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The structural and electrical characteristics of Ag/Ni bilayer metallization on
polycrystalline thermoelectric SnSe were investigated. Two difficulties with
thermoelectric SnSe metallization were identified for Ag and Ni single layers:
Sn diffusion into the Ag metallization layer and unexpected cracks in the Ni
metallization layer. The proposed Ag/Ni bilayer was prepared by hot-pressing,
demonstrating successful metallization on the SnSe surface without interfa-
cial cracks or elemental penetration into the metallization layer. Structural
analysis revealed that the Ni layer reacts with SnSe, forming several crys-
talline phases during metallization that are beneficial for reducing contact
resistance. Detailed investigation of the Ni/SnSe interface layer confirms
columnar Ni-Sn intermetallic phases [(Ni3Sn and Ni3Sn2) and Ni5.63SnSe2]
that suppress Sn diffusion into the Ag layer. Electrical specific-contact resis-
tivity (5.32 9 10�4 X cm2) of the Ag/Ni bilayer requires further modification
for development of high-efficiency polycrystalline SnSe thermoelectric mod-
ules.
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INTRODUCTION

A thermoelectric module is a well-known device
that can convert thermal energy to electrical energy
from waste heat sites like those in industrial incin-
erators, automobiles, and the steel industry. The
average power conversion efficiency of thermoelec-
tric modules has remained less than 5% for several
decades.1–4 However, in recent years, exploration of
novel thermoelectric materials has opened up new
possibilities for highly efficient thermoelectric tech-
nology.5–7 Rogl et al. reported n-type skutterudites
that had a high Figure of Merit (ZT: 1.8) with an
optimum fraction of In filler.8 The Yamamoto group
reported high-performance nanostructured PbTe-

based material with ZT � 1.8 at 810 K for p-type
PbTe.9 In their work, the Yamamoto group also
demonstrated a PbTe thermoelectric module with
maximum conversion efficiency of 11% for a temper-
ature difference of 590 K. Zhao reported a maximum
ZT of 0.964 for Sb0.5%-Zn0.5% doped Mg2Si at
880 K.10 Among these high-performance thermo-
electric materials, SnSe is getting particular atten-
tion for its world-record high figure of merit
(ZT � 2.6) results.11 Since the first report of the
world’s highest ZT result with a SnSe material in
2014, many research groups have started to pursue
development of the high-performance thermoelectric
modules with SnSe. Unlike other well-known high-
temperature thermoelectric materials such as PbTe
or skutterudite, there are very few reported studies
of metallization structures or module fabrication
steps with the thermoelectric SnSe material. As(Received July 5, 2016; accepted September 16, 2016;
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depicted in Fig. 1, a thermoelectric module consists
of both n- and p-type thermoelectric legs, and
electrodes that electrically connect these legs in
series. To develop high-efficiency thermoelectric
modules, minimization of the contact resistivity
between the thermoelectric materials and metallic
parts is one of the most important technological
issues.12 The detailed structural illustration in
Fig. 1 shows that the metallic parts are composed
of electrodes, brazing fillers, and metallization lay-
ers. The formation of the metallization layers on
both ends of the thermoelectric legs, in particular,
contributes to the overall internal resistance of the
thermoelectric module.

In this work, the formation of metallization layers
on SnSe employing an Ag/Ni bilayer was investi-
gated to overcome the drawbacks of Ag and Ni used
separately. Successful Ag-based metallization with
a Ni functional layer could be applied with improved
electrical contact resistivity (5.32 9 10�4 X cm2).

EXPERIMENTAL

Stoichiometric amounts of elemental Sn and Se
were weighed for the synthesis ofSnSe and loaded into
a fused silica tube. The tube was flame-sealed under a
vacuum of �1.33 9 10�3 Pa. The tube was then
heated to 950�C during 12 h, held at the same
temperature for 24 h, and then passively cooled in
the furnace. The ingot obtained from the furnace
reaction was placed in a glove box and ground
mechanically, after which the ground powder was
sieved. The powder particles under 45 lm were pro-
cessed via spark plasma sintering (SPS, Fuji Elec-
tronic Industrial Co., Ltd. SPS-211LX) with 40 MPa
pressure at 510�C for 5 min. To make an Ag or Ni
metallized surface on the SnSe, Ag or Ni layers were
prepared by employing 200 meshAg powder (‡99.99%,
Sigma-Aldrich), Ag pellets (prepared from 200 mesh
Ag powder), or 200 mesh Ni powder (‡99.99%, Sigma-
Aldrich) on top and bottom of the 2-mm thick SnSe
inside a graphite mold (Ø = 12 mm). Then, it was hot-
pressed at 15 MPa and 650�C in a vacuum. To apply
the Ag/Ni metallization bilayer, 0.4 g of Ag and 0.03 g
of Ni were pressed together to prepare Ag/Ni pellets,
and then stacked on both sides of the SnSe. This was
followed by vacuum hot pressing under the same
conditions of Ag metallization. These ingots were
processed to form rectangular thermoelectric legs

using a diamond wheel saw and wire saw, as shown
in Fig. 2a and b.

Microstructural analyses were conducted using
scanning electron microscopy (SEM, JEOL JSM-
7000F) to investigate the characteristics of the
interface between the SnSe and the metallization
layer. Energy dispersive spectroscopy (EDS) line-
scan analyses were also conducted to analyze the
distribution of each element at the metallization
layer interface. A compositional and phase investi-
gation of the metallization interface after the high-
temperature hot-press was carried out, using x-ray
photoelectron spectroscopy (XPS, Thermo VG Scien-
tific, K-alpha) and x-ray diffraction measurements
(XRD, Rigaku, D/MAX-2500). The contact resistivity
between the SnSe and metallization layers was
measured using the in-house resistance scanning
measurement apparatus presented in Ref. 13.

RESULTS AND DISCUSSION

Among various candidate metal layers that might
be used to form the thermoelectric material inter-
face, Ag was utilized due to its cost effectiveness in
both powder and foil forms.14–16 Thus, in this work,
the interfacial characteristics of Ag metallization on
SnSe were investigated using two different types of
Ag-powder-based metallization processes. First,
bare Ag powder was located directly on both sides
of the SnSe pellet and co-sintered at 15 MPa and
650�C in a vacuum. A secondary Ag pellet-type
metallization sample was prepared using cold-
pressed Ag pellets that were located on both sides
of the SnSe under the same sintering conditions.
The cross-section views of the surfaces of both Ag
powder and Ag pellet metallization layers are
shown in Fig. 2a and b. In both cases, the Ag
metallization layers are bonded robustly to the SnSe
thermoelectric leg surface without interfacial cracks
or delamination. Figure 2c shows contact resistivity
characteristics of 7.03 mX cm2 for the Ag powder
metallized leg, and 3.75 mX cm2 for the Ag pellet
metallized leg. These two different processed Ag
metallization showed very similar and relatively
high contact resistivity characteristics. EDS line
scanning of these two metallized thermoelectric legs
showed unexpected Sn distribution inside the Ag
metallization layer, while Se showed no penetra-
tion. The solid white scanning line of Sn in Fig. 2d
and e clearly showed a relatively higher profile than
the Se distribution into the Ag layer side. This Sn
diffusion at the metallization interface indicates
that more Sn could diffuse into the Ag side when an
Ag-metallized SnSe thermoelectric module is used
for long-term power generation at high tempera-
ture. Even though the Ag metallization made a
robust metallized layer on the SnSe thermoelectric
legs, the Sn diffusion into the Ag metallized layer
could significantly deteriorate the long-term relia-
bility of the metallization interface for thermoelec-
tric modules. The results in Fig. 2 clearly show thatFig. 1. Schematics of a thermoelectric module and detailed structure

of thermoelectric-leg bonding layers.
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a single Ag layer is not likely to make a reliable
metallization interface for a SnSe thermoelectric
leg.

Ni layers are known to form effective barriers to
elemental diffusion,17–20 and thus might be useful to
prevent Sn diffusion into the metallization layer.

Fig. 2. (a) Photographs of polycrystalline SnSe thermoelectric legs metallized with (a) Ag powder and (b) Ag pellet, (c) Specific-contact resistivity
comparison from the resistance scanning results. SEM and EDS element line scanning results of (d) Ag powder and (e) Ag pellet metallized
SnSe thermoelectric legs.
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Hard and ductile nickel is one of the best corrosion-
resistant metals, because an oxide layer naturally
forms on its surface. For this reason, it has been
widely utilized as a coating metal. An investigation
of a single Ni metallization layer on SnSe was done,
and the results are shown in Fig. 3. The Ni-powder
metallization shows that direct Ni metallization on
SnSe results in severe crack formation as shown in
Fig. 3a. An XRD pattern of the Ni metallization
layer in Fig. 3b shows that the whole Ni powder
layer reacted with SnSe during the metallization
process, and that the resultant layer was composed
of Ni5.63SnSe2, Ni17Sn3, and Ni3Sn, as indexed in
Fig. 3b. The cracks in the metallization layer in
Fig. 3a could be induced by the difference in ther-
mal expansion coefficients of SnSe and one of the
Ni-Sn intermetallic phases detected in Fig. 3b.
Based on the formation of such cracks, it is unlikely
that a single Ni metallization layer could establish
robust contact with the SnSe thermoelectric leg.

To alleviate Sn penetration into the Ag metalliza-
tion layer as well as the interfacial cracking during
Ni metallization, an Ag/Ni bilayer metallization
structure is proposed. To fabricate this Ag/Ni met-
allization bilayer, 0.4 g of Ag and 0.03 g of Ni were
pressed together to prepare Ag/Ni pellets, and then
stacked on both sides of the SnSe pellet with the Ni
layers facing the SnSe surfaces, as shown in the
inset of Fig. 4a. The multi-stacked pellets were
sintered by vacuum hot pressing under the same
conditions of Ag metallization. It was demonstrated
that Ag/Ni bilayer metallization showed no cracks

or delamination after hot-pressing. The EDS line
scanning result in Fig. 4a showed no significant Sn
penetration into the Ag layer compared to the Sn
profile in Fig. 2d and e. Introduction of the Ni
interlayer significantly suppressed Sn diffusion into
the Ag layer. Detailed investigation by EDS shows
that the Ni layer formed two distinguishable layers
(marked 1st and 2nd Ni layer) after metallization
via vacuum hot press sintering. The 1st Ni layer
shows Ni, Sn, and Se elemental distribution, while
the 2nd Ni layer shows Ni and Sn with suppressed
Se distribution. When the Ni reacts with SnSe at
the Ni/SnSe interface during the hot-pressing,
excess Ni reacts first with SnSe to form Ni5.63SnSe2

together with Sn (SnSe
����!excess Ni

Ni5:63SnSe2 þ Sn) to
compose the first Ni layer. Then, the remnant Sn
reacts with excess Ni further to form Ni-Sn inter-
metallic phases (Ni3Sn and Ni3Sn2) to form the
second Ni layer, in the partial presence of
Ni5.63SnSe2.

The resultant contact resistivity of this Ag/Ni
bilayer metallization was measured (5.32 9 10�4

X cm2) and is shown in Fig. 4b. The changeover of
the different resistivity (q1 and q2) is also found, as
visualized in the resistance scanning results in
Fig. 4b. The two different resistivity ranges coincide
with the two distinguishable EDS element distribu-
tions, as marked with yellow dashed lines in Fig. 4a
and b. This coincidence between EDS element
scanning and resistance scanning clearly proved
that the Ni layer resulted in two distinguishable
layers with different electrical characteristics.
Detailed investigation of the contact resistance
characteristics in Fig. 4b explains that the interface
between SnSe and the metallic layer (2nd Ni layer)
makes electrical specific-contact resistivity so low
that it could barely be noticed in the resistance line
scanning. In this result from investigation of the Ag/
Ni bilayer, the most distinct and large specific-
contact resistivity came from the interface of two
different metallic layers (the Ag and 1st Ni layer).
Normally, the biggest specific-contact resistivity
would be expected to be located at the interface
between the metallization layer and thermoelectric
material (SnSe in this case) because these two
materials have different characters (metal and
semiconductor). In this work, it was found that in
metallization cases involving formation of multi-
layer structures as the result of metallization, the
term ‘‘overall specific-contact resistivity’’ would be
preferred, to distinguish this situation from that
described by the previous (common) term ‘‘specific-
contact resistivity’’. The latter condition is confined
to the contact resistivity right at the interface
between the metallization layer and thermoelectric
material.

Compared to the Ag single metallization investi-
gation in Fig. 2c, which showed significant contact
resistivity at the SnSe and metal layer interface, the
Ag/Ni bilayer structure showed almost tenfold lower

Fig. 3. (a) Photograph of surficial and interfacial cracks of single Ni
layer metallization on polycrystalline SnSe, and (b) XRD phase
analysis of the Ni metallization layer.
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electrical contact resistivity between the thermo-
electric SnSe and metallic layer. This contact resis-
tivity difference could be caused by Sn penetration
into the Ag layer, as shown in Fig. 2d and e. Pure
metal generally shows lower electrical resistivity
than alloyed metal; consequently, unalloyed Ag in
the Ag/Ni/SnSe layer could induce lower contact
resistivity compared to Sn alloyed Ag in the Ag/
SnSe layer. However, based on the electrical contact
resistivity of 5.32 9 10�4 X cm2 with Ag/Ni bilayer
metallization, further modification is necessary
compared to previously reported PbTe or skutteru-
dite cases that showed a contact resistivity range as
low as 10�5 X cm2.21–23 The slightly high electrical
specific-contact resistivity of the Ag/Ni bilayer on
polycrystalline SnSe could be caused by the rela-
tively low electrical conductivity of SnSe.11 The
room temperature electrical conductivity reported
by the Kanatzidis group was around 0.1 to 102

S cm�1, which is quite lower than that of Half-
Heusler and skutterudite.24,25 Polycrystalline SnSe
in this work also showed a low electrical conductiv-
ity of �2 S cm�1. Further investigations on improv-
ing the electrical contact resistivity as well as the

electrical conductivity of polycrystalline SnSe
should be conducted to develop highly efficient SnSe
thermoelectric modules.

Further modification of the interface between the
two different metallic layers could be easier, or have

Fig. 5. SEM microstructural analysis of the Ag/Ni bilayer metalliza-
tion interface.

Fig. 4. (a) SEM and EDS line scanning investigations (Inset: Photograph of the Ag-Ni bilayer SnSe thermoelectric leg) of Ag/Ni bilayer met-
allization on SnSe, and (b) Specific-contact resistivity from the resistance line scanning result.
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greater variety of engineering approaches, than
would direct modification of the thermoelectric
interface, and might provide ultralow specific-con-
tact resistivity metallization.

The SEM image of the Ni/SnSe interface layer in
Fig. 5 confirms a unique columnar phase formation
at the interface between SnSe and the 2nd Ni layer.
To mimic the phase formation in the resultant Ni

Fig. 6. (a) Rietveld refinement result for XRD pattern: observed (red open circles), calculated (black line), and difference (blue line) of Ag, Ni and
SnSe powder after sintering at 650�C in a vacuum with 15 MPa. Bragg positions of cubic Ag (space group: Fm �3 m, lattice parameter: a = 4.089
(1) Å), cubic Ni (space group: Fm �3m, lattice parameter: a = 3.520 (1) Å), hexagonal Ni3Sn (space group: P63/mmc, lattice parameter: a = 5.298
(1) Å and c = 4.251 (1) Å), hexagonal Ni3Sn2 [space group: P63/mmc, lattice parameter: a = 4.119 (1) Å and c = 5.289 (1) Å], tetragonal
Ni5.63SnSe2 [space group: I4/mmm, lattice parameters: a = 3.690 (1) Å and c = 18. 695 (1) Å] are also shown. (b) XPS peak comparison of Sn in
Ag, 1st Ni, 2nd Ni, and SnSe layers. Detailed phase identification results of Sn XPS peaks in (c) 1st Ni layer and (d) 2nd Ni layer (Color figure
online).

Fig. 7. EDS line scanning comparison of Ag/Ni bilayer metallization structures on SnSe (a) Before and (b) After high-temperature heat treatment
at 723 K for 10 h.
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functional layers; Ag, Ni, and SnSe powders were
homogenously mixed; then heat treated under the
same conditions as for the SnSe metallization for
XRD analysis shown in Fig. 6a. The Rietveld refine-
ment result of the aforementioned mixture (deter-
mined using Fullprof software26) shows the
formation of Ni-Sn intermetallic phases (Ni3Sn
and Ni3Sn2) and Ni5.63SnSe2 along with Ni and Ag
metals. The reliability factors of the refinements,
Rp, Rwp, Rexp, and v2 were 3.47%, 4.86%, 3.06%, and
2.52. The obtained weight fraction values of Ag, Ni,
Ni3Sn, Ni3Sn2, and Ni5.63SnSe2 were 22.2 ± 0.5%,
2.7 ± 0.1%, 25.8 ± 0.5%, 0.4 ± 0.1%, and
48.9 ± 0.5%. The formation of these phases in the
metallization layer was further investigated using
Sn XPS in Fig. 6b, c, and d. Detailed study of the
XPS peak of Sn in the 1st Ni layer, revealed two
major peaks (of Ni5.63SnSe2 and SnSe), along with a
small portion of Ni-Sn intermetallic phases (Ni3Sn
and Ni3Sn2), as shown in Fig. 6c.27,28 These three
peaks also appeared in the 2nd Ni layer (Fig. 6d)
with slightly different ratios of each phase (com-
pared to the results in Fig. 6c). The combined XPS
and XRD results confirm that the functional Ni
layer is reacted with SnSe to form columnar Ni-Sn
phases and Ni5.63SnSe2, which suppressed Sn dif-
fusion into the Ag layer without deterioration of the
electrical contact characteristics.

The high-temperature stability of the proposed
Ag/Ni bilayer structure has been initially tested and
the results are shown in Fig. 7. The metallized SnSe
thermoelectric leg was heat treated at 723 K (the
expected average hot-side operation temperature is
between 673 and 773 K) for 10 h in Ar gas. The EDS
line scanning comparison in Fig. 7 shows that there
was no apparent difference between the profiles of
the elements before or after the high-temperature
treatment. The Sn profile in Fig. 7b clearly showed
that the proposed Ag/Ni bilayer effectively pre-
vented Sn diffusion into the Ag layer even after 10 h
continuous heat treatment at 723 K. The thick-
nesses of 1st and 2nd Ni layers were the same before
and after the heat treatment. The initial high-
temperature test in Fig. 7 showed that the proposed
Ag/Ni bilayer metallization structure was stable un-
der the expected high-temperature operating condi-
tion. More detailed investigation on the phases in
the 1st and 2nd Ni layers, and long-term stability
tests for highly efficient and reliable SnSe thermo-
electric module metallization are the subjects of
future work.

CONCLUSIONS

In this paper, the metallization results are
reported for thermoelectric SnSe with a Ag/Ni
bilayer structure. A single Ag metallization layer
could not provide a reliable metallization interface
with the SnSe thermoelectric leg due to a problem
with Sn diffusion into the Ag layer, and resulting
relatively high contact resistivity. A single Ni

metallization layer resulted in surficial cracks and
failure to establish a robust contact on the thermo-
electric SnSe surface. The proposed Ag/Ni bilayer
clearly prevented Sn diffusion into the Ag layer as
well as mechanical cracks. Detailed investigation
showed that Ni-Sn phases (Ni3Sn and Ni3Sn2) and
Ni5.63SnSe2, in particular, made a unique columnar
microstructure in the metallization layers. The Ag/
Ni bilayer metallization showed low electrical speci-
fic-contact resistivity (5.32 9 10�4 X cm2); ten times
lower than with single Ag metallization. The initial
high-temperature test at 723 K showed stable char-
acteristics of the Ag/Ni bilayer metallization struc-
ture, and showed that Sn is distinctly prevented for
penetration into the Ag layer. More detailed and
extended investigation on the long-term stability of
the proposed Ag/Ni bilayer structure should be
followed up in future work. Based on the results
from this metallization investigation of polycrys-
talline SnSe, and assuming further modification of
the electrical specific-contact resistivity, the result
could be development of a practical, high-conver-
sion-efficiency SnSe thermoelectric module.
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