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Electrical and electro-optical investigations of liquid crystal cells containing WQ thin films
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An interesting application of the fast ion transport properties of tungsten trioxide is presented, when it is
inserted as an electrode in nematic liquid cry§ilC) cells. In a standard sandwichlike cell the nematic liquid
crystal, confined between two transparent plane electrodes of purely electronic conindiors tin oxide
(ITO)], undergoes a molecular reorientation under the action of an external electri& fi€his electrically
controlled birefringenceelectro-optical switchingis proportional toE?, thus polarity insensitivgL. M.

Blinov and V. G. Chigrinov Electrooptic Effects in Liquid Crystal Material&Springer-Verlag, New York,

1994 ]. When a thin film of tungsten trioxide is deposited by magnetron sputtering onto one of the transparent
ITO electrodes, and a NLC cell is assembled with such asymmetry, the electro-optical response becomes
polarity sensitivefG. Strangiet al, Appl. Phys. Lett.74, 534 (1999]. The analysis of this response suggests

the occurrence of a reverse internal electric field, associated with the ionic diffusion process of protons always
present in these sputtered W@ms [E. Cazzanelliet al, Electrochim. Actad4, 3101(1999]. By using an
opportune voltage waveform it is possible to evaluate such an internal field. Impedance and cyclic voltammetry
measurements were carried out on these cells, comparing “as-deposited” and “annealed” tungsten trioxide
electrodes. These studies confirm that an important ionic diffusion process is involved in the establishment of
an internal electric field, which modifies the electro-optical response of the nematic liquid crystal cell.

PACS numbds): 61.30.Gd

[. INTRODUCTION deposited by magnetron sputtering on an ITO substrate.
The tungsten trioxide W@is a compound well known for
In the last 30 years liquid crystalline materials have beerits electrochromic[3,4] and catalytic propertie$5]. It is
largely exploited for many technological applicatidris2]: mostly used as an active electrode in the electrochromic de-
displays, smart windows, light valves, spatial light modula-vices, because of the mixed conduction propeiies, ionic
tors, and so on. and electronig and for its peculiar electronic structulrg].
Nematic liquid crystal§NLCs) are largely used in many The processes of intercalation-deintercalation of small
of these devices. In particular, NLCs are used for modulatiorions (H", Li*, Na"), occurring also in the bulk crystal, are
of the electro-optic response because they are very sensitiggeatly enhanced in the Wdilms [6,7], because of many
to external agents and in particular to surface forces, whiclavailable paths for a fast ion diffusion along the grain bor-
depend on the alignment layers, surface charges, temperders. The insertion of foreign cations allows for a redistribu-
ture, and so of2]. In fact, a specific orientation order in the tion of additional balancing electrons among the electronic
NLCs can be induced via specific treatments of the boundaripands of the host compound, resulting in a change of the film
surfaces that affect the behavior of the entire liquid crystakoloration, from a pale yellow to a blue colorati¢electro-
layer. chromic effect [4]. However, this effect induces strong
Electro-optical phenomena observed in uniform structureshanges in the optical transmission spectra only for appre-
are purely orientational, i.e., molecular directoreorients in  ciable amounts of cations entering in the host structure of the
an electric field under the action of a dielectric torque, whichfilm. A well-operating electrochromic device requires, in
is proportional to the dielectric anisotrogys =¢,—¢, (g, fact, a layer of electrolyte, having purely ionic conduction,
ande, being the dielectric permittivities parallel and perpen-and a counterelectrode, having mixed ionic and electronic
dicular to the optical axis, respectivelyThis effect is well ~ conductivity, whose electrochemical characteristidsarge-
known as electrically controlled birefringen¢ECB) which  discharge capacity, in particu)amatches those of the WO
results in the variation of the transmitted light betweenactive electrochromic laydi3].

crossed polarizer@ptical switching. In usual NLC cells the In the NLC cell containing a WQfilm, the electrochro-
electro-optical effects are not dependent on the polarity of
the external perturbatioft,2]. Glass plate

In this work further investigations are presented on the WOs film *[

polarity-dependent optical response of NLC confined be- ™~ E NI —— ﬁ
tween two different electroded=ig. 1): one constituted by ~V ! rv\\

the usual indium tin oxidé¢ITO) transparent electronic con- : z ITO fils
ductor, the other by a thin film of tungsten trioxide (\WO T_>

X

FIG. 1. Scheme of the asymmetric liquid crystal cell. The nem-
*Corresponding author. Email address: Strangi@fis.unical.it atic liquid crystal(NLC) is E7 (BLOO1 provided by Merck
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mic effect, if it even exists, is accidental and negligible with film thickness on the electro-optical response of the liquid
respect to the optical switching due to the ECB of the NLCcrystal.
layer. The heating treatment on the film used for NLC cells has
The schematic picture of the asymmetric NLC cell dis-been carried out in air, by using a standard laboratory oven
cussed in the present work is clearly shown in Fig. 1. BesideéCarbolite Furnaces, Mod. RMP14/3The sample was
the two support glasses, the sequence of the active layers fi¢ated with a rate of 67 °C/min up to 250 °C, kept at such
the following: (i) a transparent, purely electronic conductor {€mperature for 15 min, and underwent a further heating step
(ITOY; (ii) a NLC layer, having typical thickness of the order UP t0 303 °C, with a rate of about 3 °C/min. After a perma-
of 10 um, behaving as a dielectric insulatdiij) a transpar- N€nce of 5 min at the maximum temperature, it was cooled
ent WO, film, about some hundred nm thick, having mixed 40Wn with the rate of 10 °C/min.

ionic and electronic conductivityjv) another ITO transpar- The c_onductmg _gl:_;lss pla'ges, W'thOUt. any surface treat-
. ment to induce preliminary alignment of liquid crystal, were
ent electronic conductor.

In the case of our asymmetric NLC cells the uni Olarclosed in the standard sandwich configuratisee Fig. L
. oymm € UNIPO'al 1o thickness of the cells was ensured by stripes of Mylar
electro-optical response is strictly related to the ionic diffu- . : - .
sion behavior in the W©film, as will be discussed below (8-36 um). The introduction of the I|qU|_d crystal in the
The important ionic diffl,;sion process in the tungstén-Space enclosed between the asymmetric glass plates was
oxide film can be attributed to theHons always present in made slowly to prevent any orientational alignment induced

. : by the flow. The nematic liquid crystal inserted in the cell is
such WQ’ f|Ims,'even grown by dlfferent methorﬂ&—lZ].' known commercially as BLOO1 by Merckormer E%; it is
A major role in the proton conductivity in tungsten triox-

ide films is played by the water molecules, always present "an eutectic mixture of four different cyanobiphenyl com-

) . . nds. The temperature ran f existence for the nemati
the films, donating protons to the system and also supportin ounds € temperature range ot exisience for fhé nematic

the hopping of H cations. Actually. ver ial care must esophase is between 20 and 61 °C. The dielectric anisot-
e hopping of H cations. Actually, very special care mus ropy Ae=g,—¢, = +13.8 (at 20°Q.

be used to have water-free W@ims [13]; otherwise, the Observations of the electro-optical response of the cells,

proton concentration and relative conductivity is appreciablﬁbem/e(_)n crossed polarizers, were made by a polarizing mi-

and induces interference also in the measurement of other - . . .
ion conductivities[14—17. It is well known that after an %roscope Axioskop PalZeiss. Videomicroscopy was per

annealing process, inducing dehydration of the film and th formed ly a 3 charge-coupled devid€CD) color camera

Scm 112 (GDS Elettronica connected to a PC equipped to

ellmlnatl_o_n of all the hydrogen cantaining species, the I0NICisualize the images of the samples. The investigation of the
conductivity strongly decreases.

The bresen fwater is strictl nnected to th i transmitted light intensities was carried out by a large area
€ presence ot water 1S strictly connected 1o the partiCUgy; -, photodiodgHamamatspymounted on the polarizing
lar structural configuration of the films, extensively studied

. . microscope. The electrical signal proportional to the light
and desc_rlbed by Nanbgl8l. The annealing changes the intensity was collected by a digital oscilloscof¥eektronics,
structure in a two-step process, well demonstrated by Calo”lvlod TDS 784

metric measuremenf49]: (i) elimination of water out of the For the comparative electrical measurements on liquid

film occurs at lower temperatures, but leaves a dlsorderegrystal cells containing as-deposited and annealed electrodes,

structure in the filmyii) at higher temperatures, a crystalli- ;
zation process starts, driving the film structure toward crys-gla"SS plates coated by WQvere chosen in such a way to

) . . have sputtering parameters quite similar to each other, so
talline phases, of a distorted RgQpe, similar to those of that chemical and structural characters are quite comparable.
the bulk crysta[20]. The temperature values for these trans-

. . . A preliminary electrochemical characterization for both
f_ormatlons are str_ongly dependent on the pa_rt|cular deDOSl{he as-deposited and the annealed samples was carried out by
tion methods: for instance the crystallization is reported fo

r . .
) ) o . a Potentiostat/Galvanostat/Impedentiometer EG&G Mod.
different films between 300 °€19] and 500 C[.ll]‘ . 73 A. The impedance of the samples was investigated in the

In the present work we make a comparative analysis o

the complex impedance and cyclic voltammetry of completerequency range 1 mHz to 100 KHz. The amplitude of the
NLC cells containing as-deposited and annealed \f@s. applied voltage was chosen as 100 mV so as to avoid undes-

- : . ired electrically induced reorientation of the liquid crystal.
Before that we will analyze the electrical behavior of the Y 9 Y

Il with as-d ited il h o I d Cyclic voltammetry measurements were also carried out to
cell with as-deposited hims, h€ ones giving a we'l repro UC'complete the comparative analysis of the electrochemical be-
ible, unipolar electro-optical switching of the device.

havior. The interval of the applied voltage wa®? to 2 V
and the scan rate was set to 50 mV/sec.

Il. EXPERIMENT Ill. RESULTS AND DISCUSSION

Thin WO; films were deposited by radio frequeng@yf.) As already reported21,22, and also confirmed in the
sputtering in a reactive atmosphere of Ar arggas, and the present work, the tungsten trioxide layer induces a homoge-
ratio oxygen/argon was maintained at a value of 10% duringheously planar alignment of the liquid crystal molecules
deposition. Sputtering parameters varied for r.f. power beparallel to the boundary surfageslong thex-axis (see Fig.
tween 100 and 250 W and for deposition times between 1Q).
and 30 min, in order to obtain a film thickness of some The starting orientation of the NLC cell is set in such a
hundreds nm. The sheet resistance of the ITO layer was 2@ay to have a maximum of the transmitted light, when
Q/0. The samples were made using different depositiorplaced on the stage of the microscope between crossed po-
times for tungsten trioxide, to investigate the influence of thdarizers.
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When a low-frequency voltage, above a certain threshold, 200pm
is applied to our asymmetric NLC cell, we observe a de-
crease of transmittivity only for the cathodic polarization r
(from now on we will consider the electrical polarization
with respect to the W@side of the ce)l

Given the above-mentioned initial conditiong=45° is
the angle between the polarization vector of the incoming 3
light and the initial undistorted direction of the directgrthe
NLC layers manifest birefringencAn=ng,—n,=n,—n,,
being n, and n, the extraordinary and ordinary refractive

indexes, respectively. If the applied electric field, along the (@) (b)
z-direction, exceeds its threshold value, the director deviates . . _ .
from its unperturbed direction. The anglebetween the di- FIG. 2. Video-microscope images between crossed polarizers

rector and the-axis is a function of, while in first approxi- ~ relative to the optical switching induced by a low-frequency volt-
mation we can assume thatremains perpendicular to the 9€-(&) Anodic polarization of the Wefilm. (b) Cathodic polar-
y-axis. Therefore, the refractive index for the ordinary ray'Zation of the WQ@ film.

remains unchanged,=n, . At the same time the refractive

index for the extraordinary rayng) decreases, tending to- of WO,, rather than the characteristic times of liquid crys-

ward n,, according to tals’ reorientation, are relevant for the polarity sensitive
electro-optical response.
NoNe In order to better explain the optical phenomena we car-
n(z2)=n(0) (1) P ek

B (nZsir? 9+ nj cog 6)Y% ried out several measurements on the aforementioned asym-
metric cells. The first step consisted of the measurement of
The phase differencé between the extraordinary and the the current flowing through the cells upon application of a

ordinary ray for monochromatic light of wavelengthis  voltage waveform composed of a rectangular pulse of finite

found by integrating over the layer depth amplitude(positive or negativefollowed by a zero voltage
27 (d 2wd(An(z))
5=—f [Ne(2) —NoJdz= ———. 2 ! !
N Jo A 3 '
1 (@ e ] 20
The intensity of the light passing through the cell depends%? 2 | «g
both on the anglep and the phase differenc z 1,5 &
) ~ 3
s i o g 0 2
I =lgsin(2¢)si 5 3 2 1 | 1o &
. i . L . . —é ] ptical responsk ' 5‘
wherel is the intensity of the incident linearly polarized < ,] 1| 1 B
light. The external electric field changes the directiomof ] L,.\ — dos &
so thatd= 6(E,z), and consequently the values &fand | -3 ,
change. VT R
The effect of optical switching in a standard nematic cell Ti
is independent of the sign of the electric field, as reported in ime (sec)
many works present in the literatufé,2]. The optical re- 4
sponse of NLC becomes polarity dependent when we inser f Opmmipm 070

as electrode a Wgxhin film. In Fig. 2 are shown the video- : (b) ,
microscope images of the optical switching for the anodic . , | 7 l
[Fig. 22)] and the cathodigFig. 2(b)] polarization. lr pdl pd ;r
The application of a square-wave voltage in a wide fre- 1 { / j
guency ranggd.c.—300 Hz emphasizes an electro-optical f / /
W W W pu/ A
| ,

o
[~}
So

&

response discriminating the sign of the electric figkg.
3(a)]. In Fig. 3b) is reported the usual quadratic behavior of
the optical response during the application of a square-wave
voltage for a standard cell confined between electrodes of
purely electronic conductofiTO). The comparison points

Applied voltage (volts)
<

<
2
(syum-qae) asuodsai eondQ

[

out the rectificating power of the asymmetric cells, in which 4 : — 0.62
the unipolar response occurs on times of the order of milli- -2 -1 Timg(m) 1 2
seconds.
As reported in our previous work2], above some fre- FIG. 3. The polarity-sensitive electro-optical response of the

quency valugabout 300 Hxthe electro-optical response ap- presented cella) is compared with the usual quadratic response of
proaches that of the usual celise., polarity independeht a customary LC cellb) confined with electrodes of purely elec-
This fact indicates that the ionic diffusion characteristic timetronic conductors like ITO.
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IR IER R I R protons insures a well-established electrical equilibrium that
o Chaouy” prevents any back-diffusion process. On the other hand, the
i R I S modification of the concentration profile of the charge carri-
(B) 2oprvrrbirmrprs il s €1 Mean ers results in a reverse internal electric field, when the;WO
- Back-‘éurreht L] film undergoes the anodic polarization. In other words, the
A ]S Fre externally applied electric field controls the charge profile at
' :nm) Isiit%v:j:zl both ITO-WQO; and WGQG-NLC interfaces according to
Nernst's law,
ZORV 6 Apr 1998 1
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FIG. 4. The behavior of the current is reported during the appli-
cation of a square-wave voltag@) Cathodic polarization(b) An- ~ Wherer and| refer to WQ-NLC and ITO-WG; interfaces,
odic polarization. respectivelyZ here is the number of the charges of the ions,

wm is the chemical potential, arglis the elementary charge.

pulse of the same duration. Analyzing the current behavior In order to evaluate the intensity of the internal electric
during the cathodic polarizatidiFig. 4a)], a negative charg- field du'rl'ng the anodic polarization of the cell, we Qeveloped
ing current is observed, which vanishes when the electri@ SPecific voltage waveform to apply to the liquid crystal
field is removed. For the anodic polarizatiffig. 4(b)], on cells. This waveform consists of a succession of a first higher
the contrary, the current does not vanish when we remov¥oltage rectangular pulse, of constant valtie followed by
the external electric field and a negative currébaick- @ subpulse of lower voltagé,, with increasing height from
currenj occurs. zero up to a certain valués (Fig. 5. A zero voltage pulse

The explanation is strictly related to the cross-link be-separates each of these composite pulses. During the first
tween purely electronic conductofdO), mixed conductors  anodic pulse Yap,= V1), the free ions of the WOmigrate
(WO,), and dielectric material€NLC). The role played by toward the WQ-NLC interface giving rise to an ionic cur-
the different interfaces of the Wayer with respect to the rent (positive. At the end of the first pulse, the ions are
ionically blocking film (ITO) and the dielectric layefNLC) pushed at the interface and the following short circuit re-
become extremely relevant during the inversion of the polarleases the ions, producing an evident back-current. The sec-
ity, which modifies the electrical potential profile in the ond voltage pulse \(yp=V,) keeps the accumulated
sample. At the ITO-WQ interface, ITO has free electrons charges at the WENLC interface(suppression of the back-
and they can diffuse in the porous WQgiving rise to a  curren}, when a proper voltage valué; is reached. As it
recombination process with the W@®rotons, modifying the can be seen in Fig. 5, the increasing voltagecorresponds
charge carriers’ concentration profile in the oxide films. Theto a progressive vanishing of the back-current until the volt-
recombination process becomes quite important when thageV; is reached. In conclusion, the val\@ gives a good
cations are pushed at the ITO-Wterface during the ca- estimate of the internal electric field. The consequence of the
thodic polarization, whereas it is strongly reduced during thdnternal field establishment is the modification of the effec-
anodic polarization, when the protons are pushed toward thive electric field in the NLC sample, now polarity sensitive.
WO43-NLC interface. In this latter case, by removing the ap- During our experiments we observed different cells, vary-
plied electric field a back-diffusion occufback-currentto  ing the thickness of both the NLC layer and the Wim. In
restore the electrical equilibrium. any case, the polarity-sensitive electro-optical response re-

The cathodic recombination process ITO electronssWOmains qualitatively the same, also after several weeks of ob-



PRE 62 ELECTRICAL AND ELECTRO-OPTICA. . .. 2267

2.0M 150.0n
r'y ' v
@ 100.0n . (a)
1.5M a ;
LA o : —_ 50.0n 7
<
S 1.om s oo f‘f’yéf/
s . 2 ; Y 4
a O _50.0n W
A
500.0K Feree —GE it | WMW
\ ‘ , , -100.0nf it
0.0 i i -150.0n . :
0.0 500.0k 1.0M 1.5M 2.0M 2 " o 1 2
R@) Applied voltage(volts)
20.0M 100.0n
80.0n
b (b)
15.0M ( ) 60.0n ;
A . 400n
A < 1
- : < 20.0n
S 10.0M 4 B
= Y 0.0
» y g
A O -20.0n
5.0M 4 -40.0n
L -60.0n
N -80.0n
0.0 : . i i
0.0 5.0M 10.0M 15.0M 20.0M -100.0n ; . i .
2 -1 0 1 2
RE@Q)

Applied voltage (volts)
FIG. 6. Nyquist diagrams relative to the impedance measure- _ _
ment of the as-deposited sami&®; annealed sampléo). FIG. 7. Cyclic voltammetry of the as-deposited sam(ale an-
nealed sampléb).

servation. Furthermore, the cells have to undergo cyclability

tests, during which the applied voltage was swept for aboudefined diffusion process in the former castarting from
30 hours between-2.5 and 2.5 V, and the measured currentsabout 0.5 Hz down to lower frequencywhile in the latter
were found perfectly reproducible. case, a roughly linear dependen€R) starts at lower fre-

To check in another way the role of diffusing protons of quency, i.e., about 20 mHz. It is also important to note that
tungsten trioxide in the peculiar electro-optical response othe diameters of the semicircles in the Nyquist plots, related
the NLC layer, a comparative investigation has been carrietb the resistance of the cells, are quite different. In fact, the
out on several cells, containing sputtered YW@in films  diameter of the semicircle is remarkably increased in the
having different structures of water contents, as a conseannealed samplgFig. 6(b)]. The water molecules desorbed
guence of different heat treatments. In fact thermal annealingfter heating of the surface do not contribute anymore to the
induces dehydration reactions and crystallization of the filmdiffusion process of protons toward the liquid crystal layer;
at higher temperaturefl9]. Different experimental tech- therefore the observed behavior is gquite reasonable.
niques(complex impedance measurements and cyclic volta- The picture becomes even clearer by analyzing the cyclic
mmetry) have been used for such NLC cells. The thermalvoltammetry measurements performed on the same samples,
annealing of the  opportunely chosen platesat constant sweeping rate during all the measurements. In
(WO;+ITO+glass) was carried out to expel the adsorbedsuch a case the total transferred charge is represented by the
water molecules and to study, as the electrochemical prcarea enclosed in the cycle.
cesses at the boundary surface of the NLC cells depend on By comparing the plot of the measurement relative to the
the hydrogen content of the films. sample without heat treatmdlitig. 7(a)] with that relative to

The analysis of the Nyquist diagraniBig. 6) has been the annealed samp|€&ig. 7(b)], it is well evident that in the
performed both on the cells containing as-deposited;WOlIatter case the transferred charge is considerably reduced.
film [Fig. 6(@] and on those with thermal annealed tungsten Therefore, quite relevant chemical transformations,
trioxide films[Fig. 6(b)]. As it is pointed out in the figures, strongly affecting the protonic conductivity, occur during the
the beginning of the region where the ionic diffusion processheating process up to 300 °C, even in the absence of the final
becomes dominant in the pl@tVarburg impedandeshifts at  step of crystallization of the film into a distorted Re®pe
lower frequency, when passing from the cell with as-structure. This peculiar fact is revealed by the analysis of the
deposited film to the cell containing annealed film. Raman spectrum of the annealed film, which shows no dra-

A nearly perfect linear dependence ¥f=Im(Z) on R matic changes with respect to the reported spectrum of the
=Re@) (Z being the impedance of the ceilhdicates a well-  as-deposited filnfsee Fig. 3, Ref[22]).
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This current analysis on the cells containing Widms  rise to an interface formatiofreverse internal electric field
undergoing different treatments supports the hypothesis thathich counteracts the threshold phenomena of the molecular
an important cationic diffusive process in the as-depositedeorientation. The electrical measureme(etarent, complex
film plays a specific role for the creation of an interfacial impedance, cyclic voltammetrgarried out on the cells with
double layer by charge separation. “as-deposited” WQ electrodes pointed out a remarkable

diffusive process, which vanishes for the thermally annealed
WO; films. The interesting electrical and optical behavior of
IV. CONCLUSIONS AND REMARKS the presented device fits well within a simple model of a

This paper has highlighted a new method to achieve théouble layer formation at the W& NLC interface depend-
polarity-dependent optical response in a nematic liquid crysing on the polarity of the external perturbation.
tal cell. It consists of the asymmetrical insertion of mixed
conductor film (WQ) as electrode. Our attention has been
focused on the liquid crystal behavior strongly influenced by
the electrochemical process, which occurs at the different The authors would like to thank Cristina Armellini, of
interfaces. The basis of the asymmetrical electro-optic reCEFSA-CNR at Trento, for her assistance in the thermal
sponse must be searched in the ionic diffusion procesdreatment of the films. Finally, the authors are indebted to
which takes place in the W{Qelectrode during the anodic Professor L. M. Blinov for the fruitful discussion and the
polarization. Under the action of a low-frequency externalhelpful suggestions. The work has been carried out in the
electric field, the protons (H always present in these films framework of the Orchis TMR Research Netwd®ontract
[14,23, migrates towards the oxide-NLC interface, giving No. ERBFMRXCT97-011%
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