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ABSTRACT: The temperature-dependent alignment of semiconducting liquid crystalline flucfeophene
copolymer (F8T2) thin film surfaces was investigated using the near-edge X-ray absorption fine structure
(NEXAFS) technique. Partial electron yield spectra were recorded over a range of temperatures in order to observe
directly the surface orientation as the polymer is heated and cooled through glass, crystal, and liquid crystal
phases. In addition, samples annealed under varying processing conditions and quenched to room temperature
were analyzed. The NEXAFS data show that (a) in thin F8T2 films at all temperatures the polymer backbone lies
in the plane of the substrate, (b) the fluorene and thiophene rings are rotated randomly about the molecular axis,
(c) orientation of the polymer backbone can be controlled using a rubbed polyimide alignment layer as a template
for liquid crystal orientation, and (d) under proper annealing conditions there is strong temperature-dependent
alignment of the copolymer main-chain axis to the rubbing direction which extends from the polyimide/F8T2
interface all the way to the F8T2 surface. The surface alignment does not disappear after annealing at temperatures
~30 K above the bulk nematic to isotropic transition.

Introduction 0=90"

Conjugated organic polymers are increasingly being devel-
oped as functional materials for various devices including 0
organic thin film transistors (OTFTs), photovoltaics, and organic
light-emitting diodes (OLEDSs). The importance of alignment
of the stiff conjugated main chain for enhancing specific
electronic properties of these devices is widely recognizéd. 0 =20
Higher carrier mobilities and polarized photon emission are ™ —
usually obtained when the conjugated polymer films are
macroscopically ordered. For this reason polyfluorenes and other
self-aligning, liquid crystalline conjugated polymer semiconduc-
tors have attracted much recent attention.
Poly(9,9-dioctylfluoreneso-bithiophene) alternating copoly-
mer (F8T2) has several characteristics that make it convenient
for studying electrical characteristics of aligned polymer films:
conjugated segments for charge transport, relatively good X
stability in air, and solubility in a wide range of solvents. It rubbing direction
also ?Xh'blt.s a th_ermotroplc liquid Crystaluphgse SITCG F8T2 is Figure 1. NEXAFS geometry for the parallel configuration in which
a main-chain liquid crystal polymer of the “hairy rod” type (see  he sample is rotated about tiraxis with respect to the electric field
Figure 1 and Figure 2 inset). The octyl side chains protruding vector €). At normal incidence = 90°), E is parallel to the rubbing

from the rodlike backbone (hence the name “hairy rod”) direction,x. Red arrows represent the C 1sstbd transition dipole
facilitate solvation in organic solvents. moments of the F8T2 molecules, and for a nematic aligned perfectly
. . - along the rubbing direction these vectors would all be norm#& &
Previous studies have shown how the liquid crystal phase of g = 9¢e. For the perpendicular configuration, the F8T2 sample is rotated
polyfluorene materials can be advantageous in achieving main-by 9¢° about thez-axis.

chain alignmeng®-11 Polarized UV-vis spectroscopy and

polarized light microscopy showed that F8T2 thin films de-
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erential reorientation of the polyfluorene molecular axis along
the rubbing direction at the surface. This reorientation occurred
at the thin film surface, as evidenced by Auger electron yield,
) but was greatly reduced in the bulk, according to total electron
= yield measurements. In addition, upon heating a rubbed poly-
z fluorene film in its nematic melt state (17C), the rubbing-in-
o duced reorientation of polymer molecules completely disappears.
E gl 120G In this work, we look at the reorientation of fluorenthio-
00 cora®® 5210(: 20c  313C phene copolymer induced l_)y deposition on a rubbed polyimide
s o r alignment layer af_ter various therma_l treatments. We use
Hesting NEXAES to determine t'he molecular orientation at the_ surface,
— Cooling K-M il observing the strong alignment of the F8T2 main-chain axis to
: - : . : the rubbing direction and the temperature stability of these
100 150 200 250 300 results. Moreover, we observe the effects of various annealing
Temperature (-C) conditions on the NEXAFS spectra and also take NEXAFS data
Figure 2. DSC thermogram for F8T2 in heating (gray) and cooling during annealing in a vacuum. Together with the previously
(black) at a rate of 10C/min. K = solid phase, M= mesophase, ¥+ published X-ray diffraction data and polarization data, the
isotropic. Open circles indicate the temperatures at which NEXAFS present results indicate ordering throughout the polymer thin
spectra were taken. Inset shows the chemical structure of F8T2. film.

are 2-3 times greater than mobility for as-deposited (amor- Experimental Methods

phops) f”ms and 46 times greater thqn values obtained fo'f The F8T2 material used in these experiments was supplied by
dgwces with channel lengths perpendicular to polymer chain pow chemical. From gel permeation chromatography, using
alignment'© tetrahydrofuran as eluting solvent and polystyrene standards, the
Evidence of bulk polymer alignment on rubbed polyimide compound has M, of 31.3 kg/mol,M, of 14.1 kg/mol, and a PDI
alignment layers exists, yet we do not know whether this of 2.1. Heavily doped +# silicon wafers were used as the substrates
alignment persists throughout the film to the surface. For certain in order to avoid sample charging. These wafers were prepared for
device architectures in OTFTs, photovoltaics, and OLEDs, the F8T2 deposition by spin-coating with Nissan Chemical polyimide
alignment of the top surface will play a large role in the device RN1340. The polyimide precursor is spin-cast onto a clean Si wafer,
performance. For instance, in OLEDs and photovoltaics, the €ated in atmosphere on a hot plate for 10 min at@5and then
F8T2 alignment affects charge injection and separation at the baked in an oven at 285 for 90 min to form a polyimide film.

. . X The polyimide is then rubbed using a Yoshikawa Chemical Co.
interfaces, and for noninverted transistor structures, the topya_>0.g cloth. Rubbing the polyimide aligns the surface molecules

surface of the semiconductor is crucial to the carrier mobility, along the rubbing direction, creating an asymmetry in the molecular
since this is the region of current flow in the transistor operation. ponds at the surface. The unidirectional molecular alignment at the
To obtain information on the molecular orientation at the surface of the rubbed polyimide provides a template for the F8T2
polymer surface, carbon K-edge soft X-ray absorption spec- orientation when heated to the mesophes& The F8T2 poly-
troscopy, in particular the analysis of the near edge X-ray mer films were spin-coated onto prepared substrates from 1% (10
absorption fine structure (NEXAFS) and its polarization de- M@/mL) solutions in xylenes. Scanning force microscopy shows
pendence, is used. When the soft X-ray radiation is polarized that the film thickness is~90 nm, which is around the target
in the direction of the transition dipole moment of the electron [NICKNess for active layers in organic electronic devices.

. : . Partial electron yield NEXAFS spectra were acquired at the
orbitals of the molecule, it can be absorbed. The absorption NIST/Dow materials characterization end station on the U7A

results in the excitation of an electron from the core shell to an e amjine at the National Synchrotron Light Source at Brookhaven
excited state. When the core hole fills, either an X-ray photon National Laboratory. The beamline is equipped with a toroidal
(fluorescence) or an Auger electron is emitted. Emitted Auger mirror spherical grating monochromator that gives this beamline
electrons come dominantly from the top 2 nm of the thin #im  an incident photon energy resolution and intensity of 0.2 eV and 5
and are detected by an electron channeltron detector. In the casex 10'° photons/s, respectively, for an incident photon energy of
of z-bonding (conjugated molecules), the transition dipole 300 eV and a typical storage ring current of 500 mA. The X-ray
moment of ther* orbital is oriented perpendicular to the=C beam is elliptically polarized, with the electric field vector
bond direction and, therefore, perpendicular to the molecular dominantly in the plane of the storage ring (polarization faetor
axis. Thus, the absorption probability for polarized X-rays 0.85). The end station is equipped with a heating/cooling stage posi-

depends on the relative orientation of the molecular axis and tioned on a goniometer that controls the orientation of the sample
P with respect to the polarization vector of X-rays. The partial electron

the electric field vector of the incident X-rays. The dependence yje|q (PEY) is collected using a channeltron electron multiplier with
of the C 1s tor* resonance on the polarization of the electric  zn adjustable entrance grid bias. All the data reported here are for
field of the incident X-rays thus gives information about the a grid bias of—150 V. The spot diameter of the X-ray beam on
preferential orientation of the conjugated polymer backbone. the sample at normal incidence 490.1 mm. Energy calibration
From the polarization dependence, order parameters can bevas done using a highly oriented pyrolytic graphite (HOPG)
derived, and a quantitative description of the molecular orienta- reference sample. The HOPG 1sitbtransition was measured on
tion can be achieved. Thus, using NEXAFS, we have a direct the U7A beamline and assigned a peak value of 285.5 eV according
measure of the amount of X-rays absorbed, and correspondingly,[©_the literature valué The simultaneous measurement of a
the degree of alignment of the surface molecule to the graphlte-(;oated gold grid allows then the calibration of the photon
olarization of the X-rav beam energy with respect to the HOPG sample.
P Y . . The carbon K-edge NEXAFS spectra were recorded at aifigles
Recently, Jung et al. investigated the surfaces and bulk align-= oo°, ger, 7¢¢, 60°, 55°, 40°, 3%, and 20, whered is the angle

ment of polyfluorene polymers using the NEXAFS techniéiie.  petween the electric field vectoE) of the polarized soft X-rays
However, rather than using polyimide alignment layers, buffing and the sample normal as well as the angle between the incident
of the polyfluorene thin film surface was used to achieve pref- photon beam and the sample surface (Figure 1). The samples were
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To estimate the degree of orientation achieved, the quenched
sample was analyzed with polarized bVis absorption spec-
troscopy (Figure 3). Light polarized parallel to the polyimide
rubbing direction was strongly absorbed, whereas perpendicu-
larly polarized light showed only weak absorption. Hence, the
UV —vis transition dipole moment of the chromophores is
oriented predominantly in the rubbing direction. Using the
dichroic ratio at the absorption maximum, a macroscopic order
parameter can be calculat&d (A, — Ag)/(A + 2An) = 0.78,
indicative of a high degree of alignment.

The observation of uniform birefringence in PLM indicates
homogeneous alignment of the F8T2 main-chain axes lying in
the plane of the substrate rather than perpendicular to the
] surfaces as is seen in homeotropic alignment. More importantly,
oincs i we can infer from X-ray diffraction studies that polyfluorenes
28 P SE T 3 S S ST and fluorene-thiophene copolymers in the crystalline phase lie
with their backbone in the plane of the substrate and that the
spacing between these chains is governed by the length of alkyl
Figure 3. F8T2 thin film absorption of UV-vis light polarized parallel side chaing:1920For our macromolecule with octyl side chains,

(solid line) and perpendicular (dashed line) to the rubbing direction. y,_ ; ; ; ; :
Experiment performed after quenching F&T2 from the mesophase. X-ray diffraction showed a stacking distance parallel to the film

i : : normal of 16 A0
Inset: optical micrograph (250m x 250um) of film under crossed
polarizers (a) upon reaching 28C and (b) after 10 min anneal at Structure of the F8T2 Surface.In Figure 4a,b we show the
280°C. C K-edge NEXAFS partial electron yield (PEY) signal as a
function of soft X-ray photon energy. Peaks in the PEY spectra
arise at energies required to excite a 1s core electron to an

which E at& = 90 is parallel to the rubbing directior, is depicted ;Jnocucupletz n;?lec;ular qrb(;t.?fl.' AI? ungmb;gqgusl?ea:?]as&gnment
in Figure 1. For the perpendicular experimental configuration, the or all Spectral Ieatures IS ditficult and not criical for the purpose
F8T2 sample is rotated about th@xis 90 such that théE vector of this work. These data were taken from a sample annealed at
ato = 90° is perpendicular to the rubbing direction, parallejto 280 °C and measured at room temperature, but the peak
positions do not change with temperature, nor do new peaks
Results and Discussion appear (for example, from oxidation/degradation of the films

Structure of the Bulk. Using differential scanning calorim- ~ during heating and probing). The peak with strongest intensity
etry (DSC), we identify the phase transition temperatures at at 285.2 eV |s_the result of thg transitions of electrons from the
which F8T2 becomes liquid crystalline and isotropic in the bulk. € 18 toz* orbitals of the conjugated €C segments in both
Figure 2 shows DSC curves of F8T2 in the first heating and the fluorene and.thlophene ringsThe transition dlpqle mpment
cooling cycles at scanning rates of 1G/min in N. Phase (TDM) of z* orbitals is normal to the plane of conjugat|op and
changes are accompanied by a release or intake of thermthUS_ normal to the main chain (molecular) aX|s_of the conjugated
energy, represented respectively by peaks or dips in the pscchain. The _a_bsorpuon structure at 287.6 eV is the result of 1s
scan. On heating, there is an exotherm at i@7epresenting [0 ¢* transitions due to €S and C-H bonds. The broad
cold crystallization. At 220 and 25%C there are endotherms ~ Structure centered around 293.2 eV is due to 1s*af C—C
in the thermogram indicating transitions from the crystalline Ponds. Our discussion will focus on the intensity variations of
solid (K) phase to the nematic liquid crystal mesophase (M). A the first resonance at 285_.2 eV, which indicates the_ changes in
sharp endotherm corresponding to the nematic to isotropic concentration and orientation ofthéTDMs._Then-conjugated _
transition occurs at 31%C. The occurrence of two peaks during Ponds are responsible for the electronic and optoelectronic
the K—M transition could indicate the complexity of melting effects necessary for device applications and are of most interest
in a polymer chain material with a high polydispersity index. for our study.

As deposited from xylene solutions, F8T2 films are amor-  In this work, we present two types of temperature-dependent
phous. Annealing at temperatures within the liquid crystal range data. First, we show postanneal scans of the samples. In this
creates ordered domains, but such films lack long-range case, F8T2 films on rubbed polyimide are subjected to the
orientational order since individual domains are not all oriented thermal annealing procedure prior to entering the NEXAFS
in a specific direction. However, when F8T2 is deposited on sample chamber where they are measured at room temperature.
rubbed polyimide surfaces, well-ordered, monodomain films can Each sample underwent one temperature process including a
be madé®® F8T2 molecules close to the interface lie with their brief (5, 10, or 20 min) anneal at a target temperature followed
long axes along the rubbing direction. Neighboring molecules by rapid cooling to room temperature to enable freezing of the
align with these underlying molecules when heated to the polymer in the structure it had in the high-temperature phase.
mesophase. Figure 3 shows a thin F8T2 fift00 nm thick All thermal treatment of the F8T2 films was performed under
on a glass substrate coated with a 40 nm thick rubbed polyimide vacuum. Target temperatures were chosen at significant points
(PI) alignment layer. When this sample is annealed at”30  along the DSC curve in order to characterize different phases
under N, liquid crystal domains and threadlike disclination and transitions. The temperatures studied are indicated by open
defects characteristic of nematic order appear in polarized light circles on the DSC curve in Figure 2. Thermal processing was
microscopy (PLM) images (Figure 3a). Holding this temperature tailored such that we had samples corresponding to both the
for 10 min anneals out the defects, leaving a monodomain at heating and cooling DSC curves. Samples representing the
least as large as the image area (2650 um) and much heating curve were heated only to the target temperature where
larger than the active area of a device (Figure 3b). they were annealed before cooling to room temperature. For
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on rubbed polyimide alignment layers and thus were tested in
parallel and perpendicular geometry. The parallel geometry, in
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Figure 4. PEY data for F8T2 postanneal thin film sample that was
annealed at a temperature of 280 and then quenched to room
temperature. Scans taken at room temperatui@ &t20°, 55°, and

9(° incidence in the parallel (a) and perpendicular (b) geometries. The
strong overlap of curves in (b) makes it difficult to distinguish between
the three scans. (c) shows the peak intensity of the C &% ti@nsition
plotted against sth® with a linear fit whose slope and intercept
parameters were used in the calculatiorB@ids as described in the
text (see text).

the cooling curve, spin-cast F8T2 films were heated to above
the nematie-isotropic (M—1) transition (313°C), cooled to the

Macromolecules, Vol. 39, No. 6, 2006

in samples annealed for only 5 min and samples annealed for
20 min. Hence, all data presented here will be from samples
annealed for 20 min.

In addition to the postanneal scans, we also made in-situ
NEXAFS measurements on F8T2 films at different tempera-
tures. In this case, we put two large area F8T2 films (one in
the parallel and one in the perpendicular configuration) spin-
cast on rubbed polyimide onto a sample stage with a heating
element. The samples were heated from room temperature to
the first point along the DSC curve at 130, held for 10 min,
and then measured using NEXAFS. All the points along the
heating and cooling curve were taken this way on the same
two samples under vacuum. Though the same samples were
used for all of the in-situ temperature measurements, the beam
was moved to a different spot on the sample for successive scans
to prevent radiation damage. We also tested for radiation damage
on a test sample by heating to 180, measuring the sample,
irradiating with the soft X-ray beam & = 150 eV for 5 h,
and measuring again. The PEY spectra did not change, so we
believe that radiation effects for these samples are minimal. For
these in-situ measurements, temperature was controlled to within
+5 °C during measurement, and the temperature was stable for
10 min before the scan was started.

Figure 4a shows the postanneal polarization dependence of
the PEY NEXAFS signal for a parallel configuration sample
heated to 280C and rapidly cooled to room temperature. Shown
in the figure are the NEXAFS PEY intensitiestat= 90°, 55°,
and 20 X-ray incident angles. The PEY spectra that were
measured at intermediate angles®300°, 6C°, 7C°, and 80)
lie between the 90and 20 extremes but are left out of plots
for clarity. As shown in Figure 4a, the NEXAFS PEY intensity
at 207, 55°, and 90 differs for the G=C 1s tox* resonance at
285.2 eV. At 90 the rubbing direction is parallel to the electric
field vector of the incident soft X-ray radiation (parallel
configuration). In this case, absorption is low because the electric
field vector lies along the main-chain axis, whereas the TDM
of 7r* orbitals are perpendicular to this axis. As expected, there
is stronger absorption at a 28ngle of incidence, where a large
component of the electric field vector of incident radiation is
out of plane, and the NEXAFS signal decreases with increasing
angle.

In the case of perpendicular geometry, the angular dependence
provides information as to the orientation of the aromatic rings
about molecular chain axis, i.e., whether the rings are in the
plane of the substrate, normal to the surface, or rotated at
random. In the perpendicular configuration, the sample is being
rotated about the main-chain axis with respect to the electric
field vector of the incident soft X-ray radiation. Absorption
occurs when the TDMs of the* orbitals are parallel to the
electric field vector of the incident X-rays. In Figure 4b, we
see that the 20 55°, and 90 1s tosr* resonances overlap. This
indicates that the orientation of the aromatic rings at the surface
is nearly random. Because theconjugation along the backbone
of F8T2 results in a rigid-rod molecule, we believe that each
F8T2 polymer molecule is a rigid, planar unit, but neighboring
molecules possess different rotational orientatioms depicted
in the sketch in Figure 1.

By comparing the intensity of the PEY signal in the
perpendicular and parallel configurations, an assay of how well
the main chain is aligned to the buffing direction of the

target temperature where they were annealed, and then rapidlypolyimide can be obtained. We analyze the data using the

brought to room temperature. Three different annealing times

method of Star and co-worker$22to provide a quantitative

were probed so that we could investigate the phase transforma-description of the ordering. Analysis showing the dichroic ratio

tion kinetics. We found that there was no significant difference

is presented elsewheteFor our macromolecular system, we



Macromolecules, Vol. 39, No. 6, 2006 Fluorene-Thiophene Copolymer Surface®229

assume that the surface tilt andgbey, is equal to zero. We use  Table 1. TDM Orientation Factors, Order Parameter, and Biaxiality
three TDM orientation factorsf) to describe the relative for F8T2 in Heating (Bold) and Cooling (ltalics)*
alignment of the transition dipole moment of tiieorbital along Temperature :

three orthogonal axesx (rubbing direction),y (in-plane
perpendicular to rubbing direction), azdsurface normal).

Un-buffed 30°C 0.283 0.283 0.439 0.576 0.234

Un-buffed 120°C 0.278 0.278 0.445 0.583 0.251

A"+ B
f,= T (1a) Un-buffed 210°C | 0.285 | 0285 | 0431 0573 | 0219
Un-buffed 280°C | 0.284 0.284 0.433 0.574 0.224
f,= Al I+ B’ (1b) Un-buffed 340°C | 0.289 0.289 0.421 0.567 0.198
tot 30°C 0.285 0.274 0.439 0.573 0.248
A0+ B”(l _ 1) 30°C 0.262 0.283 0.456 0.607 0.260
f,= I (1c) 120°C 0.284 0.274 0.444 0.574 0.255
150°C 0.191 0.389 0.443 0.714 0.081
P is the polarization factor of the elliptically polarized X-ray TUTE TEEN TR A TR ETT)

beam (0.85)]«t is the total integrated intensity, amdand B
are coefficients from the linear equation describing the angular | 280°C 0.131 0.431 0.432 0.804 0.002
dependence of the intensit).(

280°C 0.113 0.453 0.441 0.831 | -0.018

1(0) = A+ Bsir’ 0 (2) 340°C 0.208 0.396 0.391 0.688 |  -0.008

The normalization conditioriy + f, + f, = 1 yields the 340°C 0.178 | 0430 | 0394 0733 | -0.054

following expression for the total integrated intensity: 280°C 0.141 0.440 0415 0.789 | -0.038

P—-1 E -

Iy = g( Al AD) + 3 - @'+ B 3) 280°C 0.108| 0463 | 0434| 0838 | -0.044

210°C 0.113 0.462 0.417 0.831 | -0.068

We _have taken se_ries of scans in the paraIIeI configuration [Z7ge¢ 0134 0441 0437 0799 | -0.006

and in the perpendicular configuration. Since we have parallel

and perpendicular cases, we define separately! att, Al, i ol IR gl M i MR o M it

A", B!, and B” by the following: I'(6) = A" + B' si* 6 120°C 0.112| 0465| 0423 | 0832| -0.063
and1® (9) = A" + B sir? 0. Using the coefficienté\ and B, i

the values of the TDM orientation factofg f,, and f, are G 00 1 Al R R f 00

obtained.fy, fy, andf, (which are the projections of the TDM ) —

on thex, y, andz axes) can be used to find an order parameter __° To compare the postanneal scans (gray) with the in-situ temperature
. L - . scans (white), the data are listed adjacently in the table. Data for unbuffed

(S for the mole_cular axis and biaxiality/) of the 7 orbitals and buffed polyimide films are included as indicated.

about the rubbing direction.

A definition of the order parametes, of the molecular main-  this is due to alignment of the molecular axes along the rubbing
chain axis about the rubbing directiox) (can be obtained by direction, x (TDMs of s*-orbitals aligned in they—z plane
considering the perpendicular relationship between the moleculardirections), withS = 1 representing perfect alignment of the
axis and the C 1s ta* TDM. When the molecular axis is ~ F8T2 main-chain axis along. WhenSis negative, the main-
oriented at an angle from thex-axis, the TDM is oriented at  chain axes are in thg—z plane, and when all molecules lie in
an angle (90 — o) with respect to thex-axis. Since the orien-  this plane,S = —,. When S is large and positive < 0
tation factorf represents the projection of the TDM onto the indicates a preference for the conjugated segments of the mole-
x-axis, fx = co#(90° — a) = 1 — cog a. Combining the value  cule to stand on edgé, (> f,), while > 0 reflects a tendency
of fx with the second Legendre polynomial expression for the for molecules to lie flat in the plane of the filny (< f,).
structural order paramete®, = Y/,(3[¢os ald— 1), we obtain Table 1 shows the data fitted using this analysis. We take
an equation for the structural order parameter in termf: of the NEXAFS PEY spectra for angles ranging fron? 20 90°

with the rubbing direction parallel and perpendicular to the
S= 1(2 —3f) 4) polarization of the X-ray beam. We then plot the intensity vs
2 sir? 0 to find A andB coefficients using a linear fit to eq 2 (see
Figure 4c). UsingA and B, we find the TDM orientation
parameterd,, fy, andf,, and with these, we calculatandy.
3 In Table 1, the molecular orientation factors, order parameter,
n= §(fz - fy) ®) and biaxiality are shown for postanneal and in-situ samples over
a range of temperatures in heating and cooling. The first column
Sdescribes the average orientation of the molecular axes withshows the target temperature of the postanneal or in-situ heat
respect to thec-axis (the rubbing directior?® The biaxiality, treatment. Here, bold indicates the temperatures reached in
7, gives the preferential alignment of th# orbitals in they—z heating, and italics represents cooling. Many temperatures are
plane. ThusS= 0,7 = 0 describes the case where the molecular listed twice in a row because here we are comparing the
axes are randomly oriented along the three ages ), and postanneal data (highlighted in gray) to the in-situ data (white).
the normals to the fluorene and thiophene units are oriented Figure 5 shows plots of the calculat8@ndz values in heating
randomly about the molecular axes= 0). WhenSis positive, and cooling for in-situ (a) and postanneal (b) data.

The biaxiality defined in terms df, andf; is
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(a) tilting of molecules in thez direction). Though the value of
1.0+ is positive, this is not very meaningful unless there is alignment
. . in the rubbing directioR?
5 081 ° 8 Following the data for unbuffed samples in Table 1 are the
‘aE‘> ° ° data for buffed polyimide samples. As-deposited, the samples
g067 © on buffed polyimide surfaces have the same valueS aridy
o © S (heating) as the unbuffed polyimide samples because thermal treatment
S 041 : :((ﬁ;’;’::g; is required to align the molecules to the rubbing direction. All
2; N 4 7 (cooling) annealed samples show alignment aloggvith S almost as
= 0.2 large as 0.9 for samples that have been cooled through the
3 A nematic liquid crystal phase. For these aligned samples,
@ ol a 2 A indicating that the normals to the fluorene and thiophene units
A : . A . . are rotated randomly about the molecular axis, as illustrated in
0 50 100 150 200 250 300 350 Figure 1.
In Situ Temperature (°C) We note that alignment of the molecular axis observed for
(b) the surfaces of our F8T2 films on rubbed polyimide alignment
1.0- layers is considerably larger than that observed for polyfluorenes
. whose surface is rubbed after depositlérrom the values of
0.8 . ° ] the order paramete$py and biaxiality P) of thez* TDM as
g ° defined by Jung et alf]= 0.33(Brpm + 1), fy = 0.33(1—
£ 06l (Srom + P)), fy = 0.33(1— (Srom — P))] and their values of
g ° ° © S (heating) Srom = 0.23 andP = 0.21 for the rubbed film, we find values
5 ¢ S (cooling) of molecular order parameter and biaxiality®# 0.72 andy
© 0.4- A ¢ (heating) _ . . . .
o 4 1 (cooling) = 0.24, respectlvely_, using the definitions in egs 4 and 5. In
z N IN fact, the molecular alignment found after rubbing is comparable
8 021 to the alignment we find at 34T above the nematic to isotropic
& transition. In addition, and quite apart from the possibility of
004 A A & 2 A damage to the polyfluorene from surface rubbing, our films are

oriented through the film thickness.

Post-anneal Temperature (°C) Table 1 and Figure 5 show that when heated above°C50
Figure 5. Nematic order parameter 0.5¢23f,) (circles) and biaxiality the structural arder parameter is ma_X|m|zé31~( 0.8). This
parameter 1.5( — f,) (triangles) vs annealing temperature for the COrresponds to the bulk DSC data (Figure 2), where the onset
samples analyzed in situ during annealing (a) and after annealing andof the mesophase transition occurs at around A®2A high
quenching to room temperature (b). Open symbols, heating; closed degree of alignment persists throughout further annealing, until
symbols, cooling. temperatures above the bulk nematic to isotropic transition

In addition to the data listed for buffed polyimide, data are temperature (340°C) is reached. Even beyond the bulk
also presented in Table 1 from samples that are deposited offl€matic-isotropic transition temperature (3X&), the large
unbuffed polyimide. Postanneal NEXAFS measurements takenF8T2 molecule retains some orientation with the buffing
after annealing these samples for 20 min at 120, 210, 280, anddirection, withS ~ 0.7. The most likely explanation for the
340 °C are compared to an unannealed sample. The TDM persistence of the F8T2 alignment at temperatures above the
orientation factor$, andfy are equal due to the lack of a buffing bulk nematie-isotropic transition temperature is that the oriented
direction, and for all samples, valuesfgfy lie in the range of ~ Polyimide layer exerts a surface field, stabilizing the nematic
0.28-0.29. Values of, were in the range of 0.420.44. Using with reduced order. While it is possible that slow kinetics of
eqgs 4 and 5, the orientational order parameter for these sampleg€eorientation might be responsible for retaining some nematic
is arounds ~ 057’ and7 ranges from 0.25 at low temperatures Order, the fact that the oriented nematic forms within 5 min at
to 0.20 at 34C°C. Upon heating, the order parameter remains 280°C, well below the highest temperature of annealing where
at~0.57 because the underlying polyimide has not been rubbed,S = ~0.7 is retained even after 20 min equilibration time,
and thus, there is no template for F8T2 alignment inxhg suggests that this alternate explanation is unlikely.
plane of the sample. The values ®&re high even though the The observation that the alignment of the molecular axes
molecular axes are randomly oriented in iiey plane. This is along the rubbing direction persists upon heating and cooling
a result of our definition of, which assumes that all directions is an important conclusion because it provides an idea of the
perpendicular to the directox) are equivalent and therefore  processing temperatures that can used in F8T2 devices where
should not depend on the azimuthal angle. However, we know main-chain alignment affects the structure and the performance
from X-ray diffraction and polarized light microscopy that the of devices. The ideal processing condition for maximum
main-chain axes of long F8T2 molecules lie in the plane of the alignment of the main chain to the buffing direction comes from
substrate (homogeneous alignment) rather than perpendiculaheating the sample to 34C (above the bulk nematigisotropic
to the surface as is seen in homeotropic alignment. For atransition temperature of 31%) and slowly cooling through
perfectly homogeneous film, the lowest order occurs when the the nematic liquid crystal phase to room temperature. This
aromatic rings are randomly oriented about the molecular axesresults in an order parameter & = 0.88. However, for
which are randomly oriented in the-y plane,f, = f, = 0.25 prevention of oxidation which may be enhanced by higher
andf, = 0.5. The corresponding values f8rand# are 0.63 temperature processing, similar results can be obtained by
and 0.38, respectively. The values®f 0.57 for samples on  heating only to 280°C and annealing for 520 min before
unbuffed polyimide are close to those expected for amorphous cooling to room temperature. The order parameter in this case
homeotropic films (with a small deviation probably due to some s still as high as 0.83 as observed by postanneal data which

T T T T T T 1
0 50 100 150 200 250 300 350
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most closely imitate the annealing conditions of processing. project as well as support conducting the NEXAFS experiments.
Another important conclusion is that the postanneal and in-situ We acknowledge the financial and program support of the
data are very similar. Both sets of data exhibit the following Microelectronics Advanced Research Corp. (MARCO) and its
trends: (a) a relatively high starting value $f 0.6, coupled Focus Center on Function Engineered NanoArchitectonics
with a positive biaxialityy ~ 0.25, which is characteristic ofa  (FENA). E.J.K. and A.H. acknowledge support from the
randomly oriented homogeneous thin film; (b) the biaxiality goes National Science Foundation DMR-Polymers Program under
to zero for aligned films, indicating the random orientation of Grant DMR03-07233 and from the Office of Naval Research
fluorene and thiophene units about the molecular axes; (c) in under Grant N00014-02-1-0170. The Materials Research Labo-
the heating curves, the order parameter reaches a maximunratory of UCSB (funded by the NSF-DMR-MRSEC Program
when the films are annealed at 280 (above the bulk nematic  under Grant DMR-0520415) and the National Synchrotron Light
transition temperatures); (d) heating to 34Dcauses significant ~ Source, Brookhaven National Laboratory, which is supported
(S~ 0.7), but not complete, loss of alignment; and (e) upon by the U.S. Department of Energy, Division of Materials
cooling, the order parameter increases, reaching a maximumsSciences and Division of Chemical Sciences, are also acknowl-
for the heating/cooling cycle upon cooling to room temperature. edged for the use of their facilities.
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Conclusions

Using polarization-dependent near-edge X-ray absorption
spectroscopy (NEXAFS), we have looked at the surface
structure, particularly the alignment, of thin films of the
fluorene-thiophene copolymer F8T2 on buffed and unbuffed
polyimide alignment layers. Polarized light microscopy, absorp-
tion spectroscopy, and X-ray diffraction show that the use of a
rubbed polyimide alignment layer and proper annealing tech-
nigues result in large liquid crystal domains in the bulk of the
F8T2 films. NEXAFS experiments, which are sensitive to only
the top 2 nm of the surface, show that the polymer orientation
observed in the bulk of the film is also present at the surface.
F8T2 alignment, which originates at the F8T2/polyimide
interface, is present throughout the thickness of the thin film.
The temperature dependence of surface alignment is studied in
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calculated to give a quantitative description of the alignment
of the molecular axis with the rubbing directio6) (and the
alignment of the normals to the conjugated segments tg,the
zaxes {p). i is positive for films that are not aligned, including
films deposited on unbuffed polyimide and annealed to tem-
peratures up to 34TC and films on buffed polyimide that have

not been annealed to above the cold crystallization temperature.

The positive valueg ~ 0.25 are expected when the F8T2 main-
chain axes lie in thex—y plane with random orientation. For
aligned films, the orientation of fluorene and thiophene units

about the molecular axes remains random, as indicated by valueg,,)

of  decaying to zerof{ ~ f,). Svaries from 0.57 for samples

as-deposited by spin-casting without any annealing to 0.88 for

samples heated to 34C and cooled through the mesophase

to room temperature. We see that once heated to the mesophase,
the alignment is retained upon further heating or cooling. These (24)
results can be used to define processing conditions for F8T2
layers in devices, where it has been shown that the polymer

alignment plays a large role in the electronic properties.
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