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Optical phase modulation using a hybrid carbon
nanotube-liquid-crystal nanophotonic device
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The carbon nanotube-liquid-crystal (CNT-LC) nanophotonic device is a class of device based on the hybrid
combination of a sparse array of multiwall carbon nanotube electrodes grown on a silicon surface in a liquid-
crystal cell. The multiwall carbon nanotubes 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 various optical elements such as a simple microlens array. We present the refrac-
tive index and therefore phase modulation capabilities of a CNT-LC nanophotonic device with experimental
results as well as computer modeling and potential applications. © 2009 Optical Society of America

OCIS codes: 230.0230, 230.3720, 350.4238, 350.4600.
The electro-optic properties of a liquid crystal can be
modified by introducing nanoparticles [1,2]. Carbon
based nanoparticles are found to be promising be-
cause of the excellent electrical properties and strong
interaction with the aromatic mesogenic groups of
liquid crystals. Jeong et al. [3] showed the formation
of unusual double-four-lobe nematic textures in a car-
bon nanotube-doped liquid crystal under the applica-
tion of an external voltage. From the hybrid combina-
tion of carbon nanotubes and liquid crystals, it has
been found that there is a strong interaction between
carbon nanotubes and liquid crystals despite the size
difference between liquid-crystal molecules �1–2 nm�
and carbon nanotubes (a few nanometers to microme-
ters). This interaction can be interpreted as an opti-
cal interaction through the optical anisotropy of the
liquid crystal. Hence carbon nanotubes attached to a
surface of a substrate in the liquid-crystal cell can be
used to form electrodes and defect centers in the me-
dium, and the liquid crystal can be manipulated by
applying an external electric field. Based on this
technique, an electrically reconfigurable nanophoto-
nic device has been fabricated with light modulation
capability [4]. The carbon nanotube electrode arrays
were grown on silicon substrates by plasma-
enhanced chemical vapor deposition after employing
e-beam lithography to nickel catalyst layer into an
array. This allowed the growth of a single multiwall
carbon nanotube of around 50 nm diameter at each
point in the array [4]. In some devices, the nanotubes
were patterned in small groups of four with a 1 �m
spacing between the nanotubes and 10 �m spacing
between the groups. The nanotubes array was then
assembled with a top electrode containing indium tin
oxide on 0.5-mm-thick borosilicate glass into a liquid-
crystal cell with a 20 �m cell gap set by spacer balls
in UV glue. In this Letter we discuss the optical
phase modulation using these devices with the ex-
perimental data and computer simulation while dis-
cussing the potential applications.

The refractive index profile across the device was

varied by changing the orientation of the liquid-
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crystal molecules with different applied voltages.
When carbon nanotube electrodes were immersed in
a planar-aligned nematic liquid-crystal material [(a
positive dielectric anisotropy nematic liquid-crystal
mixture BL048 from Merck, which has a low refrac-
tive index no (no�1.5277) for light polarized perpen-
dicular to its optic axis and a high refractive index ne
(ne�1.7904) for light polarized along the optic axis]
with no electric field applied, then the liquid-crystal
molecules aligned parallel to the upper substrate sur-
faces owing to the planar alignment given by rubbing
a surface coating (a thin film of polyimide) with a de-
fect surrounding the nanotube as shown in Fig. 1(a).
When a potential difference was applied between in-
dividual nanotubes and a ground plane, an electric
field was generated, and the field profile from the
tube tip to the ground plane appears approximately
Gaussian in shape [5]. The electric field interacts
with the dielectric anisotropy of the liquid-crystal
molecules and forces them to align in the direction of
electric field. The liquid-crystal molecules are finally
oriented in a quite complex geometry owing to the
Gaussian field profile combined with the surface ef-
fects of the alignment layer (AM4276) applied to the
upper substrate of the cell. The result of these two ef-
fects creates a varying or gradient refractive index
profile across the device. The refractive index profile
formed is in effect a micro-optical element due to the
gradient index profile across the reoriented liquid
crystal under the electric field. The phase modulation

Fig. 1. Device switching at two different voltages: (a)

V=0 Vrms, (b) V=6 Vrms.
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capabilities of the micro-optical elements can be
tuned by varying the applied field and thereby reori-
enting the liquid-crystal molecules to create a new
graded refractive index profile and varying the opti-
cal properties of the micro-optical element.

The fabricated device was viewed under a reflective
optical microscope using a polarizer and analyzer.
The arrays of nanotube electrodes are clearly visible
as black dots on the device because of the defects cre-
ated by the nanotubes in the nematic liquid crystal.
The device at two different voltages is shown in Fig.
1. The sparse array at zero voltage is shown in Fig.
1(a). The arrays of carbon nanotube (CNT) groups
were clearly visible as defects in the image. When the
applied field was increased, the arrays of nanotube
electrodes were seen to begin switching at 0.6 Vrms,
equivalent of a Freedrickzs transition. It was ob-
served that above 1 Vrms the nanotube arrays were
all fully switched, as shown in Fig. 1(b). The aperture
size of each lenslet was found to increase with respect
to the applied voltage up to a limiting size of 10 �m,
and further increase in voltage distorted the refrac-
tive index profile of lenslets.

Three-dimensional phase recovery from the nano-
photonics device is essential for studying the phase
modulation capabilities of the device. The phase was
retrieved from the device using interference tech-
niques [6]. A Fourier-transform-based fringe analysis
[7–9] was used to retrieve the phase from the device,
as it requires only one interferogram and gives
higher accuracy by eliminating the background in-
tensity distribution, speckle noise, and optical noise
from higher spatial frequencies. The nanophotonic
device was characterized using a modified Fourier
transform technique. By using the above technique,

Fig. 2. (Color online) 3D microscopic phase profile of an a

grams, (b) unwrapped phase of the array, (c) unwrapped phase
the microscopic phase profile of each lenslet was re-
covered using an interference setup constructed with
an optical microscope.

The microscopic phase profile of each lenslet is of
interest as it decides the real modulation capability
and applications of the device. The experimental
setup consisted of a He–Ne laser along with a beam
expander as the illuminating source. An optical mi-
croscope was used to detect the beam in reflective
mode and for capturing the image. An eye piece hav-
ing a magnification of �20 was used in the micro-
scope. The device was mounted on a fine three-axis
tilting stage and attached to the microscope. The rub-
bing direction of the device was kept at 45° to the po-
larizer. The interference fringes were formed owing
to the interference between the ordinary and extraor-
dinary beams being combined by an analyzer that
was crossed with polarizer [10]. A rotating diffuser
(transparent plastic sheet) was used to average out
speckle noise. The fringes were captured by a CCD
camera and frame grabber. The interferogram, re-
trieved unwrapped phase profile of an array of lens-
let, and one lenslet at different voltages are shown in
Fig. 2. It was found that in the absence of an external
voltage circular fringes were observed, which showed
an alignment deformation of the liquid-crystal mol-
ecules near the carbon nanotubes, even though the
macroscopic alignment was planar [Fig. 2(a)]. The
change in phase modulation (the phase difference be-
tween the center and circumference of lenslet) was
bigger at lower voltages than at higher voltages, as
shown in Fig. 2(a), because the molecular alignment
was more or less homeotropic at higher voltages, re-
sulting in the diminishing of the interference fringes
[Fig. 2(a)]. The phase profile was distorted at 0 Vrms

at 0 Vrms, 1 Vrms, and 3 Vrms: (a) an array of interfero-
rray

of a lenslet.
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but became symmetric at 1 Vrms, and distortion
again started from 3 Vrms upwards for the device
[11], as shown in Fig. 3(a). The focal length was cal-
culated using the equation f=�2 /2OPD [12,13], where
OPD is the peak-to-valley optical path difference
from the center to the edge and � is the radius of the
test area �5 �m�. The variation in the focal length of
a single lenslet and average over lenslets in a par-
ticular area of the device with respect to voltage is
shown in Fig. 3(b). The focal length of each lenslet at
0 Vrms is randomly varied. It was observed that the
focal length increased with respect to the voltage,
and hence the lenslets were concave in nature. The
focal length variation was in agreement with the
simulation results, where the Gaussian profile gave
maximum alignment at the center of each lenslet
compared with the circumference. An average focal
length over the lenslets were calculated, because the
focal length variation was found to be random after
3 Vrms for many lenslets, and also there was a slight
change in the focal length between each lenslet below
3 Vrms in some areas of the device. This is because of
the complicated electric field profile due to different
ohmic contact for each CNT.

The CNT-liquid-crystal nanophotonic device can be
used as an electrically reconfigurable optical diffuser.
Optical diffusers change the angular divergence of in-
cident light as well as act as a random phase modu-
lator. At the same time the current device acts as a
grating because of the periodically arranged CNTs at
10 �m separation and microlenses due to the liquid
crystal. Thus the device can be used for homogenous
illumination that is reconfigurable with an external
voltage. The device has over 1000�1000 lenslets
within the 10 mm�10 mm area. From geometric
optics, the greater the number of element in the lens
array, the finer the separation of the incident beam
and hence the more uniform illumination [13]. The
lenslets in the device are not completely similar in
performance, which helps to suppress the multiple
beam interference patterns due to the spots gener-
ated by each lenslet. This can further enhance the
uniformity of illumination [14].

The phase modulation capabilities of the device
were tuned by varying the applied field and thereby
reorienting the liquid-crystal molecules and hence

Fig. 3. (Color online) (a) 2D unwrapped phase profile at
respect to external voltage.
varied the optical properties of the microlens array.
The fabricated device has a resolution of over 1000
�1000 lenslets and a size of 10 mm�10 mm. The
device performance was elaborated while explaining
the potential applications.
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