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Heteroepitaxial growth of self-assembled highly orderedpara-sexiphenyl films:
A crystallographic study
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X-ray diffraction pole figure technique&XRD-PP), transmission electron diffractiqif ED), and atomic force
microscopy were used to characterize the crystalline structure of heteroepitaxial grown, self-assembled para-
sexiphenyl(PSB layers in detail. PSP was deposited by hot wall epitaxy on ni@&i) substrates. The
epitaxial growth was confirmed by XRD-PF as well as TED measurements. XRD-PF measurements reveal two
crystallographic orientations of PSP parallel to the substrate, which are also cleavage planes of PSP. Both
orientations—11-1) and(11-2—have very similar structural characteristics with respect to the substrate. Since
in either orientations the interface lattices of PSP and mica are incommensurable, the observed growth mode
can be referred to quasiepitaxy.
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Research on conjugated organic semiconductors is a ragtrates at similar growth conditionéHowever, the epitaxial
idly expanding field within materials science due to thecharacterisations were performed without x-ray diffraction
promising opportunities for applications in electronics and(XRD) proof, which prevents a more accurate determination
photonics—® Recent progress in the field of new organic of the crystallographic orientatiori:"®
devices(ambipolar thin film transistor, solid state laser, and Recently, it was reported that highly ordered and aniso-
solar cells of high efficiengymade from bulk molecular tropic PSP films can be grown by hot wall epitadyWE) on
crystals such as pentacene o, @as clearly demonstrated monocrystalline mica substrat&¥st> Two essential prerequi-
the need for further development of organic electronics base8ites justify this preparation technique as well as the used
on the epitaxially grown, highly crystalline thin films with substrate. At first, in contrast to commonly used deposition
well-defined orientation of the moleculéhe present work methods}*® HWE is a semiclosed technigue, in which the
focuses on crystalline films of the molecular matefiata- ~ growth proceeds close to thermodynamic equilibritim.
sexiphenyl[six phenyl moieties linearly attache@®SP], Consequently, the large organic molecules can find energeti-
which is a typical organic semiconductor showing intensecally the most suitable arrangement before being incorpo-
blue photoluminescence and electroluminescence in the soli@ted into the crystal lattice. Second, mica is a layered mate-
state>8 rial with well-defined smooth cleaved surface and weak

Thin films of PSP were already grown by physical vapor
deposition or organic molecular beam epita@MBE).%~12
It was shown that the substrate temperature during deposi
tion, substrate type and the growth rate are important param
eters for the preferred orientation of the crystallites relative ‘se ‘oo ‘oa
to the substrate. Generally, the films grown by vapor deposi-“H")iﬂH'
tion on ITO, glass, or GaAs consisted of randomly oriented ¢ * ° * ¢ °
islands(fiber textured, whose shapes and structures depend a
on the purity of the source material and on growth
conditions®® In case of OMBE large islands of PS®ell-
defined and oriented into two perpendicular directions, sev-
eral micrometers longwere obtained on GaAB80l) sub- FIG. 1. Unit cell of crystalline PSP.
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TABLE I. Calculated peak positions for different PSP and mica
lattice planes.

PSP mica
netplane P angle netplane @ angle
+(1x1-1) 29.04° +(1+11) 30.88°
+(1+x1-2) 29.98° +(1+x1-3) 34.29°
+(2+x0-3) 34.61° +(0+23) 35.67°
+(2+1-3) 42.40° +(1%x14) 41.87°
+(1x1-5) 42.98°

the deposition process the vacuum was of about 6
X 10 ®mbar. The investigated films were grown 60 min,
which results in an average film thickness of about 120 nm.
Further growth details can also be found in Refs. 14, 15 and
19. The film morphology was imaged by AFM using Nano-
Scope llla Microscopes. Selected area TED measurements
were employed with a Philips CM12 electron microscope. A
surface bonds, which are similar to van der Waals bonds ifPhilips X’'Pert system with an ATC3 texture cradle was uti-
organic materials. Under HWE conditions these prerequisiteized for the pole figure measurements performed in Schultz
result in highly anisotropically ordered structures of the deveflection geometry using Gf-, radiation and a secondary
posited layers. The grown films were preinvestigated bygraphite monochromator. The software packagesvDER
XRD (0/20 scans and optical measurements, which indi- ceLL 2.3° and sTEREOGRAMM?! were used for XRD data
cated that the PSP layers are highly crystalfihe. analysis.

In this detailed study we combine various methods in or- The used substrate was micaM2 muscovit¢ which
der to characterize HWE-grown films of PSP: x-ray diffrac- shows a monoclinic crystal structure with=5,20A, b
tion pole figure techniquéXRD-PF), transmission electron =9,03A, c=20,11A, =95,78°2?> PSP usually crystal-
diffraction (TED), transmission electron microscopyEM),  lizes in the 8 phase, which is monoclinic with the space
and atomic force microscogAFM). The XRD-PF is a non- group P2;/a and the lattice constanta=8,09A, b
destructive method, which enables a mapping of all crystal=5 56 A, c=26,24 A, 3=98,17° 2 Figure 1 shows the unit
lographic netplanes in volume of the filtm comparison to  cell of bulk PSP. The long molecular axes of all molecules
common®/20 scans for accurate determination of the crys- within bulk are oriented parallel to each other, whereas ad-
tallographic orientations’*® Another advantage is the possi- jacent molecular planes are tilted about 66°, which form the
bility to investigate the grown films together with the sub- typical herringbone structure of PSP.
strate in contrast to TED measurements, which requires a Figure 2 shows an AFM image of a PSP sample prepared
removing of the film from the substrate. on mica by HWE, which reveal the typical nano-needle-like

PSP was purchased from Tokyo Chemical Industry, furmorphology'* Note that the imaged sample was used for
ther purification was performed by threefold sublimation inXRD-PE investigation in this report. AFM line scans reveal
vacuum. Thin films were grown in a HWE system, which hastypical needle widths, heights and lengths of about 800 nm,
been used previously for the successful deposition of high 30 nm, and more than 1Q@m, respectively.

FIG. 2. 20< 20 um? AFM image of PSP on micé001).

quality crystalline molecular film&*°Freshly cleaved001) Several samples were investigated via TED whereby all
mica was used as substrate. The PSP material was evapo-
rated at 240 °C and the substrate was held at 90 °C. During 2000 . '
calculated 20, , : 29.04
@ 15001 calculated 20, , : 29.98]
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FIG. 3. (a) Transmission electron microscopy image of a PSP
film in which the needlelike morphology is clearly visibld@) Dif- FIG. 4. ®/20 scan of the 11-1 and the 11-2 reflection of PSP.
fraction pattern taken from the darker spot(af. The expected reflection positions of tBephase are inserted.
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FIG. 6. Arrangement of PSP molecules on m{€@1) for the
(11-1) orientation of PSP(a) side view;(b) parallel view;(c) top
view of the contact point lattice of PSP on mif@01). The black
line indicates one contacting molecule. Contact points are marked
as black points and the hexagonal net represents the (@&t
surface. The dashed line indicates the needle direction determined
by TED.

gave essentially the same results. A typical TED pattern is
depicted in Fig. 3. The positions as well as the relative in-
tensities of the diffraction pattefrig. 3(b)] are in excellent
accordance with the crystal structure of PSP ingtghase®
Therefore, further analysis is based on this crystal structure.

Preliminary XRD measurements were performe®i2®
mode. In accordance with our previous witthey revealed
only two strong PSP reflections 11-1 and 11-2. Since the
reflection maxima are very close togetiieee Table )l we
actually observe one nonsymmetric peak in®i20 scan as
shown in Fig. 4. To investigate the degree of ordering, also a
rocking curve(not shown was measured for the 11-1 reflec-
tion. The observed FWHM of 0.55° is close to the instrument
resolution, which confirms a high crystalline quality of the
films.

In order to get more detailed information about the epi-

FIG. 5. XRD-PF measurements of PSP on mieal) taken taxial relationships between the PSP layer and the substrate,
from the four strongest reflections of PSP, which are indicated beXRD-PF measurements were performed at the four strongest
low each figure. Every reflection within the pole figures can bereflections of crystalline PSR11-1), (11-2), (20-3), and(21-
explained by thg11-1) and (11-2) plane of PSP~a) and (b), re-  3). The corresponding @ angles of these reflections are
spectively. The identified mica reflections are indicated by squaregiven in Table |. Please note that in this case the planes with
The dashed line indicates the measurement limi¥ef 75°. Dif-  the Miller Indices= (h=xkl) have the same interplanar dis-
ferent intensities represented by different gray scales where darkéance. Figures & and §b) show each four measured pole
areas represent higher intensity. The intensity ranges are 11-figures for the(11-1) and(11-2 plane of PSP parallel to the
0-21500 cps, 11-2: 0-10500 cps, 20-3: 0-22500 cps, and 21-$ubstrate surface, correspondingly. The obtained results are
0-21500 cps. of unusual quality for epitaxial grown organic thin films in
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terms of reflection intensities and sharpness. Especially, ére in contact with the substrate surface, as visible in Fig.
should be pointed out that pole figures in Fig. 5 are signifi-6(a). This fact can be also clearly seen in Figb)$ which
cantly different from those obtained from small moleculeshows the parallel view of the PSP molecules. It should be
films fabricated by physical vapor depositiofis#~?°the fi-  noted here that11-1) plane is the cleavage plane of PSP.
ber textures are missing here, which confirms the epitaxiagince the contact molecules interact with the mica surface
character of HWE films. The detailed analysis reveals 0n|y0n|y at a single point, a contact point lattice can be generated
two crystallographic planeg qf PSP p:;.lrallel.to the substratg, top of the mica grid as shown in Fig(ch. The dashed
surface:(11-1) and(11-2). Within both orientations, there are |ine indicates the needle direction determined by combined
two antiparallel directions of the PSP crystallites. Moreover,ren and TED investigations with an accuracy 6°. The

the crystallographig11-1) orientation is slightly preferred. molecular axe§see bold line in Fig. &)] are nearly perpen-

The shown indexation is based on the calculated reflection. . ; . . .
positions of theB phase. The expected PSP reflection posi—?'acz;l?égglgf needle direction, which confirms previous op

tions are marked as circles whereby crossed and uncrosse As evident in Fig. &) the point lattice of PSP and the

circles distinguish between the two antiparallel directions. | mica latt . ble. This t ¢
Some mica reflections are also identified in the pole figure?ex""gon"’l mica fattice are incommensurable. This type o
owth can be referred as quasiepitdkywhich is domi-

of PSP and indicated as squares in Fig. 5. The appearan - X . : ,
of these very strong reflections is justified due to similarnamIY found for organic materials, in that mtermo!ecular in-
interplanar distancegsee Table ) and the comparable teractions qre_stronge_r than §ubst_rate-molecul_e interactions.
widely open slits of the instrument. The simultaneousThe_lateSt_'S_'” certain confllc_:t Wlth our previous growth
appearance of mica and PSP reflections enables aﬂud|eé4'28|nd|catmg an essential influence of the mica sub-
easy and accurate determination of the epitaxial relationStrate on the growing PSP layer. In this context, we should
ships between the organic layer and the substratdPoint out that for the entire analyses the.l_mstresse(_:i bulk
PSP(11-1)mica(001) PSPL21 ][ micd 340] and structure of PSP was useo!. Therefore, additional studies are
) ' — A needed, which should refine proposed molecular arrange-
PSP(11-2])mica(001), PSP201]||micg 310]. ment. In particular, high resolution XRD measurements will

Additional measurements with a 2D-area detector reveghe interesting in order to confirm the presence of elastic
the PSP reflections as single spots, which confirms again thg5i#9-30 within our films.

epitaxial character of the PSP films. Considering these results |, conclusion, we have characterized thin PSP films
the elongated shapes of enhanced pole densities at highergown by HWE on crystalline mica substrates. According to
(Fig. 5 can be referred to the wide beam-geometry and th§gp and XRD-PF measurements, the films are crystalline
general reflection broadening at highieangles. Particularly, ang highly ordered. The detailed analysis reveals two very
in case of the11-1) and(11-2) pole figures similar interpla-  simjjar crystallographic orientations of PSP11-1) and

nar distances are responsible for additional elongatiory;;.p) planes parallel to the mic®01) substrates. The epi-

Moreover, additional measurements done at hjghngles  taxial character of the PSP film is clearly confirmed by all
with higher resolution reveal the broadened reflections ag,yestigation methods used.

enhanced pole densities with clear maxima.

Based on the TED and XRD-PF studies we were able to This work was supported by the TMR-project EUROLED
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the substrate surface. Hence, we show only one of them—thihis work were performed within the Christian Doppler So-
(11-1) orientation. As demonstrated in Figiabthe long mo-  ciety’s dedicated laboratory on Plastic Solar Cells funded by
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