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A Model for Electrochromic Tungstic Oxide 
Microstructure and Degradation 

Thomas C. Arnoldussen*,* 
Genera~ Motors Research Laboratories, Electronics Department, Warren, Michigan 48090 

ABSTRACT 

Despite much investigation of the electrochromic (EC) coloration process  
in WO3 films, such displays have not yet become commercially viable because 
of limited useful device life. Device degradation occurs by WO8 film dissolu- 
tion on the shelf and erosion during cycling. Water  plays a crucial role in both 
efficient coloring/bleaching and in film degradation. To better  understand the 
degradation process and the role of water, dissolution of EC WO3 films in aque- 
ous media was studied. The results strongly suggest that EC films formed by 
evaporation are amorphous molecular solids cons*sting of tr imeric W309 mole- 
cules bound weakly to each other through water-bridge,  hydrogen, and van 
der Waal's bonding. The nature of this microstructure is responsible for the 
high solubility. Films subjected to ion bombardment show decreased dissolu- 
tion rates as well as decreased etectrochromism and, while amorphous, are  
believed to have a random network rather  than molecular microstructure. 

The chief problem to be overcome before electro- 
chromic displays can be commercially viable is the 
short device life. Degradation of WOa-acid electrolyte 
ECD's is associated with film dissolution on the shelf 
and erosion during cycling. Aqueous acid cells show 
superior performance from the standpoint of response 
speed, however, water  is a pr imary  culprit  in short-  
ening lifetimes through WO3 dissolution. Nevertheless, 
Knowles and Hersh have shown (1) that  some water  
must be incorporated in the WO3 film, even in so- 
called "aprotic" devices to obtain any electrochromic 
coloration. Others have studied WO3 in aprotic solvents 
but have not systematically analyzed their films for 
water  content as have Knowles and Hersh. The need 
to better  understand the role of water  in electrochrom- 
ism, the interaction of H20 and WO3, and the mecha- 
nism of ECD degradation have motivated the work 
presented here. Study of WO3 dissolution is a proper 
start ing point and provides several  key insights into 
the nature of electrochromic films and the electro- 
chromic process. Others (2, 3) have reported data on 
dissolution rates of EC WO3 films in various solvents, 
but have not related the high observed rates to a 
detailed physical mechanism or to the nature of the 
film itself. 

Amorphous WOa Film Dissolution (Aqueous) 
Theoretical.--The thermodynamic equilibrium be- 

tween crystalline WOs and water  predicts that  WO~ 
dissolves by hydrolysis to form normal tungstate ions, 
WO'42-, plus 2H+. The solubility at 25~ is 1.3 • 10 -5 
moles/ l i ter  in a neutral  starting solution and decreases 
exponentially with decreasing pH. The presence of 
other species of tungstate ions is negligible. According 
to this result, a crystalline film 1 cm 2 in area exposed 
to 1 cm 3 water  should saturate the solution after only 
4.0 nm of film has dissolved. In an acid environment 
of pH ,-~1-2 such as used in EC devices, much less 
than one molecule-layer  would dissolve. By compari- 
son, an EC film which is amorphous and usually de- 
posited by  evaporation(0.5-1.0 ~m thick) dissolves 
comparatively fast and completely, even in the small 
volumes of low pH solutions used in EC devices. We 
expect the somewhat higher free energy of an amor- 
phous film to drive dissolution more strongly, but un- 
less WO42- ions precipitate from solution elsewhere as 
WO3-nH20 or are converted to metastable polytung- 
state ions, saturation should ensue and dissolution 
cease. 

* Electrochemical Society Active Member. 
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Experimental  observation during film dissolution in- 
dicates no evidence of reprecipitation as WO8 particles 
for amorphous films dissolving completely in small 
volumes of DI water  or acid solutions. This strongly 
suggests that amorphous WOs forms polytungstate an- 
ions (such as the metatungstate ion which is very 
stable even in strong acids) (3) upon dissolution. Dis- 
solved WO8 concentration can reach values far  above 
that expected to produce precipitation. Only many 
days after a film has been dissolved, or upon extreme 
concentration of the solution by solvent evaporation, 
are precipitate particles observed. Crystalline WOs dis- 
solves as normal tungstate (WO42-) ions according to 
the hydrolysis reaction 

WO3 (c) -~ H20 ~ 2H + + WO42-, KN = 10 -14'~ [1] 

Tungstate ions are also known to agglomerate in ac id  
solution to form polymeric anions (4) according to 

7H + + 6WO42- ~-HW60215- + 3H20, KpA ---- 1058.98 

[2] 
14H + + 12WO42-~-W120411~ + 7H20, 

KpB = 10 n~176 [3] 

18H + + 12WO4~- ~ H2Wl~O4o 6-  + 8H20, 

K ~  = 10 za~.51 [4] 

where the polyanions formed in Eq. [2]-[4] are called 
paratungstate A, paratungstate B, and metatungstate, 
and the various K's are molar equilibrium constants 
at 25~ Pseudo-metatungstate (HW60203-) may also 
be formed. When crystalline WO8 is allowed to dis- 
solve in an aqueous medium, each of these species can 
form. The H + concentration (CH) is given by the 
charge balance 

(CH - -  C~ - -  (CoH - -  C~ 

"-- 2CN Jr" 5CpA -~- 10CpB "l- 6CM. [5"] 

where the C's denote molar concentrations of the ions 
noted in Eq. [1]- [4]. 

COIl is the hydroxyl  ion concentration and Coil and 
CooH refer to the H + and OH- concentrations of the ini- 
tial solvent before WO3 dissolution has occurred. For 
dissolution in DI water, which is neut ra l - to-weakly  
acid, the Coil and C~ terms may be ignored. The total 
molar concentration of dissolved WO3, Cw, is given by 
the mass balance 

Cw "" CN "1" 6CpA -p 12CpB -~- 12C• [6] 
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Equations [5] and [6] apply regardless o~ whether 
the solubility limit has been reached. Equation [5] ap- 
plies only for dissolution of an oxide, not a tungstate 
salt, while Eq. [6] pertains to dissolved oxides or salts. 
The solubility of crystalline WO~ may be determined 
using Eq. [5] and [6] in conjunction with the equilib- 
rium mass action relations derived from Eq. [1]-[4]. 
Doing this, one finds that the solubility of crystalline 
WO8 in water  is 1.80 • 10 -5 moles/ l i ter  and the pH 
attained at saturation is 4.58, corresponding to essen- 
t ially all the dissolved WO3 in the form of normal 
WO4 ~- ions. The author verified this pH and solubility 
experimentally. 

A similar quasi-equilibrium analysis for dissolving 
amorphous WO~ is unsuitable. This would require (i) 
that the kinetics of reprecipitation elsewhere as crys- 
talline WO~ be so slow as to be ignored for the time 
periods of interest, (ii) that the detailed mechanism 
of dissolution be the same as for crystalline WOa 
shown in Eq. [1], and (iii) that a dynamic microscopic 
quasi-equilibrium between the amorphous WO3 surface 
and the solution tungstates exists. Experimental  ob- 
servation suggests that condition (i) may be met, but  
there is no evidence to justify assuming that conditions 
(ii) and (iii) hold. 

Therefore we cannot predict the solubility of an 
amorphous WO3 film. In fact, we cannot even say 
whether quasi-equilibrium solubility is a tenable con- 
cept for amorphous WOs. However, we would expect 
the solution equilibria expressed by Eq. [2]-[4] to be 
obeyed regardless of the part icular  dissolution kinetics 
and thermodynamics. This permits us to use an i n -  
direct approach to investigate amorphous WO3 disso- 
lution, yet draw some important conclusions. 

If we assume various values of dissolved WO8 con- 
centrations, Cw, then by means of Eq. [2]-[6] we can 
calculate the pH achieved as a result  of dissolution and 
the distribution of tungsten among the various tung- 
state and polytungstate species when solution quasi- 
equilibrium is reached. The result of such a calculation 
is shown in Fig. 1, showing the quasi-equilibrium 
curves f o r  pH and tungsten: (free) proton ratio as a 
function of Cw for dissolution in neutral  water. The 

tungsten: proton ratio is a convenient representation of 
the distribution of tungsten among the various poly- 
tungstate species since this ratio is uniquely deter-  
mined by the equilibrium distribution. For example, 
if all the tungsten were in the form of WO4 2- ions, this 
ratio would be 1:2; if all were in the form of 
H2W120402-, this ratio would be 2: 1. 

Chemical processes generally do not proceed im- 
mediately to equilibrium (part icularly true for ~ e  re-  
actions considered here).  If amorphous WO3 dissolu- 
tion proceeds as crystalline WO~, one WO~ unk at  a 
time hydrolyzing to form one WO42- ion plus two free 
H +, we would expect that during and for sometime 
after dissolution, the pH and Cw: (CH -- C~ ratio 
would be lower than the values given by the quasi- 
equilibrium curves of Fig. 1. There would be an excess 
of lower order species (monomerie ions) and free 
protons. During equilibration, the excess acidity would 
induce polymerization of the normal tungstate ions, 
thereby consuming protons and raising the pH and the 
Cw: (CH -- C~ ratio. On the other hand, if after dis- 
solving an amorphous film in water we found the mea- 
sured pH and Cw: (CH -- C~ ratio to fall on the high 
side of the quasi-equilibrium curves, we would be 
forced to conclude that the amorphous WO8 entered 
solution directly in a polymerized form with equil ibra- 
tion proceeding in the direction of depolymerization. 

Experimental  
With these theoretical considerations in mind, the 

following experiment was performed. A 0.70 ~m thick 
WO3 film was evaporated onto an unheated glass sub- 
strafe from a Ta boat. The film area was 2.5 cm 2. This 
film was placed in 40 ml DI water  (pH ---- 6.15, slight 
acidity due to dissolved CO2 presumably) and allowed 
to dissolve. When dissolution was complete, the pH 
was measured to be 4.35. This was lower than the 4.58 
value predicted and measured for crystalline WOs. This 
solution was then t i t rated back to neutral i ty  while 
monitoring the pH. A pH ---- 11.65 NaOH ti trant  was 
used. The solution was constantly stirred and 5 rain 
elapsed between each addition of NaOH and the pH 
measurement. The ti tration curve is shown in Fig. 2. 

pH (SOLID CURVE) 
4.0 4.2 4.4 4.6 4.8 5.0 

l b . .  " 1 / / /  

~ ]0-41 ~ ~ I I  

% - -  
-- ~ / ~depolymerization 

/ ~ depolymerlzation 

8 - / ~  \ 

~_ 1o .5 I 

2 I I I I 
0.5 1.0 1.5 2.0 

CW: (C H - CH ~ RATIO (DASHED CURVE) 

Fig. 1. Calculated quasl-equiiibrlum curves for pH and tungsten: 
free proton ratio, assuming various amounts of WO3 to be dis- 
solved by neutral H20. Measured values falling to the left or right 
of these curves imply equilibration occurs by polymerization or de- 
polymerization, respectively. Dots on lower portions of curves corre- 
spond to crystalline WO~. 
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Fig. 2. Titration curve for amorphous WO~ film dissolved in 40 
ml DI water. Film was 2.5 cm 2 and 0.70 ~m thick. 
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The features of interest here are the initial pH of the 
dissolved film solution, the quanti ty of NaOH added 
to return the pH to that  of the DI water  (pH = 6.15), 
and the appearance of a cusp at about 3.4 X 10-8 
moles NaOH. From the ini t ial  pH = 4.35 of the dis- 
solved film solution and the pH of the starting DI 
water, we calculate the H + concentration due to WOe 
film dissolution is C H  - -  C ~  - -  4.40 • 10 -5 moles/  
liter. The cusp is characteristic of a depolymerization 
process induced by raising the pH. 

At  the point where the pH has been restored to that 
of the DI water  used to dissolve the film, v i r tua l ly  all 
the WOe in solution may be assumed to be in the form 
of WO42- ions and we have essentially a Na2WO4 salt 
solution. The quanti ty of NaOH needed to reach this 
point, CNa = 1.74 X 10 ~4 moles/li ter,  gives the total 
concentration of tungsten ions in solution: Cw = CNa/2 
= 8.71 • 10 -5 moles/liter.  The ratio Cw: (CH -- C~ 
iS 1.98: 1. This is essentially the ratio (2:1) expected 
if WOe goes into solution from the amorphous film as 
metatungstate ions, 6H+ + H2W12Od0 e- .  Pseudo- 
metatungstate, 8H + Jr HW6Om 6-, could also be the 
species formed since the tungsten/proton ratio is l ike-  
wise 2:1. 

The important  result  here is that  both the pH and 
the tungsten: free proton ratio resulting from the dis- 
solution of this amorphous evaporated WOs film fall 
significantly to the high side of the quasi-equilibrium 
curves shown in Fig. 1. T h e  amount of normal tung- 
state (WO42-) present is less than 8% of that needed 
to maintain equilibrium with the metatungstate. 
Clearly, we must infer that the film dissolves not as 
WO42- which subsequently polymerizes, but as 6- or 
12-mer ions or as unstable 3-mer ions which quickly 
form metatungstate or pseudo-metatungstate. Any re-  
actions going on in solution must be in the direction 
of depolymerization. 

The ti tration results also allow us to calculate the 
film density from the measured Cw and film thickness 
and area. We obtain 1.20 X 10 ~ tungsten ions/cm 3 or 
4.62 g/cm 8 assuming stoichiometric WO3 free of water. 
Evaporated WO3 has been reported (5) to contain as 
much as 0.5 H20 per WO8 which would increase the 
mass density to 4.80 g/cm 3. These values compare with 
densities ~5 g/cma reported by Randin (2) using 
another technique. 

Proposed Structural Model 
One clue to understanding the high solubility of 

evaporated amorphous WOe and the peculiar way in 
which it dissolves directly as polytungstate ions is seen 
by examining the proposed structures of metatungstate 
and pseudo-metatungstate ions, shown in Fig. 3. The 
basic building block of polytungstate ions is a trigonal 
unit  consisting of three edge-sharing WO~ octahedra. 
The metatungstate ion (Fig. 3a) is formed by four such 
trigonal units te trahedral ly coordinated, sharing cor- 
ners, about a central te trahedral  void containing two 
trapped protons (3). Similarly, a pseudo-metatungstate 
ion (Fig. 3b) may be formed by two such trigonal 
units sharing faces with one proton trapped in the 
central b i -pyramidal  void. 

This tendency to form trigonaI or trimeric units re-  
appears in numerous WOa related substances. Various 
forms of crystalline tungsten bronzes and solid tung- 
state salts also contain tr igonally oriented octahedra 
forming low symmetry structures with 3, 5, and 6 
member rings. Hashimoto et al. have shown that near 
sublimation temperature WO3 forms a hexagonal phase 
(6). And the vapor generated by subIiming WO8 has 
been shown (7) to consist chiefly of trimeric W309 
molecules as schematically shown in Fig. 4a. Such 
trigonal clustering may be at tr ibuted to formation of 
delocalized molecular orbitals within the three mem- 
ber ring stabilizing the structure. 

The demise of an evaporated amorphous WO8 film 
by dissolution as clusters of trigonal units provides 

6 H +* H2WI20405- METATUNGSTATE 

(a) 

PSEUDO-METATUNGSTATE 3 H + + HWs02:" 

(b) 
Fig. 3. (a). Metatungstate ion composed of four tetrahedrally 

oriented trigonal units sharing corners with two protons in the 
center cage. Each trigonal unit consists of three edge-sharing W08 
octahedra (4). {b). Pseudo-metatungstate ion is composed of two 
trigonal units sharing faces with one proton in the center bi- 
pyramidal void. 

one clue to understanding the degradation process. 
The second important  clue is obtained by examining 
the manner in which such a film is formed during 
vapor condensation. 

As mentioned, the vapor generated by subliming 
WO~ consists chiefly of trimeric W~O9 molecules i l -  
lustrated in Fig. 4a. There is also a strong tendency 
for WO3 to carry water of hydration, two possible 
forms of hydrated trimers being shown in Fig. 4b and 
4c. When trimeric molecules are deposited at a high 
rate on low temperature substrates, such as in EC 
film deposition, i t  is probable that they remain more 
or less intact, bonding together weakly through van der 
Waal's forces or through water-br idge hydrogen bond- 
ing. Such phenomena have been observed in evapora- 
tion of elemental species such as sulfur and selenium 
and compounds such as As208. Evaporating As203 gen- 
erates As406 vapor molecules which upon condensa- 
tion form the metastable As406 molecular solid arseno- 
lite (8, 9). Due to the relative stabili ty of molecules 
exhibiting such associative tendencies, some activation 
energy is needed to dissociate them into the simplest 
molecular units before the lower energy network 
structure can form. 

We expect the situation to be similar in EC film 
deposition, where insufficient thermal activation en- 
ergy is available to dissociate tr imers into monomers 
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molecule. 

or to break the outer oxygen double bonds which 
is a precondition to network formation. Moreover, 
water of hydration, located at outer oxygens of the 
trimer, will further inhibit W-O-W cross bonding and 
network formation. Any inter-trimer bonding which 
does occur is likely to be weakened by lattice distor- 
tions inherent in an amorphous structure, while intra- 
trimer bonding should remain strong and largely un- 
affected by the disordered arrangement of trimeric 
units. 

The picture that evolves is that an evaporated amor- 
phous WO~ film, as-deposited, resembles an amorphous 
molecular solid, rather than an amorphous random 
network structure, comprised of trimeric units bound 
weakly to one another such as depicted in Fig. 5. It is 
easy to imagine that when such a film is placed in an 
aqueous solution such trimers hydrolyze directly to 
the trigonal building blocks of polytungstate ions, 
without forming monomeric WO4 2- ions as an inter- 
mediate step. This would account not only for the high 
solubility of such films, but also for the observation 
that they dissolve directly as polymeric ions. Trigonal 
ions carrying high coulombic charge can lower their  
free energy by agglomerating to form larger clusters 
of lower charge such as the metatungsta te  ion. This 
may occur on the dissolving surface or immediate ly  
after enter ing solution. 

Film Restructuring 
If evaporated amorphous WO3 films are molecular  

solids as proposed then, if by some means one could 
break double bonds, perhaps even dissociate trimers, 
rebonding with neighboring molecules could occur to 
form a lower free energy network structure. Such a film 
should exhibit  a decreased solubil i ty compared to the 
as-deposited film. Raising the average lattice tem- 
pera ture  (energy) by heating, as in  recrystallization, is 
one way of dissociating the t i m e r s .  In  this case, all  
the molecules are raised to an activated state s imul ta-  
neously and can, therefore, undergo a cooperative rear-  
r angement  to form a crystal l ine ne twork  with con- 
siderable long range order. This would provide no 
fur ther  insight, since we already know that crystal l ine 
WOa has low solubility. 

One can also induce lattice res t ructur ing without  
crystallization by  bombard ing  the sample with par-  
ticles of sufficient energy. The activation energy thus 
provided is absorbed discontinuously in space and time 
without  raising the average lattice temperature  signifi- 
cantly. Crystall ization would be inhibi ted because, at 
any given time, only individual  molecules or very  
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Fig. 5. (a). Representation of EC film as an amorphous molecular 
solid composed of WsO9 trimers banded together by water-bridge, 
hydrogen, and van der Waal's bonding. (b). Example of water 
molecule chain which can form giving rise to high proton mobility 
by HsO + rotarian and porto, transfer to adjacent HzO. 

localized regions are in an activated state. Only shor t  
range res t ructur ing or re laxat ion is expected. Amor-  
phous WO~ films were bombarded by implant ing  
1015/cm 2, 70 keV oxygen ions into the film. P r imary  
energy transfer  is by ion collisions with the lattice to 
a depth of i00-150 nm and secondary transfer is by 
high energy phonon or photon excitation ("thermal 
spikes") generated by collisions. The incident ion 
power was ,~4 mW/cm 2 and the temperature rise was 
small, well below the recrystallization temperature of 
,~345~ (5). 

Figure 6 shows an x - r a y  diffraction pa t te rn  obtained 
by using a rotat ing nanogram diffraction camera and  
particles of the bombarded film scraped from the sub-  
strate. Only amorphous-l ike halos are seen. One ex-  
tends from about 0.24-0.48 n m  and another  fa int  halo is 
centered near  0.18 nm. These correspond to nearest  
W-W and W-O distances, respectively. 

Such bombarded films, despite the implan ta t ion  of 
oxygen, were slightly reduced as evidenced by a very  
slight bluish cast. A several hour  postbake in  air at 
180~ (well below crystall ization tempera ture)  w a s  
sufficient to reoxidize the films to a t ransparent  yellow. 
Virgin films used as control samples were given this 
same baking procedure to guarantee  that  any  differ- 
ences in film properties were due to the ion bombard-  
men t  ra ther  than thermal  t reatment .  

As hypothesized, the bombarded films showed o-r 
an order of magni tude  decrease in dissolution rate in 
neut ra l  water  compared to unbombarded  films. They 
remained more soluble than crystall ine WO3, as might  
be expected for an amorphous structure. In  aqueous 
acid solutions, bombarded films showed no evidence of  
significant dissolution even after m a n y  weeks in  the 
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Fig. 6. Nanogram powder diffraction pattern for 1015/cm 2 70 key 
oxygen ion implanted WO3 film. Pattern appears amorphous. 

solvent,  whereas  v i rg in  films dissolve wi th in  one to 
severa l  days.  This d ramat ic  change in so lubi l i ty  is 
s t rong evidence of a change in local  bonding  and m i -  
crost ructure ,  and  i t  suggests  t ha t  WOs m a y  indeed ex -  
ist  in  two dis t inct  amorphous  forms:  an  amorphous  
molecu la r  solid and an amorphous  r andom network .  
In  addi t ion  to the  so lubi l i ty  change, ion b o m b a r d m e n t  
produces  the  addi t iona l  effect of des t roying  (or  g rea t ly  
decreas ing)  the e lect rochromism.  

Elec t rochromic  WO~ films were  also subjec ted  to low 
energy  ion /e lec t ron  b o m b a r d m e n t  in an r f  g low dis-  
charge  chamber  used for  photores is t  ashing (~13 Pa  
O2, 13.56 MHz, 75W rf  power  capaci t ive ly  coupled into 
a cy l indr ica l  chamber  7.6 cm in d iamete r  and 15 cm 
deep wi th  50~ impedance) .  Again,  l i t t le  hea t ing  oc- 
curred.  Unl ike  the  ion implan ta t ion  bombardment ,  the  
e lec t ron / ion  energies  were  only  of o rder  10 eV. S imi -  
l a r  decrease  in so lubi l i ty  was observed  for  such low 
energy  bombardment .  While  i t  has not  been  ru led  out, 
chemical  oxida t ion  effects a re  not  be l ieved  to be  re -  
sponsible  for  the  so lubi l i ty  change. The low energy  
bombarded  films showed no signs of reduct ion,  as did 
the  high energy  imp lan ted  films (bluish cast) ,  and  m a y  
in fact  have  undergone  some addi t iona l  oxidat ion.  Yet  
both  types  of b o m b a r d m e n t  produced  the same solu- 
b i l i ty  and  co lorab i l i ty  change. 

Colorabi l i ty  of these bombarded  films was checked 
by  the ind ium wire/H2SO4 technique (10). This in -  
volves p lac ing  an acid drople t  on the film and touching 
an In wi re  to the  surface th rough  the droplet .  In  dis-  
solves as In 3+ and the excess e lectrons on the wire  
a re  in jec ted  into the film. 3H + are  d isplaced f rom solu- 
t ion by  the In a+, en te r ing  the film to neut ra l ize  the  in-  
jec ted  electrons.  The colorat ion spreads  f rom the In 
contact  r ad i a l ly  (see Fig. 7a).  

In  the case of low energy  bombardment ,  the  color-  
ab i l i ty  th rough  the  surface decreases r ap id ly  dur ing  
the first 5-10 min of bombardment ,  bu t  l a t e ra l  "color  
b leeding"  f rom an ad jacen t  u n b o m b a r d e d  region r e -  
mains  possible unt i l  20-30 min  of b o m b a r d m e n t  have  
elapsed.  This suggests a r e s t ruc tu r ing  process which 
begins  at  the uppe r  surface and  migra tes  to the sub-  

Fig. 7. (a). In wire/H~SO4 film coloration technique (10). In dis- 
solves as In 3+ causing 3e-  ~ 3H + to be injected into the film. 
(b). Left portion of film partially restructured (upper layer) by ion 
bombardment. Right side colored by In/H~SO~., rinsed, and dried. 
Color bleeds slowly into region beneath restructured layer by lateral 
proton controlled e -  ~ H + diffusion. (c). Same as (b) but acid 
overlaps two regions. Color bleeds rapidly into region beneath 
restructured layer by lateral electron diffusion plus proton flow 
through restructured layer. 

s t ra te  wi th  cont inued bombardment .  ( X - r a y  diffract ion 
was done on 30 rain b o m b a r d e d  films.) 

In  the colorat ion tests on samples  b o m b a r d e d  for 
5-10 rain, if an u n b o m b a r d e d  region is colored up to 
the bounda ry  wi th  a bombarded  region and the  
sample  is r insed and dried, diffusion of color into the  
bombarded  region is slow (,~0.1 m m  in �89 h r ) .  I f  the  
acid drople t  is not  removed  and over laps  the two re -  
gions, color diffusion is r a p i d  (~0.5 m m / s e c ) .  These 
observat ions  are  essent ia l ly  the same as for  an unbom-  
ba rded  film, slow color diffusion in the  absence and 
fast  diffusion in the  presence of an e lectrolyte .  The  
difference is tha t  an u n b o m b a r d e d  film colors by  d i -  
rect  contact  of the In wi re  ( th rough  an  acid)  to the 
film surface, whi le  the  b o m b a r d e d  film does not. More-  
over, an unbombarded  film, so colored, can be b leached 
thoroughly  by  heat ing in a i r  a t  135~ for  15-30 min. A 
bombarded  film, colored by  b leeding  f rom an unbom-  
ba rded  region, does not  b leach  even af te r  days of hea t -  
ing in air. 

These resul ts  m a y  be in t e rp re t ed  as follows. Low 
energy  b o m b a r d m e n t  res t ruc tures  the  uppe r  por t ion  of 
the film, leaving  the lower  por t ion  unchanged  (for 
bombard ing  t imes <~ 10 rain) .  Color b leeds  f rom an 
unbombarded  region into the  deeper  l aye r  of the bom-  
ba rded  region. In the absence of an e lec t ro ly te  on the 
surface, this proceeds by  l a t e ra l  diffusion of e lectrons 
and protons f rom the u n b o m b a r d e d  region and is 
proton diffusion controlled.  See Fig. 7b. In  the  presence 
of the  acid on the surface,  the fast  color diffusion must  
be in t e rp re t ed  as l a t e r a l  diffusion of e lectrons f rom 
the unbombarded  region coupled wi th  pro ton  diffusion 
th rough  the b o m b a r d e d  surface to neut ra l ize  the elec-  
t rons (10). See Fig. 7c. The h igh  speed of color diffu- 
sion cannot  be exp la ined  by  l a t e ra l  p ro ton  diffusion. 
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The inabili ty to color the bombarded region directly 
by In wire contact, the fast lateral  bleeding, and the 
inabili ty to bleach such a region, once colored by 
lateral  bleeding, implies that  the bombarded, restruc- 
tured layer is still proton permeable, but is blocking 
to electron transport. The restructuring strengthens 
the overall bonding (evidenced by decreased solubil- 
ity) without significantly diminishing the fast proton 
transport. But it  apparent ly  does inhibit  electron in- 
jection or transport, or induces noncoloring trapping 
states. 

These bombardment studies suggest two important  
concepts which are worth further investigation: (i) It 
may be proper to speak of not one amorphous state for 
WOs, but two: one being closer to a molecular solid, 
the other a random network. Only the former is elec- 
trochromic. (ii) Lattice porosity and incorporated H20 
giving high proton mobility may be necessary but in- 
sufficient to produce rapid electrochromic response. The 
electronic states produced by a part icular  structure are 
of critical importance to electrochromic response. 

Nonaqueous Solvents 
It is apparent that EC device shelf degradation in 

aqueous electrolytes is caused by polytungstate for-  
mation. The much lower solubility of EC films in or- 
ganic solvents may be understood in terms of solvent 
ionizability, solvent molecule size, and the nature of the 
solute ion formed. Dissolution is favorable when 
W-O-W bonds are broken in such a way that  the bonds 
remain saturated. Water is a part icularly good solvent 
because its small size permits it to attack a W-O-W 
bond and form two saturated W-OH HO-W bonds with 
a small local distortion of the lattice. Upon going into 
solution, (WO3), combines with water to form the 
compact tungstate and polytungstate ion structures. 
On the other hand, solvents which are not ionizable 
show little if any action on WOs films. Alcohols and 
glycols with one or more OH radical may ionize to 
form R+ + OH-  or RO-  ~ H + but  are poor solvents 
for WO3 films because (i) they do not ionize as readily 
as water, (ii) their molecular size is too bulky to 
penetrate the lattice without severe lattice distor- 
tion, and (iii) the R+ and RO-  radicals are too bulky 
to form compact or complex polytungstate ions in solu- 
tion. Dissolution in these solvents is l ikely to be limited 
to molecular species or simple monomeric ions. Solu- 
bil i ty should be low in either case. When an elec- 
trolyte, such as HH2SOa, is added to a nonaqueous sol- 
vent, an additional dissolution mechanism may be 
operative, namely, formation of electrolyte anion-WO3 
complexes. This is further  discussed in the next section. 

Cycling Degradation 
EC device cycling degradation in aqueous and non- 

aqueous acid electrolytes occurs by an erosion process, 
probably similar to dissolution, but enhanced by the 
voltage drive. Fi lm thinning during cycling has been 
measured by optical interference techniques (2). In 
aqueous electrolytes, the quiescent dissolution process 
occurs by polytungstate ion formation and diffusion 
into the electrolyte. Intuitively, one might  expect 
that it  is the nonequilibrium nature of the color/bleach 
process which leads to cycling degradation. However, 
nonequilibrium by itself does not imply degradation. A 
more detailed model is needed. In the l i terature it has 
frequently been suggested that  cycling degradation 
may be due to such things as impurities or "irrevers- 
ible side reactions." Having delineated the nature of 
quiescent dissolution of electrochromic WOs films in 
the present work, we propose the following intrinsic 
mechanism of cycling degradation. 

In the bleached or moderately colored quiescent 
state, the electrode potentials are such that the Helm- 
holtz double layer  probably has the following struc- 

ture. The inner layer consists of (i) a monolayer of 
chemisorbed H20 forming a surface layer of tungstic- 
oxide-hydroxide which is anionic in nature; (ii) just 
beyond the surface is a layer of predominantly elec- 
trolyte anions plus polytungstate anions. The outer 
layer is chiefly H20 W HaO + W protons with hydration 
shells of six or more water molecules. During the 
coloration cycle, electrolyte and polytungstate anions 
are driven away from the surface by the applied volt- 
age, while hydrated protons are driven toward it. 
During this disturbance of the Helmholtz double layer, 
the depletion of polytungstate anions leads to the re- 
moval of tungstic oxide-hydroxide surface molecules 
to replenish polytungstate anions in the double layer. 
At the same time, the hydrated protons shed much, if 
not all, of their water of hydration upon entering the 
WO~ surface, leaving an abundance of bond-breaking 
water molecules in the surface region and inner Helm- 
holtz layer, further promoting dissolution. 

While the current carried by the negative tungstate 
ions leaving the surface may be a small fraction of the 
proton current, over thousands of cycles it  is sufficient 
to completely erode the film. This voltage-enhanced 
dissolution would account for the device cycle life 
decreasing with increased switching speed (higher 
voltage drive, greater anion depletion, and greater 
disturbance of the double layer  structure) and with 
increased final point coloration (increased total charge 
driven per cycle). We expect and, in fact, observe that 
fast switching to a low contrast state produces more 
degradation per cycle than slow switching to a high 
contrast state. 

Voltage-enhanced dissolution in nonaqueous electro- 
lytes may occur by one of the following mechanisms. 
Dissolution by tungstate ion formation requires an 
oxygen donor species such as H20. If there were no 
dissolved oxygen or trace water  in the electrolyte/  
solvent, and if neither the electrolyte nor solvent dis- 
sociate or electrolyze to donate oxygen, tungstate ions 
cannot form by interaction with the electrolyte. H~O 
incorporated in the WO3 during deposition could, how- 
ever, contribute to tungstate formation. The H20: WOs 
ratio can be as high as 1:2 in evaporated films (5) 
while to form metatungstic acid only 1:3 is needed. 
Thus, the water incorporated in the film, apparently 
necessary to achieve high cation mobility (1), may be 
a self-contained cause of cycling degradation. In addi- 
tion to this, WO3 could enter solution by forming a 
complex with electrolyte anions. Phosphoric acid is 
known to form complexes with WOa. To a lesser ex- 
tent, sulfuric acid may do likewise. 

Electrolyte anions are attracted to the surface in the 
bleached state, and during dynamic bleaching this an- 
ion activity is further enhanced. Anions such as SO4 S- 
may bond to surface molecules forming negative com- 
plexes wbd'ch are swept into solution during coloration. 
Simple complexes like [(WO~)(SO42-)] 2- or poly- 
meric  complexes like [ (SO42-) �9 (WOsO9) �9 H + 
(W809) �9 (SO42-)] z -  could form. Another possibility 
is a metatungstate isomorph in which SO6 octahedra 
are incorporated in place of some WO3, such as 
[HI2 + (WODs �9 (SO42-)4] 6-. 

Conclusion 
Aqueous dissolution and ti tration results indicate 

that amorphous WO3 films (as-deposited) dissolve to 
form metatungstate or pseudo-metatungstate ions. 
Moreover, evidence indicates that complex 3-, 6-, or 
12-mer ions enter solution directly from the dis- 
solving surface. These results, together with the fact 
that associative vapor molecules tend to form molec- 
ular  or semimolecular solids upon condensation, 
strongly suggest that as-deposited WO8 films are com- 
posed chiefly of trimeric clusters weakly bound to one 
another. The very open microstructure that would re-  
sult, along with water-br idge bonds between mole- 
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cules, can account for the high proton mobilities ob- 
served in EC films, but also for the unfortunate rapid 
dissolution and cycling erosion. 

Analysis of evaporated films subjected to oxygen ion 
bombardment suggests two concepts which may be 
important to electrochromic development. (i) There 
may exist two distinct amorphous structures, one closer 
to a molecular solid, the other closer to a random 
network structure. (ii) The restructured (network) 
film shows decreased colorability, not because it is less 
permeable to proton flow but because electron in- 
jection or transport is inhibited, or noncoloring trap- 
ping states are introduced. Further study of bom- 
bardment restructuring may provide key informa- 
tion about the effect of microstructure on EC per- 
formance. 

Cycling erosion can be understood as a natural ex- 
tension of the dissolution process--voltage enhanced 
dissolution. Neither impurity side reactions nor any 
fundamental irreversibility in the proton injection/ex- 
traction process need be postulated. In nonaqueous 
systems, both quiescent dissolution and cycling erosion 
are slowed because of (i) low ionizability and large 
size of organic molecules such as glycerine and (ii) 
inhibited tungstate ion formatiom In these systems, 
degradation may result from formation of negative 
complexes with electrolyte anions or from tungstate 
formation due to HzO incorporated in the film. 

The molecular solid model presented here for elec- 
trochromic films may prove to be a fruitful avenue for 
understanding the nature of coloration in these films. 
The intervalence transfer model proposed by Crandall 
and Faughnan (11) may be given physical interpre- 
tation by relating phenomenological configuration co- 
ordinates to, say, instantaneous configuration of water- 
bridged W309 molecules. This would be similar to 
coloration in charge transfer complexes in solution. 
Bridging water bonds may be important not only for 
proton transfer but for electron transfer as well. 
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SFo, a Preferable Etchant for Plasma Etching Silicon 
K. M. Eisele* 

Fraunho~er-Institut 1~r Angewandte Festk6rperph~s~k, D-7800 Fre~burg, West Germany 

ABSTRACT 

SFs is a far more selective etchant for silicon than CF4. -t- O3 when excited 
to a plasma discharge. This applies to good advantage m parallel plate re- 
actors where under given conditions of rf power and pressure the etch ratio of 
silicon to SiO2 is 30:1 but with CF4 only 7:1. In contrast to the deposition of 
carbon in a CF4 process sulfur has not been found on a silicon surface etched 
in SFs. The selectivity of an SF6 etching process cannot be shifted sufficiently 
in favor of SiO2 by adding hydrogen, it can also not be increased much in 
favor of silicon by adding oxygen. The reaction product is SiF4. No other 
silicon compound than SiF3 + appeared in the mass spectrum_ 1% SF6 in 
argon achieves etch rates of more than 1O0 nm/min with moderate rf energy. 
SF6 is also a useful etchant for Si3N4 with etch rates of 100 nm/min. 

The etching of polysilicon by means of a CF4 plasma 
has almost become a standard process in the manu- 
facture of integrated circuits (1). The polysilicon de- 
posited on an SiO2 layer serves as gate electrode and 
for interconnections between the active elements, re- 
sistors, and bonding pads. The etch rate of a CF4 
4% O2 gas mixture excited to a plasma discharge in a 
tunnel reactor is selective in favor of silicon over SiO2 
with a ratio of 30:1 (1, 2) so that the SiO2 is little 
affected when the time necessary to etch the silicon 
layer is exceeded by a marginal amount. 

* Electrochemical  Society Act ive  M e m b e r .  
Key words: p l a s m a  e t c h i n g ,  s i l icon.  SFe, selectivity. 

Structures of micrometer width are preferably 
etched in a parallel plate reactor because the aniso- 
tropic etching of such a system achieves better defini- 
tion, less underetching, and better profile control than 
can be obtained in a tunnel system. Unfortunately, in a 
parallel plate system the etch ratio Si: SiO2 is reduced 
to 7:1 and therefore not any longer sufficiently selec- 
tive. 

This fact has given incentive to look for other etch- 
ants. Based on earlier experiences in thermally etch- 
ing silicon surfaces in situ before epitaxial growth with 
SF6 (3), this gas seemed suitable for trials in plasma 
etching (10). SF6 is not inflammable and not toxic. 


