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ABSTRACT 

An attempt has been made to describe recent 
systematic results on characterization of thin surface 
layers formed in copper-based alloys, which were 
exposed to mild atmospheres, such as ultra-high vacuum 
and low partial pressures of oxygen at a high 
temperature. Surface analytical techniques such as X-
ray photoelectron spectroscopy (XPS) and secondary 
ion mass spectrometry (SIMS) were used for studying 
the thin surface layers formed in copper-based alloys. 
The results show that a surface-active element is 
segregated on the surface of copper-based alloys by 
annealing at high temperatures in ultra high vacuum. 
The selective oxidation of reactive elements was found 
to take place in a surface layer formed in copper-based 
alloys by heating under a low partial pressure of 
oxygen, in which matrix copper is not oxidized. In 
addition, the formation of a native oxide layer on the 
surface of copper-based alloys, which occurs by 
exposure to air at room temperature, is also discussed. 
The formation of these surface layers is interpreted on 
the basis of the thermodynamic character of elements in 
copper-based alloys. 

K e y w o r d s : copper-based alloy, surface segregation, 
selective oxidation, secondary ion mass spectrometry, x-
ray photoelectron spectroscopy 
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1. INTRODUCTION 

Copper and copper-based alloys are extensively 
utilized as materials for a variety of components or parts 
for machines, electric products and so on, because they 
have a number of excellent properties such as strength, 
ductility and conductivity. As copper-based alloys are 
processed and served under various conditions, control 
of the surface properties of copper-based alloys is also 
important. Typically, corrosion products such as passi-
vation films formed on the surface of copper-based 
alloys in atmosphere containing water are still of great 
interest from a viewpoint of control of corrosion 
resistance /1 -3/, 

On the other hand, as control of surface reactions in 
copper-based alloys in a gas at high temperature is also 
required, the high-temperature oxidation of several 
copper-based alloys has been studied /4-6/. Oxidation 
experiments in these studies have been carried out for 
annealing at relatively high temperatures in air, in which 
the partial pressure of oxygen is high. These oxidation 
conditions are denoted as zone (a) in Fig. 1, indicating 
an Ellingham diagram for several elements. Since free 
energies of the oxide formation for copper and many 
alloying elements in copper-based alloys are lower than 
about - 2 0 0 kJmor ' , these elements are oxidized under 
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Temperature , Τ I Κ 

Fig. 1: Ellingham diagram for some oxides in the high 

temperature oxidation. 

these conditions. Then a relatively thick oxide layer of 
mainly copper oxides is formed, depending on 
annealing temperature and time. Reactive elements to 
oxygen, which are alloying elements in copper-based 
alloys, are likely to be distributed in the copper oxide 
layer in a characteristic manner. 

If copper-based alloys are annealed under a low 
partial pressure of oxygen, as exemplified in zone (b) of 
Fig. i, a surface layer formed in the copper-based alloys 
may be different from that for the alloys annealed in a 
high pressure of oxygen. This is because reactive 
alloying elements such as titanium and silicon are 
selectively oxidized in the surface layer, while copper 
itself is not oxidized under the low partial pressure of 
oxygen. Then, the formation of a characteristic surface 
layer containing some oxides of the reactive elements is 
expected. Furthermore, if copper-based alloys are 
annealed at high temperature under ultra-high vacuum, 
which corresponds to an extremely low partial pressure 
of oxygen, as denoted in zone (c) of Fig. 1, a surface-

active element is likely to be segregated on the surface 
so as to reduce the surface free energy. This is because 
the alloy surface is not influenced by oxygen in such an 
annealing condition, and alloying elements in copper-
based alloys are mobile at high temperature. The 
segregated layer formed in copper-based alloys is 
considered to be very thin. In addition, a surface oxide 
layer is formed in copper-based alloys by exposure to 
air at about room temperature, which is referred to as a 
native oxide layer. The surface layer is very thin, since 
its oxidation rate is very low because of oxidation at 
room temperature. Such oxidation conditions are shown 
in zone (d) of Fig. 1. 

Thus, the formation processes of surface layers in 
copper-based alloys may be classified into different 
cases, which depend on temperature and partial pressure 
of oxygen in an atmosphere. A large number of copper-
based alloys have been developed by addition of various 
alloying elements and modification of processes for 
improving their mechanical processes so far. However, 
in order to control the surface properties such as 
feasibilities of soldering and plating, surface layers 
formed in copper-based alloys should be well 
characterized. 

The objective of this paper is to describe 
characterization of surface layers formed in a few 
copper-based alloys under different conditions, in which 
the reactivity and surface-activity of alloying elements 
are taken into account. Surface analytical techniques, 
such as X-ray photoelectron spectroscopy (XPS) and 
secondary electron mass spectrometry (SIMS), have 
been used for analyzing surface layers under ultra-high 
vacuum and different partial pressures of oxygen, and 
these recent experimental results are discussed in 
conjunction with the previous data. 

2. EXPERIMENTAL 

2.1. S a m p l e s 

Buttons of high-purity copper-chromium alloys and 
copper titanium alloys were prepared from 6N copper, 
4N chromium and 6N titanium by plasma arc melting 
/7,8/. Alloys used in this work were a copper-
0.41mass% chromium alloy (Cu-0.4Cr) and copper-0.50 
mass% (Cu-0.5Ti), 1,0mass% (Cu-I.OTi), l .5mass% 
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(Cu-1.5Ti) , 2 .0mass% (Cu-2 .0Ti ) and 3 .4mass% (Cu-

3.4Ti) titanium alloys. Surface segregation and native 

oxide formation were mainly studied in Cu-0 .4% Cr. 

Surface layers formed by selective oxidation of a 

reactive element were investigated in Cu-Ti alloys. A 

surface layer formed in a commercia l copper -2 .6mass% 

nickel-0 .6% silicon alloy (Cu-Ni-Si) by anneal ing was 

also studied for compar ison . The buttons were cold 

rolled to 0.5 mm thick sheets, and the sheets were cut to 

about 10 mm square. The detailed procedures for 

sample preparation are descr ibed in previous works 

19,W. 

2.2. Measurements 

X P S measurements were carried out in the same 

manner as in the previous works, in which the incident 

X-ray was ΑΙ Κ α or Mg Κ α radiation /11, 12/. X P S 

spectra of main elements were recorded, and their 

relative sensitivity factors given in the spectrometer 

were used for quantif icat ion. The take-off angle, which 

is defined as the angle between the direction of an 

analyzer and the sample plane, was changed from 15 

degrees (0.0262 rad) to 75 degrees (1.31 rad) in angle 

resolved X-ray photoelectron spectroscopy (AR-XPS) . 

Angle resolved X-ray excited Auger electron spectra 

(AR-DAES) were also measured for studying the 

chemical state of copper /12/. Ordinary X P S spectra 

were obtained in the take-off angle of 45 degrees. 

In surface segregation experiments , the surface of a 

sample annealed under ultra-high vacuum was analyzed 

by A R - X P S without exposure to air. A native oxide 

layer formed on the sample surface by exposing it to air 

was characterized by A R - X P S and A R - X A E S / l l , 12/. 

In analysis of a surface layer formed by selective 

oxidation, X P S spectra were measured after the sample 

surface was slightly sputtered by argon ions, since a 

very thin contaminated layer adsorbs to the sample 

surface during exposure to air af ter annealing. 

SIMS depth profi les were obtained using an 

apparatus with quadrupole- type mass spectrophoto-

meter, in which primary Cs* ions of 5 keV were 

irradiated to samples . Secondary ions, mainly 
, % ( C s C u ) \ l 8 1 (CsTi) ' and I r , 0 ' ions, from the sample 

surface were counted, in order to evaluate changes in 

the amount of consti tuent e lements in the depth profiles. 

High Temperature Materials and Processes 

The sputtering rate in S I M S depth profi l ing was esti-

mated from measurement of the sputtered crater depth. 

3. SURFACE SEGREGATION 

Surface segregation of non-transit ion elements was 

studied in copper-t in 713/ and copper-ant imony /14/ 

systems. In these experiments , Auger electron 

spectroscopy (AES), low energy electron diffract ion 

(L E E D ) and scanning tunnel microscopy ( S T M ) were 

used for analyzing the surface composi t ion and structure 

of single crystal alloys. The results showed that tin and 

ant imony are easily segregated on the alloy surfaces to 

form a specific surface structure. However , information 

on surface segregation of transition elements is limited 

so far, because these e lements are not very surface-

active and surface segregation of surface-act ive 

impurity elements, such as sulfur , prevents us f rom 

observing the surface segregation o f transition elements. 

Recently, the surface segregation of chromium has been 

successful ly investigated by prepar ing high-purity Cu-

0 . 4 C r / 1 0 / . 

Figure 2(a) shows a wide X P S spectrum f rom the 

surface of Cu-0.4Cr, which was sputter-cleaned by 

argon ion bombardment . Cr 2p X P S peaks are little 

observed in this spect rum, because the bulk 

concentrat ion of chromium is low. However , chromium 

segregation was found on the sample surface by 

anneal ing in the temperatures over 600 Κ in which 

chromium dissolved in the al loy is mobi le . Figure 2(b) 

shows an X P S spectrum f rom the surface of Cu-0 .4Cr 

annealed at 973 Κ for 600 s. Heights of the Cr 2p X P S 

peaks and Cr L M M X A E S peaks become large by 

annealing, indicating that ch romium segregation is 

taking place. Furthermore, an X P S spectrum from the 

sample surface with chromium segregat ion, which was 

subsequently exposed to air at room tempera ture for 600 

s, is shown in Fig. 2(c). This spec t rum indicates that a 

native oxide layer is formed on the sample surface with 

chromium segregation, of which character izat ion will be 

described in the fol lowing section. 

A R - X P S has been applied for analyzing the 

chromium segregated layer in Cu-0 .4Cr non-

des t ruc t ive^ , since the segregated layer is very thin. 

Figure 3 shows the concentra t ion of copper and 
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chromium obtained from X P S peak intensities as a 

function of take-off angle in Cu-0.4Cr , which was 

annealed at 973 Κ for 600 s under ultra-high vacuum. 

Experimental results are plotted as marks, while 

calculated results on the basis of a layered structure 

model /11/ are denoted as lines. By fit t ing the calculated 

curves to the experimental data, the thickness of the 

chromium segregated layer and the average 

concentration of chromium in the layer are estimated to 

be about 0.8 nm and 15 at%, respectively. As the bulk 

composi t ion of chromium is 0 .41mass% (0.53at%), the 

enrichment ratio of chromium at the surface is nearly 

thirty. This enrichment ratio is higher than that for 

chromium segregated in iron-based al loys / l l / . Thus, 

chromium is found to be a surface-act ive element in 

high-purity copper-based alloys. The average chromium 

concentration, 15 at%, in the segregated layer suggests a 

possibility that chromium may be precipitated as a 

second phase, as inferred f rom the binary alloy phase 

diagram /15/. However , the fact that the segregated 

layer is limited in a few atomic layers indicates that the 

surface segregation of chromium occurs by annealing in 

ultra-high vacuum. 

Fig. 2: X P S wide spectra f rom the surface (a) sputter 

cleaned, (b) annealed at 973 K, and (c) sub-

sequently exposed to air in Cu-0 .4%Cr alloy. 
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Fig. 3 : The concentrat ion of copper and chromium 

versus the take-off angle in Cu-0 .4%Cr alloy, 

which was annealed at 973 Κ under ultra high 

vacuum. Experimental data and calculated 

results are denoted by marks and lines, 

respectively. 

4. NATIVE OXIDE LAYER 

Systematic information has been obtained with 

respect to the growth of a native oxide layer formed on 

the surface of ultra high-purity copper by means of AR-

X P S non-destruct ively /12,16/ . The results suggest that 

the thickness of nat ive oxide layers formed on the 

copper surface at room temperature is a nanometer in 

magnitude, and the thickness of the oxide layers 

gradually increases with increasing exposure time even 

at room temperature , as shown in Fig. 4. A con-

taminated layer consist ing of mainly hydrocarbon, 

which covers the sample surface, is also shown to 

become thick with increasing time. For comparison, an 

increase in the thickness of a native oxide layer formed 

on the surface of ultra high-purity iron by exposure is 

also shown in Fig. 4, which indicates that the growth of 

the native oxide layer of iron almost stops at room 

temperature. Thus , it is noted that the growth of native 

oxide layers in iron is different f rom that for copper, and 

this may be attributed to a d i f ference in the mobility of 
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10 10' 
Exposure time, t / s 

Fig. 4: Thickness of oxide layers and contaminated 
layer formed on the surface of ultra high-purity 
copper and iron as a function of air exposure 
time. 

ions in oxides at room temperature. 
Chromium segregated on the iron surface is known 

to reduce the growth of native oxide layers in iron-based 
alloys /11,16/, which is considered to arise from a 
protective character of chromium to oxidation. 
Therefore, it is of great interest whether the chromium 
segregation in copper-based alloys influences the 
growth of a native oxide layer or not. The wide XPS 
spectrum from a native oxide layer formed on the Cu-
0.4Cr surface with chromium segregation is shown in 
Fig. 2(c). The surface layer of this sample was 
characterized by AR-XPS and AR-XAES in detail. 
Figure 5 shows the concentration of copper, chromium, 
oxygen and carbon as a function of take-off angle in Cu-
0.4Cr with chromium segregation, which was exposed 
to air for 4.2 χ 105 s at room temperature. The effective 
thickness of native oxide layers was evaluated in the 
same model previously reported /16/, in which a Cu 2 0 
layer is assumed to cover the surface of copper. From 
comparison between experimental and calculated 
results, the thickness of the oxide layer was estimated to 
be about 3 nm. The thickness of this oxide layer is 
comparable to that of a native oxide layer formed on the 
high-purity copper, which is shown in Fig. 4. This 
implies that the chromium segregation does not appear 
to suppress the growth of the oxide layer so much. 
However, small changes in the Cu 2p AR-XPS spectra 

20 40 60 ' 
T a k e - o f f Angle, θ / (jt/180)rad 

Fig. 5: The concentration of copper, chromium, 
oxygen and carbon versus the take-off angle in 
Cu-0.4%Cr alloy, which was exposed to air for 
4.1 χ 105 s after segregation. Experimental and 
calculated results are denoted by mark and line, 
respectively. 

by chromium segregation were also observed in this 
sample, which implies that the chromium segregation 
suppresses the formation of CuO on the copper surface 
/10/. 

Cu LMM XAES spectra were measured in order to 
analyze the chemical state in an oxide layer formed on 
the surface of Cu-0.4Cr with the surface segregation of 
chromium. Figure 6 shows Cu L3M45M45 AR-XAES 
spectra obtained in the take-off angle of 15, 30, 45, 60 
and 75 degrees for Cu-0.4Cr with the chromium 
segregation, which was exposed to air for 4.2 χ I05 s. A 
spectrum of the Cu ί^Μ,^Μ^ XAES from metallic 
copper is given in Fig. 5(0, for comparison. The spectra 
of Cu L3M45M45 AR-XAES for this sample can be 
assigned to the signals from copper oxide (Cu+ : 916.2 
eV) and metallic copper (Cu°: 918.6 eV)/17,18/. It may 
safely be said that an oxide layer with Cu+ covers the 
metallic copper, as a peak due to Cu" increases with 
increasing take-off angle in this sample. This is con-
sistent with the compositional results of the take-off 
dependence of the measured concentration, as shown in 
Fig. 5. 

Moreover, AR-XPS was used for analyzing changes 
in the chemical state of surface segregated chromium by 
air exposure. Figure 7 shows Cr 2p AR-XPS spectra 
obtained in the take-off angle of 15, 30, 45, 60 and 75 

329 



Vol. 21, No. 6, 2002 Characterization of Thin Surface Layers Formed in Copper-Based Alloys 

Kinetic Energy, Ek / eV 
Fig. 6: Cu L3M45M45 A R - X A E S spectra obtained in 

the take-off angle of (a) 0 .262 rad, (b) 0.524 

rad, (c) 0 .786 rad, (d) 1.05 rad and (e) 1.31 rad 

for Cu-0 .4%Cr exposed to air for 4.2 χ 10s s, 

and ( 0 Cu L3M45M45 X A E S spectrum for 

metallic copper. 

degree for Cu-0 .4Cr with chromium segregation 

exposed to air for 4.2 χ ΙΟ5 s. A spectrum of the Cr-2p 

X P S from metallic chromium, which is segregated on 

the sample surface, is shown in Fig. 7(f) , for 

comparison. Since the Cr 2p_v2 peak posi t ions of Cr° and 

Cr31" are 574.4 and 576.9 eV , respectively /18/, the 

results indicate that most of the chromium segregated on 

Binding Energy, Eß / eV 
Fig. 7: Cr 2p A R - X P S spectra obtained in the take-off 

angle of (a) 0 .262 rad, (b) 0 .524 rad, (c) 0 .786 

rad, (d) 1.05 rad and (e) 1.31 rad for Cu-

0 .4%Cr exposed to air for 4.2 χ 10s s, and ( 0 

Cr 2p X P S spectrum for metall ic chromium 

segregated on the surface. 

the sample surface is oxidized. However , a slight Cr" 

peak is likely to be observed in the Cr 2 p - , X P S spectra 

measured at high take-off angle in the oxidized sample. 

From these results, the present author maintains the 

view that chromium segregated on the sample surface 

does not fully cover the copper surface with an ideal 

layered structure, but is heterogeneously present on the 
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surface. This is considered to be one of the reasons why 

the surface segregation of chromium does not 

sufficiently reduce the growth of the native oxide layer. 

5. SELECTIVE OXIDATION 

Copper-based alloys are used for electrical parts 

such as lead f rame and connector because of their high 

electrical conductivi ty and high strength, which are 

improved by the addit ion of al loying elements and 

modification of processes. Typically, titanium is some-

times added to copper-based alloys for improving the 

hardness and conductivi ty /19,20/ , but the chemical 

properties of t i tanium are quite different f rom those of 

copper, as exemplif ied in Fig. 1. From the viewpoint of 

control of surface propert ies , the growth kinetics of 

internal oxidation of copper- t i tanium alloys was also 

studied by observing surface layers formed at high 

temperatures /21/. However , microscopic elemental 

distribution formed in the surface layer of copper-

titanium alloys is not yet sufficiently clear. Surface 

analytical techniques have been applied in order to 

clarify characteristic features of surface layers formed in 

high-purity copper- t i tanium alloys prepared in a low 

partial pressure of oxygen. The results are summarized 

as follows. 

The high-purity copper-t i tanium alloys were 

annealed at 873 Κ in a rgon-9 .8% hydrogen gas con-

taining water vapor, which passed water at 290 Κ 19/. 

The oxygen partial pressure in this anneal ing 

atmosphere is est imated to be about 5.2 χ 10"18 Pa, of 

which the anneal ing condit ion is in zone (b) of Fig. 1. 

Under this condit ion, pure titanium is oxidized, while 

pure copper is not oxidized, al though the degree of 

oxidation of an al loying element in a copper-based alloy 

should be strictly discussed using the activity of the 

alloying element. X-ray photoelectron spectroscopy 

(XPS) and secondary mass ion spectrometry (SIMS) can 

provide important information on the microscopic 

distribution of these e lements and oxygen in the surface 

layers. 

5.1. Surface analysis by XPS 

Figure 8 shows the surface concentrat ion measured 

High Temperature Materials and Processes 

by X P S as a function of the bulk t i tanium concentrat ion 

in the high-purity copper- t i tanium alloys, which were 

oxidized under the low partial pressure o f oxygen /9/. 

Oxygen detected at the surface of these samples 

originates f rom two kinds of oxides: a t i tanium oxide 

formed by anneal ing at 873 K, in zone (b) o f Fig. I, and 

a native oxide formed by exposure to air at room 

temperature after annealing, in zone (d) of Fig. 1. 

Oxygen detected on the surface of pure copper is 

attributed to the native oxide, of which the composi t ion 

is nearly C u 2 0 . The ti tanium concentra t ion of the alloy 

surface presently determined is much higher than the 

bulk ti tanium concentrat ion, indicating that t i tanium is 

enriched to the alloy surface to form ti tanium oxides 

dur ing anneal ing in the low partial pressure of oxygen. 

As the bulk titanium concentrat ion in the alloys 

increases, the surface concentrat ion o f oxygen and 

titanium increases, while the surface concentrat ion o f 

copper decreases. A titanium oxide which is inferred to 

form on the alloy surface is nearly T iOj , s ince the 

contribution of a native oxide fo rmed on the surface of 

metall ic copper to the total oxygen concentrat ion on the 

alloy surface is small. 

' n n 1 1 1 1 1 I 1 1 1 1 1 

ο (TiO; + native o \ ide) 

Ti 

^ 0 1 2 , 3 
Ti Bulk Concentration, cTl (mass%) 

Fig. 8: Surface concentrat ion obtained by XPS versus 

ti tanium bulk concentrat ion in Cu-Ti alloys 

annealed at 873 K. 

In order to analyze the elemental distr ibution in-

depth of the surface layer, X P S sputter depth profi les of 

copper , titanium and oxygen were measured for Cu-

3.4Ti annealed in the low partial pressure of oxygen, as 

shown in Fig. 9. The depth profi les show the monotonic 
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Fig. 9: XPS depth profiles of O, Ti and Cu for Cu-

3.4ΤΪ. 

variation in the concentration of oxygen and copper 

with increasing sputtering time. This indicates that 

oxygen penetrates into the bulk by annealing. On the 

other hand, the titanium alloys concentration appears to 

show a peak at the depth of about 70 nm by sputtering 

for about 1000 s. Such a peak in the depth profile of 

titanium is also observed in SIMS profiles, as shown 

later. 

Ti XPS spectra and Cu LMM X A E S spectra were 

measured as a function of argon ion sputtering time, in 

order to characterize the chemical state of titanium and 

copper in the surface layer. Figure 10 shows Ti 2p XPS 

spectra from the surface of Cu-3.4Ti, which were 

sputtered for 0s, 30s, 150s, 300s and 450s, respectively. 

Peaks in Ti 2p3/2 XPS spectra are located between about 

459 and 455 eV in binding energy, which shows that 

titanium is present as not metallic but Ti4+ and/or Ti2 + 

oxides 191. Some influence of ion sputtering on the 

chemical state should be taken into account in sputter 

depth profiles, since oxygen is often preferentially 

sputtered from the oxide surface. Nevertheless, titanium 

is considered to form oxide as TiOx in the surface layer 

of this alloy, as predicted from the annealing condition. 

On the other hand, Cu LMM X A E S spectra, which 

are sensitive to the chemical state of copper /16,17/, 

were also measured for characterizing the chemical state 

in the surface layer, and the results are described in Fig. 

11, indicating Cu L3M45M45 X A E S spectra from the 

surface of Cu-3.4Ti sputtered for 0s, 30s, 150s, 300s 

and 450s. The peak position in the XAES spectra 

3 

£ 
5Λ 
a 

·*·> 

475 470 465 460 455 
Binding Energy, Eb / eV 

Fig. 10: Ti 2p X P S spectra from the surface of Cu-

3.4Ti, which were sputtered for (a) 0s, (b) 

30s, (c) 150s, (d) 300s and (e) 450s. 

obtained from the alloy surface exposed to air at room 

temperature after annealing is at about 916.2 eV, which 

is the same as the peak position for a native oxide as 

shown in Fig. 6. This implies that a thin native oxide 

layer is formed by air exposure under a condition in 

zone (d) of Fig. 1. On the other hand, the peak position 

in the XAES spectra obtained from the sputtered alloy 

surface is at about 918.6 eV, indicating that copper in 

the surface layer is metallic in spite of titanium 

oxidation. These spectral data are consistent with 

thermodynamic prediction for copper-titanium alloys 

annealed in the low partial pressure of oxygen, as shown 

in Fig. 1. 

I 1 1 ' ' I 1 1 ' 1 I ' 
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Fig. 11: C u L M M X A E S spec t ra o f C u - 3 . 4 T i , which 

w e r e sput te red for (a) 0s, (b ) 30s , (c ) 150s, 

(d ) 300s and (e) 450s . 

5.2. Depth Profiles by SIMS 

S I M S depth p rof i l ing , w h o s e s ignals are genera l ly 

h igh-sensi t ive and w h o s e sput te r ing rate is h igh, is very 

useful for ana lyz ing the dis t r ibut ion o f e l emen t s in 

relat ively d e e p layers. It should , however , be noted that 

quant i f ica t ion of the e lementa l con ten t in the su r face 

layer is no t s imple . Figure 12 s h o w s S I M S depth 

prof i les o f 0 + , CsT i + and C s C u + f r o m the su r f ace of Cu-

3.4Ti , which w a s annea led in the s ame condi t ion as 

above . T h e depth spu t te red for 1800 s was abou t 5 μιη. 

These S I M S depth p rof i l e s demons t r a t e charac ter i s t ic 

fea tures o f the d is t r ibut ion o f e l ements in the su r face 

layer. A m o n o t o n i c d e c r e a s e in secondary ion c o u n t s of 

oxygen is found with increas ing dep th . T h i s ind ica tes 

that oxygen pene t ra t e s into the matr ix of C u - 3 . 4 T i , and 

the oxygen potent ia l in the su r f ace layer is g radua l ly 

r educed on the ma t r ix s ide. On the s u r f a c e s ide , the 

amoun t o f t i tanium d e c r e a s e s wi th increas ing dep th u p 

to abou t 1 μτη. T h i s t i t an ium prof i l e c o r r e s p o n d s to the 

grad ien t of the o x y g e n potent ia l in the s u r f a c e layer. 

Th i s sugges ts that t i t an ium m o v e d to the s u r f a c e s ide so 

as to f o rm t i tanium ox ides . On the o the r hand , a 

t i t an ium-dep le ted z o n e is f o r m e d in the locat ion of 

depth of abou t 1 μιτι, wh ich is likely to be f o r m e d by 

t i tanium m o v e m e n t d u e to fo rma t ion o f t i t an ium ox ides 

on the su r f ace s ide. Benea th the dep th abou t 1 μιτι o f the 

su r face layer, the t i t an ium concen t ra t ion inc reases wi th 

increas ing dep th and a p p r o a c h e s to the bulk 

concen t ra t ion . T h e C s C u + ion coun t s in the dep th p ro f i l e 

appea r to increase with increas ing dep th , bu t it is con-

s idered to ar ise f r o m the matr ix e f f ec t on o c c u r r e n c e of 

secondary ions o f C s C u + , which d e p e n d on the bulk 

concen t ra t ion o f oxygen and t i tanium. Thus , an e l e m e n -

tal p rof i l e in the s u r f a c e layer, which is f o r m e d u n d e r an 

annea l ing cond i t ion , may be con t ro l l ed by part ial 

p ressure of o x y g e n in annea l ing a t m o s p h e r e , a n n e a l i n g 

t empera tu re , an o x y g e n potent ia l g rad ien t f o r m e d in the 

sur face layer, and so on. Th i s fea ture is cons i s t en t with 

e lementa l p roces s in internal ox ida t ion wh ich o c c u r s in 

an al loy con ta in ing a reac t ive e l emen t with o x y g e n 1221. 
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6. E L E M E N T A L D I S T R I B U T I O N IN 

S U R F A C E L A Y E R 

Forma t ion p roces ses o f the charac te r i s t i cs e lementa l 

d is t r ibut ion in su r f ace layers o f c o p p e r - b a s e d al loys, 

which is f o r m e d by e x p o s u r e to va r ious a t m o s p h e r e s , 

shou ld be d i scussed on the bas is o f the a b o v e resul ts , in 

o rde r to under s t and f ac to r s con t ro l l ing the su r f ace 

p roper t i es . S u r f a c e segrega t ion o f an a l loy ing e l e m e n t in 

c o p p e r - b a s e d a l loys o c c u r s by annea l i ng in ultra high 

v a c u u m wi thout in f luence o f a t m o s p h e r i c gas , a s 

d e n o t e d in zone (c ) of Fig. 1. T h e d r iv ing f o r c e fo r the 

su r face segrega t ion is the d i f f e r e n c e be tween a su r f ace 

f r e e ene rgy and a bu lk f r e e ene rgy in the a l loys , wh ich 

is r e d u c e d by segrega t ion o f a su r f ace -ac t i ve e l e m e n t on 

the su r face . T h e a m o u n t o f the seg rega ted e l emen t on 

the al loy su r f ace a p p r o a c h e s to a level by annea l ing , so 

as to be in equ i l ib r ium wi th the bulk amoun t . T h e 

th ickness of the s u r f a c e layer f o r m e d in this way , that is, 

a su r face segrega ted layer, is a f e w a tomic layers . Such 

a thin su r f ace layer m a y in f luence a subsequen t react ion 

within a thin s u r f a c e layer , l ike the na t ive ox ide 

fo rma t ion , as w a s c lear ly o b s e r v e d in i ron -ch romium 

al loys wi th c h r o m i u m s u r f a c e segrega t ion / l l , 16/. 

H o w e v e r , the e f f ec t of the c h r o m i u m segrega t ion on the 

nat ive ox ide is not so s t rong in the coppe r -based al loy, 

and it may result f r om the small a m o u n t of c h r o m i u m 

segrega ted on the s u r f a c e and the relat ively rapid 

g rowth of the na t ive ox ide layer in coppe r . Fur the rmore , 

the su r f ace layer with c h r o m i u m segrega t ion is 

cons ide red to be t o o thin to m o d i f y a react ion with gas 

at high t empera tu re s , b e c a u s e gas spec ies may feas ib ly 

pene t ra te into the bu lk t h rough the thin layer. 

Nex t , let us c o n s i d e r charac te r i s t i c dep th p ro f i l e s o f 

the su r face layer f o r m e d in coppe r -ba sed a l loys 

con ta in ing a reac t ive e l emen t , like t i tanium, by 

annea l ing in the low par t ia l p ressure of oxygen . T h e 

fo rmat ion p roces s of this su r f ace layer is likely to be 

a c c o m p a n i e d by m i c r o s c o p i c p h e n o m e n a , such as 

fo rmat ion of f ine ox ide par t ic les o f the react ive e l emen t 

in metal l ic coppe r . A s c h e m a t i c d iagram for the 

mic roscop ic e lementa l d i s t r ibu t ion f o r m e d in the su r f ace 

layer is g iven in Fig. 13, on the bas is of the resul ts o f 

Fig. 12. If a c o p p e r - b a s e d al loy con ta ins an a l loy ing 

e lement reac t ive with o x y g e n , o ther than t i tanium, a 

s imilar dep th p ro f i l e will be expec t ed . In fact , a dep th 

Low partial pressure 
of oxvgen 

Cu-based alloy 

Oxide layer of 
reactive e lements 
in metall ic Cu 

Depleted zone of 
reactive e lements 

Bulk 

Fig. 13: S c h e m a t i c d iagram fo r the concen t ra t ion 

prof i le in the s u r f a c e layer f o r m e d by 

se lec t ive ox ida t ion o f reac t ive e lements . 

p rof i le measu red in Cu-Ni -S i , wh ich w a s annea led at 

873 Κ in a low part ial p ressure , r evea led the dep le ted 

zone of si l icon in the su r face layer, a s s h o w n in Fig. 14, 

in which depth p ro f i l e s of 0 + , C s N i + , CsSi + and C s C u + 

are given. It is in teres t ing to note tha t the dep th p rof i l e s 

o f oxygen and s i l icon are a n a l o g o u s to those for oxygen 

and t i tanium in C u - T i a l loys . This is because si l icon is 

a lso a react ive e l ement with oxygen , as shown in Fig. 1. 

Such select ive ox ida t ion o f s i l icon has a lso been 

observed in su r f ace layers o f i ron-si l icon a l loys 

annea led under a low part ial p ressu re o f oxygen , 

a l though oxygen dis t r ibut ion in the su r face layers is 

compl i ca t ed in the iron a l loys /23 ,24 / . On the o ther 

hand, as shown in Fig. 14, the nickel dep th prof i le is 

likely to be s imi lar to the c o p p e r cases . This is a t t r ibuted 

V . CsCu 

104 

\ o* 

CsNi+ 

10'l· V ' " 

I CsSi* ' v"v··-.--.·̂ ... 

10 1500 500 1000 

Sputtering time / s 

Fig. 14: S I M S dep th p rof i l e s o f O", C s N i \ CsSi + and 

C s C u ' fo r Cu-Ni -S i . 
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to the relatively lower reactivity of nickel with oxygen, 
as easily seen in Fig. 1, suggesting that nickel is not 
oxidized in the surface layer under the annealing 
condition. 

Finally, let us discuss the growth kinetics of the 
surface layer formed by selective oxidation of a reactive 
element in copper-based alloys. An elemental profile in 
the surface layer is influenced by the partial pressure of 
oxygen in annealing atmosphere, annealing temperature, 
oxygen potential gradient in the surface layer, and so 
on. The oxidation of the reactive element takes place by 
meeting of oxygen from the surface and the reactive 
element from the bulk. Since the diffusivity of a reactive 
element, that is, a reactive element in copper, is much 
lower than that of oxygen /21, 25/, the growth of the 
surface layer is likely to be controlled by outward 
diffusion of the reactive element. For example, the 
depth profile of titanium beneath the depleted zone in 
the surface layer could be fairly described by a diffusion 
profile of titanium in a Cu-Ti alloy, which was annealed 
in a low partial pressure of oxygen 191. More precisely, 
the accurate size and shape of oxide particles of the 
reactive element and microscopic diffusion paths of 
oxygen and titanium should be considered, in order to 
describe realistic formation processes of the surface 
layer. Nevertheless, it is satisfactory to say that the 
growth process of the surface layer by selective 
oxidation of a reactive element in copper-based alloys is 
dominated by mainly diffusion of the reactive element 
in copper. 

6. SUMMARY 

The present paper describes the results for a few 
kinds of surface layer formed on copper-based alloys 
under different conditions. AR-XPS was used for 
studying surface segregation of chromium in a copper-
chromium alloy, and then the effect of chromium 
segregation on the formation of native oxide was also 
investigated in this alloy. XPS and SIMS were applied 
for analyzing surface layers formed by selective 
oxidation of a reactive element in copper-titanium 
alloys. The main conclusions obtained in these 
experiments are as follows: 

High Temperature Materials and Processes 

1. Chromium is segregated on the surface of a high-
purity copper chromium alloy by annealing at high 
temperatures under ultra high vacuum, indicating 
that chromium is one of the surface-active elements 
in copper. According to a simple layered model, the 
effective thickness of the segregated layer is 
estimated to be a few atomic layers. 

2. The results of the alloy surface with chromium 
segregation, which was exposed to air after 
annealing, show that the segregated chromium does 
not significantly inhibit the growth of a native oxide 
of copper. The small effect of chromium segregation 
on the native oxide is considered to result from the 
relatively high oxidation rate of copper and the 
microscopic heterogeneity of segregated chromium. 

3. In the surface layer formed in copper alloys 
containing a reactive element, like titanium, by 
annealing in a low partial pressure of oxygen, the 
reactive element is enriched to the surface side to 
form its oxides, while copper is kept metallic. 

4. The depth profiles show that the amount of oxides of 
a reactive element formed in the surface layer 
decreases with increasing depth, which is likely to 
correspond to the oxygen potential gradient in the 
surface layer. A depleted zone of the reactive 
element is found to form beneath the surface layer. 

5. Formation processes of surface layers formed in 
copper-based alloys under different conditions could 
be interpreted by the thermodynamic character of 
copper and alloying elements. 
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