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ABSTRACT
An efficient ultraviolet (UV) polariser based on multi-layered carbon nanotubes (CNTs) which is
obtained by set of CNT films attached to substrate in series with matching orientations is demon-
strated. The degree of polarisation in the UV region increases with increasing number of CNT layers,
reaching ~91% in the CNT polariser with 12 layers. A thin film with photoalignment polymer
exposed with more than eight layers CNT polariser induces excellent homogenous liquid crystal
(LC) alignment. The fringe-field switching (FFS) LC device with the photoalignment layer shows
excellent electro-optics comparable to that with conventional metallic wire-grid polariser (WGP).
The work proposes cost-effective novel polariser replacing WGP for photoalignment of LC.
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Introduction

Liquid crystal displays (LCDs) are commercialised to all
display applications such as television (TV), monitors, lap-
top personal computers, smart phones and automotive
products because they exhibit good enough electro-optics
performance with excellent reliability and a high image
quality. More recently, competition between LCD and
emissive organic light-emitting-diode (OLED) becomes
fierce, forcing displays to show a better performance in
both image quality and reliability. One of the major trends
of displays is that the display resolution becomes higher
and higher reaching 8 K in TV, over 500 ppi in mobile
phones and over 1,000 ppi in virtual reality displays [1–6].
Among several LC devices, homogenously aligned FFS

mode exhibits excellent electro-optic such as high trans-
mittance, wide viewing angle, and low operating voltage,
which is the reason many high-resolution LCDs adopt the
mode [7]. The conventional way to achieve homogeneous
alignment of LC is rubbing a polyimide-coated substrate
with special velvet cloth. However, it creates rubbing-
related issues such as nonuniform LC alignment and rub-
bing strengths, resulting in mura and light leakage in
a dark state. That is the rubbing process deteriorates the
image quality and contrast ratio of LCDs. Consequently,
a non-rubbing photoalignment method that solves rub-
bing-related problems is started to adopt to improve the
image quality of LCDs [8,9]. The polariser is essential for
photoalignment. Although an efficient and polariser-free
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photoalignment approach was proposed recently, the inci-
dent angle dependent pretilt angle formation is undesirable
for FFS and IPS mode LCDs [10]. Therefore, utilisation of
linearly polarised UV light is essential for photoalignment
and the nano-WGP is generally used for this purpose [11].
However,WGP requires to have a very short pitch of about
100 nm to make UV light linearly polarised, which is
highly cost process due to nanopattern of metals by either
lift-off or reactive ion etching [12].

On other hand, the cheap conventional iodine polari-
sers are impossible to polarise UV light less than 380 nm
due to strong UV absorption of iodine. One of the
alternative methods to realise linearly polarised light is
unidirectionally oriented carbon nanotube (CNT) bun-
dles. The basic constituent of CNTs is graphite so that
owing to the π plasmon-originated broad absorption
spectrum and strong optical anisotropy of single-wall
CNTs (SWCNTs), it shows a strong anisotropic optical
activity in visible and ultraviolet (UV) wavelengths
[13,14]. The polyvinyl alcohol (PVA) film in which
SWCNTs are aligned along the stretching direction of
the film exhibits 75–80% of degree of polarisation
(DOP) in the region of 350–800 nm and moreover, the
DOP and optical activity of SWCNT/PVA can be
further improved by using shorter CNTs [14].
However, the efficiency of the CNT-based UV polariser

is required to improve further to utilise in high image
quality LCDs.

In this paper, the multi-layered CNT sheet, which
acts as an efficient UV polariser, is demonstrated. The
proposed multi-layered CNT polariser is showing high
DOP of ~91% in UV region and is used as photomask
for photo-aligning of reactive mesogen (RM)-doped
polyimide (RM-PI) (Nissan Chemical Co., Japan) that
provides efficient LC molecules alignment [15]. The
fabricated FFS device [7] with photo-alignment of RM-
PI through 12-layered CNT polariser exhibits compar-
able electro-optics to that made with WGP. The electro-
optics of the device dependent on number of CNT layers
in multi-layered CNT polarisers are studied in detail.

Experimental

Firstly, CNT forests are vertically grown on a silicon sub-
strate by chemical vapour deposition technique [16–19]
(A-tech system Co., Korea) in which each CNT yarn con-
sists of ~15 nm width and ~350 µm long, as shown in
Figure 1(a), and then a bundle of CNTs is stretched to
make CNT sheet using mechanical rotation tool, in which
the number of CNT layers is proportional to number of the
rotation. The long axis of CNT layer in each sheet is
parallel to the stretching direction in average, which is

Figure 1. (Colour online) The schematic of experimental procedure for making anisotropic molecular arrangement in
a photoalignment layer with CNT sheet: (a) SEM image of CNT forest and TEM image of CNT yarns; (b) CNT sheet is drawn from
the grown CNT forest and then transferred to a glass substrate; and (b) Detailed process on how to get photo-alignment layer with
anisotropy.
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absorption axis of CNT polariser. Then the stacked CNT
sheet is transferred to a glass substrate as indicated in
Figure 1(b). The final multi-layered CNT polariser consists
of 3, 5, 8 and 12 CNT sheets stacked together with match-
ing orientations. The obtained multi-layered CNT polari-
sers has a potential to not only exhibit enough thermal
stability but also possess high flexibility with capability to
withstand mechanical damage due to bending. The
obtained multi-layered CNT polariser is utilised for
manipulating the alignment of nematic LC through photo-
alignment of RM-PI mixture which is a homogeneous
mixture of photocurable RM solution dispersed in
a thermally curable PI solution. The photoalignment
layer of RM-PI was spin-coated with a thickness of
100 nm on an electrode-patterned glass substrate and
then pre-baked at 80°C for 90 s to evaporate the solvent.
The CNT sheet was positioned simply above the substrate
and then 365 nm UV light (Hamamatsu Photonics K.K,
Japan) was exposed with intensity of 5 mW/cm2 for 15 s at
room temperature, generating orientational ordering of
polymerised mesogen in PI perpendicular to linearly
polarised UV light like the same results reported already
[15]. Finally, the layer was post-baked at 130°C for 10 min
to improve the orientational ordering of mesogen in PI, as
schematically shown in Figure 1(c). Here, we have
employed FFS cell consisted of both patterned signal and
plane common indium-tin-oxide (ITO) electrodes on bot-
tom substrate while having no electrodes on the top sub-
strate [7]. The signal electrode stripes are separated by
4.5 µm with uniform width of 3.5 µm. The signal and

common electrodes are separated by very thin passivation
with thickness of 0.5 µm. The dimension of substrate is
3 × 3 cm in length and width. Finally, two substrates are
assembled one over another with cell gap of 3.4 μmand the
LC infiltration was performed by capillary action at iso-
tropic temperature of the LC. Here, a nematic LC with
positive dielectric anisotropy of 4.7 and birefringence of
0.115 at 589 nm at 20°C (JNC Corp., Korea) is used. The
CNT polariser with 3, 5, 8 and 12 CNT layers are used for
controlling the polarisation state of the incident light.

At first, essential characterisations were performed with
optical microscope and polarised optical microscope
(POM) (Nikon eclipse, E600 POL) and UV–vis spectro-
scopy (Scinco, S-3100). The quality of the alignment is
analysed with POM in detail and estimated by measuring
the dark level from the off-state optical images by using an
image analysing software i-solutionTM (iM Technology,
i-Solution Inc.).

Results and discussion

Figure 2(a) shows optical microscopic images of pre-
pared CNT polariser as a function of different CNT
layers. Here, the inset images are obtained when the
long axis of CNT axis is orthogonal to absorption axis
of iodine-type polariser. The transmittance of the pre-
pared polariser is compared with the traditional iodine
based polariser (LG Chem., Korea) and WGP (Edmond
optics, USA). One can easily notice that the relative
transmittance of CNT polariser within visible region is

Figure 2. (Colour online) (a) Optical microscopic images of prepared multi-layered CNT polariser. C and P indicate a long axis of CNTs
and iodine-type polariser, respectively. (Inset images are obtained when C and P are orthogonal to each other.) The scale bar indicates
100 μm. (b) Wavelength-dependent transmittances of each CNT sheet and iodine polariser. (c) Calculated DOP of CNT sheet as
a function of number of CNT layers at 365 nm.
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decreasing with increasing number of CNT layers.
Further, the density of dark lines along the CNT stretch-
ing direction, which comes from a complete absorption
of light parallel to the CNT rods, is increasing with
number of CNT layers. These findings indicate that
the incident light with its electric vector parallel (per-
pendicular) to the stretched CNT axis is effectively
absorbed (transmitted) by the multi-layered CNT
polarisers. Wavelength-dependent transmittance is
showing a good correlation with optical microscopic
results, as shown in Figure 2(b). The transmittance of
CNT polariser at 365 nm is measured to be >10%, 6.5%,
1.0% and 0.5% for 3, 5, 8 and 12 CNT layers, respec-
tively, whereas the iodine polariser is exhibiting almost
zero transmittance. Moreover, the proposed CNT
polariser is capable to extend the absorption of incident
light up to deep UV region providing a wider operating
wavelength range from 300 nm to 400 nm and all multi-
layered CNT polarisers exhibit high stability against
long time UV exposure. Further, we measure a DOP
that indicates its polarising capability, defined as,

DOP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tll � T?
Tll þ T?

� 100

r
(1)

where Tll and Tㅗ are transmittances of the CNT polariser
when it is aligned parallel and perpendicular to the plane of
polarisation of incident light through WGP, respectively.
Interestingly, the DOP is monotonically increasing from
54.1% to 91.3%, at 365 nm, by increasing the number of
CNT layers from 3 to 12, as shown Figure 2(c). This

observation implies that the CNT sheet with densely
packed CNT layers in series with matching orientations
effectively attenuates the incident light in parallel to the
CNT bundles while allowing the light in perpendicular to
the CNT bundles, giving rise to good polarised light at
365 nm.

In order to investigate feasibility to replace conventional
WGPwith proposed device, themulti-layered CNT polari-
sers are further utilised for photoalignment of RM-PI
mixture and subsequent observation are performed
under the POM. In first case, the nonpolarized UV irradia-
tion was performed directly to the substrate. In second
case, the irradiation of UV was performed to the CNT
polariser positioned above the substrate with alignment
layer. The sample was then thermally cured to polymerise
the PI in the RM-PI mixture. The POM images in
Figure 3(a,b) exhibit a complete dark state irrespective of
the substrate direction, indicating no preferred orientation
of polymerised mesogen in the layer. However, POM
images in Figure 3(c,d) clearly exhibit extinction and bright
state when the polarising direction of five layered CNT
polariser is coincident and makes 45° with crossed polari-
sers, respectively, indicating an orientational ordering of
polymerised mesogen is achieved. Conclusively speaking,
the photoalignment layer becomes optically anisotropic
after UV exposure through multi-layered CNT sheet, that
is, the CNT sheet produces the linear polarised state in
a UV region enough to induce anisotropic orientation of
mesogen.

Next, we measured a polarisation state of the trans-
mitted UV light by rotating two 5 layer CNT polariser.

Figure 3. (Colour online) POM images of RM-PI layers polymerised without CNT film (a) and (b), and with CNT film (c) and (d). Under
exposure of nonpolarized UV, no birefringence in photoalignment layer is induced [(a) and (b)] while the birefringence coming from
orientational ordering of mesogen in the layer is clearly induced (c) and (d). P and A represent the polariser and analyser of POM and
the arrow indicates a polarising direction of CNT polariser with 5 layers. (e) Measured polarisation state of transmitted light. Measured
wavelength-dependent retardation (f) and retardation at 550 nm (g) of photoalignment layer with conventional WGP and CNT sheets
consisted of 3, 5, 8 and 12 layers.
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As seen in Figure 3(e), the maximum transmission was
found when two multi-layered CNT polarisers are par-
allel to each other, while the transmitted intensity was
found to be zero when those are crossed (90°). The
polarisation axis of the transmitted UV light is perpen-
dicular to stretching direction of the CNT polariser.
These results are direct evidence of emission of linearly
polarised light from multi-layered CNT polariser in UV
regime.

In order to see more insights, we have further mea-
sured retardation of the photoaligned RM-PI layer in
a wavelength range from 450 nm to 720 nm. The
obtained retardation is 11 nm, 21 nm, 42 nm and
46 nm for a CNT polariser with 3, 5, 8 and 12 layers,
whereas the conventional WGP shows 55 nm, respec-
tively, as shown in Figure 3(f,g). Evidently, the retarda-
tion tends to increase with increasing number of CNT
layers, which makes sense because the DOP follows the
same trend. Higher retardation means more anisotropic
surface is achieved, which can offer a better anchoring
strength for LC. However, the retardation achieved by
conventional WGP is 55 nm at 550 nm, which is slightly
larger than that of the 12-layer CNT polariser.

Motivated by these results, we have prepared FFS-LC
cells and investigated their electro-optics while applying
a square-wave voltage with 1 kHz. Here, initial LC
orientation is set to 7° with respect to the signal elec-
trode direction. At first, we check the black state of the
sample exposed with a linearly polarised UV light by
using the multi-layered CNT polariser. For qualitative
results, these results are compared with the condition
where no multi-layered CNT polariser was utilised. As
illustrated in Figure 4(a–d), the samples those UV cured
with CNT polariser exhibit a dark state under crossed
polarisers because the long axis of LC is arranged per-
pendicular to the incident polariser, that is, parallel to

the CNT orientation. In contrary, the sample which is
UV cured without CNT polariser is not showing any
dark state because the LC is randomly aligned as shown
in Figure 4(e). Very interestingly, all FFS cells show
a good dark state irrespective of number of CNT layers
in the CNT polariser, as clearly shown in POM images
of Figure 5(a–d). In order to evaluate quality of the dark
level more details, the POM images were analysed by an
image analysing software i-solutionTM (iM Technology,
i-Solution Inc.). The measured dark levels are 1.60, 1.38,
1.34 and 1.31 for 3, 5, 8 and 12 CNT layers, respectively,
indicating a better orientational ordering of LC along
one direction is achieved in higher number of CNT
layers.

Nevertheless, POM images at field-on state shows
a distinct behaviour between cells. For instance, the FFS
cells exposed with 3 and 5 CNT layers are exhibiting
slight nonuniformity in brightness of low grey scales
called mura at 3 V (see magnified image in Figure 5(e)),
whereas the cells exposed with 8 and 12 CNT layers do
not show such mura (see magnified image in Figure 5(f)).
This nonuniformity observed in field on state can be
observed only in the case the azimuthal anchoring
strength is not uniform enough because it comes from
difference in the rotating degree of LC at 3 V. Further,
there is no noticeable transmittance difference at high
grey bright state (7 V), since the dielectric coupling dom-
inates over other LC–LC and LC-interface related forces.
We infer that the mura at 3 V is associated with low DOP
of the CNT polariser because the lower the DOP the
orientation of the CNT deviates more from mean orien-
tation or the absorption level of UV along the CNT
stretching direction is lower, as proven by nonuniform
dark lines in Figure 2(a). In other words, the orientation
ordering of RM induced by CNT sheet is not uniform
enough from position to position, giving rise to

Figure 4. (Colour online) Off-state POM images of the fabricated FFS cells under crossed polarisers after UV exposure with CNT sheets
with different number of CNT layers: (a) 3, (b) 5, (c) 8, (d) 12 and (e) no CNT sheet. P and A represent the polariser and analyser of POM
and the arrow indicates a long axis of liquid crystal. The scale bar indicates 100 μm.
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nonuniform azimuthal anchoring strength, as schemati-
cally shown in Figure 6. Therefore, we expect the UV
exposure with low DOP CNT polariser not only gives rise
to less orientational ordering in the initial optic axis but
also its anchoring strength is not uniform enough, divid-
ing exposed regions into weak and strong anchoring.
However, the DOP more than 85% for 8 and 12-layered
CNT polarisers is good enough to induce both uniform
optics axis and anchoring strength of LC, as shown in
Figure 6.

At the final step, the response time of the FFS cell is
measured as a function of CNT layers. The rising time
(τon) and falling time (τoff) are defined as the time required
for changing the transmittance from 10% to 90% and 90%
to 10%, respectively. The falling time (τoff) is mainly

associated with elastic relaxation of LC molecules back
to original position upon voltage withdrawn. The τon and
τoff times are derived fromdielectric response and director
relaxation dynamics, which is expressed as [20],

τon ¼ γ1
ε0 Δεj jE2 � π2

d2 K22
¼ γ1

ε0 Δεj jE2 � 2W
d

(2)

τoff ¼ γ1d
2

K22π2
¼ γ1d

2W
(3)

where, γ1 is a rotational viscosity, K22 is a twist elastic
constant, E is an electric field strength, d is a cell gap, Δε
is a dielectric anisotropy of LC and W is a surface
anchoring energy of LC molecules with alignment
layer. As we understand from the Equation (2) and

Figure 5. (Colour online) POM images while increasing voltages from dark to white states in UV-aligned FFS cells with CNT sheets
having different number of CNT layers: (a) 3, (b) 5, (c) 8 (d) 12, and magnified one-pixel images at 3 V in a red (e) and blue (f) box. The
scale bar indicates 100 μm.
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(3), the alteration in both τon and τoff originates from
difference in anchoring strength of LC at photoalign-
ment layer since the same LC is used for all the cells.

It has been well known weak anchoring energy
between LC and alignment layer leads to shorter τon and
longer τoff, compared with strong anchoring energy
[20,21]. The τon and τoff of WGP sample are measured
to be 7.5 ms and 12.8 ms, respectively. Interestingly, τoff of
the FFS cell decreases with increasing CNT layers such
that it is 28.8 ms for 3 layers but 13.1 ms for 12 layers of
CNT, whereas the τon is mostly unaltered, as shown in the
Figure 7. Since the same LC is employed in all the cells,
the anchoring strength of the sample could be the reason
for changes in τoff, as theoretically interpreted with
Equation (3). The retardation of the RM-PI increases
with increasing CNT layers as shown in Figure 4(f), and
so doesW. In addition, the highest retardation is achieved
from use ofWGP so that we expectW is larger than those

of CNT polariser. Consequently, τoff becomes shorter
with increasing CNT layers and exhibits comparable
value to that of WGP when the 12-layered CNT polariser
is used, which well correlates with our qualitative analysis.

Overall, the photoaligned FFS cell utilisingCNTpolariser
exhibits comparable electro-optics to those of WGP, which
reveals a potential to replace conventional WGP with high-
cost and nano-patterning. In addition, the obtained multi-
layered CNT polarisers has a potential to not only exhibit
enough thermal stability because theCNT is stable over 400°
C in air [22] but also possess high flexibility capable of
withstanding mechanical damage due to bending.

Finally, we are working on improving the DOP of
CNT polariser by controlling density of grown CNT
forests by chemical vapour deposition and stretching
method because higher DOP gives rise to higher induced
retardation in the applied photoalignment layer, which
results in better LC alignment and fast falling time.

Figure 6. (Colour online) The schematic of anchoring mechanism of LC molecules on RM-PI surface exposed with CNT sheet having
different number of CNT layers.

Figure 7. (Colour online) Rising (τon) and falling (τoff) response times of the FFS cell depending on number of CNT layers in the CNT
sheets.
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Conclusion

We propose a multi-layered CNT based UV polariser
which exhibits higher DOP of 91% by matching orienta-
tion of stacked CNTs in each layer. A novel approach for
LC alignment is demonstrated through photoalignment
of RM-PI by utilising multi-layered CNT polariser that
can be utilised for FFS-LCD. Although, the RM-PI layer
photoaligned through 3-layered CNT polariser exhibits
imperfect dark state, a low grey mura and relatively slow
falling response time, a CNT polariser with more layers,
for instance, 8 and 12-layered CNT polarisers, exhibit
excellent uniformity in LC alignment and electro-optics.
Especially, 8-layered CNT polariser is of great importance
for practical applications, as it exhibits high transmit-
tance, high DOP, and fast response time. For the first
time to our knowledge, we propose the multi-layered
CNT polariser applying for photoalignment layer of LC,
which can replace the WGPs. We believe it has strong
potentiality to utilise in future photonic and electro-optic
devices with broadband gap from UV to infrared.
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