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Creation of Liquid Crystal Waveguides with 
Scanning Force Microscopy 

M. Ruetschi, P. Grutter,* J. Funfschilling,-f H.-J. Guntherodt 
The rubbing of a polymer layer, a commonly applied process, leads to an anisotropic 
surface morphology, aligning liquid crystal molecules. Scanning force microscopy can be 
used to intentionally create areas with a similar anisotropy by operating the instrument at 
loads in the range of 10-'to 1 0-5 newtons. These areas have an orientation effect on liquid 
crystals indistinguishable from the rubbing process, which allows a systematic investigation 
of the orientation properties of an alignment layer as a function of its nanometer-scale 
morphology. Refractive index patterns can be tailored with this method by scratching a 
suitable area, as demonstrated by fabrication of an optical waveguide 6 micrometers wide 
and 5 millimeters long. 

Light-guiding structures play an important 
role in modem optics-based communica- 
tion systems. Today, most of these devices 
are fabricated from glassy materials or from 
single crystals. Few attempts have been 
made to use liquid crystals (LCs), mainly 
because their switching speeds (microsec- 
ond to millisecond) are many orders of 
magnitude too slow to compete with con- 
ventional electrooptic materials. Recently, 
however, LCs with large optical nonlinear- 
ity have been found (1) that are extremely 
fast, so fast that they even act as diodes for 
light frequencies, leading to frequency-dou- 
bled light (second harmonic generation). 
The construction of an ultrafast nonlinear 
optical LC switching device (for example, a 
Mach-Zehnder interferometer) would re- 
quire the development of methods for the 
production of light-guiding structures in LC 
layers. As an approach to this problem, we 
used a scanning force microscope (SFM) 
(2) as a tool to produce orientation patterns 
for light guiding in LCs. 

The basic structure of a light-guiding LC 
layer is very similar to the familiar LC 
display (LCD): two glass plates separated by 
several micrometers with the LCs sand- 
wiched in between. The glass plates have 
transparent electrodes and are, in addition, 
covered by thin polymer layers, which align 
the LC material. This alignment property is 
achieved by unidirectionally rubbing the 
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polymer layer with a velvet roller. This 
technique is widely used in LCD fabrication 
and leads to a uniform orientation of the 
LC molecules near that surface. The mech- 
anism responsible for the orientation is still 
uncertain (3). 

A lot if'work has been done on the 
modification of polymer surfaces with an 
SFM. The fabrication of grooves on various 
polymer surfaces with an SFM has been re- 
ported by a number of authors (4). These 
graoves look very similar to the grooves cre- 
ated by rubbing (5). We used an SFM to 
modify the polymer surface in a highly con- 
trolled manner to investigate how these mod- 
ifications &ect LC orientation. We found 
that by varying parameters such as loading, 
scan speed, and line density, daerent degrees 
of orientation can be achieved. This allows us 
to systematically investigate the LC orienta- 
tion properties of a substrate as a function of 
morphology. The refractive index of the LC 
layer can also be manipulated on the micro- 
meter scale by selecting a suitable SFM 
scratclung pattern. 

The SFM measurements were carried out 
with a commercially available instrument (6) 
operated in the constant-force mode under 
ambient conditions at room temperature. Mi- 
crofabricated force sensors with spring con- 
stants of 0.12 and 3 Nhn were used. The SFM 
was operated in two daerent modes: an im- 
aging mode (loadmg force of about N) 
and a surface modification mode (loadmg 
force, to N), which we will term 
scratching. Scratclung on a larger scale was 
wrformed with a home-built instrument ca- 
pable of scanning a force sensor over a 80 Fm 
by 10 mm area. Movements in the small 

direction are achieved with a piezoelectric 
birnomh. This scanner is attached to a corn- 
men& motorized translation stage, enabling 
movements in the large direction at uniform 
scan speeds from 3.6 to 50 &s. 

As samples, we used glass plates covered 
with a 25-nm thin layer of sputtered InSnO 
(ITO) onto which a 5- to 25-nm thin nylon 
layer was spin-coated. After deposition, the 
nylon layer was rubbed with a velvet roller 
and additionally scratched. Subsequently, 
an LC cell was made by mounting this plate 
together with a regularly rubbed nylon- 
coated glass plate. The rubbing directions 
on both plates were selected to be parallel. 
The spacing of the glass plates was fixed at 
about 6 pm by glass fiber cuts of the same 
diameter. The cell was filled with a nematic 
LC mixture with a refractive index parallel 
and perpendicular to the nematic director 
of 1.65 and 1.5, respectively. Additionally, 
optical properties of LC cells were investi- 
gated by polarizing microscopy to study the 
LC orientation. 

Figure 1 shows an SFM image of a 
rubbed nylon orientation layer; the area in 
the top left part of the figure was addition- 
ally scratched by the SFM. The bright areas 
can be identified as nylon. The striations 
(or grooves) visible parallel to the rubbing 
direction R are caused by the rubbing pro- 

Fig. 1. An SFM image of a rubbed nylon layer that 
was also scratched. The picture was acquired at 
a tip loading of about N. The rubbing direc- 
tion is marked by arrow R. The area in the top left 
comer shows scratches made by the SFM at a 
load of lo-' N. The scratches made in folward 
and backward directian are marked as arrows S, 
and S,, respectively. 
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cess. Typically, the grooves have a separa- 
tion of 50 nm, an average width of 20 nm, 
and a depth of about 1 to 2 nm. The dark 
hole-like regions showing no striation are 
regions of I T 0  not covered by nylon. The 
scratches visible in the top left part of the 
figure were made by the SFM at a tip 
loading of N. The scratches are 26 nm 
wide, 2 to 5 nm deep, and 240 nm apart. 

The manipulation of surface morphology 
by the SFM opens an experimental field for 
the investigation of orientation mechanisms 
of LCs. One can macroscopically observe and 
quantlry the b e n t  effects of scanning at 
high loads by fabricating an LC cell after 
scratching the upper plate at an angle 0 with 

flg. 2. Schematic comparison of LC alignment 
in an LC cell. The rubbing direction of each 
plate is indicated by an arrow. (A) Two rubbed 
plates without scratches. The LC molecules are 
aligned parallel to the rubbing directions of 
both plates. As a result, the polarization of 
transmitted light that is polarized parallel to the 
rubbing direction is not affected. (B) The upper 
plate after being scratched at an angle 0 to the 
rubbing direction. The LC molecules near the 
scratched surface change their orientation in 
favor of the scratch direction, inducing a TN 
structure of the LC molecules in the bulk. As a 
consequence, the polarization of the light is 
rotated by an angle 4, which leads to a bright 
display. The expected displays are shown in 
the bottom left corners. 

respect to the nylon rubbing direction. Sur- 
prisingly, the regions scratched by the SFM 
can be seen as rectangles with a bnghmess 
that difXers from the background when the cell 
is viewed in a polarizing microscope, even if 
the scratches made by the SFM are only a few 
nanometers wide and 135 nm apart. 

The LC molecules are parallel to the rub 
bing direction in areas where the upper sur- 
face is not scratched (Fig. 2A). As a result, 
the polarization of light passing through these 
regions is not rotated. This leads to a dark 
display under crossed polarizers. When the 
upper surface is scratched at an angle 0 to the 
rubbing direction (Fig. 2B), the LC molecules 
near the upper layer are forced into a new 
direction. This direction is normally not the 
same as the scratching direction. The areas 
between the scratches are still dominated by 
the rubbing direction if the distance between 
two individual scratches is not too small (Fig. 
1). As a consequence, LC molecules align 
along a direction given by the angle 4, which 
is normally smaller than 0. However, this 
leads to a twisted nematic (TN) structure of 
the LC. The polarization of l&t polarized 
parallel to the LC orientation at the entrance 
of the glass surface is rotated by the angle 4 
when transmitted through the cell. This 
leads to a bright area on a dark back- 
ground. The effectively observed contrast 
depends on the relative orientation of 
polarizer and analyzer. Thus, it is also 
possible to achieve a dark scratched region 
on a bright background. 

The angle 4 is related to the orientation 
efficiency of the scratched nylon morpholo- 
gy. It increases with increasing orientation 
efficiency of the scratches and reaches a 

Fig. 3. Image of an LC cell obtained by means 
of a polarizing microscope. The dark rectan- 
gles are regions scratched by the SFM at a 
force of lo-? N. The scratches are 'separated 
by d = 135 nm (not visible in the photograph). 
The scan velocity was doubled for each square 
from left to right, starting with v = 0.4 mm/s. The 
orientation of polarizer and analyzer were se- 
lected to achieve maximum extinction for the 
square with the highest orientation efficiency. 
The orientation efficiency clearly decreases 
with increasing scan speed. 

maximum (strong anchoring) at 4 = 0. To 
study the orientation efficiency of the 
scratches, we measured the rotation angle 4 
with a polarizing microscope as a function of 
the applied force F, the line separation d, 
and the scan velocitv v. Because the mor- 
phology of the nylon surface varies some- 
what from .sample to sample, we studied the 

dependence of a particular parameter on 
the same sample. 

We found 4, and thus the orientation 
efficiency, to increase with lugher F, smaller 
d, and smaller v (Fig. 3). With sufhciently 
h& F N), 4 is independent of the 
scan velocity. At this large force, we achieve 
4 = 0 (that is, maximum orientation efficien- 
CV) if d 50 nm. Generallv. we find maximal , * , - 
orientation efficiency only if the average 
scratch separation d is comparable to the 
scratch width. Intuitively, this is understand- 
able because then the rubbed grooves are 
completely overwritten by the SFM-made 
scratches. 

We used scratching for the micromechan- 
ical fabrication of refractive index patterns in 
LC layers acting as waveguides. To fabricate a 
waveguide, we scratched a pattern (Fig. 4) on 
one plate of an LC cell. Region 1 was only 
rubbed in x direction, and region 2 was 
scratched in y direction. One obtains a paral- 
lel LC configuration in region 1 and a twisted 
configuration in region 2 (Fig. 2). Let us first 
concentrate on the reeion near the modified 
surface: In region 1, thi nematic director (and 
thus, the molecules) aligns parallel to the 
rubbing direction. In region 2, the director 
aligns parallel to the SFM scratches in y 
direction. The refractive index of the LC is 
larger for light polarized parallel to the molec- 
ular axis than for l&t perpendicular to it. 
Light polarized in the y direction therefore 
sees a htgher index of refraction in region 2 
compared to region 1 ; thus, region 2 acts as an 
optical waveguide. 

Fig. 4. An SFM-induced refractive index pattern 
that leads to an optical waveguide. Bold arrows 
in region 1 indicate the rubbing direction, and 
the open arrow in region 2 represents the 
scratching direction of the SFM. The index of 
refraction for a polarization perpendicular and 
parallel to the director are indicated by n, and 
n,,, respectively. Light polarized in the z direc- 
tion passes undisturbed from region 2 to 1 
(dashed line), whereas light polarized in the y 
direction is reflected at the interface between 2 
and 1 (solid line). 
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Ag. 5. An optical micrograph of the realization 
of two waveguides scratched according to Fig. 
4. A laser beam is coupled into the upper one, 
leading to a bright streak of collimated light as 
a result of the waveguiding properties. The 
waveguides are 6 pm wide and 5 mm long. 

What happens to the refractive index as 
one moves perpendicularly in z direction, 
away from the scratched surface? In region 
2, the refractive index in the y direction 
decreases with increasing z because of the 
TN alignment of the LC molecules. Light 
cannot escape in the z direction because it 
is bent back, analogous to a graded-index 
waveguide. 

We fabricated such structures (Fig. 4) with 
the home-built instrument by scratclung a 
suitable pattern 6 Krn wide and 5 mm long. 
To prevent the formation of reverse twist 
domains, we selected 0 slightly smaller than 
90". The Wt -gd ing  property of this struc- 
ture was deduced from the observation of a 
streak of l&t when a laser beam was suitably 
coupled into it (Fig. 5). The fabrication of 
this waveguide demonstrates that we can de- 
sign bulk refractive index pattems by well- 
defined scratclung patterns made with the 
SFM. Prelirmnary results on the possibility of 
fabricating coupling gratings, beam splitters, 
and other optical stmctures indicate that the 
smallest dimension of index Dattems feasible 
is determined by elastic pr&rties of the LC 
molecules as well as inhomoeeneities of the 
polymer substrate but not by-the size of the 
scratched areas. 

We expect that this technique of writing 
an orientation pattern with a tip of an SFM 
will trigger the development of new devices 
because it offers a flexibility in shaping re- 
fractive index protiles that is unmatched by 
other techniques, such as photolithography- 
based pattern generation. The possibility 
provided by the SFM patterning technique 
to form a r b i d y  complex two- or even 
threedimensional refractive index patterns 
will certainly find further applications. 
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Measurement of Laser-Plasma Electron Density 
with a Soft X-ray Laser Deflectometer 

D. Ress,* L. B. DaSilva, R. A. London, J. E. Trebes, S. Mrowka, 
R. J. Procassini, T. W. Barbee Jr., D. E. Lehr 

A soft x-ray laser (wavelength A = 15.5 nanometers) was used to create a moire deflec- 
togram of a high-density, laser-produced plasma. The use of deflectometry at this short 
wavelength permits measurement of the density spatial profile in a long-scalelength (3 
millimeters), high-density plasma. A peak density of 3.2 x 1 02' per cubic centimeter was 
recorded. 

A detailed knowledge of the electron den- 
sity spatial distribution in a laser-produced 
plasma is required in a wide range of scien- 
tific endeavors such as inertial confinement 
fusion ( I ) ,  laser-plasma interaction physics 
(2), and high-temperature and high-density 
laboratory astrophysics (3). Density infor- 
mation is currently obtained with such di- 
verse techniques as x-ray spectroscopy (4), 
absorption and scattering of incident laser 
light (5), and ultraviolet interferometry 
(6). All of these techniques are useful over 
only a limited range of densities and scale 
sizes, and they have additional limitations. 
Measurements based on x-ray spectroscopic 
techniques suffer from uncertainties in 
opacity and usually require sophisticated 
modeling of the atomic processes occurring 
in the plasma to infer a density. Measure- 
ments based on laser-light scattering require 
an understanding of one or more parametric 
instabilities produced by the laser creating 
the plasma under study. Ultraviolet inter- 
ferometry is restricted to density length 
products less than 2 x 1019 ~ m - ~ ,  forcing 
high-density measurements to be made on 
plasmas with sizes that are often too small 
to be of interest. 

To overcome some of these limitations, 
we have developed a technique based on 
moire deflectometry (7) with a soft x-ray 
laser beam. We used this method to mea- 
sure the electron density profile in a 3-mm- 
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diameter laser-produced plasma. The rnax- 
imum density length product measured was 
9.6 x loZ0 crndz, about 50 times higher 
than could be measured with conventional 
ultraviolet interferometry. The line-aver- 
aged peak density of 3.2 x loz1 cm-3 was 
limited by diffraction effects associated with 
the steepness of the density profile. Higher 
densities can be accessed by modifying the 
experimental arrangement. 

When a high-intensity (I > 1013 
W/cmZ) laser irradiates a solid target, a 
plasma is created. The transverse extent of 
these plasmas is determined by the laser 
spot size and typically varies from hundreds 
to thousands of micrometers in diameter. 
The index of refraction for light propagat- 
ing through this plasma is given by 

where n, is the electron density, n, = 1.1 x 
lOZ7/Az is the critical electron density per 
cubic centimeter, and A is the wavelength 
of the light in nanometers. Because the 
laser beam can only propagate in the plasma 
where n, < n,, we can readily distinguish 
two regions in the direction normal to the 
material surface. The overdense region is 
where n, > n,, and the corona is where n, 
c n,. In our experiments, we used a green 
(A = 527 nm) laser drive beam with n, = 4 
x loz1 ~ m - ~ .  In the corona. at densities 
close to but less than critical, the spatial 
profile maintains a constant shape (steady- 
state profile) that slowly moves outward 
from the disk surface at a speed on the order 
of 106 cm/s (8). At lower densities, the 
spatial profile changes with time in a self- 
similar fashion. The profile here is a decay- 
ing exponential with a scalelength that 
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