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ABSTRACT: We have devised a moderate temperature hot-pressing
route for preparing metal—matrix composites which possess tunable
thermal expansion coefficients in combination with high electrical and
thermal conductivities. The composites are based on incorporating
ZrW,Og, a material with a negative coefficient of thermal expansion
(CTE), within a continuous copper matrix. The ZrW,Oy enables us to
tune the CTE in a predictable manner, while the copper phase is
responsible for the electrical and thermal conductivity properties. An
important consideration in the processing of these materials is to avoid
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the decomposition of the ZrW,Og phase. This is accomplished by using

relatively mild hot-pressing conditions of 500 °C for 1 h at 40 MPa. To

ensure that these conditions enable sintering of the copper, we developed a synthesis route for the preparation of Cu
nanoparticles (NPs) based on the reduction of a common copper salt in aqueous solution in the presence of a size control agent.
Upon hot pressing these nanoparticles at 500 °C, we are able to achieve 92—93% of the theoretical density of copper. The
resulting materials exhibit a CTE which can be tuned between the value of pure copper (16.5 ppm/°C) and less than 1 ppm/°C.
Thus, by adjusting the relative amount of the two components, the properties of the composite can be designed so that a material
with high electrical conductivity and a CTE that matches the relatively low CTE values of semiconductor or thermoelectric
materials can be achieved. This unique combination of electrical and thermal properties enables these Cu-based metal—matrix
composites to be used as electrical contacts to a variety of semiconductor and thermoelectric devices which offer stable operation

under thermal cycling conditions.
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B INTRODUCTION

Thermomechanical reliability of electrical contacts is one of the
major issues facing the development of high performance
semiconductors and thermoelectric-based devices."> The
interfaces formed between the active materials and the
structures with which they are integrated are a source of
mechanical stresses during thermal cycling as a consequence of
the mismatch in thermal expansion occurring in such junctions.
These stresses are often responsible for poor performance of
the device or even its failure.’ Traditional thermoelectric
materials such as metal silicides (Mg,Si or Fe,Si for example)
and semiconductors like gallium arsenide (GaAs) or indium
phosphide (InP) have a coefficient of thermal expansion (CTE)
substantially lower than the metals used as electrical contacts.
For example, the CTE of Mg,Si is around 7.5 ppm/°C,** while
the CTE for Fe,Si varies between 6.8 and 10 ppm/°C
according to the crystalline phase and the preparation
technique.*” Many semiconductors have an even lower CTE.
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For example, the room-temperature values for GaAs and InP
are ~5.8 ppm/°C and 4.6 ppm/°C, respectively.*"'' By
comparison, highly conductive metals such as Ag and Cu
have a much larger CTE, 18.9 ppm/°C for Ag and 16.5 ppm/
°C for Cu."?

Establishing a proper contact interface, where a highly
conductive material with an appropriate CTE is joined to the
active semiconductor or thermoelectric, is of paramount
importance to maximize the performance and operational life
of the target device. Unfortunately, a very conductive and
relatively inexpensive material with low thermal expansion does
not exist. Composites, on the other hand, offer the opportunity
to design and fabricate materials with tailored properties by
combining two or more different components where each
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constituent frovides a certain property to the final
composite.n’1

Our approach to creating a material with high electrical
conductivity and low CTE involves the development of metal-
based composites in which a negative thermal expansion oxide
is embedded within a metal matrix. The continuous metal
matrix is responsible for achieving the desired electrical and
thermal conductivity properties, while the presence of the oxide
allows the tailoring of the CTE to match the value of the active
semiconductor or thermoelectric material. By adjusting the
relative amount of the two components, the properties of the
composite can be designed so that a material with high
electrical conductivity and desired CTE can be realized.

Metal matrix composites have been studied extensively.
Combining ceramic reinforcements and a metallic matrix
enables one to tailor and improve the properties of the
composite in terms of hardness, fracture toughness, thermal
expansion, thermal and electrical conductivity, etc. The
processing, properties, and modeling of metal—matrix compo-
sites and their technological applications have been re-
viewed.'"#'> A number of studies on thermal expansion of
metal—matrix composites have been carried out in which a
range of parameters including the amount, size, and shape of
different fillers, processing approaches, and thermal cycling
behavior have been investigated and led to models aimed at
predicting and estimating composite properties.ls_18

In the present study, we selected zirconium tungstate
(ZrW,0O4) as the oxide filler due to its isotropic negative
thermal expansion over a wide temperature range.'”*® This
material exists in different crystalline phases: in particular the
cubic a-phase has a distinctive structure that can be described
as an alternation of WO, tetrahedra and ZrOg octahedra
bridged by oxygen atoms shared at the corners. The structure is
slightly asymmetric because each ZrOg octahedron shares all six
of its oxygen corner atoms with six WO, tetrahedra, while each
WO, tetrahedron shares only three of its four oxygen atoms
with adjacent ZrOg octahedra. The negative thermal expansion
of this compound is due to transverse vibrations of Zr—O—-W
bonds that cause a shrinkage in the lattice with increasing
temperature. Reported CTE values for this material vary
between —8.7 ppm/°C and —9.1 ppm/°C up to about 160
°C.>%*! If heated above this temperature, it undergoes a phase
transition to a slightly disordered state (the cubic f-phase) that
causes the CTE to increase, although the material still has a
negative CTE (—4.9 ppm/°C).'"”** This phase transition is
completely reversible, and the a-phase is restored upon cooling
the material below the transition temperature. Zirconium
tungstate begins decomposing into WO; and ZrO, after
prolonged heating at 600 °C,” thus limiting the processing
temperature for composite preparation. In addition, amorphiza-
tion of the cubic a-phase is found to occur when high pressures
are applied. At intermediate pressures the a-phase can
transform into the orthorhombic }/—phase.24_26 This phase
also exhibits a negative CTE, although not as prominent as the
cubic phases (around —1 ppm/°C).”” For these reasons, a
processing procedure that uses mild conditions with respect to
both temperature and pressure is necessary to avoid
decomposition or transformation of the zirconium tungstate
and achieve reliable and reproducible expansion behavior in the
hot-pressed composites.

The use of ZrtW,O; in metal—matrix composites has been
reported previously. Although a tunable CTE was observed as a
function of ceramic loading, the results were not fully

reproducible as a consequence of the decomposition and/or
irreversible transformation of zirconium tungstate during
composite fabrication.”® Prior research on the Cu—ZrW,Oq
system is especially relevant to the study reported here. Because
of these irreversible reactions, the thermal expansion results
shown in the earlier work were fairly scattered, with the
measured CTE not following any specific trend with composite
composition or being substantially different from the predicted
value.2”?° These studies also identified the decomposition and/
or phase transformation products and the operative window to
avoid such reactions.

Other studies on this topic focus on simulating and modeling
composite behavior and analyzing the effect of thermal cycling
(temperatures, heating and cooling rate) on the thermal and
mechanical properties of the composites.’

We recently reported a silver—zirconium tungstate composite
using Ag nanoparticles (NPs) as the silver source.*” The use of
nanosized metallic powders enables lower processing temper-
atures for composite preparation because the melting and
sintering temperatures for nearly all metals decrease with
decreasing particle size.*>>® We were able to obtain a tunable
CTE with good reproducibility, but because of the high cost of
silver, Ag—ZrW,0z composites represent a proof of concept
experiment which is unlikely to provide practical solutions to
the electrical contact issues mentioned above.

In the present work, copper was selected as the metal for the
matrix because of its high conductivity and its greater
practicality compared to silver. The electrical conductivity of
Cu, 5.96 X 107 S/m, is greater than that of other metals often
used in metal—matrix composites, such as aluminum and nickel
(3.7 X 107 S/m and 1.44 X 107 S/m, respectively).” Moreover,
copper is attractive because of its high thermal conductivity.
The fact that the melting temperature of copper (1084 °C) is
not very high means that it should be compatible with hot
pressing at temperatures below the decomposition temperature
of ZrW,0q4. As observed previously for Ag, to achieve a
completely sintered material at temperatures and pressures
compatible with the thermal stability of zirconium tungstate,
the copper particles need to be in the nanometer size range.
Accordingly, we developed a straightforward route to synthesize
small (~5 nm diameter) Cu NPs using colloidal techniques.
The particles are then purified, dried, and used for composite
preparation together with ZrW,Og powders synthesized using a
previously published procedure.®® High quality composite
pellets with tunable CTE and good electrical and thermal
properties are synthesized using hot pressing under relatively
mild conditions (500 °C, 40 MPa, 1 h) which avoid the
decomposition of ZrW,0Oy.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals are of reagent grade and
used without any further purification. Cu NPs are synthesized by
adapting a synthetic route reported for ~3 nm Au NPs.** Copper
sulfate pentahydrate (CuSO,-SH,0) and poly(N-vinylpyrrolidone) of
10 000 g/mol average molecular weight (PVP) are dissolved in water
to give a Cu concentration of 25 mM and a ratio of gPVP/mol Cu =
900. Cu** ions are reduced to metallic copper using a freshly prepared
aqueous solution of sodium borohydride (NaBH,). The NaBH,
concentration in the reducing solution is kept to 0.8 M, and the
NaBH,/Cu molar ratio is fixed at 8. In a typical synthesis, 1.25 g of
CuSO,-5H,0 and 4.5 g of PVP are dissolved in 200 mL of deionized
water. Separately, 1.5 g of NaBH, is dissolved in 50 mL of deionized
water. The sodium borohydride solution is poured in less than 1 s into
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the copper solution under strong stirring, causing a rapid change in
color from pale blue to deep brown, indicating copper NP formation.

CAUTION: sodium borohydride is highly reactive, and the reaction
with metal salts causes hydrogen gas release creating a foaming
solution due to the presence of PVP. The foam disappears in about
20—30 s. The use of large containers (beakers or crystallizing dishes)
rather than narrow vials or Erlenmeyer flasks is advised to let the foam
evolve and settle quickly and to avoid solution leaking or overflowing
in the initial stages of the reaction. After the introduction of sodium
borohydride the containers should never be closed tightly for at least a
few hours to allow residual gas evolution. Proper protective equipment
must be worn at all times, and the procedure has to be performed in a
ventilated fume hood.

A few minutes after the sodium borohydride addition, the colloidal
solutions are transferred into glass bottles and allowed to stand
without stirring. Aggregation of the NPs occurs, and a precipitate is
observed within 24—48 h. The clear supernatant is removed, and the
particles are redispersed in water and centrifuged at 4000 rpm for 5
min. This washing procedure is repeated at least 3 times to remove
reaction byproducts, unreacted precursors, and excess PVP. Acetone is
used for the last washing, and the particles are eventually dried at room
temperature under vacuum for 5 h, ground with a mortar and pestle,
and kept in a sealed vial for further use.

ZrW,0; powder in the cubic a-phase is synthesized as reported
elsewhere.”® Briefly, zirconium oxychloride octahydrate (ZrOCI,-
8H,0) and ammonium tungstate hydrate ((NH,)¢H,W,0,-«H,0)
are dissolved in water in the presence of citric acid using a molar ratio
Zr:W:acid = 1:2:6. Ammonium hydroxide (30%) is used to adjust the
solution to about pH 7. The solution is transferred into an oven at 60
°C for approximately 20 h until a viscous gel is formed. The gel is
subsequently annealed at 800 °C for 12 h to remove organic
components. The resulting powder is then sintered at 1180 °C for 2 h
followed by immediate quenching in liquid nitrogen to preserve the
desired oxide phase. The synthesized ZrW,Oy is then finely ground
and stored for further use.

Since copper NPs are fairly reactive, their surface slowly oxidizes at
room temperature to Cu,0 (see Results and Discussion section for
details). Thus, before hot pressing takes place, the as-synthesized Cu@
Cu,0 NPs are completely reduced to metallic Cu by heating to 200—
250 °C in a tube furnace for 2 h under forming gas (5% H,—95% Ar).
The ZrW,0; and reduced Cu powders are then mixed and ground
together in an agate mortar according to the desired ratio. Composites
containing up to S0 wt % of oxide filler were prepared. The range of
compositions is shown in Table S1 in the Supporting Information. The
mixed powders were loaded into a graphite die and hot pressed at 40
MPa in a home-built hot press at 500 °C for 1 h under a forming gas
atmosphere. Details of the hot press apparatus are reported
elsewhere.*!

Characterization Techniques. Transmission electron microscopy
(TEM) measurements of the NPs deposited on a carbon-coated
copper grid were taken with an FEI Technai T12 TEM. The NP size
distribution was determined using Fiji-Image J 1.44b image analyzer
software® counting at least 100 particles. Dry powder samples and
composite pellets were characterized by X-ray diffraction (XRD) by
using a Rigaku Miniflex II diffractometer equipped with a Cu Ko
radiation source. Optical absorption spectra of solutions were
measured using a Varian-Cary 100 Bio UV—vis spectrophotometer.
Thermogravimetric analysis (TGA) was performed in either air or
argon atmosphere using a TA SDT Q600 analyzer at a heating rate of
S °C/min. The density of the pressed pellets was determined by the
Archimedes method using a Mettler Toledo Excellence XP/XS
precision balance density kit, and a Fei Nova NanoSEM 230 scanning
electron microscope (SEM) was used to characterize composite
microstructure. A Netzsch DIL 402PC dilatometer was used to
measure the CTE of the prepared composites under an Ar
atmosphere. Electrical conductivity was measured by the four-point
van der Pauw method using a 100 mA current in a custom apparatus
described elsewhere.*® Thermal conductivity was measured with the
laser flash and hot wire technique using a Netzsch LFA 447 Nanoflash
instrument.

Bl RESULTS AND DISCUSSION

1. Characterization of Cu Nanoparticles. We adapted a
synthetic route used to prepare small (1—3 nm in diameter) Au
NPs.>* The method involves the rapid reduction of the metal
salt in an appropriate solvent in the presence of a size-
controlling agent, PVP. This polymer is widely known to bind
to the surface of metal NPs with its N—C—O groups to thus
provide efficient steric stabilization to even small and highly
reactive colloids.*** We carried out the synthesis in water to
use a nontoxic solvent.

We used different PVP amounts and copper concentrations
to obtain small and homogeneous particles at the highest
concentration possible. The different experimental conditions
used to optimize the synthesis are reported in Table S2 in the
Supporting Information. Without using PVP, immediate
aggregation occurs right after injecting the sodium borohydride
solution, confirming the role of the polymer as a stabilizer for
the colloidal solution. Similar effects of PVP presence on the
stabilization of metal colloids have been observed previously.*®
Moreover, as already regorted for different metallic NPs such as
Ni,*’ Cu,*® and Au,***® the larger the ratio between PVP and
the metal, the smaller the final NP size (Figure S1, Supporting
Information). As a result, our Cu NP synthesis is more than 10
times more concentrated than similar low-temperature
syntheses developed for Au*®* or Ag*”*° suggesting its
feasibility for large-scale production.

The as-synthesized Cu NPs are about 5 nm in size, and over
time their surface slowly oxidizes to cuprous oxide (Cu,O) due
to their large surface energy. This behavior has been widely
observed for the colloidal synthesis of Cu NPs under an inert
atmosphere:>"** as soon as the colloids are exposed to air or to
an oxygen-containing environment, oxidation starts to occur.
For this reason we decided to perform a direct synthesis in
water, at room temperature and ambient atmosphere, and
subsequently reduce the oxidized surface of the NPs at a later
time but prior to hot pressing.

A TEM image of the Cu NPs drop cast onto a TEM grid 1 h
after the synthesis is shown in Figure la. The image, taken
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Figure 1. TEM images of the as-synthesized NPs (a) and the same NP
batch aged at room temperature for about one month (b); the insets
show the corresponding size distribution evaluated from TEM. Optical
absorption spectra of the as-synthesized particles in water (c) and the
aged particles in chloroform (d). The dashed vertical lines highlight
the wavelengths corresponding to the SPR peak.
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within one day after the grid preparation, shows the particles to
be small and slightly polydisperse. The average size evaluated
from TEM images is 5.6 & 1.3 nm, as can be seen in the inset.

Figure 1b shows a TEM micrograph of Cu@Cu,0O NPs
stabilized with oleic acid and kept in a chloroform solution for
about one month (see Figure S2 in the Supporting Information
for details). The particles are well dispersed on the grid, and
due to the controlled evaporation of the solvent, they started to
self-assemble in some two-dimensional structures. The size of
the NPs in Figure 1b is slightly larger compared to the as-
synthesized colloids (Figure 1a), possibly due to some
oxidation-driven growth and Ostwald ripening processes
occurring over time.

Figure 1 also compares the optical absorption spectra of the
NPs synthesized in water (Figure 1c) with those aged for one
month in chloroform after being protected with oleic acid
(Figure 1d). The spectrum in Figure 1c for the as-prepared NPs
shows a weak surface plasmon resonance (SPR) peak centered
at about 560 nm and a diffuse absorption typically observed in
very small (few nanometers) metallic particles.>® As the
oxidation proceeds, the SPR peak red shifts as a consequence
of the greater refractive index of the oxide shell with respect to
the solvent®* and becomes asymmetric at longer wavelengths
due to the superposition of the exciton peak of cuprous oxide
centered at about 700 nm,** as can be seen in Figure 1d.

Following the washing protocols described previously, the
particles are dried and stored as a powder for further use. XRD
analyses on such dried powders have been carried out to
evaluate the different crystalline phases in the synthesized
nanoparticles. The results are presented in Figure 2a. In the
case of as-synthesized NPs, measurements are taken within 3—4
days after the synthesis due to the time necessary to wash,
purify, and dry the NPs. These materials are mainly composed
of metallic Cu with a very small Cu,O shell. In fact all the
diffraction peaks can be assigned to cubic Cu (JCPDS no. 85-
1326) and to cubic Cu,O (JCPDS no. 78-2076). The amount
of cuprous oxide is fairly low, as confirmed from the broad,
weak peak at about 36.5° in scan A of Figure 2a. This behavior
is consistent with there being a mild oxidation at the surface of
Cu NPs during the first few days after synthesis. The Cu
crystallite size evaluated using the Scherrer relationship for the
as-synthesized NPs is 6.1 & 0.3 nm, while the Cu,O crystallite
size is 3.2 + 0.4 nm, in reasonable agreement with TEM data.
Prolonged exposure to oxidizing atmosphere (air) leads to
further oxidation of Cu to Cu,0, as can be seen from pattern B,
where the oxide peaks become predominant with respect to the
metallic ones. We observed a non-negligible increase in
crystallite size up to 9.5 + 1.0 nm for Cu and 12.4 + 1.2 nm
for Cu,O, suggesting a progressive oxidation-driven growth
over time even at room temperature. There is no evidence of
CuO formation at least after keeping the dry powders at room
temperature for up to two months.

Prior to hot pressing, the Cu@Cu,O powders are reduced at
250 °C in forming gas. This procedure avoids gas evolution and
the formation of oxide residues as a consequence of the in situ
reduction of Cu,0O to Cu during the hot pressing. After the
reducing treatment, the resulting powders are metallic Cu
without any indication of oxide or other impurities, as shown in
scan C.

Even though the crystallite size increased to 21.1 + 4.8 nm,
this increase is not dramatic and does not affect the sintering
properties, as will be presented in Section 3.
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Figure 2. (a) XRD patterns of the prepared samples: (A) as-
synthesized NPs; (B) Cu@Cu,O powders aged at room temperature
for several weeks; (C) Cu NPs after the annealing in forming gas
atmosphere at 250 °C. Diffraction peak positions for Cu (red), Cu,O
(blue), and CuO (black) are also reported. (b) TGA of the Cu
powders reduced at 250 °C in forming gas, performed in argon (blue
line) and in air (red line); the gray dashed lines highlight 100% and
125% weight, corresponding to no weight loss and to full oxidation of
Cu to CuO, respectively.

TGA was also performed to evaluate the amount of residual
organic material on the surface of the prepared powders after
the washing procedure and the forming gas annealing step. The
results shown in Figure 2b indicate that annealing in an inert
atmosphere causes almost no weight loss or gain, suggesting
that the starting powders are metallic Cu, without any organic
contaminants (blue line in Figure 2b). This is desirable for our
application, where a dense, sintered, and fully inorganic pellet
has to be obtained. When performing the TGA under oxidizing
conditions (air, red line in Figure 2b), there is a substantial
weight gain (+24.2%) that corresponds almost exactly to full
oxidation from metallic Cu to CuO. Here, too, there is no
evidence of organic compounds as their presence would cause a
weight loss.

2. ZrW,0;3 Characterization. We followed a published
synthetic procedure to prepare micrometer-sized ZrW,Og
particles in the cubic a-phase.®® Initially we started preparing
nanosized zirconium tungstate using solvothermal routes to
synthesize a hydrated form with low-temperature annealing to
convert it into cubic ZrW,04> (for details, see Figure S3 in the
Supporting Information). However, it has been reported
recently that nanocrystalline powders of zirconium tungstate
suffer from “autohydration” reactions, a problem that is not
encountered in micrometer-sized particles.*® Another recent
study shows that smaller ZrW,0Oy nanoparticles have a greater
propensity for hydration compared to larger particles.”” For this
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reason, we decided to move to another synthetic route that
produces larger, but more stable, particles. The synthesized
materials were analyzed by XRD to determine the crystalline
phase and check for the presence of undesired products like
WOj; or ZrO,. Pure, single-phase cubic zirconium tungstate
(JCPDS no. 50-1868) in the a-phase is obtained after liquid
nitrogen quenching of powders sintered at high temperature
(plot A in Figure 3). Because zirconium tungstate starts
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Figure 3. XRD patterns of zirconium tungstate powders: (A) as
synthesized; (B) powders annealed at 575 °C for 4 h in air; (C)
powders annealed at 500 °C for 3 h in forming gas. Diffraction peak
positions for cubic a-ZrW,Oy are indicated at the bottom.

decomposing into tungsten and zirconium oxides above 600
°C, we investigated the stability of ZrW,0; powders to
prolonged annealing in air at temperatures as high as 575 °C.
The XRD measurements show that there is no difference
between these materials and the as-synthesized powders (scan
B in Figure 3). In addition, the same powders were annealed in
forming gas at 500 °C for up to 3 h to mimic the atmosphere
conditions during hot pressing. Again, no difference in the XRD
patterns can be detected (scan C in Figure 3).

3. Composite Pellet Characterization. 3.1. Microstruc-
ture Analysis. Sintered pellets of pure Cu and a series of Cu—
ZrW,0g compositions with up to 50 wt % oxide filler were
prepared by mixing a proper amount of the two powders and
hot pressing them under reducing atmosphere (for details on
pellet composition, refer to Table S1 in the Supporting
Information). The average density of the prepared composite
materials is about 85—90% compared to the expected
theoretical density calculated as a linear combination of the
densities of the pure materials, Cu and ZrW,Og, and averaged
according to the respective volume fraction. Pure Cu pellets
average 92—93% of theoretical density, while composite
samples range from 75 to 94% of theoretical density depending
upon composition (Figure 4 and Table S3 in the Supporting
Information). The higher volume fractions of ZrW,0O; exhibit
lower density. This behavior is not surprising considering that
copper particles are responsible for the composite matrix and
increasing the amount of oxide filler will make it more difficult
to obtain a dense matrix surrounding the zirconium tungstate
inclusions.

SEM cross sections of fracture surfaces were used to
characterize the microstructure. Pellets were fractured after
prolonged (~15 min) cooling in liquid nitrogen, and
representative results are shown in Figure 5. By using fracture
surfaces, we avoid any polishing which can be problematic in
analyzing composite microstructures. Because Cu is very ductile
at room temperature, polishing is likely to deform the metallic
component in the composite surface and show apparent
densification. Pure Cu pellets (Figure S a and b) show a

Density (g/cm®)

Cu volume fraction (%)

Figure 4. Density values as a function of the nominal Cu volume
fraction for the prepared samples. The trends expected for 80%, 90%,
and 100% of the theoretical density are based on using a linear
combination of the theoretical densities for Cu and ZrW,QOg.

Figure 5. Cross-sectional SEM micrograph of a pure Cu pellet at
different magnifications (a,b) and of a composite pellet containing 43
vol % of ZrW,04 at different magnifications (c,d,ef). The arrows
highlight the zirconium tungstate particles.

homogeneous fracture surface over several tens of micrometers,
without any change in morphology. The apparent roughness is
possibly due to a transgranular fracture. SEM images of the
composite pellets show that the zirconium tungstate micro-
particles are homogeneously dispersed within the copper matrix
(Figure Sc and e). High magnification of the copper matrix of
the composite pellet (Figure 5f) indicates that the metal matrix
is fully sintered. These microstructures confirm the high quality
of the prepared samples and lead to good agreement between
calculated and measured CTE data.

XRD scans performed on sintered pellets show pure Cu and
ZrW,0g peaks, without the presence of any copper oxide,
zirconium oxide, or tungsten oxide phases (Figure S4 in the
Supporting Information). A certain amount of the ortho-
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rhombic y-phase of zirconium tungstate is also detected: this
has been observed previously, and its existence is not surprising
considering the large compressive stresses arising in the
composites during cooling from the mismatch in thermal
expansion (the Cu matrix contracts while the ZrW,Oq
inclusions expand).***® The orthorhombic phase possesses a
negative CTE,”” and is stable after prolonged thermal cycling as
discussed in the next section. Thus, the presence of the
orthorhombic phase has a minor effect on the thermal
expansion behavior of the composites.

3.2. Thermal Expansion. Dilatometry measurements were
used to determine the dimensional changes for samples cycled
between room temperature and 300 °C. Every sample
underwent at least three heating/cooling cycles, and the CTE
for every sample was averaged for at least five measurements.
Each data point in Figure 6a corresponds to the average value
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Figure 6. (a) Average CTE in the 80—300 °C range as a function of
the Cu volume fraction for the prepared samples. The calculated CTE
values are based on using a linear combination of the CTE for Cu and
the two different CTE values for ZrW,Og below and above 160 °C.
These are highlighted with straight and dashed lines, respectively. The
CTE values for Mg,Si, GaAs, and InP are also shown. (b) Variation in
length of a sample containing 43 vol % ZrW,Og during repeated
heating/cooling cycles: the heating rate is 5 °C/min, while the cooling
rate is 2 °C/min. The average CTE is 7.1 ppm/°C.

for a single sample (the CTE values for each sample using one
standard deviation as error bars are reported in Table S4 in the
Supporting Information). There is reasonable agreement
between the measured thermal expansion and the expected
CTE based on the simple linear combination of each
component. As discussed in the introduction, ZrW,Oy is
known to have an isotropic negative thermal expansion over a
wide temperature range (0.3—1050 K) with a phase transition
at about 430 K (~160 °C). This phase transition leads to a
decrease in the absolute value of the CTE, from about —9
ppm/°C for temperatures below 160 °C to about —4.9 ppm/
°C for temperatures above 160 °C.*° For this reason, two
theoretical linear combinations are reported in Figure 6a. It
seems that for low zirconium tungstate loading the contribution
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of the copper matrix is predominant, as the measured CTE
values are larger than the expected ones; nonetheless, when the
ZrW,0; amount exceeds roughly 40 vol %, the trend in the
CTE falls within the expected range. As mentioned above, a
secondary orthorhombic phase which possesses a less negative
CTE of about —1 ppm/°C is present in the composite. The
presence of this phase will lead to a slight increase in the
expected CTE for the composites, but this effect can be
neglected for several reasons. First, the majority of the
zirconium tungstate remains in the cubic phase even at room
temperature. Moreover, most of the prepared samples contain
at least 50% Cu, so the presence of the secondary y-phase has a
minor effect on the CTE of the composites. Finally, it is
interesting to note that research on Al-ZrW,0Og composites
showed that the orthorhombic phase converts back to cubic
when the pellets are slightly heated.®® A number of samples
were remeasured after the initial CTE measurements, having
been stored for at least 2 weeks at room temperature in air
between each measurement. No substantial differences were
observed, as the average CTE value is within the error bars (see
Table S4 in the Supporting Information).

XRD measurements on the composite pellets after thermal
cycling between room temperature and 300 °C did not show
any evidence of decomposition of zirconium tungstate or
oxidation of the copper matrix (see Figure SS in the Supporting
Information). This result indicates that the different crystalline
phases which coexist within the composites are stable over the
temperature window that we investigated. Only the pure Cu
sample shows a very small additional diffraction peak that can
be assigned to Cu,O. This phase could possibly arise from the
presence of oxygen during CTE measurements. The amount of
the orthorhombic ZrW,0Og4 phase that formed after thermal
cycling is comparable to that of the as-prepared material. This
behavior suggests that once the partial phase change induced by
pressure occurs during composite fabrication, the composite
pellets are stable and can withstand temperature variations
without being subjected to further transformations.

The dilatometry results show that by selecting the proper
ratio of the two components the CTE can be tuned between
about 16.5 ppm/°C (pure copper) and less than 1 ppm/°C
(composites with 65 vol % of ZrW,Og). Samples containing 43
vol % of ZrW,0Og match the CTE of Mg,Si, one of the most
widely studied thermoelectric materials (~7.5 ppm/°C), while
composites containing 46—49 vol % of ZrW,Ogz match the CTE
of the well-known III—V semiconductors, GaAs and InP.

The difference in CTE associated with the phase transition of
ZrW,0Oy affects the thermal expansion behavior of the
composites when crossing the transition temperature of 160
°C. This difference becomes measurable only by increasing the
zirconium tungstate loading and is barely detectable for samples
containing more than 60 vol % of Cu. Nonetheless, this
behavior actually represents an advantage because we believe
that having such a small variation in CTE when crossing the
transition temperature, instead of an abrupt and large change,
will improve composite reliability over repeated heating—
cooling cycles. Figure 6b shows a series of thermal cycles
between 90 and 300 °C for a sample containing 43 vol %
ZrW,0Og. Excellent reproducibility and stability are observed,
suggesting that the synthesized composites might be suitable as
electrical contacts for semiconductors or thermoelectric
materials. The measured CTE for this particular sample
averaged for all cycles is 7.1 ppm/°C, very close to the CTE
of Mg,Si. The small variation in the thermal expansion behavior
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at about 160—170 °C corresponds to the phase transition of
ZrW,0g. The difference in CTE between high temperatures
and low temperatures is less than 1 ppm/°C, so it is not likely
to negatively affect the thermal stability of the junction between
the composite and the thermoelectric or the semiconductor
material.

An interesting effect of the ZrW,O; content is that it is
possible for the composite to exhibit an inversion in the CTE
value from negative to positive when the zirconium tungstate
undergoes the phase change. This behavior will occur for
composites containing large zirconium tungstate amounts,
more than 50 vol %.

As an example, a sample containing 64% of ZrW,0Oy has an
average CTE of 0.5 + 1.3 ppm/°C measured between 80 and
300 °C; however, the average CTE in the 80—-150 °C
temperature range is slightly negative (—0.5 ppm/°C), while
the average in the 180—300 °C temperature range is positive
(around 2 ppm/°C). This inversion has been observed
previously, and it is consistent with the phase transformation
of zirconium tungstate and the related variation in the CTE of
the ceramic.’’ It is important to underscore the point that at
such large zirconium tungstate loadings it becomes harder to
identify a reliable value for the CTE since a linear variation in
length with temperature is not readily observed.

3.3. Electrical Properties. Electrical conductivity of the
composites was measured using the van der Pauw method. The
results are reported in Figure 7 and in Table S5 in the
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Figure 7. Average electrical conductivity as a function of the Cu
volume fraction for the prepared samples. The expected value for bulk,
fully dense copper (5.96 X 107 S/m) is highlighted with a dashed line.

Supporting Information. Each sample has been tested several
times at room temperature (24 °C), and the different
measurements were averaged into one value, using one
standard deviation as the error.

The conductivity of pure Cu pellets averages about 75% of
the conductivity of bulk copper, with the best samples reaching
85—90% of the bulk value of ~6 X 107 S/m. These results are
an indication of the high quality of the prepared materials and
the ability to achieve bulk-like material properties at pressing
temperatures as low as 500 °C. As expected, the conductivity
decreases steadily with the amount of oxide filler; however, the
composite samples are still very conductive. For example, the
conductivity of samples containing up to 43 vol % of ZrW, Oy is
more than 40% of the value of bulk Cu, while samples
containing 60 vol % or more of oxide show conductivity values
around 5.8 X 10° S/m, comparable to pure metals such as
titanium (~2.5 X 10° S/m) and steels (between 1.5 X 10° S/m
and 7 X 10° S/m).®> Samples tested after several months of
storage in air at room temperature (red dots in Figure 7)
exhibit a drop in conductivity. Those metal—matrix composites

with >50 vol % of Cu exhibit a small change, while the sample
tested with <40 vol % Cu exhibited nearly a 10-fold decrease in
conductivity from storage. Progressive oxidation in air at room
temperature might be the reason for the observed drop in
conductivity: the effect is more pronounced for samples where
the amount of copper is closer to the percolation threshold for
conduction.

The high conductivity values, along with the tunability of the
CTE, make the metal—matrix composites suitable for a variety
of applications in which the device has to be thermally cycled,
where good electrical contact must be maintained and
problems with thermomechanical stresses must be avoided.

3.4. Thermal Properties. In view of the high values for the
electrical conductivity, it is not surprising that the metal—matrix
composites exhibit high thermal conductivities. Figure 8 shows

400
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Figure 8. Thermal conductivity as a function of the Cu volume
fraction for the prepared samples. The values predicted with the
effective medium model (dashed black line) and with the Maxwell—
Eucken model (dotted and dashed green lines for the upper and lower
limit, respectively) are also shown. The thermal conductivity of pure
Cu is ~400 W/mK.

the measured and predicted thermal conductivities of the
composite pellets at room temperature as a function of the
volume fraction of copper. Without the oxide filler, the
measured thermal conductivity of the composite is 340 W/
mK, which is about 85% of the expected value for bulk copper
(401 W/mK). The thermal conductivity decreases steadily with
increasing zirconium tungstate loading in the composite
formulation, as expected. We compared the experimental data
with predictions from two different models: the Maxwell—
Eucken model and the effective medium model.

The Maxwell-Eucken model assumes that the dispersed
component does not form continuous conduction pathways,
and it therefore gives an upper and a lower bound to the
composite thermal conductivities. The model considers either
(i) that the fillers are isolated from each other and the Cu
matrix provides continuous, highly heat conductive paths
(upper limit), or (ii) that the fillers themselves form
continuous, highly insulating paths and that the conductive
Cu regions are isolated from each other (lower limit).

The effective medium model (EMM) represents a
heterogeneous material where the two components are
distributed randomly and either of them may form continuous
conduction pathways. More detailed explanations of the two
models can be found elsewhere.”

As shown in Figure 8, the experimental data (blue dots)
seem to follow the trend of EMM predictions, but there is a
horizontal shift compared to the model prediction due to finite
amounts of porosity as indicated in the density measurements
(see Figure 4). When the volume fraction of copper is
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corrected after taking into account the porosity of the samples
as evaluated from the density measurements, we obtain good
agreement between the measured thermal conductivity and the
predictions of the EMM (red dots in Figure 8).

B CONCLUSIONS

We have developed metal—matrix composites which possess
high electrical and thermal conductivities in combination with
tunable thermal expansion coeflicients. The continuous copper
matrix is responsible for the electrical and thermal conductivity
properties, while the addition of ZrW,0Og, a negative thermal
expansion material, enables us to vary the CTE in a predictable
and reproducible fashion by more than a factor of 10, from <1
ppm/°C to the value of pure copper. A key feature which is
essential in fabricating these materials is the use of hot-pressing
conditions which avoid the decomposition of the ZrW,0Og. To
achieve the mild conditions of 500 °C for 1 h at 40 MPa, we
take advantage of the lower sintering temperatures, especially of
metals, which occur upon decreasing particle size to the
nanodimensional range. Accordingly, we developed a synthetic
route for the preparation of Cu NPs based on the reduction of a
common copper salt in aqueous solution using PVP as a
stabilizer and size-controlling agent. The improved thermo-
mechanical reliability which results from this unique combina-
tion of high electrical and thermal conductivities and low
thermal expansion enables these Cu-based metal—matrix
composites to be used as electrical contacts to a variety of
semiconductor and thermoelectric devices which can be
operated under thermal cycling conditions.
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