=5 g gl A
Solar Energy
Vol. 12 No. 2. 1992

PREPARATION AND PROPERTIES OF ELECTROCHROMIC
WINDOW COATING BY THE SOL-GEL METHOD
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ABSTRACT

Multilayer coatings of WO3 were deposited by the sol-gel technique on microscope
slide glass and ITO coated glass.

These films were characterized optically, chemically, and structurally by XRD, spectro-
photometry, DTA/TGA, SEM,/EDAX and RBS.

Uniform WO3 sol-gel films were dip coated on slide glass at dipping speed of 5mm,’s.
This sample indicated a low near IR transmittance in optical properties as a result
of coloration using a dilute HCI electrolyte as the H™ ion sources. Differential thermal
analysis results have allowed the accurate determination of the formation temperature
of the WO3 crystalline phase from the gel data in the range of 380C —500C, consistent
with crystallization temperature of sol-gel film. RBS spectrometry was performed on
the uncolored WO3 sol-gel film, yielding a chemical composition of WO3.
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1. Introduction

Since Deb’s experiments in 1973 on the elec-
trochromism[ 1], many electrochromic materials
(based on WO3, MoO3, NiO,etc.) have been
investigated using processes such as sputtering,
chemical vapor deposition, anodization and eva-
poration [2-10]

Among the electrochromic materials WO3
thin film is being investigated widely due to
its applicability in “smart windows”, allowing
dynamic control of the solar energy passing th-
rough them[11,12]

More recently, many efforts have been focu-
sed on improving the preparation method of
electrochromic WO3 thin film. However, these
preparation methods are not suitable for depo-
sition of large-scale samples.

Moreover, since WO3 exhibits very different
eletrical and optical properties depending on
deposition technique, and deposition parame-
ters, it is very difficult to optimize the deposition
method.

The sol-gel process offers an new approach
to deposttion of large-scale WO3 coating optimi-
zed for commercial applications. In such a pro-
cess molecular precursors are transformed into
an oxide network by inorganic polymerization
reactions. The molecular precursor is usually
a metal alkoxide in a suitable organic solvent
and polymerization occurs by hydrolysis and
condensation [13-14].

In this study, multilayer coatings of WO3 on
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microscope slide glass and ITO coated glass
substrates were deposited by the sol-gel techni-
que in order to improve the preparation me-
thod. The corresponding film properties are di-
scussed herein.

2. EXperimental

2.1 Sample preparation.

WO3 sol-gel films (size : 2.5cmX4cm)were
multicoated (5 dip coats) on microscope slide
glass and ITO coated glass using a tungsten
alkoxide type solution [Tungsten oxy-tetra
-n-butoxide(W"'OnBt), in ethanol] by the dip
coating technique employing a motor-driven dip
coating unit.

Sample preparation method by the sol-gel
process for deposition involved four steps.
These steps were . coating, drying, hydrolysis,
and firing. All samples were coated using va-
rious deposition conditions to provide uniform
optical properties as well as color in films.

The coating procedure was carried out in a
No atmosphere dried using drying materials
to protect the solution from deterioration. It
is important that the dipping speed(rate of wi-
thdrawal from the the solution) be kept as con-
stant as possible during the coating process as
variations in produce irregularities in the thick-
ness of the films.

The second stage of the process was the dry-
ing of the film to remove excess organic solvent.
This was also carried out in a dry N2 atmos-
phere to prevent premature contact of the film
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with moisture that would lead to the gellation
stage of the process. Hydrolysis of the film be-
fore solvent evaporation causes cracking of the
film. It was found that a minimum of 30 minutes
in this N9 atmosphere was enough to complete
this stage.

The third stage involved the introduction of
the sample into the air atmosphere. A minimum
of one hour was typically allowed for film to
hydrolyze and form a gel

The fourth stage of the process was the firing
to form a dense film. The firing schedule invol-
ved two heat treatments. These were determi-
ned by the DTA results. For multiple dip coati-
ngs were deposited on the substrates only the
first heat treatment of the firing schedule was
carried out after each coat. Firing through the
2nd heat treatment for crystallization was car-
ried out after the final coat was deposited

The first heat treatment was to hold the sam-
ple at 200C for a minimum of 30 minutes to
allow the residual organics and moisture to vo-
latilise.

The temperature was then raised to the final
firing temperature of 430C or higher to allow
dehydration of the gel, combustion of any re-
maining organics and finally crystallization.

2.2 Measurements

A sample of the tungsten alkoxide solution
was dried under high purity N2 atmosphere
and then hydrolysis in air to form a WO3 gel.
Thermogravimetric analysis(TGA)was used to
measure the weight loss of WO3 gel, and diffe-
rential thermal analysis(DTA) (Stanton & Red-
croft model STA 780) was also used to measure
the energy of transition of bulk WO3 gels as
a function of temperature at a heating rate of
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20C/min in air.

Spectral transmittance of the WO3 films pre-
pared were measured using a spectrophotome-
ter(Hitach model U-3400). The crystal structu-
res of the films were investigated by X-ray diff-
raction(Philips model PW 1729)using Co K.
X-ray(wavelength, 1.789A)and Ni filter. X-ray
diffraction studies revealed that WO3 films were
amorphous. The morphology and chemical com-
posion of the film were observed by scanning
electron microscopy,” energery dispersive X-ray
analysis(SEM,/EDAX, JEOL model JSM-35C).
The film thickness of weakly absorbing films
was calculated for relative evaluation using a
technique based only on spectrophotometric
transmittance data the details of which were
given in an earlier pubilcation[ 15]. Rutherford
backscattering spectrometery(RBS) by using
facilities of the CSIRO tandem van de graaf
accelerator laboratory in Sydney was performed
on the uncolored WO3 film to analyze the che-

mical composition and thickness. Experimental

conditions were 2 MeV He™™ with 11.0 uc of
total charge, in a vacuum environment of appro-
ximately 5.3X10"Pa.

The electrochemical cell for coloration of WO
3 film consisted of a dilute HCI electrolyte (in
water) with Cu counterelectrode. A d.c. power
supply was connected between the ITO and
Cu counterelectrode.

3. Results and discussion

3.1 Optical properties

Fig. 1 shows the variation in spectral transmi-
ttance of WO3 film coated on microscope slide
glass. This sample was deposited at the dipping
speed of 5mm.s. Measurement was performed
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Fig. 1. Spectral transmittance variations in different regions of tungsten oxide sol-gel film coated on

microscope slide glass substrate at dipping speed 5mm,”s.

on the different positions of sample in order
to examine the uniformity. As can be seen in
the fig, The transmittance was not changed on
the different sample position, and at a photopic
wavelength of 550nm, the film showed 85%
transmittance. The wavelength of 550mn indi-
cated the peak of the photopic(human eye res-
ponse spectrum). From this data, it was found
that the film was very uniform.

Fig. 2-3 shows the spectal transmittance of
coated WO3 film on slide glass. This sample
was deposited at dipping speed of 7.6mm,s-
9.8mm.’s. Measurement was also done on the
different positions of a sample. These results
indicated a variation in transmittance with opti-
cal thicknes variation. Since color appearance
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of a sample depends on its absorption character,
this transmittance variation means a varlation
of color. This sample exhibited high variation
in transmittance under different thickness in
the fig 3. From the data, it is concluded that
WO3 film deposited using a dipping speed of
5mm,”s exhibited uniform transmittance cha-
racteristics. This is true for colored WQO3 film
in regions of uniform thickness.

Table.l summarizes optical thickness varia-
tion of WO3 sol-gel films calculated in the visible
wavelength range. It can be seen that a low
dipping speed has a low optical thickness varia-
tion.

Fig. 4 shows spectal transmittance of the co-
lored and bleached sol-gel WO3 films by the
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Fig. 2. Spectral transmittance variations in different thickness regions of tungsten oxide sol-gel film
coated on glass substrate at dipping speed 7.6 mm.s.
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Fig. 3. Spectral transmittance variations in different thickness regions of tungsten oxide sol-gel film
coated on glass substrate at dipping speed 9.8 mm/ S.
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Table 1. Thickness variation with different position regions of the samples.

Uniformity Dipping speed(mm,s) Thickness variation(nm) Firing temp.(C)
good 3} none 200
bad 7.6 159-185 200
bad 9.8 171-312 200
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Fig. 4. Spectral transmittance of the tungsten oxide
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sol-gel film coated on ITO coated glass in colored

(applied voltage 1.3V), bleached and as-prepared states.

insertion and extraction of H"ions. When a d.c.
voltage of 1.3V is applied across this cell elect-
ron flow occurs through ITO and the WOg3 layer
turns deep blue. The coloration remained after
the applied voltage was removed. But it does
fade.

On reversing the polarity, electrons released
by the newly formed cathode may combine with
protons in the electrolyte forming Hions, allo-
wing the trapped electron in the films to escape
to the anode, bleaching the film to its original
color. This colored sample indicated low near
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IR transmittance characteristics. This coloration
mechanism could be explained by double injec-
tion modell 16].

3.2 Structure

Analysis of WO3 sol-gel film deposited on
glass by SEM,”EDAX indicated that films de-
posited at dipping speed of 5mm, s exhibited
a very flat surface without pinholes, cracks and
metallic contaminants. This indicates that the
densification of the coating layers is quite uni-
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Fig. 5. Rutherford backscattering spectrum of the tungsten oxide sol-gel film coated on ITO coated glass.

Table.2 Summarized results of RBS analysis showing chemical composition and thickness.

Sublayer Thickness(A) Composition

W03 700 W :0220. O:0660. C: 0.120(WO3Co.54)

ITO 548.50 0 : 0500, In : 0400, Sn : 0.050(Inp0275 Sn.25)

Glass 25000.00 O : 0.600. Ca: 0030. Si: 0.300. Na: 0.070(SiO2 Ca Na)

form. But deposition conditions had only minor
influence on film structure.

Fig. 5 1s a RBS spectrum of the uncolored
WO3 sol-gel film on ITO coated gl'ass. The peak
at 1.8 MeV corresponds to energy loss of
He™"ion through the W in WO3 film. The ene-
rgy loss is proportional to the thickness of the
film and is reflected in the width of the W peak.
Assuming WO3 bulk density of 7.168g cm3,
this corresponds to a 70nm film with some car-
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bon impurity. Carbon is attributed to ethanol
and butanol in WO3 solution which 1s not comp-
letedly removed during the drying and hydroly-
sis steps. The integrated area of the same peak
is proportional to W content in the film. The
width of the W peak is dependent on both the
W content and O content of the film, and this
leads to a measurement of the film stoichiome-
try for this particular sample. This data is consi-
stent with stoichiometry of WO3. The solid line
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superimposed over the experimental spectrum
represents a computer modeled calculation ba-
sed on a WO3 stoichiometry.
- Table.2 summarizes results of the composi-
tion of the WO3 sol-gel films on ITO, glass
measured by RBS. As seen in the table, the
glass substrate was found to contain the eleme-
nts 51, Ca, O and Na as expected. The film,
and the conductive layer, which was composed
of WO3Cos and In;O:rsSnes, respectively.

3.3 Thermal analysis

Fig. 6 shows the differential thermal and the-
rmogravimetric analysis of a WO3 gel with a
sample weight of 95 mg. The first derivative
of the thermogram shows peaks at 100C and
350C(DTG graph). The peak indicates that
evaporation of solvent and combustion of orga-
nic species can be attributed to this weight loss.

The DTA./TGA traces show that the sample
releases the majority of its hydrocarbon content
by 200C when it is heated. This implies that
heat treatment at higher temperatures only af-
fects the structure and morphology of the films
and not the residual organic content{ethanol
and butanol). After this there are several stages
of rearrangement in the WO3 gel structure. At
approximately 380C-500C there is a small exo-
thermic deak clearly seen in the DTA trace
this peak indicates the point at which crystalli-
zation WO3 1s taking place.

Fig. 7 shows the X-ray diffraction pattern of
WO3 film coated on slide glass after firing at
430C, and 530C.

No diffraction peaks were exhibited for the
films heat treated at 200C, suggesting that amo-
rphism was obtained. Heat treatment to appro-
ximately 500C produced a structure which was
a mixture of several common phases of WO3.
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Fig. 6. Differential thermal analysis(DTA) and thermogravimetric analysis(TGA) curves for a dried and

hydrolysed tungsten alkoxide solution.
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'Fig. 7. X-ray diffraction patterns of the tungsten oxide sol-gel film fired at temperatures just above each

of the structrual transformation peak shown in Fig 6. The vertical scale are realative to the maximum

value of the scan and offset for clarity.

Some regions of these heat treated films also
exhibited strong diffraction features which are
consistent with regularly spaced defect planes
separated by approximately 12A. This reault co-
nfirms identification of formation temperature
of WO3 gel crystalline phase from DTA.

4. Conclusions

Optical properties, structure, thermal analysis,
and uniformity of electrochromic WO3 this film
deposited by the sol-gel dip-coating process
were investigated. The present results indicate
that WO3 films can be prepared on microscope
slide glass substrates with accurate control over
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the thickness of the films, the degree of crystal-
linity, and the uniformity of the film.

DTA/TGA analysis results of WO3 gels have
showed an accurate determination of the forma-
tion temperature of the WO3 crystalline phase.
By electrochemical and spectrophotometer te-
chniques, WO3 sol-gel film coated on ITO coa-
ted glass showed low near IR transmittance as
a result of coloration by the insertion H"ions.

Thickness and chemical composition of WO3
sol-gel films coated on ITO were found to be
7004 and WO3, respectively.

e o dA] (Solar Energy) Vol 12 No. 2, 1992



of§ 4718 A4 el A 5401 UF

References

[1] SKDeb, PhilosMag. 27(1973)801.

2] KMiyake, HKaneko, N.Suedomi, and S.Nishi-
moto, J.Appl.Phys. 54(9)(1983) 5256-5261.

[3] P.C.Yu and C.M.Lampert, Solar Energy Mater.
19(1989)1-16

[4] JSEM. Svensson and C.G.Grangvist, Solar
Energy Mater. 16(1987)19-26.

[5] ADonnadieu, D.Davazoglou and A.Abdellaoui,
Thin Solid Films, 164(1988)333-338.

[6] D.Davazoglou, G.Leveque andA.Donnadieu, So-
lar Energy Mater.17 (1988)379-390.

[7] M.SJagadeesh and V.Damodaradas, J.Non.Cr-
yst. Solids 28(1978)327-335.

[8] Q.Zhong, S.AWessel, B.Heinrich and K.Colbow,
Solar Energy Mater. 20(1990)289-296.

B g A4 (Solar Energy) Vol 12 No. 2, 1992

[9] FXKanai, SKurita, S.Sugioka, and M.li, J.Electro-
chem. Soc.129(11)(1982)2633-2635.

[10] H.Demiryont and K.E Nietering, Appl.Opt.28(8)
(1989) 1494-1500.

[11] JSEM. Svensson and C.G.Grangvist, Solar
Energy Mater,12(1985)391-402.

[12] CM.Lampert, Solar Energy Mater.11(1984)1-
27.

[13] R.CNiall, HM Frank, P.H.Bryant, SPIE Vol 823

Optical Materials technology for Energy Efficie-
ncy and Solar Energy Conversion VI(1987)131.

[14) MNabavi, S.Doeuff.C.Sanchez and JLivage,
Materials Science and Engineering B3(1989)
203-207. |

[15] H.Demiryont,K.E Nietering, F.I
Brown, and D.R Platts, Appl. Opt.26,(1987)3803.

[16] B.W.FaughnanR.S Crandall and P.M Heyman,
RCA. Rev.36(1975)177.

R.Surowiec,

27



tube solar collector system. A methanol heat pipe with length of 0.7 m and diameter of 8 mm was
manufactured and tested to compare its performance with that of freon thermosyphon which was
originally used in a solar collector system fabricated at Thermomax Co.. |
Then this methanol heat pipe was utilized to be one component, i.e. heat transfer element, of
the present experimental model of a solar collector. This model was performed the operation test
as its absorber plate was irradiated by infrared lamps.
The following results were obtained.
(1) The methanol heat pipe was showed a stable operation when the variation of axial heat transport
was 0~40 watts and that of inclination angle was 30~90°.
(2) The heat transport capability of the heat pipe was proved to be higher than that of the thermos-
yphon, because the heat transport limitation of the latter was occured at about 30 watt.
(3) The heat pipe in a solar collector was also showed good performance as it transmitted absorbed
energy.
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ABSTRACT

Multilayer coatings of WO3 were deposited by the sol-gel technique on microscope slide glass
and ITO coated glass.

These films were characterized optically, chemically, and structurally by XRD, spectrophotometry,
DTA/ TGA, SEM./EDAX and RBS.

Uniform WO3 sol-gel films were dip coated on slide glass at dipping speed of 5mm,’s. This
sample indicated a low near IR transmittance in optical properties as a result of coloration using
a dilute HCI electrolyte as the HTion sources. Differential thermal analysis results have allowed
the accurate determination of the formation temperature of the WO3 crystalline phase from the
- gel data in the range of 380C—500C, consistent with crystallization temperature of sol-gel film.
RBS spectrometry was performed on the uncolored WO3 sol-gel film, yielding a chemical composition
of WO3.
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