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Composition for Forming a Copper-containing Interlayer Comprising Internal

Pores

The present invention relates to a composition for forming a copper-containing in-
terlayer between a first solid substrate and a second solid substrate, a method for
forming a copper-containing interlayer between a first solid substrate and a second
solid substrate and a use of the composition. In the sense of the present invention
an interlayer is to be understood as an interconnect layer, i. e. a solid metallic in-

terconnection between the first solid substrate and the second solid substrate.

Die-attach bonding is a key process to realize high-temperature operation of
power semiconductor devices. High Pb solders have been a preferred and well es-
tablished choice over the past decades. However strict regulations concerning
hazardous substances restrict the usage of high Pb solders and the few excep-
tions that exist today are also foreseen to be banned in the near future. With the
increase in the usage of wide-bandgap (WBG) semiconductor devices, it is imper-
ative to find sustainable and reliable alternatives both on the economical and the
technical fronts. Interconnect materials and technologies need to be able to fulfill
the challenging requirements of the WBG semiconductor devices and at the same

time need to be economical for enabling mass production.

Currently, there are two established methods to produce high-temperature bonds
while benefiting from the comparatively low-temperature bonding temperature:
Transient liquid phase (TLP) bonding and particle sintering. Although various stud-
ies reported successful production of an in-situ phase with a higher re-melting
point, thermo-mechanical fracture behavior of TLP bonded joint appeared to have
a major drawback. That is due to microstructure of the TLP bonded joint as it is
made of brittle intermetallic compounds (IMCs). However, for the case of particle
sintering, there are promising reports that suggest Ag-sintered joint as a candidate
for high-temperature WBG applications. During sintering, it is possible to realize a
connection, which consists of one metal throughout. Beside the high thermal con-

ductivity of the material, the advantage is that the interconnect is established at
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relative low temperature (250 °C) but is stable at higher temperature (over
300 °C). However, sintered Ag particles have its own drawbacks: High cost and

low-electromigration resistance.

Copper is approximately 100 times cheaper than silver and also more abundant,
easily recyclable and easily available. Copper has an overall lower carbon footprint
than silver. It has a lower co-efficient of thermal expansion than silver and has
nearly the same electrical and thermal conductivities. However, the higher melting
point of copper means that the sintering temperatures are also slightly higher than
in case of silver. Furthermore, the susceptibility to oxidize quickly under atmos-
phere is a major drawback when using copper as this is detrimental to the me-

chanical and thermal integrity of the joint.

Bhogaraju, S. K. et al. "Copper die bonding using copper formate based pastes
with alpha-terpineol, amino-2-propanol and hexylamine as binders", 2020 IEEE
8" Electronics System-Integration Technology Conference (ESTC), 2020, pp. 1-7,
discloses copper pastes based on Cu(ll) formate tetrahydrate mixed with either
PEG600, alpha-terpineol, amino-2-propanol or hexylamine as binder. After com-
pletion of the thermal decomposition process, the formation of pure metal copper
nanoparticles is observed. The average shear strength values of the sinter pastes
were 30 MPa, 9 MPa, 2 MPa for the binders PEG600, alpha-terpineol and amino-
2-propanol, respectively, whereas hexylamine as binder established no sufficient

bond strength to perform shear tests.

Bhogaraju, S. K. et al. "Die-attach bonding for high temperature applications using
thermal decomposition of copper(ll) formate with polyethylene glycol”, Scr. Mater.
2020, 182, 74-80, discloses copper pastes based on Cu(ll) formate mixed with ei-
ther PEG600, alpha-terpineol or a mixture of alpha-terpineol and polyvinyl butyral.
From the tested sintering pastes, the Cu(ll) formate/PEGB600 paste at a weight ra-
tio of 63/37 showed the highest shear strength value of 60 MPa. In addition, ther-
mal decomposition of Cu(ll) formate results in the in situ formation of copper nano-
particles.
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According to Bhogaraju, S. K. et al. "Novel approach to copper sintering using sur-
face enhanced brass micro flakes for microelectronics packaging", Journal of Al-
loys and Compounds, Volume 844, 2020, 156043, etched copper or brass flakes
were mixed with PEG600 as binder to obtain paste formulations. Before making
the paste formulations, the flakes were treated with 12 M HCI for etching Zinc from
the brass flakes and copper oxides from the copper flakes. After etching, the
flakes were thoroughly rinsed first in distilled water and then in isopropanol. This
treatment removed zinc, chlorine and all organic components from the flakes. The
use of PEG600 in the paste formulations was reported to enable the in sifu reduc-

tion of Cu oxides during sintering.

Bhogaraju, S. K. et al. "Die-attach bonding with etched micro brass metal pigment
flakes for high-power electronics packaging", ACS Appl. Electron. Mater. 2021, 3,
10, 4587-4603, discloses sinter pastes composed of etched microscale brass
metal pigment flakes or pure copper flakes and a binder mixture of alpha-terpineol
and polyethylene glycol 600 (PEG600). Before formulation of the pastes, the
flakes were treated with HCI for etching, washed in distilled water, washed in iso-
propanol and dried in air. This treatment removed zinc, chlorine and all organic

components from the flakes.

EP 3 626 785 B1 discloses a metal paste comprising 65 to 85 % by weight of
metal particles and 10 to 35 % by weight of organic solvent, wherein 70 to 100 %
by weight of the metal particles consist of organically coated copper flakes com-
prising a specific surface in the range of 1.9 to 3.7 m4/g, a total oxygen content in
the range of 2 to 4 % by weight, and a total carbon to total oxygen weight ratio in
the range of 0.25 to 0.9. The proportion of organic coating can be in the range of

2 to 5% by weight, based on the weight of the organically coated copper flakes.

US 2014/0287158 A1 discloses a conductive paste for screen application having a
mixture of copper flake having a mean diameter between 1 um to 8 um and copper

nanoparticles having a mean diameter from 10 nm to 100 nm, wherein the ratio of



WO 2024/230962 PCT/EP2024/056417

the copper flake to the nanoparticles is between 2:1 and 5:1 by weight, and a resin
comprising about half of a polymer having a molecular weight in excess of 10.000

and one or more solvents.

The problem to be solved by the present invention is to provide an alternative
composition for forming a copper-containing interlayer between a first solid sub-
strate and a second solid substrate, an alternative method for forming a copper-
containing interlayer between a first solid substrate and a second solid substrate
and a use of the alternative composition. The alternative composition shall allow
die-attach bonding, the formation of an electrically and/or thermally conductive
path on a solid substrate and substrate attachment. The alternative composition
and the alternative method shall enable sintering with short sintering times, with
low sintering temperature and/or with low sintering pressure. Sintering of the alter-
native composition shall result in a copper-containing interlayer having a high re-
sistance against thermo-mechanical fatigue, a high thermal conductivity and a high

electrical conductivity.

The problem is solved by the subject-matter of claims 1, 12 and 15. Embodiments

of the invention are subject-matter of claims 2 to 11 and claims 13 and 14.

According to the invention a composition for forming a copper-containing interlayer
between a first solid substrate and a second solid substrate is provided. The com-

position comprises or consists of the following components:

An organic binder and flakes of copper or a copper alloy. The flakes comprise in-

ternal pores and have a multi-layer lamellar structure.

The inventors of the present invention found that the flakes of copper or the cop-
per alloy which flakes comprise internal pores result in an interlayer after sintering
which interlayer has an increased stress absorption compared to an interlayer ob-
tained with flakes of copper or the copper alloy without internal pores. Thus, due to

the internal pores, the interlayer resulting from the flakes comprising internal pores
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is able to efficiently absorb thermo-mechanical stress applied to the interlayer. In
the context of the present invention, thermo-mechanical stress refers to the stress
generated in the interlayer due to a mismatch in coefficients of thermal expansion,
i.e. due to different expansion and shrinkage of the first and the second solid sub-
strate and the interlayer caused by thermal effects during and after sintering
and/or during operation of a device containing the interlayer between the first and
the second solid substrate. Furthermore, the inventors of the present invention
found that also mechanical stress applied to the interlayer is efficiently absorbed
by an interlayer resulting from the flakes comprising internal pores due to a
sponge-like microstructure of the interlayer, compared to an interlayer obtained
with flakes of copper or the copper alloy without internal pores. The interlayer re-
sulting from the composition according to the invention after sintering shows an
improved resistance against thermo-mechanical fatigue compared to interlayers
resulting from compositions comprising flakes of copper or the copper alloy without
internal pores. In the context of the present invention, thermo-mechanical fatigue
refers to the overlay of a cyclical mechanical loading, that leads to fatigue of a ma-
terial, with a cyclical thermal loading. Thus, the interlayer resulting from the com-
position according to the invention shows a good thermo-mechanical performance,
in particular if a relatively high thermo-mechanical stress and/or a relatively high

mechanical stress is applied on the interlayer, and thus ensures a good reliability.

Furthermore, the inventors found that the thermal conductivity and the electrical
conductivity of the interlayer resulting from the composition according to the inven-
tion after sintering is not affected by the internal pores compared to interlayers re-
sulting from compositions comprising flakes of copper or the copper alloy without
internal pores. Thus, the composition according to the invention also shows to re-
sult in an interlayer after sintering having a relatively high thermal conductivity and

a relatively high electrical conductivity.

The inventors of the present invention further found that the internal pores of the
flakes of copper or the copper alloy are maintained during and after sintering of the

composition according to the invention. Due to the good thermo-mechanical
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performance, a rapid cooling of the copper-containing interlayer from the sintering
temperature to a cooling temperature does not cause an overstressing of the cop-
per-containing interlayer. Therefore, no fractures are formed in the copper-contain-
ing interlayer during and after rapid cooling, in particular after sintering and/or dur-

ing thermal shock testing.

The inventors of the present invention further found that flakes of copper or the
copper alloy having a multi-layer lamellar structure enable sintering within a rela-
tively short sintering time, in particular within a sintering time of at most 5 minutes,
with a relatively low sintering temperature, in particular with a sintering tempera-
ture of at most 250 °C, and/or with a relatively low sintering pressure, in particular
with a sintering pressure of at most 15 MPa, compared to flakes of copper or the
copper alloy having no lamellar structure, in particular having no multi-layer lamel-
lar structure. This is enabled by the relatively large surface area of the flakes hav-
ing a multi-layer lamellar structure which results in improved densification and
rapid grain growth of the flakes of copper or the copper alloy in the composition
according to the invention during sintering. The multi-layer lamellar structure of a
flake of copper or the copper alloy can be determined by surface analysis, in par-
ticular by metal surface analysis, and/or by analysis of cross-sections of the flakes
of copper or the copper alloy. The surface analysis, in particular the metal surface
analysis, of the flakes of copper or the copper alloy can comprise microscopic
morphology analysis, surface structure analysis, surface elemental composition
analysis and depth analysis. The surface analysis and/or the analysis of cross-
sections can be performed for example by scanning electron microscopy (SEM), x-
ray diffraction (XRD), scanning tunneling microscopy (STM), transmission electron
microscopy (TEM), x-ray photoelectron spectroscopy (XPS), glow discharge spec-
trometry and image-based metal surface inspection. These methods can also be
applied to the surface analysis and/or the analysis of cross-sections of the copper-
containing interlayer and/or of the composition according to the invention before

and/or after sintering.
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Grains in the flakes of copper or the copper alloy independently from each other
may have an average grain size of at least 5 nm and at most 200 nm, in particular
at least 20 nm and at most 200 nm. A grain is any of the crystallites that compose
a solid metal. The term “average grain size” means the average grain size given
as average diameter determined from average area determined according to
ISO/DIS 13067(en) by Electron Backscatter Diffraction (EBSD). It is a value deter-
mined from a two dimensional measurement which is related to the average three
dimensional size of a collection of grains or crystals forming a polycrystalline mate-
rial by stereological relationships. The collection of grains or crystals may com-

prise 30 to 1000, in particular 40 to 400, in particular 50 to 200 grains or crystals.

Grain boundaries act as pathways for atomic or molecular diffusion during sinter-
ing. During sintering, as sintering temperature is applied, atoms or molecules mi-
grate across these boundaries, which improves diffusion and thus the sintering
process. The given average grain size has been found to result in a relative fast

sintering and a relative high densification rate.

The copper alloy from which the flakes may be formed may be bronze or brass. If
the flakes are of the copper alloy, a good thermal conductivity of the sintered com-
position according to the invention is enabled. However, if the flakes are of copper,
the thermal conductivity of the sintered composition according to the invention is
usually higher. In particular, the brass may be a brass containing at least 0.5 wt. %
zinc, in particular at least 1 wt.% zinc, and at most 36 wt.% zinc, in particular at
most 30 wt.% zinc, in particular at most 25 wt.% zinc, in particular at most 20 wt.%
zinc, in particular at most 15 wt.% zinc. In particular, the brass may be alpha-brass
containing at most 36 wt.% zinc. In particular, the bronze may be a bronze con-
taining at least 0.5 wt.% tin, in particular at least 1 wt.% tin, and at most 20 wt.%
tin, in particular at most 15 wt.% tin, in particular at most 10 wt.% tin, in particular
at most 5 wt.% tin. The purity of the copper or the copper alloy may be at least

93 %, in particular at least 95 %, in particular at least 99 %, in particular at least
99.95 %, and at most 99.99 %.
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The copper or the copper alloy forming the flakes, in particular the copper, may be
single crystalline or polycrystalline. The flakes of copper or the copper alloy may
be fully or partially oriented in a single crystallographic orientation, in particular in a
111 crystallographic orientation, or may have a fully or partially disordered crystal

structure.

The flakes of copper or the copper alloy may have a mean particle size D50 deter-
mined by laser granulometry of at least 1 um, in particular at least 2 um, in particu-
lar at least 2.5 um, in particular at least 3 um, and at most 10 um, in particular at
most 7 um, in particular at most 5 um, in particular at most 4 um, in particular at
most 3.4 um. The laser granulometry may be performed by use of laser diffraction
measurement according to the specifications of ISO 13320 "Particle size analysis -
laser diffraction methods". The laser diffraction measurement can be performed by
means of a Helos™ laser diffractometer from the company Sympatec GmbH,
38678 Clausthal-Zellerfeld, Germany. The mean particle size D50 is the corre-
sponding particle size when the cumulative percentage reaches 50%. For exam-
ple, for a powder sample with D50 = 50 um, it means 50% of particles are larger

than 50 um and 50% particles are smaller than 50 um.

The flakes of copper or the copper alloy may be obtained by grinding in a ball mill
and may have a lamellar shape, an irregular shape or a cornflake-like shape. The
inventors of the present invention found that the lamellar shape, the irregular
shape or the cornflake-like shape of the flakes of copper or the copper alloy, in
particular of the flakes of copper or the copper alloy having a mean particle size
D50 of at most 5 ym, in particular a mean particle size D50 of at most 4 um, in par-
ticular a mean particle size D50 of at most 3.4 um, in particular a mean particle
size D50 of at most 3 um, results in better contact surfaces compared to spherical
microparticles. The lamellar shape, the irregular shape or the cornflake-like shape
also results in a larger surface area of the flakes of copper or the copper alloy,
which leads to improved densification and coarsening of the flakes during sinter-
ing. This further promotes the formation of sinter necks and allow material

transport during sintering. Any one of the flakes of copper or the copper alloy may
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independently from each other have a thickness in the range of 5 nm to 400 nm, in
particular in the range of 20 nm to 350 nm, in particular in the range of 50 nm to
300 nm, in particular in the range of 100 nm to 275 nm, in particular in the range of

150 nm to 250 nm, in particular in the range of 175 nm to 200 nm.

An internal pore is defined as void space in the flake which is not filled with the
copper or the copper alloy. Any of the internal pores is present within a grain of the
copper or the copper alloy forming the flakes. Any one of the internal pores may
have a diameter in the range of 2 nm to 30 nm, in particular in the range of 3 nm to
25 nm, in particular in the range of 5 nm to 20 nm, in particular in the range of

10 nm to 15 nm. The inventors of the present invention found that the number of
internal pores allows a relatively high stress absorption, in particular a relatively
high thermo-mechanical and/or mechanical stress absorption, of temperatures
and/or pressures applied on the interlayer formed from the composition. This
stress absorption by the internal pores of the flakes of copper or the copper alloy
allows a relatively high resistance against thermo-mechanical fatigue and thus a
good thermo-mechanical performance of the interlayer formed from the composi-
tion according to the invention. The diameter of an internal pore can be measured
for example by gravimetric analysis, by computed tomographic analysis or by im-

age-based analysis.

The flakes comprising internal pores in the composition according to the invention
may have a mean intraparticle pore density in a range of 2 internal pores/um? to
40 internal pores/um?, in particular in a range of 2 internal pores/um? to 30 internal
pores/um?, in particular in a range of 3 internal pores/um? to 25 internal pores/um?2,
in particular in a range of 5 internal pores/um? to 20 internal pores/um?2, in particu-
lar in a range of 7 internal pores/pm? to 18 internal pores/pum?2, in particular in a
range of 10 internal pores/um? to 15 internal pores/pm?2, in particular in a range of
12 internal pores/um? to 13 internal pores/pm?2, in an arbitrary section, in particular
in any arbitrary section, through any of the flakes. In particular, the flakes compris-
ing internal pores in the composition according to the invention may have a mean

intraparticle pore density in a range of 10 internal pores/um? to 40 internal
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pores/um?, in particular in a range of 10 internal pores/um? to 30 internal
pores/um?, in particular in a range of 15 internal pores/um? to 20 internal
pores/um?, in an arbitrary section, in particular in any arbitrary section, through any
of the flakes. In the context of the present invention, the mean intraparticle pore
density of a flake is defined as the mean of the number of internal pores in relation
to an area of an arbitrary section through any of the flakes. The inventors of the
present invention found that the mean intraparticle pore density of the flakes in the
composition according to the invention is not affected by sintering of the composi-
tion according to the invention. Thus, also the sintered flakes in the copper-con-
taining interlayer/interconnect layer between the two solid substrates and thus the
interlayer/interconnect layer itself may have a mean intraparticle pore density in
the range of 2 internal pores/um? to 40 internal pores/um?, in particular in the
range of 2 internal pores/um? to 30 internal pores/um?, in particular in the range of
3 internal pores/um? to 25 internal pores/um?, in particular in the range of 5 internal
pores/um? to 20 internal pores/um?, in particular in the range of 7 internal
pores/um? to 18 internal pores/um?, in particular in the range of 10 internal
pores/um? to 15 internal pores/um?, in particular in the range of 12 internal
pores/um? to 13 internal pores/um?, in an arbitrary section, in particular in any arbi-
trary section, through the interlayer/interconnect layer. In particular, also the sin-
tered flakes in the copper-containing interlayer/interconnect layer between the two
solid substrates and thus the interlayer/interconnect layer itself may have a mean
intraparticle pore density in the range of 10 internal pores/um? to 40 internal
pores/um?, in particular in the range of 10 internal pores/um? to 30 internal
pores/um?, in particular in the range of 15 internal pores/um? to 20 internal
pores/um?, in an arbitrary section, in particular in any arbitrary section, through the
interlayer/interconnect layer. Though single particles or flakes are sintered to-
gether in the interlayer/interconnect layer such that no single particles/flakes are
present in the interlayer/interconnect layer, the term "intraparticle pore density"
has been maintained since the origin of the pores is in the particles/flakes. The
mean intraparticle pore density of the flakes of copper or the copper alloy can be
measured for example by gravimetric analysis, by computed tomographic analysis

or by image-based analysis. The mean intraparticle pore density of the flakes of
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copper or the copper alloy can be determined for example by using the following

method:

1. Embedding the flakes in a resin, in particular in an epoxy resin,

2. preparing ultrathin sections of the embedded flakes,

3. taking transmission electron microscopic (TEM) images and/or scanning
electron microscopy (SEM) images of the ultrathin sections of the embed-
ded flakes,

4. determining a plurality of intraparticle pore densities by calculating the num-

ber of internal pores within the ultrathin sections of the flakes in relation to
the total area of these ultrathin sections of the flakes, in a plurality of TEM
images and/or in a plurality of SEM images, and

5. calculating the mean of the plurality of intraparticle pore densities deter-
mined in this way.

In this connection, step 4 can be effected by means of a computer-assisted image

analysis of the TEM images and/or the SEM images.

The inventors of the present invention found that flakes of copper or the copper al-
loy having a mean intraparticle pore density in the range of 2 internal pores/um? to
40 internal pores/um?, in particular in the range of 2 internal pores/um? to 30 inter-
nal pores/um?2, in particular in the range of 5 internal pores/pum? to 20 inter-

nal pores/um?2, result in an increased resistance against thermo-mechanical fatigue
of the interlayer in contrast to that of an interlayer obtained from flakes of copper
or the copper alloy having no internal pores. Furthermore, the thermal conductivity
and the electrical conductivity of the interlayer obtained from flakes of copper or
the copper alloy having a mean intraparticle pore density in the range of 2 internal
pores/pum? to 40 internal pores/um?, in particular in the range of 2 internal
pores/um? to 30 internal pores/um?, in particular in the range of 5 internal

pores/um? to 20 internal pores/um?, is not affected by the internal pores. It is



WO 2024/230962 PCT/EP2024/056417
12

identical or nearly identical to that of an interlayer obtained from flakes of copper
or the copper alloy having no internal pores. Thus, due to the flakes of copper or
the copper alloy having a mean intraparticle pore density in the range of 2 internal
pores/um? to 40 internal pores/um?, in particular in the range of 2 internal
pores/um? to 30 internal pores/um?, in particular in the range of 5 internal
pores/um? to 20 internal pores/um?, a relatively high thermo-mechanical perfor-
mance, a relatively high thermal conductivity and a relatively high electrical con-
ductivity of the interlayer obtained from the composition according to the invention
by sintering is enabled. The mean intraparticle pore density in the range of 2 inter-
nal pores/um? to 40 internal pores/pm?, in particular in the range of 2 internal
pores/um? to 30 internal pores/um?, in particular in the range of 5 internal
pores/um? to 20 internal pores/um?, of the flakes of copper or the copper alloy is
not affected by sintering of the composition according to the invention. The result-
ing relatively high thermo-mechanical performance allows a rapid cooling of the
copper-containing interlayer/interconnect layer from the sintering temperature to a
cooling temperature within a short period of time without causing an overstressing
of the copper-containing interlayer, e.g. without fracture formation in the copper-

containing interlayer.

Furthermore, in the context of the present invention, the internal pores of the
flakes of copper or the copper alloy do not refer to superficial recesses on any sur-
face of the flakes formed for example by etching of the flakes. Superficial recesses
are only present on a surface of the flake of copper or the copper alloy and are not
self-contained, closed internal pores inside the flake. The internal pores are totally
surrounded by the copper or the copper alloy. Thus, the internal pores are not pre-
sent on the surface and do not have any connection with the surface of the flakes
of copper or the copper alloy. Furthermore, the internal pores are not formed by
means of etching, in particular with an acid, of the flakes of copper or the copper

alloy.

In contrast to the mean intraparticle pore density, the mean interparticle cavity

density in the context of the present invention is defined as the mean percentage



WO 2024/230962 PCT/EP2024/056417
13

of area between the sintered flakes of copper or the copper alloy from the total
area in a cross-section of the interlayer formed from the composition according to
the invention. The area between the sintered flakes of copper or the copper alloy
is not filled, in particular not filled with the copper or thr copper alloy. The mean in-
terparticle cavity density of the flakes of copper or the copper alloy in this inter-
layer, in particular at the beginning of the sintering of the flakes, may be in the
range of 5 % to 50 %, in particular in the range of 10 % to 45 %, in particular in the
range of 15 % to 40 %, in particular in the range of 20 % to 35 %, in particular in
the range of 25 % to 30 %. The mean interparticle cavity density of the flakes in
the interlayer can be measured for example by scanning electron microscopy
(SEM) analysis, by computed tomographic analysis or by image-based analysis of
cross-sections of the interlayer. In this regard, cross-sections of the interlayer can
be prepared by ion beam milling to avoid smudging or clogging of the internal
pores and/or of the interparticle cavities. The mean interparticle cavity density of

the flakes in the interlayer can be determined for example by using the following

method:

1. Preparing ultrathin sections of the interlayer,

2. taking SEM images of these ultrathin sections,

3. determining a plurality of interparticle cavity densities by calculating the

area between the flakes that is not filled with the copper or the copper alloy
within the ultrathin sections in relation to the total area of these ultrathin
sections of the interlayer in a plurality of SEM images, and

4 calculating the mean of the plurality of interparticle cavity densities which
have been determined in this way.

In this connection, step 3 can be effected by means of a computer-assisted image

analysis of the SEM images.

The inventors of the present invention found that although the mean intraparticle

pore density of the flakes of copper or the copper alloy is not affected during
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sintering of the composition according to the invention, the mean interparticle cav-
ity density of the flakes in the composition according to the invention decreases
during sintering of the composition according to the invention. In this regard, the
decrease in the mean interparticle cavity density is dependent on the sintering
time, the pressure applied during sintering and the sintering temperature. The
pressure applied during sintering of the composition between a first solid substrate
and a second solid substrate is usually a bonding pressure applied to press the
first substrate and the second substrate against one another. A relatively long sin-
tering time, a relatively high pressure applied during sintering and/or a relatively
high sintering temperature results in a relatively high decrease in the mean in-
terparticle cavity density. After sintering of the composition according to the inven-
tion, the mean interparticle cavity density in the copper-containing interlayer/inter-
connect layer may be in the range of 0.5 % to 45 %, in particular in the range of 1
% to 45 %, in particular in the range of 5 % to 40 %, in particular in the range of 10
% to 35 %, in particular in the range of 15 % to 30 %, in particular in the range of
20 % to 25 %. The decrease in the mean interparticle cavity density during sinter-
ing of the composition according to the invention can result in the total or nearly to-
tal disappearance of interparticle pores in the copper-containing interlayer/inter-

connect layer.

The flakes of copper or the copper alloy stack in uniform stacking patterns, in par-
ticular by horizontally stacking over each other. Thus, a relatively large surface
contact between these flakes is provided. The relatively large surface contact be-
tween the flakes allows sintering within a relatively short sintering time, at a rela-
tively low sintering pressure and/or at a relatively low sintering temperature. Fur-
thermore, the flakes of copper or the copper alloy show a relatively high surface
energy. The surface energy can be defined as the excess energy at the surface of

a material compared to the bulk of the material.

The flakes of copper can be purchased as Cubrotec 8001 copper flakes, which are

offered by the company Carl Schlenk SE, Germany. In contrast to these flakes



WO 2024/230962 PCT/EP2024/056417
15

Cubrotec 8000 flakes which are also offered by Carl Schlenk SE are copper flakes

only having a lamellar but not a multi-layer lamellar structure.

The multi-layer lamellar structure may comprise or consist of at least two, in partic-
ular at least three, in particular at least four, in particular at least five, in particular
at least six, in particular at least seven, in particular at least eight, and of at most
20, in particular at most 18, in particular at most 16, in particular at most 14, in par-
ticular at most 12, in particular at most 11, in particular at most ten, in particular at
most nine, lamellas. Any one of the lamellas may independently from each other
have a thickness in the range of 5 nm to 20 nm, in particular in the range of 6 nm
to 18 nm, in particular in the range of 8 nm to 16 nm, in particular in the range of
10 nm to 14 nm, in particular in the range of 11 nm to 13 nm. The number of la-
mellas in the multi-layer lamellar structure and/or the thickness of any of the lamel-
las in the multi-layer lamellar structure can be determined by analysis of cross-
sections of the flakes. The analysis of cross-sections can be performed for exam-
ple by SEM or TEM of cross-sections of the flakes of copper or the copper alloy.
The number of lamellas in the multi-layer lamellar structure of the flakes can be

determined for example by using the following method:

1. Embedding the flakes of copper or the copper alloy in a resin, in particular

iN an epoxy resin,

2. preparing ultrathin sections of the embedded flakes,

3. taking transmission electron microscopic (TEM) images and/or scanning
electron microscopy (SEM) images of the ultrathin sections of the embed-
ded flakes, and

4. counting the number of lamellas in a multi-layer lamellar structure within the
ultrathin sections of the flakes in the TEM images and/or in the SEM im-

ages.
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In this connection, step 4 can be effected by means of a computer-assisted image

analysis of the TEM images and/or the SEM images.

The multi-layer lamellar structure may extend over the entire flake of copper or the
copper alloy or over a portion of the flake. The multi-layer lamellar structure may
have a total thickness of at least 20 nm, in particular at least 50 nm, in particular at
least 100 nm, and of at most 400 nm, in particular at most 350 nm, in particular at

most 300 nm, in particular at most 250 nm, in particular at most 200 nm.

The copper or copper alloy forming the lamellas may have a nanocrystalline struc-
ture comprising or consisting of nanoscale grains. The copper or copper alloy
forming the lamellas is identical to the copper or copper alloy forming the flakes of
copper or the copper alloy. The nanoscale grain size may be in the range of 5 nm
to 100 nm, in particular in the range of 10 nm to 90 nm, in particular in the range of
15 nm to 80 nm, in particular in the range of 20 nm to 70 nm, in particular in the
range of 25 nm to 60 nm, in particular in the range of 30 nm to 50 nm, in particular
in the range of 35 nm to 40 nm. If the copper or copper alloy forming the lamellas
has a nanocrystalline structure comprising or consisting of nanoscale grains, rapid
grain growth of the flakes is enabled during sintering. In this regard, the rapid grain
growth is particularly pronounced during the later stages of sintering, when the in-
terparticle cavity density decreases and interparticle pores in the copper-contain-
ing interlayer/interconnect layer totally or nearly totally disappear. In those later
stages of sintering, grain boundary migration becomes the dominant process
mechanism for grain growth which is particularly pronounced, if the copper or the
copper alloy forming the lamellas has a nanocrystalline structure comprising or
consisting of nanoscale grains. Thus, sintering within a relatively short sintering
time, with a relatively low sintering pressure and/or with a relatively low sintering
temperature is facilitated, if the copper or the copper alloy forming the lamellas has

a nanocrystalline structure comprising or consisting of nanoscale grains.

Within the multi-layer lamellar structure, each of the lamellas may be in contact

with (an)other lamella(s) by at least one lamellar boundary. Furthermore, lamellas
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may be part of one layer bend around at the edge of the flake. This means that the
lamellas form a unit in the form of the flake of copper or the copper alloy having

the multi-layer lamellar structure.

The flakes of copper or the copper alloy may be coated with stearic acid. The total
weight of stearic acid in relation to the total weight of the flakes coated with stearic
acid may be at least 0.001 wt.%, in particular at least 0.005 wt.%, in particular at
least 0.01 wt.%, in particular at least 0.05 wt.%, in particular at least 0.075 wt.%,
and at most 1.5 wt.%, in particular at most 1.25 wt.%, in particular at most 1 wt.%,
in particular at most 0.75 wt.%, in particular at most 0.5 wt.%, in particular at most
0.25 wt. %, in particular at most 0.1 wt.%. In particular, the total weight of stearic
acid in relation to the total weight of the flakes coated with stearic acid may be at
most 1.5 wt.%. The inventors of the present invention found that the stearic acid
coated on the surface of the flakes of copper or the copper alloy prevents an ag-
glomeration and cold welding of the flakes. However, due to the boiling point of
361 °C, this stearic acid on the surface of the flakes does not evaporate during the
sintering. Particles of copper or copper alloy coated with an organic coating agent,
in particular stearic acid, normally demonstrate a relatively low sintering efficacy.
The inventors of the present invention found that a relatively low sintering efficacy
occurs only if the composition comprises flakes of copper or the copper alloy
coated with a relatively high total weight of stearic acid in relation to the total
weight of the flakes coated with the stearic acid, in particular a total weight of the
stearic acid in relation to the total weight of the flakes coated with stearic acid of

more than 1.5 wt.%.

In an embodiment, the total weight of stearic acid in relation to the total weight of
the flakes of copper or the copper alloy coated with stearic acid is at least 0.7 wt. %
and at most 1.5 wt.%. The total weight of 0.7 wt.% stearic acid in relation to the to-
tal weight of the flakes has been found to be high enough to prevent agglomera-
tion and cold welding of the flakes under all relevant ball milling conditions. The to-
tal weight of 1.5 wt.% stearic acid in relation to the total weight of the flakes has

been found to be low enough for not hindering later sintering. The inventors found
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that a total weight above this value hinders sintering, as the flakes contain a high
organic content, which must first leave the composition containing these flakes be-
fore surface diffusion can take place to enable sintering. 1.5 wt.% stearic acid in
relation to the total weight of the flakes has been found to be the limit beyond

which sintering results are not satisfactory.

The total weight of least 0.001 wt.%, in particular at least 0.005 wt.%, in particular
at least 0.01 wt.%, in particular at least 0.05 wt. %, in particular at least 0.075 wt.%
stearic acid in relation to the total weight of the flakes has been found to be high
enough to prevent agglomeration and cold welding of the flakes under many but

not all relevant conditions.

The inventors of the present invention found that the relatively low total weight of
stearic acid, i. e. at most 1.5 wt.% stearic acid, in relation to the total weight of the
flakes of copper or the copper alloy coated with stearic acid in the composition is
sufficient for preventing agglomeration and cold welding of the flakes and also im-
proves sintering of these flakes. The inventors further found that the composition
comprising flakes of copper or the copper alloy coated with a relatively low total
weight of stearic acid, i. e. at most 1.5 wt.% stearic acid, in relation to the total
weight of the flakes coated with stearic acid shows an improved particle contact
during sintering of the composition in contrast to a composition comprising flakes
of copper or the copper alloy coated with a relatively high total weight of stearic
acid, in particular at least 1.6 wt.% stearic acid, in particular at least 2 wt.% stearic
acid, in relation to the total weight of the flakes coated with stearic acid. Thus, the
composition comprising flakes of copper or the copper alloy coated with a rela-
tively low total weight of stearic acid, i. e. at most 1.5 wt.% stearic acid, in relation
to the total weight of the flakes coated with stearic acid enables an improved sinter
neck formation and thus allows sintering with short sintering times, with low sinter-

ing temperature and/or with low sintering pressure.

Furthermore, in contrast to flakes of copper or the copper alloy without an organic

coating, in particular flakes of copper or the copper alloy without a stearic acid
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coating, the flakes of copper or the copper alloy coated with a relatively low total
weight of stearic acid, i. e. at most 1.5 wt.% stearic acid, in relation to the total
weight of the flakes coated with stearic acid in the composition do not agglomer-
ate, in particular do not agglomerate in a method for forming the composition
and/or do not agglomerate during storage and during applying of the composition
to a first substrate. Agglomeration(s) of the flakes of copper or the copper alloy re-
sult(s) in an inhomogeneous and inconsistent application of the composition to the
first substrate and also to an insufficient attachment of a second substrate placed
on the composition, in particular if the composition on the first substrate or the first
substrate and/or the second substrate together with the composition are heated to
a pre-drying temperature before sintering. Pre-drying results in an evaporation, in
particular a partial evaporation, of the organic binder in the composition and thus
in case of flakes of copper or the copper alloy without an organic coating a pro-
nounced agglomeration of the flakes. A pronounced agglomeration of the flakes
results in an inhomogeneous distribution of the composition on the first substrate
which can lead to device cracking during placement of the second substrate, in
particular during placement of highly sensitive and relatively thin devices such as
LEDs and diodes. Furthermore, the contact surface between the applied composi-
tion and the placed second substrate is relatively small due to the inhomogeneity
caused by the agglomerated flakes of copper or the copper alloy. This results in a

non-uniform pressure distribution during sintering and thus in a non-uniform sinter-

ing.

Thus, by preventing the agglomeration of the flakes of copper or the copper alloy
in the composition, a homogenous and consistent applicability, in particular printa-
bility, and a sufficient attachment of the second substrate placed on the composi-
tion according to the invention is enabled, in particular if the composition on the
first substrate or the first substrate and/or the second substrate together with the
composition are heated to a pre-drying temperature before sintering. Thus, after
sintering, a sufficient copper bond between the first substrate and the second sub-
strate with a relatively high arithmetic average shear strength value is enabled by

the composition comprising flakes of copper or the copper alloy coated with a
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relatively low total weight of stearic acid, i. e. at most 1.5 wt.% stearic acid, in rela-
tion to the total weight of the flakes coated with stearic acid. Furthermore, a com-
position comprising flakes of copper or the copper alloy coated with a relatively
high total weight of stearic acid, in particular at least 1.6 wt.% stearic acid, in par-
ticular at least 2 wt.% stearic acid, results in a reduced wettability of the first sub-
strate, in particular by the organic binder, during applying of the composition. This
results in the adhesive force of the organic binder to the first substrate being
stronger than the cohesive force of the organic binder within the composition, re-
sulting in an effect usually designated as bleed-out. Bleed-out of the organic
binder results in the organic binder being unevenly distributed on the first substrate
when the composition is applied on the first substrate, and flakes of copper or the
copper alloy being entrained due to the uneven distribution of the organic binder
on the first substrate. Furthermore, a reduced wettability of the first substrate re-
sults in contaminations, in particular contaminations by copper sublimation, after
sintering and hinders the surface diffusion during sintering, in particular during sin-
tering at a relatively low temperature, in particular a temperature of at most

250 °C, in particular of at most 225 °C. Thus, the composition according to the in-
vention comprising flakes of copper or the copper alloy coated with a relatively low
total weight of stearic acid in relation to the total weight of the flakes coated with
stearic acid, shows an improved processability and an improved sintering efficacy
compared to compositions comprising flakes of copper or the copper alloy without
an organic coating and compared to compositions comprising flakes of copper or
the copper alloy coated with a relatively high total weight of stearic acid, in particu-
lar at least 2 wt.% stearic acid, in relation to the total weight of the flakes coated

with stearic acid.

The inventors of the present invention found that the flakes of copper or the cop-
per alloy are distributed uniformly in the copper-containing interlayer between the
first solid substrate and the second solid substrate after the sintering process. This
allows an efficient formulation of the composition according to the invention, an im-
proved applicability, in particular printability, of the composition according to the in-

vention on the first substrate and an improved placing of the second substrate on
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the composition according to the invention. Furthermore, the composition accord-
ing to the invention enables a relatively good surface control of the sintered cop-
per-containing interlayer by ensuring a relatively low surface roughness and an
uniform bond thickness of the copper-containing interlayer, in particular during
and/or after sintering. Furthermore, if the flakes of copper or the copper alloy are
coated with a relatively low total weight of stearic acid, i. e. at most 1.5 wt.% stea-
ric acid, in relation to the total weight of the flakes coated with stearic acid, ag-
glomeration of the flakes of copper or the copper alloy is prevented and thus, the
uniform distribution of the flakes in the copper-containing interlayer between the
first solid substrate and the second solid substrate after the sintering process is
further improved. This further improves the applicability, in particular printability, of
the composition on the first substrate and the placing of the second substrate on
the composition. Furthermore, also the surface control of the sintered copper-con-
taining interlayer by ensuring a relatively low surface roughness and an uniform
bond thickness of the copper-containing interlayer, in particular during and/or after
sintering is further improved, if the flakes of copper or the copper alloy are coated
with a relatively low total weight of stearic acid, i. e. at most 1.5 wt.% stearic acid,

in relation to the total weight of the flakes coated with stearic acid.

The inventors of the present invention found that besides the multi-layer lamellar
structure of the flakes of copper or the copper alloy, also the following properties of
the flakes in the composition according to the invention each contribute to enabling
sintering within a relatively short sintering time, at a relatively low sintering pres-

sure and/or at a relatively low sintering temperature as indicated above:

- Avrelatively large surface contact due to the uniform stacking pattern by the
flakes of copper or the copper alloy in the composition according to the in-

vention,

- the copper or the copper alloy forming the lamellas has a nanocrystalline

structure comprising or consisting of nanoscale grains, and



WO 2024/230962 PCT/EP2024/056417
22

- a coating of the flakes of copper or the copper alloy with a relatively low to-
tal weight of stearic acid, i. e. at most 1.5 wt.% stearic acid, in relation to the

total weight of the flakes coated with stearic acid.

The inventors of the present invention further found that the multi-layer lamellar
structure of the flakes of copper or the copper alloy and each of the above proper-
ties reinforce each other resulting in a synergistic effect and thus allow sintering
within an even shorter sintering time, at an even lower sintering pressure and/or at
an even lower sintering temperature, if the flakes have not only a multi-layer lamel-
lar structure, but also fulfill two of the above properties or even three of the above
properties compared to flakes of copper or the copper alloy having no lamellar
structure, in particular having no multi-layer lamellar structure, or compared to
flakes of copper or the copper alloy only having a multi-layer lamellar structure but
not fulfilling any one of the above properties or compared to flakes of copper or the
copper alloy having a multi-layer lamellar structure but not fulfilling all of the above

properties.

The flakes of copper or the copper alloy may have a total oxygen content in a
range of 3 wt.% to 8 wt.%, in particular in a range of 4 wt.% to 7.9 wt.%, in particu-
lar in a range of 4.1 wt.% to 7.5 wt.%, in particular in a range of 4.2 wt.% to 7
wt.%, in particular in a range of 4.3 wt.% to 6.5 wt.%, in particular in a range of
4.4 wt.% to 6 wt.%, in particular in a range of 4.5 wt.% to 5.5 wt. %, in particular in
arange of 4.6 wt.% to 5 wt.%. In the context of the present invention, the total oxy-
gen content of the flakes of copper or the copper alloy refers to oxygen atoms in
any form, e.g. in the form of copper oxide on the surface of the flakes, as well as
the oxygen content of the flakes themselves. If the flakes are coated with stearic
acid, the total oxygen content also refers to the oxygen content of the stearic acid
coating of the flakes. However, the oxygen content only refers to the oxygen con-
tent of the flakes of copper or the copper alloy, optionally coated with stearic acid,

as such, and thus does not include the oxygen in the space between the flakes.
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The organic binder may be a terpineol, a primary alcohol, a diol, a triol, a poly-
meric glycol or a mixture of at least two of a terpineol, a primary alcohol, a diol, a
triol and a polymeric glycol. In particular, the organic binder may be a terpineol, a
primary alcohol, a diol or a triol or a mixture of at least two of a terpineol, a primary
alcohol, a diol and a triol. In particular, the terpineol forming the organic binder
may be an alpha-terpineol. The alpha-terpinecl may be an (R)-(+)-alpha-terpineol,
an (S)-(-)-alpha-terpineol or a mixture an (R)-(+)-alpha-terpineol and an (S)-(-)-
alpha-terpineol. The (R)-(+)-alpha-terpineol and/or the (S)-(-)-alpha-terpineol may
each have independently from each other a purity of at least 90 %, in particular at
least 93 %. The primary alcohol forming the organic binder may be 1-butanol or 1-
octanol. The diol forming the organic binder may be a diol having an average mo-
lar mass of at least 60 g/mol and at most 110 g/mol, in particular ethylene glycol,
diethylene glycol, propylene glycol or butylene glycol. The triol forming the organic
binder may be a triol having an average molar mass of at least 75 g/mol and at
most 110 g/mol, in particular glycerol. The polymeric glycol forming the organic
binder may be a polymeric ethyl glycol having an average molar mass of at least
200 g/mol, in particular at least 300 g/mol, in particular at least 400 g/mol, in partic-
ular at least 500 g/mol, in particular at least 550 g/mol, and at most 800 g/mol, in
particular at most 750 g/mol, in particular at most 700 g/mol, in particular at most
650 g/mol.

In the sintering process, the organic binder usually evaporates or decomposes.
During the evaporation or decomposition of the diol and/or the polymeric glycol, a
reducing atmosphere is created which prevents the oxidation of the copper to cop-
per oxide without the requirement of providing an additional protective gas atmos-
phere to be applied from the outside. Therefore, the diol and/or the polymeric gly-
col in the composition according to the invention enables the in sifu reduction of
Cu oxides during the sintering process with little effort. Thus, the organic binder, in
particular the polymeric glycol, in particular the polymeric glycol having an average
molar mass of at least 550 g/mol and at most 650 g/mol, has a reducing effect on

the flakes of copper or the copper alloy.
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In contrast to polymeric glycol, in particular polymeric ethyl glycol, in particular pol-
ymeric ethyl glycol having an average molar mass of more than 200 g/mol, the
evaporation of the diol, in particular the diol having an average molar mass of at
least 60 g/mol and at most 110 g/mol, and the evaporation of the primary alcohol,
in particular 1-butanol and 1-octanol, is achieved at a relatively low temperature, in
particular at a temperature of at most 200 °C. For example, the evaporation of eth-
ylene glycol is achieved at a temperature of 197 °C. For example, the evaporation
of 1-butanol is achieved at a temperature of 117,7 °C. For example, the evapora-
tion of 1-octanol is achieved at a temperature of 195 °C. In order to evaporate the
polymeric ethyl glycol, a relatively high temperature of at least 200 °C is neces-
sary. However, evaporation of the binder at a relatively high temperature might re-
sult in undesirable gas bubbles formed during sintering, which can weaken the
bond. With a mixture of ethylene glycol and alpha-terpineol, it is also possible to
achieve the combined effect of producing fewer gas bubbles during heating, while
at the same time making use of the reducing atmosphere. If the formation of gas
bubbles during sintering shall be suppressed or at least diminished, the organic

binder should not comprise or consist of a polymeric glycol.

In one embodiment of the invention, the organic binder may be a mixture of eth-
ylene glycol and alpha-terpineol. In another embodiment of the invention, the or-
ganic binder may be a mixture of alpha-terpineol, ethylene glycol and polyethylene
glycol. In this mixture, the total weight of the alpha-terpineol in relation to the total
weight of the organic binder may be 80 wt.%, the total weight of the ethylene gly-
col in relation to the total weight of the organic binder may be 18 wt.% and the total
weight of the polyethylene glycol in relation to the total weight of the organic binder
may be 2 wt.%. In another embodiment of the invention, the organic binder may be
a mixture of alpha-terpineol, polyethylene glycol and glycerol. In this mixture, the
total weight of the alpha-terpineol in relation to the total weight of the organic
binder may be 80 wt. %, the total weight of the polyethylene glycol in relation to the
total weight of the organic binder may be 19.5 wt.%, and the total weight of the

glycerol in relation to the total weight of the organic binder may be 0.5 wt.%.
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In a further embodiment of the invention, the organic binder may be a mixture of
ethylene glycol, alpha-terpineol, polyethylene glycol and glycerol. The inventors of
the present invention found that a mixture of alpha-terpineol, ethylene glycol and
polyethylene glycol, a mixture of alpha-terpineol, polyethylene glycol and glycerol,
and a mixture of ethylene glycol, alpha-terpineol, polyethylene glycol and glycerol
results in a composition allowing a relatively fast pre-drying without drying out the
composition according to the invention. This results in a relatively high paste sta-
bility, in particular a relatively high paste stability after pre-drying, and a relatively
long work life of the composition according to the invention, in particular of the
composition according to the invention after pre-drying, of up to one week. Fur-
thermore, a sufficient tacking of the composition according to the invention to the
first substrate and/or the second substrate is enabled even after pre-drying of the
composition and thus, no additional tacking agent needs to be provided in the
composition according to the invention. Furthermore, placement of the second
substrate at relatively low temperatures, in particular at ambient temperature, is

enabled.

A total content of solids in the composition according to the invention may be at
most 80 wt.%, in particular at most 75 wt.%, in particular at most 70 wt.%, in par-
ticular at most 65 wt.%, in particular at most 63 wt.%, in particular at most 60 wt. %,
in particular at most 55 wt.%, in particular at most 50 wt.%. Thus, the total content
of solids in the composition according to the invention is considerably lower com-
pared to silver sintering pastes having a total content of solids of about 90 wt.%. A
relatively low total content of solids results in a relatively low viscosity of the com-
position according to the invention. The viscosity of the composition according to
the invention may be in the range of 100.000 mPas to 400.000 mPas, in particular
in the range of 150.000 mPas to 350.000 mPas, in particular in the range of
200.000 mPas to 300.000 mPas. The viscosity of the composition according to the
invention may be measured at room temperature, in particular at 20 °C, using a
standard viscosimeter, in particular a standard classical rotational viscosimeter, in
particular the Thermo Scientific™ HAAKE™ Viscotester™ C. These rotational vis-

cometers measure the resistance of the composition according to the invention
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against a preset speed. The resulting torque or resistance is a measure for the vis-
cosity of the composition according to the invention. The higher the torque, the
higher the viscosity. The low viscosity of the composition according to the inven-
tion enables its easy processability and a good and its even spreadability on the

first solid substrate and/or the second solid substrate.

The total weight of the flakes of copper or the copper alloy, optionally coated with
stearic acid, in relation to the total weight of the composition according to the in-
vention may be at most 80 wt.%, in particular at most 75 wt. %, in particular at most
70 wt.%, in particular at most 65 wt.%, in particular at most 63 wt.%, in particular
at most 60 wt.%, in particular at most 55 wt.%, in particular at most 50 wt.%, in
particular at most 45 wt.%. The remaining part of the composition may be formed
by the organic binder. This means that the total weight of the organic binder in re-
lation to the total weight of the composition according to the invention may be at
least 20 wt.%, in particular at least 25 wt. %, in particular at least 30 wt.%, in partic-
ular at least 35 wt.%, in particular at least 37 wt.%, in particular at least 40 wt. %, in
particular at least 45 wt.%, in particular at least 50 wt.%, in particular at least 55
wt.%. The total weight of the flakes of copper or the copper alloy, the organic
binder and/or the optional stearic acid coated on the flakes can each be deter-
mined by nuclear magnetic resonance spectroscopy, thermogravimetric analysis,
mass spectrometry and infrared spectroscopy. The total weight of the flakes of
copper or the copper alloy, the organic binder and/or the optional stearic acid
coated on the flakes can be determined by weighing the flakes, the organic binder
and/or the optional stearic acid before forming the composition according to the in-

vention.

A method for forming the flakes of copper or the copper alloy comprises the steps
of grinding and/or milling of copper particles or copper alloy particles. If flakes of
copper or the copper alloy coated with stearic acid shall be obtained, the grinding
and/or milling of copper particles or copper alloy particles is performed in the pres-
ence of stearic acid. The grinding and/or milling can be performed for example in a

ball mill. The flakes of copper or the copper alloy are obtained during grinding and/or
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milling of the copper particles or copper alloy particles. The flakes of copper or the
copper alloy coated with stearic acid are obtained during grinding and/or milling of
the copper particles or copper alloy particles in the presence of stearic acid. During
the grinding and/or the milling of the copper particles or copper alloy particles in the
presence of stearic acid, the total weight of the stearic acid in relation to the total
weight of the copper particles or the copper alloy particles may be relatively low.
Furthermore, the total number of individual grinding and/or milling steps of the cop-
per particles or copper alloy particles in the presence of stearic acid may be rela-
tively low. In particular, the total number of individual grinding and/or milling steps
of the copper particles or copper alloy particles in the presence of stearic acid may
be at most three, in particular at most two, in particular at most one, respectively.
This enables the obtaining of flakes of copper or the copper alloy coated with stearic
acid, wherein the total weight of the stearic acid in relation to the total weight of the
flakes coated with stearic acid is at most 1.5 wt.%. The total weight of the stearic
acid coated on the flakes in relation to the total weight of the flakes coated with
stearic acid can be determined by nuclear magnetic resonance spectroscopy, ther-
mogravimetric analysis, Rutherford backscattering spectrometry, mass spectrome-
try, infrared spectroscopy, Raman spectroscopy and X-ray spectroscopy in combi-

nation with nuclear magnetic resonance spectroscopy.

A method for forming the composition according to the invention comprises the
steps of providing the organic binder and the flakes of copper or the copper alloy,
optionally coated with stearic acid, and mixing the organic binder and the flakes of
copper or the copper alloy, optionally coated with stearic acid, for obtaining the

composition according to the invention.

The invention also concerns a method for forming a copper-containing interlayer
between a first solid substrate and a second solid substrate. The method com-

prises the steps of

a) providing the composition according to the invention, providing a first

substrate and providing a second substrate,
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b) applying the composition according to the invention to the first sub-

strate,

c) placing the second substrate on the composition according to the in-

vention,

d) applying a bonding pressure to press the first substrate and the sec-
ond substrate against one another, wherein the bonding pressure is
at least 100 kPa, in particular at least 1 MPa, in particular at least
2.5 MPa, in particular at least 5 MPa, in particular at least 7.5 MPa,
and at most 40 MPa, in particular at most 35 MPa, in particular at
most 30 MPa, in particular at most 25 MPa, in particular at most

20 MPa, in particular at most 15 MPa, in particular at most 10 MPa,

e) heating the composition on the first substrate or the first substrate
and/or the second substrate together with the composition to a sinter-
ing temperature in the range of 200 °C to 300 °C, in particular in the
range of 205 °C to 275 °C, in particular in the range of 210 °C to
270 °C, in particular in the range of 215 °C to 265 °C, in particular in
the range of 220 °C to 260 °C, in particular in the range of 225 °C to
255 °C, in particular in the range of 230 °C to 250 °C, in particular in
the range of 235 °C to 245 °C, and maintaining the sintering temper-
ature and the bonding pressure until a copper-containing interlayer

between the first substrate and the second substrate is formed.

Applying the composition according to the invention to the first substrate may be
performed by coating, in particular doctor blade coating, by printing, in particular

stencil printing or screen printing, or by cartridge dispensing.
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Placing the second substrate on the composition according to the invention may
be performed manually, by substrate transfer, in particular by vacuum-mediated

substrate transfer, or by means of a pick-and-place machine.

After applying the composition according to the invention to the first substrate and
placing the second substrate on the composition according to the invention and
before applying the bonding pressure to press the first substrate and the second
substrate against one another, the composition on the first substrate or the first
substrate and/or the second substrate together with the composition may be
heated to a pre-drying temperature in the range of 80 °C to 160 °C, in particular in
the range of 90 °C to 150 °C, in particular in the range of 100 °C to 140 °C, in par-
ticular in the range of 110 °C to 130 °C. The pre-drying temperature may be main-
tained for at least 30 seconds, in particular at least 1 minute, in particular at least
2 minutes, in particular at least 3 minutes and for at most 8 minutes, in particular at
most 6 minutes, in particular at most 5 minutes, in particular at most 4 minutes.
Heating the composition on the first substrate or the first substrate and/or the sec-
ond substrate together with the composition to the pre-drying temperature and
maintaining the pre-drying temperature may be performed in a reducing atmos-
phere, in an inert atmosphere, in an atmosphere containing oxygen and/or in a
vacuum. Heating the composition on the first substrate or the first substrate and/or
the second substrate together with the composition to the pre-drying temperature

may be performed after step ¢) and before step d).

The sintering temperature and the bonding pressure may be maintained for at
least 1 second, in particular for at least 5 seconds, in particular for at least 30 sec-
onds, in particular for at least 1 minute, in particular for at least 3 minutes, in par-
ticular for at least 4 minutes, and for at most 30 minutes, in particular for at most
15 minutes, in particular for at most 10 minutes, in particular for at most 8 minutes,

in particular for at most 5 minutes.

The method according to the invention may further comprise a step f) of cooling

the copper-containing interlayer obtained in step €) between the first substrate and
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the second substrate or the first substrate and/or the second substrate together
with the copper-containing interlayer obtained in step e) to a cooling temperature
in the range of 15 °C to 40 °C, in particular in the range of 20 °C to 30 °C. The
cooling temperature may be ambient temperature. Cooling according to step f)
may be performed by active cooling but usually is passive cooling, i. e. by letting
the copper-containing interlayer or the first substrate and/or the second substrate
together with the copper-containing interlayer cool down to the cooling tempera-

ture which usually is ambient temperature.

At least step e), in particular at least steps €) and d), in particular at least steps c)
to e), in particular at least steps b) to e), in particular steps a) to €), of the method
according to the invention may be performed in a reducing atmosphere or in an in-
ert atmosphere. Optionally, step f) may be performed in a reducing atmosphere or
in an inert atmosphere. The reducing atmosphere may be provided by means of a
mixture of evaporated formic acid and nitrogen gas or by means of a gas mixture
of hydrogen and an inert gas. The gas mixture of hydrogen and the inert gas may
be a gas mixture of nitrogen and hydrogen or a gas mixture of argon and hydro-
gen. The inert atmosphere may be provided by means of an inert gas. The inert
gas may be contained in an inert gas mixture. The inert gas may be nitrogen gas,
carbon dioxide gas, helium gas, neon gas or argon gas. The inert gas mixture may
be a mixture of at least two of nitrogen gas, carbon dioxide gas, helium gas, neon
gas and argon gas. The inventors of the present invention found that sintering in
an inert atmosphere or in a reducing atmosphere, in particular sintering by means
of a mixture of evaporated formic acid and nitrogen gas, results in relatively high
arithmetic average shear strength value of the resulting copper bond, in particular
in an arithmetic average shear strength value in the range of 20 MPa to 50 MPa, in

particular in the range of 30 MPa to 40 MPa.

The inventors of the present invention found that at least step e), in particular at
least steps e) and d), in particular at least steps c) to ), in particular at least steps
b) to e), in particular steps a) to €), of the method according to the invention may

be performed in an atmosphere containing oxygen. Optionally, step f) may be
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performed in an atmosphere containing oxygen. The atmosphere containing oxy-
gen in the method according to the invention may be provided by means of a gas
mixture containing oxygen and nitrogen. The gas mixture containing oxygen and
nitrogen may be air. The inventors of the present invention found that the composi-
tion according to the invention provides a relatively good conductivity of the copper
bond after sintering due to relatively low oxide impurities. The oxide impurities are

so low that it is not necessary to apply a reducing atmosphere during sintering.

During step e), at least 70 wt.%, in particular at least 75 wt.%, in particular at least
80 wt.%, in particular at least 85 wt.%, in particular at least 90 wt.%, in particular at
least 95 wt.%, in particular at least 99 wt. %, in particular 100 wt.% of the initial weight
of the organic binder may be evaporated. The initial weight of the organic binder can
be determined by weighing of the organic binder before providing/preparing the
composition according to the invention. The evaporation of the organic binder can
be determined either by weighing of the first substrate and/or the second substrate
together with the composition during or before and after the heating according to

step e) and/or by mass spectrometry or thermal gravimetric analysis.

At least step e), in particular at least steps €) and d), in particular at least steps c) to
€), in particular at least steps b) to e), in particular steps a) to e), of the method
according to the invention may be performed in a vacuum. Optionally, step f) may
be performed in a vacuum. The inventors of the present invention found that sinter-
ing in a vacuum results in a further evaporation of the organic binder at a relatively
low temperature due to a vacuum-induced reduction of the boiling point of the or-
ganic binder. The further evaporation of the organic binder further improves the sin-
tering efficiency of the composition according to the invention and contributes to

sintering at a relatively low sintering temperature.

Furthermore, sintering of the composition according to the invention by the method
according to the invention avoids a relatively high surface irregularity and a relatively
high inhomogeneity of a copper containing bond. Therefore, the composition ac-

cording to the invention enables a relatively good surface control by ensuring a
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relatively low surface roughness. The relatively low surface roughness and relatively
good surface control of the composition according to the invention is enabled by a
relatively low total weight of the organic binder in relation to the total weight of the
composition according to the invention. Furthermore, sintering of the composition
according to the invention results in a relatively thin copper-containing interlayer/in-
terconnect layer between the two solid substrates. Since the composition according
to the invention comprises a relatively low total weight of the organic binder after
sintering of the composition according to the invention, the properties of the resulting
copper-containing interlayer/interconnect layer formed by the sintered composition
are similar to the properties of bulk copper or bulk copper alloy, in particular of bulk
copper. Thus, the copper-containing interlayer/interconnect layer shows a relatively
high electrical conductivity and a relatively high thermal conductivity. If the flakes
consist of the copper alloy, a good thermal conductivity during the sintering and a
good electrical conductivity after sintering is enabled. However, if the flakes consist
of copper, the thermal conductivity during the sintering and the electrical conductivity

after sintering are usually even higher.

Sintering of the composition according to the invention by the method according to
the invention ensures relatively high shear strength values of the resulting bonds.
Despite the relatively low content of solids, the shear strength values are similar to
the shear strength values achievable with commercial silver sintering pastes with a
content of solids of about 90 wt.%. Due to the relatively low content of solids and
since silver is relatively expensive compared to copper, material costs can be
saved by using the composition according to the invention. In addition, the compo-
sition according to the invention enables a relatively energy-efficient production of
a copper bond. Despite these differences to commercial silver sintering pastes, the
sintering process of the composition according to the invention is compatible with
industrialized silver sintering lines. Thus, a simple exchange of the commercial sil-

ver sintering pastes with the composition according to the invention is possible.

The first substrate may be made of or consist of a metal or a metal oxide and the

second substrate may be made of or consist of the metal, a further metal, the
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metal oxide, a further metal oxide or a surface mount device component. The
metal or the further metal may be gold, silver, nickel, copper, pre-treated copper or
tin. The metal oxide or the further metal oxide may be aluminum oxide. The sur-
face mount device component may be a capacitor, a chip resistor, a crystal oscilla-
tor, a diode, a fuse, an inductor, an integrated circuit, an LED, a network resistor, a
transformer, a transistor, a silicon carbide (SiC) device or a gallium nitride (GaN)
device. The diode may be a silicon diode. The transistor may be a metal-oxide
semiconductor field-effect transistor (MOSFET). The inventors of the present in-
vention found that the organic binder can also reduce oxides on the first and/or the
second substrate. Therefore, the composition according to the invention enables
sintering on copper, silver and/or nickel substrates even if these substrates are

covered by an oxide layer.

The pre-treated copper may be pre-treated for example by coating a copper sub-
strate with an organic surface protection (OSP) layer, wherein the OSP layer pro-
tects the copper against oxidation and is dissolved during the soldering process.

Alternatively, other methods, e.g. sol-gel application or CVD, can be used to coat
the copper substrate with a protective layer in order to protect the copper against

oxidation.

The invention further concerns the use of the composition according to the inven-
tion for forming a copper-containing interlayer/interconnect layer between two sur-
faces of solid substrates, in particular for die-attach bonding, in microelectronics
packaging, in electric vehicle technologies, in hybrid electric vehicle technologies,
in high power electronics packaging, and/or in thick film technology. In particular,
the invention concerns the use of the composition according to the invention for
die-attach bonding. The invention further concerns the use of the composition ac-
cording to the invention for forming a conductive path on a solid substrate. The
conductive path on the solid substrate may be an electrically and/or a thermally
conductive path on the solid substrate. The invention further concerns the use of
the composition according to the invention for substrate attachment. The microe-

lectronics packaging may be WBG semiconductor packaging. The high power
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electronics packaging may be high power light emitting diode packaging. The in-
ventors of the present invention found that the use of the composition according to
the invention for forming a copper-containing interlayer/interconnect layer between
two solid substrates or for forming a conductive path on a solid substrate enables
arelatively low thermal load of the solid substrate(s) and any electronic compo-
nent, in particular the surface mount device component as specified above, on the
substrate(s) when forming the interconnection layer or conductive path. This is due
to the relatively low sintering temperature required to sinter the composition ac-

cording to the invention.

If the composition according to the invention is used for forming an electrically
and/or thermally conductive path on a solid substrate, the solid substrate may be
any substrate defined above as first or second substrate as far as it is not an elec-
trically conductive first or second substrate. If the composition according to the in-
vention is used for substrate attachment, the substrate may be any substrate de-
fined above as first or second substrate, an aluminum substrate, in particular a
metallized aluminum substrate, in particular a copper-metallized aluminum sub-
strate, a ceramic substrate, in particular a metallized ceramic substrate, in particu-
lar a copper-metallized ceramic substrate, a directed bonded copper substrate or a

polymer substrate, in particular a polyimide substrate.

All features indicated in the specification are to be understood as features applica-
ble to all embodiments of the invention. This means, for example, that a feature in-
dicated for the composition according to the invention can also be applied to the
method for forming the flakes of copper or the copper alloy, the method for forming
the composition according to the invention, the method for forming a copper-con-
taining interlayer between the first solid substrate and the second solid substrate
according to the invention, and/or the use according to the invention, and vice
versa. Furthermore, as far as not otherwise specified, the term “average” always
means “arithmetic average” and the term “mean” always means “arithmetic mean”.

The abbreviation "wt.%" means "percent by weight".
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The invention will be explained in more detail with reference to the following em-

bodiments.

Fig. 1) shows an SEM image of a cross-section of copper flakes com-
prising internal pores,

Fig. 2) shows an SEM image of a cross-section of copper flakes hav-

ing a multi-layer lamellar structure,

Figs. 3a) and 3b) show scanning transmission electron microscopy images of a

multi-layer lamellar structure and
Fig. 4) shows an SEM image of a cross-section of an interconnect re-
sulting from sintering of a composition comprising copper

flakes comprising internal pores.

Example 1: Mean intraparticle pore density and mean interparticle cavity

density of the flakes of copper or the copper alloy

The composition according to the invention comprises flakes of copper or the cop-
per alloy comprising internal pores. Exemplarily, these flakes comprising internal
pores can be purchased as Cubrotec 8001 copper flakes, which are offered by the
company Carl Schlenk SE, Germany. A cross-section of the Cubrotec 8001 cop-
per flakes is shown in Fig. 1. In Fig. 1, a number of internal pores of the copper
flakes are exemplarily shown by filled arrows. Space between the flakes resulting

in interparticle cavities after sintering are exemplarily shown by unfilled arrows.

As can be seen in Fig. 1, the Cubrotec 8001 copper flakes have a relatively high
number of internal pores. Exemplarily, the Cubrotec 8001 copper flakes have a
mean intraparticle pore density of 30 internal pores/um?2. Thus, the Cubrotec 8001

copper flakes have a relatively high mean intraparticle pore density. The space
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between the Cubrotec 8001 copper flakes is 40 %. Furthermore, as can be seen in

Fig. 1, the Cubrotec 8001 copper flakes have a multi-layer lamellar structure.

Example 2: Flakes of copper or the copper alloy having a multi-layer lamellar

structure

The flakes of copper or the copper alloy have a multi-layer lamellar structures. A
cross-section of the Cubrotec 8001 copper flakes showing the multi-layer lamellar
structure of the copper flakes is shown in Fig. 2. In Figs. 2, the stack-like multi-
layer lamellar structure is shown in white dotted boxes for three copper flakes, ex-
emplarily. The multi-layer lamellar structures each consist of varying numbers of
lamellas ranging from 1 to 20 lamellas. Furthermore, the multi-layer lamellar struc-

tures have a varying total thickness in the range of 20 nm to 400 nm.

In Figs. 3a and 3b, scanning transmission electron microscopy (STEM) images of
a multi-layer lamellar structure exemplarily consisting of ten lamellas is shown. In
Fig. 3a, the lamellar boundaries between the lamellas (lamellas 1 to 10) in the
stack-like multi-layer lamellar structure are exemplarily shown by black dotted
lines. In this regard, for example lamella 1 is in contact with lamella 2 by one la-
mellar boundary. However, lamella 2 is in contact with both lamella 1 and lamella 3
by one lamellar boundary each, etc. This results in the stack-like multi-layer lamel-
lar structure consisting of lamellas in contact with each other. Furthermore, in Fig.
3b, the nanocrystalline structure of the copper forming the lamellas in the stack-

like multi-layer lamellar structure is shown.

Example 3: Compositions

The following compositions were tested:
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Table 1: Paste compositions
Paste composition (wt.%)
Total
weight Total
s(;fetar;ii Organic binder cor(:t:nt
Paste acid in ?g ss ?rl|
No. |(Coate| Stea- | relation compo-
d) ric to the sition
cop- | acid total (Wt.%)
er | coat- | weight )
flgkes ing of tghe Eth- | Alpha- | Polyeth-
flakes ylene | terpin- | ylene gly- | Glycerol
coated glycol eol col 600
with
stearic
acid
1 63 - - 37 - - - 63
2 60 + 1.5 16 24 - - 58.5
3 60 + 1.5 15.5 24 0.5 - 58.5
4 60 + 1.5 15 24 0.5 0.5 58.5
5 75 + 0.5 10 15 - - 74.5
6 75 + 0.5 12 12.5 0.5 - 74.5
7 75 + 0.5 12 12 0.5 0.5 74.5
8 62.5 + 1.5 - 30 7.5 - 61
9 76 + 0.5 - 19.2 4.8 - 75.5
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Table 1 shows different sintering pastes and their respective compositions. Each
of the sintering pastes from compositions No. 1 to No. 9 contained Cubrotec 8001
copper flakes comprising internal pores. As can be seen in Table 1, the sintering
pastes from composition No. 1 does not contain copper flakes coated with stearic
acid. The sintering pastes from compositions No. 2 to No. 9 contain copper flakes

coated with stearic acid.

In each of the sintering pastes from compositions No. 1 to No. 9, the total weight of
the copper flakes, optionally coated with stearic acid, in relation to the total weight
of the composition is in the range of 60 wt.% to 76 wt.%. The total weight of the
copper flakes coated with stearic acid includes the total weight of the stearic acid
coated on the copper flakes and the total weight of the copper flakes. For exam-
ple, in composition No. 2, 60 wt.% copper flakes coated with stearic acid com-
prises 58.5 wt.% copper flakes and 1.5 wt.% stearic acid coated on the copper
flakes. Thus, the total content of solids in composition No. 2 is 58.5 wt.%. Further-
more, the organic binder in composition No. 2 is a mixture of ethylene glycol and
alpha-terpineol. In this regard, the total weight of the ethylene glycol in relation to
the total weight of the composition is 16 wt.% and the total weight of the alpha-ter-
pineol to the total weight of the composition is 24 wt.%. Thus, composition No. 2
comprises a total weight of organic binder in relation to the total weight of the com-
position of 40 wt.%.

Example 4: Sintering paste production

In the following, the formulation of the sintering pastes from compositions No. 1
and No. 3 are exemplarily shown. The formulation of the sintering paste from com-

position No. 1 comprises the following steps:

In a planetary rotary mixer, 63 g of copper flakes are added. Subsequently, 37 g of
ethylene glycol as exemplary organic binder are added to the copper flakes and
mixed for 4 min at 500 rpm.
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The formulation of the sintering paste from composition No. 3 comprises the fol-

lowing steps:

15.5 g of ethylene glycol, 24 g of alpha-terpineol and 0.5 g of PEG 600 are mixed
in a beaker with magnetic stirrer for 3 min at 500 rpm. Thus, the organic binder is
obtained. In a planetary rotary mixer, 60 g of stearic acid-coated copper flakes

comprising of 58.5 g copper flakes and 1.5 g of stearic acid coated on the copper
flakes are added. Subsequently, the obtained organic binder is added to the cop-

per flakes and mixed for 4 min at 500 rpm.

Example 5: Sinter process and sintering bond strength

The sintering pastes from example 3 are each stencil printed on a copper sub-
strate (30 mm x 30 mm x 1.5 mm) using a PBT-Uniprint-PMGo3v semi-automatic
stencil printer equipped with a motorized double blade squeegee and a stencil
thickness of 75 um. Exemplarily, the squeegee speed is 13 mm/s, the squeegee
pressure is 20 N and the stencil separation is 2.3 mm/s. The printing is performed

as a double stroke printing.

Subsequently, a two-step sintering process comprising an optional pre-drying step
is performed. First, pre-drying of the stencil printed compositions in a convection
oven is performed in a nitrogen gas atmosphere or in air. The pre-drying is exem-
plarily performed for 5 minutes at 100 °C. In this regard, the inventors of the pre-
sent invention found that compositions No. 3, 4, 6 and 7 comprising either an or-
ganic binder mixture of ethylene glycol, alpha-terpineol and polyethylene glycol or
an organic binder mixture of ethylene glycol, alpha-terpineol, polyethylene glycol
and glycerol allow a rapid pre-drying without completely drying the paste and pro-
vide a sufficient tacking and a relatively high paste stability with a work life of up to
one week after pre-drying. In contrast to that, conventional sinter pastes provide a

work life of approximately 8 hours.
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After the printing of the compositions or after the printing and the optional pre-dry-
ing of the compositions, metal-oxide semiconductor field-effect transistor
(MOSFET) chips with silver metallization are applied on the stencil printed, and
optionally pre-dried, compositions using a Fineplacer® Sigma bonder with a bond-

ing chamber with 0.1 N force.

After chip placement, sintering in a Fineplacer® Sigma bonder is performed. Ex-
emplarily, sintering is performed for 5 minutes at a sintering temperature of 260 °C
under the application of 15 MPa bonding pressure in an open bond chamber with
a constant flow of nitrogen. Sintering temperature is reached at a heating rate of

1 K/s. An initial contact force of 5 N is applied followed by a ramp up to final bond-
ing force of 500 N at the rate of 1 N/s with active force control. The bond chamber
contains residual oxygen. Alternatively, sintering can also be performed in an in-
dustrial sinter press, e.g. the budatec SP 300 sinter press, in an inert atmosphere
with <200 ppm oxygen. Prior to introducing nitrogen into the bond chamber, the
bond chamber is evacuated two times to obtain a 10 mbar vacuum. In this case,
the sintering temperature is reached very rapidly since the top and bottom plates

are already heated.

After sintering, the bonding force is released and the copper substrates, the sin-
tered compositions and the chips are exemplarily cooled to a temperature of 40 °C
at a cooling rate of 1 K/s. The sintering bond strength of the sintered copper bond-
ing is measured by a shear test. The shear test is performed according to
MIL-STD-883E test method standard for microcircuits using a XYZTec Condor
Sigma Lite shear tester with a shear height of 25 ym and a shear speed of

200 pm/s.

The results are given in the following table:
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Table 2: Shear strength values of the sintered copper bondings

Sintering paste composition

Total weight of
stearic acid in re- . .
Arithmetic average
Paste (Coated) | lation to the total
. o shear strength
No. copper weight of the Organic binder
. value (MPa)
flakes flakes coated with
stearic acid
(wt.%)
Copper
1 - Ethylene glycol 27
flakes
Coated
Ethylene glycol +
2 copper 1.5 ] 40
alpha-terpineol
flakes
Ethylene glycol +
Coated y g Y
alpha-terpineol +
3 copper 1.5 35
polyethylene gly-
flakes
col
Ethylene glycol +
Coated )
alpha-terpineol +
4 copper 1.5 32
polyethylene gly-
flakes
col + glycerol
Coated
Ethylene glycol +
5 copper 0.5 ] 36
alpha-terpineol
flakes
Ethylene glycol +
Coated i
alpha-terpineol +
6 copper 0.5 40
polyethylene gly-
flakes
col
Ethylene glycol +
Coated i
alpha-terpineol +
7 copper 0.5 42
polyethylene gly-
flakes
col + glycerol
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Coated Alpha-terpineol +
8 copper 1.5 Polyethylene gly- 50
flakes col
Coated Alpha-terpineol +
9 copper 0.5 Polyethylene gly- 48
flakes col

In Table 2, the sintering bond strength of the sintered copper bonding is given as
mean of arithmetic average shear strength values. As can be seen in Table 2, the
sintering bond strength of the sintered copper bonding from compositions No. 1 to
No. 7 show arithmetic average shear strength values in the range of 27 MPa to
50 MPa.

Furthermore, the arithmetic average shear strength values of the sintered copper
bonding from compositions No. 2 to No. 9 comprising stearic acid-coated copper
flakes are higher compared to the arithmetic average shear strength value of the
sintered copper bonding from composition No. 1 comprising uncoated copper

flakes.

Example 6: Mean intraparticle pore density and mean interparticle cavity

density after sintering

After sintering of the composition according to the invention, the mean intraparticle
pore density and the mean interparticle cavity density of the formed copper-con-
taining interlayer/interconnect layer was determined by analyzing cross-sections of
the formed copper-containing interlayer/interconnect layer. A cross-section of an
interconnect obtained by sintering of a composition comprising Cubrotec 8001
copper flakes is shown in Fig. 4. In Fig. 4, a number of internal pores are exempla-
rily shown by filled arrows and a number of interparticle cavities are exemplarily

shown by unfilled arrows.

As can be seen by comparing Fig. 1 and Fig. 4, the mean intraparticle pore density

in the interconnect is not affected by sintering of the copper particles. The
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interconnect obtained by sintering of a composition comprising Cubrotec 8001
copper flakes has a mean intraparticle pore density that is identical or nearly iden-
tical to the mean intraparticle pore density of the non-sintered copper flakes. In this
regard, the interconnect obtained by sintering of a composition comprising Cubro-
tec 8001 copper flakes has a relatively high number of internal pores. However,
due to sintering, the space between the copper flakes is reduced. This results in a
mean interparticle cavity density of the interconnect that is reduced compared to
the mean interparticle cavity density of the non-sintered copper flakes. This can be
attributed to sinter neck formation, grain growth and coarsening of the copper
flakes during sintering. In addition, measurements of the resistance against
thermo-mechanical fatigue showed that the interconnect obtained by sintering of a
composition comprising copper flakes with a relatively high mean intraparticle pore
density show a higher resistance against thermo-mechanical fatigue compared to
interconnects obtained by sintering of compositions comprising copper flakes with
a relatively low mean intraparticle pore density. At the same time, the thermal and
electrical conductivity of the interconnects is not negatively affected by the in-

creased number of internal pores.
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Claims
1. A composition for forming a copper-containing interlayer between a first
solid substrate and a second solid substrate which composition comprises

or consists of the following components:

An organic binder and flakes of copper or a copper alloy, wherein the flakes

comprise internal pores, wherein the flakes have a multi-layer lamellar

structure.

2. Composition according to claim 1, wherein the copper alloy is bronze or
brass.

3. Composition according to claims 1 or 2, wherein the flakes have a mean

particle size D50 determined by laser granulometry of at most 5 um.

4. Composition according to any of the preceding claims, wherein the flakes
comprising internal pores have a mean intraparticle pore density in a range
of 10 internal pores/um? to 30 internal pores/um?, in particular in a range of
15 internal pores/um? to 20 internal pores/um?2, in an arbitrary section

through any of the flakes.

5. Composition according to any of the preceding claims, wherein the multi-
layer lamellar structure comprises or consists of at least two and of at most
20 lamellas, wherein any one of the lamellas has independently from each

other a thickness in the range of 5 nm to 20 nm.

6. Composition according to any of the preceding claims, wherein the flakes
are coated with stearic acid, wherein the total weight of stearic acid in rela-
tion to the total weight of the flakes coated with stearic acid is at most 1.5

wt.%.
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Composition according to any of the preceding claims, wherein the flakes

have a total oxygen content in a range of 4.1 wt.% to 7.5 wt. %.

Composition according to any of the preceding claims, wherein the organic
binder is a terpineol, a primary alcohol, a diol or a triol, a polymeric glycol or

a mixture of at least two of a terpineol, a primary alcohol, a diol and a triol.

Composition according to claim 8, wherein the terpineol is an alpha-terpin-
eol, and wherein the primary alcohol is 1-butanol or 1-octanol, and wherein
the diol is a diol having an average molar mass of at least 60 g/mol and at
most 110 g/mol, in particular ethylene glycol, diethylene glycol, propylene
glycol or butylene glycol, and wherein the triol is a triol having an average
molar mass of at least 75 g/mol and at most 110 g/mol, in particular glyc-

erol.

Composition according to any of the preceding claims, wherein a total con-
tent of solids in the composition is at most 80 wt.%, in particular at most

63 wt.%, in particular at most 55 wt.%.

Composition according to any of the preceding claims, wherein the total
weight of the flakes is at most 80 wt.%, in particular at most 63 wt.%, in par-
ticular at most 60 wt.%, in particular at most 55 wt.%, of the total weight of
the composition, wherein the total weight of the organic binder is at least 20
wt.%, in particular at least 37 wt.%, in particular at least 40 wt.%, in particu-

lar at least 45 wt.%, respectively, of the total weight of the composition.

A method for forming a copper-containing interlayer between a first solid

substrate and a second solid substrate, the method comprising the steps of

a) providing the composition according to any of claims 1 to 11, provid-

ing a first substrate and providing a second substrate,
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b) applying the composition to the first substrate,

C) placing the second substrate on the composition,

d) applying a bonding pressure to press the first substrate and the sec-
ond substrate against one another, wherein the bonding pressure is
at least 100 kPa and at most 40 MPa,

e) heating the composition on the first substrate or the first substrate
and/or the second substrate together with the composition to a sinter-
ing temperature in a range of 200 °C to 300 °C and maintaining the
sintering temperature and the bonding pressure until a copper-con-
taining interlayer between the first substrate and the second sub-

strate is formed.

Method according to claim 12, wherein the sintering temperature is in a
range of 215 °C to 265 °C, in particular in a range of 225 °C to 255 °C, and
wherein the bonding pressure is at least 1 MPa, in particular at least 5 MPa,
and at most 25 MPa, in particular at most 10 MPa, and/or wherein the sin-
tering temperature and the bonding pressure are maintained for at least 1
second, in particular for at least 30 seconds, and for at most 30 minutes, in

particular for at most 5 minutes.

Method according to claim 12 or 13, wherein at least step €) is performed in

an inert atmosphere.

Use of the composition according to any of claims 1 to 11 for forming a cop-
per-containing interlayer between two surfaces of solid substrates, for form-

ing a conductive path on a solid substrate or for substrate attachment.



