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Summary: This paper discusses a generalized method to
measure with the electron probe microanalyzer (EPMA)
the oxygen in a material containing a surface oxide layer.
The continuum background is the most difficult to measure,
particularly for materials in which oxygen-free samples
cannot be produced. The method depends on the prepara
tion of either oxygen-free samples or weIl characterized
oxygen-containing samples. Specific application of the
method to the Ti-Si-O system is discussed. In addition,
measurements of oxide surface-layer thickness of 3.6-8.0
nm on Ti and Ti-Si compounds were obtained using EPMA
and a scanning Auger nricroprobe (SAM). The nature of
the oxide surface layers was shown using x-ray photoelec
tron spectroscopy (XPS).

Key words: electron probe nricroanalysis, light element anal
ysis, oxide layers, surface contamination, Ti-Si-O compounds

Introduction

The measurement and quantification of the light ele
ments (B, C, N, and 0) in the electron probe rnicroanalyz
er (EPMA) or scanning electron microscope (SEM) re
mains a major challenge to analysts. The x-ray energies of
the characteristic lines are low, <0.7 keV, and are difficult
to measure with the wavelength dispersive spectrometer
(WDS) or the energy dispersive spectrometer (EDS). Some
problems, which are specific to light element analysis, are
maximizing the peak-to-background ratio using special x
ray crystals, nrinirnizing the effect of contanrination build
up, developing standards for analysis that do not charge or
cause a change in the x-ray peak position and shape, and
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eliminating the effect of x-ray interferences (Bastin and
Heijligers 1991, Goldstein et al. 1992).

Even if most of these problems are elinrinated or rnini
mized, the measurement of oxygen holds special chal
lenges, particularly in Ti-bearing phases. The oxygen x
ray absorption is particularly great in most Ti-bearing
phases because of the high oxygen mass absorption coef
ficient. The mass absorption coefficient of 0 Ka in Ti is of
the order of 20,000 cm2/g (Bastin and Heijligers 1990).
The absorption effect limits the analysis of oxygen to
regions close to the sample surface, typically <200 nm. In
reactive metals such as Ti, Zr, and Hf or their alloys, a
native oxide skin develops. For Ti, a TiOz surface layer,
4-10 nm thick, is commonly present. Such a layer has a
low x-ray absorption rate for oxygen and a high oxygen
content. Therefore a significant fraction of the measured
oxygen x-ray signal will come from the surface layer. If
the Oz content in the sample is relatively low, a few at % or
less, the situation is even worse, as most of the oxygen sig
nal will come from the surface-iayer. To perform an ade
quate quantitative analysis, the oxygen background signal
from the surface layer must be deterrnined and then sub
tracted from the total oxygen signal.

The purpose of this paper is to describe an analytical
method to measure and subtract the background oxygen
from reactive metals or their alloys where a native oxide
skin or oxygen-containing surface layer develops. In addi
tion, it is of interest to determine the nature and thickness
of the surface layer. A direct application of this analytical
method is the measurement of the equilibrium phase
boundaries in the temary Ti-Si-O system at 1100°C where
the determination of oxygen in the TisSb and the ~-Ti
phases is of specific interest (Choi et al. 1993).

Experimental Procedure for the Determination of
the Oxygen Background Signal

The oxygen background caused by a native oxide skin
or oxygen-containing surface layer can be measured using
either (1) oxygen-free samples of sinrilar composition to
the samples of interest, or (2) oxygen-containing samples
with known oxygen contents. These two methods for mea
suring oxygen background are discussed below along with
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the specific experimental procedures used for measure
ments in the Ti-Si-O system.

Oxygen-Free Samples

To measure the oxygen content of Ti-Si compounds,
TbSi, TisSb ,TisSi4, and TiSi, one can measure the oxygen
background x-ray intensity in oxygen-free Ti-Si com
pounds. Any oxygen measured using the EPMA can be
assumed to come from the oxygen-containing surface
layer. For the Ti-Si system, a binary diffusion couple be
tween ~-Ti and TiSiz was produced from presumably oxy
gen-free starting materials by diffusion bonding in a vacu
urn furnace. The diffusion couple was annealed in a sealed
and evacuated silica capsule for a prolonged period of time
at 900°C. The measurements of oxygen intensity were
made with a mOL 733 EPMA equipped with four WDS
and one EDS. The electron beam was operated at an accel
erating voltage of 10 kV. The oxygen x-ray intensities were
measured using a WDS provided with a W/Si multilayer
crystal (2d spacing of 5.98 nm) and the oxygen peak posi
tion was determined using natural hematite (FeZ03) as an
oxygen standard. The oj;ygen continuum background
intensity was measured by moving the x-ray spectrometer
to set positions which were equally above and below the
peak position and by measuring the intensities at each posi
tion. A linear continuum background under the oxygen
peak is assumed and the background was obtained by aver
aging the two intensity measurements.

The diffusion couple was mounted in Cu containing
conductive epoxy and was polished using diamond paste
and for the final step, Alz03. Between the polishing steps,
the sample was cleaned with a mild cleanser and water.
Samples were inserted in the EPMA as soon after polish
ing as possible. The oxygen intensity ratio (k ratio) was
obtained by calculating the ratio of the measured oxygen
intensities from the uncoated sample and the FeZ03 stan
dard. No correction for oxygen-peak shifts between the
diffusion couple and the FeZ03 standard was made as oxy
gen-peak shape alterations are essentially negligible for the
W/Si multilayer crystal (Bastain and Heijligers 1991). To
determine the oxygen background signal, an assumption
is made that the oxygen present in the surface layer is actu
ally in the bulk sample. Using this assumption, the appar
ent oxygen concentration of the sample can be calculated
in the usual way by using the measured k ratio and an
appropriate correction program to take matrix effects into
account. In this study we used the <j)(pz) method and the
<j)(pz) bulk correction programs of Bastin and Heijligers
(1990, 1991) as the matrix correction methods to calculate
the equivalent oxygen content present in the surface layer.

Samples with Known Oxygen Contents

The measurement of the oxygen content of ~- or a-Ti is
very difficult because the oxygen background intensities
are not easily obtained. For example it is not possible to

obtain oxygen-free a-Ti to measure the oxygen back
ground. The method used to obtain oxygen background in
tensities in a- and ~-Ti takes advantage of the fact that a
sample of known oxygen content can be obtained for ~

or a-Ti. The method for determining oxygen background
can be broken down into 4 steps:

1. A diffusion couple between ~-Ti and TiOz was made
and heat treated at 1100°C. The sample was embedded and
polished as described for oxygen-free samples.

2. A measurement of the 0 Ka and Ti Ka intensities
across the diffusion couple was made using the EPMA for
the operating conditions described for oxygen-free sam
ples. Particular attention was paid to the intensity mea
surements made at the aI~ interface. A calculation of the 0
and Ti intensity or k ratio was made using FeZ03 and pure
Ti as standards.

3. A calculation ofthe appropriate oxygen k ratio, which
should be obtained for a-Ti at the aI~ interface (8.3 at %
0) and for ~-Ti at the ~/a interface (3.5 at % 0) at 11OO°C.
according to the Ti-O phase diagram (Massalski et al.
1990), was made. The oxygen k ratio was calculated using
the <j)(pz) method and the correction programs of Bastin
and Heijligers (1990,1991).

4. A calculation, then, for the oxygen background inten
sities in a and ~ phase was made by subtracting the calcu
lated oxygen k ratio at the a/~ interface (step 3) in the a/~

diffusion couple from the measured k ratio at the a/~ inter
face (step 2).

Results

Figure 1 shows aSEM photomicrograph of the ~

TilTiSiz diffusion couple at 900°C. After annealing, the
couple contained the Ti3Si, TisSi3, TisSi4, and TiSi com
pounds in parallellayers between the Ti and TiSiz starting
materials. The values for the 0 Ka k ratio (relative to pure
oxygen) measur-ements and the apparent oxygen concen
trations are listed in Table I. These values represent the
background signal for 0 Ka at 10 kV operating potential.

Figure 2 shows aSEM photomicrograph of the a/~

interface region in the diffusion couple between ~-Ti and
TiOz diffused at 1100°C. The oxygen k ratio (relative to
pure oxygen) measurements, the calculated oxygen back
ground k ratio, the apparent oxygen concentrations, and
the actual oxygen concentrations for ~- and a-Ti are also
given in Table I. In this case, the oxygen concentration, as
deterrnined without background subtraction, is 10.8 at % in
~-Ti at the aI~ interface rather than the equilibrium value
of 3.5 at % and 12.7 at % in a-Ti at the two-phase interface
rather than the equilibrium value of 8.3 at %. Figure 3
shows the calculated oxygen concentration, uncorrected
for oxygen background and also background corrected,
across the diffusion zone of the ~-Ti versus TiOz diffusion
couple shown in Figure 2. The discontinuity in the oxygen
concentration at the a/~ interface is difficult to observe
without background subtraction.
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~"FIG. I SEM photomicrograph of a ~-Ti-TiSi2 diffusion couple
annealed at 900°C. After annealing, the couple contained the TbSi,
TisSi3, TisSi4, and TiSi compounds in parallellayers between the Ti
and TiSi2 starting materiais. Scale Bar = 100 nm. The ~-Ti end
member is at the top of the photomicrograph.

FIG. 2 SEM photomicrograph of the o:I~ interface region in the dif
fusion couple between ~-Ti and Ti02 diffused at 1l00°C. Scale Bar
= 100 nm.

Determination of Ti-Si-O Phase Diagram
Discussion

TABLE I Oxygen background measurementsa in the Ti-Si-O system

Error Analysis, Implications for Microanalysis

Apparent Actual
Compound Measured Background (at %) (at %)

Ti3Si 0.0037 0.0037 3.7 0.0
TisSi3 0.0036 0.0036 3.4 0.0
TisSi4 0.0032 0.0032 3.2 0.0
TiSi 0.0030 0.0030 3.3 0.0
~-Ti 0.0096 0.0065 10.8 3.5
<x-Ti 0.0115 0.0046 12.7 8.3

a Measured at 10 kV, 40° take-off angle.
b Relative to pure oxygen.

The error in the ana1ysis of the 0 content in Ti-Si com
pounds is quite significant. For examp1e, in TisSi3 the
background oxygen is equivalent to 3.4 at % (TabIe 1). The
error in the measurement is about 10% relative (± 0.3 at %)
because of the low counting statistics (note the low k ratio
- 0.0036). In addition, a significant background correction
must be made when deterrnining a low oxygen concentra
tion in the sample. The minimum detectability limit is 0.3
at % oxygen and measurements of oxygen at that level in
the sample have errors of ± 100% relative. For the deter
mination of the maximum solubility of 0 in TisSb of 12 at
% 0 (Goldstein et al. 1993), the error in the oxygen mea
surement is much smaller, about 3% relative.
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Using the values for the oxygen background k ratios de
termined for Ti-Si samples and Ti-O compounds, the 0
content of the phases, which form in the temary Ti-Si-O
system and the 0 content for two- and three-phas~ tielines
in the temary system, can be measured. Figure 4 shows the

Distance (llm)

FIG. 3 Calculated oxygen concentration, wilh (back correction) and
without (uncorrected) background subtraction, across the diffusion
zone of the ~-Ti vs. Ti02 diffusion couple shown in Figure 2. The
discontinuity at the o:I~ interface is relatively small without back
ground subtraction and difficult to observe.

Oxygen contentk Ratiob
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phase boundaries for the 1000DC Ti-Si-O ternary-phase
diagram (Goldstein et al. 1993).

Experimental Procedure for the Characterization
of the Oxide Surface Layer

It is of interest to determine the surface-layer thickness
and its composition. The EPMA can be used for measuring
the surface-oxide thickness. Measurements of 0 Ka inten
sities were made for ~-Ti and each Ti-Si compound used
for the oxygen background measurements and for the
Fe203 standard at accelerating voltages of 2, 3, 4, 5, 8, 10,
12 and 15 kV The measured k ratios for 0 Ka were com
p~ed with the calculated k ratios for 0 Ka at accelerating
voltages of 2, 3,4,5, 8, 10, 12, and 15 kV using the <j>(pz)
based thin-film program, TFA (Bastin et al. 1990). The k
ratios were calculated for various oxide thicknesses with
the following assumptions: (1) that the oxide skin consists
exclusively of Ti02, and (2) that all the 0 Ka intensity is
generated in this surface layer. Agreement between mea
sured and calculated k ratios is expected to occur at a
unique oxide thickness. -_.~. .

To assess the surface-oxide-layer thlckness on ~-Tl and
on the Ti-Si compounds by an independent method,
Auger-d,epth profiles were acquired. Th~ Auger anal'yses
were performed using a PHI 4300 Scanmng ~ugerMIcro
probe (SAM) equipped with a PHI 04-300 IOn gun. An
electron beam energy of 3 keV and a current of 1.5 /lA was
used. The analyzer energy resolution was set at 0.6%.
Sputtering was performed by rastering an Ar+ ion beam

Ti Ti3Si' TisSi3 TisSi4 TiSi TiSi2 Si

FIG.4 Phase boundaries for the lOOODe isotherm of the Ti-Si-O
temary-phase diagram (Goldstein et al. 1993). The oxygen solubil
ity in TisSi3 is significant.

with an energy of 3.5 keV The sputter rate, measured on
Ta20s measures 2.0 nm/min. Using the same settings for
the ion gun, the sputter rate was determined for Si02 by
measuring the depth of the sputter crater with an Alpha
step 200 (Tencor Instruments). Compared with the sputter
rate on Ta20s, the sputter rate on Si02 was about 15%
lower. The sputter yield of Ti02 and Ta20S is similar
(Kelly and Lams 1973). Therefore since the differences in
sputter rate between Si02, Ti02 and Ta20s are of the same
order of magnitude as the variation in the measurement of
the oxide film thickness onthe Ti and the Ti-Si specimens,
the sputter rate measured on Ta20S was used to determine
the oxide film thickness on the Ti and the Ti-Si specimens.
The composition-depth profiles were obtained from the
peak-to-peak height in the Auger spectrum in differential
distribution, using sensitivity factors (Wagner et al. 1979).
As a measure of the surface-oxide layer thickness, the
depth was taken at which the oxygen concentration drop
ped to half of the concentration at the outer surface. .

To determine the chemical state of the surface-oxlde
layer of ~-Ti and the Ti-Si compounds, x-ray photoelectron .
spectroscopy (XPS) was applied. The XPS analyses were
performed using a PHI 5400 ESCA unit equipped with a
dual anode (Mg/Al) x-ray source and a spherical capacitor
analyzer. The x-ray photoelectron spectra were acquired
using Mg Ka radiation and a pass energy of 71.55 eV The
chemical states of the surface-oxide layers were identified
using the binding energy shift of the 2p photoelectron peaks
with respect to the peak position for the pure elements and
binding energy data (Wagner 1989). For multicomponent
oxide layers, an estimation of the composition was made
using peak areas and sensitivity factors (Davis et al. 1976).

Results

Figure 5 shows the measured and calculated oxygen k
ratio for ~-Ti, Ti3Si, TisSi3, TisSi4, and TiSi as a function of
the accelerating voltage of the EPMA. A good fit between
the measured k ratios and the calculated k ratios for a spe
cific surface-layer thickness is observed for each phase.
The layer thickness calculated for each sample is listed in
Table Il. In the Ti-Si system, the surface-layer thickness
decreases with increasing Si content. The layer thickness
for ~-Ti and TisSi3 using SAM and XPS measurements are
also given in Table Il. The agreement for the measured
thickness of ~-Ti and TisSi3 determined by EPMA and
SAM techniques is excellent. XPS analysis shows that the
composition of the ~-Ti surface layer is Ti02, while the
composition of the TisSi3 surface layer is mainly Ti02 but
with TiO and Si02 in the ratio 25: 1: 15.

Discussion

The EPMA, SAM, and XPS measurements confirm the
presence of an oxide-surface layer on reactive Ti and Ti-Si
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TABLE Ir Oxide-Iayer thickness and composition for ~-Ti and
binary TiSi compounds

Layer thickness (nm)

Compound EPMA SAM Layer composition (XPS)

~-Ti 7.3 8.0 Ti02
Ti3Si 4.3
TisSi3 4.2 4.4 Ti02, TiO, Si02

(25 : 1 : 15)
TisSi4 3.8
TiSi 3.6

compounds. The layer thiclmess measured by EPMA and
SAM (TabIe II) for ~-Ti and TisSb are in excellent agree
ment, within 10% relative of each other. Although the
oxide surface layer for the TisSi3 compound is a mixture of
Si and Ti oxides and not Ti02, as assumed for the applica
tion of the TFA thin-film program, the calculated oxide
thiclmess using the EPMA data is very similar to that mea
sured by SAM. In the calculation of layer thiclmess, the
intensity of oxygen Ka is little affected « 4 % rel) by the
Si matrix composition aSiong as the surface layer oxide is
sufficiently thin « lOnm). Unfortunately we cannot deter
mine whether a sequence of layers or an intimate mixture
of oxidt1s is present in the oxide surface layer of TisSh.

Alloying the titanium with Si reduces the thiclmess of
the oxide skin. This trend is shown in Figure 6. The effect
of Si on the reaction at the surface of the Ti-Si phases is to
reduce the bonding of the surface Ti oxide and to develop
a mixed oxide containing Si02. All efforts to reduce the
surface-oxide skin thickness by altering mechanical pol-

Surface oxide layer~

8.0

7.0

Ê
.s
0,) 6.01J
'x
0
0,)
ü
Cll
't: 5.0
:J

Cf)

4.0

3.0
0 ~-Ti Ti3Si TisSi3 TisSi4 TiSi

Ti-Si alloy
FIG. 6 Oxide layer thickness for Ti-Si binary alloys detennined using
EPMA. Alloying Ti with Si reduces the thickness of the oxide skin.

ishing procedures and/or chemicaletching techniques
proved futile. Apparently the presence of such skins cannot
be avoided. It is therefore all the more important that the
influence of such a surface layer on the measurements of
bulk oxygen content in Ti and other reactive metal systems
is not underestimated or neglected.

Condusion

This paper presents a method for determining the oxy
gen content in a material with a surface oxide layer using
electron-probe microanalysis. This method has been ap
plied to the Ti-Si-O system (Goldstein et al. 1993) and the
Ti-AI-O system (Choi et al. 1990). In addition, the thick
ness and the components of the surface layers for ~-Ti and
Ti-Si compounds have been determined. The surface-Iayer
thickness was obtained by two independent techniques
(EPMA and SAM). The method developed in this study
likely can be applied to other reactive metal systems for
the determination of oxygen concentration.
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