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One of the obstacles to the commercialization of perovskite solar cells (PSCs) is the high 

price and morphological instability of the most common hole-transporting material (HTM) 

Spiro-OMeTAD. In this work, a novel HTM, termed V1160, based on four N,N′-bis(3-

methylphenyl)-N,N′-diphenylbenzidine (TPD)-type fragments, fused by a Tröger’s base core, 
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was synthesized and successfully applied in PSCs. Investigation of the optical, thermal, and 

photoelectrical properties showed that V1160 is a suitable candidate for application as a HTM 

in PSCs. A promising power conversion efficiency (PCE) of over 18% was demonstrated, 

which is only slightly lower than that of Spiro-OMeTAD. Moreover, V1160-based devices 

exhibit improved performances in dopant-free configurations and superior stability. Favorable 

morphological properties in combination with a simple synthesis makes V1160 and related 

materials promising for HTM applications. 

 

Over the last decade, perovskite solar cells (PSCs) have emerged as a promising technology 

rapidly evolving to a level where they rival more established photovoltaic materials.[1-14] 

Currently, state-of-the-art PSCs have not only outperformed the dye-sensitized solar cells [4,15–

17] and organic solar cells, [18–21] but have recently surpassed power-conversion efficiencies 

(PCEs) of the current market-dominating polycrystalline silicon cells,[22–25] having exceeded a 

PCE of 24%.[26] The high performance of PSCs may be attributed to the favorable properties 

of the perovskite absorber layer, such as a high absorption coefficient over the visible and 

near-infrared range,[27,28] low exciting binding energy,[29] high conductivity and charge carrier 

mobility,[30–32] long carrier diffusion length in the µm range [33] (1 µm in thin films [34] and up 

to 175 µm in single crystals [35]), and a tunable band gap by replacing the cations and anions 

in the perovskite structure. Most of the high-efficiency PSCs reported to date are based on the 

small organic molecule HTM 2,2`,7,7`-tetrakis(N,N-di-p-methoxy-phenylamine)-9,9`-

spirobifluorene (Spiro-OMeTAD), which has become the “gold standard” in PSCs, and PCEs 

achieved with it have rarely been exceeded by other HTM materials.[2] Unfortunately, the 

synthesis of Spiro-OMeTAD requires five steps, that require sensitive (n-butyllithium or 

Grignard reagents) and aggressive (Br2) reagents, and low temperatures (-78 °C) are required 

making it costly. [36] Indeed, the high cost of Spiro-OMeTAD is a bottleneck for cheap device 
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production.[31,37,38] Another drawback of Spiro-OMeTAD is its high tendency to crystallize in 

the device, thus impairing the performance of the cell.[39,40]  

The relationship between the structural features of Spiro-OMeTAD and its high efficiency as 

a HTM offers some insights for designing alternative compounds. Spiro-OMeTAD is 

conceptually derived from a spiro center perpendicularly conjoining two p-methoxy-

substituted tetra-N-phenylbenzidine compounds, which share the structural skeleton with  

TPD.[41] TPD and its related compounds are well developed and investigated and used in 

various optoelectronic devices. Among other applications, TPD is commonly used as HTM in 

phosphorescent organic light-emitting diodes, especially those employing triplet emitters [42–

45]. p-Methoxy-substituents found in these TPD-type fragments offer lower ionization 

potentials (5.4 eV in un-substituted TPD),[46] making them more energetically compatible in 

PSCs, as well as having improved layer interactions via anchoring to hybrid lead iodide 

perovskites [47]. TPD is also known to have hole drift mobility as high as 1.1 10-3 cm2 V-1 s-1, 

but unfortunately it lacks thermal and morphological stability and tends to readily crystallize, 

i.e. its Tg is as low as 65 °C.[48] These limitations are also partially noticeable in Spiro-

OMeTAD, and could potentially be overcome by finding an alternative to spiro carbon as the 

connecting and orienting core, and conjoining TPD-type moieties in a different fashion. 

Tröger’s base (TB) can serve this role as a functional core, allowing the synthesis of HTMs 

with decent properties and high charge mobility.[49]
  The V-shaped structure of TB provides 

an angle orientation for the conjugated π-systems attached to it and the rigidity of the TB 

scaffold (as the high molecular mass via its 2-fold functionalization) impairs crystallization, 

making the TB derivatives highly amorphous and endowing them with significantly increased 

glass transition temperatures.[41,50,51] 

In this work, we report the synthesis and characterization of V1160 (Scheme 1(a)), having 

twin-TPD-type fragments fused into each side of TB core, functionally making it a fused-
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tetra-TPD-type molecule. V1160 is further demonstrated to serve as an efficient HTM in 

triple-cation[52] perovskite-based PSCs based on a n-i-p architecture. 

V1160 was synthesized in a straightforward way, with the intermediates obtained following 

previously reported procedures, starting from the commercially available precursors. The final 

compound was obtained in high yield utilizing Buchwald-Hartwig amination conditions 

(Scheme 1(b)). After purification, V1160 was isolated as a slightly colored, amorphous 

powder, soluble in common organic solvents (e.g. THF, toluene, CHCl3). The structure of 

V1160 was confirmed using 1H and 13C NMR spectroscopy and elemental analysis (see SI for 

full details).  

 

Scheme 1. (a) Molecular structures of the Spiro-OMeTAD, TPD, and the new HTM V1160; 

(b) Synthesis of the V1160. 

 

As mentioned above, it is important to obtain fully amorphous HTM film to obtain good long-

term stability of a PSC. Therefore, differential scanning calorimetry (DSC) was used to study 

the phase transitions of the V1160. During the first heating cycle (10 K min-1) no melting 

transition was detected, and only a glass transition (Tg) temperature can be observed (Figure 

1(a)). During the cooling stage, no crystallization occurred, and on the second heating scan, a 

Tg value of 166 ℃ was observed, which is significantly higher than that of Spiro-OMeTAD 

(124 ℃).[39] The absence of a crystalline phase for V1160 makes this material an attractive 

candidate for the stable PSC fabrication, as failure due to the crystallization is switched off. In 
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addition, the thermal stability of V1160 was evaluated by thermogravimetric analysis (TGA) 

to reveal stabilty up to the 420 ℃, which is compatible with practical applications in 

optoelectronic devices. 

 

Figure 2. (a) DSC (black lines) and TGA (blue line) analysis of V1160; (b) UV/vis 

absorption (black line) and normalized PL (blue line) spectra of V1160 in THF; (c) hole-drift 

mobility measurements of V1160 and Spiro-OMeTAD;(d) Cross-sectional SEM image of the 

V1160-based device; (e) Current density-voltage (J/V) characteristics under reverse scan of 

the PSCs with V1160 and Spiro-OMeTAD as HTMs in the absence and presence of dopants. 

Scan speed 100 mV s−1; (f) Stability measurements of representative V1160- and Spiro- 

OMeTAD-based devices. 

 

A UV/vis absorption spectrum of V1160 were recorded in THF (Figure 1(b)). V1160 mostly 

absorbs light in the UV range (up to ~410 nm) with the absorption maximum (λmax) at 

354 nm. The photoluminescence spectrum ofV1160 in THF shows a single asymmetric peak, 

with an emission maximum (λF) of 435 nm, Stokes shift of 63 nm and quantum yield of 37%. 

To investigate the position of the energy levels of V1160, photoelectron spectroscopy in air 

(PESA) of the HTM film was performed. The solid-state ionization potential value (Ip) was 

measured as 5.24 eV. This value suggests that V1160 is compatible with the perovskite 

(valence band edge – 5.6–5.8 eV)[53–55] energy levels, ensuring good charge extraction. 

The ability of V1160 to transport holes was evaluated by measuring xerographic time-of-

flight (XTOF) hole drift mobilities. As can be seen from Figure 1(c), for V1160, the hole drift 
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mobility is 1.1×10-5 cm2 V–1 s–1 at low electrical fields (μ0), and 9.4×10-4 cm2 V–1 s–1 at a field 

strength of 6.4·105 V cm–1 (μ). For Spiro-OMeTAD these values are 1.2×10-4 and 5.2×10-

3 cm2 V–1 s–1, respectively. Despite having a high amount of TPD-type moieties fused in the 

TB core, V1160 demonstrated lower µ and µ0 values. Such behavior can be attributed to the 

higher disorder in the molecular structure due to the bulky nature of the molecule, interfering 

with the favorable arrangement with adjacent molecules, and leading to the absence of the 

crystalline state. 

To investigate the performance of V1160 as a HTM, PSCs with FTO/ compact TiO2/ 

mesoporous TiO2/ amorphous SnO2/ [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08/ HTM/ Au 

device architecture were constructed, utilizing state-of-the-art “triple-cation”[54] perovskite 

composition. To fabricate the cells, V1160 was dissolved in chlorobenzene, with the addition 

of the dopants, and spin-coated directly on top of the perovskite film (see SI for the detailed 

procedure). First, the quality of the formed HTM layer was analyzed by recording a cross-

sectional scanning electron microscopy (SEM) image of the device (Figure 1(d)) which 

shows that V1160 forms a film with the thickness of ~110 nm. In addition, top-view SEM 

images of the perovskite film (Figure S3(a), inset) and HTM-covered perovskite film (Figure 

S3(a)) were recorded. It is evident that the multi-crystalline perovskite film, with an average 

grain size of around 200 nm, was homogeneously covered by the V1160 layer. 

To evaluate the capacity of the HTM to extract the photo-generated holes, steady-state PL 

measurements were conducted. Perovskite films prepared on glass were excited at a 

wavelength of 600 nm and the quenching effect was analyzed in comparison with the pristine 

perovskite. Results are shown in Figure S4(a) and show a higher quenched emission for 

V1160 than for Spiro-OMeTAD, suggesting a better hole extracting capability, as expected 

from their energy levels presented in Figure S4(b) (V1160 HOMO = -5.26 eV vs. Spiro-

OMeTAD HOMO = -5.22 eV).[56]
 In addition, a slight blue shift is observed for the perovskite 

film covered with V1160 HTM. Such behavior can be attributed to the interaction between 
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perovskite and HTM layer[57] and, as a consequence, reduction of the interfacial trap states at 

the perovskite/HTM contact[58]. 

PSCs with the V1160 HTM has a maximum PCE of 18.3%, extracted from the reverse scan of 

J/V characteristic of the best performing device (Figure 1(c), Table 1). Such a value is 

comparable with that of the reference Spiro-OMeTAD-based PSCs (19.2%), obtained in the 

same series of batches. The main parameter leading to the slightly lower performance of the 

V1160-based devices corresponds to the fill factor (FF), which in this case is 76.6% (78.9% 

for Spiro-OMeTAD-based device). Such behavior can be attributed to non-optimal charge 

transport through the HTM film and originates either from the lower hole-drift mobility 

values or from the worse compatibility with the doping procedure employed. Best open-

circuit voltage (Voc) values are very close for these two materials, being only slightly lower 

for the V1160-based PSC (1033 mV vs. 1045 mV for the reference device). Also, the short-

circuit current density (Jsc) values are almost identical for devices based on both materials 

(23.09 mA/cm2 and 23.23 mA/cm2 for V1160 and reference PSCs, respectively), which is 

further confirmed by the incident photon-to-current conversion efficiency (IPCE) 

measurements, shown in Figure 1(e) (values obtained by integration of the IPCE spectra are 

22.79 mA/cm2 for V1160-based and 23.07 mA/cm2 for the reference devices). Even though 

V1160 exhibits lower hole-drift mobility, the comparable performance achieved in PSCs 

could be attributed to the advantageous interface with perovskite surface, as was shown by the 

PL measurements. In addition, thinner films of ~150 nm (Spiro-OMeTAD standard: ~200 nm) 

were used to partially compensate losses due to the suboptimal transport of charges through 

the HTM film. 

Table 1. Performance parameters of the PSCs extracted from the J/V characteristics. 

HTM Jsc [mA/cm2] Voc [mV] FF [%] PCE [%] 

V1160 (Reverse) 23.09 1033 76.6 18.27 

V1160 (Forward) 23.06 1032 69.6 16.55 

V1160 (Dopants free) 23.02 990 55.3 12.61 
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Reference (Reverse) 23.23 1045 78.9 19.16 

Reference (Forward) 23.20 1039 77.0 18.56 

Reference (Dopants free) 22.83 972 46.8 10.39 

 

To obtain a better representation of the V1160-based devices, average performance 

parameters are shown in Figure S1, based on data from 20 devices. The spread in the results 

is low with an average PCE of 17.5±0.36 %. Detailed data for individual cells can be found in 

the SI. 

In addition, the V1160 HTM was tested in a dopant-free configuration. As dopants are known 

to chemically interact with the HTMs,[59–61] it is advisable to search for the compounds that 

ensure sufficient performance without the use of additives. Interestingly, a device with 

dopant-free V1160 showed better performance than that of the corresponding Spiro-

OMeTAD-based device, resulting in a moderate PCE of 12.6%.  

Finally, initial assessment of the V1160-based PSC stability was performed by storing non-

encapsulated devices in a dark atmosphere with a relative humidity of 45% and periodically 

tested under 100 mW/ cm2 simulated sun irradiation (AM 1.5G). Comparison of the results 

with those of the Spiro-OMeTAD-based system is presented in Figure 1(f). For both 

materials, an initial increase in performance during the first 50 hours is observed, which is 

slightly more pronounced in the case of V1160, and can be attributed to the slow oxygen-

mediated doping process.[62,63] Over time, the efficiency slowly reduces and the device with 

the V1160 HTM showed better stability with ~78% of the initial performance maintained 

after >700 h compared to a drop to 59% for the control device. Such behavior is suggesting 

that some of the degradation modes (e.g. crystallization of the film under operational 

conditions[39]) are strongly diminished in the case of V1160, which can be attributed to the 

lower likelihood of V1160 to crystallize. 

In conclusion, we have demonstrated a promising new HTM material, i.e. V1160, prepared 

via a relatively straightforward synthesis with a performance close to that of Spiro-OMeTAD 
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when applied in PSCs. V1160 combines four TPD-type fragments in a single molecule via TB 

bridges. The new HTM demonstrated good performance in PSCs, with the average PCE of 

17.5% and record PCE of 18.3%. In addition, V1160 does not possess a crystalline state, 

which is essential to achieve stable performance. We believe that applied synthetic strategies 

can be further utilized for the synthesis of even more efficient and stable HTMs. 
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14 

 

A hole transporting material termed V1160, based on four TPD-type fragments connected by 

a Tröger’s base structural core, was synthesized, characterized, and applied as a HTM in 

perovskite solar cells. Demonstrating over 18% power conversion efficiency, the fully 

amorphous nature of V1160, suggesting further studies in TPD-based materials are warranted. 
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