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With the aim of elucidating a detailed mechanism for the oxidation behavior in submicron Cu particles coated with a thin Ag layer, the dewetting of
Ag and the oxidation behavior of Cu in Ag-coated Cu films upon heating were investigated with a focused ion beam transmission electron
microscopy technique. A slight dewetting of the Ag layer began at approximately 200 °C and aggregates of Cu,O particles were formed on the Ag
layer, indicating that the initial Cu,O phase was formed on the thin Ag layer. Voids were formed in the Cu layer because of Cu atoms diffusing
through the thin Ag layer to be oxidized in the upper Cu,O aggregates. After being heated to 250 °C, the Ag layer became more irregular, and in
some regions, it disappeared because of intensive dewetting. The number and average size of the voids also increased. At 300 °C, a hollow
structure with a Cu,0 shell was formed. Pillar-like structures of unoxidized Cu and large voids were found under the Cu,O layer.

© 2016 The Japan Society of Applied Physics

1. Introduction

With the advantages of facile processing techniques and low
processing temperatures, electrically conductive adhesives
(ECAs) have been identified as indispensable assembly
materials in the electronic packaging industry and are widely
used in the manufacturing of microelectronics.'™ Typical
ECAs are composed of a resin formulation and an electrically
conductive metal filler; the filler is conventionally Ag powder
because Ag has excellent intrinsic electrical and antioxidation
properties. In addition, the electrical properties of contacts
between Ag fillers are excellent because AgO, is also
conductive when its surface is oxidized.> Ag powder is also
used as a filler in conductive pastes for the printing of
electrodes and line contacts.>"!?) Such printing processes can
eliminate the complicated steps of lithographic processes and
are compatible with the rapidly growing printed electronics
industry and roll-to-roll manufacturing.3-19

However, both industrial and academic researchers have
investigated alternatives to Ag-based fillers to increase the
competitiveness and widen the range of low-cost ECA and
conductive paste applications. As a result, Ag-coated Cu
fillers have been widely investigated as the first alterna-
tive.'1=23 In such filler materials, Cu, which has an electrical
conductivity that is similar to that of Ag,*? is used as a
low-cost core material and the Ag coating functions as an
antioxidation layer and a contact surface.

The applicability of Ag-coated Cu fillers to curing
temperatures below 200 °C has been reported in the literature.
Zhang et al.'® reduced the electrical resistivity of untreated,
Ag-coated, Cu flakes from 1.3 X 107 to 2.4 x 107*Q-cm by
using a flake filler that was surface-treated with an amine-
based silane coupling agent. Nishikawa et al.'¥ reported an
electrical resistivity of approximately 1.5 x 10~ Q-cm when
Ag-coated Cu spheres with a diameter of 5um were used,
which shows the importance of the surface condition and
morphology of the filler metal. In addition, Ag-coated Cu
fillers of submicron size have also been recently studied
to improve the performance improvement of ECAs or the
preparation of ECAs with an ability of fine pattern-
ing.!>171922 The range submicron filler applications is
expected to grow constantly.
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Fig. 1. (Color online) Schematic illustration showing the cross section of
the Ag-coated Cu film.

Despite the successful application of Ag-coated Cu
particles as a filler material, it has also been reported that
the oxidation of Ag-coated Cu particles abruptly begins at
temperatures above 200 °C because of the dewetting of the
Ag coating and the formation of nodule-type Ag agglomer-
ates on the Cu surface.’?%26-28) This is due to the phase
separation, caused by the positive enthalpy of mixing
(104 meV/atom at 50at. % of Cu),>” a small difference
(0.03) in electronegativity,®® a large lattice mismatch
(12%),313? and the instability of the Ag/Cu interface.’?
However, the lack of research on the oxidation initiation time
and scarcity of direct evidence mean that little is known about
the oxidation process of Ag-coated Cu above 200 °C. Hence,
we performed a transmission electron microscopy (TEM)-
based study of the dewetting of a thin Ag layer and the
oxidation behavior of Cu in a Ag-coated Cu fillers as
functions of heating temperature. When a 15 wt % Ag layer is
coated on a 500-nm-diameter Cu core particle, the thickness
of the Ag layer becomes very small, approximately 10 nm.

2. Experimental methods

Figure 1 shows a schematic diagram of the cross section of a
Ag-coated Cu film. The Cu layer was sputtered onto a Ti
adhesion layer (thickness, ~10nm), which was formed on a
10 x 10cm?” Si wafer. The average thickness of the Cu layer
was approximately 100nm. After preparing the Cu layer,
immersion Ag plating was implemented through the galvanic
displacement reactions that occur between Ag ions and Cu
atoms when the Cu-coated wafer is dipped into a bath
solution. Before the plating procedure, the etching and

© 2016 The Japan Society of Applied Physics
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Fig. 2. (Color online) XRD pattern of the Ag-coated Cu film as a function
of temperature (50-300 °C).3

rinsing of the sample were conducted for 1min using a
1 : 9v/v mixture of sulfuric acid (H,SO4, 99.9%, Ducksan
Chemical, 95%, Samchun Pure Chemical) and ethanol
(C,H50H, 99.9%, Ducksan Chemical), and deionized water,
respectively. The composition of the plating bath was as
follows. Diethylene glycol [DEG, (HOCH,CH,),0, 99%,
Sigma-Aldrich] was selected as the solvent, and silver
nitrate (AgNOs3, 99.9%, Kojima Chemicals) and citric acid
[HOC(COOH)(CH,COOH),, >99.5%, Sigma-Aldrich] were
used as the Ag-ion source and complexing agent, respec-
tively. All chemicals were used without further processing or
purification. To prepare the plating bath solution, 0.1 g of
AgNO; and 1g of citric acid were dissolved in 100 ml of
DEG, and then the solution was mixed. During the plating
process, the mixed solution was continuously stirred with a
magnetic stirrer at 300 rpm. The bath temperature was fixed
at 40 °C. After 30 min of immersion, the Ag-coated Cu film
was rinsed with ethanol and deionized water for 1 min to
remove any impurities. The average thickness of the Ag
coating was approximately 10nm. The Ag-coated Cu film
was then dried for 24 h at room temperature.

To investigate the oxidation behavior of the Cu layer as a
function of temperature under air atmosphere, the Ag-coated
Cu film was heated on a hot plate to 300 °C in steps of 50 °C.
The heating rate was fixed at 5 °C/min and the holding time
at each temperature was 5 min. After the holding time, phase
analysis was conducted with in situ X-ray diffraction (XRD;
Philips X pert MPD). The cross section of the Ag-coated Cu
film was investigated by TEM (FEI Tecnai 20). The TEM
samples were prepared with a dual-beam focused ion beam
(FIB; FEI Quanta 200 3D) setup. Energy-dispersive spec-
troscopy (EDS) analysis was also performed to provide
information on which elements are present in specific parts
and on the relative quantity of each element.

3. Results and discussion

Figure 2 shows the XRD pattern of the Ag-coated Cu film as
a function of temperature (50-300 °C) under air atmosphere
(the Al,O3 phase does not need to be considered because the
signal is from the specimen holder).>¥ Up to 200°C, the
XRD patterns do not show any marked changes. However, as
the temperature increases to 250 °C, the intensity of the Cu
phase decreases considerably and that of the Cu oxide (Cu,0)
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Fig. 3.

(Color online) (a) Cross-sectional TEM image and (b) elemental
mapping images of the Ag-coated Cu film heated to 200 °C.

phase abruptly increases. On the other hand, the intensity of
the Ag phase is unchanged by the increase in temperature
to 250°C. Therefore, these results indicate that the rapid
oxidation of the Cu layer occurs as the temperature increases
from 200 to 250 °C.

Figures 3(a) and 3(b) show a cross-sectional TEM image
and elemental mapping images, of the Ag-coated Cu film
heated to 200 °C respectively. The elemental mapping images
[Fig. 3(b)] were acquired in the region indicated by the
white box in Fig. 3(a). The microstructure of the Ag-coated
Cu film [Fig. 3(a)] is very similar to that observed before
the sample was heated, except for the increased roughness on
the plated Ag layer. However, there are many aggregates of
tiny particles on top of the Ag layer. The elemental mapping
of these aggregates shows that Cu is present, but the mapping
image for O is noisy.

Figure 4(a) shows an enlarged cross-sectional TEM image
of the top surface, while Fig. 4(b) shows the elements
detected by EDS at the highlighted points in Fig. 4(a). The
microstructure of the top surface appears to resemble the
shape of the aggregated particles, and Cu and O are the major
elements detected at point 1. Ag is the dominant element
at point 2, which is between the top surface and the initially
sputtered Cu layer (point 3). Thus, the phase of the
aggregated particles found above the thin Ag layer was
indexed as Cu,0. The formation of the initial Cu,O phase
was observed on the thin Ag layer, which is contrary to the
studies indicating that the oxidation process is initiated in
the exposed Cu regions after the complete dewetting of the
Ag layer.2%2129 Although Hai et al. reported a 260-nm-thick
Ag layer on a 5um Cu particle,”” Tsai et al. and Grouchko
et al. reported Ag layers of 2.5 and <2 nm, respectively.?!-?®
Although the difference in thickness was large, no study
reported that the initial Cu,O phase was formed on a thin Ag
layer. Hai et al.’s study was performed only at the microscale
by SEM.?? Thus, detailed observations such as the formation
of the initial Cu,O phase were lacking. Although the TEM
image of Ag-coated Cu particles before Ag dewetting was
presented in the other studies, the dewetting images were
obtained by SEM or a detailed oxidation mechanism was not
presented.?!?® The results in Fig. 4 imply that Cu atoms
diffuse from the initial Cu layer through the thin Ag layer
and form aggregates that are several nanometers in size. The
extremely high surface energy of Ag (890 x 107>N/m)

© 2016 The Japan Society of Applied Physics
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Fig. 4. (Color online) (a) Enlarged TEM image of the top surface of the
Ag-coated Cu film heated to 200 °C and (b) the elements detected by EDS at
the highlighted points in (a).

compared with that of Cu,O is considered to be the driving
force for the diffusion of Cu atoms.’*3> After diffusing to
the surface, the tiny particles, which have an extremely large
surface area, are then promptly oxidized and form aggregates.
The dewetting behavior of the Ag layer was mild because
of the relatively low temperatures involved and the advan-
tage of being deposited on a flat surface as opposed to the
curved surfaces of particles. However, because of the slight
dewetting of Ag, peaks and troughs are present in the Ag
layer covering the Cu film, as shown in Fig. 3(a). Hence, the
troughs can be considered fast diffusion channels for the Cu
atoms. These results indicate that the dewetting of Ag in the
Ag-coated Cu film is initiated when the temperature reaches
approximately 200 °C, which also begins the initial stages of
oxidation in the Cu layer.

The intensive outward diffusion of Cu atoms and further
oxidation were observed in another Cu layer of the same
sample, as shown in Fig. 5. As a result of the diffusion of Cu
through the thin Ag layer, both Cu and O are clearly observed
above the Ag layer, indicating that the phase above the Ag
layer is Cu,O. A few voids are also observed in the upper and
lower regions of the sputtered Cu layer; these voids are
formed by the depletion of Cu via the aforementioned
diffusion (the voids were filled with polymer-based contam-
inants during the FIB machining of the sample). It has been
reported that the intense oxidation of a Cu particle or Ag-
coated Cu particle creates a vacant core because the oxidation
occurs at the air/Cu,O interface, not at the Cu,O/Cu
interface. 209 After the initial formation of Cu,O in this
sample, the Cu atoms from the initial Cu layer then
continuously diffuse through the thin Ag layer to react with
O, in air. The formation of voids appears to be linked to the
grain boundaries in the initial Cu layer, which implies that the
fastest Cu diffusion channels are the grain boundaries.
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Fig. 5. (Color online) (a) Cross-sectional TEM image of the Ag-coated
Cu film heated to 200 °C and (b) elemental mapping images of the region
indicated by the white box in (a).
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Fig. 6. (a) High-resolution TEM image and (b) FFT pattern of the Ag-
coated Cu film heated to 200 °C.

Figure 6 shows a high-resolution TEM image and a fast
Fourier transform (FFT) pattern of a Ag-coated Cu film
heated to 200 °C. The FFT pattern indicates that there is a
Cu,0 phase next to the Ag and Cu phases in the layer. This
result corresponds well to EDS results in Fig. 4 and
elemental mapping results in Fig. 5. However, because of
the low XRD resolution, the Cu,0O phase was not detected in
the sample heated to 200 °C in Fig. 2.

© 2016 The Japan Society of Applied Physics
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Figure 7 shows a cross-sectional, high-angle annular dark-
field (HAADF)-TEM image and elemental mapping images
of a Ag-coated Cu film heated to 250 °C. The HAADF-TEM
image clearly shows the different phases because of the
strong contrast between heavy and light elements. Hence, in
Fig. 7(a), the Cu,O phase above the irregular Ag layer is
darker than the pure Cu phase below the Ag layer. The
elemental mapping images [Fig. 7(b)] acquired from the
square solid line in Fig. 7(a) confirm that the phase above
the Ag layer is Cu,O and that the phase below the Ag layer is
pure Cu. The Ag layer is not present in some regions because
of the dewetting process, and the lower parts in the regions
are mostly voids. Many small and large voids are present in
the sputtered Cu layer and the total volume of the voids
increases rapidly after the film is heated to 250 °C, unlike the
sample heated to 200 °C. Most of the voids are linked to the
upper Cu,0 layer, implying that the Cu,O phase is formed by
the outward diffusion of Cu from the initial Cu layer. The
direct oxidation of the sputtered Cu layer also occurs in some
regions where the Ag layer is dewetted [square dotted line in
Fig. 7(a)]. This is attributed to the penetration of air through
narrow gaps where the upper Cu,O phase does not exist.
These results indicate that the exposure of the sputtered Cu
layer to air at 250 °C induces the rapid oxidation of the layer
when the Ag layer, which acts as an oxidation barrier, is
removed.

A cross-sectional TEM image and an FFT pattern of an
Ag-coated Cu film heated to 300 °C are shown in Fig. 8. The
Ag layer splits into irregular agglomerates and finding pure
Cu is difficult because most of the initial Cu is oxidized.
There are a few pillar-like structures of unoxidized Cu and
large voids under the Cu,0O layer because the Cu atoms in the
initial Cu layer rapidly diffuse to the surface of the upper
Cu,0 layer, and the resulting voids become linked to the
increased temperature.

The results of this study are similar to those obtained by
studies of the dewetting of Ag and the formation of hollow
structures with a CuO shell in Cu—Ag core—shell particles that
are heated to 500°C.2” However, in this FIB TEM study,
it was found that the initial CuyO phase forms on the thin
Ag layer at approximately 200 °C, which is contrary to the
reports that claim that the oxidation of Cu is initiated in
the exposed areas after the complete dewetting of the Ag
layer.2%-2129 Furthermore, the formation of hollow structures
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(Color online) (a) Cross-sectional HAADF-TEM image and (b) elemental mapping images of the Ag-coated Cu film heated to 250 °C.
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Fig. 8. (a) Cross-sectional TEM image and (b) FFT pattern of the Ag-
coated Cu film heated to 300 °C.

with a Cu,0 shell was almost completed at around 300 °C,
as opposed to 500 °C.2?

4. Conclusions

To elucidate the oxidation behavior in submicron Ag-coated
Cu particles, the oxidation and phase transformation of Ag-
coated Cu films fabricated by sputtering and immersion
plating was investigated with a FIB TEM technique as a
function of heating temperature. The initial thickness of the
Ag layer was 10nm. The slight dewetting of the Ag layer
began at approximately 200 °C, and aggregates of tiny Cu,O
particles were formed in many local regions on top of the Ag
layer. The observation that the initial formation of the Cu,O
phase occurred on the thin Ag layer is contrary to the studies
indicating that the oxidation of Cu is initiated in the exposed
Cu areas after the Ag layer is dewetted. Thus, Cu atoms in the
initially sputtered Cu layer diffuse through the thin Ag layer
to be oxidized in the Cu,O aggregates. The diffusion channel
for Cu atoms in the Cu layer is the grain boundaries. The
thinner regions of the Ag layer, which are generated by the
dewetting process, are also thought to act as channels for the
fast diffusion of Cu atoms. Furthermore, because of this
outward diffusion, a few voids were formed in the sputtered
Cu layer. After being heated to 250 °C, the Ag layer became
more irregular and disappeared in some regions because of
intensive dewetting. The number and average size of the

© 2016 The Japan Society of Applied Physics
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voids also increased. Most of the voids were linked to the
Cu,0 layer, further confirming that the Cu,0O phase is formed
via the outward diffusion of the initial Cu layer. When the
sample was heated to 300 °C, a hollow structure with a Cu,O
shell was formed. Pure Cu was hard to find because of the
severe outward diffusion and oxidation of Cu. Thus, there
were only a few pillar-like structures of unoxidized Cu and
large voids under the Cu,O layer.
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