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We have investigated the crystal growth of the organic semiconductor pentacene by complementing molecular
simulations of surface energies with experimental images of pentacene films. Pentacene thin films having
variations in thickness and grain size were produced by vacuum sublimation. b&2@@1fn) faceted crystals

grew on top of the underlying polycrystalline thin film. The films were characterized using optical microscopy
(OM), X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM). Single crystals most commonly grew in a truncated diamond shape with the largest crystal face,
(001), growing parallel to the substrate. Crystal morphologies and surface energies were calculated using
force field-based molecular simulations. The (001) surface was found to have the lowest energy, at 76 mJ/
m?, which was consistent with experimental observations of crystal face size. It was demonstrated that the
morphology of the large faceted crystals approached the equilibrium growth shape of pentacene. From contact
angle measurements, the critical surface tension of textured pentacene thin films in air was determined to be
34 mJ/ni.

Introduction parameters that most reproducibly cause a phase transformation
] in pentacene are film thickness and substrate temperature.
~ Pentacene and other conjugated molecules are of currentygriation of these two parameters can produce films with both
interest for use as the active layer in organic field effect ne pulk phase and thin-film phase present. The thin-film phase
transistors. Pentacene is a highly crystalline material with a has heen found to grow in intimate contact with the substrate,
relatively large degree of-orbital overlap, and this overlap  and then at an apparently critical thickness, the bulk phase begins
promotes high charge carrier mobility. Room-temperature carrier o form8 An orthorhombic crystal structure has been determined
mobilities on the order of 1 cfiv"* s have been measured  {or the thin-film phase of pentaceA®&The crystals had four
from thermally evaporated thin filmis:* Pentacene has a triclinic  molecules in the unit cell and the following lattice parameters:
structure P1) with two molecules in the unit cell and the 45— o594 0.02 nm,b = 0.74+ 0.02 nm, anct = 3.00 +
following lattice parametersa = 0.628 nm,b = 0.771 nmc 0.08 nm. In this structure, the molecules retain their herringbone
= 1.444 nm,a = 76.75, f = 88.0F, y = 84.52, andp = packing in thea—b plane, and they also form a herringbone
1.365 g/c® This crystal structure has been experimentally zjong thec-axis.
determined by X_-ray d|ffract|(_)n from large~ cm) single The molecular reorganization near symmetry-breaking defects
crystals grown via bOt.h SOIL.'t'on growth under \_/acéumd such as dislocations, grain boundaries, and free surfaces is likely
growth _from the vapor in an inert gas e}tmospkfi?td(e many to influence both the mechanical and electrical properties of
aromatic molecules, pentacene pgcks ina herringbone arrangepentacene thin filmd1213 We have studied the growth,
ment in thea_—b pla_ne. Thec—aX|s is significantly longer than morphology, and free surfaces of thermally evaporated penta-
thea- or b-axis and is assigned to the vector closest to the (001) ¢ene films. Images of crystal morphologies were compared to
normal. The (001) plane spacing, Wh'c.h Is 1.41 nm, 1S much equilibrium growth shapes predicted from simulations of crystal
larger than any other and becomes a signature spacing for thesurface energies. Many thin films of pentacene shown in the
crystal. Thin films of triclinic bulk phase pentacene, described ;o ature exhibit a “fern™-like or dendritic morphology, which
well by the structure described above, can be produced by,s ,itributed to a diffusion-limited growth proce%§v15éome
thermal evaporation of films greater than 100 nm in thickness g5 have shown faceting, however, and the (001) and (110)
onto substrates held at elevated temperatures160°C).27° type planes were clearly visible in Ai:M and SEM imagés.
Many researchers have also characterized a unique “thin-flm” Qptimizing charge carrier mobility by tailoring crystal grain size
phase of pentacene. The thin-film phase appears in films with and morphology in electronically active organic thin films has
a thickness of generally less than 100 nm grown on Substratesbeen achieved in thin films of copper phtha|0cyarﬁhharger
held at room temperature or colder, and it has an interlayer grain sizes were found to improve the transport properties of
spacing ranging from 1.50 to 1.55 rii.! The two processing  these films, due to a decrease in the number of transport-limiting
grain boundaries. However, when the grains were too large,
*To whom correspondence should be addressed. E-mail: holes between grains became the major transport-limiting
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tional theory!8 It was found that the (001) surface had a much
lower energy than any other. Kitaigorodsky calculated the
surface energies of anthracene, the three-ring aromatic analogu
of pentacene, using an attachment energy calcul&fivvhile
the equilibrium growth shapes of organic crystalsave long
been of interest to the pharmaceuticals industry, recent develop-
ments in the field of plastic electronics have demonstrated the
need to study the thermodynamics of crystallization of electri-
cally active organic molecules. Empirical force fields have been
used to successfully predict the structure and properties of
collections of atoms. The Dreiding force fiéldvas developed
to predict the structure and dynamics of organic, biological, and
inorganic molecules. The force field uses general force constants
based on simple hybridization considerations rather than
individual force constants that depend on the particular com-
bination of atoms involved in the calculation. Nonbonded van :
der Waals interactions are described by an exponential-6 20 pm s
Buckingham potential expression of the form Figure 1.
mica.

Optical micrograph of a sublimed pentacene film grown on

Eqw=Ae < —Br®

110}
Dreiding has been proven to competently predict the struétures
and mechanical properti®&sof many molecular and polymer
crystals.

Here we will investigate the crystal structure and morphology
in thermally evaporated pentacene films. X-ray and electron
diffraction are used to determine the crystal structure, the degree
of film texturing, and the internal perfection of individual crystal
grains within the films. Using SEM, a faceted single-crystal
morphology was characterized, from which the area of each
crystallographic face was determined. The relative crystal face
areas were compared with atomistic surface energy calculations. A
Finally, contact angle measurements on textured thin films were
used to determine the pentacene surface tension in air. A
complete description of the crystal structure, defects, and
morphology in pentacene thin films will be critical for the
application of this material in real devices.
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Figure 2. Powder XRD of pentacene crystals before and after
sublimation.

) _ The molecular modeling software package Cérivsrsion
Experimental Section 4.6 was used for simulation of pentacene surface energies.
Pentacene lattice parameters and atomic coordinates were

Pentacene powder as received from Aldrich was sublimed entered into the model directly from experimentally determined

U]a?uglnaqszftgfg_?g%rr?x?z;egezhg; Isnoslrig]i\tg; T]eell((jj l;Jlr:dtﬁ:eastructural dat&. The Dreiding 2.21 force field was used to

end of the tube containing the source powder, and this createdbalance the charges in the unit cell, to calculate the energy of
a temperature gradient algn the tube i')I'he sut,Jstrates used werthe crystal, and to minimize the lattice energy by varying the
P 9 9 ’ attice parameters and atom positions using the “Smart Mini-

amorphous carbon-coated mica and uncoated mica placed .~ " hich i tes the st td : ‘ugat
approximately +2 cm from the source pentacene powder. mizer: which incorporates fthe steepest descent, conjugate
o gradient, and NewtonRaphson methods.

Thermally evaporated thin films were removed from the
substrates and formed into a powder for initial XRD analysis. : .
A Rigaku rotating anode X-ray diffractometer with CuoK Results and Discussion
radiation was used to generate the powder X-ray pattern. A Bede Pentacene powder was thermally evaporated onto amorphous
diffractometer with Cu K radiation was used for X-ray carbon-coated mica substrates to form crystallographically
diffraction on textured thin films. Optical microscopy was textured thin films. Figure 1 shows an optical micrograph of a
carried out using a Nikon Optiphot with crossed polarizers. SEM sublimed pentacene thin film taken under crossed polars. In the
was carried out on a Philips XL30 FEG device operating at 5 micrograph, two different morphologies can be seen. A well-
kV, and TEM was carried out on a JEOL 4000 EX device connected polycrystalline thin film of pentacene was grown
operating under low-dose conditidAst 400 kV. The total end  directly on the amorphous carbon substrate. On top of this film
point dose for destruction of crystallinity of pentacene at 400 grew a second layer of larger, faceted single crystals that had a
kV is 0.25+ 0.05 C/cni.22 All electron diffraction patterns were  truncated diamond morphology and were-BD um in size.
taken at a dose of t8—10"2 C/cn?. Droplets produced for = Powder XRD (Figure 2) done before and after sublimation
contact angle measurements were several millimeters in size,showed slight changes in peak positions and intensit&s.
much larger than the grain size of the films, and they were diffraction from thermally evaporated thin films typically yields
imaged using an optical microscope with the viewing direction only (0Q) peaks, because of the high degree of (001) film
parallel to the horizontal film surface. texturing. This gives only a limited amount of crystal structure
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Figure 3. Reflection XRD in thef/26 geometry of a textured thin
film of pentacene. The-axis is6 in units of degrees centered at the
mica (002) peak. Thg-axis isQ, the degree of substrate tilt about an
axis in the plane of the film and perpendicular to the incident beam
direction.
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Figure 4. Bright field TEM micrograph of a textured pentacene thin
film with selected area electron diffraction patterns from different single
crystalline regions of the film.

information, and because of this, the films were removed from
the substrate and formed into a powder. Any deformation caused
by this process is unlikely to cause changes to the crystal
structure!® The spacing of the (001) planes before sublimation -
was 1.40 nm, and this was in good agreement with the Figure 5. SEM tilt series on a pentacene single crystal.
experimental unit cell determined by Holmes and co-worRers. ] ) ] )

One of the most intense reflections in the powder pattern was _ Figure 4 shows a bright field TEM micrograph of a pentacene
the (022) peak measured at 0.37 nm. After sublimation, the (001) film oriented in plan view with a selected area electron

peak shifted slightly to 1.43 nm, and the (021) reflection at 0.39 diffraction (SAED) pattern from two different single-crystal
nm increased in intensity relative to the (022) reflection at 0.37 9rains. The [11]lorientation corresponds to the direction looking

nm, indicating the molecules were slightly tilted up toward the d?wn the long axis of th‘ﬁ TOlecﬁles- Izecause of the high degree
substrate normal. In the bulk crystal structure determined by 0 (.001,) teXt“F'”g paralle t.o the su str.ate, a more common
Holmes et al., the long axes of the molecules lie in the (022) projection for films oriented in plan view IS the_ [1].12Vh'0h IS

planes, giving these planes strong diffraction intensity. After close to the (001) normal. The dark stripes inside the crystal

sublimation, the molecules tilted up toward the substrate, thus g(r)ar‘]'trgsur'g tLhJ?] d-,relrzl\élk;g?ogr? baergn?Iifrr:gggirl):OPrfgazte:grgoz?:Srs
increasing the intensity of the (021) peak relative to the (022) move in.teractin with each other and delzects in the crystal
peak and slightly increasing the (001) plane spacing. The : 9 ystal,

. . S and they eventually disappear when the crystals are fully
differences in crystal structure between triclinic single crystals ; S
NSNS . amorphous. A region of irradiated amorphous pentacene crystals
and triclinic thin films of pentacene have also been discussed

" free of bend contours can be seen running horizontally across
elsewheré:

Pentacene

) ) the bottom of the figure.
We used XRD, TEM, and ED to investigate the crystal-  \ye ysed scanning electron microscopy to measure the areas

lography and defects in the thermally evaporated pentaceneof the pentacene single-crystal faces in the films. The morphol-

films. It has been shown previously that polycrystalline penta-
cene thin films commonly grow with the long axis of the
molecules nearly perpendicular to the substtalieo investigate
the degree of crystallographic texturing of the films, we carried
out XRD in the6/26 geometry, while varying the degree of
substrate tilt. Figure 3 shows a contour map of the diffraction
intensity in counts as a function éf(x-axis) and substrate tilt
Q (y-axis). The 0.99 nm mica (002) peak is visible, along with

ogy of single crystals was regular, with faceting observed
primarily on the (001), (110),€110), and (010) faces only.
Figure 5 shows a tilt series of a pentacene single crystal,
exhibiting the common truncated diamond shape, from 0 to 60
in increments of 20 With careful control of the tilt axis and

tilt angle, it was possible to measure the crystal face areas for
a large number of single crystals. The measured crystal face
areas of the (110) type and (010) surfaces are plotted in Figure

the 1.43 nm pentacene (001) peak. The diffraction intensity of 6 versus the measured (001) surface area. A linear fit through

the (001) pentacene peak dropped significantly at a tilt°of 3
indicating that the (001) planes were nearly parallel to the
substrate across the entire film.

the zero of the data gives @10 of 0.37A001 and anAg;g of
0.08Ag01. These numbers were used for comparison with
predictions from molecular simulations.
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Figure 6. Plot of the experimentally measured (110) and (010) crystal N
face areas plotted vs the (001) plane area measured from many crystals r
in the SEM images. The lines represent a linear fit through zero. 40
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TABLE 1: Comparison of Experimentally Measured
Pentacene Lattice Parameters from ref 5 and Lattice _ayi
Parameters Determined from the Dreiding Simulated c-axis length (A)
Minimum Energy Crystal Structure Figure 7. Plot of the simulated energy of the pentacene crystal as a

function of the length of the-axis. The difference between the energy

a(nm) b(nm) c(nm) o (deg) (deg) y (deg) p (g/cr?) at the equilibrium lengtho= 1.43 nm) and the energy as— infinity,
experimental 0.628 0.771 1.444 76.75 88.01 84.52 1.365 normalized by the area of the (001) surface, is equal to the (001) surface
Dreiding 0.645 0.802 1.432 77.80 89.31 86.07 1.280 energy.

difference  +2.6% +3.9% —0.8% +1.3% +1.5% +1.8% —6.6%

TABLE 2: Simulated Surface Energies,o, and Attachment
Energies, E, of Pentacene Low-Index Faces, along with the
Predicted and Measured Crystal Face Areas

crystal surface (001) (010) 1) (110)

o (mJ/n?) 76 140 130 150

Eatt (MJ/NF) 74 142 -129 —151
A/ Aoy (calculated) 1 0.08 0.35 0.32
A/ Aoz (Mmeasured) 1 0.08 0.37 0.37

The Ceriudversion 4.6 molecular modeling software package
was used to simulate the surface energies of low-index crystal-
lographic faces in pentacene. The procedure was to begin with
the model according to the atomic coordinates by Holmes et
al. and minimize the system energy with all unit cell constraints
open. The lattice parameters of the structure before and after
minimization using the Dreiding force field are shown in Table
1. Each lattice paramete_r was expanded separately by incre_Figure 8. Simulated crystal morphology, with crystallographic faces
mental amounts, calculating the total energy of .the system atlabeled, 'compared to an experimentaI,SEM image of a thermally
each step. Surface reconstruction was not taken into account ingyanorated pentacene single crystal.
the simulations, as energy minimizations after the lattice
parameter expansion were not performed. The plot of total visualization. The attachment energy is defined as the energy
energy versus the length of tleeaxis is shown in Figure 7. A released upon the attachment of a growth slice to a crystal
minimum can be seen at the equilibrium length, which is 1.43 surface. The calculated attachment energies are listed in Table
nm. As thec-axis is compressed, the energy rises sharply, and 2, and the absolute value of the attachment energy shows good
asc expands, the energy rises and converges to a value whosegreement with the calculated surface energy values. The
difference from the energy of the perfect crystal is the energetic resulting crystal morphology, with only crystal faces seen
cost of creating a new surface. To simulate the energy of the experimentally displayed, is shown in Figure 8. The Cérius
(110) type surfaces, the lattice of the minimized crystal structure attachment energy module predicts more crystallographic facets
was redefined so that— [110], b — [—110], andc — [001]. should be present than are observed experimentally. These
Thea- andb-axes of this crystal were then expanded separately additional facets were deleted from the Wulff plot for com-
to calculate the (110) surface energy. The surface energies ofparison with the data. The simulated relative face areas are listed
the low-index planes are given in Table 2, converted to units in Table 2, along with those measured from the experimental
of millijoules, and normalized by the area of the surface created. images of crystals. When only the crystal faces observed

To display the crystal morphology, we used the Hartman experimentally are considered, the agreement between the
Perdok metho® to calculate the attachment energies of the measured and predicted face areas is very good. This demon-
growth faces of pentacene and the Wulff plot mef§dr strates that our growth process is close to thermodynamic
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34 mJ/m? energy is expected to be higher than the pentacene-saidor
‘ energy. The pentacene solidapor energy is in turn expected
1= \ e e to be higher than the energy of the pentaceaie interface,

] which we have measured to be 34 ma/fhis value can be
N L 1 compared with the surface energies of thin films other than

\ ] conductive organic materials, such as polyaniline, polypyrrole,

0.8

and poly(3-hexylthiophene), whose surface energies were

06 | X ] measured using methods similar to those described in this paper
+ to be 45, 44, and 37 mJAnrespectivel\?’

I ] The surface energy calculations from force field-based

0.4 atomistic simulations presented here give values slightly dif-

] ferent than those calculated for pentacene using first-principles
J calculations'® The trends are the same, however, with the (001)

Cos(0)

0.2

a ] surface energy lower than any other, and the other low-index
N ] lattice planes having energies approximately-R23imes larger
1 than the (001) surface. Northrup et'&predict an (001) energy
of 50 mJ/m using first-principles pseudopotential density-
functional theory. The energies were calculated from an older
o2 o vt ] crystal structure mod#l that has more recently been revised.
30 40 50 60 70 80 This older modéef has been shovéfto correspond to a distinct
. 5 local energy minimum on the pentacene potential energy
Surface Tension (mJ/m ™) landscape that is slightly higher in energy than the global
. minimum structure given in ref 5. It is possible that the surface
Figure 9. Plot of the average cosine of the contact angle measured €nergies of this distinct structifeare lowered at the expense
for several liquids of varying surface tension on pentacene films. The of an increase in bulk energy. Similar arguments were used to
error bars are one standard deviation of angles measured from severakxplain the existence of thickness-driven phase transformations
drople_ts of eac_h_ liquid. A linear flt to the data, extrapolated T:O @bs( in pentacen@ and alumina® Another exp|anati0n for the
= 1, gives a critical surface tension of 34 m3/ffor pentacene in air. discrepancy between the surface energy values reported here
and in ref 18 may simply be the parametrization of the Dreiding
force field. The COMPASS, Dreiding, PCFF, CFF, and

equilibrium. We believe this near-equilibrium growth shape is
achieved by the combination of a high-temperature substrateUniVersal force fields were tested on both pentacene and

g;#%ohg;ti%%rt?: ?ﬁgﬂjf;jﬁ:ﬁg{?g% raetr%t%'r\;eni\?gstt;ﬁf_anthracene, and it was found that Dreiding best predicted the
I C 9 . P 9 lattice parameters and planarity of the molecule. Calculations
ficient molecular motion to determine the preferred state, as

e - o of the anthracene surface energies using the Dreiding force field
opposed to diffusion-limited aggregation, which is often seen .
. and the methods described here also showed good agreement
when pentacene is grown on room-temperature substfafes. . : .
. ith an earlier work, which calculated the (001) surface energy
fast evaporation rate ensures that the pentacene does no .
A : " . of anthracene to be 75 m#A From experimental measure-
resublime into the vapor phase with additional heating. S
. ments of crystal face areas, such as the data presented in this
Contact angle measurements were performed to detelrmlnework only relative values of surface energies can be obtained
the critical surface tension of pentacene thin films in air. We » Only 9 ’

deposited droplets of various liquids, each with different surface and our forcg field-based calcullatlons show good reIapve
tensions, onto the (001) textured pentacene thin films using aagregment with l.)OtZB the experimental data and the first-
syringe under ambient laboratory conditions. The liquids used principles calculations: .

were diethylene glycoh(= 44.8 mJ/n), ethylene glycol§ = Many processes used to grow pentacene _fllms havg us_ed
47.7 mJIrf), formamide ¢ = 58.2 mJ/m), glycerol ¢ = 64.0 lower (RT)'subsFrat_e temperatures and are domlnatgd by kinetics.
mJ/n?), and water{ = 72.8 mJ/m). The contact angle), was Th_e resulting thin films have fern-shaped or dendritic morp_hol-
measured as the angle between the ligyidntacene and air ogies?** Slow vapor growth of pentacene crystals can yield
liquid interfaces at the triple point. A plot of ca@§(versus the thin, platelike crystals in which the (pOl) faces are significantly
liquid surface tension is shown in Figure 9. The data points are larger than the other faces, which themselves are rarely
the average of the contact angles observed from several dropletdaceted>! It is not yet clear which film morphology, faceted

of each liquid, with the error bars representing one standard O dendritic, will yield the best electrical conductivity. The
deviation. A linear fit to the data, extrapolated to &)s€ 1, der!dntlc films may ha\{e interfaces and holes within a crystal
gives the critical surface tension of pentacene. This correspondsdrain, where two dendrite arms have grown together. However,
to the value of the liquid surface tension that would completely more faceted films may suffer from larger gaps between
wet pentacene. The value of the critical surface tension for (001) N€ighboring crystal3! It may be possible to fill in these holes
textured pentacene thin films in air obtained from this extrapola- between large crystals with a second deposition of a soluble
tion is 34 mJ/m. We have simulated the (001) surface energy molecule such as a precursor that can be converted to pentacene
of pentacene to be 76 mFrby expanding the-axis lattice in the solid staté? A recently published electrostatic AFM study
parameter and calculating the energy added to the system, an@f pentacene transport suggested that the traps were not
this value is considerably higher. The calculated value of 76 Obviously associated with the grain boundaries, how&ehis
mJ/n? corresponds to the energy of the seficacuum interface. ~ study may indicate that the transport is dominated by the
The surface energy of a material is often defined as the Structure near the active layedielectric layer interface, and
equilibrium energy of the solidvapor interface, where the solid ~ this is not easy to correlate with what is seen using AFM.

and the vapor are different phases of the same material. Our The control of film texture is expected to be a key step in
value of 76 mJ/rafor the pentacene solievacuum interfacial producing high-quality devices. As the degree of texturing is
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