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Abstract: 

With metal halide perovskite solar cells (PSC) now reaching device efficiencies >23%, more emphasis must 
now shift towards addressing their device stability. Recently, a triarylamine-based organic hole-transport 
material (HTM) doped with its oxidized salt analogue (EH44/EH44-ox) led to unencapsulated PSC with high 
stability in ambient conditions. Here we report criteria for triarylamine-based organic HTMs formulated with 
stable oxidized salts as hole-transport layer (HTL) for increased PSC thermal stability. The triarylamine-based 
dopants must contain at least two para-electron donating groups for radical cation stabilization to prevent 
impurity formation that leads to reduced PSC performance. The stability of unencapsulated devices prepared 
using these new HTMs stressed under constant load and illumination far outperform both EH44/EH44-ox and 
Li+-doped spiro-OMeTAD controls at 50 ºC. Furthermore, the ability to mix and match these dopants with a 
non-identical small-molecule-based HTL matrix broadens the design scope for highly stable and cost-effective 
PSC without sacrificing performance. 

Table of Content Graphic: 
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With rapid power conversion efficiency (PCE) improvements from 3.83%1 to 23.3%2 in less than a 

decade, perovskite solar cells (PSCs) have great potential to serve as a low-cost, renewable electricity source to 

meet increasing energy demands. Even so, devices durable enough for real world power generation is needed 

prior to commercialization, which is significantly impacted by hole-transport layer (HTL) formulation. 

Most organic-based HTLs for PSCs require dopants for improved charge-transport properties. The state-

of-the-art organic hole-transport materials (HTMs) in PSCs, such as 2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD) and poly(triarylamine) (PTAA), utilize 

bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) as a dopant for improved fill factor (FF) and PCE.3–7 In 

the prototypical case of spiro-OMeTAD, LiTFSI contributes to the formation of spiro-OMeTAD radical cations 

in the presence of oxygen,8,9 which in turn promotes charge hopping10–12 and increases the hole mobility and 

conductivity of the HTL. However, the radical cation generation is typically inconsistent, as it is not directly 

related to dopant concentration and very dependent on atmospheric exposure conditions.8,13,14 While use of such 

dopants improves charge-transport properties to realize high PCE, the dopants can be detrimental to the overall 

stability of PSCs as the films need to be exposed to oxygen. Additionally, the hygroscopic Li+ cations have been 

shown to migrate through the entire device stack15 increasing moisture ingress.16,17 

In contrast to the non-stoichiometric in situ radical cation generation achieved with LiTFSI doping, an 

HTM’s conductivity may also be increased by the addition of its oxidized salt analogue. Nguyen et al.18 

combined spiro-OMeTAD with its oxidized salt doped analogue, 2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene di[bis(trifluoromethanesulfonyl)imide] (spiro(TFSI)2) and 

demonstrated improved HTL conductivity and PSC PCE without use of hygroscopic lithium salts. Moreover, 

this strategy allows for precise control over doping concentrations, eliminates the need for oxygen exposure, 

and is also far less susceptible to unwanted ion intercalation in the active layer. Leijtens et al.19,20 implemented 

this strategy with a low-cost, synthetically simple carbazole-cored HTM for comparable PCEs and improved 

hydrophobicity by using EH44 (9-(2-ethylhexyl)-N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9H-carbazole-2,7-

diamine) doped with its analogue TFSI- radical cation salt, EH44-ox (9-(2-ethylhexyl)-N2,N2,N7,N7-tetrakis(4-

methoxyphenyl)-9H-carbazole-2,7-diamine bis(trifluoromethanesulfonyl)imide). With further device 

engineering by Christians et al.21, unencapsulated PSCs utilizing EH44/EH44-ox as the HTL retained 88% 

average PCE over 1000 hours of continuous operation, dramatically outperforming LiTFSI-doped spiro-

OMeTAD with respect to stability and lifetime. This report currently represents the highest stability 

unencapsulated perovskite solar cell measured in ambient conditions. 

Despite these impressive findings with regard to PSC stability, PCEs suffer using this HTL motif as 

compared to devices utilizing Li+-doped spiro-OMeTAD. To this end, little is known about designing new 

HTMs that form stable cationic TFSI- salt doped analogues for efficient charge injection layers. Exchanging the 

HTM core has been investigated22,18,20,23,24, but modulating the triarylamine pendant substituents directly 
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involved in charge-transport has not been reported. Herein we report the synthesis of three novel HTMs and 

their oxidized TFSI- salt analogues (HTM-ox) with different triarylamine pendant substituents to assess PSC 

performance and lifetime as a function of both HTM and oxidized salt dopant, as well as present design criteria 

for preparing HTMs with stable doped analogues for efficient PSCs. 

We find hole mobility and PSC performance, specifically fill factor (FF), are dependent upon dopant 

stability in conjunction with HTL matrix selection. With regard to stable dopant design, we find para-

substitution with two electron rich substituents on the oxidized salt’s triarylamine core25–28 is required for 

sufficient cation resonance stabilization. Importantly, HTMs that result in unstable radical cations can be doped 

with a stable organic HTM-ox variant (e.g., EH44-ox) and thus can still be utilized as Li+-free HTL matrices. 

When an unstable dopant is replaced with a stable dopant, we find increased HTL mobilities directly correlate 

with PSC FF and PCE. Stable, lithium-free HTL dopants can be designed independently of the HTL matrix, 

meaning that a hole-transport material candidate that yields an unstable oxidized salt dopant can still be a 

promising HTL matrix for efficient PSC. Stability of unencapsulated devices with new HTL formulations under 

constant resistive load and constant illumination outperform both state of the art EH44/EH44-ox21 and Li+-

doped spiro-OMeTAD at 50 ºC. This dopant interchange opens new avenues for Li+-free HTL design 

independent of the HTL matrix with the potential cost effective, mobile ion-free, stable PSC without 

compromising performance. 
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Chart 1: (a) HTM chemical structures for improved resonance stabilization of radical cations. Blue atoms represent para- or 

meta-electron donating groups with respect to triarylamine. The arrow highlights location of increased electron density based 

upon the electron donating group position. (b) Resonance contributor of EH44-ox depicting radical triarylamine delocalization via 

para-oxygen electron donation. 

The three new HTMs demonstrated in this work were inspired by EH44 as outlined in Chart 1a but were 

modified in an effort to study the effect of electron donating group position with respect to triarylamine. In the 

context of this manuscript, HTM refers specifically to the different molecules under investigation while HTL 

refers to the films of HTMs which also contain functional additives and dopants. These HTMs, like many other 

reported HTMs, contain triarylamines.29–31 Oxidizing the triarylamine nitrogen to a radical cation can increase 

hole conductivity within the HTL.8 The substituents on each of the new HTMs were tailored with the intent to 

stabilize radical cations and thus promote charge hopping10,11 within the HTL while improving thermal 

properties by increasing HTM molecular weight.32,33 Each new HTM has an extended conjugation network 

affixed to the triarylamine, replacing one of the para-methoxy substituents in EH44, and together these HTMs 

have a range in electron donating ability with respect to triarylamine groups. The fluorene and 2-ethylcarbazole 

substituents in N2,N7-bis(9,9-dimethyl-9H-fluoren-2-yl)-9-(2-ethylhexyl)-N2,N7-bis(4-methoxyphenyl)-9H-
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carbazole-2,7-diamine, abbreviated as EHCz-MeFl, and N2,N7-bis(9-ethyl-9H-carbazol-2-yl)-9-(2-ethylhexyl)-

N2,N7-bis(4-methoxyphenyl)-9H-carbazole-2,7-diamine, abbreviated as EHCz-2EtCz, offer radical triarylamine 

stabilization via induction, while the latter has increased electron density for stabilization via induction due to 

the meta-nitrogen in the carbazole unit instead of a meta-carbon at the equivalent position in EHCz-MeFl. 

N2,N7-bis(9-ethyl-9H-carbazol-3-yl)-9-(2-ethylhexyl)-N2,N7-bis(4-methoxyphenyl)-9H-carbazole-2,7-diamine, 

abbreviated as EHCz-3EtCz, offers direct para-resonance stabilization for the radical triarylamine in addition to 

stabilization via induction. These subtle substituent modifications offer insight as to whether one para-

substituted methoxy group per radical triarylamine is sufficient to stabilize radical triarylamines in ambient 

atmosphere for stable PSC (Chart 1b). 

EHCz-MeFl, EHCz-2EtCz, and EHCz-3EtCz were synthesized via simple carbazole alkylations and two 

subsequent Buchwald-Hartwig aminations in good yields (Scheme S1). Full synthetic methods, yields, and 

characterization spectra (1H-NMR, 13C-NMR, Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF MS), and UV-Vis absorption spectroscopy) are presented in the Supporting 

Information. Presently, cost is one of the biggest hurdles to widespread use of spiro-OMeTAD at the industrial 

scale. To understand how these new HTMs compare, the cost/mL of solution was calculated for the optimized 

formulation of each HTL. Per academic pricing rates,34 the $/mL of doped HTL solutions at optimized 

concentrations for device fabrication is approximately one quarter to one third the cost of doped spiro-

OMeTAD solution (Tables S1-S6). While extrapolation from such pricing estimates to terawatt scale PSC 

production is inherently problematic, this analysis does suggest that the $/mL of each new HTL formulation 

would most likely be lower-cost. 
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Figure 1: HTM and HTM-ox absorption spectra, 10-5 M in tetrahydrofuran (THF). HTM and HTM-ox spectra are normalized to λmax 

of each pristine HTM (EHCz-3EtCz and EHCz-3EtCz-ox at 376.2 nm (a), EHCz-2EtCz and EHCz-2EtCz-ox at 397.8 nm (b), and 

EHCz-MeFl and EHCz-MeFl-ox at 397.6 nm (c)). (d) Representative first derivative CW-EPR spectra for 1.5 mM HTM-ox in 

toluene. 

To prepare the analogous oxidized salts (HTM-ox), a one-step simple room temperature reaction of each 

HTM with silver bis(trifluoromethanesulfonyl)imide (AgTFSI) afforded HTM-ox (HTM+TFSI-) in excellent 

yields (Scheme S1 and Supporting Information). Silver ions have been shown to be mobile throughout the 

device stack,35 so synthesis and purification to ensure HTM-ox is silver-free is a key component of stable HTL 

formulations (in contrast to in situ doping with AgTFSI36). As for purity characterization, common techniques 

(NMR, MALDI-TOF MS, etc.) are insufficient to discriminate between pristine HTM and HTM-ox18,20, UV-

Vis absorption spectroscopy can be used because the methoxy-functionalized radical cation triarylamine gives 

three characteristic peaks at c.a. 500, 700, and 1100 nm, as seen in the spectra for each HTM-ox in Figure 1a-
8 c. 
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In addition to observing this absorption signature, the radical cation in each HTM-ox salt was further 

characterized by continuous wave electron paramagnetic resonance spectroscopy (CW-EPR) in ambient 

atmospheric conditions (Figure 1d). The splitting pattern in a CW-EPR spectrum is dependent on the 

interaction between the electron density of the unpaired electron and neighboring nuclear spins.  Because this is 

a hydrocarbon-based system, the primary spins available are from nitrogen (14N, I=1) and hydrogen (1H, I=1/2) 

as all other elements in the system have relatively low abundance of nuclear spins. The splitting patterns for the 

HTM-ox salts are similar due to the fact that these molecules have a similar ring system substructure, and 

therefore similar interactions between the unpaired electron and nitrogen and hydrogen nuclei. 

The thermal properties (decomposition onset, Td, and glass transition temperature, Tg) of each pristine 

HTM were measured and are summarized in Table 1 and Figures S1-S3, as the Tg can influence device 

stability at elevated temperatures. Per thermogravimetric analysis (TGA) in N2, the onset of thermal 

decomposition of EHCz-MeFl, EHCz-2EtCz, and EHCz-3EtCz are 433, 395, and 414 C respectively. 

Differential scanning calorimetry (DSC) data indicates that none of the new HTMs show a discernible melting 

point, but all have a glass transition (Tg) between 98-100 C, which is 30 C higher than EH44. While the Tg for 

spiro-OMeTAD is reported to be higher (124 C), crystallization from concentrated solutions at room 

temperature has been observed, suggesting that the Tg might be lower in practice.37 The higher Tg for this set of 

HTMs is attributed to increased molecular weight32,33,38 and replacement of anisole with more rigid fluorene and 

carbazole moieties.37 

Table 1: Thermal properties of pristine HTM: decomposition temperature onset, (Td, onset) and glass transition temperature (Tg) 
Td, onset (C)a,b Tg (C)b,c 

Spiro-OMeTAD 449 124 

EH44 349 69 
EHCz-3EtCz 414 99 
EHCz-2EtCz 395 98 
EHCz-MeFl 433 100 

aError is +/- 0.01 wt. % bThermal characterization for spiro-OMeTAD from Malinaskas et al.37 cerror is +/- 0.1 ˚C. 

Cyclic voltammetric analysis of each pristine HTM shows good oxidation reversibility (Figure S4). 

Space charged limited current (SCLC) measurements were used to determine the hole mobility for each HTL 

formulation (Table 2, Figure S5).39 All films included tBP (tert-butylpyridine) to be device relevant and obtain 

a realistic representation of hole mobility with the additive.23,40,41 While the exact functions of tBP in the HTL 

are under investigation,40,42–45 we have previously shown that tBP incorporation is beneficial for PSC stability 

with EH44/EH44-ox HTL formulation.21 The hole mobilities of HTLs containing only the pristine organic small 

molecule HTMs are typically low, on the order of 10-5 cm2 V-1s-1. The hole mobility of spiro-OMeTAD, EH44, 

and EHCz-3EtCz increased by an order of magnitude when the dopants (either LiTFSI in the case of spiro-

OMeTAD or the analogous HTM-ox) were added to the HTL. Surprisingly, little to no change in hole mobility 
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is observed for EHCz-2EtCz and EHCz-MeFl with the addition of their analogous HTM-ox. In general, the 

HTLs with highest hole mobilities, EH44 and EHCz-3EtCz, are composed of HTMs and dopants with 2 para-

electron donating groups with respect to the triarylamine. 

Table 2: HTL doped with analogous HTM-ox hole mobility values measured by space charge limited current (SCLC). 

HTM Hole Mobility (10-4 cm2 V-1s-1) 

Pristine Doped with Analogous HTM-ox 

Spiro-OMeTAD 0.20 12.52 (LiTFSI) 

EH44 1.30 18.95 

EHCz-3EtCz 0.61 14.93 

EHCz-2EtCz 0.46 1.01 

EHCz-MeFl 0.22 0.17 

Devices were tested in an ITO/PEDOT:PSS/HTL/Ag architecture. HTM layers were between 200-300nm thick. All samples contained 

tBP. A dielectric constant of 3 was used, common for organic semiconductors.39 

Figure 2: Summary of frontier molecular orbital energetics for each HTM. Optical bandgap (Egap) were derived from absorbance 

onset of pristine HTM, EHOMO were derived from photoelectron spectroscopy in air (PESA) of thin films, and ELUMO were calculated 

using Egap,onset + EHOMO=ELUMO. The colors represent relative energetics as follows: ELUMO and HTM EHOMO in black, doped HTL 

EHOMO in red (spiro-OMeTAD doped with LiTFSI, all other HTMs doped with 14 wt% of analogous HTM-ox), and HTM-ox ESOMO in 

blue. All PESA samples include tert-butylpyridine (tBP). 

Frontier molecular orbital alignment of the HTL with the perovskite active layer is important for 

efficient hole extraction and electron blocking. The UV-Vis absorption (Figure 1a-c) onsets of 425 nm for the 

three new HTMs correspond to a roughly 3 eV bandgap. The UV-Vis absorption spectra indicates the 

absorption onset for each new HTM are slightly red shifted from EH44; however, all three absorb less of the 
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visible spectrum than spiro-OMeTAD.20 The highest occupied molecular orbital energetics (EHOMO) for pure 

HTM and HTM-ox films, as well as films of HTMs doped with HTM-ox, were measured by Photoelectron 

Spectroscopy in Air (PESA) and summarized in Figure 2, Table S7, and Figure S6. Once again, all films 

included tBP to be device relevant and obtain a realistic representation of energetics23,40,41 with the additive. The 

EHOMO of new pristine HTMs becomes less negative as electron donating capability increases (electron donating 

ability EHCz-3EtCz>EHCz-2EtCz>EH44=spiro-OMeTAD>EHCz-MeFl). The singly occupied molecular 

orbital energetics of all three new HTM-ox salt (ESOMO) are nearly equivalent to each other and less negative 

than that of EH44-ox. 

The EHOMO of all of the new doped HTLs in this study have a slightly higher energy (are less negative) 

than doped spiro-OMeTAD and are energetically aligned to easily accept holes from the perovskite active layer. 

Of the new HTMs, doped EHCz-3EtCz has the highest EHOMO, at -5.02 eV, which is consistent with para-

nitrogen in the carbazole with respect to triarylamine as described previously, and is consistent with a linear 

combination of energy states for 14 wt% doped film.18 In all cases, the lowest unoccupied molecular orbital 

(ELUMO) alignment for each HTL is sufficient for blocking electron injection from the conduction band of the 

perovskite active layer. To summarize, the EHOMO and ELUMO of doped HTLs are well aligned with the 

perovskite active layer in regards to hole transfer and electron blocking respectively. 

To investigate how each HTM affects the photovoltaic performance, devices were prepared with the 

following architecture: ITO/SnO2/Perovskite/HTL/MoOx/Al. The perovskite active layer (PAL) with a 

precursor solution stoichiometry of (FA0.79MA0.16Cs0.05)0.97Pb(I0.84Br0.16)2.97 (FAMACs) was used due to its 

improved operational stability compared to other PALs.46 This architecture was selected to maximize device 

stability without compromising device performance.21 Device fabrication methods are outlined in the 

Supporting Information. While the charge-transport and perovskite active layer were deposited via spin-

coating in this study, future work will incorporate more scalable techniques such as blade-coating.47 

Devices using each new HTM were optimized by tuning the HTM concentration, spin rate, and HTM-ox 

concentration (Tables S8-S12). The optimized device performance for each HTL is shown in Table 3. Devices 

that were prepared using EHCz-3EtCz with EHCz-3EtCz-ox have comparable PCE to Li+-doped spiro-

OMeTAD. Devices prepared with EHCz-3EtCz/EHCz-3EtCz-ox display slightly increased PCE as compared to 

devices prepared with EH44/EH44-ox due to improved Voc. HTM frontier molecular orbital energetics do not 

correlate with Voc., which has been previously reported.48,49 This points to the importance of HTL matrix 

selection for PSC performance. Conversely, devices that were prepared using EHCz-2EtCz with EHCz-2EtCz-

ox and EHCz-MeFl with EHCz-MeFl-ox as the HTL show much lower PCE. The majority of this diminished 

device performance is derived from lower FF within the EHCz-2EtCz and EHCz-MeFl devices. 
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Table 3: Average device performance using HTMs doped with analogous HTM-ox. 
HTL Scan Direction VOC (V) JSC (mA/cm2) FF PCE 

(%) 
Spiro-OMeTAD + LiTFSI Rev 1.118  0.004 21.62  0.34 0.71  0.01 17.23  0.51 

Fwd 1.060  0.018 21.42  0.37 0.66  0.01 14.90  0.55 
EH44 +EH44-ox Rev 1.077  0.003 21.84  0.04 0.69  0.01 16.29  0.22 

Fwd 1.045  0.005 21.67  0.05 0.68  0.01 15.28  0.25 
EHCz-3EtCz + EHCz-3EtCz-ox Rev 1.098  0.004 21.58  0.05 0.69  0.01 16.33 0.35 

Fwd 1.073  0.004 21.49  0.05 0.68  0.01 15.76  0.21 
EHCz-2EtCz + EHCz-2EtCz-ox Rev 1.055  0.005 18.39  0.61 0.26  0.01 5.10  0.45 

Fwd 1.043  0.006 18.04  0.64 0.24  0.01 4.56  0.43 
EHCz-MeFl + EHCz-MeFl-ox Rev 1.033  0.008 15.71  0.45 0.25  0.01 3.98  0.20 

Fwd 1.017  0.010 14.46  0.48 0.21  0.01 3.04  0.20 
The data presented is an average of 5-12 devices  the standard deviation. 

Low FF for an HTL, as seen in EHCz-2EtCz and EHCz-MeFl, is likely due to low HTL hole mobility 

(Table 2). To determine whether the HTM matrix or HTM-ox is primarily responsible for poor HTL hole 

mobility in the case of EHCz-2EtCz and EHCz-MeFl, we performed SCLC measurements where the 

corresponding HTM-ox salts (viz., EHCz-2EtCz-ox or EHCz-MeFl-ox) were replaced with EH44-ox (Table 4). 

Indeed, when EHCz-2EtCz or EHCz-MeFl-ox were doped with EH44-ox the hole mobility increased in line 

with what was observed for the other HTL systems (e.g., EH44 doped with EH44-ox). By exchange of an 

ineffective dopant (viz., EHCz-2EtCz-ox, EHCz-MeFl-ox) with an effective dopant (viz., EH44-ox), the hole 

mobility increased almost by an order of magnitude for EHCz-2EtCz and EHCz-MeFl-based HTL. Whereas, in 

EHCz-3EtCz-based HTL, exchanging EHCz-3EtCz-ox for EH44-ox led to almost no change in hole mobility. 

These results indicate that exchanging HTM-ox dopants among these HTMs is a viable strategy to improved 

HTL mobility. 

Table 4: HTL doped with EH44-ox hole mobility values measured by space charge limited current (SCLC). HTL doped with 
analogous HTM-ox hole mobility values are presented again for clarity of comparison. 

HTM Hole Mobility (10-4 cm2 V-1s-1) 

Doped with Analogous HTM-ox Doped with EH44-ox 

EH44 18.95 -

EHCz-3EtCz 14.93 12.08 

EHCz-2EtCz    1.01 8.54 

EHCz-MeFl    0.17 2.44 

Devices were tested in an ITO/PEDOT:PSS/HTL/Ag architecture. HTM layers were between 200-300nm thick. All samples contained 

tBP. A dielectric constant of 3 was used, which is commonly used for organic semiconductors.39 

The low mobility of EHCz-2EtCz- and EHCz-MeFl-based HTLs can be attributed to a number of 

factors, such as the energetic difference of the frontier orbitals of the pristine and oxidized molecules.50,51 Since 
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the E between EHOMO and ESOMO is relatively consistent from system to system (Table S7), energetic 

mismatch between HTM and HTM-ox likely is not responsible for observed performance differences. 

The consistent E between EHOMO and ESOMO for each HTL formulation suggests that EHCz-2EtCz-ox 

and EHCz-MeFl-ox simply provide fewer radical cations for charge hopping as compared to EHCz-3EtCz-ox 

and EH44-ox and can thus not effectively serve as dopants. While it has been shown that each HTM-ox 

molecule can provide up to one radical cation upon equilibration in solution18,20, CW-EPR spectroscopy was 

used to assess HTM-ox stability by quantifying the actual radical cation concentration of each new HTM-ox in 

solution and comparing to the concentration by mass assuming one radical cation is produced per molecule.9 

Using 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL) as a standard, EH44-ox and EHCz-3EtCz-ox 

were determined to maintain 88% and 57% of their predicted radical cation concentration in solution, while 

EHCz-2EtCz-ox and EHCz-MeFl-ox maintained just 21% and 28%, respectively, of their predicted radical 

cation concentration (Table 5, Table S13). The CW-EPR data indicates that EH44-ox and EHCz-3EtCz-ox 

contain more stable radicals than EHCz-2EtCz-ox and EHCz-MeFl-ox. 

The loss of radical triarylamine absorption can be rationalized as follows. Since the triarylamine 

reduction rate in ambient conditions is similar among all HTM-ox molecules over 3 hours (Table 5, Figure S7, 

Table S14-15), there is likely another mechanism responsible for the relatively low radical cation 

concentrations observed in EHCz-MeFl-ox and EHCz-2EtCz-ox solutions. The low radical cation 

concentrations are observed without the addition of tBP, so pyridination is precluded as a reduction pathway.23 

Therefore, we attribute quenching of the unstable radicals in EHCz-2EtCz-ox and EHCz-MeFl-ox solutions to 

dopant dimerization25–27 (Figure S8). Indeed, MALDI-TOF MS of EHCz-MeFl-ox and EHCz-2EtCz-ox shows 

an increased propensity for dimerization of these HTM-ox salts as compared to EH44-ox and EHCz-3EtCz-ox. 

(Figures S9-S12). 

Table 5: CW-EPR spectroscopy summary for radical cation quantification against TEMPOL standard in toluene. 

HTM-ox 
Actual Radical 

Cation Concentration 
(mM) 

Ratio Actual Radical Cation 
Concentration to 

Concentration by Mass at t=0 

% Radical Cation Absorption 
Retained at t=3 hr 

EH44-ox 1.04  0.01 0.88 93 
EHCz-3EtCz-ox 0.79  0.02 0.57 93 
EHCz-2EtCz-ox 0.22  0.01 0.21 83 
EHCz-MeFl-ox 0.28  0.01 0.28 92 

The “Actual Radical Cation Concentration” data is presented as an average concentration  the standard deviation. 

To understand the stability of the HTM-ox in presence of the HTL matrix, we measured the UV-Vis 

absorption spectra of the HTL solutions containing each HTM mixed with its own HTM-ox (without tBP), as 

shown in Figure 3d-f. The characteristic peak for a radical cation on a triarylamine (~500 nm) can be seen for 

all HTM-ox salts, as shown in Figure 1, when they are measured pristine in solution. When solutions of EHCz-
12 
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2EtCz with EHCz-2EtCz-ox and EHCz-MeFl with EHCz-MeFl-ox are prepared, the characteristic radical 

cation peak disappears; this indicates that the unstable radical has been quenched under ambient conditions 

(Figure 3d-f, Figure S14-S17). However, when EHCz-3EtCz is mixed with EHCz-3EtCz-ox, the characteristic 

radical cation peak remains, further validating that the EHCz-3EtCz-ox species is more stable than the EHCz-

2EtCz-ox or EHCz-MeFl-ox. 

Taken together, when mixing EHCz-2EtCz-ox or EHCz-MeFl-ox into the HTL, the radical cation of the 

HTM-ox species is unstable and quenches, lowering the hole mobility of the HTL which prevents efficient 

extraction of the holes from the active layer, decreasing the FF, and thereby decreasing the overall PCE of these 

devices. On the other hand, when the HTM-ox species is stable, as is the case for EH44-ox and EHCz-3EtCz-

ox, high FF and PCE devices can be obtained. 

In light of the dopant stability data presented, we assessed PSC performance utilizing EH44-ox as 

universal dopant for all HTLs, as summarized in Figure 3 and Table 6. Stabilized power output data of 

optimized PSCs is presented in Figure S13.52 When EHCz-2EtCz was mixed with EH44-ox, a large jump in 

PCE from 5.10% (with EHCz-2EtCz-ox) to 15.63% (with EH44-ox) was observed. This improvement is 

primarily the result of an increase in the FF, with a less significant increase in VOC and JSC. A similar 

improvement was observed for EHCz-MeFl when mixed with EH44-ox (PCE = 14.52%) compared to when it 

was mixed with EHCz-MeFl-ox (PCE = 3.98%), again mainly attributable to increased FF. Conversely, there 

was minimal change in PCE of EHCz-3EtCz when mixed with EH44-ox (16.77%) compared to when it is 

mixed with EHCz-3EtCz-ox (16.33%). Indeed, these device-level results are well-correlated with the hole 

mobility results shown in Table 4 and the retention of EH44-ox radical cation species in solution, highlighted in 

Figure 3d- 3f and Figures S15-S18. Notably, EHOMO of each HTL doped with their analogous HTM-ox salts or 

with EH44-ox are nearly identical, and there is an increase in E between HTM EHOMO and HTM-ox ESOMO 

with EH44-ox as dopant as compared to analogous HTM-ox (Table S7), so we can conclude that the increased 

E between HTM and EH44-ox is not high enough to hinder hole mobility. 
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Figure 3: Representative reverse scan J-V curves interchanging analogous HTM-ox with EH44-ox (a)-(c) and corresponding 

absorption spectra of doped solutions (d)-(f). Absorbance is normalized to 500 nm. 

Table 6: Average device performance using HTLs doped with EH44-ox. 
Scan 

Direction 
VOC 
(V) 

JSC 
(mA/cm2) 

FF PCE 
(%) 

Spiro + LiTFSI (Control) Rev 1.118  0.004 21.62  0.34 0.71  0.01 17.23  0.51 
Fwd 1.060  0.018 21.42  0.37 0.66  0.01 14.90  0.55 

EH44 + EH44-ox Rev 1.077  0.003 21.84  0.04 0.69  0.01 16.29  0.22 
Fwd 1.045  0.005 21.67  0.05 0.68  0.01 15.28  0.25 

EHCz-3EtCz + EH44-ox Rev 1.093  0.004 21.84  0.05 0.70  0.01 16.77  0.35 
Fwd 1.066  0.004 21.74  0.05 0.69  0.01 16.09  0.21 

EHCz-2EtCz + EH44-ox Rev 1.092  0.011 21.59  0.09 0.66  0.01 15.63  0.42 
Fwd 1.052  0.015 21.44  0.08 0.65  0.01 14.76  0.48 

EHCz-MeFl + EH44-ox Rev 1.058  0.014 21.58  0.10 0.64  0.02 14.52  0.56 
Fwd 1.021  0.021 21.06  0.17 0.58  0.02 12.44  0.77 

The data is presented as the average of 8-12 devices  the standard deviation. 

These device results corroborate the hypothesis that stabilizing the HTM-ox radical cation species in 

HTLs is essential for preparing efficient Li+-free PSCs. Our results indicate that in triarylamine based HTMs, 

which account for a majority of HTMs developed for perovskite based devices,29–31 at least two electron 

donating groups in the para position with respect to the triarylamine are required to stabilize the doped radical 

cation species and prevent quenching. The series of HTMs presented in this work have side groups on the 

triarylamine with a range of electron donating ability. EHCz-3EtCz has the strongest electron donating ability 

due to its carbazole nitrogen that is para to the triarylamine nitrogen. Whereas, EHCz-2EtCz will have a weaker 

electron donating ability because its carbazole nitrogen is meta to the triarylamine nitrogen. Finally, EHCz-

MeFl should have the weakest electron donating ability because the fluorene has minimal electron donating 
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properties. This correlates with the PESA data, as EHCz-3EtCz has the highest (less negative) EHOMO and 

EHCz-MeFl has the lowest (more negative) EHOMO, since increasing the donating character within the molecule 

should increase the HOMO energy level. Without sufficient resonance stabilization, the radical will likely find 

alternative pathways for stabilization and quench, and thus not be an effective HTL dopant. Ultimately, with use 

of a stable Li+-free dopant, all HTL matrices in this study allow for excellent device-level performance as 

compared to the devices with Li+- or EH44-ox-doped (Figure S14) spiro-OMeTAD as the HTL. 

Figure 4: The device PCE over time for devices with various HTLs tested at an elevated temperature of 50C under constant 

illumination, constant load, and unencapsulated and exposed to laboratory atmosphere.  = Spiro-OMeTAD,  = EH44,  = EHCz-

3EtCz + EH44-ox,  = EHCz-2EtCz + EH44-ox,  = EHCz-MeFl + EH44-ox. 

Christians et al. replaced spiro-OMeTAD with a Li+-free HTL, EH44/EH44-ox, and demonstrated that it 

significantly increases the device stability with unencapsulated devices retained 88% PCE over 1000 hours of 

continuous operation at 30C.21 When devices were tested at elevated temperatures, devices with EH44/EH44-

ox as HTL were as unstable as were devices prepared with spiro-OMeTAD/LiTFSI,21 likely due to EH44’s low 

Tg of 69C (Table 1). The three new HTMs presented in this work have a much higher Tg, indicating the 

devices should be much more thermally stable. To test this, PSCs were prepared with the architecture of 

ITO/SnO2/FAMACs/HTL/MoOx/Al using each new HTL, as well as spiro-OMeTAD/LiTFSI and EH44/EH44-

ox as controls. The devices were unencapsulated, thus exposed to ambient oxygen and humidity, under a 

constant resistive load and constant illumination from a sulfur plasma lamp over 500 hours at 50C. These 

devices were tested periodically for 500 hours as seen in Figures 4 and S19-S22. Within the first 100 hours 

EH44/EH44-ox, EHCz-3EtCz/EH44-ox, EHCz-2EtCz/EH44-ox, and EHCz-MeFl/EH44-ox behave very 

similarly and show an initial burn-in followed by a leveling out of performance. The initial drop in performance 
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correlates with a small drop in Voc as well as a drop in FF (Figures S21 and S22). Whereas, devices prepared 

with spiro-OMeTAD/LiTFSI show rapid degradation even within the first 100 hours due to a significant initial 

drop in FF, as well as a constant decrease in Jsc . After the first 100 hours, devices prepared with EH44/EH44-ox 

start to degrade and correlate with a consistent drop in Jsc. Conversely, devices prepared with each of the new 

HTLs (EHCz-3EtCz, EHCz-2EtCz, EHCz-MeFl) are very stable from 100 to 500 hours. The Jsc is very 

consistent over the 500 hours for each of the new HTMs indicating they are a better barrier for the perovskite 

active layer and they are much more thermally stable. Currently, experiments are underway to understand the 

extent of the thermal stability of these HTLs. 

Most HTMs developed for perovskite photovoltaics rely on the use of LiTFSI to oxidize the 

triarylamine, even though Li+ has been shown to make the device less stable.15,17,21 Further, designing a device 

architecture that is stable at elevated temperatures which solar cells are routinely exposed to has been very 

challenging. In this paper, we prepared three new HTMs and their respective HTM-ox salts to elucidate design 

criteria for Li+-free triarylamine-based oxidized salts for dopants for improved HTL hole mobilities, PSC 

performance, and device stability. With CW-EPR and UV-Vis absorption spectroscopy, we demonstrate that at 

least two para electron donating groups are required for the preparation of stable HTM-ox molecules. 

Stabilizing the HTM-ox is required for obtaining HTLs with high hole mobilities, that in turn leads to optimized 

device performance. We also displayed the versatility in this approach by mixing HTMs that are known to not 

form stable oxidized species with a stable HTM-ox salt, EH44-ox, to improve HTL charge-transport properties, 

and in turn, PSC device performance. This allows for a wider tuneability of this system than previously 

appreciated. Moreover, HTMs that previously had poor performance due to their unstable oxidized species, like 

EHCz-2EtCz and EHCz-MeFl, but display promising characteristics (e.g., low synthetic cost, high thermal 

stability, etc), may now be effectively doped using this approach. With this strategy, PSC utilizing EHCz-

3EtCz-based HTL outperform state-of-the-art Li+-free PSC with EH44-based HTL, and demonstrate that 

incorporation of stable, Li+-free doped HTL does not always result in PSC performance penalty. 

Unencaspulated PSCs prepared with each new HTL formulation outperform devices with state of the art 

EH44/EH44-ox and Li+-doped spiro-OMeTAD when subjected to elevated temperature, constant illumination, 

and constant load. Further mechanistic studies of degradation processes are ongoing. We anticipate that the 

general design rules outlined are extendible to other HTM systems beyond the triarylamine HTMs studies, and 

that this versatile strategy will help to broaden Li+-free HTL design for the realization of inexpensive, efficient, 

and stable electricity generation with PSCs. 
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cost analysis, PSC device optimization, HTL hole mobilities, CW-EPR of HTM-ox, Time Dependent UV-Vis 
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