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TRANSIENT ION TRANSPORT IN NEMATIC LIQUID CRYSTALS 
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1-1 Gakuen-cho, Sakai, Osaka 593, Japan 
AKIHIKO SUGIMURA 
Department of Information Systems Engineering, Osaka Sangyo University, 
3-1-1 Nakagaito, Daito, Osaka 574, Japan 

Abstract Transient photocurrent experiments in amorphous selenium and ne- 
matic liquid crystal double layers have been carried out to  investigate the 
transient ion transport process in 4-cyano-4'-alkyl-biphenyl. It is found that 
the mobile charge carriers in the liquid crystal are positive ions with the drift 
mobility of 3.5 x 10-6crn2/Vs at 30311' and have the ionic radius of 0.32nm. 
The numerical analysis is also carried out to gain insight into the injection 
process of photogenerated charge carriers from the amorphous selenium layer 
into the nematic liquid crystal layer. 

§l. INTRODUCTION 

Recently, considerable attention has been directed toward the charge carrier trans- 

port process in nematic liquid crystals (NLCs).'-') This arises from the fact that  

the charge carrier transport process plays an important role in NLC displays. 

Knowledge of the drift mobility of the charge carrier is of fundamental importance 

for proper understanding of the charge carrier transport process. The drift mobil- 

ity in NLCs has been obtained from transient currents induced by single or bipolar 

voltage application to  NLCs so With these methods, however, we cannot dis- 

tinguish positive from negative charge carriers which drift through the NLC layer, 

and cannot determine the drift mobility accurately because it is impossible to check 

whether or not the transient current is the space-charge limited current ( SCLC).8) 

Time-of-flight (TOF) experiments have been often employed for the study of 

transient charge transport in a vast class of photoconductive materiak8) The T O F  
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experiment is most easily performed by injecting a thin unipolar carrier sheet at  one 

end of a cell and measuring the transit time it takes for the sheet to drift across 

the cell under the influence of a dc bias field. Accordingly, by choosing the polarity 

of the driving field, positive and negative charge carrier transport processes can be 

studied separately, and an accurate drift mobility can be determined under either 

small-signal or SCLC conditions.') 

To inject a thin unipolar sheet at  one end of the cell, the strongly absorbed light 

is generally used. However, even ultraviolet light is not strongly absorbed in NLCs 

such as 4-cyano-4'-alkyl-biphenyl (5CB) which is used in our experiment. Hence, 

amorphous selenium (a-Se) is used as a photocarrier generation layer in this work, 

where a-Se is an ambipolar photoconductor; electron and hole mobilities are 0.01 and 

0.16cm2/Vs at 3001t', respectively.') Such a charge carrier generation layer (CGL) 

/ charge carrier transport layer (CTL) structure is often used to study the charge 

carrier transport process in organic materials.") The photogenerated carriers in the 

a-Se layer are injected into the NLC layer and then drift toward the back electrode. 

From the transient photocurrents in the a-Se/NLC double layer, we can obtain in- 

formation concerning the charge carrier transport process in NLCs. 

$2. THEORY 

2.1. The Injection Process 

Injection processes of electronic carriers from a photoconductor to an insulating liq- 

uid have been described by Hartmann and Schmidlin.") Figure 1 shows possible 

injection processes; (a) thermionic transfer, (b) thermally assisted tunneling, (c) 

trapping in an interfacial state followed by ion desorption. We will show later that  

the mobile charge carrier in the NLC layer is a positive ion, and thereby we focus 

on injection process (c) in Fig. 1. 

A rate equation for the total number of free holes in the a-Se layer, denoted by 

hi, is 
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where g ( t )  is the photogeneration rate and w1 is the capture rate by a neutral 

molecule adsorbed at  the a-Se/NLC interface. The photogeneration rate is written 

as 

where Nph is the tota.1 number of photogenerated charge carriers and b( t )  is a delta 

function. The deep trapping or recombination of photogenerated carriers in the 

a-Se layer is neglected. After the capture of free holes, the neutral molecules are 

converted to the positive ions at  the interface. A rate equation for the density of 

the ions, Nl ,  at the a-Se/NLC interface is 

where r d  is the rate that the created ions desorb into the NLC layer. In this case, 

the ion flux leaving the interface, f i n j ,  is 

From Eqs. (1)-(4), we obtain 

Figure 1. Schematic illustration of injection processes of charge carriers from 
a-Se to NLC. 
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2.2. The Transport Process 

In the absence of diffusion, the transport of ions in the NLC layer is described by 

the following equations: 

a - -  t ,  - - - - [ p p ( x ,  t )E(x , t ) ] ,  
at ax 

where J ( t )  is the total current, p is the carrier mobility, p(x, t )  is the density of ions, 

E ( z , t )  is the electric field, and 6 is the permittivity of the NLC layer. Equations 

(6)-(8) are the equation for total current, the continuity equation, and the Poisson 

equation, respectively. The transient current is calculated from 

where L is the thickness of the NLC layer. Equations (7) and (8) are numeri- 

cally solved for p(z , t )  and E ( x , t )  under the initial conditions, p(z ,O)  = 0 and 

E(x,O) = V / L  and the boundary conditon, Eq. (5). 

63. EXPERIMENT 

NLC used was 4-cyano-4'-5-alkyl-bipheneyl (5CB), which has a positive dielectric 

anisotropy A6 N 10. The layer thickness of 5CB was 7.0pm. a-Se was chosen 

as CGL because of its high photosensitivity. The a-Se layer was prepared by vac- 

uum evaporation and was 0.2pm in thickness. The transient photocurrents of the 

a-Se/5CB cells were measured with the standard time-of-flight technique.') An ex- 

ternal voltage was applied to the cell, and then the a-Se layer was illuminated using 

a xenon flash lamp with pulse duration of lps and an appropriate optical filter. The 

light pulse was strongly absorbed and generated electron and hole pairs in the a-Se 

layer. Dependent on the polarity of the applied voltages, positive or negative charge 

carrier transport processes can be studied separately. 
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z K 

$4. RESULTS AND DISCUSSION 

4.1. Determination of Drift Mobilitv 

Figure 2 shows typical transient photocurrents of 5CB at 30311, (a) a positive volt- 

age of +1OV is applied to the a-Se layer with respect to the NLC layer, and (b)  a 

negative voltage of -lOV is applied to the a-Se layer. The initial spike is due to the 

transit of the photogenerated carriers in the a-Se layer. A current peak a t  about 

12ms is observed only when the positive voltage is applied. The current peak is due 

to the transit of the charge carrier in the NLC layer. When the positive (negative) 

voltage is applied to the a-Se layer, photogenerated holes (electrons) in the a-Se 

layer are injected into the NLC layer. Therefore, it is evident from Fig. 2 that the 

drift mobility of the negative charge carrier in the NLC layer is much smaller than 

that of the positive charge carrier. 

100, - I I 

303K i 
I- z w 
U 
U 
3 
0 ;I/ 0 

I I 
0 50 100 

TIME (ms) 

Figure 2. Typical transient photocurrents of an a-Se/5CB cell a t  30311. (a) 
+1OV is applied to the a-Se layer with respect to the 5CB layer, and (b) -lOV 
is applied. 

The measurements were made under the SCLC condition to measure the transient 

photocurrents with better signal-to-noise ratio. Under the condition the current in- 

creases owing to the perturbation of the applied field by the excess space charge. 
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As the carrier sheet moves in the NLC layer, it moves in an increasing field due 

to the perturbation during the period O <  t < t p e a k ,  where t p e a k  is the time that 

the leading edge of the carrier packet reaches the back electrode and is observed 

as the time at the current peak. The transient currents were measured at  different 

light intensities to  confirm that the measurements were carried out under the SCLC 

condition. Figure 3 shows the relation between the peak time and light intensities. 

The peak time decreases with increasing light intensity, and the ratio of the peak 

times at higher light intensities to those at lower light intensities is 0.8. 

20 I I I 

1 303K +1OV 

3 a 
313K +1OV 

50 100 
LIGHT INTENSITY (arb. units) 

0 
0 

Figure 3.  Light intensity dependence of the peak time at 303h' and 313h'. 
The applied voltage to the a-Se layer is +lOV. 

In the time region, O< t < t p e a k ,  the transient photocurrent in Fig. 2 is con- 

cavely curved, while the theoretical transient SCLC in Ref. (12) is convexly curved, 

implying that the theory for SCLC cannot be directly applied to the experimental 

data. Then, the transient photocurrent calculated under the SCLC condition ac- 

cording to  the theory in Sec. 2 is fitted to the experimental result in Fig. 4. The 

calculated result is in good agreement with the experimental result. The best-fitted 

parameters are: N p h  = CV,  w1 = 1 2 / t ~ ,  and rd = 8 / t T ,  where C is the capaci- 

tance of the cell, V is the applied voltage, and tT is the transit transit time. In 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
02

 1
8 

Fe
br

ua
ry

 2
01

3 



TRANSIENT ION TRANSPORT IN NEMATIC LIQUID CRYSTALS 124 1711485 

addition, i t  is confirmed that the peak time of the calculated current is 0 . 8 t ~  when 

the injection current has its maximum value at  about O.ltT as shown in the inset of 

Fig. 4 (it is called the delay of the injection13)). Thus, the transit time under the 

SCLC condition for the injection process (c) in Fig. 1 is obtained from the following 

relation: 

which is similar to the relation in Ref. (12). 

5 I I I I I I I I I I  I I 

n 
v) 

C 
3 

w .- 4 .- 

3 -- 

2 -- 

1 

I 1 I I I I I  I I .  

1 2 
0 
0 

TIME (t/tT) 

Figure 4. Comparison of the calculated current with the measured current 
transient. Solid curve is the measured current transient and dushed curve is 
the calculated transient under the condition that Nph = C V ,  w1 = 12/tT and 
rd = 8 / t ~ ,  where C is the capacitance of the cell, V is the applied voltage and 
t~ is the transit time. The inset shows the calculated injection current from 
the a-Se layer to the NLC layer. 

Figure 5 shows a plot of the inverse transit time versus the applied voltage at  

303K and 31311'. The straight lines can be observed. From the slopes of these lines 

the drift mobilities a.re obta.ined as 3 . 5 ~  10-6crn2/Vs at 30311' and 4.3 x 10-6cm2/Vs 

at  31311'. It is also observed in Fig. 5 that these lines intersect with the abscissa 

a t  2.0V a,nd 1.4V a t  30311' and 31311', respectively. The similar phenomena have 

been observed in the a-Se/p-methoxybenzylidene-p-n-bytylaniline double layer.') It 

was concluded that the voltage was the threshold voltage of the injection of charge 
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carriers over the potential barrier formed by the image force in the vicinity of the 

a-Se/NLC interface.') However, the straight lines in Fig. 5 are not expected for this 

case because the potential barrier formed by the image force is a function of the 

applied voltage.") We, thereby, consider that the threshold voltage is attributable 

to the built-in potential caused by the adsorbed ionic charges a t  the a-Se/NLC in- 

terface and NLC/electrode interface. The adsorbed ions result from the sweep out 

of mobile impurity ions in the NLC layer by the applied dc field. Thus, we can 

estimate the adsorbed charge per unit area to be 1 .8~1O-~C/crn~.  

Figure 5 .  Applied voltage dependences of inverse transit time of positive ions 
a t  30311' and 31311'. 

4.2. Temperature Dependence of Drift Mobility 

Figure 6 shows the relation between the drift mobility and the resiprocal tempera- 

ture. The discontinuity of the drift mobility at  TNI,  which is the nematic-isotropic 

point, is observed. In the nematic range, the thermally activated behavior of the 

drift mobility, 

can be seen, where p is the drift mobilty, k the Boltzman constant, and E,  the 

activation energy of the drift mobility. The activation energy of the drift mobility 
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in the nematic range is determined to be 0.33eV 

1 o4 4 
1 o - ~  i i 

3.2 3.3 3.4 
lOOO/T (I/K) 

1 o - ~  

1 o - ~  

1 o - ~  
z 
Q 

f 
1 o - ~  

1 o-6 

Figure 6. Temperature dependences of the drift mobility of positive ions and 
of the product of the drift mobility and viscosity of 5CB. The activation energy 
of the mobility is 0 . 3 3 e V .  The viscosity of 5CB is taken from Ref. (14). 

In Fig. 6, the temperature dependence of the product of the drift mobility 

which was measured in our experiment, and the viscosity of 5CB reported by Skarp 

et is shown as well. This product is independent of temperature except for 

the vicinity of TNI ,  which is known as the Walden rule, 

9 
6sr pv = - 7  

where 7 is the viscosity, and r the ionic radius. If the Walden rule is observed, 

conduction current is carried by ions.6) We, therefore, conclude that charge carriers, 

which drift in the 5CB layer, are ions. The ionic radius is calculated to be 0.32nm 

from Eq. (11). The deviation from the Walden rule in the vicinity of TNI is likely 

to be due to  the pretransitional effect.I5) 
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85. CONCLUSIONS 

We have ca.rried out the measurements of transient photocurrents in the a-Se/5CB 

double layers, whose structure enables us to  study the photocarrier generation and 

the transport of charge carriers separately. We observe the transient current shape 

having a prominent peak under the SCLC condition which is somewhat different 

from that predicted by the early transient SCLC theory. Hence, we have made the 

numerical calculation by considering the injection process of photogenerated charge 

carriers from the a-Se layer into the 5CB layer under the SCLC condition. The 

numerically obtained transient is in exellent agreement with the experimental one, 

showing that there exists the delay of the injection of charge carriers at the a-Se/5CB 

interface, and that the relation between tT and t p e a k  is tT = tpeek/0.8. On the basis 

of this finding, we can determine the drift mobility of the charge carrier in 5CB; 

the drift niobilty of the positive charge carrier is obtained as 3.5 x 10-6cm2/Vs at 

303111. The transit of the negative charge carrier in 5CB has not been observed. 

The Walden rule is observed in the temperature dependence of the product of the 

drift mobility and the viscosity. The positive charge carrier in 5CB is therfore an 

ion, whose radius is calculated to be 0.32nm. 

We further observe the influence of the built-in potential in the 5CB layer on the 

applied voltage dependence of t ~ .  We suggest that this potential arises from the 

adsorption of the ions on the a-Se and electrode surfaces. The adsorbed ion density 

is estimated to be 1.1 x 10'0cm-2. 
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