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lonic contribution to the dielectric properties of a nematic liquid crystal
in thin cells
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We report measurements on dielectric properties of a nematic liquid crystal in planar aligned cells
with two different thicknesseél.2 and 6.7um). The nematic has a wide thermal range and the
temperature variation of the effective dielectric constant) (of the thick cell reflects that of the
orientational order parameter. On the other hand, the thin cell exhibits a higher vatuendifich

is essentially temperature independent. We have conducted detailed dielectric measurements in the
frequency range of 10 Hz—1.1 kHz on both the cells and analyzed the data using a simplified model
which takes into account the ionic contribution. It leads to an estimation of the temperature
dependencies of the number density and diffusion coefficient of the impurity ions200@
American Institute of Physics[DOI: 10.1063/1.1388163

I. INTRODUCTION Dielectric spectroscopy is used to characterize the elec-
trical properties of condensed matter. The influence of ions
Nematic (N) liquid crystals are orientationally ordered on the real and imaginary parts of the frequency dependent
liquids, made of rod-like organic moleculéslhe average dielectric constants of both solid and liquid electrolytes has
orientation direction of the molecules is specified by a unitbeen studied both experimentally and theoretically for a long
vectorn called the director which ispolar in nature. The time./=® The theory has since been extended for polymer
medium combines anisotropies in dielectric, optical, andmelts'® which has been subsequently simplified and used to
other properties with a facility to flow and hence exhibits describe the effect of ions on the dielectric response in the
pronounced electro-optic effects, which are exploited in flaisotropic (1) phase of liquid crystal$:*? The latter studies
panel liquid crystal displayLCD) devices’ The chemical were made on cells with a thickness of aboyirs or larger.
compound exhibiting the nematic itself is usually a goodIn view of the emerging interest in using much thinner cells
insulator. However, unless special precautions are taken, tHé LCDs, as well as an intrinsic interest in the problem, it
material has ionic impurities, giving rise to an electrical con-would be useful to conduct experiments in much thinner
ductivity o~10"°( cm)~ L. The conductivity has positive cells, with thickness<2 um. In this article, we report fre-
anisotropyAc=c,— o, , in which the subscripts refer to duéncy dependence of dielectric properties on a nematogen
directions in relation ta. Indeed in materials with negative Which exhibits the nematic phase over a very wide tempera-
dielectric anisotropyAe, a dc or low frequency ac electric tUré range. The measurements have been made on cells with
voltage beyond a threshold value can generate electrohydr@© different thicknesses and indeed the thintet.2 um)
dynamic (EHD) instabilities, due to the ionic conductivity. cell shows a pronounced influence due to the ionic contribu-

The display devices make use of electric fid effects in ~ tion- In Sec. Il, we give the experimental technique, and
materials with positiveAe, which favors an alignment di describe the results and discuss the latter on the basis of an

parallel to E. Since a nematic is a liquid, its response isappropriate theoretical model in Sec. Ill. We make some con-

relatively slow! and the response time= 7d?/ 72K, where cluding remarks Sec. IV.
7 is an effective viscosityK an effective curvature elastic

constant andl the sample thickness. A typical LCD cell has Il. EXPERIMENT

a thickness=5 um. The response time can be reduced con- L o S
siderably by reducing the thickness. Furthermore, in the sur- The main aim Of. this |_nvest|gat|_on IS .to _Iook for the
face stabilized ferroelectric devicegs well as the bistable influence of ions on dielectric properties of liquid crystals. In

; L : o . .~ the display devices, the liquid crystal is aligned with its di-
twisted nematic display)s which are being investigated in : A
. ) rector parallel to the glass plates. The dielectric anisotro
recent years, the thickness has to be quite smallum or P g b Py

. ) Ae) of the material is positive so that the nematic shows a
lower. When the thickness of the sample is reduced, at an( 9 b

. ) o ) % alignment of the director above a threshold voltage
given applied voltage the field increases and the influence Freedericksz transitionWe have chosen a material with
ions on the electrical properties of the cell becomes signifi-

N - ) s . negative dielectric anisotropy to avoid this problem. How-
cant. The ionic contribution has been discussed in detail Onl\éver such a material can give rise to EHD instabilities be-

in the case of EHD instabilities, and on the dc switching

’ ) = yond a threshold of about5 V or more, depending on the
process in a boundary layer bistable nematic display.

frequency: We conduct our experiments at 1 V which is well
below the threshold value. The compound studied is 2-cyano
dElectronic mail: nvmadhu@rri.res.in 4-heptylphenyl-4-pentyl-4-biphenyl carboxylate[7(CN)5
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glassplate  — 5 oscillator of the lock-in amplifier is adjusted to a rms value
] of 1V, and applied to the cell which is in series with auE
ITO coating ; ; : :
i standard capacitqiC) as shown in the figure. The amplitude
liquid crystal  —s “_ T T and phase of the applied voltage are also checked using a
polyimide x reference circuit with two standard resistors in series, con-
nected in place of the cell. The phagg) and the rms am-
" plitude (V) of the voltage measured across the serigs~1

capacitor are used to calculate the capacitance and parallel
FIG. 1. Schematic diagram of the planar aligned nematic liquid crystal celresistance corresponding to the cell by using the following

used in the experiments. Note that the ghps highly exaggerated for relations®
clarity. '
Y
. P” wsina
for shorf which has the phase sequence: crystal 45°C N (1)
102°C I. It was obtained from Merck. The lateral cyano X

group of the molecule gives rise to a large negative dielectric PTY"

ar_wlsotropy in the nematic phz_i%?e_fl'he material has a Very here X=cosa—Q, Y=(sia+X)ICQ, Q=V/V,, and
wide nematic range and the liquid crystal can be easily su- _ y— b whereV, andy are the amplitude and phase and
percooled to room temperature. It is also chemically stable, 0 NPt P

. . S the angular frequency of the applied signal.
The cells(Fig. 1) were prepared using 0.5 mm thick indium We have checked the calibration of the setup by connect-
tin oxide (ITO) coated glass plates. An appropriate pattern

) ing standard capacitors in parallel with standard resistors in
was etched in the two plates so that the cell had an overlap-g P P

ping ITO (i.e., electrodareaa of 0.6 cnf. The etched plates place of the liquid crystal cell. The measured values agree

were coated with a polyimide layer and cured at 280 °C for lWith the standard values to within-3%. We have also
poly Y checked the calibration by measuring the capacitance and

h. The coating was then rubbed unidirectionally with a tlss!“'eesistance using a Wayne—Kerr bridge which operates at 1.6
paper. The plates of the cell were separated by approprla{g_|Z

spherical spacers and sealed with a glue. The rubbing direc-

tions on the two plates were arranged to be parallel to ensure The measurements were completely controlled by a
; P ° arrang pars computer, using a suitable program. The temperature was
a planar alignment of the liquid crystal. The thicknekef

. maintained at various values in the nematic range to an ac-
the empty cell was measured using channel spectrum. Twi

c?uracy of +0.01°C, and the measurements were made at

thicknesses vizd=6.7um andd=1.2um were chosen for R B
the studies. The cells were filled with the sample in the iso_several frequencies in the range of 10-1100 Hz.
tropic phase and on slow cooling to the nematic range, well
aligned samples were obtained. The electrical connections 0. RESULTS AND DISCUSSION
the two plates were made through copper wires which were ) _
soldered to the appropriate connection pads using an ultra- In order to bring out the 5”0”9 influence of the cell
sonic soldering gun. thickness on the measured properties, we have shown the

The temperature of the sample was maintained and meg_ﬁective dielectric constariwhich is the ratio of the cell
sured(to ~10 mK) by placing it in an Instec hot stage. The c@pacitance with the sampl€() to that of the empty cell
dielectric properties of the cell were measured using a DsBnd conductivity at 1.1 kHz as functions of temperature for
lock-in amplifier (SRS 830. The block diagram of the setup both the cells in Figs. 3 and 4, respectively. These measure-

is shown in Fig. 2. The sinusoidal output of the internalMeNts correspond te, and o, , i.e., the properties in a
direction orthogonal to the director. In Fig. 3, the dielectric

constant of the 6.7um thick cell follows the expected trend,

S decreasing with increase of temperature, the rate of decrease
N becoming rapid near the nematic—isotropic transition point
7! C Tni . Itis easily shown thatthe contribution from the liquid
| crystal is given by:
/([ Y RM P‘ v (L €, =€— :08€S, (2
T r T where[e=(€,+2¢,)/3] is the average dielectric constant,
I\N\/\/ Vs ,\/\/\/\/_ and ée is the value of the anisotropfAe) when the order
Mohm \I 190 ohim parameteS=1. As Sdecreases with increase of temperature,
and de is negativee, decreases with temperature. The trend
shown by the thin cell is peculiar. The dielectric constant is
LIA somewhat larger than that for the thicker cell even at low
temperatures, but at temperatures above 60 °C, the value

FIG. 2. Block diagram of the experimental setup used for the impedancegoeS not decrease as in the thicker cell but more or less

analysis of the liquid crystal cell. LIA is an SRS 830 lock-in amplifier. The f€mains constant an_d dec_reases slightly only very Migar
voltage across the capacitar@é=1 F) is used in the impedance analysis. In both cases, the dielectric constant jumps to a lower value
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FIG. 3. Temperature dependence of the effective dielectric constant of the

liquid crystal taken in cells with two different thicknesses, at a frequency of

1.1 kHz. Note the higher value for the thinner cell, which hardly varies with

temperature in the nematic phase above 60 °C. FIG. 5. Equivalent circuit of the liquid crystal cell with the “lumped” val-
ues of the boundary layer capacitar€g and resistanc®,, arising from
both the boundaries.

at Ty, ._Fu_r'Fhermore, the value for the thinner cell continue_sboundary layer has a typical thickness of few hundred A and
to be significantly larger than that for the thicker one even inys effective electrical resistanc®() as well as capacitance
the isotropic phase. (Cy,) can be expected to be quite large, i.e., the layer essen-

The effective conductivity given byr, =d/(aRp) IS (ia|ly is an insulator. As the dielectric constant of this layer is
shown in Fig. 4 for both the cells. As expected, the conduCsimjjar 1o that of the liquid crystal, it can be assumed that

tivity increases with temperature in both cases as the mobilg,ere s no adsorption of ions at the interface between the
ity and the number density of ions increase with temperaturey, o The dielectric constante() of the liquid crystal me-

However, it can be noted that the relative variatioroofin i, itself, which depends on the induced dipole and orien-

the thin cell is somewnhat higher than that in the thick cell. (4o polarization contributions of the molecules can be con-
The markedly different response of the thin cell com-gjgered to be essentially frequency independent in the range

pared to the thick one arises due to the ionic contribution. Ir*(<1'5 kH2 in which the measurements have been made.

order to investigate this effect in greater detail, we have carrpis contribution produces an effective bulk capacitance de-
ried out frequency dependent measurements of the dielectrig,iq byCg. The medium also has a uniform distribution of

properties at different temperatures. The raw data on the efgns which produces a frequency independent conductivity
fective dielectric constant and conductivity are not conve-

g . : - ) o which in turn produces a bulk resistance of the medium
nient for a comparison with the theoretical gnaly5|s to follow. yanoted byRs . The application of an electric field generates
We first present a summary of the theoretical background. 5 onyniform distribution of ions which depends on the fre-
~ The liquid crystal is separated by the ITO electrodes by, ency and in turn contributes both to the real and imaginary
aligning polyimide layers as in LCD¢see Fig. 1 This  nans of the dielectric constant. These in turn give rise to a
capacitanc&€,(w) and resistanc®,(w). The equivalent cir-
cuit corresponding to the cell in which all these contributions

"g‘ 8 7 have been included is shown in Fig. 5. The complex imped-

E v ance of the equivalent circuit is given By

= - 1.240m 11

z —+

2 2R | RB R,(w)

X Z — b

5 AT 1+ (wRCp)? [ 1 2

° 57 A St + 0 Cg+Ci(w)]?

é‘ RB R|(LL)) [ B |( )]

2

& 6.7 um 1+ (wRp Cp)*

£ 2

2

i3 . — : . w[Cp+Ci(w)] 3

40 60 80 100 1 2 ) o &)
Temperature ( °C) R_B + Re(®) + 0 Cg+Ci(w)]

FIG. 4. Temperature dependence of the effective conductivity of the liquid ~ IN terms of the measured .Valugfp and.RP .[given by
crystal in the two cells as described in the caption of Fig. 3. Eq. (1)], the measureccomplex impedance is given by

Downloaded 05 Apr 2004 to 202.54.26.120. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3486 J. Appl. Phys., Vol. 90, No. 7, 1 October 2001 S. Dhara and N. V. Madhusudana

2 3 -
7 = Rp —j @RpCp (4) Sample thickness d=1.2,m
B 1+ (wRpCp)? |1+ (wRpCp)?| g Temp: 50°C
]
We summarize below a grossly simplified method of = 2
evaluation of the ionic contribution which generateg w) E
andR,(w). It is convenient to assume that positive ions are &
very much more mobile than the negative ones and the latter § 7.
do not contribute to the current. t(z,t) is the charge den- -§
sity of the mobile ions, the charge continuity equation is «E‘
given by =
0 4
dp , NzY _ 5 0 300 600 900 1200
at gz ©)
whereJ(z,t) is the current density, which is given by Frequency (v) in Hz
z?p(Z,t) Lot FIG. 6. Temperature dependencies of the (éléd circles and the imagi-
J(zt)=—-D 9z +up(z,t)EE”, (6) nary (filled squaregparts of the measured impedaritg[see Eq(4)] in the

cell with thickness 1.2um, at 50 °C. The lines show the calculated varia-

whereD is the diffusion constant anﬂ is the mobility. As tions of Z, [see Eq(3)] with the fit parameters shown in Table Ia.

the polymide is a blocking layer, we can assume that at the
two boundariegz=0 andd) J(g)=J(4)=0. As our measure-

ments have been made only at the frequen©f the applied uE o2 e K2
voltage, we assume that p1(2)= DPTTed 15 <) (8)
_ ot
P(2D)=po(2) +p1(2)€", (7 \where k=\iw/D and from the Einstein relationu/D

where py(z) is the time independent density of ions and =/ksT, wherekg is the Boltzmann constant. Henpe(z)
p1(2) is the amplitude of ion density which oscillates at the h@s components both in phase an@ out of phase with the
frequency of the applied field. The mobile charges move un@pplied ac flelq. The additional polarlzatlgn due to the space
der the action of the external field and the resulting spac&harge formation igp;(z)z] and the thickness averaged
charges produce a polarization which contributes to the totaf@lue is

dielectric constant. The space charges give rise to a nonuni- __  [92p,(2)dz
form electric field which can be calculated by using the Pois-  P(t)=¢' “’t—fd?.
son relation. The solutions in that case are quite complicated 0
and cannot be expressed in a simple analytical form. Our The corresponding frequency-dependent ionic contribu-
samploel-shad unknown ionic species whose number defmity tions to the complex dielectric constant are given by:

is ~10"/cc. As such, the sample is reallyreeakelectrolyte. .

Furthermore, the transit time F:)f ions frgAn?one elect)r/ode to 4mngD][ 1+2e"sin(A) —e**

the other under a reversal of a voltayeis given by 7, €od wkgTA || 1+2€" codA) + e
=(6myr/q)(d?/V) where 5 the effective viscosity is=1 (10)
poise at room temperature, amdthe ionic radius can be

expected to be-10 A. However, as the mesogenic moleculesand
are strongly polar we can also expect that the ion will be
dressed by a few molecules which are attached to the ion.
The effective “ionic” radius can be a fewsay ~5) times
larger than the bare value. For the thick cel}=2 s while it

is about 0.1 s for the thinner one for the applied voltage of 1
V. As such, in the frequency range of interés9—1100 Hz,

to a good approximation, the nonuniformity in ion distribu-
tion can be assumed to be small. The field in the cell can then
be assumed to be equal to the external field. As the tempera-
ture is increased, the viscosity reduces and the approximation
becomes less justifiable. However use of the approximation
has the virtue that analytical expressions can be derived for 0.0 1
C,(») and R/(w). In a recent paper Sawadd al? have 0 300 600 900 1200
also argued that the approximation may be adequate. More-

over, we can fit the experimental data quite well to the solu- Frequency (v} in Hz

tions by using this approximation, which is hence furtherFIG. 7. Same as in Fig. 6, at a temperature of 90 °C. Note the minimum and

jUStif_ied a posteriori Using_ the boun(_jary condition that  aximum in the frequency dependence of the imaginary part of the imped-
=0 it can be shown thai, is actually independent afand  ance.

C)

=€/ (w)=—

Sample thickness d=1.2m
0.64 ° Temp: 90°C

Impedance (Z) in Mohm
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FIG. 8. Same as in Fig. 6, for the thicker cell with=6.7 um, at 50 °C. FIG. 9. Same as in Fig. 8 at 90 °C. Note the peak in the frequency depen-

dence of the imaginary part of the impedance.
d 477nq2D[
— =, . = E;,((x)) B —
wegR (w)a wkgT part of Z, agree well with the data. The imaginary part of
1—2eA sinA— e2A (the measuredZg, and the corresponding calculations based
+ , (1) on Z,, show a peak around 100 Hz, which is more pro-
A(L+e" cosA+e™) nounced for the thin cell. The frequency corresponding to the
where a is the area of electrodesng=p, and A peak decreases as the temperature is lowered, while the mag-
=d\w/2D. Equationg10) and(11) agree with those derived nitude of the impedance itself increases. In the thin cell there
by Sawadd! Using these in Eq(3), the real and imaginary is also a low frequency minimum above 75°C and the im-
parts ofZ, can now be calculated. Comparing them with thepedance strongly increases at very low frequencies. The
corresponding parts of the experimental complex impedancphysical origin of these features can be understood from Egs.
Zg given by Eq.(4), a nonlinear least-squares fitting proce- (3), (4), (10) and (11). A=d\w/2D, i.e., Axp'? where
dure is used to get the best valuesRy, C,, D, nand the v=w/27 and the lowest frequency that we have used is
frequency independent terni andCg. Some representa- »=10 Hz. As the typical diffusion constalm~10 ' cn¥/s,
tive variations of the real and imaginary parts of the imped-A is much larger than 1 even for the thin cell. The boundary
ance are shown in Figs. 6—9 at two different temperatures fdayer capacitanceC,, is =10 ’F, and the corresponding
both the thin and thick samples. It is seen that the agreemengsistanceR,;=10" (). Using these, the imaginary part Bf
between the calculated and measured variations is quite satan be approximated toZs(imag)=C;/w+[Crw/(1
isfactory. The relevant fit parameters at different tempera-+ Czw?)], where C;~10", C,~10* and C3~107°. It is
tures are collected in Table | for both the thick and thinclear that the second term leads to a maximum wkén
samples. From the figures it is clear that the real pa#tgf  =1/C; where/C; is essentially the charge relaxation time
which gives the experimental data has a monotonic decreasge, /0. On the other handC, arises from the boundary
as a function of frequency at all temperatures for the cells ofayer impedance and the first term becomes comparable to
both thicknesses. The calculated values, which are the re#tie second one fow=100 (i.e., »=20 Hz). Below this fre-

TABLE I. Fit parameters at different temperatures.

(a) Sample thicknesd=1.2um

Diffusion Boundary Boundary
constantD Number layer layer Bulk Bulk
Temperature  (cnf/s) densityn resistanceR,,,  capacitance resistancéRgz  capacitance
in °C (X108  (cc) (<10 (MQ) Cpi(X1077 F) (MQ) Cg(X10°°F)
105 6.3 20 7 2.7 15 21
90 4.9 16 7 2.7 3.4 21
65 25 6.6 7 2.7 3.2 2.2
50 1.9 45 7 2.7 8.5 24
(b) Sample thicknesd=6.7 um
Diffusion Boundary Boundary
constantD Number layer layer Bulk Bulk
Temperature  (cné/s) densityn resistanceR, ~ capacitance resistanceRgy  capacitance
in °C (X108  (cc) Y(x 10 (MQ) Cpi (X107 8F) (MQ) Cp(X1071°F)
105 9.7 4.8 12 9 12 3.8
90 8.8 25 12 9 50 4.2
65 6.1 0.6 12 9 83 4.4
50 5.4 0.2 13 9 145 4.7
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guency the contribution from the boundary layer leads to alielectric response of a liquid crystal cell can be significant
rapid increase irZ, (imag) and hence produces the sharpfor samples with a conductivity-10"°(Q cm)~ 1. The ef-
minimum seen in Fig. 7. fect grows very largéx w3 for the real part anccw ~* for

From Table |, the number density of ions at any giventhe imaginary part, see Eq&l0) and(11)] as the frequency
temperature is much larger in the thin cell compared to thés reduced. In our simplified analysis, we have used the ap-
thick one, which arises due to the fact that the two cells werg@roximation that the nonuniformity of the electric field inside
prepared on different days and the contamination during prothe cell arising from space charges can be ignored. The re-
cessing of the cells is likely to be responsible for the differ-sulting simplified expressions fot| (w) and €] (w) repro-
ent values. One can assume that the bulk conductixvity,p ~ duce the experimental data semiquantitatively even for the
and the values of the bulk resistiviigz are consistent with thin cell at high temperatures. Liquid crystals which are used
the diffusion constanD and the number density in both  in very thin display devices have to be highly purified to
cells. Both decrease as the temperature is lowered as eavoid the ionic contribution to the dielectric response and
pected. The bulk valu€g is proportional toe, , the dielec- hence to the electro-optic characteristics. Indeed the nonuni-
tric constant of the liquid crystal. From independentform field arising from the space charge effects can be ex-
measurements e, =5 in the compound used in the presentpected to alter the Freedericksz threshold voltage for materi-
study and decreases with increase of temperature as requirats with positive dielectric anisotropy. We have conducted
by Eqg.(2). On the other hand, the boundary layer valRgs  some preliminary experiments to find this to be the case.
and Cy,, which are the lumped values from the polyamide These results along with the relevant analysis will be pub-
coatings on both the electrodes hardly vary with temperaturdished elsewhere.

It is also easy to understand the higher effective dielec-
tric constant exhibited by the thin cells compared to the thick
one (Fig. 3). The ions move faster under the higher field 'P. G. de Gennes and J. Pro$he Physics of Liquid Crystal2nd ed.
acting in the thin cell, and also as the transit distance is,(Clarendon, Oxford, 1993 _
shorter, the space charge contribution to the polarization is ;'g‘éﬁtifirygﬁgép’z’r’g"ig;%”vzIa{‘d Useedited by B. BahadutWorld
relatively large. Consequently, the effective dielectric con-ss 1. Lagerwall, Ferroelectric and Antiferroelectric Liquid Crystals
stant goes up. This is reflected in EG0) in which Acd (Wiley, Weinheim, 1999
occurs in the denominator of the expressiondffw). From 4(Tl-§é7§3ia”v Z. L. Xie, H. S. Kwok, and P. Sheng, Appl. Phys. Létt. 596
that equat|on,_ the ionic contrlbut!on is aIst.?”.z. As. the 53. X. Guo and H. S. Kwok, Jpn. 3. Appl. Phys., Pagd 1210(2000.
number density as well as the diffusion coefficient increasesr. N. Thurston, J. Cheng, R. B. Meyer, and G. D. Boyd, J. Appl. P5§;s.
with temperaturgsee Table 1p €/ (w) increases with tem-  263(1984.
perature, and compensates for the decrease ofith tem- G- Jaffe, Phys. Re85, 354 (1952.

. . R. J. Friauf, J. Chem. Phy&2, 8 (1954.

perature reflecting that of the order parameSers given by o5 5’ Macdonald, Phys. Re92, 1 (1953.
Eg. (2). The consequence is that the effective dielectric con°s. uemura, J. Polym. Scl0, 2155(1972.
stant remains practically independent of temperature over dA. Sawada, K. Tarumi, and S. Naemura, Jpn. J. Appl. Phys., Pag 1

. . 1418(1999.
wide ran Fig 3.
de ra ge(see 9 3 12p. sawada, H. Sato, A. Manabe, and S. Naemura, Jpn. J. Appl. Phys., Part

1 39, 3496(2000.
IV. CONCLUSIONS 138, S. Srikanta and N. V. Madhusudana, Mol. Cryst. Lig. Cry€13 111
. . (1983.
Our experiments have shown that as the thickness of theg Bassapa and N. V. Madhusudana, Mol. Cryst. Liq. Crgsg 161

cell is reduced to~1-2 um, the ionic contribution to the  (1996.
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