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The monolayer hexagonal boron nitride (h-BN) nanosheet is transferred onto an indium tin oxide (ITO)-coated
glass substrate. This h-BN slide is placed together with a conventional planar-aligning polyimide (PI) slide
to fabricate a liquid crystal (LC) cell, in which the LC achieves uniform planar alignment. The effective
polar anchoring strength coefficient of this h-BN-based hybrid LC device is found to increase significantly
compared to that of a standard PI/PI LC device. The presence of the monolayer h-BN nanosheet as an
alignment agent increases the planar anchoring energy through the epitaxial interaction between the LC and
the honeycomb structure of the two-dimensional h-BN lattice in this hybrid device. The amplified polar
anchoring energy is found to accelerate the electro-optic response time of the LC in this h-BN-based
hybrid device.
https://doi.org/10.1364/AO.58.006678

1. INTRODUCTION

2. EXPERIMENTS, RESULTS, AND DISCUSSION

The planar-aligning substrates in a liquid crystal (LC) cell
orient the LC director (n̂) along a particular direction. The conventional planar-alignment agent in standard LC devices is a
rubbed polyimide (PI)-coated surface [1,2] where the LC director aligns with alkyl side chains along the rubbing direction.
The application of an external electric field across the cell can
reorient n̂ from its initial orientation. The polar anchoring
strength coefficient, W θ , is characterized by the energy cost
of this field-induced reorientation of n̂ from the planar state
to the homeotropic state in a planar LC cell. This polar anchoring strength coefficient is an important parameter for the LCbased devices’ electro-optic properties [3–7]. Here, we report
that the effective W θ can be enhanced by introducing the
monolayer hexagonal boron nitride (h-BN) as a planaralignment agent in an LC device. We present the fabrication
of a hybrid electro-optic LC device with two separate planaralignment agents: the monolayer h-BN on one side, with the
standard PI alignment layer on the other side of the device.
We then experimentally demonstrate that the presence of this
monolayer h-BN planar-aligning nanosheet dramatically enhances the effective W θ in this h-BN-based hybrid cell.
Consequently, this hybrid LC cell exhibits an accelerated
electro-optic response.

In this section, we present (A) the h-BN-based planar LC cell
fabrication method, (B) the measurement of the polar anchoring strength coefficient, W θ , and (C) the dynamic electro-optic
switching times of the LC in the h-BN-based planar LC cell.
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A. Fabrication of the Monolayer h-BN-Based Hybrid
LC Cell

The monolayer h-BN [8] nanostructure is an ultraflat insulator
[9] that is structurally [10], thermally [11], and chemically [12]
very stable. This two-dimensional (2D) h-BN is formed by the
alternating boron and nitrogen atoms in a regular sp2 -bonded
honeycomb pattern. The chemical vapor deposition grown 2D
h-BN film on a copper foil was first commercially obtained
from Graphene Supermarket, Inc. The monolayer h-BN film
from the copper foil was then transferred onto an indium tin
oxide (ITO)-coated glass substrate employing the standard
polymethyl-methacrylate (PMMA)-aided wet transfer method
[13,14]. The h-BN-based hybrid cell (with an average cell gap,
d  22 μm) was then prepared by placing together a unidirectionally rubbed planar-aligning PI layer on an ITO-coated glass
slide and the h-BN∕ITO slide. As diagrammatically represented in Fig. 1(a), the PI layer and the h-BN film faced each
other inside the h-BN-based hybrid cell. The Raman analysis in
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Fig. 1. (a) Diagrammatic representation of the h-BN-based hybrid
cell containing the unidirectionally rubbed PI alignment layer and the
monolayer h-BN nanosheet; (b) Raman spectra of monolayer h-BN
film on copper foil; (c) the planar-alignment mechanism of the capsule-shape nematic LC molecules on the h-BN honeycomb lattice is
illustrated. The overlaid benzene rings of the LC on the h-BN lattice
schematically represent the LC–h-BN epitaxial interaction.

Fig. 1(b) verified the presence of the monolayer h-BN film. A
standard PI/PI planar cell (d  22 μm, antiparallel rubbed,
pretilt angle  2.5°) was commercially obtained from Instec,
Inc. for comparison purposes. Another cell was designed with
a rubbed PI layer on one side and a bare ITO glass slide on
the other side. The same PI material (KPI-300B) was used
in these three cells: the standard commercial (PI/PI) cell, the
h-BN-based cell, and the glass/PI cell for consistency. LC E7
(T NI  60.5°C) was used in this experiment. The conventional optical interferometric measurement was employed to
measure the cell thickness using the equation, d  kλ1 λ2 ∕
2λ2 − λ1 , where k is the number of interference cycles
between wavelengths λ1 and λ2 .
The planar-alignment characteristics of the three cells were
investigated under a crossed-polarized optical microscope.
Figures 2(a) and 2(b) represent the micrographs of the LC texture in the standard commercial cell, showing that the texture is
uniformly bright when n̂ is at 45° and the texture is uniformly
dark when n̂ is at 0°, respectively, with respect to the polarizer.
This is the standard test to verify the planar alignment of an LC
in a planar cell. Figures 1(c) and 1(d) show the micrographs of
the LC texture in the glass/PI cell, where the direction of the
rubbing on the PI alignment layer at one side of the cell is at 45°
and 0°, respectively, with respect to the polarizer. These textures
of the LC in the glass/PI cell depict nonuniform bright and dark
states, unlike the standard commercial cell. Thus, the LC in a
cell with a planar alignment agent on only one side does not
achieve uniform planar alignment.
The hexagonal benzene ring’s C─C bond length is 1.40 Å.
The B─N bond in the h-BN honeycomb lattice is 1.44 Å long
[8]. Therefore, the hexagons of these two species have almost

Fig. 2. Micrographs of the LC-filled test cells under the crossed-polarized microscope. The standard commercial cell, where n̂ is oriented
at (a) 45° and (b) 0° with respect to the polarizer. The glass/PI cell,
where the PI’s rubbing direction is oriented at (c) 45° and (d) 0° with
respect to the polarizer. The h-BN-based hybrid cell (with a 4× objective lens), where n̂ is oriented at (e) 45° and (f ) 0° with respect
to the polarizer. The micrographs in (g) and (h) show the same LC
director orientation in the h-BN-based cell as (e) and (f), respectively,
with a 20× objective lens.

the same size. There exists an epitaxial interaction between
these two species due to this hexagonal symmetry-matching.
As a result, each aromatic group in the cyano-biphenyl moiety
of the LC molecules homogeneously align on the h-BN lattice
[15] and achieve planar alignment. Planar alignment of the LC
director was achieved because the LC molecules align parallel to
the surface. This alignment was promoted by the biphenyl moieties and the presence of the aliphatic chains, and even the small
amount of an oxo-biphenyl compound in E7 apparently did
not hinder the appearance of planar alignment at the h-BN surface. This similar type of epitaxial interaction has also been
found between the nematic LC and other hexagonal nanostructures such as graphene [16–23] and carbon nanotubes [24,25].
The coherent homogeneous alignment process of the LC on
the h-BN lattice is the basic principle behind fabricating the
LC cell utilizing the h-BN film as a planar-alignment agent.
Figure 1(c) schematically illustrates this spontaneous planaralignment process of the LC molecules on the h-BN lattice.
Figures 2(e) and 2(f ) represent the micrographs of the LC
texture in the h-BN-based hybrid cell, revealing that the texture
is uniformly bright when n̂ is at 45° and the texture is uniformly

6680

Research Article

Vol. 58, No. 24 / 20 August 2019 / Applied Optics

dark when n̂ is at 0°, respectively, with respect to the polarizer.
The micrographs in Figs. 2(e) and 2(f ) were taken at 4×
magnification to manifest the uninterrupted uniform planar
alignment on a large scale in the h-BN-based hybrid cell.
The black dots Fig. 2(e) are the spacer particles. The fine dark
lines in Fig. 2(e) and the fine bright lines in Fig. 2(f ) come from
occasional cracks on the h-BN film and PMMA residues from
the transfer process. The micrographs of the hybrid cell in
Figs. 2(g) and 2(h) were taken at 20× magnification—which
can be compared appropriately to the micrographs of the standard commercial cell in Figs. 2(a) and 2(b), respectively. These
micrographs confirm that replacing one PI layer with the 2D
h-BN film on one side of the cell retains the planar alignment of
the LC in the cell.
The hexagonal symmetry of the h-BN nanostructure causes
the LC molecules to assume three different planar orientations
separated by 60° [26]. Our group has previously shown that it is
still possible to obtain uniform planar alignment using h-BN
layers on both sides in a cell without any PI layers [26].
However, that method needs several steps to ensure that the
two h-BN layers are oriented in the same direction on the
two sides in the cell to prevent forming the threefold alignment
degeneracy of the LC. The reason for using one h-BN layer
with one rubbed PI layer in the cell instead of two h-BN layers
is avoiding the threefold alignment degeneracy of the LC in the
cell due to any orientational mismatch of the two h-BN layers
on the two sides in the cell. The presence of the unidirectionally
rubbed PI alignment layer on one side in the cell forces the LC
to select the alignment direction on the other side’s h-BN surface parallel to the PI’s rubbing direction, as schematically
shown in Fig. 1(a). This way the elastic distortion of the nematic director is minimized, and the threefold alignment degeneracy is brought down to the uniaxial homogeneous alignment
of the LC on the h-BN surface. Our group has also demonstrated that the presence of h-BN can reduce the free ion impurities in an LC [27]. In this present work, we demonstrate that
the presence of the h-BN nanosheet as a planar-alignment agent
on one side amplifies the effective Wθ significantly in the
hybrid cell. Consequently, the electro-optic switching times
are accelerated in this hybrid cell.
B. Measurement of the Polar Anchoring Strength
Coefficient, W θ

The polar anchoring strength coefficient, Wθ , for the two cells
was measured employing the high-field technique [28,29]. For
a small pretilt angle, θp < 5°, Wθ is defined as [28,29]
Wθ 

2V 2th C HT − C PL 2
1
h  
C PL
Aπ 2
C PL
1−

i,

(1)

C HT V →∞

where Vth is the Fréedericksz threshold voltage of the LC in the
planar cell, A is the active area of the cells, C HT is the capacitance of the LC-filled homeotropic cell, and C PL is the capacitance of the LC-filled planar cell for V < V th. For this
measurement, both the cells must have the same active area,
A and thickness, d . In the denominator, C PL ∕C HT V →∞ is
the capacitance ratio of the planar cell to the homeotropic cell
for a very high voltage limit. Note that for a positive anisotropic
(Δε) LC, C HT does not change at the high voltage limit as

the LC does not undergo Fréedericksz transition in the homeotropic cell. For the planar cell, C PL at the high voltage limit can
be determined from the C versus V −1 curve. For more accurate
measurement of Wθ , Eq. (1) can be rewritten using the dielecC HT
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where ε0 the is free-space permittivity, and ε⊥ and εjj are the
LC’s dielectric components perpendicular and parallel to the
ε

extp

extp

PL
nematic director, respectively. CCHT
V →∞  ε∥∥ , and ε∥ can
be determined from the extrapolated intercept of the ε versus
V −1 curve for the planar LC cell. Both the commercial planar
cell and the h-BN-based hybrid planar cell have been used to
obtain the required parameters to determine their respective
values of Wθ . The perpendicular dielectric component ε⊥
was obtained using the ratio of the E7-filled planar cell capacitance to the empty planar cell capacitance at V < V th . A homeotropic cell was obtained from Instec, Inc. to measure the
parallel dielectric component εjj . The ratio of the E7-filled
homeotropic cell capacitance to the empty homeotropic cell
capacitance at an applied voltage was used to determine εjj .
Note that for a positive anisotropic LC like E7, the capacitance
of the homeotropic cell does not change at higher voltages, as
the LC does not undergo Fréedericksz transition in that cell.
The capacitance measurements for the empty cells and filled
cells were carried out using an Automatic Liquid Crystal
Tester (Instec, Inc.) at 1 kHz.
Figure 3(a) shows the dielectric constant ε of E7 as a function of rms voltage for the commercial planar cell and the hybrid h-BN-based planar cell. Both the cells exhibit a typical
Fréedericksz transition. The inset in Fig. 3(a) shows ε as a function of inverse applied voltage, V −1 , for both the cells. Note
that the extrapolated y intercept of the linear fit gives the value
extp
of ε∥ . The Fréedericksz threshold voltage, V th , as a function
of temperature for both the cells is shown in Fig. 3(b).
After calculating the required parameters from the appropriate LC cells, Eq. (2) was used to obtain W θ . Figure 3(c) shows
W θ as a function of temperature for both the cells, listed in
cell
 6.8 × 10−5 J m−2 and
the legend. Note that W commercial
θ
based cell
 1.8 × 10−4 J m−2 at 25°C. Figure 3(c) depicts
W hBN
θ
the pretransitional behavior of Wθ . Clearly, Wθ has dramatically
increased when the h-BN nanosheet is utilized as a planar-alignment agent. This increase in Wθ is attributed to the strong epitaxial interaction between the LC and the honeycomb lattice of
the h-BN layer. With the enhanced Wθ , it is expected that the
hybrid cell requires a higher Fréedericksz threshold voltage,
V th , to overcome the planar-anchoring energy. Figure 3(b) indicates that a higher Vth is needed to start the reorientation
process, as the effective Wθ has increased in the hybrid cell.
The results presented here indirectly suggest that the effective pretilt angle is smaller in the h-BN-based cell. The
perpendicular dielectric component, ε⊥ is related to the effective pretilt angle in the cell. Figure 3(a) shows that ε⊥ is smaller
for the h-BN-based cell. A lower value of ε⊥ indicates that the
LC molecules are closer to the surface, which in its turn means
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τon ∝
τoff

(3)

where γ 1 is the rotational viscosity, Δε is the dielectric
anisotropy, d is the cell thickness, ε0 is the free-space permittivity, K 11 is the splay elastic constant, and V (>V th ) is the
driving voltage of the electro-optic effect. Since Wθ influences
the dynamic electro-optic response in an LC device, the electrooptic switching times for both the cells have been investigated.
These response times of the LC E7 in both the cells were measured employing the standard electro-optical setup [20,26–28]
where a 5-mW He–Ne laser beam of wavelength 633 nm was
sent through two crossed polarizers and into a photodetector.
The planar LC test cell (the commercial cell or the h-BN-based
cell) was placed in between the crossed polarizers where n̂ in the
cell was aligned at 45° with respect to the polarizer. The photodetector output was fed into a digital oscilloscope. Several
30 Hz square-wave driving voltages (where the peak-to-peak
values are much higher than V th ) were applied across the cell,
and the changes in the transmitted intensity through the cell
were measured as a function of time from the oscilloscope. In
Fig. 4(a), the right y axis shows a typical square-wave driving
voltage (0–45 V) profile across the cell. The left y axis in
Fig. 4(a) shows the change in the normalized transmitted intensity through both the test cells as a function of time as the

Fig. 3. (a) Dielectric constant, ε of E7 as a function of V rms for the
commercial planar cell and the hybrid h-BN-based planar cell at
T  25°C. Inset: dielectric constant, ε as a function of V −1
rms at
T  25°C. The solid lines represent the linear fit in the high-voltage
linear regime. The y intercept of the extrapolated linear fit at V −1
rms  0
gives the value of ε∥extp. (b) Fréedericksz threshold voltage, Vth as a
function of temperature for both cells; (c) effective polar anchoring
strength coefficient, W θ as a function of temperature for both cells.
The dotted lines are a guide to the eye. Typical error bars are shown.

that the effective pretilt angle is smaller in the h-BN-based cell
due to the stronger planar-anchoring effect. A smaller pretilt
angle needs a higher V th [30] for the reorientation, which is
also consistent with the data shown in Fig. 3(b).
C. Dynamic Electro-Optic Response of the
h-BN-Based Cell

Now we will discuss how Wθ has an impact on the electrooptic switching of the LC. The two electro-optic switching
times, τon and τoff , considering Wθ , are described as [31]

Fig. 4. (a) Dynamics of electro-optic response in E7-filled test cells.
The driving voltage (amplitude of the applied square-wave signal with
f  30 Hz) is shown on the right-hand y-axis. The left-hand y axis
represents the normalized transmitted intensity as a function of time
as the driving voltage is turned off (at t  0) and then turned on (at
t  16.6 ms), for the two test cells, listed in the legend at T  22°C.
The two electro-optic switching times, (b) τon and (c)τoff as a function
of applied driving voltage, V app for the two test cells listed in the
legend. Typical error bars are shown.
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driving voltage (45 V) is turned on or off. The transmitted intensity through the test cell decreases when the driving voltage
is turned on. The optical switching on, τon , is the time needed
by the transmitted intensity to drop from 90%–10% of its
maximum value. After the driving voltage is turned off, the
transmitted intensity through the test cell increases and the
optical switching is turned off, τoff is the time needed by
the transmitted intensity to rise from 10%–90% of its
maximum value.
Note that τon in Fig. 4(b) does not show any significant
change for the h-BN-based hybrid cell. However, τoff in
Fig. 4(c) is significantly accelerated (∼45%) for the hybrid cell.
This faster switching response is mainly attributed to the significant enhancement in the effective W θ due to the presence
of the 2D h-BN nanosheet as a planar-alignment agent in the
hybrid cell.
Note that in this experiment, V th ≈ 1 V, and the amplitude
of the driving square-wave voltage, V pp , ranges from 30–60 V,
and so, V ≫ V th . In this high voltage (V ≫ V th ) regime, the
electro-optic switching is known as the transient nematic relaxation mode [32,33], where τoff is naturally fast (∼milliseconds)
even for large cell gaps [32,33]. Also, when V ≫ V th , V becomes the dominating factor for τon, and the effect of W θ on
τon is negligible [31,34]. See Eq. (3) for τon. So, as V ≫ V th
here, predictably Fig. 4(b) shows a minimal change in τon .
However, when V is turned off, τoff is purely influenced by the
elastic interaction between the LC and the planar-alignment
layers—which is primarily driven by the polar anchoring
strength in the cell. In the weak anchoring range (Wθ ∼ 10−4
to 10−5 J m−2 ), the term KW11θ in τoff in Eq. (3) plays a significant
role [31,34] to alter the value of τoff . Therefore, in this weak
anchoring limit, τoff is expected to be faster if Wθ is enhanced
significantly. Figures 4(a) and 4(c) demonstrate that τoff is significantly accelerated in the h-BN-based cell, and this phenomenon is attributed to the enhancement in the effective
Wθ due to the presence of the h-BN nanosheet.
Several reports in the literature show that the reduction of
free-ion impurities in an LC results in a decrease in its rotational viscosity, γ 1 [21,23,35–41]. As mentioned earlier, our
group has demonstrated that the presence of h-BN can reduce
the free-ion impurities in an LC by an ion-capturing process
[27]. Therefore, in addition to the increase in the effective
Wθ in the hybrid cell, a moderate decrease in γ 1 of the LC
may partially play a role in accelerating the electro-optic
response.
3. SUMMARY
It is experimentally demonstrated that the monolayer h-BN as a
planar-alignment agent in the h-BN-based hybrid cell significantly increases the effective polar anchoring energy in the cell.
The presence of this monolayer h-BN causes the polar anchoring strength to increase due to the strong epitaxial interaction
between the LC and the honeycomb lattice of the h-BN
crystal. The elastic force-driven switching time of the nematic
phase after the driving voltage is turned off is accelerated significantly due to this enhanced effective polar anchoring
strength coefficient. Presented results are expected to advance

the fundamental understanding and methodology towards the
nanoscale assembly of LCs utilizing their interactions with
hexagonal nanostructures and their macroscopic effects in hexagonal nanostructures-based LC devices.
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