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new application fused with flexible electronics in displays and photonic devices. One plausible approach is to uti-
lize polymer-dispersed liquid crystals with nanoscale droplets of liquid crystals dispersed in a polymer matrix.
One of the most significant shortcomings with that approach is high operating voltage due to the strong molec-
ular interaction between liquid crystals and polymer matrices, low fill factor of the system, and a voltage drop in
the dielectric polymer matrix. Herein, we show a polymer composite that is blended with conductive PEDOT:PSS
polymer to enhance the dielectric property of the system. The composite polymer matrix we show in this work
provides a pathway of electric fields via the PEDOT:PSS when applying voltages and eventually reduces the volt-
age drop in the composite matrix. As a consequence of the enhanced electric field, the Kerr constant and trans-
mittance of probe light passing through the sample mixing with 3.5 wt% of PEDOT:PSS increases up to 11.7
and 37.3% and the operating field decreases up to 17.2%. Furthermore, the rising times are enhanced up to 30%
while the decaying times remain the same. We believe that this approach will greatly contribute to the realization
of flexible liquid crystal devices.
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1. Introduction

In the past few decades, liquid crystals (LCs) have been one of the
most remarkable materials used in the field of flat panel displays
owing to their unique properties including dielectric and optical anisot-
ropies. In the future, devices that play a role in mediating communica-
tions at the human/machine interface are required to be flexible to
meet all requirements of flexible electronics. Despite the successful in-
dustrial history, unfortunately, LCs are disadvantageous on flexible sub-
strates because the anisotropy is highly dependent on the optical and
electrical vectorial directions. Organic light-emitting devices are
known as being ideal for flexible displays, but liquid crystal displays
(LCDs) are still advantageous from perspectives of strong reliability,
the fabrication process, yield point, and cost. Several methods have
been proposed to make flexible LCDs work such as fabrication of poly-
mer walls/fibers and the use of polymer substrate [1-5]. These methods
show good bendability, but the uniformity of LC orientation is easily
broken and field-response is distorted upon bending [5]. Unlike the
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polymer walls, polymer-dispersed liquid crystals (PDLCs) with nano-
sized LC droplets in the polymer matrix (nano-PDLC) is a flexible poly-
mer film itself. Consequently, perturbation of the LC orientation occurs
relatively less upon bending stress compared to the polymer wall ap-
proach, i.e., its electro-optic characteristics are well preserved under
bending stress so that its applicability to flexible substrates is better.

In nano-PDLC with the size of LC droplets <300 nm, interference be-
tween the LC droplets and visible light is too small to have light scatter-
ing and it guarantees the optically isotropic liquid crystal (OILC) system.
Utilization of the OILC system for display devices has several advantages
such as fast switching time, high-contrast ratio, and wide and symmet-
ric viewing angle without optical compensation films [6-10]. Further-
more, the electro-optic performances like transmittance, switching
time and the contrast ratio are preserved upon mechanical bending of
the optical films [7,11-13]. Despite numerous merits, typical concentra-
tion of monomers requires >50% to achieve efficient optical isotropy in
the nano-PDLC system [12-15]. Such large amount of polymer affects
low Kerr (K) constant of the nano-PDLC system (K ~ 0. 75 nm/V?) be-
cause such system has low filling factor and limited physical properties:
birefringence (An) and dielectric anisotropy (A¢) [16,17]. Herein, K is
related to AnAsR?/K;cA, where R is the radius of LC droplets and Kic is
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the elastic constant of LCs with one-constant approximation, indicating
that the parameters An, Ag, R should be large enough for achieving max-
imum K of the system [17]. However, increase in length scale of either R
or An of LCs causes light scattering. On the other hand, increase in A¢ of
LCs can cause increase in viscosity of the LCs, resulting in relatively slow
response time. Using a LC with high An and Ag, high K ~ 13.7 nm/V? was
reported in polymer-stabilized blue phase LC but it has another issue
like phase instability during electro-optic switching [18], unless the
well-treated surface condition is not met [19]. In summary, to lower op-
erating voltage, increase in the magnitude of K by optimizing only phys-
ical properties of LC will result in some loss of its electro-optic
performances such as high contrast ratio and fast response time.

A few reports on improving electro-optics of nano-PDLC show that
doping a small amount of functionalized-carbon nanotubes (f~-CNTs)
[20], reduces an operating voltage and using chiral molecules [21] or ac-
rylate monomer mixtures [22,23], reduces light scattering in a field-off
state. The weakest point among all aspects of the nano-PDLC for appli-
cation to display devices is high operating voltage. As a solution, we
pay attention to a method to enhance the conductivity of the polymer
matrix. In this approach, we can avoid the abovementioned electro-
optic performance drop by enhancing the A¢ and An of LCs. Although
we find that mixing of nano-PDLC with f-CNTs is favorable especially
for minimizing the field-screening effect inside the polymer matrix
[20], the miscibility issue still remains when mixing with the LC/mono-
mer mixture because it limits doping concentration of f-CNTs in a com-
posite blend. From this perspective, we believe that the incorporation of
conductive polymer inside the insulating polymer is favored because
good miscibility in polymer to polymer mixture is expected in general.
One good candidate is a widespread-used high conductive and trans-
parent polymer, poly(3,4-ethylene dioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) [24,25].

In this work, thus, we utilize conductive PEDOT:PSS polymer, doping
it with a reference nano-PDLC mixture. Again, we expect the miscibility
is much higher than that with f~-CNTs so that the conductivity of the
composite matrix can be adjusted far higher. As a consequence of this
approach, the conductivity of the polymer matrix can be significantly
enhanced and it conveys to minimize the voltage drop along the
polymer matrix. We investigate how the dielectric property of the
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nano-PDLC system contributes to the electro-optic properties such as
field-dependent transmittance, the Kerr constant, and switching re-
sponse times.

2. Switching principle of the proposed device

Schematic cell structure and orientation of nano-sized LC droplets
embedded in a polymer matrix doped with conductive polymer
PEDOT:PSS is shown in Fig. 1. The doped conductive polymer is
monodispersed in the host polymer matrix so that the additives are
guaranteed to influence on the entire system. In the field-off state, the
LC droplets with bipolar LC configuration inside the droplets in general
and their sizes below visible wavelength are randomly oriented, render-
ing the nano-PDLC system optically isotropic. In the field-on state, the
field generated between electrodes reorients the optic axis of LC along
the field direction, giving rise to phase retardation. Under crossed
polarizer, its transmittance behavior follows as [26],

N

T 2 . 2(TdAR
T~ sin “2¢s sin (T , (1

where s is the angle between the optic axis of field-induced LC and the
transmittance axis of the polarizer, d is the effective thickness of the in-
duced birefringence layer and An;,q is the effective induced birefrin-
gence of LC layer in which both values are spatially modulated due to
the interdigitated electrodes. In the field-off state, the device exhibits
a dark state since An;,q is zero, and in the field-on state with conditions
of y = m/4 and dAnj,a = M/2, the device exhibits a maximal
transmittance.

In the nano-PDLC system, the Anj,q is associated with K as follows
Aning = AKE? where E is applied field strength [27]. The threshold
field (Ey,) of the device changes with respect to the concentration of
PEDOT:PSS in the polymer composite matrix since the conductivity of
the polymer matrix depends on the doping concentration ¢. Under
such assumption of the conductive medium in the host polymer matrix,
the E, can be determined as [20,28],
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Fig. 1. Schematic representation of the conductive-polymer PEDOT:PSS-doped nano-PDLC system driven by interdigitated electrodes: (a) Randomly oriented LC droplets with size less
than the wavelength of visible light at field-off state and (b) Orientation of optic axis along the field directions in the field-on states.
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Fig. 2. Experimental procedure of PEDOT:PSS doped nano-PDLC sample.
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Fig. 3. The dielectric properties of the PEDOT:PSS-doped LC/polymer composites measured as a function of frequency f. (a) The real part of relative permittivity ' and loss tangent tané =
£"/¢', (b) The measured €' of pure LC (&¢) and LC removed polymer cells (&y). (¢) Conductivity 0, (d) The estimated conductivity 0, as a function of dopant concentration ¢ at f = 1 kHz.
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where c is the pre-factor that is expressed as,

E th =

- 3em

N fct2em ®
where gy is the effective dielectric constant of the polymer matrix and
g ¢ is the dielectric constant of the host LC. Therefore, the pre-factor ¢
should be larger than 1 in order to reduce E,;, while the droplet size
and physical properties of LC remain unchanged. The doping of conduc-
tive medium inside the polymer matrix increases the magnitude of c,
resulting in increased conductivity of the polymer matrix. Owing to this
effect, the voltage drop in the insulating polymer matrix can be mini-
mized giving rise to the field enhancement effect. Consequent to this,
the applied field strength to reorient LCs inside the nano-sized LC drop-
lets is reduced and the effect becomes more pronounced with increas-
ing the dopant concentration ¢, thus leading to reduction of the Ey,.
Electro-optic response times of rise (To,) and decay (Tof) in nano-
PDLC are defined as follows [29,30],

Y
Ton ~ ———*+ 4
o Aggg®E® Kic @
an R?
R
ot o (5)

where 7y and Ki¢ are rotational viscosity and elastic constant of LC,
respectively and R is the size of LC droplets in a polymer matrix. From
Eq. (4), one can understand that increasing the field strength gives
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rise to faster 7o, if other physical parameters remain the same. Cons-
equently, we expect the doping of the conductive polymer induces
faster Top.

3. Experimental procedure
3.1. LC/polymer mixtures

We used a LC, MLC-2053 (Ae = 42.6 at 1 kHz, Ty = 86 °C, Merck Ad-
vanced Technology, Korea); host monomers, PN393 (n, = 1.473 at
589 nm) and TMPTA (Trimethylolpropane Triacrylate) (n, = 1.474 at
589 nm); a photo-initiator (PI), Irgacure-651 (Irg-651); and a high-
conductive polymer (PEDOT:PSS, Sigma Aldrich). The reference nano-
PDLC mixture consists of LC / PN393 / TMPTA / Irg-651 (42 / 47.75 / 10
/0.25) and three-sample mixtures are prepared as the reference mixture
is mixed with the dopant polymer PEDOT:PSS by the concentration ¢ = 1,
2 and 3.5 wt%, naming the samples S0, S1, S2, and S3, respectively.

3.2. Cell preparation

The PEDOT:PSS was at first uniformly dissolved into isopropyl alco-
hol (IPA) and then it was mixed with LC/monomer mixture. Then, the
total mixture was ultrasonicated for 2 h at elevated temperatures to im-
prove the dispersion of the dopant polymer. After that, the IPA was
evaporated by placing the sample mixtures over a hot plate while stir-
ring it at 80 °C. The resultant mixture was capillary-injected into test
cells at 90 °C, with a one-plain glass substrate and the other interdigi-
tated indium tin oxide (ITO) electrode substrate, where the electrode
width (w) and spacing (I) between them are 4 pm. The cell thickness
is 10 um for all cells. Once the mixture was fully loaded into the cell,
and UV light at 110 mW/cm? was exposed for 6 mins. The detailed
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Fig. 4. The electro-optic properties of the PEDOT:PSS-doped LC/polymer composites. (a) Electric field-dependent transmittance curves, (b) Measured threshold Ey, (the calculated Eyy, is in

red color) and operating E,, and (c) Measured Kerr constant K as a function of ¢.
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schematic diagram for the preparation of PEDOT:PSS doped nano-PDLC
composite is clearly shown in Fig. 2.

3.3. Characterization

The test cells were examined by a polarizing optical microscope
(POM) (ECLIPSE E600, Nikon, Japan) and the field off/on state images
are captured using an equipped CCD (DXM 1200, Nikon). We used
commercial software (iMT i-Solution Inc., Canada) for measuring
the light leakages of the POM images captured in the field-off state.
The electro-optic properties were evaluated by using a setup
consisting of a photodetector (DET36A/M, 350-1100 nm, Thorlabs),
a function generator (33521A, Agilent) and an oscilloscope (DPO
2024B, Tektronix). The Ey, and E,p are determined as the field to
reach 10% and 90% of maximal transmittance, respectively. The re-
sultant mixtures were phase-separated between ITO electrodes
and then we used a precision LCR meter (4284A, Agilent) with the
frequency range of 20 Hz < f < 1000 kHz for determining the fre-
quency dependence of the complex dielectric function relation de-
fined as the ¢*(f) = &' (f) - ie"(f), where & and &” are the real and
imaginary part of the dielectric permittivity. The &’ of the test cells
were calculated using the relation, & = C,/Co, where C, is the rela-
tive capacitance of the test cells that are infiltrated with the sample
mixtures and Cy is the capacitance of empty cell, Co = £A/d, where
A and d are the related electrode area and the cell thickness, respec-
tively. The LC was washed away by soaking test cells in the n-hexane
for 24 h to measure the dielectric properties of polymer matrices &y
without LC, whereas the conventional procedure was used for mea-
suring the & ¢ of pure LC using the same d. Furthermore, we also cal-
culated the loss tangent tané = €"/¢’' [31]. The LC removed test cells
were separated using the sharp-edged blade to get a polymer matrix
and then a conductive gold layer was coated using radio frequency
(RF) sputtering in order to avoid charge accumulation over the insu-
lating polymer matrix. The substrates were used to observe the mor-
phology of the polymer network by a field emission scanning
electron microscope (FESEM).

4. Results and discussion

In this section, we aim to investigate the electro-optic properties as-
sociated with the effects of doping PEDOT:PSS into a nano-PDLC com-
posite. We organize our results of electro-optic characterization into
three subsections. In the first subsection, we measure the relative per-
mittivity and conductivity properties. In the second subsection, the elec-
tric field-dependent transmittance and response times upon field on/off
states are measured. In the third subsection, lastly, the POM images and
surface morphology of the polymer matrix are investigated.

4.1. Dielectric properties

Frequency-dependent relative permittivity ¢ and loss tangent tano
to verify the dielectric properties are measured as shown in Fig. 3a. As
increasing the frequency, the €' of all samples decreases and the mea-
sured tand shows typical curves of the imaginary part that is related to
the real part. As the PEDOT:PSS concentration ¢ changes, at 1 kHz, ¢'is
measured to be 6.72, 6.85, 7.16 and 7.80 for the samples SO, S1, S2,
and S3, respectively. The ¢’ of the sample S1, S2, S3 increases by about
2, 6.5, 16.2%, respectively, compared to the sample SO.

In order to estimate the pre-factor c in Eq. (2), we measure the & ¢
and ¢y as shown in Fig. 3b. At ¢ = 1 kHz, we measure the relative per-
mittivity of pure LC cell and polymer network (LC-removed) cells, & c =
23.83 and gy = 5.90, 6.26, 6.63, 7.20 for SO, S1, S2, S3, respectively. Then,
the cis calculated as 0.49, 0.52, 0.54, 0.57. As the PEDOT:PSS concentra-
tion in the polymer ¢ increases in the samples, the c increases.

The frequency-dependent conductivity is measured as shown in Fig.
3c. It shows the 0, increases as increasing the dopant concentration ¢
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as well as f. In order to quantify the AC conductivity of the test samples,
we calculate it based on the formula 0, = 2nfege’ tand [31]. The calcu-
lated 0y is 5.68x107%,6.20x10~8, 6.66x 108 and 7.10x108 S/m, re-
spectively, for the samples SO, S1, S2, and S3 at f = 1 kHz as shown in
Fig. 3d. As compared to SO, the 0, of the samples is increased by
9.15%, 17.25%, and 25% for samples S1, S2, and S3, respectively.

The dielectric property and conductivity are enhanced as ¢ in-
creases. This implies that the uniform distribution of the conductive
polymer in the host insulating polymer matrix helps the immobile
charges to be better polarized. We believe the conductive polymer dop-
ant in the composite film not only provides electrons to flow easier in
the polymer matrix but also suppresses the dissipation of the given elec-
tric energy upon the electrical polarization in the material.

4.2. Field-dependent transmittance curves and response times

Fig. 4a shows the electric field-dependent transmittance curves of
the samples SO, S1, S2, and S3. In the field-off state, the transmittance
of the samples is 0.047, 0.050, 0.052, and 0.051, respectively, which in-
dicate similar dark levels regardless of the conductive dopant concen-
tration ¢. As the electric field strength ramps up, the transmittance
increases up to peak points of each curve. At the peaks, where the de-
gree of the LC reorientation in the droplets becomes maximum,
Tso < Tsq < Tsy < Ts3. The field-on maximum transmittance of the S1,
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Fig. 5. Measured E;, and E,, as a function of (a) f-CNTs concentration ¢¢and (b) a chiral
dopant (SRM17) concentration ¢. and chiral pitch p.
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S2, and S3 is enhanced by ~5.06, ~17.87, and ~37.30% as f increases in
comparison to that of the reference sample. As the pre-factor c in-
creases, E, decreases. At E > Ey,, the field-induced refractive index
Aning (E) becomes higher. Then, the transmittance should get higher
at the same E.

The measured E, and E,, of the SO, S1,S2, S3 are 2.30, 2.18, 1.76, 1.56
and 10.35, 9.76, 9.46, 8.57, respectively, as shown in Fig. 4b, indicating
the Ey, and Eq, of the S1, S2, S3 are reduced from SO by about 6.5, 22.6,
32.2% and 5.7, 8.6, 17.2%, respectively. The Ey, is also theoretically esti-
mated from Eq. (2) with the estimated pre-factor ¢ of each sample
and it shows good agreement with experimental data, as shown in
Fig. 4b, proving doping the conductive dopant can decrease operating
voltage. Nevertheless, increasing ¢ up to 4 wt% the cell does not show
much improvement in the E;, and E,, compared to S3 and the resultant
mixture exhibits little bluish color in appearance, decreasing the
transmittance.

The Kerr constant which determines operating voltage is estimated
based on the variation of field-induced birefringence An;,q as a function
of electric field E? as shown in Fig. 4c. The magnitude of K for the sample
S1 to S3 is increased by 2.5, 6.8, and 11.7% compared to that of the
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reference sample SO. This explains the reduced Ey,, and E,, in all conduc-
tive polymer doped cells.

To verify the improvement with respect to the previously reported
results, we compare the measured Ey, and E,, of conductive PEDOT:
PSS doped nano-PDLCs to f-CNTs [20] and a chiral dopant (SRM17)
[21] doped ones. As shown in Fig. 5a and b, when doping f-CNTs and
varying the concentration of f-CNTsas 1 x 1073,5 x 1073, 1 x 1072,
Ew decreases by 6.8, 11.74, 22.5% and E,, decreases by 5.36, 10.36,
18.71%, respectively. Doping f-CNTs contributes to similar aspect in
terms of the applying electric field as what PEDOT:PSS does. However,
the doping rate is quite different: f-CNTs aggregate themselves even
with much smaller doping concentration because of the strong van
der Waals interactions, which, in turn, in case the dispersion can be
well controlled for both dopants, f~-CNT would possess much larger po-
tential to contribute to the electro-optic performance. On the other
hand, doping a chiral dopant (SRM17) results in the other tendency
that the Ey, and E,, increase as more the chiral dopant we add. The
twist in the molecular arrangement requires more dielectric energy
for unwinding it.

The smaller the size of LC droplets R in the polymer matrix, the faster
the response times, which can be explained by Egs. (4), (5). We apply
15 V/mm at 1 kHz to measure the T,, and T times, that is defined as
the time taken for the transmittance change from 10% and 90% in the
field-on state and 90% and 10% in the field-off state, respectively. The
measured T, is 1.40, 1.35, 1.24, and 0.98 ms and T is 2.10, 2.08, 2.00
and 1.94 ms for the sample SO, S1, S2, and S3, respectively, as shown
in Fig. 6. It is noticeable that as c increases, the T,,, becomes faster by
3.5, 11.4 and 30.0%, for the sample S1, S2, and S3, respectively, com-
pared to the sample SO while T,¢ remains almost the same. Faster rise
response time with the same applied fields could be possible evidence
for increased applied field strength to nano-sized LC droplets inside
the polymer matrix.

4.3. Polarizing optical microscopy

Fig. 7 shows POM images of the samples S0, S1, S2, and S3. In the ab-
sence of field, the cells show a good dark state with about the same level
and the dark state remains invariant upon rotation of the samples in-
plane under crossed polarizers, indicating all the sample cells are opti-
cally isotropic. From the obtained similar dark levels of the POM images,
we can anticipate two points: 1) the dark state is independent on the
doping concentration ¢; 2) the system is in the Rayleigh-Gans

Q w

&

Relative change in transmitta

Fig. 7. POM images of four different cells under crossed polarizers when an applied electric field is off (top row) and on with E = 15 V/um (bottom row). The numbers in a dark state as an
inset indicate the relative brightness of the images (top row). P and A represent polarizer and analyzer.
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Fig. 8. FESEM images of polymer morphologies (top row) and related droplet size distribution with Gaussian fits (bottom row).

Table 1
Electro-optic properties of the samples.
Sample ¢°[%] c® R¢[nm] g tan ¢ Oy F[S/m] En & [V/um] Eop " [V/um] K (nm/V?) Ton’ [ms] Togr * [ms]
SO 0 049 62.60 + 2.07 6.72 0.187 5.68 x 1078 2.30 1035 1.62 1.40 2.10
S1 1 0.52 65.34 + 245 6.85 0.174 620 x 1078 2.18 9.76 1.66 1.35 2.08
S2 2 0.54 61.30 + 3.10 7.16 0.149 6.66 x 1078 1.76 9.46 1.73 1.24 2.00
S3 35 0.57 59.60 + 2.11 7.80 0.143 7.10 x 1078 1.56 8.57 1.81 0.98 1.94

* PEDOT:PSS concentration; b The pre-factor in Eq. (2); © The size of LC droplets; % The relative permittivity and loss tangent; f AC conductivity; &" Threshold and operating electric field
strengths; | Kerr constant; * Rise and decay response times. All measurements were performed at f = 1 kHz.

approximation regime that explains the relation between the average
scattering cross-section as and the wavelength of light [ or the size of
LC droplets R, that is, ot « A~*R® [32]. Upon applying field, the birefrin-
gence is induced and bright regions between electrodes appear. We
note that the brightness of the POM images is enhanced as f increases,
which is in good agreement with the result shown in Fig. 4a.

4.4. Polymer morphology

To verify the droplet size, we observe the polymer networks using
FESEM after washing away the LCs from the polymer matrix. Fig. 8
shows the surface morphology of the polymer networks and droplet
size distributions. The mean droplet size is measured as R = 62.60 +
2.07,65.34 £ 2.45,61.30 4 3.10, and 59.60 4 2.11 nm for the samples
of SO, S1, S2, and S3, respectively. The droplet size is more or less consis-
tent over the samples and the morphology shows no specific aggrega-
tion of the conductive polymer dopants. The irregular shape of the
droplet formation comes from a fast curing rate of the acrylate-based
monomers. With the droplet size less than 100 nm, the samples are
transparent with no severe scattering.

5. Conclusion

We have fabricated an optically isotropic nano-PDLC unit cell whose
droplet size is subwavelength of visible light and whose host polymer
matrix is doped with PEDOT:PSS conductive polymer for electro-optic
property enhancement. The concentration of PEDOT:PSS influences
the electro-optic properties in the LC/polymer composite. As the
concentration of PEDOT:PSS increases, the relative permittivity is en-
hanced and thus the pre-factor c in Eq. (3) becomes improved. This

improvement gives rise to enhancement of overall transmittance,
threshold, operating voltage, and response times.

The PEDOT:PSS polymer provides electrons a pathway to more
freely flow in the polymer matrix and suppress the dissipation of the
given electric energy upon the electrical polarization in the material.
The results show improved dielectric permittivity, conductivity, bright-
ness (transmittance), and electro-optic properties, including response
times upon electric field application as details remarked in Table 1.
We believe the result would effectively contribute to improve the
electro-optic properties and provide a good approach to resolve remain-
ing issues towards the realization of flexible devices.
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