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The diffusion barrier property of Co-P film as a buffer layer between SiC-
dispersed BisTes bulk material and In-48Sn solder was investigated. A Co-P
film with thickness of ~6 ym was electroplated on SiC-dispersed BiyTes sub-
strate, joined with In-48Sn solder by a reflow process, and annealed at 100°C
for up to 625 h. The formation and growth kinetics of intermetallic compounds
(IMCs) at the interface between the In-48Sn and substrate were studied using
transmission electron microscopy and scanning electron microscopy with
energy-dispersive x-ray spectroscopy. The results showed that crystalline
Co(In,Sn); formed as an irregular layer adjacent to the solder side at the
solder/Co-P interface due to diffusion of Co towards the solder, and a small
amount of amorphous Co4sP13In15Sn3¢ appeared at the Co-P side because of
diffusion of In and Sn into Co-P. The growth of Co(In,Sn)s and CossP13In;2Sn3,
during solid-state aging was slow, being controlled by interfacial reaction and
diffusion, respectively. For comparison, In-48Sn/Bi;Tes-SiC joints were pre-
pared and the IMCs in the joints analyzed. Without a diffusion barrier, In
penetrated rapidly into the substrate, which led to the formation of amorphous
In,Bi, phase in crystalline In,Te; matrix. These IMCs grew quickly with
prolongation of the annealing time, and their growth was governed by volume
diffusion of elements. The experimental data demonstrate that electroplated
Co-P film is an effective diffusion barrier for use in BigTes-based thermo-
electric modules.
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INTRODUCTION

Recently, thermoelectric (TE) devices have received
increasing attention because they can directly convert
heat to electricity and vice versa.'™® BisTe; has an
excellent figure of merit of ~1.0 near room temperature,
and thus BisTes-based TE devices have been used in
portable power generators, refrigerators, and infrared
sensors.” ! The efficiency of TE devices not only de-
pends on the intrinsic properties of the TE materials,
but also relies on the connections between the electrodes
and TE materials.'*** The requirements for such con-
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nections are low stress, low contact resistance, and slow
interdiffusion.’®'® Intermetallic compounds (IMCs)
always form between electrodes and TE materials,
playing an important role in the efficiency and reliabil-
ity of TE devices; therefore, it is important to study the
formation and growth of IMCs.'?19-%0

A diffusion barrier is typically required between
electrodes and TE materials to enhance joint
reliability and device efficiency. Various diffusion
barriers have been investigated, including nitrides,
noble metal, Ta, Ni, Co, Cr, and Mo.?'~3% Ni-based
barriers have been widely used in commercial
devices, and they are reliable diffusion barriers with
low contact resistance of 107¢ Q cm?,'%1731 but Ni
itself can diffuse into BisTes-based materials, which
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degrades the performance of TE devices.??3? Elec-
troless multilayered Ni-P/Co-P has been reported to
be an effective diffusion barrier between Sn and Te,
as the Co-P layer can prevent diffusion of Ni, but the
fabrication of the multilayered structure is com-
plex.?® A single electroplated Co-P layer has shown
a superior diffusion barrier property in preventing
diffusion of Sn, and electrolytic plating has many
advantages over electroless plating, such as
selected-area deposition, high de;osition rate, and
flexible microstructure tuning. 23436

Solders are widely used electrode materials.
Various solders, such as Sn-Bi, Sn-Ag-Cu, Sn-Pb,
etc., have been investigated to join TE materi-
als.'8:25:3237-39 [ ead-free In-48Sn solder has the
advantages of low melting temperature (118°C),
high ductility, good fatigue properties, and good
wettability on various substrates, making In-48Sn a
possible candidate for use in near-room-tempera-
ture TE devices.*® However, there is little study on
the application of In-48Sn solder in TE devices.

The purpose of this work is to investigate the
IMCs in In-48Sn/BisTes connections and the diffu-
sion barrier property of electroplated Co-P film as a
buffer layer between In-48Sn solder and Bi,Tes bulk
material. Using SiC-dispersed BisTes; as substrate,
we prepared In-48Sn/BigTes-SiC and In-48Sn/Co-P/
Bi,Tes-SiC joints and systematically studied the
IMCs and interfacial reactions in these joints during
solid-state aging. In addition, the growth kinetics of
IMCs was analyzed and the coefficients of the IMC
growth rate were calculated.

EXPERIMENTAL PROCEDURES

Bulk SiC-dispersed BisTes was used as substrate.
Adoption of SiC is helpful for enhancement of
the thermoelectric and mechanical properties of
BiyTes.'t*! Commercial high-purity powders of Bi
(99.99%, 100 mesh), Te (99.99%, 100 mesh), and SiC
(99%) with average size of 30 yum were used as raw
materials. These powders with chemical composi-
tion of BisTes with 0.5 vol.% SiC were subjected to a
mechanical alloying (MA) process at 450 rpm for 3 h
in a purified argon atmosphere.*! Subsequently, the
MAed powders were sintered using spark plasma
sintering technology at axial compressive stress of
50 MPa and sintering temperature of 420°C. The
sintered specimens were cut into small pieces and
used as substrates. The substrate surface was pol-
ished using sandpapers, etched in 50 vol.% HNO;
solution for 10 s to remove inorganic impurities and
surface oxide, and finally cleaned with deionized
water.

Co-P film was electroplated on SiC-dispersed
Biy;Tes substrates in an ultrasonic bath at ultra-
sonic power of 40 W and 70 + 2°C.2%3¢ The depo-
sition was carried out under a positive current
density of ~100 mA cm 2 and a negative current
density of ~10 mA cm 2. The working times of the
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positive and negative currents were 100 ms and
10 ms, respectively. The concentrations of Co-
012'6H20, COCO3, H3PO4, and H3PO3 were 200 g/
L, 3.1 g/L,, 5.5 g/L, and 5.5 g/L, respectively. The
thickness of the Co-P layer was 6.2 & 0.5 um with
10 min plating. In-48Sn solder foil (52 wt.% In and
48 wt.% Sn, Indalloy® no. 1E; Indium Corporation)
was joined with BisTe3-SiC and Co-P/BisTes-SiC
substrates by a reflow process in a reflow oven
(lead-free reflow oven T200N+; Beijing Torch
TechnOIO%y). The peak temperature was 166°C.
TACFlux~ 055 (Indium Corporation) was used as
soldering flux. After reflow, the samples were
embedded in epoxy and polished using sandpapers
and 50-nm colloidal silica for cross-sectional ana-
lysis under SEM. Solid-state aging was performed
in a convection oven at 100°C for 100 h, 225 h,
400 h, and 625 h in air.

Backscattered scanning electron microscopy
(SEM, FEI Quanta 200 FEG) was applied to observe
the interfacial IMCs in the samples. The IMC thick-
ness was calculated by dividing the IMC area by the
length of the SEM image. Images at multiple loca-
tions were used to improve the statistical accuracy
and obtain the average thickness. The phase and
composition of Co-P films and IMCs were determined
by transmission electron microscopy (TEM, JEOL
JEM-2100) and energy-dispersive x-ray spectroscopy
(EDS). TEM specimens were cut at selected locations
of SEM samples using the focused ion beam tech-
nique (FIB, TESCAN LYRA 3).

RESULTS AND DISCUSSION
In-48Sn/Bi,Tes-SiC Joints

Figure 1 presents cross-sectional SEM images at
the interfaces of In-48Sn/Bi,Tes-SiC specimens
annealed at 100°C for 0 h, 100 h, 225 h, 400 h, and
625 h. An IMC layer with average thickness of 5 um
was clearly observed at the interface after the reflow
process (0 h). The thickness of the IMC layer rapidly
increased with prolongation of the annealing time,
reaching 11 um on average after 625 h.

To study the composition of IMCs and diffusion,
EDS elemental mapping analysis and line scanning
were carried out. Figure 2a illustrates the mor-
phology of IMCs at the interface of the In-48Sn/
Bi,Tes-SiC joint annealed at 100°C for 625 h, and
Fig. 2b shows the compositional profiles of In, Sn,
Te, and Bi along the line perpendicular to the
interface of the joint. It was found that indium
penetrated rapidly into the substrate, whereas Sn
diffused rarely. The EDS elemental mapping images
in Fig. 2¢ and d show the distribution of In and Sn,
respectively, confirming fast diffusion of In and rare
diffusion of Sn.

To identify interfacial IMCs, TEM characterization
was carried out. Figure 3a shows the microstructure
of two kinds of IMC. One was In,Bi,, and the other was
In,Tes. The composition of In,Bi, was obtained by
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Fig. 2. Elemental mapping analysis of In-48Sn/Bi,Tes-SiC annealed at 100°C for 625 h: (a) morphology at the interfaces, (b) compositional

profile, and elemental maps of (c) In, (d) Sn, (e) Bi, and (f) Te.

TEM-EDS. The value of x was in the range from 30 to
45, and y was in the range from 55 to 70. The selected-
area electron diffraction (SAED) pattern of In,Bi, in
Fig. 3b clearly shows indistinct rings, indicating that
this phase is amorphous. The SAED pattern in Fig. 3c
shows that In Tes was crystalline. The indexing
results for In,Tes are labeled according to Joint Com-
mittee on Powder Diffraction Standards (JCPDS) file
no. 83-0040. The SEM images in Fig. 4 show the dis-
tribution of In,Bi, and In,Tes. In,Bi, appears white in
Fig. 4a and b, and it may gather to form a cluster or
disperse in the matrix of In Tes.

The growth of an IMC layer may be described by a
power law:

In(x —x9) =nlnt+Ink, 1)

where x is the thickness of IMC, x, is the initial
thickness before the aging process, & is the growth

rate constant, ¢ is the annealing time, and n is an
exponent.*? The thickness of the IMC layer as a
function of annealing time is plotted in Fig. 5.n and
k were calculated as 0.54 and 4.3 x 102 ym s~ V2,
respectively. Because the n value is very close to 0.5,
the growth of the IMC layer was governed by vol-
ume diffusion.*? The fast formation of IMCs caused
by diffusion of In-48Sn may result in degradation of
various properties and the reliability of joints be-
tween solder and substrate.?®*3** We will perform
further investigation in future work, especially on
the mechanical properties of the joints.

In-48Sn/Co-P/Bi,Tes3-SiC Joints

We deposited a Co-P film with P content of
8.0 + 1.1 at.% on BiyTes3-SiC substrate. Figure 6a
shows the interfacial morphology of the In-48Sn/
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Co-P/BiyTes-SiC joint annealed at 100°C for 400 h.
It is clear that diffusion of In-48Sn was blocked by
the Co-P film. No obvious interdiffusion between Co-
P and Bi;Tes was observed under SEM. Figure 6b
presents the compositional line profile according to
the arrow in Fig. 6a. Elemental maps for Sn, In, Co,
P, Bi, and Te are shown in Fig. 6¢-h, respectively.
The false appearance of Te at the solder side in
Fig. 6h is due to interference from the Sn signal (L
spectral line) in the EDS measurement. Two kinds
of IMC were observed. One IMC with composition
Co,In,Sn, formed and grew irregularly on the solder
side at the interface due to diffusion of Co from the

(11 o)%'(z 7Y
e Mo 1

Fig. 3. TEM analysis of In,Bi, and InsTes IMCs: (a) microstructure,
and SAED patterns of (b) In,Bi, and (c) InsTes.
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Co-P film to the solder. The value of x was in the
range from 24 to 26, y in the range from 10 to 13,
and z in the range from 59 to 64. The other IMC was
adjacent to the Co-P film; its composition was
Co45P13In15Sn30, being caused by diffusion of In and
Sn into Co-P.

The TEM image in Fig. 7a shows the morphology
at the interface between solder and Co-P. The SAED
pattern of region A indicates CoSns-type crystalline
IMC (JCPDS file no. 48-1813), as shown in Fig. 7b.
Because some In atoms were dissolved into the
CoSng lattice, this IMC was identified as Co(In,Sn)s,
which was also consistent with the compositional
analysis by SEM-EDS. The SAED pattern of
region B in Fig. 7c, which corresponds to Coys
P13lni98ng, IMC, shows indistinct rings that are
characteristic of amorphous structure. Figure 7d
shows a high-resolution TEM image of local
region D. Lattice fringes can be observed for
Co(In,Sn); but not for CoysP13In155n3,, confirming
that Co(In,Sn)z is crystalline and CossP13In5Sn3, is
amorphous. In addition, the indexing results in

B IMCs at In-48Sn|BiyTeg
2+ @ Co(In,Sn)3
A Co,P,In, SNy,

In(x-xg) (um)

12.5 13.0 13.5 14.0 14.5 15.0
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Fig. 5. Plots of growth of IMCs in In-48Sn/Bi,Te3-SiC and In-48Sn/
Co-P/Bi,Tes-SiC joints.
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Fig. 4. (a) Gathered In,Bi, phase, and (b) dispersed In,Bi, phase in In,Tez matrix.
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Fig. 6. Elemental mapping analysis of In-48Sn/Co-P/Bi,Tes-SiC annealed at 100°C for 400 h: (a) morphology at the interfaces, (b) compositional
profile, and elemental maps of (c) Sn, (d) In, (e) Co, (f) P, (g) Bi, and (h) Te.

Fig. 7e show that the Co-P film (region C) has hex-
agonal close-packed (hcp) Co-type crystal structure
(JCPDS file no. 05-0727).

Figure 8 shows the evolution of the interfacial IMCs
between In-48Sn solder and Co-P film annealed at
100°C from 0 h to 625 h. Both Co(In,Sn); and Coys.
P13In158n39 IMCs grew nonuniformly at the interface.
The thicknesses of both IMCs increased with prolon-
gation of the aging time. The average thicknesses of
Co(In,Sn)3 and C045P131n128n30 obtained from multi-
ple locations are plotted as a function of annealing
time in Fig. 5. The n value for Co(In,Sn); were calcu-
lated to be 1.21 and 6 x 10~ 7 yum s ! according to

Eq. 1, respectively. Because the n value for Co(In,Sn);
is close to 1.0, the growth of Co(In,Sn); was governed
by interfacial reaction. In contrast, the n and & values
for CoysP13In19Sn3, were calculated to be 0.52 and
1 x 107* yum s 2. CoysP15In15Sn5o has an n value
close to 0.5, meaning that its growth was controlled by
volume diffusion at the interface.? After 625 h, the
thicknesses of Co(In,Sn); and CoysP13In;oSns, IMCs
were 1.89 ym and 0.26 um, respectively. The growth
of these two IMCs was much slower than that of the
IMCs formed in In-48Sn/Bi,Tes-SiC joints. Therefore,
Co-Pisavery effective diffusion barrier for both In and

Sn.
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Fig. 7. TEM analysis of IMCs at the interface between solder and Co-P: (a) interfacial morphology, (b) SAED pattern of Co(In,Sn)s in region A,
(c) SAED pattern of CossP13In12Sng, in region B, (d) high-resolution TEM image at the interface between amorphous Coy4sP43ln12Sn3zo and
crystalline Co(In,Sn)s in region D, and (e) SAED pattern of Co-P in region C.
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of amorphous In,Bi, and crystalline In,Tes phases.
These IMCs grew quickly and reached 11 um on
average after an annealing process at 100°C for
625 h. In contrast, a Co-P film with thickness of
6 um effectively bonded solder with substrate and
blocked diffusion of In and Sn. The thicknesses
of crystalline Co(In,Sn); and amorphous CoysP13
In;5Sngy IMCs that formed between the solder and
Co-P film increased to 1.89 yum and 0.26 ym after
625 h annealing, respectively. The experimental
data demonstrate that Co-P is an effective diffusion
barrier for use with In-48Sn solder in BisTes-based

TE devices.
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