
So far we have discussed the qualifi- 
cation of a material as a catalyst in 
terms of bulk properties, but the point 
is often made that, because catalysis is 
a surface phenomenon, it is the surface 
electronic structure that should be con- 
sidered. This argument is no doubt 
quite valid. However, the surface elec- 
tronic structure is directly related to the 
bulk structure and, in practice, the bulk 
properties seem to give good correla- 
tion with surface reactivity. An example 
is the phenomenon of surface film 
formation in corrosion, an area in 
which H. H. Uhlig has had consider- 
able success in explaining a myriad of 
surface passivation phenomena on the 
basis of bulk electronic structure (12). 
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X-ray Photoelectron Spectroscopic Studies of Interactions 

in Multicomponent Metal and Metal Oxide Thin Films 

Abstract. Changes in chemical oxidation states in alloys and at solid-solid 
interfaces were monitored by using x-ray photoelectron spectroscopy. For an 
oxidized Nichrome surface, the chromium component was selectively converted 
to chromic oxide while nickel remained in the metallic state. When this surface 
was overlaid with a 20-angstrom-thick aluminum film, the chromic oxide was 
reduced to chromium and the aluminum was oxidized to aluminum oxide in a 
reaction zone consisting of no more than 10 angstroms of the interface. This 
scheme appeared general for solid-solid contacts and was predicted, to a first 
approximation, by bulk thermodynamic free energies. 
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Much of the research on the structure 
and chemical composition of thin film 
surfaces during the last several decades 
was restricted to relatively thick layers 
because of the sample requirements of 
the available analytical techniques (1). 
Recently, however, there has been an 
expansive development of a variety of 
new spectroscopic methods, such as 
electron diffraction, Auger spectroscopy, 
secondary ion mass spectroscopy, ion 
scattering spectrometry, and microprobe 
methods, which are capable of charac- 
terizing structure and composition for 
material present in only fractional 
monolayers. Of particular interest is 
x-ray photoelectron spectroscopy (XPS); 
in addition to providing elemental anal- 
yses, this technique measures the elec- 
tron binding energy, and chemical shifts 
of this energy are often directly relata- 
ble to molecular structure and bonding. 

Considerable emphasis is currently 
being placed on characterizing the sur- 
face structure of multicomponent sub- 
strates, which are attractive as new 
materials in catalysis, corrosion inhibi- 
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tion, and electrochemistry. For ex- 
ample, Auger spectroscopic studies indi- 
cate differences between surface and 
bulk concentrations in alloys (2). 
Further changes have been noted after 
an alloy surface is exposed to oxygen, 
due to the preference of oxygen for 
one of the alloy components (3). Ion 
microprobe studies of Fe2O3 doped with 
Al have examined the passivating effect 
this treatment has on Fe2O3 substrates, 
and excess surface concentrations of Al 
have been noted (4). Several low- 
energy electron diffraction studies have 
elucidated the types of surface interac- 
tions that are involved in these multi- 
component systems. For example, it has 
been suggested (5) that Cs and O 
absorbed on the (100) or (112) planes 
of W form a Cs-O-W double layer 
regardless of which species was de- 
posited first. 

Perhaps the best chemical informa- 
tion on these systems can be obtained 
by XPS techniques, although there are 
few examples from the literature to sup- 
port this claim. The oxidation of a NiCu 
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Fig. 1. X-ray photoelectron spectra. (a) Chromium chip evaporated at 1 X 10-7 torr 
onto Cu foil. (b) Residual oxygen from the sample in (a). (c) Aluminum wire evaporated at 1 X 10-7 torr onto Cu foil. (d) and (e) Oxidized Cr surface from (a) after exposure to 0.01 atm of oxygen for 30 seconds. An identical spectrum is obtained for the Cr 
component in an oxidized Nichrome film. (f), (g), and (h) Chromium surface (d) over- 
laid with about 20 A of Al. Note the relative decrease in oxide shoulder on the 
Cr 2pi/2,3/, peaks and the shift of the 0 Is peak to 532.0 ev, now characteristic of A1203. 
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alloy (70 percent Ni, 30 percent Cu) 
has been studied by this method and 
both CuO and NiO have been identi- 
fied as surface species (6, 7). The pos- 
sibility that metallic Cu was present in 
the NiO lattice was proposed but never 
confirmed. 

We have studied the system Ni, Cr, 
0, and Al with the objective of moni- 

toring the chemical changes that occur 
when the various components are 
mixed. This system is important in the 
microelectronics industry since Al is 

commonly used as the conducting con- 
tact with Nichrome thin film resistors. 
Our XPS data for Nichrome exposed 
to oxygen show that Cr is preferentially 
oxidized and Ni remains in the metallic 
state. In addition, when the Nichrome 
surface is coated with a thin film of Al, 
the interfacial oxygen is no longer 
bonded to the Nichrome substrate, but 
forms a thin A12O0 layer. In the first- 
order approximation, these reactions 
are well predicted by the bulk thermo- 

dynamic free energies. 
Spectra were obtained on a Hewlett- 

Packard model 5950A x-ray photoelec- 
tron spectrometer; the sample system 
has been described elsewhere (8). All 

binding energies are reported with re- 

spect to the 4f7/2 line of Au at 84.0 ev. 

Oxygen (Matheson, research grade) 
could be introduced into a sample treat- 
ment chamber on the spectrometer via 
a gas manifold and variable leak valve. 
Pressures in this chamber, as measured 

by a nude Bayard-Alpert gauge, were 
around 1 X 10-8 torr, although during 
evaporations the treatment chamber 

pressure would rise to 1 X 10-7 torr. 
The spectra of evaporated Cr, Al, and 
Ni are shown in Fig. la, Fig. lc, and 

Fig. 2a, respectively. The wide-scan 

spectra for these metals showed no 

significant impurity, except for the O 
Is signal with an intensity characteristic 
of an amount of oxygen equivalent to a 
fraction of a monolayer. The surfaces 
are stable in the spectrometer at 10-8 
torr for up to an hour, with only a 

slight increase in the O 1s signal and 
the appearance of a trace N Is signal 
from the Cr sample. 

Bimetallic samples can be prepared, 
for example by evaporating a thin film 
of Al onto the Cr substrate. The photo- 
electron intensity from the substrate 
decreases exponentially with the thick- 
ness of the overlay (9) 

I = I?e-'l6 dI/ (1) 

where X is the mean escape depth for 
inelastic collision of the electrons in the 

overlay, I? is the initial number of 

566 

866 862 858 854 850 

Binding energy (ev) 

Fig. 2. Nickel 2p3v/ XPS spectra of (a) Ni 
wire evaporated at 1 X 10-7 torr onto Cu 
foil, (b) the surface from (a) exposed to 
0.01 atm of oxygen for 30 seconds, and 
(c)Nichrome evaporated at 1 X 10-7 torr 
onto Cu foil (exposure of this sample to 
0.01 atm of oxygen for 30 seconds reduced 
the intensity slightly but did not affect the 
spectral shape). 

counts detected from the Cr sample, I 
is the number of counts obtained from 
Cr after the evaporation, and d is the 
thickness of the Al overlay. We chose 
X = 15 A as a typical value for this 

system (9). The factor 1.61 arises from 
the angle between the sample surface 
and the entrance aperture of the spec- 
trometer. Deposition of 20 A of Al 
over Cr (as indicated by a tenfold de- 
crease in the Cr signal) does not pro- 
duce a shift in binding energy for 
either species, indicating no observable 
interactions between the two layers. In 

addition, in this case, heating the sample 
to 300?C does not change the intensity 
ratio of the Cr and Al signals, indicating 
no interdiffusion or islanding of the 

evaporated film as the temperature is 
increased. 

Similar results are not observed when 

oxygen first reacts with the Cr surface. 
As shown in Fig. Id, a "clean" Cr sur- 
face forms an oxide layer several 

angstroms thick when exposed to 0.01 
atm of dry oxygen. The presence of 
two O Is peaks at 530.1 and 531.3 ev 
in Fig. le is surprising since during the 
initial oxidation only one oxide, CrO03, 
is expected (10). From our previous ex- 

perience, however, different crystal 
structures (11) or unusual oxidation 
states (12) stabilized on the surface are 
often found. This O Is doublet may well 
be understood in terms of either of 
these phenomena. Evaporation of a 
20-A layer of Al onto this substrate 
causes a drastic alteration in the chem- 

istry. The oxygen initially associated 
with the Cr as Cr203 is now associated 
with Al, probably as A1203 (13). This is 
verified by (i) the decrease in the oxide 
shoulder on Cr (Fig. 1, d and f); (ii) the 
increase in the oxide shoulder on Al 

(Fig. 1, c and h) and (iii) the shift in 
the O Is peak from a "Cr2O3-like" 
value to an "A1203-like" value (Fig. 1, 
e and g). From the relative amounts 
of the decrease in the oxide shoulder 
on Cr, the reaction zone appears no 

greater than 10 A. The spectra remain 

virtually unchanged when the samples 
are heated to 300?C. Thus, we con- 
clude that within two or three layers 
at the interface the reaction 

Cr2O: + 2A1 -- 2Cr + A120a (2) 

will predominate. 
The driving force, AG, based on 

thermodynamic values for the bulk 

species, is -127 kcal/mole and is 

highly favorable for this reaction. Its 
occurrence might well be expected at 
an interface if the local contributions to 
the energy are not sufficient to override 
the available chemical free energy. We 
have tested this idea with other systems. 
For example, our group (11, 12) as 
well as other workers (14) have found 
that gold can be evaporated on most 
metal oxides without any interfacial 
reactions of the type in reaction 2. 
This is understandable since Au203 has 
a positive free energy of formation. 
However, evaporation of Pb onto Au2O3 

produces immediate interfacial forma- 
tion of Au and PbO, a reaction with 
AG = -175 kcal/mole. 

Similar selective oxidation of multi- 

component systems is also observed in 

alloys. Evaporation of NiCr wire with 
80 percent Ni and 20 percent Cr pro- 
duces a layer whose surface concentra- 
tion is 65 percent Ni and 35 percent Cr, 
as determined by comparing the photo- 
electron count rates to those of pure 
Ni and Cr. Exposure of this surface to 
0.01 atm of oxygen at temperatures 
from 25? to 300?C produces Cr203, as 
indicated by the 0 Is and Cr 2P3/2 

binding energy values (Fig. 1, d and e). 
The Ni species is not oxidized; as 
shown in Fig. 2c, the spectrum remains 

virtually identical to that of a clean Ni 
surface (Fig. 2a). In addition, the sur- 
face concentration of the oxidized alloy 
changes to 50 percent Ni and 50 per- 
cent Cr, where the Cr concentration 
includes all visible metallic Cr and 

Cr2O3. Note that exposure of pure Ni 
to 0.01 atm of oxygen (Fig. 2b) results 
in several layers of NiO and Ni203 
(13), whereas Ni in the Cr matrix does 
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not oxidize. This selective oxidation is 
also seen on Nichrome films which have 
been treated in air at 400?C for 
several minutes. Evaporation of a thin 
Al overlay on this oxidized Nichrome 
sample again results in reduction of 
the Cr2O3 component to Cr and oxi- 
dation of Al to A1203 as in reaction 2. 

It is clear that under these experi- 
mental conditions Cr completely pre- 
vents oxidation of Ni. This observation 
is certainly counter to the prediction 
that the high surface electric fields pre- 
vent such selective oxidation schemes 
(7). The fact that oxygen has a higher 
affinity for Cr than for Ni apparently is 
the major factor in determining the re- 
action products and is responsible for 
the increased total surface concentra- 
tion of Cr. 

We know of no other analytical 
method that has the combination of 
depth resolution, sensitivity to elements 
and oxidation states, and low probing 
energy required to make these measure- 
ments. These results will be useful in 
a number of disciplines. In microelec- 
tronics, we postulate (15) an explana- 
tion for the failure mechanism of 
Nichrome resistors. These resistors, 
made by thin film deposition of 
Nichrome followed by an oxidizing 
treatment to adjust to the desired resist- 
ance, have Al contacts and conductors. 
Reaction 2 results in a high-resistance 
contact due to the presence of an A1203 
interfacial film. We also expect bonding 
of one material to another, especially 
metals to oxides or oxidized surfaces, 
to involve this type of reaction. In 
addition, in catalysis this scheme may 
be relevant for understanding experi- 
mental observations involving the 
poisoning of catalytic surfaces, the dis- 
persion of supported metals, and the 
behavior of metallic clusters. 
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and porcellanite and finally into quart- 
zitic chert and porcellanite. The use of 
x-ray techniques has allowed us to 
study these conversions in greater de- 
tail. 

The main stages of diagenesis and 
the rock terms used by us are ex- 
plained by reference to a typical ex- 
posure of Monterey Shale (Fig. 1). 
Rocks in the exposure are alternating 
layers of dark compact chert and light 
porous porcellanite, which are distin- 
guished in the field on the basis of 
texture (2, 4) and whose mineralogy 
is determined in the laboratory through 
x-ray diffraction. Both chert and por- 
cellanite of this exposure yield diffrac- 
tion patterns of low cristobalite. 
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Fig. 1. Exposure of Monterey Shale along Sweeney Road east of Lompoc, California, 
consisting of thin dark beds of cristobalitic chert alternating with thicker light-colored 
beds of cristobalitic porcellanite. The hammer is 33 cm long. 
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Cristobalitic Stage in the Diagenesis of Diatomaceous Shale 

Abstract. With increasing depth of burial, diagenetic cristobalite in the Monte- 

rey Shale of California shows a decrease in the d(101) spacing from 4.115 to 
4.040 angstroms, indicative of a progressive change in its internal structure. The 

spacing is 0.004 to 0.015 angstrom smaller in porcellanite than in associated 
chert, probably because the cristobalite of porcellanite formed later than that of 
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