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Abstract. Chemical compositions of the alloys of CuNi (Cu0:10Ni0:90, Cu0:30Ni0:70, Cu0:70Ni0:30)
and BiSb (Bi0:80Sb0:20, Bi0:64Sb0:34, Bi0:55Sb0:45) are determined by X-ray photoelectron spec-
troscopy. The stoichiometries are determined and are compared with the bulk compositions. Possible
sources of systematic errors contributing to the results are discussed. Errors arising out of preferen-
tial etching in these alloys have been investigated. It has been inferred from such studies that the
preferential etching does not enrich the surface composition with a particular component for the two
systems reported here. Quantitative results of CuNi system indicate that the surface regions of the
Cu0:70Ni0:30 alloy is Cu-rich, although no such evidence is observed in case of BiSb system.
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1. Introduction

Quantitative analysis by photoelectron spectroscopy of binary compounds, particularly of
metal alloys is an area, which needs further attention. It has been pointed out that in alloys,
surface composition is different from that of the bulk [1–6]. The observed difference has
been attributed to surface segregation, preferential sputtering, atomic mixing and radiation-
enhanced diffusion imposed by ion cleaning [7]. Although many authors have addressed
to these problems [1–6], the potential use of XPS technique to analyse near surface com-
position of multi-component system remains to be understood.

In this communication, results of quantitative analysis done on CuNi (Cu0:10Ni0:90,
Cu0:30Ni0:70, Cu0:70Ni0:30) and BiSb (Bi0:80Sb0:20, Bi0:64Sb0:36, Bi0:55Sb0:45) are pre-
sented. Method of linear background subtraction, described elsewhere [8], has been used to
measure the intensities of the photoelectron peaks (as areas under the peaks). To determine
the stoichiometry, instrumental parameters and the matrix dependent inelastic mean free
paths (IMFP) are obtained from literatures. The stoichiometry thus obtained is compared
with the chemical composition. Several compositions of CuNi alloy have been selected
because CuNi alloy forms a continuous solid solution and have been studied extensively
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[1–6]. Compositional results obtained using the technique of linear background subtraction
are compared with the reported results. BiSb system has also been selected for quantitative
studies. BiSb also forms a complete solid solution over the entire range of compositions.

In order to study the nature of the changes in surface composition of an alloy system
due to preferential sputtering, following studies have been made. Different compositions
of alloys of CuNi and BiSb are subjected to argon ion sputtering for different instant of
times. The corresponding changes in the surface compositions are estimated.

Quantitative results are analysed and possible sources of systematic errors contributing
to the results are discussed.

2. Composition analysis

For a binary system consisting of speciesA andB of the typeAaBb, wherea andb denote
the number of atoms of the speciesA andB, respectively in the multi-component system,
the relative mole fraction of the system may be expressed as

Xa

Xb
=

σBLB(θ )T(EB)λM(EB)

σALA(θ )T(EA)λM(EA)

IA
IB

; (1)

where,λM(EA) andλM(EB) are the inelastic mean free paths (IMFP) of photoelectrons
emerging from the multi-component system corresponding to the energies of the photo-
electron lines from speciesA andB respectively.I A andIB are the corresponding photo-
electron line intensities.

2.1Determination of inelastic mean free pathλM(E)

IMFPs are determined using various empirical relations available till date [9–11]. Follow-
ing Penn’s algorithm [9] IMFPs can be expressed as

λM(E) =
E

aM(InE+bM)
; (2)

where,aM andbM are two parameters characterizing the particular system.
Tanumaet al [10] gave the following empirical relation to find the IMFPs,

λM(E) =
E

E2
pϕ [In(τE)]

: (3)

Following Powell [11] ratio of IMFPs for the same solid can be expressed in terms of
simple energy dependence as

λM(EA)

λM(EB)
=

�
EA

EB

�0:7

: (4)

In this communication all IMFP calculations are based on relations (2), (3) and (4).
Values ofaM, bM, Ep, ϕ , τ are taken from literatures [9,10].
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When matrix dependence of inelastic mean free path is taken into accountaM andbM of
relation (2) are modified as follows:

aalloy = XaA+(1�X)aB
balloy = XbA+(1�X)bB

�
; (5)

where,aA andbA are the parameters for pure elementA andaB andbB are that for the
elementB, X and (1�X) are the mole fractions of the elementsA andB in an alloy of the
form AXB1�X.

ConstantsEp, ϕ and τ of relation (3) are also changed when matrix dependence of
λM(E) is taken into account.

2.2 Photoelectron intensity measurements

All the relevant photoelectron line intensities are measured as the areas under the peaks.
Areas are obtained assuming the background to be linear [8]. The present method uses the
range dependent property of variance of a given distribution.

2.3 Ionization cross-section and other instrumental parameters(σ(hv); L(θ ); T(E))

To determine the relative atomic concentrations from relation (1), tabulated values ofσ(hv)
[12], L(θ ) [13] andT(E) [14] are obtained from literatures.

3. Experimental details

3.1 Sample preparation

Samples studied are CuNi alloys (Cu0:70Ni0:30, Cu0:30Ni0:70, Cu0:10Ni0:90) and BiSb alloys
(Bi0:80Sb0:20, Bi0:64Sb0:36, Bi0:55Sb0:45). CuNi alloys of three known compositions are
the product of M/s Johnson and Mathey. The BiSb alloys of different compositions are
prepared in the laboratory and the bulk compositions are determined by chemical analysis.
All the alloy specimens are polished mechanically before loading into XPS chamber for
analysis.

3.2 Spectrometer settings

All the spectra recorded here were obtained from VG ESCA LAB MK II, provided with
twin anode facility. All the alloy specimens were studied using AlKα (1486.6 eV) un-
monochromatized radiation operated at 12 kV and 34 mA. During data acquisition analyser
pass energy was maintained at 20 eV for all the narrow scans. Prior to XPS measurements,
specimens were cleaned by Ar+ sputtering to remove the hydrocarbon contamination. Ion
gun was operated at 5 kV and 20µA with an argon gas pressure of about 5�10�6 torr.
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4. Results and discussions

4.1 Studies on CuNi alloy system

Relative mole-fractions(XA=XB) for CuNi alloys have been determined using relation (1).
However, regarding analysis of CuNi alloy, there are contradictory views reported in litera-
tures [1–6] as regard to the surface compositions. Till date literatures in this regard reports
both Cu enrichment [2–5] as well as Cu depletion [1,6] near the surface region of this alloy
system.

In the year 1976 Wertheim and H¨ufner [15] demonstrated that inherent line asymmetry
could have an important influence in the determination of alloy composition when the com-
positions are analysed on the basis of the line intensities of the core line spectra measured
from the peak height. They pointed out that the Cu and Ni spectra have different shapes,
the Cu spectra having essentially no tail, whereas, the Ni spectra have a very large one.
They had shown that in the case of Cu0:50Ni0:50 alloy, 2p3=2 line intensities (measured in
terms of peak heights) of Cu and Ni are very different and that one would come to a very
erroneous conclusion by simply taking the ratio of the line intensities. It may be noted
here that the cross-sections of Cu 2p3=2 and Ni 2p3=2 differ by only 13%. Based on these
observations, Wertheim and H¨ufner [15] suggested that one should calibrate the relative
intensities by measuring them in an alloy of known composition. Advanced methods of
subtracting the inelastic loss background contribution are now available [16,17]. Tougaard
[16] has solved this problem by taking into considerations of all possible physical effects
contributing to the losses. Recently Tougaard [18] has worked out the contributions for the
background structure arising out of elastic scattering. Besides, there are different empiri-
cal methods available to subtract the loss contributions. Among these the most commonly
used are linear [8,19] and Shirely type backgrounds [20]. In these methods intensity of a
given photoelectron line is measured in terms of the area under a peak.

In the present analysis, intensities of the relevant photoelectron lines are measured from
the areas under the peaks. To account for the contributions arising due to instrumental fac-
tors (X-ray line width, analyser resolution, life-time of a transition), asymmetric tails due to
core-hole conduction electron interactions etc., peak fitting technique described elsewhere
[8] have been used. Figures 1a and 1b show the experimental (solid line) profiles of Cu
2p3=2 and Ni 2p3=2 obtained from Cu0:30Ni0:70 alloy. Best-fit profiles (dashed lines) along-
with the best-fit parameters are also shown in these figures. Difference spectra obtained by
subtracting best-fit profile from experimental spectrum are also shown on a horizontal line.
To determine the area under a photoelectron peak method of linear background subtrac-
tion has been used as has been described by Ghosh and Sreemany [8]. It has been shown
that this procedure of background subtraction results to an error of the order of 6% in the
intensity measurement.

The errors in quantitative results are influenced by the following factors (with reference
to relation (1)):

(i) cross-section,σ(hν)
(ii) instrumental factors(L(θ );T(E))

(iii) matrix dependent IMFPs(λ )

(iv) measured values of intensity (inelastic losses, satellite peaks, plasmon losses etc.)
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Errors arising out of cross-section (i) and due to experimental geometry (ii) cannot be
estimated. However, error due to instrumental parameters is expected to have minimum
contribution as Cu 2p3=2 and Ni 2p3=2 lines are close to each other in energy scale.

IMFP ratios obtained from various empirical relations [9–11] are compared. Table 1
gives results of such calculations for all the compositions studied. It is interesting to note
that an excellent agreement among the ratio terms(λCu=λNi) is obtained using the meth-
ods due to Penn [9], Tanumaet al [10], and due to Powell [11]. It is evident from such
calculations that the matrix dependence of IMFP does not contribute to the quantitative
results, as this factor(λCu=λNi) remains nearly constant (0.913) for all the compositions
reported. Hence it may be assumed that the primary source of error in quantitative analysis
for multi-component system is due to intensity measurement.

Table 2 gives the results of estimated stoichiometry using relation (1). This table also
gives the mole-fraction ratios for three different compositions of CuNi system obtained by
using different values ofλCu=λNi as given in table 1. The error bar shown against the mole
fraction ratios after matrix correction.

Table 1. Determined values of inelastic mean free paths for CuNi alloy using various
empirical relations.

Alloy
system

Without matrix effect With matrix effect

Penn [9] Tanuma [10] Powell [11] Penn [9] Tanuma [10]

Profile λp(E)
λCu
λNi

λT(E)
λCu
λNi

λCu
λNi

=
�

ECu
ENi

�0:7
λp(E)

λCu
λNi

λp(E)
λCu
λNi

Cu0:10Ni0:90
Cu 2p3=2 7.55

0.916
10.79

1.003 0.910
7.52

0.913
9.89

0.912
Ni 2p3=2 8.24 10.75 8.24 10.84

Cu0:30Ni0:70
Cu 2p3=2 7.55

0.916
10.79

1.003 0.910
7.53

0.913
10.06

0.913
Ni 2p3=2 8.24 10.75 8.25 11.02

Cu0:70Ni0:30
Cu 2p3=2 7.55

0.916
10.79

1.003 1.910
7.54

0.912
10.49

0.913
Ni 2p3=2 8.24 10.75 8.27 11.49

Table 2. Estimated values of mole-fraction ratios for CuNi alloy system using rela-
tion (1).

Alloy
system

Bulk
mole-fraction

Mole-fraction ratio determined using relation (1)

Without matrix effect With matrix effect
�

XCu
XNi

�
Bul:

�
XCu
XNi

�
Penn

�
XCu
XNi

�
T

�
XCu
XNi

�
Pow:

�
XCu
XNi

�
Penn

�
XCu
XNi

�
T

Cu0:10Ni0:90 0.125 0.114 0.125 0.125 0.125� 0.015 0.125� 0.015

Cu0:30Ni0:70 0.428 0.440 0.402 0.443 0.442� 0.053 0.442� 0.053

Cu0:70Ni0:30 2.333 2.941 2.688 2.967 2.958� 0.355 2.950� 0.354

Mole-fraction ratios are being determined using relation (1) for which the values ofσ(hν) [12],

β [13] andT(E) [14] corresponding to relevant photoelectron lines are taken from published data.
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Figure 1. Experimentally measured different core-level photoelectron peaks (solid are
also line curves) alongwith their best-fit generated profiles (dashed line curves) from
Cu0:30Ni0:70. α, γ, D1 are the fitting parameters [8]. Residual backgrounds are also
shown (solid line curves) over a horizontal level.

Figures 2a–c show some of the core-level photoelectron lines. Solid line curves rep-
resent the experimental profiles while dashed lines are the best-fit profiles [8]. Intensity
measurements for the relevant lines are done using linear background subtraction [8].

Table 3 gives the ratios of IMFP obtained using various empirical relations [9–11]. This
table also gives the matrix corrected values of the IMFPs. As has been observed earlier
that the matrix dependence of the ratios of the IMFPs have little effect on the quantitative
results for this alloy system.

Table 4 gives the estimated mole-fraction ratios(XSb=XBi) obtained using relation (1)
for all the three compositions studied. In order to estimate the uncertainty incorporated
in the quantification of alloy due to inelastic mean free path, the mole-fraction ratios are
calculated using different values ofλBi=λSb obtained by various empirical relations. It is
interesting to note that the quantitative results obtained using Bi 4d5=2(E = 1045:8) and

Sb 3d5=2(E = 957:9) signals are better than that obtained using Bi 4f 7=2(E = 1329:4) and
Sb 3d5=2 signals. This discrepancy may be reasoned as follows: Inelastic mean free path

of photoelectrons is a function of energy(E). The uncertainty in the ratio of two IMFPs
(λ1 andλ2) from the same solid corresponding to energiesE1 andE2 will be less if E1
andE2 are not too different [11]. Energy separation is obtained assuming intensity as
the only contributing factor. As mentioned above the error in intensity measurement is of
the order of 6%. This effectively contributes an error of the order of 12% in the mole-
fraction ratios determined. The mole-fraction ratios estimated for the two compositions
Cu0:10Ni0:90 and Cu0:30Ni0:70 lie well within the error bar. Hence no conclusion could be
drawn regarding the surface segregation of one of the components. However for 70:30
CuNi the estimated mole-fraction ratio is much larger than the bulk composition. The
mismatch (21%) could not be explained in terms of the error in the intensity measurement
alone. The other possibility is that the surface composition is different from that of the
bulk.
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Figure 2. Experimentally measured core-level photoelectron spectra (solid line curves)
alongwith their best-fit generated profiles (dashed line curves) from Bi0:64Sb0:36. α,
γ, D1 are the fitting parameters [8]. Residual backgrounds are also shown (solid line
curves) over a horizontal level.

It has already been reported that the surface compositions of alloys are different than
the bulk compositions [1–6]. The observed difference has been assumed due to surface
segregation, preferential etching, atomic mixing etc. In order to determine the composition
variation arising out of differential sputter rates, the following studies have been done.

It is reported that the sputter rate of Cu is 1.5 times more than that of Ni [21]. To
determine the possible compositional changes near the surface region due to preferen-
tial sputtering, sample of Cu0:70Ni0:30 was sputtered for different interval of times. For,
this the etch conditions for subsequent etching were kept constant. Intensities mea-
sured in terms of the areas under the photoelectron lines were used to compute the
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Table 3. Determined values of IMFPs for BiSb system using different emperical rela-
tions.

Without matrix effect With matrix effect

Penn [9] Tanuma [10] Powell [11] Penn [9] Tanuma [10]

Alloy system Profile λp(E)
λBi
λSb

λT(E)
λBi
λSb

λBi
λSb

=
�

EBi
ESb

�0:7
λp(E)

λBi
λSb

λT (E)
λBi
λSb

Bi0:80Sb0:20
Bi 4 f7=2 21.42

1.299
24.68

1.183 1.285
21.40

1.299
24.92

1.281
Sb 3d5=2 16.49 20.87 16.47 19.45

Bi0:64Sb0:36
Bi 4 f7=2 21.42

1.299
24.68

1.183 1.285
21.42

1.299
25.14

1.281
Sb 3d5=2 16.49 20.87 16.49 19.62

Bi0:55Sb0:45
Bi 4 f5=2 21.42

1.299
24.68

1.183 1.285
21.39

1.299
25.36

1.281
Sb 3d5=2 16.49 20.87 16.47 19.78

Bi0:80Sb0:20
Bi 4d5=2 17.67

1.072
20.58

0.986 1.063
17.66

1.072
20.76

1.067
Sb 3d5=2 16.49 20.87 16.47 19.45

Bi0:64Sb0:36
Bi 4d5=2 17.67

1.072
20.58

0.986 1.063
17.86

1.072
20.95

1.068
Sb 3d5=2 16.49 20.87 16.49 19.62

Bi0:55Sb0:45
Bi 4d5=2 17.67

1.072
20.58

0.986 1.063
17.66

1.072
21.13

1.068
Sb 3d5=2 16.49 20.87 16.47 19.78

Table 4. Estimated mole-fraction values for BiSb using relation (1).

Bulk
mole-fraction

Mole-fraction ratio determined using relation (1)

Without matrix effect With matrix effect

Alloy system
�

XSb
XBi

�
Bul:

�
XSb
XBi

�
Penn

�
XSb
XBi

�
T

�
XSb
XBi

�
Pow:

�
XSb
XBi

�
Penn

�
XSb
XBi

�
T

Bi0:80Sb0:20 0.250 0.263a 0.240a 0.255a 0.263a� 0.032 0.260a � 0.031
0.233b 0.214b 0.231b 0.233b � 0.028 0.232b � 0.028

Cu0:30Ni0:70 0.562 0.543a 0.494a 0.526a 0.543a� 0.065 0.535a � 0.064
0.563b 0.518b 0.558b 0.563b � 0.068 0.561b � 0.067

Cu0:70Ni0:30 0.818 1.101a 1.003a 1.067a 1.101a� 0.132 1.087a � 0.130
0.961b 0.884b 0.953b 0.961b � 0.115 0.957b � 0.115

aDetermined using Bi 4f7=2 and Sb 3d5=2 signals.
bDetermined using Bi 4d5=2 and Sb 3d5=2 signals.

Mole-fraction ratios are being determined using relation (1) for which the values ofσ(hν) [12], β
[13] andT(E) [14] corresponding to relevant photoelectron lines are taken from published data.

mole-fractions from relation (1). Figure 3 describes the results of such studies where es-
timated mole-fraction ratio of Ni to Cu is plotted against etch times. In this figure dashed
horizontal line represents the bulk composition (in terms of the mole-fraction ratio) of the
alloy. A scatter of the order of 2–11% about the mean value is observed. This study
clearly indicates that surface composition of the said alloy does not change due to prefer-
ential etching. It is worthwhile to mention that even if there are changes in the surface
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Figure 3. Variation of mole-fraction ratio of Ni to Cu with Ar+ sputter time for
Cu0:70Ni0:30. Dashed line represents the bulk mole-fraction.

compositions, it could not be inferred by the present approach. This is because the scatter
in the values in the mole-fraction lies well within the error in estimated mole-fraction ratio
(�12%).

It is interesting to note that the mean atomic ratio(XNi=XCu) as measured experimen-
tally from XPS peak area is 0.35 (figure 3), which is lower than that of the bulk (0.428).
From this it could be inferred that the surface region of Cu0:70Ni0:30 alloy is copper-rich
region. This observation is in confirmation with earlier findings. Using the present method
of intensity measurement (from areas under the peaks), no conclusive evidence regard-
ing surface segregation for lower concentrations of the CuNi alloy (30:70,10:90) could be
made. However, Webberet al [3] studied segregation of Cu on different crystalline faces
of CuNi single crystals. They had shown some crystallographic planes of Cu5Ni95 are Cu
rich. They had compared the segregations onf210g andf111g, and had shown segregation
onf210g is more thanf111g. They have attributed this due to the surface roughness of the
f210g planes. Following Weberet al and others [2–5], it could be inferred from the above
study that the observed higher value of the mole fraction ratio(XCu=XNi) 2.950 is due to
surface segregation of Cu atoms in 70:30 CuNi alloy.

Table 5 gives the quantitative results obtained following Wertheim and H¨ufner [15].
Cu0:70Ni0:30 is taken as the standard to calibrate the intensity scale. There is an anomaly
in the compositions when compared with the results of table 2. This anomaly could be
interpreted as due to the error involved in normalizing the intensity scale. In the present
analysis it had been shown earlier that the surface region of 70:30 CuNi alloy is Cu-rich re-
gion, hence assuming its composition as the bulk composition (70:30) leads to wrong value
of the normalization factor. From relation 1 it could be written for a pair of photoelectron
lines,

ICu=INi =C:(XCu=XNi):
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Table 5. Compositions obtained for CuNi alloys following calibration method due to
Wertheim and H¨ufner [15].

Calibration
constant(C)

Bulk mole-fraction
ratio (XCu=XNi)

After calibration

Alloy studied XCu XNi

�
XCu
XNi

�
calib:

Cu0:10Ni0:90 1.408
0.111 0.09 0.91 0.099

Cu0:30Ni0:70 0.428 0.26 0.74 0.351

Quantitative results obtained using Cu0:70Ni0:30 as calibrating sample.

Table 6. Compositions obtained for BiSb system following calibration method under
ref. [15].

Calibration
constant(C)

Bulk mole-fraction
ratio (XSb=XBi)

After calibration

Alloy studied XSb XBi

�
XSb
XBi

�
calib:

Bi0:80Si0:20 0.995
0.250 0.24 0.786 0.272

Bi0:55Sb0:45 0.818 0.533 0.467 1.141

Quantitative results obtained using Bi0:64Sb0:36 as calibrating sample and Bi 4f7=2 and Sb 3d5=2
signals are considered.

Using relation (1) the sensitivity factor(C) is obtained as 1.040. Table 2 compositions
are calculated using this value of the sensitivity factor. However, following Wertheim and
Hüfner [15] this value is 1.408 (table 5).

4.2 Studies on BiSb alloy system

Different compositions of BiSb alloys prepared have been studied by XPS. Quantitative es-
timations obtained using XPS techniques is compared with the bulk compositions between
Bi 4d5=2 and Sb 3d5=2 is less compared to Bi 4f7=2 and Sb 3d5=2. Hence the uncertainty in
the ratio of IMFPs in the first case is less compared to second case. Finally, considering
that the present method of intensity measurement adds an uncertainty of the order of 6%,
the agreement achieved in the determined mole-fraction ratio with respect to that of the
bulk for different compositions of BiSb alloys except Bi0:55Sb0:45 is quite excellent.

Table 6 gives the quantitative results for Bi0:80Sb0:20 and Bi0:55Sb0:45 alloys following
calibration method due to Wertheim and H¨ufner [15]. Here intensity scale is calibrated
against Bi0:64Sb0:36 alloy. A significant difference between the determined mole-fraction
ratios and the bulk compositions is observed.

As discussed earlier, possible sources of error for the observed mismatch may arise
either due to (i) intensity measurements or (ii) may arise due to preferential sputtering or
may be due to both.

Etching for different intervals of time has been carried out keeping etching conditions
identical. After each etching the XPS compositional analysis has been done. Figure 4 de-
scribes the results of such studies. Scattering in the estimated values of mole-fraction
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Figure 4. Variation of mole-fraction ratio of Sb to Bi with Ar+ sputter time for
Bi0:64Sb0:36. Dashed line represents the bulk mole-fraction.

ratio (XSb=XBi) at different intervals of etching is observed. The observed scattering is
within 6% with respect to the mean value (0.615). This nature of compositional variation
with the extent of etching clearly suggests that preferential sputtering does not contribute
to the error in the quantitative results. Even if it has any contribution it is well within the
error of the present method of intensity measurement.

5. Conclusions

Primary sources of error in quantitative estimation of the alloy systems (CuNi, SbBi) have
been identified.

Matrix dependence of IMFP is found to have little contribution to the quantitative results.
Energy dependence of instrumental parameters is found to have negligible contributions
provided the pair of photoelectron lines lies close in energy scale.

Errors in estimated composition, arising out of preferential etching in multi-component
system have been investigated. Compositional analysis is done on samples of the alloys
for different extent of etching. The results of such study have shown a scatter in the mole-
fraction ratios around a mean value. It has been inferred from such studies that the prefer-
ential etching does not enrich the surface composition with a particular component. Cal-
ibration method proposed by Wertheim and H¨ufner [15] has been used to determine the
compositions of the alloy systems studied. It has been shown that the process of normaliz-
ing the intensity scale may lead to wrong quantitative results if the surface composition is
different from the bulk.

Studies on CuNi system have indicated that the surface region of 70:30 CuNi is Cu-
rich. Advanced technique of intensity measurement is expected to yield better information
regarding surface composition at lower Cu-concentrations.
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