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Abstract 

In this work, we have reported two new, simple and cost-effective hole-transporting materials for 

perovskite solar cells. These novel structures namely N4, N4, N4''', N4'''- tetrakis(4-

methoxyphenyl)-[1,1':4',1'':4'',1'''-quaterphenyl]-4,4'''-diamine (TPA-BP-TPA) and (E)-4',4'''-

(ethene-1,2-diyl)bis(N,N-bis(4-methoxyphenyl)-[1'',1'''-biphenyl]-4-amine) (TPA-BPV-TPA) are 

based on linear π-conjugated linkers and triphenylamine endcappers. These materials possess good 

solubility and appropriate HOMO and LUMO energy levels. Upon testing them as a hole 

transporting materials in perovskite solar cells, in particular, the device with TPA-BPV-TPA 

exhibited a higher power conversion efficiency (PCE) of 16.42%, which is almost equivalent to the 

PCE using conventional expensive 2,2',7,7'-tetrakis(N,N'-di-pmethoxyphenylamino)-9,9'-

spirbiuorene (SPIROOMeTAD) compound under similar conditions. Additionally, the device 

stability measured using this newly developed low cost compound retains almost 87 % initial 

performance after 10 days compared to standard SPIRO-OMeTAD based devices. From this 

outstanding outcome it is revealed that, simple triphenylamine-based hole transporting materials 

with various kinds of π-conjugated linkers have paved the way for developing a new generation 

simple hole transporting materials for low cost perovskite solar cells. 

 

 

 

 

 

 

 



  
 

The organic–inorganic halides or perovskite structure was first reported in 1978,[1] and this material 

was used as an active layer in solar cells in 2009 for the first time. The initial power conversion 

efficiency (PCE) of perovskite based solar cells was reported as 3.8%.[2] Perovskite solar cells 

(PSCs) have undergone a great growth as the PCE surged from the initially reported value of 3.8 % 

to 22.1%[3] within seven years of research effort. This outstanding performance of PSC is similar in 

terms of PCE to other well-established high performance solar cell technologies such as copper 

indium gallium diselenide (CIGS) solar cells and other inorganic materials based solar cells. In the 

future, they may achieve performance close to that of commercial monocrystalline silicon solar 

cells. The higher performance of PSCs is attributed to the properties of the perovskite active layer 

such as strong solar absorption,[4] efficient charge transport capability[5] with large charge carrier 

diffusion length,[6] and low charge recombination rates.[4] As a result, worldwide many researchers 

have been working on the development of PSCs by designing innovative device architectures, 

applying various p-type nanostructures, synthesizing and managing chemical compositions of the 

perovskite active layer, adding dual functional interfacial layers between the perovskite and the 

cathode, studying effects of doping on the performance, stability evaluation and developing several 

deposition techniques for high-quality perovskite films.[7, 8, 9] 

The hole transport layer (HTL) is one of the critical layers of a PSC where extraction of 

photogenerated holes from the perovskite takes place and these extracted charges are transported to 

the back contact metal electrode. The use of a HTL in PSCs plays a noteworthy role due to several 

reasons. Firstly, the presence of this layer can improve the photovoltaic performance of PSCs;[9, 10] 

for instance, the device can operate without a HTL but exhibits inferior performance with a 

maximum PCE of about 13.5%,[11] whereas PSCs containing a HTL have achieved much higher 

PCE values, currently exceeding 21.1%.[12] Secondly, the HTL acts as a charge transporting as well 

as a charge selective layer which also suppresses charge recombination.[10, 13] Thirdly, a HTL 

prevents the contact of the active perovskite layer from the metal electrode, and blocks moisture and 

oxygen penetration, which leads to stable performance.[7] There are numerous reports on 



  
 

development of various classes of hole transporting materials (HTMs) for high efficiency PSCs 

including inorganic materials,[14] organic small molecules,[15] and polymeric semiconductors.[16] 

Among these various functional HTMs, in the small organic molecule category, 2,2’,7,7’-

tetrakis(N,N’-di-pmethoxyphenylamino)-9,9’-spirbiuorene (SPIRO-OMeTAD) has been proven to 

be the best choice of materials as its use resulted in a world record 20.8% efficiency in PSCs.[12] 

Among other classes of organic materials, polymer materials approached the highest performance, 

such as 17.3% (without additives) and 18.4% (with dopants) for the random copolymer based on 

benzo[1,2-b:4,5-b’]dithiophene and 2,1,3-benzothiadiazole derivatives (RPC)[16] and 

poly(triarylamine) (PTAA),[17] respectively. However, a very high cost of SPIRO-OMeTAD HTM 

and multistep synthesis of polydisperse polymers restricts the development of low cost and large 

area flexible perovskite solar cells. 

Recently, a number of novel π- functional conjugated HTMs have been designed and 

synthesized using triphenylamine (TPA) as an efficient end-capping conjugated building block. 

TPA has been widely used due to its strong electron-donating ability and excellent hole transporting 

capability.[18] Moreover, the propeller-like structure of TPA protects the interaction between the 

hole transporting layer and active perovskite layer, which results in the reduction of charge 

recombination and electron coupling.[19] In addition to the above mentioned benefits, TPA also 

offers simplicity in design and synthesis of a wide range of high performance materials such as 4,4′-

bis(4-(di-p-toyl)aminostyryl)biphenyl (TPASBP) (17.4%), 1,4′-bis(4-(di-p-

toyl)aminostyryl)benzene (TPASB),[20] 4,7,12,15-tetrakis-[4-amino-[N,N-di-(4-methoxyphenyl)]-

phenyl]-[2,2]paracyclophane (PCP-TPA)[21] and 4,4’,4”-(5,10,15-trihexyl-10,15-dihydro-5H-

diindolo[3,2-a:3′,2′-c]carbazole-3,8,13-triyl)tris(N,N-bis(4-methoxyphenyl)aniline) (KR133)[22] 

comparing to the conventional SPIRO-OMeTAD. 

Herein, we have designed and synthesized two novel, simple and low cost HTMs based on 

linear π-conjugated linkers and TPA end-cappers, N4, N4, N4''', N4'''-tetrakis(4-methoxyphenyl)-

[1,1':4',1'':4'',1'''-quaterphenyl]-4,4'''-diamine (TPA-BP-TPA) and (E)-4',4'''-(ethene-1,2-



  
 

diyl)bis(N,N-bis(4-methoxyphenyl)-[1'',1'''-biphenyl]-4-amine) (TPA-BPV-TPA) (Figure 1). The 

perovskite photovoltaic devices have been fabricated using the conventional device architecture 

glass/FTO/TiO2/perovskite/HTL/Au, where fluorine doped tin oxide (FTO) on glass and gold act as 

transparent conducting anode and cathode, respectively. Titanium dioxide (TiO2) acts as the 

electron transporting compact layer whereas the HTL is made of our newly developed materials. In 

order to improve the conductivity of the HTL and ultimately the performance of PSCs, 4-tert-butyl 

pyridine (tBP) and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) additives were used in the 

HTL. Under standard illumination (AM 1.5G and 100 mW cm-2), the PCE of cells using these new 

low cost HTMs TPA-BP-TPA and TPA-BPV-TPA were found to be 13% and 16%, respectively. 

In order to compare the performance of our new HTMs with conventional SPIRO-OMeTAD, PSC 

devices were fabricated and evaluated with SPIRO-OMeTAD as the HTL. It was found that 

SPIRO-OMeTAD gave a PCE of 16.81% under similar device fabrication conditions. The obtained 

performance for the new HTM TPA-BPV-TPA and SPIRO-OMeTAD is similar whereas TPA-BP-

TPA exhibits a slightly lower performance. To understand the variation in solar cell performance 

with respect to HTM’s molecular structures, we studied the structure-property relationship of the 

newly synthesized HTMs with reference to SPIRO-OMeTAD using different characterization 

techniques. 

The synthesis routes of two new TPA-BP-TPA and TPA-BPV-TPA HTMs are depicted in 

Scheme 1. Firstly, the precursor 4-bromo-N,N-bis(4-methoxyphenyl)aniline (2) was produced with 

good yield from 4-bromoaniline (1) and 1-iodo-4-methoxybenzene in presence of strong base KOH, 

CuCl, and 1,10-phenanthroline monohydrate reagent refluxing in toluene overnight. Then 

compound 2 was converted to its bisboronic ester analog 4-methoxy-N-(4-methoxyphenyl)-N-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (3) using bis(pinacolato)diboron in 

presence of strong base potassium acetate, 1, 1'-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) catalyst in high boiling point solvent 

dimethyl formamide at 80 oC. The target HTMs TPA-BP-TPA and TPA-BPV-TPA were 



  
 

synthesized by classical Suzuki coupling reaction between compound 2 and 4,4'-bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1'-biphenyl or compound 3 and (E)-1,2-bis(4-

bromophenyl)ethane, respectively. We used 2M potassium carbonate as a base, tetrakis 

(triphenylphosphine) palladium (0) as catalyst in toluene solvent at 120 oC for 48 h. The yields of 

new HTMs were found to be of 65% for TPA-BP-TPA and 80% for TPA-BPV-TPA after 

purification by column chromatography. The obtained yields for our new HTMs are higher 

compared to the standard  SPIRO-OMeTAD (yield around 50%). [23]  The purity of both HTMs was 

confirmed by proton and C13 NMR spectroscopy, which are shown in Figure S1 and S2 

(Supporting Information). Both materials exhibited good solubility in the most common organic 

solvents such as chloroform, dichloromethane, and chlorobenzene.  

 

Synthesis routes of TPA-BP-TPA and TPA-BPV-TPA. Reagent and conditions: (a) 1-iodo-4-

methoxybenzene, KOH, CuCl, 1,10-phenanthroline monohydrate, toluene, 120 oC, overnight; (b) 

bis(pinacolato)diboron, KOAc, Pd(dppf)Cl2, DMF, 80 oC, overnight; (c) 2M K2CO3, toluene, 

Pd(PPh3)4, 120 oC,48 h. 

Scheme 1. Synthesis routes of TPA-BP-TPA and TPA-BPV-TPA. 
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The thermal properties of both newly synthesized small molecule HTMs were measured by the 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), which are shown in 

Figure S3 and S4 (Supporting Information) and summarized in Table 1. In TGA, the 5% weight 

loss temperature was defined as the onset point of decomposition (Td). The thermal decomposition 

temperatures were approximately 395 and 410 oC for TPA-BPV-TPA and TPA-BP-TPA, 

respectively, indicating that the new HTMs have excellent thermal stability. From the DSC 

thermogram, it is clearly seen that both TPA-BPV-TPA and TPA-BP-TPA exhibit glass transition 

temperatures (Tg) at 91 and 98oC, respectively, during the second heating-cooling cycle. From the 

first heating- cooling cycle, TPA-BPV-TPA and TPA-BP-TPA exhibit strong endothermic peaks 

at 173 and 151oC, respectively, which are attributed to melting. From the thermal analysis data, it 

appears that TPA-BP-TPA molecular structure is more rigid than TPA-BPV-TPA and this may be 

arising from the extra electron rich vinyl linkage present in the backbone. 

Our approach for the rational design of new HTMs involves the selection of electron 

donating biphenylene and a more extended conjugated biphenylene vinylene as a core whereas for 

the end capping purpose, we used a common triphenyl amine as a well-known electron donor. 

TPA-BPV-TPA has more extended conjugation due to biphenylene vinylene core structure 

compared to only the biphenylene core in TPA-BP-TPA. We strongly believe that this fine-tuning 

in chemical structure can impart a significant change in the solar cell performance. In order to gain 

insight into the electronic properties of these molecules, density functional theory (DFT) 

calculations at the B3LYP level of theory using the basis set 6-31g ±(d,p) were performed.[24] The 

resulting HOMO and LUMO orbitals are shown in Figure 1. Both materials exhibit the similarities 

in the electron distributions of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). The electron density of the LUMO is primarily localized on 

biphenylene and biphenylene vinylene cores and their adjacent phenyl groups, while the HOMO is 

fully delocalized over the entire molecules, reflecting the electron-rich nature of TPA. According to 

the DFT calculations, the HOMO values of TPA-BP-TPA and TPA-BPV-TPA are -4.82 and -4.79 



  
 

eV respectively, however, the LUMO values were found to be -1.38 eV, and -1.79 eV respectively. 

The theoretical calculations, done in vacuum, are higher than experimentally estimated HOMO-

LUMO values obtained in thin film, however they are useful for understanding the energy level 

trends based on the molecular structure.  

 

 

Figure 1. Chemical structures and calculated energy levels of HOMO and LUMO orbital surfaces 

of TPA-BP-TPA and TPA-BPV-TPA. 

The computed visible peak maxima for TPA-BP-TPA and TPA-BPV-TPA are 410 and 469 nm, 

respectively, confirming a significant redshift with TPA-BPV-TPA molecule observed in the 

measured spectra (as shown in Figure 2). The peaks in both molecules are due to excitation from 

HOMO to LUMO. The transition intensity with TPA-BPV-TPA is also noticeably higher 

(oscillator strength of 1.96 vs 1.70 for TPA-BP-TPA). The absolute absorption peak maxima are 



  
 

redshifted vs experiment, as is expected with B3LYP for transitions with charge transfer 

character.[25]  

The optical properties of newly synthesized materials were investigated by UV-vis 

spectroscopy. The normalized UV-vis absorption spectra of TPA-BP-TPA and TPA-BPV-TPA in 

films are presented in Figure 2a and the summary data are listed in Table 1. Since these HTMs can 

be used in the form of thin film during device fabrication, we decided to measure the optical 

properties in thin film. TPA-BP-TPA thin film showed a strong absorption with maxima peak at 

306 nm (shorter wavelength region) and a weaker feature observed at 369 nm (longer wavelength 

region) in the UV-vis region. On the contrary, TPA-BPV-TPA exhibited strong and broadened 

absorption maxima at 398 nm and a weak peak observed in the shorter wavelength region. The 

peaks at 369 (TPA-BP-TPA) and 398 (TPA-BPV-TPA) nm are the major absorption peaks due to 

HOMO-to-LUMO transitions, as confirmed by DFT modelling. Thus, the TPA-BPV-TPA 

compound exhibits almost 30 nm of bathochromic red shift compared to TPA-BP-TPA due to 

extended π-conjugation arising from the extra vinyl bond incorporated between two phenylene 

rings. The optical band gaps of TPA-BP-TPA and TPA-BPV-TPA compounds were calculated 

using solid-state absorption onset values at 425 nm and 464 nm respectively. The optical band gap 

of TPA-BP-TPA and TPA-BPV-TPA are thus 2.92 and 2.67 eV, respectively. The lower band gap 

of TPA-BPV-TPA compared to TPA-BP-TPA clearly demonstrates the more electron rich 

backbone of TPA-BPV-TPA due to enhancement in conjugation length. Photoelectron 

spectroscopy in air (PESA) was used to experimentally determine HOMO and LUMO values, as 

shown in Figure 2b. The corresponding energy level data are summarized in Table 1. In PESA, a 

thin film containing the sample is exposed to ultraviolet light with certain intensity in air. Then 

photoelectrons are emitted when the photon energy is equal to or larger than the photoelectron work 

function. Plotting the dependence between photoelectron yield vs applied UV photon energy 

provides an estimate of the HOMO value of the thin film material. 



  
 

 

Figure 2. (a) UV-vis absorption spectra of TPA-BP-TPA (solid line) and TPA-BPV-TPA (dash 

line) thin films; (b) Photoelectron spectroscopy in air (PESA) spectra of TPA-BP-TPA (circle), and 

TPA-BPV-TPA (square). 

 

Table 1. Optical, electrochemical and thermal parameters of TPA-BP-TPA and TPA-BPV-TPA. 

HTMs 
λmax

 a)
 

(nm) 

λonset
b) 

(nm) 

𝐸𝐸𝑔𝑔
𝑜𝑜𝑜𝑜𝑜𝑜 c) 

(eV) 

EHOMO
d) 

(eV) 

ELUMO
e) 

(eV) 

Td
  

(°C) 

Tg
  

(°C) 

Tm
  

(°C) 

TPA-BP-TPA 369 425 2.92 -5.36 -2.44 410 98 151 

TPA-BPV-TPA 398 464 2.67 -5.48 -2.70 395 91 173 

a)Absorption spectrum was measured in film; b)The onset of the film absorption edge; c)Optical bandgap was calculated 

from the formula of 1240/λonset; d) The HOMO value determined by PESA;  e) ELUMO=EHOMO
PESA+𝐸𝐸𝑔𝑔

𝑜𝑜𝑜𝑜𝑜𝑜  

 

The HOMO of TPA-BP-TPA and TPA-BPV-TPA are estimated to be at -5.36 and -5.48 eV, 

respectively. Surprisingly, the TPA-BPV-TPA has a slightly deeper HOMO value than that of 

TPA-BP-TPA despite of electron rich vinyl linkage between two phenylenes. These HOMO values 

are well aligned with that of perovskite (CH3NH3PbI3) (-5.44 eV), suggesting the good hole 

injection ability of the new HTMs. The LUMO values of TPA-BPV-TPA and TPA-BP-TPA are 

calculated from the difference between the HOMO values and optical band gap and are found to be 

around -2.70 and -2.44 eV, respectively (Table1).  

(a) (b)



  
 

 

Figure 3. (a) Diagram of the device structure and energy levels; Scanning Electron Microscopy 

(SEM) cross section of device based on (b) TPA-BP-TPA, (c) TPA-BPV-TPA. 

 

Upon complete optical, thermal, and energy level characterization of the newly developed HTMs, 

the solar cell performance of these materials was investigated in PSC devices using FTO/compact 

TiO2/perovskite/HTL/Au device geometry. The PSC device geometry and the corresponding energy 

level diagram is shown in Figure 3a. The scanning electron microscopy (SEM) images of devices 

based on TPA-BP-TPA and TPA-BPV-TPA are shown in Figure 3b and 3c respectively. For 

comparison, we have also included a SEM cross section image of SPIRO-OMe-TAD based devices 

in Figure S5 (Supporting Information).  The film morphology and thickness are almost the same, 

and are expected to have the same effect on the solar cell efficiency. Current–voltage (J–V) 

characteristics of PSC with different HTMs are measured under 1 sun illumination (AM 1.5 G, 100 

mWcm-2) in ambient air at ~25 oC and a relative humidity of ~40–50%. The solution-processed 

(a)

(b) (c)



  
 

cells were characterized using a 0.1 cm2 anodized Aluminum mask. Incident photons to current 

efficiency (IPCE) measurements were performed in DC mode and the spectra were recorded. 

 

Figure 4. (a) I-V curves of perovskite solar cell devices based on three HTMs: Dash line (forward 

scan), solid line (reverse scan) and (b) IPCE curves of perovskite solar cell devices based on the 

three hole transport materials. 

 

Figure 4 illustrates the current density–voltage (J–V) characteristic of TPA-BP-TPA and TPA-

BPV-TPA as HTMs in perovskite solar cells. In order to compare the performance of the newly 

developed HTMs, we also fabricated and investigated the PSC using the conventional SPIRO-

OMeTAD HTM. Before being deposited onto the perovskite layer, first the HTMs were dissolved 

in a chlorobenzene solution containing 4-tert-butyl pyridine (tBP) and lithium 

bis(trifluoromethanesulfonyl)imide (Li-TFSI) as dopants. The fabrication procedure is described in 

detail in the Supporting Information. The photovoltaic performance is summarized in Table 2. 

When TPA-BP-TPA is employed as a HTM on CH3NH3PbI3-based perovskite solar cells, a 

relatively poor performance is observed with a short-circuit current (Jsc) of 18.9 mA/cm2, open-

circuit voltage (Voc) of 1 V, fill factor (FF) of 70%, and a power conversion efficiency (PCE) of 

13.27% (Table 2). These values correspond to the best performing cell and averaged solar cell 

parameter with standard deviations from 16 fabricated devices is shown in Figure S6 (Supporting 



  
 

Information). TPA-BPV-TPA shows ~24% increase in PCE compared to devices employing the 

TPA-BP-TPA (Table 2). The solar cell parameters of best performing TPA-BPV-TPA cells are 

comparable to the reference cell based on SPIRO-OMeTAD HTM, which shows the best 

performance with Jsc of 21.44 mA cm-2, FF of 71.3%, Voc of 1.10 V and PCE of 16.81%. The lower 

Jsc could be ascribed to the mismatched energy level between the HOMO of the HTM and the 

valence band of the perovskite, which hampers efficient hole transportation from the perovskite to 

the HTM. Time-resolved photoluminescence (TRPL) measurements were performed to evaluate the 

hole extraction efficiencies (Figure S7). Perovskite films were coated on the quartz glasses and 

covered with TPA-BPV-TPA or TPA-BP-TPA. The lifetime was estimated to be ~30 ns and ~44 

ns for the TPA-BPV-TPA and TPA-BP-TPA, respectively. TRPL lifetime of TPA-BPV-TPA is 

slightly shorter compared to that of TPA-BP-TPA. The results show that hole injection from the 

valence band of perovskite into the HOMO of TPA-BPV-TPA is relatively more efficient as 

compared to that of TPA-BP-TPA, which is in good agreement with our reported efficiencies 

(Table 2). 

 

Table 2. Solar cell device performance with TPA-BP-TPA and TPA-BPV-TPA HTMs. 

HTM Voc(V) Jsc (mA cm-2) FF (%) PCE (%) 

SPIRO-OMeTAD 1.10 21.44 71.33 16.81 

TPA-BPV-TPA 1.10 21.11 70.72 16.42 

TPA-BP-TPA 1.00 18.91 69.89 13.27 

 

The Voc of the devices based on TPA-BP-TPA HTM is lowest, whereas those of TPA-BPV-TPA 

and SPIRO-OMeTAD are almost identical. The HOMO of TPA-BP-TPA is approximately 0.1 eV 

higher than TPA-BPV-TPA, which explains why the Voc of TPA-BP-TPA is 0.1 V lower. 

Generally, the higher Voc is caused by the deeper HOMO energy levels, which can lead to the better 



  
 

PCE.[10, 21, 26, 27] In this study, even though the HOMO of TPA-BPV-TPA shows 0.26 eV lower 

than that of Spiro-OMeTAD, the Voc of both materials is equal and their PCE has a 2.3% mismatch 

between each other. This phenomenon may be ascribed to the changes in HOMO energy level 

during the device fabrication and/or due to the presence of dopants. The new HOMO energy values 

in the devices could be deeper than the that of undoped HTMs,[28] which may lead to the similar Voc. 

The IPCE spectrum of the perovskite devices with all HTMs is shown in Figure 4b. Interestingly, it 

shows that all devices have excellent performance beyond 60% from 400 to 800 nm, which suggests 

that the two new molecules can be viable alternatives to SPIRO-OMeTAD in high performance 

PSCs. The IPCE of the devices decreased in the order SPIRO-OMeTAD > TPA-BPV-TPA > TPA-

BP-TPA. The IPCE of TPA-BPV-TPA is only slightly lower than the reference SPIRO-OMeTAD, 

which is consistent with the measured Jsc.  

The surface roughness of the newly developed HTMs TPA-BPV-TPA and TPA-BP-TPA is 

evaluated using atomic force microscopy (AFM) on FTO coated glass. The surface roughness of 

HTM coated on the FTO glass for SPIRO-OMeTAD is 3.2 nm, whereas for TPA-BPV-TPA and 

TPA-BP-TPA, the roughness of 13 nm and 35 nm, respectively, was measured and shown in 

Figure 5. The presence of pinholes in SPIRO-OMeTAD films has been confirmed by multiple 

reports and multiple characterization methods, such as X-ray photoelectron spectroscopy (XPS),[29, 

30] Fourier transform infrared (FT-IR),[30] scanning electron microscope,[30, 31] atomic force 

microscopy (AFM),[30] and transmission electron microscope (TEM).[32] These references have been 

provided in the revised version of the manuscript. In these works, it was found that freshly prepared 

SPIRO-OMeTAD HTM films show pinholes, which forms channels wiggling through the SPIRO-

OMeTAD film. It was found that the Li-TFSI dopants the freshly prepared SPIRO-OMeTAD films 

were preferentially distributed close to the bottom of the film, which causes the poor electrical 

properties of the hole transport layer (HTL) and a low efficiency of perovskite solar cell devices 

using SPIRO-OMeTAD HTL.[30, 33] The pinholes in the SPIRO-OMeTAD film facilitate ingress 

and diffusion of moisture from ambient that helps redistribute Li-TFSI dopants more uniformly 



  
 

across the SPIRO-OMeTAD film leading to some initial efficiency enhancement[31, 33] and/or 

degradation if exposed for long times.[30, 34] Compared with SPIRO-OMeTAD, TPA-BPV-TPA and 

TPA-BP-TPA exhibits higher surface roughness and more pinholes and this could contribute to the 

lower cell efficiency with these new materials compared to the conventional SPIRO-OMeTAD. 

 

 

Figure 5. AFM images of thin films samples of (a) SPIRO-OMeTAD, (b) TPA-BPV-TPA, and (c) 

TPA-BP-TPA, all of which are deposited on the FTO glass substrate. Scale bar, 2 µm. 

 

The stability of PSCs is a critical roadblock on the way to commercialization. We therefore studied 

the cell performance in ambient conditions (room temperature, 40%-50% relative humidity (RH)). 

The shelf-stability tests (dark condition, ~25 oC, 40%-50% RH) of our newly developed HTMs in 

comparison with SPIRO-OMeTAD are investigated and shown in Figure 6. Based on our 

measurements, an overall trend of solar cell instability is clear. The device based on the TPA-BPV-

TPA shows a comparable stability to that using SPIRO-OMeTAD with both devices retaining 87% 

of the initial efficiency, while the TPA-BP-TPA deteriorates more quickly and only retains 77% of 

the initial performance after 10 days. Unfortunately, our preliminary results show that CH3NH3PbI3-

based perovskite solar cells lack the stability in agreement with literature reports.[35] We are 

currently working on improving the stability of the perovskite materials such as including Cs 

cations and Br anions.[35]  



  
 

Figure 6. Perovskite solar cell device efficiency using the three HTMs as function of time. 

 

A comparison among other promising HTMs with our new molecules has been carried out and 

listed in Table 3. These chosen HTMs have been based on the similar device structure, 

approximately equivalent working area, and the use of two additives (tBP and Li-TFSI). Overall, 

TPA-BPV-TPA based devices exhibit the highest performance compared with other HTMs. In 

spite of the similar design with TPA as end-cappers, [BMPA-EDOT]3-TPA, PST1, and 

EtheneTTPA-based cells show lower efficiencies, 12.92%,[36] 12.74%[26] and 13.09%,[37] 

respectively. The Voc of TPA-BPV-TPA is highest, which is well aligned with the HOMO energy 

value. Whereas the Jsc and FF of TPA-BPV-TPA are among the best values in conventional-

mesoporous perovskite solar cells doped by tBP and Li-TFSI. Moreover, the long-term stability test 

of these unencapsulated HTMs has been investigated under air at room temperature. The percentage 

of the retaining performance after the aging test is selected as the comparison criteria. The stability 

of doped HTMs based devices is less than or equal to conventional SPIRO-OMeTAD with the 

exception of POZ6-2 and PST1. Notably, the devices with [BMPA-EDOT]3-TPA HTL retain 92% 

of initial PCE, while the standard SPIRO-OMeTAD HTM based cells show decay of 6% lower 



  
 

during the same aging period. In this study, the initial efficiency of TPA-BPV-TPA based devices 

reduces around 13%, which is equal to the reduction of SPIRO-OMeTAD based ones. According to 

the comparison, our new cut-price HTM TPA-BPV-TPA exhibits the remarkable efficiency and 

stability. Thus, it is eligible to be a promising alternative to SPIRO-OMeTAD. 

 

Table 3. The comparison among promising HTMs. 

HTM 
HOMO 

(eV) 

Active 

area 

(cm2) 

Voc 

(V) 

Jsc 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

Stability 

testa 
References 

TPA-BPV-TPA -5.48 0.1 1.1 21.11 70.7 
16.42 

(16.81)b 

87% 

(87%)c 
This study 

TPA-BP-TPA -5.36 0.1 1.0 18.91 70.0 
13.27 

(16.81) 

77% 

(87%) 
This study 

[BMPA-EDOT]3-TPA -5.24 0.16 0.92 21.0 67.1 
12.92 

(13.84) 

92% 

(94%) 
[36] 

PST1 -5.15 0.159 0.94 19.2 70.0 
12.74 

(9.57) 

80% 

(70%) 
[26] 

DMFA-FA -5.21 0.16 1.00 20.7 68.7 
14.21 

(14.67) 

90% 

(90%) 
[38] 

EtheneTTPA -5.02 0.16 0.92 21.24 67 
13.09 

(13.87) 
64% [37] 

POZ6-2 -5.25 0.09 0.99 17.3 71.4 
12.3 

(12.8) 

58% 

(42%) 
[39] 

Triazine-InT -5.26 0.16 0.97 20.8 65.4 
13.2 

(13.8) 
- [40] 

athe percentage of the retaining performance after the ageing test (unsealed devices) 

bPCE of standard SPIRO-OMeTAD 

cthe percentage of the retaining performance of  standard SPIRO-OMeTAD 

Device structure: FTO/compact ITO/mesoporous ITO/CH3NH3PbI3/HTM/Au 

Additives: tBP, Li-TFSI 



  
 

 

In conclusion, we have reported two simple small molecular HTMs, TPA-BP-TPA and TPA-BPV-

TPA, synthesized by conventional Suzuki coupling reactions. Biphenylene and biphenylene 

vinylene units were used as linear π-conjugated linkers whereas TPA moieties function as end-

cappers. These new HTMs possessed good solubility and suitable energy levels and appear to be 

viable alternatives for HTMs of highly efficient PSCs. Particularly, TPA-BPV-TPA based devices 

showed a high PCE of 16.42%, which was close to that of SPIRO-OMeTAD (16.81%) under the 

same conditions (AM 1.5G illumination at an intensity of 100 mW cm−2). The device stability 

reported for TPA-BPV-TPA is also almost equivalent to that of SPIRO-OMeTAD. From these 

observations, it is clear that the TPA-BPV-TPA could be a low cost replacement to SPIRO-

OMeTAD considering its high efficiency and stability. Simple triphenylamine-based HTMs with 

various kinds of π-conjugated linkers therefore provide highly efficient HTM for perovskite solar 

cells and have a good chance to replace SPIRO-OMeTAD. 
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                               Table of Content Figure 
 

A cut-price and straightforward synthesized TPA-BPV-TPA has been successfully used as the hole 

transporting material layer in conventional perovskite solar cells. Its efficient performance, 

hysteresis and stability are almost comparable with traditional SPIRO-OMeTAD. Thus, it has been 

taken into a promising alternative to high cost SPIRO-OMeTAD.  

 

 

 

 

PCE = 16.42%
Voc = 1.10 V
Jsc = 21.11 mA cm-2

FF = 70.72%




