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SCLC hole mobilities up to 8.72 x 102 em® V! 5™\, amongst
the highest reported hole mobility values for solution-
processed small-molecule organic semiconductors, are
obtained from thermally-annealed device-sized thin films of a
thiophene-containing polycyclic aromatic hydrocarbon.

Charge carrier (hole or electron) mobility is one important
parameter  affecting  the  performance  of  organic
electronic/optoelectronic devices including organic solar cells.!
The highest hole mobilities (up to ~45 cm® V™' s7") for organic
semiconductors have been demonstrated on macroscopic, highly-
ordered, single crystals of conjugated molecules.>® Benefitting
from the fast advancement of materials chemistry, the hole
mobilities of organic-semiconductor thin films, which are usually
prepared by spin-coating or vacuum deposition, have also
steadily increased to as high as 12 cm® V™' s7'.*% Almost all of
these high hole mobility values have been obtained by the field
effect transistor (FET) method. Compared to the FET method,
which measures the mobility parallel to the electrodes under
influence of a gate bias, the space charge limited current (SCLC)
method measures the mobility perpendicular to the electrodes.®
The SCLC mobility is thus more relevant to solar cells. The FET
and the SCLC techniques are two of the most widely used
methods to investigate charge carrier mobility in organic
compounds. The SCLC mobility of organic-semiconductor thin
films is often lower by a few orders of magnitude than their FET
mobility.® Despite a few reports of high SCLC mobilities (up to
1.4 cm® V™' s7!) measured in mesoscopic/microscopic areas of
discotic liquid crystalline conjugated molecules,® the SCLC
mobilities of macroscopic organic-semiconductor thin films are
generally much lower, ranging from 107 to 10~ cm® V™' 57! 68
Among myriads of conjugated molecules, polycyclic aromatic
hydrocarbons (PAHs) have drawn the most interest and been
widely investigated for electronic applications.”™® Their often
planar or near-planar geometry and extended n-delocalization can
induce strong m—7 stacking resulting in potentially high charge
carrier mobility along the stacked PAH column.' %1 Indeed, the
majority of the reported highest SCLC hole mobilities are
obtained from PAHs.** A thiophene-containing fused PAH,
namely 2,5,9,12-tetra(tert-butyl)diacenaphtho[1,2-b:17,2"-
d]thiophene (DAT) (1) (Fig. 1la), first synthesized
approximately fifteen years ago but has not drawn much

was

%

attention."™® Nor have its electronic properties/applications been
carefully investigated. Herein, we report that spin-coated thin
films of this PAH exhibit unusually high SCLC hole mobility
after thermal annealing. The peripheral tert-butyl groups in 1
prevented n—m stacking during the spin-coating process when
solvent was evaporated quickly, resulting in a uniform and
amorphous pristine film, which exhibited typical unappealing
hole mobility. After thermal annealing, the entire amorphous film
became highly crystalline, yielding one of the highest SCLC hole
mobilities in organic thin films measured in macroscopic device
sizes. For comparison, we also report the thin film hole mobility
of a highly twisted PAH, namely 6,7,8,15,16,17-hexaphenyl-
1.18,4.5,9.10,13.14-tetrabenzoheptacene (2) (Fig. 1b). Thin films
of this compound exhibited low crystallinity either before or after
thermal annealing, consequently resulting in mediocre hole
mobilities in both cases.

Compound 1 was prepared according to a previously published
procedure,"” while compound 2 was prepared using modified
literature procedures.'®?® Their structures and purity have been
confirmed by various spectroscopic methods (see the ESIT).

To predict the core geometries and the electronic structures of
the two compounds, theoretical calculations were carried out
using the density functional theory (DFT) with Gaussian03 at the
B3LYP level with the 6-31G(d) basis set. The energy-minimized
conformers of the two compounds from different views are
shown in Fig. lc-f. The DAT core of 1 has a near-planar
geometry, while that of 2 is highly twisted because of the steric
encumbering effect of the six phenyl substituents at bay areas.
The calculated end-to-end twist of the heptacene in the
approximate D,-symmetric ground state of 2 is 143.9°. The solid
state structure has a twist along the acene of 131.4°, which is
lower than the calculated structure probably due to crystal
packing forces. The highest occupied molecular orbitals (HOMO)
and the lowest unoccupied molecular orbitals (LUMO) of the
energy-minimized conformers of 1 and 2 are visualized in Fig. S1
(ESIY), and their energy levels are summarized in Table 1. With
calculated HOMO/LUMO energy levels of —=5.01/-1.88 eV and
—4.71/-2.15 eV, respectively, both 1 and 2 are potentially p-type
semiconductors.

The UV-vis absorption and fluorescence emission spectra of
the two compounds in dilute solutions (black) and as thin films
before (red) and after (blue) thermal annealing are depicted in
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Fig. 1 (a-b) Structures of compounds 1 and 2. Energy-minimized
geometries of 1 (c, ) and 2 (d, f) from different views obtained using

5 DFT calculations at the B3LYP/6-31G(d) level.
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Fig. 2 Normalized UV-vis absorption (spheres) and emission [open
circles; excited at 356 nm and 420/426 (solution/film) nm for 1 and 2,
respectively] spectra of (a) 1 and (b) 2 in CHCl; (black) and as thin films

10 (unannealed: red; annealed: blue).

2. Except for a minor change in the relative intensity of the split
absorption peaks at 344 and 356 nm, the spin-coated pristine thin
film of 1 exhibits essentially the same absorption and emission
spectra profiles as those in CHCIl; solution (Fig. 2a). This
15 indicates the lack of effective intermolecular n—m stacking in the
pristine thin film. It is presumably due to the steric hindrance
induced by the four peripheral fert-butyl groups and the fast
drying nature of spin-coating CHCI; solutions. The as-spin-
coated thin film of 2 however shows a 4-6 nm red-shift in both
20 the absorption and the emission spectra as compared to its CHCl;
solution (Fig. 2b). This result indicates the existence of some
weak or partial intermolecular n—n stacking presumably of the
pyrene units. Interestingly, the absorption of the thin film of 1
after thermal annealing (at 120 °C for 10 min) is drastically
25 broadened and red-shifted with emergence of a new, long tail
extending to over 800 nm. It is due to a strong intermolecular n—mn
stacking in the annealed thin film of 1 presumably induced by its
near-planar core geometry, which is further confirmed by the
broadening and the red-shift (by ~20 nm) of its emission peak.
30 The absorption and emission spectra of thin film 2 however show
minimal changes after thermal annealing. Compounds 1 and 2 are
weakly fluorescent with quantum yields of 0.0028/0.0029 and

0.0082/0.0086 (in CHCI,/THF), respectively.
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density-voltage characteristics of the highest-performing hole-only
devices of thin films of 1 and 2 with configuration of ITO/PEDOT:PSS/1
or 2/MoOj/Au with and without thermal annealing. (c-d) XRD patterns of
unannealed (red lines) and annealed (blue lines) thin films of 1 and 2.

a0  The electrochemical properties of the two compounds were
investigated as thin films using cyclic voltammetry (CV)
measurements. As shown in Fig. S5 (ESIt), these compounds
show one or two semi-reversible reduction waves during the
cathodic scan and two irreversible oxidation waves in the anodic
45 scan. From the first oxidation onset potential in the anodic scan
and the first reduction onset potential in the cathodic scan,?! the
HOMO/LUMO energy levels of 1 and 2 are calculated to be
—5.34/-2.68 eV and —5.11/-3.03 eV (Table 1), respectively.
Charge-carrier (hole) mobility of as-spin-coated and thermally
annealed thin films of 1 and 2 were measured by the steady-state
SCLC technique. Hole-only devices were fabricated with
configuration of ITO/PEDOT:PSS/1 or 2/MoOs/Au. The
individual active film is of typical organic solar cell device area
(0.14 cm?). The J-V characteristics of the hole-only devices are
shown in Fig. 3a-b. Assuming contacts to be ohmic,? the hole
mobilities in the thin films can be obtained by fitting these J-V
curves in the SCLC region using the following equation:’

0 & ﬂ_(vappd_3vbi )2

a
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@

)]

where J is the current density in the SCLC region, V,,, is the
applied voltage, V), is the built-in voltage, ¢, is the permittivity of
free space (8.854 x 1072 F/m), ¢, is the relative dielectric
constant of the thin film which is assumed to be 3 (a typical value
for an organic semiconductor),” x is the charge carrier mobility,
and d is the thickness of the thin film which is measured to be in
the range of 380~860 nm in the present cases. The derived
mobility values are summarized in Table 1. The as-spin-coated
thin films of 1 and 2 exhibit hole mobility of 4.61 x 107 and 1.05
x 10 cm® V™' 57 (mean from 10 devices), respectively. The
absence of long-range order in the as-spin-coated thin film of 1
70 was evident in its diffractogram (Fig. 3c), which shows no

distinguishable feature. The XRD pattern of as-spin-coated thin

6

S

6!

a

2 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 5



Page 3 of 5

2

2

3

3;

4

4

5

[

@

0

S

&

b

Journal of Materials Chemistry C

film of 2 however shows a broad peak centered

Table 1 Experimental and calculated frontier energy levels and SCLC hole mobilities of the compounds

Compound Experimental” Calculated” wp/(cm?® V7' g4
Enomo/eV | Erumo/eV | E/eV | Euwomo/eV | Erumo/eV | El/eV Unannealed Annealed’
1 —-5.34 —2.68 2.66 —-5.01 —1.88 3.13 | 4.61+3.18 x 10 (1.10 x 107 7.11+1.06 x 1072 (8.72 x 107)
2 -5.11 -3.03 2.08 —4.71 -2.15 2.56 1.05+0.7 x 107~ (2.41 x 107 4534223 x 107 (8.89 x 107

“ From CV measurement of thin solid film. * Using DFT calculations at the B3LYP/6-31G(d) level. © Mean SCLC mobility with standard deviation from
10 devices of at least two batches for each fabrication condition. ¢ The value in parentheses is the highest SCLC mobility observed. ¢ Thermally annealed

at 120 °C for 10 min.

at ~7.5° (Fig. 3d). This low-angle peak indicates the presence of
randomly ordered lamellar structure in the as-spin-coated thin
film of 2, which can at least partially explain its higher hole
mobility than that of 1. After thermal annealing (at 120 °C for 10
min), the hole mobility of the thin film was elevated to 7.08 x
1072 and 4.53 x 107 ecm? V7! s7! (mean from 10 devices) for 1
and 2, respectively. The reproducibility of the measured mobility
is good from device to device and batch to batch as reflected by
the small standard deviation. The highest SCLC hole mobility
obtained from the annealed thin films of 1 is 8.72 x 107 cm? V™
s™' (Table 1), which is amongst the highest reported hole
mobilities obtained by either FET or SCLC method for solution-
processed small-molecule organic
increase of mobility by a factor of more than three orders of
magnitude for 1 upon thermal annealing is attributed to its
drastically increased crystallinity and long-range order as
revealed by the sharp intense peaks in the XRD pattern of the thin
film after thermal annealing (Fig. 3c).”® Thermal annealing also
increased the hole mobility of 2 by a factor of ~4.2. The intensity
of the broad peak (at ~7.5°) increased and a new broad peak (at
~14.6°) appeared, indicating some increase of crystallinity and
the number of ordered lamellar structures in the annealed film of
2.28 Restraint by the highly twisted geometry, the enhancement of
crystallinity in 2 upon thermal annealing is not as drastic as that
in 1 (Fig. 3d). These results are all consistent with the optical
studies.

In summary, report the optical, electrochemical,
crystallinity properties and hole mobilities of a thiophene-
containing fused PAH 1, and a highly twisted PAH 2. DFT
calculations reveal a near-planar core-geometry for 1 and a highly
twisted structure for 2 with a heptacene end-to-end twist of
143.9°. The pristine thin films of 1 and 2 fabricated by spin-
coating process show average hole mobility of 4.35 x 107 and
1.08 x 107 cm? V™! 57!, respectively. Thermal annealing led to
broadened and red-shifted absorption and emissions with
improved hole mobility by over three orders of magnitude to as
high as 8.72 x 107 cm® V™' s™'. This result is amongst the highest
reported hole mobilities obtained by either FET or SCLC method
for solution-processed small-molecule organic semiconductors.
The difference in the core structure for the two compounds is one
of sterics, specifically, the phenyl groups that do not allow the
heptacene core to exist in a planar structure. This twisted
structure inhibits n—m stacking along the core as well as the
pyrene end caps. On the other hand, the thiophene core is planar
even with the zert-butyl groups on the acenaphthene units. While
these groups increase the solubility, they do not allow for an
ordered thin film upon initial deposition resulting in random
orientations of the molecules. The annealing of the thin film
allows for the reorganization and ordering of the individual

semiconductors.?** The
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molecules. Therefore, the enhancement in hole mobility of 1 is
attributed to the drastically increased crystallinity and long-range
order induced by strong intermolecular m—m stacking upon
thermal annealing. These discoveries may help guide the rational
design of new highly-performing organic photovoltaic materials.
A detailed study to explore the effect of peripheral substituents of
different type and size on the hole mobilities of the resulting
DAT derivatives has been initialized.
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