with formula (PEA)2(MA)1-nPbnI3n+1 at the top surface 

of the 3D perovskite film due to the inability of the cation to intercalate into a traditional 3D 

perovskite lattice. We therefore attribute the 525 nm feature to (PEA)2PbI4 atop the 3D perovskite 

film. We provide further evidence for this in Figure S3, where we excited 3D/RDP at 450 nm 

(penetration depth ~ 100 nm) from the film and substrate faces of the film respectively and 

measured the PL. The much enhanced intensity of the 525 nm contribution after excitation from the 

film face confirms that the RDP layer is concentrated at the top surface of the MAPbI3 film.  

Moreover, in Figure S4 we present the PL spectra of 3D perovskite treated with the other bulky R-

NH3I salts (i.e. PAI, PMAI, BAI). The features observed in the 500-550 nm region of the spectrum 

indicate the formation of (R-NH3)2(MA)n-1PbnI3n+1 heterostructures in all cases. This is in good 

agreement with the literature, where bulky R-NH3I salts such as these are routinely used to induce 

RDP layers.25,28,53 We can therefore conclude that bulky R-NH3
+ cations are prerequisite to the 

enhancements in interfacial charge injection observed after iodide salt passivation. 

We also carried out GIXRD to obtain interface specific insight into the formation of the RDP (Figure 

S2). Notably, in the case of passivation with the R-NH3I salts, the (001) peak associated with PbI2 is 

entirely removed after all but PAI treatment, which still shows a substantial reduction in intensity. 

This suggests that the RDP layers are seeded by reaction between R-NH3I and excess PbI2 at the 3D 

perovskite surface. 
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Figure 2. Hole injection in 3D/RDP|HTL films. (a) Change in the (110) peak from 3D perovskite (☆) 

and the (002) peak from the RDP passivating layer (●) with [PEAI]. (b) Evolution of the RDP 

photoluminescence spectrum in 3D/RDP films at 525 (n = 1; purple), 560 (n = 2; green) and 610 nm 

(n = 3, red) respectively as a function of [PEAI]. (c) ∆𝑂𝐷𝑚𝑎𝑥 – i.e. ∆𝑂𝐷 from transient absorption 

spectroscopy (TAS) measured 1 µs after excitation - of 3D/RDP|PTAA films with increasing [PEAI]. 

The films were excited at 510 nm (fluence: 1.5 µJ cm-2) and probed at 1500 nm, the maximum of the 

PTAA polaron. (d) Time-resolved single photon counting (TCSPC) decays for 3D (solid points) and 

3D/RDP films (empty points) with and without PTAA (orange) (excitation: 635nm; fluence of 0.11 nJ 

cm-2; probe: 760 nm). 

Table 1. Biexponential fitting (𝑦(𝑡) =  𝐴1𝑒−𝑡/𝜏1 + 𝐴2𝑒−𝑡/𝜏2) parameters for the time-resolved single 

photon counting (TCSPC) decays given in Figure 2. We note that 𝜏1 = 𝜏𝑖𝑛𝑗 for PTAA-coated samples. 

Sample A1 𝝉𝟏(= 𝝉𝒊𝒏𝒋) (ps) A2 𝝉𝟐 (ps) 

3D 0.928 669 0.0716 4500 

3D/RDP 0.672 708 0.328 6700 

3D|PTAA 0.993 503 0.0823 4716 

3D/RDP|PTAA 0.772 513 0.194 7450 
 

We next looked to quantify exactly how interfacial hole injection correlates with the growth of the 

RDP passivating layer on the 3D perovskite by increasing the concentration of PEAI from 4 mM to 40 

mM. Given the potential for PEA+ to combine with intrinsic MA+ from the 3D perovskite film to form 

(PEA)2(MA)n-1PbnI3n+1, we paid particular attention to the formation of n > 1 RDP layers.  

We first investigated the growth of the RDP on 3D perovskite as a function of [PEAI] with XRD. Raw 

XRD patterns (Figure S5) exhibit strong diffraction peaks for 3D perovskite films at 14.2, 28.5 and 

32.5°, which are associated with the (110), (220) and (310) lattice orientations of 3D tetragonal 
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halide perovskite.48 Furthermore, the (002) orientation of (PEA)2PbI4, present within the RDP 

becomes increasingly prevalent as a function of [PEAI].26 In Figure 2a we track the evolution of the 

(110) and (002) characteristic peaks of the 3D perovskite and RDP respectively as a function of 

[PEAI]. This data suggests that the RDP is present even at a relatively low concentration of 10 mM. 

Moreover, for [PEAI] > 10 mM, the 3D perovskite contribution reduces in intensity, suggesting 

significant damage to the underlying 3D perovskite layer at high PEAI concentrations. 

We next turned to PL spectroscopy hoping that the orders of magnitude greater sensitivity of this 

technique could reveal more about the 2D character of the passivated films. In Figure 2b we 

summarise the evolution of the RDP with [PEAI] by tracking the (PEA)2PbI4 (n = 1), (PEA)2(MA)Pb2I7 (n 

= 2) and (PEA)2(MA)2Pb3I10 (n = 3) contributions in the PL spectra at 525, 560 and 610 nm 

respectively (raw spectra in Figure S6).41,54,55 Interestingly, we find that the n > 1 features for the 

[PEAI] ≤ 10 mM samples are minimal when compared to the n = 1 contribution. Notably, the 

contribution from the n = 2 structure increases with [PEAI] thereafter to 4% and 25% for 20 mM and 

40 mM respectively. Additionally, a third contribution associated with the n = 3 structure is present 

at 5% in the PL spectrum of the 40 mM film. It can therefore be concluded that an almost phase pure 

(PEA)2PbI4 layer is formed after PEAI treatment at concentrations equal to or below 10 mM due to 

the consumption of the excess PbI2 in the film. At higher concentrations, we suggest that the 

additional PEAI begins to attack the perovskite itself - presumably at unsaturated PbI6 octahedra via 

VMA sites - and combines with intrinsic MA+ to form higher order RDP (n > 1) heterostructures. 

We next assessed the impact of RDP growth on the relative hole injection yield i.e. ∆𝑂𝐷𝑚𝑎𝑥 from µs-

TAS. The results in Figure 2c show that the relationship between hole injection and [PEAI] is non-

trivial, reaching a maximum at 10 mM. Importantly, this is the concentration at which the largest 

amount of phase-pure (PEA)2PbI4 (i.e. n = 1) RDP is formed, with minimal formation of higher-order n 

> 1 structures. Indeed, the formation of these higher order structures in the passivating layer is 

concomitant with a decrease in the hole injection yield.  
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To probe the origin of this maximum in hole injection yield at 10 mM, we captured PL decay 

dynamics for 3D|HTL and 3D/RDP|HTL with the results displayed in Figure 2d. The PL decay of 3D 

perovskite can be fitted to a biexponential with a fast (𝜏1) and slow (𝜏2) component indicative of 

charge trapping at grain boundaries and in the bulk respectively.56 Upon addition of a HTL, the fast 

decay (𝜏1 = 𝜏𝑖𝑛𝑗) becomes indicative of hole injection and the slow component (𝜏2) is due to either 

unquenched charges that remain in the bulk,57 or surface recombination.5 The rapid (𝜏𝑖𝑛𝑗 = 503 ps) 

hole injection kinetics observed after interfacing 3D perovskite with PTAA are in line with previous 

literature reports,46 attributed to the significant energetic offset (Δ𝐸 ~ 0.2 eV) at the 3D|PTAA 

interface. We note that 𝜏𝑖𝑛𝑗 here is much larger than the instrumental response of our TCSPC set-up 

(𝜏𝐼𝑅𝐹 ~ 100 ps) allowing for accurate assignation of these kinetics. Importantly, 𝜏𝑖𝑛𝑗 (=513 ps) for 

3D/RDP|PTAA is similar to 3D|PTAA (Table 1, bold), suggesting that the RDP layer has little impact 

on the kinetics of hole injection at the 3D/RDP|HTL interface. In light of this, we rationalise the 

increased hole injection yield (𝑛+ in Figure 2d: inset) at [PEAI] = 10 mM as a decrease of the 

recombination rate constant in the 3D layer (𝑘𝑟𝑒𝑐,𝑀), rather than an increase in the hole injection 

rate constant (𝑘𝑖𝑛𝑗).  
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Figure 3. Charge Injection Mechanism in 3D/RDP|HTL formed after treating MAPbI3 with 10 mM 

PEAI. Illustration of the two possible mechanisms for hole injection at the 3D/RDP|HTL interface: (a) 

tunnelling injection (type I interface) and (b) mediated hole injection (type II interface). 

Femtosecond transient absorption spectra of (c) 3D and (d) 3D/RDP films as a function of time. The 

two key photoinduced absorption features at 476 nm (blue) and 760 nm (red) are highlighted. The 

decay dynamics in the case of 3D (black) and 3D/RDP (pink) at 476 nm and 760 nm are shown in (e) 

and (f) respectively. Films were pumped at 635 nm (fluence: 25 μJ cm-2), resulting in the 550-650 nm 

gap in the spectra.  

The findings presented so far prove that upon passivation of 3D perovskite with 10 mM PEAI: (i) an 

almost phase-pure (PEA)2PbI4 layer is formed; (ii) this layer is positioned at the 3D|HTL interface; and 

(iii) hole injection is not impeded by the (PEA)2PbI4 passivating layer. We therefore next looked to 

build a picture of the interfacial energetics to explain these observations.  
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While it is established that the conduction band minimum (CBM) of RDPs lie well above the CBM of 

MAPbI3,23,40,43,58–60 reporting on the position of the valence band maximum (VBM) has not been 

consistent. This is most likely due to variations in band-gap (n value) and ligand coverage, both of 

which have a significant impact on the VBM.42 Cho et al reported that the valence band (VB) energy 

of (PEA)2PbI4 is similar to that in MAPbI3.26 In contrast, several other literature reports place the VBM 

of RDPs as shallower than the 3D VBM.43,44 Elsewhere, another group of reports place the VBM of 

RDPs as deeper than the 3D VBM.23,40,58 As such, depending on the literature report, the 3D/RDP 

interface alternates between type I (3D band-gap lies within the RDP band-gap) and type II (only the 

3D conduction band lies within the RDP band-gap), which has important implications for the 

mechanism of hole injection at the 3D/RDP|HTL interface. In the type I case, the RDP VB lies below 

that of MAPbI3 and hole injection to the HTL occurs via tunnelling (Figure 3a). Otherwise, in the type 

II case, the RDP VB lies between that of MAPbI3 and the HTL HOMO, and thus mediates hole 

injection (Figure 3b). 

In order to establish which of the two proposed mechanisms is at work, we conducted femtosecond-

TAS (fs-TAS) studies on 3D and 3D/RDP films formed after treatment of 3D perovskite with the 

optimised concentration of 10 mM PEAI. We probed the visible/near infra-red (400-800 nm) region 

after exciting the samples at 635nm and found two distinct bleaching peaks at ~476 nm (PB1) and 

~760 nm (PB2). PB2 is assigned to the band edge transition of 3D perovskite, which is in line with 

the absorption onset of the 3D perovskite film in Figure S7 at 760 nm. The origin of PB1 is debated 

but may be due either to excitation from a deeper valence band,61,62 or a charge transfer state 

involving PbIx
- complexes.63 The broad positive band between 500-700 nm is assigned to 

photoinduced absorption (PIA), potentially from I2-like reversable photo-dissociation products of 

PbIx
-.63  

As indicated in Figure S7, 2D (PEA)2PbI4 has a strong ground-state absorption beginning at 525 nm. In 

TA spectra, this absorption can lead to a photobleaching feature (PB3) between 500 and 525 nm.36,40 
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We hypothesised that if the (PEA)2PbI4 layer plays an active role in mediating hole injection, PB3 

would be present in the TA spectrum at time 𝜏𝑖𝑛𝑗 after initial excitation of the 3D perovskite. 

However, the shape of the 3D (Figure 3c) and 3D/RDP (Figure 3d) spectra are strikingly similar across 

the 6 ns time window for the measurement. This result suggests that no hole injection occurs 

between the 3D perovskite and RDP layer. 

We note that the RDP layer in the optimised system – after treatment with 10 mM PEAI – is very 

thin, and so PB3 (maximum ~ 500 nm) could be buried by PB1 (maximum ~ 476 nm), which is 

assigned to the much thicker 3D perovskite film. However, we show in Figure S8 that even for a 

much thicker RDP layer – after 40 mM PEAI treatment – still no features are observed that can be 

attributed to PB3. This adds weight to our argument that no injection occurs between the 3D and 

RDP layers. 

In agreement with our time-resolved PL studies we find an increased lifetime of photoexcited 

charges in the 3D/RDP samples (Figure 3e and f, magenta lines) compared to pure 3D (Figure 3e and 

f, black lines). Additionally, we checked the decay of PB1 and PB2 for signs of 3D to RDP injection. 

This would be evidenced by a rising component in PB1 – due to proximity to the RDP GSB - and a 

‘quenching’ component in PB2 – due to depopulation of the 3D perovskite after injection to the RDP. 

However, no such abnormalities in the recombination kinetics were observed. 

Combining this with the lack of new features associated with PB3 in the 3D/RDP TA spectra, we 

suggest that the (PEA)2PbI4 layer formed after PEAI passivation does not accept holes from the 3D 

perovskite on the timescales studied (< 6 ns). Given that hole injection to the HTL in the best-

performing PSC devices occurs on faster timescales – often sub-nanosecond as observed in Figure 2d 

and elsewhere46,64 – we can say with some certainty that the (PEA)2PbI4 layer in our 3D/RDP system 

does not actively mediate hole injection. This suggests that the 3D/RDP interface is type I, as put 

forward elsewhere.23,40,58 Given RDP coverage on the 3D perovskite surface is likely incomplete in the 

optimised system, hole injection can occur via two potential mechanisms: (i) tunnelling at the 
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3D/RDP|HTL interface; and (ii) direct injection in regions of immediate contact between the 3D 

perovskite and HTL. 

 

Figure 4. Proposed mechanism for R-NH3I passivation. (a) R-NH3I is spin-coated atop the 3D 

perovskite surface. (b) R-NH3I targets PbI2 sites. (c) R-NH3I reacts with PbI2 to form (R-NH3)2PbI4 after 

annealing. (d) At high concentrations, excess R-NH3
+ combines with MA+ from the MAPbI3 bulk to 

form higher order (R-NH3)2MAn-1PbnI3n+1 (n > 1) layered structures after annealing. 

In Figure 4, We summarise the mechanism of R-NH3I passivation in our system. Firstly, the bulky R-

NH3I reacts with PbI2 at the 3D perovskite surface (Figure 4a and b). If [R-NH3I] < 10 mM, the 

formation of pure (R-NH3)2PbI4 at the 3D perovskite surface is favoured, with minimal disruption of 

the MA+ content in the MAPbI3 bulk (Figure 4c). Here, the hole injection barrier is sufficiently thin, 

and/or there is enough direct contact between the 3D perovskite and HTL, that charge injection can 

proceed efficiently. However, if [R-NH3I] > 10 mM, a thicker (R-NH3)2(MA)n-1PbnI3n+1 (n = 1, 2, 3…) 
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layer is formed (Figure 4d) due to the combination of R-NH3
+ with intrinsic MA+. There is some 

evidence that such layers stack with a tendency to lower n at the interface with the 3D perovskite,36 

but it is likely that the phase distribution of the RDP is highly disordered.65 This situation then harms 

interfacial hole injection in three potential ways: (i) removal of intrinsic MA+ from the 3D perovskite 

layer could generate trap states at the 3D/RDP interface; (ii) the disordered RDP layer containing (R-

NH3)2(MA)1-nPbnI3n+1 (n = 1, 2…) could form trap states via hole funnelling; and (iii) the tunnelling 

yield through the RDP layer decreases exponentially with layer thickness. The 10 mM optimum 

concentration for PEAI found herein is in excellent agreement with the optimum PCE found 

elsewhere,29,66 on MAPbI3-based PSCs with a 1:1 stoichiometry. We note that the optimum 

concentration of PEAI would likely increase in the case of PbI2 rich stoichiometry.25  

Ultimately, during R-NH3I passivation with bulky ammonium iodide salts, the passivation layer at the 

3D perovskite surface undergoes a transformation from PbI2 to (R-NH3)2PbI4. While the presence of 

PbI2 at the grain boundaries has been known to exert a limited improvement on PSC efficiency,48–50 

PbI2 is a known proponent of degradation in devices.67 Exchanging PbI2 for (R-NH3)2PbI4 therefore 

offers a superior passivation method given that (i) the (R-NH3)2PbI4 layer is relatively stable and 

water resistant, and (ii) the charge extraction efficiency, and by extension PCE, is much enhanced. 

In conclusion, we presented a comprehensive investigation of the passivation and charge transfer 

mechanism at 3D/RDP|HTL heterojunctions. We showed that passivation ensues via a mechanism by 

which R-NH3I reacts with excess PbI2 in the 3D perovskite film to form a layered (R-NH3)2(MA)n-

1PbnI3n+1 heterostructure. We revealed that the RDP layer does not actively mediate hole transfer 

between the 3D perovskite and HTL layers, implying that interfacial hole injection occurs via 

tunnelling, regions of direct 3D|HTL contact, or a combination of both. As such, precise growth of 

the RDP layer is critical, with n = 1 yielding a significant improvement in interfacial hole injection 

across the 3D/2D|HTL interface, but n > 1 being detrimental to charge injection. We expect that 

proper consideration of the resulting 3D/RDP interface in these systems will aid the design of future 
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passivation strategies capable of further enhancing the efficiency and stability of perovskite 

optoelectronics. 
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