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We investigated the orientational and electro-optical properties of a nematic liquid crystal (LC) aligned with a
directly spinnable carbon nanotube (CNT) web functioning both as an electrode and as an alignment layer. The
LC molecules were uniformly oriented along the drawing direction of the CNT web and the spatially averaged
birefringence was comparable to a rubbed polyimide sample. The CNT web sample also showed smaller residual
DC and hysteresis compared to the polyimide sample.
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1. Introduction

To obtain a uniform orientation of liquid crystal
(LC) molecules in LC display devices, an alignment
layer such as polyimide (PI) is coated onto an elec-
trode and unidirectionally rubbed. The rubbing pro-
cess forms grooves on the surface [1] and induces the
alignment of the chains of PI.[2] The LC molecules
align to the rubbing direction to minimise the inter-
action energy with the surface. However, the rubbing
process generally leaves particulate impurities and
electrostatic charges on the surface and this degrades
the image quality of the LC devices. Various align-
ment methods to replace the rubbing process have
been suggested such as ion beam irradiation [3] and
photo-alignment methods [4–6] but with limited
success.

More recently, nanoparticles have also been stu-
died.[7–12] For instance, Kuo et al. reported a home-
otropic orientation of LC using the polyhedral
oligomeric silsesquioxane (POSS) nanoparticles.[7]
Hwang et al. demonstrated a continuous control of
the pretilt angle of LC using functionalised POSS.[8]
Lee et al. showed that small amount of carbon nano-
tube (CNT) fibres dispersed in PI induced a uniform
surface topography and a faster turn-off time.[9]
Russell et al. showed that the films of aligned CNT
bundles deposited on glass could align the LC mole-
cules.[10] Moreover, Fu et al. [11] and Jian et al. [12]
found that 10-cm-wide webs of aligned CNTs formed

by drawing directly from specially grown ‘forests’ or
arrays could function both as the alignment layer and
electrode. However, in the previous literature,[11] the
orientational ordering of LC and the temperature
dependence of the LC ordering on the CNT web
were not studied.

In this paper, we investigated the orientational
and electro-optical properties of LC aligned with
directly drawn CNT web. LC was applied to the
pristine and rubbed CNT web and PI. We measured
the spatially averaged birefringence Δn and <(3/2)
cos2θ–1/2> value, where θ represents the local angu-
lar deviation of the molecular orientation from the
average easy axis of the surface. The quantity in the
bracket means the nematic order parameter
S provided the easy axis of the surface is spatially
uniform. We found the surface of the CNT web
formed localised domains of tens or hundreds of
nanometre scale. The temperature dependence of
<(3/2)cos2θ–1/2> through the nematic phase was
investigated. <(3/2)cos2θ–1/2> of LC between the
unrubbed CNT web was lower than that of LC
between the rubbed PI surface. However, <(3/2)cos-
2θ–1/2> of LC between rubbed CNT web is close to
that of the rubbed PI sample. We also investigated
the transmittance (TR)–voltage characteristics and
residual DC of the CNT web samples. The CNT
sample showed good modulation of TR by the elec-
tric field and less residual DC property.
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2. Experiments

Directly spinnable CNTs (dsCNTs) were grown as
forests of parallel-aligned fibres on silicon wafers bear-
ing 50 nm thermal SiO2 and an iron catalyst layer of
2.5 nm deposited by e-beam evaporation. The wafers
were first annealed in a 90-mm inner diameter quartz
tube reactor at 680°C under helium (4000 sccm,
40 min). Acetylene (100 sccm) and hydrogen
(100 sccm) were added to the flow and the reaction
run for 20 min to give ~400-μm-long CNTs of 10 nm
diameter. A web of dsCNTs was drawn from the front
face of the dsCNT forest and laid onto a clean glass
substrate.[13] The web was then wet with a little acet-
one to draw it firmly onto the glass surface and to
densify it. The CNT web was then unidirectionally
rubbed with a cotton cloth.

For the fabrication of the PI sample, a commercial
polyimide SE7492 (Nissan) was coated onto an indium-
tin-oxide (ITO)-coated glass substrate and baked at 200°
C for 1 h. The cured substrates were rubbed with a cotton

cloth and assembled in an antiparallel fashion. For the
measurement of <(3/2)cos2θ–1/2>, the cell gap d was
fixed at 3.2 μm using bead spacers. Then, a commercial
nematic LC mixture ZKC5071XX (JNC) was
injected by a capillary action. For the measurement
of TR vs. voltage, d of the PI and CNT web sample
was maintained to be 40 μm, respectively, using a
polypropylene film. The thicker d of the sample for
the TR vs. voltage measurement is to avoid a con-
tact and thermal heating effect of the CNT webs
between both substrates. To measure the electro-
optical properties of the samples, a He-Ne laser
beam (λ = 632.8 nm) with a beam size of 1 mm
was passed through a polariser, the cell, an analyser,
a Soleil-Babinet compensator (Thorlabs, Newton,
NJ, USA) and a detector. The birefringence Δn
was measured by adjusting the Soleil-Babinet com-
pensator. <(3/2)cos2θ–1/2> was measured by fitting
Δn with the empirical equation Δn = δn(1−T/T*)β,
where T is the absolute temperature, and T*, δn and

Figure 1. (colour online) AFM topographical image of (a) the unrubbed and (b) rubbed CNT web, (c) topographical height
profile of a single transect in the CNT web along the horizontal lines in Figure 1(a) and (b). (d) Schematic illustration of the
CNT web-attached substrate.
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β are fitting parameters.[9,14,15] Assuming <(3/2)
cos2θ–1/2 ≥ 1 at T = 0 K, <(3/2)cos2θ–1/2> is given
by Δn(T)/δn.

3. Results and discussion

Figure 1(a) shows the atomic force microscopy
(AFM) topographical image of the CNT web before
rubbing. The CNT web was drawn in the direction
depicted with an arrow. Although the morphology
was not completely uniform, the overall orientation
of the CNT fibrils was elongated in the drawing direc-
tion. Figure 1(b) is the AFM image of the CNT web
after rubbing. The CNT fibrils were more uniformly
aligned to the rubbing direction. Figure 1(c) shows the
topographical height of the single transect of the
unrubbed and rubbed CNT webs perpendicular to

the drawing direction as shown by the yellow lines in
Figure 1(a) and (b), respectively. The peak-to-peak
height of the unrubbed CNT grooves was 40–120 nm
and the typical separation between the neighbouring
grooves was about 200–400 nm. On the other hand,
the peak-to-peak height of the rubbed CNT grooves
was less than 20 nm and the separation was reduced
compared to the unrubbed surface. Thus, the surface
uniformity and the anisotropy of the CNT fibrils were
improved by the rubbing process.

Figure 2 shows the polarising optical microscopy
(POM) images of the LC sample aligned with
SE7492 (Figure 2(a) and (b)), unrubbed CNT
web (Figure 2(c) and (d)) and rubbed CNT web
(Figure 2(e) and (f)). The rubbing direction and
the CNT direction were parallel to the polariser in
Figure 2(a), (c) and (e), while those were at 45° to the

Figure 2. (colour online) POM image of the LC sample aligned with SE7492 (a) and (b), unrubbed CNT web (c) and (d), and
rubbed CNT web (e) and (f). Rubbing direction and CNT direction were parallel to the polariser in Figure 2(a), (c) and (e),
while those were at 45° to the polariser in Figure 2(b), (d) and (f). Insets show the fabricated samples.
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polariser in Figure 2(b), (d) and (f). With the CNT
direction parallel to the polariser, the unrubbed CNT
sample showed significant light leakage (Figure 2(c)).
The rubbed CNT sample showed a uniform dark
state (Figure 2(e)) and, at 45° to the polariser, a
bright state (Figure 2(d)) comparable to the SE7492
sample (Figure 2(a) and (b), respectively). The insets
show the fabricated sample images. The samples
showed a clear change of brightness when the sample
was rotated between the crossed polarisers, indicating
a homogeneous alignment of LC.

Figure 3(a) shows the spatially averaged Δn of the
samples as a function ofT–TNI. Note that the bare CNT
web has an intrinsic retardation of about 5 nm. We
measured the retardation of the CNT web vs. tempera-
ture and subtracted the background from the retarda-
tion of the LC-filled sample. Although the unrubbed
CNTweb sample showed significant decrease of Δn, the

rubbed CNT web sample was very close to the SE7492
sample. Then, we fitted the Δn data using empirical
equation as described in the experimental section. We
used the TNI value for T* and selected the initial β
value as 0.2 based on literature values of a general
nematic LC.[15,16] The lines in Figure 3(a) correspond
to the fitted curve and the data was well approximated
to the empirical equation. The <(3/2)cos2θ–1/2> data
deduced from Δn (Figure 3(b)) also show the rubbed
CNT web sample is close to the SE7492 sample,
whereas the unrubbed CNT sample is lower. At
T = 25°C, S of the SE7492 sample was 0.61, while S
of the rubbed CNT web was 0.58. In addition, both
samples showed similar temperature dependence.
Thus, the alignment of the LC sample between the
rubbed CNT web was comparable to the one between
the rubbed PI surface through the nematic phase.
Probably, the LC molecules between the CNT web
with anisotropic grooves adapt parallel orientation to
the CNT fibrils to minimise free energy.[1] In addition,
the π–π interaction between the CNT web and the LC
molecules might contribute to the uniform LC orienta-
tion.[9] A question can be raised why the POM image of
the rubbed CNT cell in Figure 2(f) is darker than the
pure SE7492 sample in spite of the similar Δn. This is
due to the light absorption of the CNT web. The CNT
web absorbs about 47% of unpolarised light.

We measured TR of the samples vs. applied vol-
tage (Figure 4). To minimise resistive heating of the
sample, the cell gap of the SE7492 and the CNT
samples was maintained at 40 μm, as described in
the experimental section. The operation voltage of
the rubbed CNT sample was slightly larger than the
SE7492 sample and this is probably due to the lower
density of the CNT web than the ITO. About 80% of
the surface was covered with CNT fibrils in Figure 1
(b) and the switching voltage is expected to be
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Figure 3. (colour online) (a) Spatially averaged Δn of the
LC sample aligned with SE7492 and CNT web vs. T–TNI.
Lines are the fitted curve according to the Haller’s equation.
(b) Spatially averaged <(3/2)cos2θ–1/2> value of the corre-
sponding samples vs. T–TNI. Error bar represents standard
deviation obtained from three different points of the
sample.
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Figure 4. (colour online) TR of the samples aligned with
rubbed SE7492 and CNT web vs. applied voltage.
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reduced provided the whole area is covered with the
CNT fibrils. The total phase retardation of the
samples were similar between 14π and 15π, but
the maximum TR of the CNT web sample was
smaller than the SE7492 sample due to the absorp-
tion of light by the CNT web as described earlier.
For larger TR, a normally white LC mode such as
the twisted nematic (TN) would be better in the
viewpoint of the display application where the
CNT web is used as a polariser.[11,12]

Figure 5 shows the residual DC properties of
the SE7492 and rubbed CNT samples. The residual
DC was defined as (ΔV1 + ΔV2)/2, where ΔV1 and
ΔV2 are the voltage difference showing the half of
the maximum capacitance in the course of increas-
ing and decreasing the voltage. Because the CNT
sample has no insulating layer between the elec-
trode and LC, the sample showed smaller capaci-
tance and less residual DC. This less hysteretic
response can simplify the driving scheme in the
display application.

4. Conclusion

To summarise, we studied the orientation of LC
aligned with the CNT web working both as the
electrode and as the alignment layer. We found
that S of the rubbed CNT web sample was compar-
able to the rubbed polyimide sample. The rubbed
CNT web sample showed similar retardation with
less residual DC compared to the polyimide sample.
Because the alignment layer is absent in the CNT
sample, the CNT web is expected to simplify the
fabrication process reducing the production cost. As
a next step, we are planning to improve the aniso-
tropy of the CNT web and increase the surface
density of the CNT fibrils for greater electro-optical
properties.
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