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The SIMS technique has been successfully applled as an 
analytkal tool for the chemical and spatial anaiy6ls of met- 
al-complex-doped polymeric Hkns. The polymeric matrix was 
chlorosuifonated polystyrene ( -  1000 A thkk) cast onto a 
smooth platinum substrate, and followhg subsequent incor- 
poration of metal complexes containing Ru, Re, or Zn by 
chemical bindlng, the SIMS technique was found to be 
chemkally selective and senskive to the Ru, Re, and Zn Snes 
In the polymerlc fllms. Quailtatlve assays of the films uslng 
secondary ion mass spectra were carrled out with relative 
ease, but determinatlons of the spatial dlstrlbutlon of metal 
sltes throughout the flhns requlre highly controlled sample 
preparatlon. The results of a serles of studies on polymeric 
fhs contabJng varlous levels of the Ru complex showed that 
signals for Ru' are influenced by local variations In ion yleld, 
Le., Ion ylekl transients near the palymerlc surface and at the 
pdymer/platimm interface. A mal lrat lon procedure based 
on comparisons of Ru' to 0' secondary Ion lntensltles re- 
duces the influence of such artifacts in the analysls of the 
concentratlon depth profiles of the complexes withln the 
polymeric films. 

Thin films (I1 pm) of metal-complex-containing polymers 
on electrodes have been used for a number of ends (1) in- 
cluding chemical analysis (2), electrocatalysis (3-8), chemically 
based microelectronics (9), energy conversion (10-1 7), elec- 
trochromic displays (18, 19), Nonetheless, polymer-based 
coatings have remained, for the most part, poorly charac- 
terized, in part because the total quantity of coated material 
can be quite small even on large surface area electrodes. 
Typical coverages are to IO-" mol of monomeric un- 
its/cm2, making analyses based on spectroscopic techniques 
such as infrared, Raman, or photoelectron difficult or im- 
possible. 

We report here an initial investigation where secondary ion 
mass spectrometry (SIMS) is used as an analytical tool for 
characterization of metallopolymeric films. We have examined 
the capabilities of the technique both for elemental analysis 
and the determination of metal content and for the ability 
of the technique to characterize distributions of the metal 
complex sites in the internal film structure using depth pro- 
filing studies. Experiments were carried out chiefly with thin 
films based on chlorosulfonated polystyrene (PS-S0,Cl) de- 
posited on platinum electrodes. Chlorosulfonated polystyrene 
appears to be an especially appropriate material for such an 
investigation. I t  is easily spun cast into thin films, is re- 
markably versatile as a reactive polymer (13, 24) (nearly 40 
different organic and inorganic materials have been attached 
to PS-S02Cl films), and is of utility in photoelectrochemical 
(energy conversion) and electrocatalytic applications (12, 13, 
25, 26). 

EXPERIMENTAL SECTION 
Materials. The metal complexes [Ru(bpy),(5-AP)][PF8], (bpy 

is 2,2'-bipyridine; 5-AP is 5-amino-l,lO-phenanthroline), [Re- 
(CO)B(py)(B-AP)] [PF,] (py is pyridine), and o-aminotetra- 
phenylporphinezinc (ZnTPP-NH2) were available as preexisting 
samples (24,27). Chlorosulfonated polystyrene (mol wt -4000) 
was prepared as described previously (24). Tetraethylammonium 
perchlorate was prepared as described elsewhere (28). Acetonitrile 
was used as received from Burdick and Jackson, as was 2-butanone 
(99+%, from Aldrich). 

Substrate and Film Preparation. Films were initially 
prepared by simple evaporative casting onto platinum foil from 
an acetone stock solution. While this procedure proved to be 
adequate for qualitative characterization, a more rigorous sample 
preparation protocol was required for quantitative work. Prer- 
equisites of the sample substrate were that (1) it be extremely 
flat for surface analysis studies, (2) it be optically transparent 
for absorbance experiments in the visible region, and (3) an 
adhesive layer of platinum could be sputter deposited on the 
surface to act as an electrode for subsequent photochemical ex- 
periments (12, 13). Barium borosilicate glass satisfies these 
conditions and was chosen as a convenient substrate. Precut 
squares of the substrate glass (1.14 X 1.14 X 0.04 cm; Corning 
7059 from F. G. Gray Co.) were subjected to a stream of high- 
pressure air to remove dust, rinsed with distilled water, transferred 
(without drying) to a 2-propanol solution, and sonicated for 30 
min. The glass was then suspended above a second solution of 
2-propanol (refluxing) for a minimum of 12 h and, after cooling 
and drying in the 2-propanol atmosphere, transferred rapidly to 
a Veeco VE 300 evaporator. The glass squares were then partially 
masked by an A1 template, leaving uncovered a central section 
4 mm in diameter together with a 2 mm wide strip along one edge 
and a connecting strip between the edge and center circle. This 
geometry for the electrode allowed illumination by light only at 
the central metal disk with connection of an electrical lead to the 
track along one edge during photochemical experiments. A 1000 
8, thick film of Ti was then evaporatively deposited onto the 
unmasked portions of the glass to act as an anchor for the sub- 
sequent layer of Pt (-1000 A), which renders the surface con- 
ductive. The Pt layer was deposited with a Polaron SEM E5100 
sputter coater. At all stages of substrate preparation care was 
taken to minimize dust contamination. 

Polymeric films were cast by first dissolving a known quantity 
of PS-S02Cl in 2-butanone under inert-atmosphere conditions. 
A small amount of polymer solution (- 10 pL) was then dropped 
onto a spinning slide (2000 rpm; Headway Research spin coater) 
and allowed to evaporate. By variation of the concentration of 
the polymer solution between 80 mM and 400 mM, film thick- 
nesses were controlled between -450 A and -3000 A, although 
the most uniform film thicknesses were 51000 A. All film 
thicknesses were measured using surface profilometry (Tencor 
AIpha-step 100 step profiler) and were found to vary by no more 
than f15% when measured on various parts of the same sample. 
The reproducibility from one sample to another, using the same 
spin casting conditions, was f40%. The films were vacuum-dried 
at room temperature for 2 h. Exposure to air was minimized prior 
to metalation. 

Polymer Film Metalation. Metal complex doping of the 
preformed film was achieved by soaking the assembly in 5 mM 
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Table I. Experimental Conditions for SIMS Studies 

Primary Beam 

accelerating potential 10 kV 
impact energy 5.5 keV 
diameter 50 pm 
raster size 
nominal current 100 na 

composition 160 + 

250 pm X 250 pm 

Secondary Beam 

transfer optics 150 pm 
field aperture 

image field 

contrast aperture 400 pm 
energy offsets 

1.8 mm (mass spectra) 
750 pm (depth profiles) 
150 pm (mass spectra) 
60 pm (depth profiles) 

-60 V (Zn spectra) 
-30 V (Ru depth profiles) * 

acetonitrile (Ru, Re complexes) or methylene chloride (Zn-TP- 
PNH2) solutions of the appropriate metal complex. Metalation 
is based on sulfonamide formation between the -S02Cl sites in 
the precast film and amino substituents on the metal complex, 
e.g. 

+ m[(S-Nk$-phen)Re(CO&(py)r+ 

+C+CH-++ H - C H A  + mHCI 6 2m& 

+ I  (k02NHphen) Re(C0)3(pyy 

The attachment chemistry has been described in detail elsewhere 
(24). Varying degrees of metal complex incorporation were 
achieved for Ru by varying the soaking time from 2 rnin to 2 h 
to 20 h. Films for control experiments (blanks) were soaked in 
metal-free acetonitrile. 

Following metalation each sample was soaked in 0.1 M tetra- 
ethylammonium perchlorate (TEAP)-acetonitrile for 30 min to 
remove entrapped (noncovalently bound) metal complex and then 
soaked in three successive clean acetonitrile solutions, each for 
30 min, before dryirig and storing under vacuum. Failure to soak 
the films in clean acetonitrile resulted in TEAP microcrystallite 
formation upon drying and extensive film damage. For carefully 
treated films (as above), step profilometry indicated little change 
in the polymer-film surface morphology after chemical treatment. 

A film was also prepared based on a premetalated soluble 
polymer. In a step preceding the spin casting, (bp~)~Ru(5-AP)~+ 
was allowed to react with chloromethylated polystyrene, as de- 
scribed elsewhere (29), to achieve a loading of about l% (i.e., the 
Ru complex was attached to - 1 % of the R-CH2-C1 sites). This 
polymer is homogeneous in Ru complex distribution. When 
dynamically evaporated from solution, it must necessarily produce 
a film that is also uniform in complex distribution. 

Absorption Spectra. Visible spectra of films were obtained 
with the same type of glass substrate used for SIMS experiments. 
However, for the spectral experiments only a thin, semitransparent 
layer of platinum (- 100 A) was sputtered onto the glass surface 
and the entire glass square was coated. Films were then cast and 
treated following the steps outlined above. Transmission ab- 
sorbance spectra of the resulting assemblies were obtained by use 
of an HP8450 diode array spectrometer. 

Secondary Ion Mass Spectrometry (SIMS). A Cameca 
IMS-3f ion microscope equipped with a primary beam magnetic 
mass filter (30) was employed for the SIMS experiments. The 
microscope provides for stigmatic imaging via simultaneous de- 
tection of mass selected ions within the analytical image field. 
Mass spectra and depth profiles were obtained by using pulse- 
counting, electron multiplier detection. Multielement depth 
profiles were achieved via computer-controlled magnetic sector 
peak switching with 1 s counting times for each ion (I%+, ISO+, 
'O2Ru+, 'gsPt+) during each data acquisition cycle. 

Typical operating parameters for the SIMS studies are sum- 
marized in Table I. A Faraday cup in the primary column was 
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Figure 1. Secondary ion mass spectra in the Ru isotope range for 
PS-S0,CI film soaked in (A) 5 mM [(bpy),Ru(5-AP)] [PF,],/acetonltriie 
and (B) acetonitrile. The solid bars indicate the natural abundance 
isotopic distribution for Ru. 
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Flgure 2. Secondary ion mass spectrum of PS-S0,CI film soaked in 
5 mM (5-AP)Re(CO),Cl/acetonitrile. The solid bars indicate the natural 
abundance isotopic distribution for Re. 
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Flgure 3. Secondary ion mass spectrum of PS-S0,CI film soaked in 
5 mM ZnTPPNH,/methylene chloride. The solid bars indicate natural 
abundance isotopic distribution for Zn. 

used to estimate beam current. Appropriate secondary ion energy 
offsets (Table I) accompanied by energy slit translations for Zn+ 
and Ru+ measurements were necessary to remove possible 
polyatomic ion interferences. 

RESULTS AND DISCUSSION 
Qualitative Compositional Analysis. A series of initial 

SIMS experiments aimed a t  evaluation of detection capa- 
bilities for Ru, Re, and Zn in metal-doped polymeric films was 
performed. These metals are of particular interest since they 
are the central constituents of chromophoric complexes that 
have been incorporated in films and used to generate pho- 
tocurrents (12, 13). 

Shown in Figure 1A is a mass spectrum in the Ru isotope 
mass range for a Ru-doped film (2 min soak in Ru(bpy),- 
(AP)"). With the exception of m / e  (mass-to-charge ratio) 
103, which shows a significant intensity in control experiments 
on nonmetalated films (Figure lB), there is a good corre- 
spondence between the observed distribution of ion intensities 
and that expected from natural Ru isotope abundances. The 
signal a t  m / e  103 is most logically assigned to a unidentified 
molecular fragment ion from the polymer (energy offsetting 
was not used in Figure 1). 
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Figure 4. Concentration of Ru (in mol/L derived from film absorbances 
at 460 nm) vs. absolute secondary ion intensity for ro2Ru+ integrated 
over the entire depth of films. Shown are points for the blank film and 
films soaked for 2 min, 2 h, and 20 h in [(bpy).$lu(5-AP)] [PF,], solution. 
(Error bars are 217 for the variation in absorbance measured at various 
positions on the same polymeric film.) 

Similar results were obtained with Re- and Zn-doped sul- 
fonated polystyrene films as shown in Figures 2 and 3. In 
both cases there is evidence for the expected formation of 
small quantities of metal hydride species, e.g., m / e  65 or 69 
for the most prominent Zn hydrides and m/e  186 or 188 for 
Re hydrides (note that ion intensities are plotted on log scales). 
An additional complication with the Zn-doped sample was the 
appearance of a significant interference at  m / e  64 (possibly 
SO2+) which was removed by energy offsetting (Table I) to 
produce the result shown in Figure 3. 

The available data clearly demonstrate that SIMS can be 
employed for the chemical analysis of metal complex dopants 
in organic films with good selectivity. From independent 
measurements based on film absorbances, the average Ru 
content of the polymeric film sample in Figure 1A is ca. 180 
mM (equivalent to 7.1 X lom Ru atoms/cm3 of polymer film). 
The SIMS detection limit under the present analytical con- 
ditions is expected to be several orders of magnitude lower 
based on the intensity of the loZRu+ signal relative to a blank 
polymeric film sample. The SIMS sensitivity for the Re-doped 
film is similarly evident in that Re could not be detected by 
film absorbance experiments. Independent, qualitative evi- 
dence for the presence of Re is available, however, from 
photocurrent action spectra and from laser-induced lu- 
minescence (13). 

Quantitative Compositional Analysis. Given the success 
of the preliminary qualitative measurements, the ability of 
SIMS to provide a quantitative measure of film doping was 
examined. A series of samples based on 0 min (blank), 2 min, 
2 h, and 20 h Ru complex soaking times was prepared. Ab- 
sorbance measurements a t  460 nm (A,,, for (bpy),Ru(5- 
AP)-S0,PS; c(460) = 1.6 X lo4) were used to quantitate the 
overall extent of Ru incorporation for each sample. A second 
series of fiims, identically treated but prepared on Pt/Ti/glass 
rather than semitransparent Pt/glass, was depth profiled using 
SIMS. The areas under the Ru+ profiles were integrated 
between the polymeric surface and the Pt interface for each 
sample. In Figure 4 the resulting intensity sums are correlated 
with concentrations derived from absorbance measurements. 
A linear plot for the four data points is observed (correlation 
coefficient = 0.947). The longer soaking times produce the 
higher Ru concentrations, ranging from -180 mM Ru (1.1 
X lo2” Ru atoms/cm3 polymer) in the 2-min sample to N 380 
mM Ru (2.3 X 1020 Ru atoms/cm3 polymer) in the 20-h sam- 
ple. The low absorbance reading and corresponding poor 
precision for the concentration of the 2-min sample (Figure 
4) indicate that Ru is close to the detection limit of the ab- 
sorbance measurement for thin (- 1000 A) polymeric films. 
However, the SIMS count rate for the 2-min sample is still 
on the order of loo0 counts/s, i.e., about 3 orders of magnitude 
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Figure 5. SIMS depth profile for I2Cf and 1s5Pt+ ions in PS-S0,CI film 
soaked for 20 h in [(bpy),Ru(Ei-AP)] [PF,], solution. 
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Figure 6. SIMS crater depth (as determined by step profiler) vs. 
primary ion dose (e, blank and Ru soaked PSS0,CI films; X, PS-CH,CI 
film homogeneous in ruthenium). 

above the detection limit. Due to the inherently large error 
included in measuring small absorbance values and the limited 
data set, the quantitative correlation of absorbance and SIMS 
measurements can be considered only as a preliminary finding. 

A second aspect of quantitative film characterization relates 
to the depth resolution of SIMS measurements during poly- 
meric film depth profiles. The location of the polymer/ 
electrode interface was identified by monitoring both lg5Pt+ 
and With profilometry (Experimental Section), a 
polymer film thickness of 1750 A was determined to corre- 
spond to the depth of the polymer/Pt electrode interface for 
the sample with SIMS profiles shown in Figure 5.  The plot 
indicates that a primary ion dose (0,’) of the order of 8 X 
l O I 7  ions/cm2 is required to sputter through the 1750-A film. 
An operational definition of depth resolution is the depth 
required to reduce the C+ intensity from 90% to 10% of its 
value in the polymeric film, or analogously, the depth required 
to increase the Pt+ intensity from 10% to 90% of its value 
in the Pt substrate electrode. With this definition, depth 
resolutions achieved using either the C or Pt data in Figure 
5 are ca. 360 A, or about 20% of the sputtered depth. Con- 
tributing factors to depth resolution limitations are cascade 
mixing, nonuniform sputtering of the organic film (31), surface 
roughness of the Pt electrode, and nonuniform polymeric film 
thickness. In initial experiments using less rigorously prepared 
samples (Le., evaporatively cast films on unpolished Pt foils), 
the interfacial resolution was significantly poorer. However, 
it is unclear whether the above values for depth resolution 
represent the limitation of the SIMS technique under the 
experimental conditions employed or whether depth resolution 
is limited by aspects of sample preparation. 

A more extensive SIMS depth profiling study of Pt+ and 
C+ in various polymeric films is summarized in Figure 6. The 
average crater depths for several craters on each of five sam- 
ples, measured by profilometry, are plotted against the ap- 
proximate primary ion dose required to reach the polymer/Pt 
interface. The data for the chlorosulfonated polystyrene film 
soaked in the ruthenium complex for 0 min, 2 min, 2 h, and 
20 h show a scattered but linear correlation as expected. The 
positive intercept of the regression line may reflect enhanced 
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Figure 9. SIMS depth profile of ro2Ru+/’60+ ratio and ‘s5Pt+ through 
the homogeneous film, as in Figure 8. 

Flgure 7. SIMS depth profile for r o 2 R ~ + ,  ‘%+, and ”0’ through a 
PS-S02CI film soaked for 20 h In [(bpy),Ru(S-AP)] [PF,], solution. 
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Flgure 8. SIMS depth profile for lo2Ru+, ’gsPt+, and leg+ through a 
PS-CH,CI film homogeneous in [(bpy),Ru(B-AP)] [PFe],. 

initial sputtering yields. This has been observed for other 
polymers (32) which exhibit declining sputtering yields as the 
polymer becomes increasingly carbonized by higher primary 
ion beam doses (31, 32). The data point for the chloro- 
methylated polystyrene film lies significantly below the linear 
least-squares line for the chlorosulfonated polystyrenes in- 
dicating a lower sputter rate for this polymer. This may be 
due in part to the lack of oxygen as an elemental constituent 
of the polymer backbone, as well as differences in polymer 
density and molecular weight. The scatter in the data in 
Figure 6 reflects the uncertainty in assigning a position for 
the polymer/substrate interface from ion yield vs. primary 
ion dose plots. Nevertheless, it appears that the primary ion 
dose required to reach the interface provides a quantitative 
measure of relative film thickness within a particular type of 
polymer and that sputtering rates are highly sensitive to 
polymer composition. 

Spatially Resolved Compositional Analysis. Of special 
significance in our photochemical experiments is the spatial 
distribution of chromophores through the polymeric films (13, 
33). The possibility of detecting and measuring “concentration 
gradients” of metal complexes in films represented a primary 
motivation for investigating the SIMS technique. At first 
glance it would appear that the dopant spatial distribution 
could be straightforwardly measured by plotting the appro- 
priate secondary ion intensity against sputtering time. Such 
a plot would represent a depth profile of dopant concentration 
through the polymer film. 

Figure 7 shows a typical result using unprocessed SIMS data 
for a Ru-doped film. The profies actually imply an increasing 
Ru concentration through the film with most of the Ru in the 
vicinity of the polymer/electrode interface. In order to in- 
vestigate the validity of the depth profile, a uniformly met- 
alated sample based on chloromethylated polystyrene was 
similarly depth profiled (Figure 8). Rather than generating 
a “flat” Ru+ intensity throughout the polymeric film, the 
experiment yielded a plot similar in shape to that in Figure 
7. This result is probably artifactual, and could be explained 
by an oxygen enhancement effect upon the ruthenium ion 

wm DOSE x ~ F ( i m s  

Flgure 10. SIMS depth profile of 102Ru+/’60+ ratio and ”%+ through 
the film soaked for 20 h in [(bpy),Ru(S-AP)] [PFSl2 solution, as in Figure - 
I .  

yield if the local concentration of implanted oxygen were 
higher near the platinum interface. As the O+ depth profiles 
indicate, the implanted oxygen is more concentrated in the 
Pt electrode relative to the polymeric film as the consequence 
of expected sputter yield differences between the two mate- 
rials. As the sputtering approaches the Pt electrode, back- 
scattering of the primary 02+ ions is expected to increase, since 
Pt has a much higher mass than the atomic constituents of 
the polymeric film (34). The effect is expected to result in 
an increase in the concentration of the implanted primary ion, 
and thus an enhanced Ru+ ion yield, before the polymer/ 
electrode interface is reached. In support of this, in all samples 
(e.g., Figures 7 and 8) the ion intensity data for l6O+ secondary 
ions shows an order of magnitude increase near the poly- 
mer/electrode interface and is coincident with the maximum 
in the lo2Ru+ ion intensity. 

In an attempt to correct for the interfacial ion-yield tran- 
sient, the Ru+/O+ ion intensity ratio vs. ion dose was plotted 
in Figure 9 for the uniformly metalated sample. In the ratio 
plot the sample homogeneous in Ru shows, a t  least approx- 
imately, the expected flat Ru profile throughout the film. 
There are some inherent inaccuracies in this approach since 
the Ru+ ion yield is likely to track nonlinearly with the im- 
planted oxygen concentration. The point is also suggested 
in Figure 9 by (1) an initial small rise in the Ru+/O+ ratio until 
an apparent sputter equilibrium or steady-state condition is 
achieved a t  a depth of ca. 400 a (as consistent with the es- 
timated mean projected range of 5-keV 02+ ions in an organic 
matrix), and (2) a suggestion of a small peak in the Ru+/O+ 
ratio near the polymer/Pt interface. Future investigations 
will require much more detailed study of homogeneous films 
to establish more accurate, nonlinear corrections for these 
suspected ion yield transients. Such corrections would be 
comparable to those developed previously for specific inorganic 
matrices (35). 

Application of the first-order correction suggested above 
to the nonuniformly metalated samples is shown by the 
Ru+/O+ plot in Figure 10 for the 20-h sample (uncorrected 
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shows no evidence of decreasing Ru concentration until the 
Pt interface is reached (Figure 11A, expanded plot shown in 
Figure 9). The profiles in Figure 11 also display the expected 
order of increasing Ru+/O+ ratios with increasing soaking time 
(Figures 11B,C,D); Le., the amount of incorporated Ru in the 
polymer film increases with longer exposure to the solution 
containing the reactive Ru species. S 
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Flgure 11. SIMS depth profiles of Ru+/O+ ratios for aH polymeric films 
normalized for the various thicknesses: (A) film homogeneous in Ru; 
(B) film soaked for 2 min in Ru solution: (C) 2 h soak; (D) 20 h soak. 

data previously shown in Figure 7). As for the case of the 
homogeneous film, the initial small rise in the Ru+/O+ ratio 
plot probably reflects the sputter depth needed to achieve a 
steady-state condition and is suspect due to ion yield tran- 
sients. This transient may reflect the initial transformation 
of the polymer into a highly carbonized state by ion beam 
damage with concomitant changes in sputtering and secondary 
ion yields. 

Figure 10 also shows a small local maximum for Ru+/O+ 
a t  the polymer/electrode interface. This suggests that the 
Ru+ ion yield may increase more than the corresponding 
implanted oxygen concentration, as reflected by the O+ sec- 
ondary ion intensity, a t  the Pt interface. Thus, normalization 
to the O+ intensity may somewhat undercompensate for the 
interfacial Ru+ yield enhancement. I t  is possible that the 
secondary Ru'/O+ peak at  the interface may also reflect 
enhanced Ru+ signals resulting from (1) increasing sample 
electrical conductivity as the film becomes thinner and more 
carbonaceous due to primary ion beam damage (31), (2) 
preferential sputtering of low atomic number polymer con- 
stituents relative to Ru, (3) positive surface charging induced 
migration of Ru+ to the Pt interface, and (4) inherent "pile-up" 
of Ru a t  the Pt interface during the soaking procedure via 
chemical reaction with surface oxides on Pt. The latter two 
mechanisms probably are insignificant because the Ru+ is 
chemically bound to the polymer, and the extent of interfacial 
Ru binding to Pt is expected to be minimal. Preferential 
sputtering also does not appear to be a major factor since this 
would tend to  gradually increase the Ru+ signal through the 
polymer film rather than cause a local maximum at the 
polymer/electrode interface. It should be noted that apparent 
oxygen-enhancement and polymer/Pt interfacial effects also 
occur with the zinc- and rhenium-doped films. The raw data 
depth profile plots show dramatically enhanced metal ion 
intensities near the polymer/Pt interface. 

A summary of the Ru+/Of depth profiles, all plotted on 
the same intensity axis with a depth scale normalized to the 
total film thickness, is shown in Figure 11. All profiles peak 
at  about 35% of the film thickness (600 f 200 A) reflecting 
the approximate primary ion dose required to reach steady 
state conditions. I t  was expected that the maximum Ru 
loading should be in the outermost region of the film since 
the reactive Ru species was soaked into the film from an 
external solution. Indeed, the Ru+/O+ profiles for the three 
nonuniformly doped films (Figure 11B,C,D) indicate marked 
decreases in apparent Ru concentrations a t  depths greater 
than those estimated to reach steady-state sputtering con- 
ditions. As further evidence that these gradients are not a 
SIMS artifact, the depth profile for the uniformly doped film 
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