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Adequate measuring techniques for ions in liquid crystal layers

by C. COLPAERT*}, B. MAXIMUS} and A. DE MEYERES§

University of Gent, Department of Electronics and Information Systems (ELIS),
Sint-Pietersnieuwstraat 41, B-9000 Gent, Belgium

(Received 21 April 1995; in final form 19 January 1996; accepted 15 February 1996)

The ion contamination in twisted nematic liquid crystals should be limited to assure good
electro-optical performance of AM-LCDs. Today, pure liquid crystal mixtures are produced,
though little information is available on long term stability, and on the kind of ions that
contaminate the liquid crystal. The first step in the determination of the ion source is the
development of an appropriate measuring technique that characterizes the ions in the liquid
crystal. In this article such a new method is proposed. A comparison with former techniques

is made.

1. Introduction

Today, the conduction phenomena in LCDs are
studied intensively. This issue has become of major
interest since the invention of active matrix addressed
liquid crystal displays (AM-LCDs), which requires
highly resistive liquid crystals to prevent quality loss of
the display. Indeed, when the ion contamination in the
liquid crystal is too high, the electro-optical performance
of the display is influenced: the voltage decay over an
active matrix addressed pixel introduces flicker [1,2]
and hinders the reproducible implementation of grey
levels. Moreover, the profile of the transmission—voltage
curve (the E-O characteristic) shifts to higher voltages
[3]. Furthermore, in active matrix addressing, the
switching speed of the liquid crystal molecules decreases
noticeably with increasing impurity concentration [4].

In order to avoid these adverse effects, new ultra
purified liquid crystal mixtures are being developed. The
determination of the ionic nature in the liquid crystal
would stimulate this development. In former days, one
attempted to establish the kinds of ions present using
chemical analysis. Unfortunately, the degree of contam-
ination in commercial liquid crystal mixtures is much
lower than the detection limit of those measurements.
However, electrical measuring techniques are being
developed to characterize the ions in the liquid crystal
as well as possible.

In this article we describe chronologically the different
electrical measuring techniques that were implemented
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in our laboratory to determine the contamination of
liquid crystal mixtures. We give the implementation
difficulties and compare the accuracy of the different
techniques for the determination of the three most
important ion parameters (the ion concentration .,
the ion mobility x and the dissociation energy U,).

In this overview, the term space charge limit (SCL)
will play an important role. The space charge limit
represents the theoretical charge density that can cause
an internal electric field E,,, in active matrix addressing
that is exactly opposite to the applied electric field

E.om=V/d (V=applied voltage; d = thickness of the
cell) [5, 6].
g&V
OscrL = : cli (1)

2. The voltage decay method (VD method); voltage
holding ratio (VHR)

In the voltage decay method we make use of an
external switching component, such as a CMOS-switch,
to accomplish active matrix driving conditions (figure 1).
For a determination of the genuine liquid crystal conduc-
tivity effects it is essential that, this switching component
possesses a very low leakage current. Further, the link
between the pixel and the scope requires a buffered stage.

An advantage of this VD method is its simple imple-
mentation. Indeed, as contrasted with the current mea-
suring methods which are described in the rest of this
article, the impact of noise on the signal is not worth
mentioning in the VD technique, because the recording
of the voltage across the liquid crystal ¥, needs no
signal amplification. The retention of V|, is calculated
with the voltage holding ratio (VHR), which is defined
as the ratio of the resulting RMS-voltage and the applied
voltage. This value is an important indicator in industry

0267-8292/96 $12-:00 © 1996 Taylor & Francis Ltd.
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(a) The measuring set-up of the voltage decay method. (b) An example of measuring the voltage decay of Z1.1-4757 at

room temperature (ZLI-4757, d =8pum, S =4-5cm? n=1-5 x 10:¥m3).

for the evaluation of the electro-optical performance of
liquid crystal materials.

To study the conductivity in liquid crystals more pro-
foundly, the VD approach is not accurate enough. In fact,
the initial steepness (just after polarization reversal} of
the voltage decay curve only allows extraction of the time
constant T = p,.&,¢, (), = resistivity of the liquid crystal).
Although the resistivity value p = 1/gn, u gives an
impression of the conductivity in the liquid crystal, it is

desirable to trace the ion parameters (i, Ua).
Groeneveld [7,8] determines the two ion parameter
values (1, 1) from the resistivity value with an additional
mobility measuring experiment. But, in the mobility
experiment the measuring conditions differ from those in
the VD experiment (measuring in the constant voltage
mode is different from measuring in the constant charge
mode). Therefore, we left the VD approach in favour of
leakage current measuring methods.
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Figure 2. (a) The measuring set-up of the steady state leakage current method. () An example of measuring the steady state
leakage current for ZLI-4757 at room temperature (ZLI-4757, d = §pum, S =4-5cm?, n=1-5 x 10'*m~3).

3. Measurements in the constant voltage mode

3.1. Steady state leakage current measurements
With the introduction of the steady state leakage
current measuring methods, the characterization of the
ion parameters in liquid crystals became more precise.
The advantage of working with passive addressing (con-
stant voltage mode) instead of active matrix addressing
(constant charge mode) is undoubtedly the possibility of
determining the ion concentration n,, and the ion
mobility g simultaneously in a single experiment.
Unfortunately, the implementation of the steady state
leakage current measuring technique becomes more crit-
ical with respect to noise prevention arrangements. In

fact, the external leakage currents, which are in the order
of 10 to 100nA in commercial liquid crystal mixtures
(pixel area ~ 1cm?), need to be converted into voltage
signals of the order of volts without too much additional
noise signal. To obtain the smallest noise level, a transim-
pedance operational amplifier is advisable in the first
stage, figure 2(a). In the second stage sufficient ampli-
fication is imposed.

Figure 2(b) illustrates a typical current profile of a
steady state leakage current measurement. As previously
indicated, the ion parameters n,, and u can be extracted
simultaneously from the current profile. The transported
ion concentration n,, is proportional to the integral of
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the leakage current:

1 T/2
ot = ;IS J() ileak(L) dt

(e=16x10"1°C, S =pixel area, d = thickness of the
cell), whereas the ion mobility u can be calculated from
the determination of the transit time t,,,, (the transit
time represents the time a charged particle needs to
cover the distance d between the alignment layers) if a
constant voltage V is applied:

dl

b= (2)

trans

However, the accuracy with which the ion parameters
can be determined is insufficient to guarantee later
identification of the ion kind. The inaccurate determina-
tion of both ion parameters is a direct consequence of
the current profile that is typical for steady state leakage
currents, i.e. the current bump. A part of the leakage
current in the tail of the current profile cannot be taken
into account in the calculation of n,, because the
integration interval is restricted to (0, T/2). However,
this error in n,,, can be reduced to a minimum by
increasing the time period T of the square wave. The
computation of the ion mobility u is a more severe
problem, because the transit time is difficult to determine
from the current profile. It is well known that the time
1, at which the current reaches its maximum (peak time)
is smaller than the transit time t,,,, [9—137. Therefore,
the transit time (.., is situated somewhere on the
decreasing part of the current curve. Anyway, a precise
determination of t,,,, from the steady state leakage
current is excluded.

Some effort has been made to interpret the shape of
the steady state leakage current. All theoretical models
were based on the transport of charged particles in the
liquid crystal material. We now give a brief overview of
the equations involved in our simulations: each ion
species 1 present in the liquid crystal possesses an ion
concentration n; (in m ~?). Starting from a certain charge
distribution p(z, ) =e(Z ny (z,1) — X ny (z,1)) the electric
field distribution E(z,t) at instant ¢ can be derived using
the law of Gauss:

S
(08 E) = p 3)

On the other hand, the electric field causes a current
density J=J) +J;, with .J; obeying the following
equation:

Snii
J =eufntEFeD? o (4)

In this equation p; and D; are, respectively, the ion

mobility and the diffusion constant of the particular ion
species. These constants are linked by Einstein’s relation
D;/u; = kT/q. If we combine equation (4) with the charge
continuity equation V-J + (8p/6t) =0, we get the equa-
tion of motion for positive (upper sign) and for negative
ions (lower sign):

dng L 8(ntE) L 8%
Ty D=
5 T T TP

(5)

If this differential equation is solved numerically with
the appropriate boundary equations, one gets the new
ion distributions n;(z,t + At). Consecutive calculations
deliver the evolution of E(z,f) and the charge on the
external electrode Q.; with time.

When only a charge transport from and to the align-
ment layers is included in the model (and when the ion
concentration is much smaller than the ‘space charge
limit"), the current profile is flat while the charges are
travelling. Once the ions reach the alignment layers, the
current rapidly goes to zero (figure 3). In this case, the
two boundary equations can simply be written as
J(0,1) =J(d,,t)=0. In order to be able to explain the
peak in the leakage current, a few theories were postu-
lated, namely, the space-charge limited current [ 147, the
carrier mobility distribution [15], the electric double-
layer model [16,17], and the ‘trapping’ phenomenon
[12]. According to our insight and knowledge, the most
promising model is the one that combines the transport
of charged particles with the ‘trapping’ phenomenon
[12]. If we assume that a certain amount of ions can be
‘trapped’ at the interface between the liquid crystal layer
and the alignment layers, the shape of the current profile
changes from flat to bumped (figure 3). We describe this
‘trapping effect’ with the following boundary conditions:

5 x s
JE0 = — 20 T 1 o n®(0,1)
ot Ty
{6)
- Sat o .
Iy, 1) = = — —Fek,n(dg.1)
ot Tye

(1., representing the life time of the interface charges,
k.. a trapping factor and ¢ the interface charge density)

It is clear from figure 3 that the transit time t.,,,
cannot be derived exactly from the experiment. Therefore
the ion mobility ¢ and the derived ‘apparent radius R’
(p = e/6mnR), which is a useful parameter in the charac-
terization of the nature of the ions, is unreliable in steady
state leakage current experiments.

3.2. Transient leakage current measurements under
threshold
The transient leakage current method is a measuring
technique that imposes, during a relatively long period
of time, a short-circuit across the liquid crystal pixel
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Figure 3. Simulation of the steady state leakage current profile with and without the ‘trapping’ phenomenon. The simulation is
performed with one mobile and one immobile counterion. In the model that includes ‘trapping’ the transit time t,,,,, follows

up the peak time t,,.

before applying a voltage burst (figure 4) [5]. During
this short-circuited state, the ion distribution n(z,t)
inside the liquid crystal becomes uniform in the liquid
crystal layer. Figure5 shows a simulation of the
re-establishment of this equilibrium after a previous
voltage pulse had pressed the ions against the alignment
layers. The diffusion process, which is simulated here in
accordance with the rules defined in our theoretical
model [ 127, requires about 10s to reach a uniform ion
distribution (figure 5). Therefore, in our experiments we
take a short-circuited period longer than 10s.

This specific initial condition is the backbone of the
transient technique. Knowing that the ion distribution
is uniform, the substitution of 8¢* /6t = 0 in equation (6)
delivers the amount of trapped charges at the beginning
of the first voltage pulse. Indeed, a simple calculation
{(ty =25ms, k, =10"%ms ") indicates that in the equi-
librium state only a few per cent of the ions remain
‘trapped’ and therefore the transient technique has
almost removed the ‘trapping’ phenomenon.

The latter has an enormous impact on the measuring
precision of the ion parameters n,, and u. Because
approximately all charges are now ‘free ions’, the corres-
ponding transient leakage current profile (while applying
a constant voltage) is straightforward; as long as the
charges are travelling in the liquid crystal they contribute
to the external leakage current. Starting from a uniform
ion distribution, this gives rise to a linearly decreasing
transient leakage current (figure 6). Because the linearly
decreasing current drops to a constant level at the
moment when the last ‘free ions’ reach the alignment
layers, the ion transit time f,.,, (and thus the mobility

W) is easily determined by the transient technique.
Further, the total charge density in the liquid crystal
(101 = enyoy) can be calculated from the transient current
profile with a precision of a few per cent. Based on
considerations of field theory, the total charge ¢,
amounts to twice the triangular (current—time) area.

We note that in our experiment relating to figure 4(b),
the leakage current profile seems to be contrary to our
proposed model, because the initial linearly decreasing
current profile runs on into another one of smaller
gradient. For the moment we still have not established
whether a second ion species is involved or whether only
ion dissociating processes are the origin of this
discrepancy.

The only restriction that the transient leakage current
technique imposes is the use of sub-threshold voltages.
Indeed, during the short-circuit period, the liquid crystal
molecules have the time to relax into the equilibrium
90° twisted state. When the measurement starts and the
applied voltage lies above the Fréedericksz threshold,
the liquid crystal molecules will try to align themselves
along the electric field (g, >¢,). This reorientation
changes the capacitance of the pixel and therefore causes
a supplementary (dis)charging current (I =d(CV)/dt).
Because this (dis)charging current interferes with the ion
current, voltages above threshold would destroy the
reliability of the transient technique.

Naturally, the range in which the transient technique
can perform a reliable determination of the ion para-
meters is limited. The lower limit is imposed by the
noise sensibility of the current amplifier. On the other
hand, the measurement technique becomes inaccurate if
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Figure 4.

(a) The measuring set-up of the transient leakage current method under threshold. (b) An example of measuring the

transient leakage current for ZLI-4757 at room temperature (ZLI-4757, d =8pum, S=45cm? n=1-5 x 10¥m ),

a too high contamination is present in the liquid crystal.
In fact, the relation between the transit time t,,,,, and
the ion mobility u (equation (2)) only stands if the ions
feel a uniform electric field during the whole travelling
distance. However, the transport of charges influences
the applied electric field due to the law of Gauss (equa-
tion (3)): if the ion concentration is low, E,, remains
approximately uninfluenced. However, if the ion concen-
tration is only of the order of the ‘space charge limit
(SCLY’ (equation (1)) E,. is heavily disturbed and at that
moment equation (2) becomes doubtful. We performed
a few simulations to estimate the upper limit of the
working area with the transient technique. From figure 6
it follows that if the contamination degree equals the

SCL, the error on the transit time remains reasonable.
We note that this upper limit lies much higher in the
constant voltage mode than in the constant charge
mode. We conclude that the working area of the transient
leakage current measurement covers the following range

(Q in Cm™?) [5]:

2
Inoisedlc

uvs

&g V
dlc

<Qlc< (7)

3.3. Transient leakage current measurements ahove
threshold
In order to expand the measuring range, we invented
a novel transient technique [6]. The use of voltages far
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layers (with a previous voltage pulse of 5V). The simulation is performed with one mobile ion species and an immobile

counterion.
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Figure 6. Simulation of the transient leakage current for different degrees of contamination. The simulation is performed with
one mobile ion species and one immobile counterion. Switching phenomena are not taken into account. An ion concentration
that is the same as the space charge limit is an acceptable upper limit of the working area of the transient leakage current method.

above the Fréedericksz threshold enlarges the working
area in both directions (cf. equation (7)): the current
levels are raised because of higher applied voltages and
the upper limit of the range is shifted to higher ion
concentrations because the SCL is increased (equa-
tion (1)). Unfortunately, once voltages above threshold
are applied, switching phenomena are included. These
additional charging currents are disturbing and need to
be eliminated. With the ‘elimination technique’, it is

possible to separate the ion leakage current from the
switching (charging) current. To do so, a function gener-
ator is programmed to deliver a specific voltage wave-
form to the liquid crystal pixel. This user-defined
waveform consists of a succession of voltage pulses each
with its own duration and amplitude (figure 7).

A typical result of a transient leakage current experi-
ment is shown in figure 8. Prior to the voltage waveform,
the pixel is short-circuited for a relatively long period of
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Figure 7. One of the waveforms that can be programmed
with the function generator. These waveforms are applied
across the liquid crystal cell. The length and the width of
the pulses are changeable as indicated.

time (10s). In this initialization time, the liquid crystal
molecules return to their twisted equilibrium state and
the ions diffuse to a uniformly distributed state. During
the first pulse (V,,, = V}), the ions migrate towards the
alignment layers and the liquid crystal molecules align
with the electric field. Therefore, the switching current
(current bump) is superposed on the linearly decreasing
ion current. Simulations confirm the shape of both
currents [6]. At the end of the first voltage pulse the
ions are pressed against the alignment layers, while the
liquid crystal molecules are pointing with their molecular
long axes perpendicular to the glass substrate (along the
electric field). During the second voltage pulse (V,,, =
;). the intention is to hold the accumulated charges
near the alignment layers, while the liquid crystal molec-
ules are allowed to return to their 90° twisted equilibrium
state. This can be accomplished by applying a voltage

V, that differs from zero, but is smaller than the
Fréedericksz threshold.

0<V; < Vg

If the time interval t, is large enough for the liquid
crystal molecules to attain their equilibrium state, the
switching current in pulse 3 has exactly the same profile
as its contribution in pulse 1 (cf. figure 8). However, the
ionic current is suppressed in the third pulse. Therefore
we obtain the pure ionic current in pulse 1 by a simple
subtraction of the currents in pulses 1 and 3. Figure 9 is
an illustration of this ‘elimination principle’. The small
mismatch at the beginning of the ‘extracted ion current’
is due to the fact that a small diffusion of ions away
from the alignment layers is inevitable because V, < V.
However, the charges are still in the close vicinity of the
alignment layers, so that this erroneous term rapidly
decays.

To illustrate the new measuring technique, we experi-
mentally determined the separated charge density @ in
the liquid crystal above and below the Fréedericksz
threshold. The experiments teach us that, at constant
temperature, Q is more or less invariant with the applied
voltage, both below and above the Fréedericksz threshold
(figure 10). However, far above the SCL (in the low
voltage region) the separated charge Q is somewhat
smaller than the total amount of charge present in the
liquid crystal. This phenomenon is a direct consequence
of the law of Gauss, equation (3). At low voltages the ion
transport mechanism has more impact on the electric
field E,., which in its turn influences the ion separation
process.

parameters of the applied voltage waveform (cfr. fig 7):

current / nA

= = =02s,t —0.4s
V] 10V, V2 2V,t1 0.2s, 12 0.4s

[+3]

e AN S s e s e o AT Pt

. - VEWT PP IERTE AL

02 0 ) 02 0.4 0.6 0 1 1.2
A]O —

20 —

-30 —

-40

50 -

time /s

Figure 8. A typical example of a transient leakage current measurement for ZLI-4757 at room temperature. The liquid crystal
ZLI-4757 has a threshold voltage Vi, of =575V.
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Figure 9. An illustration of the ‘elimination principle’. The ion current of the liquid crystal (ZLI-4520 (at 50°C)) is much lower
than the switching current, but it is still possible to extract the ion current profile.
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Figure 10. The measured ion concentration n,,, versus the applied electric field E,,,,; above and below the Fréedericksz threshold
in ZLI-4757 at 50°C.

With this transient leakage current measuring method,
it is possible to characterize the ion parameters over a
very broad range. With 1cm? pixel area, both the ion
concentration and ion mobility can be determined with
good accuracy in the range of ny, = 10'7-10m™>.
Above ion concentrations of 10°°m 3, the error on the
ion mobility becomes unacceptably large. Nevertheless,
it is still possible to trace the ion concentration in a
higher range (n,, = 10*°*~10**m~3). Although high ion

concentrations affect the shape of the transient leakage
current heavily, the area under the current profile is still
a good representation of the charge in the liquid crystal
layer, because the ion separation process keeps driving
charges to the alignment layers.

4. Conclusion
In this article we propose a new electrical measuring
method to extract the parameters for the ions present in
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a liquid crystal. The transient leakage current technique
above threshold has proved to be capable of tracing
those parameters more precisely than other methods.
Further, we have revealed that, at constant temperature,
the separated charge density is more or less invariant at
different applied voitages.
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