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SDs. 
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tion of microscopic multidomain alignment re- 
gions that enable larger viewing angles (4). The 
lack of scientific understanding of the ahgn-
ment process is another critical factor that has 
been missing for a device enabling advance. 

Early LC alignment models were based on 
the existence of microgroves at the surface of 
the alignment film (6). Later models invoked 
epitaxylike effects at the polymer surface 
where the LC is oriented by a preferred crys- 
talline structure ( 7 ) ,  microcrystalline nucle- 
ation sites (8),or crystalline regions with a 
preferred chain orientation (9). The techno- 
logically important pretilt angle has been 
speculated to arise from tilted main or side 
chain segments at the rubbed polymer surface 
that "guide" the LC rods (10,  11).  

Theoretical advances have been impeded by 
the complexity of the LC-polymer system, and 
only specific aspects of the alignment phenom- 
enon have been addressed. The preferred orien- 
tation of the LC rods parallel to the surface has 
been attributed to steric effects between the LC 
and a flat surface (12),and their preferred uni-
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Liquid Crystal Alignment on 

Carbonaceous Surfaces with 


Orientational Order 
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We used near-edge x-ray absorption fine structure (NEXAFS) spectroscopy to 
link the orientational bond order at three carbonaceous surfaces-rubbed 
polyimide, ion beam-irradiated polyimide, and ion beam-irradiated diamond- 
like carbon films-with the direction of liquid crystal (LC) alignment on these 
surfaces. We show that, in general, LC alignment can be created on any car- 
bonaceous substrate by inducing orientational order at its surface. Our results 
form the scientific basis for LC alignment layers consisting of amorphous carbon 
films in which orientational order near the surface is induced by a directional 
low-energy ion beam. 

The alignment of a nematic LC, consisting of 
an assembly of rodlike molecules, on rubbed 
polymer surfaces underlies the manufacture of 
today's flat panel displays ( I ) .Because of var- 
ious problems associated with the wet polymer 
deposition and the mechanical rubbing process- 
es, much research has been devoted to the 
development of improved methods and materi- 
als. So far, this effort has been largely unsuc- 
cessful. Although noncontact methods such as 

ultraviolet (2-4) or ion beam (IB) (5) irradia-
tion have been suggested, their reliance on 
polymer substrates has impeded their techno- 
logical use. A replacement process should be 
based on an inexpensive substrate material that 
can be deposited in a dry deposition process on 
large area panels, required for future applica- 
tions in desk-top displays. Also, present dis- 
plays suffer from limited viewing angles, and 
an improved process should allow the fabrica- 
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axial in-plane alignment has been modeled by a 
macroscopic theory of van der Waals forces 
between two semiinfinite anisotropic uniaxial 
continuous media (13). The LC pretilt angle has 
been explained by the van der Waals interaction 
between asymmetric LC molecules, hinged to 
the surface on one side, and the polymer sur- 
h e ,  modeled as a continuous semihikite di- 
electric medium (14). A general phenomeno- 
logical theory has explained LC alignment by a 
molecular interaction that l i i  the orientational 
order of the LC system to the molecular order at 
the surface of the alignment substrate (15). 

We used polarization-dependent near-edge 
x-ray absorption line structure (NEXAFS) mea- 
surements to determine the nature and order of 
the chemical bonds at the surfaces of three 
carbonaceous alignment layers-rubbed poly- 
h ide  (PI), IB-inradiated PI, and IB-irradiated 
amorphous carbon films. Our results provide 
definitive evidence for the molecular nature 
of the LC alignment mechanism and directly 
suggest the use of inorganic amorphous car- 
bon films for LC alignment. The scientific 
understanding of the molecular level align- 
ment process and the convenient dry deposi- 
tion of thin amorphous carbon layers, which 
can be made more transparent by addition of 
hydrogen, form the scientific basis for a de- 
vice enabling breakthrough. The new LC 
alignment layers for flat panel displays are 
based on hydrogenated amorphous, so-called 
diamondlike carbon (DLC) films with IB- 
induced orientational order (16). The IB pro- 
cess also opens the door for the manufacture 
of multidomain displays with enlarged view- 
ing angles. 

Indium-tin-oxide-coated glass plates were 
spin-coated with PI to a thickness of less than 
100 nm or covered by a thin DLC film (about 
10 nm) (1 7), produced by sputtering or chem- 
ical vapor deposition with hydrogen content 
in the 10 to 30% range. Some of the PI 
samples were rubbed with a rayon-cloth rub- 

Ion Beam - 

Fig. 1. Experimental geometry and LC orienta- 
tion on rubbed PI (top) and IB-treated PI and 
amorphous carbon surfaces (bottom). 

bing machine. The other PI samples and the 
DLC samples were irradiated with a diec- 
tional beam of neutralized Ar ions with a 
Kaufman type source at beam energies in the 
75- to 300-eV range (5). The rubbing direc- 
tion and in-plane projection of the IB were 
along the +x axis of our coordinate system, 
as shown in Fig. 1. The IB incidence angle ci 
from the surface normal was varied in the 
range 15" to 75". All LC pretilt angle mea- 
surements were carried out with a Merck 
ZLI-5080 liquid crystal (5). For rubbed PIS, 
the LC director, defined as the average rod 
direction x, is oriented along the rubbing 
direction and tilted up by a pretilt angle E 
(Fig. 1). For the IB-treated samples, the di- 
rector is also parallel to x but is tilted up from 
the -x direction (see Fig. 1). 

NEXAFS measurements were carried out 
at the Stanford Synchrotron Radiation Labo- 
ratory with nearly linearly polarized soft x- 
rays from the wiggler beam line 10-1, 
equipped with a spherical grating monochro- 
mator. The energy resolution was fixed to 
about 100 meV at the C K-edge. NEXAFS 
spectra were recorded by K W  Auger elec- 
tron (AEY) detection, which samples only 
the first nanometer below the free surface 
(18). Spectra were recorded in the geometry 
shown in Fig. 1 with the electric field vector 
E in either the (x, z) or (y, z) plane at an angle 
0 from the surfye normal z. We define 0 to 
be positive for E in the (+3 z) and (+y, z) 
quadrants and negative for E in the (-x, z) 
and (-y, z) quadrants, respectively. The spec- 
tra were normalized to the incident photon 
flux and to the number of C atoms in the 

sample, as discussed elsewhere (15, 18). 
In Fig. 2, we show angle-dependent C 

K-edge AEY NEXAFS spectra of the rubbed 
PI and of a PI and DLC film irradiated at ci = 
45". In the left panel, we compare spectra 
?corded at normal x-ray incidence with 
E aligned along the x (black line) and y (red 
line) axes. %e right panel shows spectra re- 
corded with E oriented in the (x, z) plane at 0 = 
45O (black line) and -45" (red line). The three 
peaks below 290 eV correspond to transitions 
to IT* orbitals on different C atoms as indicated 
in the figure, and the peak intensities are quan- 
titatively related to the average number of IT* 

orbital: per carbon atom and their projection 
along E (15). The spectrum of the IB-inradiated 
PI surface closely resembles that of the IB- 
irradiated DLC and the DLC film before h a -  
diation (not shown in figure). In particular, the 
peak at 285 eV, hereafter referred to as peak 1, 
arises from C=C IT bonds in unsaturated, most- 
ly ringlike, structures in an amorphous carbon 
network (19). For the DLC films, the spectral 
peaks around 286.5 eV and 288.5 eV arise from 
nitrogen and oxygen contamination. The higher 
energy u resonances above 290 eV exhibit the 
opposite polarization dependence, as expected. 
For all substrates, the IT orbitals have a prefer- 
ential in-plane alignment along y. In contrast, 
the out-of-plane orientation in the (x, z) plane is 
asymmetric with respect to the z axis, favoring 
the (-x, z) over the (+x, z) quadrant for rubbed 
PI and vice versa for the IB prepared surfaces. 
The IB prepared surfaces yielded good LC 
alignment despite the relatively small asymme- 
try of the spectra (Fig. 2) (20). 

The measured intensities of peak 1 for ori- 

Fig. 2. Polarization-dependent 
AEY C K-edge NEXAFS spectra for 
rubbed PI, IB-irradiated PI, and IB- 
irradiated DLC. Both films were 
irradiated at an IB incidence angle 
of a = 45O. For the PI film, a beam 
energy of 75 eV and a dose of 
3.8 X IOl5 Ar ions/cm2 were used. 
The DLC film was irradiated at 200 
eV and a dose of 4.5 X 1015 Ar 
ions/cm2. The resonances below 
290 eV are associated with the IT 

orbitals on different C atoms, in- 
dicated as filled circles in the 
structural formulas. The broad 
structure near 295 eV corresponds 
to transitions to  a orbitals. The 
left column shows the in-plane 
asymmetry of the spectra and 
the right column shows the 
?45O out-of-plane asymmetry. 
The color of the spsctra reflects 
the orientation of E (double ar- 
row) in the respective icons. 

285 295 285 295 
Photon Energy (eV) 
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entation o f 2  in the (x, z) and @, z) planes are 
shown in Fig. 3 for the same PI that was either 
rubbed (Fig. 3B) or irradiated at a = 45' and 
100 eV at a dose of 1.5 X 1016 Ar ions/cm2 
(Fig. 3A). The measured intensity of peak 1 in 
the (x, z) plane, shown as diamonds, is found to 
be asymmetric with respect to the surface nor- 
mal. The solid curve through the data points is 
a fit by the general NEXAFS intensity distribu- 
tion h c t i o n  (15, 21): 

where the constants all and bll are deter-
mined by the angular distribution of the IT 

system and the degree of x-ray polarization 
(15) and the angle y characterizes the av- 
erage tilt angle of the IT bonds at the sur- 
face. From the fits, we obtain y = -6.0" ? 
0.5" for the rubbed and 18.8" i- 1.0" for the 
IB-treated PI. The preferential tilt of the IT 

bonds at the film surface is illustrated in the 
inset of Fig. 3, A and B. Here we pictured 
the IT orbitals to be perpendicular to the 
in-plane cr bonds in a ringlike carbon struc- 
ture. The observed asymmetry is opposite 
for the rubbed and IB-treated samples. 

The intensity asymmetry relative to 0 = 0 
is absent for the 0,z) plane. The correspond- 
ing intensity is shown as open circles in Fig. 
3, A and B, fitted by a dashed line according 
to IYZ(0) = a L  + b L  cos20. In both cases, our 
measurements show a larger peak 1 intensity 
for< / I  ?y (dashed curve, 0 = 290") than 
for E / I  ?x (solid curve, 0 = ?90°), i.e., a 
preferential in-plane IT bond orientation per- 
pendicular to the rubbing or IB direction. 

The opposite sign of y for the rubbed and 

Fig. 3. Peak 1 NEXAFS intensity for IB-irradi- 
ated PI (A) and rubbed PI (B) measured by 
AEY detection as a function of E orientation 
in  the (x,z) plane (diamonds, solid curve) and 
(y,z) plane (open circles, dashed curve). The 
Insets illustrate the out-of-plane ti l ts o f  the 
a system at the surface, revealed by the data. 

IB-treated sample suggests a close link of the 
bond asymmetry at the film surface with the 
LC pretilt direction, illustrated in Fig. 1. For 
IB-treated PI and DLC surfaces, even the 
magnitude of the LC pretilt angle E is corre- 
lated with y as shown in Fig. 4. Here we 
compare the measured LC pretilt angles for 
samples irradiated at different incidence an- 
gles a with the tilt angles measured with 
NEXAFS. In general, the LC pretilt angle E 

depends not only on the substrate orientation 
alone but also on the chemical composition of 
the alignment surface and on the LC com- 
pound (14, 22). However, in our case, we 
only change the bond asymmetry through the 
IB incidence angle so that the used LC 
(Merck ZLI-5080) only senses the relative 
change in bond asymmetry. This uniquely 
demonstrates the direct proportionality be-
tween E and y. 

At the rubbed polymer surface, orientational 
bond order arises from a preferential alignment 
of the polymer chains (15). For the IB-treated 
surfaces, orientational order is created by pref- 
erential bond breaking and bond formation rel- 
ative to the incident IB direction. Carbon-car- 
bon bonds and rings oriented perpendicular to 
the incident IB provide a larger cross section for 
the IB and are preferentially destroyed over 
those whose bonds or bonding planes are par- 
allel to the beam direction. Near the irradiated 
surface, the amorphous carbon network will 
therefore exhibit a preferential orientation of its 
o bonds parallel and IT bonds perpendicular to 
the beam direction, respectively, as observed by 
NEXAFS. 

LC alignment on carbonaceous materials 

FD DLC + IB 

0-0 
15 25 35 45 55 65 75 

IB Incidence Angle a (deg) 

Fig. 4. LC (Merck ZLI-5080) pretilt angle e and 
molecular tilt angle y as a function of IB inci- 
dence angle u for PI (PI + IB) (top) and DLC 
(DLC + IB) (bottom) films. IB energies and 
doses of 75 eV and 3.8 X l oT5Ar ions/cm2 
were used for PI and 200 eV and 4.5 X 1015 Ar 
ions/cm2 for DLC. 

can be understood bv consideration of the an- 
gle-dependent interaction between two systems, 
the LC and the alignment surface, using the 
Landau-De Gennes formalism (23).Within this 
framework, the orientational order of the LC 
and the alignment surface are described by 
quadrupole moments of the charge density, and 
the minimum interaction energy corresponds to 
an alignment of the eigendirections of the two 
quadrupoles (15). NEXAFS spectroscopy pro- 
vides a sensitive measure of the quadrupole 
moment of the molecular IT system at the align- 
ment surface. For the alignment surface, the 
principal axes x', y', and z' of the quadrupole 
moment form a coordinate system that is rotat- 
ed by an angle y about the y = y' axis. The 
rotation angle originates from the unidirectional 
surface treatment that destroys the cylindrical 
molecular symmetry about the surface normal. 
The left column in Fig. 2 shows that the rubbed 
polymer surface and the IB-treated surfaces all 
have the same in-plane quadrupolar charge 
asymmetry and therefore the in-plane LC align- 
ment direction is along the x axis, in all cases. 
However, rubbing and IB treatment lead to 
opposite out-of-plane bond asymmetries, as ev- 
ident from the right column of Fig. 2. The 
quadrupolar charge distribution is rotated by y 
in opposite directions from the surface normal, 
as illustrated in Fig. 3. This leads to the two 
distinctly different pretilt directions illustrated 
in Fig. 1. 

Our results suggest that any method that 
creates a statistically significant orienta- 
tional order at the surface of a carbona-
ceous material can be used for LC align- 
ment. Even materials without translational 
order, i.e., amorphous materials, may have 
orientational order because of the strong 
directional nature of unsaturated carbon 
bonds (24). In general, the anisotropy of 
carbon bonding increases with unsatura-
tion. Tetrahedral sp3 bonds are isotropic, 
sp2 u bonds are planar, and sp o bonds are 
axial. Hence, disordered systems with IT 

bonding are more readily oriented than 
those with saturated bonds. Rubbing (I), 
ultraviolet irradiation (2-4), and IB irradi- 
ation (5) are examples of methods that can 
produce orientational order. 

In particular, we have shown that amor- 
phous carbon surfaces in which orientational 
order has been induced by directional irradi- 
ation with a low-energy IB can be used for 
LC alignment. The scientific understanding 
reported here forms the foundation for flat 
panel displays that have been manufactured 
at IBM (1 6). 
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Acoustic Oscillations in the 

Early Universe and Today 


Christopher J. Miller,' Robert C. Nichol,' David J. ~ a t u s k i ~  

During its first =100,000 years, the universe was a fully ionized plasma w i th  
a tight coupling by Thompson scattering between the photons and matter. The 
trade-off between gravitational collapse and photon pressure causes acoustic 
oscillations in  this primordial fluid. These oscillations wi l l  leave predictable 
imprints in  the spectra of the cosmic microwave background and the present- 
day matter-density distribution. Recently, the BOOMERANG and MAXIMA 
teams announced the detection of these acoustic oscillations in  the cosmic 
microwave background (observed at  redshift = 1000). Here, we compare these 
CMB detections w i th  the corresponding acoustic oscillations in  the matter- 
density power spectrum (observed at  redshift = 0.1). These consistent results, 
from t w o  different cosmological epochs, provide further support for our stan- 
dard Hot  Big Bang model of the universe. 

The standard model of cosmology is the In- 	 so-called Dark Matter. During this period, the 
flationary Hot Big Bang scenario. A key as- 	 gravitational force from potential wells (created 
pect of this model is the ease with which it 	 as a result of local curvature pertubations or 
explains some critical observational facts dark matter clumps) causes compressions in 
about the universe. For example, the exis- 
tence of the cosmic microwave background 
(CMB) radiation that fills all space is simply 
the radio remnant of a hot early phase of the 
universe, i.e., when it was only =100,000 
years old. The model also provides a natural 
explanation for Hubble's famous expansion, h 

Y 
large-scale coherent structures in the mass V4 
distribution (caused by quantum effects in the r 
early universe), as well as producing a flat C\I 

2 

7global geometry for the universe (I).In this 

scenario, the distribution of matter on the + 
U
VUlargest scales is connected, through well-es- 

tablished physics, to the temperature fluctua- 6 
tions in the CMB. ~ h u s ,  any independent 
agreement between the CMB (at redshift -
1000) and the matter-density distribution (at 
redshift = 0.1) is naturallv explained bv the 
Hot Big ~ang'1nflationaG mohel. 0 200 400 600 800 1000 
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this fluid. As the plasma collapses inward, it 
meets resistance from photon pressure, revers- 
ing the plasma direction and causing a subse- 
quent rarefaction. This cycle of compression 
and rarefaction results in acoustic oscillations, 
where baryons act as a source of inertia. Com- 
pression (rarefaction) of the plasma creates hot 
(cold) spots in the temperature of the plasma. 
Because the photons and baryons are coupled 
through Thompson scattering, the matter-densi- 
ty power spectrum will also exhibit these oscil- 
lations. As the universe cooled and the photons 
and matter decoupled, the acoustic oscillations 
became frozen as oscillatory features in both 
the temperature and matter-density power spec- 
tra. These acoustic oscillations are a general 
prediction from gravitational instability models 
of structure formation (2, 3). 

The recent results from the MAXIMA and 
BOOMERANG CMB balloon experiments 
provide evidence for the first two acoustic 
peaks (4-8). These acoustic oscillations are 
the peaks and valleys in Fig. 1A. The location 
and amplitude of the first peak indicate that 

0.1
The early universe was a plasma made up of .! Multipole Moment k (h ~ p c - ' )

photons, electrons, and protons, along with the 

'Department of Physics, Carnegie Melion University, 

Fig. 1.We plot the CMB data from the MAXIMA and BOOMERANG experiments (A) alongside the . . 
matter-density data (B). The solid line is the best fit model = 0.24, = 6.06, and (Cl,,,,, Cl,,,,,, 
n, = 1.08 with Ho= 69) using the matter-density data alone. The amplitudes in both plots remain 

Pittsburgh, PA 15213, USA. 2Department of Physics a free parameter. The solid Line in (A) is not a fit to the CMB data (although the x2 is 34 for 32 data 
and Astronomy, University of Maine, Orono, ME points). It is the resultant cosmological model using the best fit parameters from (B) and ~,a,uu, = 
04469, USA. 0.8, consistent with the Type la supernovae results (78). 
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