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11 ABSTRACT: Fused oligothiophene-based -conjugated organic
12 derivatives have been widely used in electronic devices. In particular,
13 two-dimensional (2D) heteroarenes offer the possibility of broad-
14  ening the scope by extending the 7-conjugated framework, which
15 endows enhanced charge transport properties due to the potential
16  intermolecular 7—7 stacking. Here, the synthesis and characterization
17 of two new small-molecule hole-transporting materials (HTMs) for
18 perovskite solar cells (PSCs) are reported. The newly custom-made

18.1% (Srey

Dibenzoquinquethiophene

Dibenzosexithiophene

19 compounds are based on dibenzoquinquethiophene (DBQT) and

20  dibenzosexithiophene (DBST) cores, which are covalently linked to triphenylamine moieties to successfully afford the four-
21 armed tetrakistriphenylamine (TTPA) derivatives TTPA—DBQT and TTPA—DBST. The combination of these novel central
22 scaffolds with the electron-donor TTPA units bestow the resulting HTMs with the appropriate energy levels and, therefore,
23 good electronic contact with the perovskite for extracting the hole efficiently. TTPA—DBQT surpasses TTPA—DBST not only
24 in terms of conductivity but also in light-to-energy conversion efliciency using conventional mesoscopic n—i—p perovskite
25 devices, 18.1% and 14.3%, respectively. These results were systematically compared with the benchmark HTM, 2,2/,7,7'-
26 tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD). Additionally, scanning electron microscopy
27 (SEM) hints that TTPA-DBQT forms high quality and fully homogeneous films, whereas TTPA—DBST leads to the
28 formation of thinner films with pinholes, which explains its lower fill factor despite its better hole-extraction properties owing to

29 its more planar s-extended scaffold.

30 l INTRODUCTION

31 Pressed by the drastic reduction of fossil fuels, harvesting
32 energy by alternative sources has become one of the most
33 important challenges that our society will face in the coming
34 years. In this regard, the immense amount of energy that we
35 receive from our sun can be considered as the main source of
36 power for our future society. Nowadays, solar cell devices
37 based on silicon are leading the photovoltaic sector, trans-
38 forming 25% of the incident sunlight into electricity.
39 Notwithstanding, these high-power conversion efficiency
40 (PCE) values for silicon solar cells, the high production cost
41 of these cells has encouraged the quest for new low-cost and
42 efficient photovoltaic devices.

43 Since the advent of the hybrid inorganic—organic perovskite
44 solar cells (PSCs) reported by Miyasaka and co-workers as
45 sensitizers for dye-sensitized solar cells (DSSCs)," PSCs have
46 emerged as a promising technology for light harvesting in the
47 future, displaying efficiencies over 22.7%.” Hybrid perovskites
48 usually contain small organic cations, such as methylammo-
49 nium (MA) or formamidinium (FA), and lead halides (e.g,

v ACS Publications  © xxxx American Chemical Society

MAPDI;) and exhibit extraordinary properties such as high
charge-carrier mobilities,> ™ tunable band gap energy,6 lon%
free charge-carrier diffusion lengths,7_9 wide light absorption,l
and solution-processed fabrication. Perovskites allow the
preparation of different device architectures depending on
the charge selective contacts used to sandwich the perovskite.
To date, the most featured and efficient devices are based on
mesoporous structures, where the perovskite is infiltrated in a
dense mesoporous scaffold of TiO, (mp-TiO,), in combina-
tion with organic hole-transporting materials (HTMs), the
most widely used HTM being the 2,2',7,7’-tetrakis(N,N-di-p-
methoxyphelz??rzlamine)-9,9’-spirobiﬂuorene (spiro-OMeTAD)
d

Despite its great performance, spiro-OMeTAD presents a
relatively high commercial price owing to its tough (Grignard
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65 reaction, bromination reaction, and a Hartwig—Buchwald C— Scheme 1. Synthetic Procedure for the Preparation of
66 N coupling) and low-yield (less than 40%) synthetic DBQT (3) and DBST (6) Cores
67 preparation and costly purification.'’ These drawbacks have

. . . L S— o .
68 promoted the design and synthesis of alternative new HTMs. ooy, N e ok
. . . . Bry Br s s 2 s s "‘“‘:
69 In this regard, different EXE?; of organic HTMs, with and ml:&m %,(3—@)% ~Ea —— O
70 without the spiro-motif, from classical polymers or we LTSS ot s 0% B’ S sy,
71 oligomers to small 7-conjugated structures, have been ! 2 ¢
. . . 18—20 I\
72 investigated in PSCs. E-aom, m & EN o
.. . . e $ 8N NBS 4 LA s s
73 Flat, sulfur-containing, polycyclic aromatic structures have B'M P {J g e o e L s/ \
74 been extensively used in the literature for field-effect transistors AL S AL S S O Y
21 . S . o o
7s OFETs™" and photovoltaic applications because they give o 4 ¥ 7 .

76 rise to planar structures and the sulfur-rich arenes introduce

77 extra intermolecular interactions (z—z, S--S) that affect the Supporting Information for experimental details). The 113
78 packing of the derivatives (face-to-edge to face-to-face), thus DBQT and DBST cores were prepared by a 4-fold Pd- 114
79 enhancing the hole-carrier mobilities. These chalcogenide-rich mediated Stille cross-coupling reaction or Pd-mediated Suzuki 115
80 polycyclic aromatics have been recently described as promising coupling reaction between commercially available tetrabromo 116
81 scaffolds for building novel HTMs for PiCsndue to their good derivatives and 2-(tributyl)stannylthiophene or 2-thienylbor- 117
82 conductivity and excellent performance.””"" This behavior is onic acid affording compounds 1 and 4, respectively, which 11
83 beautifully exemplified by anthra[1,2-b:4,3-b":5,6-b":8,7-b" ]- were then converted into the tetrabromo derivatives 2 and § by 119
84 tetrathiophene (ATT) derivatives introduced by Zimmermann a regioselective bromination reaction in a-position. Utilizing a 120
8s et 5.11- as HTMs, whe.re 7—7 stacking is sgr{nised as one of t}}e FeCl;-mediated oxidative C—C coupling protocol, 7-extended 121
86 main reasons for their enhanced conductivity and efficiency in derivatives 3 and 6 were cleanly obtained in excellent yields. 122
87 PSCs. Finally, a 4-fold Suzuki cross coupling reaction with p- 123
88 Inspired by these findings, we present herein two new methoxytriphenylamine successfully furnished TTPA—DBQT 124
89 HTMs, in which the 7-conjugation of the central core has been and TTPA-DBST as orange solids, in 74% and 68% yields,

,_.
—

S

125
90 systematically modulated. Particularly important in this design respectively. 126
91 is to control the molecular packing by introducing highly Complete structural characterization of the designed 127
92 planar structures, which is an important parameter for TTPA-DBQT and TTPA-DBST HTMs and the corre- 128
93 enhancing carrier mobilities. Promoting the intermolecular sponding intermediates was conducted by using standard 129
94

assembly by 7—7 and S-S interactions serves as a powerful spectroscopic techniques such as "H NMR, *C NMR, FTIR, 130

95 paradigm for the design of more efficient HTMs. On this basis, and UV—visible (for more details, see the Supporting 131
96 we have synthesized two novel sulfur-rich cores, dibenzoquin- Information). Mass spectrometry (MALDI-TOF) confirmed 132
97 quethiophene (DBQT) and dibenzosexithiophene (DBST), to the presence of TTPA-DBQT and TTPA—DBST with 133
98 which four triphenylamine (TPA) units are attached at the a- molecular ion peaks [M]+ at 16204273 and 1676.3986 m/z, 134
99 positon of the four terminal thiophene rings giving rise to the respectively. 135
100 tetrakistriphenylamine (TTPA) derivatives sketched in Chart Theoretical Calculations. To gain insight into the 136

101 1. The new derivatives TTPA~DBQT and TTPA—DBST not structural and electronic properties of the TTPA-DBQT 137
and TTPA-DBST compounds, density functional theory 138
Chart 1. Chemical Structures of the Two New HTMs (DFT) calculations were performed at the B3LYP/6-31G** 139
level in the presence of the solvent (CH,Cl,). Their respective 140
cores (DBQT and DBST), the pendant triphenylamine TPA 141
moiety, and the reference spiro-OMeTAD compound were 142
also computed for comparison purposes (see the Supporting 143
Information for full computational details). 144

Figure S1 displays the most representative bond length 145
values calculated at the B3LYP/6-31G** level for the DBQT 146
and DBST cores and the TTPA—-DBQT and TTPA—DBST 147
HTMs. The DBQT and DBST cores can be visualized as 148
formed by two benzotrithiophene (BTT) units. In the case of 149

OMe MeO

TTPA-DBAT TTPA-DBST DBQT, the two BTT units share the central thiophene ring 150

and define a conjugated all-syn 2,2,5’,2"-terthiophene with the 151

102 only exhibit a proper energy alignment of the highest-occupied external thiophene rings. Due to the condensation with the 152
103 molecular orbital (HOMO), which ensures efficient hole adjacent benzenes, the central thiophene ring exhibits longer 153
104 injection to the perovskite, but also good conductivity values. carbon—carbon (C—C) bonds (1.417—1.479 A) than the 154
105 Power conversion efficiencies of up to 18.1% are derived from external thiophene rings (1.372—1.432 A), the latter being 1ss
106 mesoscopic perovskite solar cells using the new HTMs and the more similar to those found for nonfused thiophene 1s6
107 compositionally engineered perovskite [FAP- oligomers.29 In the case of the DBST core, the two BTT 157
108 bl ss[MAPbBr;]y 5, which is comparable to the PCE value units define a central fused bithienyl unit with C—C bond 1ss
109 obtained for the state-of-the-art spiro-OMeTAD. lengths more similar to those expected for fused oligothio- 159
phenes,”® which is conjugated with two external thiophene 160

no B RESULTS AND DISCUSSION rings in a syn 2,2'-disposition. Therefore, both the DBQT and 161
111 Synthesis. The new HTMs were built up following similar the DBST core present an effective conjugation path between 162
112 synthetic pathways as described in Scheme 1 (see the the thiophene rings connected by the 2,2’-positions. For the 163

B DOI: 10.1021/acs.chemmater.8b04003

Chem. Mater. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04003/suppl_file/cm8b04003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04003/suppl_file/cm8b04003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04003/suppl_file/cm8b04003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04003/suppl_file/cm8b04003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04003/suppl_file/cm8b04003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b04003/suppl_file/cm8b04003_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.8b04003

Chemistry of Materials

0.0 1+ | N ? 'y B
-0.46 eV ) o % ;
-y > oy X
LUMO @ dl..‘ A"{.g.‘.‘ ser -0.84 eV
1.0 A 2,07, w..'
~162eV _
174 eV -1.82 eV -1.88 eV
S 20
Q
~
>
o 30 1 431eV 3.83eV 3.65eV 2.82eV 2.77eV 3.60eV
=
w
40 1
5.0 A 477 eV -a.64 eV
o, . -5.44 eV -5.39 eV -
60 (F X\ Sddev

q e OV § | 9 ' "l\/
T e

TPA DBQT DBST TTPA-DBQT TTPA-DBST  spiro-OMeTAD

Figure 1. Energy diagram displaying the frontier molecular orbitals computed at the B3LYP/6-31G** level for the TPA unit, the DBQT and DBST
cores, the TTPA—DBQT and TTPA—DBST HTMs, and the spiro-OMeTAD reference compound.
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Figure 2. (a) Thermogravimetric analysis curves recorded for TTPA—DBQT and TTPA—DBST under nitrogen at 10 °C min~" of heating rate.
(b) Differential scanning calorimetry of spiro-OMeTAD, TTPA—DBQT, and TTPA—DBST under nitrogen at a heating rate of 20 °C min™"
(second cycle). (c) UV—vis absorption (solid line) and fluorescence emission spectra (dashed line) of TTPA—DBQT and TTPA-DBST
derivatives in CH,Cl,, measured at ambient temperature. (d) Cyclic voltammograms of TTPA—DBQT and TTPA—DBST derivatives in TBAPF,/
CH,Cl, at a scan rate of 100 mV s~

164 HTMs, the insertion of the four TPA units hardly causes any core, with the exception of the terminal C—C and carbon— ;4
165 substantial change in the bond distances of the conjugated sulfur bonds to which the TPA units are linked (Figure S1). It 167
C DOI: 10.1021/acs.chemmater.8b04003
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Table 1. Thermal, Electrochemical, and Photophysical Properties of TTPA—DBQT, TTPA—DBST, and spiro-OMeTAD

HTM Ty [°C]* T [°C]® % [VIT Euomo (V17 Apaas [0m]° Ao [nm]© B0 [V Ejpyo [eVIE
TTPA-DBQT 423 149 0.88 —5.32 403 522 2.60 —2.72
TTPA-DBST 450 209 0.93 —5.37 431 528 2.57 —2.80
spiro-OMeTAD 449 125 0.72 -S.16 386 319 3.05 -2.11

“Decomposition temperature determined from TGA (5% weight loss under a N, atmosphere). *Determined from the second cycle of the DSC
under a N, atmosphere. “Determined from CV measurements vs normal hydrogen electrode (NHE). dEHOMO is estimated in eV by Eyopo = —4.44

eV — Ef),. “A

‘max

of absorption and emission was measured in CH,Cl, solutions. /E°® was determined at the intersection of normalized absorption
and emission spectra. $E; o was estimated by E;uvo = Exomo + E07%

should be emphasized that both HTMs preserve the planarity
of the polycyclic core (Figure S2).

Figure 1 displays the frontier molecular orbitals calculated
for TPA, the DBQT and DBST cores, the TTPA—DBQT and
TTPA-DBST HTMs, and the spiro-OMeTAD reference
compound. The highest-occupied molecular orbital (HOMO)
of the DBQT and DBST cores, computed at —5.44 and —5.39
eV, respectively, are significantly lower in energy than the
HOMO of TPA (—4.77 eV) in accord with their weaker
electron-donor character. In line with the molecular structure,
the HOMOs of DBQT and DBST mainly spread over the
most effective conjugated path and their topology resembles
those obtained for oligothiophene derivatives.”"*> The
HOMGO:s of the four-armed DBQT and DBST derivatives are
significantly destabilized (—4.64 and —4.65 eV, respectively) as
a consequence of the incorporation of the TPA moieties. This
destabilization, which implies an enhancement of the electron-
donor character, shifts up the HOMO levels close to that
computed for the reference spiro-OMeTAD (—4.44 eV). Note
that the HOMO of both TTPA-DBQT and TTPA—-DBST
spreads not only over the respective cores but also over the
TPA moieties connected to the thiophene rings where the
conjugation is more effective. It should be noted that a
significant charge transfer occurs from the peripheral TPA
groups to the sulfur-rich central cores, which hold a total net
charge of —0.55e and —0.56e for TTPA—DBQT and TTPA—
DBST, respectively. The obtained electronic structure of the
TTPA-DBQT and TTPA—-DBST HTMs is therefore
significantly polarized.

Thermal and Optical Properties. Thermogravimetric
analysis (TGA) of the new HTMs revealed their good thermal
stability (5% weight loss under N, atmosphere) up to 450 °C
for TTPA-DBST and 423 °C for TTPA-DBQT, which
demonstrates the robustness of these HTMs (Figure 2a). The
latter exhibits a slight weight loss (3%) in the range of 150—
350 °C, which is attributed to traces of solvent molecules
trapped after purification of the material. Detailed thermal
features are collected in Table 1. The thermal behavior of
TTPA-DBQT and TTPA—-DSQT was inspected by means of
differential scanning calorimetry (DSC) (Figure 2b). Glass
transition temperatures (T,) were determined from the second
heating cycle. Both molecules exhibit reduced tendency to
crystallize with a glass transition temperature of 149 °C for
TTPA—-DBQT and 209 °C for TTPA—-DBST, which confirms
their amorphous behavior. T, is indeed higher for the two new
HTM derivatives in comparison with that for spiro-OMeTAD
(T, = 125 °C), which is attributed to improved molecular
packing, indicating higher stability in the amorphous state.

The absorption and emission spectra of the new HTMs are
shown in Figure 2c, and the corresponding data are collected
in Table 1. In CH,Cl,, TTPA-DBQT and TTPA—-DBST
display an intense absorption in the UV and at short

wavelengths of the visible region (<500 nm), in sharp contrast
with the limited absorbance of spiro-OMeTAD in the visible.
The absorption maxima (Ap..s) for TTPA—DBQT and
TTPA—DBST are centered at 403 nm (£ = 1.2 X 10* M cm™)
and 431 nm (e = 1.4 X 10* M cm™"), respectively. The broader
and red-shifted absorption of TTPA—DBST compared with
TTPA-DBQT is ascribed to the more extended 7-conjugation
of the central DBST fragment and is in agreement with the
lower HOMO—-LUMO gap predicted for TTPA—-DBST
(Figure 1). B3LYP/6-31G** calculations of the lowest-lying
singlet excited electronic states ascribe the broad experimental
absorption band recorded for TTPA—DBQT to six intense S,
— S, (n = 1—6) electronic transitions computed in the 429—
505 nm range. For TTPA—DBST, three intense electronic
transitions (Sy = Sy, Sy = S,, and Sy — S¢) computed in the
420—-513 nm range seem to be responsible for the more
structured experimental band. The intense electronic tran-
sitions in both HTMs are of z—7z* nature and imply one-
electron promotions from the HOMO — 3, HOMO - 2,
HOMO - 1, and HOMO to the LUMO, LUMO + 1, and
LUMO + 2, which reside on both the core and the peripheral
TPA groups (see Table S1 and Figure S3). The emission
maximum of TTPA—DBQT is located at 522 nm, whereas that
of TTPA—-DBST displays a slight bathochromic shift peaking

222
223
224
225
226
227
228
229
230
231
232
233

243

at 528 nm. Furthermore, it is observed that the intersection of 244

the absorption and emission occurs at 477 and 481 nm for
TTPA-DBQT and TTPA—DBST, respectively, which corre-
sponds to analogous band gap energy values of 2.60 and 2.57
eV, respectively.

Electrochemical Properties. The redox properties of the
novel HTM were investigated by cyclic voltammetry (CV) in
TBAPF/CH,Cl, at a scan rate of 100 mV s~ (Figure 2d). For
better understanding, spiro-OMeTAD was also measured
under the same experimental conditions. The oxidation
potentials and the HOMO energies are summarized in Table
1. The cyclic voltammogram of TTPA—DBQT shows one
oxidation wave with E, /, values of 0.88 V vs NHE. The broad
shape of the oxidation wave seems to result from the
overlapping of two oxidation waves that can be tentatively
assigned to consecutive very close oxidation processes where
four electrons are successively extracted from the TPA units.
However, the TTPA—DBST exhibits two waves at 0.93 and
1.02 V vs NHE, respectively. The different central moieties do
not have a strong impact on the electrochemical properties.
The HOMO energies derived from the first oxidation potential
for TTPA—DBQT and TTPA—DBST are —5.32 and —5.37
eV, respectively, which are ~0.2 eV lower than the energy
obtained for spiro-OMeTAD (—5.16 eV) and in very good
accord with the theoretical values estimated for the isolated
molecules (Figure 1). Therefore, an efficient hole extraction
from the perovskites to the HTMs is ensured due to the
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Figure 3. Device characterization: (a) SEM cross-section image of a PSC having TTPA-DBQT as HTM. (b) Energy diagram of the different
components used in the PSC. (c) Solar cell efficiency of the champion devices measured under 1.5G simulated sunlight. (d) Conductivity of the
different HTMs measured on substrates having interdigitating gold electrodes.

271 excellent band alignment with the valence band edge of the
272 perovskite (ca. —5.4 eV).

273 To gain a better understanding of the oxidation processes,
274 the oxidized species (up to the tetracation) of TTPA—DBQT
275 and TTPA—DBST were calculated at the B3LYP/6-31G**
276 level in CH,Cl,. Table S1 gathers the charges accumulated by
277 the constituting fragments (central cores and TPA units) as
278 oxidation takes place. In line with the topology of the HOMO
279 of TTPA—DBQT and TTPA—DBST (Figure 1), the charge
280 for the radical cation species is mainly extracted from the
281 DBQT and DBST cores (ca. 0.30e) and the TPA units linked
282 to the terminal 2-positions of the thiophene rings (ca. 0.27¢)
283 that define the most effective conjugation pathway within the
284 cores. Upon further oxidation, the charge is steadily drawn
285 from the four TPA units. For the tetracation, they hold a
286 similar charge of ca. +1.0e and the cores lose the excess of
287 electron density shown in the neutral state (Table S1). It
288 should be noted that, for both TTPA—-DBQT and TTPA—
289 DBST, the ionization energies (IEs) required for passing from
200 the neutral molecule to the cation (IE1), from the cation to the
2091 dication (IE2), from the dication to the trication (IE3), and
202 from the trication to the tetracation (IE4) are predicted to
203 have relatively close values. For instance, the IE1, IE2, IE3, and
294 1E4 values for TTPA—DBQT were calculated to be 4.55, 4.79,
205 5.00, and 5.09 eV, respectively, and very similar values (4.57,
296 4.79, 4.95, and 5.0S eV, respectively) were obtained for
297 TTPA—DBST. The largest difference in IE values is between
208 IE1 and IE2 (0.24 and 022 eV for TTPA-DBQT and
299 TTPA—DBST, respectively). The closeness of the IE values
300 explains the electrochemical behavior found for TTPA-—
300 DBQT and TTPA—DBST showing a broad four-electron
302 oxidation wave (Figure 2d).

Hole reorganization energies (1) were calculated at the 303
B3LYP/6-31G** level in gas phase to evaluate the capability of 304
the TTPA—DBQT and TTPA—DBST compounds as HTMs 30s
(see the planar core). Both TTPA—DBQT and TTPA—-DBST 306
exhibit low reorganization energy similar to those found for 307
other excellent p-type semiconducting organic materials®>** 308
and in the same range as that obtained for the reference spiro- 309
OMeTAD (0.139 €V).”® Therefore, TTPA—DBQT and 310
TTPA—-DBST present a great potential as hole-transporting 311
materials for PSC devices owing to its small 4 value and the 312
appropriate energy level alignment with the valence band edge 313
of the perovskite. 314

Photovoltaics Properties. Solution-processed perovskite 31s
solar cells were prepared to investigate the performance of the 316
novel HTMs compared to the widely used reference 317
compound spiro-OMeTAD. The photovoltaic devices were 318
fabricated following a standard procedure for the well-studied 319
n—i—p configuration with a mixed ion perovskite (FAP- 320
bl;)oss(MAPDbBr;), s as the active light-harvesting material, 321
previously reported to yield high efficiencies.”> The solar cells 322
consist of a stack of thin film layers deposited onto a FTO 323
substrate. Titania was used as the electron-selective contact 324
sandwiching the light-absorbing perovskite material with the 325
HTM. The perovskite layer was obtained using a one-step 326
spin-coating process using chlorobenzene as quenching solvent 327
as previously described by Jeon et al.*® The HTMs were 328
applied on top of the perovskite film by spin-coating their 329
corresponding solutions in chlorobenzene for TTPA—DBQT 330
and spiro-OMeTAD and tetrachloroethane for TTPA—DBST, 331
respectively. Tetrachloroethane was used instead of chlor- 332
obenzene due to the low solubility of TTPA—DBST. Tert- 333
butylpyridine (¢t-BP), tris(2-(1H-pyrazol-1-yl)-4-tert- 334
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335 butylpyridine)cobalt(III) (FK209), and tris(bis-
336 (trifluoromethylsulfonyl)imide) (Li-TFSI) were added as
337 additives. Further details on the device fabrication can be
338 found in the Supporting Information. The individual thin film
339 layers of a PSC device can be observed from the cross-sectional
340 scanning electron microscopy (SEM) image shown in Figure
341 3a where TTPA-DBQT was applied as the HTM. Energy
342 levels of the different HTMs as well as other components in
343 the PSC can be found in Figure 3b.

344 Device efficiencies were investigated under AM 1.5G (100
35 mW cm™?) simulated sunlight. The J—V curves of the
346 champion devices using TTPA—DBQT and TTPA-DBST
347 are shown in Figure 3¢, and the corresponding reference using
348 spiro-OMeTAD can be found in Figure SS. Devices fabricated
349 with TTPA-DBQT were shown to perform superior to
350 TTPA—DBST-based PSCs (Table 2). Efficiencies up to

—

Table 2. Device Performance of the New TTPA—-DBQT and
TTPA-DBST HTMs Compared with the Reference spiro-
OMeTAD

scan V. Jse fill factor PCE
HTM direction [V] [mA cm7?] [%] [%]

TTPA-DBQT forward 1.07 22.20 75.0 17.89
reverse 1.09 22.23 74.4 18.08

TTPA-DBST forward 1.03 19.51 66.7 13.37
reverse 1.03 19.68 70.6 14.27

spiro-OMeTAD forward 1.07 22.54 72.7 17.56
reverse 1.08 22.60 73.1 17.96

351 18.08% (open circuit voltage (V) = 1.09 V; short circuit
352 current (J,.) = 22.2 mA cm™; fill factor (FF) = 74.4%) could
353 be obtained using TTPA—DBQT, whereas for TTPA—DBST
354 the champion device exhibited an efficiency of 14.27% (V. =
355 1.03 V; J. = 19.7 mA cm™% FF = 70.6%) measuring in the
356 reverse scan direction. Almost negligible hysteresis was
357 observed for TTPA—DBQT with a performance difference
358 between reverse and forward scan of only 1%, whereas for
359 TTPA—DBST the difference in performance was around 6%.
360 The performance for the solar cell based on spiro-OMeTAD
361 was very close to that obtained for TTPA—DBQT with an
362 efficiency of 17.96% (V,. = 1.09 V; J,. = 22.6 mA cm ™% FF =
363 73.1%). The lower performance of TTPA—DBST stemmed
364 from its low solubility and therefore complicated process-
365 ability. Tetrachloroethane was used as an alternative solvent
366 which lead to the formation of a very thin HTM layer of only
367 20—S50 nm as can be seen from the SEM image (Figure S7).
368 Furthermore, the thin film turned out to be less uniform than
369 for TTPA—DBQT looking at the finished devices displayed as
370 an inset in Figure 3c. This indicates the formation of pinholes
371 within the HTM layer, which would explain the reduced V.
372 and ], of the TTPA—DBST devices due to direct contact of
373 the gold layer with the perovskite material. The J,. obtained
374 from the J—V measurements and the integrated current
375 densities from the external quantum efficiencies (EQEs) are
376 in good agreement, within 5% (Figure S6).

377 Charge Transfer Properties and Conductivity. To have
378 a better understanding of the charge extraction processes,
379 steady-state photoluminescence (PL) was recorded. As shown
380 in Figure S8, the pristine perovskite film exhibit a strong PL
381 signal steaming from the radiative recombination of the
382 photogenerated charge carriers. A significantly decreased PL
383 signal is observed upon deposition of the HTMs on top of the

iy

—_

perovskite layer, provoked by an efficient quenching of the 384
photogenerated charge carriers. This suggests a good hole 385
extraction for both TTPA-DBST and TTPA-DBQT 336
comparable to spiro-OMeTAD, which is in agreement with 387
the well-aligned HOMO energy levels as discussed above. The 388
more planar molecular structure predicted for TTPA—DBST 389
(Figure S2) results in a more efficient hole extraction than for 390
TTPA-DBQT, which may be attributed to better contact 391
between the perovskite and the HTM. Intriguingly, the 392
improved charge extraction capability of TTPA—DBST does 393
not translate into a better photovoltaic performance than 394
TTPA-DBQT. As mentioned before, the poor solubility of 395
the former resulted in nonhomogeneous and poor film-forming 396
ability, as observed in the cross-sectional image shown in 397
Figure S7. The surface coverage of perovskite layer by TTPA— 398
DBST is not uniformly distributed, leading to the formation of 399
pinholes, which affects significantly not only the charge 400
collection but also the device performance. 401

Further justification for the PSC efliciencies obtained with 402
the different HTMs could be obtained by conductivity 403
measurements (Figure 3d). The conductivity of the different 404
molecules was measured on substrates having interdigitating 403
gold electrodes with a channel length of 2.5 ym. The same 406
concentration as for the device preparation was used by adding 407
6% of FK-209 as dopant. The highest conductivity was 408
observed for TTPA-DBQT (4.25 X 107* S-cm™), slightly 409
higher than that of spiro-OMeTAD (3.91 X 107* S:cm™"). The 410
conductivity of TTPA—DBST (6.25 X 10™° S-cm™), on the 411
other hand, was around 1 order of magnitude lower, which 412
further corroborates its low J,, poor FF, and therefore lower 413
PCEs compared with TTPA-DBQT. 414

B CONCLUSIONS 415

In summary, we report the syntheses and study the properties 416
of two new custom-made HTMs based on innovative two- 417
dimensional heteroarenes as central scaffolds for highly 418
efficient PSCs. These new derivatives comprise dibenzoquin- 419
quethiophene (DBQT) and dibenzosexithiophene (DBST), 420
which are covalently linked to four p-methoxytriphenylamine 421
units. A detailed characterization and comparison of the 422
thermal and optoelectronic properties was conducted. Both 423
HTMs are thermally stable with glass transition temperatures 424
higher than 100 °C and exhibit very similar HOMO and 425
LUMO energy levels, which ensure a good alignment with the 426
valence band edge of the perovskite. Upon assessing both 427
HTMs in mesoporous devices, remarkable light-to-energy 428
conversion efficiencies of 18.1% and 14.27% are measured for 429
TTPA-DBQT and TTPA—-DBST, respectively, which are 430
similar to the efficiency obtained for the widely used spiro- 431
OMeTAD (17.96%). TTPA—DBQT shows not only the 432
highest performance with no hysteresis but also better 433
solubility (processability) and conductivity values, which are 434
1 order of magnitude higher than those measured for TTPA— 435
DBST. The lower solubility of TTPA—DBST in chloroben- 436
zene leads to poor coverage of the perovskite surface and to 437
the formation of pinholes, which significantly affect the device 438
performance. Good processability of the HTM from solution is 439
a very important parameter for reaching high performing 440
devices. Therefore, a compromise between the extended 441
molecular structure and the solubility must be taken into 442
account. Attaching longer alkyl chains can be envisioned as a 443
complementary strategy to overcome this drawback, but it may 444
affect other properties such as conductivity. Finally, promoting 445
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446 the intermolecular assembly by 7—z and S-S interactions
447 using fused oligothiophene-based 7-conjugated systems as a
448 central core serves as an excellent approach for designing
449 highly efficient HTMs.
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