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Charge transport mechanisms and the complex impedance of liquid crystal displays are shown to have
a strong effect on the electro-optical performance of passive and active matrix addressed twisted nematic
and supertwisted nematic LCDs. The static and dynamic dependence of the LCD-performance on liquid
crystal material parameters, especially on resistivity, LCD cell gap, surface aligning layers and electrode
conductivity are shown. From the proposed model follow the conditions to achieve frequency inde-
pendent LCD-operation.

1. INTRODUCTION

When optimizing the performance of high information content, passive and active
matrix addressed twisted nematic (TN) and supertwisted nematic (STN) liquid
crystal displays (LCDs) with respect to multiplexibility, grey scale, contrast and
cross-talk, the dynamics of the transport properties of charge carriers in the liquid
crystal (LC) layer were so far hardly taken into account. Except for thin film
transistor (TFT) addressed TN-LCDs, where a crucial prerequisite for high charge
retention are highly resistive LC-materials, LC-resistivity is usually not an issue in
the design of LCDs. However, negligence of this important and complex LC-
material parameter may lead to a far from optimal electro-optical performance of
high information content STN- and TFT-TN-LCDs.

The frequency dependent impedance Z,(w) of each LCD picture element (pixel)
is not only determined by the complex impedance Z, - of the liquid crystal layer,!
but also by the cell geometry and by the passive materials used on the LCD-
substrates. This has been partly presented at SID 92.? As a consequence of Z,(»),
the externally applied voltage need not be identical with the actual, frequency
dependent voltage V| across the LC-layer which determines the director defor-
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mation and thus the electro-optical appearance of the LCD. Moreover, not only
field-induced, but also current-induced nematic director deformations may occur
in the LC-layer, thus further complicating matters.

Thanks to modern, active matrix addressable LC-materials which exhibit orders
of magnitude smaller residual ionic impurities than conventional nematic LCs it
has become possible to investigate the charge carrier transport in LC-layers and
its influence on the electro-optical performance of LCDs over many orders of
magnitude by selectively doping highly resistive LCs with ionic impurities. In the
following we present a model which correlates the dynamics of charge carrier
transport in LC-layers with the frequency- and time dependence of the optical
threshold voltage, cross-talk and charge retention of TN-, TFT-TN- and STN-
LCDs. An equivalent circuit which is consistent with the model in the nematic and
in the isotropic phase of liquid crystals is presented. A single charge carrier transport
mechanism is shown to be sufficient to describe the frequency—and the time
dependence of the electro-optical performance of LCDs on conductivity and display
parameters.

2. EXPERIMENTAL

The bulk resistivity p;c and the dielectric constants &, and g of the liquid crystals
were determined from the complex impedance of a parallel plate capacitor com-
prising the magnetic field-aligned LC as a dielectric.! Because of likely ionic con-
tamination of the LC-layer in the display via the LCD substrates, the effective L.C-
resistivity p cp = pLc was determined in situ in the display.

In current-transient experiments bipolar voltages with amplitudes between 0.2
. .. 10 volts were used to drive the LCDs; the corresponding currents were de-
termined with a Keithley picoammeter, model 610C. From the open circuit time
dependence of the voltage decay across the LCD upon application of a single, 64
ps voltage pulse, the holding ratio HR? of the LCD picture element (pixel) was
determined. Depending on the experiment, up to two hundred milliseconds were
chosen as a time frame. To correlate in the experiments the actual voltage across
a pixel with the applied voltage the optical transmission of the LCD was monitored
simultaneously.

The experiments were performed in commercially available test LCDs (Optrex,
0.5 x 0.5 cm? pixel area) as well as in LCDs made in our laboratories. In the latter
the electrode gap d and the thickness 3 of the aligning layers were varied (8 pum =
d =120 pm, 0 =8 = 1.7 pm). As aligning coatings, the polyimide CRC-6070X-1
from Sumitomo Chemicals was used.

In those experiments which require L.Cs with standard resistivities, mixture 3825
containing cyano compounds was used. The high resistivity experiments were per-
formed with the TFT mixture 7380 whose polar components consist entirely of
halogenated compounds; both are from F. Hoffmann-La Roche. The relevant
physical properties of mixtures 3825 and 7380 are listed in Table I. Tetrabutylam-
moniumiodine (TBAI) served as an ionic dopant to adjust the specific resistivity
of the LCs to the desired values.! Thus, it was possible to cover the broad range
of specific LC-resistivity 10 Qm = p, ¢ < 102 Om.
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TABLE I

Dielectric constants (g, €,, Ae), bulk viscosity (), melting
temperature (7,,) and clearing temperature (T,) of mixtures
3825 and 7380.

En € Ae | nlcP] | Tm(°C) | Tcl°C]

3825 | 1581 | 526 | 10.55 | 32.0 <-30 65.0
7380 855 | 373 | 482 16.5 <-30 78.8
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FIGURE 1 Normalized TN-LCD-currents in regimes A and B recorded at 22°C using mixtures 3825
(regime A) and 7380 (regime B). The respective driving voltages are 0.2 volts and 1.8 volts which are
both below the mechanical thresholds of the mixtures.

3. EXISTENCE OF TWO DIFFERENT p, .V-REGIMES A AND B

In our LCD experiments we found that distinctly different LCD current transients
result when increasing either the specific LC-resistivity and/or the amplitude of the
LCD driving voltage above a certain value of the product p, V. Figure 1 shows
the different response of the normalized TN-LCD current I versus time upon
polarity reversal of an applied voltage V, in the two regimes A [p (22°C)-V <
10° OmV] and B [p (22°C)-V > 10° mV]. To avoid effects due to voltage-
induced director deformations the driving voltages used in Figure 1 are below the
mechanical thresholds of the LCs. In regime A a single exponential decay occurs
whereas in regime B I(t) exhibits a more complex behaviour (Figure 1) which
others noted too.*-% Since it is the product p_ -V which affects the time dependence
(1), it follows from Figure 1 that great care has to be taken when determining
pLcp from I(t)-measurements; especially when investigating highly resistive LC-
layers with large driving voltages. To avoid ambiguities when determining p;cp
and to remain in regime A, even when using highly resistive LCs, we therefore
used small voltages V, = 0.2 V such that no current peak occurred. In this case
and provided perfectly clean LCDs are used p,p is identical with p, ~; where p, ¢
follows from independent bulk resistivity measurements.

Like the time dependence of the LCD-current in Figure 1 also the decay of the
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FIGURE 2 Time dependence of the voltage decay across a TFT-TN-LCD pixel in regime A and B
upon disconnecting the voltage source V,,. Mixtures 3825 (in regime A) and 7380 (in regime B) were
used for the measurements. Specific resistivities and measuring conditions: Regime A: p(22°C) = 1.5
X 108 Qm, V, = 0.2V, T = 22°C; Regime B: p(22°C) = 1.6 x 10" Qm, p(90°C) = 7 x 10® Qm,
Vo = 10V, T = 90°C. Different measuring temperatures were selected in the two regimes to allow
the depiction of both measurements within the same time scale. The typical biexponential behaviour
in regime B also holds at room temperature.

voltage V() across an actively addressed TN-LCD, which is simulated by elec-
tronically disconnecting the TN-LCD from the driving voltage V,, differs in the
two regimes A and B. This is shown in Figure 2. From Figure 2 it follows that the
ratio V(¢)/V, obeys a single exponential decay in regime A. However, in regime
B V(t)/V,is governed by a biexponential decay (Figure 2). Deviations from a single
exponential decay are also reported in Reference 7. The ratio V(t = 20 ms)/V,, is
a measure for the performance of an active matrix addressed LCD and for the TFT
compatibility of the LC-material with respect to charge retention. V(¢ = 20 ms)/
Vo = 1if no voltage decay occurs during the frame time ¢ = 20 ms.? Below we
will show that the current- and voltage transient behaviour in regime B, which
differs from that in regime A, is due to the formation of space charge which leads
to inhomogeneous charge distribution within the LC-layer and to non-Ohmic re-
sistivities pc.

4. REGIME A: p_cV < 10° O@mV

4.1. LCD-Equivalent Circuit in Regime A

In this paragraph it is shown that the complex impedance of TN- and STN-LCDs
can be described in regime A by the linear equivalent circuit depicted in Figure 3.
The LC-layer as well as the two polyimide aligning layers on the ITO electrodes
are each represented by parallel RC-circuits. All circuit elements are assumed to
be linear in regime A. Then, the single exponential current decay upon polarity
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FIGURE 3 a) Schematic of a TN-cell; b) equivalent circuit of a TN-LCD.

reversal of the applied voltage V, in Figure 3 is governed by the time constant 7
in Equation (1):
s |, EiC
—_— + )
2% d 1
1 1

+
2p,0  prcd

I(t) = 1. + Iyexp(—tit), T =g

I, = I(t = ©) = Vo/(Rc + 2R, + Ryro),

where €,, €,.¢, P.» PLc are the dielectric constants and the specific resistivities of
aligning- and LC-layer respectively; ¢, is the permittivity of vacuum.

To confirm the assumed linear equivalent circuit in regime A (Figure 3) the
relevant LC- and LCD-parameters p,, d and & were varied over wide ranges.
Figures 4a—c show the experimental results and the calculated graphs. The graphs
follow from Equation (1) and from p; - << p, which holds in regime A. The results
of Figures 4 confirm the dependences of the time constant v on LC-resistivity p; ¢
(Figure 4a), cell gap d (Figure 4b) and aligning layer thickness 8 (Figure 4c) which
follow from Equation (1). Apart from the influence of p; - on 7 (Figure 4) it is
interesting to note the strong influence of the LCD parameters d and 8 on 7 in
Figure 4. Especially the strong decay of = with increasing aligning layer thickness
3 is noteworthy (Figure 4c).

LCDs with different aligning layer thicknesses 8 < 50 nm have been prepared.
Unfortunately, the accuracy with which 8 was determined (with an interference
microscope) decreases with decreasing layer thickness. However, qualitatively re-
lation (1) also holds for & < 50 nm.

From Equation (1) follows for the voltage V. across the LC-layer for t —  in
regime A:

Ric

el =) = Vo Ric + 2R, + Ru @

Because usually R, - << R, holds, V| - (t & =) in Equation (2) becomes small,
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FIGURE 4 Dependence of the time constant 7 on p, ¢, d and 8. V,, = 0.2 V; LC-mixture TN-3825
from F. Hoffmann-La Roche, doped with TBAI for adjustment of p;c. a) d = 8 um; 8 = 0.15 pm;
b) pc = 1.4 x 106 Qm;c)d = 10 pm, pc = 2.5 X 10° Om.

thus causing the nematic director to relax. This leads to a decrease of the LCD
transmission with time.

Like Equation (1) also Equation (2) follows from the assumption that the equiv-
alent LCD-circuit in Figure 3 is linear in regime A. That is, all resistivities in
Equations (1 and 2) are Ohmic. However, linearity holds only as long as the charge
carrier density (« 1/p, ) in the LC-layer is essentially constant. If, for instance at
high voltages, a depletion of charge carriers (x V) in the bulk of the LC-layer
occurs, which will be shown in §5 to happen in regime B, the charge distribution
in the LCD becomes inhomogeneous. This leads to a build-up of space charge at
the LCD electrodes rendering the linear equivalent circuit in Figure 3 and Equations
(1) and (2) invalid.

4.2. Frequency Dependence of the Optical LCD-Threshold Voitage in Regime A

From the complex LCD impedance of the linear equivalent circuit in Figure 3,
which was shown in §4.1 to be valid in regime A, follows that the actual rms voltage
VLc across the LC-layer must depend on frequency:

_ \/ Ricab’V3 3)
" VI[2R.a + R cb + Ryab)? + w)2R2C,a + R3.C b’

Vic(f)

where

a=1+ ((IJRLCch)z; b =1+ ((.OR,,C,,)Z; w = 21Tf.
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As a consequence also the voltage-induced deformation of the nematic director
in the LCD and therefore its electro-optical signal must depend on frequency and
on the circuit parameters depicted in Figure 3.

Apart from the voltage-induced director deformation which governs the electro-
optical performance of field-effect LCDs Gruler and Cheung showed that the LC-
conductivity ¢ may also contribute to the director deformation and thus affect the
electro-optics. For the voltage V| o(d) required to induce a director deformation
¢, in the center of a conducting, parallel aligned LC-layer they derived®:

Vic(d) = (1 + b7 (ksstkyy + ¢)/4) Vi, 4)
where
2
o, — 0, N (2_) g — €,
g, g € g,
c= 1 + (o)) ; Wy = coc. and w = 2=uf.

k,; and k;; are the splay and bend elastic constants, Ae = (g, — €,) is the static
dielectric anisotropy and V, the threshold voltage for mechanical deformation of
the LC-layer. For highly resistive LCs where ¢ = 0, Equation (4) reduces to the
purely field-induced case for which the current-induced frequency dependence
disappears.

Because the frequency dependent coefficient ¢ in Equation (4) does not depend
on elastic properties, the dependency V, (¢) of a parallel LCD on frequency should
be the same as V| (¢) of a TN-LCD. However, since the elastic constants affect
the maximal change of V, ~(¢) with frequency the dynamic range of V, (¢) of a
TN-LCD is only partly described by Equation (4). Despite this restriction it is
interesting to estimate the combined influence of conductivity-induced and equiv-

1.9

1.8
1.7 +

1.6

1.5 —

Calcuiated TN—LCD Threshold V,, [V]

PO BRI RS U TT) VR W eTTT

1.4 L d
102 10  10* 10

10° 10

Frequency f [Hz]

FIGURE 5 Calculated frequency dependence V,q(f) of the optical TN-LCD threshold voltage. LC-
material parameters of mixture 3825: pic = 5 X 107 dm, £,(LC) = 5.3, Ae(LC) = 10.5, ¢, = 3,
ajo, = 1.3, kyy/ky,, = 1.5, ¢,, = 30°, Vth = 1.32. LCD-parameters: p, = 10" Om, R,, = SkQ. d
=8wum,8 = 0.1 pm.
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FIGURE 6 Frequency dependence of the optical TN-LCD threshold voltage V,, at room temperature;
mixture: 3825; p,c = 5 X 10 Qm; 8 = 0.15 pm, d = 8 pm; square wave drive.

alent circuit-induced frequency dependence on the optical TN-LCD threshold volt-
age. If one inserts for the angle of director deformation the angle &,, that corre-
sponds with 10% TN-LCD transmission, the voltage V, which has to be applied
to the LCD follows from the equality of Equations (3) and (4). In this case V, is
identical with the optical TN-LCD threshold voltage V,y(f). Figure 5 shows the
calculated frequency dependence Vo(f) for a TN-LCD. A similar dependence
holds for STN-LCDs. The calculation is based on the LC- and display parameters
depicted in the caption of Figure 5. The calculated frequency dependence of V,,
depicted in Figure 5 which follows from the equivalent circuit of Figure 3 and from
Equation (3) is experimentally confirmed in the following.

Figure 6 shows the measured frequency dependence V,y(f) of a TN-LCD com-
prising mixture 3825 (p.c = 5 x 107 Qm). Specific resistivities of modern LC-
mixtures for TN- and STN-LCDs usually exceed 10° dm. However, mixtures with
low threshold voltages which contain highly polar cyano compounds are very sen-
sitive to ion contamination during the LCD filling process. In these cases, values
of prcp < 108 Qm are often realistic. In Figure 6 the following four frequency
ranges are distinguished: F1(f = 20 Hz), F2 (20 Hz < f =< 500 Hz), F3 (500 Hz <
f =5 kHz) and F4(f > 5 kHz).

Frequency range FI: The dependence of V4(f) of the TN-threshold voltage at
low frequencies is determined by the LC-resistivity p; ¢, the LCD spacing d and
the thickness & of the aligning layer (Figure 3). Qualitatively V,, (F1) agrees with
the equivalent circuit of Figure 3 and equation (3). The latter predicts a decrease
of Vi c(f) with decreasing frequency in range F1. Therefore, the external LCD
driving voltage V has to increase with decreasing frequency to maintain a constant
(10%) transmission of the LCD (Figures 5 and 6). Since it is the time constant 7
in Equation (1) which governs the onset of the increase of V,4(f) in range F1, the
frequency range F1 shifts towards lower frequencies for increasing p; - and/or for
decreasing 8. That is, the border frequency f; , decreases (Figure 6).

Frequency range F2: The border frequency f, ; at which the decrease of V4(f)
starts in Figure 6 (Figure 5) shifts towards lower values with increasing LC-resistivity
prc. The decrease is neither affected by the LCD gap d nor by the thickness & of
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the aligning layers. The decrease cannot be explained by the frequency dependency
of the equivalent circuit postulated in Figure 3 unless one assumes current-induced
director deformations to occur in the LC-layer at f, , (Equation 4). Indeed, the
decrease of Vo(f) at f,; corresponds well with the current-induced deformation
mechanism discussed above: The decrease depends on magnitude and anisotropy
of the LC-resistivity p_ and on the dielectric constant(s) €, . In agreement with
Equation (4) decreasing Ap, ¢ and/or increasing Ag; - cause V), to decrease.

Frequency range F3: Within range F3 the threshold voltage V,, is, as required
for proper LCD-operation, frequency independent (Figure 6). Again, this exper-
imental result qualitatively agrees with the calculated dependence depicted in Fig-
ure 5. The frequency independence follows from the equivalent circuit of Figure
3 and from Equation (3) from which the effective voltage V| ¢ across the LC-layer
in F3 becomes:

C, _ e, d
TG, + 2C ¢ Yo = £,d + 2€.c0 Yo

Vic )

From Equation (5) follows V- = V, for e,d >> 2 ¢, 8. Thus, in F3 V,, depends
only on the elastic, dielectric and optical LC-material parameters.® For highly
resistive LC-materials (p c > 10'° Qm) the frequency independent range F3 extends
below 10 Hz, thus broadening the range within which an LCD can be operated
without cross-talk.

In this context it should be noted that TN-LCDs with very low threshold voltages
(V1o = 1 volt) comprise LCs with large dielectric anisotropies Ae. Therefore, and
because an appreciable field-induced parallel director alignment exists already at
Vyo in a TN-LCD,® the above condition €,d >> 2¢; 8 ~ 2¢,8 may no longer hold.
Thus, for large Ae’s a rather strong influence of the aligning layer thickness & on
the optical threshold V, results which causes the V,-plateau in range F3 of Figures
5 and 6 to increase with increasing 8 (Equation 5).

Frequency range F4: From Figure 3 and Equation (3) follows an increasing voltage
decay across the ITO-series resistance Ry1o With increasing frequency in range F4.
This leads to an increase of the LCD threshold voltage V', with increasing frequency
(to maintain a constant optical transmission of 10%). The experiments in Figure
6 confirm the calculated frequency dependence V,y(f) depicted in Figure 5. Re-
ducing Ry shifts the border frequency f; 4, upwards, thus extending the frequency
independent, cross-talk free LCD-operating range F3 towards higher frequencies.

Apart from the LCD technology-dependent increase of V4 in range F4, dielectric
dispersion in the LC-material may also contribute to the increase of V,, at high
frequencies in range F4.! However, since modern LC-materials which are designed
for high information content LCDs do not comprise molecules with strong rotational
hindrance around their short axes, dielectric dispersion does not occur below 100
kHz in the LCs used here.

5. REGIME B: p.cV > 10° OmV

In regime B where p, cV > 10° OmV holds, the LCD current transient response
is distinctly different from that in regime A (§3). The different response indicates



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:42 18 February 2013

238 H. SEIBERLE AND M. SCHADT

that the linearity of the LCD equivalent circuit in Figure 3 is no longer valid in
regime B. In the following the causes for the nonlinearities of the circuit elements
in regime B are discussed and it is shown how they affect the performance of LCDs
comprising highly resistive L.C-materials, that is, active matrix addressed LCDs.
To exclude ambiguities due to field-induced director reorientation, most of the
following experiments were performed in the isotropic phase of LC-mixture 7380.

The undoped TFT-TN-mixture 7380 exhibits a specific resistivity p, - = 102 Om
at room temperature. Because of this large resistivity the transient current exper-
iments are very difficult to perform. Therefore, all of the following experiments
were made with a slightly more conductive version of 7380 (p_ - = 1.6 X 10'° Qm).

5.1. Holding Ratios and LCD Driving Conditions

Figure 7 shows the time dependence of the normalized voltage decay V(t)/V, across
the TN-LCD upon application of a short (64 us) pulse of amplitude V,, via a high

1.0
o
< |
= 0.5
3
0.0 A T T S

Time [ms]

FIGURE 7 Normalized voltage V(¢)/V, across a LCD-Pixel upon disconnecting different driving
voltages V,,; measurements made at T' = 90°C > T, = 79°C.
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Ll 98 |
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pclOm]

FIGURE 8 Calculated dependence of the LCD holding ratio HR (Equation 6) on LC-resistivity p .
A single exponential decay V(¢) is assumed in the calculation; i.e. the equivalent circuit of Figure 3 is
assumed to hold.
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impedance FET to the LCD.? After each frame time (¢t = 50 ms) the sign of V, is
reversed. V(¢)/V, scales with the voltage holding ratio HR of the LCD pixel.? From
Figure 7 follows that for different amplitudes of V, quite different decays result.
The decay time constant at low voltages (V, = 0.2 volts) in Figure 7 is the same
as the time constant R -C; ¢ in Figure 3. Thus, the specific LC-resistivity p,  which
follows from the voltage decay V(t)/V, at low driving voltages is identical with the
specific resistivity p, cp = p;c. However, contrary to the small signal response, the
decay of V(z)/V, at large driving voltages V, becomes biexponential (Figure 7).
This shows that great care has to be taken when determining specific LC-resistivities
pLc from voltage holding ratio experiments.

From Figure 7 and from the definition of the holding ratio HR by Equation (6)°
follows that HR which characterizes the charge retention of an active matrix ad-
dressed L.CD-pixel depends on LCD driving voltage.

T 172
HR = &‘7;)@.100 - vi (lrf RE0) dt) 100 [%), T=20ms (6)
0 0 =

Thus, the much larger holding ratio which result for voltages V,, >> 0.2 volts in
Figure 7 cannot be explained by the conventional RC-time constant of the LC-
layer.

In the holding ratio context and under the assumption that the linear equivalent
circuit of Figure 3 is applicable it is interesting to note the dependence of HR on
prc which follows from Equation (6). For two different liquid crystals with the
respective dielectric constants ¢ = 4 and € = 6, Figure 8 shows the calculated
dependence HR (p ). From the strongly nonlinear dependence in Figure 8 it
follows that the maximum holding ratio HR = 100% = constant is achieved for
prc = 10" Qm. Increasing p, ¢ further does no longer affect HR.

Because the linearity of the LCD equivalent circuit in Figure 3 does not hold in
regime B, the question arises whether the decay voltage V(¢) in holding ratio
experiments is identical with the voltage across the LC-layer. This was investigated
by determining in a first experiment the optical TN-LCD transmission simulta-
neously with the voltage decay V(¢). V(¢) was then transferred to a programmable
function generator which served in a second experiment as the voltage source to
(continuously) drive the LCD. The upper part of Figure 9 shows the time response
of the TN-LCD transmission in the two experiments (graphs a and b). The bottom
shows the corresponding time response V(r) of holding ratio experiment 1. V(r)
at the bottom of Figure 9 is identical with the synthesized LCD-driving voltage
applied to the LCD in experiment 2. From the virtually identical time responses
of the transmissions in Figure 8 (graphs a and b) follows that the decay voltage
V(t) determined in holding ratio experiments is indeed the effective voltage across
the LC layer in the LCD.

5.2. Charge Carrier Transport Mechanism in Regime B

To identify the cause which leads to the biexponential voltage decay in LCD holding
ratio experiments where large driving voltages and/or large LC-resistivities are
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FIGURE 9 Upper part: time response of the TN-LCD transmission in a holding ratio experiment
(graph a) and upon directly addressing the LCD with the voltage V(1) (graph b). Lower part: time
dependence of the LCD voltage V(¢) which follows from the holding ratio experiment and which
corresponds with the above graph a. The synthesized voltage used to continuously drive the LCD and
which leads to the above graph b has the same shape as V(t). (V, = 3 volts, frame time t = 50 ms, T
= 70°C, d = 8.3 um, mixture 7380).

involved (i.e. in regime B) the above LCD-voltage decay measurements (Figure
7) were performed with different amplitudes V,,. The results depicted in Figure 10
show the transition from the single exponential voltage decay V(¢) at low driving
voltages to the biexponential decay at higher voltages. Figure 10 also shows that
the amplitude of the initial fast voltage decay in the biexponential regime is constant
for V, = 4 volts while its time constant 7, decreases with increasing V. The
experiments in Figure 10 were made in the isotropic phase of the LC-material.
However, the same results are obtained in the nematic state. This proves that
effects due to field-induced director realignment are of second order in this context.
The constant amplitude AV, of the initial fast decay V(¢) for V|, = 4 volts indicates
that Q, = CAV, is the total charge of the high mobility ions in the LC-layer; where
C is the pixel capacitance. Since the measurements are made in the isotropic phase,
C = constant.

To actually determine the charge O, which gives rise to the initial fast voltage
decay 7, in Figure 10 and to check its dependence on driving voltage V,, the LCD-
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FIGURE 10 Biexponential LCD-voltage decay upon disconnecting (different) driving voltages V,, at
t=0;T=9C>T.
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FIGURE 11 LCD current transients for different V,;; T= 90°C > T..
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FIGURE 12 Q, = [ [ dt calculated from the measurements in Figure 11.
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FIGURE 13 Voltage decay time constant 1, and current response time constant 7, versus LCD-driving
voltage V,,. 1, follows from Figure 10 and 7, from Figure 11 and Equation (7); T = 90°C > T,; mixture
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FIGURE 14 Upper part: Time dependent build-up of space charge in the LCD in regime B due to
high mobility residual ions. The low mobility (positive) counter ions are assumed to be stationary within
the time frame (lower part) of the LCD-driving scheme.

current transients versus V, were recorded. The results are depicted in Figure 11.
Although a strong dependence of the position of the current peak on applied voltage
follows from Figure 10, the integrated peak current Q; = [ Ip., dtis nearly constant
for 0.2 < V, = 10 V. This is shown in Figure 12. Moreover, O, does hardly depend
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on temperature between 20°C and 120°C. The voltage AV, which follows from AV,
= @,/C in Figure 12 agrees quite well with the constant amplitude of the fast
voltage decay of Figure 10. Moreover, the time 1, which follows from the current
response of Figure 11 and from

Q) = [ lyew dt = (1 = 10)Q, ™

is identical with the fast voltage decay time constant 1, (Figure 10); where V(r,)
= (1 — 1/e)AV, holds. The identical time constants 7, and 7, which follow from
Figures 10 and 11 are depicted in Figure 13. We therefore conclude that the fast
initial voltage decay in Figure 10 and the current transients in Figure 11 are caused
by the same transport mechanism. That is, by rather mobil residual ions whose
low concentration in the LC-layer gets inhomogeneously distributed across the
layer upon application of V,,. Because of their high mobility (current transients)
the inhomogeneities occur within milliseconds. This leads to space charge effects
and to nonlinearities in the LCD-equivalent circuit of Figure 3. From LCD current-
transient measurements made at room temperature the mobility of the fast ions p
= 6 X 107% cm?/Vs was determined. This value agrees well with p = 4.7 x 10-6
cm?/Vs of the ion mobilities in LCs reported earlier under different experimental
conditions. "

Because of space charge effects in regime B the charge carriers are mainly located
at the boundary layers of the LCD. This is schematically shown in Figure 14. Upon
polarity reversal of the applied voltage the fast ions move towards the opposite
electrode which leads to the increase of the initial current in Figure 11. As soon
as the ion front arrives at the respective aligning layer the current decreases again.

The cause for the slow voltage decay 7, in Figure 10 is not yet understood.
Because of the extremely small associated LCD-current it is difficult to correlate
charge-transport phenomena with 7,. However, one possible cause is the slow
transport of bulky counter ions in the LC-layer.

From the above it follows that amplitude and shape of the current peak as well
as the fast voltage decay in charge retention experiments are strongly affected by
the amount and by the species of residual ionic impurities in the LC-material. While
the amount of field-displaced carriers is negligible in regime A compared with the
total number of free carriers, the same field-induced separation of ions leads to a
nonuniform charge distribution in the LC-layer in regime B. As a consequence,
the specific resistivity p; - becomes time dependent in regime B.

6. CONCLUSIONS

Correlations are shown between display- and LC-material parameters and the
performance of passively and actively matrix addressed TN-LCDs. The time- and
frequency dependence of the electro-optical performance of LCDs on LC-resistiv-
ity, dielectric constants, LCD cell gap, electrode resistivity and aligning layer thick-
ness are modelled by means of an electrical equivalent circuit. Apartfrom field-induced
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director deformations, LC-conductivity-induced deformations are taken into ac-
count. From the model follows the time- and frequency dependency of the electro-
optical performance of TN-LCDs as well as their current- and voltage transient
response. The circuit elements are shown to be linear in regime A, where p cV <
10° dmV holds; whereas nonlinear space charge effects strongly influence the LCD-
performance in regime B (p cV > 10° QmV).

The frequency dependence of the optical threshold voltage of TN- and STN-
LCDs between dc and 100 kHz follows from the proposed model. By properly
selecting LC- and -LCD parameters the frequency independent operating range of
LCDs can be extended. This simultaneously extends the cross-talk free frequency
range of LCD operation.

The holding ratio of TFT-TN-LCDs is shown to be strongly influenced by the
amplitude of the first of two exponential voltage decay functions which occur in
regime B. The fast voltage decay is shown to be correlated with the current peak
which is due to the space-charge limited conductivity conditions in regime B. A
nonuniform charge distribution in the LCD caused by the field-induced separation
of the limited number of charge carriers in the LC-layer is the reason for both, the
fast initial voltage decay and the current peak. The mobilities which follow from
the current transients in regime B for the (small) high mobility ions are in good
agreement with the ion mobilities determined previously. The cause for the slow
voltage decay in regime B is not yet understood. It may be due to low mobility
(bulky) counter ions.
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