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Normally transparent smart window based on 
electrically induced instability in dielectrically 
negative cholesteric liquid crystal 

CHUN-WEI CHEN, ALYSSA N. BRIGEMAN, TSUNG-JUI HO, AND IAM CHOON 

KHOO
* 

Department of Electrical Engineering, Pennsylvania State University, University Park, PA 16802, USA 
*ick1@psu.edu 

Abstract: We demonstrate a normally transparent smart window based on a cholesteric liquid 
crystal with negative dielectric anisotropy. The window is electrically switchable between 
clear and diffuse states. The clear state exhibits a well-aligned planar cholesteric texture and 
is stable in the absence of an electric field, while the diffuse state is switched on when 
applying a field higher than the undulation instability threshold. The degree of translucency 
can be controlled by varying the field strength. When the applied field is removed, the smart 
window relaxes back to the clear state spontaneously. It is also found that a much faster 
diffuse–clear process can be stimulated by reducing the field below the instability threshold. 
The smart window presents itself a promising projector screen for augmented reality 
applications as it features single stable state, sub-second switching speed, and polymerization-
free fabrication. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

OCIS codes: (230.3720) Liquid-crystal devices; (130.4815) Optical switching devices. 
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1. Introduction 

Augmented reality (AR) is an emerging technology that projects useful information directly 
into the user’s field of vision, integrated into environmental scenery [1–3]. A bright, 
multicolored background with fine details can significantly degrade the performance of such 
see-through displays. To circumvent the crosstalk between the virtual graphics and the 
background, a projector screen with controllable local translucency is necessary. Existing 
smart window technologies that enable switching between clear (transparent) and diffuse 
(translucent) states include suspended particle device (SPD), polymer-dispersed liquid crystal 
(PDLC, including polymer-network liquid crystal), bistable cholesteric texture (BCT), and 
dynamic scattering mode (DSM) nematic liquid crystal. However, for safety reasons, 
normally translucent modes (e.g., SPD [4] and normal-mode PDLC [5,6]) and bistable modes 
(e.g., BCT [7–11]) are unfavorable for practical use. For instance, in automotive applications, 
such as AR head-up display [2,3], the driver’s visibility can be reduced dramatically if the 
circuit suddenly fails and turns the whole screen scattering. Normally transparent shutters are 
therefore preferred. In this context, nematic DSM and reverse-mode PDLC are good 
candidates. DSM [12] exploits the electro-hydrodynamic instabilities in a liquid crystal to 
create optical scattering, yet, the induced ion movement could establish a permanent inner 
electric field that leads to performance degradation over time. In a reverse-mode PDLC [13–
16], the clear–diffuse switching is driven under the action of a dielectric torque (no ionic 
mechanism is involved). However, the driving voltage and other properties of the PDLC 
depend strongly on the morphology of the polymer network, thus less feasible for large-scale 
fabrication. High angular dependence of the clear-state transparency (which originates from 
the liquid crystal/polymer index-matching mechanism [16]) is also of serious concern, 
especially for automotive applications. 

Here we report a normally-transparent dynamic diffuser based on a newly observed field 
induced dielectric instability in cholesteric liquid crystal (CLC). Besides exhibiting infrared 
filtering ability due to the CLC’s photonic bandgap and angle-independent clear-state 
transparency since no heterogeneous optical composite is used [17–20], this field-induced 
transparent–translucent change can potentially be utilized to construct smart windows with 
desirable characteristics such as fast and reversible switching (10’s–500 ms), fast self-
restoration from the diffuse state to the clear state (subsecond–seconds), and polymerization-
free fabrication. 
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2. Sample preparation 

CLCs are liquid crystals of which the molecules are self-assembled into one-dimensional 
helices. It was formulated by mixing a nematic liquid crystal with negative dielectric 
anisotropy DNM-C (ordinary index ne ≈1.59, extraordinary index no ≈1.48, and dielectric 
anisotropy Δε = ε// – ε⊥ ≈–3.6; same as the nematic host used in [21]) with a trace of a chiral 
agent R5011 (helical twisting power ≈130 μm–1, from HCCH). The samples were fabricated 
by filling glass sandwich cells with a dielectrically negative cholesteric liquid crystal via 
capillary action. The inner surfaces of the glass cells were pre-coated with indium tin oxide to 
serve as transparent electrodes and poly(vinyl alcohol) films to induce planar alignment. Cells 
with two different cell gaps, 32 and 45 μm, were used in the following experiments. The 
reflection band was tuned to the desired near-infrared spectral region (in this case around 800 
nm) by controlling the concentration of R5011 in the CLC. The experiments were performed 
with single-pixel samples; for practical use, the CLC cells will be pixelated so as to achieve 
local translucency control. 

3. Results and discussion 

High electric field (EH)

Self-restoration

Glass

CLC
V

Clear state Diffuse state

or

Low electric field (EL)

 

Fig. 1. Schematic and photographs of the proposed CLC smart window (d ≈45 μm). 

In the absence of an external field, the helices are aligned along the surface normal by the 
strong anchoring force of the alignment layer―known as the planar state. The CLC hence 
acts as a Bragg reflector in the near infrared regime and is highly transparent in the visible 
[Fig. 1, left panel]. When an alternating-current electric field is applied to the CLC cell, the 
degree of translucency, characterized by the specular transmission spectra shown in Fig. 2(a), 
can be either improved or degraded depending on the field strength (E) and frequency (f). The 
spectra were measured by using a spectrometer (USB4000, Ocean Optics) that has a finite 
aperture of 5 mm in diameter and was set at 10 cm away from the sample. 

In the low applied field regime (e.g., E < 2.8 V/μm at f = 1 kHz), an increase of the 
electric field strength leads to an overall rise of the transmittance in the visible range and 
sharpening of the photonic bandgap, cf. Fig. 2. This is due to the negative dielectric 
anisotropy of the CLC; the field-induced dipole moment is perpendicular to the principal 
molecular axis, and so the electric torque brings the molecules away from the field axis. As 
revealed by the microscope images in Fig. 3(a), the grain boundaries of the planar domains 
diminish with increasing field, smoothening the texture. 

                                                                        Vol. 8, No. 3 | 1 Mar 2018 | OPTICAL MATERIALS EXPRESS 693 



0 200 400 600 800 1000
0

1

2

3

 

Frequency (Hz)

Diffuse state

Clear state

400 500 600 700 800 900
20

40

60

80

100
 
 
 
 
 
 
 
 

Wavelength (nm)

Sp
ec

u
la

r
tr

an
sm

it
ta

n
ce

 (
%

)

(a)

Visible Near infrared 0.0
1.3
2.6
2.9
3.2
3.5
3.8
5.1

(V/μm)

(b)

T
h
re

sh
o
ld

 f
ie

ld
 (

V
/μ

m
)

 

Fig. 2. (a) Specular transmission spectra at different field strengths (d ≈32 μm and f = 1 kHz). 
(b) Dependence of instability threshold on driving frequency. 
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Fig. 3. (a) Microscope images, (b) far-field diffraction patterns, and (c) undulation periods of 
CLC at different field strengths above the threshold field Ec ≈2.8 V (d ≈32 μm and f = 1 kHz). 

In response to fields above a certain threshold [i.e., the solid curve in Fig. 2(b)], the planar 
state becomes structurally unstable and therefore scatters light. The data points in Fig. 2(b) 
were collected by probing the specular transmission of the CLC cell with a HeNe laser at λ = 
633 nm and recording the field strength at which the transmittance begins to drop. The 
measured threshold field scales with the square root of driving frequency, suggesting that the 
observed blurring of the sample was caused by the field-induced instability in the dielectric 
regime [22]. A planar CLC can be regarded as layers of different director orientations stacked 
along the helical axis. In a CLC that is experiencing field-induced instability, the associated 
layers tend to tilt towards the field axis. 

The instability result in platelets of two-dimensional (2D) periodic undulations, as a 
consequence of balancing the induced torque with the confining substrates and the surface 
anchoring by poly(vinyl alcohol) [Fig. 3(a)]. At wavelengths far from the photonic bandgap 
(e.g., in the visible regime), each platelet acts as an optical grating with micrometer-scaled 
periods and thus gives rise to optical diffractions. Figure 3(b) depicts that the diffractions are 
quasi-omnidirectional (cf. the round diffraction patterns appearing at E ≈3.8 and 5.1 V/μm) in 
that the 2D grating orients differently from one platelet to another. The grating period (Λ) 
ranges from 13 to 22 μm and increases with the field [Fig. 3(c)]. Given that the cell gap (d) is 
~30 μm, the grating operates in the Raman-Nath regime (Λ2  λ⋅d), leading to multiple orders 

of diffraction. The quasi-omnidirectional multi-order diffractions effectively generates spatial 
crosstalk in the optical image that passes through the CLC cell. Meanwhile, the reflection 
band becomes broadened. According to the Bragg’s law, the bandgap (λB) of the CLC blue-
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shifts as the helix tilts away from the viewing direction―λB = n̅⋅p⋅cosθ, where n̅ ≈(ne + no)/2 
is the average index of the CLC and θ is the angle between the helical axis and the surface 
normal [21]. In an undulated CLC, the tilt angle of the helix varies in space and so does the 
magnitude of the blue-shift, cf. Figures 1 and 2(a) [22]. The bandgap is expanded toward the 
visible regime with increasing applied field, indicating the possibility of grayscale control. 
The platelet (grain) boundaries and inhomogeneous period of undulation also contribute to 
light diffusion. The translucency can be further improved by increasing the interaction length 
(increasing the cell gap or stacking cells). 

To gain more insight into the switching dynamics, we monitored the specular transmission 
change of the CLC cell in electric fields above the instability threshold. The HeNe laser was 
employed as a probe that passed through the cell and arrived at a photodiode (818-SL, 
Newport; the active diameter is 11.3 mm) which was connected via a power meter (1830-C, 
Newport) to an oscilloscope (TDS360, Tektronix). The distance between the cell and 
photodiode was ~0.7 m. Figure 4(a) shows the clear–diffuse switching with a 1 kHz AC field 
(EH) of ~3.8 V/μm. The molecules were first aligned by the field, revealed by a sharp rise in 
specular transmittance (T) from 86 to 89% within 5 ms. At ~65 ms upon the application of the 
field, the undulation instability became visible and caused a transmittance drop from 89 to 
11%. The corresponding fall time was ~40 ms. This was followed by some fluctuations and 
soon became steady at T ≈26%. The field was then removed at ~2.49 s. The CLC hence 
relaxed to the clear state, taking ~525 ms to restore 90% of the initial transmittance 
(henceforth defined as the rise time). Such a field-off response is in contrast to the CLC smart 
windows that are driven by the field-induced instability in the conduction regime (usually at 
low driving frequencies), of which the diffuse state is stable upon the removal of the applied 
field [10,11]. 

3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0

2

4

6

8

10

0 1 2 3 4
0

20

40

60

80

100

 

 

Time (s)

(a)

EH offSp
ec

u
la

r
tr

an
sm

it
ta

n
ce

 (
%

)

Electric field (V/μm)

Fa
ll
 t

im
e 

(s
)

R
is

e 
ti

m
e 

(s
)

(b)

EH on

 

Fig. 4. (a) Time-resolved specular transmittance revealing the clear–diffuse switching and self-
restoration processes (EH ≈3.8 V/μm, f = 1 kHz, and d ≈32 μm). (b) Response time for the 
clear–diffuse (fall time, circles) and diffuse–clear (rise time, squares) at different field 
strengths (EH) and thicknesses (filled symbols: 32 μm, open symbols: 45 μm). 

As depicted in Fig. 4(b), the response times vary with the driving frequency and cell gap. 
The fall time is in general one order of magnitude shorter than the (self-restoration) rise time. 
In the 32 μm-thick cell, the fall time is on the order of 10’s ms and drops with increasing field 
strength. The rise time follows an opposite trend, from 5 ms at 3.2 V/μm to ~1 s at ~5 V/μm. 
Although increasing the cell gap to 45 μm can improve the translucency, both the deformation 
and relaxation processes become slower. Adopting the layer stack configuration [12,17,20] or 
increasing the anchoring force of the surface alignment could prove effective in reducing the 
response time of the self-restoration process while retaining high translucency in the diffuse 
state. Note that the spontaneous diffuse–clear transition is the key to circumventing a 
reduction of visibility caused by unexpected failure of the driver circuit that otherwise turns 
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the whole window into a permanent diffuse state. This can be a serious concern when using a 
normally translucent or bistable window, but not the case for a normally transparent window. 
Under normal operating conditions, this relatively slow process (compared to the fall time) 
can be sped up to several 10’s ms by applying a small electric field. 

Recalling the field strength dependence of specular transmission in Fig. 2, applying an 
electric field below the instability threshold to a deformed CLC can assist the diffuse–clear 
restoration by exerting a torque to reorient the LC molecules until they are aligned 
perpendicular to the field axis. Figure 5 demonstrates the spontaneous and field-induced 
restoration processes with a 45 μm-thick CLC. When a high field (EH ≈4.5 V/μm) is applied, 
the CLC first experiences a transient higher-transmittance clear state (T ≈90%) that lasts for 
only a few 10’s ms and then transitions into a diffuse state (T ≈20%). Switching off the high 
field brings the CLC back to the stable clear state through the self-relaxation process (induced 
by the surface anchoring solely). A successive application of EH drives the sample into the 
diffuse state again. Subsequently, reducing the field strength to 2.7 V/μm (EL), the clear state 
is restored with rise time of only ~70 ms. 
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Fig. 5. Time-resolved specular transmittance diagram showing the field-induced clear–diffuse 
transition, spontaneous restoration, and field-induced restoration process (EH ≈4.5 V/μm, EL 
≈2.7 V/μm, d ≈45 μm, and f ≈1 kHz). 

4. Summary 

A normally transparent smart window has been demonstrated, enabled by the electrically 
induced undulation instability in a CLC with negative dielectric anisotropy. The window is 
switchable between the clear and diffuse states with controllable translucency by varying the 
field strength. The clear state, in which the cholesteric helices are uniformly oriented along 
the window normal, is the only stable state in the absence of an electric field, an important 
characteristic for safety concerns. By applying an electric field higher than the threshold for 
the undulation instability to occur, the CLC window is switched to the diffuse state taking 
10’s–100’s ms. When the applied field is removed, the clear state is restored spontaneously 
with response time of subsecond–seconds depending on the cell gap and field strength. A 
much faster restoration of < 100 ms can be gained by directly reducing the field strength 
below the instability threshold instead of switching off the voltage. Featuring single stable 
state, subsecond-scaled response, and polymerization-free fabrication, the CLC smart window 
shows great potential for AR applications. 
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A B S T R A C T   

In this study, polymer dispersed liquid crystal (PDLC) films comprising a phase separated low molecular weight 
thermotropic liquid crystal (LC) and high molecular weight polymer were, prepared using the polymer–induced 
phase separation method. In order to enhance the optical efficiency of the PDLC films, LC was doped with 
dichroic azo dye. Various characterization techniques were employed to determine the properties of the com
ponents and, the operating principles of the dye–doped PDLC (DPDLC) films. Morphological studies using 
polarizing optical microscopy and scanning electron microscopy indicated that the LC droplet configuration 
changed with various dye concentrations and voltages. Electro-optical analysis showed that the performance of 
the DPDLC film with a low dye concentration (0.007%) was excellent, with a high contrast ratio (241) and 
transmittance difference (ΔT = 98.57%), low threshold (VTH = 0.85 V/μm) and saturation voltages (VSAT = 1.45 
V/μm), and a minimum hysteresis effect. The effects of temperature on the electro-optical properties of the 
DPDLC films were studied. Absorbance analyses were conducted using ultraviolet–visible spectrophotometry to 
complement the transmittance analyses. Dielectric relaxation spectroscopy was employed to measure relaxation 
frequency/time of DPDLC films. Debye and Cole – Cole modeling were conducted to understand nature of the 
relaxation process. The zero values of the distribution parameter (α) for all of the DPDLC composite films 
confirmed their Debye type relaxation process.   

1. Introduction 

Polymer dispersed liquid crystals (PDLCs) are thin composite films 
made from a high molecular weight polymer and low molecular weight 
thermotropic liquid crystal (LC) using the phase separation method. The 
LC droplets formed by the phase separation method are mechanically 
and structurally stabilized by the polymer matrix. The most common 
applications of PDLC films include flat panel flexible displays with large 
areas, switchable windows, light valves, high definition spatial light 
modulators, optical and thermal sensors, strain gauges, color projectors, 
bistable reflective displays, and optical shutters that operate in normal 
or reverse modes [1–4]. 

The birefringence property of LCs is important for the operation of 
composite films. LCs are optically anisotropic materials with two distinct 
refractive indexes (RIs). In the absence of an electric field, directors 
present in micron–sized LC droplets are randomly oriented in the 
polymer matrix. When light falls on the film, it is scattered and refracted 
multiple times on the polymer–LC interfaces and the film appears opa
que as a result. After the application of suitable electric field, the LC 

directors are aligned along the direction of the external electric field. 
Under these conditions, for an LC with positive birefringence (Δn> 0), 
the ordinary RI (no) of the LC matches with the RI of the polymer matrix 
(np), whereas for an LC with negative birefringence (Δn< 0), the 
extra–ordinary RI (ne) of the LC matches with np, thereby leading to the 
transparent appearance of the film [5–7]. In addition to the optical 
anisotropy of LC, the excellent performance of PDLC composite films is 
influenced by many factors, such as the dielectric anisotropy of the LC, 
polymer-LC interactions, the size, shape, and structure of the LC drop
lets, and the match/mismatch of the RI between the LC and its host 
polymer, as well as between different LC droplets. The main role of the 
polymer matrix is to support the LC droplets and provide flexibility and 
mechanical strength to the device, but physical interactions with the 
polymer can affect the formation and configuration of meso-phases. In 
some cases, the spherical LC droplets may be deformed because of the 
polymer matrix. Parameters such as the physical properties of the con
stituents (e.g., conductivity, RI, and viscosity), their proportions, solu
bility and diffusion of LC in the monomer/pre-polymer, phase 
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separation method employed, dopants and temperature determine the 
morphology of the droplets and electro-optical characteristics of PDLC 
films [8–15]. The dopant and temperature affect the morphology of the 
LC droplets and thus the contrast ratio (CR) and transmittance of the 
composite films [16,17]. Therefore, in the present study, we used a 
dichroic dye to dope a nematic LC and form polymer-LC composite films, 
and the properties of the composite systems were determined. 

Dichroic dye molecules are long and rigid molecules that exhibit a 
strong transition moment along one molecular axis, thereby leading to 
the anisotropic absorption of light, and they tend to align along the di
rector when dissolved in an LC solvent. This phenomenon where guest 
dye molecules align with the host LC is known as the guest–host inter
action. The color intensity of the system can be manipulated by only 
controlling the LC rotation because dye molecules tend to align with the 
LC molecules. The two types of dichroic dyes according to the form of 
dichroism are pleochroic or positive and negative dichroic dyes [18–24]. 
Pleochroic or positive dichroic dyes are generally used with LCs because 
they exhibit higher order parameters and dichroic ratios compared with 
their counterpart negative dichroic dyes. Dyes typically have a narrow 
absorption spectrum and the wavelength corresponding to the peak is 
denoted as λmax. The visible color of a dye is attributable to the light 
reflected by the dye or the complementary color. 

The effects of doping an LC material with dye on the morphological, 
electro-optical, thermo-electro-optical, and dielectric properties of the 
resulting polymer–LC composite films were investigated in the present 
study. The responses of the composite films to the different applied 
electric fields and temperatures were also studied using theoretical and 
modeling techniques. 

2. Experimental and analytical work 

2.1. Materials and methods 

The performance of any device depends on its properties, and thus 
the methods and materials which employed for its production. Selecting 
appropriate materials is very important for the optimum performance of 
display devices. Determining the different parameters for the constitu
ent materials helps to select appropriate materials for a particular de
vice. Materials are selected based on their individual chemical and 
physical properties, as well as their compatibility with the other 
component materials. In this study, a nematic LC, dye, and monomer 
unit were used to prepare efficient polymer–LC composite films. The 
chemical and physical properties of these materials are described in the 
following. 

2.1.1. LCs 
Various properties must be considered when selecting LCs for optical 

devices. The LC state occurs only when the LC molecules exhibit an 
approximately anisotropic form. Therefore, a structurally, optically, and 
dielectrically anisotropic, thermotropic nematic LC was used in this 
study. In order to prepare polymer–LC composites, the ordinary RI of the 
LC (no) should match with the RI of the polymer (np). The viscosities of 
both phases must support each other when preparing their homogenous 
mixture. The nematic–isotropic temperature (TN-I) of the LC should not 
be excessively high because the properties of the monomer/polymer 
units may be changed/deformed at high temperatures. After considering 
all of these factors, commercially available nematic LC HPC850100-100 
was obtained from HCCH Jiangsu Hecheng Display Technology Co. Ltd, 
China. Some important parameters of LC HPC850100-100 for LC devices 
are presented in Table 1. 

2.1.2. Dichroic dye disperse orange 25 
When an LC is doped with a small quantity of dichroic dye, the dye 

molecules tend to align in parallel with the LC molecules on average. 
However, in actual practice due to fluctuations, the LC molecules and 
dye molecules both deviate from the director’s direction n̂ to different 
extents depending on their molecular structures. Fig. 1(a) and (b) show 
schematic and geometrical representations of the LC and dye molecules, 
respectively. Fig. 1(b), clearly demonstrates that the long molecular axes 
of the LC molecule L, dye molecule D, and electric vector P form angles 
of θ, ϕ, and ψ, respectively, with the director n̂, which are responsible 
for the order parameters of the dye and LC, as well as the dichroic ratio. 
Dyes used to dope an LC medium must have a high order parameter 
(SD = 1

2 〈3cos 2 ϕ − 1〉), high dichroic ratio (D =
A||

A⊥
, where A|| and A⊥

are the absorbances at ψ = 0◦ and ψ = 90◦ respectively), good stability 
and excellent solubility in the LC and compatibility with the LC but not 
the polymer matrix [24–27]. The order parameter of a dye is an indi
cation of how well the dye molecules aligns itself with the LC. The dye 
order parameter is directly proportional to the length of a dye molecule 
and inversely proportional to its width. The dye order parameter follows 
the order parameter of the host LC over the entire temperature range, 
and thus for a color display, the choice of the dichroic mixture depends 
upon the compatible LC host, which must have a high and sustainable 
order parameter over the operating temperature range of the device. 
Doping with dichroic dyes alters the clearing temperature of the mixture 
by 0.5–5 ◦C depending upon its compatibility with the host LC. 

Photostability is one of the important parameters that need to be 
considered in LC devices. Many classes of dyes decompose or fade due to 
photoprocesses. The photostability of azo dyes depends on the wave
length corresponding to the maximum absorption designated as λmax. A 
dye with high photostability generally improves the stability of the 
whole system. 

The solubility of a dye depends mainly on its structure and the host 
entity. Asymmetrically substituted dichroic dyes are more soluble in LCs 

Table 1 
Properties of Materials Used in this Study.  

Material Used Properties 

Liquid Crystal 
HPC850100-100 

no = 1.518, ne = 1.768, Δn = 0.250, ϵII = 39.9, ε⊥ = 8.1, 
Δε = 31.8, TS-N < − 40 ◦C, TN-I = 73 ◦C, Viscosity = 65 cSt 

Dichroic Dye Disperse 
Orange-25 

Appearance = Orange Solid Powder; Melting Point =
170 ◦C 
Maximum Absorbance at Wavelength λmax = ~457 nm 

Monomer Unit 
NOA-65 

Viscosity = 1200 cSt, Refractive Index = 1.524, 
Absorbance = 350–380 nm.  

Fig. 1. Dye and LC Molecules with Cylindrically Symmetric Structures. (b) 
Geometrical Relationships of Dye with its Transition Moment, LC, and Polar
ized Light. 
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than their symmetric analogues [28]. The insertion of lateral alkyl 
substituents groups in dichroic dye molecules improves the solubility of 
dyes in LCs. A mixture of dichroic dyes with similar absorption spectra 
usually has solubility greater than that of a single dye. Doping an LC 
with dye, increases the viscosity of the host (LC), thereby decreasing the 
working temperature of the device. The RI, elastic constants, and 
dielectric anisotropy of the dye–LC mixture are basically those of the LC 
host [19,22,24,25,28–33]. 

Considering all of these properties, an “azo” dye was selected from 
the two types of dichroic dyes comprising anthraquinone and azo dyes. 
An azo dye is a synthetic organic dye that contains a minimum of one azo 
group (-N=N-) but it may contain two (diazo), three (triazo) or more 
(polyazo) azo groups as part of the molecular structure. In addition, at 
least one but usually two aromatic residues are attached to the azo 
group. Azo dyes occur in the more stable trans form shown in Fig. 2(a) 
rather than the cis form depicted in Fig. 2(b). Both nitrogen atoms are 
sp2 hybridized so that the carbon nitrogen bond angles are 120◦. Azo 
dyes possess cylindrical shapes similar to LC molecules and they have 
high extinction coefficients. The charge transfer absorption band exci
tation occurs in the direction of the molecular axis, which is responsible 
for their color and they are available in almost all shades [30,32,34]. 
Fig. 3(a) shows the structural formula for the commercially available 
dichroic azo dye “disperse orange 25,” which we used in this study. This 
dye was obtained from Sigma Aldrich (Madison, WI, USA). The chemical 
name for Disperse Orange 25 is 3-[n-ethyl-4-(4-nitrophenylazo) phenyl 
amino] propionitrile. The molecular structure (Fig. 3(a)) and absorption 
spectrum for the dye (in chloroform) (Fig. 3(b)) are shown in Fig. 3. The 
physical properties of disperse orange 25 are summarized in Table 1. 

2.1.3. Monomer unit NOA-65 
In the present study, the PDLC film was prepared with the ultraviolet 

(UV) curable monomer called NOA-65, which was purchased from 
Norland Products Inc., Cranbury, USA. NOA-65 is a colorless, optically 
transparent, chemically stable and photocurable liquid mixture of 
Mercapto-ester and Acrylate Monomer. It has a broad absorption peak in 
the range of 350–380 nm. When NOA-65 is exposed to UV light for 
curing, it transforms into a gel in seconds and then become tough and 
resilient within minutes. The cured film of this monomer is very flexible, 
thereby making it a promising candidate for use in flexible PDLC dis
plays. The physical properties of NOA-65 are summarized in Table 1. 

2.1.4. Sample cell assembly for Dye–Doped PDLC (DPDLC) films 
The following procedure was employed to prepare DPDLC film using 

disperse Orange 25+ HPC850100-100 + NOA-65, which we denote as 
“O00 N.”  

1. First, we prepared empty cells using two indium tin oxide (ITO) 
coated transparent glass plates with resistance of 12 Ω sq. and di
mensions of 2.25 cm × 1.5 cm. The conducting sides of the two ITO- 
coated glass substrates were placed facing each other and the 
thickness of the sample cell was maintained at 23 μm by inserting 
polyethylene terephthalate film spacers at the opposite sides of the 
glass plates. A specially designed jaw was used to hold the assembly 
and apply equal pressure everywhere on the cell. The cell was then 
sealed by applying a UV-curable optical adhesive (UV Sealant 91, 
Norland, USA) along the outer edges. The cell was placed into a UV 
chamber for the curing process. An image of an empty sample cell is 
shown in Fig. 4.  

2. Next, the dye was dissolved in the LC at various concentrations 
comprising 0%, 0.007%, 0.015%, 0.0625%, 0.125%, 0.25%, 0.5% 
and 1%. The different combinations were heated to the nematic 
isotropic temperature (TN-I) of the LC to ensure the appropriate 
mixing of the components.  

3. These dye–LC mixtures were combined with NOA-65 at an optimized 
proportion of 40/60 wt/wt%, respectively. The dye + LC and pre- 
polymer mixture was again heated to TN-I of the LC and stirred 
continuously to ensure homogenization. The mixture was cooled and 
then used to fill a prefabricated empty cell at the optimum temper
ature of 42 ◦C by capillary action. Filling the cell at a higher tem
perature caused most of the LC droplets to coalesce and form large 
droplets, which set within polymer matrix during photo
polymerization. The resultant film was transparent even in the OFF 
state, which reduced the efficiency of the DPDLC film. However, 
when the empty cell was filled at temperatures below 42 ◦C, the 
viscosity of the mixture increased and the flow rate decreased. Thus, 
the material filled the cell in a heterogenous manner and some air 
bubbles were trapped within it and this DPDLC film exhibited poor 
display properties as a consequence.  

4. Finally, the sample cell assembly was placed in a UV chamber for 30 
min, to allow complete photopolymerization (curing). The distance 
between the UV source and sample was kept constant at about 5 mm. 
Light was provided at a wavelength of 365 nm using an 8 W UV lamp 
tube with a length of 30.3 cm and diameter of 1.6 cm. 

2.2. Operating principle of DPDLC composite films 

In order to prepare DPDLC films, the polymer-induced phase sepa
ration method was employed to obtain well dispersed but phase sepa
rated (from polymer matrix) dye-doped LC droplets. The absorption and 
scattering of light by the DPDLC films could be controlled or tuned by 
applying a suitable electric field to modulate the LC molecules. The 
strong transition moment of the dichroic dye molecules was controlled 

Fig. 2. General chemical structures of azo dyes: (a) Trans form and (b) cis form.  

Fig. 3. (a) Molecular structure, and (b) absorption spectrum of dichroic azo dye disperse orange 25.  
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by the symmetry axis of the LC molecule in the absence or presence of an 
external electric field [35–38]. In the absence of an electric field in the, 
“OFF state,” the dye molecules were oriented in a random manner with 
the LC directors. The incident light was scattered from the polymer–LC 
interfaces to increase the optical path length for light, thereby greatly 
decreasing the transmission of light. In the presence of an electric field, 
in the “ON state,” the field exerted a large torque on the dipolar dye–LC 
molecules to align the dye molecules and LC directors in the direction of 
the field, thereby enhancing the transmission of light. Schematic rep
resentations of the random orientation of LC directors in the OFF state 
and alignment of LC directors in the ON state were provided in previous 
studies [39–41]. 

2.3. Morphological analysis 

Morphological analysis of the polymer–LC composite films was 
essential for understanding electro-optic effects. Therefore, polarizing 
optical microscopy (POM) and scanning electron microscopy (SEM) 
were employed to determine the configuration and orientation of the LC 
droplets. 

2.3.1. POM 
The POM technique is non-destructive and it provides flexibility for 

recording in-situ images under a changing electric field. POM (Olympus 
BX53, Singapore) was applied to understand the effects of dye doping on 

the morphology and configuration of the LC droplets. POM images were 
captured to investigate the in-situ effect of an applied electric field on the 
configuration of the dye doped LC droplets and their alignment. A 
charge coupled device camera interfaced with a computer was linked to 
the POM system to record high quality images. All samples were 
examined under crossed polarizers using a10 × objective lens. 

2.3.2. SEM 
POM has limited magnification power, so SEM (Tescan MIRA 3 

Model, USA) images were also captured to characterize the micro- 
structures created in polymer matrix after the removal of LC material. 
SEM imaging of DPDLC films is a destructive technique. In order to re
cord SEM images, it was necessary to remove the transparent conducting 
glass electrodes that covered both sides of the composite film. It is well 
known that the images obtained in the presence of LC material in a 
polymer matrix exhibit poor contrast because the SEM technique is not 
capable of distinguishing between the two phases, i.e., LC and polymer. 
Hence, to improve the contrast, the composite films were placed in 
methanol for 48 h at room temperature to extract the LC material from 
the films. Methanol was employed because it is not a solvent for the 
polymer but it is a solvent for LC. The films were then washed repeatedly 
around 10 times with methanol to ensure the complete removal of the LC 
material from polymer network/matrix. The samples were then free of 
the LC material and only the spongy polymeric matrix remained with 
voids where the LC droplets were originally located. The samples were 
then air dried and placed in a vacuum desiccator for 12 h to remove any 
remaining traces of methanol in the polymer matrix. 

2.4. Electro-optical analysis 

The electro-optical properties of DPDLC films were recorded based 
on the transmittance and hysteresis as a function of the applied voltage. 
A monochromatic (λ = 632.8 nm) coherent beam produced from a 10 
mW He–Ne laser source (model 105 P Photochemical Inc., Toronto, ON, 
Canada) was incident onto the sample to record the transmittance and 
associated parameters of DPDLC films. An amplified ac electric field at 
frequencies ranging from 50 Hz to 1 kHz produced by a function 
generator was applied to the sample cell assembly to evaluate the 
changes in the optical transmittance as a function of the voltage. The 
light transmitted through composite films was recorded using a photo
diode placed at a distance of 300 mm normal to the sample cells as 
shown in Fig. 5. The source, sample and photodiode were kept on a 
common optical axis. The transmittance versus voltage curves were 
obtained for various frequencies by increasing the voltage in steps of 10 
V up to 100 V during the scan up cycle, followed by the scan down cycle 
with the same steps, where the temperature was constant at 25 ◦C. After 
one complete cycle, the DPDLC films were kept in the OFF state (no 
voltage applied) for 5 min to minimize any memory effect. Among the 
various frequencies tested, we found that 200 Hz was the optimized 
frequency (the optimization data are not presented due to space con
straints) for our samples [10,42]. The graphs plotting the relationship 
between transmittance and voltage at different frequencies were re
ported previously [43]. 

2.5. Thermo-electro-optical analysis 

The transmittance of the film changed with the temperature and 
voltage according to thermo-electro-optical analysis. The changes in 
optical transmittance at different temperatures were determined by 
placing each sample in an oven attached to a temperature sensor and 
display unit. The temperature of the sample was varied from 25 ◦C to 50 
◦C. The heating rate was slow and steady to ensure the accuracy of the 
measurements of the thermo-electro-optical properties. The tempera
ture was increased at a rate of 2 ◦C/min in the experiment. A schematic 
illustration of the experimental set-up is shown in Fig. 5. 

Fig. 4. Empty sample cell assembly.  

Fig. 5. Experimental Set-up used to determine the Electro-optical and Thermo- 
Electro-optical Properties of DPDLC Films. 
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Fig. 6. Droplet structures of (a) 0%, (b) 0.007%, (c) 0.015%, (d) 0.0625%, (e) 0.25%, and (f) 1% O00 N DPDLC films at different voltages.  

A. Katariya-Jain and R.R. Deshmukh                                                                                                                                                                                                      



Journal of Physics and Chemistry of Solids 160 (2022) 110363

6

2.6. Absorption analysis 

The transmittance of the DPDLC composite films was verified based 
on their absorbance characteristics. The absorbance spectra were 
recorded for DPDLC composite films in the visible region (400–700 nm) 
using an UV–Visible (UV–Vis) spectrophotometer (PerkinElmer Lambda 

35, Waltham, MA, USA). The effects of an external electric field on the 
in-situ absorbance properties of the composite films were also recorded. 

2.7. Dielectric relaxation spectroscopy (DRS) 

The buildup and decay of charge polarization do not occur instan
taneously following the application and removal of the field, 

Fig. 7. Cavities formed after removing LC from (a) 0%, (b) 0.007%, (c) 0.0625%, and (d) 1% O00 N DPDLC films.  

Fig. 8. Schematic representation of various parameters in the Transmittance vs 
Electric Field Plot. 

Fig. 9. Transmittance vs Electric Field Curve for O00 N DPDLC Films with 
Various Dye Concentrations at a Frequency of 200 Hz and Temperature of 
25 ◦C. 
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respectively, but instead they require a finite time interval, which is 
known as dielectric relaxation. Thus, DRS analysis was conducted to 
understand the dynamics of the LC droplets confined in the polymer 
matrix, thereby obtaining information about the interdependent process 
and intermolecular interactions between the dye–doped LC molecules 
and polymer–LC interfaces. The dielectric properties of the composite 
films were determined as a function of the frequency (20 Hz–20 MHz) at 
various temperature (25 ◦C–60 ◦C) under a constant (1 V) bias voltage 
using a precision impedance analyzer (Wayne Kerr 6500B, 0–40 DCV, 
UK). This method is based on the fundamental concept of energy storage 
and subsequent energy loss due to the orientation/reorientation of LC 
dipoles in a changing electric field [44,45]. 

3. Results and discussion 

3.1. Morphological analysis 

POM and SEM instruments were employed to conduct morphological 
analyses of O00 N DPDLC composite films. 

3.1.1. POM 
Fig. 6 (a), 6(b), 6(c), 6(d), 6(e), and 6(f) show the POM images of the 

0%, 0.007%, 0.015%, 0.0625%, 0.25% and 1%, O00 N DPDLC films, 
respectively, which were observed under crossed polarizers using a 10 
× objective lens. Electric field amplitudes of 0 V, 20 V, 40 V, and 60 V 
were applied to each film to elucidate their electro-optical 
characteristics. 

POM images obtained at the same magnification clearly showed the 
dispersion, size, and shape of the dye–doped LC droplets distributed in 
the polymer matrix. Fig. 6(a–f) clearly demonstrate that the droplet size 
increased as the dye concentration increased from 0% to 1% in the 
dye–doped LC. It should be noted that the droplet size was less than 30 
μm even for the 1% DPDLC film, possibly because the dye molecules 
absorbed some of the UV radiations provided for photopolymerization 
and the amount of time available for droplet growth resulted in a greater 
droplet size. The Stokes equation indicates that the LC droplet size will 
increase with the viscosity. The viscosity of the dye–LC mixture 

Table 2 
Voltage–transmittance data for O00 N DPDLC films with various dye 
concentrations.  

Dye Conc. (wt 
%) 

TOFF 

(%) 
TON(%) ΔT 

(%) 
CR VTH (V/ 

μm) 
Vsat (V/ 

μm) 

0.0 1.02 91.43 90.41 90 0.88 1.5 
0.007 0.41 98.98 98.57 241 0.85 1.45 
0.015 0.51 98.37 97.86 193 0.85 1.7 
0.0625 7.86 97.96 90.1 12 0.42 1.0 
0.25 15.52 97.96 82.44 6 0.4 1.1 
1 33.16 97.40 64.24 3 0.4 1.0  

Fig. 10. Scattering from DPDLC Films containing LC Droplets with (a) Small Diameters and (b) Large Diameters.  

Fig. 11. Hysteresis curves for O00 N DPDLC films with various dye concentrations.  
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increased with the dye concentration, thereby leading to increase in the 
LC droplet size. The surface area of the dye–LC droplets increased, 
because the polymer matrix surface anchoring forces on the droplets 
also increased. After the application of an electric field, the small LC 
droplets were vertically aligned along the field, thereby leading to a dark 
appearance according to the POM observations, as depicted in Fig. 6a. 
As the droplet size increased, under a low electric field (~10 V), a 
considerable difference was observed in the director configuration of the 
LC molecules inside the LC droplets and those located at the interface of 
the polymer–LC droplets because the LC molecules at the interface 
experienced a higher anchoring energy than those inside LC droplets. 
When the electric field increased further (≥30 V), the LC molecules at 
the center were vertically aligned and they appeared dark according to 
POM observations, whereas the LC molecules at the polymer walls were 
tangentially aligned along the external electric field to form the arms of 
a Maltese cross, which are also known as isogyres. The different align
ments of the LC molecules in the LC droplets at various voltage resulted 
in changes in the RI of the droplet and thus the green color of the film 
varied under POM [44–46,48,49]. 

3.1.2. SEM 
Fig. 7(a), 7(b), 7(c), and 7(d) show SEM images of some represen

tative DPDLC films with dye concentrations of 0%, 0.007%, 0.0625%, 
and 1%, respectively. Clearly, the SEM micrographs demonstrate that 
the sizes of the cavities (which originally contained LC droplets) 
increased from submicron to 10 μm as the dye concentration increased. 
The sizes of the cavities in the 0% and 0.007% DPDLC films were less 
than 1 μm, and 1–2 μm for those in the 0.625% DPDLC film. As the dye 
concentration increased further, cavity size was ~10 μm in the 1% 
DPDLC film. The polymer boundaries were quite thick because of the 
high monomer concentration (60% of the total weight). 

3.2. Electro-optical properties 

The electro-optical properties of O00 N DPDLC films were studied in 
terms of the changes in the optical transmittance as a function of the 
applied electric field. The optimized frequency for the electrical field 
was 200 Hz at 25 ◦C. The morphological analyses of DPDLC films sug
gested that the application of an electric field minimized the free energy 

Fig. 12. Transmittance vs Electric Field Curves for O00 N DPDLC Films with Various Dye Concentrations at Different Temperatures.  
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of the LC droplets and the LC directors aligned along the direction of the 
applied electric field. The small amount of dye doped in the LC was also 
orientated along with the LC molecules, which improved the nonlinear 
response of the device [4,5,7,50].The rotation of LC droplet directors 
and associated dye molecules with the field induced nonlinear changes 
in the transmittance of the films. 

3.2.1. Transmittance analysis 
Transmittance analysis was conducted by calculating parameters 

comprising the OFF-state transmittance (TOFF), ON-state transmittance 
(TON), transmittance difference (ΔT), CR, threshold voltage (VTH), and 
saturation voltage (VON). A schematic plot of the transmittance versus 
the electric field is shown in Fig. 8 to illustrate these parameters clearly. 
TOFF is the value of the transmittance at zero voltage. TON is the 
maximum transmittance value at a sufficient voltage. The electric field 
(corresponding voltage) required to activate the cell is the threshold 
voltage VTH. Equation (3) is the mathematical formula used for calcu
lating VTH, but we calculated it by extrapolating the linear region 
method rather than with the conventional V10 characterization scheme. 
The voltage corresponding to the maximum transmittance is VON. The 
thickness of PDLC/DPDLC films is constant (23 μm in our study), so the 
terms comprising electric field and applied voltage can be used inter
changeably where d is the film thickness, ρp and ρLC are the resistivities 
of the polymer and LC, respectively, l = a/b is the aspect ratio, k is the 
elastic constant, and Δε is the dielectric anisotropy of the LC. 

The CR, ΔT, and VTH are calculated using Equations (1)–(3) 
respectively. 

CR=
TON(%)

TOFF(%)
(1)  

ΔT(%)=TON − TOFF (2)  

VTH =
d
3a

[ ρp

ρLC
+ 2

][
k
(
l2 − 1

)

Δε

]1
2

, (3) 

The dependences of the transmittance on the electric field (voltage) 
for DPDLC films with dye contents ranging from 0% to 1% are shown in 
Fig. 9. The transmittance parameters obtained from Fig. 9 are presented 
in Table 2. 

As shown in Fig. 9, the transmission curve shifted toward the lower 
electric field values as the dye content increased, because the droplet 
size increased with the dye content and the total number of droplets in 
the available area of film decreased. Thus, the amount of boundaries/ 
interfaces between the dye–LC droplets and polymer matrix decreased, 

resulted with less scattering, as shown in Fig. 10. Fig. 10 clearly shows 
that the incident light scattered more in DPDLC films containing a large 
number of small LC droplets (Fig. 10a) compared with the DPDLC film 
containing a low number of large LC droplets (Fig. 10b), and thus less 
electrical energy was required to overcome the anchoring forces be
tween the LC droplets and polymer matrix in the DPDLC films containing 
larger droplets. Morphological analyses showed that the LC droplets 
were very small in the 0%, 0.007% and 0.015% DPDLC films and thus 
the large numbers of LC droplets present in these films were responsible 
for the high scattering, i.e., low TOFF state transmittance. The TOFF 
values for the 0.007% and 0.015% DPDLC films were even lower than 
that for the 0% DPDLC film because some absorption of light also 
occurred in the 0.007% and 0.015% DPDLC films in addition to scat
tering. The dye concentrations in these films were sufficiently small that 
they did not interrupt the polymerization process under UV light but 
they could absorb visible light. The droplet size increased as the dye 
concentration increased and thus the TOFF value also increased. The TON 
values were higher for the doped films than the undoped film because 
the anchoring forces between the LC and polymer were weak due to the 
larger droplet sizes. The low value of TOFF and high value of TON resulted 
in high CR and ΔT values. The CR and ΔT values were highest for the 
0.007% DPDLC film (i.e lowest dye concentration). The electro-optical 
parameter comprising VTH clearly depends mainly on droplet size ac
cording to Equation (3) whereas, all other of the parameters were almost 
constant. As mentioned above, as the dye concentration increased, the 
LC droplet size increased and the total number of droplets decreased, so 
lesser energy was needed to switch the DPDLC film. Therefore, VTH was 
lower for the doped film than the undoped film. In the 0.25% and 1% 
DPDLC films, the LC droplets were too large to produce a scattering 
effect and thus the films were highly transparent even without an 
applied external field, and they are not suitable for applications. The 
value of VSAT also decreased as the dye content increased [51]. All of 
these transmittance parameters are presented in Table 2. According to 
Fig. 9 and Table 2, the DPDLC film with the lowest dye concentration 
(0.007%), had lowest TOFF, value and highest TON value, and thus high 
CR and ΔT values, and small VTH and VSAT values, and thus it was op
timum film. 

3.2.2. Hysteresis 
In order to study hysteresis, the voltage was systematically increased 

from 0 V to 100 V in the scan up cycle and the transmittance of the 
DPDLC films increased from TOFF to TON, whereas the voltage was sys
tematically decreased from 100 V to 0 V in the scan down cycle, and thus 
the transmittance decreased from TON to TOFF. The transmittance values 
were slightly higher in the scan down cycle, and thus the same path was 
not followed as that in the scan up cycle, and thus hysteresis occurred. A 
polymer–LC composite film should have a minimum hysteresis value for 
practical applications. Hysteresis depends on the rate at which the 
voltage is applied and removed. In the same composite film, the hys
teresis value is small for slowly varying voltages (time period of seconds) 
compared with rapidly varying voltages (time period of microseconds) 
[23]. 

The hysteresis behaviors of all the O00 N composite films with 
various dye concentrations are shown in Fig. 11, which demonstrates 
that hysteresis was not detected at higher voltages in the scan down 
cycle because the LC directors in the droplets persisted in a similar 
orientation state under the higher electric field. However, when the 
applied field was lowered further, the LC directors started to reorient 
and generate a hysteresis effect because the application and removal of 
the electric field created a significant difference in the alignment/ 
orientation of the LC director’s at the polymer–LC interface and inside 
the dye–doped LC droplets [52]. The orientation/reorientation of the LC 
directors depended on the LC/polymer compatibility and polarization 
induced at the polymer–LC and LC–LC interfaces, which determined the 
distribution of the relaxation time [53]. Hysteresis might have occurred 
because of the electric charges that remained even after the removal of 

Fig. 13. UV–Vis Absorbance Curve for the 1% O00 N DPDLC Film at Different 
Voltages and a Frequency of 200 Hz. (0* V is After withdrawing the Satura
tion Voltage). 
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the field. These residual electric charges served as a capacitor during the 
scan-down cycle [42,54]. The depolarization of charges and defect 
structures within LC droplets may sometimes result in hysteresis. We 
observed that the 0% DPDLC film exhibited hysteresis, which was 
reduced after the addition of a small amount of dye (0.007% and 0.015% 
DPDLC films). We suggest that the azo dye molecules induced a positive 
torque on the LC droplets to enhance the orientation/reorientation 
mechanism, thereby reducing the hysteresis effect. Further increasing 
the dye content increased the amount of defect structures in the LC 
droplets and greater hysteresis occurred [51,52,55–57]. 

3.3. Thermo-electro-optical characteristics 

Thermotropic LCs are temperature–sensitive materials, and their 
phase changes as a function of the temperature. RI mis
matching–matching for the polymer and LC is responsible for the 
opaque-transparent states of PDLC devices and it is also temperature 
dependent. The birefringence (Δn = ne – no) should be as high as possible 

for an efficient PDLC device. The value of Δn decreases as the temper
ature increases, and thus the value of TOFF increases with the tempera
ture even without an applied field, as shown in Fig. 12. Fig. 12 illustrates 
the change in the optical transmittance for various O00 N DPDLC films 
according to an applied electric field with a frequency of 200 Hz in the 
temperature range of 25–50 ◦C [46,58–60]. As the temperature 
increased, TOFF also increased and the CR and ΔT values decreased. The 
viscosity of LC–polymer matrix decreased as the temperature increased, 
thereby facilitating the orientation of the LC droplet directors along the 
direction of the externally applied field at relatively low voltages. 
Hence, TON was achieved at lower voltages. The values of VTH and VSAT 
also decreased as the temperature increased, which can be explained by 

Equation (3) because VTH is proportional to 
(

k
Δε

)1/2 
with k ∼ S2 and 

Δε ∼ S, where the S is order parameter of LC. Thus, the decrease in the 
value of S as the temperature increases leads to decrease in VTH [46,61, 
62]. 

Fig. 14. Frequency dependence of the real part of the complex dielectric constant for O00 N DPDLC films with various dye concentrations at different temperatures.  
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3.4. Absorbance characteristics 

The absorption characteristics of the DPDLC films were recorded 
using an UV–Vis spectrophotometer to understand the orientation and 
dispersion of the dichroic dyes in the LC, and thus the polymer–LC 
composite film. Fig. 13 shows the absorbance spectra obtained for the 
1% DPDLC film over the wavelength range from 400 nm to 700 nm 
under an applied electric field. At 0 V, the absorption maximum (λmax) 
for the DPDLC film was observed at ~ 455 nm. The anisotropic ab
sorption of light with a particular wavelength by a dichroic dye molecule 
depends on the angular velocity of orientation, which then affects the 
internal dipole–dipole interactions between the nematic LC droplets and 
excited dichroic dye molecules. These excited dye molecules possess 
angular momentum. The total angular momentum is conserved by the 
rotation of LC directors in the direction opposite to the dye molecules 
[41,63–65]. 

The LC dispersed dye molecules are randomly oriented with respect 

to the unpolarized incident light, so almost every vibrating plane of light 
is absorbed, thereby resulting in higher absorbance in the absence of an 
electric field (OFF-state). Among the randomly oriented dye molecules 
(in the OFF-state), the molecules where the long axis is perpendicular to 
the direction of the propagation of light will absorb relatively more 
light. 

After the application of an electric field the randomly aligned LC 
molecules and associated dye molecules tend to align in the direction of 
applied electric field, and thus the dye molecule orients away from its 
high absorption axis. The weak absorbance under a higher electric field 
confirmed the higher order alignment of the dye doped LC droplets in 
the direction of the external electric field, thereby agreeing with the 
transmittance findings [66]. At higher fields (above 60 V) most of the LC 
droplets were aligned and a nominal change was observed in the ab
sorption spectra. After removing the electric field, some LC droplets still 
remained aligned, and thus the plot for 0* V (after withdrawing the 
saturation voltage) did not coincide with that for 0 V, as shown in 

Fig. 15. Frequency dependence of the imaginary part for the complex dielectric constant O00 N of DPDLC films with various dye concentrations at different 
temperatures. 
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Fig. 13, because the induced interfacial polarization and residual electric 
charge were not removed even when the field was switched off during 
the scan down cycle, and thus the relaxation time lagged behind the 
change in the voltage. These findings are in good agreement with the 
hysteresis effect described above [43]. 

3.5. DRS 

DPDLC composite films are assumed to be heterogeneous dielectric 
systems. DRS analysis is a useful technique for understanding the 
intermolecular interaction between the dye molecules and LC droplets in 
a polymer matrix with respect to a time–dependent electric field. The 
sample cell assembly was analogous to a parallel plate capacitor, and 
thus the following formula was used to calculate the relative dielectric 
constant [67,68]: 

εr =
Cp

C0
=

Cp × d
ε0 × A

(4a)  

where, Cp is the parallel capacitance, d is the thickness of the composite 
film, ε0 is the free space permittivity, with a value of 8.854 × 10− 12 F/ 
m, and A is area of the electrode [69,70]. The dielectric permittivity can 
be expressed as a function of the angular frequency (ω) of an applied 
electric field. The complex dielectric constant of a DPDLC film can be 
expressed as: 

ε*(ω)= ε′

(ω) − iε′′(ω), (4b)  

where ε′

(ω) and ε′′(ω) are real and imaginary parts of the complex 
dielectric constant, respectively [70–73], which are associated with the 
stored and dissipated energy. The stored energy is referred to as 
dispersion whereas the dissipated energy is the absorption of the system. 
The amount of energy dissipated due to an oscillating field was 
measured using the loss tangent expression (Equation (5)) [45,71,72]. 

tanδ=
ε′′(ω)

ε′
(ω) (5)  

3.5.1. Debye model 
Single relaxation is a characteristic of Debye type relaxation and the 

time required for this relaxation is known as the Debye relaxation time 
(τ), which is inversely related to the relaxation frequency (f). The 
dissipation factor is maximized at the relaxation frequency. The rela
tionship between the relaxation frequency f and relaxation time τ is as 
follows. 

τ = 1
ω =

1
2πf

(6) 

The expressions for the dispersion and absorption of a single relax
ation as a function of the angular frequency (ω) and relaxation time (τ) 
are as follows. 

ε′

(ω)= ε∞ +
(Δε)

1 + ω2τ2 (7)  

ε′′(ω)= (Δε)ωτ
1 + ω2τ2. (8) 

Debye type relaxation is normally expressed in terms of the complex 
dielectric constant ε*(ω) of a medium. After substituting the values from 
Equations (7) and (8) into Equation (4), we obtain: 

ε* = ε∞ +
(Δε)

1 + iωτ, (9)  

where Δε is the dielectric strength of the material, which provides in
formation about the voltage that a material can withstand before 
breakdown occurs: 

Δε= εs − ε∞, (10)  

where εs and ε∞ are the values of the relative dielectric constant at a 
frequency of 20 Hz and at the relaxation frequency f, respectively, which 
can be obtained from the experimental relaxation spectrum [73–76]. 
Graphs plotting the frequency versus the real and imaginary parts of the 
complex dielectric constants for the DPDLC films with different dye 
concentrations at different temperatures and a biasing voltage of 1 V are 
shown in Figs. 14 and 15, respectively. When the applied frequency was 
less than the relaxation frequency, the dipoles could maintain pace with 
the alternating field and contribute to the total polarization. At this 
stage, the dissipated energy (ε’’) was proportional to the applied fre
quency. After further increasing the frequency but still below the 
relaxation frequency, ε′′ continued to increase but ε′ decreased because 
of the phase lag between dipole alignment and the applied field. Above 
the relaxation frequency, the field alternations were so rapid that the 
dipoles could not maintain the pace with the alternating field, and thus 
the orientation polarization ended and both ε′ and ε’’ dropped off. 
Figs. 14 and 15 show that the positions (log frequency) of the peaks in 
the spectrum for ε’’ were at the same frequency at which ε′ changed. In 
practice, the single relaxation time mechanism is not sufficient to un
derstand the dynamics of materials, and thus the distribution of the 
relaxation times concept was introduced [41]. 

Initially, both the real and imaginary components of complex 
dielectric constant increased when the temperature increased from 25 
◦C to 40 ◦C. The increase in temperature relaxed the intermolecular 
interactions due to the orientation–reorientation process for molecular 
dipoles, thereby increasing the complex dielectric constant components. 
However, further increasing the temperature perturbed the dipoles 
because thermal agitation became dominant at this stage, and thus the 
values of the complex dielectric constant components started to decrease 
[77]. 

3.5.2. Cole–Cole model 
The Cole–Cole equation is a relaxation model used to describe sec

ondary relaxations and it is given by the following equation: 

ε*(ω) = ε’(ω) − iε’’(ω) = ε∞ +
Δε

1 + (iωτ)1− α, (11)  

where, α is the distribution parameter and τ is the average relaxation 
time. All of the other terms are the same as those described above. It 
would be difficult to analyze experimental data based on Figs. 14 and 
15, so in order to qualitatively evaluate the distribution of the relaxation 
time, a Cole–Cole plot was drawn (Fig. 16) in an Argand plane between 
the real part ε′ and imaginary part ε’’ of the complex dielectric constant. 
The values of ε′ and ε’’ were fitted to form a semicircle, which is a 
characteristic of relaxation behavior. α can be expressed in terms of the 
angle ϕ between the arc radius and ε′-axis as shown in Fig. 16, and it is 
given by Equation (12) [78–80]. 

The distribution parameter α gives information about the breadth of 
the relaxation time and it can take a value between 0 and 1in order to 
describe different spectral shapes. If the center of the semicircle lies on 
the ε′ -axis then the value of the distribution parameter (α) is zero and the 
system exhibits Debye type relaxation. If the center is below the ε′ -axis, 
then the value of the distribution parameter α is non zero and the system 
exhibits non-Debye type relaxation. If α > 0.5, then there may be more 
than one relaxation process. When α = 0, the Cole–Cole model reduces 
to the Debye model [74,81]. The semicircular arc shows the 
mono-dispersive nature of the system. The frequency associated with the 
highest point of this semi-circular curve (Cole–Cole Plot) is the relaxa
tion frequency f of the orientational polarization for LC droplets. 
Dielectric heating is maximized at the relaxation frequency, which 
yields the maximum dissipation factor. 

To understand the effects of temperature and dye doping on the 
dielectric strength and relaxation process, Cole–Cole plots (Fig. 17) were 
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drawn for O00 N DPDLC films with various dye concentrations at 
different temperatures. 

After calculating α, according to Fig. 16 and Equation (12), we found 
that α = 0 for all of the DPDLC films with different dye concentrations 
and thus exhibited Debye type relaxation, probably due to dipolar 
rotation around the long molecular axis of the dye–LC droplets. The 
dielectric strength was also very high for the 0.007% DPDLC film doped 
with a low amount of dye (with high CR and ΔT values, and low VTH and 
VSAT values), and thus it could withstand for the maximum voltage 
without breaking down [72,73,82,83]. According to Fig. 17 and Equa
tion (10), we found that the dielectric strength (at 25 ◦C) was 8.89 for 
the 0% DPDLC film. After adding a small quantity of dye (0.007%) to the 
LC, the dielectric strength increased and reached 15.02, possibly 
because the absorption of some electrical energy by the dye molecules 
delayed the intrinsic electric breakdown, thereby increasing the value of 
dielectric strength. The size of LC droplets increased as the dye con
centration increased to 0.015% and 0.0625% in the LC, and thus dipo
le–dipole interactions between the dye and LC molecules became 
dominant, and space charges tended to accumulate near the poles of the 
dye–LC system to enhance the local field and decrease the breakdown 
strength. The dielectric strength value for the 0.015% DPDLC film and 
0.0625% DPDLC film were 13.83 and 11.69, respectively. As the dye 
concentration increased further (0.25% and 1% in LC), the droplet size 
increased and interfacial polarization (Maxwell–Wagner effect) became 
important. The depletion layer that formed between the dye–doped LC 
droplets and polymer matrix was responsible for the increased dielectric 
strength. The dielectric strength values for the 0.25% DPDLC film and 
1% DPDLC film were 16.02 and 17.58, respectively [45,47]. 

All of the graphs showed that the value of Δε increased up to 40 ◦C 

and then decreased, possibly because the slight increase in temperature 
reduced the intermolecular interactions to relax the ori
entation–reorientation process for the dipoles, whereas thermal agita
tion became dominant at high temperatures to induce randomization in 
the dipoles. Thermal breakdown occurred at this point and it was 
responsible for the decrease in the dielectric strength of the composite 
film. The dielectric parameters for the optimum DPDLC film (0.007% 
dye doped) at different temperatures are summarized in Table 3. 

Table 3 shows that the dielectric strength increased with the tem
perature up to 40 ◦C, but the dielectric strength then started to decrease 
as the temperature increased further. Similar to the 0.007% DPDLC film, 
the values of α (not shown here) calculated from the Cole–Cole plots 
drawn for O00 N DPDLC films with different dye concentration in the 
temperature range from 25 to 60 ◦C were also zero, and thus they 
exhibited Debye type relaxation. 

4. Conclusions 

In this study, we characterized O00 N DPDLC composite films syn
thesized using the photopolymerization technique with morphological, 
electro-optical, thermo-electro-optical, absorbance, and DRS methods. 
Morphological analyses showed that the droplet size increased as the 
dye concentration increased. The application of an electric field signif
icantly affected the configuration of the dye–doped LC droplets which 
was responsible for the electro-optical properties of the composite films. 
Electro-optical analyses showed that the DPDLC film with the lowest dye 
concentration was optimal because it had the minimum TOFF (= 0.41%), 
maximum TON (= 98.98%), high ΔT (= 98.57%) and CR (= 241) values, 
and low VTH (= 0.85 V/μm) and VSAT (= 1.45 V/μm) voltages. The high 
dye concentration degraded the electro-optical properties of the DPDLC 
film. Thermo-optical analysis demonstrated changes in the optical 
transmittance due to thermal variations. The electro-optical properties 
also degraded as the temperature increased. Characterization of the 1% 
DPDLC film showed that the absorption value decreased as the applied 
voltage increased, thereby confirming the higher order alignment of the 
dye–LC system along the direction of the applied electric field. DRS 
analysis and Cole–Cole plots indicated the presence of Debye type 
relaxation with zero value for the distribution parameter (α) for all of the 
O00 N DPDLC composite films. The dielectric strengths of the DPDLC 
films increased up to a temperature of 40 ◦C and then started to 
decrease. Hence, we conclude that doping LC with a very small amount 
of dye, significantly improved the properties of the PDLC composite 
films and they were sensitive to temperature. 
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