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Abstract Sintered intermetallic Ag,Sn powders by spark plasma sintering (SPS) have been studied in order
to analyse the effect of the microstructure on the transport properties at room temperature. Firstly, we
synthesized Ag,Sn submicronic particles by polyol process. Then, we sintered them by SPS at different
temperature (473, 573 and 663 K) and pressure (20 and 100 MPa) using fixed dwelling time of 5 min. X-Ray
Diffraction (XRD) and Differential Scanning Calorimetry (DSC) show that all sintered samples remained
single-phased according to the Ag,Sn orthorhombic crystal structure. Their corresponding grain size (=~
0.65 to 1.75 w m) and relative density (= 88-98%) were calculated and show similar evolution respect to
the sintering parameters. As a matter of fact, sintering temperature remains the key factor to affect the
microstructure of the sintered material s. Finally, the thermal conductivity and the electrical resistivity
were investigated at room temperature by using the Flash Laser technique and the Physical Property
Measurement System (PPMS) respectively. The obtained values were highly dependent on densitiy and
grain showing the key role of the microstructure and thereby confirming the fact that Ag;Sn compound is

a good candidate for a lead-free die-attach material in power module devices.

1 Introduction

The ongoing research for reliable and environmen-
tally friendly interconnect materials in microelectron-
ics packaging is growing tremendously. This is due to
the increasing demand on the development of high
power density and high performance power electron-
ics systems. In this frame, Die-bonding materials of
high power semiconductor devices must offer high ther-
mal and high electrical conductivities [1], compliance to
RoHS directives, lead-free soldering technology [2], low
process temperature [3,4], high reliability [5] and the
ability to endure high operating temperature (approxi-
mately 573 K) [6]. As a matter of facts, Sn—Pb alloys are
no longer suitable for such future solders. However, lat-
est works have shown that the intermetallic compound
(IMC), AgsSn, can be a good candidate to replace lead-
based solders for interconnection in electronic power
devices [7,8]. In fact, this compound has a relatively
high melting point (480 °C) which offer a thermal sta-
bility at different operating and processing tempera-
tures (with a homologous temperature ~ 384 °C), and
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at the same time, its electric and thermal properties
resemble to those of the eutectic alloy Sn-3.5Ag as well
as several lead-free alternatives frequently used in the
market [7,8]. We have previously presented the charac-
teristics of AgsSn particles of submicron size, obtained
by a soft chemistry polyols process [9,10], that we have
been using to sinter the bulk materials reported in this
work. The use of submicron particles allows reducing
the applied pressure and temperature during sintering
[11]. This is mandatory if we aim to use this compound
as a Die-bonding material as it allows protecting the
power module components from being damaged dur-
ing processing [12]. Furthermore, the proposed proto-
col presents an alternative to the sintering process of
silver nanoparticles which clearly presents risks of tox-
icity related to the nanometric character of the par-
ticle [13,14]. The synthesized powders have been con-
solidated by Spark Plasma Sintering. The as-obtained
samples have been submitted to thermal and electrical
conductivities measurement. The combinations of the
various shaping parameters (particularly temperature
and pressure) have led to the development of materi-
als with different microstructures (i.e. relative densities,
grain size, nature of grain boundaries...). This work con-
stitutes a first step toward the evaluation of the relia-
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bility of AgsSn as a die-attach for power module. We
also report for the first time the microstructure effects
on the thermal and electrical conductivities at 300 K of
the AgsSn systems. The results have been compared to
those of traditional solders.

2 Experimental

2.1 Powder preparation

Powder constituted of AgszSn particles was synthe-
sized by polyol process (Fig.1) by use of tin (II)
chloride (SnCly, 99%, Honeywell) and silver nitrate
(AgNO3,>99%) as metal precursors. Ethylene glycol
(EG) (VWR, 98%) is used as a solvent and as a reduc-
ing agent for silver ions while sodium borohydride was
selected as a reducing agent for tin ions. A surface sta-
bilizer, PVP (Alfa Aesar) was used to prevent particles
from coalescing. The precursors were all poured in the
Round bottom flask. After synthesis, the powder was
subsequently isolated by centrifugation and dried in an
oven. More details on the synthesis process can be found
in our previous works [9,10].

2.2 Sintering technique

Spark Plasma Sintering (SPS) technique has been used
for consolidating the elaborated powders. This tech-
nique allows achieving theoretical density of bulk mate-
rial at lower sintering temperatures compared to con-
ventional sintering techniques. Sintering is realized by
a direct current pulse flowing through a mold and by
applying a uniaxial pressure at both ends of the mold
from above and beneath (Fig. 2). We use graphite molds
of 8 and 15mm in diameter (which allows pressure of
100 and 20 MPa respectively). Once the matrix is filled
with the powder, the set is placed between the two
electrodes allowing the application of the electric cur-
rent and the pressure. Heating is then obtained by joule
effect under a pulsed current at high intensity and in
a high primary vacuum (between 20 and 60 Pa). The
SPS used in this work is ‘Dr. Sinter LAB Series SPS-
515S’. The mold was loaded with enough powder to
obtain a pellet between 2.5 and 3mm thick by con-

1- Mechanical stirrer
2- Condenser

3- Thermocouple

4- Round-bottom flask (500 ml)
5- Flask heater

6- Thermostat

Fig. 1 Experimental setup of the synthesis of AgsSn par-
ticles by polyol process
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sidering the density of AgzSn (9.93g/cm?) [15] and its
lattice parameters. The pulse mode of the SPS system
was maintained at the recommended standard 12:2 (on-
off, pulse width 3.4 ms). Pressure is varied by changing
the applied force and/or by changing the mold diame-
ter. Temperature is controlled by means of thermocou-
ples placed in the matrix near the sample. For every
experiment the heating rate was kept at a value of 100
° C/min. The dwelling temperatures are 473, 573 and
663 K and the applied pressures are 20 MPa and 100
MPa. The dwelling time is fixed to 5 min. All samples
and their sintering parameters are shown in Table 1.

2.3 Characterization

Prior to microstructure analysis, polishing steps of the
sintered sample were carried out with abrasive papers of
1200, 2400 and 4000 p m for 5 min each. Then, diamond
pastes are used to improve the surface quality (grain
size 3 pm and 1 pm during 5 min each). The last step of
polishing is done with a 0.25 pm diamond paste for 1h,
followed by the use of colloidal silica (Oxide Polishing
Suspensions ‘OPS’, 200 nm) for the same duration. The
nature of the synthesized phases was achieved by x-ray
diffraction (XRD) (20 ° < 20 < 120° and A20 =0.03
°), using Co Ka1 radiation (k = 1.78897 A) on an INEL
Equinox 1000 X-ray diffractometer. XRD characteri-
zation was performed by using two software: MATCH
was used for the phase identification [16], and MAUD
(material analysis using diffraction) [17] was used to
perform the Rietveld refinement analysis. In addition,
phase identification was carried on by differential ther-
mal analysis (DTA) using Labsys TG-D747 instrument.
The morphological observations and the particle/grain
size were achieved by scanning electron microscopy
(SEM), using a field emission gun scanning electron
microscopy (FEG-SEM) model ZEISST™ SUPRA 40
VP. The density of the samples was determined by a
pycnometer under inert gas (He) where we use a 10 cm?
volume cell which is adapted to the dimensions of SPS-
samples. The pycnometer model used is AccuPyc II
1340. For thermal conductivity measurement, the SPS-
samples were cut and brought to an area of 8 x 8 mm?
and to a thickness of 2mm. The thermal conductivity
A is determined by the product of the densityp(kg/m?),
the thermal diffusivity o (m?/s) and the specific heat
Cp (J.Kg=1.K™1) of the sample (equation 1). The ther-
mal diffusivity measurement of all specimens was car-
ried out three times under vacuum at room temperature
(Netzsch LFA 457). The heat capacity Cp of the mate-
rials was measured from room temperature to 1000 °
C, with a heating rate of 20K-min~! in platinum cru-
cibles in nitrogen atmosphere, using differential scan-
ning calorimetry (STA449F3 Jupiter, Netzsch).

NT) = aff) x Op(T) xp(T) (1)

Electrical resistivity of SPS-samples was measured
by PPMS (Physical Properties Measurement System)
in the the Van der Pauw configuration (i.e. 4-contacts)
after polishing and cutting of the sample (dimensions
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Fig. 2 Scheme of sample positioning in the SPS chamber
Table 1 SPS sintering parameters of AgsSn samples
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Sample Temperature (K) Pressure (MPa) Time (min) Heating rate (° C/min)
AgsSn-1 473 20 5 100

AgsSn-2 573 20 5

AgsSn-3 573 100 5

AgszSn-4 663 20 5

AgzSn-5 663 100 5

2x 2x 10mm?). The sample, glued to the sample holder,
has been connected by silver wires to the “voltage-
current” inlets and outlets of the sample holder. This
allows the control by the PPMS of the application and
the measurements of the current—voltage (I-V) charac-
teristic and thus the resistivity values.

3 Results

The X-ray diffraction patterns of the synthesized par-
ticles and of the SPS-sintered samples are shown
in Fig.3a. All the intense peaks correspond to the
orthorhombic AgzSn variety (space group Pmmn). The
observed patterns were refined considering the cell
parameters and atomic positions of the room tempera-
ture (RT) AgsSn variety according to Rossi et al. [18].
The corresponding thermograms (Fig.3b) confirm the
single-phase nature of the compounds by the presence of
a unique endothermic peak at around 480 ° C (melting
temperature of the AgsSn phase). From X-ray analy-
sis, we notice that the average crystallite size (L) drops
drastically after sintering process at 473 K and then
increases with the value of the sintering temperature
(Table 2). The average size of the crystallites decreases
from 623 nm for the powder to 47 nm after sintering
process at 473 K, then increases again to 160 and 301
for samples sintered at 573 and 663 K respectively.

SEM analyses were carried out in order to follow the
evolution of the nature of the microstructure of the sam-
ples with respect to sintering temperatures and pres-
sures. As discussed, an adequate polishing process was
optimized in order to improve the quality of the sur-
face and thus of the SEM images. The AgzSn mate-
rial is relatively a soft compound and thus can easily
show wear or usury due to the preparation conditions.
SEM micrograph presented in Fig.4a points out that
the AgszSn powder is composed of polydispersed par-
ticles in the submicrometer range with some aggrega-
tions. The estimated particle size is 0.66 pm which is
very close to the average crystallite size (0.623 pm) and
reveal that AgsSn particles could probably be formed
by Ostwald ripening.

After sintering at 473 K, the grain size is equal
to 0.709 pm. For this temperature, the first sinter-
ing step is defined by the formation of bridges (and
grain boundaries) between the particles followed by the
growth of these bridges partially completed in several
areas (Fig. 4b). This creates a network of interconnected
pores at the end of the sintering. For AgsSn-2 and
AgsSn-3 (Fig. 2¢, d), sintered at 573 © K, the sintering
process seems to have reached a second stage related
to the reduction of the porosity domains. We notice
the disappearance/shrinking of these pores over a large
area of the sample surface and the creation of indi-
vidual pores (closed porosity). The average grain size
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Fig. 4 SEM photos of AgsSn powder and SPS-sintered samples

is slightly larger than that of AgsSn-1 and goes from
0.709 pm to 0.796 up to 0.820 wm. Analysis of the
micrographs of the samples sintered at 663 K shows
a very sharp decrease in the rate of closed porosity.
The increase in the average grain size after the removal
(almost total) of the porosities is significant. The aver-
age size of these grains, which remained quasi-stable for
sintering temperatures less or equal to 573K, increases
and goes from around 0.80 pm to 1.73 pm (for AgsSn-
4). All values are shown in Table 2.

As mentioned above, the densities of the SPS-samples
were measured by a pycnometer. As shown in Table 2,
the changes in grain size and relative density as func-
tion of the sintering temperature show similar patterns.
For both parameters, a slight increase with temperature
and pressure is observed when T'< 573 K. For instance,
the grain size is around 0.8 pm when relative density is
limited to ~ 90%, and conversely a sudden increase is
observed at 663 K with values around 1.7 pm and 98%
respectively.

Finally, in Fig. 3a we report the effect of the microstr-
ucture on the evolution of the transport properties of
IMC AgsSn at room temperature. As for thermal con-

@ Springer

ductivity (Fig.5a), it can be clearly seen that density
and grain size are the main parameters governing the
thermal conductivity values. This latter goes from 16 to
79.2 W.m ' K~! when relative density increases from
88.6 to 97.8 % and/or grain size from 0.709 to 1.702
pm. The electric resistivity (Fig. 5b) slightly decreased
from 2.35 to 1.10 (x 10~7) Q.m when relative density
changed from 88.6 to 89.2 %, and show an important
increase up to 10.4 x 10=7  §.m at higher density (i.e.
97.8%). This demonstrates so far the dramatic effect of
the microstructure also in the case of the electric resis-
tivity values (i.e. we observe an increase of one order of
magnitude) and thus put in evidence the possibility to
control it by tightly controlling the microstructure of
the IMC.

4 Discussion

X-ray patterns and DTA thermograms show that SPS-
samples kept the single-phased orthorhombic AgsSn
variety and that highly dense material can be achieved
by our sintering process. The average crystallite size
of the powder drops drastically after sintering and
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Table 2 Microstructural characteristics of SPS-sintered samples

Sample Relative Density (%) Crystallite size L (nm) Grain size (1 m) OGrain size
Powder 623 0.66 0.02
AgzSn-1 88.6 47 0.709 0.023
AgzSn-2 89.2 160 0.796 0.076
AgsSn-3 90.4 161 0.820 0.050
AgszSn-4 97.9 301 1.728 0.053
AgsSn-5 97.8 221 1.702 0.052

a Grain size (um)
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Fig. 5 Thermal conductivity (a) and electric resistivity (b) at 300 K of SPS-samples as function of relative density and

grain size

increases with sintering temperature. This peculiar
observation put in evidence that the crystallites may
fractionate under the effect of pressure and give rise to
the appearance of defects such as intra-granular dislo-
cations. This phenomenon may be thermodynamically
compensated when the sintering temperature increases,
thus allowing recrystallization of the coherent diffrac-
tion domains that lead to their increase in size.

From SEM micrograph in Fig.2, we calculated the
average grain size of each sample and we show that
the level of porosity is greatly reduced for high relative
density samples (=98%). Results in Fig. 2 Clearly show
that the sintering temperature remains the key factor
to affect the microstructure of the sintered material.
It is interesting to note that as reported earlier [19],
the grain size and crystallite size are closely related to
each other and increase when the sintering tempera-
ture increases. In order to achieve a full densification,
it is necessary to cross an “energy barrier” whose tem-
perature is between 573 and 673 K. On the contrary,
pressure above 20 MPa does not show any noticeable
effect on samples microstructure (see Table 2).

The thermal conductivity measured at 300 K shows
that its value linearly increases with the relative den-
sity and the grain size underlining again the key role of
the microstructure. For high density samples, the val-
ues are coherent with the thermal conductivity of bulk
AgsSn (Aagssnbur = 76 W.m~ 1K1 [20]) and reach
79.2 W.m 1. K~!. We remind here that for power mod-
ule application, we should take into consideration that
a relatively high processing temperature and pressure
could damage the chip or other module components.
Sintering at 663K or at 100 MPa are not recommended

and do not suit the application in power electronics.
If we consider the sample sintered at 573K-20MPa-
Smin (i.e. low temperature and pressure suitable for
applications), the thermal conductivity is equal to 20.8
W.m™'K~! close to that of the solder Pbgy 5Sn5Ags 5
(23 W.m~! K~1) currently used in power modules.
Thus, our result shows that although the AgzSn SPS-
sample, sintered under suitable conditions for power
module applications, is not totally densified, its ther-
mal conductivity is still as good as the one of the com-
mercial solders. Thus it can be considered as a good
candidate for the heat transfer delivered by the chip
towards the cooling system.

The electric resistivity, also measured at 300 K, has
shown two different behaviours. For the first group of
samples (AgzSn-1, Ags3Sn-2) consolidated at a temper-
ature well below the melting point of AgszSn (753 K)
and at low pressure (20 MPa), the electrical resistivity
decreases when the grain size increases in accordance
with the literature [21,22]. Tt reaches a value of 1.1
x 1077 Q.m with grain size of 0.8 wm. This value
is close to that of AgsSn bulk (0.8-1x 107 Q.m)
[20,23] and smaller than that of Pbgs 5Sn5Ags 5 (2.86%
1077 Q.m), SngzPbsy (1.45% 10~7 Q.m), Sn-Ag and
SAC solders (1-1.5 x 1077  Q.m) [24,25].

Conversely, the sample AgzSn-3 consolidated at
higher pressure (100 MPa) and the samples AgsSn-
4 and AgsSn-5 consolidated at 663 K (i.e. a temper-
ature close to the melting point of AgsSn) show an
unexpected behaviour. Their resistivity increases with
the grain size. This may be due to the generation of
microstructural defects (twins, dislocations, disorder,
relative volume of inter-grain boundaries etc) induced
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by the higher pressure applied in the first sample (100
MPa) and by the rapid cooling from a state close to
the liquid one for the last two ones. Furthermore, the
influence of these defects on the scattering of electrons
can be reinforced by the relatively high thermal agita-
tion at the measurement temperature (300 K). Similar
results have been reported by Kardashev et al. in the
case of Ti alloys elaborated by Severe Plastic Defor-
mation (SPD). Indeed these authors have shown that
electrical resistivity does not depend on the grain size
but on the relative volume of inter-grain boundaries and
their particular state [26].

Further work is in progress to understand the obser-
ved behaviour: study of electrical resistivity as function
of temperature, careful High resolution TEM observa-
tions.

5 Conclusion

In conclusion, we consolidated the intermetallic AgzSn
powder by spark plasma sintering in order to study
the effect of microstructure on the transport properties
at room temperature. Our results show that the elec-
tric and thermal conductivities highly depend on the
microstructure of the sintered samples. We demonstrate
that controlling the microstructure of the IMC, based
on sintered AgszSn powder, allows the tuning of the con-
ductivities for further applications in power module. So
far, we have shown that transport values remain close to
those of traditional solders used in technological appli-
cations. Due to its low melting temperature and good
transport properties, Ags3Sn appears as a promising die-
attach material for semiconductor power devices.
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