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Abstract: Polymer-dispersed liquid crystals (PDLCs) modulate the amplitude and optical 
phase of light. The optical phase modulation of PDLC can be dissected into two parts: Kerr 
phase and orientational phase according to the electro-optical (EO) response. We investigated 
the origins of the Kerr and orientational phases in PDLCs and their connection with the two-
step EO response. The Kerr phase is attributed to LC orientation in the center of LC droplets. 
The orientational phase results from orientation of LC molecules near LC–polymer interfaces. 
Both phases can be adjusted by varying the droplet size. The two-step EO response in small 
droplets (<333 nm) is related to the Kerr and orientational phases, and possibly to rotation of 
point defects. A modified PDLC model considering the Kerr and orientational phases is 
proposed. Our findings suggest the possibility of versatile photonic devices using pure optical 
phase modulation. 
© 2017 Optical Society of America 
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1. Introduction 
Polymer-dispersed liquid crystals (PDLCs) are an electro-optical material that modulates the 
amplitude and phase of incident light; many photonic applications using PDLCs have been 
developed [1–8]. The well-known mechanism of amplitude modulation by PDLCs is that the 
incident light is scattered by liquid crystal (LC) droplets randomly dispersed in a polymer 
matrix when the droplet size is close to the wavelength of incident light. When an external 
electric field is applied to a PDLC, resulting in changes in the orientations of LC molecules 
inside the droplets, incident light experiences a match or mismatch between the refractive 
indices of the LC and polymer, which yields electrically tunable transmittance [9–11]. The 
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Rayleigh–Gans approximation is commonly exploited to describe scattering in PDLCs when 
the LC droplet size is smaller than the light wavelength [9–12]. Anomalous diffraction is used 
for large droplets [13]. When a high electric field is applied to a PDLC, the scattering effect 
diminishes, and the modulation of the pure optical phase increases because the incident light 
sees an average refractive index in the PDLC at high tilt angles of randomly oriented LC 
molecules [3,14,15]. When the droplet size is much smaller than the wavelength of incident 
light, for example, nanosize droplets vs. visible light, the nano-PDLC exhibits pure optical 
phase modulation with polarization independence [15–17]. In 1990, Sansone et al. first 
discovered the Kerr effect in PDLCs, in which the birefringence of a PDLC is proportional to 
the square of the electric field, by measuring the phase retardation in PDLCs and proposed 
that the Kerr effect in PDLCs originates from collective reorientation of the optically 
anisotropic LC microdroplets, not the electrically polarized LC molecules [18]. Thereafter, 
many researchers started to study the Kerr effect in PDLCs and attempted to enlarge the Kerr 
constant of PDLCs [19–23]. For instance, Niziol et al. and Weglowski et al. studied 
enhancement of the Kerr effect in PDLCs by doping PDLCs with nanocrystallites [21,22]. 
However, despite reports that the Kerr effect in PDLCs might be attributable to orientation of 
LC molecules, there has been no clear evidence to date [18]. In addition to LC droplets in 
PDLCs, blue-phase LCs (BPLCs) consisting of double-twisted cylinders also exhibit the Kerr 
effect [24–27]. In 2012, we first experimentally demonstrated that the orientation of LC 
molecules gives rise to the Kerr effect in BPLCs by analyzing the optical phase of BPLCs and 
the transmittance of dye-doped BPLCs [27]. This finding motivates us to study the 
relationship between the orientations of LC molecules and the Kerr effect in PDLCs. In this 
paper, we denote the optical phase shift that is proportional to the square of applied voltage as 
the Kerr phase. Besides, orientational phase stands for the optical phase shift apart from Kerr 
phase. 

Moreover, the two-step electro-optical (EO) response of PDLCs remains controversial. 
Some PDLCs exhibit a two-step EO response, whereas others do not [28]. Fergason and 
Doane et al. discovered PDLCs and developed related applications during 1985 and 1986. 
Doane et al. first demonstrated experimentally the two-step EO response (i.e., the presence of 
two slopes in the response time) of PDLCs by measuring the amplitude modulation [1]. Later, 
Drzaic [28] and Jain and Rout [29] reported similar phenomena. Drzaic proposed a plausible 
explanation of the two-step EO response: When a small electric field is applied to the PDLC, 
LC molecules in the center of a droplet start to become reoriented because the anchoring 
energy has a small effect at the boundary of a droplet. For the same reason, LC molecules in 
the center of the droplet respond rapidly. When high electric fields are applied to PDLCs, LC 
molecules near the boundary (i.e., the interface between the polymer and LC) of a droplet are 
also reoriented by the electric field, and their response is relatively slow because they are 
constrained by the anchoring energy, or the so-called elastic deformation free energy, 
provided by the elliptical LC–polymer interface [9–11,16,28,30]. Nevertheless, the 
explanation does not apply to PDLCs without the two-step EO response. The role of the Kerr 
effect in the two-step EO response is still unclear. Instead of amplitude modulation of PDLCs, 
Vicari presented a mathematical model of the optical phase of PDLCs based on the order 
parameters of LC molecules; the model predicted an optical phase in nano-PDLCs, which 
agrees well with experiments [31]. However, Vicari did not discuss the two-step EO response 
or Kerr effect in PDLCs. Recently, we demonstrated electrically tunable focusing microlens 
arrays of nano-PDLCs with polarization independence [32]. We assign the polarization-
independent phase to the orientational phase, in addition to the Kerr phase induced by Kerr 
effect. Further, the Kerr phase exhibited a smaller phase shift than the orientational phase. 
The above findings motivate us to investigate the origins of the Kerr and orientational phases 
in PDLCs and study their role in the two-step EO response. 

In this paper, we investigated the origins of the Kerr and orientational phases of PDLCs as 
well as their connection to the two-step EO response for the first time. We prepared PDLC 

                                                                                                 Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 19809 



samples with different droplet sizes and analyzed data obtained from measurements of the 
transmittance, optical phase shifts, and EO response. The experimental results indicate that 
the Kerr phase is the result of LC orientation in the center of a droplet, which leads to a linear 
optical phase shift proportional to the square of the electric field. The orientation of LC 
molecules near the LC-polymer interface makes a major contribution to the orientational 
phase. The Kerr and orientational phases in PDLC samples could be similar depending on the 
droplet size. We also found that the two-step EO response occurs in small droplets (<333 
nm); in larger droplets, only a single-step EO response occurs. The two-step EO response is 
indeed related to the Kerr and orientational phases. In addition, the EO responses might be 
related to the rotations of point defects. We propose a modified PDLC model based on the 
Kerr and orientational phases in the PDLC samples. The presence of two types of optical 
phase shifts with different response times in PDLCs would facilitate the design of photonic 
devices with pure optical phase modulation, such as LC lenses and laser beam steering. 

2. Sample preparation and experimental results 
The PDLC mixtures consist of a high-dielectric-constant nematic mixture and a photocurable 
prepolymer. The experimental cell consists of two indium tin oxide (ITO)-coated glass 
substrates separated by ball-type spacers with diameters of 20 μm. The sheet resistance of 
ITO-coated glass substrates is around 50~100 Ω/sq. Empty cells are filled with mixtures of 
the nematic LCs (Merck, MLC-2053, ne = 1.7472, no = 1.5122, ∆n = 0.235, Δε = 42.6, TNI = 
86 °C), NOA65 (a UV-curable prepolymer, Norland), and a photoinitiator (Irgacure 907) at 
different weight percent ratios at 88 °C. Four samples are prepared with LC:NOA65:Irgacure 
907 ratios (wt%) of 35:64:1 (sample A), 40:59:1 (sample B), 50:49:1 (sample C), and 55:44:1 
(sample D). After the cells are filled with the mixtures, they are cooled to 26 °C and then 
exposed to UV light (λ = 365 nm) at an intensity of 200 mW/cm2 for 1 min for 
photopolymerization. In fact, we can adjust temperature, cooling rate, intensity of UV light, 
and the exposure time during photopolymerization to control phase separation process for 
obtaining nano-sized LC droplets in PDLC [11]. 

To observe the morphologies of the samples by scanning electron microscopy (SEM), the 
LCs were removed from the samples by soaking the samples in hexane for 48 h, and then the 
samples were coated with platinum. The thickness of platinum layer is around 1.5 nm 
(sputtering rate: 1nm/ 60sec). Electron beams with an energy of 5 kV were injected into the 
samples to obtain SEM images. Figures 1(a)–1(d) show the SEM morphologies of the PDLC 
samples. The SEM images show that the samples consist of droplets dispersed in the polymer 
matrix with LCs filling the voids, as presented in Figs. 1(a)–1(d). The average droplet sizes 
ddrop of samples A, B, C, and D are 176, 220, 333, and 483 nm with standard deviations of 23, 
63, 83, and 94 nm, respectively. The droplet size increases with increasing LC concentration. 
The filling factors, defined as the ratios of the area occupied by droplets to the entire area in a 
SEM image, were calculated from the SEM images using ImageJ, a Java-based image-
processing program developed at the National Institutes of Health. The values are 5.6%, 
8.6%, 17.3%, and 20.4% for samples A, B, C, and D, respectively. The filling factor rises 
with increasing LC concentration. On the basis of the filling factors, the volume fractions of 
LCs in samples A, B, C, and D are 1%, 1.9%, 5.4%, and 6.9%, respectively. However, these 
values are approximately one-tenth of those calculated from the weight percentage, which are 
43%, 49%, 62%, and 68%, respectively. This is probably because some of the LCs are 
dissolved in the polymer matrix. 
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Fig. 1. SEM images of (a) sample A, (b) sample B, (c) sample C, and (d) sample D. 

To measure the transmittance of the samples, an unpolarized He-Ne laser (JDSU, Model 
1122, λ = 633 nm, TEM00 mode, maximum noise = 0.1 rms) irradiated the samples at normal 
incidence, and a photodetector (New Focus, Model 2031) with a diameter of 8mm was placed 
25 cm from the samples to measure the transmitted light while a voltage V was applied to the 
samples. Figure 2 shows the transmittance of the samples as a function of applied voltage. 
The transmittances at V = 0 are 87%, 82%, 63%, and 50% for samples A, B, C, and D, 
respectively. The transmittance increased with increasing applied voltage when the voltage 
exceeded the threshold voltages (Vth), which were ~15 Vrms (sample A), ~16 Vrms (sample B), 
~10 Vrms (sample C), and ~8 Vrms (sample D). The threshold voltage is reportedly 
proportional to 1/ D , where D is the diameter of the LC droplets [33]. The data for our 
samples fit this relationship with a correlation coefficient of 0.82. Above certain voltages, the 
transmittance of all the samples saturates at a value exceeding 90%. 
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Fig. 2. Transmittance and visibility as functions of an applied voltage. 

To identify any scattering in the samples, we measured the visibility of the interference 
fringes of the samples as well as their optical phase shifts. The optical phase shift and 
interference fringes were measured and recorded by a Mach–Zehnder interferometer with a 
two-arm configuration [34]. The samples were placed in one of the arms of the 
interferometer, and the interference fringes were recorded by a digital camera (Sony, RX100 
M3). The interference fringes of the samples at V = 0 and 40 Vrms are shown in Fig. 3. For 
comparison, the interference pattern without a sample is also shown in Fig. 3 (“air”). All of 
the interference fringes exhibit similar fringe visibility. The visibility of the fringes is defined 
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as the ratio of (Imax − Imin) to (Imax + Imin), where Imax and Imin are the maximum and minimum 
irradiance of the fringes, respectively. Figure 2 shows the visibility of the four samples as a 
function of applied voltage. The visibilities of samples A and B (~0.93) are similar to the 
visibility of fringes without a sample (~0.92). The visibility of sample C is approximately 
0.91 at V = 0, and that of sample D is slightly lower, ~0.88. Compared to the fringe visibility 
of ~0.92 with no sample, the fringe visibilities of samples A, B, and C reveal nearly no 
scattering and indicate pure optical phase modulation under the applied voltage. Figure 1 also 
provides supporting evidence in terms of the droplet sizes of samples A, B, and C, which are 
smaller than the laser wavelength. The visibility is less than 1 because of the coherent 
properties of the laser. For sample D, the scattering is slightly stronger than that of the other 
samples because the visibility is relatively low, and the size of the droplets is close to the laser 
wavelength. Nonetheless, sample D shows good visibility in Fig. 3. As a result, we still 
consider sample D to exhibit good phase modulation. The low transmittance of the samples at 
V = 0 in Fig. 2 is attributed to multiple Fresnel reflections and refractions at the interfaces 
resulting from the refractive index difference between the LC and the polymer. 

air

sample A
0V

sample B
0V

sample C
0V

sample D
0V

sample A
40V

sample C
40V

sample B
40V

sample D
40V

 

Fig. 3. Interference fringes of samples A, B, C, and D at V = 0 and 40 Vrms . The right-hand 
image (air) is the fringe pattern obtained after the samples were removed. 

 

Fig. 4. Phase shift as a function of applied voltage at λ = 633 nm. 

Figure 4 shows the phase shifts as a function of applied voltage for the samples, which 
were obtained by measuring the fringe shifts and converting them into phase shifts. The total 
optical phase shifts were 0.277π radians (sample A), 0.455π radians (sample B), 0.865π 
radians (sample C), and 1.157π radians (sample D). The phase shift increased with increasing 
droplet size. The results show almost no threshold features in Fig. 4, unlike the results of the 
transmittance measurement in Fig. 2. In the measurement of the optical phase shift, we used 
the interferometer to measure the phase accumulation resulting from orientation of LC 
molecules. In the transmittance measurement (a typical measurement for PDLCs), we used a 
photodetector to measure the optical intensity resulting from mismatch of the refractive index 
between the polymer and LC molecules. Although the signals obtained in both the 
transmittance and phase shift measurements indicate that the effect is related to LC molecular 
orientation, the interferometer is much more sensitive than the photodetector. The tolerance of 
optical phase shift is 0.01π radians based on measurements and analysis of the interference 
fringes shifts. Thus, the phase shift in Fig. 4 indicates small LC orientations as long as the 
voltage is on. We then converted Fig. 4 to show the optical phase shift vs. E2, as shown in 
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Fig. 5. The optical phase shifts of the samples exhibited linearity at low electric fields when V 
< Vth (here Vth is determined from the transmittance measurement), whereas the optical phase 
shifts deviated from linearity when V > Vth. The linear phase shift in Fig. 5 indicates the so-
called Kerr phase induced by the Kerr effect. The maximum Kerr phases of the samples are 
the optical phase shifts at V = Vth, which are 0.08π radians (sample A), 0.092π radians 
(sample B), 0.271π radians (sample C), and 0.53π radians (sample D). The maximum 
orientational phase is obtained by subtracting the maximum Kerr phase from the total optical 
phase shift obtained from Fig. 4. Table 1 lists the maximum Kerr phases and maximum 
orientational phases, which both increase with increasing droplet size. 

 

Fig. 5. Phase shift as a function of the square of the electric field (λ = 633 nm). Symbols are 
experimental results from Fig. 4; solid lines are the Kerr phase based on fitted results of the 
Kerr effect. 

Table 1. Summary of Sample Data. 

Sample A B C D 
Threshold voltage, Vrms 14.6 16.4 10.4 7.8 

Filling factor, % 5.6 8.6 17.3 20.4 

Droplet size, nm 176 220 333 483 

Theoretical phase shift, radians 0.277π 0.427π 0.856π 1.010π 

Total phase shift, radians 0.277π 0.455π 0.865π 1.157π 
Maximum 
Kerr phase 

shift 

radians 0.080π 0.092π 0.271π 0.530π 

percentage 28.9% 20.2% 31.3% 45.7% 
Maximum 

Orientation 
phase shift 

radians 0.197π 0.363π 0.594π 0.630π 

percentage 71.1% 79.8% 68.7% 54.3% 

To examine the response time of the PDLC samples, we measured the response of the 
samples according to the optical phase shift using a Mach–Zehnder interferometer. A 
photodetector (New Focus, Model 2031) replaced the digital camera. A voltage of 40 Vrms (1 
kHz) was applied to the samples and then turned off. The photodetector recorded the 
corresponding intensity response (or relaxation response), which indicated the optical phase 
shift of the samples. We used an oscilloscope to record the optical response of the samples. 
The recorded optical responses were then converted to normalized optical phase shifts. Figure 
6 shows the optical phase shift as a function of time, where we turned the voltage off at t = 0. 
To investigate the EO response of the samples, we fitted Fig. 6 using Origin software 
(OriginLab Corp.). Assuming conventional Debye relaxation [35–37], we fitted the EO 
response using a combination of two exponential 
functions: ( ) ( )1 1 2 2/ /( ) exp expt t t tP t a bτ τ− − − −= ⋅ + ⋅ . P(t) represents the two-step EO response and 
normalized optical phase shift at a certain time (t); a and b are normalized Kerr and 
orientational phase obtained from the percentage of phases in Table 1; and t1 and t2 are the 
time delays of the two relaxation responses. Here we set t1 = 0. τ1 and τ2 represent the time 
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constants of the two relaxation responses. Further, t2, τ1, and τ2 are fitting parameters. The 
fitted results are plotted in Fig. 6 (red dotted line), and the corresponding fitting parameters 
are listed in Table 2. τ1 increases with ddrop, but τ2 first decreases and then increases with 
increasing ddrop. From Table 2, only samples A and B show the two-step EO response, 
whereas samples C and D do not ( 1 2τ τ≈ ). For samples A and B, the orientational phase 
corresponds to the first step of the response, whereas the Kerr phase corresponds to the 
second step. Also, a deviation between fitted function and experimental result was shown in 
sample D. Instead of Debye relaxation, the response of sample D seems to be stretched 
exponential relaxation. According to Elton and Phillips [36,38], the stretched exponential 
relaxation is a result of dynamic heterogeneity which is enhanced with larger LC droplets in 
sample D. 

Sample A Sample B

Sample C Sample D

 

Fig. 6. Optical phase shift of the samples as a function of time, where the voltage (40 Vrms) was 
turned off at t = 0. Black lines show experimental results; red dotted lines are fitting results for 
P(t). 

Table 2. Fitting Parameters of P(t) for Samples 

Sample a b t1 t2 τ1 τ2 

A 0.711 0.289 0 0.151 2.028 6.102 
B 0.798 0.202 0 0.419 2.397 3.539 
C 0.687 0.313 0 1.053 4.934 4.936 
D 0.543 0.457 0 1.955 6.955 6.962 

3. Discussion 
From the droplet diameters and filling factors of the samples shown in Fig. 2, we calculated 
the total optical phase shift ( theoryφ∆ ) of the samples at V >> Vth according to 

 2( ) '(V) ,theory V n d Fπφ
λ

∆ = ∆ ⋅ ⋅ ⋅  (1) 

where F is the filling factor, d is the sample thickness (20 μm), and Δn′ is the difference 
between average refractive index [navg(V)] at a particular voltage and the refractive index at V 
= 0. In Eq. (1), '(V) 2 /n dπ λ∆ ⋅ ⋅  is the phase shift when the PDLC is fully occupied by LC 

droplets (i.e., F = 1). Δn′ can be written as 2
'(V) ( )

3
e o

avg
n n

n n V
+

∆ = − . When V >> Vth, 
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navg(V) ~n0, and thus '(V) ~
3

e on n
n

−
∆ . Table 1 shows the theoryφ∆  values of the samples 

estimated using the experimental parameters F, d, ne, and n0. From Table 1 and Fig. 4, the 
theoretical phase shifts are similar to the experimental results. The error might arise from the 
variation of d and F. The optical phase shift is largest in sample D because of its larger 
droplet size and filling factor. From Table 1, we plot the optical phase shift vs. droplet size in 
Fig. 7. The total optical phase shift increases with increasing droplet size. We attribute this to 
the increased filling factor for samples with larger droplets. The maximum orientational phase 
of the samples increases with increasing ddrop when ddrop < 333 nm and then increases slowly 
for ddrop > 333 nm. However, the maximum Kerr phase does not increase until ddrop > 220 nm. 
As a result, the ratio of the maximum Kerr phase to the total optical phase shift (yellow line 
with diamonds in Fig. 7) first decreases and then increases as ddrop increases, even though the 
total optical phase shift increases. From Fig. 7, the maximum orientational phase and 
maximum Kerr phase can have the same order of magnitude if the droplet is large enough. 
However, too-large droplets would cause light scattering and destroy the pure phase 
modulation. 

 

Fig. 7. Phase shift vs. LC droplet diameter. 

The Kerr effect is the result of the electrically induced anisotropy when the applied 
electric field is small, which produces an induced birefringence, 2( ) ( )Kerrn V K E Vλ∆ = × × , 
where K is the Kerr constant, and E is the electric field [18]. From Eq. (1), the Kerr phase 
( Kerrφ∆ ) for thV V≤  can be rewritten as 

 2 F( ) ( ).Kerr Kerr
dV n Vπφ

λ
× ×

∆ = × ∆  (2) 

From Eq. (2) and the Kerr phases at V = Vth listed in Table 1, we can calculate the Kerr 
constant: 6.15 × 10−8 m/V2 (sample A), 6.13 × 10−8 m/V2 (sample B), 9.44 × 10−8 m/V2 
(sample C), and 1.74 × 10−7 m/V2 (sample D). Then, ( )Kerr thn V V∆ =  is calculated and is 
found to be 0.022 (sample A), 0.025 (sample B), 0.015 (sample C), and 0.18 (sample D). The 
percentage of the maximum birefringence induced by the Kerr effect ( ( ) 0/ ( )Kerr th en V n n∆ − ) 
is 9.32%, 10.57%, 6.36%, and 7.5% for samples A, B, C, and D, respectively. From the 
calculated Kerr constant, we plotted the Kerr phase Kerrφ∆  vs. E2 in Fig. 5 (solid lines). The 
Kerr constants of our samples are on the order of ~10−7–10−8 m/V2. The electric-field-induced 
birefringence of the samples ranges from 0.015 to 0.25, which is similar in order of 
magnitude to results reported in the literature (~0.025) [18,39]. We further calculated the 
average refractive index [nave(Vth)] of the samples at V = Vth. Here nave(Vth) is equal to 
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( )ker r th in V n∆ + , where ni is the average refractive index at V = 0; 0( 2 ) / 3 ~ 1.59i en n n= + , 
assuming the LC droplets are randomly dispersed in the polymer matrix. As a result, nave(Vth) 
is 1.612, 1.615, 1.605, and 1.608 for samples A, B, C, and D. The results show that the LC 
molecules in sample D are more highly oriented than those in sample A. This is reasonable 
because LC molecules are more difficult to reorient in a small droplet. 

To investigate the EO response of the PDLCs, we plotted τ1 and τ2 as a function of LC 
droplet diameter (Fig. 8). When ddrop < 333 nm, the PDLC exhibits a two-step EO response (τ1 
≠  τ2). Otherwise, no two-step EO response occurs (τ1 ~τ2). The total response time, defined 
as τ1 + τ2, first decreases and then increases with increasing droplet size. Conventionally, the 
decay time or relaxation time of PDLCs is determined theoretically by balancing three 
torques: the elastic restoring torque, electric torque, and viscous torque [37]. The 
corresponding relaxation time of PDLCs follows the relation 

 
( )

2
1

2
deform

,
1off

a
K l

γ
τ

×
=

× −
 (3) 

where 1γ  is the rotational viscosity coefficient, a  is the length of the semimajor axis of a 
droplet, Kdeform is the effective deformation constant, and l  is the length ratio of the 
semimajor and semiminor axes. Equation (3) ignores the anchoring effect of droplet 
interfaces and describes a relaxation similar to nematic relaxation, which results from the 
dynamics of the Fredericks transition in planar cells. From Table 2, we fitted the relationships 
between τ1 and τ2 and the droplet size and found that τ1 ~ddrop

2.2 and τ2 ~ddrop
1.46 (τ2 was fitted 

only for ddrop > 333 nm). As a result, we can say that the first step of the EO response is 
similar to the nematic relaxation in Eq. (3) (i.e., τoff ~a2). We conclude that the first step of the 
EO response is related to the orientational phase, and the second step is related to the Kerr 
phase. Moreover, a PDLC exhibits the two-step EO response when the droplet size is small 
(<333 nm). The orientational phase responds more quickly than the Kerr phase (τ1 < τ2) for 
ddrop < 333 nm. When ddrop is large (>333 nm), no two-step EO response occurs in the PDLCs 
(τ1 ~τ2). For photonic devices with purely optical phase operation, PDLCs that provide two 
types of optical phase shifts with different response times can be obtained by adjusting the 
droplet size. 

τ1
τ2
τ1 + τ2

 

Fig. 8. Time constants of relaxation response in PDLC samples with different droplet size, τ1 
and τ2, vs. LC droplet diameter. 

Next, we suggest a theoretical model to describe the effective refractive index change due 
to the Kerr phase under an applied voltage. The model assumes that the LC droplets are 
bipolar with an initially random distribution of the bipolar axis orientation. 
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The electrostatic interaction of the LC director n  with the electric field E  is given by the 

energy density ( )21
8E aF n Eε
π

= − ⋅ , where aε  is the LC dielectric anisotropy at the frequency 

of the applied electric field. Under an externally applied electric field, the LC director is 
reoriented inside each droplet. The LC director reorientation is generally a nonlinear function 
of the electric field strength. At low field strength, the reorientation is proportional to 2

a Eε  
(Kerr phase); at high fields, the director is aligned along the field, and the LC director 
reorientation saturates. Following a previous work [33], we assume that an individual droplet 
is spherical and has an initial bipolar axis 0L . There is an elastic energy associated with 
rotation about this axis, elF . We suppose that the LC interaction with the polymer matrix has 
a simple phenomenological form: 

 ( )22
0 ,elF WR L Lπ= − ⋅  (4) 

where the parameter 0W >  characterizes the magnitude of the interaction, and R is the 
droplet radius. We assume that the LC interaction with the polymer matrix is proportional to 
R2 because it occurs at the droplet boundary and is therefore likely to scale with the droplet 
surface area. 

At relatively low electric field, the director configuration inside a droplet remains 
unchanged, but the applied field reorients the bipolar axis of the droplet to a new direction L  
(Fig. 9) [30]. The initial and final axes of the droplets are described by distribution functions. 

 

Fig. 9. Schematic illustration of droplets with the electric field off and on. Curved lines in the 
droplets are director field lines; bold lines indicate the orientation of the bipolar axis. 

Within a particular droplet, the distribution of directors is nonuniform. One may describe 
this nonuniformity in terms of a droplet order parameter S: 

 ( )3 1 .
2 2

S n L = ⋅ − 
 

 (5) 

If the director field lines within the droplet are surface contours of ellipsoids, S = 0.818 [37]. 
Then the perpendicular component and anisotropy of the bipolar droplet effective dielectric 
tensor ε  become [37] 

 ( )1 1 ,
3 aSε ε ε⊥ ⊥= + −  (6) 

 .a aSε ε=  (7) 

To characterize the increasing alignment of the droplets’ bipolar axes under the applied 
electric field, it is convenient to use the bipolar axis order parameter Q  [33]: 

 ( )
/ 2

2

0

3 1cos , sin .
2 2

Q p V d
π

θ θ θ θ = − 
 ∫  (8) 
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For randomly distributed bipolar axes, 0Q =  (PDLC film in the OFF state); at sufficiently 
high electric field, Q  approaches unity because the bipolar axes all become aligned along the 
electric field. The order parameter Q  depends on the voltage V applied to the PDLC film 
[33]. One can calculate ( )Q V  using the results of a previous work [33]. It is desirable to use 

the nondimensional voltage V , which relates V to the applied voltage by the formula [33] 

 
1/2

,
6

R VV
W L

ε
π

∆ =  
 

  (9) 

where 

 
( )

.
22
3 33 3

a p p

a

pp

ε ε ε ε ε
ε

ε ε ε
εε

⊥ ⊥

⊥ ⊥

+ − −
∆ = −

+
++

  

  

 (10) 

Thus, to obtain the same bipolar axis ordering, one has to apply a voltage that scales as 
1/ R . For the Merck MLC-2053 LCs, 7.9ε⊥ =  and 42.6aε = , and for NOA65, the 
dielectric constant is ~ 4pε . If we take the values 5~ 10R cm− , 2~ 1 /W erg cm , and 

32 10L cm−= ×  (cell thickness), we obtain V ≈0.86 V at 1V = . 
To calculate the phase lag for light passing through the PDLC film, one needs to know the 

film’s effective dielectric tensor at the optical frequency, ε . Because the droplets are much 
smaller than the light wavelength, one can use a Maxwell–Garnett-type theory to describe 
anisotropic spherical inclusions in an isotropic matrix [33]. However, if the difference 
between the refractive indices of the LC and polymer matrix is small, the simplest 
approximation to ε  is a linear interpolation. For normally incident light with the polarization 
along the x direction, the effective component xxε  is approximately given by 

 ( ) ( ) ( )2 2
, , ,

21 1 1 ,
3xx V p V xx eff V P V eff a effn n Q Vε η η ε η η ε ε⊥

  = − + = − + + −   
  (11) 

where pn  is the refractive index of the polymer, and Vη  is the volume fraction of droplets. 

Having calculated the bipolar axis order parameter ( )Q V , one can find the effective 

refractive index ( )eff xxn V ε=  and phase shift. 

In Fig. 10 we show the phase shift as a function of the nondimensional voltage V  for LC 
droplets with different volume fractions. The refractive index of the polymer matrix is taken 
to be 1.524pn = . 
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Fig. 10. Phase shift vs. applied electric field for different LC volume fractions. 

Up to 0.3V = , the phase shift dependence is quadratic, which corresponds to the Kerr 
phase. At this value of the nondimensional voltage, the phase shift is about 0.2π  radians, 
which seems to be in good agreement with the experiment. 

From the experimental results and analysis above, we schematically illustrate the Kerr 
phase, orientational phase, and EO response of the PDLCs in Figs. 11(a) to 11(f). For PDLCs 
with small LC droplets (<333 nm), the symmetric axes of LC droplets with bipolar 
configurations are randomly distributed in the polymer matrix [Fig. 11(a)]. When V < Vth, the 
LC molecules at the centers of the LC droplets are reoriented by the electric field, resulting in 
an optical phase shift that is linearly proportional to the square of the electric field, called the 
Kerr phase [Fig. 11(b)]. When V > Vth, the linearity of this optical phase shift is destroyed 
because more LC molecules in the droplet are aligned parallel to the electric field. The 
nonlinear optical phase shift at V > Vth is the orientational phase [Fig. 11(c)]. The two-step EO 
response of small droplets reflects the movement of point defects in bipolar droplets [Figs. 
11(a) to 11(c)]. Because we adopt the PDLC model of Drzaic [9, 28], the bipolar defects of 
the droplets are stable when V < Vth but rotate when V > Vth to minimize the elastic energy 
[Figs. 11(b) and 11(c)]. For PDLCs with large LC droplets (>333 nm), there is a similar 
random distribution of LC droplets [Fig. 11(d)]. Because the LC droplets are large, it is 
relatively easy for LC molecules, including their bipolar point defects, to be reoriented by an 
applied electric field [Fig. 11(e)]. The linear optical phase shift (Kerr phase) can be measured 
when V < Vth and reaches a maximum when V = Vth [Fig. 11(e)]. When V > Vth, most of the 
LC molecules in the LC droplets are realigned parallel to the electric field because of the 
small anchoring energy provided by the spherical (or nonspherical) LC–polymer interfaces 
[Fig. 11(f)]. The nonlinear optical phase shift for V > Vth is the orientational phase [Fig. 
11(f)]. For large LC droplets, only a single-step EO response occurs, which is the result of 
point defect rotation as the voltage turns off. For small LC droplets, the orientational phase 
responds more rapidly than the Kerr phase. This indicates that relaxation of bipolar point 
defects occurs more quickly. Instead of explaining the Kerr effect in PDLCs as originating 
from collective reorientation of the optically anisotropic LC microdroplets, as proposed by 
Sansone et. al. [18], we provide a more insightful and elaborate model related to the Kerr 
phase. Compared to conventional light intensity measurement, optical phase measurement 
using a sensitive interferometer provides more information related to the LC orientation. 
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Fig. 11. Kerr and orientational phases in PDLC. (a), (b), (c) PDLC with small LC droplets. (d), 
(e), (f) PDLC with large LC droplets. 

From the droplet volume analysis studies, it is clear that the majority of the liquid crystal 
remains dissolved in the polymer in samples. The SEM images of the hexane-extracted 
droplets show clear interface between polymer and the void (Fig. 1). The hexane extraction 
could cause the polymer to shrink and contract. Instead of distinct boundaries, the 
polymer/LC interface might be a fuzzy layer of polymer highly swollen with liquid crystals. 
Near the nematic droplet bulk, the interface could be treated as a nematic with dissolved 
isotropic contaminant (polymer). Such a swollen LC/polymer layer could still have LC in the 
nematic phase. Due to the dissolved polymer chains, the order parameter in a swollen 
LC/polymer layer could be effectively reduced, which would result in a reduction in elastic 
constants and voltage required for reorientation. As a result, Kerr phase exists as V< Vth. How 
fuzzy layer affects the dynamics of PDLC need to be further investigated. 

4. Conclusion 
We experimentally investigated the origins of the Kerr and orientational phases in PDLCs as 
well as the correlation between the two optical phases and the two-step EO response for the 
first time. The Kerr phase, which is linearly proportional to the square of the electric field, is a 
result of LC orientation in the center of a droplet. The orientational phase arises from 
orientation of LC molecules near LC–polymer interfaces. The Kerr and orientational phases 
in PDLC samples can be adjusted by varying the droplet size. We also found that the two-step 
EO response occurring in small droplets (<333 nm) is indeed related to the Kerr and 
orientational phases. Rotation of point defects plays a role in the EO response. A modified 
PDLC model related to the Kerr and orientational phases was also proposed. The proposed 
theoretical model, which is phenomenological, captures the main features of the Kerr phase 
and may be used to optimize the PDLC film properties. We believe that, in addition to the 
conventional features of PDLCs, such as the polarization-independent optical phase shift and 
response-time-independent cell gap, the Kerr and orientational phases with different response 
times (approximately milliseconds) in PDLCs pave the way to designing versatile photonic 
devices with pure optical phase modulation. 
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