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We report a method for constructing an active optical polarizer
using an aligned carbon nanotube (CNT) sheet that is flexible,
bendable, transparent, conductive, and also serves to anchor
liquid-crystal (LC) molecules. A horizontally aligned CNT sheet was
obtained by mechanical stretching from a vertically grown CNT
forest, which was then transferred onto a substrate. A liquid
polymer was infiltrated into the CNT sheet followed by UV curing,
while a part of the CNT sheet was still exposed on the film surface
without polymer coating. The polymer-embedded CNT sheet
(P-ECS) film with 10 layers of CNT sheets exhibited a good polariz-
ation efficiency of 87%, a sheet resistance of 340 Q 0%, and excel-
lent ability to align LC molecules. The high stability of the P-ECS
film was confirmed from the very low variation of sheet resistance
(2%) and transmittance (10%) observed during a bending test of
1000 cycles. In addition, a twisted nematic LC device constructed
using the P-ECS films shows a good bright—dark switching per-
formance. The P-ECS film functions simultaneously as a transpar-
ent electrode, a film-type polarizer, and a LC alignment layer,
demonstrating the multi-functionality of the active CNT film. This
study thus highlights a wide range of possible applications for
active polarizers and flexible displays.

Introduction

Carbon nanotubes (CNTs) could be viable alternatives to con-
ventional materials used in electric devices owing to their
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mechanical resilience,' high electrical conductivity,> optical
transparency,™ high aspect ratio,’ and the possibility to
anchor liquid crystal (LC) molecules on their surface.>® In par-
ticular, the aligned CNT array along a preferred direction leads
to anisotropic optical absorption, therefore it has been inten-
sively investigated for its applications in optical polarizers.”®
There are three ways to align CNTs: (i) Aligned CNTs can be
directly synthesized by chemical vapor deposition (CVD) on
quartz substrates,’ (ii) fabric CNTs can be woven from a CNT
forest,>'® and (iii) using an external shear force" or electric/
magnetic field to re-orientate CNTs dispersed in a liquid.'*"?
However, the thickness and density of the aligned CNTs are
limited in the direct synthesis method,"* and the degree of
alignment from the reoriented CNTs in a liquid is very poor to
meet the requirement of an optical polarizer."> The aligned
CNT sheets extracted from the CVD-grown CNT forest can
function as flexible and active optical polarizers to offer com-
parable polarizer efficiency and the robust processing tech-
nique is suitable for industrial applications due to its scalabil-
ity.> However, the highly ordered CNT array is mechanically
weak under external stresses such as bending, pressing, and
strain. Therefore, the polymer-embedded CNT array has been
intensively investigated to overcome this issue.'®'” The
polymer effectively prevents the degradation of the aligned
CNT array from the external stress. However, the CNT array is
fully embedded within the polymer, limiting sheet conduc-
tance and more seriously prohibiting the LC anchoring effect
on the CNT surface. In order to provide mechanical stability
while retaining the inherent multi-functionality of the aligned
CNT array, an exposure of CNTs on the polymer surface is a
prerequisite condition for flexible LC display devices.'®"°
Herein, we report a method to fabricate a multi-functional
optical polarizer using an aligned CNT sheet. The aligned CNT
sheet was extracted by mechanically stretching it from a CNT
forest and transferred onto a glass substrate, followed by
polymer coating and UV curing with the partial exposure of
CNTs. We were able to achieve high polarization efficiency,
high conductance, and good LC alignment performance for
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the polymer-embedded CNT sheet (P-ECS) film. The film
showed excellent stability during a bending test of 1000 cycles.
Compared to previous single-"'® or dual-functional CNT array
films such as a LC aligner-electrode system,'®'® we further
demonstrated an active LC device using the multi-functional
P-ECS film, which simultaneously acted as a transparent film-
type polarizer, an electrode, and a LC alignment layer.

Results and discussion

The free-standing CNT sheet was extracted from a vertically
grown multiwalled CNT (MWCNT) forest. One edge of the CNT
forest was pulled mechanically in the form of a sheet and
attached to a U-shaped guide (Fig. 1a). Free-standing CNT
sheets were rotated using a mechanical motor for an increase
in the number of CNT layers (n). The CNT sheets were then
transferred onto the glass substrate (Fig. 1b). The transferred
CNTs were preferentially aligned along the pulling direction,
although slight deviations were present, as seen in the field-
emission-scanning electron microscopy (FE-SEM) image
(Fig. 1b). The polarization-angle dependent Raman spectra
show a high degree of alignment of CNTs (inset of Fig. 1b and
Fig. S1a in the ESIT). When the angle between the aligned axis
of CNTs and the polarized axis of input light approaches from
0° to 90°, the normalized G-band (near 1575 cm™") intensity
decreases due to the anisotropic absorption feature of
CNTs.”**! This also indicates the high degree of alignment of
CNTs.

The liquid polymer (Norland Optical Adhesive 63, NOA63),
which is an appropriate candidate matrix due to high transmit-
tance (Fig. S1b, ESIT), was allowed to permeate into the CNT
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Fig. 1 Fabrication of a polymer-embedded CNT sheet (P-ECS) film. (a)
Mechanical pulling for the alignment of CNTs, (b) a free-standing CNT
sheet transferred on a substrate along with SEM image with the inset for
polarization angle-dependent G-band (1575 cm™) intensity measured
using a Raman microscope, and (c) polymer-coating: the SEM image of
the back side showing CNTs without the polymer with the inset
showing the polarization angle-dependent transmittance of the CNT
sheet and P-ECS film at a wavelength of 550 nm. (d) AFM image of the
surface of the P-ECS film: (e) 3D image, (f) 2D height morphology, and

(g) line profile corresponding to the red line in (f).
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sheets. The orientation ordering of CNTs in the P-ECS film
was largely retained after UV curing. The CNTs were partially
exposed at the bottom surface of the P-ECS film because of
their direct, intimate contact with the glass substrate (Fig. 1c).
This exposure of CNTs on the surface is the key to realizing an
active CNT electrode with LC alignment. Only a few CNTs were
partially exposed on the film surface, and hence the G-band
Raman signal was negligible (Fig. S1c, ESI}). The polarization-
angle dependent transmittance was measured to evaluate the
degree of alignment of CNTs after polymer coating (Fig. S1d
and e, ESIT). The transmittance (wavelength, 4 = 550 nm, n =
10) both before (black symbols) and after polymer coating (red
symbols) is reduced with an increased misorientation angle (6,
a polarized axis of the light from the aligned axis of CNTs).
Although the transmittance was slightly decreased after
polymer coating from 7.7% to 7.3% (4 = 550 nm, 6 = 0°), no
appreciable change was found (inset of Fig. 1c). By tilting the
crossed polarizer-analyzer from 0° to 90°, the normalized
brightness of the P-ECS film before and after the coating
showed similar tendencies (Fig. S2, ESIf), which was con-
firmed by polarized optical microscopy (POM) measurements.
The thickness of the CNT sheet was 3.6 pm with 8 CNT layers
(Fig. S3, ESIT). As seen in the atomic force microscopy (AFM)
images (Fig. 1le-g), the surface of the P-ECS film was grooved
with a typical valley of 30-70 nm and a width of 2-3 pm, and
the fine wrinkles were generated on the grooved surface by the
individually exposed CNTs, irrespective of the number of CNT
layers (Fig. S4, ESIT).

We measured the transmittance at 1 = 550 nm (7%
@550 nm) and sheet resistance (R;) of the P-ECS films with a
different number of CNT layers (Fig. 2a). Both T%®550 nm
(Fig. S5, ESIt) and R, decrease as the number of CNT layers
increases. The transmittance reaches ~42% for 3 CNT layers,
and R; is as low as 340 Q O°" for the sample with 10 layers.
The variation in transmittance during the 1000 bending test is
found to be very low (+10%) regardless of the number of layers
in the range of 3-10 layers (Fig. 2b). The R value changes
within +2% (Fig. 2c). Since the R value is relatively high com-
pared to those of previous studies (70-200 Q O°"),** the R
value can be further reduced by replacing MWCNTs with extre-
mely high-conductive single-walled CNTs.

In the following, we describe the procedure to align LC
molecules on the CNT surface. Due to m-m stacking, the
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Fig. 2 (a) Transmittance at a wavelength of 550 nm and sheet resis-
tance of the P-ECS film with a different number of CNT layers. The
stability test showing relative changes in (b) transmittance and (c) sheet
resistance during bending tests. The inset image in (b) is the schematic
illustration of the bending tester.
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Fig. 3 Alignment of liquid crystals (LCs) on the surface of a P-ECS film:
(a) n—n stacking between aromatic hexagonal rings in LC molecules
(orange ellipsoid) and the hexagonal C-C network of the CNT. (b)
Horizontally aligned LC molecules along the long axis of CNTs.
Polarized optical microscopy measurement to evaluate LC alignment:
LC-coated P-ECS film with (c) one polarizer (parallel direction, bright
state), (d) crossed polarizer—analyzer (dark state), and (e) 45° tilted
polarizer—analyzer (medium bright state). UV-Vis transmittance and
absorbance spectra of two overlapped P-ECS films with various
numbers of CNT layers: parallel and perpendicular (f) transmittance and
(g) absorbance, and (h) polarization efficiency and dichroic ratio at
550 nm; n is the number of CNT layers.

anchoring of the aromatic hexagonal rings of the LC molecule
on the CNT surface is energetically favored.>® In a typical LC
molecule with 2-4 hexagonal rings, several orientations of the
LC molecules are possible when anchored on the surface of
CNTs (Fig. 3a). In neighboring LC molecules, they energetically
prefer to align their long axes parallel to each other owing to
steric hindrance. When the LC suspension is added dropwise
onto the grooved P-ECS film, LC molecules flow along the
groove direction and pile up on the aligned CNT surface.
Consequently, at high LC density, the LC molecules are
aligned preferentially along the long axis of the CNT surface
(Fig. 3b).

The alignment of LC molecules was confirmed by POM for
the LC-coated P-ECS film (n = 8). The incident light was line-
arly polarized using a polarizer located under the P-ECS film.
The polarizer and the alignment direction of CNTs, as well as
the LCs, are parallel to each other, resulting in a bright state
(Fig. 3c). When the analyzer on top of the P-ECS film is
oriented perpendicular to the polarizer, the linearly polarized
light is blocked, resulting in a dark state (Fig. 3d). Upon
rotation of the polarizer and analyzer by 45° with respect to
the direction of alignment of CNTs, the birefringence of the
LC molecules leads to retardation of the linearly polarized
light, resulting in a medium bright state (Fig. 3e). Similar
bright and dark states are observed for the sample with 5

This journal is © The Royal Society of Chemistry 2020
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layers (Fig. S6, ESIt). The pre-tilt angle of LC molecules was
determined qualitatively by observing the luminance of the
electrically controlled birefringence (ECB) device, which con-
sists of two parallel P-ECS films with the injection of LC mole-
cules. Using the symmetrical tiling ECB device (+10, 20°), no
significant change of luminance was observed (Fig. S7, ESI¥).
This concludes that the pre-tilt angle is close to 0°.

We measured the parallel (7)) and perpendicular (7',) trans-
mittances of two overlapping P-ECS films with a different
number of CNT layers (Fig. 3f, high magnification was pro-
vided in Fig. S8 a and b, ESIf). Both transmittances (7 and
T,) are reduced in the entire visible range as the number of
CNT layers increases. At a given 4 = 550 nm, the transmittance
is reduced exponentially (Fig. S8c, ESIT). The parallel (4;) and
perpendicular (4,) absorbance was calculated using A = log(1/
T).>* Ay and A, increase gradually as the number of CNT layers
increases (Fig. 3g and Fig. S8d in the ESI}). The polarization
performance can be evaluated from the polarization efficiency
(PE), which is defined as,***

PE = \/(TH —T0)/(Ty +T.) x 100 (1)

Thus, PE is improved by increasing the number of CNT
layers and it reaches 87% (4 = 550 nm, n = 1) (Fig. 3h) while
remaining almost constant in the entire visible range (Fig. S8e,
ESIT). The polarization performance can be evaluated by the
degree of polarization (DOP) as well as the dichroic ratio. The
DOP defined using (T}, — T,)/(T) + T.)** shows a similar depen-
dence on the number of CNT layers to the PE result reaching
~0.72 at A = 550 nm, n = 10 (Fig. S8f, ESI{). The dichroic ratio
(R) is calculated by the ratio of parallel to perpendicular
absorption coefficient (Apar/Aperp)”"*® The dichroic ratio (4 =
550 nm) increases gradually with an increasing number of
CNT layers from 1.05 (n = 1) to 1.42 (n = 10) (Fig. 3h). These
simply indicate that the polarization performance is improved
with an increasing number of CNT layers, which is a trade-off
to the transmittance.**

Finally, we fabricated a twisted-nematic LC cell device using
P-ECS films to simultaneously function as the electrode, polar-
izer, and LC alignment layer. LC molecules were placed in a
gap with the help of spacer tape of 5 pm thickness, between
two orthogonally stacked P-ECS films. Under these conditions,
the molecules of the LC are twisted by 90° (left schematic of
Fig. 4a). The light illuminated into the LC cell is transmitted
through the cell via the twisted LC molecules, giving rise to a
bright state (Fig. 4b). When voltage is applied between the top
and bottom P-ECS films, the LC molecules are aligned verti-
cally along the electric field owing to the positive dielectric an-
isotropy of the LC molecules. Here, P-ECS films act as an
active medium. Thus, the LC cell (n = 8) shows the dark state
at an applied voltage of 15 V (Fig. 4c).

The voltage-dependent transmittance (V-T) was measured
for devices with a different number of CNT layers (Fig. 4d).
The intensity was normalized using the relationship (7% — T
%0 min)/(T%max), Where T%min and T%max are the minimum and
maximum transmittance values in the V-T curve. The normal-
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Fig. 4 Performance of the twisted-nematic LC cell device using P-ECS
films: (a) Schematic illustration of an LC cell with and without applied
voltage. Optical microscopy images of the LC cell device with 8 layers in
(b) voltage-off and (c) -on states (15 V). (d) Voltage-dependent nor-
malized transmittance curves for devices with a different number of
CNT sheets. (e) Threshold voltage (Vi) and the minimum transmittance
(T%min) under an applied voltage of 15 V.

ized intensity decreases exponentially after an onset voltage of
around 3 V and saturates around 10 V, irrespective of the
number of CNT layers. The switching performance from the
bright to dark state can be evaluated using the values of
threshold voltage (Vi) defined as the voltage required to begin
decreasing the normalized intensity. The Vy, value slightly
decreases with an increasing number of layers from 3 to 8
(blue symbols in Fig. 4e), which is mainly responsible for the
improved electrical properties of the P-ECS film (Fig. 2a). To
make a clear comparison of switch performance, we calculated
Vi at 90% of normalized intensity (Ve 000s)->” (At 72 = 3, Ver 0006
cannot be defined, since the normalized T%,y,;, did not reach
90% due to the low polarization efficiency, PE (n = 3) = 29.4%
at 4 = 550 nm). The Vi, 999 value also slightly decreases with
an increasing number of layers from 5 to 8 (blue symbols in
Fig. S9, ESIT). These Vi 999 values (Vi 009 (2 = 5) = 1.7 V and
Vin 909% (1 = 8) = 1.3 V) are slightly lower than a simulated value
of the standard cell (Vi 90 = 2.1 V, Fig. S10 in the ESIf). Our
switching performance is more sensitive than those reported
in previous studies. The Vi, 900, value of the LCD cell with the
SiO,-deposited CNT array was 4 V,*® and the LCD cell with the
randomly oriented CNT film as a transparent electrode varied
with the Vi, o0, value from 1.4 to 1.9 V.27

This is ascribed to the relatively low polar anchoring energy
(Wpolar = 6.43 x 107° ] m™?) of the P-ECS film cell compared to
that (~10™* J m™?) of the conventional polyimide alignment
layer,>® where Whpolar Was measured from capacitance-voltage
(C-V) characteristics with elastic continuum theory.>*!
Detailed simulation of the standard cell and calculation of
polar anchoring energy are explained in the ESL.}

The T%mnin value of the LC cell after applying 15 V decreases
for an increasing number of CNT layers (black symbols in
Fig. 4e). The T%y;, value at n = 5 decreases to 0.3%, resulting
in light leakage even in the dark state (Fig. S11, ESI). On the
other hand, a reduction in 7%y, to 0.06% is achieved for the
device with n = 8, demonstrating a nearly ideal dark state
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(Fig. 4c). Although we successfully obtained an active CNT
polarizer film, the relatively poor alignment of CNTs in our
device led to poor transmittance and polarizing properties
when compared to those of the commercial polarizer (PE =
99%, R = 25). In addition, power consumption was relatively
high in the LC cell device fabricated with the P-ECS film.
Using single-walled CNTs instead of MWCNTSs could be an
option to improve the degree of alignment and to reduce
power consumption.'* Furthermore, the high degree of align-
ment of CNTs could improve the transmittance, polarization
performance and LC alignment, which could be realized by a
more precise stretching process®> and transferring the directly
grown horizontally aligned CNTs with high density.**

Experimental section
Fabrication of the P-ECS film

One edge of a CNT forest (A-Tech System Co., Korea) was
drawn as a sheet form using a U-shaped guide. The free-stand-
ing CNT sheet (15 mm x 70 mm) was transferred onto the
hydrophobically treated glass substrate (25 mm x 70 mm). The
CNT-transferred substrate was covered by another glass sub-
strate (top) with spacer tape of 100 pm thickness. The UV-
curable monomer (NOA 63, np = 1.56, Norland Products Inc.)
was dropped at the gap entrance and then exposed to UV
irradiation (Hamamatsu, LC8 L9588) of an intensity of 15 mW
em~? for 5 min. Finally, the P-ECS film was peeled off from the
glass substrates.

Fabrication of the LC cell device (Fig. S12, ESI{)

The P-ECS film was supported by flat substrates (glass) to
prevent bending. A metal wire was bound to the CNT-exposed
face of the P-ECS film using silver paste. The LC molecular sus-
pension (ZLI-4792, An = 0.0969, at 589 nm and 20 °C, Ae = 5.3,
Thi = 92 °C, Merck Advanced Technology) was added dropwise
onto the film surface. Spacer tape of 5 pm-thickness was
pasted on both the edge sides of the film along the longitudi-
nal CNT direction. Another LC-coated P-ECS film was orthog-
onally laminated on the spacer (one drop filling method).

The degree of CNT alignment and the surface morphology
were observed by FE-SEM (Hitachi SU-70) and AFM (Bruker,
Multimode-8). The normal and polarized transmittances and
Raman spectra were measured by UV-Vis spectroscopy (Scinco
S-3100) in the 350-800 nm wavelength range and using a
Raman microscope (NTEGRA Spectra, NT-MDT) with a wave-
length of 532 nm, respectively. The sheet resistance was deter-
mined by non-contact eddy current probe measurements
(Napson, EC-80P). The stability of the transmittance and the
sheet resistance values of the P-ECS film were tested using an
in-house bending test system. The bending radius was 2 mm,
and the repeating step was 200 cycles. The alignment of LC
molecules on the P-ECS film was confirmed by POM (Nikon,
Eclipse E600 W POL). The voltage dependent-transmittance of
the LC cell devices was measured using a LC measurement
system (Sesim Photonics Technology, LCMS-200). The voltage-
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dependent transmittance of the standard cell was simulated
using a TechWiz LCD 2D tool (Sanayi System Co., Ltd). The
polar anchoring energy was measured using a LCD physical
properties measurement system (RDMS-200 and LCR meter,
Agilent 4248A).

Conclusions

An active CNT polarizer film that is flexible, bendable, and
transparent with good polarization efficiency was fabricated.
The exposed CNTs rendered the surface conductive and
brought about the alignment of LC molecules. Bending tests
of 1000 cycles confirmed the excellent stability of transmit-
tance and sheet resistance. Moreover, the bright-dark switch-
ing performance of the LC cell device using P-ECS films was
reasonable. Our results thus demonstrate the multi-functional
nature of the active CNT film and highlight its potential for
diverse applications as flexible display, ultra-thin display, and
so on. Furthermore, the multi-functional P-ECS film can lead
to cost reduction by merging and replacing several com-
ponents into one component.
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