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Investigation of Barrier-Layer Materials for Mg,Si/Ni Interfaces
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The durability of Ni electrodes, which are often used for Mg,Si thermoelectric
chips, is poor at high working temperatures because of deposition of Mg at the
Mg,Si/Ni interface and on the surface. Hence, a “MgySi/barrier material/Ni”
structure was adopted instead of direct adhesion of Ni to Mg,Si. Ti, TiSiy, and
TiN were selected as candidate materials for the barrier layer between MgsSi
and Ni, and the barrier effect, adhesion, and contact resistance of each of these
materials were evaluated. After the samples had been annealed at 873 K for
1 h, Mg appeared on the Ti surface and TiSi, deposited on Mg,Si; however, no
Mg was detected on the surface of TiN or in the inner part of the Ni electrode.
Continuous, low contact resistance was also observed for Mg,Si/TiN/Ni sam-
ples. TiN does not adhere strongly to Mg,Si but is a promising barrier material

for MgoSi/Ni interfaces.
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INTRODUCTION

Waste heat recovery in the middle-to-high tem-
perature range by use of thermoelectric (TE) mate-
rials has been developed as technology for reducing
fuel consumption. In particular, silicides, skutteru-
dites, and half-Heusler compounds are attractive
materials because of their promising TE properties.
Yasunaga Corporation has researched and devel-
oped TE materials and chips based on magnesium
silicide (Mg»Si), which is abundant in the Earth’s
crust and is of low toxicity.

TE chips are preferably attached strongly to a
metal electrode, because metal electrodes are easily
soldered and/or brazed. In addition, the contact
resistance of the electrode obtained should be low
(<10 uQ ecm?)? and its performance should be con-
stant up to 10,000 h at its operating temperature,
e.g., 823 K. (In Japan, the average vehicle is used
for approximately 13 years® and average usage is
2 h/day). Therefore, the properties required for
electrodes are high adhesion, low contact resistance,
and long-term durability. An important aspect of
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satisfying these requirements is the choice of elec-
trode material and the forming process, which
should be selected such that the electrode material
does not deteriorate at the operating temperature
and no diffusion or chemical reaction occurs be-
tween the electrode material and Mg,Si.

We have developed a diffusion-bonding technique
with spark plasma sintering (SPS) for fabrication of
Ni electrodes on MgySi substrates; however, we
have observed that a chemical reaction between Ni
and Mg,Si in these electrodes generates Ni—Si al-
loys and metallic Mg. If the Ni/Mg,Si interface
formed by diffusion bonding is subjected to high
operating temperatures for an extended period, Mg
is oxidized at the Ni/Mg,Si interlayer. Although our
diffusion bonding method is effective for adhesion, it
generates Mg and becomes disadvantageous with
regard to durability. In addition, the difficulty of
quantity control of diffusion during SPS is also ex-
pected to be problematic, as it is for the monobloc
sintering method.**

We therefore used sputtering, a dry plating
method, because it results in much less diffusion
than the conventional method. In this study we
identified a suitable barrier material for insertion
between the Ni electrode and Mg,Si substrate that
would result in less diffusion.
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For insertion of a barrier material, i.e., “MgySi/
barrier material/Ni,” which is less chemically reac-
tive than Ni when adhering directly to Mg,Si, we
considered three candidate materials.

Ti

The diffusion coefficient of Ni in Siis 0.1 cm?/s at
723-1073 K® and the diffusion coefficient of Ti in Si
ranges from 5 x 107'° cm?/s to 107® cm?/s at 1223—
1473 K;% thus, Ti seems less diffusive than Ni in Si.
Therefore, we expected the chemical reaction be-
tween Mg,Si and Ti to be inhibited. Even if Ti and
Mg,Si react and generate TiSi, and Mg, Mg does not
move into the Ti layer (according to the Ti—-Mg
phase diagram”). In addition, although Ni is known
for its rapid diffusion in Ti, the solubility limit of Ni
in Ti is quite small.? Furthermore, Ti is used as an
adhesive layer between semiconductor Si and Ni
electrodes for power devices, where its adhesion and
Ohmic contact are good. This characteristic is also
preferable for Mg,Si.

TiSi,

Stable metal silicides prepared by combining a
metal and silicon are often used to reduce the con-
tact resistance of semiconductor Si electrodes. We
hypothesized that if the Si composition x of a metal
silicide MSi, is saturated at the upper limit, Si
would not diffuse from Mg,Si. WSi,, TiSiy, CoSi,,
and NiSi are widely used as silicide materials; we
selected TiSiy because of its low resistivity, linear
coefficient of expansion similar to that of Mg,Si,
durability at working temperatures, possibility of
removing native oxides, easy controllability of
composition, and low material cost.? 2

TiN
Titanium nitride (TiN) is used as a diffusion
barrier layer for Si semiconductor devices.'®~!€ It is
also expected to serve as a barrier layer for Mg.
Electrodes consisting of a combination of an

Mg,Si substrate and a Ni electrode were also fab-
ricated for reference purposes.

EXPERIMENT 1: EVALUATION OF THE
BARRIER EFFECT FOR THE CANDIDATE
MATERIALS

For sample preparation, Mg,Si was synthesized
by use of an all-molten method and subsequently
sintered by SPS in-house. Details of the method are
reported elsewhere.!” Sintered pellets were sliced to
a thickness of 2 mm by use of a multi-wire saw (SW-
1520; Yasanuga); the surfaces of these pellets were
then polished to a mirror finish.

The candidate materials were deposited on to
Mg,Si substrates by use of a carousel-type sputter-
ing machine (SPC-1000W; Showa Shinku). The base
pressure was 0.4 Pa. The argon gas flow rate was
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10 sccm during sputtering. A DC power supply with
an output of 800 W or 600 W was used as power
source for sputtering TiSis, Ti, TiN, and Ni.

Film thickness was controlled via sputtering time,
and films as thick as 200 nm were deposited. Ni
electrodes were not deposited on to the barrier
candidate materials because the purpose of these
experiments was to evaluate the barrier effect
against Mg,Si. Samples were annealed at 873 K for
1 h under an Ar atmosphere. During annealing,
pieces of quartz glass were placed on both sample
surfaces to prevent adhesion of foreign substances
(contamination) that might be scattered from the
Mg,Si substrate. The annealed substrates were
then cut to dimensions 2 mm wide x 2 mm deep by
use of the wire saw.

The surfaces of the annealed samples were ob-
served with a laser microscope (VK-X210, Keyence).
The laser wavelength was 408 nm, the objective
lens magnification was 50x, and resolution in the
height direction was 0.1 nm.

Figure 1 shows the surface depth analysis images
for (a) Ni (b) Ti (c) TiSis, and (d) TiN. The images in
column 1 in Fig. 1 are the images of samples not
subjected to annealing, whereas those in the column
2 are the images of samples annealed at 873 K for
1 h. As shown in Fig. 1a and b, the annealed Ni and
Ti films were rough and appeared to be broken
along a grain boundary. These features were
apparently caused by mismatch of the coefficients of
thermal expansion (CTE) of the Ni/Ti films and
Mg,Si and/or by recrystallization of Ni/Ti. The CTE
of Ni and Ti at room temperature are 13.5 x 10~9K
and 8.4 x 10~ %K, respectively.'® These values are
smaller than the CTE of MgySi (16.5 x 107K,
measured in-house); thus, Ni and Ti seem to be ex-
panded by MgsSi during annealing.

As shown in Fig. 1c, the surface of TiSis also ap-
pears rougher than before annealing. However, this
film appears to be less damaged than the Ni and Ti
films.

The TiN surface appears to not be broken after
being annealed, despite the TiN CTE being
9.4 x 107%K,' which is smaller than the Ni CTE.
TiN is a hard material; therefore, it is used as a
coating in the fabrication of super-hard materials.
In particular, it does not appear prone to cracking
owing to its CTE mismatch with Mg,Si.

The effect of annealing at 873 K for 1 h on the
composition of the deposited materials was esti-
mated by use of x-ray photoelectron spectroscopy
(XPS). XPS was performed with a Quantam 2000
(ULVAC-PHI) equipped with an Al-Ko x-ray source.
The measurement resolution was 1eV for wide
scanning. Before being scanned, the sample sur-
faces were cleaned by being sputtered with a 2-keV
Ar*-ion beam for 5 min to remove native oxides and
contaminants; the rate of etching of SiO5 was 4 nm/
min.

Figure 2 shows the XPS spectra of Ni, TiSi,, Ti,
and TiN films on Mg,Si substrates, after annealing
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Fig. 1. Height images of the deposited films. The images in column 1 show the surfaces of films not subjected to annealing, whereas those in
column 2 show surfaces of films annealed at 873 K for 1 h. (a-1) Ni without annealing, (a-2) Ni annealed at 873 K for 1 h, (b-1) Ti without
annealing, (b-2) Ti annealed at 873 K for 1 h, (c-1) TiSi, without annealing, (c-2) TiSi» annealed at 873 K for 1 h, (d-1) TiN without annealing,

(d-2) TiN annealed at 873 K for 1 h.

of the samples at 873 K for 1 h. Figure 2a and b
show the ranges from 0 eV to 1200 eV and from
200 eV to 400 eV, respectively. As shown in Fig. 2b,
peaks were observed at approximately 301 eV in the
spectra of the Ni, TiSi,, and Ti samples; the inten-
sity of these peaks in the spectra of Ni and TiSi,, in
particular, were stronger than that in the spectrum
of Ti. A KLL peak of Mg metal appeared at 301 eV;
thus, the peaks observed at approximately 301 eV
were attributed to Mg. However, no clear peak at

approximately 301 eV was observed in the spectrum
of the TiN films.

Two hypotheses were considered to explain for-
mation of the Mg observed on the Ni, TiSi,, and Ti
films:

1. chemical reaction between the deposited mate-
rial and MgySi; and/or

Deposited metal + MgySi — Metal-silicide + 2Mg
(1



1324

100.000um!|
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Fig. 2. X-ray photoelectron spectra of Ni, TiSi,, Ti, and TiN films on Mg,Si substrates; the samples were annealed at 873 K for 1 h. (a) and (b)
show the ranges from 0 eV to 1200 eV and from 200 eV to 400 eV, respectively.

2. thermal decomposition of Mg,Si.
Mg,Si — 2Mg + Si 2

To understand the distribution of Mg, composi-
tional depth profiles were obtained by XPS in
conjunction with Ar*-ion etching. The etching
rate was approximately 8.4 nm/min for SiO, and
4 nm/min for Ti.

Figure 3 shows the XPS depth profiles of (a) Ni,
(b) Ti, and (c) TiN films. As shown in Fig. 3¢, Mg
was not observed during the entire etching time for
the TiN film. In contrast, Fig. 3a and b shows the
distribution of Mg throughout the film; the density
of Mg was particularly high at the surface.

As shown in Fig. 1a-2 and b-2, cracks in the films
were observed. Mg appears to be present in the
cracks, and occasionally throughout the films. The

reason for the high density of Mg at the surface is
illustrated in Fig. 4. The generated Mg tended to
accumulate between the quartz glass and the de-
posited film and then to become deposited on the film.

The TiN film seems to be more resistant to
cracking than the other films; thus, it might func-
tion well as a barrier material.

EXPERIMENT 2: EVALUATION
OF ADHESION

To study the adhesion of TiN, peeling tests were
performed. Formed TiN surfaces were attached to a
piece of VHB KPP-19 (3M) tape then removed from
the tape; this process was performed 10 times.

Table I shows the results of the peeling test. As
shown in this table, TiN was easily stripped from
samples after annealing at 823 K for 100 h under an
Ar atmosphere. Countermeasures are required be-
cause TiN was easily peeled off.



Investigation of Barrier-Layer Materials for Mg,Si/Ni Interfaces

(a) 100
90
80
70 v
60
50

40

Concentration [at%]

30

20

10

0

0 500 1000

Sputtering time [sec]

1500

1325

(b) 100
90
80
70 Mg
60
50

40 Ti

Concentration [at%]

30

20

Si

500 1000
Sputtering time [sec]

1500

(c) 100

Concentration [at%]

\SLMQ

//:.?oo—om

0

Fig. 3. XPS depth profiles for (a) Ni, (b) Ti, and (c) TiN films.
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Fig. 4. Schematic diagram of Mg deposition on a film surface.

EXPERIMENT 3: EVALUATION OF CONTACT
RESISTANCE

Although we have discussed the appearance of Mg
in Experiment 1, we performed contact resistance
measurement between the formed material and

Mg,Si to understand the effect of Mg better. In this
experiment, a 200-nm-thick Ni film was deposited
on to a barrier candidate material which was, in
turn, deposited on to Mg,Si. The chip size was
2 x 2 x 2 in mm®. Contact resistance measure-
ments were performed on three chips and the
average and standard deviation of the three mea-
surements were calculated. Measurements were
obtained by use of a home-made device, “RM-0"
(more information is given in the Appendix).
Resistance was measured by use of a Hioki BT3562
AC-type resistance-measurement system connected
to the RM-0. The measurement principle and
equipment were the same as described elsewhere.?

Figure 5 shows the contact resistance measure-
ment results before and after annealing of the
samples at 873 K for 1 h under Ar. The contact
resistance of the TiN/Ni electrode increased only
slightly after the sample had been annealed. For the
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Table 1. Peeling test results before and after the durability test at 823 K for 100 h

Before durability test

After annealing at
823 K, 100 h in Ar

Annealing condition

Initial condition before peeling test Successful Unsuccessful Successful Unsuccessful

Ni 200 nm Without 5 0 0 5
873K for1h 5 0 0 5

TiN 200 nm Without 5 0 0 5
873K for1h 5 0 0 5

1.0E-03

----@ Before annealing

m After 873 K for 1h annealed in Ar

1.0E-04

Contact resistance [Q cm?]

Ti/Ni 200/200 nm  TiSi./Ni 200/200 nm  TiN/Ni 100/200 nm

1.0E-06

Ni 200 nm

Fig. 5. Contact resistance before and after annealing of the samples
at 873 K for 1 hin Ar.

Ti/Ni electrode, the contact resistance before
annealing was low enough. Subsequently, the con-
tact resistance increased after the sample had been
annealed. Conversely, the contact resistance of the
Ni and TiSio/Ni samples increased substantially.
The wettability of InGa on the surface of the an-
nealed Ti/Ni sample was not good and that on the
annealed Ni and TiSip/Ni samples was poor. Mg
apparently formed on the surface of Ni and was
oxidized because no barrier existed on the Ni, Ti/Ni,
or TiSiy/Ni; the oxidized Mg then adversely affected
the wetting properties of InGa. Therefore, we pro-
pose two explanations for the increase of the contact
resistance of Ni and TiSio/Ni deposited on MgySi:

1. anincrease of the contact resistance between Ni
and Mg,Si, and TiSi, and Mg,Si, and/or

2. anincrease of the contact resistance between Ni
and the RM-0.

We are currently uncertain which of these effects is
the primary factor.

Mg never appeared on the electrode surface of the
TiN film, as indicated by the measured low contact
resistance after the sample was annealed. Our
evaluation of the contact resistance indicates that

the TiN barrier layer effectively prevents Mg diffu-
sion.

CONCLUSION

Ti, TiSi,, and TiN were selected as candidate
materials for a barrier layer between Mg,Si and Ni,
and the barrier effect, adhesion, and contact resis-
tance of each were evaluated. For TiN deposited on
MgsSi, no Mg appeared on the TiN surface after
annealing of the sample at 873 K for 1 h; in addi-
tion, the sample had a constant, low contact resis-
tance. Weak long-term adhesion was observed for
TiN on Mg,Si. Here Ti is used as adhesion layer
between the semiconductor substrate and TiN.™ It
is necessary to evaluate whether Ti can be used as
an adhesion layer between TiN film and MgySi. If
the adhesion could be improved, TiN films would be
a promising barrier layer.
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APPENDIX

Figure 6 shows the RM-0 device. The object being
measured (e.g., a 2 x 2 x 2 mm® Mg,Si TE chip) is
placed between Au-plated Cu bars with contact via
electrode surfaces formed on the object. The needle-
type probe is located above the object. The Cu bars
are connected to the AC current source of a Hioki
BT3562. The cross-sectional area of the Cu bar is
equal to that of the object, and the Cu bars and the
object are electrically connected via liquid metal
(In-Ga), to enable homogeneous flow of current
through the object. The right Cu bar is also con-
nected to the voltage-measurement terminal (+)
of the BT3562, and this point of connection is
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Fig. 6. Image of RM-0 device: (a) overview; (b) enlarged view.

determined as the origin of the resistance. The
voltage-measurement terminal (—) is connected to
the needle-type probe. This probe is able to move
above the object and Cu blocks with 10-uym resolu-
tion. The position-dependent resistance increase is
determined by intermittent needle scanning from
right to left.
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