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Anthanthrene small with different pendant groups investigated as

semiconductors for organic field-effect transistors and solar cells. Field-effect mobilities were
greatly improved with solvent annealing and reached maximum values of 0.078 cm?*V™'s™ for a

were
DOI: 10.1039/X0XX00000X

www.rsc.org/ . N R R R . X
thiophene-appended anthanthrene derivative. When used as donors in conjunction with

PCsBM in bulk heterojunction solar cells, a maximum PCE of 2.4% was achieved with good
V.. and FF of 0.77 V and 59%, respectively. Although solvent annealing induced J-aggregation
of all anthanthrene compounds, such processing step did not necessarily improved the solar
cell J-V characteristics as opposed to the field effect mobility. The results showcase the

potential of the polycyclic anthanthrene core as a building block for organic electronics.

Introduction

Polycyclic aromatic compounds are becoming increasingly
popular as alternatives to linearly fused acene compounds for
optoelectronic  applications.'® From a charge transport
standpoint, their extended =m-conjugation, both in length and
“area”, could be beneficial since intermolecular overlap
(electronic coupling) increase with respect to size. Besides,
reorganization energies should be kept low because of their
intrinsic structural rigidity."®? The optoelectronic properties of
such polycyclic systems are highly dependent on how aromatic
rings are fused together: this determines the type of edges
(zigzag versus arm-chair) and the number of benzenenoid
Clar’s aromatic sextets, which govern the aromatic stabilization
energy, such as stated by Clar’s rules.'” Complex synthetic
routes and solubility hurdles of such large polycyclic can
become a limiting factor and might have hindered their
widespread adoption as materials of choice.! In a recent report,
Briseno er al.’ synthesized bistetracene compounds, which
afforded an impressive combination of field-effect mobility
over 6 cm*V™'s™ and good ambient stability. This showcases the
high potential of annulated acene compounds for organic field-
effect transistors (OFET) and solar cells (OSC), notably
because of their highly tunable properties such as broad
absorption and tailorable molecular packing.''™" For instance,
we have previously shown for the anthanthrene scaffold that the
conjugation can be effectively extended through the 6,12-
positions whereas the 4,10-positions had a very limited impact
on the opto-electronic properties."* Although a
anthanthrene derivatives has been reported by us and others,'*
9 very few compounds have actually been investigated in

few
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organic electronic devices. An exception is the 6,12-
triisopropylsilylethynylanthanthrene employed as a donor in
solar with an efficiency of about 2%.%° Good charge-transport
properties have been determined computationally but very
limited hole mobility in the order of 10° cm?V's' were
measured in OFET.?' Also, a recent review covers the current
status of alkyne containing small molecule semiconductors for
organic electronic.””> We decided to investigate compound 1-3"
in order to assess the potential of anthanthrene small molecules
as semiconductor for OPV and OFET because of their ease of
preparation from a cost-efficient, commercially available VAT
dye, good stability and solubility. Compounds 1-3 (Fig. 1) are
structurally similar with the same hexacyclic aromatic fused
core and are decorated with 4-hexylbenzene and 5-octylthienyl
groups at the 4,6,10,12-positions either directly or with an
acetylenic linker in order to reduce the torsion angle between
the two aromatic units.

Fig. 1 Structure of cruciform anthanthrene compound 1, 2 and 3
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Results and discussion

Organic Field-Effect Transistors

In order to assess the mobility of the anthanthrene polycyclic
scaffold in OFETs, a bottom-gate bottom-contact (BCBG)
device configuration (Fig. 2) with Si/SiO, substrate was used
because of its ease of fabrication, robustness and high device
reproducibility. An octadecyltrimethoxysilane (ODTS) self-
assembled monolayer (SAM) was used as dielectric surface
modifier in order to improve the hydrophobicity and the
semiconductor-dielectric interface.”> The semiconductors were
spin-coated from chloroform solutions at a concentration of 10
mg/ml. It should be noted that uniform films could not be
obtained from higher boiling point solvents such as toluene or
chlorobenzene because of dewetting during spin-coating, a

common problem for small molecules semiconductors.?***

Semiconductor Gold/ITO (30/10 nm)

ODTS-SAM

Si0, (230 nm)
Si (n-doped)

Fig. 2 Bottom-gate bottom-contact transistor stack

Table 1 Transistor characteristics for compounds 1, 2 and 3

Compound e (cmZV'ls'l)"‘ Vi (V) Ionorr  Annealing
43(52)x10* 5 10  Ascast
1 89(10)x10° 4 10°  Toluene
1.3(1.5)x 102 3 10° Cyclohexang
9 -

1.0(1.5)x 10 As cast

2 202.3)x10° 19 10° Toluene
1.4(1.7)x10° 19 10° Cyclohexane
64(6.7)x10° -9 10°  Ascast

3 65(7.8)x 107 -6 10° Toluene

34(4.9)x10% -6 10° Cyclohexane

* Average hole mobility measured in the saturation regime measured over 4
devices. Maximum mobility are reported in parenthesis.

The hole charge carrier mobility measured on the as-cast films
of compounds 1-3 were at most 10 cm?V~'s™, see Table 1. The
poor organization (vide infra) in the as-cast film was surprising
considering that these compounds have a strong tendency to
aggregate in solution'® and that analogous cruciform
compounds based on the anthracene scaffold provided excellent
mobilities without any post-processing.??” The fast drying time
of low boiling point chloroform at high spin rates (5000 RPM)
certainly limits the self-organization and crystalline growth.
Although thermal annealing is the most commonly used
annealing process, the performance gain proved limited in our
case (unreported preliminary results), which is corroborated by
a thin film UV-vis absorption study of 1 with different
treatment (Fig. 3). Thermal annealing at 80°C had no effect on
the absorbance spectrum whereas solvent annealing with
toluene (covered petri dish, 1 hour) lead to a significant
increase of the lower energy absorption band, which is
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generally assigned to J-aggregation.?® Solvent annealing with a
good (toluene) and a marginal (cyclohexane) solvent lead to a
significant increase in the charge mobility (30-fold increase) for
1 with cyclohexane, leading to a maximum mobility of 0.015
cm®V's. All anthanthrene derivatives behaved similarly with
a gain of at least an order of magnitude in mobility using a
simple solvent annealing step. Although shorter annealing time
(<15 minutes) lead to improved characteristics, a longer
treatment of one hour proved optimal. The transfer curves
under the optimal conditions are reported in Fig. 5 and the
output curves in Fig. S1-S3. Compound 3 treated with toluene
vapor afforded the best performance with a maximum mobility
of 0.078 c¢cm?V's™!, an on/off ratio of over 10° and a low
threshold voltage of -6 V.

0.20 — — As Cast
’ = = =80°C annealed
Toluene annealed
0.15
S 0.10 -
&
<
0.05
0.00 . , . , . , . ; . ; . )
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 3 UV-vis film absorption of compound 1 with different annealing conditions
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Fig. 4 AFM height topography of thin film of 1-3 (top, middle, bottom

respectively) before (left) and after (right) toluene annealling

The topography of the thin films were analyzed using AFM and
compounds 1-3 produced smooth as-cast films whereas toluene
annealing only induced a clear crystallization for compound 1
with the formation of hundreds of nanometers long needle-like
crystallites (Fig. 4). For compounds 2 and 3 a small increase in
roughness was observed but no long range features. Large
plate-like single crystals of 3 were grown from solution but
unfortunately we were unable to solve its structure because of
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defects. Without a crystal structure, it is difficult to perform a
structure-property analysis but it seems reasonable to speculate
that the four peripheral solubilizing alkyl chains at the 4,6,10
and 12 positions limit the interstack transfer integral.® A simple
solution to improve the charge transport properties would be to
get rid of the pendant groups in either the 4,10 or the 6,12 axes
to shorten the interstack distances and facilitate charge transfer.

2.0x10?
] 1.8x10°
] 1.6x107
] 1.4x10%
] 1.2x10%

1.0x10%

[l (A)
Ildslwz (A”Z)

8.0x10°
6.0x10°
4.0x10°

2.0x10°

0.0

Fig. 5 Transfer characteristics after cyclohexane solvent annealing for compound
1 and toluene annealing for compound 2 and 3

Table 2 Bulk heterojunction solar cell parameters

Donor compound ~ D:A (wt ratio) Annealing | Voc (V) Jsc (mA/cm?)  FF (%) PCE (%)" R (Q) R, (kQ) d(nm)°

1:0.7 - 0.77 53 55 2.2+0.1 (2.4) 107 32 77

1:0.7 80°C 0.71 4.9 59 2.0+0.1 (2.2) 47 14 77

1:0.7 Toluene 0.77 3.1° 39 1.0£0.1 (1.1) 321 24 77

1 1:1 - 0.76 53 52 2.1£0.2 (2.4) 81 18 87
1:1 80°C 0.71 4.7 59 2.0£0.1 (2.1) 49 16 87

1:2 - 0.75 2.6 46 1.0+0.1 (1.1) 161 22 130

1:2 80°C 0.68 2.3 55 0.940.0 (0.9) 81 30 130

1:0.7 - 0.61 3.1 47 0.9+0.1 (1.0) 31 6.6 80

2 1:0.7 80°C 0.59 35 47 1.0£0.1 (1.07) 26 7.8 80
1:0.7 Toluene | 0.55 3.5° 44 0.9+0.1 (0.9) 24 1.8 80

1:0.5 - 0.73 4.6 46 1.540.1 (1.6) 90 8.7 75

1:0.5 80°C 0.70 39 51 1.440.1 (1.5) 81 8.3 75

1:0.5 Toluene | 0.75 4.6 56 1.9+0.2 (2.3) 152 13 75

1:0.7 - 0.68 4.0 39 1.1+0.1 (1.2) 100 1.8 83

3 1:0.7 80°C 0.70 4.7 49 1.6+0.1 (1.7) 73 9.4 83
1:0.7 Toluene 0.74 4.9 59 2.1+0.1 (2.3) 77 14 83

1:1 - 0.69 2.7 38 0.7+0.1 (0.8) 106 52 87

1:1 80°C 0.68 34 47 1.1+0.1 (1.1) 64 7.8 87

1:1 Toluene 0.74 4.6 57 1.940.1 (2.0) 64 13 87

1:2 Toluene 0.72 3.2 47 1.1+0.1 (1.2) 57 10 110

Average data of at least 6 cells measured under 100 mW/cm?> AM 1.5G illumination. * Maximum efficiency presented in parentheses, ® Measured at 80
mW/cm? illumination with J normalized to 100 mW/cm? for clarity, € Thickness of the active layer.

This journal is © The Royal Society of Chemistry 2012
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Bulk Heterojunction Solar Cells

The HOMO levels of compounds 1-3 (as determined by cyclic
voltammetry) are 5.35, 5.31 and 5.23 eV, respectively, with an
equal optical bandgap of 1.9 eV.'"" Therefore, they are suitable
donors for organic solar cells with [6,6]-phenyl-C61-butyric
acid methyl ester (PC¢;BM) fullerene acceptor.”’ A bulk
heterojunction solar cell configuration with
ITO/PEDOT:PSS/Donor:PCsBM/LiF/Al was used to optimize
the active layers. The active layers were spin-coated from
CHCI,; solutions with a donor concentration of 10 mg/ml with
different weight ratios of PCBM. The summarized results are
reported in Table 2 with the optimal processing conditions in
bold along with the J-V curves in Fig. 6. Donor 3 was
investigated first to determine the effect of the donor/acceptor
(D/A) ratio and the different processing parameters on the
photovoltaic performance because of its higher field-effect
mobility. For compound 3, under all D/A ratios investigated
(from 1:0.5 to 1:2), solvent annealing proved to be a superior
treatment than thermal annealing and improved all of the J-V
characteristics. The effect of the annealing conditions at the
optimal D/A ratio of 1:0.7 on the external quantum efficiency
(EQE) is presented in Fig. 7. At the absorption maxima, the
EQE stays fairly constant at around 40% but is shifted to lower
energy after annealing, attributed to the formation of J-
aggregates, which interestingly leads to an increase of 0.06 eV
in V.

J (mA/cm?)

T T T
02 -01 00 01 02 03 04 05 06 07 038

Voltage (V)

Fig. 6 J-V curves for compounds 1 (as cast), 2 (80°C annealed) and 3 (toluene
annealed) at a D/A ratio of 1:0.7 under illumination and dark (short dotted lines)
under the optimized conditions reported in bold in
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= = = As cast
== <80 °C anneal
Toluene anneal

50

EQE (%)

T T T T T T T T T T T T T T N 1
350 400 450 500 550 600 650 700 750
Wavelength(nm)

Fig. 7 EQE for 3:PCs,BM at a ratio of 1:0.7 with different treatments

EQE (%)

T T T T T T
350 400 450 500 550 600 650 700 750
Wavelength(nm)

Fig. 8 EQE for 3:PCs;BM at different D/A ratios after toluene annealing

The J,, and FF are also increased to 4.9 mA/cm?® and 59%,
respectively. The PCE and EQE (Fig. 8) is weakly dependent
on the D/A ratio from 1:0.5 to 1:2, decreasing with increasing
PC4,BM content, probably because of the thicker layer leading
to diminished charge extraction. It appears that under the actual
conditions, the current density is the limiting factor to a high
efficiency device and the weak dependence of the EQE on the
PCBM content is
morphologies whereas the high fill factor supports a balanced

indicative of suboptimal active-layer

electron and hole mobility.*® Interestingly, the presence of
PCsBM even at high concentration does not limit the
formation of the J-aggregates as the measured EQE (Fig. 8) is
higher at longer wavelength and is in accordance with the UV-
vis data (Fig. S4). For compound 1, annealing lead to a
deterioration of the J-V characteristics as can be expected by
the formation of large crystallites (Fig. 4) whereas it had a
limited effect on compound 2. This in contrast to compound 3
as the field-effect mobilities for all compounds were greatly
improved with solvent annealing.

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 UV-vis film absorption of compound 1 at different ratio of PC¢;BM with
different annealing conditions

For the optimal mixture of 1:PC4qBM (1:0.7), the device
characteristic from the as cast film are the best obtained for
these anthantrene small molecules with a maximum PCE of
2.4%. Although toluene annealing induced J-aggregation at all
PCBM concentrations for compound 1 (Fig. 9 and Fig. S6 for
EQE), the J-V characteristics are worsened with a significant
drop in J,. and FF. Compound 2 was tested solely at a D/A ratio
of 1:0.7, which resulted in a lower PCE of 1.0% after thermal
annealing with a V.. 0.15 V lower than 1. Because of its lower
field-effect mobility and V,, we did not investigate this
although the field-effect
mobility of 2 is the lowest among the tested molecules, it

compound further. Interestingly,
achieved the solar cells with the lowest series resistance (Rj),
comparable to a P3HT standard device under the same device
structure. The devices prepared with compounds 1 and 3 had
higher series resistance, which is certainly a factor limiting the
overall device efficiency.?’

Conclusions

In summary, we have investigated anthanthrene compounds as
p-type semiconductors in OFETs and OSCs. Solvent annealing
proved to be necessary to induce J-aggregation and achieve
good field-effect mobilities reaching a maximum of 0.078
cm?Vls™! for compound 3. When used as donors with PCg;BM
in a standard BHJ, solvent annealing induced J-aggregation at

This journal is © The Royal Society of Chemistry 2012
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all D/A ratios but a significant improvement of the power
conversion efficiency was only observed for 3. Although the as
cast film of compound 1 lead to a poor ficld-effect mobility
they afforded an optimal PCE. Maximum PCE of over 2.3%
were recorded for compounds 1 and 3. This study showcased
the potential of the anthanthrene scaffold as a versatile building
block for organic electronics and the development of a second
generation of small molecules specifically designed for OFETs
and polymeric analogues for solar cells is under way.

Experimental

Transistor fabrication and characterization

Bottom-gate bottom-contact substrates were purchased from
Fraunhofer IPMS (interdigitated S/D electrodes, width 10 000
pm and length 20 pm, Ci=14 nF/cm?) and were cleaned
sequentially with acetone, IPA and water twice. For the
formation of the ODTS-SAM the substrates were treated with
O, plasma (5 minutes, 100 W) then placed on the spin-coater
and 70 uL solution of octadecyltrimethoxysilane (3 mM in anh.
chlorobenzene) was dropped on the substrates and after 10
seconds of self-organization spun at 1500 RPM. The substrates
were then left overnight in a covered petri dish with 30% agq.
ammonia vapors. Finally the substrates were sonicated in
toluene for 10 minutes and annealed at 110 °C for 5 minutes
prior to the active layer deposition. The active layers were
prepare by dispensing one drop of the semiconductor solution
in chloroform (10 mg/ml) to the spinning substrate at 5000
RPM giving a uniform film of ca. 50 nm. In case of solvent
annealing, the substrates were transferred to a covered petri
dish containing 1 ml of the appropriate solvent and left for 1
hour.
The field-effect transistors were characterized in a nitrogen-
filled glovebox with an Agilent B1500A semiconductor
parameter analyzer. The field-effect mobilities were calculated
from the well-resolved saturation regions using the following
equation:

[ = WCiu

2L

(Vys - VT)2

Solar cells fabrication and characterization

Devices were fabricated in ambient conditions on indium tin
oxide (ITO) coated glass substrates with a sheet resistance 15
Q/square. The substrates were cleaned by sonication in acetone
and isopropanol for 15 min each, blown dry with a nitrogen gun
and treated with O, plasma. A 50 nm thick PEDOT:PSS layer
(Clevios P4083, filtered 0.45 pum) was deposited via spin-
coating followed by the deposition of the active layer from
CHCI; solution (10 mg/ml concentration of donor with the
appropriate concentration of PgCBM (purchased from
SolenneBV). The active layer solution was dispensed using a
micropipette to the spinning substrate at 5000 RPM. For solvent
annealing, the substrates were transferred to a covered petri
dish containing 1 ml of the appropriate solvent. After 15
minutes the substrates were blown dry and transferred to a
nitrogen filled glovebox for electrode deposition. LiF (0.7 nm)

J. Name., 2012, 00, 1-3 | 5
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and Al (100 nm) were thermally evaporated using a shadow
mask with an active surface area of 10 mm?®. Thermal annealing
in a nitrogen filled glovebox was performed on a hotplate (80
°C, 5 minutes) on the completed devices.

The solar cells were characterized in the dark and under
illumination of a solar simulator (AM 1.5 Global spectrum with
100 mW/cm? intensity). I-V characteristics were recorded
using a Keithley 2400 source meter. All [-V measurements
were carried out

in a nitrogen filled glovebox. Layer

thicknesses were measured with a Bruker Dektak stylus
(EQE)

measurements were performed in a nitrogen-filled glovebox

profilometer. External quantum efficiency
using a home-built setup including a monochromator, chopper,
lock-in amplifier, xenon arc lamp and a reference Si

photodiode.

Thin film absorption and AFM

The
ultraviolet—visible spectrophotometer (PerkinElmer Lambda

absorption  spectra  were recorded using an
1050) and the atomic force miscroscopy images were recorded
in tapping mode (Dimension V SPM, Veeco). The film were
deposited on a cleaned glass slide using the same spin-coating
recipes as for the device fabrication and the annealing were

performed in an identical fashion.
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Novel anthanthrene derivatives have been tested as p-type materials in bulk-
heterojunction organic solar cells and organic field-effect transistors.
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