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ABSTRACT: Bis(triisopropylsilylethnyl) pentacene (TIPS pentacene) was synthesized
to increase its solubility in common liquid solvents and, at the same time, enhance
the n—n stacking between neighboring acenes in the crystallized state in comparison
with unmodified pentacene. Hot-stage microscopy experiments revealed that during
heating voids develop along the long axis of the TIPS pentacene films {along the
[210] direction/parallel to the (120) planes} and crystals overlap along the short axis
{along the [120] direction/parallel to the (210) planes}. From molecular mechanics
simulations, the predominant twin boundaries of (120) and commonly observed crack-
ing planes of (120), (120), and (210) had relatively low surface energies in comparison
with planes with similar Miller indices. Organic thin-film transistors with TIPS pen-
tacene as the active layer were fabricated, and the mobility values decreased from
0.4-1.0 cm?V s before cracking to ~0.2 em?/V s after cracking. To maintain the high
charge carrier mobility of TIPS pentacene devices, these cracks should be avoided.
©2006 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 44: 3631-3641, 2006
Keywords: annealing; charge transport; functionalized pentacene; organic semicon-
ductors; organic thin-film transistors; structure-property relations; surface energy

INTRODUCTION

Pentacene is an organic semiconductor with one
of the highest measured hole mobilities in com-
parison with other similar materials, such as
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polythiophene, oligothiophenes, and phthalocya-
nines. However, the experimentally observed
mobilities in thin films have not increased sig-
nificantly since devices with ~1.5 cm?V s were
reported.’ To improve its solid-state stacking
and solubility in organic solvents, bis(triisopro-
pylsilylethnyl) pentacene (TIPS pentacene) has
been designed and synthesized with the addition
of two side groups.® The herringbone crystal
structure of pentacene polymorphs is disrupted
by the bulky side groups, and the TIPS penta-
cene molecules assume two-dimensional 7n—n
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stacking within the unit cell. At the same time,
this functionalized pentacene can be readily
processed from common organic solvents such as
chloroform, tetrahydrofuran, toluene, and bro-
mobenzene.*

In this study, crack propagation was exam-
ined in TIPS pentacene crystals and crystalline
thin films. Crack propagation along the (120),
(120), and (210) planes was identified upon heat-
ing or compressive deformation, and a phase
transition at 124 °C was associated with the
observed thermal cracking. Organic thin-film
transistors with TIPS pentacene as the active
layer were fabricated in a controlled solution
process chamber, and the mobilities of the TIPS
pentacene thin-film transistors dropped by 50—
80% after thermal cracking. In addition, the sur-
face energies of different crystallographic planes
were simulated with the Cerius® molecular sim-
ulation platform. According to the simulations,
twin boundaries and observed cracking planes
in TIPS pentacene had lower surface energy
than planes with similar Miller indices. The cal-
culated surface energies were similar for differ-
ent planes, and this could account for the fact
that different cracking directions existed in the
TIPS pentacene films. The total energy of the
TIPS pentacene crystals was found to go
through several local maxima and minima dur-
ing an increase in the separation distance in the
surface energy simulations.

EXPERIMENTAL

Temperature-controlled optical microscopy was
conducted on a Linkam TH 1500 hot stage, a Spot
RT Color 2.2.1 CCD camera (Diagnostic Instru-
ments, Inc.), and a Nikon OptiPhot2-POL scope.
The heating and cooling rates were 10 °C/min, and
the samples were held at the higher temperature
limits for 5 min. TIPS pentacene powders were
used for variable-temperature X-ray diffraction
(XRD) scans with a Bruker AXS D8 Advance pow-
der XRD system. For each temperature, the sam-
ples were scanned for about 24 min at a scanning
rate of 2°/min and with a 20 angle scanning range
of 3-50°. The heating and cooling rates between
the temperature scans were approximately 6 °C/
min. To interpret the results from hot-stage XRD
and optical microscopy, molecular simulations with
Cerius® modeling software from Accelrys were
used for comparison with diffraction results and to
provide unit cell snapshots.

Toluene was used in this study as the solvent for
TIPS pentacene because of its combination of a
high boiling point and solubility. The solution cast-
ing of TIPS pentacene was conducted on clean
glass slides (received from Fisher Scientific) or pre-
cleaned silicon wafers with a 200-nm thermally
grown oxide layer inside a 4-in.-diameter Petri
dish either with or without the cover. The silicon
wafers were cleaned with a seven-step procedure:
(1) sonication with deionized water and soap for 10
min, (2) rinsing with copious deionized water, (3)
rinsing with copious acetone, (4) boiling in trichlo-
roethylene at 110 °C for ~10 min, (5) sonication in
acetone for ~10 min, (6) boiling in isopropyl alcohol
at 82 °C for ~10 min, and (7) drying with nitrogen
gas. For transmission electron microscopy (TEM),
solution droplets with a TIPS pentacene concentra-
tion of 0.1 wt % were applied to amorphous carbon
thin films (20-50 nm) on top of copper grids (200 or
400 mesh, from Ted Pella) and then dried in air af-
ter the extra solution on the grids was wicked from
the side with filter paper. Bright-field TEM and
electron-diffraction experiments were obtained on
a Philips CM12 at 120 kV.

Active layers of TIPS pentacene thin-film
transistors were fabricated with a solution proc-
essing system that could control the tempera-
ture and nitrogen gas flushing rate. The flushing
rate (0.04-0.5 L/min at room temperature) was
monitored and tuned with gas flow meters pur-
chased from Key Instruments. The deposition
temperature was controlled by a water bath that
surrounded the solution-casting chamber (a glass
vial or bottle). The silicon wafers used in this
study were heavily arsenide-doped, and the insu-
lator layer was thermally grown silicon dioxide
200 nm thick (C,, = 17.5 nF/cm?). About 100-nm-
thick gold electrodes (source and drain) were
thermally evaporated through a laser-machined
shadow mask. The deposited TIPS pentacene film
was about 100-200 nm thick according to AFM
measurements, functioning as the active layer of
the organic thin-film transistors in a top-contact
configuration. The channel width was about 300—
400 pum, and the channel length was approxi-
mately 20-25 um throughout this study. The
transistor characteristics were measured with a
Keithley 4200 semiconductor parameter analyzer
and an Alessi-3200 probe station. Transistor char-
acterization was conducted at room temperature
in the ambient atmosphere. Experiments were
performed both in the dark and under light. The
mobilities were relatively insensitive to light,
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although transistor off-currents tended to in-
crease with the ambient light intensity. Both
transfer (I4—V,, where I4 is the source-drain cur-
rent and V, is the gate voltage) and output (I4—
V4, where Vy is the source-drain voltage) charac-
teristics were tested for each transistor. The I4—
V4 curves were obtained with V, increasing from
—40 to 0 V and with V3 sweeping from —40 to 0
V. The 14V, curves were collected with V,
increasing from —60 to 20 V at a constant Vy
value of —40 V. The saturation mobility (u) was
then extracted from the slope of the transfer
curve Vg—(Id)l/ 2 according to the equation Iq =
pWC(Vy — Vr2/2L, where W and L are the chan-
nel width and length, respectively, C; represents
the capacitance in the insulator layer per unit of
area, and Vi is the threshold voltage.® Five meas-
urements were taken on the same transistor
before and after thermal annealing at 120 °C for
20 min to study the effect of thermal cracking on
charge transport. Most active layers had film cov-
erage above 80%, and the effective mobility was
calculated with a normalized channel width G.e.,
the width actually covered by the TIPS pentacene
film).

Nanoindentation experiments were conducted
with a Nano Instruments Nano II and a Berko-
vitch tip. The loading rates used in this work
ranged from 0.05 to 0.8 mN/s.

Surface energy calculations were performed
on the Cerius® molecular modeling platform.
The size of the simulation system was varied
from 45 (3 x 3 x 5) to 405 (9 x 9 x 5) unit cells.
Simulation clusters of different sizes were built
up with the Non-Periodic Superstructure func-
tion of Cerius? Crystal Builder. Each unit cell of
TIPS pentacene has two TIPS pentacene mole-
cules (2C4gHggSis). The TIPS pentacene model
was obtained by single-crystal XRD. The energy
minimization of the original structure was per-
formed with the Smart Minimizer option with
standard convergence criteria. The simulations
for planes with different Miller indices were
automated with TCL programming code. Super-
cells of TIPS pentacene with different sizes (up
to 9 times cell parameter a, 9 times cell parame-
ter b, and 5 times cell parameter c¢) were split at
certain directions to calculate the surface energy
of the corresponding crystalline planes. The two
separated halves of the supercells were then
pulled toward and then away from each other;
meanwhile, the total energy of the system was
continuously calculated and output by Cerius?
as a function of the separation distance. The out-
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put text file was processed with the text search-
ing software AquaGrep to obtain the total-energy-
separation information.

RESULTS AND DISCUSSION

Hot-Stage Optical Microscopy

Characteristic cracking defects developed in the
TIPS pentacene thin films upon heating and
cooling (Fig. 1). According to differential scan-
ning calorimetry (DSC) and hot-stage optical
microscopy, as long as the higher limits of the
temperature scans were lower than the com-
bined melting and degradation point (ca. 260—
270 °C), the TIPS pentacene films could be
heated reversibly without losing much of their
crystallinity. In Figure 1, several TIPS penta-
cene single crystals are shown as grown from so-
lution casting (i.e., without any annealing his-
tory). The crystals were monitored upon heating
to 150 °C and during the subsequent cooling.
There were many reversible fine facets along
the (120) planes at room temperature [Fig. 1(d)]
that would not appear at higher temperatures
[Fig. 1(c)].° Two major types of cracks were irre-
versibly formed in the crystals during heating.
One of them was parallel, and the other was
perpendicular, to the long axes of the individual
crystals. On the basis of the electron-diffraction
results,” they were the (120) and (210) types,
respectively. From the optical micrographs, it is
apparent that the (120)-type cracks were voids
resulting from contraction, whereas the (210)
ones were overlapping crystals raised after
expansion from the two sides. The black rods in
Figure 1 show the local orientation of the acene
units within the TIPS pentacene molecules, as
deduced from the corresponding electron-diffrac-
tion patterns.”

During heating, the cracks were found to ini-
tiate first on the (210) planes (at temperatures
of 80-100 °C) and then propagate along (120).
Longitudinal cracks along (120) were then
observed at temperatures about 20° higher than
those of the initial cracking. The initiation tem-
peratures of (120) cracking were consistently
higher than those of (210), whereas the meas-
ured expansion along the (120) planes (3.9
+ 1.0%) was slightly smaller than the contraction
along the (210) planes (7.5 = 1.7%).6

After being held for 5 min at 150 °C [Fig.
1(c)], the films were cooled at 10 °C/min. Fine
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Figure 1. Hot-stage optical images of TIPS pentacene thin films upon heating and
cooling from room temperature to 150 °C: (a) 25 °C (heating), (b) 91 °C (heating), (c)
150 °C (holding for 5 min), and (d) 23 °C (cooling).

facets along (120) started to form during cooling.
In addition, many of the fine facets that devel-
oped upon cooling initiated along (210) planes
and then propagated at (120) again [Fig. 1(d)].

The observed thermal cracking in Figure 1
was associated with a structural phase transi-
tion identified with DSC.® Unit cell models for
TIPS pentacene crystals both above and below
the transition temperature (124 °C) were pro-
posed. At room temperature, we found a = 0.755
nm, b = 0.773 nm, ¢ = 1.676 nm, « = 89.5,
= 78.7, and y = 84.0°, whereas at about 140 °C,
the best fit unit cell had ¢ = 0.780 nm, b
= 0.720 nm, ¢ = 1.720 nm, « = 90.0, = 85.0,
and y = 88.0°. Simulated X-ray and electron
diffraction patterns of the two TIPS pentacene
crystalline phases were generated and made a rea-
sonable match with the available experimental
data.®

Mobility Measurements upon Cracking

Thin-film transistors with solution-processed
TIPS pentacene films as active layers were char-
acterized both before and after thermal crack-

ing. A top-contact transistor configuration was
used, and a top view of a typical TIPS pentacene
transistor after thermal cracking is shown in
Figure 2(a). The channel length was 20 ym, and
the channel width was 300 um. The long axis of
the TIPS pentacene films in these transistors
ran through the channel roughly parallel, and
(210) cracks vertical to the channel direction
were found after thermal annealing at 120 °C
for 20 min in this case. The average grain width
of each transistor was determined by the divi-
sion of the channel width by the number of crys-
tals crossing the channel. Five measurements
were made of the grain width to give an esti-
mated standard deviation [Fig. 2(b)].

Depending on the grain width (5-20 um) of
the needle-shaped TIPS pentacene crystals, the
measured saturation mobility ranged from 0.3 to
1 em?V s [Fig. 2(b)]. However, after a heat
treatment at 120 °C for 20 min, the mobilities
were all reduced to approximately 0.2 cm?V s.
In other words, the grain-size dependence of the
charge carrier mobility was removed almost
completely upon thermal cracking. The mobility
reduction upon thermal cracking varied from
50% in the case of a 5-um grain width to 80% in
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Figure 2. (a) Effect of (210) cracks on the measured
mobilities of TIPS pentacene transistors. The top
image shows a top view of a TIPS pentacene thin-film
transistor after thermal cracking (width = 20 um,
length = 300 yum) with (210) cracks introduced. The
bottom image shows transfer characteristics of the
same transistor (O) before and ([J) after cracking. (b)
Effective field-effect mobility measured before and
after thermal cracking in four TIPS pentacene tran-
sistors with different grain widths. The average grain
width was determined by the division of the channel
width by the number of crystals crossing the channel.
As shown in part a, (210)-type crystal overlapping
was responsible for this mobility reduction.
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the transistor with the largest grains and high-
est measured mobility.

Even after substantial cracking, the mobility
remained reasonably high. This may be attrib-
uted to the fact that the observed (210) cracks
involved crystal-crystal overlapping that could
still facilitate charge transport. We expect that
the (120) cracks that involve void formation
would cause a much more dramatic reduction in
the mobility if they were introduced vertically to
the source-drain direction in the channel area.
In addition, with the (210) overlapping that
developed upon annealing in the TIPS penta-
cene thin-film transistors [Fig. 2(a)l, it was ob-
served that the mobilities before thermal crack-
ing were heavily grain-size-dependent, whereas
the ones after cracking were defect-limited in-
stead and thus exhibited a relatively grain-size-
insensitive and consistent value.

TEM

TEM experiments were conducted on TIPS pen-
tacene films after thermal annealing at 150 °C
for 5 min. The crystals were elongated along the
(120) direction, as seen under an optical micro-
scope. Electron diffraction confirmed that the
individual crystals were indeed single crystals
in nature, with a crystallography that led to
characteristic external faceting. In Figure 3,
both (120)- and (120)-type cracks are visible
within an individual crystal. In Figure 4, the
two sets of (120) cracks made it possible for a
TIPS pentacene twin boundary to be identified.

Nanoindentation and Mechanical Cracking

According to optical microscopy, the nanoinden-
tation of solution-cast TIPS pentacene did not
generate any obvious macroscopic defects or
cracks other than the indentation itself, corre-
sponding to an approximately round-shaped
pileup in each case (Fig. 5). A maximum load of
7.5 mN was used to generate the load—displace-
ment information at loading rates ranging from
0.05 to 0.8 mN/s. For each load-displacement
curve, a small portion of displacement was
recovered upon unloading because of elastic de-
formation, and the rest of the deformation was
plastic and irreversible. From the load—displace-
ment curves, the film hardness was obtained by
the division of the load (P) by the indentation
area (A) at certain displacement values. A was
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Figure 3. Bright-field TEM image of a TIPS penta-
cene thin film after thermal annealing at 150 °C for
5 min. The rods illustrate the local orientation of the
acene units within the TIPS pentacene molecules, as
deduced from the corresponding electron-diffraction
patterns.

calculated on the basis of the indentation tip ge-
ometry. At the same time, the film stiffness was
given by dP/dA, or the changing rate of P upon
the variation of A, according to the Oliver—Pharr
method.”

The elastic recovery and loading-rate-depend-
ent stiffness were also seen in the nanoindenta-
tion of thermally evaporated pentacene films.°
In other words, both of these two organic molec-
ular crystals exhibited characteristics of visco-
elasticity. The stiffness of solution-cast TIPS
pentacene thin films increased linearly with the
loading rate from about 0.05 GPa at 0.05 mN/s
to 0.2 GPa at 0.7 mN/s, whereas the stiffness of
thermally evaporated pentacene films went up
rapidly at small loading rates, from 0.7 GPa at
0.05 mN/s to 1.7 GPa at 0.1 mN/s, and then rose
more slowly at higher rates to 2.5 GPa at 0.7 mIN/s.
Although solution-cast TIPS pentacene thin films
had much larger grain sizes (generally >100 pm)

than those in thermally evaporated pentacene
films (ca. several micrometers), their calculated
stiffness values were about an order of magni-
tude smaller than those of the pentacene films.
The alkyl chains in TIPS pentacene evidently
leads to a significant drop in the aromatic portion
of the unit cell and thus results in a large reduc-
tion in the stiffness.

In addition, cracking in TIPS pentacene crys-
tals was studied upon the exertion of an exter-
nal compressive force. In Figure 6, a TIPS pen-
tacene single crystal was placed between two
clean glass slides, and its appearance before and
after the application of an external stress of
~70 MPa was imaged. This stress was far
beyond the critical cracking point (~4 MPa),
and cracks along the crystal long axis were
developed all over the crystal edge. By a com-
parison with the electron-diffraction results, the
major cracks in the single crystal upon mechani-
cal deformation were indexed as the (120) type.

Surface Energy Calculation

To rationalize the observed thermal and me-
chanical cracking phenomena, the surface ener-
gies of different TIPS pentacene planes were cal-

(120) shared

w—-——" (120) right

Figure 4. Bright-field TEM image of a TIPS penta-
cene thin film showing cracks and twin boundaries af-
ter the same thermal annealing procedure used for
Figure 3. The white rods illustrate the local orienta-
tion of the acene units within the TIPS pentacene
molecules, as deduced from the corresponding elec-
tron-diffraction patterns.

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb



1: 0.05 mMN/s
61 2:01mNjs
3: 0.2 mMN/s
4: 0.4 mN/s
5: 0.6 mN/s
4 6: 0.8 mMN/s

Loading

Load (mN)
F .

o 400 00 1200
Displacement (nm)

Figure 5. Optical micrograph of TIPS pentacene
thin films after nanoindentation (top) and typical
load—displacement curves at different loading rates
(bottom).

culated on the basis of the energy difference of
two crystalline clusters before and after com-
plete separation. The COMPASS force field was
used because it was a proven force field that
supported molecular simulations of condensed
phase materials’ and was able to minimize the
energy of the TIPS pentacene model without
deviating significantly from the experimentally
determined unit cell. An ultimate separation of
4 nm was used, and the total energy upon sepa-
ration generally stabilized at a distance of
2.5 nm for most calculations. The energy dispar-
ity before and after complete separation was then
divided by the newly generated surface area to
give values of the corresponding surface energy.
In addition, the generation of a specific plane was
achieved with proper supercell splitting, and the
separation direction was chosen to be normal to
the surface plane of interest (Fig. 7).

To verify the validity of this methodology,
supercells with different sizes were used, and
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the surface energies of anthracene and penta-
cene were calculated and compared with litera-
ture values. Similarly to the repeated slab—vacuum
geometry with different slab thicknesses and
vacuum separation,'’>'* the cluster size and
separation distance were varied systematically
in this study to find a convergent value of the
surface energy. The calculated surface energy
values fluctuated in the beginning and then sta-
bilized as the sizes of the simulation clusters
increased. The anthracene (001) surface energy
was calculated to be 45 mJ/m? with a supercell
of 9a x 9b x bc¢, which is quite comparable
to the reported value of 53 mJ/m? with a first-
principle pseudopotential density-functional cal-
culation.'? Surface energies of different planes
in the TIPS pentacene crystal lattice were calcu-
lated with this methodology (Fig. 8).

Plots of the total energy density versus the
reciprocal of the cluster size (1/X) were used to
extend our simulation to a superlattice of infi-
nite size (Fig. 9). The total energy of a given sys-

Figure 6. TIPS pentacene single crystal before and
after mechanical cracking. The black rods illustrate
the local orientation of the acene units within the
TIPS pentacene molecules, as deduced from diffrac-
tion experiments.
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; (1-10) Calculation
% Supercell Sx5x1

{1-20) Calculation
Supercell Sx5x3 ke

Figure 7. On the left, a 5 x 5 x 1 supercell (5a in
the x dimension, 5b in the y dimension, and 1c¢ in the
z dimension) is used for the (110) surface energy cal-
culation. On the right, a 5 x 5 x 3 supercell is used
for the (120) surface energy calculation.

tem is made up of the bulk energy and surface
energy:

Erotal = pV + 9 unyA (1)

Erotal VA
_ _ 2
v +-5 (2)

where Er.iq is the total energy of the system, p
is the bulk energy density, Y., is the surface
energy per unit of area for a certain Miller-
index plane (hkl), A is the corresponding surface
area, and V is the volume of the supercluster.
For the supercell dimensions used here, along
the x direction, there are X times of unit cell pa-
rameter a; along the y direction, there are X
times of unit cell parameter b; and along the z
direction, there are 5 times of unit cell parame-

0.6
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E * ”
~ 0.5 X ¥ i
et i l:-\l ___l
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o o}
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3 4 5 6 7 ] g

X {number of cells along a and b axes
in the XX5 clusters that are used In simulation)

Figure 8. Calculated surface energy for different
TIPS pentacene planes with supercell XX5 (X is the x
axis of the plot). According to the calculation, crack

planes (210) and (120) have lower surface energy
than planes with similar Miller indices.

ter c. After substituting in the expressions of A
and V, we have

A =2 x (5¢) x («eXa)
V=XxXx5xV,

Ergtal A 2)uycoa 1
v P ley =P v, )X 3)

where V, is the volume of a unit cell and o is
a coefficient that relates cluster size X to the
total surface area (which is different for differ-
ent Miller-index planes). Thus the slope of
the total energy density versus 1/X line can
be used to extract the corresponding surface
energy 7. The surface energies obtained with
this method were close to the ones extracted
from Figure 8.

The calculated values for the (110), (120),
(130), (210), (310), (110), (120), and (130) planes
were all around 300-500 mJ/m?. The similar val-
ues of the surface energies of different planes in
TIPS pentacene may explain the multiple crack-
ing directions seen experimentally. In addition,
the preferred cracking planes had relatively low
surface energies in comparison with other planes
with similar Miller indices. For example, the sur-
face energy of (120) (ya20) = 336 md/m?) was
smaller than those of (110) (y110) = 352 md/m?)

320

280
>
= OPlane (1-20)
g 240 + Plane (210) L
[} % Plane (120) st
a = 200 B
> 2 R
o E 150 e
= -
U
£ X 120
[T
E 80
Q
- 40
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0 0.05 0.1 0.15 0.2 0.25 0.3

1/X

Figure 9. Plots of the total energy density versus
the reciprocal of the cluster size (1/X). X is the num-
ber of cells along axes a and b in the XX5 clusters
that are used in the simulation. The simulation
results from X = 4-9 have been extrapolated to yield
the total energy density of a superlattice of infinite
size. The surface energies of different planes could
then be extracted from the slopes of the straight
lines.
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and (130) (y130) = 352 mJ/m?); y(210) (448 md/m?)
was less than ys19) (544 mJd/m?). Furthermore,
the calculated surface energy of the (120) twin
boundaries in Figure 4 was 368 mdJ/m?. This was
also lower than the values of other planes in the
vicinity, such as (110) (yi10) = 384 md/m?) and
(130) (3150, = 400 mJ/m?).

For cracking planes (210) and (120), the simu-
lation suggested surface energies of 448 and
368 mJ/m?, which corresponded to 200 and 170 meV/
molecule, respectively (16 md/m? = 1 meV/A?).
These numbers, though much lower than the band-
gap energy (ca. 1 eV),'® are quite high when com-
pared with the average thermal energy for a mole-
cule at 100 °C (32 meV, as calculated from kgT,
where kg is the Boltzmann constant and 7 is the
temperature). This means that the thermal energy
carried by individual TIPS pentacene molecule
alone should not be sufficient to generate those new
cracking surfaces. Thus, we believe the internal
mechanical pressure built up from the thermally
induced phase transition (Fig. 1) provided the
energy needed to create the new surfaces along
these planes.

The calculated surface energies of TIPS pen-
tacene crystals are significantly larger than the
corresponding values for pentacene. For exam-
ple, Y001 = 76 mdJ/m?, Y010) = 140 mdJ/m?2, and
ya10) = 150 md/m? according to the work of
Drummy et al.’® on one of the pentacene poly-
morphs (bulk phase; triclinic: @ = 0.628 nm, b =
0.771 nm, ¢ = 1.444 nm, « = 76.75°, f = 88.01°,
y = 84.52°). For another pentacene polymorph
(triclinic: @ = 0.79 nm, b = 0.606 nm, ¢ = 1.601
nm, « = 101.9°, f = 112.6°, y = 85.8°), Northrup
et al.'? calculated that y01, = 49.6 mJ/m?, 710
= 102.4 mJ/m?, and Y1) = 75.2 mJ/m?. We
think the branched shape of the bulky side
group largely contributed to the significant dif-
ferences between the surface energies of TIPS
pentacene and pentacene. In addition, surface
reorganizations upon the generation of new
TIPS pentacene planes were not pursued in this
simulation work; therefore, further study is
needed to determine the role of this effect.

During the generation of planes (120), (110),
and (130), the total energy upon separation
along the [120], [110], and [130] directions was
monitored at 0.1-nm intervals with no energy
minimization or reconstruction applied (Fig. 10).
Before the two halves in a supercell were sepa-
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Figure 10. Logarithmic (top) and linear plots
(bottom) of total-energy/distance curves during the
generation of (120), (110), and (130) planes upon sepa-
ration along [120], [110], and [130]. A supercluster of
5a x Bb x bc was used in this simulation.

rated, they were pushed against each other by
0.5 nm to give the total energy value at distan-
ces closer than equilibrium. This gave rise to a
huge peak before the zero separation distance in
Figure 10. Because the side groups of TIPS
pentacene were interdigitized with each other,
when they were pulled apart, the interaction
energy became extremely large. Before a steady
total energy value was approached at large sep-
arations, five or six local minima and maxima
were observed, depending on the directions in
which the molecules were pulled and on which
new planes they eventually formed. This is obvi-
ously different from the single-minimum curve
of a simple Lennard—Jones potential based on a
single repulsion and attractive interaction. The
bulky side groups in TIPS pentacene evidently
led to this complicated response. This oscillatory
behavior in the energy-separation response was
also found in pentacene but was much less dra-
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matic.’® It is expected that other organic molec-
ular crystals will show similar behavior, espe-
cially those with large side-chain substituents.
This interdigitation may significantly contribute
to the plasticity of TIPS pentacene observed in
the nanoindentation experiments.

During thermal cracking, the (210) planes
had a lower cracking initiation temperature
than the (120) planes. Our surface energy calcu-
lations suggested that y@10) (448 md/m?) was
actually higher than 71z, (368 mJ/m?). There-
fore, the reason for the earlier crack initiation of
(210) planes was most likely kinetic pathway
effects rather than thermodynamic driving
forces. As one can see from the unit cell of TIPS
pentacene (Fig. 11), to generate new (120)
planes, the bulky TIPS side groups will interfere
with one another during separation, whereas
the energy barriers encountered during break-
ing along the (210) planes will be much smaller.
Therefore, although they have relatively lower
surface energy overall, the (120) planes require
larger thermal energies (higher temperatures)
than the (210) planes to form the cracks in the
first place.

CONCLUSIONS

In this work, characteristic thermal and me-
chanical crack formation along the (210), (120),
and (120) planes in TIPS pentacene was exam-
ined in terms of its crystallography, surface
energy, and important impact on charge trans-
port. Interestingly, the mobility of TIPS penta-
cene thin-film transistors was found to consis-
tently drop to a non-zero small value (0.2 cm?V
s) after thermal cracking because of the moun-

b (210)

SIS
\\\\&%n-zm

S

(o)
[001]
Figure 11. Top view of TIPS pentacene unit cells ([001] projection).

tains that developed along (210) on account of
thermal expansion along the film’s long axis.
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