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We demonstrate a switchable hybrid grating lens array using a nanophotonic device fabricated from
multiwall carbon nanotubes and liquid crystals which combines diffraction, lensing, and dispersion.
Diffraction experiments and computer simulations both show clear and well defined diffraction
orders in two dimensions with voltage dependent diffraction efficiency. These characteristics enable
the device to be used in the fabrication of miniaturized spectrometers and integrated optics. © 2010

A grating consists of a periodic pattern manufactured by
mechanical ruling,l holography,2 lithography,3_5 or con-
trolled self—assembly.6 It is a key element in many
applicationsj"9 especially in spectrometers where analysis of
a sample is done from dispersed wavelengths. The two main
optical functions in a conventional spectrometer are disper-
sion and focusing of incident light. A large number of com-
ponents are required in such systems and hence they are
bulky. To reduce the size and cost of the system, it is essen-
tial to minimize the number of components within the
system.10 This can be achieved by combining different opti-
cal functions in one element. We combine diffraction, lens-
ing, and dispersion in a nanophotonic device fabricated by
combining a nematic liquid crystal (LC) and an array of con-
ducting multiwall carbon nanotubes (CNTs). Since the diam-
eter of a CNT is in the range 10-100 nm, the interaction
between the CNT and LC is restricted to the micrometer
scale, which is much smaller compared with current LC de-
vices. The CNTs were grown vertically (height 4 wm) and
periodically on quartz (or silicon) substrates by plasma en-
hanced chemical vapor deposition after employing e-beam
lithography to a nickel catalyst layer forming an array.11 The
device fabricated on the silicon substrate operated in reflec-
tive mode and that on the quartz functioned in transmission
mode. When an external electric field was applied between
top and bottom electrode, the nanotube acted as both a grat-
ing element and an electrode site that spawn an electric field
profile dictating the refractive index profile within the nano-
photonic device and hence forming a hybrid grating lens
element (hybrid grating lenslet). The nanophotonic hybrid
grating lenslet has an advantage over conventional one-
dimensional and two-dimensional (2D) LC gratingslz’15 that
the device combines grating and lensing together in one el-
ement. So the diffraction spot size and intensity are variable
in Fourier plane with respect to an external voltage which is
useful for realizing a miniaturized spectrometer. In this letter,
we present experimental and computational results on the
diffraction characteristics of the device and also discuss its
potential use in a miniaturized spectrometer and an inte-
grated optical system.

Computer simulations were carried out to understand the
relationship between the number of CNTs in each group per
hybrid grating lenslet and the diffraction efficiency. The
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nanotubes were modeled as an intensity grating and LC as a
phase grating because CNTs distort the planar aligned LC
molecules in their vicinity. Figure 1(a) shows a computation-
ally modeled hybrid grating lens element where the nano-
tubes act as an intensity grating and LCs as a voltage recon-
figurable phase envelope over the nanotubes. The resultant
Gaussian like phase profile over a six nanotube group shown
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FIG. 1. (Color online) Computationally simulated hybrid grating lens array
and diffraction pattern at 1.55 V.. (a) Each element has six nanotubes
(intensity grating) and a resultant phase profile due to LCs (phase grating).
(b) Simulated diffraction pattern with center zero order using the hybrid
grating lens array model.
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FIG. 2. (Color online) Optical microscope image of a transparent nanopho-
tonic hybrid grating lens array with six nanotubes per each hybrid grating
element and a period of 10 um at 1.55 V¢ (magnification 50X).

in Fig. 1(a) (one element magnified) is due to the combined
effect of the Gaussian phase profile over each nanotube in
the group. Figure 1(b) shows the simulated diffraction pat-
tern using the simulated intensity and phase grating array.
The diffraction pattern consists of a well defined zero order
and first orders. The diffraction efficiency was calculated
from the simulated diffraction pattern and observed that the
diffraction efficiency increased with increase in applied volt-
age until certain value and then decreased with further in-
crease in applied voltage. This is because of the change in
the phase profile and diameter of each hybrid grating lenslet
with respect to the applied voltage. The diffraction efficiency
was also found to increase with the number of nanotubes per
hybrid grating lenslet with a constant periodicity. The com-
puter simulation studies show that the nanophotonic device
can be represented as an intensity grating due to the nano-
tubes and a phase grating due to the LC in the device and
that the diffraction efficiency is voltage reconfigurable and
increases with the number of nanotubes per group.

Figure 2 shows an optical microscope image of the
nanophotonic device with a magnification of 50X at
1.55 Vs The fabricated device has over 1 000 000 hybrid
grating lenslets in a 10 X 10 mm? area. The grating period of
the nanophotonic device can be increased or decreased fur-
ther depending upon the application. The diffraction charac-
teristics were studied using the nanophotonic device fabri-
cated on the silicon substrate (reflective device) and the
quartz substrate (transparent device). It was found that char-
acteristics of the devices were almost identical. A He—Ne
laser with wavelength of 633 nm was used as a source to
record the diffraction pattern from the transparent nanopho-
tonic device. The collimated laser beam was incident on the
device normal to the surface and diffraction patterns were
recorded on a charge coupled device (CCD) camera. The
applied voltage to the nanophotonic device was varied from
0 to 7 Vs to study intensity variation in the diffraction
patterns and hence diffraction efficiency. Since the incident
laser light was perpendicular to the device surface, the dif-
fraction behavior of the device can be determined by the
simplified gating equation mA=d sin 6, where m is the dif-
fraction order, N(633 nm) the wavelength of the incident
light, d(10 um) the period of the nanotubes group, and 6
diffraction angle with respect to the grating normal. The dif-

FIG. 3. (Color online) CCD camera images of diffraction patterns generated
from the transparent nanophotonic device under He—Ne laser light (633 nm).
(a) Diffraction pattern at 0 V., (b) 1.55 V., and (c) 6 V..

fraction angle calculated was 3.63°. Figure 3 shows the dif-
fraction pattern generated from a transparent nanophotonic
device with six nanotubes per group which formed a hybrid
grating lenslet with a period of 10 wm at 0, 1.55, and
6 V.. From the Fig. 3 it is clear that the incident laser
beam is diffracted into first orders with a central zeroth order.
The zeroth order can be reduced further by individually ad-
dressing each hybrid grating lenslet. The intensity of diffrac-
tion orders in x axis is found to be slightly greater than in y
axis because the LC alignment was along x axis. The diffrac-
tion efficiency (DE) of the nanophotonic device was mea-
sured using a laser power meter instead of the CCD camera
in the experimental setup. The diffraction efficiency device
was calculated using the equation DE=2X1/1, (Ref. 16)
where I is the sum of the intensity in all of the diffracted
beams and I is the intensity of the incident beam. The dif-
fraction efficiency was measured as 58% at 0 V., which
then increased to 72% at 1.55 V., and decreased with fur-
ther increase in the voltage as shown in Fig. 4(a). We have
demonstrated a nanophotonic device with well clear diffrac-
tion orders and voltage dependant diffraction efficiency. The
increased diffraction efficiency at 1.55 V,, was due to a
maximum phase modulation of 4.27 (13.18 radians) of each
hybrid grating lenslet of the nanophotonic device as shown
in Fig. 4(b). An interference setup was used to recover the
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FIG. 4. (Color online) (a) Diffraction efficiency of the transparent nanopho-
tonic device vs applied voltage. (b) Unwrapped phase in radians of one
grating lenslet vs applied voltege.



FIG. 5. (Color online) CCD camera images of diffraction patterns generated
from the device under white light. (a) Different wavelengths dispersed in the
diffraction orders. (b) Experimentally obtained diffraction angle. The circles
represent the angle of diffraction. The diffraction angle for first order is 3.7°.

phase profile of each hybrid grating lenslet. The phase modu-
lation of the hybrid grating lenslet is 3.77 at 0 V. and
increased to 4.27 at 1.55 V.. The phase modulation de-
creased after 1.55 V., and hence so did the diffraction ef-
ficiency. The experiment was then extended to a white light
source. When white light was incident on the device, disper-
sion of different wavelengths in the diffraction pattern was
observed in the CCD camera as shown in Fig. 5(a). The
measured angle of divergence from the experimental setup
was 3.7 degrees for 633 nm as shown in Fig. 5(b) and
matches with the calculated value of 3.63° using the grating
equation. The focal length of each hybrid grating lenslet was
calculated using the equation f=I"2/20PD (Ref. 17) 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 wm). The focal length was 10 um
at 0 V., and increased to 35 wm at 3 V... Further in-
crease in the voltage distorted the orientation of LC mol-
ecules in the device and hence no focusing observed. The
focal length variation was due to the change in phase profile
with respect to the applied voltage. The variation in phase
profile of each hybrid grating lenslet caused the variation in
intensity in the diffraction orders (Fourier space) and hence
gave voltage reconfigurable diffraction efficiency. The dis-
persion combined with the voltage dependant intensity varia-
tion in the diffraction orders of the device can be used to
align different wavelengths to a respective number of fibers
placed just behind the nanophotonic device. This principle
can be used to make a miniature spectrometer. In a typical
spectrometer optical system 2D images are wavelenoth fil-

tered with many filters for different wavelengths. But such
system is not good for the detection of continuous spectra. In
some other designs the wavelength of the light source is
scanned by a monochromater. But this system cannot be ap-
plied for cases that involve luminescence or wavelength
shift. The Fourier transform spectroscopic imaging technique
serves as a high performance system but requires both a large
optical system and a complicated data conversion. The ad-
vantage of realizing a spectrometer based on the nanophoto-
nic device lies in the miniaturization, reduction in the total
number of optical components by combining different opti-
cal functions in one element, increased resolution and design
simplicity. In the nanophotonic device CNTs act as intensity
grating while LC creates graded refractive index profile for
lensing. The device has over 10° grating lenslets in 10
X 10 mm? area. We have used six nanotubes group repeated
in 10 wm separation (period). The period can be reduced
further to increase the resolution. In our proposed spectrom-
eter system white light is incident on a sample under obser-
vation and then passed through the nanophotonic device fol-
lowed to align different wavelengths in the diffraction
pattern into respective fibers for further analysis.

In conclusion, we present a hybrid grating lens array
using a nanophotonic device which acts as a voltage recon-
figurable diffracting, dispersing, and focusing element. A dif-
fraction experiment with white light showed the splitting of
different wavelengths in the diffraction pattern of the nano-
photonic device. A miniaturized spectrometer has been pro-
posed based on the voltage dependant focal power, diffrac-
tion, dispersion, and diffraction efficiency of the device.
Further study is in progress by fabricating different nanotube
electrode geometries and a pixelated top electrode in the
nanophotonic device.
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