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Triphenylamine (TPA)-Functionalized Structural Isomeric
Polythiophenes as Dopant Free Hole-Transporting Materials

for Tin Perovskite Solar Cells

Rajendiran Balasaravanan, Chun-Hsiao Kuan, Shih-Min Hsu, En-Chi Chang,
Yu-Cheng Chen, Yi-Tai Tsai, Meng-Li Jhou, Shueh-Lin Yau, Cheng-Liang Liu,

Ming-Chou Chen,* and Eric Wei-Guang Diau*

A new series of triphenylamine (TPA)-functionalized isomeric polythiophenes
are developed as hole transporting materials (HTM) for inverted tin-based
perovskite solar cells (TPSCs). Bithiophene (BT) is first functionalized with
two TPA (electron donor; D) at 3 and 5 positions to give two structural
isomeric compounds (3BT2D and 5BT2D). The functionalized BT2Ds are then
coupled with 3,3’-bis(tetradecylthio)-2,2’-bithiophene
(SBT-14)/3,3’-ditetradecyl-2,2’-bithiophene (BT-14) to produce structural
isomeric polythiophenes (1-4), which are compared to conventional
poly[N,N"-bis(4-butylphenyl)-N,N"-bis(phenyl)-benzidine] (poly-TPD) as
HTMs for TPSCs. With the appropriate alignment of energy levels with regard
to the perovskite layer, the TPA-functionalized polymers-based TPSCs exhibit
enhanced operational stability and efficiency. Moreover, the long thiotetradecyl
chain in SBT-14 with intramolecular S(alkyl)e ¢ ¢S(thio) interactions restricts
the molecular rotation and has a strong impact on the molecular solubility
and wettability of the film during device fabrication. Among all the polymers
studied, TPSCs fabricated with 3-SBT-BT2D polymer exhibit the highest hole
mobility as well as the slowest charge recombination and achieve the highest
power conversion efficiency of 8.6%, with great long-term stability for the
performance retaining ~90% of its initial values for shelf storage over 4000 h,
which is the best efficiency for non-PEDOT:PSS-based TPSCs ever reported.

1. Introduction

The development of organic-inorganic
halide perovskites in optoelectronics has
attracted much research interest in re-
cent years due to their broad spec-
tra of light absorption with suitable
bandgaps, large carrier mobility, and
long carrier diffusion lengths.'*l Tin
in the B-site played a promising role
in the development of high-efficiency
solar cells because Sn perovskite has
similar optical and electronic proper-
ties and crystal structure compared to
Pb perovskite.l>1% However, the current
problem is the moisture and oxygen sta-
bility of tin, which limits the develop-
ment of Sn-based perovskite solar cells
(TPSCs) due to the air sensitivity of
the tin perovskites. Oxidation of Sn** to
Sn** easily occurs, leading to the for-
mation of uncontrollable p-type doping
and a high density of trap states dur-
ing device fabrication.''"8! With regard
to overcoming these problems and im-
proving the power conversion efficiency
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Figure 1. Recent reports of the most efficient dopant-free a) small molecular and b) polymeric HTMs for Pb- and Sn-based PSCs.

(PCE) in TPSCs, p-type semiconductor materials known as hole
transport materials (HTMs) have been shown to play an intrigu-
ing role in efficient charge separation and transport, and also en-
courage perovskite film crystallization, which could significantly
improve their PCEs.['?l However, in some cases, dopants have
been used to improve the charge transport properties. The dop-
ing approaches cause some problems, such as device degradation
and morphological defects, which make them unsuitable for scal-
able production.[?*2!] In addition, most high-performance TP-
SCs were fabricated using poly(3,4-ethylenedioxythiophene):poly
(styrene sulfonate) (PEDOT:PSS) as an HTM. However, the hy-
groscopic HTM is sensitive to moisture so that the PEDOT:PSS-
based TPSC would suffer from the stability problem. To solve
these problems, the development of alternative low-cost dopant-
free HTMs with excellent hole transport properties is urgently
needed.(??]

To design highly efficient HTM, fused heteroaromatics!?*! with
n-conjugated systems, such as, thiophene,l?* bithiophene,?’]
carbazole,!? anthracene,!?’] pyrene,!?®! pyrazine,[*! and thieno-
pyrazinel*] have been explored as central cores and were func-
tionalized with TPAs. The latter is commonly used as a core
or end-capping group for efficient charge extraction and hole
transport, which leads to materials with high hole conductivity.
As a result, some TPA-functionalized small molecular HTMs
have been developed and achieved high PCE in Pb- or Sn-
PSC. As shown in Figure 1a, BTZI-TPAPY delivered a high ef-
ficiency of 24.06% when serving as an interface layer (18.44%
PCE as HTM) and CPDAL1 achieved efficiencies of 23.1%[*? as
HTM in Pb-PSC. Similarly, TPA-end capped TPE- and BDT-
based small molecular HTMs exhibited efficiencies of 7.23% and
7.59% in Sn-PSC.3*34 Polymeric HTMs have attracted much in-
terest in recent years due to their good processability in solu-
tion to produce continuous and uniform films and their high
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electron mobility with low LUMO energy level to enhance the
PCE and stability in PSCs.’>7] However, the development of
highly efficient polymeric HTMs has been quite slow, and the
PCEs obtained are much lower than those of small molecular
HTMs. For example, the most efficient dopant-free quinoxaline-
based polymeric PBQ6[*#! and PDPPTBT!**! achieved the high-
est efficiency of 22.6% (n-i-p) and 18.17% (p—i—n) PCE in Pb-
based PSCs, respectively, as shown in Figure 1b. At present,
new polymeric HTMs have rarely been explored for TPSC,
only conventional polymers such as poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) or poly[N,N"-bis(4-butylphenyl)-
N,N"-bis(phenyl)-benzidine] (poly-TPD) have been examined for
Sn-PSCs.

For example, PTAA-based TPSC recently achieved a PCE
of 8.3%, which is the first example of a non-PEDOT:PSS-
based TPSC.1*0] More recently, a new dopant-free pyrrolopyrrole-
conjugated thioalkylated BT-based polymeric HTM (PPr-SBT; as
shown in Figure 1b) was developed and a PCE of 7.6% was
achieved with an excellent long-term stability over 6000 h in
TPSC.*!l In general, the hydrophobic nature of these polymers
made it difficult to deposit the tin perovskite layer and the long-
term stability also suffered, and thus the goal of developing highly
efficient polymeric HTM with excellent long-term stability for
TPSC still seems distant.

Recently, our team has developed a TPA-functionalized BT-
based small molecular HTM which exhibited a high 19.34%
PCE with exceptional stability (98% in 1186 h) in Pb-PSC.[**]
Further studies on the TPA-functionalized position of the BT
core achieved a higher PCE of up to 21.73% along with long
stability in Pb-PSCI*?] (structures of both HTMs are shown in
Figure 2). With the successful development of the first highly ef-
ficient polymeric HTM for TPSC by utilizing the SBT unit,*!]
and the above two TPA-functionalized BT-based small molecular
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Figure 2. Strategy and Molecular structures of dopant-free polymeric HTMs for p—i—n TPSCs.

HTMs with long-term stability in Pb-PSC, we envisioned the
first TPA-functionalized thioalkylated BT-based polymeric HTM
that might accomplish high efficiency with good long-term sta-
bility for TPSC. Note, no TPA-functionalized polymers have
ever been explored for PSC. Further, we realized the func-
tionalized TPAs in various structural positions in the poly-
mer backbone should strongly affect the molecular confor-
mation, solubility, wettability of the film, and well-matched
HOMO level, and thus both the TPA-functionalized structural
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isomeric BT units, 3,3’-diTPA-BT and 5,5'-diTPA-BT (struc-
tures are shown in Figure 2), were explored. To ensure a more
planar structure to avoid disruption of z-conjugation and al-
low tight intermolecular z—z-stacking, which is essential for
good charge transport properties of the materials,[*>*4 the more
planar, intramolecular S(alkyl)---S(thiophene) locks possessing
SBT unitl®% was utilized as the conjugated unit. Thus, iso-
meric structural TPA-functionalized BT units were conjugated
with the 3,3’-bis(tetradecylthio)—2,2'-bithiophene (SBT-14) unit
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Figure 3. a) Synthetic Route of target polymers. b) Normalized UV-vis absorption spectra of all the polymers in dichlorobenzene solution. c) Normalized
differential pulse voltammograms (DPV) of 3-SBT-BT2D (red; 1), 3-BT-BT2D (blue; 2), 5-SBT-BT2D (brown; 3), 5-BT-BT2D (green; 4) and Poly-TPD (black;
5) recorded in 0-CgH,C), with (bottom part) /without (upper part) addition of ferrocene (as internal standard; calibrated at +-0.64 V). The DPV of each

polymer is adjusted for clarity.

to give two polymeric HTMs, 3-SBT-BT2D, and 5-SBT-BT2D,
for dopant-free TPSC study. For comparison, an alkylated 3,3'-
ditetradecyl-2,2'-bithiophene (BT-14) unit is also employed to
prepare polymeric 3-BT-BT2D and 5-BT-BT2D (Figure 2). Fur-
thermore, the conventional poly-TPD is also investigated as
HTMs for TPSCs for comparison. As foreseen, the thioalkylated
TPA-functionalized 3-SBT-BT2D-based device achieves a PCE of
8.6% with long-term stability of over 4000 h, which is the best
result ever reported for a non-PEDOT:PSS TPSC.

2. Results and Discussion

The synthetic pathway for four TPA-functionalized polymers is
shown in Figure 3a. 3,3',5,5'-tetrabrominated bithiophene (5)
and 3,3’-dibromintaed bithiophene (7) were prepared accord-
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ing to known protocols.>! First, compound 5 was success-

fully selectively Suzuki-coupled with triphenylamine boronic acid
to give 5,5'-di-TPA-substituted 3,3’-dibrominated bithiophene
(6), which was then Stille-coupled with bis(trimethylstannyl)-
SBT(14) or bis(trimethylstannyl)-BT(14)/*!) to afford the target
polymers 3-SBT-BT2D (1) and 3-BT-BT2D (2), respectively. Sim-
ilarly, 3,3’-dibrominated bithiophene (6) was first Stille-coupled
with stannylated TPA units to give 3,3’-di-TPA-functionalized
bithiophene (7). However, the attempt to brominate the lat-
ter to prepare the corresponding dibrominated di-TPA bithio-
phene was not very successful, and a mixture of some unde-
sired impurities coexisted. Bithiophene (7) was thus deproto-
nated and then stannylated with trimethyltin chloride to give
3,3’-di-TPA-functionalized distannylated bithiophene (9). Finally,
Stille-coupling of compound 9 with di-brominated SBT-14 or
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Table 1. Thermal, optical, and electrochemical properties of all the polymers.

Polymers T4 [°CP? T, [°C? Agbs (soln)9[nm] Aonset (soln)®[nm] Eox [VI? HOMO [eV]®) LUMO [eV]? AE, [ev]?
3-SBT-BT2D (1) 367.2 108.3 387,451 503 0.82 -5.26 -2.80 2.46
3-BT-BT2D (2) 376.0 106.8 369 500 0.86 -5.30 -2.82 2.48
5-SBT-BT2D (3) 324.6 107.1 300, 466 554 0.86 -5.30 -3.07 2.23
5-BT-BT2D (4) 413.0 107.5 357, (442 505 0.87 -5.31 -2.86 2.45
Poly-TPD (5) n.d.e) n.d.e) 371 422 0.91 -5.35 -2.41 2.94

3 By TGA; ) Melting point from DSC; c)Absorption spectra were measured in 0-CgH,Cl,; 9 Onset absorption; ? By DPV in 0-C¢H,Cl,, E,, = Oxidative potential; Eyopo =

-(4.44+0.64+E,,); E yno estimated from Eyopo +Eq; 0 energy bandgap was calculated by 1240/4

BT-14[%] afforded the corresponding polymers 5-SBT-BT2D (3)
and 5-BT-BT2D (4), respectively. Details of the synthesis of the
new compounds can be found in the Supporting Information.
All final compounds were thoroughly characterized by '"H NMR
and C NMR spectroscopies (Figures S1-S11, Supporting Infor-
mation), and gel permeation chromatography (GPC) analysis (as
shown in Figures S12-S15, Supporting Information). The four
polymeric HTMs are soluble in common organic solvents, mak-
ing them accessible for device fabrication by the solution process.

The weight-average molecular weights (Mw) of all four poly-
mers were determined by GPC and exhibited the Mw range from
12.4 to 20 kDa with a dispersity index range of 1.74-2.84. For
the polymers 3-SBT-BT2D, 3-BT-BT2D, 5-SBT-BT2D, and 5-BT-
BT2D, the respective degrees of polymerization (DPs) are 10,
15.7, 9, and 10, respectively. The DPs are relatively low. The pri-
mary reason for the low DP in all these polymers can be attributed
to the presence of two bulky TPA moieties within the bithiophene
unit. These moieties act as steric hindrances, limiting the poten-
tial for higher degrees of polymerization. Nevertheless, the long
thio- or nonthio-alkyl chains contribute to a strong hydrophobic
effect around the backbone and show a strong influence on the
chemical and physical properties of the polymers as well as the
deposited tin perovskite thin-film morphology (vide infra).

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed to investigate the thermal
properties of the polymers, and the corresponding data are sum-
marized in Table 1. As shown in Figure S16 (Supporting Infor-
mation), all polymers exhibit high decomposition temperatures
(T, at 5% weight loss) at about or above 320 °C in TGA, and the
phase transition temperatures of these polymers were observed
nearly at 107-108 °C by DSC measurement. Both results indicate
that the new polymers are sufficiently thermally stable and pos-
sess low crystallinity with high thermal stability in the solid film
state.

To find out the optical behavior of these polymers, the absorp-
tion spectra of all polymers were recorded in o-dichlorobenzene
(as shown in Figure 3b), and the corresponding data are orga-
nized in Table 1. The absorption maxima of the polymers 3-SBT-
BT2D, 3-BT-BT2D, 5-SBT-BT2D, and 5-BT-BT2D are located at
387, 369, 466, and 357 nm, respectively. The absorption profile
is determined by the substitution position of TPAs and is also
thio- or nonthio-alkyl chain dependent. For thioalkylated poly-
mers (1 and 3), a red-shifted absorption was observed in com-
parison to their alkylated analogs (2 and 4), indicating enhanced
z-conjugation within the SBT core with core planarization via
intramolecular locking (vide infra).>!) Note that all newly devel-
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onset? ® Not determined.

oped polymers exhibit more red-shifted absorption onset than the
conventional poly-TPD, which is attributed to the expansion of
m-conjugation in the central scaffold, and this would benefit in-
tramolecular charge transfer.

The HOMO energy levels of the five polymeric HTMs are de-
termined by differential pulse voltammogram (DPV) measure-
ments. As shown in Figure 3¢, the oxidation potentials of all
five polymers were recorded in o-dichlorobenzene solution with
Bu,NPF, as the supporting electrolyte and were calibrated us-
ing ferrocene as an internal standard, which was set at +0.64 V.
The oxidation peaks of polymers 1-5 were calibrated and they ex-
hibited at +0.82, +0.86, +0.86, +0.87, and +0.91 V, respectively
(Table 1). The HOMO energy level of each polymer versus NHE
is estimated by adding 4.44 eV to the oxidation potential.[?! The
values of the HOMO levels of 1-5 obtained from the oxidation
potentials are thus —5.26, —5.30, —5.30, —5.31, and —5.35 eV, re-
spectively. Note, all the new TPA-functionalized polythiophenes
possess higher HOMO energies than poly-TPD. As expected, the
HOMO of thioalkylated 3-SBT-BT2D (1) is higher than that of
non-thioalkylated 3-BT-BT2D (2),53 which can be attributed to a
stronger planarization of the SBT unit than its BT analog. Simi-
larly, the polymer 5-SBT-BT2D (3) shows a higher HOMO value
compared to its BT-based analog (4). Since the first oxidation
occurs in the TPA unit, the position of TPA functionalization
also shows a strong influence on the HOMO energies of four
polymers. With TPA functionalized at the 5,5 position of bithio-
phene, the end-capped TPA moieties in 1 feature a better conju-
gation to the bithiophene backbone than TPA substituted at the
3,3’ position. Thus, 3-SBT-BT2D (1) exhibits the highest HOMO
value among the newly developed polymers. The LUMO value
of polymers 1-5 was estimated by adding the HOMO and the
bandgap values derived from the onsets of the absorption spectra
and giving —2.80 —2.82, —3.07, —2.86, and —2.41 eV, respectively.
All new polymers exhibit HOMOs and LUMOs that are in a suit-
able energy range and are able to efficiently extract holes from
the perovskite film while blocking the reverse electron flow from
the perovskite to the ITO back contact electrode.

To study the structural and electronic properties of the poly-
mers, density functional theory (DFT) calculations were per-
formed using Gaussian09 software with the basis set B3LYP/6-
31G(d,p) (Figures S17 and S18, Supporting Information). The
DFT results show that all polymers (represented by dimers only)
exhibit a nearly coplanar preferred conformation. As shown in
Figure S17a,b (Supporting Information), the HOMOs of SBT-
based polymers exhibit uniform electronic distributions and are
well delocalized along the entire molecular backbone of the
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Figure 4. a—e) Contact angles of perovskite precursor Snl,, f—j) top-view SEM images of perovskite films, AFM images of perovskite films and Side-view
SEM images of perovskite films on varied polymeric HTMs for a,fk,p) 3-SBT-BT2D b,g,|,q) 5-SBT-BT2D, c,h,m,r) 3-BT-BT2D, d,i,n,s) 5-BT-BT2D, and

e,j,0,t) poly-TPD, respectively.

polymers. Note, the dihedral angles of TPAs in the 5,5 posi-
tion of bithiophene are smaller than those TPAs in 3,3’ position
due to more steric congestion of the latter. As a result, the calcu-
lated HOMO (—4.43 eV) of 3-SBT-BT2D is higher than that of 5-
SBT-BT2D (—4.76 eV). This trend is consistent with the electro-
chemically derived DPV values of these two polymers (—5.26 vs
—5.30 eV; vide infra). The higher planarity of the backbones in
the polymer 3-SBT-BT2D could promote the formation of both
intramolecular charge delocalization and z-z-stacking interac-
tions between the polymer backbones in the solid state. Further-
more, SBT-based polymers possess higher HOMOs (—4.43 and
—4.76 eV) than their BT-based analogs (—4.99 and —5.03 eV), as
expected, which can be attributed to the intramolecular S-S in-
teractions that promote planarization of the polymers. The elec-
tronic distributions of the LUMOs of the polymers are mainly
localized at the SBT-substituted central bithiophene units, with
some of the delocalized molecular orbitals extending to the
phenyl ring. The partial overlap of the molecular orbitals could
favor hole extraction and transportation. The DFT results also
show that the polymer 3-SBT-BT2D could increase the HOMO
energy levels and reduce the LUMO energy levels, which is in
good agreement with the electrochemical results. The electro-
static potential surfaces (ESP) of the polymers were calculated
(Figure S17c¢,d, Supporting Information) showing the electron-
rich property of the polymers. Note, the sulfur atom in the SBT
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unit of polymers can also act as a Lewis base to passivate per-
ovskite surface defects and enhance the stability of TPSCs.[>]
The wettability and crystal morphology of the tin perovskites
deposited on these polymeric HTMs are shown in Figure 4. We
first made the HTM films on ITO substrate via spin-coating, then
the hydrophobic surfaces of HTMs were modified by the anilin-
ium iodide (ANI)[*!] species to make the film surfaces becoming
hydrophilic to some extent. Figures 4a—e show the contact angles
of Snl, precursor solution on thin films of 3-SBT-BT2D (16.5°),
5-SBT-BT2D (34.0°), 3-BT-BT2D (17.7°), 5-BT-BT2D (38.4°) and
poly-TPD (20.7°), respectively. After the polymeric HTM films
were treated with ANI, the hydrophobicity was significantly im-
proved, which is helpful for deposition of FAI in the second step
to make a tin perovskite FASnl,; showing good film morphol-
ogy. Our results indicate that the solution processability of the
polymers would strongly affect the device performance (to be dis-
cussed later), and only the polymers with suitable solution pro-
cessability exhibit good device performance. Both polymers 3-
SBT-BT2D (or 3-BT-BT2D) and 5-SBT-BT2D (or 5-BT-BT2D) ex-
hibit strong intramolecular S(alkyl)---S(thiophene) interactions.
Although these polymers are quite similar, the structural posi-
tioning of SBT and TPA differs between them. As a result, the
polymer 3-SBT-BT2D has a more planar skeleton with enhanced
z-conjugation compared to the polymer 5-SBT-BT2D. This en-
hanced planarity and z-conjugation contribute to the polymer
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Figure 5. a) XRD, b) PL decay profiles via TCSPC, and c) SCLC of tin perovskites on varied polymeric HTMs as indicated; d) J-V curves, e) IPCE spectra,
and f) EIS Nyquist plots for the devices made of tin perovskites deposited on varied polymeric HTMs as indicated; g) energy-level diagram, h) shelf-
storage stability, and i) MPP tracking data under light-soaking condition for the devices made of varied polymeric HTMs as indicated. (the best PCE =

8.6%).

3-SBT-BT2D with the much smaller contact angle than that of
5-SBT-BT2D.

Scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM) techniques were used to analyse the morpholo-
gies of tin perovskite films fabricated on polymeric HTMs. The
AFM images of the polymeric HTMs without and with ANI are
shown in Figures $19 and S20 (Supporting Information), respec-
tively. Top-view SEM images of the perovskite films produced on
different HTMs are shown in Figures 4f—j. The perovskite films
produced on 3-SBT-BT2D exhibit larger and well-arranged crys-
tal grains than the others, which is consistent with the AFM im-
ages shown in Figures 4k—o. The AFM images were obtained
to investigate the surface roughness of the tin perovskites fabri-
cated on various polymeric HTMs. The results show that the tin
perovskite on 3-SBT-BT2D has significantly smaller roughness
than the others. Side-view SEM images of the perovskite films
produced on various HTMs are shown in Figures 4p—t. Tin per-
ovskite deposited on 3-SBT-BT2D shows greater film thickness
(222 nm) than all others, which is expected to give better light
harvesting ability than the others.
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The XRD patterns of tin perovskites made on different HTMs
are shown in Figure 5a, which displays the quality of crystallinity
with the order 3-SBT-BT2D > 3-BT-BT2D > 5-SBT-BT2D > 5-
BT-BT2D > poly-TPD. In addition, high-resolution GIWAXS
images show the good arrangement and crystallization in per-
ovskite at an incident angle of 0.1° in Figure S21 (Support-
ing Information) for all polymers. Therefore, it is expected that
the 3-SBT-BT2D-based device will exhibit better carrier transport
property with better device performance than the others. Time-
correlated single-photon-counting (TCSPC) measurements were
performed to analyze the hole-extraction ability of the tin per-
ovskite films deposited on varied HTMs. The corresponding
PL decay profiles (Figure 5b) were obtained with excitation on
the glass sides at 635 nm. Only the PL decay profiles of the
3-SBT-BT2D and 3-BT-BT2D films can be fitted with a single-
exponential decay function while the other PL transients were
fitted with a bi-exponential decay function; the fitted decay coef-
ficients are listed in Table S1 (Supporting Information). The tin
perovskite without HTM has an average lifetime of 23.0 ns, and it
decreased when HTMs were involved due to the hole-extraction
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effect from the VB of perovskite to the HOMO of HTM. The trend
of hole-extraction rates shows the order 3-SBT-BT2D (1.7 ns)™
> 3-BT-BT2D (2.2 ns)~! > 5-SBT-BT2D (6.0 ns)™! > poly-TPD
(11.3ns)~! > 5-BT-BT2D (14.9 ns)!, with the 3-SBT-BT2D HTM
exhibiting the fastest hole-extraction rate. In order to investigate
how charge carrier mobility affects photovoltaic performance, we
utilized the space-charge limited current (SCLC) method to mea-
sure the hole mobilities of the thin films made of these HTMs,
and the results are presented in Figure 5c. The structure for
the measurement of hole mobility by SCLC is ITO/polymeric
HTMs/FASnl; /Al The charge mobilities of these HTMs show
the order with 3-SBT-BT2D (0.014 cm2 V~!s7!) > 3.BT-BT2D
(0.013 cm2 V-1s7!) > 5-SBT-BT2D (0.009 cm2 V-!s7!) > 5-BT-
BT2D (0.009 cm2 V~'s71) > poly-TPD (0.006 cm2 V-!s7!), and
again 3-SBT-BT2D shows the best hole mobility among the vari-
ous HTMs.

Based on the two-step fabrication procedure, the
TPSCs can be fabricated with a device structure
ITO/HTM/FASnl,/C60/BCP/Ag. Figure 5d shows the J-V
scan curves for the devices made of polymeric HTMs showing
the efficiencies with the order 3-SBT-BT2D (8.6%) > 3-BT-BT2D
(6.8%) > 5-SBT-BI2D (6.0%) ~ poly-TPD (6.0%) > 5-BT-BI2D
(5.8%); the photovoltaic parameters are summarized in Table
S2 (Supporting Information). The device performance is con-
sistent with the morphology feature demonstrated in Figure 4,
whereby the 5-SBT-BI2D and 5-BI-BT2D devices exhibited
worse performance due to its inferior morphology shown in
Figures 4l,n (AFM) and Figures 4g,i (SEM). The 3-SBT-BT2D
device exhibited the best performance (PCE = 8.6%) due to
better film morphology and thickness (Figures 4fk,p), greater
crystallinity (Figure 5a), faster hole extraction (Figure 5b) and
better hole mobility (Figure 5c) than the others. The IPCE spectra
of the BT2D-based devices are presented in Figure 5e, and the
integrated [ values are consistent with those obtained from
the J-V curves shown in Figure 5d. The excellent performance
of 3-SBT-BT2D can be attributed to its high Ji. value, which is
reflected in the IPCE spectrum. The enhanced response in the
spectral range of 350-500 nm is consistent with the absorption
spectrum of 3-SBT-BT2D, as shown in Figure 3b.

Moreover, the charge recombination properties of the BT2D-
based TPSCs were analyzed using electrochemical impedance
spectroscopy (EIS) technique, and the results were compared
with that of the poly-TPD device. The EIS measurements were
conducted in the dark at a bias voltage of 0.5 V. As depicted in
Figure 5f, all the Nyquist plots of the devices showed only one
semicircle, which was fitted with an RC equivalent circuit model.
The fitted impedances indicate the extent of charge recombi-
nation, with 3-SBT-BT2D exhibiting the highest resistance, fol-
lowed by 5-SBT-BT2D, 5-BT-BT2D, 3-BT-BT2D, and Poly-TPD.
The charge recombination resistances show the same trend as
their respective V. values with the order 3-SBT-BT2D (0.566 V)
> 5-SBT-BT2D (0.502 V) > 5-BT-BI2D (0.491 V) > poly-TPD
(0.472 V) =~ 3-BT-BT2D (0.470 V). The superior performance of
the 3-SBT-BT2D device can be attributed to its largest charge re-
combination resistance, which accounts for its best V. value
compared to the other devices. Although the 3-BT-BT2D device
has the lowest V. value confirmed by the EIS results, it has the
second-best Jq value confirmed by the TCSPC data, making it
the second-best device among the others.
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To determine the valence band maximum (VBM) energy levels
for each HTM, the ultraviolet photoelectron spectroscopy (UPS)
measurements were carried out (Figure S22, Supporting Infor-
mation), while the conduction band minimum (CBM) energy
levels were determined using the bandgaps obtained from the
UV-vis spectra (Figure S23, Supporting Information). Figure 5g
illustrates the energy-level diagram for all the HTMs, along with
other relevant species in a TPSC device. The energy levels of the
HTMs, as determined by the UPS spectra for the thin-film sam-
ples, are higher by ~0.2 eV compared to those obtained from the
DVP method for the solution samples. Based on the thin-film
results, all the HTMs have suitable energy levels to match with
that of the tin perovskite, resulting in appreciable device perfor-
mances, as demonstrated in Figure 5d.

Figure 5h shows the shelf storage stability in the dark for
all polymeric TPSCs, including PEDOT:PSS-based TPSC. It has
shown that the performance of the PEDOT:PSS-based TPSC
gradually degraded upon shelf storage to zero in #3500 h. The
poly-TPD device also showed a gradual performance degrada-
tion following a trend similar to the device made of PEDOT:PSS
within the first 2000 h and then kept stable afterward. The 3-BT-
BT2D device was stable for the first 1500 h but it gradually de-
graded to 75% of its initial value at 2500 h and remained stable
afterward. In contrast, the 3-SBT-BT2D device exhibited remark-
able long-term stability upon shelf storage in a glovebox, with
the PCE remaining constant at x90% for over 4000 h. The re-
markable optoelectronic properties of 3-SBT-BT2D make it the
best HTM compared to others. To test its reproducibility, the per-
formance statistics (boxplots) of 40 devices with raw data tab-
ulated in Tables S3-S7 (Supporting Information) are shown in
Figure S24 (Supporting Information). The effect of hysteresis
was evaluated by analyzing the forward and reverse J-V scans
of the 3-SBT-BT2D device, presented in Figure S25 (Supporting
Information). Additionally, the performance of 3-SBT-BT2D and
PEDOT:PSS devices was measured under one sun illumination
at the maximum-power point (MPP) in ambient air conditions
(~50% relative humidity), as shown in Figure 5i. The MPP mea-
surements demonstrate that an unencapsulated 3-SBT-BT2D de-
vice has an intrinsic light-soaking stability of 3 h, whereas the
PCE of the PEDOT:PSS device degraded to 75% of its original
performance in 3 h (Figure 5j). Thus, this study introduces a new
class of BT2D conducting polymers that can serve as HTMs for
TPSCs, with outstanding performance and stability, in particu-
lar for the 3-SBT-BT2D device showing the best PCE (8.6%) as a
non-PEDOT:PSS-based TPSC.

3. Conclusion

Four new TPA-functionalized structural isomeric polythio-
phenes based polymers (3-SBT-BT2D, 3-BT-BI2D, 5-SBT-BT2D,
and 5-BT-BI2D) were synthesized and used as dopant-free
HTMs for inverted TPSCs. The triphenylamine was first func-
tionalized in different positions of bithiophene (3BI2D and
5BT2D) which improved the donating ability of the polymers.
The functionalized BT2Ds were coupled with long-chain sub-
stituted 3,3’-bis(tetradecylthio)—2,2’-bithiophene (SBT-14) / 3,3'-
ditetradecyl-2,2’-bithiophene (BT-14) to better understand the
long chain effect. The new method to combine the TPA func-
tionalization BT2D with the long thio-tetradecyl chain in SBT-14
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(intramolecular S(alkyl)eeeS(thio) interactions) for TPSCs im-
proved the operational stability and film wettability of PSCs.
Compared to the reference HTM poly-TPD with the BT2D-based
polymers, the BT2D devices showed negligible -V hysteresis and
improved device stability. The performance improvement was at-
tributed to the well-matched energy level, improvement in film
morphology, retarded charge carrier recombination, and more ef-
ficient extraction of holes from the perovskite layer into the HTM.
To the best of our knowledge, the TPSC device fabricated using
3-SBT-BT2D as HTM exhibited the highest power conversion ef-
ficiency of 8.6%, with the device stability over 90% of the original
PCE for ~#4000 h without encapsulation, which is a new record for
anon-PEDOT:PSS TPSC. This work provides a potential strategy
to develop a dopant-free polymeric HTM with different isomeric
structure for high-efficiency and stable TPSCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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