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X-ray photoelectron spectroscopy (XPS) and x-ray diffraction (XRD) are often used to analyze the sur-
face of complex oxide materials. When XRD is used in an atypical angle resolved x-ray diffraction
(ARXRD) mode, crystalline composition as a function of depth can be obtained. Similarly, when XPS is
used in conjunction with argon depth profiling, composition as a function of depth can also be obtained.
A review of the two techniques is included, comparing and contrasting their ability to obtain chemical in-
formation as a function of depth for heterogeneous oxide layers. The novel, simultaneous implementation
of these two techniques is a unique combination of procedures that can provide substantial amounts of
information about the composition of complex oxides.

1. Introduction

1.1 General

Oxide layers exist on almost all surfaces exposed to the at-
mosphere, even at room temperature. When temperatures are
increased, the oxide layer can be thick—up to several microme-
ters. Some examples include corrosion products, Kovar oxida-
tion before glass joining, pretreatments for subsequent painting
of surfaces, and passivated stainless steels. These layers are
usually not homogeneous, in either lateral or depth dimensions.
The analysis of these complex oxides is important because it
not only gives information as to the fundamental behavior of
materials, but also yields more cost-efficient engineering
processes.

Both x-ray diffraction (XRD) and x-ray photoelectron spec-
troscopy (XPS, also known as ESCA, electron spectroscopy for
chemical analysis) are commonly used to analyze these types
of oxide layers (Ref 1-6). In theory, XRD identifies crystalline
materials within about 10 µm of the surface. The expanded
technique of angle-resolved x-ray diffraction (ARXRD) util-
izes a fixed x-ray source with a scanning detector; in the scien-
tific literature this technique is generally termed grazing-angle
x-ray diffraction (Ref 7-12). If the source is set at a very shal-

low glancing angle, the x-rays detected are from a near-surface
region of a few tens of nanometers. As the incident angle in-
creases, the signal is obtained from an increasing depth of the
material. Toney and Huang (Ref 10) reported using grazing an-
gle for depth profiling by varying the x-ray source incidence
angle from 0.329° to 0.519°. Similarly, Neerinck and Vink (Ref
9) used incident angles of 0.3°, 0.45°, 0.7°, and 5° to depth pro-
file indium tin oxide (ITO) films. In the study in Part II of this
report (Ref 13), the x-ray source was varied from grazing val-
ues of <1° to incident angles of 20°, which can no longer be de-
fined as grazing. The ARXRD terminology was chosen
because of its correspondence to the use of angle-resolved XPS
for depth profiling of surface layers from 2 to 8 nm (Ref 14).
When XPS, which typically analyzes a depth of 5 nm, is com-
bined with argon ion depth profiling, chemical information as a
function of depth is also obtained, typically to maximum depths
of a few hundred nanometers. In practice, the analysis of com-
plex oxides with either of these techniques can be less than
straightforward. However, it has been determined that a combi-
nation of the two techniques can be used to minimize shortcom-
ings of the individual methods if the backgrounds of the
procedures are fully understood and the merging of the data is
done with caution (Ref 13).

1.2 XPS Theory

In XPS, a sample is irradiated with monoenergetic soft x-rays
and the emitted electrons are energy analyzed. The x-rays are
typically either aluminum Kα or magnesium Kα with energies
of 1486.7 eV and 1253.6 eV, respectively. The emitted photo-
electrons, generated within about 5 nm of the surface, have a
measured kinetic energy, KE, given by:

KE = hν – BE – φs (Eq 1)

where hν is the energy of the photon, BE is the binding energy
of the atomic orbital from which the emitted electron origi-
nates, and φs is the spectrometer work function. Because each
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element has a unique set of binding energies, XPS can be used
to identify and determine the concentration of the elements at
the surface. Subtle variations in the binding energies can be
used to identify the chemical state of the materials being ana-
lyzed. When monochromatic aluminum x-rays are used as the
source, increased energy resolution is obtained which aids in
the identification of surface species. In addition to the photo-
electrons emitted, Auger electrons are also emitted because of
relaxation of the excited ions remaining after photoemission.

In practice, a survey scan is initially obtained in the binding
energy range from ~1200 to 0 eV. This is performed to deter-
mine which elements above the atomic number 2 are present.
Each element for which binding energy information is required
has a narrow window (typically about 20 eV) about the central
peak analyzed in a high energy resolution mode to determine
the binding energy of the surface species and make determina-
tions of the compounds present. The data are compared to
either published literature values of known standards (Ref 15-
17) or to theoretical arguments based upon chemical bonding
(Ref 18). It is not uncommon for literature values of desired
species to be nonexistent; therefore, identification can be less
than straightforward. 

Quantitative analysis of XPS data can be accomplished via
elemental sensitivity factors (Ref 16, 19). These values are nor-
malization factors based upon calculated yields for pure ele-
ments. In compounds and complex oxides, the sensitivity
factors are not necessarily valid, and the concentration infor-
mation obtained should be taken to be semiquantitative at best
and most properly used for comparisons only. 

For “ clean”  metallic samples exposed to the atmosphere,
levels of 10 to 20% carbon and 30 to 50% oxygen are typical.
Primarily, the carbon is due to adsorbed hydrocarbons and car-
bon oxides (commonly called adventitious carbon), and the
oxygen is due to instantaneous oxide formation and adsorbed
water vapor. A clean metallic surface is very reactive and will
adsorb more water vapor than a contaminated surface. Metals
generally adsorb more atmospheric contaminants than ceramic
materials.

When concentration as a function of depth is desired, the
sample can be sputtered with argon ions to remove material
from the surface. As material is removed, the analysis is re-
peated. This method can be complicated by preferential sput-
tering, a process in which the ion etching of a multicomponent
system may result in the faster ejection of one of the compo-
nents compared to that of the others. For example, the relative
sputter rate of gold can be four times that of silicon (Ref 16).
Preferential sputtering may occur in the case of an alloy or even
for a chemical compound. In the latter case, it generally in-
volves the preferential removal of some or all of the anionic
species and therefore is often collectively described as sputter
reduction. Preferential sputtering often arises due to significant
differences in atomic mass or as a result of relatively low bond
energy stabilization (Ref 20, 21). In any case, it is a fairly com-
mon problem in examining mixed systems, particularly when
oxides are involved. 

Ion etching of oxides with Ar+ generally produces some
microstructural alteration (producing defect sites) and often
preferentially removes oxygen compared to the rate of ejection
of the corresponding cations (Ref 21). The sputter reduction of

oxides is most prominent in cases where stable suboxides are
common:

Fe2O3 → 2FeO + 1/2O2↑  SnO2 → 2SnO + O2↑

and also when the thermal stability of an oxide is low:

PdO → 2Pd + O2↑

As a result of preferential sputtering, it is often difficult to
employ the method of profiling to obtain an accurate identifica-
tion of the true subsurface composition. It should be kept in
mind, however, that only the relatively unstable oxides sputter
reduce to their elemental metal. No sputter reduction process
goes to 100% completion. 

Depth profile rates are typically calibrated to carefully pre-
pared thin film samples, often SiO2 or Ta2O5 (Ref 16). In the
case of heterogeneous oxide layers, perfect thin film standards
generally do not exist. Relative depth measurements (as a func-
tion of sputtering time) are the best that can be accomplished,
with the depth profile rate from the thin film standard used as a
general guideline. Similarly, engineered samples are never per-
fectly smooth. During ion bombardment of rough samples, one
must be aware that some shadowing will occur, and little or no
material will be removed from the shadowed surfaces. Addi-
tionally, extensive depth profiling can produce roughness of its
own (Ref 22). Once again, comparisons between similar sam-
ples is an important consideration.

Despite the concerns listed above, XPS should be consid-
ered as one of the most valuable options for the analysis of com-
plex oxides. An understanding of the considerations helps to
enhance the interpretation of the data obtained. 

1.3 ARXRD Theory

Because crystals are symmetrical arrays of atoms contain-
ing parallel planes of spacing similar to the linewidth λ of com-
mon characteristic x-rays, they can act as a diffraction grating
for these x-rays. Depending upon the crystal structure, con-
structive or destructive interference with an x-ray beam can oc-
cur. During constructive interference conditions, Bragg’s law
will apply:

nλ = 2dsinθ (Eq 2)

where n is the order of the diffraction (1, 2, 3…), λ is the x-ray
wavelength in Å, d is the crystal interplanar spacing, and θ is
the angle of incidence or reflection of the x-ray beam. The ideal
crystal size for Bragg reflection is about 10–3 cm. If crystals are
too small, that is, less than ~10–6 cm, diffuse scattering occurs
rather than Bragg reflections (Ref 23). Between these ranges,
smaller crystallites cause broadening of peaks that are ob-
tained. Nonuniform strain also results in broadened peaks. If
there is uniform strain in a material, the d-spacing changes, and
peak locations are shifted accordingly.

During angle-resolved x-ray diffraction (ARXRD), the x-ray
source is held at fixed angles that vary from grazing geometries
toward normal incidence. In the traditional θ/2θ XRD geome-
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try, the planes that contribute to diffraction are always parallel
to the surface. In the glancing angle, fixed source geometry,
there is a specific focusing radius for each 2θ value. To main-
tain focusing over the entire 2θ range, one translates the receiv-
ing slit and detector assembly parallel to the diffracted beam as
the 2θ angle is varied. The angular divergence slits are placed
in front of the detector so that only the parallel rays diffracted
from the sample will be accepted into the detector.

In order to determine the ARXRD depth of analysis, Φ(x)
(the fraction of the total diffracted intensity contributed by a
composite surface layer at a depth x) is plotted as a function
of x for a given incident angle α according to the following
expression:

Φ(x) = 1 − e−µx[1/sin α+1/sin (2θ−α)] (Eq 3)

where µ is the mass absorption coefficient of the material and
2θ is the angle of the diffracted peak of interest and e is the ex-
ponential constant. For a given material, x-rays related to dif-
ferent 2θ values are diffracted at different depths, as illustrated
in Fig. 1. The detection depth is then classified as a 1/e depth,
when 63% of the diffracted intensity is obtained compared to
the bulk (Ref 24).

2. Experimental 

Experiments were performed to compare empirically deter-
mined analysis depths to depths calculated using Eq 3. A sam-
ple that was nominally 50 nm gold over 200 nm platinum
deposited on an oxidized silicon wafer was analyzed at various
incident angles. All data were collected with a Scintag Model
2000 XRD system (Scintag Inc., Cupertino, CA) using copper
Kα radiation with a solid state analysis filter. The grazing inci-
dence attachment consisted of an exit slit with 0.3° divergence.
The step size was 0.1° with step times of 3, 9, or 18 s per step.
The x-ray angles of incidence were set at 0.75° (18 s/step), 1.5°
(18 s/step), 5° (9 s/step), and 20° (3 s/step). Because the source
is fixed, the geometry of the system constrains the measurable
2θ range to 20 to 50°.

3. Results

Peak areas were obtained as a function of incident angle (Ta-
ble 1). No silicon oxide was detected. This was attributed to its
amorphous structure. There was no significant difference in the
gold-to-platinum ratio detected at 20° and 5° angles, but a
strong surface effect was detected in the 1.5° and 0.75° angles.
If silicon oxide had been detectable, there may have been dif-
ferences between the 20° and 5° measurements.

The relationship in Eq 3 was used to determine the expected
analysis depth for gold. The mass absorption coefficient of
gold was 4018/cm. The 1/e depth for gold as a function of inci-
dent angle is determined from Fig. 2 and summarized in Table
2. The theoretical calculations agree relatively well with the ex-
perimental data for 0.75°, 1.5°, and 5° incident angles in Table
1. The lack of silicon oxide signal complicates the interpreta-
tion for 20°.

4. Discussion

Although each technique has many strong points, each also
has shortcomings that need to be considered. Both principal
methods heavily rely on comparison of data to published stand-
ards. XPS standards are published in various sources (Ref 15-
17). The most common XRD standards are those published by
International Center for Diffraction Data, ICDD (Ref 25). Fre-
quently, standards are not available for the complex species
present in multicomponent oxides. In XRD, species which are
microcrystalline or amorphous will not be detected. Addition-
ally, the top surface of an oxide, which may be responsible for
significant amounts of its ultimate mechanical behavior, will

Fig. 1 Relationship between the angle of incidence, α, and
twice the angle of reflection, 2θ

Fig. 2 Calculated analysis depth as a function of incidence 
angles (0.75°, 1.5°, 5°, and 20°) for gold

Table 1 Area of gold and platinum diffraction peaks as a
function of incident angles

2θ Value   Incident angle/peak area
Literature Measured    20°   5°  1.5° 0.75°

Gold 38.18 38.28   427,596 5051 2245 1119
Platinum 39.76 39.79   515,758 5846 434    0
% Gold detected        45 46 84  100

Table 2 Calculated analysis depth as a function of incident
angle for gold

Incident angle 1/e depth

0.75° 40 nm
1.5° 70 nm
5° 180 nm
20° 400 nm
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not be detected with XRD, even under the most glancing condi-
tions. Although XPS can detect composition as a function of
depth, the depth profile technique can alter the species present.
Deconvolution of multicomponent high energy resolution XPS
peaks is operator-biased, and the presence of simple oxides can
mask the presence of spinel-type structures, for example. On
the other hand, the simultaneous implementation of these two
techniques may be a valuable combination of procedures that
can avoid many of these pitfalls while providing substantial
amounts of depth-oriented information about the composition
of complex oxides (Ref 13).

Quantitative statements in ARXRD must be made with con-
siderable caution. This is especially true if there is any pre-
ferred orientation or amorphous structures in the material. For
example, if a material was composed of hexagonal crystals
with the c-axis aligned perfectly at the 90° to the sample sur-
face, the extreme glancing angle of the x-ray could be essen-
tially parallel to the basal plane, eliminating any diffraction
from that plane.

Relative to many analysis techniques, the spot size of both
ARXRD and XPS is somewhat large. Although XRD-mi-
crodiffraction systems currently exist with an analysis area of
30 µm, spot sizes of 1 cm are still routine in most systems avail-
able today. The use of the angle-resolved mode increases the
spot size somewhat. Many XPS systems also have a large
analysis diameter; once again, on the order of 0.5 cm is rela-
tively common. Smaller spot sizes are available on many XPS
systems through the use of slits, but the signal-to-noise is re-
duced and the analysis time dramatically increased. Current
state-of-the-art XPS systems use x-ray beams focused and
scanned through the use of curved lenses, with a resultant 10
µm spot size (Ref 26). To reiterate, regardless of the spot size of
these techniques, XPS has a depth of analysis of 3 to 5 nm and
standard XRD has a depth of analysis of a few micrometers.

It is important to keep in mind that, rather than discrete
depths, the ARXRD 1/e depths are volume depths and include
information from the surface to that depth, and even somewhat
beyond. As discussed earlier, surface roughness of these sam-
ples complicates the depth measurements obtained from XPS.
However, despite their shortcoming, the two techniques, under
proper experimental conditions, can yield dovetailed informa-
tion about the surface and near-surface composition of the ox-
ide layer.

5. Conclusions

Although it is possible to interpret data based upon antici-
pated reactions, the combined use of XPS and XRD can be ex-
tremely beneficial in the identification of near-surface species.
The terminology of angle-resolved x-ray diffraction, rather
than the conventional grazing-angle x-ray diffraction (GXRD),
has been adopted because incident angles may be much greater
than that typically called grazing. The present terminology was
chosen because of its correspondence to the familiar use of an-
gle-resolved XPS for the depth profiling of thin surface layers
(Ref 13).

It has been demonstrated (Ref 13) that the combined use of
XPS and ARXRD is an effective method for studying complex
oxide layers on multicomponent Pd-Ga based dental alloys.

The techniques were mutually beneficial in identifying fea-
tures that did not correlate to published standards. The experi-
ments helped to hypothesize the mechanism of oxide layer
growth. XPS, combined with depth profiling, provides infor-
mation from the surface to subsurface, while ARXRD profiles
from the subsurface to the bulk.
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