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ABSTRACT: The engineering of charge transport materials, with electronic character-
istics that result in effective charge extraction and transport dynamics, is pivotal for the
realization of efficient perovskite solar cells (PSCs). Herein, we elucidate the critical role
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of terminal substituent methoxy groups (—OCH;) on the bandgap tuning of the spiro- .53 \ N7 NH OMe
like hole transport materials (HTMs) to realize performant and cost-effective PSCs. By $ 009 ﬁ HN/©/
considering spiro-OMeTAD as the benchmark HTM, we kept the backbone of spiro £ . Q
while replacing diphenylamine with phenanthrenimidazole. This approach significantly £ ¢ 6! " §>
decreases the cost of spiro-OMeTAD by reducing the cost of the ancillary group from ?g_ = Mo
0.051 to 0.012 $/g. By increasing the number of methoxy groups on the ancillary ligand "é 003 ° —~—,
from four to eight, the power conversion efficiency (PCE) of the corresponding PSCs © SN .
containing dopants passed from 17.10% to 18.70%, approaching the value achieved 0.0 . RS o, ot
using spiro-OMeTAD containing dopants (PCE = 19.26%). Remarkably, the devices s 10 ;gE (%)20 2 *

based on dopant-free spiro-OMeTAD have shown a significant loss of PCE, which

decreased from 12.9% to 10.1% after 300 h (to 8.2% after 600 h) of light soaking at an open circuit voltage. On the contrary, the cells
based on the designed dopant-free HTM demonstrated optimal PCE retention, experiencing a minor drop from 14.4% to 14.1% and
13.2% after 300 and 600 h, respectively, of light soaking at open-circuit voltage.

1. INTRODUCTION

Over the last few decades, organo-metal halide perovskite solar
cells (PSCs) have shown a significant boost in performance,
increasing their power conversion efficiencies (PCEs) from
3.8% to a certified value of 26.1%." To propel this technology,
forefront investigations strongly rationalize the importance of

engineering of both ETMs and HTMs to enhance the PCE
and stability of the PCEs.”'~*> More in detail, effective charge
transport materials must be designed with suitable energy
levels,”® while exhibiting satisfactory electrical conductivity and
stability during PSC operational conditions. While viable ETLs
(including TiO,, SnO, and phenyl-C61-butyric acid methyl

both compositional and interface engineering of PSCs.”™ By
the anions and/or cations within the perovskite atomic
structures, the direct bandgaps of perovskites have been
modulated within the visible spectrum to guarantee light-
harvesting from the visible to the near-infrared regions for both
thin-film single-junction and tandem solar cells.”* Beyond the
high absorption coefficients of perovskites (e.g, ~1.5 X 10*
cm™' at S50 nm for the prototypical CH;NH,Pbl; perov-
skite”), their low nonradiative recombination rate and high
carrier mobility'”"" resulted in PCEs approaching the high-
record ones achieved with inorganic solar cells.'* In addition to
the compositional engineering of the perovskite layer, the
charge transport materials play a crucial role in the overall
performance of the PSCs.'*~"> The electron and hole transport
materials (ETMs and HTMS, respectively) can effectively
facilitate the charge collection from the perovskite light
absorber toward the current collectors while avoiding the
occurrence of charge recombination processes.'*'®™'® There-
fore, recent research projects have increasingly focused on the
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ester -PCBM-) have been widely established for efficient
PSCs,”® the most used HTMs still suffer from significant
limitations, such as high cost,”’ long-term instability,28
complex synthesis,29 hygroscopicity, and incompatibility with
nonhazardous solvents or even poor solubility.”’ As a striking
example, 2,2,7,7 -tetrakis[ N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD)>" exhibits suitable
energy levels for hole-extracting and electron blocking
properties, yielding a PCE of corresponding PSCs as high as
25.17%.”* However, the main drawbacks of spiro-OMeTAD
are crystallization at the temperature of ~85 °C (which can be
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Figure 1. Synthetic procedures for spiro-OMeTAD (1), spiro-OMelm (2), and spiro-OMe,Im (3).

reached during device processing and even during their
operation under 1 sun illumination),”*** low hole mobility
in its pristine form,*>%¢ as well as the high cost of production
and purification,” along with the essential need for expensive
catalysts (Pd)*”*” for the synthetic process. To the best of our
knowledge, the cost of spiro-OMeTAD with its six challenging
production and purification steps, excluding the total cost of
synthetic chemical wastes (3.6 g), can be estimated at
approximately ~$92 g~.>® Furthermore, conventional p-
dopants, such as Li-bis(trifluoromethanesulfonyl)-imide (Li-
TFSI) and tert-butylpyridine (tBP) further deteriorate the
long-term performance of PSCs*”** (by shifting the chemical
equilibrium of the perovskite toward oxidized by-product),*!
while increasing either the complexity or the cost of the cell
manufacturing. Recently, Wu et al. reported a green solvent
processable dopant-free spiro-OMeTAD, which could be
processed from nonhalogenated solvent tetrahydrofuran
(THF), and the corresponding device has shown a high
performance approaching 17%."* In the following, the same
group reported a PCE of 16.94% for a control device based on
a dopant-free spiro-OMeTAD device.”> Therefore, it is
important to identify new cost-effective HTMs that exhibit
high hole mobility and operational stability.

In this context, many starburst and linear compounds have
been designed as alternatives to conventional spiro-based
HTMs.** However, it has been reported that PSCs with linear
and starburst HTM compartments exhibit lower PCEs and
stability in comparison to those based on spiro molecules.**

Therefore, there is an ongoing research effort on the synthesis
of effective novel HTMs, fulfilling the desired balance between
the cost of preparation, efficiency, and stability of the device.*
In particular, the design of inexpensive dopant-free HTMs for
PSCs with chemical stability superior to conventional HTMs
provides an opportunity for the realization of cost-effective
PSCs.*® Several approaches have been proposed to overcome
the unfavorable features of spiro-OMeTAD, either by
modifying the position of the terminal substitutions in its
structure”’ or by changing the conjugated atoms (side groups)
attached to the spiro-based core.”™* For example, the
electronic properties of spiro-based HTMs were tuned by
displacing one of its methoxy groups (—OCH;) from para to
ortho positions, improving the PCE of the corresponding PSCs
by ~11.3%." In addition, imidazole moieties in organic
molecules have been demonstrated to play a significant role in
intramolecular and intermolecular interactions, such as hydro-
gen bonding, concerted proton—electron transfer (CPET), or
excited-state intramolecular proton—electron of conjugation of
phenanthroline-fused imidazole tetracyclic system (1H-phe-
nanthro imidazole),”” together with their facile incorporation
into other molecules, making this organic structure a functional
building block of spiro-based HTMs.>® Besides, imidazole-
based compounds have optimal thermal stability, tunable
absorption wavelength from 300 to 550 nm, and a high molar
extinction coefficient of over 10,000 M~ cm™, which are key
features for photovoltaic applications.””>> Only a few
experimental studies have shown that the position of the
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Figure 2. (a) UV—vis absorbance and PL spectra of (3) and (1) in CHCl,. (b) CV curves of (3) and (1). (c) DSC curves of (3) and (1). (d)

Water contact angles of (3), (2), and (1).

substitutions in an imidazole-based HTM is one of the
variables mostly affecting the optical bandgap energies of the
material. Based on these premises, the spiro-based compounds
produced by attaching two methoxy phenyl groups to a 5-
membered imidazole ring in the phenanthroimidazole frame-
work as a terminal substituent of the spiro-based core®’
represent promising spiro-based HTMs to be directly
compared with both spiro-OMeTAD and spiro-OMelm with
only one methoxy group (—OCHj,).”" Therefore, in this work,
we designed a new methodology for the synthesis of a low-cost
imidazole-based derivative HTM (spiro-OMe,Im) for PSCs.
Our novel HTM enables the realization of PSCs with a PCE
resembling those achieved using state-of-the-art HTMs, while
significantly improving the device stability.

2. RESULTS AND DISCUSSION

Figure 1 shows the overall synthetic route of spiro-OMe,Im
(3), whose preparation procedures are thoroughly reported in
the Experimental Section.

Briefly, this HTM was obtained via a two-step reaction,
which includes (1) the synthesis of OMe,Im precursor without
relying on expensive catalysts or further purification steps (72%
yield) and (2) Buchwald—Hartwig amination reaction between
OMe,Im and the widely available 2,2',7,7'—tetrabromo—9,9'—
spirobifluoren (59% yield), resulting in the final product.
Compared to traditional spiro-OMeTAD (1) and our
previously reported spiro-OMelm (2), spiro-OMe,Im (3)
has a superior production yield and lower synthesis costs,
making it a promising material to be investigated as a HTM (as
shown hereafter). Consequently, several material character-
izations, including ultraviolet—visible (UV—vis) absorbance
spectroscopy, photoluminescence (PL), cyclic voltammetry
(CV), and differential calorimetric scanning (DSC) measure-
ments were carried out to elucidate the optoelectronic
properties and thermal stability of (3).

49134

The optoelectronic properties of the synthesized organic
molecules were first characterized by UV—vis and PL
measurements. As shown in Figure 2a, the absorbance
spectrum of (3) exhibits four broad absorption bands in the
250—400 nm range. These bands correspond to intraligand
charge-transfer (ILCT) processes. Compared to (3), (1)
shows an absorbance spectrum over wavelengths extended up
to ~580 nm. To understand the influence of the terminal
substitutions on the absorption onset wavelength and,
consequently, on the optical bandgap, the absorbance
spectrum of (3) was further compared to that of (2), as
synthesized according to the synthesis reported in our previous
work.”® The data reveal that the first absorption peak of (2),
located at 291 nm, is blue-shifted by 40 nm in (3), which
implies an increase in the optical bandgap.”® The PL spectrum
of (3) shows a maximum emission at 583 nm, which is largely
red-shifted by about 180 nm relative to the peak of the PL
spectrum of (1). Moreover, the maximum emission band of
(2) is located at 457 nm.”® The large red shifts observed for
(3) compared to both (1) and (2) can be attributed to the
expansion of the conjugate system in (3). The energy of the
lowest unoccupied molecular orbital (LUMO) can be
calculated from the energy at which the intersection of the
UV—vis and PL spectra occurs (E,_,), according to the
equation Eyyyo = Egomo + Eo—oy in which Eyopo is the energy
level of the highest occupied molecular orbital (HOMO). S
Meanwhile, CV measurements can be used to determine the
Enomo of each compound according to the equation, Eyopo =
—(Eo(vs Ag/AgCl) + 4.8 eV), in which E,, is the potential of
the first oxidation peak.”” As shown by the cyclic voltammo-
grams reported in Figure 2b, the E,, of (3) occurs at 0.38 V vs
Ag/AgCl, which is lower than the potential of the first anodic
peak of (1) (0.6 V vs Ag/AgCl). These results indicate that (3)
is more easily oxidized than (1). On comparing the cyclic
voltammogram of (2) with that of (3), a similar shift of the E,,
of (2) with respect to (1) is observed (from 0.5 to 0.38 V vs
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Ag/AgCl). The shift of E, is ascribed to the presence of only
one electron donor group in the former (2), whereas (3)
contains two donor groups. The subsequent oxidation peaks of
(3) occur at potentials significantly higher than the first
oxidation peak because of the high charge density in the
phenanthroimidazole ring. The optoelectronic properties of
the as-synthesized compounds, as extrapolated from UV—vis
absorbance spectroscopy, PL, and CV measurements, are
summarized in Table 1. These results indicate that the HOMO

Table 1. List of the Optoelectronic and Thermal Properties
Measured for (1), (2), and (3)

HTM (1) (2) (3)
Amax abs? 304, 378,525 291,320(sh) 261, 281(sh), 319, 362
Amax P4 425 457 583
HOMO®"  -52 —5.1 -5.0
LUMO** -22 -19 —2.4
T, [°C]? 248 >350 250
Nquenching. 0.91 0.87 0.76

“Data acquired from the analysis of the absorption spectra measured
in 1 X 107> M chloroform (CHCI,) solution. Data calculated from
CV measurements by using the following equation: Epgyo =
—(E.4(vs Ag/AgCl) + 4.8 eV) in 0.1 M CHCl,/tetrabutylammonium
perchlorate (TBAP) vs Ag/AgCl at a scan rate of 100 mV/s. “Data is
calculated by using the following equation: E;yyo = Epomo + Eooo
“Data obtained from DSC. “Hquenching = (PLiare = PLguench)/Plipares in
which PLy,. and PLg,4 are the cumulative PL intensities of
perovskite on sapphire substrates with and without the HTM
substrate, respectively. Sh = Shoulder.

of (3) (~—5.0 eV) is similar to that of (1) (~—5.2 eV) and
(2) (~=5.1 eV) and well-aligned with the valence band of the
methylammonium (MA)-/formamidinium (FA)-based perov-
skite used in this work (~—5.4 eV).

Differential scanning calorimetry measurements were
performed to evaluate the thermal stability of both (3) and
(1). As shown in Figure 2c, the glass transition temperature
(Ty) of (3) and (1) are 128 and 122 °C, respectively, which
are higher than the temperatures at which perovskites typically
degrade (>90 °C).>® Furthermore, the melting point of (3) is
250 °C, which is very close to that of (1) (248 °C).>” Thus,
these findings suggest that (3) displays a thermal stability
similar to that of (1). Another important property required by
the HTM to improve the PSC stability relates to the ability to
contrast the water and moisture access toward the perovskite
layer. Therefore, water contact angle measurements were
performed on the surface of HTMs to evaluate their
hydrophobicity. As shown in Figure 2d, (3) displays a water
contact angle of 95.5°, indicating a hydrophobicity higher than
those of (1) and (2) (water contact angles of 95.1° and 91.4°,
respectively).

Based on their characterizations, the as-synthesized products
were used as HTMs in PSCs. The latter were fabricated
according to the mesoscopic configuration: fluorine tin oxide
(FTO)-coated glass/compact TiO, (bl-TiO,)/mesoporous
TiO, (meso-TiO,)/(FAPbI;),ss(MAPbBr;)o s /spiro-
OMe,Im or spiro-OMeTAD or spiro-OMelm containing
dopants/Au, as sketched in Figure 3a. Figure 3b shows the
SEM image of a representative PSC with (3) as the HTM
containing dopants, evidencing its layered configuration.
According to previous studies and preliminary character-
izations, the thickness of the hole transport layer was set to
~200 nm.*’ Importantly, no defects or pores are observed in

@

Meso-TiO, + perovskite| 500 nm

bl-TiO, 471 nm

0
B

2
. =

> @ 2
) % Q A
3 > 2 .U
g - I 5.1
: 8
i 52 o

5. PN

Y

o,

* R + 4‘.23-:/
h

Figure 3. (a) Schematic sketch of the investigated PSC configurations
using (3) as the HTM. (b) Cross-sectional SEM image of
representative PSCs based on (3) containing dopants, and (c) energy
diagram of the materials composing the PSC.

the PSC layers, indicating a homogeneous pinhole-free
deposition of the latter. The structural characteristics of the
perovskite/HTM interface, as well as the energy level
(mis)match between the perovskite and HTM, have a crucial
role in the photovoltaic performance of the PSCs. In particular,
an ideal HTM must simultaneously display optimal hole
transport properties and HOMO level matching with the
maximum energy of the valence band of the perovskite.”" As a
rule of thumb, a small driving energy (~0.07 V) is required to
induce highly efficient hole transfer from the perovskite to the
HTM.”” This means that an interfacial energy offset in the
range of 0.07—0.18 eV is pursued to maximize the open-circuit
voltage (Vo) of the cell while achieving high short-circuit
current density (Jsc) and high fill factor (FF). Compared to
(2), whose HOMO and LUMO energy levels are ~ —5.1 and
~ —1.9 eV, respectively, (3) exhibits higher HOMO and lower
LUMO energy levels due to the presence of a second methoxy
group in its framework.”’ This phenomenon stems mainly
from the distribution of the HOMO and LUMO orbitals in the
terminal substituents. Moreover, some previous studies
supported that the methoxy groups in the HTM structure
modify the HOMO level of the material.®> Even more,
methoxy groups play a significant role in adhering the HTM to
the underlying perovskite layer.”> Noteworthy, the electron-
donating or -withdrawing nature of methoxy substituents
depends on their particular position and interaction with the
attached ring,** which has to be controlled for the specific
design of HTMs. Based on the above considerations, as well as
the HOMO level measured for our HTMs, the oxygen in the
methoxy group of (3) likely acts as a donor, and its resonance
effect can prevail on its induction effect.”® In other words, the
introduction of two donor groups can stabilize the LUMO
level and destabilizes the HOMO one in our new HTM (3).
Consequently, we predicted that (3) is able to lose its electrons
more easilyéé’67 than (2), providing hole-collecting and
transporting abilities.*¥*°

Steady-state PL spectroscopy measurements were performed
to assess the ability of the HTMs to extract the photogenerated
holes from the perovskite layer. In fact, the hole extraction
process hinders the radiative charge recombination in the
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absorber material,”® whose PL is therefore quenched. As
shown in Figure 4a, both (1) and (3) efficiently quenched the

Table 2, the data demonstrate that the device used on (3)
containing dopants exhibits a PCE as high as 18.7%, which is
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Figure 4. (a) Steady-state PL spectra measured for perovskite layer
with and without HTLs ((1) and (3)). (b) TRPL curves measured for
TiO,/perovskite, TiO,/perovskite/spiro-OMe,Im (doped), and
TiO,/perovskite/spiro-OMeTAD (doped).

PL of the perovskite. The PL quenching efficiency (guencn) can
be calculated by the equation: #guench = (PLpae = PLguench)/
Pl in which PLy,. and PLg, are the cumulative PL
intensities of perovskite on sapphire substrates with and
without the HTM layer, respectively.”” As also reported in
Table 1, a high 7guench (>0.70) has been measured for all three
spiro-based compounds, which can therefore inhibit radiative
charge recombination processes, thus acting as efficient
HTMs.**

Time-resolved photoluminescence spectroscopy (TRPL)
measurements were carried out to evaluate the charge carrier
extraction dynamics in the doped spiro-OMe,Im-based device
in comparison with those in spiro-OMeTAD-based and hole-
transporting layer (HTL)-free cells. As shown in Figure 4b, the
TRPL curves show a nonexponential decay. By fitting the
TRPL curves with a biexponential decay function, the
estimated photocharge lifetimes for TiO,/perovskite, TiO,/
perovskite/spiro-OMe,Im (doped), and TiO,/perovskite/
spiro-OMeTAD (doped) were 80.20, 55.42, and 48.16 ns,
respectively. Thus, TRPL data are consistent with the steady-
state PL results and indicate that the new spiro-OMe,Im has a
promising charge extraction ability similar to that of spiro-
OMeTAD.

Figure Sa shows the photocurrent density—voltage (J—V)
curves measured for the PSCs based on HTM (3) containing
dopants under AM 1.5G (100 mW/cm?) illuminations in both
backward (BW) and forward (FW) voltage scan modes. These
curves are compared with those recorded for the PSCs based
on (1) as the HTM containing dopants. As summarized in

Table 2. List of the Photovoltaic Parameters Measured for
the PSCs Using Different HTLs-Containing Dopants

HTM Voc [V]  Jsc [mA ecm™]  FF [%] PCE [%]
spiro-OMe,Im-FW 1.120 22.63 69 18.70
spiro-OMe,Im-BW 1.123 22.36 73 18.70
spiro-OMeTAD-FW 1.13 22.17 78 19.26
spiro-OMeTAD-BW 112 21.95 77 18.81
spiro-OMeIm-FW 1.10 20.46 76 17.10
spiro-OMelm-BW 1.10 20.35 75 16.78
w/o HTM 0.66 7.86 49 2.25

nearly comparable to the PCE measured for the (1)-based
PSCs containing dopants (PCE = 19.26%). In addition, both
of the PSC configurations show negligible hysteresis. Note-
worthy, similar PSCs using the same device architecture with
(2) as the HTM-containing dopants reached a PCE of 17.10%,
which was ~1.6% lower than the PCE measured for devices
using HTM (3). This PCE difference between the cells
indicates that the two (—OCH;) groups in the newly designed
HTM provide better hole-extraction properties compared to
only one (—OCH,;) terminal donor group in (2).

The difference between the HOMO level of the HTM and
the quasi-Fermi levels of TiO, approximately determines the
Voc of PSCs.”” As shown from the values reported in Table 2,
the increase of the number of methoxy groups increases the
Voc of our cells, which shows a maximum V¢ of 1.123 V
when (3) is used as HTM. This effect can be explained by the
higher driving energy regulating the hole transfer from the
perovskite to the HTM (3) compared to (2), in agreement
with the HOMO levels reported in Table 1.”° As a
consequence of the same effect, the PSC based on (2) also
shows a lower Jsc (20.46 mA cm™) compared to the one
measured for the device based on (3).”° In contrast, PSCs
based on (3) and (1) show both similar Vo (1.20 and 1.13 V,
respectively) and Joc (22.63 and 22.17 mA cm™?, respectively),
indicating that the proposed HTM (3) is an optimal candidate
to replace (1) in state-of-the-art devices. Figure Sb shows the
external quantum efficiency (EQE) spectrum measured for
PSCs with our new HTM (3) containing dopants, compared
to the one recorded for cell-based (1) containing dopants. The
integrated current density (Jscuo calculated from the EQE
data in the 300—800 nm range under AM1.5G conditions) for
the devices is consistent with the J—V curve data (i.e., Jsc calc.
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Figure 5. (a) J—V curve measured for the PSCs using (3) and (1) HTMs-containing dopants in forward (FW) and backward (BW) voltage scan
modes and (b) corresponding EQE spectra together with calculated integrated short-circuit photocurrent density (Jsc ) curves.
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~Jsc)- In particular, the PSCs based on compound (3) show a
maximum EQE of 84.3% at 495 nm.

Figure 6 reports the statistical analysis of the photovoltaic
parameters recorded for the PSCs based on different HTLs-
containing dopants.
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Figure 6. Statistical analysis of (a) V¢, (b) Js¢, (c) FF, and (d) PCE
measured for the PSCs based on spiro-OMeTAD (1)-, spiro-OMelm
(2)-, and spiro-OMe,Im (3)-containing dopants.

The long-term stability of the PSC is also another
requirement for the commercial exploitation of this perov-
skite-based photovoltaic technology. Therefore, the stability of
PSCs based on HTMs (3) and (1) for the two types, dopant-
free and containing dopants, was evaluated over 600 h (the
details on the dopants are reported in Experimental Section).
Stability tests were carried out on nonencapsulated devices at
an ambient temperature with a controlled humidity of 30%. As
shown in Figure 7, the device based on (3) with dopants
exhibits a PCE that is significantly more stable than the PCE of
the reference device based on (1) with dopants. In particular,
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Figure 7. Stability of the PCE of the PSCs based on (a) dopant-free
spiro-OMe,Im (3) and (b) spiro-OMeTAD (1) and (c) doped (3)
and (d) (1).

the PCE of the (3)-based device slightly decreased from 18.7%
to 17.1% over 600 h, while the PCE of the (1)-based cell
decreased from 19.26% to 16.2%. In addition, the cell using
dopant-free (1) as the HTM experienced a nearly exponential
decay from 12.9% to 10.1% over 300 h and to 8.2% after 600 h.
In contrast, the dopant-free (3)-based cell was more stable and
capable of retaining its initial PCE, which only decreased from
14.4% to 14.1% and 13.2% after 300 and 600 h, respectively.
By considering both the PCE and the stability data, our
dopant-free HTM (3) represents a potential cost-effective
candidate for the implementation of both stable and efficient
PSCs.

Atomic force microscopy (AFM) measurements were
carried out on different HTLs to evaluate their thin-film-
forming properties. Figure 8a,b shows the topographic AFM

Figure 8. AFM images of (a) spiro-OMe,Im film and (b) spiro-
OMeTAD film.

images of spiro-OMe,Im and spiro-OMeTAD, respectively,
when deposited on glass substrates. These images indicate that
the HTLs exhibit pinhole-free morphologies. The spiro-
OMe,Im film shows grain sizes larger than those of spiro-
OMeTAD, suggesting high diffusion lengths of the charge
carriers and reduced charge recombination associated with
grain boundaries. Such morphology can result in the higher Js¢
observed for spiro-OMe,Im-based devices compared to that of
spiro-OMeTAD-based reference cells.

Figure 9 shows the cost per watt peak (C,) of the HTM
precursors (OMe,Im and OMeTAD), as calculated from the
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Figure 9. Cost per watt peak ($ W p™") of (1) and (3) as a function
of the PCE.

. 1 (C,xPxt)
equation,”’ C, = S’YT

the cost per gram of material, the density of the material, the
efficiency of the corresponding PSC (from S to 30%), and the
thickness of the HTM, respectively. These data clearly indicate
that the synthesized OMe,Im precursor is not only significantly

, in which Cy P 1, and I represent
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cheaper than OMeTAD but also comparable with OMelm
reported in our previous research. For example, for 15% PCE,
the estimated cost for OMe,Im is ~ $0.012 W p~", which is
75.4% lower than the price of conventional OMeTAD.
Figure 10 shows the comparison between the PCEs and the
cost of the preparation for different HTMs, indicating the

Figure 10. Pre-preparation cost of our HTM (3) and the PCE of the
corresponding device in comparison with those obtained for other
similar HTMs reported in literature.

advantages of our novel HTM over similar materials in terms
of both the PCE and costs. For example, the PCE of HTM (3)
(18.70%) is higher than those of other HTMs, while the
preparation cost is as low as $12 g~". The detailed photovoltaic
and structural information on all HTMs shown in Figure 10
are presented in Table SI.

3. CONCLUSIONS

A new spiro compound based on imidazole groups function-
alized with eight methoxy moieties has been designed,
synthesized, and validated as a performant and cost-effective
HTM in PSCs. The synthesis methodology of the new HTM
was based on the one already used for spiro-OMeTAD. In
more detail, we retained the spiro-backbone, while the
diphenylamine was replaced with phenanthrenimidazole. The
material structure allows reducing the total cost of spiro-
OMeTAD via replacing the diphenylamine ancillary ligand,
whose synthesis is catalyzed by expensive palladium catalysts.
This study highlights the importance of terminal methoxy
groups (—OCH;) in tuning the bandgap of spiro-like HTMs
for efficient and cost-effective PSCs. Increasing the number of
methoxy groups from four to eight on the ancillary ligand led
to a significant improvement in PCE from 17.10% to 18.70%,
nearing the performance of spiro-OMeTAD (PCE = 19.26%).
On comparing two materials, namely, spiro-OMelm (2) and
spiro-OMe,Im (3), it was observed that (3) with an additional
methoxy group exhibited higher HOMO and lower LUMO
energy levels compared to (2). The presence of a second
methoxy group in (3) acted as a donor, stabilizing the LUMO
level and destabilizing the HOMO level. This suggests that (3)
can easily lose electrons, enhancing its hole-collecting and
transporting capabilities. Thus, the presence of the methoxy
groups in (3) resulted in a Vi as high as 1.123 V. The
introduction of the imidazole functionality into the HTMs
reduces the first oxidation potential compared to that of the
benchmark spiro-OMeTAD (1), approaching the HOMO
energy level of the perovskite. Furthermore, lowering the
oxidation potential also results in a HOMO energy level that
matches well with the valence band of the perovskite. We

attribute this phenomenon to the extended z-system of the
imidazole substituents over their diphenyl counterparts in
spiro-OMeTAD. Moreover, free-dopant PSCs based on our
new HTM show a stable behavior over 600 h, while devices
based on free-dopant spiro-OMeTAD rapidly degrade. In
summary, this research presents a promising route for the
discovery of new efficient and cost-effective HTMs based on a
spiro-backbone, highlighting the challenges in the synthesis
technique that still need to be addressed, optimizing
photovoltaic efficiency, and reducing the overall cost of PSC
technology.

4. EXPERIMENTAL SECTION

4.1. Materials. Solvents used for the synthesis were reagent
grade and were used without any further purification. HPLC-
grade solvents were used for the spectroscopic studies. All
chemical substances were purchased from Sigma-Aldrich and
Merck with a purity of 99% and were used without further
purification.

4.1.1. Synthetic Procedures. 4.1.1.1. 2-(4,3-Methoxyphen-
yl)1H-phenanthro[9,10—d]imidazole (OMe,Im). First, 0.136
g (1 mmol) of 3,4-dimethoxy benzaldehyde was added to 10
mL of acetic acid in a 100 mL two-necked flask, and the
resulting mixture was mixed under a N, atmosphere for 10
min. After dissolving benzil in the solution, 3.854 g (50 mmol)
of ammonium acetate was added to the solution, and the
resulting mixture was heated to 127 °C. The mixture was then
refluxed in an oil bath for 15 h. The resulting mixture was
diluted with distilled water. Afterward, 1.5 to 2 mL of ammonia
was introduced to the mixture to neutralize its pH. The
product was dehydrated via a solvent extraction method using
chloroform solvent and magnesium sulfate (MgSO,). After
evaporation of the chloroform solvent, the resulting cream-
colored precipitate was collected with a yield of 72%. 'H NMR
(DMSO, 500 MHz): 5 = 9.097(S, 1H), 8.574 (d, 2H), 8.409
(d, 2H), 7.759 (q, 2H), 7.31S (q, 2H), 7.261 (d, 1H), 7.219 (s,
1H), 6.085 (d, 1H), and 3.575 (s, 6H). CHN: Anal. Calcd for
C,3H,oN,0, (%): C, 77.512; H, 5.665; N, 7.864. Found (%):
C, 77.516; H, 5.66; N, 7.861. ESI-MS: m/z 355.11, [M — H]".

4.1.1.2. Spiro-OMe,Im. 0.158 g (0.25 mmol) of 2,2/,7,7'-
tetrabromo-9,9’-spirobi[ 9Hfluorene], 0.35 g (1 mmol) of 2-
(4,3-methoxyphenyl) 1H-phenanthro[9,10—d]imidazole
(OMe,Im), and 1.922 g (5.8 mmol) of tris(dibenzilidene-
actone)dipalladium (0): BINAP: sodiumtertbutoxide
(0.05:0.15:2) were added in a S0 mL two-necked container.
Subsequently, anhydrous toluene (10 mL) was poured into the
flask under a N, atmosphere. The solution was heated under a
N, atmosphere to 110 °C for 12 h. After cooling to room
temperature, the resulting solution was extracted with an ethyl
acetate and brine mixture (1:2). Then, the solvent was dried
with anhydrous MgSO,. The residue was filtered using silica-
gel by column chromatography and eluted with a 1:8 solvent of
ethyl acetate and hexane, obtaining spiro-OMe,Im as an
orange solid in a yield of $9%. '"H NMR (CDCl,, 500 MHz): §
= 8.711 (d, 8H), 8.689 (d, 8H),8.545 (q, 8H), 7.789 (q, 8H),
7.652 (d, 4H), 7.538 (d, 4H), 7.116 (s, 4H), 6.996 (s, 4H),
6.826 (d, 4H), 6.662 (d, 4H), and 3.73 (d, 24H). 3C NMR
(CDCl;, 125 MHz): 6 = 150.01, 149.19, 139.56, 131.75,
128.33, 127.31, 127.09, 125.23, 123.66, 123.03, 121.90, 121.70,
118.99, 111.0, 109.47, 77.54, 77.03, 76.52, 55.77, 55.54, 37.09,
3275, 31.93, 29.71, 27.09, 24.46, 22.70, 19.47, 14.15, and
11.44. CHN: Anal. Calcd for C,;;HggNOyg, (%): C, 81.042; H,
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5.126; N, 6.46. Found (%): C, 81.048; H, 5.121; N, 6.462;
ESL-MS: m/z 1732.61, [M — HJ".

4.1.2. Compound Characterization. 'H NMR measure-
ments were carried out by using a Bruker 250 MH:z
spectrometer in CDCl;. UV—vis and PL spectra were
measured by using an Ultrospec 3100 pro UV/visible
spectrophotometer (in CHCI; solution) and Varian-Cary
Eclipse fluorescence spectrophotometer, respectively. Electro-
chemical measurements were performed using a SAMAS00
potentiostat electrochemical analyzer in a three-electrode
configuration, using a Pt disk as the working electrode and a
Pt wire as the counter electrode. The reference electrode was a
Ag/AgCl reference electrode with saturated KCl, and 0.1 M
TBAP in CHCI; was used as the supporting electrolyte.

4.1.3. PSC Fabrication. A piece of FTO-coated glass was
etched with Zn powder and 2 M HCI in ethanol solvent,
followed by washing with detergent, distilled water, acetone,
and ethanol for cleaning the substrate. The glass was treated
for 15 min using an ultraviolet/O; cleaner. Then, a film of bl-
TiO, was coated on the FTO surface by spin-coating (2000
rpm) for 30 s with a titanium isopropoxide (TTIP) acidic
solution. Afterward, the surfaces were heated to 500 °C for 30
min and cooled down to room temperature. To create a 300—
400 nm thick mesoporous TiO, layer, diluted TiO, in ethanol
precursor was spin-coated onto the bl-TiO,/FTO substrate at
2000 rpm for 10 s, followed by calcination at S00 °C for 30
min to remove the organic part. Subsequently, a Pbl, solution
was spin-coated onto mesoporous TiO, at 6500 rpm for S s.
Next, a mixed perovskite precursor solution was prepared by
dissolving Pbl, (1.15 M), formamidinium iodide (FAI) (1.10
M), PbBr, (0.2 M), and methylammonium bromide (MABr)
(0.2 M) in anhydrous solvent N,N-dimethylformamide
(DMF):dimethyl sulfoxide (DMSO) (4:1 vol/vol). The so-
prepared solution was spin-coated using a two-step procedure
at 1000 and 5000 rpm for 90 and 30 s, respectively. Spiro-
OMeTAD (1), spiro-OMelm (2), and spiro-OMe,Im (3)
were prepared at a concentration of 78 mM in chlorobenzene.
Moreover, 18 uL of LiTFSI (from a stock solution in
acetonitrile with a concentration of 1.0 M) and 29 uL of
tert-butylpyridine (from a stock solution in chlorobenzene with
a concentration of 1.0 M) were introduced as additives in the
(1), (2), and (3) solutions. The HTM solution was deposited
onto the perovskite layer by spin-coating at 4000 rpm for 20 s,
forming the HTL. Finally, the Au electrode was deposited by
thermal evaporation under a high vacuum (107° Pa).

4.1.4. Device Characterization. Current density—voltage
(J-V) curves were recorded with a solar simulator (Newport,
oriel Class A, 91195A) with a source meter (Keithley 2420)
under the illumination of 100 mW/cm* (AM 1.5 G) and a
calibrated Si-reference cell validated by National Renewable
Energy Laboratory (NREL). The J—C curves of the devices
were acquired over an active area of 0.096 cm” defined by a
metallic mask, using a voltage scan rate of 0.01 V s7L. The
light-soaking stability test was measured at continuous
illumination with a 420 nm long-pass UV-filter under AM
1.5G at room temperature and in a N,-filled glovebox.
Moisture stability was measured for unencapsulated devices
stored in relative humidity ranging between 30% and 60% at
room temperature in the dark.
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