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ABSTRACT: Molecular hole-transporting materials (HTMs) having
triphenylethylene central core were designed, synthesized, and employed in
perovskite solar cell (PSC) devices. The synthesized HTM derivatives were
obtained in a two- or three-step synthetic procedure, and their characteristics
were analyzed by various thermoanalytical, optical, photophysical, and
photovoltaic techniques. The most efficient PSC device recorded a 23.43%
power conversion efficiency. Furthermore, the longevity of the device
employing V1509 HTM surpassed that of PSC with state-of-art spiro-
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1. INTRODUCTION

In the past decade, perovskite solar cells (PSCs) have proved
to be a promising alternative for conventional silicon
photovoltaics due to their low cost, high power conversion
efficiency (PCE) (nearly 26%), and ease of device
fabrication."™® The rapid development of PSCs does not
guarantee that the technology is ready for the market just yet;
there are some issues that need to be addressed before mass
production. Two of the main problems that need to be solved
are the limited stability of charge-transporting materials, and
the longevity of the perovskite composition and devices.”* An
important component of the PSC is the hole-transporting layer
(HTL) which ensures that the holes efficiently travel from the
absorber toward the electrode. To ensure this, the HTL has to
meet certain requirements: chemical and morphological
stability, appropriate energy levels, and high carrier mobility.”
At the moment, the highest recorded PCE was achieved with
either 2,2',7,7 -tetrakis(IN,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-MeOTAD) or poly[bis(4-phenyl)-
(2,4,6-trimethylphenyl)amine] (PTAA) as a HTL; however,
both pose problems of their own due to relatively expensive
and difficult synthesis, while spiro-MeOTAD also suffers from
stability issues.”'"~'* As a result, several new molecular classes
have been developed based on different strategies. One popular
approach to create efficient hole-transporting materials
(HTMs) involves modifying the substituents around the
central core of spiro or a similar core. Following this approach,
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HTMs such as X55, SCZF-5, and SFXDAnCBZ have been
synthesized, demonstrating PCE of 20.8, 20.1, and 20.87%,
respectively.'*~"> Although this strategy has shown promising
results in terms of achieving a high PCE, it is important to
acknowledge its limitations. One significant drawback is the
cost and complexity associated with synthesizing the central
core used in these materials.

An alternative and optimized approach for designing a HTM
involves using a less complex central fragment, while
incorporating substituents known for their strong electron-
donating properties. These substituents can be selected
adjusting the highest occupied molecular orbital (HOMO)
level in the desired direction, ultimately leading to high PCE.
For instance, carbazole derivatives have proven successful in
creating various HTMs that exhibit highly efficient perform-
ance in PSCs.'°"*° As for the central core, there are many
viable options described in the literature, e.g., tetraphenyl-
ethylene, triphenylamine, thieno[3,4-b]pyrazine, triazatruxene
etc. were all used to synthesize in the well-performing
HTMs;”' ' however, triphenylethylene could be an especially
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Scheme 1. Synthesis of HTMs V1508 and V1509
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Figure 1. (a) TGA curves of V1508 and V1509; (b) solid-state UV—vis absorption (solid line) and photoluminescence (dashed line) spectra of
V1508 and V1509 in the solid state; (c) ionization potential; (d) hole-drift mobility of V1508 and V1509.

interesting choice due to its asymmetric propeller shape that
could theoretically form a three-dimensional charge-trans-
porting network, which in turn should improve a good
performance of hole transport as stated in the study of Chen et
al.??

In this study, we demonstrate the application and synthesis
of new HTMs based on a triphenylethylene central moiety and
carbazole donors as substituents. Said HTMs are synthesized
under a simple two- or three-step synthetic scheme. Next, we
thoroughly documented their thermal, optical, and photo-
electrical properties. The new materials were applied as organic
p-type semiconductors and successfully applied in PSCs,
reaching efficiencies of above 23%. Furthermore, the device
based on the champion HTM V1509 compound exhibited

increased stability once compared to PSCs with spiro-
MeOTAD.

2. RESULTS AND DISCUSSION

Triphenylethylene-based materials V1508 and V1509 were
synthesized by palladium cross-coupling reactions between
4,4',4"-(ethene-1,1,2-triyl)tris(bromobenzene) and respective
carbazole derivatives (Scheme 1). Detailed synthetic proce-
dures of novel HTMs are described in the Supporting
Information.

To determine thermal and morphological stability, thermal
gravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) were used. TGA results show that both HTMs are
sufficiently stable with decomposition temperatures above 400
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Table 1. Thermal, Optical, and Photophysical Properties of the Synthesized Materials

ID Tg} °c” Tded °c” ﬂabs«' nmb
V1508 233 429 307, 375
V1509 148 466 304, 393

G
j‘em: nm

It ev? E, eV* E,, eV Moy cm® VT 5718
5.16 2.62 2.54 9.1 % 107°
5.05 2.69 2.36 6.6 X 107°

“Glass transition (T) and decomposition (Ty..) temperatures were determined by DSC and TGA, respectively (10 °C/min, N, atmosphere).
b Absorption spectra measured in the solid state. “Emission spectra measured from thin films. “Ionization potentials of thin films measured using
PESA. °E, estimated from the intersection of absorption and emission spectra. JE,, = I, — E,. #Mobility value of undoped materials at zero field

strength.
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Figure 2. J—V characteristics of the best-performing (a) V1508-based, (b) V1509-based, and (c) spiro-MeOTAD-based device. (d) EQE spectra of
devices. (e) SPO of devices measured at room temperature. (f) PCE evolution of the devices under constant 1 sun illumination.

°C (Figure la) which is even more than required for
conventional device operation.” Analysis of DSC results reveals
that triphenylethenyl derivative V1508 is a molecular glass with
a glass transition temperature (T,) of 233 °C, while V1509 is
also amorphous with a lower T, of 148 °C (Figure S1), the
difference in T could be explained by the bulkier structure of
V1508 compared to V1509. Nevertheless, both materials
demonstrated T, higher than that of spiro-MeOTAD (124
°C)* suggestlng that newly synthesized HTMs are morpho-
logically more stable.

The UV-—vis absorption and photoluminescence (PL)
spectra of the new triphenylethylene derivatives V1508 and
V1509 can be seen in Figure 1b. Both materials have similar
absorption spectra: they absorb light most intensively at ~300
nm, which corresponds to the 7—7* electron transition, while
less intense peaks that may be attributed to n—z* transitions
are recorded at roughly 380 nm for V1508 and around 400 nm
for V1509. The PL spectra of the new organic semiconductors
are normalized at peak values of 556 nm for V1508 and 521
nm for V1509. Interestingly, V1508 has a higher Stokes shift of
179 nm in comparison to the 128 nm of V1509 which could be
explained by the larger size of V1508 resulting in a higher
energy loss by nonradiative ways. The optical gaps (E,) were

calculated from the intersection of absorption and PL spectra
and were found to be 2.6—2.7 eV (Table 1).

To evaluate the compatibility of the new HTMs with the
perovskite, the ionization potential (I,) was evaluated by the
photoelectron spectroscopy in the air (PESA) (Figure lc).
From the results, triphenylethylene derivatives V1508 and
V1509 possess the necessary energy levels needed for the
transfer of holes from the perovskite toward the electrode
(Table 1). It is also worth noting that although both HTMs
have suitable energy levels, V1508 has a slightly higher I, value
(by 0.11 eV) which might result from more steric hindrance
occurring due to the larger molecule size compared to V1509.
In addition, to understand the effect of the p-dopants,
ionization potentials of doped layers have been measured.
Upon doping, ionization potentials were stabilized by ~0.3 eV
for V1509 and spiro-OMeTAD34 and 0.1 eV for V1508,
respectively, to further reduce the overpotential with the
valence band of the perovskite (Figure S10). Furthermore,
based on I, and E, values, we calculated the electron affinity
(E..) in the range of 2.35—2.55 eV, these values are acceptable
for efficient electron blocking in PSCs.*

The hole mobility of undoped materials was revealed by
using the xerographic time-of-flight with the electric field

https://doi.org/10.1021/acsami.3c17811
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17811/suppl_file/am3c17811_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17811/suppl_file/am3c17811_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17811?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17811?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17811?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17811?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c17811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

dependencies of the hole-drift mobility shown in Figure 1d.
Mobility at zero field strength (y,) of new HTMs V1508 and
V1509 was measured to be 9.1 X 107° and 6.6 X 1076 cm? V™!
s, respectively, demonstrating that in this case, the size of
substituents around triphenylethylene has little effect on the
speed of charge extraction.

To investigate the hole extraction ability of the newly
synthesized HTMs in PSCs, we fabricated n-i-p PSCs devices
with the following structure: fluorine-doped tin oxide (FTO)/
SnO,/perovskite/phenylethylammonium iodide (PEAI)/
HTM/Au. The perovskite composition was
FAggsMAgCsgosPbly (FA: formamidinium, MA: methylam-
monium) with 32 mol % methylammonium chloride as the
additive. We tested different concentrations of V1508 and
V1509 HTMs and compared them to spiro-MeOTAD.

The PCE statistics are presented in Figure S11. We found
that the optimal concentration of V1508 was 80 mg/mL,
which resulted in an average PCE of 21%. Since this
concentration was the saturated solution, we could not
determine the precise concentration, and the filtered solution
was used instead. This corresponded to a thickness of ~150
nm (Figure S12). On the other hand, higher concentrations of
V1509 negatively affected device performance. The best
efficiency of 23% was achieved with a lower concentration of
10 mg/mL, corresponding to a thickness of ~75 nm. These
values are comparable to those of the state-of-the-art spiro-
MeOTAD, which exhibited an average PCE of 24%.

The morphology of HTMs under their optimal conditions
was compared in Figure S13. The V1508 film exhibited some
pinholes and smaller grains in comparison to spiro-MeOTAD,
while the V1509 film displayed perovskite grain features owing
to its significantly lower thickness. The SEM images, which
appeared blurry, indicated the subpar conductivity of all three
HTMs.

Figure 2a—c provides the current density—voltage (J—V)
characteristics of the champion PSC devices with their external
quantum efficiency (EQE) spectra shown in Figure 2e. The
V1509-based device demonstrated a higher PCE of 23.4%
compared to the V1508-based device, which had a PCE of
21.8%. This improvement mainly resulted from the higher
open-circuit voltage (V,.) and fill factor, although the short-
circuit current (Jsc) was slightly lower. The diminished
photovoltaic performance of the V1508-based device can be
attributed to the elevated charge transport resistance,
diminished charge recombination resistance, and a slower
charge extraction process at the perovskite/V1508 interface.
This is corroborated by the impedance and transient
photocurrent (TPC) results, as illustrated in Figure Sl4ab.
The photoluminescence quantum yield (PLQY) was used to
reveal the nonradiative losses at the perovskite/HTM interface
(Figure S14c).*® The V1508-based film exhibited a lower
PLQY after perovskite contacting with the HTM, indicating a
higher nonradiative recombination at the perovskite/V1508
interface and contributing to the lower V. The difference
between the V1509 and spiro-MeOTAD-based devices
primarily stemmed from the lower hole mobility and lower
HOMO level of V1509 compared to spiro-MeOTAD.**

To assess the impact of V1509 on device stability, we
monitored the steady-state output (SPO) of PSCs under 1 sun
illumination (AM 1.5 G) both at room temperature and at 50
°C. As depicted in Figure 2e, both devices showed a stable
power output within the measurement duration. When the
devices were subjected to a higher temperature of 50 °C, the

V1509-based device initially experienced increased PCE
followed by stabilization. In contrast, the PCE of the spiro-
MeOTAD-based device continuously decreased over time
(Figure S15). We evaluated the ambient stability by measuring
the device performance of unencapsulated solar cells under
approximately 50% relative humidity (RH). After SO0 h of
aging, the cell based on V1509 HTM showed 9% loss in PCE,
while the spiro-MeOTAD-based device exhibited a 18%
efficiency loss (Figure S16). The thermal stability was tested
on devices at 85 °C (Figure S17). The V1509-based device
retained 86% of the initial PCE, while the spiro-MeOTAD-
based device only reserved 65% of the initial PCE. We also
tracked the device performance at the maximum power point
in the ambient with a constant nitrogen flow. As shown in
Figure 2f, after 700 h the V1509-based device maintained 92%
of its starting efficiency, compared to 81% of the spiro-
MeOTAD-based device. Therefore, V1509 HTM demon-
strates enhanced long-term humidity and thermal and
operational stability compared to spiro-MeOTAD.

3. CONCLUSIONS

In this study, we developed a straightforward synthetic
procedure for the synthesis and application of new hole-
transporting materials (HTMs). These HTMs feature various
peripheral donors combined with a triphenylethylene central
core. We conducted comprehensive investigations into their
thermal, optical, photoelectrical, and photovoltaic properties.
Notably, these novel HTMs have been successfully utilized in
PSCs, showcasing remarkable efficiencies of over 23%.
Importantly, the PSC incorporated with the champion HTM
V1509 exhibited enhanced long-term stability once compared
to PSCs employing spiro-MeOTAD as the p-type semi-
conductor. An additional advantage of these new HTMs is
their lower cost, making them promising candidates for
practical applications in the field of solar energy conversion.
Overall, this study highlights the potential of the developed
HTMs in advancing the performance and stability of PSCs,
offering opportunities for more efficient and economically
viable solar energy technologies.

4. EXPERIMENTAL SECTION

4.1. Materials. Tin(II) chloride dihydrate (99.99%), urea (99%),
hydrochloride acid (37 wt % in water), thioglycolic acid (98%),
cesium iodide (99.99%), 4-tert-butylpyridine (98%), and bis-
(trifluoromethanesulfonyl)-imide lithium salt (LiTESI, 99.0%) were
purchased from MilliporeSigma. Lead iodide (99.99%) was from TCI
America. Formamidinium iodide (FAI), methylammonium chloride
(MACI), methylammonium iodide (MAI), phenylethylammonium
iodide (PEAI), and FK209 Co(III)TFSI salt were purchased from
Greatcell Solar Materials. N,N-dimethylformamide (DMF, 99.8%),
dimethyl sulfoxide (DMSO, 99.7%), isopropanol (99.8%), acetonitrile
(99.9%), and chlorobenzene (99.8%) were purchased from the
MilliporeSigma. N*N?,N*,N* ,N’,N’,N”',N”"-octakis(4-methoxyphen-
y1)-9,9'-spirobi[ 9H-fluorene]-2,2",7,7 -tetramine (spiro-OMeTAD)
was from the Xi’an polymer light technology corp.

4.2. Device Fabrication. The fluorine-doped tin oxide (FTO)
glasses were cleaned by ultrasonic under detergent, deionized water,
acetone, and isopropyl alcohol each for 15 min. The electron
transport layer was prepared by the chemical bath deposition method
in a 90 °C oven for 5.5 h. The precursor solution was prepared by
mixing 275 mg SnCl,-2H,0, 1.25 g urea, 1.25 mL HCI, and 25 uL
thioglycolic acid in 100 mL of deionized water.”” The substrates were
annealed at 190 °C for 1 h. Before perovskite deposition, the FTO/
SnO, substrates were treated with UV ozone for 30 min. Then, the
substrates were transferred to a nitrogen glovebox for perovskite
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deposition. The perovskite solution (0.07 M Csl, 0.08 M MAI, 1.32
M FAL 0.5 M MAC], and 1.54 M Pbl, in mixed DMF and DMSO
solution with a volume ratio of 4:1) was spin-coated on the substrates
at 1000 rpm for 10 s and 5000 rpm for 25 s, respectively. At the last
10 s, 200 uL of chlorobenzene was dropped on the films. The
perovskite films were annealed at 100 °C for 60 min and 150 °C for
10 min. Twenty mM PEAI isopropanol solution was spin-coated at
5000 rpm for 20 s as the passivation layer. For the solution
preparation of hole transport layers (HTLs), 80 mg spiro-OMeTAD
was dissolved in 1 mL chlorobenzene, with 32 uL 4-tert-butylpyridine,
19 uL LiTFSI solution (517 mg/mL in acetonitrile), and 14 uL
FK209 Co(III)TFSI solution (376 mg/mL in acetonitrile). Similarly,
new HTMs (V1508-15) were dissolved in chlorobenzene at 10, 40,
and 80 mg/mL. For the 80 mg/mL condition, 32 uL of 4-tert-
butylpyridine, 19 uL of LiTFESI solution, and 14 uL of FK209
Co(III) TFSI solution were added to 1 mL of HTM solution. For the
40 mg/mL condition, 16 uL of 4-tert-butylpyridine, 9.5 yL of LiTFSI
solution, and 7 uL of FK209 Co(III)TFSI solution were added to 1
mL of HTM solution. For the 10 mg/mL condition, 4 uL 4-tert-
butylpyridine, 4.75 uL LiTFSI solution, and 3.5 uL FK209
Co(III)TFSI solution were added to 1 mL of HTM solution. The
HTLs were deposited at 3000 rpm for 30 s by a spin-coating method.
Finally, a 70-nm gold electrode was thermally evaporated under a
1077 Torr vacuum.

4.3. Characterizations. The J—V characteristics were measured
in a nitrogen glovebox using a Keithley 2400 source under simulated
AM 1.5 G irradiation (100 mW cm™) using a Xe arc lamp from a
ScienceTech Al Light Line Class AAA solar simulator (calibrated by a
reference solar cell from Newport before measurement). The
scanning step was 20 mV for the solar cells with an active area of
0.0625 cm®. The humidity stability tests were conducted in an
ambient of 30—40% RH monitored by a hygrometer. Impendence
spectroscopy and TPC were conducted using the Fluxim Paios
system.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c17811.

Detailed synthetic procedures, NMR and MS spectra,
DSC, PESA, and SEM data; device statistic, impedance
responses, transient photocurrent decays, PLQY and
PCE evolution under different atmospheres data (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Mercouri G. Kanatzidis — Department of Chemistry,
Northwestern University, Evanston, Illinois 60208, United
States; ® orcid.org/0000-0003-2037-4168; Email: m-
kanatzidis@northwestern.edu

Edward H. Sargent — Department of Chemistry and
Department of Electrical and Computer Engineering,
Northwestern University, Evanston, Illinois 60208, United
States; ® orcid.org/0000-0003-0396-6495;
Email: ted.sargent@northwestern.edu

Vytautas Getautis — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania;

orcid.org/0000-0001-7695-4677;

Email: vytautas.getautis@ktu.lt

Authors
Julius Petrulevicius — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania
Yi Yang — Department of Chemistry, Northwestern University,
Evanston, Illinois 60208, United States; © orcid.org/0000-
0002-7775-6856

Cheng Liu — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States
Matas Steponaitis — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania
Egidijus Kamarauskas — Institute of Chemical Physics Vilnius
University, Vilnius 10257, Lithuania
Maryte Daskeviciene — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania
Abdulaziz S. R. Bati — Department of Chemistry,
Northwestern University, Evanston, Illinois 60208, United
States; ® orcid.org/0000-0001-6346-4396
Tadas Malinauskas — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania;
orcid.org/0000-0002-5478-6550
Vygintas Jankauskas — Institute of Chemical Physics Vilnius
University, Vilnius 10257, Lithuania
Kasparas Rakstys — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania;
orcid.org/0000-0001-8016-9567

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.3c17811

Author Contributions

J.P. and M.D. synthesized materials. Y.Y. fabricated solar cells
and conducted characterizations. C.L. helped to perform
stability tests. M.S. and K.R. wrote the initial manuscript draft.
EXK. and V]J. performed ionization potential and hole drift
mobility measurements. A.S.R.B. conducted the impendence
tests. T.M., M.G.K,, EH.S,, and V.G. supervised the project.
J.P. and Y.Y. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was funded by the European Union. Views and
opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union or
CINEA. Neither the European Union nor the granting
authority can be held responsible for them. VALHALLA
project has received funding from Horizon Europe Research
and Innovation Action programme under Grant Agreement no.
101082176.].P.,, M.S,, M.D., T.M,, KR,, and V.G. acknowledge
the funding from the Research Council of Lithuania
(LMTLT), agreement no. S-A-UEI-23-1 (22-12-2023).
M.GK. was supported by ONR grant N00014-20-1-2725.
A.S.R.B. acknowledges support from King Abdullah University
of Science and Technology (KAUST) through the Ibn Rushd
Postdoctoral Fellowship Award.

B REFERENCES

(1) Yoo, J.; Seo, G.; Chua, M.; Park, T.; Lu, Y.; Rotermund, F.; Kim,
Y.; Moon, C.; Jeon, N.; Correa-Baena, J.; Bulovic, V.; Shin, S,;
Bawendi, M,; Seo, ]. Efficient Perovskite Solar Cells via Improved
Carrier Management. Nature. 2021, 590, S87.

(2) Yang, J.; Lim, E,; Tan, L; Wei, Z. Ink Engineering in Blade-
Coating Large-Area Perovskite Solar Cells. Adv. Energy Mater. 2022,
12, No. 2200975.

(3) Li, H; Zhou, J; Tan, L; Li, M,; Jiang, C.; Wang, S.; Zhao, X;
Liu, Y; Zhang, Y,; Ye, Y,; Tress, W,; Yi, C. Sequential Vacuum-
Evaporated Perovskite Solar Cells with More Than 24% Efficiency.
Sci. Adv. 2022, 8, No. eabo7422.

(4) Xu, K; Al-Ashouri, A;; Peng, Z.; Kohnen, E.; Hempel, H;
Akhundova, F.; Marquez, J.; Tockhorn, P.; Shargaieva, O.; Ruske, F.;

https://doi.org/10.1021/acsami.3c17811
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsami.3c17811?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17811/suppl_file/am3c17811_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mercouri+G.+Kanatzidis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2037-4168
mailto:m-kanatzidis@northwestern.edu
mailto:m-kanatzidis@northwestern.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+H.+Sargent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0396-6495
mailto:ted.sargent@northwestern.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vytautas+Getautis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7695-4677
https://orcid.org/0000-0001-7695-4677
mailto:vytautas.getautis@ktu.lt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julius+Petrulevicius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7775-6856
https://orcid.org/0000-0002-7775-6856
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matas+Steponaitis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Egidijus+Kamarauskas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maryte+Daskeviciene"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdulaziz+S.+R.+Bati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6346-4396
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tadas+Malinauskas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5478-6550
https://orcid.org/0000-0002-5478-6550
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vygintas+Jankauskas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kasparas+Rakstys"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8016-9567
https://orcid.org/0000-0001-8016-9567
https://pubs.acs.org/doi/10.1021/acsami.3c17811?ref=pdf
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1002/aenm.202200975
https://doi.org/10.1002/aenm.202200975
https://doi.org/10.1126/sciadv.abo7422
https://doi.org/10.1126/sciadv.abo7422
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c17811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Zhang, J.; Dagar, J.; Stannowski, B.; Unold, T.; Abou-Ras, D.; Unger,
E.; Korte, L.; Albrecht, S. Slot-Die Coated Triple-Halide Perovskites
for Efficient and Scalable Perovskite/Silicon Tandem Solar Cells. ACS
Energy Lett. 2022, 7, 3600.

(5) Bishop, J.; Read, C.; Smith, J.; Routledge, T.; Lidzey, D. Fully
Spray-Coated Triple-Cation Perovskite Solar Cells. Sci. Rep. 2020, 10,
6610.

(6) Taylor, A; Sun, Q.; Goetz, K.; An, Q.; Schramm, T.; Hofstetter,
Y,; Litterst, M.; Paulus, F.; Vaynzof, Y. A General Approach to High-
efficiency Perovskite Solar Cells by Any Antisolvent. Nat. Commun.
2019, 12, 1878.

(7) Khenkin, M.; Katz, E.; Abate, A.; Bardizza, G.; Berry, J.; Brabec,
C.; Brunetti, F.; Bulovic, V.; Burlingame, Q.; Di Carlo, A;
Cheacharoen, R.; Cheng, Y.; Colsmann, A,; Cros, S.; Domanski, K;
Dusza, M.; Fell, C,; Forrest, S.; Galagan, Y.; Girolamo, D.; Gritzel,
M.; Hagfeldt, A,; von Hauff, E.; Hoppe, H.; Kettle, J.; Kébler, H.;
Leite, M,; Liu, S.; Loo, Y.; Luther, J.; Ma, C.; Madsen, M.; Manceau,
M.; Matheron, M.; McGehee, M.; Meitzner, R.; Nazeeruddin, M;
Nogueira, A.; Odabagi, C; Osherov, A.; Park, N.; Reese, M,; De
Rossi, F.; Saliba, M.; Schubert, U.; Snaith, H.; Stranks, S.; Tress, W.;
Troshin, P.; Turkovic, V.; Veenstra, S.; Visoly-Fisher, I; Walsh, A.;
Watson, T.; Xie, H.; Yildirim, R.; Zakeeruddin, S.; Zhu, K.; Lira-
Cantu, M. Consensus Statement for Stability Assessment and
Reporting for Perovskite Photovoltaics Based on ISOS Procedures.
Nat. Energy 2020, S, 3S.

(8) Kasparavicius, E.; Franckevi¢ius, M.; Malinauskiene, V;
Genevicius, K; Getautis, V.; Malinauskas, T. Oxidized Spiro-
OMeTAD: Investigation of Stability in Contact with Various
Perovskite Compositions. ACS Appl. Energy Mater. 2021, 4, 13696.

(9) Yin, X,; He, Y,; Wang, X.; Wu, Z,; Pang, E,; Xu, J,; Wang, J.
Recent Advances in Thermally Activated Delayed Fluorescent
Polymer—Molecular Designing Strategies. Front. Chem. 2020, 8, 725.

(10) Kasparavicius, E.; Magomedov, A.; Malinauskas, T.; Getautis,
V. Long-Term Stability of the Oxidized Hole-Transporting Materials
used in Perovskite Solar Cells. Chem. — Eur. J. 2018, 24, 9910.

(11) Magomedov, A.; Kasparavicius, E; Rakstys, K; Paek, S.;
Gasilova, N.; Genevicius, K.; Juska, G.; Malinauskas, T.; Nazeeruddin,
M.,; Getautis, V. Pyridination of Hole Transporting Material in
Perovskite Solar Cells Questions the Long-Term Stability. J. Mater.
Chem. C 2018, 6, 8874.

(12) Meng, L,; You, J; Yang, Y. Addressing the Stability Issue of
Perovskite Solar Cells for Commercial Applications. Nat. Commun.
2018, 9, 5265.

(13) Xu, B; Zhang, J.; Hua, Y; Liu, P.; Wang, L,; Ruan, C,; Li, Y,;
Boschloo, G.; Johansson, E.; Kloo, L.; Hagfeldt, A.; Jen, A.; Sun, L.
Tailor-Making Low-Cost Spiro[fluorene-9,9'-xanthene]-Based 3D
Oligomers for Perovskite Solar Cells. CHEM. 2017, 2, 676.

(14) Zhu, X.; Ma, X; Wang, Y.; Li, Y.; Gao, C.; Wang, Z.; Jiang, Z.;
Liao, L. Hole-Transporting Materials Incorporating Carbazole into
Spiro-Core for Highly Efficient Perovskite Solar Cells. Adv. Funct.
Mater. 2019, 29, No. 1807094.

(15) Lee, D.; Sivakumar, G.; Misra, M.; Seok, S. Carbazole-Based
Spiro[fluorene-9,9'-xanthene] as an Efficient Hole-Transporting
Material for Perovskite Solar Cells. ACS Appl. Mater. Interfaces
2020, 12, 28246.

(16) Kang, M.; Sung, S.; Choi, L; Kim, H.; Hong, M.; Kim, J.; Lee,
W.; Kim, H. Novel Carbazole-Based Hole-Transporting Materials
with Star-Shaped Chemical Structures for Perovskite-Sensitized Solar
Cells. ACS Appl. Mater. Interfaces. 2015, 7, 22213.

(17) Lu, C; Choi, I; Kim, J; Kim, H. Simple Synthesis and
Molecular Engineering of Low-Cost and Star-Shaped Carbazole-
Based Hole Transporting Materials for Highly Efficient Perovskite
Solar Cells. J. Mater. Chem. A 2017, S, 20263.

(18) Wu, F; Ji, Y.; Zhong, C,; Liu, Y.; Tan, L.; Zhu, L. Fluorine-
Substituted Benzothiadiazole-Based Hole Transport Materials for
Highly Eficient Planar Perovskite Solar Cells with a FF Exceeding
80%. Chem. Commun. 2017, 53, 8719.

(19) Wu, F.; Shan, U.; Qiao, J.; Zhong, C.; Wang, R.; Song, Q.; Zhu,
L. Replacement of Biphenyl by Bipyridine Enabling Powerful Hole

Transport Materials for Efficient Perovskite Solar Cells. ChemSu-
sChem. 2017, 10, 3833.

(20) Li, D; Shao, J.; Li, Y.; Li, Y,; Deng, L.; Zhong, Y.; Meng, Q.
New Hole Transporting Materials for Planar Perovskite Solar Cells.
Chem. Commun. 2018, 54, 1651.

(21) Ke, W.; Priyanka, P.; Vegiraju, S.; Stoumpos, C.; Spanopoulos,
1; Myae Myae Soe, C.; Marks, T.; Chen, M.; Kanatzidis, M. Dopant-
Free Tetrakis-Triphenylamine Hole Transporting Material for
Efficient Tin-Based Perovskite Solar Cells. J. Am. Chem. Soc. 2018,
140, 388—393.

(22) Zhang, X; Zhou, Z; Ma, S; Wu, G.; Liu, X.; Mateen, M,;
Ghadari, R;; Wy, Y,; Ding, Y.; Cai, M.; Dai, S. Fused Tetraphenyl-
ethylene—Triphenylamine as an Efficient Hole Transporting Material
in Perovskite Solar Cells. Chem. Commun. 2020, 56, 3159.

(23) Hao, M,; Tan, D.; Chi, W.; Li, Z. A 7-extended Triphenylamine
Based Dopant-Free Hole-Transporting Material for Perovskite Solar
Cells via Heteroatom Substitution. Phys. Chem. Chem. Phys. 2022, 24,
4635.

(24) Rodriguez-Seco, C.; Méndez, M.; Rolddn-Carmona, C.; Pudi,
R.; Nazeeruddin, M.; Palomares, E. Minimization of Carrier Losses
for Efficient Perovskite Solar Cells through Structural Modification of
Triphenylamine Derivatives. Angew. Chem., Int. Ed. 2020, 59, 5303.

(25) Afraj, S.; Zheng, D.; Velusamy, A.; Ke, W.; Cuthriell, S.; Zhang,
X.; Chen, Y,; Lin, C,; Nj, J.; Wasielewski, M.; Huang, W.; Yu, J; Pan,
C.; Schaller, R.,; Chen, M.; Kanatzidis, M.; Facchetti, A.; Marks, T.
2,3-Diphenylthieno[3,4-b]pyrazines as Hole-Transporting Materials
for Stable, High-Performance Perovskite Solar Cells. ACS Energy Lett.
2022, 7, 2118.

(26) Rakstys, K,; Abate, A; Dar, M;; Gao, P.; Jankauskas, V;
Jacopin, G.; Kamarauskas, E.; Kazim, S.; Ahmad, S.; Gritzel, M,;
Nazeeruddin, M. Triazatruxene-Based Hole Transporting Materials
for Highly Efficient Perovskite Solar Cells. J. Am. Chem. Soc. 2015,
137, 16172.

(27) Ramos, F.; Rakstys, K.; Kazim, S.; Gritzel, M.; Nazeeruddin,
M,; Ahmad, S. Rational Design of Triazatruxene-Based Hole
Conductors for Perovskite Solar Cells. RSC Adv. 2015, S, 53426.

(28) Connell, A;; Wang, Z.; Lin, Y.; Greenwood, P.; Wiles, A.; Jones,
E; Furnell, L; Anthony, R,; Kershaw, C.; Cooke, G.; Snaith, H;
Holliman, P. Low cost triazatruxene hole transporting material for >
20% efficiency perovskite solar cells. J. Mater. Chem. C 2019, 7, 5235.

(29) Magomedov, A.; Paek, S.; Gratia, P.; Kasparavicius, E.;
Daskeviciene, M.; Kamarauskas, E.; Gruodis, A.; Jankauskas, V.;
Kantminiene, K.; Cho, K; Rakstys, K.;; Malinauskas, T.; Getautis, V;
Nazeeruddin, M. Diphenylamine-Substituted Carbazole-Based Hole
Transporting Materials for Perovskite Solar Cells: Influence of
Isomeric Derivatives. Adv. Funct. Mater. 2018, 28, No. 1704351.

(30) Santos, J.; Calbo, J.; Sandoval-Torrientes, R.; Garcia-Benito, L;
Kanda, H.; Zimmermann, I; Aragd, J.; Nazeeruddin, M.; Orti, E;
Martin, N. Hole-Transporting Materials for Perovskite Solar Cells
Employing an Anthradithiophene Core. ACS Appl. Mater. Interfaces.
2021, 13, 28214.

(31) Yang, Y,; Wu, F; Lu, H; Li S; Zhong, C; Zhu, L.
Bipyrimidine Core Structure-Based Hole Transport Materials for
Efficient Perovskite Solar Cells. Sustainable Energy Fuels. 2020, 4,
5271.

(32) Chen, J; Xia, J.; Yu, H; Zhong, J.; Wu, X;; Qin, Y.; Jia, C.; She,
Z.; Kuang, D.; Shao, G. Asymmetric 3D Hole-Transporting Materials
Based on Triphenylethylene for Perovskite Solar Cells. Chem. Mater.
2019, 31, 5431.

(33) Leijtens, T.; Ding, L; Giovenzana, T.; Bloking, J.; McGehee,
M,; Sellinger, A. Hole Transport Materials with Low Glass Transition
Temperatures and High Solubility for Application in Solid-State Dye-
Sensitized Solar Cells. ACS Nano 2012, 6, 145S.

(34) Daskeviciute, S.; Momblona, C.; Rakstys, K,; Sutanto, A;
Daskeviciene, M.; Jankauskas, V.; Gruodis, A.; Bubniene, G.; Getautis,
V.; Nazeeruddin, M. Fluorene-based enamines as low-cost and
dopant-free hole transporting materials for high performance and
stable perovskite solar cells. J. Mater. Chem. A 2021, 9, 301—309.

https://doi.org/10.1021/acsami.3c17811
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://doi.org/10.1021/acsenergylett.2c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-020-63674-5
https://doi.org/10.1038/s41598-020-63674-5
https://doi.org/10.1038/s41467-021-22049-8
https://doi.org/10.1038/s41467-021-22049-8
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1021/acsaem.1c02375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c02375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c02375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fchem.2020.00725
https://doi.org/10.3389/fchem.2020.00725
https://doi.org/10.1002/chem.201801441
https://doi.org/10.1002/chem.201801441
https://doi.org/10.1039/C8TC02242A
https://doi.org/10.1039/C8TC02242A
https://doi.org/10.1038/s41467-018-07255-1
https://doi.org/10.1038/s41467-018-07255-1
https://doi.org/10.1016/j.chempr.2017.03.011
https://doi.org/10.1016/j.chempr.2017.03.011
https://doi.org/10.1002/adfm.201807094
https://doi.org/10.1002/adfm.201807094
https://doi.org/10.1021/acsami.0c06318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TA04762B
https://doi.org/10.1039/C7TA04762B
https://doi.org/10.1039/C7TA04762B
https://doi.org/10.1039/C7TA04762B
https://doi.org/10.1039/C7CC04606E
https://doi.org/10.1039/C7CC04606E
https://doi.org/10.1039/C7CC04606E
https://doi.org/10.1039/C7CC04606E
https://doi.org/10.1002/cssc.201700973
https://doi.org/10.1002/cssc.201700973
https://doi.org/10.1039/C7CC08985F
https://doi.org/10.1021/jacs.7b10898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC09901H
https://doi.org/10.1039/C9CC09901H
https://doi.org/10.1039/C9CC09901H
https://doi.org/10.1039/D1CP05503H
https://doi.org/10.1039/D1CP05503H
https://doi.org/10.1039/D1CP05503H
https://doi.org/10.1002/anie.201915022
https://doi.org/10.1002/anie.201915022
https://doi.org/10.1002/anie.201915022
https://doi.org/10.1021/acsenergylett.2c00684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b11076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b11076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5RA06876B
https://doi.org/10.1039/C5RA06876B
https://doi.org/10.1039/C8TC04231D
https://doi.org/10.1039/C8TC04231D
https://doi.org/10.1002/adfm.201704351
https://doi.org/10.1002/adfm.201704351
https://doi.org/10.1002/adfm.201704351
https://doi.org/10.1021/acsami.1c05890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c05890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SE01062F
https://doi.org/10.1039/D0SE01062F
https://doi.org/10.1021/acs.chemmater.9b00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204296b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204296b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204296b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TA08452B
https://doi.org/10.1039/D0TA08452B
https://doi.org/10.1039/D0TA08452B
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c17811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(35) Daskeviciute-Geguziene, S.; Zhang, Y.; Rakstys, K.; Kreiza, G.;
Khan, S.; Kanda, H.; Paek, S.; Daskeviciene, M.; Kamarauskas, E.;
Jankauskas, V.; Asiri, A.; Getautis, V.; Nazeeruddin, M. Green-
Chemistry-Inspired Synthesis of Cyclobutane-Based Hole-Selective
Materials for Highly Efficient Perovskite Solar Cells and Modules.
Angew. Chem., Int. Ed. 2022, 61, No. €202113207.

(36) Stolterfoht, M.; Le Corre, V.; Feuerstein, M.; Caprioglio, P.;
Koster, L.; Neher, D. Voltage-Dependent Photoluminescence and
How It Correlates with the Fill Factor and Open-Circuit Voltage in
Perovskite Solar Cells. ACS Energy Lett. 2019, 4, 2887.

(37) Yoo, J.J,; Seo, G.; Chua, M. R; Park, T. G.; Ly, Y.; Rotermund,
F,; Kim, Y.-K;; Moon, C. S; Jeon, N. J.; Correa-Baena, J.-P.; Bulovic,
V.; Shin, S. S.; Bawendi, M. G.; Seo, J. Efficient Perovskite Solar Cells
via Improved Carrier Management. Nature. 2021, 590, 587.

https://doi.org/10.1021/acsami.3c17811
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://doi.org/10.1002/anie.202113207
https://doi.org/10.1002/anie.202113207
https://doi.org/10.1002/anie.202113207
https://doi.org/10.1021/acsenergylett.9b02262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1038/s41586-021-03285-w
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c17811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

