PHYSICAL REVIEW B VOLUME 61, NUMBER 24 15 JUNE 2000-II

Structure, morphology, and optical properties of highly ordered films of para-sexiphenyl
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We have investigated the properties of highly textured films of para-sexipheRy! (B1e films are obtained
by evaporation in high vacuum with different deposition rates and substrate temperatures. The crystal structure
is analyzed by x-ray and elastic electron diffraction. Depending on the evaporation conditions and on the
substrate pretreatment we find a marked texturing of the films. To better understand the growth conditions of
6P we have analyzed the film morphology by atomic force microscopy. The optical properties in the ultra-
violet and infrared range are studied as a function of the orientation of the molecules. This enables us to show
a strong anisotropy of absorption, luminescence, and luminescence excitation spectra. In order to gain a better
understanding of the optical-absorption spectrum of tRer@lecular crystals we have analyzed the properties
of films with chains oriented parallel and perpendicular to the substrate surface at low temperatures using a He
cryostat. Both orientation and temperature-dependent absorption experiments clearly show the very complex
nature of the low-energy absorption spectrum Bf @0 distinguish between intrinsic molecular properties and
the effects of the three-dimensional crystal structure we have compared the experimental results to highly
correlated post Hartree-Fock and to density functional thé@RT) calculations for isolated B molecules as
well as to angular dependent absorption spectra derived from DFT band structures.

[. INTRODUCTION spectral range and homogenous films can be obtained by
vacuum deposition.

There is a steadily growing technological interest in con- In order to improve the performance of any kind of de-
jugated organic materials due to the wide range of possiblgices and to achieve novel applications like diodes emitting
applications like light-emitting diodes(LED’s),' light-  polarized light (interesting e.g., for backlight applicatiors
emitting electrochemical celld.EC’s),?> photodiodes, solar detailed knowledge of the film growth as a function of sub-
cells? and also fully organic transistofsPhenylene based strate materials and evaporation conditions is essential. In
materials are especially interesting because of their higlthis context it is not the primary goal of the present paper to
quantum efficiencie® combined with emission in the blue focus on a systematic investigation of the growth condi-
spectral range interesting for LESand laser applicatior’s.  tions on various substrates as a function of deposition rate
They also allow the realization of red-green-blue full colorand temperaturéhis has been studied e.g., in Ref)1lt has
displays via color conversion techniqu@sPara-sexiphenyl rather been our intention to employ our knowledge about
(6P) plays a special role amongst those materials becausefitm growth in order to maximize the alignment of thé>6
can be synthesized and purified in a well-defined way, thehains relative to a preferred direction to obtain highly tex-
number of phenylene units along which theelectrons are tured films suitable for various kinds of orientation and po-
delocalized is large enough to yield emission in the bludarization dependent spectroscopic investigations, which al-
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TABLE |. Deposition conditions and resulting orientations for the investigateds&mples.

Average
Substrate evaporation rate  Substrate Average film Determined texturing of
Sample  material (A/min) temperature  thickness(nm)? chains
A NaCl 1-2 Ambient 120 Parallel to preferred
temperature direction induced by a pre-
oriented layer on substrate
B NaCl 1-2 150°C <190 72° tilted relative to film
surface
C quartz 1-2 100°C 123 72° tilteeberpendicular
to film surface
D quartz ~200 Ambient 88 Predominantly parallel to
temperature film surface

% or the films on the quartz substratéS,D) the film thickness has been determined with a Tolansky
interferometer, whereas the values for fillhandB correspond to the readings from the microbalance in our
evaporation setup. As the microbalance is not heated, the value obtained fBrddmonly be regarded as
an upper limit to the actual film thickness.

low a deeper insight into the physical properties of theA).8” This is achieved by first evaporating & 6ayer with a
molecular crystals. We have grown films on NaCl substratesthickness of about 5 nm. This film then is gently rubbed in
for which a quasiepitaxial growth can be observed and whiclbne direction with wiping paper and subsequently another
are also suitable to obtain samples witfP @€hains lying 110 nm of sexiphenyl are deposited. During the evaporation
parallel to the substrate surface in a direction induced by @rocess the sample is kept at ambient temperature, because it
rubbing proces§ Films of high optical quality are grown on has been shown that an increased substrate temperature fa-
quartz substrates. The significant degree of anisotropy in th@ors the alignment of the® chains perpendicular to the film
films is confirmed by x-ray and elastic electron diffraction syrfacé? resulting in a reduced anisotropy with respect to the
and by Fourier-transform infrare@TIR) spectroscopy. An  yybhing direction. In our studies we have used various kinds
investigation of the surface morphology ofP6layers'  of substrate materialdTO, quartz, NaCl but the highest
shows that, in contrast to the observations made for film%egrees of anisotropy have been obtained using a NaC' Crys-
deposited onto substrates held at room temperature, a layergg rubbing in the[100] crystal direction and selecting a
growth prevails on a NaCl crystal held at 150 °C not only atgeposition rate between 0.1 and 0.2 nm/min. In order to grow
the fiI’St m0n0|ayeI’S but alSO fOI’ relatively th|Ck f|ImS f||ms of h|gh 0ptica| qua“ty W|th Chains para”e' to the sur-

A dependence of the optical absorption spectrum Bf 6 face of the substrate but lacking an alignment in a certain
on the evaporation conditions has been reported in a numbgfirection, high evaporation rates and a quartz substrate are
of publications***and an evaluation of the directional de- chosen and the substrate is kept at room temperature during
pendence of the absorption spectrum has clearly shown thgie evaporation process. Chains preferentially aligned per-
this effect has to be attributed to different orientations of thependicular to the film surface are obtained at very low
molecular axes relative to the direction of the incidentgrowth rates on heated substrate&’ Free standing B films
light.** Similar experimental observations as foP éhave necessary for performing electron-diffraction experiments
been made for the model oligomers of piohjophene.">*®  are achieved by floating films off NaCl substrates in distilled
In this paper we more deeply investigate the optical properwater and fixing them to electron microscopy grids.
ties of 6P films by polarization and orientation dependent Ejastic electron-diffraction data are measured using the
experiments on highly ordered samples at various temperag\wy Dresden transmission electron energy-loss spectrom-
tures down to 8 K. The observed, strongly texture-dependendter. A detailed description of the experimental setup is
properties are compared to both molecule based and bangiven elsewheré® For x-ray diffraction a Siemens D 501
structure calculations highlighting the influence of stronglywide-angle x-ray diffractometer with Ni-filtered CuKra-
anisotropic optical constants on the shape of the absorptiogiation is used. In this context it has to be noted that the

spectra. electron-diffraction experiments are recorded in transmission
whereas x-ray diffraction is performed in a reflection geom-

Il EXPERIMENTAL AND THEORETICAL etry. T.heref_ore, the peaks that .for a certain texturing are
METHODOLOGY maximized in x-ray spectra vanish for electron diffraction

and vice versa. The morphology of the films is determined

For our investigations we use para-sexipheny?6rom  using a Nanoscope Il atomic force microsco@M) in
Tokyo Chemical Industries Co. Ltd. The material is evapo-tapping mode.
rated in high vacuum onto different substrates under various The absorption in the infrared range is investigated as a
evaporation conditions as is listed in Table I. Highly orderedfunction of polarization by a Bomem MB 102 FTIR spec-
films of 6P with the molecular axes pointing in a single trometer equipped with a gold wire-grid polarizer. Aniso-
direction parallel to the substrate surface have been obtaindtbpic optical absorption spectra in the ultravioletV/VIS)
by film growth on preoriented B nucleation centersfilm spectral range are recorded with a Perkin Elned two-
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beam spectrometer equipped with a Hanle prism depolarizex well-known effect in DFT result& Calculations of the

(to compensate for the intrinsic polarization of the mono-electron self-energies, however, have shown that for many
chromatoy and with a Glan Thompson prism polarizer. This materials the true quasiparticle bands differ from the LDA
polarizer limits the spectral range in the UV region to 300bands predominantly by a rigid upward shift of the conduc-
nm (4 e\/)_ For photo|uminescence emission and excitationtion bandél In addition to this, calculations for several p0|y-
spectra a 1000-W Osram Xe lamp and a Jobin Yvon doubl€nes have shown that a very good approximation for the
monochromator H 10 D UV together with a Hanle prism "élationship between the LDA energy gap and the experi-
depolarizer are used for the excitation. In order to record th&hental result is given by

polarized photoluminescence emission ofRfim the light

emitted from the backside of the sample is collected by an Egapioa)= 0-6Egagexperiment @)
?e‘);giltiggerrﬁgfogﬂiﬁz:grW'teZSi;5:&” v\\(/;;ﬁn:RHgfnoamgPsu Theref(_)re tr_le dielectric tensor_calculate_d from the band
R943-02 photomultiplier detector. The photomultiplier is structure is shifted by an appropriate ene(@ythe case of

protected from primary radiation by an edge filter. To polar—6p by 1.4 eV. This ”_‘Odif‘ed dielect_ric tenso_r_is subse-
tquently used to determine the absorption coefficient oPa 6

ize the exciting radiation and to analyze the emitted light, X .
glm as a function of the angle between the molecular axis

foil polarizers are used. The spectra are corrected for th h : .
spectral intensity distribution of the lamp and the wavelengttind the wave vector of the transmitted ligsee Refs. 14 and

dependent absorption of the substrate and the foil polarizer§.3)'

Polarization dependent optical transitions foP @nol-
ecules are calculated by an intermediate neglect of differen- . RESULTS AND DISCUSSION
tial overlap(INDO)® approach coupled to a single configu-
ration interaction(SCI) techniqué® to account for electron
correlation effects. The geometry of the molecule is calcu-
lated by the Hartree-Fock semiempirical Austin Model 1 Depending on the evaporation conditions? 6an adopt
(AM1) technique, which provides good estimates of geom+iwo crystallographic phasbgéa) in the following denoted by
etries and heats of formation for organic molecules in their3 and y. In the monoclinic8 phase the angle between the
ground staté! To account for packing effects in the solid molecular axis and thab plane is 72° and the dimensions of
state the inter-ring twist angles in the molecular calculationghe unit cell area=8.091A,b=5.568 A, c=26.241 A, and
are set to 18° according to the DFT based geometry optimithe monoclinic anglgd=98.17° (Ref. 34, see also Ref. 5
zations for the parent polymer pdpara-phenylenein Ref. A calculation of the positions of the diffraction peaks and
22 (instead of the 40° obtained for fully AM1 geometry op- intensities can be found in Ref. 36. In thephase the sex-
timized isolated oligophenylen®s For an inter-ring twist iphenyl chains are aligned perpendicular to tie plane,
angle fixed at 22.7° as derived from x-ray diffraction mainly resulting in a shift of the (0] reflections to lower
experiment& similar results are obtained. In addition to the scattering angle¥. The dimensions of the corresponding
calculations for isolated molecules we have performedrthorhombic unit cellcontaining twice the number of s
INDO/SCI based calculations for a variety of clusters con-molecules compared to the monoclinic ¢élave been deter-
taining up to six interacting B chains. mined to bea=7.76 A, b=5.53A, andc=54.6 A 38 The

To be able to estimate the influence of correlation effectdMiller indices, interplanar spacings, positions of the peaks in
in the ground state and to allow a consistent comparison afeciprocal space, relative intensities calculated for x-ray dif-
the results obtained for molecules and molecular clusterfraction at randomly distributed sexiphenyl crystallites, as
with those from DFT-based band-structure calculations, wevell as the angles between the corresponding vectors in re-
have also simulated the optical absorption of isolated andiprocal space and the sexiphenyl chains for ghghase are
interacting @ chains by molecule-based DFT methods. Duelisted in Table Il for the most intense maxima. In Table 11l
to the large size of the investigated systems the selfthose peaks are listed whose intensities are strongly in-
consistent field cycle is run with the Vosko-Wilk-Nusdir creased as a result of the texturing observed in sarAple
local potential. The nonlocal exchange and correlation enemdsing electron diffraction. In this context, it has to be men-
gies are then calculated as a perturbation on the convergdined that only a qualitative comparison of the intensities
local-density approximatiofLDA) density. Here the gener- calculated for x-ray diffraction with those measured by elas-
alized gradient approximation for the correlation functionaltic electron diffraction can be performed because of different
by Perdew and Wari§ and the gradient corrected exchangeform factors and increased multiple-scattering probabilities
functional by Beck& are used. Further methodological de- for electron diffraction.
tails are described in Ref. 28. The elastic electron diffraction spectra for samplare

In order to gain a better understanding of the influence oshown in Fig. 1 for various angles between the rubbing di-
three-dimensional(3D) interchain interaction effects, we rection and the direction of momentum transfer. In the curve
have compared experimental data and molecule-based simfor 0° the intensities of the (0D peaks are strongly en-
lations to the results of band-structure calculations for cryshanced compared to the values calculated for an isotropic
talline 6P. They are performed by applying the linearized sample(Table Il), whereas in the spectrum recorded with
augmented plane waveAPW) method within density func- momentum transfer perpendicular to the preferred orienta-
tional theory assuming a monoclinic space group with planation, these peaks are not resolved. This and the fact that the
6P chains in the unit ceft®3° For exchange and correlation (020) maximum is far more intense in the perpendicular ge-
effects LDA is used. An underestimation of the energy gap iometry, indicate a good arrangement of the sexiphenyl

A. Structure and texturing—elastic electron
and x-ray diffraction
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TABLE II. Most intense elastic-scattering peaks in an isotropic ALY LA AL
distribution of 6P crystallites. The intensities are calculated for 2
x-ray diffraction in theB phase using single-crystal dafeom Ref.

34). The details of the calculations are given in Ref. 36. The last
column gives the angle between the normal to the crystallographic
ab-plane and the orientation of the long axis of tledhains. Only

planes with high corresponding diffraction intensities are listed. 40°

(2010) }
@13) (11 7

(209)

2
Peak position Angle %
Miller Interplanar in reciprocal Relative relative to E
indices distance/A  space/A' intensity 6P chains 3
001 25.97 0.24 321 18° g
002 12.99 0.48 91 18° 2
110 4.57 1.37 97 76°
(111 4.57 1.38 1000 85°
(112 4.43 1.42 688 95°
006 4.33 1.45 102 18°
(203 3.85 1.63 765 90° [ A AT A3
(2193 3.17 1.99 606 90° 05 10 15 20 25 30 35

Momentum transfer (A-1)

chains parallel to the preferred direction induced by the wip- FIG. 1. Elastic electron-diffraction spectra of a highly-textured
ing process. To gain more insight into the orientation of thefilm of 6P grown on a preorientedf layer (film A from Table )
chains relative to the surface of the substrate we have meéoer various angles between the direction of momentum transfer and
sured the Bragg spectra for the sample being tilted around ahe preferred orientation induced by the rubbing process. The 0°
axis parallel to the film surface but perpendicular to the rub-scattering direction corresponds to momentum transfer in the rub-
bing direction. The strong dependence of a number of th&ing direction and the curve denoted by “perpendicular’ has been
peaks on this angle gives evidence of an alignment of the 6 recorded with the scattering vector perpendicular to that direction
chains parallel to the surface of the film with their axesbut still in the plane of the substrate. To record the spectra for
aligned parallel to the direction of the rubbing process. Fo@ngles higher than 0°, the sample i§ tilted in a way that _the vector of
example the(203 and (016) peaks at 1.82 and 1.847A momentum transfer no longer lies in the plane of the film.

have significantly increased intensities for the film being

tilted by 40°. This is in full agreement with the above pro- Elastic electron diffraction spectra for filBiare shown in
posed texturing, as the angles between the vectors corr&ig. 2. The intensity of th€020) maximum strongly depends
sponding to those maxima in reciprocal space and tRe 6 on the direction of momentum transfesee inset of Fig. 2
chains are 40° and 42°, respectively. A similar observation iFhe increased intensity of th@®20 peak for certain direc-
made for the(209), (2010), and (111) reflections, which tions compared to the calculated value in an isotropic sample
are most dominant in the spectrum measured for a tilt anglé€Table Ill) and the lack of intensity of the (0pmaxima are

of about 20° in good agreement with the calculated angles

between 15° and 22%ee Table lI). T .

(1)
(12)
TABLE Ill. Elastic-scattering peaks in B that are enhanced (110)

due to texturing(film A). The relative intensities for x-ray diffrac- r o
tion of an isotropic distribution of crystallite orientatiofsee Ref.
36) are given for comparative reasons.

Intensity

Position Angle
Miller Interplanar in reciprocal Relative relative to d
indices  spacing/A  space/A' intensities 6P chains

double scattering
(120) main peak

(003 8.66 0.73 41 18° : . , . . 1
(0049 6.49 0.97 24 18° 0.5 1.0 15 2.0 2.5 3.0 35
(005 5.19 1.21 23 18° Momentum transfer (A-1)
Eg (1) 2 232 12421 12 320 FIG. 2. Elastic electron-diffraction spectrum for aP_GfiIm

’ ’ . grown on a NaCl substrate at 150 °C with an evaporation rate of
213 2.93 2.14 44 50 about 1 A/min(film B in Table ). The upper spectrum is measured
020 2.78 2.26 9 90° for a momentum transfer direction for which tk@20 peak has a
(026 2.34 2.68 50 59° maximum (0°), whereas the lower spectrum is recorded-&°,
(209 2.20 2.86 1 15° where the(020 peak becomes a minimum. For all spectra shown in
(20190 2.05 3.06 23 13° this figure, the vector of momentum transfer lies in the plane of the
(1111 2.03 3.10 20 22° substrate. In the inset the dependence of(€@&9 intensity on the

direction of momentum transfer is shown.
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Investigations of liquid-crystalline materi4fhave shown
that the size of the region of coherent scattering in polymeric
materials can be a measure of the obtained conjugation
lengths essential to gain a deeper understanding of a materi-
al's photophysics. An x-ray line profile analysis performed

>
[ for 6P in Ref. 43 does, however, show that internal disorder
E plays only aminor rolein 6P molecular crystals. Therefore,
[’/'(0023.@03) o) it is reasonable to assume that the conjugation length in this
N material is determined by the size of the molecules. For films
sample D grown at ambient temperature and low-deposition (até

nm/min) (comparable to filmA of our investigations the

crystallite size is the main contribution to line broadening in
26 (deg) x-ray investigations. The typical crystallite size ranges from
40 to 150 nm. For films grown at elevated temperature—
substrate at 170 °C—no contribution of the crystallite size to
he width of the diffraction peaks has been observed, indi-

a deposition rate of about 200 A/misampleD). The broad maxi- cating regions of coherent scattering extending over several

mum around 21° is due to scattering in the amorphous quartz sugtm—compare Fig. @).

strate and the broad shoulder at low-diffraction angle results from
forward scattering in air. B. Morphology of 6P films on NaCl substrates

FIG. 3. X-ray diffraction spectra for B films deposited on
quartz substrates at 100°C with a deposition rate of 1 A/mi
(sampleC) and with the substrate held at ambient temperature an

o ) The morphologies of filmsA and B have been investi-
a strong indication for an alignment of ttad planes of the gated by tapping-mode AFM. The micrographs are shown in
crystallites parallel to the surface of the film. This resylts i”Figs. 4a) and 4b), respectively. As can be seen in Figay
an angle of 72° between the film surface and the sexiphenyhe nominally 120 nm thick filnA (value determined using a
chains in filmB for crystallites of thed phase and a perpen- mjcrobalancgexhibits no obvious morphological anisotropy
dicular alignment in they phase. Due to the reduced resolu- o the surface, although the molecular orientation is highly
tion of our electron diffraction experiments compared toanisotropic with @ chains lying parallel to the preferred
x-ray diffraction(see belowit is not possible to distinguish  girection induced by the rubbing process. One can observe
between these two phases. Strong maxima of @2€) peak gjstinct columnar grains with a typical diameter of 1200 A
are observed at angles of 0%5°), 135°, 180°, 225°, and nq the mean surface roughness is estimated to be smaller
315° (see inset of Fig. R This is an evidence for quasiepi- han 200 A. These observations are reminiscent of the mor-
taxial growth of & crystallites on the NaC({100 planes  phological features observed forP6films evaporated at
with their b axis parallel to th€100) and(110) directions as higher rates on a variety of substrates not covered by an
reported also in Ref. 39. Yas al** have also observed an order inducing layet™**In these films, like in sampl8, the
alignment of theb axis parallel to the(110 directions of  gp chains lie in a plane parallel to the surface of the sub-

various bec crystal substrates. The fact that there are nGyrate. Thus, columnar grains can be regarded as the charac-
maxima observed at 90° and 270° is a result of the reduceglyistic morphology of @ films with molecules lying paral-
resolution and sensitivity of the spectrometer in those direcjg| 1 the surface of the substrate regardless of any additional
tions. _ ) . texturing.

To determine UV/VIS properties ofl8we have also in- A totally different behavior is found for filnB, for which
vestigated thin films on quartz substratsampleC and  ihe substrate has been heated during the evaporéie
§ampleD_). Their structure is dgtermined by x-ray diffraction 15p)e ). Figure 4b) shows large, flat domains atop each
in reflection. The spectra obtained for sampland sample giher. A cross section reveals that the height of the terraces
D are shown in Fig. 3. At low-evaporation rates and high-cqresponds to the length of oné®@molecule, confirming
substrate temperaturesampleC) only the (00) reflections  he results of electron diffraction regarding the texturing of
have significant intensities. This shows that in this film thei,e film. The fact that we have been able to simultaneously
ab planes of the crystallites are parallel to the substrate sulspserve terraces corresponding to six monolayersPoih
face as in samplB.12 The double structure of the peaks is 83 width of approximately lum for each of the terraces
result of the polymorphism of sexiphenyl discussed abovggicates the well-defined growth of6for low-evaporation ’
(appearance oB and y phases An exact quantification of  ate5 and high-molecular mobilities resulting from an el-

the ratio of the two phases is not possible, as there are NQateq temperaturd 50 °Q during the evaporation process.
smgle_ crystal data f_or thez_ phase available in the literature. 11 large size of the crystallites in that filfnigger than the
For film D a texturing with the(11-1) and (11-2 planes a3 shown in the micrograpls in excellent agreement with

parallel to the substrate is dominant, which corresponds 3.5 from line profile analysis of aP6film evaporated at
sexiphenyl chains lying in a plane parallel to the film comparable conditiongsee above™?
surface! Additionally a portion of crystallites in the phase

with the molecular axes perpendicular to the substrate is con-
tained in the sample as is indicated by the strgn@021)
peak. These crystallites are presumably formed at the begin- The infrared absorption spectra of sampléor polariza-
ning of the deposition process, when the deposition rate ha#ons parallel and perpendicular to the rubbing direction and
not yet reached its steady-state value. of sampleB (measured without wire-grid polarizesre con-

C. Absorption in the infrared range
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o ™
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Losaelodenbdagd

1000

sample A - parallel

700 800 900 1000 1100 1200 1300 1400 1500
Wavenumber (cm-1)

FIG. 5. Infrared-absorption spectrum for a highly orderd® 6
film (sampleA) parallel and perpendicular to the preferred orienta-
tion and for a film with the molecular axis oriented quasiperpen-
dicular to the substrate surfaggampleB—measured without wire-
grid polarizey.

ties performed for a planar model of PPRef. 48 however
show that the 1480 cnt vibration involves also deforma-
tions of the C-C-H angles. The weaker peaks at 1000, 1402,
(b) and 1448 cm?, according to Refs. 45 and 46, are related to
deformations similar to the 1480 ¢crhmaximum.

As far as the polarizations of the transitions are concerned
the calculations in Ref. 45 indicate that the 1480-¢meak
corresponds to electric dipole moment oscillations in the di-
rection of the molecular axis and that the 813-¢rpeak is
polarized perpendicular. The fact that the maximum at 1480
cm tis very weak in filmB, in which the chain axes are
tilted by only 18° relative to the surface normal, as well as in
film A for a polarization perpendicular to the preferred ori-
entation of the molecular backbone, is in excellent agreement
with the theoretical predictions. The maximum at 1000
cm 1, is as well, polarized parallel to the molecular axis. The
813-cm ! mode, however, is also strongly excited, when the
incident radiation is polarized parallel to the molecular axes
(film A). The reason for that is not fully understood yet. One
possible explanation is that the vibration corresponding to
the 813 cm* peak also contains significant contributions of
in-plane motions possibly related to a deviation from the
planar geometry assumed in the calculations in Ref. 45.

D. Quantum chemical simulations and DFT
FIG. 4. (a) AFM micrograph of filmA, one side of the image band-structure calculations

corresponds to 1.am. The mean_surface roughness is est_imated I gain a more profound understanding of the UV/VIS
?heesinr:]z”(z LZ?Peioo /Z(b) tAF4M m'CTrﬁgrﬁp.h EI f”fmtﬁ’ Otne side of _ optical spectra and to assign the optically allowed transitions
mag ponds to 4/m. The height of the terraces ap in 6P molecules to excitations between specific electronic
proximately corresponds to the length of the folecules(28 A). ! . .
states, we have performed quantum-chemical simulations of
the absorption spectrum of6including electron correlation
tained in Fig. 5. The strongest maxima are situated at 758ffects via a configuration interactiof€l) approach. This
cm ! (attributed to the C-H out-of-plane bending vibration at approach proved very successful in describing the electronic
the monosubstituted phenylene rings terminating the sexproperties of neutral and doped oligophenylenes with vary-
iphenyl moleculg, at 813 cm? (related to C-H out-of-plane ing chain lengths and yields an excellent agreement between
deformation of the para-substituted ringsd at 1480 cm!,  the calculations and spectra measured in soldfiok.com-
the latter usually being attributed to C-C stretchingparison of molecule-based calculations and DFT band-
vibrations?>%® Similar spectra have been obtained for films structure derived optical absorption spectra with experimen-
deposited from polipara-phenylene(PPP powders!’ The-  tal data obtained for variousF6thin films, then allows to
oretical calculations of the normal modes and their intensidistinguish between features related to the intrinsic proper-
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--------- parallel
...... perpendicular
total

Absorption coefficient
Absorption coefficient

T ¥ T v . T T | T | ” .
3.0 35 4.0 4.5 5.0 55 6.0 6.5 45 5,

15 20 25 30 35 40
Energy (eV) Energy (eV)

0

GPFIS '.6' I.’\:]D(h)/SCI calculatect:l_ a.b S(()jrptr)tr;] spectrum Qf. aIS,IAnI\Ezlle FIG. 7. Total optical absorption spectrum of an isolatdel 6
chain with the geometry optimized at the semiempirica molecule calculated by density functional theory. The geometry is

level (the inter-ring twist angle being kept at 1&0r the electric- taken from Ref. 34 and subsequently refined by a geometry optimi-

field vector polarized parallel and perpendicular to the molecularza,[ion in the crystalline environment. In addition to the spectra

ai<|s. Ir? ag_dltlon 0 th? sdpectra obtaln_ed by_ ﬁ Ciaus&an broa;j_emn%btained by a Gaussian broadening, also the discrete excited state
also the discrete excited state energies with the corresponding 0l%hergies with the corresponding oscillator strengths are shown. The

cillator strengths are shown as bars. gap energy is strongly underestimated as it is usually observed for

. ) ]  DFT calculations.
ties of 6P molecules and effects resulting from interchain

interactions and the three-dimensional structure Bfréo-  tributions from excitations from the HOMO2 to the
lecular crystals. LUMO, from the HOMO-1 to the LUMO+ 1, and from the
The INDO/SCI derived absorption spectrum of @ fol-  HOMO to the LUMO+ 2. In the higher-energy range there is
ecule with an inter-ring twist angle of 18° is shown in Fig. 6. a maximum polarized perpendicular to the molecular axis,
When performing a quantitative comparison between the calwhich corresponds to a highly-correlated excited state con-
culated peak positions and experimental spectra it has to taining contributions of several transitions between localized
considered that interchain interactions result in a blueshift ond delocalized orbitals. Localized in this context means or-
the low-energy absorption feature as has been shown on thwtals with vanishing electron density at the C atoms forming
INDO/SCI level for phenylenevinylenéS. We have ob- the inter-ring bridges, whereas delocalized refers to states
served the same trend, when extending our calculations twith high-charge density at the bridging C atorAdhe par-
clusters of ® molecules? An investigation of the excited allel polarized peak at 6.2 eV can be attributed to transitions
states contributing to the absorption maxinibable 1V) between localized levefS.
shows that the lowest-energy transition is polarized parallel Molecule-based calculations carried out in the framework
to the molecular axis and dominated by a single configuraef density functional theory yield equivalent results, as is
tion, namely, a transition from the highest occupied molecushown in Fig. 7 for an isolatedR chain. They allow a more
lar orbital (HOMO) to the lowest unoccupied molecular or- direct comparison to the DFT-based band-structure calcula-
bital (LUMO). This justifies a characterization of that tions discussed below, because both methods rely on the
excitation process in a single-particle description as it is e.gsame theoretical framework. The molecular geometry here is
done below when applying density functional thedhyfhe  taken from Ref. 34 and in a second step refined by DFT-
calculations predict a second rather weak parallel polarizeased geometry optimizations in the crystalline environment
transition at 4.68 eV, which involves similarly weighted con- for a planar molecule—i.e., it is the same molecular geom-

TABLE IV. INDO/SCI transition energies, polarization relative to the molecular axis, oscillator strengths
and main CI expansion coefficients for the low-lying absorption peak®imith an interring twist angle set
to 18°.(H corresponds to the HOMO ardto the LUMO)

Oscillator
strength Main CI
Energy(eV) (arb. unitg Polarization expansion coefficients
3.65 2.87 I 0.89[H—L]-0.37fH—-1—L+1]
4.68 0.24 Il 0.64[H—L+2]+054H-1—L+1]
+0.41[H-2—L]
5.90 1.44 1 0.49[H—L+8]-0.39[H—8—L]
—0.3§H—L+6]+0.29[H—7—L+1]
6.20 2.44 I —0.41H-8—L+8]-0.3FH—-6—L+6]

—0.35[H-7—L+7]
—0.3§H-3—L+3]+0.35[H—5—-L+5]
+0.31[H—4—L+4]
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] molecule-based simulations shown in Figs. 6 and 7: There is
a pronounced peak between 3.5 and 4.0 eV and another
; \s maximum around 4.7 eV, for which the highest oscillator
o6 3 strengths are obtained, when the electric field is polarized
A parallel to the molecular axis®=90°); the maximum
around 5.5 eV is polarized perpendicular to the molecular
axis and at higher energies there are several intense peaks
polarized parallel. The consideration of the full three-
dimensional anisotropic nature of thd®>@molecular crystal
gives, however, rise to an effect that is not expected when
- ) , , relying on simple(e.g., molecule basg¢dmodels: For the
30 35 40 45 50 85 60 65 lowest-lying maximum a decrease of the angle between the
Energy (eV) direction of light propagation and the molecular ax@s
. . (which is accompanied by an increase of the angle between
FIG. 8. Dependence of the optical-absorption spectrumRf 6 the electric field and the chain directiotioes not only result

on the angle between the wave vector of the transmitted light and in a reduction of th illator strenath of the transition. but
the long molecular axis as derived from corresponding band- a reduction or the osciliator streng ’

structure data(Note: An angle of 90° between the molecular axis also _Ie_ad_s to a shift of the position of the peak. In th_'s con-

and the wave vector of the incident light corresponds to an optica‘ext it is important to point out that the obs_erved sh|ft_|s 5_1

transition moment parallel to theF6chains) To ease the compari- consequence of the complex wave propagation properties in-

son with experimental data, a Gaussian broadening with a full widttfluced by the marked anisotropy of the absorplrfg 1Bio-

at half maximum of 0.2 eV has been applied to the calculated dilecular crystaf® It is NOT related to a perpendicularly po-

electric functions. For the depicted absorption coefficients the plankarized maximum at slightly higher energies than the main

of polarization corresponds to the plane formed by the incident lighpeak (which could gain intensity upon decreasit, as

and the chain axis. there is no such transition infG This can be concluded from
the fact that fol® =0° there is virtually no absorption below

etry, which in the following is used for the band-structure 4-5 €V-
calculations(see Ref. 28 The calculated transition energies
are too low, as it has to be expected for DFT calculations ) )
(see methodology sectipnAccording to Eq.(1) the DFT E. Optical properties
derived HOMO-LUMO separation has to be increased by 1.5 The optical absorption spectra of the highly ordered film
eV, which then yields an absorption spectrum reminiscent o in the UV/VIS range are shown in Fig. 9 for room tem-
that obtained in the INDO/SCI calculations in Fig. 6. Like in perature(top) and at 8 K(bottom. They indicate a strong
the INDO/SCI calculations the lowest-excited state is charanisotropy of the transition matrix elements associated with
acterized by the HOMG:-LUMO transition. In the higher- the lowest-energy transitiofwell resolved as a peak at 3.35
energy range there is a large variety of excited states witleV in the low-temperature experimentss a function of the
significant oscillator strengths. In the INDO/SCI descriptionangle between the plane of polarization and the molecular
these excitations are coupled by configuration interactioraxis. This peak in the molecular picture can be attributed to
giving rise to the two states at 5.9 and 6.2 eV, respectivelyone of the vibronic bands of the first excitation dominated by
The very good agreement between the highly correlated transition from the HOMO to the LUMO. The INDO/SCI
INDO/SCI calculations and the molecule-based DFT simulasimulations as well as the DFT-based molecular- and band-
tions, especially in the low-energy region, are another indistructure calculations show that the lowest-energy transition
cation that band-structure calculations performed in a singleis polarized parallel to the molecular axes in agreement with
particle picture are a useful tool to both qualitatively and alsathe experimental observations. In this context it is important
guantitatively understand the optical properties of tife¢ 6 to point out that for the texturing determined for filly only
molecular crystals. the angle between the vector of the electric field and the
In order to properly describe absorption processes in amolecular axis changes, when varying the plane of polariza-
anisotropic medium and to fully consider the actual threetion. The angle between the molecular axis and the wave
dimensional structure of B molecular crystals, DFT band- vector of the incident light remains the same. This explains,
structure calculations, considering the periodicity of the in-why no shift of the peaks is observed in Fig. 9. The gradual
vestigated materials in all three dimensions of space, havenset of the spectra shown in Fig. 9 and the monotonous
been performed’ In this paper we present calculations of increase of the absorption coefficient at higher energies, are
the optical properties of B, which have been derived from related to scattering of light in the slightly opaque film
corresponding band-structure data. Following the relationgrown on the NaCl crystaffilm A).
ship between optical absorption and the dielectric tensor of The photoluminescence excitation and emission sp¥ctra
an anisotropic mediuffi (see e.g., Ref. 55 and the review for film A (measured at ambient temperajuage shown in
given in Ref. 33 the optical absorption spectrum oPéhas  Fig. 10 for excitation and emission polarizers, both parallel
been calculated as a function of the an@lebetween the (solid line) and both perpendiculddashed lingto the pre-
molecular axis and the wave vector of the transmitted fi§ht. ferred orientation of the B chains. The spectra show the
The results are shown in Fig. 8. very high anisotropy achieved in this film. So for example,
The principal features obtained from the band-structurghe photoluminescence emission intensity at 2.92 eV in the
calculations are equivalent to those derived from theparallel/parallel alignment is a factor of 9.2 higher than for
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FIG. 9. Optical absorption of a highly-oriented film oP6on
NaCl (sampleA) as a function of the angle between the polarization
of light and the chain direction measured at room temperdtap
and at 8 K(bottom).

both polarizers perpendicular to the chain axes. The high
anisotropy in the excitation spectrum is achieved at 3.41 e
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FIG. 11. Optical absorption of® films on quartz at 7 Kmea-
sured without polarizer to extend measuring range—see methodol-
ogy section. In film D the 6P molecular axes predominantly lie in
the plane of the substrate, whereas in filnthey are oriented
mainly perpendicular to if.The small step at 3.9 eV is an artifact of
the experimental set up and the low signal-to-noise ratio between
3.8 and 4.1 eV is a result of the low transmission of the sample in
that energy rangel(~0.5%).] The thickness of the films necessary
to determine the absolute values of the optical absorption has been
determined by a Tolansky interferometer.

in Fig. 9 and can also be regarded to be one of the reasons
for the deviations between the absorption and excitation
spectra in the higher-energy range.

To grow films with higher optical quality in order to bet-
ter resolve the actual shape of the spectra, quartz substrates
have been used. The absorption coefficients obtained for film
C and filmD at a temperaturef&? K are shown in Fig. 11
(spectra measured without polarizer to extend the measuring

clpnge—see methodology sectioAs the spectrum of filnD

S dominated by crystallites in which the sexiphenyl chains

At that energy the parallel/parallel excitation efficiency is a
factor of 6.6 higher than the perpendicular/perpendicula

lie in a plane parallel to the film surfadsee Sec. Il A a
strong contribution of transitions with transition dipole mo-
ments parallel or nearly parallel to the molecular axis is ob-

one. The only minor influence of scattering effects on exci-gored. Peaks and shoulders at 3.17. 3.38. 3.59. and 3.78 eV

tation spectra explains the relatively sharp onset of the exc

are well resolved. The maxima at 3.38, 3.59, and 3.78 eV can

tation profiles in Fig. 10 compared to the absorption Spectiyg regarded as vibronic replicas of the lowest-energy transi-

Luminescence intensity

Aousiole uoneyoxy

20 22 24 26 28 30 32 34 36 38
Energy (eV)

4.0

tion at 3.17 eV, with the 3.38 eV maximum corresponding to
the peak observed in sampfe An attribution of these fea-
tures to a vibronic progression is supported by the similar
energetic distances between the maxima. Theoretical calcu-
lations predict an intense Raman active mode for planar
(PPP between 0.200 and 0.206 &€¥which is related pre-
dominantly to C-C stretching vibrations involving all carbon
atoms of the molecule. Experimental Raman spectra yield a
slightly lower energy of 0.197 eV both forfsand PPP%>°

The strong coupling of this mode to the electronic transition,
which is emphasized by the relatively low intensity of the
0-0 transition with respect to the higher-lying replicas, indi-
cates a significant modification of the molecular backbone as
a result of the excitation process. This is due to the more

FIG. 10. Excitation and emission spectra of a highly ordergd 6 duinoidal character of the singlet excited stit@he slightly
film (sampleA) for excitation and emission polarizers both parallel higher energy observed in the vibronic progression of the

(solid line) and both perpendiculafdashed ling to the rubbing

absorption spectrum compared to the Raman data can be

direction. For the excitation spectra the emission energy is set t6Xplained by the fact that for an absorption process the cou-
2.76 eV(450 nn) and for the emission spectra the sample is excitedpling to vibrations of the singlet excited state is crucial,
at 3.44 eV(360 nm. The spectra are recorded at ambient temperawhereas Raman experiments probe the vibrational properties

ture.

of the ground state.
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The broad absorption spectrum if?@&nd 6T films com-  tion dipole moments of molecules at crystallographically in-
pared to planarized and isolated moiet@§%-%2can be ex- equivalent sites resulting from the herringbone alignment of
plained by several effectsi) In not chemically bridged ma- the chains in the unit cell leads to Davydov splitting. Recent
terials and systems that are not planarized by strains imposewmbined experimental and theoretféainvestigations for
by a matrix material, in addition to the stretching vibrations,sexithienyl (6T) have, however, shown that the Davydov
there is also a strong coupling to torsional vibrations. Theysplitting accounts for a very weak transition polarized per-
usually cannot be resolved experimentally due to the lowpendicular to the molecular axis, which is only 0.3 &¢Jow
energy of the associated phonons. These torsional vibratiortee dominant low-energy excitatiéd.The Davydov split-
then result in a smearing out of the vibronic structure origi-ting, therefore, cannot account for the 4.40-eV peak seen in
nating from the stretching vibrationgii) The electronic the absorption spectra off6films with molecular axes qua-
bands in molecular crystals involved in the absorption prosiperpendicular to the substrate surféEay. 11).
cess have a finite width due to the three-dimensional geomet-
ric structure, whereas in isolated molecules one is dealing IV. CONCLUSIONS
with electronic transitions between discrete molecular levels.

(ili) The actual absorption spectrum of a molecular crystal By varying the deposition conditions off6on a number

strongly depends on the orientation of the crystallites and i?f su_bstrate_s we_ha\_/e obtained hlghly_ textured thin films
influenced by the complex dielectric properties of the Opti_allowmg an investigation of the polarization dependent prop-

cally anisotropic systems as shown in Fig(i8) Due to the erties of that mate'fia'- E_vaporgtingPBat low rates onto
presence of two inequivalent chains in the &s well as in heated substrates yields films with the molecular axes nearly

the 6T unit cells, both the conduction and valence bands argerpendmular to the film surface. For such samples AFM

split. Therefore, the absorption spectrum is a superpositio vestigations show a layered film grow.th. For substrates
of the transitions between these bands. The band-structu ptat room temperatl_.lfe thePGnoIecu_Ies lie paraII(_aI to the
calculations in Ref. 29 also indicate that the gap betweeﬁUbStrate and a deposition on a preorientBddyer yields a

electronic states with a wave-number vector perpendicular t |ght_degre§ oflamsot.tropé/ as sgovxén”:\t)y tt)alastltq electron ”d'f'
the molecular axis at the borders of the first Brillouin zone is' ac1On and polarization dependent Ik absorption as well as
comparable to that at thE point (wave vector0). These photoluminescence excitation and emission measurements in

“broadening effects” and the resulting complex nature ofthe_l_\r/:SibI;wa rang(;z.th b i ira st v d d
the broad absorption feature imply that one cannot directl){h € shape of In€ absorplion Spectra strongly depends on

compare the intensities of the different vibronic peaks to de- oe; Etii%trl:a*;igﬂr“enn%e?;sth(ﬁez:rl Ehﬂalfr?;ko?hg?gfvgig;:?
termine, for example, the Huang-Rhys parameter related t P y 9y

the C-C stretching vibrations, ransition is polarized parallel to the molecular axis, in full

The absorption spectrum of fil@ in Fig. 11 completely agreement with molecule-based c_alculations. Electron-
lacks the transition at 3.17 eV and its vibronic progressionenergy'loss spectrosCoffEELS) experiments and simula-

Instead there is a peak at 4.40 eV, for which there is m_‘}ions of the inelastic-scattering spectra indicate that the basic

equivalence in the molecular éimulatil)ns in Figs. 6 andr7 electronic structure of molecular crystals can be derived from
, - : ' the properties of the individual building block® A de-

the molecular picture all transitions below 5.9 eV are polar-

ized in the direction of the B chains) However, the calcu- tailed analysis of the absorption spectra, however, shows that

lations in Fig. 8 predict an absorption in that energy rangethelr shape is significantly influenced by bulk effects. The

for low angles between the direction of the wave vector and ngﬁgliz?\g S:;Vggeonn tgifﬁgﬁg?;ﬁ:ﬁhfeatésiﬂg ;E(e)(\;vrsettlﬁglc
the molecular axis. This is a consequence of the shift of th

low-energy peak upon decreasifigin Fig. 8. The observa- e different absorption spectra for sexiphenyl films evapo-

tions are consistent with the results of the x-ray diffractionri?‘.ted unde; \r/]ar|ou§ ﬁondlltu?]ns. arela' conser?ugnce .Of tr;e
studies described above, which for filnpredict for part of Swgri]r?;iednefnqc I? ﬁtsexm enyl chains relative to the direction o
the crystallites a tilt angle of 18° between thE énolecular gnt.
axes and the surface normi@ phasé.®® According to Fig. 8
the 6P chains crystallized in the phase do not contribute to
the low-energy part of the absorption spectrum. The lack of We acknowledge the financial support by a Doktoranden-
any vibronic structure of the 4.40 eV peak is in marked con-stipendium of the Austrian Academy of Science, by the Spe-
trast to the properties of the lower-lying excitations in filln  zialforschungsbereich Elektroaktive Stoffe of the Austrian
The fact that depending on the orientation of conjugated-onds zur Faderung der wissenschaftlichen Forschung and
organic molecules in thin films, strong differences of theby a Faderungsstipendium of the Technische Univétsita
absorption spectrum are observed, has also been explain@&taz. We are also indebted to G. Jakopic for fruitful discus-
by exciton interactions between neighboring molecules in thaions and to G. Meinhardt, K. Reichmann, and W. Lukas for
crystalline environmen The coupling between the transi- their support.
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