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Abstract: A surface X-ray diffraction study is presented showing that highly ordered and uniaxially aligned
hexa(3,7-dimethyl-octanyl)hexa-peri-hexabenzocoronene (HBC-C8,2) films can be fabricated by crystal-
lization from solution onto friction-transferred poly(tetrafluoroethylene) (PTFE) layers. Three crystalline HBC-
C8,2 majority phases result. In all three phases, the HBC-C8,2 molecules self-organize into columns which
are uniaxially aligned along the direction defined by the PTFE macromolecules of the substrate. The three
phases are quite similar, the major difference being their orientation with respect to the substrate. A quasi-
2D epitaxial growth mechanism with a grapho-epitaxial component for one of the three phases explains
the formation of the three rotational HBC-C8,2 variants. A method to obtain a thin film with only one phase
is proposed. The results show that standard ©—20 X-ray diffraction and transmission electron diffraction
can be very misleading tools to estimate the crystalline quality in a thin film of complex structure.

Introduction molecular chains are oriented parallel to the sliding direction
and form a hexagonal array with an interchain spacing o7
g ] g A. In 1991, it was reported that these PTFE friction-transfer
electronic devices is to control the structural order and the . . - -

) . X layers orient a wide variety of materidién fact, they are often
alignment of the ordered units of the preferably solution- . "

rocessed active semiconductor material, as this can improvesuperlor fo other friction-transfer layetsilso, the attempt fo
P i replace PTFE substrates by rubbed polyimide was not successful

charge carrier transport in the material significaritly A in the case of several semicrystalline polynfevehich further

promising way appears FO be epr0|_t|_ng the ability of organic illustrates the uniqueness of PTFE friction-transfer layers as a
molecules to self-organize. In addition, adequate substrates

. . ; . substrate.
might be employed, to provide nucleation sites and thereby . . .
induce a certain alignment. Especially, highly oriented poly- PTFE friction-transfer layers orient a broad variety of

(tetrafluoroethylene) (PTFE) layers have been found to be amaterials; more than.one would intuitively expect. For examplg,
useful tool for the alignment of many organic compounds. simple lattice matching arguments often do not apply. Atomic
PTFE Friction-Transfer Layers. Sliding a PTFE rod at low force microscopy measurements show that the surface of such

speed and moderately high temperature over a clean glass S"dénctlon-transfer layers of PT_FE molt_acules (rnolecul_ar length
yields a highly oriented thin film, as already reported in 1964 of ~30 um) is made up of ridges with a helg_ht typically of
in a comprehensive study of the friction properties of PPFE. 1-50 nm and a spacing of25 nm to>.1/4m, W,'th ext.en.ded
By electron diffraction, it was determined that the helical Molecularly flat areas between the riddésTaking this into
account, one may assume that grapho-epitaxial growth with the
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the alignment capabilities of PTFE layers. However, for vapor advantage of low molecular weight components is that they are
deposition of titanyl phthalocyanine on oriented PTFE substrates, usually easier to purify from solution than polymers.

a more complex mechanism involving a grapho-epitaxial  Efficient use of the high intrinsic charge carrier mobility of
coalescence along the PTFE macrosteps followed by a reorgaHBCs requires uniaxial alignment of the “coaxial conductors”,
nization of amorphous aggregates into microcrystallites has beenthat is, the columnar stacks. PTFE friction-transfer layers
proposed.For vapor deposited diazo-dyes on PTFE, it has been recently were shown to be an excellent substrate for aligning
found that slight modifications of the molecular structure lead HBC derivatives?® such as the hexa(3,7-dimethyl-octanyl)hexa-

to significant changes in the orientational orderdfighis would peri-hexabenzocoronene (HBC-C8,2), which enabled the fab-
be surprising in the case of grapho-epitaxial growth. Indeed, rication of thin film field-effect transistors (FETs) with HBC-
on the basis of molecular dynamics calculations and-Wig C8,2 on PTFE as the active layer. These HBC-C8,2 devices

absorption spectroscopy, it has been proposed that the groovesvith the channel parallel to the aligned columnar stacks were
between adjacent PTFE chains orient the dye moleétles, found to display a clear gate modulation (i.e., clear field effect),
resulting in at least one-dimensional (1D) epitaxial growth of high on—off ratios of 1, and for organic materials reasonably
the thin film. In the case of vacuum deposited tris(8-hydroxy- high field-effect mobilitiesy;, of up to 103 cm2 V-1 s have
quinoline) aluminum(lll) (Alg), it has been found that, additional been recordeéf In contrast, for devices of the same configu-
to microcrystallites oriented along the PTFE sliding direction, ration but based on aligned films with the columns perpendicular
also crystallites oriented under an angled660° with respect to the channel, and for isotropic HBC-C8,2 layers fabricated
to this direction occur. This was explained by a 1D epitaxy by spin-coating, markedly lower source-drain currents were
mechanism which selects the fast growth directibnat any measured, and thus, no distinct field effect could be observed.
rate, there is a multitude of examples for both molecular epitaxial The mobilitiesug anduiso could only be estimated. They are at
and grapho-epitaxial growth, and in general, the two mechanismsleast 2 orders of magnitude lower thapwhich unambiguously
may operate in conjunctich. illustrates the strong dependence of device properties from the
A major part of the previous structural studies of organic thin discotic film morphology. Thus, deeper insight in the origin of
films have focused on conventional vacuum deposition on the PTFE-nucleated, highly oriented crystal growth processes
different substrates. The advantage of this technique is the goodand mechanisms is highly desirable and will be of paramount
control over the experimental parameters, which allows the importance to improve the FET performance even further. In
investigation of “clean”, well-defined model systems. However, fact, the field-effect mobilitiegy obtained for aligned HBC-
vacuum deposition is often costly and high temperatures are C8,2 films are still below the intrinsic mobilities, as determined
commonly required. By contrast, for commercial exploitation, by microwave conductivity measurementsinsic = 0.4 cn?
it would be most desirable to rely on simple, straightforward V-1 s-1), The determination of the structure, nucleation mech-
solution processes. anism, and growth mode of HBC-C8,2 on PTFE layers provides
Discotic Materials, HBC-C8,2. In the search for organic  the basis for understanding this behavior and finding ways to
materials which are suitable for electronic devices, discotic enhance the charge-carrier mobility. These problems are ap-
materials receive an increasing amount of attention. The flat, proached in a series of surface X-ray diffraction (SXRD)
aromatic cores of discotic materials with their flexible side experiments.
groups promote the self-organization of the molecules into ] ]
columnar stacks, which can be seen as an example of micro-Experimental Section
segregation® Dependent on the specific core and the peripheral  HBc-c8 2/PTFE. Hexa(3,7-dimethyl-octanyl)hexa-peri-hexa-
substitution pattern, these materials very often exhibit a liquid benzocoronene (HBC-C8,2) was synthesized bifléfuet alé The
crystalline phase (calledr Col) over an extended temper-  PTFE friction-transfer layers were prepared by sliding a PTFE rod at
ature range. In this Pphase, the columnar arrangement is still a constant speed of 0.1 mm/s over a clean glass substrate. The pressure
preserved. Crystalline (K) derivatives of hexabenzocoronene applied to the rod was 5 kg/ciand the temperature of the substrate,
(HBC) exhibit a high intrinsic charge carrier mobility in excess 300°C. Typical PTFE Iay_er thicknesses are reported to be in the range
of 1 cm? V-1 5%, as determined by pulse-radiolysis time- from 15 to 40 n_m7.~8 Thin HBC-C8,2 films of 56-100 nm were
resolved microwave conductivity.The efficient charge trans- produced by drying a droplet of6 mg/mi cyclohexanone solution

. . Lo . between two PTFE coated glass slides.
port pathway is preserved in the liquid crystalline phase, and a . he thin fil . inated q
bility value as high as 0.5 av- s was found The SXF_QD Experiment. T| _e thin films Were_lnves_tlgate as prepar_e
mobility ) ) on their glass substrate; in surface X-ray diffraction (SXRD) investiga-

HBC cores peripherally substituted with six hydrocarbon chains yjons it is not necessary to peel the film of the substrate as it has to be
and stacked into columns can be seen as a coaxial conductorgone for transmission electron diffraction measurements. Hence, the
in which the charge transport is enabled because of the overlapsamples closely resemble actual FET devices.

of the extendedr-orbitals of the HBC cores. This conducting The SXRD measurements were performed usingzthgis diffrac-
region is insulated by the hydrocarbon chains. The hydrocarbontometer at the wiggler beamline BW2at the Hamburger Synchro-
chains render the molecules soluble and thereby enable procesgronstrahlungslabor (HASYLAB). A monochromatic beam of 10 keV

ing in solution like spin-coating and solution-casting. An corresponding to a wavelength/of= 1.2398 A impinged on the sample
surface under a grazing angle of 0218his angle of incidence lies
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B Figure 2. (Top) Hexabenzocoronene (HBC) is a molecule with a flat,
5 L 4 disklike aromatic core. HBC-C8,2 is peripherally substituted with six
€ ; branched side chains. (Bottom) Schematic representation of the HBC-C8,2
= l . . . columns. The cofacial distandgis usually around 3.4 A. The intracolumnar
0 20 40 60 distanced;, which is related to the til® of the columns viad, = dJ/
cos@), is 5.2 A for HBC-C8,2. For HBC-C8,2, a typical intercolumnar
(b) angle [degree] distancel of 20 A was found.

Figure 1. Examples of surface X-ray diffraction data. (a) Rod scan at a o ) ) )
fixed (h,K position alond. Shown is the (0.258,),rod. (b) Circle scan at 3D structure determination is not necessary, if the basic chemical

constant momentum transfer. Shown is the scan in lttie glane atq = structure of the molecules is known, as is the case for HBC-C8,2. The
Vh? 2 = 0.653 AL = 27/(19.2/2) A. determination of the dimension(s) and orientation(s) of the unit cell(s)

and the symmetry properties of the molecular arrangement(s) within

] o the unit cell(s) provide valuable information about the nanoscale
film and of the glass substrate. It was chosen to maximize the measuredsycture, as discussed in the following section.

signal, to minimize the background in the measurements, and to prevent

radiation damage. The sample was kept in a helium atmosphere toResults and Discussion

further lower background scattering and radiation damage. A scintil- . . -

lation detector was used for the measurements. According to the A model with three crystalline HBC-C8,2 majority phases

standardz-axis desigri®!®the detector has two rotational degrees of consistently explains all Bragg peaks at which strong intensity
freedom and the sample rotation provides an additional degree of Was observed. The three HBC-C8,2 phases, denotedoHBC
freedom. The reciprocal space was systematically explored, for example, HBC19., and HBGs >, have the same basic structure, as
in line scans parallel to the surface plane, in line scans perpendiculardescribed in the following. Each phase consists of HBC-C8,2
to the surface plane along the crystal-truncation rods (CTRs)d in columns running parallel to the PTFE chains of the substrate.
circle scans at constant momentum transfer (i.e., constant length ofNo evidence was found for columns standing perpendicular to
the scattering vectay). Examples of typical scans are shown in Figure ~ the surface. Some disorder along the columns is evident from
1. The precise position of most of the.peaks observed in _these scanghe damping of the diffracted intensity at positions which are
and thereby the corresponding scattering veqtaras determined by gengitive to intracolumnar distances along the columns. Nev-

iteratively rotating the detector and sample. .
SXRD Data Analysis. The repeat distance in the direct space ertheless, the repeat distance along the columns can be deduced

probed by a diffraction peak is obtained with the relationship 277/q tobe 5.2 A, S'nce only peaks corresponding to this d|§tance are
from the length of the scattering vector. The direction in whicis found. Assuming that the molecular cores keep a distance of
probed is defined by the vector character of the scattering vector. Higher 3-4 A, we can derive a tilt angle of arccos(3.4/5:249° (Figure
orders with multiples of the first-order reflection scattering vector should 2). Such a tilt is very close to the tilt in unsubstituted bulk HBC
be found for strong reflections. Also, if high symmetry directions are of 48°.2

probed, systematic extinctions of reflections may occur. If a sufficient 2D Unit Cell. Because of the missing long-range order along
number of reflections is recorded, the unit cell(s) of the ordered phase-the HBC-C8,2 columns, most of the data obtained contain
(s) can be determined. A considerable higher number of reflections is sty ctural information only about a 2D cut perpendicular to the
necessary to perform a full 3D structure determination which includes HBC-C8,2 columns. The three phases found are shown in such

the determ_ln_atlon (_)f all atom p03|t_|ons. qu organic thin films, th|§ IS 4 cross section in Figure 3. The observed 2D unit cell is
normally difficult, since the crystalline quality usually does not suffice

and since not enough diffraction peaks are observable. However, a full rectangular. The SXRD data can accqmmodate a.deV|a.t|on of
up to ° from right angles. The longer side of the unit cell is by

(18) Feidenhans’l, RSurf. Sci. Rep1989 10, 105-188.

(19) Bloch, J. M.J. Appl. Crystallogr.1985 18, 33—36. (21) Goddard, R.; Haenel, M. W.; Herndon, W. C.;"§au, C.; Zander, MJ.
(20) Robinson, I. KPhys. Re. B 1986 33, 3830-3836. Am. Chem. Sod995 117,30—41.
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Table 1. Observed Peak Positions in Reciprocal A for the Three

. ’. .‘ *. . HBC-C8,2 Phases?
[ ] — > >
> ‘.‘.‘.> 4.‘. (h k) [AY assignment
— < < < e
. 40, 4., 4., 4.. 4. (0.129, 0.000, 0.356)* HBG.+(002)
4 “.5.‘.» £ < (0.258, 0.000, 0.716)* HBG.r(004)
—t (0.398, 0.002, 1.095) HBG +(006)
e u . (0.498,—0.001, 1.392) HBG +(008)
(0.305, 0.000, 0.117)* HBG £(100)
(0.610, 0.000, 0.236) HBG +(200)
(0.477, 0.001, 0.432) HBG +(103)
(0.256, 0.000, 1.314)* HBG »(206)
(0.375, 0.000, 0.000) HBE002)
(0.783, 0.000, 0.000) HB004)
(0.000, 0.000, 0.302) HBEE100)
(0.000, 0.000, 0.603) HB200)
(0.000, 0.000, 1.270) HBE400)
(1.101, 0.000, 0.638)* HBE(206),

(0.291, 0.000, 0.205)

overlap with PTFE peak
HB4z2(002)

(0.647, 0.000, 0.400) HB >(004)
(0.177, 0.000, 0.252)* HB& »(100)
(0.405, 0.000, 0.510) HB& »(200)
(0.711, 0.000, 0.985) HB4z.2(400)

aThe indices in the column “assignment” are given for a unit cell where
] ) the short axis of the intercolumnar lendths probed by the 100 reflection
Figure 3. Structural models for the three observed HBC-C8,2 phases in a 5n4 the long axis of the unit cell with the lengt3L is probed by the 001

side view along the filted HBC-C8,2 columns and the PTFE chains, reflection. The peak positions at which the highest intensities were observed
perpendicular to the sample surface. The HBC-C8,2 cores are assumed tQre marked with an asterisk

be tilted by~49° (the tilt direction was not directly determined; therefore,
the columns are indicated by circles, not by ellipses). The 2D unit cells are
indicated by arrows. The three phases are (a) HB®) HBCi9.r, and (c)
HBCss 2.

C8,2 phases. The major difference among them is the orientation
of the 2D unit cell with respect to the PTFE substrate: The
HBC ¢ phase has its long 2D unit-cell axis parallel to the
a factor of+/3 longer than the short side, as one would expect substrate; for the HB& » phase, this axis has an angle-e35°

for hexagonal packing. The short unit cell side has a length of to the substrate; and for the HB&- phase, the short unit-cell
around 20 A. For a hexagonal arrangement, this length corre-axis has an angle of20° with respect to the substrate (see
sponds to the intercolumnar distanceThe two columns in  Figure 3). We propose that the these different orientations of
the unit cell are not completely equivalent, and the columnar the same basic structure are induced by the PTFE substrate,
packing can therefore only be called quasi-hexagonal. The mainly via molecular epitaxial but also grapho-epitaxial growth,
observed symmetry considerably restricts the number of struc-as described in the following. The observed peak positions which
tures compatible with the data: In a projection on the long axis lay the basis for this discussion are listed in Table 1.

of the unit cell, the two HBC-C8,2 columns are equivalentand (1) HBCo-. The HBGy phase grows with the long axis of
evenly spaced, whereas, in a projection on the short axis of thethe 2D unit cell parallel to the substrate. The repeat distance of
unit cell, these two columns are inequivalent. This finding is V3L ~ /319.8 A~ 34.3 A along the surface fits very well to
compatible with a glide-line symmetry with the glide mirror six interchain PTFE distances with § 5.7 A = 34.2 A.

line parallel to the long axis of the 2D unit cell. The Therefore, we propose that this phase grows epitaxial (i.e.,
inequivalence of the two columns in a projection on the short commensurate) on the PTFE substrate. In fact, this suggestion
side of the unit cell may, for example, be caused by differences is strongly corroborated as, for example, we did not record any

in the side chain orientation possibly in conjunction with a
displacement from the position in the center of the unit cell in
a direction parallel to the short axis of the unit cell.

Despite the molecular tilt of £9 the HBC-C8,2 stacks are
packed like columns of circular shape in contrast with unsub-
stituted bulk HBC which packs like elliptically shaped columns.
Unsubstituted bulk HBC crystallizes in a monoclinic structure
with space grougP2;/a and the unit-cell dimensiors= 18.4
A, b=51A c=129 A, andp = 112.57.21 Describing
unsubstituted bulk HBC by a quasi-rectangular 2D cell results
only in a 1.7 deviation from 90 but a long unit-cell axis which
is 2.6 times longer than the short axis which is a significantly
larger ratio than the factor of/3 ~ 1.7 for HBC-C8,2. The
reason for this difference may, for example, be the tilt direction
of the HBC-C8,2 columns or the interdigitation of the alkyl
side chains.

Three PhasesThe information about the 2D unit cell and

the symmetry properties described so far apply to all three HBC-

reflections for a rotational variant of the HBOphase which

has theshort axis parallel to the substrate. This phase would
need to match about three to four PTFE interchain distances (a
HBC-C8,2 intercolumnar distance of 19.8 A divided by a PTFE
interchain distance of 5.7 A is equal to 3.5). This would imply

a compression of the HBC-C8,2 intercolumnar distance by 14%
or an expansion by 15%, which is energetically highly unfavor-
able.

(2) HBCyg 1. For the HBGg  phase, the short axis of the
2D unit cell has an angle of20° with respect to the surface
and the intercolumnar distantefound is approximately 19.2
A. If the (105) plane is assumed to be parallel to the surface,
the precise tilt angle should be arctaﬁ(/S) ~ 19.1° and the
repeat distance along the surface/2. ~ 102 A. This
corresponds to 18 PTFE interchain distances x18.7 A =
102.6 A). Therefore, we propose that this phase grows as the
HBCy- phase via molecular epitaxy, too [Note, if an HBC-C8,2
molecule is in the center of the 2D unit cell then the repeat

J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003 2255
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distance along the surface 7L ~ 51 A corresponding to
nine PTFE interchain distances].

(3) HBC35 2. For the third phase, we find an interccolumnar
distance oL ~ 20.4 A and an angle 0£35° between the long

alignment. If one hypothetically assumes the alignment of a
perfect PTFE layer along a slightly curved line, then the sample
rotation scan probes almost exclusively the curvature of this
alignment direction. Depending on the sample rotation, different

2D unit-cell axis and the substrate. The repeat distance of regions of the sample are probed which fulfill the scattering

2V/91L ~ 2 x 195 A calculated for an angle of 36- arctan-
(\/5/19)% 35.2 corresponds to Z 34 interchain distances [if
an HBC-C8,2 molecule is in the center of the 2D unit cell, then
the factor of 2 can be omitted]. The angle between the HBC-
C8,2 columns and the PTFE substrate is, however, ohlyt5
seems to be unlikely that nucleation on a molecularly flat

condition determined by the incident beam and the detector
position. In this example, a detector rotation scan gives an
estimate of the size of the region in which the PTFE molecules
are sufficiently straight to scatter coherently. Therefore, the
peaks probed seem to be much more narrow in detector scans
than in sample rotation scans, which is contrary to the standard

substrate causes epitaxial growth under such a shallow angle'elationships between peak widths for single-crystalline material.
and with such a long repeat distance. Nevertheless, we observéVe do indeed observe that, for example, the @&ak is more
strong intensity at the corresponding peak positions, which Narrow in a detector scan than in the sample rotation scan. The
indicates the presence of this phase. Thus, we suggest that, iflétector scan has a fwhm of only 0.4nd a box-function-like

a grapho-epitaxial growth mode, the nucleation takes place atPeak shape indicative of the true width being even smaller.

step edges and other irregularities (as indicated in Figure 3c).

The results show that the PTFE substrate is exhibiting long-

Accordingly, it seems to be likely that once the growth of the fange o_rdering but that a quantification of the oro.le.r ha; a high
HBC35.2, phase is started under this shallow ang'el it continues uncel’talnty because of the curvature along the S||d|ng d|rect|0n

epitaxially on the molecularly flat areas of the PTFE film.
Epitaxial Growth. To summarize the proposed growth

of the PTFE rod and thereby along the molecular axis. The
observed peak widths stay well below th& fsvhm of the

modes, all three phases observed, which are essentially thre®rientational distribution determined for friction-transferred
orientations of the same basic structure, grow at least 1D PTFE films which are prepared by dragging a PTFE rod twice

epitaxial with the PTFE substrate. Even the proposed grapho-

over a glass substrate to obtain a larger fifnOne should

epitaxial nucleation for one of the phases leads to an orientationgenerally keep in mind that, above 1@, PTFE lacks long-

which allows epitaxial growth. Absolute values for the relative

range order along the chain axis which explains why the peak

abundances of the three phases cannot be deduced from ougorresponding to the 19.5 A distance along the 15/7 helices is

data, but it can be stated that HBG is the predominant phase.
If one tries to find suitable orientations of the observed HBC-
C8,2 unit cell which allow commensurate growth on a PTFE
substrate, then additionally, to the observed HB@nd HBC
10.r phase, only an HBGs ¢ and HBC,9¢ phase seem to be

so much less well-defined than the peak corresponding to the
distance between the @Bubunits along the same direction.
The PTFE configuration may be different in friction-transferred
layers compared to bulklike PTFE mateA4lhis could explain

the spread of the PTFE inter- and intramolecular distances which

. . i i ,22,3,7,24
reasonable with respect to the repeat distance along the surfac@r€ reported in the literaturé:

and angle of the unit cell with respect to the surface. The fact

that i) two out of four possible epitaxial orientations (HBC

Crystalline Quality: HBC-C8,2. The HBC-C8,2 peaks are
broader in the sample rotation scans than in the corresponding

HBCi.r) are observed, and ii) that for the two phases, which detector scans. This is in line with epitaxia_l growth along the
are already less probable because of their more shallow angIePTFE substrate that we found to be aligned in an almost straight

to the surface (HBG. ¢, HBCipg) no diffraction peaks were
recorded, underlines the importance of epitaxial growth for the
structure of the HBC-C8,2 film.

Crystalline Quality: PTFE. To estimate the long-range
order, that is, the crystalline quality of the HBC-C8,2 films,
we first briefly characterized the PTFE substrate, since it is
unlikely that the epitaxially grown thin film is significantly more

manner. According to this argumentation, the most narrow HBC-
C8,2 peaks cannot have a smaller fwhm than the PTFE substrate
peaks. For example, the HB&-(100) peak shown in Figure 4
has a fwhrg of 1.7°. The observed fwhm values are extra-
ordinarily good for organic materials. They are comparable to
those observed for typical metal crystals such as copper. As
described above, a quantification has a high uncertainty and

ordered than the substrate. The peak corresponding to the 19.5hould therefore be avoided.

A distance along the 15/7 heli¢dss not sufficiently well-

The size of the areas which scatter coherently does not

defined to be measured accurately, whereas the peak correnecessarily reflect the charge carrier mobility along the HBC-

sponding to the 1.30 A distance between twe Gfups along
the chains is intense and well-defined with a full width at half-
maximum (fwhm,) of 0.6°. The peak width in degrees can be
converted to a peak widtpin A%, and using the relationship

| = 27/q, it is possible to obtain a rough estimate of the
correlation length. For example, the fwhgof 0.6° for the
CF; distance converts tb= 130 A. For a single crystalline
material, this would be the key value to estimate its crystalline
quality. For friction-transferred PTFE, this seems not to be the
case, since the sliding direction of the PTFE rod, which is
probably not completely straight, determines the molecular

(22) Young, R. J.; Lovell, P. Alntroduction to PolymersChapman & Hall:
London, 1991; Chapter 4, pp 24251.
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C8,2 columns. For example, the liquid crystalling phase
displays still high (intrinsic) charge carrier mobilities despite
its higher molecular disorder compared to the crystalline phase.
High crystalline quality is generally believed to lead to high
mobilities. However, in the case of the aligned films described
in this article we believe domain boundaries to be larger barriers
for the charge carriers than disorder along the HBC-C8,2
columns.

Quasi-2D Growth. Above 19, PTFE ceases to be well-
ordered along the molecular chains. Hence, long-range epitaxial

(23) Tanigaki, N.; Yoshida, Y.; Kaito, A.; Yase, K. Polym. Sci., Part B:
Polym. Phys2001, 39, 432-438.

(24) Dietz, P.; Hansma, P. K.; Ihn, K. J.; Motamedi, F.; Smith].PMater. Sci.
1993 28, 1372-1376.
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Figure 4. Sample rotation scan (rocking curve) of the HB& (100) peak. q [A 1
The full width at half-maximum is~1.7. Figure 5. A specular (00 rod (also called®—20© scan) of HBC-C8,2/

PTFE. The two crystalline peaks are associated with the ¢-iBRase.
order is unlikely to occur in this direction, but rather, a quasi-
2D growth mode is expected and indeed found for a number of the number of coexisting phases in order to enhance the device
Sys’[ems_ In the |ntr0duc[ion, it was mentioned that vacuum performance of hexabenzocoronene transistors further. On the
deposited diazo-dy&&!t and tris(8-hydroxyquinoline) alumi-  basis of the described quasi-2D epitaxial growth mode, we
num(ll)*2 grow on friction-transferred PTFE in a way which Propose that the occurrence of rotational variants can be
suggests at least a 1D epitaxy mechanism. For different Significantly influenced by changing the length of the peripheral
n-alkanes on PTFE, a strong dependence of the orientationsubstituents and thereby changing the intercolumnar distance
mechanism on the-alkane chain length has been found. An L.
epitaxy mechanism based on the formation of short-range For systems such as HBC-C8,2/PTFE, where one phase is
intermolecular interactions with the oriented polymer chains has Predominant, it is promising to steer the thin film more toward
to be invoked to explain the alignment of alkane molecules on its equilibrium state. This can be done by minimizing kinemati-
the substrate® These previously reported results and the current cal effects while the film is grown. Other possibilities are
findings strongly support that many thin films grow in a mode annealing techniques such as temperature or solvent vapor
with a strong 1D epitaxy perpendicular to the PTFE chains and annealing applied after the film has been grown.
further alignment along the polymer molecules. Therefore, the ~ Stitable Characterization TechniquesConcerning suitable
growth mode can be described as quasi_ZD_ The order andtechniques to Study thin films with a CompleX structure, we
growth in the third dimension are determined by interactions Would like to point out that standard X-ray diffractiéd—20
within the thin film but enhanced indirectly by the PTFE layer, Scans and transmission electron diffraction at normal incidence
since a quasi-2D ordered substrate is a good premise for 3pdo not reveal the full 3D structural information and can therefore
ordered growth. be very misleading if one tries to judge the crystalline quality
Invoking this quasi-2D growth mechanism, minor changes, ©f the sample. This is evidently the case for the thin film system
for example, in the chemical structure of the adsorbed molecules,described in this paper, as shown in Figure 5. The)(@ad
may have a pronounced influence on the nucleation and orderingScan shown in this figure corresponds to a stan@f@® scan
of the film. Thereforen-alkanes may easily exhibit different ~ Which is usually performed to characterize a thin film using
ordering mechanisms, depending on their chain length, andX-rays. Only peaks corresponding to the H@hase, which
therefore, probably only those orientational variances of the has & low index plane parallel to the surface, can be seen in
basic HBC-C8,2 structure occur, which allow epitaxial growth this intensity profile. The HB&  and the HBGs > phase have
on the PTFE substrate. The same argument can explain the tilt"0 low index plane parallel to the surface and can therefore not
of 33° of the molecular planes with respect to the substrate in P€ detected. Itis advisable to exploit the free parameters given
the structure of sexithiophene thin films deposited on a PTFE by the sample orientation to lower the possibility of missing
alignment laye¥” and also the selection of azimuthal orientations the strong intensity ahkl)-peak positions which are neither in
in the growth of tris(8-hydroxyquinoline) aluminum(ill) on  Plane with | ~ 0 (transmission electron diffraction) nor
PTFEL2and the strong dependence of the orientational ordering SPecularly out of plane witth = k = 0 (standard X-ray
of diazo-dyes on their molecular structure fits into this cat- diffraction). To characterize these more complex systems, a
egoryl0 nondestructive full 3D technique like surface X-ray diffraction
Improving the Crystalline Quality. Even when all the three is necessary. This technique is however time-consuming, and

HBC-C8,2 phases are highly oriented, it will be crucial to reduce the use of synchrotron radiation is very often required; the
sample throughput is therefore limited.

(25) Kerbow, D. L.; Sperati, C. A. Physical Constants of Fluoropolymers. In .
Polymer handboogrd ed; Brandrup, J., Immergut, E. H., Eds.; John Wiley ~ Conclusion and Outlook
and Sons: New York, 1989; Chapter V, pp-345.

(26) Damman, P.; Fischer, C.; Kgar, J. K.J. Chem. Phys2001, 114,8196— We succeeded in producing well-ordered and uniaxially
8204. ; ] : At

(27) Wittmann, J. C.; Straup€.; Meyer, S.; Lotz, B.; Lang, P.; Horowitz, G.; a“gned HBC-C8,2 films from solution by crystalllzatlon on
Garnier, F.Thin Solid Films1998 333, 272-277. friction-transferred PTFE layers.
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Peaks corresponding to three crystalline HBC-C8,2 majority ~ Standard®—20 X-ray diffraction and transmission electron
phases were observed. The three phases have the same badiliffraction at normal incidence can be very misleading tools to
structure but three different rotational orientations. Each phase estimate the crystalline order in a thin film of complex structure.
consists of HBC-C8,2 columns running parallel to the PTFE
chains of the substrate. Along the columns, the molecules are
tilted by ~49°. The coexistence of these phases may explain
the discrepancy of the field-effect mobility,(< 103 cnm? V1
s71) to the intrinsic mobility fininsicx 0.4 cn? V~1 s71), as
determined by pulse-radiolysis time-resolved microwave con-
ductivity measurements.

A quasi-2D epitaxial growth mechanism (with a grapho-
epitaxial component for one of the three phases) is invoked to
explain the formation of the three rotational HBC-C8,2 variants.
The quasi-2D mechanism may as well explain many other
findings reported in the literature for thin films grown on PTFE.

It is proposed that changing the hydrocarbon chain length of
the peripheral HBC substituents is promising for steering the .
system into only one crystalline phase, which would be highly ocfo?nrqiest\gg;k (C:?Let?agIE(u:rite?ngsfplzng.ng?szg())/ot.r(])?)gEzLiropean
desirable to increase the already high charge carrier mobilities ’ )
closer toward the intrinsic value. JA028509C
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