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Super-fast Switching of Twisted Nematic Liquid Crystals with a
Single-wall-carbon-nanotube-doped Alignment Layer
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The application of a single-wall carbon-nanotube (SWCNT) and polyimide (PI) composite thin
film on an indium tin-oxide (ITO) glass substrate, working as the command surface in a twisted
nematic liquid crystal display (LCD), is described. SWCNTs were chopped and oxidized in a strong
acid medium to make them more miscible in a polyimide solution. A film of this newly-developed PI-
SWCNT composite was rubbed to determine the director direction for the LC molecules. The newly-
fabricated command surface was examined using a laser beam profiler and atomic force microscopy.
Sizes of shortened SWCNTs were characterized by using field-emission scanning electron microscopy
(FE-SEM). Finally, small-sized test panels were fabricated from this composite-coated ITO glass,
and their electro-optic performances were measured. Although the operating voltage to switch a
cell was increased by around 41%, the switching speed was improved remarkably. The rise time of
the test cells was found to be improved by around 10.12% and the decay time by around 29.77%.
Thus, an overall improvement of around 16.12% in the total switching time was achieved. The
change in the surface morphology of the newly-developed composite materials was found to be one
of the factors responsible for the faster switching of the device. Detailed discussions are given in
this report to explain the faster switching of the newly-developed twisted nematic liquid crystal
display (TN-LCD). The device can be useful for practical applications.
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I. INTRODUCTION

Nowadays, liquid crystal displays (LCDs) are the most
widely used display devices and LCDs are still being
developed. Considering the numerous material issues
and technology problems raised in meeting market de-
mands, engineers are still hunting for new modes, new
materials, or new technologies [1–6] with better perfor-
mance, such as faster response time, wider viewing angle,
higher contrast ratio, and so on. Liquid crystals (LCs)
are optically anisotropic liquids, and they can effectively
change or control the state of polarization of light passing
through them. This property has been successfully used
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to make display devices. To use that property purpose-
fully, one needs to control the direction of the nematic
LC molecules in a device, and in order to control the
director’s orientation, one needs to use a proper modifi-
cation to align the molecules homogeneously in a plane
vertical to the substrate. This surface is often called the
command surface. Hence, alignment layer development
has been one of the most important ares for decreasing
the response time of LCDs because of its advantage of
low power consumption and high reliability [7]. Two ma-
jor approaches are used to decrease the response time of
LC molecules and to decrease the driving voltage of a
cell with an alignment layer [8]; one is controlling the
pretilt angle of the LC molecules by using chemical or
physical methods, and the other is manipulating the ca-
pacitance of the alignment layer such that the accumu-
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lated volume charge induces a polarization field on the
LC. Until now, few attempts in which carbon nanotubes
(CNTs) have been used to decrease the response time
effectively, such as doping CNTs in LCs directly [9–11],
doping CNTs in the alignment layer [8] or in the carbon-
nanotube field-emission backlight unit [12], and so on,
have been reported. In general, the decrease in the re-
sponse time related to CNTs is due to two main aspects;
one is the very strong localized electric field induced by
the high length-to-diameter ratio of the CNTs, which is
called the electric-field enhancement effect [13], and the
other is the strong anchoring between LC molecules and
CNTs because of the strong van der Waals interaction
[14–17].

The improved relaxation time and the order parame-
ter of a nematic liquid crystal made by using a hybrid
alignment mixture of CNTs and polyimide (PI) was re-
ported by Lee [18]. When a hybrid alignment mixture
with 1.5-wt.% CNT was used as an alignment layer, the
relaxation of the cell was found to be reduced by 35%
compared with the value for a cell with a pure PI align-
ment layer. However, in the hybrid alignment layer, a
large number of CNTs will decrease the transpareny and
the luminance of the display. Seo [8] demonstrated a
LC alignment layer made of ultra-thin single-wall carbon
nanotubes (SWNTs) and a conjugated block copolymer
nanocomposite, for which the switching time reached ap-
proximately 3.8 ms. However, the preparation of ultra-
thin SWCNTs is complicated [19–22], and materials that
are relatively available are preferred.

Herein, a novel LC alignment layer that is doped with
a small number of small SWCNT clusters was prepared
in consideration of the facts that the fast switching of
twisted nematic liquid crystals (TN-LCs) is caused by
the electric-field enhancement effect due to the high
length-to-diameter ratio of the SWCNTs and that the
anchoring energy between the LCs and the SWCNTs is
strong. In addition, the SWCNT clusters outside the
surface will effectively reduce the cell gap and will con-
tribute to the fast response of TN-LCs.

II. EXPERIMENTS AND DISCUSSION

For the experiment, all the chemicals and reagents
were used as received from commercial sources with-
out any further purification. SWCNTs were obtained
from Hanwha Chemical Co., Ltd. The liquid crystal
(MAT-04-889) was supplied by Merck Advanced Tech-
nology and had a dielectric anisotropy Δε = +5.0 (ε‖
= 8.1, ε⊥ = 3.1), a birefringence Δn = 0.109 at λ =
589 nm, k1 = 12.3 pN and k3 = 12.8 pN. The RN-1800
TN alignment layer material was purchased from Nis-
san Chemical, LTD. For the purification of the SWC-
NTs, 100 mg of SWCNT powder was sonicated in 100
ml of H2SO4/HNO3 (volume: 3:1) mixture [23–25] at
room temperature for 12 h, followed by dilution in 300

Fig. 1. (Color online) (a) SEM image of a functionalized
and cut SWCNT and (b) FT-IR spectrum of a functional
SWCNT.

ml of distilled (DI) water in an ice bath with stirring.
The solution was then centrifuged at 10,000 rpm to sep-
arate large bundles of SWCNTs from single SWCNTs
and functional SWCNTs. The SWCNTs obtained were
washed with DI water until they became neutral; then,
they were collected by using a film membrane with the
help of a vacuum pump and stored in an oven at 100 ◦C
overnight.

The appearance and functionalization result for the
obtained SWCNT is shown in Fig. 1. The functional
SWCNTs, 0.02 wt%, were then added to a PI solution
to investigate the transparency of the SWCNTs. The
mixture was kept in a sonic bath for 4 h at room tem-
perature, followed by a centrifuge process. Thus, a com-
posite with SWCNT clusters randomly dispersed in a PI
solution was achieved. The 3-D structures of the clusters
were estimated by using a 3-D laser-beam profiler system
and atomic force microscopy (AFM, XE-100, PARK Sys-
tem (Korea)).

A typical substrate with a 40-nm-thick indium tin-
oxide (ITO) layer was coated with an 80-nm-thick align-
ment layer. After the alignment layer had been baked
under the proper conditions, the surfaces were rubbed by
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using a conventional rubbing machine. TN cells were fab-
ricated using those composite, coated and rubbed, ITO
substrates. Plastic ball spacers were used to maintain
a uniform cell gap (d) of ∼3.2 − 3.3 μm and the optic-
electro properties of the LC devices. The nanocompos-
ite alignment layer material was spin-coated on the ITO
coated substrates. After the injection of the LCs, the
electro-optical properties of the TN cells were measured
using an LCMS-200 system (SESIM Photonics Technol-
ogy).

SWCNTs are an ideal material for the fabrication of
optical devices because of their anisotropic intrinsic op-
tical properties, but unfunctionalized SWCNTs have a
low dispersion in almost all solvents because of the large
van der Waals forces that stacks them together to form
large bundles [26]. A high dispersion of SWCNTs can
be achieved by adding some aids and by functionaliz-
ing with acids or polymers, but the added aids decrease
the performances of the composite, and most function-
alization processes are complicated and have little effect
and low efficiency. Acidification-oxidized SWCNTs can
be obtained by sonicating SWCNTs in H2SO4/HNO3

at room temperature, which is easier than other func-
tionalization methods. The neutral-acid-refluxed SWC-
NTs with -COOH ligands have been proven to be disper-
sivable in butanol/toluene and xylene/ethanol mixtures,
which are poor solvents for pristine SWCNTs [27]. 1, 2-
dichorobenzene, chloroform and N-methylpyrrolidinone
are the best solvents for dispersing SWCNTs [28].

Figure 1(a) shows characterizations of chopped and
functionalized SWCNTs as obtained via field-emission
scanning electron microscopy (FE-SEM). The figure
shows the SWCNTs appearance and the length of an
individual tube. The individual tube has a straight out-
look and has a length of about 435 nm, which is 142 times
longer than the length of an individual LC molecules. Af-
ter a 12-h sonication/acid treatment, the -COOH func-
tional group and the -OH functional group were success-
fully introduced to original SWCNTs, and the length of
the original SWCNTs has decreased to less than 500 nm,
which contributes to the dispersion of the treated SWC-
NTs in the composite.

The dispersion and the structure of the SWCNT clus-
ters in the PI alignment layer were confirmed by using
optical microscopy (OM) and ultraviolet-visible trans-
mission spectroscopy (UV-vis), as shown in the Fig. 2.
These clusters were observed to be randomly located
in the composite film, and the sizes of clusters were
found to range from nanometers to micrometers. Be-
cause of the strong interaction between the SWCNTs
and the chemical compatibility between SWCNTs and
PI molecules, the SWCNTs in the nanocomposite film
existed in clusters rather than as individual SWCNTs.
Here, the aggregation of SWCNTs was due to the nonef-
fective functionalization of the SWCNTs, even though a
strong acid/sonication treatment had been performed.
The noneffective functionalized SWCNTs presented a
dispersion property similar to that of the raw nonfunc-

Fig. 2. (Color online) (a) OM image of functionalized and
shortened SWCNT clusters doped into a PI alignment layer.
(b) Transmittance spectra of a pristine polyimide alignment
layer and a nanocomposite alignment layer.

tional CNTs in that they easily form aggregated [29].
The decreased light transmittance of the nanocomposite
alignment layer compared with that of the PI alignment
layer, as shown in Fig. 2(b), was due to the light absorp-
tion of the randomly-located SWCNT clusters.

The structures of the SWCNT clusters that had been
doped into the PI alignment layer were confirmed by us-
ing a 3-D laser-beam profiler and AFM. When such a
composite film was exposed to a laser beam of known in-
tensity, some attenuation of the laser light was observed
by the analysis system because the light absorptions of
the SWCNTs and the PI are different. The composite
film was inhomogeneous due to the SWCNT clusters em-
bedded in the polymer layer. In Fig. 3, the clusters and
their distributions are clearly observed in both the (b) 2
D image and (c and d) the 3D images. The peaks with
different color maps in (d) represent SWCNT clusters
with different thicknesses.

The surface morphology of the composite alignment
layer was studied by using AFM, and the results are
shown in Fig. 4. Clearly, many more clusters like the
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Fig. 3. (Color online) The 3-D topology structure of SWCNT clusters in the PI alignment layer, and confirmed by using a
3-D laser system. (a) The schematic diagram of the 3-D profiler, (b) the 2-D structure of SWCNT clusters, (c) the 3-D structure
of SWCNT clusters observed from the right side surface, we usually observe and, (d) 3-D structure of SWCNT clusters observed
from the side opposite the one we usually observe.

mountains, exist outside the surface of the nanocompos-
ite alignment layer, and these clusters are concentrated
at a height less than 15 nm; the average height of these
clusters was found to be about 16.3 nm.

In the TN mode, the normalized transmittance [30] of
uniaxial LC molecules between crossed polarizers for the
normal white (NW) state is given by

T = 1 − sin2[(π/2)(1 + μ2)1/2]
1 + μ2

, (1)

where μ = 2Δnd/λ, with Δn being the birefringence of
the LC, which depends on the voltage, and d and λ being
the cell gap and the wavelength of incident light, respec-
tively. To measure the electro-optics properties of a TN
cell, we placed the TN cell between crossed polarizer with
its rubbing direction parallel to the adjacent polarizer or
the analyzer’s easy axis. In the field-off state, the LC
director remained in a direction different from the trans-
mission axis of the polarizer, and the polarization state
of light was changed as it passed through the LC layer;
hence, the cell presented a bright state under crossed
polarizers. In the presence of an electric field, the ver-
tically aligned LC director tilts, resulting in a decreased
effective birefringence of the LC layer, and the cell goes
to a dark state. When the CNT clusters exist in a LC
medium and the sizes of clusters are larger than 1 μm
[31], light leakage has been reported in the dark field-on
state. Polarizing optical microscopy (POM) images of a
TN cell with a pure PI alignment layer and a TN cell
with a composite alignment layer TN cell at voltage-on
and voltage-off states are presented in Fig. 5. In the
field-off state, several SWCNT aggregates smaller than
a micrometer in size were observed while in the field-on
state, the composite cell did not exhibit any defects and
presented a uniform dark state, just as the TN cell with

a pure PI alignment layer did.
The electro-optic performances of the cell with the

pure PI alignment layer and the cell with the nanocom-
posite alignment layer were measured for comparison.
The two fabricated test cells were sandwiched between
crossed polarizers and were subjected to a continuously
increasing voltage (0 V to 9 V) in the form of a 60-Hz
square wave with a 0.2-V ramping step. The device was
illuminated by using a halogen lamp, and the voltage-
dependent transmittance was measured by using a pho-
todiode. As shown in Fig. 6, the transmittance of the
cell with the nanocomposite alignment layer is found to
lowered by about 4.63% compared to that of the cell with
a pure PI alignment layer. The lower light throughput
in the case of the cell with the composite material is at-
tributed to the absorption of the CNT clusters present
in the composite layer. That enhanced absorption was
supported by the decrease in the transmittance that we
observed by using visible UV-vis spectroscopy. The volt-
age to achieve 90% of the total transmittance of the de-
vice (V90) for the cell with the nanocomposite alignment
layer was 1.924 V, which was larger by about 6.81% com-
pared to the V90 for the cell with the pure PI alignment
layer. The voltage to achieve 10% the maximum trans-
mittance of the device (V10), was increased by about
5.02% from 4.237 V in the cell with the pure PI align-
ment layer to 4.46 V in the cell with the nanocomposite
layer. As mentioned in other reports [8], LC cells doped
with CNTs and CNT-doped alignment layer have higher
driving voltages compared with pure LC cells or cells
with pure alignment layers as the elastic constant of the
LC composite is different.

The rise time and the decay time of the cell with a pure
PI alignment layer and the cell with a nanocomposite
alignment layer for eight grey-scale levels caused by an
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Fig. 4. (Color online) AFM images of the SWCNT clusters outside the surface of the nanocomposite alignment layer at a
level approaching or above (a) 30.0 nm, (b) 20.0 nm, (c) 15.0 nm, (d) 10.0 nm, (e) 7.5 nm, (f) 5.0 nm.

60-Hz square-wave voltage are presented in Fig. 7. Sig-
nificant improvements in the rise time and the decay time
were achieved in the cell with the nanocomposite align-
ment layer, with an average 10.12% faster rise time, an
average 29.77% faster decay time, and an average 16.12%
faster total response time. A high length-to-diameter ra-
tio can induce a strong local electric field, which is called
the electric field enhancement effect. When the concen-
trated electric field around the SWCNT clusters was ex-
posed to an alternating voltage, the concentrated electric
field became strong enough to polarize the LC molecules
at a comparatively lower voltage. The strong anchoring
between LCs and SWCNTs and the van der-Waals inter-
action also contributed to the LC’s faster response both
in the rise time and the decay time. The bumps on the

alignment layer’s surface are effective in creating an ideal
quasi-level support to align LC molecules [32]. Thus, the
aligned LCs around the SWCNT clusters in our design
induced an alignment of other nearby LCs, and eventu-
ally, all LCs were induced to have pre-tilt angles, which
contributed to the fast response of the LCs.

The anchoring strength was obtained by using a sim-
ple linear fit to the measured phase retardation, R, of
the cell with a composite alignment layer in response
to an applied voltage, and the results obtained by using
the REMS-150 system (SESIM Photonic Technology) are
shown in Fig. 8. The following equation [33–35] was used:

R(V − V ′)
R0

= ˜J0 − 2k1

Wd
(1kyp)(V − V ′), (2)

where R0 is the initial phase retardation without an ex-
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Fig. 5. (Color online) POM images of the (a, c) off- and
the (b, d) on-states of a cell with a pure PI alignment layer
and a cell with a nanocomposite alignment layer.

Fig. 6. (Color online) Measured voltage-dependent trans-
mittance curves of a cell with a PI alignment layer and a cell
with a nanocomposite alignment layer.

ternal field, and J0 is the interaction in the X-direction
in the plot of R(V − V ′)/R0 vs. (V − V ′), V ′ =
α(1 − ε⊥/ε|)Vth, W is the polar anchoring strength, k
= (k3 − k1)/k1, yp = sin2θp, and θp is the pretilt an-
gle. With a linear fit at voltage above 6Vth, the LCs in
the middle layer were parallel to the electric field, and
based on the phase-retardation result and the fitted ex-
perimented data from Vmin = 9.6 V to Vmax = 31.2 V,
the anchoring strength of the cell with a nanocompos-
ite alignment layer was about Wnanocomposite = 3.1066
× 10−3 J/m2, which is much larger than the anchor-
ing strength of the cell with a pure PI alignment layer
(WPI = 4.2538 × 10−4 J/m2). The increased anchoring
strength was believed and confirmed to contribute to the
fast response of the LCs in the nanocomposite alignment
layers.

Faster response also can be achieved by decreasing the

Fig. 7. (Color online) Measured (a) rise and (b) decay
response times of a cell with a PI alignment layer and a cell
with a nanocomposite alignment layer on a grey scale.

Fig. 8. (Color online) R(V-V’) plotted against (V-V’).

cell gap. Here, the heights of the SWCNT clusters were
taken into consideration, and both the theoretical re-
duced response time due to the SWCNT clusters, regard-
less of the localized field enhancement of the SWCNT
clusters, and the strong anchoring of LCs on SWCNTs
were calculated. As the average height of these clusters
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was 16.3 nm, the decrease in cell gap was around 32.6
nm, and the response times at T10 were 24.3 ms and 20.1
ms for the cell with the pure PI alignment layer and the
cell with the SWCNT doped PI alignment layer, respec-
tively. The calculated theoretical response time is 24.6
ms for the cell with a SWCNT-cluster-doped layer, but
in fact, the measured response time is 20.1 ms, which
is a decrease of 4.5 ms and indicates that the faster re-
sponse may be caused by the decreased cell gap. The
decrease of 4.5 ms in the response time is also evidence
that the localized field enhancement due to the SWCNT
clusters and the strong anchoring of LCs on SWCNTs
also contributes to the decreased time.

III. CONCLUSION

A 3-D SWCNT cluster-doped PI alignment layer was
achieved, and the morphology of the composite film was
confirmed by using OM images, 3-D laser profile images
and AFM images. The TN cell fabricated with a com-
posite alignment layer showed a slight decrease in the
transmittance due to the SWCNT clusters, but a super-
faster response time. The faster response time was at-
tributed to the electric-field enhancement effect caused
by the SWCNT clusters, the strong anchoring strength
between the LC and the SWCNT clusters, the decrease
in the effective cell gap, and the bumps on the alignment
layer’s surface. Hence, the presented experimented re-
sult showed the possibility for new applications of LCDs
that have SWCNT clusters in their alignment layers.
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