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Comparative study of the alloying effect on the initial oxidation of Cu-Au(100)
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Using in situ transmission electron microscopy, we show that the oxidation of the Cu-Au(100)
results in the formation of Cu,O islands that deeply embed into the Cu-Au substrate while the
oxidation of the Cu-Pt(100) leads to the formation of Cu,O islands that highly protrude above the
Cu-Pt substrate. Their difference is attributed to the different mobilities of Pt and Au in the Cu base
alloys for which the sluggish mobility of Pt in Cu results in trapped Pt atoms at the oxide/alloy
interface while the faster mobility of Au in Cu leads to enhanced rehomogenization of the alloy
composition. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870085]

Copper and copper alloys are important materials which
are often used under the conditions where surface oxidation
strongly affects their properties and functionalities. For
instance, Cu is widely used as an interconnection material in
the fabrication of integrated circuits because of its low resis-
tivity and high resistance to electron migration. A typical
45/65 nm logic technology incorporates nine/eight Cu inter-
connect layers' and also utilizes the Cu-Au alloy as the liner.
Significant changes in mechanical and electrical properties
can occur through surface alloying and interface degradation
resulting from oxidation.® Therefore, the environmental stabil-
ity of Cu base alloys becomes a crucial problem when the
dimensions of these devices shrink to the nanoscale. Cu and
Cu alloys are also widely used in the chemical industry
including Cu-based catalysts for a wide variety of catalytic
reactions such as methanol oxidation and steaming
reforming.*® For these chemical processes, a critical issue is
related to the surface oxidation of Cu that may significantly
modify the reactivity/selectivity of Cu-based catalysts.”

Oxidation of metals typically involves hierarchical mul-
tiple length scales starting from oxygen surface chemisorp-
tion to oxide nucleation and growth and then to the
formation of a continuous oxide layer. The nucleation and
growth of oxide islands, which are not considered in the tra-
ditional oxidation theories, play a critical role in the structure
and composition evolution of the oxide film. In general, alloy
oxidation is much more complex than pure metals due to the
convolution of different effects such as different oxygen
affinities of the alloying elements, formation of multiple ox-
ide phases, and various mobilities of metals in the oxide and
alloy. As such, the understanding of early-stage oxidation of
alloys is still significantly unclear. The oxidation of Cu has
been a rich source of information for understanding oxide
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nucleation and growth.*'* To elucidate the effect of alloying
on oxide island formation, we perform an in situ transmis-
sion electron microscopy (TEM) study of the early-stage oxi-
dation of Cu-Au and Cu-Pt alloys. These two systems are
chosen for comparative study since they allow for examining
some features of alloy oxidation without the complication of
simultaneous formation of multiple oxides because Au and
Pt do not oxidize under most conditions. '’

The oxidation experiments were performed in a modified
JEL200CX TEM equipped to allow observation of oxidation
in real time. Cu-10 at. %Au(100) and Cu-10 at. %Pt(100) thin
films with ~500 A thickness were grown on NaCl(100) by
e-beam evaporation. The alloy films were then removed from
the substrate by floatation in deionized water and mounted on
a TEM specimen holder. A leak valve attached to the TEM
column permits introduction of gases directly into the TEM
with a controlled oxygen gas pressure (pO,). Before oxidation
experiments, native oxide can be removed by annealing in the
TEM chamber at 750 °C under vacuum condition'® or in situ
annealing under H, gas at pressure ~10~> Torr and 350°C,
resulting in a clean surface. The sample cleanliness was
checked by electron diffraction. Oxygen gas of 99.999% pu-
rity was then admitted into the column of the microscope
through the leak valve to oxidize clean alloy films at a con-
stant temperature and oxygen pressure pO,. In situ TEM
observations of the oxidation process were made in planar
views. Cu forms two thermodynamically stable oxides, CuO
and Cu,0O. For the temperature and low oxygen pressure
employed in our experiments, only Cu,O is expected to form.
This was confirmed by electron diffraction analysis during the
in situ TEM observation of the oxidation.'”'® To identify the
spatial distribution of elements (i.e., O, Cu, Au, and Pt) in the
oxidized Cu-Au and Cu-Pt samples, scanning transmission
electron microscopy (STEM) energy dispersive X-ray spec-
troscopy (EDX) elemental mapping was performed using a
Hitachi HD2700 (200kV) with a probe aberration-corrector.

© 2014 AIP Publishing LLC
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Fig. 1(a) shows time-resolved bright-field (BF) TEM
images captured from the real-time video (see multimedia
view of Fig. 1(a)) monitoring the growth of an oxide island
during the oxidation of a Cu-10 at. %Au(100) surface at
T=450°C and pO,=5 x 10 *Torr. The oxide has the
Cu,O phase and shows cube-on-cube epitaxial growth with
the alloy substrate as identified by selected area electron dif-
fraction (SAED) pattern shown in Fig. 1(a). An incubation
time is needed before the formation of a visible oxide
embryo after oxygen gas is introduced into the microscope.
As seen in Fig. 1, an area with slightly dark contrast appears
first and it then evolves into a larger triangle-shaped dark
region during the incubation period. After ~2 min of oxida-
tion, the profile of a round-shaped oxide island becomes
clearly visible at the center of the dark-contrast zone. The
size and shape of the dark-contrast zone remains relatively
unchanged after the oxide island is formed. The oxide island
grows laterally, catching and passing the dark-contrast area.
While the oxide island still remains an overall round shape
during the growth, the island edge becomes partly faceted at
a larger size, as marked in Fig. 1(a) at the oxidation time
t=400s and 600s. The evolution of the lateral size of the
oxide island is measured from the in situ TEM video and is
plotted as a function of oxidation time (Fig. 1(b)). A linear
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growth behavior is noted, and the growth rate is ~2265
nm?/s. We also measured the oxidation at 650 °C and a simi-
lar linear growth behavior but with a faster growth rate
(~4146 nm?/s) is observed, as shown in Fig. 1(b).

Fig. 2(a) shows in situ TEM images extracted from the
real-time video (see multimedia view of Fig. 2(a)) of the oxi-
dation of a Cu-10 at. %Pt(100) surface at T=450°C and
PO, =5 x 10~*Torr. The in situ TEM observation reveals
that the Cu-Pt(100) surface has a slower oxidation rate than
the Cu-Au(100), i.e., a longer incubation time is needed to
form a clearly visible oxide embryo followed by a slower
growth rate of the oxide island. Different from Cu-Au(100),
the Cu-Pt(100) surface does not show the formation of a
dark-contrast area during the incubation period. After a visi-
ble Cu,O island is formed, the entire island appears much
darker than the surrounding area. The oxide island develops
into a truncated triangle shape with faceted edges. The oxide
island has the Cu,O phase and is cube-on-cube epitaxial with
the Cu-Pt substrate, as shown by the electron diffraction pat-
tern obtained from the oxide island (Fig. 2(a)). Similar mea-
surement is made on the lateral size of the oxide island and
Fig. 2(b) shows its size evolution as a function of time. It can
be noted that the oxide island on the Cu-Pt(100) surface also
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FIG. 1. (a) In situ TEM observation of the growth of a Cu,O island on Cu-10
at. %Au(100) during the oxidation at T=450°C and pO, =5 x 10~ Torr.
Inset is an SAED pattern revealing the epitaxial oxide growth with the sub-
strate. The oxide island initially shows a round shape and gradually develops
into a faceted shape (indicated by dashed lines) with the continued oxidation.
(b) Evolution of the lateral size of the oxide island as a function of oxidation
time. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4870085.1]
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FIG. 2. (a) In situ TEM observation of the growth of a Cu,0O island on Cu-10
at. %Pt(100) during the oxidation at T=450°C and pO, =5 x 10~*Torr.
Inset is an SAED pattern revealing the epitaxial oxide growth with the sub-
strate. The oxide island initially has a faceted triangle shape and develops
into a truncated triangle polygon with the continued oxidation. (b) Evolution
of the lateral size of the oxide island as a function of oxidation time.
(Multimedia view) [URL: http://dx.doi.org/10.1063/1.4870085.2]
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shows a linear growth behavior with a rate of ~376 nmz/s,
which is much slower than that for the oxide island on the
Cu-Au(100) surface. Such a linear growth behavior is also
observed from the Cu-Pt(100) oxidation at 650°C with a
faster growth rate of 802 nm?/s (Fig. 2(b)).

STEM EDX elemental mapping was employed to exam-
ine the composition distribution of the oxidized samples.
Fig. 3(a) shows a BF-STEM image of an oxide island formed
on the Cu-10 at. %Au(100) surface oxidized at T=450°C
and pO, =5 x 10~ * Torr, where the island edges are highly
faceted. Figs. 3(b)-3(d) show Cu, O, and Au elemental map-
pings of the oxide island and its surrounding alloy region. O
is accumulated within the oxide island (Fig. 3(d)) while Cu
shows a lower intensity in the oxide area compared to the
surrounding alloy region (Fig. 3(b)), suggesting that the
Cu,0 island grows deep into the alloy thin film by consum-
ing Cu atoms in the alloy underneath the oxide island (note
that the concentration of Cu in Cu,O is less than that of the
Cu-base alloy). The Au mapping (Fig. 3(c)) shows that the
un-oxidized alloy region has a much higher intensity than
the oxide region, revealing that Au atoms are expelled later-
ally into the alloy during the oxide growth and becomes
enriched in the surrounding alloy.

Similar EDX mapping was also performed on the Cu-10
at. %Pt(100) sample oxidized at 450°C and pO,=35
x 10~* Torr, as shown in Figs. 3(f)-3(i). Fig. 3(f) shows an
annular dark-field STEM (i.e., mass-contrast) image of three
oxide islands formed on the Cu-Pt(100) surface. The smaller
Cu,0 island still shows a truncated triangle shape while the
larger islands have developed into a nearly square shape.
Here, the much brighter contrast from the oxide islands sug-
gests that the total thickness in these regions is much thicker
than the surrounding area. As expected, O is enriched in
the oxide region (Fig. 3(i)). However, different from the
Cu-Au(100) surface where Cu is less concentrated in the
oxide island region than the surrounding alloy and Au is

Au
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Cu-Au Cu-Pt
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Cu,0

Appl. Phys. Lett. 104, 121601 (2014)

enriched laterally in the surrounding alloy; Figs. 3(g) and
3(h) reveal that Cu shows a much stronger intensity in the
oxide region than the surrounding alloy, while the Pt inten-
sity is relatively uniform across the entire sample region.
The stronger Cu intensity in the oxide region suggests that
the oxide islands do not embed deep into the alloy film,
thereby retaining Cu atoms in the alloy underneath the oxide
islands. Surprisingly, Fig. 3(h) reveals that Pt has a uniform
intensity across the entire surface, a clear evidence that Pt is
not expelled laterally during the oxide growth (i.e., Pt
becomes enriched at the oxide/alloy interface). Since the
oxide islands do not grow into the substrate, the 3D Cu,O
island growth protruding above the surface is sustained by
depletion of Cu atoms from the surrounding alloy, which
results in an overall uniform enrichment of Pt across the
entire surface region (and thus uniform intensity of Pt
mapping).

Figs. 3(e) and 3(j) illustrate schematically the difference
in the oxide growth induced element segregation in the
Cu-Au and Cu-Pt alloys based the EDX analysis. For the Cu-
Au alloy, the lateral enrichment of Au atoms in the surround-
ing alloy allows the oxide island to grow deeply into the
alloy. For the Cu-Pt alloy, the enrichment of Pt atoms in the
oxide/alloy interface area suppresses the oxide from growing
into the alloy substrate, alternatively, the oxide island
increases its thickness via protruding above the alloy surface
with the supply of Cu atoms depleted from the surface region
of the surrounding alloy. Their difference between Cu-Au
and Cu-Pt can be also confirmed from the BF TEM image
contrast feature as revealed in Figs. 1 and 2, where the Cu,O
island grown on the Cu-Au surface shows bright contrast
while the oxide island on the Cu-Pt surface shows dark con-
trast. For BF TEM imaging, the bright contrast corresponds
to a more open structure than the surrounding area, and the
dark contrast corresponds to a more dense structure (or larger
thickness) than the surrounding area. Cu,O has a lattice con-

FIG. 3. EDX elemental mapping of
oxide islands formed on (a)—(d) Cu-10
at. %Au(100) and (f)—(G) Cu-10
at. %Pt(100) under the condition of
450°C and pO,=5 x 10 *Torr. (e)

Cu and (j) Show schematic of oxide

depleted growth  model on two alloy,
respectively.

zone
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stant of 4.22 A and its structure is more open than the Cu-10
at. %Au alloy (acy-10at.9%au~ 3.61 A). The appearance of
bright contrast for the oxide island on the Cu-Au alloy sug-
gests that the oxide island grows into the substrate by con-
suming denser Cu-Au alloy beneath. The dark contrast for
Cu,0 islands on the Cu-Pt alloy suggests that the oxide
island protrudes above the surface without significantly
embedding into the Cu-Pt substrate, which results in a much
larger total thickness (alloy film plus oxide island height)
compared to the oxide islands from the oxidation of the
Cu-Au alloy.

The difference in the oxidation induced redistribution of
Au and Pt can be attributed to the different mobilities of Au
and Pt in the Cu-Au and Cu-Pt alloys. Due to their stable
electronic configurations, both Au and Pt do not go into solu-
tion in the oxide phase. Therefore, the oxidation of the Cu-
Au and Cu-Pt alloys results in rejection of Au and Pt from
the metal/oxide interface, leading to Au and Pt enrichment in
the remaining Cu-Au and Cu-Pt alloys, respectively. The
activation energy for bulk diffusion of Pt in Cu is
~1.51¢eV.' while the value for bulk diffusion of Au in Cu is
~1.1eV.?° Thus, Pt atoms rejected from the oxide growth
during the oxidation of the Cu-Pt alloy remain in the alloy
adjacent to the oxide-alloy interfacial area due to the slug-
gish mobility of Pt atoms. In contrast, Au atoms rejected
from oxide growth during the oxidation of the Cu-Au alloy
can diffuse away from the oxide-alloy interface region and
spread out from the metal-oxide interface, as schematically
illustrated in Figs. 3(e) and 3(j). This also explains why the
Cu-Au alloy initially develops a dark-contrast zone in the in
situ TEM images (shown in Fig. 1) due to the spreading of
Au atoms from the oxide nucleation location and subsequent
building up in the surrounding alloy region. The oxidation of
the Cu-Pt alloy does not show such a behaviour because Pt
atoms expelled from the oxide growth are trapped at the
oxide-alloy interface from the beginning.

Their difference in the 3D oxide islanding can be also
evidenced from ex situ atomic force microscopy (AFM)
measurements on the surface topology of the oxide islands
formed on the two alloys. Fig. 4 shows AFM tomographic
images of the two alloys oxidized under the same condition
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FIG. 4. AFM topological images of oxide nuclei formed on (a) Cu-5 at.
%Au(100) and (b) Cu-5 at. %Pt(100) under the condition of 450°C and
pO, =5 x 10~*Torr for 10 min.
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of T=450°C and pO, =5 X 10~*Torr. For the Cu,O0 island
formed on the Cu-Au(100) surface, the line profiles reveal a
maximum island height of 0.16 um and a lateral size of
~2 um, with a height/width aspect ratio of ~0.08. The oxide
island grown on the Cu-Pt(100) surface has a smaller lateral
size of ~1.5um but a larger height of ~0.47 um (i.e., a
height/width aspect ratio of ~0.31). The AFM measurements
indicate that the oxide island on the Cu-Pt surface shows
more prominent 3D growth. This is because the trapped Pt
atoms at the oxide/alloy interface suppress the oxide growth
into the substrate, which in turn promotes the oxide growth
as protrusion above the substrate surface via surface diffu-
sion of Cu atoms from the surrounding alloy. It can be also
noted from the AFM images in Fig. 4 that the area adjacent
to the oxide island on the Cu-Au surface is sunken deeply
while it is much less for the oxide island on the Cu-Pt sur-
face. This sunken area is formed as a result of the embed-
ment of the oxide island into the Cu-Au substrate.

In conclusion, using in situ TEM observations of the
initial-stage oxidation of the Cu-Au(100) and Cu-Pt(100)
alloys, we show that the oxide growth modes are closely
related to the diffusivity of the noble elements in the alloys.
The oxidation of the Cu-Au alloys results in formation of
Cu,0 islands that highly embed into the Cu-Au substrate due
to the fast diffusion of Au in Cu while the oxidation of the
Cu-Pt alloy leads to the formation of Cu,O islands that
highly protrude above the Cu-Pt substrate surface due to the
sluggish mobility of Pt in Cu that suppresses the oxide
islands from embedding into the substrate. These results
demonstrate the necessity of incorporating the effect of atom
mobility in alloy design for manipulating the initial oxide
growth. These results may also have broader implications,
such as in alloy design or heterogeneous catalysis, for which
element surface segregation of an alloy under reactive envi-
ronments often occurs but the interplay between the thermo-
dynamic driving force and the atom mobility is still not very
clear.
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