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Facile Synthesis of a Furan-Arylamine Hole-Transporting Material
for High-Efficiency, Mesoscopic Perovskite Solar Cells
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Abstract: A novel hole-transporting molecule (F101)
based on a furan core has been synthesized by means of
a short, high-yielding route. When used as the hole-trans-
porting material (HTM) in mesoporous methylammonium
lead halide perovskite solar cells (PSCs) it produced better
device performance than the current state-of-the-art HTM
2,2',7,7"-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-spiro-
bifluorene (spiro-OMeTAD). The F101-HTM-based device
exhibited both slightly higher J,. (19.63 vs. 18.41 mAcm )
and V,. (1.1 vs. 1.05V) resulting in a marginally higher
power conversion efficiency (PCE) (13.1 vs. 13%). The
steady-state and time-resolved photoluminescence show
that F101 has significant charge extraction ability. The
simple molecular structure, short synthesis route with
high yield and better performance in devices makes F101
an excellent candidate for replacing the expensive spiro-
OMeTAD as HTM in PSCs.
/

Organic—inorganic metal halide perovskites, particularly meth-
ylammonium lead iodide (CH;NH;Pbl;) have recently emerged
as high performance and low cost materials for solar cell appli-
cations."™ Methylammonium lead halide perovskites have
large exciton diffusion lengths, high extinction coefficients,
direct bandgap and excellent absorption throughout the UV/
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Vis/NIR spectrum.” These attributes makes these perovskites
excellent material for light harvesting, and they have been
used as light absorbers for mesoscopic metal oxides and
planar heterojunction solar cells. In 2012 Gratzel, Park et al. re-
ported a solid-state device using CH;NH;Pbl; as the light ab-
sorber and 2,2,7,7-tetrakis-(N,N-di-p-methoxyphenylamine)-
9,9"-spirobifluorene (spiro-OMeTAD) as a hole-transporting ma-
terial (HTM), from which a very promising power conversion ef-
ficiency (PCE) of 9.7% was obtained.” Since that report, the
development of lead halide perovskite based, solid-state devi-
ces has been remarkable with PCEs up to 20% being report-
ed.B%® Spiro-OMeTAD is the most commonly used HTM in
these devices due to its superior performance. Unfortunately
the cost of spiro-OMeTAD remains very high, largely because
of its multistep, low-yielding synthesis. This limitation in HTM
options has proved to be a major impediment to the growth
and advancement of high-efficiency, cost-effective perovskite
solar cells. Hence, it is imperative to develop alternative HTMs,
which have at least equal performance to spiro-OMeTAD and
are more economic to make. A number of conjugated poly-
mers including poly(3-hexylthiophene) (P3HT), and poly(triaryl-
amine) (PTAA) have been employed as HTMs, but the results
are inferior to spiro-OMeTAD.”’ A wider range of small mole-
cules based on ethylenedioxythiophene,"* thiophene,"' cru-
ciform oligothiophenes,"” pyrene,"? triptycene,'? triazines,"”
conjugated quinolizino acridine," carbazole,"® and planar tri-
phenylamine” have also been investigated. The best of these
show similar or superior performance to spiro-OMeTAD in
some aspects, but no material has yet emerged clearly superior
to it in cost, device efficiency, and stability. Hence the chal-
lenge remains to make simple, inexpensive, high-performance
HTMs.

Here we report a novel HTM, which we denote F101 and
which contains an electron-rich furan core linked to triphenyl
amine moieties (Figure 1a). The planar structure of the mole-
cule and smaller size of the O atom in the ring compared to S
in our previously reported thiophene-based HTMs!"%*' should
result in closer intermolecular m-m stacking, which could be
beneficial for enhancing the hole transport and also increase
the lifetime of charge carriers. Furthermore, the small molecu-
lar size of the HTM could lead to better pore filling of the mes-
oporous TiO, layer loaded perovskite. F101 was synthesized
from a relatively inexpensive commercially available furan de-
rivative in a single step with high yield and has high solubility
in common organic solvents. Mesoscopic perovskite solar cells
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Figure 1. a) Chemical structure of F101, electronic density distribution of
lowest unoccupied molecular orbital (LUMO) and highest occupied molecu-
lar orbital (HOMO) for F101; b) chemical structure of spiro-OMeTAD, elec-
tronic density distribution of LUMO and HOMO for spiro-OMeTAD.

fabricated using F101 outperformed the state-of-the-art HTM
spiro-OMeTAD, showing efficiencies over 13% with a remarka-
bly high open circuit voltage of 1.1 V. To the best of our knowl-
edge, this is the first reported furan-based small molecule HTM
for perovskite solar cells (PSCs).

In the molecular design HTMs, the heteroatom (such as
Group 16 atoms) is used in the building block to adjust HOMO
and LUMO levels, while the hole-accepting ability of the mate-
rial is produced by the N atoms of diphenylamine.™ In a previ-
ous study it has been demonstrated that the interaction be-
tween terminal methoxybenzene groups (CH;OC¢Hs) of spiro-
OMeTAD and CH;NH,Pbl; is important for efficient hole trans-
fer, especially on the preferred (001) and (110) surfaces."” So
F101 has four anchored terminal methoxybenzene groups for
enhanced hole transport. From the electron density distribu-
tion diagrams, it is observed that the electronic cloud of F101
delocalizes over the whole molecule in the HOMO (Figure 1a),
while for the LUMO, it is mainly localized on the central furan
and benzene units (Figure 1a). Thus, the planar central units of
F101 play a dual role in PSCs: 1) they enhance the electronic
cloud overlapping between HOMO of F101 and valence band
maximum of CH;NH;Pbl;, and 2) they improve the hole trans-
porting mobility due to large electronic coupling between
F101 molecules at short intermolecular distances. The HOMO
level (—4.23eV) of F101 calculated by density functional
theory (DFT, see Supporting Information) is slightly higher than
that of spiro-OMeTAD (—4.48 eV), which could facilitate better
hole transfer between F101 and perovskite.

In conjunction with its predicted material properties, the
short efficient synthesis route of F101 makes it an attractive
HTM for perovskite solar cell industry. The synthesis route of
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F101 is very much shorter and less expensive as compared to
spiro-OMeTAD (Scheme 1). The commercially available relative-
ly inexpensive 2,5-dibromofuran was Suzuki coupled with tri-
phenylamine boronic acid derivative to give F101 in 65% yield
as shown in Scheme 1. The molecular structure was confirmed
by 'H and "*C NMR spectroscopy and MALDI-TOF mass spec-
trometry (see the Supporting Information).

The opto-electronic properties of F101 have been investigat-
ed and compared to those of spiro-OMeTAD. In the UV/Vis ab-
sorption spectra (shown in Figure 2a), F101 and spiro-OMeTAD
showed absorption peaks centered at 393 and 385 nm respec-
tively, that is, the absorption maxima of F101 is slightly red
shifted compared to spiro-OMeTAD suggesting better conjuga-
tion in F101 than in spiro-OMeTAD. It is observed that the ab-
sorption onset wavelengths of F101 and spiro-OMeTAD are
446 and 425 nm, respectively, which corresponds to a band
bap of 2.78 and 2.92 eV, respectively. Cyclic voltammograms of
F101 and spiro-OMeTAD are shown in Figure 2b.Two of the
redox peaks observed for F101 are highly reversible, showing
that it has excellent electrochemical stability. The, HOMO
energy level was calculated from the CV data using the follow-
ing equation: Eyomo=—5.1—(Eexrm VS. FC/Fc+) [eV], in which
Eomm VS. Fc/Fc+ is the onset of oxidation potential of ferro-
cene, which is used as reference and —5.1 eV is the redox po-
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Figure 2. a) Absorption spectra for spiro-OMeTAD and F101, b) cyclic voltam-
mogram for spiro-OMeTAD and F101, c) band diagram for the device with
new HTM F101 and spiro-OMeTAD, and d) cross-sectional SEM image of
device fabricated with F101.
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tential of ferrocene.”” The HOMO levels of F101 and spiro-
OMeTAD as calculated from CV are —5.18 and —5.19 €V, re-
spectively. For CH;NH;Pbl; the reported HOMO energy level is
—5.44 eV, which indicates that our new HTM F101 has favora-
ble energetics for the hole transfer (Figure 2¢). The hole mobi-
lity of F101 was evaluated and compared with spiro-OMeTAD
(Tables ST and S2 in the Supporting Information) based on dif-
ferent transfer pathways in the predicted crystal structures
(Figure S1 and S2, Supporting Information). Although the cal-
culated hole reorganization energy of F101 (227 meV) is larger
than that of spiro-OMeTAD (148 meV), the resulting hole mobi-
lities for F101 in the three possible crystals shown in Figure S1
(2.61, 0.044, and 0.055 cm*V~"s~") are one order of magnitude
higher than for spiro-OMeTAD (0.0065, 0.0063, and
0.0845 cm?V~"s™") due to large electronic coupling in the F101
crystals, especially for the face-to-face dimer configuration
(pathway 4 of the C2/C space group shown in Figure S1) with
effective m-orbital overlap, showing that F101 is a promising
HTM with relatively high hole mobility. The energetics of the
system employing the F101/spiro-OMeTAD are represented in
Figure 2c. Table T summarizes the optical and electrochemical

Table 1. Optical and electrochemical properties of F101 and spiro-
OMeTAD.

HTM Amax j'onset Eg EHOMO ELUMO
[nm] [nm] [eV]™ leV] [eV]®

F101 393 446 2.78 —5.18 —24

spiro-OMeTAD 385 425 292 -5.19 —2.27

[a] Optical band gap (E;) obtained from the onset value of absorption
(Aonser)- [b] LUMO calculated by LUMO =HOMO +E,.

properties of the HTMs. The cross-sectional scanning electron
microscopy (SEM) image shown in the Figure 2d show the for-
mation of a well-defined hybrid structure with clear interfaces.
The thicknesses of the TiO, loaded with perovskite, perovskite
over layer and the HTM layer are about 300, 190 and 270 nm,
respectively.

The current-density-voltage (J-V) characteristics of the devi-
ces employing F101 and spiro-OMeTAD as HTMs, together
with a device without HTM are shown in Figure 3a and sum-
marized in Table 2. The PCEs of the best performing device
with F101 and spiro-OMeTAD as HTM were 13.1, and 13.0%,
respectively. The best performing device fabricated without
HTM had a PCE of only 5.2%, which confirms that an HTM is
a vital component of high efficiency perovskite solar cells. The
short circuit current densities (J,) of the cells fabricated using
F101 and spiro-OMeTAD are 19.63 and 18.41 mAcm™?, respec-
tively and these are in close agreement with the J,. integrated
from IPCE Spectra (see supporting info Figure S6 in the Sup-
porting Information). Also the devices with F101 showed
slightly higher open circuit voltage (V,.=1.10V) than devices
employing spiro-OMeTAD (V,.=1.05V). The V.. depends on 1)
the splitting of the Fermi levels for photogenerated charges, 2)
the recombination, and 3) the energetics of the devices.'>"
Since the HOMO energy levels of F101 and spiro-OMeTAD de-
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Figure 3. a) Current density vs. voltage curve under AM 1.5G illumination
(100 MW cm™2); b) Recombination resistance extracted from fitting of the EIS
results under illumination for perovskite solar cells with F101 and spiro-
OMeTAD as the HTM.

Table 2. Summary of device parameters; open circuit voltage (V,), cur-
rent density (J,), fill factor (FF) and power conversion efficiency (PCE).
Area=0.2 cm’.

HTM Joe Voo FF PCE EpC Eavg
[(mAcm 2] vl [%] [%] [%]
F101 19.63 1.10 60.8 13.1 13.0
spiro-OMeTAD 18.41 1.05 67.2 13.0 124
W/0O HTM 9.58 0.70 775 52 49

[a] Average PCE is based on ten cells in a single batch.

termined by CV are rather similar, the V,. enhancement in case
of F101-HTM-based devices could be related to the charge re-
combination process. Consequently, in order to compare the
process of recombination, electrochemical impedance spec-
troscopy was carried out. The fitting of the impedance results
(R.c Vvs. applied voltage as shown in Figure 3b) followed previ-
ous models employed in perovskite solar cells, in which the re-
sistance of the lower frequency feature is directly related to
the recombination process.”’* In Figure 3b, it is evident that
F101-based devices exhibited slightly higher recombination re-
sistance in comparison to spiro-OMeTAD, which may be attrib-
uted to efficient charge extraction ability of F101. However the
high device performance of F101 is limited by the poor fill
factor (FF=60.8%), which is attributed to a high series resist-
ance of the device as calculated from J-V curve. In contrast,
the spiro-OMeTAD-based devices exhibited better FF (67.2%).
This shortcoming in F101 devices could potentially be im-
proved by further optimization of various device compo-
nents.?*! If the FF could be improved to match that of spiro-
OMeTAD the efficiency could be improved by about 1.3 %.

To further look in to the charge-carrier dynamics at the per-
ovskite/HTM interface, we measured steady-state and time-re-
solved photoluminescence (PL), whereby quenching of steady-
state PL and reduction of PL lifetime are indicators of efficient
charge extraction at the perovskite/HTM interface. From the PL
spectra in Figure 43, it is evident that both HTMs significantly
quench perovskite emission signal, with HTM F101 having
a slightly better PL quenching efficiency (ca. 97 %) relative to
spiro-OMeTAD (ca. 93 %). Time-resolved PL measurements were

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) The steady-state photoluminescence (PL) spectra and b) time-re-
solved PL spectra of CH;NH;Pbl;, CH;NH;Pbl;/spiro-OMeTAD and
CH;NH,PbI;/F101.

carried out with excitation at 400 nm and monitoring the emis-
sion peak at 760 nm (Figure 4b). The pristine perovskite
(CH3;NH;Pbl;) exhibited a radiative life time of about 2.6 ns,
whereas this was shorter in bilayered samples (CH;NH;Pbl,/
HTM). Both HTMs spiro-OMeTAD and F101 showed similar
decay time of about 1 ns. This indicates that charge pairs gen-
erated upon illumination in the perovskite are efficiently sepa-
rated at the interface and then transferred to the HTM. Overall
the PL data indicates that F101 and spiro-OMeTAD have com-
parable hole extraction ability.

In summary, we have designed and synthesized a novel
HTM F101 based on a furan core, which performs at least as
well as the state of the art HTM spiro-OMeTAD, while having
a simpler and more economical synthesis. Its good charge in-
jection  properties enable  high  current  densities
(19.63 mAcm™), and better charge recombination resistance
assists in attainment of high V,_ (1.1V), yielding > 13 % efficien-
cies, comparable to spiro-OMeTAD devices. We are confident
that with further optimization and fine tuning of various
device parameters and by developing better understanding of
interfacial characteristics, even further enhancement of device
performance could be achieved. The simple synthesis with
high yield and high device performance means F101 has great
potential to replace the expensive and more complicated
spiro-OMeTAD as an HTM in PSCs.

Experimental Section

Synthesis of 4,4'-(furan-2,5-diyl)bis(N,N-bis(4-methoxyphenyl)-
aniline) (F101): 2,5-Dibromofuran (0.25 g, 1.12 mmol), {4-[bis(4-me-
thoxyphenyl)amino]phenyliboronic acid® (0.825g, 2.35 mmol),
[Pd°(PPh,),] (0.13 g, 0.1 mmol), K,CO; (5 mL, 2m) and degassed tol-
uene (20 mL) were transferred in to a 50 mL round-bottomed flask.
The reaction mixture was then stirred at 95°C under nitrogen for
48 h and then was cooled down to room temperature, poured into
water, extracted with CH,Cl, and washed with water. The organic
layer was dried over MgSO, and concentrated, and the residue
mixture was purified by column chromatography on silica gel elut-
ing with CH,Cl,/hexane 3:2 (v/v) to obtain the product as a yellow
solid (0.48 g, 65%). 'H NMR ([Dg]DMSO, 400 MHz): 6 =7.594 (d, J=
8.8 Hz, 4H), 7.082 (d, /=8.8, 8H), 6.968 (d, /=8.8 Hz, 8H), 6.851 (d,
J=88Hz, 4H), 6.811 (S, 2H), 3.781 ppm (s, 12H); "CNMR
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([DgIDMSO, 100 MHz): 6=156.72, 153.08, 148.44, 140.79, 127.55,
125.21, 123.31, 120.40, 115.89, 107.04, 56.15 ppm; HRMS (MALDI-
TOF): m/z calcd for C44H;5N,05, 674.80; found: 674.05.

Device fabrication: Fluorine-doped tin oxide (FTO, <14 Q per
square, 2.2 mm thick) substrates were laser etched to form the de-
sired pattern, which were subsequently cleaned by sonication in
decon soap solution, followed by ethanol. A thin compact layer of
TiO,, which acted as a blocking layer between FTO and perovskite
and was about 80-100 nm, was deposited by aerosol spray-pyroly-
sis, using titanium diisopropoxide bis(acetylacetonate) (75 wt.% in
isopropanol) and absolute ethanol in the ratio 1:9 by volume and
ambient air was used as the carrier gas. Then these substrates
were annealed at 450°C for 30 min and then were treated with
100 mm of TiCl, solution for 60 min at 70°C, followed by rinsing
with deionized water and ethanol and subsequent annealing at
500°C for 1 h. The mesoporous TiO, layer composed of 30 nm-
sized particles was deposited by spin coating at 4000 r.p.m. for
30 s using a commercial TiO, paste (Dyesol DSL 30 NRD) diluted in
ethanol (2:7, weight ratio). After drying at 125°C, the TiO, films
were gradually heated to 500°C, baked at this temperature for
15 min, and cooled to room temperature. An organic-inorganic
perovskite (CH;NH,)Pbl; was deposited by a sequential method®
under a controlled environment. Lead iodide (1 m) was dissolved in
N,N-dimethylformamide (DMF) overnight under stirring conditions
at 70°C and was spincoated onto the substrates at 6000 r.p.m for
5s. These substrates were then dried for 30 mins at 70°C. Subse-
quently the films were dipped in 8 mgmL ™" solution of CH;NH;l in
2-propanol for 20 min, were rinsed with 2-propanol, and were spin-
coated at 4000 rpm for 30 s. After drying, the films were annealed
at 100°C for 30 min. The HTMs F101 and spiro-OMeTAD were dis-
solved in chlorobenzene (90 and 100 mgmL™", respectively) and
spincoated on these substrates. Additives like Li(CF;SO,),N, tert-bu-
tylpyridine and tris[2-(1H-pyrazol-1-yl)pyridine]cobalt(lll) (FK102)
dopant were added to the above solution as stated in literature.”’
The masked substrates were placed in a thermal evaporator for
gold (Au) deposition by shadow masking. The thickness of the Au
electrode was about 100 nm and an active area of 0.2 cm? was de-
fined by the overlap of TiO, and Au.
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