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A liquid crystal (LC) cell has been made by using a standard sandwich configuration with one of the indium
tin oxide (ITO) electrodes covered by a thin layer of tungsten trioxide @VQn this kind of cell optical
polarization switchingobserved under a crossed polarizer microstogeurs for only one of the two polari-
ties of an ac external applied electric field, while in the usual liquid crystal cells the electro-optic response does
not depend on the sign of the field. The inhibiting switching configuration corresponds to anodic polarization
of the tungsten trioxide film in which the deintercalation of cations occurs. Here we present the time behavior
of charge and discharge for both the anodic and cathodic currents. A model based on charge carrier exchange
between the ITO-W@and WGQG-LC interfaces and also electrochemical processes is reported. Our model is
also capable of explaining the electric and electro-optic asymmetric responses of the cell. Numerical calcula-
tions confirm the model.
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I. INTRODUCTION phous tungsten trioxide layer, a proton doped thin layer of
polymer has been coated on one of the glass plates that make
Nematic liquid crystal§NLC's) have been much used in up the planar capillary ce[5].
many devices like displays, spatial light modulators, light In this paper we focus our analysis on nematic liquid crys-
valves, etc. Because the NLC internal order is very sensitivédl cells with a WQ layer. Tungsten trioxide is an amor-
to both external fields and the properties of boundary surphous material that presents a large inner surface favoring
faces, they can be used to modulate light by electro-opti¢onic exchange during chemical reactions. It also has electro-
response. An applied electric field can alter the order of &hromic properties, i.e., it may change its color depending on
NLC induced by the surfaces. In fact, the nematic direntor the quantity of positive iongprotons it can adsorb. The
is changed by the dielectric torque, which is proportional toPhenomenon of color change was explained some years ago
the dielectric anisotropy,=¢,—€, (¢, and €, being the as a simultaneous injection of free electrons and hydrogen
dielectric permittivities parallel and perpendicular to the op-cations H during the formation of tungsten brong@-g]. In
tical axes, respectively This electrically controlled birefrin-  the presence of an external electric field the process of inter-
gence results in variation of the transmitted light betweerfalation and deintercalation of positive iofysrotons into
crossed polarizerptical switching. the WGQ; layer can cause an asymmetric space charge, volt-
It is known that in the usual nematic cells the electro-opticage drop, and current injection in asymmetric liquid crystal
response does not depend on the sign of the applied elect€lls.
field. In asymmetric cells, however, optical switching can be As shown in Fig. 1(see also Fig. 1 of Ref4]), a NLC
seen for only one direction of the applied field. For instancecell is made as a planar capillary using two support glasses.
such an asymmetric cell has been prepared by mixing witfrach of the two glasses has deposited on one face a very thin
the nematic liquid crystal a small amount of UV polarizable
monomer. On irradiating the cell from one face, a polymer 0 d D
network of decreasing density appears within the liquid crys- *Z
tal, which also produces a gradient of fixed charges. This = 4 ™~1TO
gradient, in turn, causes a honsymmetric injection of current e LC
into the cell[1].
Another way of getting asym_me_trlc cells is to insert a thin 4 L
layer of amorphous tungsten trioxide (\WGOpnto a conduc- GLASS LC GLASS
tive indium tin oxide(ITO) deposited glasg2—4]. Recently,
we have also observed a polarity dependent electro-optic re-
sponse in asymmetric cells in which, instead of the amor- 0 5 1

FIG. 1. A schematic drawingnot to scal¢ of the cell used in
* Author to whom correspondence should be addressed. experiments.
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layer of indium tin oxide, which behave like high resistance . @ <. < s 70y
conductive layer§20 /) and form the interior boundaries VR A G (T

of the cell. A layer of tungsten trioxide was deposited by ,-" )’ "‘1. ) '1 al
radio frequency sputtering on top of the ITO layer of only "‘;,
one of the glass plates. The tungsten trioxide layer is amor-“;g."‘."-‘ W A
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The sample plates were fixed at a distance @8 apart NTINERTA Ty AN
by using Mylar spacers. The cell also constitutes an electric; 4715~ " 5 Y < AV
capacitor because on the two ITO surfaces two Ohmic con- VR L T )
tacts(made of indium-tin alloy were soldered. The cell was ||| DY s

filled with a nematic liquid crystal known commercially as
BLOO1 by Merck(formerly E7?); it is a eutectic mixture of
four different cyanobiphenyl compounds. The temperature
range of the nematic mesophase is between 20 and 61 o8
The dielectric anisotropyat 20°Q is e,=¢,— €, = +13.8.

The filling of the space enclosed between the asymmetrig In the fqllowmg we want to explalr_1 why the free proton
concentration has such an asymmetric impact on the sample.

glass plates with liquid crystal was done slowly enough to . :
: . . . In Sec. Il we present some experiments performed in order to
prevent any orientational alignment induced by the flow. Ac- .
have a better understanding of the phenomenon. In Sec. llI

tually, as already reportd@—4], the tungsten trioxide layer . we present a theory suited for explaining the asymmetric

induces a homogeneously planar alignment of the liqui ehavior of the electro-optic effect. Section IV concludes the
crystal moleculesn parallel to the boundary surfagesong per

a certain axis that depends on the process of sputtering. ThiE
direction was chosen to be perpendicular to the direction of
filling the cell with the liquid crystal. The starting orientation Il. EXPERIMENT

of the NLC cell was set in such a way as to have a maximum

of transmitted light when the cell was placed on the stage of !N ©rder to understand better why these phenomena hap-

a microscopdAxioskop Pol(Zeiss] between crossed polar- pen we have anal_yzed the electric _properties of the'cells.
izers. When a ddor very low frequency voltage, above a Already [2—-4], the impedance behavior has shown a linear

certain threshold, is applied to our asymmetric NLC cell gtail at small frequencies indicating a rather high conductivity.

transition from planar to homeotropic alignment is expected.USing a sequence of positive, zero, and negative voltage
This indeed happens, but only in the case of cathautiga- pulses for 110 s eacfFig. 3), 200 current measurements
tive) polarization(from now on we will consider the polar- were done for each voltage pulse—the time interval between

ization with respect to the Wside of the cell, when the successive current measurements being thus 0.55 s. In Fig. 4

transmitted light goes essentially to zero. In the case of anVe have plotted the time dependence of the current for the

odic (positive) polarization, although for a very short time sequencer4, 0,4, 0V, and the plots reveal th_e foII(_)wing
one can see a blackening of the optical field, a decrease (f) cts:_(|) the time dependence.of t.he currents is typ|cfa1l for
the electric field in the bulk below the threshold, possiblycharging or discharging capacitoi) the anodic charging

associated with some diffusion and turbulence, forces thEuIrent is greater than the cathodic c_hargmg_ cur_r@m);the
image to become bright again discharge current following the anodic polarization is larger

The idea is that only in the case of anodic polarization are(in absolute valugthan the discharge current that follows the

there transient currents injected into the cell which build up af:f"‘t_hOd'.C polarization{iv) an th|c current is also Quite
sufficiently large surface charge. This surface charge—at th isible in the case of the qnodlc pqlanzatlon; 4mhthe time
interfaces between the liquid crystal and the glass plates_epender_lce of the anodic charging current is not a simple
produces an internal electric counterfield, which will inhibit expon_entlal fu_nct|on.
the switching to the homeotropic stafeig. 2). The building By integrating the currents one gets the_charges that are
up of the surface charges is asymmetric, i.e., it depends 0ﬁtored in the cell. In order to minimize the influence of the
the sign of the applied field due to the changing of the proton
concentration within the Wlayer. AVoltage (V)

In Ref.[4] electrical measurementsurrent, complex im-
pedance, cyclic voltammetrgarried out on cells with W@

FIG. 2. Light transmitted through the cell with anodight)
nd cathodiddark) polarizations.

layers pointed out the role of the diffusion of protons and, as
a consequence, that of the internal counterfield associated —1 ] |_|AY
with that diffusion. Yet the asymmetric behavior is given by TT' Ll e ®

a complex of synergic phenomena, including electrochemi-
cal, transport, and equilibrium statistical processes. A good
understanding of this effect, apart from possible technical
applications, would be beneficial to a wider spectrum of re-
searchers from electrochemists and material scientists to lig- FIG. 3. Constant voltages applied to the cell when measuring
uid crystal device designers. the charging and discharging currerdsT=110s.
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1004 . 4¥ {anodic polarization) the case of DHN the estimated dielectric constant=i3
% o OV (after 4V) which is consistent with the value 2.1733 obtained by squar-
k + -4V (cathodic polarization) ing the refractive indexi=1.4742.
501 v OV (after -4V) As far as the LC E7 between ITO plates is concerned, the
E_/ estimated stored charge density<6.11 uC/cn? and in the
£ case of cells with WQits value is~0.12 uClcn? for ca-
) ] :m thodic polarization and<0.36 uC/cn? for anodic polariza-
g i tion, which is equivalent to a dielectric constant in the range
O 50l ¢ 10°. Such a tremendous difference between E7 and DHN
: cannot be explained only by the fact that B/ mixture of
. cyanobiphenylsis polar, but mainly by the fact that within
-100 ~— v T : . T ™ E7 there are dissolved positive and negative ions. Even
0 20 40 60 8 100 120 more, if in a cell with a WQ layer at cathodic polarization

Time (s) the charge density is slightly larger than in the case of a
) ) _ symmetric ITO/E7/ITO cell, when applying an anodic polar-
_4':'(?\'/4' Charging and discharging currents for the sequence 4, Gy i0n the overall charge density triples. The fact that the
e stored charge density is so different for the two polarizations
. _ _ _ . indicates that a process of charge compensation takes place
Ohmic currents when_ doing the integration we considered ag, the layer of WQ during the cathodic polarization on one
the base that line which corresponds to the value of the cuhand, and a liberation of new chargerotons takes place
rent at the latest time instant. In Fig. 5 the stored chargjuring the anodic polarization on the other hand. We will use
densities are plotted versus the amplituda¥] of the volt-  these facts in the following model.
age steps. ) o As we have stressed from the beginning, WW®©a highly
These results are even more interesting if we compargorous material. Inside its channels and voids there are sites
them to similar measurements made with a cell filled withthat favor the reaction }O=H"+OH", most probably be-
the same nematogen liquid crystal EVlerck BLOOD but  cayse there are nonsaturated W bonds which can attract the
with symmetric ITO deposited glass plates. In this case theréxygen of OH. A certain concentration of H appears
is, of course, a complete symmetry of the current with re\yhich eventually prevents the reaction going from left to
spect to the polarity of the voltage steps but the chargeﬁght [9].
stored in the cell are about three times smaller than in the “Note that WQ is also an electrochromic material. It can
case of the cell with insertion of a W@ilm. accept a large amount of cations {H.i*, Na", K*) from a

Then we wanted to see what would happen when insteagyrce to form nonstoichiometric tungsten brovzgVO;_,
of E7 liquid crystal we inserted a nonpolar organic oil 3ccording to

cis,transdecahydronaphthalene {§l;5) (DHN for shor.

In this case the charging and discharging currents are orders XM +xe” +WO3=M,WO;5_,, (1)

of magnitude smaller than in the case of E7-filled cells. The

now poorer signal to noise ratio prevents one from distin\yhere M* are the cations and<9x<0.5 and G<y<0.03

guishing between the anodic and cathodic polarizations. Ipg). when the value ofx is large &>0.1) the tungsten
bronze changes its color to blue. In our case the Wit

0.4 4 remains always transparent indicating that it is a dilute
— - . bronze. Also the fact that the stored charge density was be-
= Superficial charge density tween 300 and 900 nC/dpm for the trioxide tungsten film
S’ 0.3 +(a|:snc::it§ vz:g:ii)ation * * compared to the maximum observed stored charge density of
= % catho dicppolarization + 100 uClen? um in WO, [10] tells us that we have a dilute
* bronze.
= 0.2 * Let us first analyze the ITO-WQinterface alone. ITO
2 ™ . + has free electrons. They can diffuse into W@bres where
8 * they force hydrogen to be bound by Wdorming regions
D 4 + x X X % of H,WO; bronze. Figure 6 shows a scheme of this process.
2™ * x X % X x The ITO side of the interface remains positively charged
S ; x whereas the W@ side of it remains with an unbalanced
(&) % negative(localized OH') charge. The totaland loca) con-
0'000 05 10 15 20 25 30 > centration of H has diminished so the reaction
' ' ' ' H,O=H"+OH" can proceed until the electric field from
Voltage (V) ITO toward WQ, can now block the diffusion of electrons. A

contact potential sets in. Connecting the two faces electri-
cally, a current will flow, delivering electrons to the ITO side
FIG. 5. Accumulated charge densitiésbsolute valugsversus ~ 0of WOj, until all the water and/or the catalyst sites are used.
applied voltages in the two different polarizations. The system works like an electric battery.
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Charge concentration
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FIG. 6. A schematic drawing illustrating the process of hydro- -1 ) *;, )

gen bronze formation expressed in Ef).

If the ITO side is charged positively the protons in WO
are pushed to the right leaving an increased negative charg
to the left. In the meantime a lack of protons on the left side _ ) ) )
of WO, causes Eq(1) to go from left to right, creating an FI_G. 8 Charge concentration of protons in \é\l@lth cathodic
increased number of protons, which are pushed to the righf).ola_rlzatlon. The absolute values are about three times smaller than
Hence, the total positive charge on the right side of the;wo '™ F19- 7-
layer becomes larger. If we considerthe concentration of
negative(fixed) charges which does not vary andz) the  potential will no longer have a linear dependence and the
concentration of positive ions, there is a net negative chargelectric field will not be constant. It will present a lower
gwheren(z)<n, and there is an equal positive charge of thevalue in the bulk of the liquid crystal layer and higher values
same magnitude whera(z)>n. A plot of positive and close to the surfaces. Figure 9 shows the two cases men-
negative carrier concentrations across the M@yer is  tioned above. The larger the boundary charges, the higher are
shown in Fig. 7. the values of the field near the surface and the lower is the

If now the ITO side is negatively charged, the protons ardield in the bulk.(One must not forget that the total area
pulled to the left where they combine with a flux of ITO under the field plot is equal to the voltage across the liquid
electrons. The stored charges are reversed but the new val@eystal) These two boundary charges tend to screen the
q’ is less tharg due to hydrogen bronze formatigsee Fig.  charges on the Wg-liquid-crystal or liquid-crystal—-I1TO in-

8). These two mechanisms, intercalation and deintercalatiotgrfaces. Considered alone they are the sources of an internal
of protons at the left side of the W@Im, of which the latter ~ field whose estimation was performed experimentally and
seems to be more important, can explain quite easily why theresented in detail if4].

discharge current following anodic polarization was larger If the cell is not symmetric, i.e., it has one thin layer of
than the discharge current that followed the cathodic polar™WOs, when anodically polarized the positive chargen
ization, i.e., the stored charges are different. WO, close to the interface with the liquid crystal will attract

Now we have to take into account the role played by thed large quantity of negative free ions within the liquid crys-
liquid crystal. If the liquid crystal were a perfect dielectric, tal. The same amount of positive charge will be on the ITO
when applying an electric voltage across the cell the potenside of the liquid crystal. When the cell is cathodically po-
tial would vary linearly with distance and the electric field larized the chargg’ is smaller tharg and the corresponding
would be constant. In contrast, if the liquid crystal contains gouildup charges in the liquid crystal are smaller. The impor-
certain amount of free ions, there will be a buildup of nega-ant result is that for a convenient voltage range the electric
tive charge on the anodic side of the cell and a similar

buildup of positive charge on the other side. The electric N Earb.units)
Charge concentration 6
(102 m?) 15 A )
ol ¢ A :
6 Mo, | WO, N 0.05 1 0.05 \ 1
Y E(arb.units) Thisshold
3 +1° + 20 10
4 }
m o+ + 0 6 /
0.01 0.03 0.05 ) !
+ - -+H 2 N —— 7
+l- . ' 175 005 76
q
FIG. 9. The trend of the electric potential in liquid crystal region

(left) and the electric fieldright) for the two cases of polarization,
FIG. 7. Charge concentration of protons in W®ith anodic  anodic(down) and cathodicup). For a better comparison the alge-
polarization. braic sign was disregarded.
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field in the bulk of the liquid crystal will be lower in the case From the equilibrium requirement that the chemical potential
of anodic polarization than in the case of cathodic polarizabe uniform throughout the distribution of positive ions, we
tion in such a way as to be below the transition threshold foget

anodic polarization but above the threshold for cathodic po- V(2) - V(D]

larization (see Fig. 9 again Even the strong electric field _ eV V(D] _

that appears within a layer of around the Debye lerigtt n(z)= n@exp{ kT =n@ex ~¥(2)],
cannot align the liquid crystal molecules homeotropically be- 3
cause of the rather strong planar anchoring. Also, there the . . _
injected currents are not negligible. In fact the asymmetry ofVhere, for ze[0d], we use an adimensional potential
the injected currents is due to the rectifying properties of the¥ 1(2) =eV(2)/kT. Let ¥,(0)=%,, the potential of the
ITO/WOs, junction, which induces on the interface between!TO/WOs interface. We speak of the anodic caselij>0
WOs; and the liquid crystal a depletion layer of free chargesdd of the cathodic casef,<0. The other contadtiquid-
when the cell is cathodically polarized with respect to theC'ystal—ITO interfacgis grounded. Consequently,

WO, face. In the case of anodic polarization there is also an @)
increase of the positive mobile carriers in a layer of around ¥, (z)=

the Debye length at the WOnematic-LC interface which kT
injects a current having the same sign as that injected by ITO 4

at the other face. Both currents haying }he same direction |t , is the constant concentration of negative charges
create a rather strong current which inhibits the homogenougOH—)’ we shall choos@ as the root of the equation(z)

alignment. Withou_t _the W@ layer, for each polarization, =n, i.e., the surface within the WQOayer where the net

and V(z)=%¥,(z2)—V(2), WVY(z)=0.

other ITO interface there is no injection. So the _current i:sWO3 does not have any net charge, the following condition
alternately blocked on one or the other of the two interfaces; 2"t be fulfilled:

If we consider that the cell has two switches, these work in

counterphase when the cell is symmetric but the M&yer d d

reverses the phase of one switch so now they are in phase: on nd= f n(z)dz= n@f exd -V (2)]dz,

or off. Very recent measurements have shown that the same 0 0

effect can be obtained with a thin layer of nickel hydroxide ,,

doped with Li" ions. The same process of creating a pair of

depleted or enhanced layers of positive mobile ions is re- 1 (d

sponsible for this effect. d fo exd —V¥(z)]dz=1. 5)
One important task is to see which process is more im-

portant: the lowering of the electric field below the threshold  gne further important fundamental equation will be re-

or the symmetry of the injected currents? To answer thi%uired. This is the well known Poisson equation
guestion, at least qualitatively, we tried to see if a large ca-

pacitor inserted in series with the cell would modify the d?V(z)
asymmetry of the electro-optic effect. The result was nega- - eoel—zz
tive, i.e., the asymmetry still exists although the frequency d
limit for this asymmetry was lowered a little. The capacitor
was chosen with such a value as to have the same voltage

=e[n(z)—n] (6

drop across the sample as in the case without the capacitor. d2¥ (2) e2n
The buildup of surface charges is the same, but now the = {exd —¥(z)]—1}. (7)
injected currents are essentially blocked. Of course, the much dz €0€1kT

higher time constant of the system lowers the frequency
limit. This experiment suggests that in this case, although
one cannot completely rule out the influence of the injected 7
currents, the lowering of the electric field in the bulk of the (==, (8)
liquid crystal when the sample is anodically polarized plays D

the most important role.

It is convenient to use a new adimensional coordinate

whereD is the total thickness of the cdihcluding the thick-
nessd of the WG; layen. Let

lll. THEORY
. . . . . d EoflkT
The chemical potential of the positive ions may be written o=—, Li=—F. (9)
as D 2ne?
p=eV(z)+kTInn(z), 2 Equation(7) becomes
: : L : d*®(¢) D?
wheren(z) is the concentration of positive ions aNz) is ———=——{exd —¥()]-1}, (10)
the electric potential experienced by the protons inside;WO dg 2L7
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wherel ;= Veye, kT/2n€? is the so called Debye screening V,(0)=¥,=V,({)+¥(0) and
length, €, is the dielectric constant of WQ ande=+1.6

X 10" 1°C. The dielectric constan; is typically about 6; it

may depend on the porosity of the Wyer or whether the
tungsten trioxide has been annealed or not. This value hay
nothing to do with our previous assertion that the equivalent
dielectric constant of the cell was of the order of 1That
was due entirely to the mobile charges dissolved within th
liquid crystal and to the protons in WOIn other wordse;

is the dielectric constant of a pure matrix of tungsten trioxide ey — W, (5)]exd — V(0)]+[W1(5) — V] + ¥ (0)
free of charges. Experimentally, it may be measured in an ac
field having a frequency much lower than the (8 optica)
absorption, but higher than the reciprocal of the diffusion
time of (almos} free protons. One must also take into ac-©f
count that the average concentration of free protons is
~10 5 that of WO, molecules, so the protons may be con-
sidered as independent charges in a dielectric matrix. Th
same argument will be considered when the liquid crystal is” "
concerned.

W1(8)=P1()+V(8)=Wo+W(5)—W¥(0)

V(8)=W,(8)— T+ (0). (17)

E‘Equation(l6) becomes

—exg —¥(0)]+7(0)

V(8 —Wo=e TO[1—gel Vo T2ld]],

elPo=Ya(dl 1
Condition (5) becomes P(0)=In W} (18
1 (s .
bl _ - Let us now integrate Eq12),
5f0 exd —¥({)]d¢=1. 11

JW) d¢
v(0) yexp— @)+ p+cC

For = 6 the previous expression becomes

¢
It can be easily proved that E(LO) is equivalent to = Iafo d{=xa¢. (19

dw(¢)\* D?
( ) =—{exd —V(H]+¥ () +c}

d¢ L?
v(5) do
or f =7Fas. (20)
v(0) Jexp(— @)+ d+c
% =Faexd —V()]+W¥ () +c, (12) Using Eqgs(17) andl(18), V(5 may.be.expresse.d in terms of
d¢ ¥, (6)—the potential on the Wg-liquid-crystal interface—

. L : . ) _andW¥,, which is known,
where the negative sign is associated with anodic polariza-

tion (W,>0) and the positive sign with cathodic polariza-
tion (V,<0). Also,

elPo~Ya(dl 1

‘If(5)=\1’1(5)—‘1’0+ln W} (21)

a=L—1

and the integration constantshould be greater than 1.
Let us now use the conditiofil)

1 (s 2 sd2W(¢) -
SJO eXF[—‘I’(i)]dZ——aTé Od—gzdéﬂLl—l,
(14
that is,
s d‘I’(é))_ dv(Q)| d¥()
fod(—dg =0= az ‘0— az ‘5. (15

Using now Eq.(12) one gets
exd — V(8 ]+V(s)=exd —V¥(0)]+¥(0). (16

Remembering expressiof¥), one has

D (13) The integral in Eq(20) depends on the characteristics of

the cell @,46), the applied voltageV,, and also on two
unknownsW¥ () andc. The integral can be done numeri-
cally for a set of values fow () (between 0 andV',) and
for a set of values foc. The minimum value of the potential
slope—i.e., d¥/d{—occurs when¥=W¥({)=0 and is
ay1+c. Therefore,c>—1. Moreover, the minimum slope
cannot be greater thafWv,—W¥(45)]/6, which limits the
values ofc. Thus, one has to choose the values of the set
(—1,—1+[Vo—W¥,(5)]%a?6%). A three-dimensional plot
of the numerical values of the integral in EQO) with re-
spect to W4(8) and c represents a surfacfet it be

2 (¥4(5),c)]. Intersecting it with the plan® =aés, one ob-
tains a curve that gives a connection betweemdW¥ (),
namely, c=c(¥(5)). In that manner, the constamt is
eliminated and only one paramet@r, () is left unknown.
But, at the WQ/LC interface, disregarding any trapped
charge, one can use the continuity relations

W1(8)=W,(9)
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and d>W,(¢) e’D?
dgz(g = WO =]

AW, dW,(0)|

€1 = €7 (22) ezn D
de l, 7 ode - e~ W)+ V(D)

connecting the potential,(¢) defined for{ [0,5] to the _ _ -
potential¥,(¢) defined forl e[ 8,1], i.e., in the liquid crys- X5 = Vo D)]}- 28)
tal region. Then

Coming back to the expressidh9) the integral in the left ’
hand side can also be done numerically for a set of valties d2W,(¢) D2 .
[limited by W(0) and ¥ (8)]. Representing now the sit on d—§2: Fsinr[\lfz(g)—\lfz(g)], (29
the ordinate and the corresponding values{ain the ab- 2
scissa we get the graph of the functidtil). Of course, this
procedure can be repeated for several value¥ gf5) and where
one obtains a family of curve®(¢) from which one gets the e kT
family L2= ;egn . (30)

|

elPo~¥a(d] 1}

- = L, plays the role of the Debye length for the liquid crystal
Vo= V,(0) (23 2 play y g q y

zone.
Due to the symmetry of the problem in the liquid crystal
We can now consider that in the liquid crystal there arereglon Z would be the middle point, iel= (1+ 8)/2 and

positive and negative ions free to move, either as ionic imsy, 1
purities or as the equilibrium dissociation of liquid crystal . 2@) 2¥1(9). A rigorous proof of this assertion is given
in the Appendix.

molecules themselvdd 1) To simplify the notation, we set

Letn,({) andn,({) be the concentrations of positive and P ’
negative ions, respectively. At equilibrium or very close to B —
equilibrium (as the power dissipated in the sample is quite () =¥ —Va(0). (3D
small ~0.1 uW/cn?) the values of the concentrations are

V() =¥()+¥o—In

\Ifz(Z) andWV being constants, we have

o) =np(D)exil — W o(0)+ To(D)], Vo0 de(0)  dPW(0)  d2(()
d¢ d¢ ' d%  d¥%

. (32

Na($) =np( DX () = V(0] (24
as well as the useful expressions
where

V() =e()+W,(0),

eV(?)
I =—"" for s=i¢<1 d¥,(1)=0, (25 —
2= g for o<¢ and W5(1) (25) P(1)=—W,()=—3V1(8), @(&)=3V(5). (33

that is,¥,(¢) is the adimensional potential within the liquid It can be seen that the equation
crystal region.

It is easy to verify that the product of the concentrations d?e({) B D? .
does not depend ofiand may be called? (a constant a2 L—SSIHWP(Z)] (34
Np({HNp(H=n (g’)n (§)= (26)  is equivalent to
One may recognize a weII_known formula in the physics of de(0))? 2D2cosr[ (O]+¢ (35
semiconductors. The valuégscan conveniently be chosen as dg L2 ot '

that value of{ for which the two concentrations are equal,
ie., wherec’ is another integration constant to be determined. To
do this we may use the fact that

Np(Q)=na(O)=n;. 27
P . d%(g | dvy() -
In the liquid crystal zon&< (<1, wheree, is the dielec- 2 | o dg ‘5
tric constant of the liquid crystal, the Poisson equation is
now and
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€1\ ?(dPy(9)? [dWy(0)\? 2D? TABLE I. Estimated values for the parameters used in the cal-
(_ ( ) = ) =— coshe(8)]+c’. culations. WQ parameters for the anodic and cathodic polarization:
€2 d¢ 5 d¢ 5 L3 stored charge densityn, the concentration of negative charges
(37) OH™; L4, the Debye screening length. Liquid cryst&l7) param-
eters:n;, the ion concentration in the liquid crystdl;, the Debye
So the constant’ is determined and one has screening length in a liquid crystal.
dW¥,(¢)\? 2D? WO;, €;~6,d=0.4um, §=0.05,S=2 cn?
iz =7 cosh()]—cosi3¥,(5)] Anodic (3 V) Cathodic(—3 V)
2
) Charge(uClcn?) 0.36 0.12
Ly (e ?[dWy(0))\? n (1% m9) 60 20
Tl e) | Tdz Ly (nm) 10 17
g a 800 450
oD2 as 40 22
_ K2
- L% {COSWQD(@]"'U} b {COS"‘[(P(é’)]'f'U}, (38) quUId CrystaI(E7), 62%10, D:8,u,m
. i (10¥m—3 6
where b?=2D?/L3. The remaindeu depends(apart from E' (( m)m ) 1
the parameters of the cglbnly on ¥ ,(6). b2 K 116
Now we can write b(1—5) 11
de()
d—::b\/cosr[go(g)]Jru, (39
¢ The experimental results presented above indicated a

. . o stored charge density of around 0.3€/cn? in the anodic
where the upper sign corresponds to anodic polarization an hse(+3 V) and 0.12uClent in the cathodic casé—3 V)
the lower sign to cathodic polarization. Let us integrate thq v )

revious relation n the two cases, from these values, we can estimate the
P concentratiom of negative charges OHin the WGQ; film:
60X 107t and 20< 10°*m3. As far as the parameters of the

f M)L liquid crystal are concerned, the concentration of charges
¢(9) ycoshg+u should not depend on the polarization of the cell, the injec-
¢ tion of charges being small. A typical value Iof of ~1 um
= :bf di=Fb(¢—6) is reported in the literaturgl1,12. It corresponds to an in-
s trinsic concentratiom; of the order of 6<10"¥m™3. This

concentration can be obtained assuming only a dissociation
rate of 10 °, to say nothing of the ionic impurities. In Table
V1+u ’ 1 we present the estimated values for the parameters used in
the calculations.

 2i[F(e(0)/2120(1+ )= F (i ¢(8)/2]2/(1+u))]

(40)
WO;, €,~6,d=0.4um, §=0.05, S=2 cnt.
whereF (¢|k) = [¢d¢/1—k sir? ¢ is the elliptic integral of
the first kind. With the values mentioned in Table | one may see that in
Letting £ be equal to 1, we have order to have the value of the integral in EQO) equal to
ao=40 one must consider=—1 for any value of¥'{(6) in
®(1) do —V4(9)2 do _ the physical range. A further simplification appears if we
f@(ﬁ) coshg+u - V1(6)12 \/m:+b(l_5)' consider the value off ,—W,(6) which is the (adimen-

(41) siona) voltage drop across the W@ilm. If ¥,~115, i.e.,
V(0)=3V, then, even if¥y—¥,(5) is only 10% of
The left hand side depends on the paramdtg(s) which Wo,e"0""1()>1, so we can use the approximate expres-
now can be determined numerically. Then, coming back t&ions

the expressioid0) we can calculate the right hand side of it - -~

for a sufficient number of valueg. We obtain the function V(9= =In[¥o=W1(d)],

(@) numerically and by reversing the plot this givesg(g), Y(0)=Vo—V,(8)—InN[Vy—T¥ (5], (42
and therefore¥ ,(¢). This function can be plotted for both

anodic and cathodic polarizations. Knowing tHaj({) = which simplifies the computations. With the above men-

—(kT/eD)[dW¥,(¢)/d{] is the electric field inside the liquid tioned considerations one can determine the valug gfo)
crystal and that- e,¢e,(kT/eD?)[d?W¥,(£)/dZ?] gives us the by means of Eq(41) and then¥,(¢) andW,({). In prac-
total charge density as a function H&[ 6,1] one can plot tice, due to the fact that~—1 it is not easy to find the
the electric potential, the electric field, and the electricfunctionc=c(¥(6)) as discussed earlier. In fact, it is more
charge. convenient to perform a small number of iterations until Egs.
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N charge will be smaller because the negative ions (Déate
15 not mobile. A smaller amount of negative charge in the ITO
anodic  —— region is now attracted and the surface charges in the NLC
100 cathodic semsmesrarenams are now much smaller, thus decreasing the counterfield.

In fact, in both cases, the fields near the interfaces are
given by o/2eey. With the anodic polarization, from the
arguments presented before, one may considerdhates-
sentially the total measured chargelivided by the area of
the interface. On the contrary, in the cathodic case, the mea-
sured chargel’ ~1q is no longer concentrated only on the
surface, s’ <3o.

A theoretical model combining statistical physics with
pertinent electrostatic equations was developed, and this
theory can be applied or extended to any other similar sys-

1 L 1 C tem. As a matter of fact we have used these ideas when
0"5-0.05 0.5 1 replacing the W@ layer (which is difficult to obtain with a

layer of polymers doped with free protofts].
FIG. 10. A plot of numerical calculations of the potential for y oy P P 5]

both WQ; and liquid crystal regions. Absolute values were used in
both cases.
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IV. CONCLUSIONS APPENDIX

In this paper we have presented experimental facts that
suggest an explanation of the asymmetric electro-optical be{ra
havior of a NLC cell with an inserted layer of WOThe idea
of an internal counterfield, which lowers the total electric 1
field in the bulk of the LC below the transition threshold, has L [np(¢)—nn({)]dE=0 (A1)
already been discussed in Réfl]. In the same paper, a
method of measuring the intensity of this field was pre-or, taking into account Eq28),
sented. Now, we go a step forward by making a direct con-
nection between this counterfield and the electrochemical J'ldquZ(g) =d\112(§)| _d‘P2(§)| =0
processes inside the layer of W Ve consider that the most dz? d¢ ’1 d¢ | '
important fact is the asymmetric creation or annihilation of
positive chargegprotong in the tungsten trioxide layer to- that is,

Considering that the liquid crystal zone is electrically neu-
[, one has

S

gether with the fact that the positive charges are mobile
whereas the negative charges (QHare essentially fixed. d\PZ(g)‘ :dWZ(O’ _ (A2)
The experiments have shown that in the case of anodic po- d¢ |5 d¢ \1

larization the total charge stored in the cell is approximately
three times higher than in the case of cathodic polarizationThe same relation being true f@i({), one has the equation
Yet this single fact might not explain the asymmetric behav- —bycos@(3)]Fu=Tb\cosHo(d)]+u
ior of the cell. We also have to consider the mobility of the +bycoshi¢(8)]+u==bycostig(d)]+u  (A3)
positive charges in WQ or

First, let us analyze the case of anodic polarization. Pro-
tons are pushed toward the right= &), leaving on the cosh ¢(6)]=coshlie(1)] (Ad)
ITO-WO; interface a layetaboutL ;~ 10 nm thick of essen- ) . . )
tially pure negative charge which attracts an equal positivéVith two solutions: eitherp(6) = ¢(1), which must be re-
charge on the ITO side. As a consequence, an equivaleffticted because it describes a short-circuit casep(af) =
negative charge appears on the other ITO sigle{). This, —®(1). Then
in turn, mobilizes the positive ions of the liquid crystal and (P DTN —
so the counterfield sets in. V()= Wa(0)=W5(5)—Vy(1),

In the case 'of cathodic polariza'tion, apart from the faCtbut\Ifz(l)=0, and one gets
that the positive charge in WQOis now smaller, the .
ITO-WO;, interface attracts protons. The buildup of surface Y, (0)=3¥,(8)=3¥,(5). Q.E.D. (A5)

011708-9



ANCA-LUIZA ALEXE-IONESCU et al. PHYSICAL REVIEW E64 011708

[1] R. Bartolino, N. Scaramuzza, D. E. Lucchetta, E. S. Barna, A. [8] J. Vondrak and J. Bludska, Solid State lon&3 317 (1994).

Th. lonescu, and L. M. Blinov, J. Appl. Phy85, 2870(1999. [9] Reactions can be more complicated, for example, some of the
[2] G. Strangi, D. E. Lucchetta, E. Cazzanelli, N. Scaramuzza, and H* can attach to water molecules giving hydronium ions
C. Versace, Appl. Phys. Let4, 534 (1999. (H30)* with lower mobility than that of protons.
[3] E. Cazzanelli, N. Scaramuzza, G. Strangi, C. Versace, A. Perf10] D. Dini, F. Decker, and E. Masetti, J. Appl. Electroche26,
nisi, and F. Simone, Electrochim. Actel, 3101(1999. 647 (1996.
[4] G. Strangi, E. Cazzanelli, N. Scaramuzza, C. Versace, and R11] G. Barbero, A. K. Zvezdin, and L. R. Evangelista, Phys. Rev.
Bartolino, PhyS. Rev. B2, 2263(2000 E 59 1846(1999
[5] A.-L. Alexe-lonescuet al. (unpublished [12] R. N. Thurston, J. Cheng, R. B. Meyer, and G. D. Boyd, J.

[6] C. G. Granqvist, Appl. Phys. A: Solids Sufi7, 3 (1993.

. : _ Appl. Phys.56, 264 (1984).
[7] C. G. Grangqvist, Solid State loni&3-56, 479 (1992.

011708-10



