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ABSTRACT: The development of hole transport materials
(HTMs) is a prolific area of research due to the application of
these materials in various technologies such as organic light-
emitting diodes (OLEDs) or perovskite solar cells (PSCs). HTMs
have notably played a crucial role in the development of high-
performance PSCs since in these devices, they not only ensure the
collection and transport of holes to the counterelectrode but also
play an important role on the device stability. In addition to the
need for these materials to have good transport properties and to
be easy to process, it is also of paramount importance to guarantee
that their synthesis costs are reduced to allow them to be used on a
large scale. In this work, we show that the use of a 9,10-
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bis[ (triisopropylsilyl)-ethynylJanthracene (TIPS-anthracene) moiety as a z-conjugated core, in combination with electroactive
arylamine moieties, allows us to obtain new efficient HTMs in only 2 or 4 steps after recrystallization. Solar cells fabricated with the
hybrid perovskite (CsgosFAg70MAg16Pb(I54Brg16)3 and these new HTMs exhibit power conversion efficiencies of up to 19.3%
under AM1.5G solar illumination, which is close to the efficiency obtained with the reference compound 2,2',7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) under the same conditions. Compared to other anthracene-based
HTMs reported in recent years and used with perovskites of various compositions, our molecules, which are easy to prepare and

purify, are more efficient.

B INTRODUCTION

Metal-halide perovskite materials for optoelectronic applica-
tions have developed very rapidly as a research and technology
topic.' In terms of their application in photovoltaics, this has
led to an extremely rapid increase in photoconversion
efficiency (PCE) from 9.7% in 2012* to a current record
efficiency of 26.1% (certified by NREL) for single bandgap
devices® (under standard measurement conditions) and up to
33.7% (claimed at KAUST and certified by NREL)® for
tandem devices’ in combination with conventional silicon
wafers. As perovskite solar cells (PSCs) rely on the presence of
electron and hole transport layers to enhance the photo-
generated charge carrier separation, the properties of these
transport materials, the dynamics and interaction between the
perovskite layer and these layers have attracted much
attention.””'”> The nature of the materials used for these
interfacial layers can affect the overall efficiency,'”'* the
stability'>'® or the hysteresis'”'® behavior of the whole device.
The development of new materials and the understanding of
the elements involved have benefited greatly from the previous
knowledge and techniques associated with more mature solar
cells based on organic molecules or macromolecules such as
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dye-sensitized solar cells (DSSCs)'® and organic solar cells
(OSCs).”® Focusing on the perovskite photoactive layer, the
outstanding optoelectronic properties of this kind of materi-
al”'~** responsible for these excellent results and for pushing
the open-circuit photovoltage very close to their radiative
limit* can be connected to strong ionicity of the metal—halide
bond.”**” However, these properties can also produce
chemical instability, which is one of the main drawbacks
toward their full-scale implemention.”**” In addition, the most
widely used hole selective contact, the 2,2',7,7’-tetrakis(N,N-
di-4-methoxyphenylamino)-9,9’-spirobifluorene Spiro-OMe-
TAD,**? is usually doped with lithium and cobalt salts to
raise its mobility’” and with 4-tert-butylpyridine (tBP) to
improve the layer homogeneity.”* These additives increase the
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Figure 1. Summary of synthetic pathways of HL-22 and HL-31. Molecular structures of HL-22, HL-31, and Spiro-OMeTAD.

hygroscopicity of the device, reducing its stability under
ambient conditions.” To tackle this issue, different approaches
have been used such as the encapsulation of the devices,*™’
the development of new dopants that do not increase the
hygroscopicity,”*” or using different deposition processes that
avoid the necessity of the additives.*’ These strategies keep the
Spiro-OMeTAD with its key role, ignoring another pressing
issue regarding this material, which is the high cost of its
production related to the high-purity sublimation-grade and
complex multistep synthesis process required for its
fabrication.*’ This has driven the scientific community to
report a variety of new HTMs,*~*® although only a handful of
these options can match or exceed the record efficiencies of
Spiro-OMeTAD.””*’ Semiconducting polymers such as
polytriarylamine®>** or polythiophene™ have shown high
solar-to-energy conversion efficiencies. However, polymeric
materials have some drawbacks. Their synthesis and
purification are not reproducible, resulting in batches with
different macromolecular parameters and therefore different
properties. They also often have low solubility, resulting in
poor film formation and infiltration into the nanostructured
material. These reasons have led to the development of small
molecules as HTMs.” "> The main requirements for small
molecules to be used efficiently as HTM in perovskite solar
cells are’ (i) a favorable energy alignment between the
HOMO energy level of the HTM and the valence band of the
perovskite, (ii) high mobility for hole transport to facilitate

hole conduction and prevent charge recombination, (i) high
solubility in an organic solvent such as toluene or
chlorobenzene, (iv) smooth and pinhole-free morphology,
and (v) good thermal, moisture, and chemical stability. Among
the plethora of small molecules®® developed in the past decade
only few are based on anthracene cores.”* Anthracene is a
highly planar moiety previously used to prepare emitting
materials and hole or electron-transporting materials with high
carrier mobility and stability,55 applicable in organic light-
emittin7g diodes (OLEDs).*® This moiety is quite versatile and
stable” and it has also been employed as an electron-rich core
to prepare donor materials or for bulk heterojunction organic
solar cells®® and, more recently, nonfullerene acceptors. ° In
2017, Dai and co-workers™® demonstrated the potential of
anthracene-based HTM:s in perovskite solar cells by achieving
a PCE above 15%. In 2020, Tao et al. developed hole-
transporting materials, composed of N3,N6-bis(di-4-anisylami-
no)-9H-carbazole and anthracene connected in the 2,6
position, and they demonstrated better hole mobility and
hole-extraction ability compared to Spiro-OMeTAD in
perovskite solar cells.”” By doping their anthracene-based
HTMs, they achieved a PCE of 18.65%. Furthermore, they
showed that PSCs based on these HTMs have a negligible
hysteresis and relatively good stability. Compared to native
anthracene, anthracene functionalized with TIPS-acetylene
groups (TIPS-anthracene) at positions 2 and 6 significantly
increases not only the solubility and hydrophobicity but also
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the stability of these molecules. Introducing classical donors at
positions 9 and 10 in TIPS-anthracene used in HTM design
could provide efficient HTMs for perovskite solar cells and be
obtained in a straightforward manner. Therefore, herein, we
designed two TIPS-anthracene derivatives for use as HTMs in
hybrid lead-based perovskite solar cells. We report their
synthesis and optoelectronic properties and their advanced
characterization and performances in perovskite solar cells,
based on (CsgosFAg79MAy,6Pb(IoBro,6); perovskite, "~
which were compared with those of Spiro-OMeTAD (Figure

1).

B EXPERIMENTAL SECTION

Synthesis of the TIPS-Anthracene HTMs. All reactions were
carried out under argon. Toluene was distilled over Na/
benzophenone and kept over activated 3 A molecular sieves. All of
the commercial reagents were used without further purification. 'H
and ®C NMR spectra were recorded at room temperature on a
Bruker Avance-300 MHz NMR spectrometer. 'H NMR spectra were
recorded at 300 MHz and *C NMR spectra were recorded at 75
MHz. Dichloromethane residual peak was taken as an internal
reference at 5.30 ppm for 'H NMR and $3.52 ppm for *C NMR.
High-resolution mass spectra were obtained by using a Waters Xevo
Q-Tof using positive mode. Compounds 1°° and 2°* were synthesized
according to the literature routes. Compound 3 in the synthetic
scheme was purchased from TCI.

Synthesis of HL-22. To a bicol flask, compound 1 (100 mg, 0.15
mmol, 1 equiv), compound 3 (274 mg, 0.72 mmol, 2.5 equiv), and
NaOtBu (55 mg, 0.57 mmol, 4 equiv) were added under argon
followed by toluene (10 mL). The mixture was degassed for 15 min
under an ultrasound with argon. Then, Pd(OAc), (3.4 mg, 0.019
mmol, 0.1 equiv) and P(t-Bu;),"BF,” (8.7 mg, 0.0015 mmol, 0.2
equiv) were then added to the solution. The reaction was heated to
115 °C and stirred for 3 h, reaction monitored by TLC. After
returning to room temperature, the solution was filtrated through a
pad of silica gel and then concentrated. The crude product was
purified by column chromatography by using PE/DCM as an eluent
(50/50 to 20/80). The resulting solid was first heated in methanol
and then filtered. The solid was then recrystallized in a dichloro-
methane (DCM)/pentane mixture to provide the target molecule as
brown needle-shape crystals. (180 mg, 70%). 'H NMR (300 MHz,
CD,Cl,) 6 = 8.90 (s, 2H), 8.84 (d, ] = 9.2, 2H), 7.93 (dd, ] = 9.2, 2.1,
2H), 7.75—7.36 (m, 8H), 7.14 (dd, ] = 8.9, 2.2, 4H), 6.98 (d, ] = 8.5,
16H), 6.78 (d, ] = 8.5, 16H), 3.75 (s, 24H), 1.33—1.05 (m, 42H); '*C
NMR (75 MHz, CD,Cl,) § = 155.10, 137.06, 133.06, 129.37, 124.92,
124.68, 124.65, 124.57, 124.34, 118.55, 114.58, 110.90, 106.26,
102.69, 55.52, 18.79, 11.54; HRMS (TOF MS ESI+) caled. for
C16H,1eN¢OgSi, + H': 1777.8471 [M+H']*, found: 1777.8468.

Synthesis of HL31. To a bicol flask were added K;PO, (360 mg,
1.73 mmol, 6 equiv) and water (1 mL) under argon. When K;PO,
was dissolved, toluene (9 mL) is added followed by compound 1 (200
mg, 0.29 mmol, leq) and compound 2 (370 mg, 0.72 mmol, 2.5
equiv). The mixture was degassed for 15 min under ultrasound with
argon. Then, Pd,(dba); (27 mg, 0.03 mmol, 0.1 equiv) and S-Phos
(24 mg, 0.06 mmol, 0.2 equiv) were added. The reaction was heated
to 110 °C and stirred for 2 h. After returning to room temperature,
the solution was filtered through a pad of silica gel and then
concentrated. The crude product was purified by column chromatog-
raphy using as eluent EP/DCM (40/60 to 20/80). The solid obtained
was recrystallized in a small volume of toluene to give the target
molecule as a red solid (240 mg, 64%). R; (EP/DCM, 40/60) = 0.15;
'H NMR (300 MHz, CD,Cl,) 6 = 8.80 (s, 2H), 8.59 (d, ] = 9.1, 2H),
7.91 (dd, J = 9.1, 1.8, 2H), 7.51-7.42 (m, 6H), 7.23 (d, ] = 3.8, 2H),
7.08 (d, ] = 8.4, 8H), 6.93—6.83 (m, 12H), 3.78 (s, 12H), 1.32—1.31
(2s, 42H);"*C NMR (75 MHz, CD,Cl,) § = 156.26, 144.76, 141.49,
140.31, 127.67, 126.85, 126.01, 12579, 125.09, 122.64, 122.05,
119.91, 114.64, 55.35, 18.71, 11.51; HRMS (TOF MS ESI+) calcd.
for CgHgeN,0,8,Si, + H*: 1309.5802 [M+H*]*, found: 1309.5790.

Cyclic Voltammetry (CV). CV was performed with a BAS
Electrochemical system in a three-electrode single compartment cell
with a glassy carbon working electrode, a coiled platinum wire counter
electrode, and an Ag/AgNO; reference electrode. CV was recorded
using 1—2 mM in 0.1 M Bu,N.PF4 /DCM using a scan rate of 100
mV s™'. HOMO energy level was determined by Eyono= —(4.8 +

E;,0").

Density Functional Theory Calculations (DFT). The DFT
calculations were performed with the ADF suite. The geometry was
optimized first with the revPBE functional and a tz2p base. To analyze
the molecular orbitals with more precision, a single point was
performed with the hybrid B3LYP functional (tz2p base).

Absorption Measurements. Absorption spectra were measured
using 1 cm path length quartz cells in a Shimadzu UV
spectrophotometer 1700 with an optical range from 190 to 1100
nm at room temperature. All the measurements were performed using
toluene as solvent. The fluorescence spectra in solution were also
recorded using 1 cm path length quartz cuvettes in Spectrofluorimeter
Fruorolog from Horiba Jobin Yvon Ltd. with PMT (UV—vis) and
InGaAs (NIR) detectors that allow fluorescence measurements in the
wavelength range from 250 to 1600 nm at room temperature. The
energy of the optical bandgap was calculated accordingly to E, =
1240/2,., where A,. was the absorption edge wavelength onset, and
its value was taken from the intersection of the normalized absorption
and emission spectra recorded in diluted solutions.

Thermogravimetric Analysis (TGA). The measurements were
carried out in TGA/SDTA851 Mettler Toledo equipment. The
working temperature went from 30 to 600 °C at a scan rate of 10 °C/
min under a nitrogen atmosphere. The decomposition temperature
was considered when the samples lose up to 5% of its initial weight.

Differential Scanning Calorimetry (DSC). DSC analysis was
measured in a DSC822e Mettler Toledo calorimeter. The working
temperatures went from 30 to 450 °C performing three continuous
cycles, at a scan rate of 10 °C/min. The glass transition temperatures
for the investigated compounds were determined during the second
and third heating scans under a nitrogen atmosphere.

Time-Correlated Single Photon Counting Measurements
(TCSPC). Lifetime measurements were performed on an Edinburgh
Instruments LifeSpec-II based on the TCSPC technique, equipped
with a PMT detector, double subtractive monochromator, and 470
nm picosecond pulsed diode lasers source. All perovskite films were
protected with PMMA to perform measurements in ambient
conditions.

Space-Charge Limited Current (SCLC). The charge carrier
mobility of HSLs was measured by the SCLC method. SCLC method
was applied to only p-type materials sandwiched between the
contacts. The device structure is basically ITO/PEDOT:PSS/HSL/
Au. The current density—voltage curve was measured, and the
concentration of charge carriers and the electric field in the device
were estimated by the mobility of the holes, instead of by the
recombination of the holes. The measured data is fitted in the SCLC
regime using Mott—Gurney law and shown in Figure S10 and eq 1.

_9 Veer
Jcic = gsoe,,u 7 (1)

Here, 4 is the mobility of HSL, d is the thickness of HSL, Vg is the
effective voltage and has a gy¢, value of 3 for organic semiconductors,
according to the literature. The HSL thickness is usually fixed around
100 nm and the films are deposited via spin-coating. The
PEDOT:PSS layers are deposited onto cleaned and treated ITO
substrates via spin coating at 3500 rpm for 30 s and annealed at 130
°C for 30 min. The data were recorded with a Keithley 2612A
instrument by sweeping from 1 to 5 V at a scan rate of 40 mV/s.

Current Density—Voltage Scan (J-V). The photovoltaic
measurements were carried out by using 450 W xenon light source
(Oriel). The spectral mismatch between AM 1.5 G and the simulated
illumination was reductive by the use of a Schott 113 Tempax filter
(Prazisions Glas & Optik GmbH). The light intensity was calibrated
with that Si photodiode equipped with an IR cuttoff filter (KG3,
Chott) and it was recorded during each measurement. Current
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Figure 2. (a) UV—visible (solid lines) and fluorescence emission (dashed lines) spectra for Spiro-OMeTAD, HL-22 and HL-31 under standard
measurement conditions in DCM. (b) Recorded spectra for the respective organic thin films onto the CsSFAMA perovskite film.

voltage characteristics of the cells were obtained by applying an
external voltage bias while measuring the current response with a
digital source meter (Keithley 2400). The voltage scan rate was 40
mV s~ The cells were masked with a black metal mask (0.09 cm?) to
estimate the active area and reduce the influence of scattered light.

Scanning Electron Microscope (SEM). Cross-sectional images
of complete devices and the perovskite surface of modified ITO were
recorded using an ESEM system FEI Quanta 600 in low vacuum
(0.68 Torr) with an accelerating voltage of 20 kV.

Maximum Power Point (MPP) Tracking of Perovskite Solar
Cells. A custom-built High-throughput Aging Setup was used for the
aging test of perovskite solar cells.”® Each cell was individually MPP-
tracked by the use of special electronics. A perturb and observe®
algorithm with a voltage step-width of 0.01 V and a delay time of 1 s
was applied to track the MPP. PCE MPP tracking values were
automatically recorded for all cells every 2 min and normalized to the
start value. During the tracking, the active area was touching a heat
pad in order to ensure direct thermal coupling, and Peltier elements
were used for cooling and kept the cells at 25 °C at all time. MPP
tracking of devices was performed without encapsulation and under a
continuous flow of nitrogen in a closed box. The light source intensity
was actively controlled using a silicon irradiation-sensor, which itself
was calibrated using a Silicon reference from Fraunhofer ISE. The
aging test was in accordance with the ISOS-L-11 protocol. The UV-
induced degradation was carried out with a Vilber Lourmat VL-6.L
lamp. The power of the UV tube was 6 W. All HSL-deposited ITO
substrates had been exposed to 365 nm for 30 min before perovskite
deposition.

Device Fabrication. Transparent Conducting Oxides Covered
Glass Substrates Cleaning. The patterned fluorinated tin oxide
(FTO)-coated glass substrates are cleaned for 15 min with Mucasol
2% solution in deionized water, acetone, and isopropanol in an
ultrasonic bath at 50 °C. After physical cleaning, the cleaned
substrates are dried well before being treated in an UV plasma cleaner
for 15 min. After UV plasma treatment, the FTO covered substrates
immediately are use in the next step and they are transferred to a hot
plate for depositing the compact titanium dioxide (TiO,) layer.

Compact TiO, (c-TiO,) Layer by Spray Pyrolysis. A compact TiO,
layer was deposited by aerosol spray pyrolysis, using oxygen as a
carrier gas. The precursor solution of the compact TiO, was prepared
using 0.480 mL of acetylacetone, 0.720 mL of (Ti(iPrO),(acac),) (75
wt % in isopropanol), and 10.8 mL of ethanol absolute. The total
amount (12 mL) of the precursor solution was sufficient for 18
substrates. After UV plasma treatment, the substrates are heated to
450 °C and kept at this temperature for 15 min. When the deposition
of the compact TiO, is finished by aerosol spray pyrolysis, the
substrates are sintered at the same temperature for 30 min. The whole
precursor solution was sprayed from the substrates at a distance of 20
cm with an inclination of 45°, with at least 20 s of delay between each
spray cycle.

Mesoporous TiO, (m-TiO,) Layer by Spin-Coating. The m-TiO2
was deposited on top of the c-TiO, by spin-coating at 4000 rpm for

10 s and 2000 rpm acceleration. The solution of the TiO, paste (30
nrd) was prepared using 0.3 g per 2 mL of absolute ethanol (125 mg/
mL) and the paste was well dissolved under stirring. The dispersed
solution of the mesoporous TiO, should be prepared at least 1 day
before using and can be kept under stirring all the time. The coated
substrates are preannealed at 100 °C for 5 min right after the spin-
coating process. Then, the preannealed substrates are transferred into
a hot plate and sintered at 450 °C for 30 min. The final thickness of
the mesoporous TiO, was around 150—200 nm.

Lithium Surface Treatment by Spin-Coating. Lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) was deposited onto the
mesoporous TiO, covered substrates for treatment just before the
deposition of the perovskite layer. The LiFTSI layers are coated by
spin-coating at 3000 rpm for 10 s. and 1000 rpm acceleration. The
coated substrates are preannealed at 100 °C for S min right after the
spin-coating process. Then, the preannealed substrates are transferred
into a hot plate and sintered at 450 °C for 30 min.

CsFAMA Perovskite Deposition for the n-i-p Structure. The
perovskite solar cells are based on CsSFAMA [(CsgosFAg7sMA, ¢Pb-
(Ip84Bro16);] that was prepared with an antisolvent deposition
technique for n-i-p configuration. First, PbBr, (1.5 M) and Pbl,
(1.5 M) are dissolved in a mixture of anhydrous dimethylformamide
(DMF):dimethyl sulfoxide (DMSO) (4:1 volume ratio) and added to
formamidinium iodide (1.09:1 molar ratio) and methylammonium
bromide (1.09:1 molar ratio) powders respectively, to obtain
MAPbBr; and FAPDI; solutions with a final concentration of 1.24
M. These two solutions are then mixed in a 17:83 volume ratio.
Second, the cesium cation was added from a 1.5 M Csl solution in
DMSO in a 5:95 volume ratio. The perovskite solution was spin-
coated on top of the Li-doped TiO, using the following 2 step
program: first was at 2000 rpm with 2000 rpm acceleration for 12 s,
the second one was 6000 rpm with 2000 rpm acceleration for 23 s
(program’s total time is 35 s). After 30 s, 300 uL of anisole was
dropped on the spinning substrate to promote fast solvent removal,
forming a smooth and compact layer. After the spin-coating program,
the perovskite-coated sample was annealed at 100 °C for 60 min.
Spiro-OMETAD was the most celebrated HSL in the n-i-p
configuration of the PSCs that was deposited on top of the perovskite
layer. A 28.4 mM Spiro-OMETAD solution in chlorobenzene was
doped with dopants named tBP, LiTFSI, and Co(III)TFSI to enhance
its HSL properties. The molar ratio of the solution was 1 Spiro-
OMETAD: 3.3 TBP:0.5 LiTESI (from a 1.8 M stock solution in
acetonitrile):0.05 Co(III)TESI (from a 0.25 M stock solution in
acetonitrile). The same dopants and ratio are used to dope 10 mM
small molecule solutions in chlorobenzene, and all the solutions are
filtered before depositing on top of the perovskite layer. After all the
dopants were added to the HSL solution, the PTFE (0.2 um) filter
was used for eliminating aggregations or not solved materials before
spin-coating. The HSLs are coated by spin-coating at 1800 rpm for 30
s and 200 rpm acceleration. After deposition of the HSLs, all
substrates are transferred to the drybox with a 10% relative humidity,
and they are stored there overnight. The FTO side of the substrates is

https://doi.org/10.1021/acs.chemmater.3c02231
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02231?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Table 1. Optical and Electrochemical Relevant Parameters for Spiro-OMeTAD, HL-22, and HL-31 in DCM solution”

HTMs HOMO *° (eV) LUMO *° (eV)
Spiro-OMeTAD —5.00 —2.05
HL-22 —4.83 (—4.75) —2.76 (—2.78)
HL-31 —5.01 (—5.02) —2.89 (-2.79)

“Values in parentheses are from DFT calculations.

Ey (eV) Agps (nm) Ao (nm) Aegge (nm)
3.07 375 442 404
2.07 537 680 598
212 530 660 584
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Figure 3. (a) Steady state photoluminescence (PL) spectra upon excitation at 470 nm. The perovskite and hole selective layers are prepared on top
of the glass substrate. The PMMA film deposited on top of the perovskite serves as a moisture protective layer. (b) Time-correlated single photon
counting measurements (TCSPC) of perovskite thin films with PMMA, HL-22, HL-31, and Spiro-OMeTAD deposited on top upon excitation at

470 nm and recorded at 750 nm.

cleaned with a sharp razor and a cotton swap with DMF before metal
contact deposition on the following day.

The n-i-p configured perovskite devices are completed with 80 nm
Au which was deposited using thermal evaporator under ultrahigh
vacuum (1 X 107° mbar).

B RESULTS AND DISCUSSION

Synthesis, Optical, and Electrochemical Character-
ization of the TIPS-Anthracene HTMs. The synthesis,

Table 2. Fit Values for the Deconvolution of the
Luminescence Decays in Figure 3 in ns

films 7 7,
CsFAMA/PMMA 39.9 853.6
CsFAMA/Spiro-OMeTAD 7.4 73.0
CsFAMA/HL-22 6.6 115.0
CsFAMA/HL-31 15.0 361.8

depicted in Figure 1, of the two TIPS-anthracene-based HTMs
is straightforward from 2,6-dibromo-TIPS-anthracene (1.5 1t
relies on Suzuki cross-coupling reactions between compound
(1) and the boronic ester (2) for HL-31 and Buchwald—
Hartwig amination between compound (1) and the
commercially available compound (3) for HL-22. The
synthesis of HL-22 and HL-31 is very straightforward, relying
on the recrystallization of the products, and more convenient
than the more complex synthesis of Spiro-OMeTAD, which
notably requires a sublimation process.”’ In addition, the cost
of the rea(gents required to synthesize HL-22 and HL-31 was
analyzed®® (see the Supporting Information), resulting in 300
and 320€/g, respectively, lower than that of commercial Spiro-
OMeTAD (366.5€/g), although their synthesis has not been
fully optimized.

Once the products were obtained, we set about character-
izing their optoelectronic properties in order to compare them
with those of Spiro-OMeTAD. Figure 2 illustrates the UV—

visible spectra recorded in DCM solvent for HL-22 and HL-31
compared to those of Spiro-OMeTAD at room temperature.
Compared with TIPS-anthracene, which exhibits a wavelength
maximum at 441 nm, the two TIPS-anthracene derivatives
show a pronounced charge transfer absorption band above 500
nm. HL-31 and HL-22 display wavelength maxima at 530 and
537 nm, respectively, with & = 37600 and 8600 L mol™ cm™,
which is in clear contrast to Spiro-OMeTAD that barely
absorbs beyond 420 nm. However, the increase of parasitic
absorption in the visible range of HL-31 and HL-22 is not a
matter of concern in n-i-p devices like the ones considered in
this study, as the light reaches the absorbing layer from the
ETM and not from the HTM,®” unlike in p-i-n devices. When
excited at the maximum wavelength of the charge transfer
band, HL-31 and HL-22 emit light centered at 660 and 680
nm, respectively. Table 1 lists the optical properties of both
anthracene-based hole transport materials as well as Spiro-
OMeTAD.

Furthermore, with the aim to compare the energy levels of
HL-22 and HL-31 with the ones of Spiro-OMeTAD, we
carried out cyclic voltammetry measurements in dichloro-
methane using Fc/Fc* couple and evaluated the first oxidation
potential that, together with the fluorescence emission
measurements can give a valuable estimation for the HOMO
(highest occupied molecular orbital) and the LUMO (lowest
unoccupied molecular orbital) energy values. The measure-
ment results are given in Table 1. Compared with Spiro-
OMeTAD, HL-31 has the same HOMO energy level of about
—5.0 eV, while the HOMO energy level of HL-22 is shifted to
higher energy at about —4.8 eV. These results are in very good
agreement with the ones of DFT calculations, with a HOMO
found at —5.02 eV for HL-31 and at —4.75 eV for HL-22
(Figure S7). On the contrary, due to the TIPS-anthracene
fragment, the LUMO energy levels are significantly shifted to
lower energies at —2.76 and —2.89 eV for HL-22 and HL-31,
respectively, thus reducing the band gap compared to Spiro-
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Figure 4. (a) Schematic representation of the used n-i-p device configuration for functional solar cells. (b) Schematic energy alignment between the

perovskite material and three different HTMs.

OMeTAD. The HOMO and LUMO levels calculated via DFT
are displayed in Figure S8. In both cases, the HOMO—-LUMO
are well separated, with the HOMO levels predominantly
located on the triarylamine moieties and the LUMO on the
anthracene core. From the estimation of the energy levels one
should note that as for the Spiro-OMeTAD, the HOMO level
of the new HTMs faces an important gap with the CsFAMA
pergzvskite, whose valence band has an energy level of —5.60
eV.

Thermogravimetric Analysis. The evaluation of the
thermal behavior of the hole transport materials can give, in
general, very good hints about the stability of the thin organic
semiconductor film when incorporated into functional devices.
This is of great importance in the case of perovskite solar cells
using Spiro-OMeTAD, as the low glass transition temperature
of this material®”" is responsible for the low thermal stability,
one of the main current challenges for this kind of device.””"”
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) are routine techniques for obtaining such
experimental information. Figure S9 shows the TGA and DSC
curves for HL-22 and HL-31. The thermogravimetric and
differential scanning calorimetry measurements for HL-22 and
HL-31 were carried out under a N, atmosphere and with a
fixed scan rate of 10 °C/min. In both cases, a 5% weight loss is
observed at 430 and 440 °C for HL-22 and HL-31,
respectively. This weight loss value is formally attributed to
the material decomposition at this temperature. For Spiro-
OMeTAD, the decomposition temperature is 424 °C, slightly
lower. From the DSC measurements, we can determine the
glass transition temperature (Tg), which is obtained from the
second cycle of the DSC. For HL-22T, is found at 250 °C and
at 254 °C for HL-31. These values are significantly higher than
those reported for pristine Spiro-OMeTAD at about (121—
124 °C)’"7»"%75 and after the addition of LiTFSI and tBP
these values are decreased (50—90 °C).”"7>7¢

Thin Films and Device Characterization. Once we had
characterized the molecules, we proceeded to prepare thin
films wusing triple-cation lead halide perovskite
(Cso05FAg79MA 16Pb(I.54Bro.16) 3"~ "> FA stands for forma-

midinium; MA stands for methyl ammonium. We examined
the steady-state photoluminescence (PL) properties of the
perovskite film when the hole transport material is spin-coated
onto the perovskite layer. The PL spectra of the bare
perovskite film and the HTM-coated perovskite films were
measured upon excitation at 4., = 470 nm. Figure 3 illustrates
the differences in PL. The pristine perovskite thin film shows
an emission peak maximum at 4,,,= 750 nm in good agreement
with previous literature reports.”’ A blue shift is observed upon
superposition of the organic semiconductor thin film’s
superposition. Previous reports assigned this wavelength shift
to the chemical interaction between the organic thin film and
the perovskite material.”””®

The PL quenching for both CsFAMAPbIBr/HL-22 and
CsFAMAPDIBr/HL-31 has a remarkable effect. On average,
HL-22 shows higher quenching of the perovskite PL. The PL
quenching is closely related to the efficiency of the charge
transfer process between the perovskite and the hole transport
material.”' In addition, to seek further information on the
charge transfer dynamics between both materials, we carried
out TCSPC measurements. To fairly compare between
samples, a perovskite/PMMA thin film is used as a reference.
The decay kinetics for the PL are shown in Figure 3 and the
spectra were fitted according to the stretched exponential
decay function.”” A sample comparison shows that the
CsFAMAPDBIBr/HL-22 film exhibits the shortest lifetime of
6.6 ns. Instead, for the CsSFAMAPDIBr/Spiro-OMeTAD and
CsFAMAPbBIBr/HL-31, we recorded lifetimes of 7.4 and 15 ns,
respectively. Overall, for CSFAMAPDbIBr/HL-22, a comparable
to Spiro-OMeTAD transfer kinetics in operando conditions is
expected due to larger PL quenching and faster decay
kinetics.”> Table 2 lists the fitting values obtained from the
decay deconvolution of the fluorescence emission decays.

Following the experiments to examine the properties of the
hole transport materials, the hole mobility values were
evaluated using the space-charge limited current (SCLC)
method (see the Supporting Information).*” Preliminary
results (Table S3) showed that, as in the case of Spiro-
OMeTAD, the efficiencies of the devices using the HTMs
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Figure S. (a) J—V curves for the devices based on Spiro-OMeTAD, HL-22, and HL-31 with a scan rate of 40 mV/s. (b) Measured external
quantum efficiency curves, which shows integrated current density in agreement with values from the J—V measurements with the different hole
transport materials. (c) Open circuit voltage (Voc) and (d) Jsc (short circuit photocurrent) stability measurements for 350s under 1 sun
illumination (100 mW/cm* 1.5 AM G sun simulated spectra). (e) Solar cells maximum power point efficiency tracking for the different solar cells
for over 500 h at 25 °C. The devices were measured under nitrogen without further encapsulation.

without dopants were low. For this reason, the organic
semiconductor thin films were prepared under conditions
identical to those prepared for efficient solar cells, including
the chemical dopants (see the details in the Experimental
Section). As a reference sample, Spiro-OMeTAD films were
used, which show hole mobility values of y = 2.7 X 107 +
0.86 cm® V™! s7! in agreement with those numbers reported in
the scientific literature for Spiro-OMeTAD containing
chemical dopants.’®*" For the novel hole transport materials
HL-22 and HL-31, the mobility values (u) were lower. HL-22
exhibits hole mobility values of u = 49 X 107* + 1.65
cm?V~'s™! while HL-31 displays values of 4 = 3.0 X 107 + 1.6
em?V~'s™!, which are 1 order of magnitude lower than that for
Spiro-OMeTAD. However, it is worth mentioning that the
high mobility obtained for Spiro-OMeTAD is the result of an
optimization process along the years of the chemical
dopants,****** while for the sake of comparison the same
doping process is used for the novel materials (see

Experimental Section), which is not necessary for the
optimized procedure for these new materials.

The functional photovoltaic devices were prepared taking
into account all of the above information with the following
device structure: ITO/c-TiO,/m-TiO,/LiTFSI/CsFAMAP-
bIBr/HTM/Au (see Figure 4a) with the band alignment
between the perovskite and the different HTMs shown in
Figure 4b. It is worthwhile to note that we have used the “one
step” conventional method for the perovskite deposition that
implies the antisolvent step (see Experimental Section). This
step is critical to achieving a monolithic and homogeneous
hybrid perovskite layer. We employed devices prepared using
Spiro-OMeTAD as a standard for comparison purposes.
Figure S11 illustrates a cross-section of the different device
layers by using scanning electron microscopy (SEM).

Figure Sa shows that the hysteresis present in these devices
is negligible and the obtained Jsc is in good agreement with the
integrated Jgc extracted from IPCE in Figure Sb. In addition,
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cells for Spiro-OMeTAD, HL-22, and HL-31 based solar cells.

Table 3. Photovoltaic Parameters of the Best-Performance
Perovskite Solar Cells Using Spiro-OMeTAD, HL-22, and

HL-31 as HTM in Forward and Reverse Scans with a Scan
Rate of 40 mV/s

materials scan J (mA/cm?) V,. (V) FE  PCE (%)
Spiro-OMeTAD reverse 23.5 1.130 0.76 20.3
forward 234 1.132 0.74 19.7
HL-31 reverse 21.2 1.119 0.68 16.6
forward 21.8 1.110 0.66 15.9
HL-22 reverse 23.3 1.097 0.75 19.2
forward 23.3 1.088 0.69 17.6

Figures Sc—e also show that the devices are stable enough to
perform the characterization, and the results are similar to
those obtained for the Spiro-OMeTAD based devices.

Figure 6 collects the different statistical parameters for the
measured solar cells, and the values for the best cells are given
in Table 3. The different parameters’ statistical distribution was
achieved after measuring more than 10 solar cells for each hole
transport material. Figure 6 shows how the solar cells based on
HL-22 offer higher fill factor (FF), open circuit voltage (Voc),
photocurrent density (Jsc), and efficiency (PCE) than solar
cells based on HL-31 and are almost at the same level as the
Spiro-OMeTAD-based perovskite solar cells. The PCE
obtained for the Spiro-OMeTAD reference is in agreement
with the reported state-of-the-art using a similar perovskite.”*'

The three materials show similar Jsc, which is driven by the
difference between the HOMO level of the HTMs and the
valence band of the perovskite,éo’gz_84 which decreases the
hole injection, leading to charge accumulation at the interfaces,
thus enhancing interfacial recombination.” This phenomenon
is also responsible for the V¢ obtained, which is similar for the
three materials. Hence, the differences in the PCE, are mostly
linked to the fill factor (FF), which is best for the Spiro-
OMeTAD devices and worst for HL-31, while HL-22 has
intermediate values. This follows the same pattern as that for

the hole mobility reported for the three materials. Lower
mobility, compared to the perovskite film, produces limits in
the charge transit times,”> which strongly affects the FF in
perovskite solar cells.*>*

B CONCLUSIONS

Overall, we have reported two novel HTMs, HL-22 and HL-
31, for use in PSCs with synthesis more straightforward than
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Figure 7. PCE evolution of perovskite solar cells using anthracene-
based HTMs.>****~*° In red are the results reported in this work.
Detailed photovoltaic parameters can be found in the Supporting
Information.

that of Spiro-OMeTAD. Our results show that introducing
TIPS substituents on anthracene-based HTMs is a good
strategy to facilitate the purification of this class of molecules
which are obtained by simple recrystallization. When tested in
solar cells fabricated with the hybrid perovskite
(Csp.0sFAg-sMAy 16Pb(Iy,Brg 1)), one of the new molecules,
HL-22, showed a PCE of 19.2% comparable to that of Spiro-
OMeTAD (20.3%) and a Tg, of around 400 h. Among the
various anthracene-based HTMs reported in the literature to
date, HL-22 showed the highest PCE as shown in Figure 7. It
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should be noted that the PCE for these new materials is limited
by their FF, which may be related to their lower hole mobility
compared to Spiro-OMeTAD. However, this aspect could be
improved in the future by reoptimizing the chemical dopants
and the thickness of the HTM layers.”””"
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