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ABSTRACT
Electrical measurements of liquid crystals are a standard part of their material characterisation. 
Typically, such measurements are carried out using a sandwich-like cell of a single thickness. In this 
paper, we show that interactions between ions and substrates of a liquid crystal cell result in the 
dependence of the direct current electrical conductivity of liquid crystal materials on the cell 
thickness. The obtained experimental results combined with modelling point to the existence of 
ions of several types and to the competition between ion-releasing and ion-trapping processes in 
liquid crystal cells. We also propose to use a multi-electrode twin-cell that allows the visualisation 
of the electric field screening effect in liquid crystals and its mitigation by means of ferroelectric 
nanoparticles.
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Introduction

Display and non-display applications of liquid crystals 
continue to expand and evolve [1]. In addition to the 
large-area liquid crystal displays (LCD) [2,3] and minia-
ture high-resolution displays for AR/VR [4,5], liquid 
crystals become a material of choice for tunable optical 
devices including waveguides [6], lenses [7], spatial light 
modulators [8], filters and waveplates [9] and diffractive 
elements [10], to name a few. Liquid crystal materials are 
also very promising for the design and fabrication of 
reconfigurable meta- and plasmonic devices [11,12], 
and numerous devices operating at microwave frequen-
cies (phase shifters, tunable filters, resonators, and anten-
nas) [13,14]. Last but not least, modern demands for 
smart windows revitalised the field of liquid crystal shut-
ters and privacy windows [15–17].

The reorientation of a liquid crystal director under 
the action of the applied electric field enables the tun-
ability of the aforementioned devices [18]. This electric 
field-induced orientation effect can be altered by the 
ions normally present in molecular liquid crystals in 
small quantities [19–21]. Ions in liquid crystals result 
in finite values of their direct current (DC) electrical 
conductivity [19–21]. Along with other relevant mate-
rial parameters (optical birefringence, dielectric aniso-
tropy, elastic constants, rotational viscosity, etc.), the 
value of the DC electrical conductivity determines the 
suitability of liquid crystal materials for a chosen appli-
cation [19–22]. That is why since the release of com-
mercial liquid crystal devices back in the 1960s, 
electrical measurements of liquid crystals became 
a standard part of their material characterisation [22]. 
As a result, many papers improving our understanding 
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of ions and ionic effects in liquid crystals have been 
published [21,23–28; and references therein].

Standard experimental techniques for measuring the 
basic electrical parameters (DC conductivity, charge 
mobility and ion density) of liquid crystal materials 
include transient current measurements [23–25] and 
dielectric and impedance spectroscopy [26–29]. In addi-
tion, experimental methods that are very common in 
industry include the voltage-holding ratio [30] and resi-
dual DC voltage measurements [30,31] and flicker mini-
misation technique [30–32]. As a rule, electrical 
measurements of liquid crystal materials are carried 
out using a sandwich-like cell of a single thickness. 
Only a very limited number of papers report experi-
mental results obtained using several cells of different 
thicknesses [26,33–36]. Papers [26,29,33–36] unam-
biguously indicate that the measured values of the con-
centration of ions and DC electrical conductivity 
depend on the cell thickness. Possible types of such 
a dependence were recently modelled in a few papers 
[37–40]. At the same time, there are still no systematic 
studies combining both experiments and modelling of 
the dependence of the DC electrical conductivity on the 
cell thickness. The present paper aims at filling this gap.

Another objective of the present paper is related to 
the visualisation of the electric field screening effect in 
liquid crystals. This effect is caused by ions in liquid 
crystals when an applied electric field separates positive 
and negative ions, thus creating a screening electric field 
due to the separated ions [20,21,41]. The screening 
electric field acts against the applied electric field, and 
it does not disappear immediately once the applied field 
is turned off. The screening effect can result in many 
undesirable outcomes including image sticking, image 
flickering, reduced voltage-holding ratio and overall 
slow response of a liquid crystal device [20,21]. The 
origin of this effect is well documented in the literature 
[20,21,41–45], and time-dependent capacitance [41,42] 
and electro-optical measurements [43–45] were carried 
out to study the effect. In this paper, we propose to 
combine electro-optical measurements with a digital 
imaging that allows the visualisation of the screening 
effect in liquid crystals. We also propose to use a multi- 
electrode twin-cell for a visual observation of the ion 
screening effect and its mitigation by means of ferro-
electric nanoparticles.

Experimental methods and materials

Dielectric spectroscopy is a versatile technique to study 
dielectric and electrical properties of a wide range of 
materials including liquid crystals [29,46]. In this paper, 
we adopted an oscilloscopic method [47,48] to measure 

a frequency-dependent electrical conductivity of 
nematic liquid crystals as a function of cell thickness. 
Within a certain frequency range (typically, 103–105 

Hz), the sandwich-like cell can be modelled as an ideal 
capacitor and resistor combined in parallel as shown in 
Figure 1. By measuring an applied voltage Vin, and 
a voltage drop Vout across a reference resistor of resis-
tance Rref using an oscilloscope, both capacitance C and 
resistance R of the studied liquid crystal cell can be 
found [47,48] (Figure 1). As a result, frequency- 
dependent dielectric permittivity ε and conductivity σ 
can be obtained. Figure 1 shows a typical dependence of 
dielectric permittivity ε and electrical conductivity σ on 
frequency f measured using nematic liquid crystals 6CB. 
In this paper, we focus on the DC electrical conductivity 
σDC of liquid crystals (it corresponds to a plateau region 
(103–105 Hz) of the σ fð Þ dependence in Figure 1).

Sandwich-like cells of known thickness were filled 
with commercially available nematic liquid crystals 
(BL055 [49], ZhK1282 [50], MJ961180 [51]). The cell 
thickness was controlled using spacers. Indium-tin 
oxide (ITO) substrates were covered with rubbed thin 
polyimide films to impose planar boundary conditions.

Electro-optical measurements were performed by 
placing a liquid crystal cell in between two crossed 
polarisers. A DC voltage (15 V) was applied across the 
cell, and an intensity of a He-Ne laser beam (632.8 nm) 
was measured using a photodiode. For digital imaging 
experiments, a recently designed twin-cell was used 
[52,53]. The twin-cell was placed in between two 
crossed polarisers, a laser was replaced with a light box 
(a conventional incandescent bulb was used as a source 
of white light), and a digital camera was utilised to 
acquire digital images.

Experimental results and discussion

DC electrical conductivity and its dependence on the 
cell thickness

Several ionic processes can contribute to the depen-
dence of the DC electrical conductivity of liquid crystals 
on the cell thickness. Ions already present in liquid 
crystals can be captured by the substrates of a liquid 
crystal cell. Some fraction of captured ions can be 
released back into the bulk until equilibrium is reached. 
Such ionic processes result in a decrease in the DC 
electrical conductivity. However, very often, substrates 
can enrich liquid crystals with new ions that were 
trapped on substrates of an empty cell before it was 
filled with liquid crystals. This release of ions by sub-
strates results in an increase in the DC electrical con-
ductivity. In any real situation, we can expect the 
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competition between ion-capturing and ion-releasing 
processes leading to the dependence of the DC electrical 
conductivity on the cell thickness. To show experimen-
tally that this effect is very common, three types of 
nematic liquid crystals were tested. To compare differ-
ent materials and the strength of this dependence, we 
plotted a relative change in the DC electrical conductiv-
ity defined by Equation (1): 

ΔσDC

σ0DC
¼

σDC � σ0DC

σ0DC
(1) 

where σ0DC is the initial DC electrical conductivity of 
liquid crystals (it is not affected by ion-capturing and 
ion-releasing processes; experimentally measurements 
are taken immediately after filling the cell with liquid 
crystals) and σDC is the steady-state value of the DC 

electrical conductivity (measurements are taken after 
waiting for sufficiently long time, typically 1–2 days).

The results shown in Figures 2–4 illustrate the depen-
dence of the DC electrical conductivity on the cell 
thickness.

Monotonous dependence of the relative change in 
the DC electrical conductivity ΔσDC

σ0DC 
on the cell thickness 

d was found for nematic liquid crystal BL055 (Figure 2).
At the same time, nematic liquid crystals ZhK1282 

and MJ961180 exhibit non-monotonous dependence 
ΔσDC
σ0DC

vs:d (Figures 3 and 4).
Figures 2–4 share one important feature. The relative 

change in the DC electrical conductivity is negative for thin 
cells and becomes zero for thick cells. This behaviour can 
be explained in the following way. In the case of thin cells, 
the ion-capturing effect caused by the substrates is 

Figure 1. (Colour online) Frequency-dependent dielectric permittivity ε and electrical conductivity σ of nematic liquid crystals 
measured by means of an oscilloscopic technique. In the plateau region (103–105 Hz), a liquid crystal cell is modelled as a capacitor 
of a capacitance C and a resistor of resistance R combined in parallel.
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a dominant factor governing the value of the DC electrical 
conductivity. As a result, ΔσDC is negative. The effect of 
this substrates-induced ion-capturing process becomes 
insignificant for thicker cells (ΔσDC ! 0).

By applying a recently developed elementary model of 
ion generation and ion capturing in liquid crystal cells 
[37–40], additional information about ionic processes in 
liquid crystals can be obtained. Assuming two types of 
fully ionised ionic species, the DC electrical conductivity 
σDC of liquid crystals is given by Equation (2): 

σDC ¼
X

i
qiμini (2) 

where qi ¼ ej j ¼ 1:6� 10� 19C i ¼ 1; 2ð Þ, nþi ¼ n�i ¼ ni 
is the volume concentration of ions of type i (i ¼ 1; 2), 
μi ¼ μþi þ μ�i is the effective ion mobility of type i 
(i ¼ 1; 2). Index i ¼ 1 stands for fully dissociated ionic 
species present in liquid crystals prior to filling an empty 
cell, and index i ¼ 2 denotes ions originated from the 
substrates of a cell. Interactions between ions of type i 
and substrates are described by rate Equation (3): 

dni

dt
¼ � ka�

Si ni
σSi

d
1 � Θ�S1 � Θ�S2
� �

þ kd�
Si

σSi

d
Θ�Si (3) 

In Equation (3), the time rate of ion capturing and ion 
releasing processes is described by the parameters ka�

Si 
and kd�

Si . Quantities Θ�Si stand for the fractional surface 
coverage of substrates by the i-th ions (i = 1,2); σSi is the 
surface density of all surface sites on two substrates; and 
d is the cell thickness. Because both ion capturing (the 
first term of Equation (3)) and ion releasing (the second 
term of Equation (3)) processes depend on the cell 
thickness d, the bulk concentration of mobile ions is 
also thickness-dependent.

The conservation of the total number of ions of the 
i-th type can be written as Equation (4): 

n0i þ
σSi

d
νSi ¼ ni þ

σSi

d
Θ�Si (4) 

where n0i is the initial concentration of ions of the ith 
type in liquid crystals and νSi is the contamination factor 
of substrates [37–40].

The results of modelling using Equations (1)–(4) are 
also shown in Figures 2–4 (solid curves). The system of 
Equations (3) and (4) was solved to find steady state 

Figure 2. (Colour online) The dependence of a relative change in 
the DC electrical conductivity of nematic liquid crystals BL055 on 
the cell thickness. Squares are experimental data points. Solid 
curve is generated by applying Equations (1)–(4).

Figure 3. (Colour online) The dependence of a relative change in 
the DC electrical conductivity of nematic liquid crystals ZhK1282 
on the cell thickness. Squares are experimental data points. Solid 
curve is generated by applying Equations (1)–(4).

Figure 4. (Colour online) The dependence of a relative change in 
the DC electrical conductivity of nematic liquid crystals 
MJ961180 on the cell thickness. Squares are experimental data 
points. Solid curve is generated by applying Equations (1)–(4).
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values of n1 and n2. Having n1 and n2 both initial σ0DC 
and steady state σDC DC electrical conductivity was 
computed by applying Equation (2). Finally, the 
obtained values of σ0DC and σDCwere used to find the 
dependence of the ratio σDC � σ0DC

σ0DC 
on the cell thickness 

(Equation (1)). Table 1 compiles the values of the phy-
sical parameters used to generate the solid curves shown 
in Figures 2–4. Index ‘1’ refers to ions already present in 
liquid crystals (the contamination factor is zero, 
νS1 ¼ 0), and index ‘2’ stands for ions originated from 
the substrates (the contamination factor is nonzero but 
still small, νS2 � 10� 3). A nonzero contamination factor 
means that substrates of a liquid crystal cells are con-
taminated with ions prior to filling them with liquid 
crystal materials.

Figures 2–4 indicate that the evaluation of the DC 
electrical conductivity of liquid crystal materials is not 
a simple and straightforward process. In general, the 
obtained value of the DC conductivity depends on the 
cell thickness and on the type of substrates used in 
experiments. This experimental fact should be taken 
into consideration by scientists and engineers involved 
in the design and characterisation of new liquid crystal 
materials and devices.

Because Equations (3) and (4) are essentially the 
Langmuir adsorption model developed for neutral par-
ticles [29], it is important to comment on its applicabil-
ity to describe the adsorption of ions in liquid crystal 
cells. Even though the Langmuir model was developed 
to analyse the adsorption of neutral particles, under 
certain conditions this model can also be applied to 
the adsorption of ions in liquid crystals as was recently 
discussed in papers [37–40]. These conditions are ful-
filled in the case of molecular liquid crystals charac-
terised by relatively low concentrations of ions (1018– 
1020 m−3) and small values of the surface coverage of the 
alignment layers (10−3–10−4) [37–40]. Such conditions 
also allow to assume an independence of the ion mobi-
lity of the ion bulk density and the applicability of 

Equation (2). As was discussed in [37], the parameter 
σSi can be estimated as an inverse square of the average 
size r ¼ 1 � 10nm of the organic macro-block corre-
sponding to an adsorption site of the alignment layer 
(polyimide film) for an ion of a given size (in this case 
we can assume that the size of the ion is related to the 
size of the adsorption site). An order-of magnitude 
estimate for σSi � 1=r2 yields σSi � 1016 � 1018m� 2 [37].

Visualising the electric field screening effect in liquid 
crystals

Future progress of liquid crystal science and technology 
relies heavily on the development of advanced liquid 
crystal materials. A quite general approach involves the 
comparative analysis of the properties of the newly 
synthesised homologous series of liquid crystal materi-
als [22] or liquid crystals doped with nanoparticles 
[21,54,55]. In the former case, the properties of 
a homologous series are tested against the properties 
of a reference sample. In the latter case, the properties of 
liquid crystals doped with nanomaterials are compared 
with the properties of undoped liquid crystals. If elec-
trical characterisation of such materials should be per-
formed, the dependence of the DC electrical 
conductivity on the cell thickness shown in Figures 2– 
4 must be taken into consideration. Indeed, even for the 
same liquid crystal material, electrical measurements 
carried out using cells of different thickness yield differ-
ent results (Figures 2–4). Existing experimental proce-
dures of electrical characterisation of liquid crystals can 
be improved by using a multi-electrode twin-cell shown 
in Figure 5. A cell is divided into two identical (the same 
thickness and the same boundary conditions) regions 
separated by a polymer stripe. Depending on the experi-
mental needs, 2-, 3- or 4-electrode configuration can be 
used (Figure 5(c)). Using a twin-cell placed between two 
crossed polarisers as shown in Figure 5(a), in addition to 
performing standard electrical measurements, it is also 
possible to visualise an electric field screening effect and 
its mitigation by means of ferroelectric nanoparticles 
(Figure 5(b)).

In Figure 5(b), one-half of a twin-cell is filled with 
pure (undoped) nematic liquid crystals 5CB (it is 
denoted as LC), and one-half of the same cell is filled 
with nematic liquid crystals doped with ferroelectric 
nanoparticles Sn2P2S6 (this region of the cell is denoted 
as LC/FNP). The description of the preparation of ferro-
electric nanoparticles and liquid crystal colloids was 
already reported in papers [52,53]. The substrates of 
the cell are spin-coated with a polyimide polymer to 
provide a homogeneous alignment of liquid crystals. 

Table 1. Physical parameters and their values.

Physical parameter

Liquid crystal materials

BL055 ZhK-1282 MJ961180

n01, m−3 5� 1018 2:6� 1018 1:5� 1018

n02, m−3 0 0 0

K1 ¼
ka�S1

kd�S1
, m3 1:5� 10� 23 4:5� 10� 24 4� 10� 24

K2 ¼
ka�S2

kd�S2
, m3 1:75� 10� 22 1� 10� 22 5� 10� 24

σS1, m−2 1:5� 1018 3:5� 1018 3:6� 1018

σS2, m−2 2:5� 1017 0:15� 1016 0:75� 1016

νS1 0 0 0
νS2 4:7� 10� 3 5:6� 10� 3 2:5� 10� 3

μ2
μ1

0:1 0:75 0:2
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A constant voltage (15 V) is applied across the cell. As 
a result, the liquid crystal director is reoriented from 
a planar to homeotropic configuration and white light 
does not pass through the twin-cell (Figure 5(b), ‘DC 
field is ON’). Once the applied DC field is turned off, 
liquid crystals reorient back to their initial planar state. 
A series of snapshots are taken by a digital camera. It 
allows for a direct visualisation of the director reorien-
tation process (Figure 5(b)). In the case of a pure liquid 
crystal, the reorientation process is very slow, whereas 
the reorientation of liquid crystals doped with ferro-
electric nanoparticles takes more than one order of 
magnitude shorter time, in agreement with the well- 
known Equation (5): 

toff ¼
γd2

π2K11
(5) 

where γ is the rotational viscosity, d is the cell thickness, 
and K11 is an elastic constant [18].

In the case of undoped liquid crystals 5CB, much 
longer turn-off time is caused by the screening effect 
originated due to separated positive and negative ions in 
liquid crystals, as described in the introduction section 
of this paper. An in-depth discussion of this effect can be 
found in paper [41]. It is a well-known experimental fact 
that under certain conditions [56], ferroelectric nano-
particles can trap ions in liquid crystals [57–62]. This 
nanoparticle-induced ion-trapping process can mitigate 
the electric field screening effect by practically 

eliminating it. As a result, the turn-off time of liquid 
crystals doped with ferroelectric nanoparticles is not 
affected by ions as can be seen in Figure 5(b). At the 
same time, the electric field screening effect is clearly 
observed in the case of undoped liquid crystals 
(Figure 5(b)). Thus, the experimental arrangement 
shown in Figure 5 allows for the visualisation of the 
electric field screening effect in nematic liquid crystals 
and its mitigation by means of nanoparticles.

Exact values of both turn-on and turn-off times of 
liquid crystals and liquid crystals doped with ferroelec-
tric nanoparticles can be found by performing standard 
electro-optical measurements when a white light source 
in Figure 5(a) is replaced with a He-Ne laser, and 
a camera is replaced with a photodiode measuring the 
dependence of the intensity of the transmitted light I on 
time (Figure 6).

Conclusion

Even though electrical measurements of liquid crystal 
materials were discussed in many papers, there is still 
plenty of room for improvements to existing experimental 
procedures. The substrates of a liquid crystal cell play 
a dual role. They can act as a source of ions because of 
their uncontrolled ionic contamination. This factor leads 
to the increase in the concentration of ions and DC 
electrical conductivity of liquid crystals [63,64]. The sub-
strates can also capture ions thus resulting in the decrease 

Figure 5. (Colour online) Twin-Cells for the visualisation of the ion screening effects. (a) Experimental set-up. (b) A series of snapshots 
taken after the DC electric field was turned off (electrodes are short-circuited). (c) A multi-electrode twin-cell.
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in the concentration of ions and DC electrical conductivity 
[65,66]. In any real situation, the consequence of the 
competition between ion-capturing and ion-releasing pro-
cesses is the dependence of the DC electrical conductivity 
on the cell thickness (Figures 2–4). As a result, the correct 
evaluation of the DC electrical conductivity of existing and 
new liquid crystal materials requires a series of measure-
ments carried out using cells of different thicknesses. The 
DC electrical conductivity is strongly affected by interac-
tions between ions and substrates if thin liquid crystal cells 
are studied. Because thin layers of liquid crystals are typi-
cally utilised for the design of many commercial products, 
this factor is very important at the stage of the material 
selection when the suitability of a liquid crystal material 
for a chosen application is considered. At the same time, 
the effect of ion-capturing and ion-releasing processes on 
the measured value of the DC electrical conductivity 
becomes insignificant for thicker cells (Figures 2–4).

If nanomaterials are used to modify the properties of 
liquid crystals, a multi-electrode twin-cell can be consid-
ered for electrical and electro-optical measurements 
(Figures 5 and 6). Such cells driven by a DC electric field 

allow for a direct visualisation of the electric field screening 
effect. In addition, they simplify the correct comparison of 
the properties of plain and doped with nanoparticles liquid 
crystals, thus eliminating ambiguous conclusions and lead-
ing to a better understanding of the effects of nanomater-
ials on the properties of liquid crystals.
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