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Transient leakage current in nematic LCDs 
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B-9000 Gent, Belgium 

and H. J. PLACH 
E. Merck, Industrial Chemicals Division, Frankfurter Strasse 250, 

D6100 Darmstadt, Germany 

(Received 4 January 1993; accepted 25 July 1993) 

In this paper we present the transient leakage current measurement method for 
nematic liquid crystakdisplays as a technique to obtain information on the mobility 
and concentration of ionic impurities. The mobility depends on the temperature 
according to an Arrhenius-type relation, with an activation energy of about 0.3 eV. 
This dependence can be explained through the variation of the LC viscosity with 
temperature. The transported charge has also an Arrhenius relation, with an 
activation energy around 0.2 eV. Additionally, the influence of both a heat 
treatment and UV illumination on these parameters was investigated. 

1. IntroQuction 
One of the most important parameters of liquid crystals (LCs) is their resistivity, 

because a low resistivity can limit the success of most applications. For example, in 
AM-TN LCDs too high a conduction means that the charge on the pixel is not 
sufficiently retained. This largely affects the number of grey scales that can be used. It 
becomes important, especially for operation at elevated temperatures and can even 
limit the upper operating temperature [1-4]. Also in SSFLCDs, charges can 
accumulate in the neighbourhood of the electrodes and in this manner the bistability- 
the most important feature of those displays-can be destroyed [5 ,  61. 

Some recent studies have tried to get a better understanding of the conduction 
mechanism in LCDs. This conduction is caused by the presence of ionic impurities in 
the LC cell, so the general idea is to investigate the concentration of ions and their 
motion in an electric field. A common technique to do so is by studying the leakage 
current when a square voltage wave is applied [7-121. In the present paper we 
concentrate on the first period of the applied square wave voltage and study the 
transient current behaviour. This seems to be an easy way to determine the mobility 
and the density of the impurity ions, since a simple model is capable of explaining the 
current behaviour. Unfortunately some restrictions have to be imposed; for example, 
only sub-threshold voltages can be used, and the results are only valid if the ionic 
concentration is rather low. Using this method we can then examine the influence of 
higher temperatures or UV illumination on the density and mobility of the ions and on 
the resistivity of the mixtures in general. 

* Author for correspondence. 
0267-8292/93 $10.00 0 1993 Taylor & Francis Ltd. 
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Figure 
1 / 1 1 ,  1 ' 1  

1. Measurement set-up. 

2. Measurement method 
2.1. Set-up 

The transient leakage currents are measured with the set-up shown in figure 1. A 
burst of a square voltage wave ( f =  1-20 Hz), with a small number of periods (usually 4) 
is applied to the cells. Between these bursts we wait at least 5 min for equilibrium in the 
cell to be re-established. The current flowing through the cell is measured by means of a 
sensor resistor. Use of voltages below those required for the Freedericksz transition is 
recommended. Above this threshold, the cell starts to switch and the changing capacity 
causes a disturbing supplementary current. When the voltages are sub-threshold, the 
pixel capacity remains constant and the only small nuisance we have relates to the 
charging current of the pixel capacitor each time the voltage is altered, but this effect 
quickly vanishes. 

The whole set up is placed in a temperature controlled environment, allowing 
measurements at  temperatures between 20°C and 100°C. 

2.2. LCS 
TN LCDs were prepared with different LC materials from Merck, all containing 

cyano-compounds. The LC layer thickness is always dLC = 8 pm and the pixel surface is 
SPi,=45 cm2. In table 1, some data can be found for the three different LCs and the 
voltages that were used in the experiments. There are two high-threshold mixtures and 
one classical TFT mixture ZLI 3224. The test cells were fabricated at our laboratory in 
Gent  [4]. In this process we used Baltracon 220 glass substrates from Balzers covered 

Table 1. Some data on the LCs used: E~ and zll are the dielectric permittivities of the LCs 
determined perpendicular and parallel to the director. The average dielectric permittivity 
is E = ~ ( E ~ ,  +2c1). pzo and p6, are the bulk resistivities at 20°C and 60°C respectively. V,, is 
the electro-optical threshold in TN cells with a retardation of 0.5 pm. V,  is the amplitude of 
the square wave voltage applied. 

LC Data 

A ZLI-4757 3.5 4.1 3.7 7 x  loi3 1 x 10" 6.84 5.5 
B ZLI-4520 3.2 4.5 3.6 4 x  l O I 3  8 x  10" 4.74 3.0 
C ZLI-3224 3.8 11.6 6.4 9 x  10" 2 x  10" 2.09 1 .o 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Transient leakage in nematic LCDs 873 

with an IT0 layer ( R  < 300 QU) and a SiO, passivation layer. The polyimide used was 
AL-1254 from JSR; the seal and end seal materials were respectively Norland 91 and 
Vitralit 7514 UV glues. 

il 

We also used LCDs made with LC A for two other tests: 

(i) The influence of 25 h and 50 h UV illumination ( 5  rnWcm-,). 
(ii) The influence of a heat treatment (10h at 120°C). 

2.3. Transient current 
Typical transient currents are shown in figure 2. In the first half of the current, two 

different parts can easily be observed. First there is an almost linearly decreasing part, 
and then a more constant current level is obtained. In the literature this part is often 
called (quasi) steady state current, ‘quasi’ because this current is still slowly decreasing 
and it takes a very long time before it eventually becomes ‘steady’. 

The behaviour of the current for the first half of the first square wave applied is 
straightforward. We can expect an equilibrium state at  the beginning of the 
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2. Typical transient current measurements (LC A after 25 h UV): (a) at 50°C, (b) at 90°C. 
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874 B. Maximus et al. 

measurement, which means that ionic species, present in the LC, are uniformly 
distributed over the cell. When the voltage is applied, these ions migrate towards the 
electrodes and we measure a linearly decreasing current. The end of this part is reached 
after a period equal to the ion transit time. 

There are several possible explanations for the quasi steady-state part of the 
current: 

Injection of charge through the imperfectly insulating alignment layers; with this 
charge new ions are formed and transported in the LC. 
Another kind of DC current, for example, a surface current. 
Transport of some other sort of ionic species with a non-detectable transit time (i.e. 
because the mobility is very small). 
Dissociation of neutral impurities giving birth to new ions which in their time 
migrate towards the electrodes. 

When the voltage is altered the ions move in the opposite direction. But now the 
initial condition is different (for example, all ions of one sign of charge are assembled in 
the neighbourhood of the same electrode), and this causes a completely different 
current behaviour, i.e. the observation of a maximum in the current, an effect which has 
already been described in other publications [7-131. Such a curve is more complicated 
compared to the linear decay in the first half period. For example, the current 
maximum in this case does not match with the ion transit time. In fact, a more explicit 
model is necessary in order to understand this current behaviour fully, including 
assumptions about the interaction of the ions with alignment layers upon the electrodes 
and about the recombination and generation ofions in the bulk [S-111. At this moment 
however, there is no full agreement on the exact model in the literature. 

2.4. DeJnitions 
We use the first half period of the transient current and the simplifications 

introduced in [13], as shown in figure 3, to determine: 
ttr: The transit time of the ions. Using tlr, the mobility p of the ions can be 

calculated because ttr = d,,/pE = d t c / p K  
Q,: Thc density of charge that is transported during the sweep out of the ions 

present at the start. The surface of the triangle in figure 3 is Q,/2.  
Qs: The density of charge that is transported by the (quasi) steady state current, 

during the transit time tlr. 

Figure 3. Definition of ttr, Q ,  and Q,. 
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Transient leakage in nematic LCDs 875 

In the case of figure 2 we obtain: 

(a)  50°C: tt,=24.4ms, Q , = 2 . 2 ~ C m - ~ ,  Q,=031pCm-2,  

(b) 90°C: t,,=7.5ms, QP=4.9pCm-’, Q,=O+3l pCmP2. 

2.5. Restrictions: noise and space charge 
Unfortunately, there are restrictions to the application of this method. In the two 

following paragraphs, the lower and upper limit for the detectability of the charge 
density Q, are determined. Hereto, the small voltage (less than 1 per cent of V) across 
the thin alignment layers (c. 50nm) is neglected so as to keep the formulae simple. In 
that case, Vequals the voltage across the LC layer. 

(i) As we are at present not able to average the transient curves, noise prevents the 
detection of current levels in the nA region. To describe the limit, formula (1) 
can be used 

Q v  
dLC 

I, = J,S = pp,uES =*S > 10 nA. 

Here Q, is the charge density per m2 pixel area, pp is the charge density per m3, 
and J, and I, are the current density and the current level due to the motion of 
this charge. 

(ii) On the other hand the maximum admissible conduction is also limited. Indeed, 
if the amount of transported charge approaches the ‘space charge limited’ case 
QscL = ~~s, , I / /d~, ,  the local electrical field is disturbed by the present charge 
during the transport. Therefore the simple approximation E = I//dLc through- 
out the LC layer is no longer valid, and the transient current deviates from the 
perfectly linear decreasing function of time. Simulations according to the model 
in [lo] show that in this case the deviations between the ‘measured’ p- and Q- 
values and the actual ones become intolerably large. 

As a summary, we can state that the amount of charge in the LC layer has to be in the 
range given by the relation (2), in order to ensure valid results. In our case, this interval 
is somewhat small, but it can be increased with an improved measurement system, or 
thro!igh the use of a smaller d,, or a higher voltage V 

3. Results 
3.1. lnjuence of voltage on mobility and transported charge 

Neither the experimentally determined mobility of the ions nor the transported 
charge are dependent on the applied voltage (see figure 4, measurements on LC A after 
25h UV, at 70°C). Therefore, we can compare results obtained from the 3 LCs, 
although different voltages were used in the measurements. 

3.2. Mobility 
In figure 5 the mobility of the ions is plotted as a function of temperature, for the 

different experiments. In figure 5 (a)  the results for the three different LCs are compared. 
In the case of the materials with high thresholds (LC A and LC B), measurements were 
only possible at  temperatures above 80°C. 
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Figure 4. Influence of voltage on (a) the mobility of the ion and (b) the transported charge Q, 
(lower figure) for LC A (after 25 h UV) at  70°C. In (b), the measurements are denoted b y  
(a), the SCL limit by (- - - -) and the noise limit by (-.-.-.). 

In figure 5 (b) the results for cells with LC A after different pretreatments are given. 
Here we can give no results for the case of 50 h UV illumination, because the measured 
current starts to deviate from theory: there exists a small bump in the current before the 
linear decrease. This effect was observed with several LCDs after long enough UV 
illumination. The effect obstructs the determination of the transit time, not of the 
amount of transported charge. 

There is no significant difference in the mobility of the ions in the different LCs, and 
there is a!so little influence from the UV illumination and from the heat treatment, as 
shown for LC A in figure 5(b). 

In general it seems that the mobility of the ions follows an Arrhenius equation (3). 
For our data W would be around 0 3  eV. 

p =  A exp f w  -E). ( 3 )  
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Figure 5. Mobility for different temperatures: (a)  LC A, B and C, (b) influence of UV and heat 
treatment on LC A. In (a), LC A denoted by (M), LC B by (0) and LC C by (A) .  In (b), LC 
A is denoted by (m), LC A, 10 h at 120°C by (0) and LC A, 25 h UV illumination by (A). In 
both (a) and (h) ,  the Arrhenius plot is shown as a dotted line. 
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Figure 6. Comparison between the measured mob es and a fit of the bulk viscosities to 

C x l/q (dashed line) for LC A. 
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878 B. Maximus et al. 

It is our feeling that these observations need to be explained with Stokes’ law (4), which 
states that the product of the mobility ofan ion and the viscosity ofthe LC mixture q is a 
constant depending only on the (apparent) particle radius R and the ionic charge q [ 141 

1 
- c-. 4 

P=-- 
6 w R  

(4) 

To be exact, we would have to use the Miesowitcz viscosity coefficient q3,  because the 
motion of the ions is perpendicular to the LC director [IS]. 

Now, in [lS] it is also shown that to a first approximation, all the Miesowitcz 
viscosity coefficients vary as in equation ( S ) ,  with 0.3 eV as a typical value for E.  This 
would explain the value for Win (3). 

This theory can also be checked experimentally: it should be possible to fit a curve of 
C x  ljq to the measured mobilities. Figure 6 shows such an attempt for LC A; the 
dashed line presents Cjq when an (apparent) particle radius R = 20 8, is considered. 
However, we had to use the experimentally more accessible bulk viscosity values qb 
instead of q3,  and this might explain why the fit is still rather poor. 

Stokes’ law also explains the rather small mobility variations of the ions in the 
different LCs, because these mixtures all have a comparable viscosity, and the 
negligible influence of UV illumination and heat treatment, because they do not change 
the viscosity of the LC mixture. But of course, this is only valid if R in formula 4 
remains constant; therefore, in all these cases we expect the ions to have a comparable 
(apparent) radius. 

3.3. Charge 
In our investigations, we found Q, and Q, to be of similar magnitude, Q, being 

slightly smaller than Q, (table 2). Only for the sample of LC A, which was illuminated 
with UV, Q, became significantly larger than Q,. Another observation is that for each 
experiment, Qp/Qs is almost constant for different temperatures or voltages. 

These observations allow us to elaborate on the physical meaning ol’ Q,. As has 
already been mentioned in 4 2.3, Q, represent the charge density that is accumulated at 
the electrodes during the period ttr, but only due to the steady state current, further 
called I,. In 8 2.3 we hade already described some possible explanations for I,. Let us 
now investigate whether these can be reconciled with the measurements of Q, and Q,. 

Both the assumption of a leakage current through the alignment layer and the 
hypothesis of a surface current suggest an increase of I, with a higher temperature 
or voltage, but they do not explain the proportionality of Q, and Q,. 

However, in the case that I ,  is caused by the movement of ions with a very small 
mobility, one might expect a constant ratio Qp/Qs. Indeed, for any kind of ion, the 
influence of both temperature and voltage variations on the mobility and on the 
number of ions is more or less proportional. 

When I, is due to the generation of new ions, the temperature will not have an 
influence on Q,/QS: while the generation process becomes more intense, the 
amount of ions initially present also increases. However, if the yoltage is increased, 
theoretically we should observe a constant [13] or an unproportionally increasing 
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Transient leakage in nematic LCDs 879 

Table 2. Values for Qp/Qs for the different experiments. The reproducibility of the Q,/Q, 
determination is not perfect; deviations up to 10 per cent were observed when the 
measurements were repeated. This explains also also why the two Qp/Qs values for LC A 
after 25 h UV illumination and for T =  70°C and V,  = 5.5 V are not identical. 

Qp/Qs 

LC A LC A 
T/"C LC A LC B LC C (25h UV) (10h 120°C) VJV LC A (25 h UV) 

40 1.1 6.0 1 .o 4.4 
50 1.1 7.1 1.5 4-9 
60 0 9  6.5 2.0 5.4 
I0  1 .o 6.5 1.3 3.0 5.8 
80 1.6 1.6 1.0 6 4  1.4 40  6.0 
90 1.3 1.7 1.0 6.0 1.4 5.0 6.1 
99 1.0 1.5 1.2 6.1 1.6 5.5 6.1 

~ 

VJV 5.5 3.0 1.0 5 5  5-5 T/"C I 0  

I ,  [7], which implies a voltage-dependent Q,,/Qs ratio. But this is no reason to reject 
this explanation, because actually the measured Qp/Qs also show a tendency to 
increase with higher voltage. 

As a summary we can state that 1, mainly consists of the two last processes above. 
In figure 7 the transferred charge Q, is plotted against the measurement 

temperature for the different experiments. We can see that LC C has a higher ionic 
density compared to LCs A and B. However, this is no surprise since the bulk resistivity 
of the mprocessed LC was already lower. The explanation for this lower resistivity, 
earlier reported in [l], [3] and [16], is that LC C has a higher E ,  so it is a more polar 
mixture in which ions are more easily dissolved. Also it is shown that our heat 
treatment and the 25 h UV illumination both make the ionic density rise by a factor 2 
and 10 respectively. 

Further, we can, again, fit an Arrhenius relation (6) to the results of each experiment 

Q, = B exp (- z). 
All measured values for W' are approximately 0.2eV and only LC A after heat 
treatment is an exception (0.28 eV). The obvious explanation is that W' is the activation 
energy for the dissociation of a neutral species that is present into its ionic components. 
At this moment, the temperature range of our experiments is too small to obtain the full 
picture of the effects of temperature. It seems that the UV illumination has almost no 
influence and the heat treatment has only a small influence on the activation energy W', 
but both have a strong influence on the constant B, representing the number of 
dissociable neutral species. 

3.4. Resistivity 
The (AC) resistivity of the LC in the LCD is given by equation (7) (ni is the ionic 

density, ei the charge and pi the mobility of ionic species i, and Qi is the amount of 
charge per m2 electrode (cell) area linked to ion i) 
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Figure 7. Measured transported charge Q,: (a) LC A, B and C, (b) influence of UV and heat 
treatment on LC A. In (u), LC A is denoted by (a), LC B by (O), LC C by (A), the SCL 
limit by and the noise limit by (- - - - - -). In (b), LC A is denoted by (m), LC A, 10 h 
at 120°C, by (U), LC A, 25 h UV illumination, by (A), LC A, 50 h UV illumination, by (0), 
the SCL limit by (-.-.-.-) and the noise limit by (- - - - -). 

If we use only Q ,  and p (extrapolated values if necessary), we obtain 

LC pLc, test cell, PLC, bulk, 

A 3.3012 1 . 1 0 1 3  

B 3.1012 8.1012 
C 3.10'' 2.1011 

60°C/Q cm 60°C/Q cm 

(1) The calculated values are only rough estimations. Actually, they are still too 
high because we only used the ions presented in Q,. If we take this remark into 
account, we can observe that the LC resistivity values from measurements on 
LC test cells are smaller than the values which have been obtained for the same 
LC from the bulk measurements. The decrease of the resistivity is largest in the 
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Trunsient leukage in nematic LCDs 881 

case of LC A and B ( > 4  x ), the mixtures with the highest starting resistivity. 
This decrease could be attributed to the introduction of ionic species into the 
LC from the materials used in the cell construction [17,18]. On the other hand, 
the resistivity of LC C remains practically unchanged. This might be due to the 
already low starting value of only about 10”Qcm, which could have been less 
influenced by the introduction of a possibly constant amount of ionic 
impurities. 

(2) Both the heat and UV treatment lower the high resistivity in the LCDs because 
they increase the number of ions, not their mobility. 

( 3 )  The resistivity in the LCDs in general decreases with temperature as in 
equation (8), with W” around 0.5-0.6eV. In the temperature range 20-100°C 
this roughly means a decrease with a factor of 10 each time the temperature 
rises 40°C (see also [1,3,19]), This factor is higher than for the LC bulk 
resistivities of the unprocessed mixtures (see table 1).  Again, this might be the 
consequence of pollution with new kinds of ions, introduced during the display 
processing. Maybe our decrease of p with temperature is also faster because we 
only used the ions that are presented in Q,. 

d - exp (g). w+ W’ P“ 

4. Conclusions 
Transient leakage current measurements are useful to obtain information about the 

density and the mobility of the ions present in LCs in LCDs. However, the method is 
somehow restricted to a particular narrow interval for the charge. But this difficulty can 
be lessened by using a better measurement system, a thinner LC layer and high 
threshold mixtures. The mobility and the amount of transported charge both depend 
on the temperature, following an Arrhenius relation, with an activation energy of 0.3 eV 
and 0 .2428 eV respectively. Obviously the mobility of the ions is mainly determined 
by the viscosity of the LC. The resistivity of the LC is dependent on the product of the 
mobility and the charge present, and decreases roughly with a factor of 10 each time the 
temperature rises 40°C. 

UV illumination or heat treatment of the LCDs has very little effect on mobility of 
the ions, but a large effect on the ionic density. 

We wish to thank the Belgian National Fund for Scientific Research (NFWO) and 
the Institute for Scientific Research in Industry and Agriculture (IWONL) for their 
financial support in this research. 
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