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Abstract 

Cerium titanium oxide samples derived from a solution have been compared against sputtered 
films over a wide range of different compositions. X-ray diffraction was used to investigate the 
structural properties of the compound material existing in a two-phase mixture MA02-Ma02. The 
optical properties were evaluated over the whole solar spectrum by variable angle spectroscopic 
ellipsometry combined with spectrophotometry. The spectral complex. refractive index was 
determined for Ce02 and Ti02, as well as for their compounds. To reduce the large number of 
permutations in composition of multi-component oxides it would be useful to be able to predict the 
properties of the mixtures from the pure oxide components. Therefore these results were compared 
to those obtained by effective medium theory utilizing the optical constants of Ce02 and Ti02• In 
order to investigate the performance as passive counter-electrode in Li+ based electrochromic 
devices the films were tested by cyclic voltamrnetry with in-situ transmission control. Chemical 
composition was measured by Rutherford backscattering spectrometry. Surface morphology was 
analyzed by atomic force microscopy. 

Keywords: electrochromic, cerium titanium oxide, optical constants, effective medium theory 

Introduction 

Among a plethora ofvariations in electrochromic device configurations there are mainly two 
different approaches for the choice ofthe counter-electrode. It can either act as an active or a 
passive electrochromic layer. Granqvist [1] compiled a review ofthe different materials used in 
inorganic devices. CeOz-Ti02 is widely used as passive counter-electrode. Both components are 
used in optical thin films due to their high transparency in the visible and near-infrared spectrum. 
Since the band edge of CeOz coincides with the lower limit of the visible, it also finds use as UV 
absorbent coating (e.g. in automobile windows). 

The binary mixture CeOz-TiOz aims to combine the good electrochemical stability of CeOz with 
the high ion diffusion coefficient offf'" and Lt in Ti02. Camino et al. assume that for low cerium 
contents intercalated ions move along TiOz channels to Ce02 sites [2]. XRD and TEM results 
indicate CeOz crystallites embedded in an amorphous Ti02 matrix [3,4,5]. Ce02-Ti02 films for 



electrochromic applications have mostly been produced by sol-gel methods 
[2,3,4,6,7,8,9, I 0,11, 12, 13,14] and only recently by sputtering [15]. 

Deposition ofCeOz-Ti02 by reactive de-sputtering from metallic cerium and titanium targets 
constitutes an industrially viable technique. The high sputter rates (see experimental section) can 
be further increased by sputtering from multiple targets [16]. Adjusting the power of the sputter 
guns provides an easy means of varying relative film composition taking into account that the 
sputtering rate from the cerium target is about four times higher than from titanium. 

Optical constants ofTi02[17,18,19,20,21,22,23,24,25,26,27],CeOz 
[25,28,29,30,31,32,33,34,35,36] and (Ce02) 0.5-( Ti02)o.s [37, 38] deposited by different methods 
and under varying conditions have been reported. To reduce the large number of permutations in 
binary materials it would be useful to predict the optical properties by using the dielectric 
constants of their components. In two-phase compound films this can theoretically be achieved by 
using effective medium theory. Microstructure may strongly influence the optical properties of 
compounds unless the optical constants of the components are very similar [39] as in the case of 
Ti02 and Ce02. On the one hand this allows the accurate modeling the CeOz- TiOz system despite 
lack of microstructural information. Quite narrow bounds on the dielectric function can be 
constructed even without assumptions about composition or isotropy. On the other hand there is an 
elevated sensitivity to deviations in sample growth conditions. Precise control of deposition is 
necessary, because even slight changes affect the film refractive index and will therefore lead to 
erroneous results in effective medium theories. 

Experimental 

Films were co-deposited by de-magnetron reactive sputtering using Ti (99.9%) and Ce (99.9%) 
targets. The Ar (99 .9995%) flow rate was 220 seem, delivered into the chamber through the 
sputter guns, flowing first under the anode shields and across the targets. 0 2 (99.998%) flow was 
varied between 5.4 and 6 seem, delivered through a manifold at the substrate. Deposition pressure 
ranged from 20 to 30 mTorr, this variation achieved by throttling the turbo pump gate valve. The 
chamber was pumped with a 450 1/sec LH turbomolecular pump backed by a LH D40B roughing 
pump. The typical base pressure was below 2.0 x 10-6 Torr. Two Angstrom Sciences 2" sputter 
sources inclined 20 degrees off normal to a common focal point were used for co-deposition, with 
a target-to-substrate distance of 17 em. Compositional variation was achieved by varying power 
to each gun between 33 and 320 Watts, with the combined power throughout the sequence 
maintained at approximately 320 W. Peak deposition rates were 0.6 nm/sec and 2.4 nm/sec for 
Ti02 and Ce02 respectively. Low Ce content films were easily achieved as the Ce deposition rate 
per Watt (nm/sW) at 35 W gun power was only 3% of the rate per Watt at 307 W. This 
disproportionate decrease in rate as Ce power declined is presumably a function of surface 
oxidation of the target, and was most pronounced at power levels below 90 W. The rate/W at 96 
W was 52% of the rate/W at peak power. 

Films were deposited on ln20 3:Sn or Sn02:F glass. The sheet resistances of the transparent 
conductors were 20 ntsquare and 15 ntsquare respectively. Prior to deposition the substrate 

holder was heated to 120°C with the intention of driving moisture from the substrate surface. 

Deposition began after the holder had cooled to approximately 50°C. The deposition process 

maintained the temperature at approximately 50°C for the duration of the run. Film thickness 
ranged from 170 nm to 510 nm as was determined by ellipsometry. 
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Solution-derived films were prepared by a variation of the method ofBaudry et al. [8]. 0.25 M 
stock solutions of titanium isopropoxide and eerie ammonium nitrate in anhydrous ethanol were 
mixed in the desired proportions and spin-coated on ITO glass substrates. After drying at room 
temperature for 1 h, the samples were inserted into a furnace at 450°C and densified in air for 20 
mm. 

Optical measurements were made With a variable-angle spectroscopic ellipsometer (VASE) from 
280 nm to 1700 nm using an instrument from the J. A. Woollam Co .. Ellipsometric data was taken 
at three different angles in order to provide data with good signal to noise ratio at each wavelength 
as well as to over-determine the system of unknown model parameters. To extend the covered 
spectral range to the whole solar spectrum, transmittance and reflectance measurements from 
250 nm to 2500 nm were added; these measurements were taken at near-normal incidence on a 
Perkin-Elmer Lambda 19 spectrophotometer. The substrate backside was not roughened for 
ellipsometry to allow later in-situ transmission control during eiectrochemical current -voltage 
cycling. Therefore backside reflections had to be accounted for in the optical model used to extract 
the optical constants. 

Sputtered and solution-derived films were tested by cyclic voltammetry in 1M LiClOJpropylene 
. carbonate electrolyte at 1 m V /s over the range 1. 8 to 4. 0 V using lithium foil for both reference 
and counter electrodes. The ·optical transmittance of the films in the visible range was monitored 
during testing. 

Composition and thickness of the samples were characterized by Rutherford backscattering 
spectrometry (RBS) using a 1.95 MeV 4He+ beam in the 165° backscattering geometry. 
Ellipsometry was used not only as part of the optical analysis but also to measure film thickness. 
Other types of structural analysis were performed with x-ray diffhtction (XRD), infrared 
spectroscopy and atomic force microscopy (AFM). 

AFM measurements were performed with a Molecular Imaging instrument. Typical scans were 
taken over 2 x 2 ~at scan frequencies of 1-2Hz. A 0.6 f.1ID ShN4 tip was operated at repulsive 
forces between 10 and 30 nN in contact mode. Whole images were corrected for slope in fast and 
slow scan directions and analyzed without filtering. 

For XRD measurements bulk powder samples of the mixed oxide sols were prepared by heat 
treating the dried precursor mixtures under the same conditions as those used for the films. X-ray 
diffraction patterns were collected using a Siemens 05000 powder diffhtctometer at 0.1° 
resolution. 
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Results 

Optical Properties 
Amorphous stoichiometric Ce02 and Ti02 have similar optical properties over the solar spectrum. 
They show dielectric dispersion with a bandgap lying in the ultraviolet. The value ofthe bandgap 
ofTi02 around 3.4 eV is somewhat larger than the 3.1 eV ofCe02. Two-phase mixtures ofboth 
materials are expected to have a bandgap lying in between those limits. Variations may occur due 
to different stress levels or slight variations in stoichiometry in films of different compositions. 

Ellipsometry is an indirect technique requiring the evaluation of an optical model fitted to the 
experimental data in order to extract physically significant information. Details of the procedure 
can be found in [ 40]. · 

Knowledge of the optical constants of the substrate is crucial to the accurate determination of the 
thin film refractive index. The substrate optical properties had been investigated in previous work 
[41,42]. 

We assumed a parametric semiconductor model for the dispersion of the CeOz-TiOz films [ 43,44]. 
It essentially constitutes a Kramers-Kronig consistent oscillator model with Gaussian instead of 
Lorentzian broadening as in the case of the common Lorentz oscillator model. It is more 
appropriate to model the abrupt onset of absorption in the case of CeOz and more accurately 
represents the strongly inhomogenous broadening in amorphous TiOz [45]. 

Optical constants ranging from pure Ce02 to pure Ti02 are shown in figure 1 a, b. 
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Figure 1. Spectral optical constants for Ce02-Ti02 thin films ranging in compositon from pure 
CeOz to pure TiOz: a) real part and b) imaginary part of the refractive index 
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To obtain good fits it was necessary to include surface roughness into the model. This was 
achieved by adding a surface layer consisting of an effective medium ofthe film material and a 
fixed portion of 50% void [46,47]. Bruggeman effective medium theory was used [48]. This 
improved the fit to experimental data significantly. In doing this one has to make sure that 
correlation of :fit parameters does not lead to physically irrelevant resuhs. Correlation between fit 
parameters can be evaluated by calculating cross-correlation coefficients [ 49]. Highest correlation 
coefficients found between thickness of surface roughness layer and thickness of thin film layer 
were found to be always less than 0.25 indicating high sensitivity of the optical model to roughness 
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induced changes in light polarization and therefore in ellipsometric data [50]. Atomic force 
microscopy confirmed the relative magnitude of optically detected roughness. However, root mean 
square values of roughness determined from microscopy lie systematically lower than those from 
ellipsometry in agreement with similar findings by other researchers [28,51]. 

Figure 2 a, b, c shows an example of a fit on ellipsometric and transmittance data of a 282 nm 
thick (Ce02) 0.48-(Ti02) 0.52 film. The biased mean squared error (MSE) in this case is 14.9. Without 
the addition of a surface roughness layer of 6.5 nm it is 21.0. 
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Figure 2. Fit on spectral optical data of a 282 nm thick (Ce0z)o.48-(Ti02)o.sz film on ITO coated 
glass: a) ellipsometric 'l'-data, b) ellipsometric ~-data, c) transmittance data. For better readability 
only every fifth experimental data point is shown. Intermediate data also lie on the lines calculated 
from the optical model. d) Refractive index at 550 nm of sol-gel and de-sputtered CeOz-TiOz thin 
films versus molar Ce02 fraction, Wiener limits for the sputtered films are drawn as solid lines. 
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Once the optical constants of all films were determined we investigated the possibility to evaluate 
all data in terms of effective medium theory. Wiener first gave the limits to the dielectric function 
of compound materials if no additional information regarding relative composition or 
microstructure is available [52]: 

(1) 

and 

1 fa 1-Ja -=-+--
&eff &a &b ' 

(2) 

where fa is the volume fraction of material a and 8; (i = a, b, eff) is the real dielectric constant 

for component a, component b and the effective mixture. 

At 550 nm the extinction coefficient for all films was less than 10-3
. Therefore it is a very good 

approximation to set the imaginary part of the dielectric constant zero at this wavelength. However 
bounds can of course also be obtained on the complex dielectric function [53,54]. 

Figure 2d illustrates how narrow the Wiener limits are in the visible for Ce02-Ti02. Some values 
of the refractive index obtained from a direct fit of the parametric oscillator model to ellipsometric 
and transmittance data lie outside bounds. This explains why the application of effective medium 
approximation was not successful for all samples. Using Bruggeman effective medium theory 
assumes an isotropic material in three dimensions. This is a stronger assumption about the 
materials properties than those used to derive the Wiener limits. Therefore even more narrow 
bounds apply. fu the graph they almost reduce to the upper line of the Wiener bounds and are 
omitted for better readability. We ascribe the variations of the refractive indices of compound 
samples to irrepeatabilities in the deposition process rather than deviations from a two-phase 
mixture. Good fits by effective medium theory were obtained for films with 44%,48% and 86% 
Ce02 content as expected from figure 2d. 

Solution-derived films containing more than 80% cerium were of poor optical quality, with islands 
of opaque, white material. The thiclmesses of single-layer films decreased with cerium content. 
This effect could be due to decreased viscosity of the coating solutions or to increased 
densification. Therefore no attempt of effective medium approximation was undertaken, because 
good optical constants for pure Ce02 could not be obtained. But as can be seen from figure 2d the 
solution derived films do neither follow a rigid behavior as expected from the narrow bounds for 
sputtered Ce02 and Ti02. 

Structural Analysis 

Due to the small crystallite sizes of the phases present in these films, it was not possible to obtain 
useful phase information from the films themselves, especially in the case of sputtered films, which 
were prepared at or near room temperature. fu the case of solution-derived films, the only phases 
detectable were cerium oxide and indium oxide. To try to identify the nature of the titanium oxide 
phase, 2 g of bulk powder were prepared from an equimolar mixture of the solution precursors, 
and examined by XRD following 1 h heat treatments in air between 400 and 1000°C (figure 3). At 
400°C, only Ce02 can be seen in the pattern. The particle size is about 5 nm, and the lattice 
parameter is identical to that of pure Ce02. Above 500°C, a peak due to the anatase form ofTiOz 
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begins to appear at 28 ~ 26°, increasing in intensity and becoming sharper up to 700°C (particle 
size for both Ce02 and Ti02 ca. 10 run). By 800°C, anatase is beginning to be converted to rutile 
Ti02, as evidenced by the low-angle shoulder on the strongest Ce02 peak at 28.6°. At 1000°C, 
anatase is no longer present, and the pattern is that of an approximately equimolar mixture of 
Ce02 and rutile. No evidence for Ti substitution in the Ce02 structure or of any known cerium 
titanium oxide was found. 
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Figure 3. XRD data on dried powder of(Ce02)o.s-(Ti02)o.s 
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Electrochemical Analysis 

The solution-derived films generally had low capacities for lithium insertion. The shapes of the 
CVs (figure 4a) for intennediate compositions resembled more strongly that of pure eerium oxide, 
suggesting that the titanium phase is largely inactive in these films. In addition, these samples were 
only very weakly electrochromic, typically coloring by no more than 1 or 2 percent. In contrast, 
the sputtered films had high lithium insertion capacities in the order of 40 mC cm-2 nm-1

. The CVs 
of films of intennediate composition (figure 4b) were not characteristic of either end member, and 
films With high titanium content were strongly electrochromic. 

0 Ce 100Ti 
0 Ce 100Ti 

30Ce 70Ti 

~---/ 
~ 50Ce 50Ti 
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100Ce OTi 
100Ce OTi 

1.5 2.0 2.5 3.0 3.5 4.0 1.5 2.0 2.5 3.0 3.5 4.0 
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Figure 4. Cyclic voltammograms on a) solution-derived and b) on sputtered Ce02-TiOz films 
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The pure sputtered Ti02 films, though all of high visible transparency, behaved quite differently 
during cycling. For a film deposited at 4 seem oxygen, 90 seem argon and 18 mTorr run pressure 
we obtained a coloration efficiency of 23 cm2 /C in the visible. This is much higher than reported 
by Seike et al. and Cogan et al., but in agreement with results by Gillet et al. and Gutarra et al. as 
mentioned by Granqvist [55,56,57,58,59]. Being 470 nm thick it had a wide switching range of 
74% visible transmittance and remained stable over many cycles. Other Ti02 films deposited at 
higher oxygen flow rates required some initial formatting associated with an irreversible Lt uptake 
reducing it partly to Ti3

+. Then they achieved the same coloration efficiency. This may indicate 
that a slight oxygen substoichiometry could enhance the electrochromic activity ofTi02. A more 
detailed study is underway to investigate this assumption. 

Results of coloration efficiency of sputtered Ce02- Ti02 films of different composition are shown 
in figure 6. The coloration efficiency strongly increases for titanium rich films. Films with Ce02 

fractions above 35% were found to be almost passive upon Lt intercalation. 
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Figure 6. Coloration efficiency of de-sputtered Ce02-Ti02 films versus atomic Ce02 fraction 

Conclusions 

Clear and uniform Ce02- Ti02 films were deposited by de-sputtering from metallic cerium and 
titanium targets. Film composition spanned the complete range from pure Ce02 to pure Ti02. The 
sputtering rate from cerium was about four times higher than from titanium. Specular CeOz-TiOz 
films by sol-gel could only be produced up to 80% Ce02. Films of higher Ce02 content were either 
diffuse or very porous. The complex refractive index of all Ce02-Ti02 films was determined over 
the whole solar spectrUm. Practical application of effective medium theory in the solar spectral 
region was found to be limited in this system because of very similar dielectric functions of CeOz 
and TiOz. 

Sputtered films had higher lithium insertion capacities than solution derived films. Ce02- Ti02 did 
not color more than a few percent up to titanium contents higher than 70%. Sputtered Ti02 

deposited at lower oxygen flow rate was found to be highly electrochromic. 
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