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New Spiro-OMeTAD analogues and the simpler “half” structures with the terminated
methoxyphenyl and/or carbazolyl chromophores were successfully synthesized under Hartwig-
Buchwald amination conditions using commercially available starting materials. New fluorene-
based hole transporting materials (HTMs) combined with suitable ionization energies properly
align with the valence band of the perovskite absorber. Additionally, these compounds are

amorphous, what is an advantage for the formation of homogenous films, as well as eliminates
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possibility for films to crystallize during operation of the devices. The most efficient PSCs
perovskite devices contained carbazolyl-terminated Spiro-OMeTAD analogue V1267 and
reached a PCE of 18.3 %, along with a short-circuit current density (Jsc), open-circuit voltage
(Voc), and fill factor (FF) of 23.41 mA cm2, 1.06 V, and 74.0 %, respectively. Moreover, “half”
structures with methoxyphenyl/carbazolyl fragments show excellent long-term stability and
outperform Spiro-OMeTAD, and, therefore, hold a great prospect for practical wide-scale

applications in optoelectronic devices.

1. Introduction

Perovskite solar cells (PSCs) have recently emerged as a promising technology for the further
cost reduction of the energy production from the sunlight. Starting from the first publication by
A. Kojima et al. back in 2009,[*1 PCSs have reached 25.5% efficiency of the single-junction
devices,? and over 29% efficiency of the Silicon/perovskite tandem devices.!®! The advantage
of the PSCs over traditional solar cell technologies lays in the vast variety of the available
deposition techniques, such as solution-processing (e.g. inject-printing,[ slot-die,® blade-
coating® etc.) and vapor deposition.[’* Moreover, over the years several different architectures
of the devices have been investigated (e.g. n-i-p or “regular®, p-i-n or “inverted®,
mesoscopic),t% ™ which further increases attractiveness of this technology.

The main reason behind the rapid progress of the PSCs mostly comes from the optimization of
the perovskite absorber layer, starting from the deposition methods,*? advancing to the
composition optimization,**! and finally shifting the focus to the interfaces.l**! However, the
progress also strongly depends on the other components of the PSCs, such as electron and hole-
selective contacts.[*>% In particular, use of the modern synthetic methods opens a way for a
huge variety of the organic hole transporting materials, while systematic study of variations
could lead to the innovations in the field of molecular electronics.20-24]

Carbazole and fluorene chromophores are among the most popular structural building blocks,
used for the construction of the organic hole-transporting materials (HTMs).1253% |n a recent
work it was shown, that the replacment of the methoxyphenyl fragment of the popular HTM
Spiro-OMeTAD with the 9,9-dimethylfluorenyl chromophore led to the superior
performance.l®Y Such an increase in the efficiency and stability was attributed to the optimized
thermal properties, as well as beneficial alignment of the energy levels. Moreover, the

advantage of carbazole-based HTMs could be the absence of methoxy substituents, such as the
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ones found on Spiro-OMeTAD. In this case the hydrophobicity of HTM layer is expected to
increase, thus positively affecting the device stability.[

In this work, we have investigated Spiro-OMeTAD analogues, in which the methoxyphenyl
groups were replaced by carbazolyl chromophores. Thermal, optical, and electrical properties
of these compounds are compared to those of the Spiro-OMeTAD. In addition, materials with
simpler, “half- structures were investigated, where 9,9-positions of the central fluorene
fragment are occupied by different alkyl chains. Finally, new compounds were investigated in
the n-i-p PSCs. The new spiro-OMeTAD analogues present high efficiencies exceeding 17%.
The devices fabricated with methoxyphenyl and carbazolyl or only carbazolyl groups achieve
high efficiencies of 15-16% and 17-18% PCE respectively. The methoxyphenyl/ carbazolyl-

based devices demonstrate excellent stability.

2. Results and discussion

2.1. Synthesis

For the synthesis of new hole transporting materials, used in this study, Buchwald-Hartwig
amination reaction conditions were utilized. Spirobifluorene derivatives were synthesized using
commercially available 2,2’,7,7'-tetrabromo-9,9’-spirobifluorene as a precursor (Scheme 1),
while for the “half” compounds, 2,7-dibromofluorene, alkylated with various aliphatic chains
was used (Scheme 2). These starting materials were coupled with 9-ethyl-N-(4-
methoxyphenyl)-9H-carbazol-3-yl-amine to give target compounds V1222, V1226, V1238,
V1240 and bis(9-ethyl-9H-carbazol-3-yl)amine, to give V1257, V1258, V1267, V12609.
Overall, this relatively simple synthetical strategy gives an opportunity to obtain series of
compounds that can be evaluated for their possible application in the PSCs. Detailed synthetic
procedures and methods, used to get target and precursor compounds, as well as their detailed

structural characterizations are given in Supporting information.
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Scheme 1. Synthesis of the spirobifluorene derivatives V1240 and VV1267.
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Scheme 2. Synthesis of the “half” compounds V1222, V1226, V1238, V1257, V1258, and
V1269.

2.2. Optical properties
To investigate optical properties of the synthesized compounds, ultraviolet—visible (UV/vis)
and photoluminescence (PL) spectra of the respective solutions in tetrahydrofuran (THF) were

recorded. In Figure 1 comparison between Spiro-OMeTAD, V1240 and V1267 are presented.
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Figure 1. UV/Vis absorption (solid lines) and normalized PL (dashed line) spectra, recorded
from the THF solutions of the 9,9’-spirobifluorene-based HTMs: V1240, V1267, and Spiro-
OMeTAD (UV/vis - 10 m; PL - 107 m).

As it can be seen, the overall shape of the spectra of the new materials is similar to that of the
Spiro-OMeTAD, inclining that only minor changes are induced by the change of the
methoxyphenyl moieties for carbazolyl chromophores. With the growing number of carbazole
units an increasement of absorption intensity (hyperchromic effect) can be observed, especially
in the region around 250 nm, where absorption is dominant by that of the transitions in the
heterocyclic systems. On the other hand, in the PL spectra a significant red shift is observed
(Spiro-OMeTAD — 417 nm, V1240 — 435 nm, V1267 — 453 nm), suggesting higher relaxation

due to the vibrational and/or rotational motions in carbazole moieties.
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The “half* compounds exhibited roughly two times lower UV/vis absorption intensity with the
overall shape matching that of the 9,9’-spirobifluorene-based analogue (Figure 2). This result
could be expected, as the different number of methoxyphenyl and(or) carbazolyl chromophores

in the molecules does not influence conjugation in the HTM structures.
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Figure 2. UV/Vis absorption (solid lines) and normalized PL (dashed lines) spectra, recorded
from THF solutions of the HTMs: a) V1222, V1226, V1238, and V1240 with 9-ethyl-N-(4-
metoxyphenyl)-9H-carbazol-3-yl-amine fragments and b) V1257, V1258, V1267, V1269 with
bis(9-ethyl-9H-carbazol-3-yl)amine chromophores (UV/vis - 10 m; PL - 107> m).

2.2. Thermal properties

To evaluate thermal behavior of new HTMs, thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements were performed. Table 1 and Figure S1 reveal the
parameters of thermal behavior of new synthesized compounds, as well as that of the reference
material Spiro-OMeTAD. Overall, all new compounds are stable up to 400 °C, which is much
higher than operating temperatures of the solar cells (~ 60 °C).[3¥] Comparing TGA analysis
data of new spirobifluorene class compounds with Spiro-OMeTAD it can be noted that
replacement of four methoxyphenyl substituents by carbazolyl fragments slightly decreases Tq
(Spiro-OMeTAD Tq = 449 °C,[*¥1 1240 T4 = 438 °C), while Tq increases by 63 °C when all
methoxyphenyl fragments are substituted by carbazolyl moieties (V1267 Tq = 512 °C).

For the “half” compounds with two carbazolyl moieties Tq values are in the range of 401-452
°C with lower value observed for the material V1238 possessing longest aliphatic chain. HTMs
with four carbazolyl fragments in general have shown higher Tq values in the range of 461-515
°C. Interestingly, in this case compound V1269 with 2-ethylhexyl aliphatic chains has shown
the highest Tq, suggesting that there are significant differences in the packing of the molecules.

Comparing these “half” compounds groups with each other, it is evident that incorporation
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of carbazolyl fragments into molecule increases Ta.

The glass transition temperatures (Tg) of all new compounds are given in Table 1 and Figures
S2-S3. Both new spirobifluorene-based compounds V1240 and V1267 have shown higher Tg
(169 °C and 139 °C respectively) in comparison with Spiro-OMeTAD (124 °C), what can be
explained by increased molecular weight.

Table 1. Thermal and photophysical properties of the synthesized compounds

o, [em?-(V-s) ]

2.0\/.q)1
Compound T2 [°C] Ta2[°C] Eox, [€V] lp: Ho, [c_m (V-s)] (E=6.410° o, [S'cmY]
[eV] (Eo = 0 Vicm), vicm)
9,9'-Spirobifluorene-based compounds
OMSeQIEfI-DB“] 124 (Tn=245°C)° 449 -0.05 5.0 4.1-10° 5.0-10* 3.01-10*
V1240 169 438 -0.08 5.28 5.6-10° 8.8-10“M 2.60-10*
V1267 139 512 -0.17 4.90 3.6:104M 1.6-103M 6.96-10*
Fluorene-based “half” molecules with methoxyphenyl and carbazolyl chromophores
V1222 147 452 -0.07 4.93 3.9-104M 3.1-102M 4.63-10*
104
V1226 133 441 0.07 4.95 3.8.10°M 19.10°m 35110
. -5
V1238 77 401 0.08 5.02 1.8-10° 5.3.10% 3.28-10
Fluorene-based “half” molecules with carbazolyl chromophores
V1257 196 490 -0.15 4.85 3.6:10°M 1.6-103M 1.94-10*
V1258 183 461 -0.15 4.85 1.2.10°U 1.2.10%M 2.68-10*
V1269 127 515 -0.15 4.96 3:10°4 2.9-104 1.98-10*

2 Glass transition temperature, extracted from the second DSC heating cycle;

b Decomposition temperature, corresponding to the 5% weight loss;

¢ Melting point (Tm) was not detected for all of the new compounds;

dThe values of the hole drift mobility were evaluated by extrapolation of the results, obtained

from the measurements of the mixture of the HTMs with PC-Z polymer binder.

Comparison of Ty of the “half” compounds revealed that materials with longer side chains
showed lower T values. Overall, T4 of the compounds with both methoxyphenyl and carbazolyl
chromophores (V1222, V1226, and VV1238) was lower by ~50 °C compared to that of the
respective analogues with only carbazolyl chromophores (V1257, V1258, and V1269). The
reason behind this could be lower symmetry of the first group of compounds. The lowest Tq of
77 °C in case of compound V1238 could negatively affect the long-term stability of the
devices,® but all the other HTMs showed Ty significantly exceeding 100 °C.

In addition, it is important to note, that melting process was not observed for all of new
synthesized compounds, indicating that they have only an amorphous state, what is an
advantage for the formation of homogenous films, thus eliminating possibility for films to
crystallize during operation of the devices.

2.3. Electrical properties
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To evaluate energy levels of new HTMs, their oxidation potential (Eox) in the solution and solid-
state ionization potential (Ip) values were measured by means of cyclic voltammetry (CV) and
photoelectron spectroscopy in air (PESA) techniques respectively. The results are presented in
Table 1 and Figures S5, S6. It is evident from the CV measurements that upon the introduction
of carbazole moiety material can be more readily oxidized, therefore compounds, in which all
methoxyphenyl fragments have been substituted by carbazolyl, exhibit lower Eox values. Other
changes in the structures have almost no impact on Eox values. Similar trend is observed for I,
values, however in this case the variation in values for the compounds with the same
chromophores is larger, suggesting some influence of packing in the bulk. In both cases, the
values obtained for spiro-compounds are somewhat larger, than that of the corresponding “half”
molecules. Overall, all synthesized HTMs are compatible with perovskite absorber materials
values of the energy levels.

The ability of new HTMs to transport charges was evaluated by the xerographic time of flight
(XTOF) technique, and measured hole drift mobility (1o and ) values are presented in Table
1 and Figure S4. Some of materials can not be measured from pure layers, therefore, to obtain
more durable layers, the samples were mixed with bisphenol Z-polycarbonate (PC-Z) additive.
As a general trend, it can be seen that introduction of longer aliphatic chains has a negative
impact for the ability to transport charges, which can be attributed to increased influence of the
insulating fragments. “Half” compounds have higher mobility values for the series of
compounds with both, methoxyphenyl and carbazolyl chromophores. However, different
situation is observed for spiro compounds, where HTM V1240 have demonstrated lower values,
in comparison to that of VV1267. Such difference might be attributed to the differences in the
packing, occurring due to presence of the spiro core in the structure. Nevertheless, all
synthesized compounds are showing transporting abilities sufficient for their application in
PSCs.

Thin-film photoluminescence measurements were performed to analyse the hole extraction
capability of different HTMs. The perovskite and perovskite/HTM layers were prepared on
glass and excited at a wavelength of 625 nm from the perovskite or HTM side, respectively.
The corresponding spectra is presented in Figure 3 and the quenching effect provoked by the
HTM was compared with the bare perovskite emission (Table S1). A significantly quenched
emission is observed upon deposition of the HTMs on top of the bare perovskite layer,
suggesting an efficient hole extraction. The samples containing fluorene-based ‘half”
molecutes with carbazolyl or methoxyphenyl and carbazolyl units present a higher quenched

emission than for spirobifluorene-based HTMs, suggesting a better hole-extracting capability.
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The lateral conductivity of the different HTMs were measured with organic field-effect
transistor (OFET) substrates (Figure S7) and the values are presented in Table 1. All HTMs
present similar conductivity values with that of the Spiro-OMeTAD (~10* S-cm™) except of
the V1238, which show the lowest value of studied HTMs with a conductivity of 3.28-107°

S-cm™.
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Figure 3. PL spectra of perovskite and perovskite/HTM layers deposited on glass (Aexc=625
nm). a) 9,9'-Spirobifluorene-based HTMs: Spiro-OMeTAD, V1240 and V1267, b) Fluorene-
based “half” molecules with methoxyphenyl and carbazolyl moieties: V1222, V1226, V1238
and c) Fluorene-based “half” molecules with carbazolyl moieties: V1257, V1258 and V12609.

2.4. Performance in Solar Cells

Solution-processed n-i-p perovskite solar cells were fabricated to investigate new compounds
in comparison to the widely employed Spiro-OMeTAD. The device structure is: FTO/c-
Ti02/m-TiO2/SnO2/(FAPbI3)0.87(MAPbBI3)0.13]0.92(CSPbl3)o.0s/HTM/Au, where the HTM (20
mM in  chlorobenzene) was doped with tert-butylpyridine (tBP), lithium
tris(bis(trifluoromethylsulfonyl)imide)  (LiTFSI) and  tris(2-(1H-pyrazol-1-yl)-4-tert-
(butylpyridine)cobalt(l11) (CoTFSI, FK209). Further details on the device fabrication can be
found in the Supporting Information.

The top-view and cross-sectional scanning electron microscopy (SEM) images (Figures S8—
S10) demonstrate that the surface coverage of perovskite layer by the HTMs is complete and
without presence of pin holes or aggregation.[®> %61 The best-performing solar cells employing
new HTMs are presented in Figures 4a—4c¢ and the corresponding PV parameters listed in
Table 2.

The replacement of methoxyphenyl for carbazolyl in spirobifluorene-based HTMs lead to solar
cells with lower performance than the devices containing the widely used Spiro-OMeTAD. A
strong decrease in open circuit voltage (Voc) values indicates higher recombination in the

device presumably due to issues at the perovskite/HTM interface. Despite the low Voc values,
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the devices still lead to high power conversion efficiencies (PCEs) of 17.6% and 18.3% for
V1240 and V1267, respectively.

Table 2. PV parameters extracted from the corresponding J-V curves of the champion

devices.
Compound Voc, [MmV] Jsc, [MA -cm™?) FF PCE, [%)]
9,9'-Spirobifluorene-based materials
Spiro-OMeTAD 1108 23.60 0.77 20.1
V1240 1000 22.32 0.79 17.6
V1267 1059 2341 0.74 18.3
Fluorene-based “half” molecules with methoxyphenyl and carbazolyl chromophores
V1222 1014 22.80 0.68 15.7
V1226 992 22.89 0.69 15.7
V1238 987 22.35 0.73 16.1
Fluorene-based “half’ molecules with carbazolyl chromophores
V1257 1034 23.37 0.71 17.2
V1258 1045 23.32 0.73 17.8
V1269 1048 23.35 0.74 18.1

For the devices fabricated with “half” fluorene-based HTMs, the solar cells containing

carbazolyl chromophores present higher device performance that their equivalent one formed

with methoxyphenyl and carbazolyl units. The lower PV performance of the devices with

methoxyphenyl and carbazolyl-based HTMs cannot be attributed to issues in the electronic

properties of the molecules (see Table 1).
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Figure 4. J-V curves and long-term stability of the most efficient solar cells containing a,d)
Spiro-OMeTAD, V1240 and V1267 HTMs, b,e) V1222, V1226 and V1238 HTMs and c,f)
V1257, V1258 and V1269 HTMs. The stability test was performed in unencapsulated devices
kept in N2 atmosphere at 25°C.

Therefore, the lower performance in methoxyphenyl and carbazolyl-devices might be
originated by a poorer perovskite/HTM interface than for perovskite/carbazolyl-HTM one. As
previously observed,® the increasing alkyl chain length does not influence on the short-circuit
current density values of the devices as the values are almost identical (22.4-22.8 mA cm for
methoxyphenyl and carbazolyl-HTM and 22.3 mA cm for carbazolyl-HTMs). The device
performance is enhanced at increasing alkyl chain length due to higher fill factor (FF) values.
The corresponding external quantum efficiency (EQE) of the devices are presented in Figure
S11.

The long-term stability of the devices was evaluated in unencapsulated device under continuous
1 sun illumination in N2 atmosphere at 25°C (see Figures 4d—4f). The devices containing
spirobifluorene-based materials present a continuous decrease of PCE, in accordance with other
reported long-term stability of devices containing Spiro-OMeTAD, achieving 85% (Spiro-
OMeTAD), 81% (V1240) or 69% (V1267) of its maximum efficiency under 450 h operation.
Similar behaviors are observed for devices containing fluorene-based “half” molecules with
carbazolyl chromophores with efficiency decays of 86, 81 or 67% for V1257, V1258 and V1269,
respectively, after 450 h illumination. On the contrary, devices containing HTM with
methoxyphenyl and carbazolyl units (V1222, V1226, V1238) presents with almost no
degradation after 450 h under continuous illumination.

Water contact angles of the HTMs film coated on glass substrate were measured to better
understand their humidity stability (Fig. S12). The water contact angle increase with the
extension of alkyl side chains in the 9,9-positions of the central fluorene fragment in the “half”
structures, from 81°, 80° (V1222, V1257) and 86°, 87° (V1226, VV1258) to 90° (V1238, V1269),
while the smallest contact angle of 72° was obtained by Spiro-OMeTAD analogous V1267
possessing the carbazolyl chromophores. In addition, the hydrophobicity of the other Spiro-
OMeTAD analogous V1240 possessing the methoxyphenyl and carbazolyl increases (82°) and
is higher than as Spiro-OMeTAD (77°). The trend of the contact angle is broadly in line with
the results of the stability results.

3. Conclusion

10
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In summary, we present the synthesis of the series of novel Spiro-OMeTAD analogues with the
simple “half” structures and a systematic study of the impact of a terminated photoconductive
chromophore on thermal, optical, photophysical, and photovoltaic properties. Molecular
engineering of new hole transporting materials was realized under Hartwig-Buchwald
amination conditions using commercially available starting materials. New compounds bear
alkylated fluorene and spirobifluorene fragments as molecule-core, while 9-ethyl-N-(4-
metoxyphenyl)-9H-carbazol-3-amine and bis(9-ethyl-9H-carbazol-3-yl)amine were used to
build side chromophores. All synthesized HTMs exhibit excellent thermal stability, which
depends on alkyl chain length and the number of carbazolyl moieties, at up to 400 °C.
Additionally, these compounds are amorphous having an advantage of the ability to form
homogenous films, and further eliminating possibility for films to crystallize during operation
of the devices. The PCE of the most efficient n-i-p PSCs perovskite devices containing
carbazolyl-terminated Spiro-OMeTAD analogue V1267 has reached 18.3 %, and thus
outperform the devices fabricated using the other HTMs: V1269 (18.1 %), V1258 (17.8 %),
V1240 (17.6 %), V1257 (17.21 %), V1238 (16.1 %), V1226 (15.7 %), V1222 (15.7 %).
Furthermore, “half” structures with methoxyphenyl/carbazolyl fragments show excellent long-
term stability and outperform Spiro-OMeTAD. We believe that this study offers a facile
approach for developing new HTMs that can influence the PSC performance via molecular

engineering of the side chromophores of the fluorene-based HTMs.
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