PHYSICAL REVIEW B VOLUME 58, NUMBER 16 15 OCTOBER 1998-II

Cation intercalation in sputter-deposited W oxide films
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Intercalation of Li, Na, and K ions into sputtered amorphous and monoclinic W oxide has been studied
electrochemically and by x-ray diffraction. It was found that both Li and K intercalation, at low concentrations,
caused a phase separation in the crystalline W oxide, while Na intercalation, at low concentrations, accurately
followed the lattice-gas modgA. J. Berlinsky, W. G. Unruh, W. R. McKinnon, and R. R. Haering, Solid State
Commun.31, 135(1979]. The lattice-gas model was also used to extract information about the electrochemi-
cal response at high concentrations of all three types of intercalants. At low concentrations the net interaction
between the intercalated ions was found to be attractive, while at higher concentrations the interaction was
repulsive. Intercalation of alkali ions into amorphous W oxide could be modeled with a Gaussian distribution
of site energies. The distribution of Li ions was found to be narrower and peaked at a lower energy than that
of Na and K ions[S0163-182808)01240-5

[. INTRODUCTION by applying these models to the data obtained in Sec. IV.
The paper is summarized in Sec. VII.

Tungsten trioxide is by far the most extensively studied

yvp_rking electrode materi_al for electrochromic devitékhe Il. EILM PREPARATION
initially transparent W oxide darkens when ions such as H
Li™, Na", and K" are intercalated. For disorderéat amor- W oxide films were made by reactive dc magnetron sput-

phous films, polaron absorption is believed to be responsibldering in a deposition system based on a Balzers UTT 400

for the observed electrochromishin this picture the elec- unit with a background pressure of 10Torr as described in

trons that are inserted to charge-balance the inserted catioRef. 8. Films studied by XRD and electrochemical tech-

occupy localized states on tungsten sites, rather than enterimggues were deposited onto glass plates precoated with trans-

empty states in electron bands. In crystalline films the elecparent and conducting J@;:Sn (known as ITQ layers hav-

trochromism is most likely due to free-electron effects anding a resistance/square of abut@5while films investigated

can be understood schematically by Drude theory, in whictby Rutherford backscattering spectroscd®BS) were de-

the inserted electrons enter extended states in thg ¥g@d  posited onto carbon substrates. Deposition took place onto

structure and undergo scattering by impuriies. unheated substrates as well as substrates heated to 350 °C.
The physical properties of an intercalation material are torhe films deposited onto the unheatétbated substrates

a great extent unveiled by the voltage versus compositiohad a thickness of-285 (350 nm as measured with surface

relationship. By measuring the voltage as a function of theprofilometry.

amount of intercalated ions and electrons, one can get infor-

mation .about,' e.g., phase chan'éeslectron Qensity of IIl. EILM CHARACTERIZATION

states’ interactions between the intercalated ions and be-

tween the ions and the hdsand also about the difference in  Structural analysis was carried out by XRD, employing a

energy between available sites for the ions to reside in.Siemens D 5000 diffractometer with a Cykathode. Dif-

Some information has been extracted earlier from voltagdractograms for the as deposited films as well as for the ITO

versus composition curves recorded on either amorphousovered glass are shown in Fig. 1. It is readily seen that the

(see, e.g., Ref.)6or crystalline(see, e.g., Ref.)2W oxide film deposited onto the unheated substrate is amorphous; the

under intercalation of one chosen cationic species. diffraction peaks appearing for this sample are identical to
The aim of this paper is to study the voltage versus comthose of the underlying ITO covered glass. The film depos-

position response of sputtered amorphous and crystalline Wed onto the heated substrate is monochiith a grain size

oxide under intercalation of Li, Na, and K ions, and to de-of ~50 nm as obtained from a peak profile fitting using

termine parameters describing the physics of the intercaléSherrer's equatiot’

tion system. To accomplish this, the Kudo mddahd the Composition analysis was performed by RBS at the Tan-
lattice-gas modé&P are used together witbx situx-ray dif- ~ dem accelerator laboratory at Uppsala University using 2
fraction (XRD) measurements. MeV alpha particles at 6° incidence. The composition of the

The paper is organized as follows: film preparation andcrystalline tungsten oxide was found to be WOwhile the
characterization are recapitulated in Secs. Il and Ill, respecamorphous film had an oxygen to tungsten ratio of 3.23. The
tively. In Sec. IV, the electrochemical measurements witbhigh oxygen content of the amorphous film is most likely
accompanying XRD measurements are described. Section e to water incorporated while storing in &ithe water
deals with the theoretical background of the lattice?damd  uptake in the crystalline film being lower than in the amor-
the Kudo model, and Sec. VI presents the results obtainedphous one can probably be understood from the difference in
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FIG. 2. The WE potential as a function of théW ratio x (A is
Li, Na, or K) as obtained under constant current intercalation into

FIG. 1. X-ray diffractograms for as deposited W oxide films and crystalline W oxide. Point&—C indicate the compositions at which
for ITO covered glass. The indexed peaks are those of the mond$RD measurements were made. The two regions marked out are

clinic phase(Ref. 9.

used in the analysis below.

film density. The density of the crystalline and amorphouswere negligible(the potential curves were identigdibr cur-

sample as obtained from the number of atoms pet and
the film thickness was 6.44 and 5.60 gftmespectively,

rents of ~30 mA/cn? and smaller. Using currents low
enough to ensure quasiequilibrium is very important for the

which is ~90 and 78 % of the theoretical bulk density of correctness of the analysis to follow.
Crystalline W oxide samples were intercalated to the three

different A/W ratios specified by the points—C in Fig. 2,

monoclinic WQ,.1

IV. CHRONOPOTENTIOMETRY MEASUREMENTS

electrode arrangeméntwas employed with the W oxide
film as working electrode(WE), and with carbon(rigid

WITH ex situ XRD

andex situXRD measurements were made in air during 12

h. The diffractograms are shown in Fig. 4. When interpreting
the diffractograms, one must be aware of the possibility of
For the electrochemical measurements, a standard thren leakage during the XRD measurements.

The structures of tungsten bronzes have been studied by
Hagg and Magnel? and many others. They found th@atthe

graphit¢ and metallic lithium foil as counterelectrode and symmetry of the structur&,WO; increases with increasing
reference electrode, respectively. The electrodes were inx, (ii) the structure depends on the ionic radiug\pfind(iii )

mersed in an electrolyte of 1 MCIO, (with A being Li, Na,

all the structure are based on W®0ctahedra sharing corners

or K) in propylene carbonate, and the experiments were corer edges. Considering the diffractograms of the as deposited
ducted in an atmosphere containing less than 0.6 ppm ol oxide in Fig. 1 and those of intercalated W oxide in Fig.
4, we see that the general feature is that the number of dif-
The variation of the WE potential with changing cation fraction peaks decreases with increashyV ratio, thus in-
content in the films was studied by intercalating ions at adicating an increasing symmetry of the structure in accor-

water (dew point below—80 °C).

constant current of-30 mA/cn? (which is equivalent to~1
uA per cnt for the crystalline filmg using an ECO Chemie

dance with the observation of g and Magneli?
The Li containing W oxide samples seem to go through

Autolab/GPES electrochemical interface. The reaction destructural changes similar to those observed by Zhong, Dahn,

scribing the intercalation/deintercalation of catighimay be
represented, schematicallylas

WO, (transparent+ xA* +xe™ A, WO; (blue),

wheree™ denotes charge-balancing electrons. The WE po

and Colbow? This is seen by comparing the peak positions

and relative intensities to those in Ref. 2. From this compari-
son it is evident that point4, B, andC on the whole, can be

D

tential as a function of th&/W ratio x is displayed in Figs.

2 and 3 for the crystalline and amorphous samples, respec-
tively. The ratiox is determined from time, intercalation cur-
rent, film surface area, and the number of W atoms per sur-
face aregobtained by RBE When calculating from these
parameters, and not using the film density, one avoids errors
due to film thickness uncertainties. The chronopotentiometry
curves of intercalation into the crystalline sampl(€sy. 2
show some structure with two more or less flat regions in the
displayed potential range, while the corresponding curves for 2

WE potential (V)

the amorphous filmgFig. 3) are featureless with the WE
potential decreasing with increasing cation content.
To be sure that the curves in Figs. 2 and 3 represent FIG. 3. The WE potential as a function of tAéW ratio x (A is

close-to-equilibrium data, the intercalatiddischarge was

related to a monoclinic, tetragonal, and cubic structure, re-
spectively. The structures are not completely pure, but con-

3.2

Amorphous W oxide b

made at different currents. It was found that kinetic effectsamorphous W oxide.

1 L
0.2 0.3
A/W ratio

0.5

Li, Na, or K) as obtained under constant current intercalation into
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FIG. 4. X-ray diffractograms recorded in air on W oxide films intercalated with the indicated type of ion. The compositions are specified
by pointsA, B, andC in Fig. 2.

tain features suggesting that additional phases are preseand to—in rough outlines—give a picture of what is happen-

either due to ion leakage or to a real two-phase situation, aisig in the W oxide host during intercalation.

discussed below. The Na and K containing W oxide sampl@sg. 4) seem
Consider now the change in the peaks appearing at scab go through structural changes similar to those of the Li

tering angles of 32°-34° in the Li panels of Fig. 4. The containing film. The analysis of the electrochemical data pre-

monoclinic phaséFig. 1) has three distinct peaks here, while sented in Sec. VI below, will give an indication as to whether

the tetragonal and cubic phases have two and one peak, rive samples are one- or two-phase in the two regions marked

spectively, in this regioA.In the Li panel at poinAAin Fig. 4  out in Fig. 2.

there are three peaks between the scattering angles 22° and

24° and two peaks between 25° and 29°, just as in the as

deposited monoclinic filnfcf. Fig. 1). Between 32° and 34°, V. THEORY

however, we see thret_a peaks_tha_t are much less distinct than A. Lattice-gas model: Crystalline host

in the as deposited film, indicating an overlap between a

phase with two peakéetragonal and one with three peaks A model describing the voltage-composition relationship
(monoclinid. A similar observation was made by Zhong, €an be derived from statistical mechanics. Assuming that

Dahn, and Colbowand their conclusion was that the Li ions are intercalated randomly into equivalent sites and that
containing W oxide consisted of two phagesonoclinic and  €ach .int.ercalated ion is. exposed to a mean intgraction or field
tetragonal at intercalation levels corresponding to pokin  from its intercalated neighbors, the WE potenWg|e can be

Fig. 2. They also found that Li containing W oxide was expressed as
two-phase(tetragonal and cubjcat intercalation levels cor-

responding to poinB. One must be careful to draw the same 1-y
conclusion from the present data, though, due to the above- VWE=s+kTIn<—) —UY+ Velectrons 2
mentioned possibility of ion leakage while running the XRD y

measurements in air. If a small part of the sample under

study contains less ions than was electrochemically intercawhere the first term is the site energy, the second term is the
lated before the sample was placed in the XRD unit, it willentropy of ions, the third term is the ion interactions, and the
seem as if twdor more phases coexist even if the sample fourth is interactions and entropy due to electrons. Hgre
was one-phase right after removing it from the electrolytethe site energy, is the potentiér the energy in electron
So the x-ray diffractograms presented here should not beolts) required to put an isolated ion and its electron into the
used for a detailed investigation of the W oxide structure, buhost,k is Boltzmann’s constant, aritl the temperature. The
rather as a support for the electrochemical analysis to followons occupy a fractiory of all available and energetically
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the monoclinic structure and region 2 into a tetragonal struc-
ture. By introducing two parametensy and x4, the lattice-
gas model can be applied to each region separately. ¥yith
being the number of intercalated ions per W before starting
to fill the type of site under study and being that number
when this type of site is full, one gets thgt=x—Xxq/
X1—Xg. Rewriting Eq.(2) gives

(arb. unit)

X1—X X—X
1 Y 0 (4)

X1—Xo '

0

WE potential

VWE:8+kT|n(

0 0.2 0.4 0.6 0.8 1

Fraction of occupied equivalent sites B. The Kudo model: amorphous host

FIG. 5. WE potential vs the fraction of energetically equivalent The former section was devoted_ to |nterc§\Iat|0n systems
Yvhere one can assume that the ions are intercalated into

sites occupied by inserted ions, as given by the lattice-gas model. ™. lent sit hich be th f talli
The response is shown for three different values of the interactioffdU!valent sites, which may be the case for crystalline

parametet). kT is Boltzmann’s constant times temperature. Samples. Although thg equivalency of sites is _one of the re-
quirements for the lattice-gas model to be applicable, several

studies on amorphous hosts have used this model and found
repulsive energies described by values as large as
~20kT.%% Kudo and Hibind showed that the steep

equivalent sites in the hodd. is the total interaction potential
(or energy that an intercalated ion would experience if all
the other sites were full; hendé includes both the repulsive

Coulombic interactions between intercalated ions and strai oter(ljtlzill—cofmposmon curr\:e(s;f. Fig. 3 an(;j flgurﬁjs In Rbefs.
fields caused by expansion or contraction of the lattice® @nd 13 of most amorphous compounds could not be ex-

Vaecronsdenotes the electronic contribution to the potential. pl_auneq bY Iarge repul_swe energies but rather by a relatl\{ely
The electronic contribution to the potential may be com-WIde d|§tr|but|on of sne_ energies. Ngglectmg_ thPT repulsive
plex, but at least for metallic compounds one can atgoat interactions and assuming that the site energies in the amor-
the Vgiectrons t€rm may be neglected. Crystalline W oxide p_ho_us host had a Qaussmr_\ (_j|str|but|0n with a standarq de-
films become metallic under intercalativorso the Veeerons - 2LON 0 @n equation for fitting the_Zmorphous potential-

term is omitted to simplify the analysis. composition curves was derived to yield

The interaction parameted can give us information &(1—x)
about whether the net force on an intercalated ion tends to/,,.= —| Ey+ 20 erf 1(2x— 1)+kTIn(—”.
attract it towardgnegativeU) or repel it from(positive U) X(1=2x+¢)

other intercalated ions, and whether this force is strong or

weak? It also provides information about the approximate The parameteE, denotes the mean energy in the distribu-
temperature at which phase separations can be expectedton, and erf! is the inverse error function. The parameger
Thermodynamics requires that the chemical potentiah- s the ratio of the number of ion pairs occupying neighboring
crease with concentrations of intercalated ions, sasites to the number of available sites, as worked out and
Vwe—Wwhich is proportional to— u—must decrease. Math- explained in more detail in Ref. 7. In this wogkis only used

ematically this means that as a fitting parameter.
dVWE<(-J (3) VI. RESULTS AND DISCUSSION
dy '

The lattice-gas moddlEq. (4)] was compared with the

Inequality (3) gives thatU must be larger than-4kT. Sys-  chronopotentiometry curves in Fig. 2. One fit was made for
tems with stronger attractive forc@siore negativeJ value each of the two composition regions discussed at the end of
will separate into a two-phase mixture with a composition-Sec. V A. The result is displayed in Fig. 6. To get a better
independenV,c.** Likewise, for temperatures lower than a picture of the quality of the fits, the derivative(dx/dViyg)
critical temperaturd .= — U/4k, the system will phase sepa- is plotted versux in Fig. 7.
rate. Figure 5 displays Ed2) for three differentU values, We first concentrate on intercalation in regiofi.k., low
and the typicak-shaped curves of the lattice-gas model areconcentration of intercalantsFrom Figs. 6a) and &c) and
visible. We also see that the more negativés, the flatter Figs. 7@ and 7c), it can be seen that the lattice-gas model
the response becomes. does not describe the intercalation of Li and K patrticularly

To obtain an equation that can be used in practice to fitvell. The measured- (dx/dV\yg) for these ions are not very
the experimental curves in Fig. 2, the parametéthe num-  symmetric, and the peak values are higher than those ob-
ber of intercalated species per W atomust be related to the tained in the best fitfthe squares in Figs.(& and qc)] to
parametery in Eq. (2). The figure markswo regions in  the lattice-gas model. The fact that the maximum values of
whose center the potential curves have a small slope. Thie measured- (dx/dVyg) curves are larger than those from
magnitude of the voltage is mainly determined by the sitethe lattice-gas model means that the recorded potential ver-
energye,® so the two regions represent two different types ofsus composition curves are sloping less than the calculated
sites for the ions to reside in. The x-ray diffractografigy.  ones|cf. Figs. §a) and Gc)]. This implies that the values of
4) indicate that region 1 represents intercalation into sites ithe interaction energy, in reality, are more negative than
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FIG. 6. WE potential vs compositioxfor crystalline W oxide. Full lines represent measured chronopotentiometry resfimmerig.
2). Squareqcomposition region land circles(composition region Pare data obtained by fitting to the lattice-gas mdde. (4)]. The
pertinent interaction parametgrand the site energy are displayedT gt denotes room temperatureis the ratio of intercalated ions to the
number of W atoms.

what was obtained by the fits. Since thevalues|[Figs. Ga) phase, while the Na data reveal three distinct peaks here. We
and Gc)] are close to the critical value 4kT, the failure of also observe that the relative intensities of the three peaks
the lattice-gas model is most likely due to a two-phase sepadbetween 22° and 24° have changed for the Li and K contain-
ration in region 1 for Li and K intercalation. ing W oxide as compared to the as-deposited fifig. 1). In

Next considering Na intercalation in region 1, one findsthe monoclinic phase the mid peak is the strongestile in
that the theoretical data are indistinguishable from the meahe tetragonal phase the right peak dominatgs. the XRD
sured voltage curveFig. 6b)]. Also the fitted and measured data support the above-obtained results: For low concentra-
— (dx/dV\yg) data[Fig. 7(b)] are matching to within experi- tions of Li and K in crystalline W oxide, the net interactions
mental uncertainties. Consequently the intercalation procedsetween the intercalants are strongly attractive and the ma-
can be accurately described by the lattice-gas model. terial therefore is two-phase during intercalation. This im-

Looking back at the x-ray diffractograms recorded for aplies that the host consists of small domains of the two
composition in region Xpoint A of Fig. 4), we notice that phases. Increasing causes the domains of the phase with
between 32° and 34° the Li and K curves show an overlaparger compositioritetragonal to grow at the expense of the
between a three-pedknonoclinig and two-peaktetragonal  phase of lower compositiogmonoclinig. This is a so-called
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FIG. 8. WE potential vs compositianfor amorphous W oxide.

FIG. 7. Derivative of the compositioxnwith respect to working
electrode(WE) potentialV\ye . Full lines represent measured chro-
nopotentiometry response. The squai@smposition region Jland
the circles(composition region RPare data obtained by fitting to the
lattice-gas mod€JEq. (4)]. x is the ratio of intercalated ions to the

number of W atoms.

ous in the Na case.

Circles represent measured chronopotentiometry respnse
Fig. 3) and full lines are data obtained by fitting to the Kudo model

[Eq. (5)]. The standard deviatioa and the mean energy valilg

of the site energy distribution are displayeds the ratio of inter-
calated ions to be number of W atoms.

describes intercalation in the high-concentration redien
gion 2 well. Figure 7, however, shows that the matching

between the measured and the calculated data in this region
are not as good as for Na intercalation at low concentrations.
first-order phase transitiohFor low concentrations of Na in  The fits are somewhat better for Na and K intercalation than
crystalline W oxide, the net interactions between the Na iongor Li, but the peaks for all three intercalation processes are
are attractive,U=—1.8T at room temperature, but not slightly asymmetric and not exactly described by the sym-
strong enough to cause phase separation. So the phase trametric lattice-gas model. Since the lattice-gas model used
sition from a monoclinic to a tetragonal structure is continu-here seems to be too simple to reproduce the measured data
perfectly, it could be that an electron intercalation term
From Figs. 6d)—6(f), it seems as if the lattice-gas model and/or some distribution in site energies must be included to
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obtain better fits. The heights and widths of the peaks irinto sputtered amorphous and monoclinic W oxide films. It
region 2(Fig. 7) are, however, well reproduced by the simple was found that intercalation into the crystalline host takes
lattice-gas model so the fits in Figs. 6 an@t@gion 9 can be  place in two steps. In the first step, the concentration of in-
used to extract the interaction parameteto get an idea of  tercalants is<~0.13. According to XRD, the structure of
its sign and order of magnitude. As can be seen from Figshe host is then changing from monoclinic to tetragonal in a
6(d)-6(f), the interaction energy is positive, i.e., the net in-manner described below. In the second step, the concentra-
teraction between the intercalants is repulsive. This meanggn of intercalants is betweer0.13 and~0.5, and the ions
that the material is far from phase separating. are intercalated into sites in a tetragonal structure. The
Before moving on to the amorphous samples, a small difyice.gas modéf was applied to both steps. It was found
gression may be appropriate concerning regions 1 and %hat both Li and K intercalation caused a separation of an
From Fig. 2 it is evident th_at region 1. IS descnb_ed ky alkali ion-rich (tetragonal and an alkali ion-poor phase
values smaller thar-0.13, while region 2 is characterized by (monoclinig in the first step. XRD measurements supported

x values lying in the~0.13 to ~0.5 interval. One should .
recall from the XRD analysis that the as-deposited W oxidethe.Se facts.. It was a!so found.that the Iattlge—gas ”?Of’e' de-
cribes the intercalation of Na into the W oxide matrix in the

sample is monoclinic and most likely becomes tetragonaf _ . . .
upon intercalation. The monoclinic and tetragonal WO ow-concentration region very well. The net interaction be-
structures contain 8 @2 W atoms per cell, respectively® tween the intercalated Na ions was found to be attractive. To

This indicates that the number of sites with highest accessY knowledge, the only previous intercalation system where

bility for alkali ions is one per cell X=0.125) in the as- the lattice-gas model has proven to be so successful is that of
deposited material. When one alkali ion per cell has beehki intercalation into M@Se; (Ref. 13.

intercalated, the structure has become more symmetric At high concentrations of intercalants, the measured data
tragona) and the ions that are on their way into the materialwere not symmetric enough to be perfectly matched by a

have to look for sites that are more difficult to accésp-  simple lattice-gas model. The correspondence between the
resented by a lower potentiathan the ones in the mono- measured and calculated data was, however, found to be
clinic structure. In the tetragonal structure it again turns ougood enough to extract information about the sign and order
to be most advantageous to place one alkali ion in each cefif magnitude of the interaction between the intercalated ions.

(x=0.5). The net interaction was found to be repulsive.

Considering now the amorphous samples, it was argued in  The intercalation of alkali ions into amorphous W oxide
Sec. VB that the lattice-gas model could not be used t@ould be modeled with a Gaussian distribution of site ener-
extract information about the intercalation process but thagies. The distribution of Li ions was found to be narrower
instead the Kudo modelshould be employed. Figure 8 and peaked at a lower energy than the corresponding prop-
shows Eq(5) fitted to the experimental chronopotentiometry erties of the Na and K ions.
data recorded on amorphous W oxide. As can be seen, this The fact that a simple model, like the lattice-gas model
model describes the measured response fairly well, whiclised in this work, can be applied to describe an intercalation
speaks in favor of a Gaussian distribution of site energies. system so well as for Na at low concentrations in crystalline

The calculated values af andEg for Li intercalation into W oxide is interesting in many ways. First of all it lends
the sputtered amorphous W oxide films in this work are insupport to the idea of the lattice-gas model as a means of
very good agreement with values found by Kudo anddescribing the intercalation process. But most importantly, it
Hibino’ for Li interaction into electron beam evaporated offers an opportunity to investigate how ions are distributed
amorphous W oxide. They foun@&r=0.50 eV andE, and how they interact within the host material. | believe that
=-—1.77 eV (Ref. 7), compared witho=0.47 andE, testing this model on additional intercalation systems could
=—1.76 eV in this papefcf. Fig. 8a)]. It is interesting to  provide further essential understanding to the intercalation
notice that the distribution of site energies is broader for Ngrocess.
and K (the o values are largerthan for Li. We also recog-
nize that it is energetically more beneficial for Li ions to
enter the host than for the larger ions; the mean site energy ACKNOWLEDGMENTS
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