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Abstract: Hot-wall epitaxy and molecular-beam epitaxy have been employed for growing quaterthiophene
thin films on the (010) cleavage face of potassium hydrogen phthalate, and the results are compared in
terms of film properties and growth mode. Even if there is no geometrical match between substrate and
overlayer lattices, these films are epitaxially oriented. To investigate the physical rationale for this strong
orientation effect, optical microscopy, atomic force microscopy, and X-ray diffraction are employed. A clear
correlation between the morphology of the thin films and the crystallographic orientation is found. The
results are also validated by surface potential calculations, which demonstrate the primary role played by
the corrugation of the substrate surface.

1. Introduction The study of the aggregation mechanism of materials has to
focus on the investigation of solid samples at the early stage of
their growth, i.e., on thin solid films. Recently, sophisticated

vapor-phase techniques, well-established in the field of inorganic
semiconductors, have been successfully applied in the growth

A large part of fundamental and applied research on organic
materials is devoted to the study of the mechanisms leading to
molecular aggregatiohApplications to fields as disparate as

organic electronics and pharmaceuticals depend on the self- high-quality thin films of molecular organic materids.

organizing properties of molecular systems, which rely in turn Among these techniques, molecular-beam epitaxy (MBE) and
on a subtle balance of weak intermolecular forces. Different i \all epitaxy (HWE) are the ones offering the best com-
crystal polymorphs can have rather different electron mobilities promise between adaptability to the requirements of organics
or solubilities, to mention two important properties for electronic 5,4 high control in the growth proce$$4BE is a cold-wall

and pharmacet_JticaI applications. Therefore, the ability to control |, .thod which allows the growth of high-quality layers at a low
crystal nucleation and growth represents both a challenge and ;e ang usually under far-from-equilibrium conditions. On the
an opportunity. These nonequilibrium phenomena provide an oiher hand, HWE permits high growth rates and a crystallization
alternative and more flexible route for obtaining new crystalline - ¢y rring under near-equilibrium conditions. Hence, substantial
polymorphs or well-ordered thin films than the thermodynamic yitterences in the thermodynamics and kinetics of growth
one. Indeed, the knowledge of these nonequilibrium mechanisms . racterize these two techniques.

allows researchers to control the growth of the materials, with The possibility to grow oriented and highly crystalline thin

the aim to tune their structure and morphology and ultimately films relies on the choice of a suitable substrate, together with

their physical properties. In this way, methods to enhance thethe right choice of source and substrate temperature and residual

erformance of devices based on organic active layers can alsg . . .
Ee developed. Finally, it is interesgting o obser\)//e that the pressure in the growth chamber. The orientation effect of the

mplexity of molecular sh nd the advan in svntheti substrate is translated according to the registry between substrate
compiexity of molecufar shapes a € advances In synthetic, 4 overlayer lattices. While for inorganics epitaxial growth is
chemistry allow a far more complex and appealing variety of

CrySta"me structures and morph0|09les than in Inorganic (2) (a) Agranovich, V. M.; Bassani, Electronic Excitations in Organic Based

materials, being in addition the starting point for the develop- NanostructuresAcademic Press: Orlando, 2003. (b) Lehn, J.8dpramo-

; lecular Chemistry: Concepts and Perspeet VCH: Weinheim, 1995.
ment of new models and theoriés. (c) Desiraju, G. RCrystal Design: Structure and Functipdohn Wiley
and Sons: Chichester, 2003. (d) GavezzottiMddell. Simul. Mater. Sci.
Eng.2002 10, R1. (e) Dunitz, J. DChem. Commur2003 545. (f) Piana,

lUn'VQFS't,Y of Milan “Bicocca”. S.; Reyhani, M.; Gale, J. DNature 2005 483 70.
Graz University of Technology. (3) Forrest, S. RChem. Re. 1997, 97, 1793.
§ Politecnico di Milano. (4) (a) Stifter, D.; Sitter, HAppl. Phys. Lett1995 66, 679. (b) Lopez-Otero,
(1) witte, G.; Wdl, C. J. Mater. Res2004 19, 1889. A. Thin Solid Films1978 49, 3.
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possible only when lattice mismatch falls within a few percent,
for organics the onset of this phenomenon requires far less
restrictive conditions. In the case of organic overlayers grown
on inorganic substrates, many examples reported in the literature
demonstrate that, even when the lattice mismatch is of the order
of several tens of percent, an orientation effect may be
accomplished through a more relaxed epitaxial condition, the
so-called coincident epitax§ Under this condition, only a
subgroup of lattice points of the overlayer and substrate are in
perfect registry, and this is usually achieved for one or more
particular azimuthal orientations of the two lattices.

The technological drive toward “all-organic” electronics
provides a strong motivation for exploring the possibility of

. . . ' . a=6.09 A
growing organic semiconductor films on polymeric or molecular ;_ 786 A
substrates. In this case, the large size and low symmetry of the c=3048 A
unit cells of the substrate and of the overlayer may easily B=91.8°

determine a condition of complete incommensurism. This meansF‘ 1 Crvstal struct e TILT b0l s viewed along th
; ; ; ; igure 1. Crystal structure of the polymorph as viewed along the
rgt?itczo C[;E;ftl;:lolslrdzzIsr?)l;lrtlzalcglr:lec?éitr;ig Oget?vseoe\;ertﬁ{ffr”?rzyztnaé (a) [010], (b) [100], and (c) [201] directions. Hydrogen atoms are omitted.
substrate lattice points. At first, this might seem to prevent the tions, demonstrating that the orientation effect does not occur
possibility of obtaining well-ordered filmsa desirable features  solely for a single adsorbed molecule but corresponds to the
for several applications. Nonetheless, some examples of organic achievement of a stable configuration of the bulk system.
organic epitaxy show that a strong orientation effect can be
accomplished also under a condition of complete incommen-
surism’ This behavior was observed, for example, in thin films 2.1. 4T SynthesisTo synthesize 4T (GH10Ss) in significant amount
of diacetylene derivatives deposited on the (010) surface of (hundreds of milligrams scale) and of suitable purity without resorting
potassium hydrogen phthalate (KAPand tentatively explained ~ to long and tedious purificatiohwe have considered a procedtire
asmolecular epitaxywhere the orientation effect is believed Pased on coupling of two bithiophene units, catalyzed by Pid a
to be driven by a favorable insertion of molecular moieties Mxture of CHCN, MeOH, and HO as solvents (see Scheme 1).
between KAP phenyl rings. A similar orientational behavior scheme 1. Homocoupling Reaction Catalyzed by Pd2+

was recently observed in quaterthiophene (4T) thin films grown
on KAP(010) by MBE2 where the bulk structures of the film R@H R@R + Pd°
n 2n
Two different ways to regenerate Pdfrom Pd are reported?

and substrate are incommensurate. However, the molecular and
occurrence of any possible insertion of molecular moieties amely bubbling air in the reaction mixture or using benzoquinone.

2. Methods

Pd?*
—

single-crystal structures of 4T (see Figure 1) hinder the
between the prominent substrate phenyl rings.

In this work, 4T overlayers are grown under controlled
conditions on KAP(010) by MBE and HWE; these films were
characterized by optical microscopy (OM), atomic force mi-
croscopy (AFM), and X-ray diffraction (XRD), which provide
a detailed analysis of the differences in film morphology,
structure, and orientation of crystalline domains in relation to

the different growth conditions of the two techniques. In this
way, new insights into the mechanism governing the epitaxy

To improve the reported chemical yields, we looked for a more efficient
oxidant agent. The coupling reaction was performed using several
different oxidant agents: (i) Cuglwhich is the well-known reoxidant
agent of P8in the Wacker process;(ii) Ag " salts; and (iii) 7,7.8,8-
tetracyanoquinodimethane (TCNQ). Yields up to 45% were obtained
with CRCOOAg, while only a modest 26% was obtained with GuCl
With TCNQ, the complex between 4T and TCNQ was collected in
30% vyield. The formation of charge-transfer complexes between
oligothiophenes and TCNQ is well documented in the literattire.
Surprisingly, when AgF was used, the yield of 4T dropped to 23%. In

of incommensurate systems are obtained, demonstrating that ity recent work by Masui et al., where different Agalts were used in

is the surface morphology (or “corrugation”) of the substrate
that is primarily responsible for driving the film orientation,

rather than simply its crystalline periodicity or the possibility
to form molecular complexes. This conclusion is further
validated by the theoretical prediction of a potential energy
minimum for the 4T/KAP interface with the observed orienta-

(5) Herman, M. A,; Sitter, HMolecular Beam EpitaxySpringer-Verlag: Berlin
and Heidelberg, 1989.

(6) (a) Hooks, D. E.; Fritz, T.; Ward, M. DAdv. Mater. 2001, 13, 227. (b)
Koma, A.Prog. Crystal Growth Charact1995 30, 129. (c) Mannsfeld,
S. C. B.; Fritz, T.Phys. Re. B 2005 71, 235405.

(7) (a) Le Moigne, J.; Kajzar, F.; Thierry, Macromolecule4991, 24, 2622.
(b) Da Costa, V.; Le Moigne, J.; Oswald, L.; Pham, T. A.; Thierry, A.
Macromoleculed998 31, 1635. (c) Mitchell, C. A.; Yu, L.; Ward, M. D.
J. Am. Chem. So001, 123 10830.

(8) (a) Sassella, A.; Besana, D.; Borghesi, A.; Campione, M.; Tavazzi, S.; Lotz,
B.; Thierry, A. Synth. Met2003 138 125. (b) Timpanaro, S.; Sassella,
A.; Borghesi, A.; Porzio, W.; Fontane, P.; Goldmann,Adl. Mater.2001,

13, 127.

homocoupling of thiophene derivatives, it was underlined that the
production of HF as a byproduct of the coupling process has a
detrimental effect on the yield of bithiophen€s he authors proposed
the use of dimethyl sulfoxide (DMSO) to trap HF as a way to limit its
negative effect. Applying this experimental condition to the synthesis
of 4T considerably helped to improve the yields. For example, the yield
increased to 42% with 0.18 equiv of Pcand further increased to 76%
when 0.04 equiv of Pd was used. This latter condition was also applied
to the synthesis ak,w-dihexylquaterthiophenex(w-DH4T), which was
collected in 86% vyield. The results are summarized in Table 1.

(9) Trabattoni, S.; Laera, S.; Mena, R.; Papagni, A.; Sassellal. Mater.
Chem.2004 14, 171.

(10) Hanson, E. L.; Schwartz, J.; Nickel, B.; Koch, R.; Danisman, M. Am.
Chem. Soc2003 125 16074.

(11) Parrish, J. P.; Flanders, V. L.; Floyd, R. J.; Jung, K. Wtrahedron Lett.

2001, 42, 7729.

(12) Hotta, S.; Waragai, KSynth. Met1989 32, 395.

(13) Masui, K.; Ikegami, H.; Mori, AJ. Am. Chem. So@004 126, 5074.
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Table 1. Homocoupling Reaction of 2T 2.3. Atomic Force Microscopy.AFM measurements were carried
TN\__s_u PdCl,, ox I\ s M s out in air or dry nitrogen atmosphere using a Digital Instrument
R’Q\@/ - RN s ) R Nanoscope Illa MMAFM equipped with E- and J-type scanners. Images
CH3CN/MeOH/H,0 . . o - )
4:4:1 were collected in tapping mode, with single-beam silicon cantilevers
- - - with typical force constant of 40 N/m and resonance frequency of 300
PdCl, oxidant reaction yield . . . .
(equiv) reagent solvent time (n) (%) kHz. Scanner-induced artifacts in the collected images were corrected
H@ 018 air CHCN, MeOH, HO 50 36 by means of a. polyhomlal fit procedure of order up to three.
H(b) 0.18 CuCh (L equiv)/air CHCN,MeOH,HO 50 26 2.4. X-ray Diffraction. Specular scan®(26 mode) are performed
H(c) 0.18 TCNQ (0.18 equiv)/air CH¥CN, MeOH, HO 50 —a with a conventional powder diffractometer in Brag8rentano parafo-
H(d) 0.18 CRCOOAg(lequiv) CHCN,MeOH,HO 22 45 cusing geometry, using CudKradiation and a secondary graphite
H(g) 001 CRCOOAg(lequiv) CHCN,MeOH HO 80  — monochromator. A Philips X'Pert system with an ATC3 texture cradle
H(f) 0.18 AgF (2equiv) CHCN,MeOH,HO 90 23 " .
H(g 0.18 AgF (2equiv) DMSO (35C) 6 42 was employed for pole-figure (PF) measurements performed in Schultz
H(h) 0.04 AgF (2equiv) DMSO (35C) 34 76 reflection geometry using Cr & radiation and a secondary graphite
CeHiz  0.04  AgF (2 equiv) DMSO (35C) 8 86 monochromator. The software packages POWDER CEbkhd STE-
CeFis  0.03  AgF (2 equiv) DMSO (35C) 36 - REOPOLE® were used for XRD data analysis. The measurements were

aThe charge-transfer complex between 4T and TCNQ was collected in
30% vyield.

The procedure fails in the synthesis of perfluot@-DHAT,
probably due to the deactivation effect of perfluorinated alkyl chains.

The basic synthesis method was also effective in obtaining sexithiophene

from terthiophene, but with a poor yield, probably due to a lack of
reactivity of oligothiophenes in the coupling reaction when the number
of thiophene units increases.

2.2. Thin Film Deposition. KAP single crystals were purchased
from Ekspla (Vilnius, Lithuania). The KAP crystal structure belongs
to the orthorhombic system (space grdege2;), with cell parameters
a=9.61A b=1333A, andc = 6.48 A4 The molecularly flat

(010) surface of the crystal is prepared by mechanical cleavage in air
immediately before the substrate is introduced in the growth chamber,

with cleaving direction approximately parallel to [1Q4].1° The

cleavage surface is a corrugated surface consisting exclusively of phenyl

rings tilted relative to each other; the potassium ions are located in
layers beneath.

Two polymorphs of bulk 4T are knowro4T/LT ando4T/HT, both
of which are classified as having layered herringhone struétute.
sketch of the structure of th@4T/LT polymorph is depicted in Figure
1. a4T/LT ando4T/HT belong to the same monoclinic system (space
group P24/c, with four molecules per unit cell, anéi2,/a, with two
molecules per unit cell, respectively), with lattice paramedets6.09
A, b=786Ac=3048A3=9180, anda=8.94 A b=575
A, ¢ = 14.34 A, B = 97.22, respectivelys The main difference
between the structures is the tilt angle of the long molecular axis within
the herringbone layers. The thin films were grown in ultra-high-vacuum
(UHV) conditions by organic MBE and in high vacuum by HWE. MBE
samples were deposited at a base pressure belovi®1° Torr, with

performed byy-steps of 2, g-steps of 8, and 20 s measurement time
for eachy/g pair. Some intensity of the KAP substrate is observed in
the 4T pole figures. These intensities are undoubtedly attributable to
scattering of higher harmonics of CroKradiation on KAP planes.

2.5. Theoretical Calculations.The orientational effect of KAP on
4T was also investigated by computer simulation. Specifically, the
preferential orientation of two LT-like monolayers of 4T on KAP(010)
was determined by energy minimization, using the TINKER 4.1
molecular modeling packagéOur force field for 472 is based on the
MM3 parametrization for the intramolecular terfisupplemented with
an accurate torsion potenfidland atomic point charges from high-
level ab initio calculations. Lennard-Jones parameters were borrowed
from OPLS-AAZ25 In our experience, these nonbonded parameters are
superior to those of MM3 which were used in a previous stidynce
they predict oligothiophene crystal cell parameters and heats of
sublimation in better agreement with experim@&8imilar criteria were
used in the construction of our force field for KAP, which is mainly
based on OPLS-AA.

3. Results

3.1. Morphology and Structure. Two representative optical
images of the surface of the films grown by HWE and MBE
are reported in Figure 2a and b, respectively. These images show
the presence of oriented white segments and a uniform gray
background. The white segments represent needle-like crystal-
lites, and their bright contrast is probably due to light diffusion.
The uniform background can be assigned to a flat film phase
or to the bare substrate surface.

From the optical micrographs, the substantial difference
between HWE and MBE films resides in the density of the

160 °C as source temperature for 4T, keeping the substrate at room needle-like crystallites, which is far lower when MBE conditions
temperature. The source was a Knudsen-type effusion cell with doubleare employed. Nonetheless, the size and orientation of these

heater and double temperature contfa;quartz microbalance installed
close to the substrate was used to dose the matéraldeposition
rate of about 0.5 nm mirt was maintained to grow all the films. HWE
samples were deposited under@orr pressure at a source temper-
ature of 135°C, wall temperature 120C, keeping the substrate at 25
°C, with a deposition time of 10 min. The thicknesses of the samples
investigated here are of the order of tens of nanometers.

The optical micrographs of the samples were collected using a Leica

DMLM microscope in reflection mode with differential interference
contrast.

(14) Eremina, T. A.; Furmanova, N. G.; Malakhova, L. F.; Okhrimenko, T. M.;
Kuznetsov, V. A.Crystallogr. Rep1993 38, 554.

(15) Borc, J.; Sangwal, KSurf. Sci.2004 555, 1.

(16) Siegrist, T.; Kloc, C.; Laudise, R. A.; Katz, H. E.; Haddon, R.AC.
Mater. 1998 10, 379.

(17) Tubino, R.; Borghesi, A.; Dalla Bella, L.; Destri, S.; Porzio, W.; Sassella,
A. Opt. Mater.1998 9, 437.

(18) Campione, M.; Cartotti, M.; Pinotti, E.; Sassella, A.; BorghesiJ A/ac.
Sci. Technol. 2004 22, 482.
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needles are similar for the two growth techniques: they display
a length of about 1@m and are oriented at angles-863° and
+5° to ckap (Within an uncertainty of-2°).82

Further details of the morphology of MBE films are obtained
by AFM measurements. Figure 3a reports an AFM image
collected on a 10 nm thick film, where oriented needles at their

(19) Kraus, W.; Nolze, GJ. Appl. Crystallogr.1996 29, 301.

(20) Salzmann, I.; Resel, R. Appl. Crystallogr.2004 37, 1029.

(21) (a) Ponder, J. WIINKER: Software Tools for Molecular Desigh.1 ed.;
Washington University School of Medicine: Saint Louis, MO, 2003. (b)
Ren, P.; Ponder, J. W. Comput. Chem2002 23, 1497. (c) Ren, P;
Ponder, J. WJ. Phys. Chem. B003 107, 5933.

(22) Marcon, V.; Raos, GJ. Phys. Chem. B004 108 18053.

(23) (a) Allinger, N. L.; Yuh, Y. H.; Li, J.-H.J. Am. Chem. Sod989 111,
8551. (b) Li, J.-H.; Allinger, N. LJ. Am. Chem. Sod989 111, 8566 and
8576.

(24) Raos, G.; Famulari, A.; Marcon, \Lhem. Phys. Let2003 379, 364.

(25) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives].JAm. Chem. So¢996
118 11225.

(26) Marcon, V.; Raos, GJ. Am. Chem. So2006 128 1408.
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Figure 2. Optical micrographs of the 4T films grown on KAP(010) by (a)
HWE and (b) MBE. Bright segments represent needle-like crystallites. The
orientation of the substrate surface lattice reported on the top-right of panel
b applies to both images.

early stage of growth (with a length of aboutth) are observed,
together with a uniform flat phase covering about the 50% of
the substrate surface. For thicker films, up to 80 nm, mono-
molecular terraces are clearly visible on the surface of the flat
phase, belonging to growth hillocks originating from screw €« J
dislocations, visible in Figure 3b. Longer needles are also present BN L :

on the surface; the needle width in both images in Figure 3 is Figure 3. 10 x 10 um? AFM images of the surface of (a) a 10 nm thick

the upper limit, being affected by the AFM tip shape and 4T film (heightimage) and (b) an 80 nm thick 4T film (error signal) grown
on KAP(010) by MBE. The orientation of the substrate surface lattice for

dimension. L L both images is reported on the top-right of panel a.
A structural characterization of 4T thin films grown on KAP-
(010) by MBE was performed by transmission electron o4 006 008 o012

microscopy?? Evidence of the presence of crystallites of the
low-temperature polymorph@T/LT) oriented with different :
contact planes was found. Molecules in the islands are standing Hwe
almost upright relative to the substrate plane, whereas the
molecular axes are more tilted toward the substrate in the case
of needles. The structural properties of 4T films grown on KAP [ i ,
by the two techniques are investigated by XRD. Figure 4 shows [ : wee
the patterns of the bare KAP substrate, a 4T film grown by 5 : : :
MBE, and a 4T film grown by HWE. In the latter, diffraction
peaks are indexed in accordance with the crystal structure of
the a4T/LT polymorph?® reflections of the 0D planes are
revealed, with the systematic extinction of the ddaanes, in
agreement with the symmetry of the system considered, and a 20 (%)
reflection of the (020) planes is also visible. Excepting this latter rigure 4. 6/26 specular scans collected on the bare KAP substrate and on
reflection, all the aforementioned reflections are present in the 4T thin films grown by HWE and MBE on KAP(010). Dashed and solid
MBE films as well. Additionally, the diffraction patterns lines distinguish reflections of the substrate (indexed in the lower panel)
. and thea4T/LT phase (indexed in the upper panel), respectively. Arrows
collected on these films report two peaks &t=2 22.2T and indicate reflections which cannot be indexed with neitherd4@/LT nor
35.50, respectively (arrows in Figure 4), which cannot be the a4T/HT structures.
considered as coming from crystallographic planes of neither

the 04T/LT nor theadT/HT polymorphs. respectively; in the first case, the long axes of molecules form
The presence of the Dand 020 reflections indicate crystalline an angle of 24.8to the substrate plane normal, whereas in the
domains contacting the substrate with tie and ac planes, latter the molecular axes are parallel to the substrate surface

J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006 13381
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and molecules lie edge-on, with the least-squares plane of the

quaterthiophene moiety tilted by 32%.6half the herringbone
angle) to the substrate plane.

The observed morphologies of 4T on KAP are typical for
thin films of herringbone-type crystaté. The terrace-like
morphology consists of molecules with end-on orientation,

which is, in the present case, the crystallographic (001) plane
parallel to the substrate surface. Needle-like morphology arises

due to molecules which are aligned with their long molecular

axes parallel to the surface of the substrate (edge-on or flat-

on): in the present case, the (010) planexdfl/LT is parallel
to the KAP(010) surface.

Rocking curves (not shown) were preliminarily collected on
the samples to determine their mosaicity. Typical values for
fwhm for the (0303ap, (020)t, and (008} reflections are 0.7%
0.83, and 0.79, respectively. The rocking curves are measured
with low experimental resolution; however, the only slightly
larger values for the fwhm of the 4T diffraction peaks (in
comparison with those of the single-crystal KAP) reveal the
highly preferred orientation of the 4T crystallites within the
films.

3.2. Film Texture. The crystal structure and the out-of-plane
orientation of the 4T crystallites were identified by XRD
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Figure 5. Results of the geometric analysis with EpiCalc of the configura-

specular scans. The texture analysis was performed to determin@ons of theadT/LT(001) surface (upper panel) and tT/LT(010) surface

the in-plane orientation and order of the 4T crystallites relative
to the KAP surface, in other words, the epitaxial relationships
between the thin film and the substrate.

An established strategy for predicting epitaxial relationships
involves the calculation of the lattice mismatch as a function
of the in-plane (azimuthal) orientation. We report in Figure 5
the results of this analysis performed with the program Epf€alc
for the orientations found experimentally for 4T on KAP(010).

(lower panel) in contact with KAP(010). The azimuthal anjleorresponds

to the angle betweenst and ckap. Panels a and c represent the curves
obtained with the unit cell parameters of the substrate and overlayer, whereas
in panels b, d, and e the parameters of the overlayer are doubled. The curves
of the two graphs in panels d and e are the results foo#hELT(0 1 0)
anda4T/LT(0 —1 0) orientations, respectively. The transformation matrixes
reported within the graphs refer to the following cell parameters of the
substrate and overlayea; = Ckap, @ = akap, b1 = 2aur, by = 2bst for

panel b, and; = 2aur, b, = 2c47 for panels d and e; see eq 1.

To investigate the possibility of “more relaxed” epitaxial

This approach consists of a real-space analytical expression thaFeIationships, the program allows one to search for “geometric

analyzes the phase coherence between overlayer and substra

lattices at a specific azimuthal angle for a specific set of lattice
parameters. The surface potentials of overlayer and substrat

lutions”; i.e., it performs the calculation by using multiples
of the unit cell parameters of the overlayer. With this option,

€oincident orientations are clearly located. For th&T/LT-

are described as simple plane waves so that the output of the(OOl)//KAP(OlO) orientation, coincidence is observed wagen

analytical function can be a dimensionless potentél, at
specific angles. The functions return discrete valueg/vp =
1 for incommensurismy/Vy = 0.5 for coincidencey/Vo = 0
for commensurism on nonhexagonal substrates, \&ig =

—0.5 for commensurism on hexagonal substrates. The substratekAP(mo) orientation:

(a1 anday) and overlayerlf; andb,) lattice vectors for a given
azimuthal orientation are related through a transformation matrix
C, in accordance with the following relationship:

[b1] _ [Cn Ci,
b, Co Cp

When coincidence occurs, among the transformation matrix

]
&

1)

elements are at least two integers confined to a single column.

is at £52° to ckap (Figure 5b). As far as the4T/LT(010)//
KAP(010) orientation is concerned, due to the monoclinic
symmetry of the overlayer, it is worth distinguishing héT/
LT(010)//KAP(010) orientation from thexdT/LT(0 —1 0)//
in the former, coincidence is observed
whenagyr is at —53° to ckap (Figure 5d), whereas in the latter,
coincidence is observed whenr is at +53° to ckap (Figure
5e). It must be noted that for theggeometric coincident
orientations, a large subgroup of lattice points of the overlayer
lies at energetically less favorable positions compared with those
that coincide with substrate lattice points.

The experimental texture analysis is presented here by means
of pole figures (PFs) collected at the four strongest reflections
of the a4T/LT polymorph, i.e., £113), (111), ~123), and

As can be seen in the graphs of Figure 5a and c, there is no(021), and reported in Figures 6 and 7.

azimuthal angle in the range betwee®0® and +90° which
determines any sort of registriy//{/o < 0.5) for the observed
orientations of 4T films on KAP(010).

(27) (a) Koller, G.; Berkebile, S.; Krenn, J.; Tzvetkov, G.; Hlawacek, G.;
Lengyel, O.; Netzer, F. P.; Teichert, C.; Resel, R.; Ramsey, MA@.
Mater. 2004 16, 2159. (b) Haber, T.; Oehzelt, M.; Andreev, A.; Thierry,
A.; Sitter, H.; Smilgies, D.-M.; Schaffer, B.; Grogger, W.; Resel,R.
Nanosci. NanotechnoR00§ 6, 698.

(28) Hillier, A. C.; Ward, M. D.Phys. Re. B 1996 54, 14037.
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Figure 6 reports the comparison between series of PFs
collected on 4T films deposited on KAP(010) by HWE and
MBE. All PFs are characterized by well-defined enhanced pole
densities without fiber textures, indicating the high crystallinity
and orientational order of the films. The HWE samples show
for each pole figure the presence of a crystal orientation
contacting the substrate with the (K1) planes (squares) and
another one with the (&1 0) planes (circles) which, as
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HWE MBE (021)

a) _ j b)

Figure 7. XRD PF measurement of 4T on KAP(010) grown by HWE
collected for the (0 2 1) reflection of4T/LT. The substrate axes are oriented
as indicated in the bottom of the panel. The circle igat 15°. Solid and
dotted arrows indicate enhanced pole densities of the (0 1 0)- and (0
1 0)-oriented film phases, respectively.

i L # to [52 0 21}r. The epitaxial relationships give [52 0 24]-
Figure 6. XRD PF measurements of 4T on KAP(010) fiims grown by [50 —6lkap and [52 0 2Lr||[7 O 6lkap when (O 1 O)r]-
HWE and MBE taken from the<1 1 3) (a,b), €1 1 1) (c,d), and€1 2 3) (0 1 Okap, and [52 0 214||[—5 0 —6]kap and [52 0 214+|[—
(e.f) reflections o4 T/LT. Each PF is oriented so that the substrate surface 7 0 6kap When (0—1 0)7/|(0 1 Okap.

a andc axes are oriented as indicated. Concentric circles are separated by .

Ay = 15°. Dotted squares indicate reflections coming from the (00 1)- Flgu_re 7 reports a_ PF of a HWE sample COHECte_d at t_he (021)
oriented film phase, whereas dotted circles indicate reflections coming from reflection of 4T, which clearly shows the four orientations of
the (0 1 0)-oriented film phase. In panel c, reflections belonging to (0 1 0)- needle-like crystallites; it must be noted that a slight asymmetry
and (0—1 0)-oriented domains are distinguished by dotted and solid circles. ¢\4yacterizes the pole densities corresponding to needle domains
Solid squares in panel f indicate reflections coming neither foati/LT . . .
domains nor from the substrate. All other enhanced pole densities present.at i4.7° to Crap- Th|s may be attributed to a contact P'ane which
in the figures are reflections of the substrate. is slightly tilted with respect to the (018) plane, with some
gpmponent along theyr direction. Figure 8 depicts schemati-
cally the orientation of the molecules and crystal unit cell for
the needle-like crystals, as deduced from the epitaxial relation-
ships found above. All four directions of the needle-like crystals
observed in the AFM images are comprehensibly explained by
an alignment of the molecular axes along the four directions

ereported above.

discussed above, can be related to islands and needles, respe
tively. The PF reported in Figure 6c is of particular interest,
since enhanced pole densities coming from the orientation with
(0 10)and (0-1 0) as contact plane can be distinguished (dotted
and solid circles, respectively). Comparison with PFs simulated
with the structure of thex4T/LT polymorph allowed us to
deduce the epitaxial relationship between the needles and th

substrate surface lattice. This gives [1 @7 O Slap and The MBE samples give rise to PFs showing only enhanced
[1 0 Olar]|[—1 O 18kap When (O 1 0)7/|(0 1 Okap, and [1 O O} pole densities corresponding to the phase with 010 as
[[[~7 0 5kap and [1 0 O}||[1 0 18kap When (0—1 Otl|- contact plane, with epitaxial relationships identical to those in

(0 1 Okap; then, theayr axis is oriented at-64.3 and +4.7° the case of HWE samples, i.e., [1 Q][0 O +1]kap. However,

to ckap. These orientations are very close to those measured infour additional weak enhanced pole densities (marked by solid
the OM pictures for the needles-63° and+5°, with an error ~ squares in Figure 6f) are present in MBE samples which cannot
of +2°); this demonstrates that the axes of needles are parallelbe assigned to any orientation ob@T/LT domain. Probably,

to a47. With an analogous procedure, the epitaxial relation for an unknown polymorph phase of 4T is present in the thin film
islands gives [1 0 Q}/|[0 0 +1]kap. By observing the difference ~ grown by MBE, which gives rise to diffraction peaks in the
in intensity between the pole densities marked with dotted specular scan (Figure 4) and in thel23) pole figure (Figure
squares of the first and second quadrant and the ones of thedf).2

third and fourth quadrant of the PFs, shown in Figure 6e and f, Table 2 summarizes the results of the calculation of the
a slight difference in population of parallel and antiparallel azimuthal orientations predicted with EpiCalc and the orientation
domains with respect to thexap axis is deduced. This  observed experimentally with X-ray texture analysis. It is clear
observation is consistent with previous structural investigations that there is no accordance between the two groups of results.
deduced from optical_spectrpscopy re§ults atoblique incid®nce 33 potential Energy. We simulated a periodic slab of
gnd reflects the anisotropic properties: of the KAP surface crystalline KAP with an area of 53.5 54.7 A along the (010)
(indeed, theckap axis is a polar axis). Since for needles the gyrface exposed to deposition and a thickness of about 27 A.
molecular axes are parallel to the contact plane, we can expresgts outermost layer consists of aromatic rings, while the first
the epitaxial relationships r_ef(_arrlng to the dlrecthn connecting |ayer of K+ cations is found abdu A below. On this surface,
theo andaw carbon atoms within one molecule, which is parallel \ye simulated the deposition of two pre-ordered monolayers of

(29) Tavazzi, S.; Campione, M.; Laicini, M.; Papagni, A.; Sassella, A.; Spearman, AT, obtained by “CUFting" a thin slab along differe.nt_planes of
P.; Trabattoni, SJ. Lumin.2005 112, 312. the a4T/LT crystal: in one the KAP(010) surface is in contact
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Figure 8. Orientation of 4T molecules ang4T/LT unit cell (@ short axis,c long axis) on KAP(010) for the (0 1 0) (green and red) and-(00) (purple

and orange) phases of 4T, as deduced from the simulations of PFs reported in Figure 6. Prominent H-atoms of the KAP surface are highlighted in purple,

and its surface unit cell is depicted in orange.

Table 2. Comparison between Azimuthal Angle (Angle between
ast and ckap) of the a4T/LT Phase on KAP(010) Predicted with
EpiCalc (Ocac) and Observed Experimentally (fexp)

Ocalc Oerp
4T(001) +52° 0180
4T(010) —53 —4.7, +64.3
4T(0-10) +53 4.7, —64.3

with the (010) surface ai4T/LT, and in the other it is in contact
with the (001) plane ot 4T/LT.

We searched for the optimal orientation of each monolayer,
changing in 8 steps the angle betweerap and the average
projection on the surface of the long axes of the 4T molecules.
Starting from these initial configurations, the energy was
minimized with respect to all degrees of freedom. We then
plotted the minimized energy values against the final average
orientation angle. Typically, this may differ from the starting
one by -2°. Note that this simple approach produces a set of
local minima, which may depend somewhat on the choice of
the initial configuration. Despite this shortcoming, our main
findings are in good agreement with experiment (see below),
and they are also confirmed by a much more extensive
simulation study employing a combination of molecular dynam-
ics and energy minimizatio#f.

The potential energy profile for the situation when the (010)
surface of thex4T/LT crystal is the contact plane with KAP is
given in Figure 9. We find that the molecular axes of the 4T
molecules have two preferred orientations with respect to

(30) Marcon, V.; Raos, G.; Campione, M.; SassellaCAyst. Growth Des2006
6, 1826.
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Figure 9. (Above) Potential energy as a function of the orientation of the
molecular axes witlekap of the monolayer of LT crystal exposing the (010)
surface on the KAP. (Below) Snapshot of the final configuration of the
two minima with the average angle withap = 58°.

ckap: One with an angle of 58(this configuration is shown in
Figure 9) and the other one with an angle of 13The two
minima differ in energy by 1 kcal/mol. Note, in the lower part
of Figure 9, that the 4T molecules are not fully planar. The
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Despite the lack of a robust geometrical matching, the results

illustrated in the previous sections definitely show that the
orientation effect of KAP(010) is very strong and effective, both

’\'\ for islands and for needles. The reason for that rests on the
61000+ peculiar corrugation of the KAP(010) cleavage surface. This
surface is lined with prominent H-atoms of phenyl ring
moieties® arranged in a herringbone fashion along [001] through
-61020+ H-bonds (see Figure 8). These prominent H atoms (highlighted
in Figure 8) form rows along th&l01kap directions, which
60 90 120 150 180 form angles oft55.9 with the ckap axis and confer a relatively
Angle with ¢, . high corrugation to the KAP(010) surface. If we consider the
epitaxial relationships found in the HWE samples for the edge-
on phase, it is readily noted that the molecules are oriented in
such a way that their molecular axis is nearly parallel to the
direction of these rows. From this observation, the following
mechanism for the nucleation of 4T needles on KAP(010) can
be inferred: since the rows of prominent H-atoms are separated
by channels with width of the order of the size of a 4T molecule,
the diffusion of lying 4T molecules occurs preferably along a
direction parallel to the molecular axes, which are in turn parallel
to the rows. When the deposited molecules start aggregating to
form a crystalline nucleus af4T/LT, they are already oriented
in a way that favors the nucleation of a crystal in which the

Figure 10. (Above) Potential energy as a function of the orientation of molecular axes are parallel td010ap. This corresponds
the ast axis with ckap of the monolayer of LT crystal exposing the (001)

surface on the KAP. (Below) Snapshot of the final configuration of the €Xactly to aaé_lT/ LT crystal with (O 1 0) or (0__1 0) as contact

minima with the angle witlegap = 0°. plane (see Figure 1) and the azimuthal orientations reported
di q fth ol - above (i.e., to the 4T needles). Besides this kinetic description

asymmetry and jaggedness of the potential energy profile may ¢ e nycleation of 4T, the results of potential energy calculation

also be due to this slight conformational disorder: (see section 3.3) indicate that the azimuthal orientation found
When theo4T/LT crystal contacts the substrate with the (001) for (010)-oriented 4T aggregates, with all molecules parallel to

surfacg, we find two minima_at Qand 180, where the (1010 kap, also corresponds to an energetically favorable
projection of molecular axes of 4T is parallel tRap. There situation

are also two local minima at 73nd 103. In principle, the In this scheme, the nucleation probabilities of domains with
first two minima should not be exactly equivalent by symmet ’ . .
yeq y Sy Y (010) or (0—10) as contact plane should be identical;

because theckap axis is a polar axis. Consistently, their . e .
calculated energies differ by a few kilocalories per mole, even nonetheless, PFs show an intensity slightly higher for enhanced
pole densities corresponding to needles orienteelal® to ckap

if this value is only indicative of the fact that we have not . o e )
systematically searched for the global minima. TRe6nfig- (see Figures 6¢ and 7). This difference in intensity may be
related to the misorientation of the contact plane of these

uration is shown in Figure 10. dl deduced f Ei 7 Ast h e
For the first case (minimum-energy configuration of the (010) N€€Y€S, as deduced Irom Figure 7. AS far as such a misorien-
ation is concerned, in some AFM images collected on very

surface ofo4T/LT on KAP), we have analyzed the nonbonded t . ; )
contributions to the interaction between one 4T molecule and 1N samplgs (see Figure 11a), needles orientadal” 10 Cxap

the substrate. The 4T molecules are located in a groove formed®'® sometimes observed to grow a‘?mss_ two t[errgces of KAP
by the hydrogen atoms of KAP, so that they may come into sgparated by an e_Iem_entaI step. This orientation is associated
closer contact with the surface. There is also a comparatively "ith @n apparent high-index contact plane, such as that deduced
large electrostatic interaction between the CH dipoles of the ToM the results reported in Figure 7. Since steps present on
thiophene rings and the oxygen atoms of the carboxylic groups € KAP(010) surface are preferably oriented along #@d(ap

-60980 -

Energy (kcal/mol)

o
(]
[=]

of KAP. directiond® (at +55.% to ckap), @ similar phenomenon is far
. . less likely for needles oriented at64.3 to ckap. On the
4. Discussion contrary, the closeness of these two directions is believed to

When considering film nucleation on crystalline surfaces, one decrease, to some extent, the energy barrier for the nucleation
of the most important driving forces for the orientation of the Of needles; for this reason, a high density of needles is frequently
overlayer is represented by the lattice match with substrate, 0bserved alongl01igap steps (Figure 11b).
namely epitaxy. When organic overlayers are nucleated on Now we consider the interface between the flat islands and
organic crystals, the relatively small mismatch between the two the KAP(010) substrate. Also in this case, substrate and
lattices may determine a condition of complete incommensurism. overlayer lattices are incommensurate, so that the orientation
As demonstrated in section 3.2, in the case4T/LT(001) or of this phase observed experimentally and predicted theoretically
o4T/LT(010) on KAP(010), someageometrical coincidence  (see section 3.2) cannot be directed by lattice match at particular
characterizes the two lattices. Nevertheless, the in-plane orientaazimuthal orientations. Again, we may ascribe the strong
tions corresponding to these relationships completely disagreeorientation effect of the KAP(010) surface relative to the
with the ones measured experimentally (see Table 2). crystalline 4T islands to the presence of rows of prominent

J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006 13385



ARTICLES Campione et al.

P . > . P P * 1nm .
..‘.), o, ..‘. » 0.‘_.-_,_?@‘.-,
z ! ‘c" \ \._... 1A® \.0.. 3
.’.‘u ) ".". L% LQGJ' .O‘.)
‘ A ];.: A '-‘- _: aq .‘l_‘__‘. '1:;% _,: -
0, "8y "0y 04 28"

1| ".- A " ﬂ. 1 “a ﬁ. L -.. .
- - - -

5’.‘" |’ .’o‘.- ) "{)‘- ) .‘- } ..‘.‘.

Ds’ "0y .0"' .."> .O""
: (AP A® (A
lp”) .‘.‘., Q.‘. ) ..‘.)

4 q..f_.e s ' 1 '\..’ 4 ‘glb_. .
.’.‘.. ) :“‘. ) :'-‘. j .‘.‘.)

-
Y 1 eY Y e

Figure 12. Orientation of thex4T/LT surface lattice (purple) on the KAP-
(010) surface for the (001) film phase. The substrate surface unit cell is
depicted in yellow. Prominent H-atoms of the KAP(010) surface are
highlighted in green. The green line is parallel to the [4i@lirection.
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conditions of MBE, needles crystallize in a polymorph different
from the knowna4T/LT and a4T/HT and not yet identified.

5. Summary and Conclusions

The drive toward all-organic electronics provides a strong

Figure 11, (a) 12 12 4m? AEM i ( ignal) of the surf ] technological motivation for improving our understanding of
igure 11. (& x 12 ym image (error signal) of the surface o . Lo :

a 2 nm thick 4T film grown on KAP(010) by MBE, showing needle-like the_ growth of organic thin fllms on_organlc substrates. The
crystallites between two KAP terraces. (b)<55 um? AFM image (error optimal performance of electronic devices based on such systems
signal) of the surface of a 10 nm thick 4T film grown on KAP(010) by  requires the achievement of a high degree of order in the layers

MBE, showing needle-like crystallites nucleated aléh@1iap steps. The ; i
o= S . : over large areas. Generally speaking, the large size and the low
orientation of the substrate and c axes is reported, together with the 9 Y SP 9 9

crystallographic direction of the steps present on its surface. symmetry of the unit cells of both substrate and overlayer imply
that full or partial registry between their crystal lattices is not

H-atoms. Indeed, when thayr axis is parallel tockap, the so easily achieved, compared to inorgafifrorganic and

[101]kap direction is only 3.8 different from the [110}r organic-inorganic systems. We are thus facing two apparently

direction. If we consider that tHa 10k direction corresponds conflicting issues: the requirement for well-ordered films and
to the direction connecting nearest neighbors within a single the difficulty of epitaxy between the substrate and overlayer.
oAT/LT layer (see Figure 1c), under the previous epitaxial Here we described the grovyth_ of 4T thin films on the (_010)
relationship, compact rows of prominent H-atoms of the surface of KAP by two soph|_st|cated vapor-phase techmqu_es,
thiophene moiety of the (00&)plane are almost parallel to the namely HWE and MBE. The interface between these materials

grooves defined by the H-atoms of the substrate surface. TheiS characterizeq by a lattice mismaFch as 'f"‘rge as 18%. We
match between these directions drives the orientation of the provided experimental and computational evidence ritalec-

islands. Figure 12 depicts the orientation of the surface lattice _uIar epitaxy whereby the specificity of the substratdm

of islands relative to the KAP(010) surface, showing the match Et?;]ici?ns?;psggz:ensmﬂgcuI?g(;i\éeel i?rts:s 'grtir; ttgt?c?r?r:\?zx
between thé101iap and thel1104r directions. y » May p 9

_ ) ) ) ) _ when there is complete incommensurism between the unit cells.
The diffraction analysis of the MBE films gives no evidence Eyen if 4T is only one representative material within the vast
of the presence of an edge-on phase ofath&/LT polymorph. array of organic semiconductors, we believe that this conclusion
Nevertheless, we see needles in the AFM images (see Figuresnight be transferable to other organic molecular materials,
2b, 3, and 10) oriented exactly like the needles present in the opening interesting opportunities for future developments.
HWE films (see Figure 2a), we have additional diffraction peaks  we find that the KAP(010) surface is able to totally orient
in a 29 range characteristic of interplanar distances of planes the 4T crystalline domains nucleating on top of it with (001) as
parallel to the molecular axes (see Figure 4), and we have contact plane. 4T nuclei with (010) as contact plane are also
additional enhanced pole densities in PFs that cannot be ascribeghresent on the KAP(010) surface and give rise to needle-like
to the substrate (see Figure 6). These observations can find arystallites oriented along particular high-index crystallographic
possible explanation if we assume that, under the growth directions of the substrate surface. All the epitaxial relationships
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deduced by XRD analysis on this system agree with those strongly thermodynamically favored characteristics. In MBE
predicted theoretically by potential energy calculations and are samples, in contrast, the formation of either flat terraces or
explained by an alignment of the axes of 4T molecules needles can be enhanced (or limited) by a proper choice of the
crystallized in thendT/LT polymorph along thé101lcrystal- growth parameters: this can be clearly related to the far-from-
lographic directions of KAP, which correspond to the directions equilibrium conditions characteristic of MBE which, in addition,
formed by H-atoms protruding from the substrate surface. This can easily be tuned. Finally, the presence of a small fraction of
demonstrates that the driving force for the orientation of edge-on crystalline domains of a polymorph different from both
crystalline domains is represented not by a possible lattice matcho4T/LT and a4T/HT is suggested by XRD data collected on
achieved for particular azimuthal orientation of the substrate the MBE films. There are indeed other instances, for example
and overlayer lattices, but rather by the crystallo-chemical in the pharmaceutical conte’where the adoption of vapor-
properties of the substrate surface, namely its corrugation. Thephase deposition on organic substrates has provided a new tool
use of the two different growth techniques has highlighted the to control crystal growth and discover new polymorphs.
possibility to tune, to some extent, the film morphology and
structure, while epitaxial relationships remain unchanged and
are determined by the properties of the substrate surface. In
particular, the near-equilibrium conditions of HWE favor the
growth of a crystalline bulk-like phase with the structure of the
o4T/LT polymorph and molecules lying flat on the substrate.
Under the conditions of HWE, nucleation and growth show JA058771W
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