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SUMMARY

Controlled doping of organic semiconductors is crucial for their application in optoelectronic devices. In 

perovskite solar cells (PSCs), breakthrough efficiencies have relied on doped Spiro-OMeTAD hole transport 

materials. However, the ubiquitous adoption of multicomponent lithium-based doping schemes, known for 

their hygroscopic, volatile, and temperamental nature, remains a major issue for n-i-p PSCs. Therefore, 

next-generation dopants must be re-engineered from first principles. Here, we report a class of tailored fer

rocenium oxidants as high-performance, comprehensive Spiro-OMeTAD dopants. Tuning ferrocenium 

reduction potentials enables near-quantitative Spiro-OMeTAD⋅+ conversion, affording optimal electronic 

and energetic properties. The resulting ferrocenium-doped PSCs outperform conventional counterparts, 

achieving device and module efficiencies of 26.13% and 22.21%, respectively, with ultra-low dopant load

ings. Devices show excellent operational stability, retaining 95% (unheated) and 87% (held at 65◦C) of the 

initial efficiency after 1,000 h of continuous operation. Our results reveal the unrecognized potential of 

comprehensive doping paradigms in PSCs and beyond.

INTRODUCTION

Advancements in the power conversion efficiency (PCE) of 

perovskite solar cells (PSCs) have been driven by regular (n-i-p) 

architectures utilizing a doped small molecule hole transport ma

terial (HTM), 2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]- 

9,9’-spirobifluorene (Spiro-OMeTAD).1–3 Notably, despite the 

numerous known drawbacks, a problematic lithium-based 

CONTEXT & SCALE Regular (n-i-p) perovskite solar cells (PSCs) featuring doped Spiro-OMeTAD hole trans

port materials (HTMs) have led the remarkable push for efficiency in the field over the last decade. However, 

the unanimous adoption of lithium-based doping schemes requiring a large excess of problematic additives 

(>300 mol % 4-tert-butyl pyridine TBP and >50 mol % lithium bis(trifluoromethylsulfonyl)imide LiTFSI), known 

for their hygroscopic and volatile nature, significantly limits long-term PSC stability. Therefore, developing 

accessible single-component dopants affording excellent PSC performance at low dopant loadings is crucial 

for the future of the field. 

To address these challenges, we have successfully introduced a novel class of highly tunable ferrocenium 

dopants that afford exceptional PSC device and module performance at minimal dopant loadings (5 mol 

%), avoiding LiTFSI and TBP entirely. Additionally, we developed a convenient one-step glovebox synthesis 

from commercially available precursors. Through this approach, oxidative strength, counterion, and substi

tution of ferrocenium compounds can be simultaneously tuned, affording ample room for further exploration. 

Our work establishes design rules to break the dependence on problematic LiTFSI-based doping schemes. 

We expect this work to also draw interest from the broader organic semiconductor field, given the broad ap

plications of organic semiconductor dopants. 
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approach to Spiro-OMeTAD doping has come to dominate the 

literature.4,5 This near-ubiquitous doping methodology involves 

the addition of excess lithium bis(trifluoromethylsulfonyl)imide 

(LiTFSI, >50 mol %) and 4-tert-butyl pyridine (TBP, >300 mol 

%), followed by several hours of dry oxygen exposure. Each 

component carries critical issues, including LiTFSI’s hygroscop

icity and diffusivity, TBP’s volatility and de-doping, and the time- 

consuming and temperamental oxidation procedure.6–9 Conse

quently, although impressive improvements in PCE have been 

realized, the issues relating to stability, reproducibility, and scal

ability associated with doping remain significant unresolved ob

stacles for the advancement of n-i-p PSC technologies.

Several approaches have been developed to address one or 

more of the abovementioned drawbacks and can broadly be 

categorized as O2-free, Li-free, or comprehensive. O2-free stra

tegies generally introduce additional oxidizing additives to the 

dopant composition,10–13 while Li-free strategies focus on alter

native oxidative procedures replacing LiTFSI.14–16 Crucially, co- 

doping with TBP is unanimously adopted. More recently, 

comprehensive doping schemes seeking to replace LiTFSI, 

TBP, and O2 altogether have also appeared,17,18 the most 

appealing of which achieve state-of-the-art PSC performance 

with small quantities of single dopants (<10 mol %).19–22 The 

success of these strategies represents a paradigm shift in 

Spiro-OMeTAD doping that mirrors developments in the broader 

organic semiconductor (OS) doping literature: efficient oxidation 

at low dopant loadings.22,23 Nonetheless, leading contemporary 

n-i-p PSCs still rely on LiTFSI, indicating that a greater focus on 

accessibility, convenience, reliability, and tunability is required 

for next-generation doping procedures to take hold.1,24

Aiming to address this gap in the literature, we developed a 

convenient one-step synthetic route to redox-tunable and anion- 

selective ferrocenium oxidants. The more strongly oxidizing 

dibromo-ferrocenium compound (FcBr2TFSI) affords near-quanti

tative Spiro-OMeTAD⋅+ conversion, boosting electrical and ener

getic HTM properties. Additionally, time-resolved spectroscopic 

techniques revealed improved hole extraction rates, yields, 

and lifetimes at the perovskite/HTM interface. Resulting n-i-p 

PSCs fabricated with FcBr2TFSI achieved a record Li-free PCE 

of 26.1% without co-dopants at minimal dopant loadings 

(5 mol %). By avoiding LiTFSI and TBP, devices exhibited excellent 

stability, maintaining 95% of their initial PCE after 1,000 h of 

maximum power point (MPP) operation. Owing to the rich syn

thetic history of ferrocene and the simple oxidative approach high

lighted herein, this class of highly tunable dopants holds significant 

potential in PSC and broader OS doping applications.

RESULTS AND DISCUSSION

Compound selection

We began by identifying the key properties of an ideal p-type 

Spiro-OMeTAD dopant for n-i-p PSCs: (1) strong and tunable 

reduction potential (ERed), (2) function without the need for co- 

dopants at low dopant loadings, (3) enable anion-selectivity 

across a library of counterions, (4) stable in oxidized and reduced 

forms, (5) processable in various solvents, (6) conveniently syn

thesized, and (7) structurally tunable. These criteria were devel

oped following an overview of the contemporary OS doping liter

ature focusing on the role of LiTFSI in n-i-p PSCs (Note S1).7,25–27

Ferrocenium compounds, despite remaining largely unexplored 

as OS dopants, are uniquely suited to meet the above-listed 

criteria, as discussed point-by-point in Note S2.28,29

The synthetic route shown in Figure 1A is proposed to evaluate 

the applicability of ferrocenium compounds as HTM dopants. 

The well-characterized one-step oxidation of ferrocenes by Ag 

salts maximizes convenience and chemical accessibility, owing 

to the excellent reported ferrocenium yields (>85%) and the sim

ple purification, allowing dopant synthesis to be carried out in a 

glovebox without specialist equipment.28,30 Silver bis(trifluoro

methylsulfonyl)imide (AgTFSI) was chosen, as TFSI anions are 

known to afford optimal electrical and energetic properties.18,26

To highlight the tunability of ferrocenium dopants, compounds 

varying significantly in ERed were chosen.31 As shown in 

Figure 1B, we identified three compounds, decamethylferrocene 

(Me10Fc; ERed 4.6 eV), ferrocene (Fc; ERed 5.1 eV), and dibromofer

rocene (FcBr2; ERed 5.4 eV), with ERed that lie below, within, and 

above the first oxidation peak of Spiro-OMeTAD, respec

tively.32–34 Electrochemical characterization is provided in 

Figure S1 and Table S1. According to the energy level alignment 

of the ferrocene compounds used herein with the first three 

Spiro-OMeTAD oxidation potentials, highlighted in Figure 1C, 

the mechanistic doping scheme displayed in Figure 1D is pro

posed. The electron-rich Me10Fc+ (E
Me10Fc
Red < E

Spiro

Ox+1 ) should not 

oxidize Spiro-OMeTAD. Fc+, having near-overlapping energetics 

with the first oxidation peak (EFc
Red ∼ E

Spiro

Ox+1 ), should react incom

pletely, giving rise to an equilibrium. The electron-poor FcBr2
+ 

(E
FcBr2

Red ≫ E
Spiro

Ox+1 ), on the other hand, is expected to access all three 

relevant Spiro-OMeTAD oxidation states (E
FcBr2

Red ∼ E
Spiro

Ox+3

)
.10,33

One-step ferrocenium synthesis

The proposed one-step ferrocenium synthesis and subsequent 

HTM doping were then attempted in the simplest case, ferroce

nium TFSI (FcTFSI) (Figure S2). Briefly, a chlorobenzene solution 

of ferrocene is reacted with solid AgTFSI, the metallic silver pre

cipitate is filtered, and a small quantity of the obtained blue 

FcTFSI stock solution is added to Spiro-OMeTAD, where the 

distinct purple/red color change confirms its oxidation.11

For this one-step process to be of use, the purity obtained 

must approximate that of crystalline materials. We determined 

the overall yields and purities of FcTFSI and FcBr2TFSI samples 

obtained following one-step and multi-step procedures in di

chloromethane (DCM) and CB. DCM is the most common sol

vent used for ferrocenium synthesis; however, given that 

Spiro-OMeTAD is processed from CB, it is preferable for the 

oxidant to be processed in the same. Excellent yields (>80%) 

were afforded in all cases, with purities indistinguishable from 

the crystalline counterparts by elemental analysis (Tables S2–

S5). The single-crystal X-ray diffraction structure of FcBr2TFSI 

was also collected (Figure S3). Throughout the following discus

sion, one-step solutions will be benchmarked against these 

crystalline materials for completeness.

Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) was used to quantitatively determine the concentra

tion of Fe and Ag present at each step of the Spiro-OMeTAD 

2 Joule 10, 102310, March 18, 2026 

Article
ll

OPEN ACCESS



HTM solution preparation (Tables S6–S8; Figure S4; Note S3). 

The digested precursor reagents, AgTFSI, Fc, and FcBr2, 

showed near-quantitative recoveries with no noticeable contam

ination, indicating a suitable digestion procedure was developed 

(Table S6). Analysis of equimolar aliquots of the one-step reac

tion solutions revealed consistent Fe recoveries along with unex

pectedly high concentrations of Ag, likely originating from small 

quantities of Ag powder or unreacted AgTFSI (Table S7). As un

wanted Ag impurities may harm device performance, we verified 

whether Ag remains in the final doped HTM solution by reacting 

one-step solutions with pristine Spiro-OMeTAD at device-rele

vant concentrations. The results revealed no Ag remains 

(Table S8) in the final HTM solution, suggesting negligible resid

ual contamination during device fabrication and alleviating con

cerns of silver impurities affecting device performance. A 

detailed discussion on the elemental analysis and ICP-OES re

sults is presented in Note S4.

Elucidating the doping mechanism

Ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy was 

employed to elucidate the doping mechanism of ferrocenium 

compounds. As shown in Figure 1E, no noticeable color change 

was observed when the one-step FcMe10TFSI solution was 

added to the colorless undoped spiro solution. When FcTFSI 

Figure 1. One-step ferrocenium synthesis and doping mechanism 

(A) Proposed one-step synthesis of substituted ferrocenium TFSI− compounds and generalized HTM doping procedure, highlighting the various levels of 

tunability: substitution, counterion, solvent, and HTM. 

(B) Chemical structure and HOMO energy determined by cyclic voltammetry of the ferrocene compounds studied herein, Me10Fc, Fc, and FcBr2. 

(C) Representative alignment of the cyclic voltammograms of the chosen ferrocene compounds with Spiro-OMeTAD referenced to an internal Fc/Fc+ redox 

couple translated to the vacuum scale (Fc/Fc+ as 5.1 eV vs. vac.). 

(D) Proposed ERed-dependent Spiro-OMeTAD doping mechanism of ferrocenium compounds. 

(E) Absorbance spectra and corresponding digital images of Spiro-OMeTAD solutions doped with 40 mol % of the respective one-step ferrocenium solutions.
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was added instead, a rapid color change was observed with the 

concomitant appearance of a peak at 520 nm, characteristic of 

oxidized Spiro-OMeTAD⋅+, which further increased with equi

molar FcBr2TFSI doping.33 To understand the role played by 

ERed in controlling doping efficiency, the absorbance spectra 

of Spiro-OMeTAD sequentially doped with one-step FcTFSI 

and FcBr2TFSI were measured (Figures S5 and S6). A lower 

doping efficiency of approximately 66% was obtained for 

FcTFSI compared with approximately 92% for FcBr2TFSI, as 

measured from the slope of the linear increase in 520 nm absor

bance (Figure S7).35 Indeed, the more strongly oxidizing 

FcBr2TFSI offers near-quantitative Spiro-OMeTAD⋅+ conversion 

across the whole measured range. One-step and crystalline 

FcBr2TFSI samples afforded near-identical doping intensities 

(Figure S8). To evaluate the ability of FcBr2TFSI to access all 

three of the available Spiro-OMeTAD oxidation states, full-spec

trum absorption measurements at higher dopant loadings were 

collected (Figures S9 and S10). As expected, further addition 

of FcTFSI led to minimal changes in measured absorption; how

ever, following equimolar addition of FcBr2TFSI, peaks consis

tent with Spiro+, Spiro2+, and Spiro3+ sequentially appeared. 

Interestingly, the color change from purple/red to bright blue 

observed in FcBr2TFSI samples, characteristic of highly doped 

Spiro-OMeTAD, could not be achieved with the popular Co(III) 

(FK209) p-type dopant.10,32

Electron paramagnetic resonance (EPR) spectroscopy was 

employed to quantitatively determine the free Spiro-OMeTAD⋅+ 

radical concentration afforded by conventional, FcTFSI, and 

FcBr2TFSI doping procedures (Figure 2A).36 Integration of the 

EPR signals (Figure S11; Table S9) afforded Spiro-OMeTAD⋅+ 

radical yields of 1.63, 2.95, and 4.36 % for LiTFSI, FcTFSI, and 

FcBr2TFSI doped samples, respectively.36 This corresponds to 

Figure 2. Properties of ferrocenium-doped Spiro-OMeTAD 

(A) EPR spectra of Spiro-OMeTAD solutions doped with Li-based and 5 mol % of ferrocenium-based oxidants. 

(B) 19F-NMR spectra tracking the chemical environment of the TFSI− anion from ferrocenium synthesis to doped HTM. 

(C) Proposed hole back transfer equilibrium reactions of Fc and FcBr2 dopants expected from their respective ERed. 

(D) Changes in the Spiro-OMeTAD⋅+ absorbance spectrum following the addition of excess neutral ferrocenes. 

(E) Extracted change in intensity of the 520 nm Spiro-OMeTAD⋅+ peak as a function of added neutral Fc and FcBr2. 

(F) J-V characteristics of hole-only devices with FcTFSI- and FcBr2TFSI-doped Spiro-OMeTAD layers. 

(G) C-AFM images of Si/perovskite/doped-HTM samples and the respective calculated average current.
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doping efficiencies of 59% for FcTFSI and 87% for FcBr2TFSI, in 

excellent agreement with absorbance measurements. Addition

ally, the doping efficiency obtained using one-step and crystal

line FcBr2TFSI was indistinguishable (Figures S12 and S13; 

Table S10).

High-resolution nuclear magnetic resonance (NMR) spectros

copy was employed to monitor the changes in the chemical envi

ronment of the fluorine atoms (19F-NMR) of the TFSI anion 

through the series of reactions, starting with AgTFSI (δ − 76.1 

ppm), then FcTFSI (δ − 85.4 ppm) and FcBr2TFSI (δ − 84.1 

ppm), and finally to Spiro-OMeTAD⋅+ TFSI− (δ − 78.4 ppm), as 

shown in Figure 2B. The difference in chemical shift between 

AgTFSI and the oxidized ferrocenium cations, along with the 

lack of residual peaks, provides additional evidence for the clean 

synthesis of FcTFSI and FcBr2TFSI by the one-step method. The 

concomitant shift of the 1H-NMR signals of the neutral com

pounds upon the addition of AgTFSI confirms the formation of 

paramagnetic ferrocenium cations (Figure S14).37

According to the scheme shown in Figure 1A, ferrocenium 

dopants are expected to regenerate their neutral ferrocene 

counterparts following oxidation of the OS host. The presence 

of equilibria between dopants and Spiro-OMeTAD⋅+ should be 

avoided (Figure 2C) as it may decrease doping efficiency, trap 

hole transport, or engender unwanted reactivity.38 To evaluate 

the role of neutral ferrocenes in the doping process, absorbance 

measurements following the incremental addition of Fc and 

FcBr2 to doped Spiro-OMeTAD solutions were performed 

(Figure 2D). A decrease in Spiro-OMeTAD⋅+ absorbance was 

observed following the sequential addition of neutral Fc; howev

er, no such effect was noted for FcBr2 (Figures 2E and S15). 

These results agree with the energetics of the compounds 

involved (Figure 1C) and the mechanistic schemes highlighted 

in Figures 2C and S16, indicating that negligible FcBr2TFSI re

mains after doping and that neutral FcBr2 does not negatively 

impact Spiro-OMeTAD⋅+, in contrast to Fc.

The ability of these compounds to dope other common OS is 

also critical to their widespread application. We therefore 

measured the changes in absorbance of doped poly(3-hexylthio

phene-2,5-diyl) (P3HT) and poly[bis(4-phenyl)(2,4,6-trimethyl

phenyl)amine (PTAA) samples. Both compounds were success

fully doped by FcTFSI and FcBr2TFSI (Figure S17).35 Importantly, 

FcTFSI showed weaker doping ability, having a small effect on 

the absorbance spectrum of PTAA (EPTAA
Ox 5.14 eV)39 and 

achieving incomplete oxidation of P3HT (EP3HT
Ox 4.9 eV),40 high

lighting the importance of tuning ERed for different doping appli

cations. The one-step synthesis of FcTFSI was also attempted in 

different solvents to gauge the processability of ferrocenium 

compounds in different device architectures (Figure S18).41

Electrical properties

Having established a general framework for the doping mecha

nism of ferrocenium compounds, we then explored the electrical 

properties of the resulting films. Hole-only devices with a struc

ture of ITO/PEDOT:PSS/Spiro-OMeTAD/MoO3/Ag (PEDOT:PSS 

[poly[3,4-ethylenedioxythiophene] polystyrene sulfonate]) were 

prepared to evaluate the conductivity of FcTFSI- and 

FcBr2TFSI-doped films. Film conductivity rapidly increased to 

1.1 × 10− 5 and 1.4 × 10− 5 S cm− 1 for samples doped with 

10 mol % of FcTFSI and FcBr2TFSI, respectively (Figure 2F).11

Concentration-dependent conductivity measurements (Figures 

S19 and S20; Table S11) revealed a 100-fold conductivity 

enhancement at low doping densities, between 0.1 and 

2 mol %, followed by saturation.16,31

To better characterize the electrical effects of different doping 

strategies at the nanoscale in device-relevant conditions, we per

formed conductive atomic force microscopy (C-AFM) on Si/ 

Perovskite/Spiro-OMeTAD samples (Figures 2G and S21). In 

this experiment, a constant potential is applied, and the current 

flowthrough the sample stack is measured at the AFM tip. The uni

formly low average current measured in the undoped Spiro- 

OMeTAD sample of 181 pA was marginally improved upon by 

conventional Li-doping, reaching an average current of 

363 pA.15,18 Doping with 5 mol % of either FcTFSI or FcBr2TFSI, 

on the other hand, led to more significant enhancements in 

average film conductivity, reaching 798 and 1,830 pA, respec

tively, suggesting improved film conductivity and significantly 

reduced series resistance through the perovskite/HTM junction.

Energetics and charge extraction dynamics

The increased hole density generated from chemical oxidation is 

expected to increase the work function (WF) of the OS material 

(p-doping), leading to increased band bending with the intrinsic 

perovskite layer and enhancing charge extraction.17 Ultraviolet 

photoelectron spectroscopy (UPS) was performed to evaluate 

the effects of different doping strategies on the WF and highest 

occupied molecular orbital (HOMO) energies of the resulting 

films (Figures 3A and S22). Conventionally doped Spiro- 

OMeTAD samples afforded a WF of 4.02 eV, significantly lower 

than FcTFSI and FcBr2TFSI counterparts, which achieved WFs 

of 4.15 and 4.37 eV, respectively. The decrease in the WF- 

HOMO gap is a characteristic trait of p-type doping and sug

gests changes in WF were not caused by surface dipoles.21,23

Kelvin probe force microscopy (KPFM) was then performed to 

confirm the WF shifts measured by UPS and obtain nanoscale in

sights into doped layer morphologies. A pronounced shift in con

tact potential difference (CPD) from − 88 to 103 and 239 mV was 

measured in conventional, FcTFSI, and FcBr2TFSI-doped sam

ples, respectively, in excellent agreement with the UPS data 

(Figures 3B and S23).

Time-resolved photoluminescence (TRPL) and transient ab

sorption spectroscopy (TAS) were performed to track the evolu

tion of photogenerated carriers from the perovskite layer to the 

HTM, affording a coherent picture of interfacial charge extrac

tion. A stark decrease in the photoluminescence lifetime of the 

perovskite signal was observed when doped Spiro-OMeTAD 

layers were coated on the perovskite absorber (Figure 3C). 

This is consistent with efficient charge extraction to the HTM 

(Table S12).42 However, decoupling charge extraction and inter

facial recombination, which both play a role in TRPL decays at 

the HTM interface, is difficult by TRPL alone.43 To address this, 

we performed microsecond TAS experiments to track photoex

cited hole extraction to the HTM (Figure 3D) through the change 

in Spiro-OMeTAD⋅+ absorbance (ΔOD) at 1,600 nm (Figure S9).44

The initial ΔOD signal (ΔODMax) gives qualitative insight into the 

density of holes extracted to the HTM, while the lifetime (τrec) re

lates to recombination processes.
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We then compared the charge extraction profiles of one-step 

and crystalline FcBr2TFSI samples to Li-doped controls 

(Figure 3E). The ΔODMax measured at 1 μs is nearly double in 

the FcBr2TFSI samples than in conventionally doped samples 

(Figure 3F). This suggests that more holes are transferred from 

the perovskite absorber to Spiro-OMeTAD in the FcBr2TFSI- 

doped systems, consistent with the decrease in the perovskite 

photoluminescence lifetime seen in the TRPL spectra. Despite 

the perovskite signal decaying on the nanosecond timescale, a 

significant portion of holes is still present in the Spiro-OMeTAD 

layer after several microseconds, with calculated recombination 

lifetimes of τrec of 6.5, 7.9, and 4.7 μs for one-step, crystalline, 

and Li-doped traces (Figure 3G), respectively. No significant dif

ference between the two FcBr2TFSI preparation methods is 

noted, supporting the validity of the convenient one-step 

method.

Device performance

We fabricated n-i-p PSCs with a structure of ITO/SnO2/(FA0.98 

MA0.02)0.95Cs0.05Pb(I0.98Br0.02)3/Spiro-OMeTAD/MoO3/Ag 

(Figures 4A and S24) to evaluate the effects of the different 

doping strategies on device efficiency and stability. One-step 

synthesized FcBr2TFSI dopants afforded the best-performing 

PSC devices, delivering an excellent champion PCE of 26.13% 

with an open circuit voltage (VOC) of 1.186 V, a fill factor (FF) of 

84.61%, and a short-circuit current density (JSC) of 26.04 mA 

cm− 2 (Figures 4B and 4C). LiTFSI- and FcTFSI-doped counter

parts achieved champion PCEs of 25.46% (VOC 1.182 V, FF 

82.75%, JSC 26.03 mA cm− 2) and 24.57% (VOC 1.168 V, FF 

81.19%, JSC 25.91 mA cm− 2), respectively (Figure S25; 

Table S13). The JSC values obtained from the presented J-V 

scans are in good agreement with the integrated external quan

tum efficiency (EQE) spectra in all cases (Figures 4D and S26). An 

optimal doping level of 5 mol % was found for the one-step pro

cess (Figure S27; Table S14). We further evaluated the stabilized 

power output (SPO) of the best-performing devices tracked at 

MPP over 300 s and measured a stabilized PCE of 25.73% at 

1.04 V for the best FcBr2TFSI-doped device (Figures 3E and 

S28). Compared with recent literature reports, one-step 

FcBr2TFSI dopants significantly outperformed other modified 

doping strategies (Figure 4E; Table S15).

Analyzing the statistical distribution of the photovoltaic param

eters from 22 devices revealed that the improved PCE in 

FcBr2TFSI-doped devices stems primarily from enhanced VOC 

and FF values (Figure S29). Average VOC and FF values rose 

from 1.171 V and 81.97% in Li-doped samples to 1.178 V and 

83.94% in one-step FcBr2TFSI samples. We attribute this to 

the higher concentration of Spiro-OMeTAD⋅+ radicals formed us

ing one-step FcBr2TFSI dopants, leading to increased film con

ductivity, improved energetic alignment, and enhanced charge 

extraction. Interestingly, the average FF of FcTFSI-doped sam

ples (80.47%) fell below the Li-doped controls. We attribute 

this to the temporary trapping of holes via the Fc-Spiro- 

OMeTAD⋅+ equilibrium, retarding charge extraction at the 

Figure 3. Energetics and interfacial charge transfer 

(A) Work function and valence band energies of doped Spiro-OMeTAD layers extracted from UPS spectra. 

(B) KPFM maps of doped Spiro-OMeTAD layers along with the extracted potential distributions. 

(C) TRPL spectra at the perovskite/HTM interface for each doping condition fitted with biexponential decay functions. 

(D) Schematic diagram detailing the TAS measurement principle. 

(E) Microsecond TAS spectrum probing the Spiro-OMeTAD⋅+ polaron decay following perovskite photoexcitation. 

(F and G) Peak hole density and polaron lifetimes extracted from the TAS spectrum.
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electrodes during device operation. We also evaluated the effi

ciency of crystalline FcBr2TFSI-doped devices, achieving a 

PCE of 25.35% (VOC 1.172 V, FF 83.31%, JSC 25.96 mA cm− 2) 

(Figures S30 and S31). Additionally, to prove the translatability 

of these compounds to large-scale processing, we fabricated 

perovskite solar modules with an active area of 13.1 cm2, 

achieving a PCE of 22.21% (VOC 5.89 V, FF 76.37%, JSC 4.94 

mA cm− 2) with FcBr2TFSI-doped Spiro-OMeTAD HTMs 

(Figures S32 and S33).

Lastly, we evaluated the long-term operational stability of 

encapsulated cells with LiTFSI and FcBr2TFSI-doped Spiro- 

OMeTAD (Figures 4G and S34) under MPP tracking (MPPT). Un

heated Li-doped samples degraded to 79% of their initial effi

ciency after 1,000 h of operation, with further degradation at 

elevated temperatures, retaining only 73% of the initial efficiency 

at 65◦C. Crucially, FK209 is included in all fabricated Li-based 

PSCs, which is known to improve Li-doped Spiro-OMeTAD sta

bility.3,45 FcBr2TFSI-based samples, on the other hand, showed 

excellent stability under both testing conditions, maintaining 

95% of the initial efficiency when left unheated and 87% at 

65◦C. We performed additional high-temperature MPPT experi

ments at 85◦C, where, despite both LiTFSI- and FcBr2TFSI- 

doped devices showing considerable operational performance 

loss, the latter maintained a promising 65% of the initial 

efficiency at this challenging temperature. To better isolate 

the inherent stability of the doped Spiro-OMeTAD layer and 

Figure 4. Device performance 

(A) Schematic diagram of the n-i-p PSC structure. 

(B) Reverse scan J-V curves of the best-performing control, 5 mol % FcTFSI, and 5 mol % FcBr2TFSI-doped Spiro-OMeTAD layers. 

(C) Forward and reverse scans of the champion 5 mol % one-step FcBr2TFSI-doped device. 

(D) EQE spectrum and integrated JSC of the champion 5 mol % one-step FcBr2TFSI-doped device. 

(E) Stabilized photocurrent and corresponding PCE of the champion 5 mol % one-step FcBr2TFSI-doped device operating at 1.4 V. 

(F) Summary of the recently reported champion PSC PCEs featuring modified Spiro-OMeTAD doping approaches. 

(G) MPPT of encapsulated Li-doped and FcBr2TFSI-doped (5 mol %) PSCs over 1,000 h of continuous operation under one-sun equivalent LED illumination with 

no temperature control.
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understand the effects of hygroscopic LiTFSI additives, we 

tracked the conductivity of unencapsulated hole-only devices 

stored under ambient conditions (Figure S36). A clear reduction 

in conductivity is observed in LiTFSI-doped devices after only 

14 h of storage, with complete loss of efficiency after 48 h, as 

compared with only minimal degradation in FcBr2TFSI-doped 

samples. The much-improved stability of FcBr2TFSI-doped 

Spiro-OMeTAD layers is attributed to the low dopant loading 

(5 mol %) required to maximize performance, in stark contrast 

to the conventional hygroscopic Li-doping process (Figure S37).

Conclusion

In conclusion, we have developed a convenient one-step syn

thetic route to a class of highly tunable ferrocenium oxidants 

with optimal Spiro-OMeTAD doping properties, ultimately af

fording n-i-p PSCs with excellent performance at minimal 

dopant loadings. Our work elucidates design rules for next-gen

eration doping procedures from first principles, offering ample 

room for the exploration of ferrocenium oxidants, alternative 

counterions, and single-component dopants more broadly. 

Although LiTFSI and TBP have long been considered a require

ment for state-of-the-art n-i-p PSC, we have shown that minimal 

dopant loadings (5 mol %) of appropriately engineered oxidants 

can afford improved efficiency, stability, scalability, and conve

nience. Lastly, this work offers a promising path to the broader 

application of ferrocenium compounds in broader OS doping 

applications.
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