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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-sexiphenyl (6P). The 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 the 6P molecular 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 of 6P. To 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 theory~DFT! calculations for isolated 6P molecules as
well as to angular dependent absorption spectra derived from DFT band structures.
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I. INTRODUCTION

There is a steadily growing technological interest in co
jugated organic materials due to the wide range of poss
applications like light-emitting diodes~LED’s!,1 light-
emitting electrochemical cells~LEC’s!,2 photodiodes, solar
cells,3 and also fully organic transistors.4 Phenylene based
materials are especially interesting because of their h
quantum efficiencies5,6 combined with emission in the blu
spectral range interesting for LED7,8 and laser applications.9

They also allow the realization of red-green-blue full co
displays via color conversion techniques.10 Para-sexipheny
(6P) plays a special role amongst those materials becau
can be synthesized and purified in a well-defined way,
number of phenylene units along which thep electrons are
delocalized is large enough to yield emission in the b
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spectral range and homogenous films can be obtained
vacuum deposition.

In order to improve the performance of any kind of d
vices and to achieve novel applications like diodes emitt
polarized light8 ~interesting e.g., for backlight applications! a
detailed knowledge of the film growth as a function of su
strate materials and evaporation conditions is essentia
this context it is not the primary goal of the present paper
focus on a systematic investigation of the 6P growth condi-
tions on various substrates as a function of deposition
and temperature~this has been studied e.g., in Ref. 11!. It has
rather been our intention to employ our knowledge ab
film growth in order to maximize the alignment of the 6P
chains relative to a preferred direction to obtain highly te
tured films suitable for various kinds of orientation and p
larization dependent spectroscopic investigations, which
16 538 ©2000 The American Physical Society
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TABLE I. Deposition conditions and resulting orientations for the investigated 6P samples.

Sample
Substrate
material

Average
evaporation rate

~Å/min!
Substrate

temperature
Average film

thickness~nm!a
Determined texturing of

chains

A NaCl 1–2 Ambient
temperature

120 Parallel to preferred
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° tilted1perpendicular
to film surface

D quartz ;200 Ambient
temperature

88 Predominantly parallel to
film surface

aFor the films on the quartz substrates~C,D! the film thickness has been determined with a Tolans
interferometer, whereas the values for filmsA andB correspond to the readings from the microbalance in
evaporation setup. As the microbalance is not heated, the value obtained for filmB can only be regarded a
an upper limit to the actual film thickness.
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low a deeper insight into the physical properties of t
molecular crystals. We have grown films on NaCl substra
for which a quasiepitaxial growth can be observed and wh
are also suitable to obtain samples with 6P chains lying
parallel to the substrate surface in a direction induced b
rubbing process.8 Films of high optical quality are grown on
quartz substrates. The significant degree of anisotropy in
films is confirmed by x-ray and elastic electron diffractio
and by Fourier-transform infrared~FTIR! spectroscopy. An
investigation of the surface morphology of 6P layers11

shows that, in contrast to the observations made for fi
deposited onto substrates held at room temperature, a lay
growth prevails on a NaCl crystal held at 150 °C not only
the first monolayers but also for relatively thick films.

A dependence of the optical absorption spectrum ofP
on the evaporation conditions has been reported in a num
of publications12–14 and an evaluation of the directional d
pendence of the absorption spectrum has clearly shown
this effect has to be attributed to different orientations of
molecular axes relative to the direction of the incide
light.14 Similar experimental observations as for 6P have
been made for the model oligomers of poly~thiophene!.15,16

In this paper we more deeply investigate the optical prop
ties of 6P films by polarization and orientation depende
experiments on highly ordered samples at various temp
tures down to 8 K. The observed, strongly texture-depend
properties are compared to both molecule based and b
structure calculations highlighting the influence of strong
anisotropic optical constants on the shape of the absorp
spectra.

II. EXPERIMENTAL AND THEORETICAL
METHODOLOGY

For our investigations we use para-sexiphenyl (6P) from
Tokyo Chemical Industries Co. Ltd. The material is evap
rated in high vacuum onto different substrates under vari
evaporation conditions as is listed in Table I. Highly order
films of 6P with the molecular axes pointing in a sing
direction parallel to the substrate surface have been obta
by film growth on preoriented 6P nucleation centers~film
s,
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A!.8,17 This is achieved by first evaporating a 6P layer with a
thickness of about 5 nm. This film then is gently rubbed
one direction with wiping paper and subsequently anot
110 nm of sexiphenyl are deposited. During the evapora
process the sample is kept at ambient temperature, becau
has been shown that an increased substrate temperatu
vors the alignment of the 6P chains perpendicular to the film
surface11 resulting in a reduced anisotropy with respect to t
rubbing direction. In our studies we have used various kin
of substrate materials~ITO, quartz, NaCl! but the highest
degrees of anisotropy have been obtained using a NaCl c
tal rubbing in the@100# crystal direction and selecting
deposition rate between 0.1 and 0.2 nm/min. In order to gr
films of high optical quality with chains parallel to the su
face of the substrate but lacking an alignment in a cert
direction, high evaporation rates and a quartz substrate
chosen and the substrate is kept at room temperature du
the evaporation process. Chains preferentially aligned p
pendicular to the film surface are obtained at very lo
growth rates on heated substrates.11,12Free standing 6P films
necessary for performing electron-diffraction experime
are achieved by floating films off NaCl substrates in distill
water and fixing them to electron microscopy grids.

Elastic electron-diffraction data are measured using
IFW Dresden transmission electron energy-loss spectr
eter. A detailed description of the experimental setup
given elsewhere.18 For x-ray diffraction a Siemens D 50
wide-angle x-ray diffractometer with Ni-filtered CuKa ra-
diation is used. In this context it has to be noted that
electron-diffraction experiments are recorded in transmiss
whereas x-ray diffraction is performed in a reflection geo
etry. Therefore, the peaks that for a certain texturing
maximized in x-ray spectra vanish for electron diffractio
and vice versa. The morphology of the films is determin
using a Nanoscope III atomic force microscope~AFM! in
tapping mode.

The absorption in the infrared range is investigated a
function of polarization by a Bomem MB 102 FTIR spe
trometer equipped with a gold wire-grid polarizer. Anis
tropic optical absorption spectra in the ultraviolet~UV/VIS!
spectral range are recorded with a Perkin Elmerl-9 two-
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beam spectrometer equipped with a Hanle prism depolar
~to compensate for the intrinsic polarization of the mon
chromator! and with a Glan Thompson prism polarizer. Th
polarizer limits the spectral range in the UV region to 3
nm ~4 eV!. For photoluminescence emission and excitat
spectra a 1000-W Osram Xe lamp and a Jobin Yvon dou
monochromator H 10 D UV together with a Hanle pris
depolarizer are used for the excitation. In order to record
polarized photoluminescence emission of a 6P film the light
emitted from the backside of the sample is collected by
optical fiber and analyzed with a Jobin Yvon HR 640 hig
resolution monochromator equipped with a Hamama
R943-02 photomultiplier detector. The photomultiplier
protected from primary radiation by an edge filter. To pol
ize the exciting radiation and to analyze the emitted lig
foil polarizers are used. The spectra are corrected for
spectral intensity distribution of the lamp and the wavelen
dependent absorption of the substrate and the foil polariz

Polarization dependent optical transitions for 6P mol-
ecules are calculated by an intermediate neglect of diffe
tial overlap~INDO!19 approach coupled to a single config
ration interaction~SCI! technique20 to account for electron
correlation effects. The geometry of the molecule is cal
lated by the Hartree-Fock semiempirical Austin Model
~AM1! technique, which provides good estimates of geo
etries and heats of formation for organic molecules in th
ground state.21 To account for packing effects in the sol
state the inter-ring twist angles in the molecular calculatio
are set to 18° according to the DFT based geometry opt
zations for the parent polymer poly~para-phenylene! in Ref.
22 ~instead of the 40° obtained for fully AM1 geometry o
timized isolated oligophenylenes23!. For an inter-ring twist
angle fixed at 22.7° as derived from x-ray diffractio
experiments24 similar results are obtained. In addition to th
calculations for isolated molecules we have perform
INDO/SCI based calculations for a variety of clusters co
taining up to six interacting 6P chains.

To be able to estimate the influence of correlation effe
in the ground state and to allow a consistent comparison
the results obtained for molecules and molecular clus
with those from DFT-based band-structure calculations,
have also simulated the optical absorption of isolated
interacting 6P chains by molecule-based DFT methods. D
to the large size of the investigated systems the s
consistent field cycle is run with the Vosko-Wilk-Nusair25

local potential. The nonlocal exchange and correlation en
gies are then calculated as a perturbation on the conve
local-density approximation~LDA ! density. Here the gener
alized gradient approximation for the correlation function
by Perdew and Wang26 and the gradient corrected exchan
functional by Becke27 are used. Further methodological d
tails are described in Ref. 28.

In order to gain a better understanding of the influence
three-dimensional~3D! interchain interaction effects, w
have compared experimental data and molecule-based s
lations to the results of band-structure calculations for cr
talline 6P. They are performed by applying the linearize
augmented plane wave~LAPW! method within density func-
tional theory assuming a monoclinic space group with pla
6P chains in the unit cell.29,30 For exchange and correlatio
effects LDA is used. An underestimation of the energy ga
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a well-known effect in DFT results.22 Calculations of the
electron self-energies, however, have shown that for m
materials the true quasiparticle bands differ from the LD
bands predominantly by a rigid upward shift of the condu
tion bands.31 In addition to this, calculations for several poly
enes have shown that a very good approximation for
relationship between the LDA energy gap and the exp
mental result is given by:32

Egap~LDA !50.6Egap~experiment!. ~1!

Therefore the dielectric tensor calculated from the ba
structure is shifted by an appropriate energy~in the case of
6P by 1.4 eV!. This modified dielectric tensor is subse
quently used to determine the absorption coefficient of aP
film as a function of the angle between the molecular a
and the wave vector of the transmitted light~see Refs. 14 and
33!.

III. RESULTS AND DISCUSSION

A. Structure and texturing—elastic electron
and x-ray diffraction

Depending on the evaporation conditions, 6P can adopt
two crystallographic phases12~a! in the following denoted by
b and g. In the monoclinicb phase the angle between th
molecular axis and theab plane is 72° and the dimensions o
the unit cell area58.091 Å, b55.568 Å, c526.241 Å, and
the monoclinic angleb598.17° ~Ref. 34, see also Ref. 35!.
A calculation of the positions of the diffraction peaks a
intensities can be found in Ref. 36. In theg phase the sex-
iphenyl chains are aligned perpendicular to theab plane,
mainly resulting in a shift of the (00l ) reflections to lower
scattering angles.37 The dimensions of the correspondin
orthorhombic unit cell~containing twice the number of 6P
molecules compared to the monoclinic cell! have been deter
mined to bea57.76 Å, b55.53 Å, andc554.6 Å.38 The
Miller indices, interplanar spacings, positions of the peaks
reciprocal space, relative intensities calculated for x-ray d
fraction at randomly distributed sexiphenyl crystallites,
well as the angles between the corresponding vectors in
ciprocal space and the sexiphenyl chains for theb phase are
listed in Table II for the most intense maxima. In Table
those peaks are listed whose intensities are strongly
creased as a result of the texturing observed in sampA
using electron diffraction. In this context, it has to be me
tioned that only a qualitative comparison of the intensit
calculated for x-ray diffraction with those measured by el
tic electron diffraction can be performed because of differ
form factors and increased multiple-scattering probabilit
for electron diffraction.

The elastic electron diffraction spectra for sampleA are
shown in Fig. 1 for various angles between the rubbing
rection and the direction of momentum transfer. In the cu
for 0° the intensities of the (00l ) peaks are strongly en
hanced compared to the values calculated for an isotro
sample~Table II!, whereas in the spectrum recorded wi
momentum transfer perpendicular to the preferred orien
tion, these peaks are not resolved. This and the fact tha
~020! maximum is far more intense in the perpendicular g
ometry, indicate a good arrangement of the sexiphe
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chains parallel to the preferred direction induced by the w
ing process. To gain more insight into the orientation of
chains relative to the surface of the substrate we have m
sured the Bragg spectra for the sample being tilted aroun
axis parallel to the film surface but perpendicular to the r
bing direction. The strong dependence of a number of
peaks on this angle gives evidence of an alignment of theP
chains parallel to the surface of the film with their ax
aligned parallel to the direction of the rubbing process. F
example the~203! and ~016! peaks at 1.82 and 1.84 Å21

have significantly increased intensities for the film bei
tilted by 40°. This is in full agreement with the above pr
posed texturing, as the angles between the vectors co
sponding to those maxima in reciprocal space and theP
chains are 40° and 42°, respectively. A similar observatio
made for the~209!, (2010), and (1111) reflections, which
are most dominant in the spectrum measured for a tilt an
of about 20° in good agreement with the calculated ang
between 15° and 22°~see Table III!.

TABLE II. Most intense elastic-scattering peaks in an isotro
distribution of 6P crystallites. The intensities are calculated f
x-ray diffraction in theb phase using single-crystal data~from Ref.
34!. The details of the calculations are given in Ref. 36. The l
column gives the angle between the normal to the crystallogra
ab-plane and the orientation of the long axis of the 6P chains. Only
planes with high corresponding diffraction intensities are listed.

Miller
indices

Interplanar
distance/Å

Peak position
in reciprocal
space/Å21

Relative
intensity

Angle
relative to
6P chains

~0 0 1! 25.97 0.24 321 18°
~0 0 2! 12.99 0.48 91 18°
~1 1 0! 4.57 1.37 97 76°
(1 1 1I ) 4.57 1.38 1000 85°
(1 1 2I ) 4.43 1.42 688 95°
~0 0 6! 4.33 1.45 102 18°
(2 0 3I ) 3.85 1.63 765 90°
(2 1 3I ) 3.17 1.99 606 90°

TABLE III. Elastic-scattering peaks in 6P that are enhanced
due to texturing~film A!. The relative intensities for x-ray diffrac
tion of an isotropic distribution of crystallite orientations~see Ref.
36! are given for comparative reasons.

Miller
indices

Interplanar
spacing/Å

Position
in reciprocal
space/Å21

Relative
intensities

Angle
relative to
6P chains

~0 0 3! 8.66 0.73 41 18°
~0 0 4! 6.49 0.97 24 18°
~0 0 5! 5.19 1.21 23 18°
~2 0 3! 3.45 1.82 19 40°
~0 1 6! 3.42 1.84 16 42°
~2 1 3! 2.93 2.14 44 50°
~0 2 0! 2.78 2.26 9 90°
~0 2 6! 2.34 2.68 50 59°
~2 0 9! 2.20 2.86 11 15°
(2 0 10I) 2.05 3.06 23 13°
(1 1 11I) 2.03 3.10 20 22°
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Elastic electron diffraction spectra for filmB are shown in
Fig. 2. The intensity of the~020! maximum strongly depend
on the direction of momentum transfer~see inset of Fig. 2!.
The increased intensity of the~020! peak for certain direc-
tions compared to the calculated value in an isotropic sam
~Table III! and the lack of intensity of the (00l ) maxima are

t
ic

FIG. 1. Elastic electron-diffraction spectra of a highly-textur
film of 6P grown on a preoriented 6P layer ~film A from Table I!
for various angles between the direction of momentum transfer
the preferred orientation induced by the rubbing process. The
scattering direction corresponds to momentum transfer in the
bing direction and the curve denoted by ‘‘perpendicular’’ has be
recorded with the scattering vector perpendicular to that direc
but still in the plane of the substrate. To record the spectra
angles higher than 0°, the sample is tilted in a way that the vecto
momentum transfer no longer lies in the plane of the film.

FIG. 2. Elastic electron-diffraction spectrum for a 6P film
grown on a NaCl substrate at 150 °C with an evaporation rate
about 1 Å/min~film B in Table I!. The upper spectrum is measure
for a momentum transfer direction for which the~020! peak has a
maximum ~0°!, whereas the lower spectrum is recorded at25°,
where the~020! peak becomes a minimum. For all spectra shown
this figure, the vector of momentum transfer lies in the plane of
substrate. In the inset the dependence of the~020! intensity on the
direction of momentum transfer is shown.
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a strong indication for an alignment of theab planes of the
crystallites parallel to the surface of the film. This results
an angle of 72° between the film surface and the sexiphe
chains in filmB for crystallites of theb phase and a perpen
dicular alignment in theg phase. Due to the reduced resol
tion of our electron diffraction experiments compared
x-ray diffraction~see below! it is not possible to distinguish
between these two phases. Strong maxima of the~020! peak
are observed at angles of 0°,~45°!, 135°, 180°, 225°, and
315° ~see inset of Fig. 2!. This is an evidence for quasiep
taxial growth of 6P crystallites on the NaCl~100! planes
with their b axis parallel to thê100& and^110& directions as
reported also in Ref. 39. Yaseet al.40 have also observed a
alignment of theb axis parallel to thê 110& directions of
various bcc crystal substrates. The fact that there are
maxima observed at 90° and 270° is a result of the redu
resolution and sensitivity of the spectrometer in those dir
tions.

To determine UV/VIS properties of 6P we have also in-
vestigated thin films on quartz substrates~sample C and
sampleD!. Their structure is determined by x-ray diffractio
in reflection. The spectra obtained for sampleC and sample
D are shown in Fig. 3. At low-evaporation rates and hig
substrate temperatures~sampleC! only the (00l ) reflections
have significant intensities. This shows that in this film t
ab planes of the crystallites are parallel to the substrate
face as in sampleB.12 The double structure of the peaks is
result of the polymorphism of sexiphenyl discussed ab
~appearance ofb and g phases!. An exact quantification of
the ratio of the two phases is not possible, as there are
single crystal data for theg phase available in the literature
For film D a texturing with the~11-1! and ~11-2! planes
parallel to the substrate is dominant, which correspond
sexiphenyl chains lying in a plane parallel to the fil
surface.41 Additionally a portion of crystallites in theg phase
with the molecular axes perpendicular to the substrate is c
tained in the sample as is indicated by the strongg ~001!
peak. These crystallites are presumably formed at the be
ning of the deposition process, when the deposition rate
not yet reached its steady-state value.

FIG. 3. X-ray diffraction spectra for 6P films deposited on
quartz substrates at 100 °C with a deposition rate of 1 Å/m
~sampleC! and with the substrate held at ambient temperature
a deposition rate of about 200 Å/min~sampleD!. The broad maxi-
mum around 21° is due to scattering in the amorphous quartz
strate and the broad shoulder at low-diffraction angle results f
forward scattering in air.
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Investigations of liquid-crystalline materials42 have shown
that the size of the region of coherent scattering in polyme
materials can be a measure of the obtained conjuga
lengths essential to gain a deeper understanding of a ma
al’s photophysics. An x-ray line profile analysis perform
for 6P in Ref. 43 does, however, show that internal disord
plays only aminor role in 6P molecular crystals. Therefore
it is reasonable to assume that the conjugation length in
material is determined by the size of the molecules. For fil
grown at ambient temperature and low-deposition rate~0.6
nm/min! ~comparable to filmA of our investigations! the
crystallite size is the main contribution to line broadening
x-ray investigations. The typical crystallite size ranges fro
40 to 150 nm. For films grown at elevated temperature
substrate at 170 °C—no contribution of the crystallite size
the width of the diffraction peaks has been observed, in
cating regions of coherent scattering extending over sev
mm—compare Fig. 4~b!.

B. Morphology of 6P films on NaCl substrates

The morphologies of filmsA and B have been investi-
gated by tapping-mode AFM. The micrographs are shown
Figs. 4~a! and 4~b!, respectively. As can be seen in Fig. 4~a!,
the nominally 120 nm thick filmA ~value determined using a
microbalance! exhibits no obvious morphological anisotrop
on the surface, although the molecular orientation is hig
anisotropic with 6P chains lying parallel to the preferre
direction induced by the rubbing process. One can obse
distinct columnar grains with a typical diameter of 1200
and the mean surface roughness is estimated to be sm
than 200 Å. These observations are reminiscent of the m
phological features observed for 6P films evaporated at
higher rates on a variety of substrates not covered by
order inducing layer.11,44 In these films, like in sampleA, the
6P chains lie in a plane parallel to the surface of the su
strate. Thus, columnar grains can be regarded as the ch
teristic morphology of 6P films with molecules lying paral-
lel to the surface of the substrate regardless of any additio
texturing.

A totally different behavior is found for filmB, for which
the substrate has been heated during the evaporation~see
Table I!. Figure 4~b! shows large, flat domains atop eac
other. A cross section reveals that the height of the terra
corresponds to the length of one 6P molecule, confirming
the results of electron diffraction regarding the texturing
the film. The fact that we have been able to simultaneou
observe terraces corresponding to six monolayers of 6P with
a width of approximately 1mm for each of the terraces
indicates the well-defined growth of 6P for low-evaporation
rates and high-molecular mobilities resulting from an
evated temperature~150 °C! during the evaporation proces
The large size of the crystallites in that film~bigger than the
area shown in the micrograph! is in excellent agreement with
results from line profile analysis of a 6P film evaporated at
comparable conditions~see above!.43

C. Absorption in the infrared range

The infrared absorption spectra of sampleA for polariza-
tions parallel and perpendicular to the rubbing direction a
of sampleB ~measured without wire-grid polarizer! are con-
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tained in Fig. 5. The strongest maxima are situated at
cm21 ~attributed to the C-H out-of-plane bending vibration
the monosubstituted phenylene rings terminating the s
iphenyl molecule!, at 813 cm21 ~related to C-H out-of-plane
deformation of the para-substituted rings! and at 1480 cm21,
the latter usually being attributed to C-C stretchi
vibrations.45,46 Similar spectra have been obtained for film
deposited from poly~para-phenylene! ~PPP! powders.47 The-
oretical calculations of the normal modes and their inten

FIG. 4. ~a! AFM micrograph of filmA, one side of the image
corresponds to 1.5mm. The mean surface roughness is estimated
be smaller than 200 Å.~b! AFM micrograph of filmB, one side of
the image corresponds to 4.5mm. The height of the terraces ap
proximately corresponds to the length of the 6P molecules~28 Å!.
9
t
x-

i-

ties performed for a planar model of PPP~Ref. 48! however
show that the 1480 cm21 vibration involves also deforma
tions of the C-C-H angles. The weaker peaks at 1000, 14
and 1448 cm21, according to Refs. 45 and 46, are related
deformations similar to the 1480 cm21 maximum.

As far as the polarizations of the transitions are concer
the calculations in Ref. 45 indicate that the 1480-cm21 peak
corresponds to electric dipole moment oscillations in the
rection of the molecular axis and that the 813-cm21 peak is
polarized perpendicular. The fact that the maximum at 14
cm21 is very weak in filmB, in which the chain axes are
tilted by only 18° relative to the surface normal, as well as
film A for a polarization perpendicular to the preferred o
entation of the molecular backbone, is in excellent agreem
with the theoretical predictions. The maximum at 10
cm21, is as well, polarized parallel to the molecular axis. T
813-cm21 mode, however, is also strongly excited, when t
incident radiation is polarized parallel to the molecular ax
~film A!. The reason for that is not fully understood yet. O
possible explanation is that the vibration corresponding
the 813 cm21 peak also contains significant contributions
in-plane motions possibly related to a deviation from t
planar geometry assumed in the calculations in Ref. 45.

D. Quantum chemical simulations and DFT
band-structure calculations

To gain a more profound understanding of the UV/V
optical spectra and to assign the optically allowed transiti
in 6P molecules to excitations between specific electro
states, we have performed quantum-chemical simulation
the absorption spectrum of 6P including electron correlation
effects via a configuration interaction~CI! approach. This
approach proved very successful in describing the electro
properties of neutral and doped oligophenylenes with va
ing chain lengths and yields an excellent agreement betw
the calculations and spectra measured in solution.23 A com-
parison of molecule-based calculations and DFT ba
structure derived optical absorption spectra with experim
tal data obtained for various 6P thin films, then allows to
distinguish between features related to the intrinsic prop

o

FIG. 5. Infrared-absorption spectrum for a highly ordered 6P
film ~sampleA! parallel and perpendicular to the preferred orien
tion and for a film with the molecular axis oriented quasiperpe
dicular to the substrate surface~sampleB—measured without wire-
grid polarizer!.
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ties of 6P molecules and effects resulting from intercha
interactions and the three-dimensional structure of 6P mo-
lecular crystals.

The INDO/SCI derived absorption spectrum of a 6P mol-
ecule with an inter-ring twist angle of 18° is shown in Fig.
When performing a quantitative comparison between the
culated peak positions and experimental spectra it has t
considered that interchain interactions result in a blueshif
the low-energy absorption feature as has been shown on
INDO/SCI level for phenylenevinylenes.49 We have ob-
served the same trend, when extending our calculation
clusters of 6P molecules.50 An investigation of the excited
states contributing to the absorption maxima~Table IV!
shows that the lowest-energy transition is polarized para
to the molecular axis and dominated by a single configu
tion, namely, a transition from the highest occupied mole
lar orbital ~HOMO! to the lowest unoccupied molecular o
bital ~LUMO!. This justifies a characterization of tha
excitation process in a single-particle description as it is e
done below when applying density functional theory.51 The
calculations predict a second rather weak parallel polari
transition at 4.68 eV, which involves similarly weighted co

FIG. 6. INDO/SCI calculated absorption spectrum of a sin
6P chain with the geometry optimized at the semiempirical AM
level ~the inter-ring twist angle being kept at 18°! for the electric-
field vector polarized parallel and perpendicular to the molecu
axis. In addition to the spectra obtained by a Gaussian broade
also the discrete excited state energies with the corresponding
cillator strengths are shown as bars.
l-
be
f
he

to

el
-
-

.,

d

tributions from excitations from the HOMO22 to the
LUMO, from the HOMO21 to the LUMO11, and from the
HOMO to the LUMO12. In the higher-energy range there
a maximum polarized perpendicular to the molecular ax
which corresponds to a highly-correlated excited state c
taining contributions of several transitions between localiz
and delocalized orbitals. Localized in this context means
bitals with vanishing electron density at the C atoms form
the inter-ring bridges, whereas delocalized refers to sta
with high-charge density at the bridging C atoms.52 The par-
allel polarized peak at 6.2 eV can be attributed to transitio
between localized levels.53

Molecule-based calculations carried out in the framew
of density functional theory yield equivalent results, as
shown in Fig. 7 for an isolated 6P chain. They allow a more
direct comparison to the DFT-based band-structure calc
tions discussed below, because both methods rely on
same theoretical framework. The molecular geometry her
taken from Ref. 34 and in a second step refined by DF
based geometry optimizations in the crystalline environm
for a planar molecule—i.e., it is the same molecular geo

r
g,

os-

FIG. 7. Total optical absorption spectrum of an isolated 6P
molecule calculated by density functional theory. The geometr
taken from Ref. 34 and subsequently refined by a geometry opt
zation in the crystalline environment. In addition to the spec
obtained by a Gaussian broadening, also the discrete excited
energies with the corresponding oscillator strengths are shown.
gap energy is strongly underestimated as it is usually observed
DFT calculations.
gths
t

TABLE IV. INDO/SCI transition energies, polarization relative to the molecular axis, oscillator stren
and main CI expansion coefficients for the low-lying absorption peaks in 6P with an interring twist angle se
to 18°. ~H corresponds to the HOMO andL to the LUMO.!

Energy~eV!

Oscillator
strength

~arb. units! Polarization
Main CI

expansion coefficients

3.65 2.87 i 0.89@H→L#20.37@H21→L11#

4.68 0.24 i 0.64@H→L12#10.54@H21→L11#
10.41@H22→L#

5.90 1.44 ' 0.49@H→L18#20.39@H28→L#
20.35@H→L16#10.29@H27→L11#

6.20 2.44 i 20.41@H28→L18#20.35@H26→L16#
20.35@H27→L17#
20.35@H23→L13#10.35@H25→L15#
10.31@H24→L14#
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etry, which in the following is used for the band-structu
calculations~see Ref. 29!. The calculated transition energie
are too low, as it has to be expected for DFT calculatio
~see methodology section!. According to Eq.~1! the DFT
derived HOMO-LUMO separation has to be increased by
eV, which then yields an absorption spectrum reminiscen
that obtained in the INDO/SCI calculations in Fig. 6. Like
the INDO/SCI calculations the lowest-excited state is ch
acterized by the HOMO→LUMO transition. In the higher-
energy range there is a large variety of excited states w
significant oscillator strengths. In the INDO/SCI descripti
these excitations are coupled by configuration interac
giving rise to the two states at 5.9 and 6.2 eV, respectiv
The very good agreement between the highly correla
INDO/SCI calculations and the molecule-based DFT simu
tions, especially in the low-energy region, are another in
cation that band-structure calculations performed in a sin
particle picture are a useful tool to both qualitatively and a
quantitatively understand the optical properties of theP
molecular crystals.

In order to properly describe absorption processes in
anisotropic medium and to fully consider the actual thr
dimensional structure of 6P molecular crystals, DFT band
structure calculations, considering the periodicity of the
vestigated materials in all three dimensions of space, h
been performed.29 In this paper we present calculations
the optical properties of 6P, which have been derived from
corresponding band-structure data. Following the relati
ship between optical absorption and the dielectric tenso
an anisotropic medium54 ~see e.g., Ref. 55 and the revie
given in Ref. 33! the optical absorption spectrum of 6P has
been calculated as a function of the angleQ between the
molecular axis and the wave vector of the transmitted ligh56

The results are shown in Fig. 8.
The principal features obtained from the band-struct

calculations are equivalent to those derived from

FIG. 8. Dependence of the optical-absorption spectrum ofP
on the angle between the wave vector of the transmitted light an
the long molecular axis as derived from corresponding ba
structure data.~Note: An angle of 90° between the molecular ax
and the wave vector of the incident light corresponds to an opt
transition moment parallel to the 6P chains.! To ease the compari
son with experimental data, a Gaussian broadening with a full w
at half maximum of 0.2 eV has been applied to the calculated
electric functions. For the depicted absorption coefficients the p
of polarization corresponds to the plane formed by the incident l
and the chain axis.
s
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molecule-based simulations shown in Figs. 6 and 7: Ther
a pronounced peak between 3.5 and 4.0 eV and ano
maximum around 4.7 eV, for which the highest oscillat
strengths are obtained, when the electric field is polari
parallel to the molecular axis (Q590°); the maximum
around 5.5 eV is polarized perpendicular to the molecu
axis and at higher energies there are several intense p
polarized parallel. The consideration of the full thre
dimensional anisotropic nature of the 6P molecular crystal
gives, however, rise to an effect that is not expected w
relying on simple~e.g., molecule based! models: For the
lowest-lying maximum a decrease of the angle between
direction of light propagation and the molecular axesQ
~which is accompanied by an increase of the angle betw
the electric field and the chain direction! does not only result
in a reduction of the oscillator strength of the transition, b
also leads to a shift of the position of the peak. In this co
text it is important to point out that the observed shift is
consequence of the complex wave propagation propertie
duced by the marked anisotropy of the absorbing 6P mo-
lecular crystal.33 It is NOT related to a perpendicularly po
larized maximum at slightly higher energies than the m
peak ~which could gain intensity upon decreasingQ!, as
there is no such transition in 6P. This can be concluded from
the fact that forQ50° there is virtually no absorption below
4.5 eV.

E. Optical properties

The optical absorption spectra of the highly ordered fi
A in the UV/VIS range are shown in Fig. 9 for room tem
perature~top! and at 8 K~bottom!. They indicate a strong
anisotropy of the transition matrix elements associated w
the lowest-energy transition~well resolved as a peak at 3.3
eV in the low-temperature experiments! as a function of the
angle between the plane of polarization and the molec
axis. This peak in the molecular picture can be attributed
one of the vibronic bands of the first excitation dominated
a transition from the HOMO to the LUMO. The INDO/SC
simulations as well as the DFT-based molecular- and ba
structure calculations show that the lowest-energy transi
is polarized parallel to the molecular axes in agreement w
the experimental observations. In this context it is import
to point out that for the texturing determined for filmA, only
the angle between the vector of the electric field and
molecular axis changes, when varying the plane of polar
tion. The angle between the molecular axis and the w
vector of the incident light remains the same. This explai
why no shift of the peaks is observed in Fig. 9. The grad
onset of the spectra shown in Fig. 9 and the monoton
increase of the absorption coefficient at higher energies,
related to scattering of light in the slightly opaque fil
grown on the NaCl crystal~film A!.

The photoluminescence excitation and emission spect57

for film A ~measured at ambient temperature! are shown in
Fig. 10 for excitation and emission polarizers, both para
~solid line! and both perpendicular~dashed line! to the pre-
ferred orientation of the 6P chains. The spectra show th
very high anisotropy achieved in this film. So for examp
the photoluminescence emission intensity at 2.92 eV in
parallel/parallel alignment is a factor of 9.2 higher than f

-
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both polarizers perpendicular to the chain axes. The hig
anisotropy in the excitation spectrum is achieved at 3.41
At that energy the parallel/parallel excitation efficiency is
factor of 6.6 higher than the perpendicular/perpendicu
one. The only minor influence of scattering effects on ex
tation spectra explains the relatively sharp onset of the e
tation profiles in Fig. 10 compared to the absorption spe

FIG. 9. Optical absorption of a highly-oriented film of 6P on
NaCl ~sampleA! as a function of the angle between the polarizat
of light and the chain direction measured at room temperature~top!
and at 8 K~bottom!.

FIG. 10. Excitation and emission spectra of a highly orderedP
film ~sampleA! for excitation and emission polarizers both paral
~solid line! and both perpendicular~dashed line! to the rubbing
direction. For the excitation spectra the emission energy is se
2.76 eV~450 nm! and for the emission spectra the sample is exci
at 3.44 eV~360 nm!. The spectra are recorded at ambient tempe
ture.
st
.

r
i-
i-

ra

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

To grow films with higher optical quality in order to be
ter resolve the actual shape of the spectra, quartz subst
have been used. The absorption coefficients obtained for
C and film D at a temperature of 7 K are shown in Fig. 11
~spectra measured without polarizer to extend the measu
range—see methodology section!. As the spectrum of filmD
is dominated by crystallites in which the sexiphenyl cha
lie in a plane parallel to the film surface~see Sec. III A! a
strong contribution of transitions with transition dipole m
ments parallel or nearly parallel to the molecular axis is o
served. Peaks and shoulders at 3.17, 3.38, 3.59, and 3.7
are well resolved. The maxima at 3.38, 3.59, and 3.78 eV
be regarded as vibronic replicas of the lowest-energy tra
tion at 3.17 eV, with the 3.38 eV maximum corresponding
the peak observed in sampleA. An attribution of these fea-
tures to a vibronic progression is supported by the sim
energetic distances between the maxima. Theoretical ca
lations predict an intense Raman active mode for pla
~PPP! between 0.200 and 0.206 eV,58 which is related pre-
dominantly to C-C stretching vibrations involving all carbo
atoms of the molecule. Experimental Raman spectra yie
slightly lower energy of 0.197 eV both for 6P and PPP.46,59

The strong coupling of this mode to the electronic transitio
which is emphasized by the relatively low intensity of th
0-0 transition with respect to the higher-lying replicas, ind
cates a significant modification of the molecular backbone
a result of the excitation process. This is due to the m
quinoidal character of the singlet excited state.60 The slightly
higher energy observed in the vibronic progression of
absorption spectrum compared to the Raman data can
explained by the fact that for an absorption process the c
pling to vibrations of the singlet excited state is cruci
whereas Raman experiments probe the vibrational prope
of the ground state.

l

to
d
-

FIG. 11. Optical absorption of 6P films on quartz at 7 K~mea-
sured without polarizer to extend measuring range—see metho
ogy section!. In film D the 6P molecular axes predominantly lie in
the plane of the substrate, whereas in filmC they are oriented
mainly perpendicular to it.@The small step at 3.9 eV is an artifact o
the experimental set up and the low signal-to-noise ratio betw
3.8 and 4.1 eV is a result of the low transmission of the sample
that energy range (T'0.5%).# The thickness of the films necessa
to determine the absolute values of the optical absorption has
determined by a Tolansky interferometer.
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The broad absorption spectrum in 6P and 6T films com-
pared to planarized and isolated moieties5~a!,6,61,62can be ex-
plained by several effects:~i! In not chemically bridged ma
terials and systems that are not planarized by strains imp
by a matrix material, in addition to the stretching vibration
there is also a strong coupling to torsional vibrations. Th
usually cannot be resolved experimentally due to the
energy of the associated phonons. These torsional vibrat
then result in a smearing out of the vibronic structure ori
nating from the stretching vibrations.~ii ! The electronic
bands in molecular crystals involved in the absorption p
cess have a finite width due to the three-dimensional geom
ric structure, whereas in isolated molecules one is dea
with electronic transitions between discrete molecular lev
~iii ! The actual absorption spectrum of a molecular crys
strongly depends on the orientation of the crystallites an
influenced by the complex dielectric properties of the op
cally anisotropic systems as shown in Fig. 8.~iv! Due to the
presence of two inequivalent chains in the 6P as well as in
the 6T unit cells, both the conduction and valence bands
split. Therefore, the absorption spectrum is a superposi
of the transitions between these bands. The band-struc
calculations in Ref. 29 also indicate that the gap betw
electronic states with a wave-number vector perpendicula
the molecular axis at the borders of the first Brillouin zone
comparable to that at theG point (wave vector50). These
‘‘broadening effects’’ and the resulting complex nature
the broad absorption feature imply that one cannot dire
compare the intensities of the different vibronic peaks to
termine, for example, the Huang-Rhys parameter relate
the C-C stretching vibrations.

The absorption spectrum of filmC in Fig. 11 completely
lacks the transition at 3.17 eV and its vibronic progressi
Instead there is a peak at 4.40 eV, for which there is
equivalence in the molecular simulations in Figs. 6 and 7.~In
the molecular picture all transitions below 5.9 eV are pol
ized in the direction of the 6P chains.! However, the calcu-
lations in Fig. 8 predict an absorption in that energy ran
for low angles between the direction of the wave vector a
the molecular axis. This is a consequence of the shift of
low-energy peak upon decreasingQ in Fig. 8. The observa-
tions are consistent with the results of the x-ray diffracti
studies described above, which for filmD predict for part of
the crystallites a tilt angle of 18° between the 6P molecular
axes and the surface normal~b phase!.63 According to Fig. 8
the 6P chains crystallized in theg phase do not contribute t
the low-energy part of the absorption spectrum. The lack
any vibronic structure of the 4.40 eV peak is in marked co
trast to the properties of the lower-lying excitations in filmC.

The fact that depending on the orientation of conjuga
organic molecules in thin films, strong differences of t
absorption spectrum are observed, has also been expla
by exciton interactions between neighboring molecules in
crystalline environment.15 The coupling between the trans
d
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tion dipole moments of molecules at crystallographically
equivalent sites resulting from the herringbone alignmen
the chains in the unit cell leads to Davydov splitting. Rece
combined experimental and theoretical64 investigations for
sexithienyl (6T) have, however, shown that the Davydo
splitting accounts for a very weak transition polarized p
pendicular to the molecular axis, which is only 0.3 eV,below
the dominant low-energy excitation.65 The Davydov split-
ting, therefore, cannot account for the 4.40-eV peak see
the absorption spectra of 6P films with molecular axes qua
siperpendicular to the substrate surface~Fig. 11!.

IV. CONCLUSIONS

By varying the deposition conditions of 6P on a number
of substrates we have obtained highly textured thin fil
allowing an investigation of the polarization dependent pro
erties of that material. Evaporating 6P at low rates onto
heated substrates yields films with the molecular axes ne
perpendicular to the film surface. For such samples AF
investigations show a layered film growth. For substra
kept at room temperature the 6P molecules lie parallel to the
substrate and a deposition on a preoriented 6P layer yields a
high degree of anisotropy as shown by elastic electron
fraction and polarization dependent IR absorption as wel
photoluminescence excitation and emission measuremen
the visible range.

The shape of the absorption spectra strongly depend
the actual texturing of the film. Polarization dependent a
sorption measurements clearly show that the lowest-ene
transition is polarized parallel to the molecular axis, in fu
agreement with molecule-based calculations. Electr
energy-loss spectroscopy~EELS! experiments and simula
tions of the inelastic-scattering spectra indicate that the b
electronic structure of molecular crystals can be derived fr
the properties of the individual building blocks.39,66 A de-
tailed analysis of the absorption spectra, however, shows
their shape is significantly influenced by bulk effects. T
comparison between the experimental data and theore
calculations based on DFT band-structure results shows
the different absorption spectra for sexiphenyl films eva
rated under various conditions are a consequence of
alignment of the sexiphenyl chains relative to the direction
the incident light.
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