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This paper presents experimental optimization of number and geometry of nanotube electrodes in a li-
quid crystal media from wavefront aberrations for realizing nanophotonic devices. The refractive-index
gradient profiles from different nanotube geometries—arrays of one, three, four, and five—were studied
along with wavefront aberrations using Zernike polynomials. The optimizations help the device to make
application in the areas of voltage reconfigurable microlens arrays, high-resolution displays, wavefront

sensors, holograms, and phase modulators.
OCIS codes:

1. Introduction

From the previous literature on the hybrid combina-
tion of carbon nanotubes and liquid crystals [1-11], it
has been found that there is a strong interaction
between them because of the large size difference be-
tween the liquid crystal molecules (1-2 nm) and car-
bon nanotubes (a few nanometers to micrometers).
This interaction can be interpreted as an optical in-
teraction through the optical anisotropy of the liquid
crystal. Hence, vertically grown multiwall carbon
nanotube (MWCNT) electrodes fabricated on silicon
or quartz substrate and covered with a nematic li-
quid crystal can be used to form defect centers in
the liquid crystal and then the liquid crystal can
be manipulated by applying an external electric field
[3]. The carbon nanotube electrode was fabricated
using the plasma enhanced chemical vapor deposi-
tion technique and electron-beam lithography [3,9].
The nanotubes were patterned in small groups of
one, three, four, and five with 1 um spacing between
nanotubes in each group and 10 ym spacing between
the groups. We have done the computational optimi-
zation to study electric field profile from the nano-
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tube electrodes using finite element method
modeling in [8].

In this paper, we demonstrate optimization of
carbon nanotube electrode number and geometry
experimentally from wavefront aberrations in a
nanophotonic device based on the hybrid combina-
tion of a sparse array of MWCNTs grown on a silicon
surface and covered with nematic liquid crystals. The
nanotube electrode geometry was varied in each
group as one, three, four, and five, and the group
was repeated in 10 ym separation. The refractive-
index gradient profile was obtained from the phase
profile at each nanotube site (photonic element) for
different geometries. Then wavefront aberrations
from these photonic elements were studied using
Zernike polynomials. Based on the results from ex-
periments, the electrode number and geometry was
optimized mainly for high-resolution display and
lens array applications.

2. Experimental Optimization of the Electrode
Geometry

The scanning electron microscope (SEM) images of
nanotube electrodes with different geometries and
numbers are shown in Fig. 1. The height of the nano-
tube electrode was around 6 um.



(c)

Fig. 1. SEM image of nanotube electrodes on silicon substrate, in groups of (a) one, (b) three, (¢) four, and (d) five.

The sparse array was then fabricated into a liquid
crystal device. In order to make the device reflective
and to provide a common electrical connection to all
the nanotubes, 400 nm of aluminum was cold sput-
tered onto the bottom substrate where the carbon
nanotubes were grown. The sparse array was then
assembled with a top electrode containing indium-
tin oxide (ITO) on 0.7 mm thick borosilicate glass into
a liquid crystal cell with a 20 ym cell gap set by
spacer balls in the UV glue. There was no alignment
layer for the liquid crystal on the nanotube array
(bottom electrode), but the top glass electrode was
coated with AM4276 (low pretilt polyimide from
Merck) and rubbed in the horizontal direction to give
planar alignment. The cell was then capillary filled
with BL048, a positive dielectric anisotropy nematic
liquid crystal mixture, also from Merck. The nano-
tubes act as individual electrode sites that spawn
an electric field profile, dictating the refractive-index
profile within the liquid crystal and, hence, creating
a series of graded index profiles, which form voltage
reconfigurable photonic elements. The electric field
profile from the nanotube is approximately Gaussian
in shape [5]. A Gaussian electric field profile may not
generate a Gaussian refractive-index profile because
the liquid crystal is nonlinear to the applied voltage
[12]. In the current device, there is one more effect
that deviates from the expected Gaussian index pro-
file, which is that the planar alignment was given
only on the top ITO substrate and, hence, nematic
liquid crystals were aligned in hybrid fashion. There-
fore, even though the electric field profile is Gaussian
in shape, the liquid crystal molecules are finally or-
iented in a complex geometry because of nonlinearity
combined with the surface effects of the alignment
layer applied to the upper substrate of the cell and
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vertically grown nanotubes on bottom substrate. The
result of these effects creates a varying refractive-
index profile across the device that is a quasi-
Gaussian under an applied voltage. The ideal
refractive-index profile to minimize the wavefront
aberration is a parabolic profile.

3. Microscopic Refractive-Index Profile

The microscopic phase profile and refractive-index
gradient profile of each element around the nanotube
was of interest as it decides the real modulation cap-
ability and applications of the device. In the reflec-
tive devices, the light has a double pass through the
device. In this double pass, light is refracted through
the liquid crystal, then reflected from the aluminum
layer, and then again refracted through the liquid
crystal. When the device was characterized under a
polarized optical microscope, it was found that the
light focuses by each lenslet at a particular voltage
and focal length was voltage reconfigurable. The
threshold voltage of the device was measured as
0.6 V rms, which corresponds to the Fréedericksz
transition of BLL048, and it was observed that, above
1 V rms, the nanotube arrays were all fully switched.
The aperture size of each lenslet was found to in-
crease with respect to the applied voltage up to a lim-
iting size of 10 ym, and further increase in voltage
distorted the refractive-index profile of the lenslets.
This was further studied by using an interference
setup attached to a reflective optical microscope. The
setup was used to recover the interference fringes
and, hence, the phase profile from each lenslet,
and the recovered phase profile was used to under-
stand how the device modulates a planar wavefront.
The setup consisted of an He—Ne laser along with
a beam expander as the illuminating source. A



microscopic objective having a magnification of x20
was used in the microscope. The device was mounted
on a fine three-axis tilting stage and attached to the
microscope in reflective mode. The rubbing direction
of the device was kept at 45° to the polarizer. The
interference fringes were formed due to the interfer-
ence between the ordinary and extraordinary beams
being combined by an analyzer, which was crossed
with the polarizer [12]. A rotating diffuser (transpar-
ent plastic sheet) was used to average out speckle
noise. The fringes were captured by a CCD camera
and a frame grabber. A white-light source was used
to see the device and to help in the alignment. A vol-
tage source was used to study the variation of inter-
ference fringes at different applied voltages.

The phase profile for each of the nanotube elec-
trode geometry was recovered from the interference
fringes to study refractive-index profile of the device.
The unwrapped phase profile was recovered from the
interference fringes using a modified Fourier trans-
form technique [13]. The phase profile is found to be
quasi-Gaussian in shape at a particular voltage and,
hence, at the light focusing. The focal length of each
lenslet was calculated using the equation f = %
[14,-16], where OPD is the peak-to-valley optical
path difference from the center to the edge of the
hybrid grating lenslet and I is the radius of the test
area (5 um). The focal length was 10 ym at 0 V rms
and increased to 27 ym at 3 V rms. Further increase
in the voltage distorted the orientation of liquid crys-
tal molecules in the device and, hence, no focusing
was observed.

The refractive-index variation or gradient across
each lenslet was obtained from the unwrapped phase
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profile using the equation An = ’fﬁ [17], where An is
the refractive-index variation, A is the wavelength of
light (633 nm), d is the thickness of the device
(20 um), and Ag is the unwrapped phase difference
across the sample.

4. One-Nanotube Electrode Geometry

Figure 2 shows interference fringes recorded from
the one-nanotube device at different applied voltages
using the interference set up. It was found that
fringes were observed at 0 V rms because the nano-
tube distorted the planar alignment of the liquid
crystal molecules around it. The fringes were sym-
metric and wide at around 1.3 V rms. The fringes
disappeared as the voltage increased above 3 V rms.
This is because the liquid crystal molecules
aligned almost homeotropically at higher voltages.
Figure 2(d) shows the unwrapped phase profile of
one lenslet. The unwrapped phase became sym-
metric and wider at around 1.3 V rms and distorted
as the voltage increased. The maximum phase mod-
ulation observed was 4z. The refractive-index varia-
tion was obtained from the unwrapped phase profile,
as shown in Fig. 2(e). The maximum variation
between circumference to the center of the lenslet
was 0.042. The refractive index varied continuously
across the device. The refractive-index variation
between the ordinary and extraordinary light was
0.2627. Around 17% of this variation (0.2627) was
exploited in the device. The one-nanotube electrode
geometry gives a symmetrical phase profile as well
as refractive-index profile and is suitable for lens ar-
ray applications. However, the field profile is narrow,
which results in small diameter lenslets and, hence,
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(Color online) Interference fringes at different voltages from one-nanotube device: (a) 0 V rms, (b) 1.3 V rms, and (¢) 3.5 V rms.

(d) Unwrapped phase at 1.3 V rms (e) Refractive-index profile across one lenslet.



the lensing is weak. However, the single-nanotube
electrodes are suitable for high-resolution display
applications where each nanotube site acts as a pixel
with minimum fringing field effects by applying sui-
table voltages.

5. Three-Nanotube Electrode Geometry

Figure 3 shows the interference fringes obtained
from the three-nanotube pattern device. It was clear
from the interferogram that the fringes were asym-
metric and distorted. The unwrapped phase profile
was recovered to understand the phase modulation
and symmetry in detail. Figure 3(d) shows the un-
wrapped phase profile of a lenslet at 1.3 V rms. The
lenslet diameter increased with voltage and there
was more overlapping between lenslets at around
1.3 V rms The refractive-index variation was ob-
tained from the unwrapped phase profile, as shown
in Fig. 3(e). The maximum variation between circum-
ference to the center of the lenslet was 0.034. The
three-nanotube electrode was not best suited for len-
sing applications as th phase profile and refractive-
index profile were distorted.

6. Four-Nanotube Electrode Geometry

Figure 4 shows interference fringes from the device
at different applied voltages: 0, 1.3, and 3 V rms.
The fringes were wider at around 1 V rms with max-
imum phase modulation capability. The fringes
disappeared at higher voltages, as discussed for
the previous geometries. Figure 4(d) shows the un-
wrapped phase profile of one lenslet. The unwrapped
phase became almost symmetric and widest at
around 1 V rms and distorted as the voltage in-
creased. The refractive-index variation was obtained

-

from the unwrapped phase profile, as shown in
Fig. 4(e). The maximum refractive-index variation
between circumference to the center of the lenslet
was 0.044. The four-nanotube electrode geometry
gave an almost symmetrical phase profile as well
as a refractive-index profile with wide resultant field
and was suitable for a lens array.

7. Five-Nanotube Electrode Device Geometry

Figure 5 shows interference fringes recovered from
the device at different applied voltages. The fringes
are almost symmetrical with a small distortion at the
center of the fringes. This is because the center nano-
tube in the five group distorts the refractive-index
profile at the center of each lenslet. This was further
studied by recovering the unwrapped phase from the
fringes. Figure 5(d) shows the unwrapped phase pro-
file of one lenslet. The maximum refractive-index
variation between circumference to the center of
the lenslet was 0.04, as shown in Fig. 5(e). The lenslet
phase profile and refractive-index profile were dis-
torted mainly at the center of each lenslet. Although
the fringes were almost symmetrical for the five-
nanotube geometry, there was distortion at the cen-
ter of each lenslet and it was not suitable for lens
array applications.

8. Wavefront Aberrations

Zernike polynomials [18] were used to estimate aber-
rations of the wavefront from the phase profile
generated by the devices with different nanotube
geometries. Zernike polynomials are polynomials de-
fined over a unit circle in radial coordinates (R and 0).
They are favored for representing wavefronts be-
cause they are orthogonal within the unit circle in
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(Color online) Interference fringes at different voltages from three-nanotube device: (a) 0 V rms, (b) 1.3 V rms, and (c) 3.5 V rms.

(d) Unwrapped phase of a three-nanotube lenslet at 1.3 V rms. (e) Refractive-index profile across one lenslet.
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(Color online) Interference fringes at different voltages from four-nanotube device: (a) 0 V rms, (b) 1.3 V rms, and (c) 3.5 V rms.

(d) Unwrapped phase at 1.3 V rms (e) Refractive-index profile across one lenslet.

which they are defined. The polynomial is less reli-
able in regions outside the circle because measured
data are fit inside the unit circle.

Figure 6 represents the wavefront aberrations
from the nanotube electrode devices with nanotubes
in groups of one, three, four, and five. The polyno-
mials were identified from a standard chart (fringe
Zernike polynomials). The first four mode numbers
(Z3,Z71,Z3, and Z9) have not been taken into account
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(Color online) Interference fringes at different voltages from the five-nanotube device: (a) 0 Vrms, (b) 1.3 Vrms, and (c) 3.5 Vrms.
(d) Unwrapped phase at 1.3 V rms. (e) Refractive-index profile across one lenslet.
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for any comparison here because these mode num-
bers give only piston, tilt in the x axis, tilt in the y
axis, and defocus. Figure 6(a) shows first 15 Zernike
aberration coefficients for the one-nanotube device.
The primary astigmatism Z;%(+) and spherical
aberration ZJ(+) were promlnent here compared
to other aberrations. The first 15 Zernike coefficients
for the three-nanotube electrode device are shown
in Fig. 6(b). The major aberrations were primary
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astigmatism Z;%(+), spherical aberration Z(+), pri-
mary trefoil Z33(-), and secondary astigmatism (axis
at 0° or 90°) Z;%(-). This is because the three-
nanotube electrode group spawned an asymmetrical
electrical field at each lenslet position.

Figure 6(c) represents the first 15 Zernike co-
efficients for the four-nanotube electrode device.
The major aberrations were primary astigmatism
Z32%(+), spherical aberration ZJ(+), and secondary
astigmatism (axis at +45°) Z;%(+). The overall aber-
ration was more than the single-nanotube device but
less than the three-nanotube device. Figure 6(d) re-
presents the first 15 Zernike coefficients for the five-
nanotube electrode device. The major aberrations
were primary coma (x axis) Z3!(-), spherical aberra-
tion Z}(+), primary trefoil (y axis) Z3(+), and second-
ary astigmatism (axis at 0° or 90°) Z;%(+). From the
wavefront aberrations it was clear that the one-
nanotube geometry was found to be suitable for high-
resolution display applications where each nanotube
site can act as a single pixel. This geometry gave a
small lenslet diameter for lens array applications
and, hence, formed a weak lens array. The three-
nanotube geometry considerably distorted the wave-
front and, hence, was not suitable for either display
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(Color online) Spectra of Zernike coefficients for (a) one, (b) three, (c) four, and (d) five-nanotube devices.

or lens array applications. The four-nanotube device
geometry was suitable for lens array applications,
but not the five-nanotube device because the middle
nanotube electrode distorted the wavefront at the
center of the nanotube group. The four-nanotube geo-
metry also can be used for pixel design in display ap-
plications with reduced separation between each
nanotube in the group. We have also calculated
Zernike modes for the devices. We have also observed
changes in the modes with respect to the voltage.
However, the current result is limited by the accu-
racy of the phase unwrapping technique used and
Zernike approximation. Although the Zernike ap-
proximation is effective for describing the individual
lower- and higher-order aberrations, it also has a
smoothing effect that can significantly limit the
aberrations that account for the wavefront error. Be-
cause of limitations with Zernike (modal) reconstruc-
tion, a different reconstruction method, such as zonal
reconstruction, can be considered for improving the
accuracy.

9. Conclusions

Carbon nanotube electrode number and geometry
was optimized in a liquid crystal media for realizing



nanophotonic devices for high-resolution display and
lens array applications. The nanotubes were grown
on silicon substrate and then sealed with nematic li-
quid crystal using glass coated with ITO to make a
nanophotonic device. When an electric field is ap-
plied between nanotube electrodes and the top ITO
coated glass, the electric field aligned the liquid crys-
tal molecules and created a gradient refractive-index
profile across the device. Devices with different num-
bers and geometries were fabricated. The refractive-
index profile and wavefront aberrations at each
nanotube site were obtained for the detailed study.
The one-nanotube geometry with overall less wave-
front aberration was found to be suitable for high-
resolution display applications where each nanotube
site can act as a single pixel. This geometry gave a
small lenslet diameter for lens array applications
and, hence, formed a weak lens array. The three-
nanotube geometry distorted the refractive-index
profile and, hence, was not suitable for either display
or lens array applications. The four-nanotube device
geometry was suitable for lens array applications,
but not the five-nanotube device because the middle
nanotube electrode distorted the refractive-index
profile and, hence, the wavefront at the center of the
nanotube group. The four-nanotube geometry also
can be used for pixel design in display applications
with reduced separation between nanotubes in the
group. Higher numbers of nanotubes per group were
also considered, such as six and eight. The six-
nanotube geometry is also suitable for microlens ar-
ray applications with a wider lenslet aperture. The
nanotube electrodes can form a closed circle with a
different diameter, without any electrode at the cen-
ter (like the center electrode in the five-nanotube
group) or inside the closed circle for lens array appli-
cations. This is because the inside electrode distorts
the refractive-index profile of the lenslet formed.
However, as the number of nanotubes increased,
there were more phase aberrations. So a trade-off be-
tween number of nanotubes per group and the aper-
ture of each lenslet is required, depending upon the
application.
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