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ABSTRACT: The efficiency and stability of perovskite solar cells (PSCs) are often 

constrained by the limitations of the conventional hole transporting material (HTM), Spiro-

OMeTAD, which exhibits low intrinsic conductivity, poor thermal endurance, dopant-induced 

instability and high synthetic cost. In this work, two low-cost HTMs, NS-1 and NS-2, were 

designed and synthesized via a facile process. Both materials share a common thiophene-

benzene-thiophene (TBT) conjugated core with triarylamine terminal groups but differ in their 

side chains: NS-1 contains methoxy (-OCH3) substituents, whereas NS-2 incorporates polar 

ethylene glycol moieties on the TBT unit. These HTMs were synthesized through a cost-

effective route, with material costs of $35/g and $37/g for NS-1 and NS-2, respectively, lower 

than that of the commercially available Spiro-OMeTAD (~$333/g). The influence of side-chain 

engineering on their optical, electrochemical, photophysical, charge-transport, and 

photovoltaic properties was systematically investigated. Among the two, NS-2 exhibited 

superior molecular planarity, enhanced hole mobility and better energy-level alignment, 

leading to an impressive power conversion efficiency (PCE) of 17.50%, compared to 4.96% 

for NS-1, which suffered from poor solubility and non-uniform film formation. Moreover, NS-

2 based devices retained 84% of their initial efficiency after 1200 hours of operation, surpassing 

Spiro-OMeTAD in stability. The combination of high efficiency, long-term stability and low-

cost synthesis establishes NS-2 as a promising HTM for scalable PSCs.

KEYWORDS: Hole transporting materials, perovskite solar cells, hole mobility, low cost 

HTM and stability.
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1. Introduction
Over the past decade, perovskite solar cells (PSCs) have gained significant attention due to 

their rapidly improving power conversion efficiency (PCE), which has now reached 27%.1,2 

Among the essential components of PSCs, hole transporting materials (HTMs) are crucial for 

extracting photogenerated holes and suppressing carrier recombination.3 HTM plays a pivotal 

role in PSCs, as it facilitates selective extraction and transport of photogenerated holes to the 

anode while blocking electrons, thereby suppressing interfacial recombination. 

In the conventional n-i-p architecture, a typical device structure comprises a transparent 

conducting oxide, electron transport layer, intrinsic perovskite absorber, HTM layer, and metal 

electrode. Significant progress in device efficiency of PSCs has been driven by the 

development of new HTMs.4,5 Various types of HTMs have been employed in n-i-p PSCs 

architectures, broadly categorized into organic small molecules (e.g., Spiro-OMeTAD),6,7 

conductive polymers (e.g., PEDOT:PSS, P3HT and PTAA),8  and inorganic materials (e.g., 

NiO, CuSCN, CuI).9 Each class offers distinct advantages in terms of energy-level alignment, 

film formation, and stability. Still, to date Spiro-OMeTAD remains the benchmark HTM for 

high-performance PSCs.4

Spiro-OMeTAD offers advantages such as stable amorphous morphology from its relatively 

high glass-transition temperature (Tg)10 and favourable energy-level alignment with the 

perovskite absorber, good film-forming ability and ability to achieve high device efficiency by 

effectively extracting holes.11 However, its practical use is hindered by low intrinsic 

conductivity and hole mobility, necessitating dopants such as lithium 

bis(trifluoromethylsulfonyl)imide (Li-TFSI) and 4-tert-butylpyridine (tBP) or cobalt 

complexes like FK209, all highly hygroscopic.12,13 

These dopants induce moisture sensitivity, ion migration, hysteresis, interfacial instability, and 

accelerated degradation during operation.14 In addition, its high synthetic cost makes it one of 

the most expensive components in PSCs limiting large-scale commercialization.11

These challenges have motivated extensive research into alternative HTMs that are more stable, 

cost-effective and capable of efficiently transporting holes while maintaining device 

performance and long-term stability. The operational instability caused by hygroscopic 

dopants, coupled with high material cost, has prompted researchers to explore alternative HTM 

materials that offer enhanced environmental stability, scalability and cost effectiveness without 

compromising efficiency.
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Among the different classes of HTMs, π-conjugated organic small-molecular HTMs 

stand out for their well-defined molecular structures, excellent reproducibility and precisely 

tunable optoelectronic properties.15 Typically, the solution-processable conjugated materials 

comprises of two components: a π-conjugated backbone that governs the molecules 

optoelectronic properties and peripheral flexible side chains that impart solubility.16 The 

selection of side chains is as critical as conjugated backbones itself.17 Since alkyl chains not 

only enable solution processing but also influence molecular packing and consequently, the 

optoelectronic performance of the material.16

Building on this, researchers have gone beyond simple alkyl substitution and explored 

a variety of functional side chains to tailor both solubility and device performance. Conjugated 

systems have also been functionalized with heteroatom-containing alkyl chains,18 siloxane-

terminated side chains,19,20 fluoroalkyl groups,21,22 oligo(ethylene glycol) chains,23 and ionic 

side chains18 to improve charge carrier mobilities.23 Among these the introduction of polar 

ethylene glycol side chains, increases the polarity of the molecule, make it easier to purify and 

enabling green solvents processing.24 Moreover, the introduction of ethylene glycol chains, 

imparts Lewis base characteristics, enabling it to coordinate with Pb2+ ions and suppress Li+ 

migration, thereby lowering environmental risks and enhancing long term stability.24 On the 

other hand, thiophene units are anticipated to enhance intermolecular interactions and promote 

π-π stacking, thereby contributing to improved conductivity of HTM.25

Several recent examples highlighted the potential of such strategies. For instance, 

Zhang et al. developed two dopant-free HTMs, DCT and DTC, incorporating intramolecular 

noncovalent interactions and simple synthesis routes, DCT with hexyloxy groups showed 

better planarity than DTC due to O⋅⋅⋅S interactions. PSCs employing DCT achieved a PCE of 

22.5% along with long-term, light and thermal stability.26 Similarly, Ren et al. reported,  

benzo[1,2 b:4,5-b']dithiophene (BDT) based HTM, BDT2FMeDPA, exhibiting enhanced hole 

mobility, conductivity and stability, delivering a PCE of 14.5%.27 Further, Li et al. introduced 

two HTMs, BTORA and BTORCNA, designed using an intramolecular noncovalent 

interaction (INI) strategy by introducing S⋅⋅⋅O interactions into their backbones. The resulting 

HTMs exhibited self-planarized backbones, tuned energy levels, improved thermal stability, 

favourable film morphology and effective defect passivation. Notably, BTORCNA based 

devices achieved a PCE of 21.10% with higher long-term stability, outperforming BTORA 

based devices without S⋅⋅⋅O interactions, demonstrating INIs as an effective route for 

developing dopant-free HTMs.28 
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Inspired by these advances, we designed and synthesized two new HTMs, NS-1 and 

NS-2 (Fig 1), based on a well-established organic conjugated framework, thiophene-benzene-

thiophene (TBT)25 as a central building block, and triarylamine units as terminal electron-

donating groups, both of which are commonly utilized in OPVs 29,30 and OLEDs.31,32 While 

both HTMs share the same TBT core and decorated with two triarylamine peripheral groups, 

but they differ in the nature of the side chains attached to the TBT core: NS-1 incorporates 

methoxy (-OCH3) side chains, whereas NS-2 features polar ethylene glycol side chains. NS-1 

was deliberately designed as a structurally matched reference molecule to decouple side-chain 

effects from backbone electronic properties. Although NS-1 exhibits limited solubility and 

device applicability, its inclusion enables a controlled evaluation of how side-chain chemistry 

governs solubility, film formation, and interfacial charge transport within this HTM 

framework. A comprehensive investigation of their key properties, including optical 

absorption, thermal stability, electrochemical behaviour, photophysical characteristics, and 

electrical properties were carried out, followed by evaluation of their photovoltaic performance 

in PSCs devices.

Fig 1. Chemical structures of the representative molecular hole transporting materials (HTMs) used in perovskite 
solar cells (PSCs), including DCT,26 BDT2FMeDPA,27 BTORCNA 28 along with the HTMs NS-1 and NS-2 
developed in this work.
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2. Results and discussion
The detailed synthetic routes for NS-1 and NS-2 is illustrated in Fig S1. Both HTMs were 

synthesized in five steps, with high overall yields from cost-effective and readily available 

starting materials through a well-established cross coupling reactions and straightforward 

purification procedures. The overall synthetic yields for NS-1 and NS-2 were 20% and 43%, 

respectively. Based on established cost estimation models, their synthetic costs were calculated 

to be $35/g for NS-1 and $37/g for NS-2, which are considerably lower than that of the 

commercially available  Spiro-OMeTAD (~$333/g) (Table S9). In contrast, the synthesis of 

Spiro-OMeTAD typically involves multistep ring-closure reactions that often result in low 

yields and require harsh reaction conditions.33 Comprehensive synthetic details and full 

characterization data for NS-1 and NS-2 are provided in the Electronic Supporting Information 

(ESI) (Section 2).

2.1 Optical characterizations:

The optical and electrochemical properties of NS-1 and NS-2 are summarized in Table 1, and 

their ultraviolet-visible (UV-vis) absorption spectra recorded in CHCl3 are shown in Fig 2.  

Both HTMs exhibit similar absorption spectra in the visible region, with distinct absorption 

peak at λmax 425 nm for NS-1 and λmax 427 nm for NS-2, corresponding to π-π* transitions of 

π  electron system.34 In the solid state, both the HTMs display a pronounced red shift, indicating 

enhanced π-π stacking interactions.35 Importantly, the relatively narrow absorption bands, 

below 450 nm are more advantageous for PSCs application , as they minimize parasitic 

absorption from the HTM layer and thereby help preserve efficient light harvesting by the 

perovskite absorber. The optical bandgap (Eg) of NS-1 and NS-2, estimated from the thin film 

absorption onset in the UV-vis spectra (Fig 2) using the relation Eg
Opt = 1240/λonset (eV), where 

both found to be Eg of 2.50 eV (Table 1). While the optical bandgap governs the absorption 

characteristics of the HTM, efficient hole extraction is primarily determined by the alignment 

of the HTM, HOMO level with the valence band maximum of the perovskite. In this regard, 

the HOMO levels of NS-1 and NS-2 are well aligned with that of Spiro-OMeTAD, indicating 

energetically favourable hole extraction (Fig. 6b).
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Fig 2. Normalized absorption spectra of NS-1 and NS-2 in a) CHCl3 and b) solid state (spin coated on glass 

substrate).

2.2 Electrochemical properties:

To determine the energy levels of the two HTMs, cyclic voltammetry (CV) measurements (Fig 

S2) were carried out in dichloromethane (DCM) containing 0.1 M tetra-butylammonium 

hexafluorophosphate (Bu4NPF6), as the supporting electrolyte. The corresponding energy 

levels is shown in Fig 6b, and the relevant electrochemical data is summarized in Table 1. 

The highest occupied molecular orbital (HOMO) energy levels were calculated with calibrated 

onset oxidation (Eonset
ox ) of CV by the equation: 

EHOMO = -[Eoxi -E(Fc/Fc+) + 4.8] (eV)

The lowest unoccupied molecular orbital (LUMO) energy levels were calculated with HOMO 

energy level (EHOMO) and optical bandgap (Eg) by the equation:

ELUMO = EHOMO + Eg (eV)

The results indicate that both NS-1 and NS-2 exhibit deeper HOMO energy levels (-4.95 eV 

and -5.09 eV, respectively), making them well-suited to serve as efficient hole extractors at the 

perovskite (Cs0.05(FA0.79MA0.16)0.95Pb(I0.77Br0.23)3)/HTM interface. For NS-1 and NS-2, the 

LUMO levels are -2.45 eV and -2.59 eV, respectively. Both the HTMs exhibit LUMO levels 

higher than the conduction band (CB) of the perovskite, indicating that the transfer of 

photogenerated electrons from the perovskite to the HTM layer is suppressed, thereby 

effectively reducing electron-hole recombination.36 
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2.3 Thermal properties:

The thermal properties of NS-1 and NS-2 were investigated using thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) as depicted in Fig S3. TGA curve shows 

both HTMs exhibit excellent thermal stability, with 5% weight loss (Td) occurring above 

400 °C under a nitrogen atmosphere (Fig S3a). The glass transition temperatures (Tg) of NS-1 

and NS-2, were determined to be 215oC and 146oC respectively,  reflecting good morphological 

stability. The higher Tg and Td indicate improved thermal stability could be expected.37  

Moreover, the absence of distinct melting peaks in the DSC curves (Fig. S3b) indicates that 

NS-1 and NS-2 are amorphous, which are higher enough for application in optoelectronic 

devices. The Tg values of NS-1 and NS-2 are higher than the Tg for Spiro-OMeTAD,38 which 

may lead to better stability of the devices over time. This leads us to conclude that the overall 

thermal stability of NS-1 and NS-2 are better than the benchmark Spiro-OMeTAD. Thus, both 

NS-1 and NS-2 are also expected to be applicable as effective HTMs for PSCs.

Table 1. Optical, electrochemical, and thermal properties of NS-1 and NS-2.

λ
max  

(nm)
Sol

HTMs

Exp a Theoretical b
(CAM-
B3LYP)

λ
max 

(nm) c

Solid 
state

λ
onset 

(nm)d

Sol

Eg
 
opt 

(eV)e
EHOMO
(eV)f

ELUMO 
(eV)g

Td
5% 

(℃)h
Tg

(℃)i

NS-1 425 414 433 493 2.50 -4.95 -2.45 430 215

NS-2 426 413 436 494 2.50 -5.09 -2.59 409 146

a Measured in CHCl3 solution at a concentration of 10-5 M. bTheoretical values for the NS-1 and NS-2 molecules. 
CMeasured as a thin film. dMeasured from the onset of UV-vis spectra in solution. eCalculate by the equation of 
Eg

Opt = 1240/λonset (eV). fcalculated from the onset oxidation potentials by the equation of EHOMO = -[Eoxi -E(Fc/Fc+) 
+ 4.8] (eV); E(Fc/Fc+) =0.48,.gCalculated by the equation of ELUMO = EHOMO + Eg 

opt. hCalculated from TGA. 
jCalculated from DSC (with a scan rate of 10 °C/min; N2 atmosphere).

2.4 Computational Studies:

To further corroborate experimental findings and obtain deeper insights into molecular 

structures, absorption properties and charge distribution of NS-1 and NS-2, computational 

studies were performed using density functional theory (DFT) by employing the CAM-B3LYP 

and ωB97X-D hybrid density functionals. The optimized molecular geometries of NS-1 and 

NS-2 are presented in Fig 3 and 4. Of particular interest are the dihedral angles C1-C2-C3-S4 

and C1ꞌ-C2ꞌ-C3ꞌ-S4ꞌ, shown in Fig 3a and Fig 4a, which reflect the degree of planarity between 

the donor and acceptor units, and directly influences the conjugation length and, in turn, the 
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optoelectronic properties of the molecules. For NS-1, the dihedral angles are 19° and 16°, 

respectively. Similarly, for NS-2, the corresponding values are 19° and 17°. The deviation from 

perfect planarity arises from steric repulsions between the hydrogen atoms of the thiophene 

and benzene units, adjacent to C2 and C3 atoms (or C2ꞌ and C3ꞌ atoms). Notably, the dihedral 

angles in NS-1 and NS-2 are nearly equal, despite the presence of a longer ethylene glycol side 

chain in NS-2, which can be rationalized in terms of orientation of this group, projecting away 

from the central TBT core.

Turning to the absorption properties of NS-1 and NS-2, as can be noted from Table 1 and Fig 

S5 of the ESI, the λmax values of 413-414 nm obtained using the CAM-B3LYP functional are 

in excellent agreement with corresponding experimental values (within 11–13 nm), while those 

obtained with the ωB97X-D functional have relatively larger deviation. Moreover, the 

computed electrostatic surface potential (ESP) maps, shown in Fig 3c and 4c, provide a visual 

representation of the charge distribution across the molecule, with red regions corresponding 

to the negative electrostatic potential (electron-rich sites) and blue regions corresponding to the 

positive electrostatic potential (electron-deficient sites). This distribution substantiates the 

donor-acceptor nature of these molecules.
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Fig 3. (a) Top view of the optimized geometry of NS-1 as obtained in CAM-B3LYP/cc-PVTZ level of theory and 
dihedral angle (degree) between oxy-benzene and thiophene units are shown, (b) Side view of the optimized 
geometry of NS-1 as obtained in CAM-B3LYP/cc-PVTZ level of theory, (c) electrostatic surface potential (ESP) 
maps for NS-1: red and blue colors represent electron-rich and electron-poor regions, respectively.

Fig 4. (a) Top view of the optimized geometry of NS-2 as obtained in CAM-B3LYP/cc-PVTZ level of theory and 
dihedral angle (degree) between oxy-benzene and thiophene units are shown, (b) Side view of the optimized 
geometry of NS-2 as obtained in CAM-B3LYP/cc-PVTZ level of theory, (c) electrostatic surface potential (ESP) 
maps for NS-2: red and blue colors represent electron-rich and electron-poor regions, respectively.

2.5 Charge Transport Properties:

After preliminary characterization of NS-1 and NS-2, their performance as hole 

transporting materials was evaluated in the presence of the perovskite layer, with Spiro-

OMeTAD included as a reference. The investigation began with the assessment of charge-

carrier mobility. To examine the intrinsic charge transport capabilities of NS-1 and NS-2, the 

space-charge-limited current (SCLC) method was employed. Hole-only devices were 

fabricated using the architecture ITO/PEDOT: PSS/NS-1 or NS-2/Ag. The complete 

fabrication methodology is provided in section 6 of the ESI. The SCLC measurements were 

analysed by fitting the modified Mott-Gurney equation (Equation 1)39,40 to the measured J-V 
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curve, as shown in Fig 5. The corresponding device architectures are depicted in the insets of  

Fig 5.                                                                                                

𝐽 = 9  
8

µɛ𝑟ɛ𝑜
𝑉2

𝑑3
𝑒𝑥𝑝 0.891𝛾 𝑉

𝑑              (1)

Where μ is the charge carrier mobility, ε0 is the vacuum permittivity, J is the current density 

(area ~ 6.6 mm2), εr is the relative permittivity of the material (~3.4), and d is the thickness of 

NS-1 or NS-2 (100 nm), γ symbolizes empirical fitting parameter that characterizes the extent 

of electric field dependence of charge carrier mobility and V is the applied voltage.

Fig 5. The semi-logarithmic J-V characteristics were analysed using the modified Mott-Gurney SCLC equation 
to determine the hole mobilities of the NS-1 and NS-2 compounds.

The hole mobility extracted values for NS-1 and NS-2 was found to be 1.31 × 10-3 cm2/V·s and 

1.51 × 10-3 cm2/V·s, respectively (Table S11 presents the average values obtained from five 

devices). These values are comparable in magnitude to hole mobility of Spiro-OMeTAD, 

which range from 10-4-10-3 cm2/V·s.41,42 This confirms both NS-1 and NS-2 are strongly p-

type, will favour hole transport in PSCs. 

2.6 Structural and Optical Characterization

Further, the conventional n-i-p device structure of the PSCs and the corresponding energy level 

alignment of the newly developed HTMs, NS-1 and NS-2, are shown in Fig 6(a) and (b), 

respectively.  The HOMO energy levels of NS-1 (-4.9 eV) and NS-2 (-5.1 eV) are comparable 

to that of Spiro-OMeTAD (-5.2 eV) , enabling effective hole extraction from the perovskite 

absorber layer (Cs0.05(FA0.79MA0.16)0.95Pb(I0.77Br0.23)3), which typically exhibits a valence band 

maximum around -5.6 eV 43,44.Additionally, the LUMO energy levels of the alternative 

materials are nearly matching to that of Spiro-OMeTAD values, effectively preventing 

undesired electron transfer at perovskite/NS-1 or NS-2 interface maintaining charge selectivity. 
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42,45 The HOMO level of Spiro-OMeTAD was adopted from literature reports determined by 

CV and UPS under comparable electrochemical conditions and is used here as a reference 

benchmark.41,46 Overall, both HTM materials of this work, demonstrate excellent energy level 

alignments in n-i-p architecture of PSCs, confirming their potential as viable replacements in 

PSCs. However, NS-1 was not further pursued for optimized device fabrication due to its 

inferior photovoltaic performance relative to NS-2, as detailed in ESI Section 13. In contrast, 

the combination of high hole mobility and excellent processability in chlorobenzene renders 

NS-2 a more suitable and reliable hole-transporting material for perovskite solar cells.

Fig 6. (a) Device architecture schematic of the PSC, (b) Energy level positioning of the perovskite layer with 
Spiro-OMeTAD and the two alternative HTM materials, (c) UV-Vis of perovskite absorbers fabricated with 
Spiro-OMeTAD and NS-2 as HTMs and (d) XRD patterns of bare perovskite, Spiro-OMeTAD, and NS-2 
deposited on perovskite films.
 
Furthermore, UV-Vis and XRD characterizations were conducted to verify that the presence 

of NS-2 does not adversely affect the buried perovskite layer. As shown in Fig. 6(c), NS-2 

exhibits an absorption profile comparable to that of Spiro-OMeTAD. This suggests that the 

NS-2 layer does not introduce additional parasitic absorption and therefore does not impede 

light transmission to the perovskite absorber, similar to the conventional Spiro-OMeTAD 

HTM. Since, the optical behaviour of NS-2 closely matches that of Spiro-OMeTAD, 

highlighting its potential as an effective HTM.47,48 Moreover, to investigate the structural 
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integrity of the perovskite/NS-2 interface layer, XRD analysis was also performed. Fig 6(d) 

depicts the XRD patterns of the bare perovskite, perovskite/Spiro-OMeTAD, and 

perovskite/NS-2 films in 2 theta range. The bare perovskite film exhibits FWHM of 0.188, 

while the perovskite/Spiro-OMeTAD sample shows an almost similar FWHM of 0.182.

Fig 7. (a) FE-SEM image of the perovskite/Spiro-OMeTAD and (b) FE-SEM image of the perovskite/NS-2. (c) 
Steady-state photoluminescence (PL) spectra and (d) time-resolved photoluminescence (TRPL) decay profiles of 
the perovskite films with Spiro-OMeTAD and NS-2 as HTMs.

In contrast, the perovskite/NS-2 film demonstrates the narrowest FWHM of 0.171. This result 

indicates that NS-2 forms a better interfacial contact with the perovskite layer (The raw data of 

these three films are depicted in Fig S7). The XRD patterns show no emergence of new 

diffraction peaks or noticeable peak shifts compared to the bare perovskite film, confirming 

that the intrinsic crystal structure of the perovskite remains unaltered. This indicates that NS-2 

does not penetrate into or disrupt the bulk perovskite layer. Instead, NS-2 passivates interfacial 

defects at the perovskite/HTM interface, in contrast to Spiro-OMeTAD.49,50 Additionally, the 

XRD patterns show a weak Pb2+ peak at ~12° in the perovskite/Spiro-OMeTAD sample, 

whereas this peak is reduced in the perovskite/NS-2 sample, indicating more effective 

passivation of undercoordinated Pb2+ sites. The suppression of the Pb2+ peak in NS-2 can be 
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attributed to the Lewis base character of the HTM, which facilitates coordination with 

undercoordinated  Pb2+ ions at the perovskite interface, leading to interface passivation and 

stability.50–53 Thus, both XRD and UV-Vis analyses confirm that NS-2, as an HTM, does not 

adversely affect the perovskite layer, and instead acts as an efficient interfacial passivation 

layer. Since the HTM is deposited after complete perovskite crystallization, its role is confined 

to interfacial modification rather than bulk structural alteration.54

2.7 Scanning electron microscopy:

To evaluate the surface morphology and uniformity of the perovskite/Spiro-OMeTAD and 

perovskite/NS-2 samples, Field Emission Scanning Electron Microscopy (FE-SEM) analysis 

was performed. Fig.s 7(a) and 7(b) show the perovskite/Spiro-OMeTAD and perovskite/NS-2 

films, respectively. The images reveal that the Spiro-OMeTAD layer is relatively thicker than 

the NS-2 layer, which may lead to increased charge accumulation in the Spiro-OMeTAD 

device.55,56 Similar images have been previously reported in the literature.55 Moreover, 

profilometer measurements (Fig. S12) corroborate the FE-SEM observations, indicating a 

thickness of ~180 nm for the Spiro-OMeTAD film and ~120 nm for NS-2. To investigate 

whether variations in HTM thickness between Spiro-OMeTAD and NS-2 affect device 

structure, cross-sectional images of PSCs were acquired. Fig. S8(a) and S8(b) show devices 

employing Spiro-OMeTAD and NS-2 as the HTMs, respectively. The images clearly reveal a 

difference in HTM thickness, with NS-2 forming a thinner layer than Spiro-OMeTAD. 

Importantly, the deposition of NS-2 does not influence perovskite growth and preserves the 

overall device integrity, consistent with the morphology observed in Spiro-OMeTAD-based 

devices. 26,57 These results indicate that NS-2 can effectively replace Spiro-OMeTAD as the 

HTM without compromising device structure.

2.8 Charge transfer dynamics:

Additionally, steady-state PL and time-resolved photoluminescence (TRPL) 

measurements were carried out to further study the interfacial charge extraction between 

perovskite and NS-2 as well as Spiro-OMeTAD. Fig 7(c) shows the PL spectra of the bare 

perovskite, Perovskite/Spiro-OMeTAD and Perovskite/NS-2 film. This comparison allows for 

evaluating the influence of Spiro-OMeTAD and NS-2 on the charge extraction efficiency from 

absorber. Compared to the bare perovskite film, both the Perovskite/Spiro-OMeTAD and 

Perovskite/NS-2 configurations exhibit significant PL quenching, indicating that the HTMs 

effectively extract photogenerated holes. Notably, the Perovskite/NS-2 device shows a 
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relatively higher quenching effect than the Spiro-OMeTAD device, which suggests that NS-2 

resulting in the efficient extraction of carriers before recombination occurs.55,58,59

To validate steady state PL observations, TRPL studies were further performed. The TRPL 

decay transients of Fig 7(d), analysed using double exponential decay model, as described by 

equation (2) and τ𝑎𝑣𝑔 denoting average carrier lifetime, was calculated as described in equation 

(3).60

                                                      𝐼(𝑡) = 𝐼𝑂 + 𝐴1𝑒𝑥𝑝
―𝑡
𝜏1 + 𝐴2𝑒𝑥𝑝

―𝑡
𝜏2                                 (2)

                                                  τ𝑎𝑣𝑔 = (𝐴1τ2
1 + 𝐴2τ2

2)/𝐴1τ1 + 𝐴2τ2)                         (3)

                                       

where, 𝜏1 and 𝜏2  corresponds to the fast and slower decay components, respectively, and t is 

the time variable. The amplitudes 𝐴1  and 𝐴2 correspond to the relative contributions of these 

decay processes. 

The perovskite/NS-2 exhibits a shorter τ𝑎𝑣𝑔 = 27.25 ns, suggesting a faster charge (hole) 

transfer process at perovskite/NS-2 interface. In contrast, the longer  τ𝑎𝑣𝑔 = 33.53 ns for 

perovskite/Spiro-OMeTAD, this indicates relatively slower hole extraction. The detailed 

carrier lifetime data is summarized in Table S12. Overall results validate that NS-2 enhances 

charge transfer at the perovskite/Spiro-OMeTAD interface, results validate that NS-2 not only 

facilitates enhanced charge mobility but also improves defect passivation at the interface.56,60,61

To further understand the passivation effect of NS-2 and its impact on charge carrier dynamics, 

space-charge limited current measurements were carried out, which determined the hole 

mobility and defect density by fabricating hole-only devices configured as 

ITO/PTAA/Perovskite/Spiro-OMeTAD/Au and ITO/PTAA/Perovskite/NS-2/Au, as 

illustrated in Fig S10. The experimental methodology is detailed in the ESI section 10. Fig S11 

depicts the J-V curves that were fitted to the modified Mott-Gurney equation (Equation 1) to 

extract hole mobility.32,62 Hole mobility of the device with NS-2 HTM was found to be 

2.88×10-3 cm2 V-1 s-1, indicate a significantly higher mobility compared to Spiro-OMeTAD 

(1.74×10-3 cm2 V-1 s-1 ).26,63 The slightly enhanced hole mobility observed for NS-2 device is 

primarily attributed to the presence of ether-based side chains. Importantly, the introduction of 

ether side chains does not alter the conjugated backbone but improves charge transport 

indirectly by  reducing energetic disorder, and improving interfacial hole extraction. The polar 

ether functionalities introduce Lewis-base character, which facilitates favourable interfacial 

interactions with the perovskite layer, leading to reduced trap density and lower interfacial 

resistance. In addition, the flexible ether side chains can promote more homogeneous molecular 
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organization, which is known to support efficient charge hopping in small-molecule and 

polymeric organic semiconductors. 64–67

The trap density determined using the J-V characteristics (log-log plot) presented in Fig 

8 (a), where Spiro-OMeTAD and NS-2 were employed as hole transporting material, based on 

the analysis using Equation (4).68

𝜂𝑡𝑟𝑎𝑝 =
2𝑉𝑇𝐹𝐿ɛ𝑟ɛ𝑜

𝑞𝑑2                                      (4)

Here, 𝜂𝑡𝑟𝑎𝑝  is the trap density, VTFL denotes trap filled limited voltage, d symbolizes thickness 

of the active region (~500 nm), q represents the fundamental charge, ηtrap is defect density,  ɛr 

(~ 44)69 denotes material relative dielectric constant and ɛo is permittivity of free space. 

The trap density for the NS-2-based was estimated to be 2.10 ×1016 cm-3, whereas Spiro-

OMeTAD, HTM device showed a slightly higher value 2.22×1016 cm-3. The reduced trap 

density in the perovskite/NS‑2 configuration suggests better interfacial contact and more 

effective defect passivation compared to the perovskite/Spiro‑OMeTAD interface. This 

enhanced passivation suppresses non‑radiative recombination pathways and promotes more 

efficient charge extraction and transport, which can reduce energy losses and support more 

stable device operation.70,71 Therefore, it can be concluded that NS-2 effectively mitigates the 

degradation of the device. 

2.9 Photovoltaic performance:

After completing the preliminary investigations for the suitability of NS-2 and Spiro-

OMeTAD,  electrical parameters such as open circuit voltage (VOC), fill factor (FF) and short 

circuit current (JSC) of the PSCs were acquired by J-V plot under AM 1.5G illumination (100 

mW/cm2, AM-1.5G). The devices were fabricated as described in ESI section 11. Initial tests 

were performed using undoped NS-1 and NS-2 as HTMs, as shown in Fig. S13, with average 

of 5 PSCs parameters summarized in Table S13. The corresponding devices exhibited low PCE 

of approximately ~2% for NS-1 and ~6% for NS-2. Due to this limited performance, both 

materials were subsequently doped using conditions similar to those employed for Spiro-

OMeTAD. Even after doping, NS-1-based devices delivered a modest PCE of 4.19%, which 

can be attributed to poor solubility in chlorobenzene and non-uniform film formation. In 

contrast, incorporation of doped NS-2 resulted in significantly improved efficiencies. The 

corresponding J-V characteristics are presented in Fig. S14, while photovoltaic parameters for 

five individual devices are summarized in Table S14. Based on these findings, further 

optimization was carried out using NS-2. Concentration-dependent studies in CB were 
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performed at 10, 20, 60, and 90 mg/mL, with the corresponding photovoltaic performances 

shown in Fig S15 and Table 15 summarizing performance of  best five devices at each 

concentration, with 20 mg/mL yielding the highest efficiency, since balanced concentration 

provides the best film quality.26 Additionally, spin-coating speed was then optimized, J-V 

characteristics of the devices are shown in Fig S16 and the photovoltaic performance metrics 

are summarized in Table S16, which implies that 3000 rpm was identified as optimal. Precise 

control of the spin-coating speed is crucial, as it directly influences film surface coverage, 

thickness and morphology, which in turn affect charge transport.72 Following these 

optimizations, devices prepared with NS-2 at 20 mg/mL and 3000 rpm were compared with 

reference devices employing Spiro-OMeTAD. The corresponding J-V characteristics are 

shown in Fig 8(b). The photovoltaic parameters calculated over 15 individual cells using Spiro-

OMeTAD and NS-2 as the HTM are summarized in Table 2.

Fig 8. Performance comparison of perovskite solar cells employing Spiro-OMeTAD and NS-2 as HTMs. (a) Trap 
density analysis derived from space-charge-limited current measurements and (b) current density-voltage 
characteristics of the corresponding devices measured under standard illumination conditions.

On average, the NS-2 based PSCs exhibit JSC of 22.51 ± 0.09 mA·cm-2, VOC of 1.08 ± 0.01 V, 

and an FF of 0.70 ± 0.01 , resulting in an average PCE of 17.16 ± 0.22 %. In comparison, the 

Spiro-OMeTAD-based devices deliver an average PCE of 17.31 ± 0.30%, with JSC  of 23.29 ± 

0.34 mA·cm-2 and VOC of 1.08 ± 0.01 V, while the fill factor remains comparable at 0.69 ± 0.01.  

The average performance data for the NS-2 based devices demonstrate excellent 

reproducibility, indicating reliable processing and stable material behaviour under identical 

fabrication conditions. Moreover, the narrower standard deviation in the NS-2 based results 

clearly shows that the devices maintain highly consistent performance metrics across multiple 

batches. The statistical distribution of the photovoltaic parameters is visualized in Fig 9, while 

the histogram (Fig S17) shows the tight clustering of values for device performance parameters. 
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This narrow distribution further confirms the stability of the NS-2 layer during processing and 

measurement, highlighting its ability to produce homogeneous films that enable stable 

interfacial contact between the perovskite absorber and top electrode. Moreover, both the 

average and champion power conversion efficiencies confirm that devices employing the 

newly designed NS-2 HTM exhibit performance comparable to those based on Spiro-

OMeTAD. The champion NS-2 device shows a marginally higher VOC (~0.9%) and fill factor 

(~1.4%) relative to Spiro-OMeTAD. The enhanced VOC is attributed to more efficient charge 

extraction, as evidenced by PL and TRPL analyses, while the improved FF arises from reduced 

trap density and suppressed non-radiative recombination, as confirmed by SCLC 

measurements.73 Collectively, these results demonstrate that NS-2 enables efficient charge 

transport and effective passivation at the perovskite/HTM interface. Importantly, this study 

demonstrates NS-2 as a low-cost, stable alternative HTM capable of delivering performance 

comparable to state-of-the-art Spiro-OMeTAD, highlighting the novelty and practical 

relevance of the proposed design.71,74

Table 2. Summarizes the average photovoltaic parameters for 15 best devices fabricated with 
each NS-2 and Spiro-OMeTAD; performance parameters for the champion device are shown 
in parentheses

To further validate these observations, hysteresis index (HI) for the devices with Spiro-

OMeTAD and NS-2 was calculated using well know Equation 5.75

𝐻𝑦𝑠𝑡𝑒𝑟𝑖𝑠𝑖𝑠 𝐼𝑛𝑑𝑒𝑥 =  𝑃𝐶𝐸𝑟𝑒𝑣𝑒𝑟𝑠𝑒―𝑃𝐶𝐸𝑓𝑜𝑟𝑤𝑎𝑟𝑑

𝑃𝐶𝐸𝑟𝑒𝑣𝑒𝑟𝑠𝑒
                                   (5)

equation 5 explains the extent of current-density curve distortion under forward and reverse 

scan directions. Fig 10(a) depicts the J-V plot for the Spiro-OMeTAD device , while Fig 10(b) 

presents the corresponding plot for the NS-2 PSC , both measured under forward and reverse 

bias sweeps. A pronounced difference in hysteresis behaviour was observed: the NS-2 device 

exhibited a much lower HI value of 0.17% compared to the Spiro-OMeTAD-based device 

(0.68%). The decrease hysteresis in NS-2 devices is mainly due to better interfacial contact, 

which effectively suppresses charge accumulation at the interface, leading to more stable 

HTMs JSC                                         

 (mA cm-2) 

VOC       

(V)

FF  
(%) 

PCE                       
(%) 

  Spiro-OMeTAD
23.29 ± 0.34 

(23.69)
1.08 ± 0.01

(1.08)
0.69 ± 0.01 

(0.70)
17.31 ± 0.30 

(17.69)

          NS-2
22.51 ± 0.09 

(22.63)
1.08 ± 0.01 

(1.09)
0.70 ± 0.01 

(0.71)
17.16 ± 0.22 

(17.50)

Page 17 of 32 Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
12

:4
6:

28
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5QM00763A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qm00763a


device operation. Table S17 provides the calculated values for both scanning directions, from 

which the HI was extracted, further validating our observation. Thus, the lower hysteresis 

indicates higher operational stability for NS-2 based devices, making them more promising for 

reliable and reproducible PSCs.76

Fig 9.  Statistical distribution of photovoltaic parameters for PSCs using Spiro-OMeTAD and NS-2 as HTMs (a) 
short circuit current density ((b) open circuit voltage (c) fill factor (FF) and (d) power conversion efficiency.

Additionally, to determine the effect of various device resistances in n-i-p architecture of the 

PSCs, dark J-V analysis was performed, as shown in Fig 10(c), for both NS-2 and Spiro-

OMeTAD-based devices. It is observed that the NS-2-based device demonstrates a relatively 

lower leakage current and series resistance (Rs), along with a higher shunt resistance (Rsh) 

compared to the Spiro-OMeTAD-based device. Specifically, from Table S18, the average Rs 

and Rsh of 15 devices for the NS-2 devices are 62.07 Ω and 11,850.54 Ω, respectively. In 

contrast, the Spiro-OMeTAD-based devices exhibit a slightly higher average Rs of 66.17 Ω and 

a lower average Rsh of 10,708.55 Ω. These results indicate that NS-2 facilitates reduced 

resistive losses and better charge extraction pathways, which suppress recombination and 

leakage currents. The higher shunt resistance further reflects better interfacial contact between 
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the perovskite layer and the HTM. Together, these factors mitigate interfacial degradation and 

can contribute to enhanced operational stability of the NS-2-based devices.77,78

Fig 10. J-V hysteresis behaviour of devices based on (a) Spiro-OMeTAD and (b) NS-2 HTMs measured under 
standard illumination conditions. (c) Dark current density-voltage characteristics and (d) Nyquist plots obtained 
from electrochemical impedance spectroscopy (EIS) measurement for both the device.

To further describe the impact of NS-2 on the interfacial electrical characteristics, EIS was 

performed. The Nyquist plots presented in Fig 10(d) were interpreted using the equivalent 

circuit model illustrated in the inset. The circuit parameters Rs,   recombination resistance (Rrec) 

and charge transfer resistance (Rct) were extracted by fitting the impedance data, with the 

values summarised in Table S19. The NS-2-based PSCs demonstrated a series resistance lower 

of 123.5 Ω·cm2 and Rct of 65.86 Ω·cm2, in comparison with the Spiro-OMeTAD device, which 

exhibited an Rs of 150.7 Ω·cm2 and Rct of 5429 Ω·cm2. This indicates that the NS-2-based 

PSCs, suggesting improved charge transport, more efficient charge extraction, and better 

contact at the interfaces, as compared to the Spiro-OMeTAD-based device.  Moreover, the Rrec 

was significantly higher for the NS-2 device (21050 Ω·cm2) than for the Spiro-OMeTAD 

device (18775 Ω·cm2), which reduces carrier loss as a form of heat. The observations confirm 

that NS-2 leads to improved charge transport dynamics and interface stability, as supported by 

dark J-V measurements.45
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To further assess the reliability of the photovoltaic parameters, external quantum efficiency 

(EQE) measurements were performed, and the corresponding spectra are shown in Fig. 11(a). 

The NS-2 based devices exhibit a slightly lower EQE (~80%) compared to Spiro-OMeTAD 

based devices (~83%) at 600 nm, consistent with the marginally lower JSC observed in J-V 

measurements. The integrated current density derived from the EQE spectrum is 22.42 mA/cm2 

for the NS-2 device and  22.51 mA/cm2 for the Spiro-OMeTAD device,  which   closely match 

the current density values obtained from the J-V characterization, confirming the accuracy and 

reliability of the measured photovoltaic performance.37,79,80 

Fig 11. Perovskite solar cells employing NS-2 and Spiro-OMeTAD as HTMs (a) EQE spectra and (b) Maximum 
power point (MPP) tracking of the corresponding devices and (c) operational stability of both devices measured 
over time. 

2.10 Stability

To further verify operational stability under continuous working conditions, maximum power 

point (MPP) tracking was conducted, as shown in Fig. 11(b). The NS-2 based devices maintain 

a nearly constant power conversion efficiency of ~17% during MPP tracking, indicating stable 

power output over time. In contrast, devices employing Spiro-OMeTAD exhibit a gradual 

decline in efficiency under identical conditions. Notably, a crossover in the MPP tracking 

curves is observed at early operation times, where Spiro-OMeTAD-based devices display a 
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slightly higher initial PCE, followed by a more pronounced performance decay. In comparison, 

NS-2 based devices exhibit minimal transient behaviour and superior performance retention, 

thereby demonstrating improved operational stability under realistic working conditions.55,81

Moreover, to validate observations that NS-2 can outperform Spiro-OMeTAD in terms of 

device stability, stability tests were also conducted for both HTMs, and the comparative 

performance of NS-2 and Spiro-OMeTAD of champion device is shown in Fig 11(c). The NS-

2 based devices retained approximately 84% of initial PCE after 1200 hours aging under 

ambient conditions (26 °C, relative humidity of 35 ± 5%) without encapsulation, whereas 

Spiro-OMeTAD-based devices retained only about ~73%. A minor fluctuation in normalized 

PCE is observed for the NS-2-based device between 400 and 600 hours. This variation lies 

within experimental scatter, and is attributed to gradual interfacial stabilization during aging 

rather than to a true performance enhancement, consistent with previously reported behaviour 

in perovskite solar cells.80,82–84 The stability measurements we performed periodically. This 

significant increase in device stability indicates that NS-2 based device shows superior 

operational stability over Spiro-OMeTAD. Furthermore, contact angle measurements using 

water were conducted to evaluate the moisture resistance of the HTMs and to gain deeper 

insight into the enhanced stability of NS-2-based PSCs. Measurements were taken at three 

different positions on each sample to account for local variations and ensure statistical 

reliability. The corresponding data are presented in Fig. S19 for Spiro-OMeTAD and Fig. S20 

for NS-2. Table S20 summarizes the contact angles of perovskite films with the two HTMs, 

showing average values ~ 91o and ~ 73o for NS-2 and Spiro-OMeTAD, respectively. The 

champion NS-2 sample exhibited a contact angle of 95.2o, compared to 74.5o for Spiro-

OMeTAD. It should be noted that water contact angle measurements probe the exposed HTM 

surface of the perovskite/HTM stack and therefore reflect changes in overall surface energy 

and moisture resistance rather than direct measurement of buried interfacial coordination. The 

results confirm that NS-2 enhances resistance to moisture ingress and improve long-term 

device stability. Overall, these results indicate that the newly designed NS-2 HTM effectively 

addresses the stability limitations of conventional Spiro-OMeTAD-based devices while 

maintaining competitive photovoltaic performance.

3. Conclusions
In summary, we have designed and synthesized two novel hole-transporting materials (HTMs), 

NS-1 and NS-2, based on a thiophene-benzene-thiophene (TBT) central core and triarylamine 
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peripheral groups. The key difference between the two lies in their side chains: NS-1 contains 

methoxy (-OCH3) substituents, while NS-2 incorporates polar ethylene glycol side chains. 

These newly developed HTMs are more cost-effective than the widely used spiro-OMeTAD 

and exhibit favourable optical and electrochemical properties, including suitable HOMO-

LUMO energy levels, high conductivity and efficient hole mobility. Compared to NS-1, NS-2 

shows a relatively deeper HOMO energy level and forms smoother, more uniform films. As a 

result of its better energy level alignment and enhanced charge transport properties, the 

perovskite solar cell fabricated with NS-2 achieved a maximum PCE  of 17.50%, significantly 

higher than that of the NS-1-based device (4.96%) and approaching the performance of the 

reference device with spiro-OMeTAD (17.69%). Furthermore, the NS-2 based device 

demonstrated excellent operational stability, maintaining approximately 84% of its initial 

efficiency after over 1200 hours. These findings confirm that NS-2 delivers photovoltaic 

performance nearly equivalent to Spiro-OMeTAD while offering superior stability and 

substantially lower material cost, thereby addressing two of the major critical challenges 

associated with conventional HTMs and advancing the prospects for scalable, cost-effective 

perovskite solar cell technology.
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