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The asymmetric insertion of oxide layers having mixed conduction properties
(ionic and electronic) in liquid crystal cells induce various kinds of electro-optical
response of the liquid crystals, and this behaviour has been related to the structur-
al differences of the inserted films. In this work, is reported a structural study of
such oxide films deposited on indium tin oxide (ITO) covered glasses. To have
further confirmations of the model and a better understanding of the basic mech-
anism underlying the rectification effect and the connections with the structural
and electrical properties of the films, WO3 layers have been studied before and
after thermal. Moreover the gelification via spin-coating, has been implemented
and the optimization test of various relevant parameters have been performed.
The chemical, structural and optical evolution has been extensively investigated
as a function of the thermal annealing treatment, by performing vibrational spec-
troscopy analysis (micro-Raman and IR) impedance spectroscopy characterization
and spectroscopic ellipsometry, before testing the films into the NLC cells.

Keywords: electro-optical response; nematic liquid crystals; spectroscopic ellipsometry;
tungsten trioxide; vibrational spectroscopy
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1. INTRODUCTION

Few years ago a new method has been developed to achieve the
polarity-sensitive electro-optical response in nematic [1,2] and ferro-
electric [3] liquid crystal cells, based on the insertion of a mixed con-
duction (ionic and electronic) film as electrode. The transparent
materials matching such requirements are, in principle, the same
widely studied in the last years for the electrochromic applications.
In fact the first material inserted in nematic liquid crystal (NLC) cells
was the tungsten trioxide (WO3) [1,2], the most used active electro-
chromic oxide. A quantitative model has been developed [4] to explain
the interaction between the WO3 oxide film and the liquid crystal by
the formation of charged layers at the interface, giving rise to a
reverse internal electric field, which counteracts the reorientation of
NLC molecules (Freedericksz transition). In this case the effect can
be ascribed to mobile protons always present in these films [5], but
for other oxide films, for instance mixed titania-vanadia films grown
by sol-gel route, a more complex behaviour has been observed, i.e.,
the rectification effect changes its sign after different annealing treat-
ments on the films and seems also to depend on the chemical details of
the sol-gel process [6-8].

To have further confirmations of the model and a better under-
standing of the basic mechanism underlying the rectification effect
and the connections with the structural and electrical properties of
the films, WO3 layers have been studied before and after thermal.
Moreover the gelification via spin-coating has been implemented and
the optimization tests of various relevant parameters have been per-
formed. The chemical, structural and optical evolution has been exten-
sively investigated as a function of the spinning rate and of the
thermal annealing treatment, by performing vibrational spectroscopy
analysis (micro-Raman and IR) and spectroscopic ellipsometry, before
testing the films into the NLC cells.

2. EXPERIMENTAL
2.1. Film Synthesis

The ITO-coated glasses used as substrates were ultrasonically cleaned
in acetone, then in bidistilled water and finally in isopropanol and
then drying with warm air [9].

Tungsten trioxide sol-gel route is reported in Ref. [10-11]. Briefly,
WOCIl, was dissolved in dry isopropanol in Glove Box; with concen-
tration of water and oxygen less than 0.1 ppm and after stirring for
one night the solution was used for coating [12].
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Different spinning rate, between 600 and 7800rpm have been
tested for coating and here is reported the analysis done on the films
obtained at 1200 rpm.

2.2. Raman Spectroscopy

A Raman microprobe Jobin-Yvon Labram was used equipped with a
CCD detector and a He-Ne laser (632.8 nm emission). In all the experi-
ments the power of the laser out of the objective (a 100x Mplan Olym-
pus with Numerical Aperture of 0.90) was about 5mW, and the
focused laser spot had about 2-3um of apparent diameter. By
assuming such values of spot diameter and laser power, we have for
the unfiltered laser beam an irradiance of the order of 50-100 kW /cm?
on the spot. To avoid unwanted laser-induced crystallizations, proper
neutral filter were often used, having Optical Density 3, 2, 1, 0.6 and
0.3, corresponding to transmitted laser power fractions of 1/1000,
1/100, 1/10, 1/4 and 1/2, respectively.

2.3. Impedance Measurements Equipment

The bulk electrical conductivity of these oxides is usually quite low
and they act as insulators. In general the electric properties of thin
films can strongly depend on several factors: the thickness of the film,
the initial structure and the eventual structural changes due to ther-
mal treatments. The electric properties of the films have been investi-
gated by using an impedance analyzer (Eg&G 273 A). The distance
between the sample connectors pointed on the film was ~5mm. One
connector acts as working electrode, while the counter electrode has
been short circuited with the reference one. To avoid short circuit
through the ITO layer, tin platelets have been used as contacts on
the film surface. In this paper will be shown the trend of the impe-
dance versus frequency because we are mainly interested to the
change of the frequency response (shift of cut-off frequency).

2.4. Application of the Films to Liquid Crystal Cells

ITO-coated glasses were used in NLC cells as counter electrode with
respect to the electrode spin-coated with the WO3 gel, playing the role
of working electrode. After a careful cleaning in chromic mixtures and
repeated cleansing with acetone, they were covered with polyimmide
and underwent a rubbing process, to insure a better planar alignment
of the NLC molecules.
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For the working electrodes, on the contrary, no surface treatment
has been performed because the rectification effect is supposed to be
related to the ionic charge distribution and motion at the oxide-liquid
crystals interface. Thus, the insertion of an alignment layer could
strongly modify the wanted phenomena. Moreover, the tungsten triox-
ide layer induced a homogeneously planar alignment of the liquid
crystal molecules in all the prepared cells. The two plates were closed
in the standard sandwich configuration by using metallic clamps. The
thickness of the cells was ensured by stripes of Mylar (8 ym), and
the final value was deduced by analyzing the interference patterns
in the transmittance spectrum of the empty cell, measured by a
spectrophotometer.

The introduction of the liquid crystal in the space enclosed between
the asymmetric glass plates was made very slowly to prevent any
orientational alignment induced by the flow. The cell was filled with
a NLC called BL001 by Merck (former E7).

2.5. Electrooptic Response of the NLC Cells:
Experimental Set-up

Observations of the electro-optical response of the cells, between
crossed polarizers, were made by a polarizing microscope Axioskop
Pol (Zeiss). The starting orientation of the NLC cell is set to have a
maximum of the transmitted light, when placed on the stage of the
microscope between crossed polarizers. Videomicroscopy was per-
formed by a 3CCD color camera TCM 112 (GDS Elettronica) connected
to a PC equipped to visualize and to capture the images of the samples.
The investigation of the transmitted light intensities was carried out
by a large area silicon photodiode (Hamamatsu) mounted on the polar-
izing microscope. The electrical signal proportional to the light inten-
sity was collected by a digital oscilloscope (Tektronics, Mod. TDS 784).
We have used both monochromatic light (He-Ne laser, 632) and
“white” light (the bulb of the microscope).

Although, the best fringes can be seen with monochromatic light, all
the records discussed in this paper have been obtained using white
light.

2.6. Ellipsometry Set-up

Spectra of the ellipsometric angles ¥ and A were acquired by a J.A
Woollam M2000 F rotating compensator ellipsometer (RCE) in the
[0.3 um—1 pum] wavelength range.

A standard experimental set-up for a RCE is reported in (Fig. 1).



Downloaded by [University of California, San Diego] at 09:33 22 August 2012

Characterization of Tungsten Trioxide Thin Film 241

Optical
Fiber

Rotating

Xe Lamp Compensator

Polarizer
Analizer

Sample CCD Multichannel
Spectrograph

FIGURE 1 Standard experimental set-up for a rotating compensator ellipso-
meter (RCE).

The state of polarization of the incident white light beam is modu-
lated by the rotating compensator (a 1/4 waveplate) over the all
measurement wavelength range, the interaction with the sample
can cause a change in the polarization state of the reflected light beam,
which is converted in an intensity modulation projecting the polariza-
tion components along the fast axis of the analyzer. The ratio

o= T _ tan(¥)e’® of the Fresnel reflection coefficients r, and r, is
rS

measured detecting the DC offset at the same time as the 2nd and
the 4th harmonics of the Fourier transform of the transmitted light
intensity [13].

Ellipsometric spectra (SE) have been modelled by optical model
based on the Bruggman effective medium approximation (BEMA)
[14], which assumes that for a mixed composition film each component
can be represented by its bulk dielectric function. This procedure
model the sample by a layer stack, each layer can be completely
described by its thickness, complex dielectric function and compo-
sition, which are determined by a fitting routine (Levenberg-
Marquardt).

3. RESULTS

The thin film of tungsten oxide obtained by spin coating constitute an
amorphous layer, containing water molecules coming from the moist-
ure of the air during and after spin-coating deposition. The annealing
at 100°C and 300°C induce some water loss, but the structure is basi-
cally unchanged while the highest temperature annealing, at 600°C,
on the contrary, induces remarkable change in the films structure,
revealed even by microscopic observation, as clearly reported in
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a) b)

FIGURE 2 Optical image of the Tungsten oxide film a) not annealed
b) annealed at 600°C. (See COLOR PLATE XXXI)

(Fig. 2). The grazing angle FT-IR measurements can reveal
the existence of the layer in all the conditions, and the spectral
changes indicate a significant structural transformation due to 600°C
annealing.

Without such treatment, the film is amorphous or nanocrystalline,
as indicated by the occurrence of a broad band peaked at 925cm ™,
with a shoulder at about 960 cm ™! (see (Fig. 3)). After the 600°C treat-
ment, sharp spectral features typical of ordered crystals are observed.
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FIGURE 3 Infrared spectra collected on Tungsten Oxide films: (a) annealed
at 100°C, (b) annealed at 300°C and (c) annealed at 600°C.
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The Raman cross section of such films, “as deposited” or after mod-
erate thermal treatments, must be quite low so that, no appreciable
signal can be detected in reasonable times.

On the other hand, for the films annealed at 600°C, the Raman spec-
tra show very sharp peaks at 975, 928, 812 and 312cm ™!, and weaker
bands at 302 and 622 cm ™, indicating well crystallized structures (see
(Fig. 4)): the resulting ordered phase does not correspond, however, to
the standard bulk WOj3;. The higher frequency values of the strong
Raman peaks suggest, on the contrary, an attribution to vibrations
of terminal W-O bonds. The sharpness of the Raman lines together
with the visual evidence given in (Fig. 2b) indicates an average

(d)

(©

(b)

Raman Intensity (arb. u.)

400 600 sbol 1000
Raman Shift (cm)
FIGURE 4 Raman spectra collected on Tungsten Oxide samples (a) not

annealed, (b) annealed at 100°C, (c¢) annealed at 300°C and (d) annealed at
600°C.
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domain size around one micron. A more detailed discussion of these
data will be reported elsewhere; it is worth, within the aims of the
present work to remark the occurrence of a crystallization process,
also indicated by the IR measurements.

3.1. Electrooptic Response

Asymmetric NLC cell, assembled as described above, have been tested
to monitor the evolution of the electrooptic response as a function
of the thermal treatment of the inserted tungsten trioxide layer
(Fig. 5).

The most interesting fact is the decrease of the rectification effect on
the electrooptic response of the cell when the WO; film was previously
annealed at 300°C, while a full recovery of the effect is observed for
film undergoing a higher temperature annealing at 600°C, but the sign
of the effect is inverted. The inhibition of the optical switching of NLC
layer occurs for the anodic polarization of the WOj3 -coated electrode
in the case of “as deposited” or moderately annealed films, confirming
the results previously observed [1,2] on similar cells containing WO;
films deposited by magnetron sputtering; on the contrary, the same
inhibition of the switching, associated to the maximum transmittance
of light between the crossed polarizers, occurs during the phase of
cathodic polarization of the plate electrode annealed at the highest
temperature, suggesting the hypothesis of a change of sign of the
dominant charge carriers.

As clearly observed in Figure 5, the rectified square wave response
is very neat in the two extreme cases (see Figs. 5a and 5c¢), while it is
partial and overlapped to a non-rectified, impulsive response, typical
of the usual symmetric cells, for the intermediate annealing case
(see Fig. 5b). This behaviour suggests that a decrease of charge car-
riers number or conductivity occurs in such case for the films, without
great associated structural transformation, as suggested by the
vibrational spectroscopy data.

3.2. Impedance Spectroscopy

Direct measurements of the thin film impedance give a rough confir-
mation about the change of conductivity of the films, as a function of
the annealing temperature. Even taking into account the difficulty
of comparison for absolute conductivity value between different sam-
ples, it is clear that an appreciable decrease of electric conductivity
occurs for the films undergoing intermediate treatment at 300°C, as
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FIGURE 5 Photodiode Response (open circle) of NLC Cells with inserted as
The solid line is the applied voltage.
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FIGURE 6 Real part (a) and imaginary part (b) of the impedance of the tung-
sten oxide films annealed at different temperature.

it can be seen from the Bode plot of real part of impedance reported in
(Fig. 6) for three typical films. Moreover the maximum of the imagin-
ary part shifts for more than one frequency decade after the 600°C
thermal treatment suggesting some changes with regards to the
prevalent charge carriers.

3.3. Ellipsometry

The fitting ellipsometric model seems to indicate also the formation of
a conducting layer with Drude-like electrons, and this fact is consist-
ent with the observed inversion of the rectification effect in the NLC
cell based on these annealed tungsten oxide films.
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The spectroscopic ellipsometry reveals also a great transformation
after the annealing at 600°C, but the models of layer distributions used
to fit the ellipsometric data depict a more complex situation.

To obtain the fitting ellipsometric model of the tungsten oxide films
was necessary to have a good model of the ITO-glass substrates. Some
value of the refractive index and the extinction coefficient of the float
glass have been given by the manufacturer (Balzers S.p.A.) and these
values have been used in the modelling procedure. The ITO films were
modelled by the superposition of two layers, each of them were
described by a combination of two Lorenz oscillators by the relation:

¥ &S EI-E?-iNE

where E is the energy of the incident photons, ¢, is the real part of the
dielectric function when E — oo, Ay is the strength expressed in

ITO Film

3 Roughness 17 A
2 1T02 1269 A
1 ITO01 46 A
0 Float Glass 1 mm
25 ITO Fil
Inm _———— -
] n 0,09
2,34 F0.08 1,
< 2,24 £0,07 5
g 2
8211 L0,06 5
8 3
£ 2,01 £0,05 9
& 1,94 2
x1 0,04 3
% 189 0,03 5
g 1,74 [T &
£ 6] L0,02
15 0,01

1.4 Y v Y v T v v Y 0,00
2000 3000 4000 5000 6000 7000 8000 9000 1000011000
Wavelength (A)

FIGURE 7 Scheme of the model and the optical constants dispersion curves
of ITO-glasses substrate.
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eV?, I'; is the broadening in eV end E is the central energy of the k-th
oscillator. In (Fig. 7) are shown the scheme of the model and
the optical constants dispersion curves obtained by comparing
experimental ellipsometric data with those resulting from the BEMA
model simulation by a standard fitting routine.

In this case as well as for all the other samples analysed in this
work all the long straightforward intermediate steps of the fitting
procedure are omitted for brevity. Also the detailed values of all
the fitting parameters (Lorenz oscillator or Cauchy dispersion para-
meters) for all the resulting layer of any samples are not reported
here. However the reader interested to such details can require to
the authors more exhaustive information about ellipsometric data
elaborations.

The next step was the construction of a tungsten trioxide model. In
(Fig. 8) is reported the BEMA model of the not annealed WOj5 coated

WO; Not annealed

4 | EMA Layer (23.8% void) | 229 A
3 wo, 1139 A
2 I1TO2 1236 A
1 ITO1 41 A
0 Float Glass 1 mm
0,30
2,20+ EMA Layer == n
2,151  Klozs
=2,10 m
£2,05. L0,20 5
= 7}
gz,oo- g'
51,951 L0,15 5
51,90+ &
x L0,10 3
21,854 g
1,80 0,05 =
1,754 T
1,70 0,00

"'2000 3000 4000 5000 6000 7000 8000 9000 1000011000
Wavelength(A)

FIGURE 8 Bruggman effective medium approximation (BEMA) model of the
not annealed WO3 coated substrate.
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substrates. Film roughness has been modelled by an effective medium
approximation (EMA) layer and WO3; film was parameterized by a
Cauchy layer according to:

B C
n(l) A+ g+

The EMA layer mixes the optical constants of the surface Cauchy
layer with those of the vacuum, so that this layer can be considered
as a suspension of air bubble dispersed in the Cauchy material.

By annealing the film a thinner and denser film configuration is
obtained, but the basic character of the films do not change, as con-
firmed also by the other kind of measurements. In Figures 9-11 are
shown the BEMA models of the annealed films along with the optical
constant dispersions of the WO3 annealed films The model not longer
holds for films that have been annealed at T = 600°C (Fig. 11), in fact,

WO; annealed at 100°C

4 | EMA Layer (18.0% void) 251 A
3 wo, 871 A
2 17102 1130 A
1
0
4

1701 9A

Float Glass 1 mm
0,50
0,45
£0,40
0,35
0,30
£0,258
-o,zoé‘a;

o
L0,152
. Lo,10™

0,05

1,8 v v v v v v v v 0,00
2000 3000 4000 5000 6000 7000 8000 9000 1000011000

Wavelength(A)

WO, Annealed at 100°C - ...
— k

0 uondunx3

Index of Refraction, n
N N
° =
3 X

FIGURE 9 Bruggman effective medium approximation (BEMA) models of the
annealed at 100°C WOj; coated substrate.
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WO; annealed at 300°C

4 | EMA Layer (20.7% void) 102 A

3 wo, 771 A

2 ITO2 1139 A

1 1701 3A

0 Float Glass 1 mm

2,4 0,40

WO3 Annealed at 300°C
0,35

2,34
c L0,30%
c J 3
g22 0,252
Q [=]
E =
42,14 0,200
2 8
- 2,04 0158
g 3
E 0,10~

1,9 =

L 0,05
1!B LJ LJ L LJ \J LJ LJ L) 0100
2000 3000 4000 5000 6000 7000 8000 9000 1000011000

Wavelength(A)

FIGURE 10 Bruggman effective medium approximation (BEMA) models of
the annealed at 300°C WOs3 coated substrate.

in this case a new layer must be inserted at the ITO-WO3 interface,
which can be described by a two Lorenz oscillator model, having one
of the energies close to zero, so that a Drude -like model can be
adopted.

4. CONCLUSIONS

The comparison of the impedance, ellipsometric and vibrational spec-
troscopic data on the spin-coated films of tungsten oxide and the
observed electrooptic behaviour of the NLC cells where such films
are inserted, confirm basically the models previously developed to
explain the rectification effect of the oxide layers on the liquid crystal
switching.

The “as deposited” films of tungsten oxide present a good protonic
conduction, so that these positive charge carriers build up an interface
double layer during the anodic polarization of the cell, and induces the
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WO; annealed at 600°C

5 EMA Layer (29.4% void) 428 A
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3 Drude layer 100 A
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FIGURE 11 Bruggman effective medium approximation (BEMA) models of
the annealed at 600°C WOj3 coated substrate.
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internal effective field inhibiting the NLC electrooptic switching,
while those undergoing moderate thermal treatments present a com-
plex intermediate configuration. In fact the rectification effect
decreases, in good agreement with the protonic mobility decrease,
after the 300°C annealing. It is well known that at about such tem-
perature the water molecules leave the amorphous structure of the
WOj; films, but the transition to a crystalline compacted phase occurs
only for higher temperature treatments [15]; furthermore, the extend-
ing crystalline order after dehydration do not improve the protonic
conductivity, while enhancing remarkably the electronic conductivity
of such film, as demonstrated by coloring experiments after different
annealing temperatures [16]. The absence of Raman signal and the
results from the ellipsometric model fitting confirm the similarity of
the film annealed at 100°C and those annealed at 300°C: no great
structural modification takes place for such treatments up to 300°C
and the basic structure is still amorphous, with a thickness of about
100 nm.

On the contrary, the 600°C annealing induces the formation of
anhydrous ordered phases, as revealed by the IR and Raman spectral
changes, and a remarkable increase of the electrical conductivity, as
indicated by the impedance measurements. The change of sign of
the electrooptic rectification effect seems to suggest a change of sign
of the prevalent charge carriers, in agreement with impedance data
and previous findings [16]. The fitting ellipsometric model seems also
to indicate the formation of a conducting layer with Drude-like elec-
trons, and this fact is consistent with all the other experimental data
indicating an increase of electronic conductivity.

Further studies, focused on the influence of the film thickness, as
well as of the chemical and thermal history, seem to be necessary to
better characterize the structural transformation and the change of
the electric proprieties of such material and their consequence on
the electrooptic response when inserted into NLC cells.
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