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MICROVIA PAD REPAIR

BACKGROUND
FIELD
This application relates generally to repairing broken microvia contact pads on

printed circuit boards (PCBs).

DESCRIPTION OF RELATED ART INCLUDING INFORMATION DISCLOSED
UNDER 37 CFR 1.97 AND 1.98

Nanoparticles can exhibit physical and chemical properties that sometimes differ
significantly from those observed in bulk material. This is particularly true for copper
nanoparticles, which can exhibit a significantly reduced melting point relative to that of
bulk copper. In particular, copper nanoparticles having a narrow size range and
nanoparticle sizes of less than about 20 nm fuse together at much lower temperatures

and pressures than do larger copper nanoparticles or bulk copper.

Although copper nanoparticles are of significant interest due, inter alia, to the
widespread industrial use of bulk copper, the formation of monodisperse copper
nanoparticles remains synthetically challenging. Copper nanoparticles having a narrow
size range that are less than about 20 nm in size have been particularly difficult to
synthesize. Solution-based chemical reduction methods have typically produced
nanoparticles having irregular shape, wide size ranges, and/or nanoparticle sizes that are
much larger than 20 nm. Furthermore, many methods for synthesizing copper

nanoparticles are not readily amenable to scale up.

Only a limited number of scalable processes are available for producing
monodisperse copper nanoparticles having small nanoparticle sizes. One readily scalable
procedure for synthesizing copper nanoparticles having nanoparticle sizes below about
20 nm, more particularly below about 10 nm, involves heating a copper salt solution, a
bidentate diamine (e.g., a N,N'-dialkylethylenediamine), and one or more C6-C18

alkylamines. Copper nanoparticles produced by this method have a fusion temperature
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of less than about 200° C., with the fusion temperature decreasing as a function of
nanoparticle size. Copper nanoparticles in this size range have also been produced by the
reduction of a copper salt in the presence of ascorbic acid. Although copper
nanoparticles in this size range can be isolated, characterized and utilized, they do have a
somewhat limited shelf life. Further, rapid oxidation of copper can take place if the

copper nanoparticles are incompletely fused after heating.

Small conductive elements such as the contact pads atop microvias in a printed
circuit board are known to fail. More specifically, the pads or portions of pads are
known to crack and break off at their point of contact with a microvia. Common repair
techniques for broken microvia contact pads include soldering a tailed copper pad over
the site of a missing pad, but this method can leave a solder mass so large that it can
inadvertently end up contacting other nearby pads. Another problem with this repair
method is that the amount of heat required to solder the replacement pad in place can

damage the PCB and/or its components.

SUMMARY

A method is provided for repairing a microvia assembly comprising a microvia
and a pad disposed on and in electrical conductive contact with the microvia, at least a
portion of the pad being missing from the assembly. The method includes providing a
conductive material comprising nanocopper, on the microvia in at least a portion of a

region where the missing portion of the pad was located.

Alternatively or in addition, the method may include the steps of providing a
prefabricated replacement pad on the microvia in a region where a missing pad of the
microvia assembly was located, and attaching the replacement pad to the microvia by

providing the conductive material between the microvia and the replacement pad.

Also, a microvia assembly is provided, which comprises a microvia and a pad
comprising nanocopper disposed in electrically conductive contact with the microvia

along a microvia-pad interface.



DRAWING DESCRIPTIONS

5 These and other features and advantages will become apparent to those skilled in
the art in connection with the following detailed description and appended drawings of

one or more embodiments of the invention, in which:
FIG. | shows an iHlustrative SEM 1mage of copper nanoparticles;
FIG. 2 shows an tHlustrative EDS spectrum of copper nanoparticles;
10 FIG. 3 shows an illustrative XRD spectrum of copper nanopariicies;

FIG. 4 shows an illustrative SEM image of a micron-size copper crystal

formed by fusion of copper nanoparticles at room temperature during centrifugation;

FIGS. 5A and 5B show illustrative SEM 1mages of a network of substantially

fused copper nanoparticles;

15 FiGG. 6 shows an illustrative close up SEM image of partially fused copper
nanoparticles, which demonsirates widespread necking of the individual

nanoparticles;

FIG. 7 shows an illustrative EDS spectrum of subsiantially fused copper

nanoparticles;

20 FIGG. 8 shows a cross-sectional side view of a microvia assembly installed in a
PCB with a dashed line indicating a common point of structural failure between a

nucrovia and a contact pad;

FIG. 9 shows a cross-sectional side view of the microvia assembly and PCB of

Figure 8 with the pad missing from the microvia;
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FIG. 10 shows a cross-sectional side view of the PCB and microvia assembly
of Figure & with the nucrovia including a tinned replacement pad comprising

nanocopper;

FIG. 11 shows a magnified image of an interface between the microvia and

replacement pad of FIG. 10;

FIG. 12 is a flowchart showing a method for repairing a microvia assembly

using nanocopper; and

FIG. 13 shows a close up image of the interface of FIG. 11

DETAILED DESCRIPTION

The present disclosure 1s directed, m part, to arficles containing a matnix
material and a plurality of copper nanoparticles that have been at least partially fused
together, where the copper nanoparticles are less than about 20 nm in size. The copper
nanoparticles are operable to become at least partially fused together by applying
pressure and/or gentle heating {e.g., <200° C.}. The conditions under which the
copper nanoparticies become at least partially fused together generally do not deform
or otherwise damage the articles in which the copper nanoparticles reside. In fact, the
copper nanoparticles can become at least partially fused together during formation of
the article (e.g., during polyvmer cuning, during extrusion, or during press molding of a
ereen material containing copper nanoparticles). Furthermore, the matrix material
lengthens the shelf life of the copper nanoparticles and improves their stability against
oxidation. Sull further, upon becoming at least partially fused together, the copper
nanoparticles can form an electrically or thermally conductive percolation pathway in
the matrix material. This feature can allow an mitiallv non-conductive matrix material

io become electrically or thermally conductive,

The present disclosure 15 also directed, in part, to methods for at least partially

fusing copper nanoparticles together in a matrix material. These methods can further
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be used to facilitate thermal transport 1n a matrix material and to join a first member
and a second member together. In addition, fusible compositions containing a plurality

of copper nanoparticles and a matrix material are described herein.

In addition 1o the foregoing, it is believed thal copper nanoparticles can be
used in various catalytic processes in which bulk copper catalysts can be used. Such
chemical processes can include, for example, the water-gas shift reaction and cross-
coupling reactions {e.g., Glaser couplings, Suzuki-Miyaura couplings of boronates and
vinyl or aryl halides and Ulimann couplings). Copper catalvsis are also of particular
importance in the formation of silicones, where there 1s an ongoing search for new
copper catalysts that can produce different types of materials m higher vield and
purity. Further, copper nanoparticles can display useful optical and electrical
properties. As such, they have potential uses in microelectromechanical and
nanoelectromachanical devices, biomaterials, biomarkers, diagnostic imaging devices,
sensors, coatings, composite materials, textiles, fuel cells, and solar cells. Still further,
they can have potential applications i anti-microbial and anti-fungal compositions.
Any of these applications can benefit from placing the copper nanoparticles in a

matrix material, which functions as a sohid support.

As used herein, the term “size range” refers to the distribution of nanoparticle
sizes in a plurality of nanoparticles such that >95% of the nanoparticles have a size

residing within the mdicated size range.

As used herein, the term “average size” refers to the anthmetic mean of the

distribuiion of nanoparticle sizes in a phlurality of nanoparticles.

As used herein, the term “maximum size” refers to the largest nanoparticle

size observed in a plurality of nanoparticlas,

As used herein, the terms “fuse.” “fused” or “fusion” refer to a coalescence or
partial coalescence between two or more nanoparticles. In the coalescence or partial
coalescence of two or more nanoparticles there is necking and formation of a bond

between the two or more nanoparticlies. At or above the fusion temperature, the atoms
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on the surface region of the nanoparticle behave as if that part of the nanoparticle were

in the liquid state.

As used herein, the term “fusion temperature” refers to the temperature at

which a nanoparticle hiquefies, giving the appearance of meliing,

As used herein, the term “copper salt” refers to any salt of copper in any of its
common oxidations states, including cuprous salts, t.e., Cu(l), and cupric salts, t.e.,

Cu(l).

As used herein, the term “organic solvent” generally refers to polar aprotfic
organic solvents. Useful organic solvents of the embodiments described herein are
capable of solubilizing copper salis and reducing agents or acting as co-solvents io

solubilize copper salts and reducing agents.

In various embodiments, articles containing a matrix material and a plurality
of copper nanoparticles in the matrix matenal are described herem. The copper

nanoparticles are at least partially fused together and are less than about 20 nm in size.

in some embodiments, the plurality of copper nanoparticles can further contain
a surfactant system. Without being bound by theory or mechanism, it is beligved that
the surfactant system helps stabilize the copper nanoparticles after their formation and
mhibits their agglomeration back into bulk copper. Surfactant systerns suttable for
synthesizing copper nanoparticles are described in co-pending U.S. patent application
Ser. Nos. 12/512,313, fited Jun. 30, 2009, and 12/813.,463, filed Jun. 10, 2010, sach of

which is incorporated herein by reference in its entirety.

In some embodiments, the surfactant systems include, for example, amine
compounds or nuxtures of anune compounds with a chelating agent. In some
embodiments, the chelating agent is a bidentate dianune. In some embodiments, the
bidentate diannine has secondary and/or terfiary terminal amino groups. In some
embodiments, secondary or tertiary terminal amino groups can be present in
combination with a primary amine in a bidentate diamine. Hlustrative bidentate

dianmine chelating agents include, for example, ethvlenediamine and derivatives

6
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thereof (e.g., N.N'-dimethviethylenediamine, N, N'-diethylethyvlenediamine, and N.N'-
di-tert-butylethylenediamine). Other illustrative bidentate dianune chelating agents
can include, for example, methylenediamine, 1,3-propylenediamine and like
derivatives thereof In other embodiments, multi-dentate amine chelating agenis can
be used Hustrative multi-dentate chelating agents can include, for example,
diethylenetriamine, triethvlensietramine and tetrasthyienepentamine. Other examples
of chelating agents that can be useful for preparing copper nanoparticles include, for

example, ethvlienediaminetetraacetic acid and derivatives thereof, and phosphonates

In some embodiments, the surfaciant system remains in the matrix material of
the present articles following at least partial {usion of the copper nanoparticles. In
other embodiments, the surfactant system remains associated with the copper
nanoparticles following their at least partial fusion. In still other embodiments, the
surfactant system is partially or completely removed from the present articles
following at least partial fusion of the copper nanoparticles. One of ordinary skill in
the art will recognize that the phyvsical and chemical properties of the components of

the surfactant system will determine its ultimale disposition in the present articles.

In some embodiments, the surfactant system comtains a bidentate diamine and
one or more C6-C18 alkvliamines, where C6-C18 refers to the number of carbons in
the alkyl group. In some embodiments, the bidentate diamine is a C1-C4 NN'-
dialkvlethylenediamine, a C1-C4 N N'-dialkylmethylenediarnine or a C1-C4 NN'-
dialkyl-1,3-propvlenediamine, where C1-C4 refers to the number of carbons n the
alkvl groups. In such embodiments, the alkyvl groups can be the same or different.
Such surfactant systems can be operable to produce copper nanoparticles having a
nanoparticle size of less than about 10 nm under mild heating conditions {(e.g., 30-80°
C.) using inexpensive copper salts, reducing agents and solvents, according to the
emnbodiments described herein. As described herein, the size range of the copper
nanoparticles can be tuned by adjusting, for example, the reaction temperature, the
reagent concentrations, and/or the reagent addition rate. For example, in some
embodiments, heating conditions between about 30° C. to about 50° C. can be used to

control the size range copper nanoparticies produced.
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In some embodiments, the surfactant system used for svnthesizing copper
nanoparticles containg an N N'-dialkylethvienediamine. In some embodiment, the
surfactant system contains a C1-C4 N N'-dualkylethylenediamine, a C1-C4 NN'-
dialkvlmethylenediamine or a C1-C4 N N'-dialkyl-1,3-propvlenediamine. Without
being bound by theory or mechanism, it 15 believed that such diamine compounds
function as bidentate ligands that can effectively chelate copper ions at the two
nitrogen atoms and stabilize the formation of small diameter copper nanoparticles. In
some embodiments, the alkyl groups of the C1-C4 N N'-dialkylethvienediaming, Cl-
C4 N N'-dialkyvlmethvlienedianune or C1-C4 N N'-dialkyl-1,3-propylenediamine are
the same, while in other embodiments they are different. The CI1-C4 alkyl groups
mclude methyl, ethyl, propyvl, and butyl groups, inchuding normal chain or branched
atkyl groups such as, for example, isopropvl, isobutyl, sec-butyl, and tert-butyl groups.
Other bidentate, indentate, and polydentale ligands can also be emploved in the
surfactant system in altermative embodiments. In general, the bidentate, tridentate or
polvdentate ligands of the surfactant svstem are present in an amount ranging from
about 12 percent to about 16 percent by volume of the reaction nuxture used for
synthesizing copper nanoparticles, after addition of all reagents thereto. However,

concenirations ouiside this range can also be used, if desired.

In some embodiments, the surfactant system also inchudes one or more C6-
C18 alkvlamines. In some embodiments, the surfactant svstem includes a C7-C10
alkylamine. In other embodiments, the surfactant system includes a Cll or Ci2
alkvlamine. In alternative embodiments, a CS or C6 alkylamine can be used instead of
a C6-C18 alkylamine. One of ordmary skill in the art will recognize that the size of
the alkyl group in the alkvlamine needs to be long enough to effectively form inverse
micelles in the reaction mixture used for synthesizing copper nanoparticles, while
maintaining sufficient volatility and being easily handled. For example, alkylamines
having more than I8 carbons can also be used to svnthesize copper nanoparticles in
alternative embodiments of the present disclosure, but they can be more difficult to
handle because of thetr waxy character. In contrast, C7-C10 alkylamines provide a

good balance of desired properties and easy use. In some embodiments, a C6-C18
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alkvlamine can be n-heptylamine. In other embodiments, a C6-C18 alkviamine can be
n-octylamine. In still other embodiments a C6-C18 alkylamine can be n-nonylamine
or n-decvlamine. While these are all straight chain armines, one of ordinary skill in the
art will appreciate that branched chain C6-C18 alkylanunes (e g., 7-methyloctylamine

and like branched chain alkylamines) can also be used.

Without being bound by theory or mechanism, monoalkylamines such as {6-
C18 alkvianmines also serve as ligands in the coordination sphere of copper ions,
according to the various embodiments described herein. Unlike the bidentate diamines
described above, however, the monocalkviamines more readily dissociate from the

copper tons due to their single point of ligation.

In general, the one or more C6-CI8 alkylamines are present in an amount
ranging from about 10 percent to about 15 percent by volume of the reaction mixture
used for synthesizing copper nanoparticles, after addition of all reagents thereto.
However, alkylamine concentrations ouiside this range can also be used for
synthesizing copper nanoparticles. Moreover, in some embodiments, the volume ratio
of the bidentate, tridentate or polydentate ligand to the C6-C18 alkylamine ranges

between about 1:1 to about 2:1.

In some embodiments, methods for synthesizing copper nanoparticles using a
surfactant svstem that contains a C1-C4 N N'-dialkylethvienediamune and a Co6-Ci8
alkvlanune includes at least the following operations: 1) heating a copper salt solution
that contains a copper salt, an C1-C4 N N'-diatkylethvlenediamine and a C6-Ci8
alkylamine in an organic solvent to a temperature between about 30° C. and about 80°
C.; 2) heating a reducing agent solution containing a reducing agent, an NN~
dialkyiethylenediamine and a C6-C18 alkylamine in an organic solvent to a
temperature between about 30° C. and about 80° C.; and 3) rapidly adding the heatec
copper salt solution to the heated reducing agent solution, thereby resulting in the
production of copper nanoparticles. In some embodiments, heating can be conducted
between about 30° C. and about 45° C. or between about 30° C. and about 50° C. 1o

betier control the size range of the copper nanoparticles. In some embodiments, the
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heated reducing agent solution can be rapidly added to the heated copper salt soluiion

to result in the production of copper nanoparticles.

fn some embodiments, the copper nanoparticles can be used in situ without
further isolation. In other embodiments, various workup procedures can be performed
io 1solate and purify the copper nanoparticles. In some ersbodiments, these workup
procedires can include, for example, rinses, sonication, centrifugation, repetitions

thereot and combinations thereof

in carryving out the synthesis of copper nanoparticles according to the present
embodiments, the heating of the copper salt solution and the reducing agent solution
avoids uneven ternperatures on mixing and allows for rapid addition of the two
solutions. In some embodiments, rapid addition means an addition that is completied
in less than about 5 minutes. In some embodiments, rapid addition means an addition
that is completed in less than about 4 minutes, in less than abow 3 minutes in other
smbodiments, in less than about 2 minutss in still other embodiments, and i less than

about 1 nunute 10 still other embodiments.

In some embodiments, methods for synthesizing copper nanoparticles utilize
copper {1} and/or copper (1) salts. Hliustrative copper salts include, for example,
copper halides, copper nitrate, copper acetate, copper sulfate, copper formate, and
copper oxide. One of ordinary skill in the art will recognize the benefit of choosing a
copper salt that has good solubility in the organic solvent being employed. Moreover,
the choice of copper salt can be a function of cost and scale. For example, inexpensive
copper halide salts can be especially effective for large scale operations. Particularly,
i some embodiments, the copper salt can be a copper halide selected from copper

chioride, copper bronude, or copper iodide.

In general, a wide vanety of reducing agents can be used in the present
methods {or synthesizing copper nanoparticles. Suitable reducing agents are those that
are compatible with the solvent being used and can reduce copper (1) to copper (0.
copper {1}, or mixtures thereof. In some embodiments, the reducing agent is a hvdride-

based reducing agent such as, for example, sodium borohydride. One of ordinary skall

10
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iy the art will recognize that when emploving a hydnde-based reducing agent, the
hydride source will provide the requisite change in copper oxidation siate. Although it
is possibie that copper hvdrides intially form 1o some embodiments, they are believed

to decompose rapidly to form copper (0).

In some embodiments, synthesis of copper nanoparticles is carried out in an
organic solvent. The organic solvent can be substantially anhvdrous in some
embodiments. In some embodiments, the organic solvent can be a polar aprotic
organic solvent that is capable of at least partially solubilizing the copper salt and the
reducing agent. Hlustrative polar aprotic organic solvents include, for example, N N-
dimethylformamide, dimethyl sulfoxide, dimethylpropylene urea,
hexamethyiphosphoramide, glvme, diglvme, iriglyme, tetraglyvme, tetrahydrofuran,
1,4-dioxane, and 2 3-dimethoxv-1.4-dioxane. In some embodiments, the organic
solvent is friglyme. This organic solvent provides good solubility for copper chloride
and simultanecusly activates sodium borohydride to function as a reducing agent. In
some embodiments, the presence of the surfaciant system in the organic solvent can
also assist in dissolution of the copper salt through the formation of a copper-organic
higand complex. In addition, co-solvents can be used to assist the dissolution of the

copper salt and/or the reducing agent.

The sizes of the copper nanoparticles synthesized by the above methods can be
sensitive to the temperature at which the reaction is conducted In various
embodiments, the sizes of the copper nanoparticles can range substantially between
about 1 nm and about 10 nm. When the reaction temperature ranges between about
30° C. and about 45° C. or between about 30° C. and abowt 50° C., the copper
nanoparticles can generaliv range between abouwt 1 nm and abowt 5 nm in sive.
However, when the reaction temperature ranges between about 45° C. and abowt 50°
C. or between about 50° C. and about 65° C., the copper nanoparticles can generally
range between abowt 5 nim and about 10 nm in size. Copper nanoparticles having other

size ranges can be obtained through routine experimentation.

11
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Without being bound by theory or mechanism, it is believed that the
temperature control over these narrow ranges 1s facilitated by separate heating of the
copper salt solution and the reducing agent solution prior to nuxing, thereby providing
the resultant narrow distrnbution of copper nanoparticle sizes. In some embodiments,
copper nanoparticles synthesized by the present methods range between about 1 nm
and about 10 nm in size. In other embodiments, the copper nanoparticles range from
about 1 nm to about 5 nm in size, or from about 2 nm to about 5 nm in size, or from 3
nm to about 5 nm in size. In still other embodiments, the copper nanoparticles range
between about 5 nm and about 10 nm in size. In general, the copper nanoparticles
have a substantially spherical shape. In some embodiments, copper nanoparticles that

are less than about 20 nm in size can be produced.

As noted above, the fusion iemperature can be a function of the size of the
copper nanoparticles, with smaller copper nanoparticles having lower fusion
temperatures. In some embodiments, the fusion temperature of the copper
nanoparticles ranges between about 100° C. and about 200° C. In other embodiments,

the {usion temperature of the copper nanoparticles is less than about 100° C.

Unless otherwise noted, the fusion temperatures given herein are those
observed in the absence of an externally applied pressure (other than atmospheric
pressure). However, the fusion temperature is also a function of applied pressure, with
the fusion temperature decreasing at higher pressures. In some embodiments,
sufficient pressure to induce at least partial fusion of the copper nanoparticles can be
imparted by processes such as ink jet printing, extrusion or ceninfugation. For
example, substantial fusion of copper nanoparticles at room temperature can occur at a
pressure of as little as "3.9 atmospheres after centrifugation for 20-30 minutes, thereby
producing micron size copper crystals. Controlling the amount and duration of the
applied pressure also allows modulation of the degree of fusion of the copper
nanoparticles. For example, application of 2000 psi static pressure to copper
nanoparticles produced 25% umiform porosity at 300° €. (more fusion) and a higher

uniform porosity of 37% at 160° C. (less fusion}. In sum, both the size of the copper

12
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nanoparticles and the pressure applied thereto can be used to modulate the fusion

temperature to a desired level.

In addition to the methods described above, copper nanoparticles can also be
syunthesized by other methods known to those of ordinary skill in the art. For example,
copper nanoparticles having an average size of about 3.4 nm can be prepared via
ascorbic acid-mediated reduction. Such a copper nanoparticle synthesis is described in
W, et ab., “Simple One-Step Synthesis of Uniform Disperse Copper Nanoparticles.”
Mater. Res. Soc. Symp. Proc., §79E:2005, pp. 76.3.1-726.3 6. However, these copper
nanoparticles lack the surfactant system referenced above. Instead, the copper
nanoparticles synthesized by this method are coated with polyvinylpyrrolidone, which

ts muuch less easily removed than the present surfactant system.

In some embodiments, articles of the present disclosure contain copper
nanoparticlies that range between about 1 nm and about 10 nm in size In other
embodiments, articles of the present disclosure contain copper nanoparticles that
range between about 1 nm and about 5 nm in size or between abouwt 3 nm and about 10
nm in size. In sl other embodiments, articles of the present disclosure contain
copper nanoparticles that range between about T nm and about 20 nm in size. As
noted above, control over the size range of the copper nanoparticies can be modified
through varying the reaction temperature, among other reaction parameters. In some
ernbodiments, the size distribution of the copper nanoparticles is a narrow {(e.g.
+about 1 nm) distribution. In other ernbodiments, the size distribution of the copper
nanoparticles 18 a broader disiribution {(e.g., +aboui 2 nm o 4 nm or even grealer).
One of ordmary skill in the art will recognize that a narrow distribution and a wide
distribuiion can have the same average nanoparticle size, if the arithmetic means of
the nanoparticle size distributions are the same. In some embodiments, the copper
nanoparticles have a substantially Gaussian nanoparticle size distribution. In other
ernbodiments, the copper nanoparticles have a nanoparticle size distribution that is

non~-Gaussian in nature.

13
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In various embodiments, articles of the present disclosure contain copper
nanoparticles that are at least partially fused together. As used hersin, a copper
nanoparticle that i1s partially fused to other copper nanoparticles retains at feast some
of 1ts original shape following fusion. At a muniroum, substantially spherical copper
nanoparticles that are at least partially fused together are at least tangential o one
another. For example, two substantially spherical copper nanoparticles that are
partially fused together can have a dumbbell or figure 8 shape. At greater degrees of
nanoparticle fusion, the partially fused nanoparticles can acquire a shape that does not
resemble that of the original nanoparticles. For example, at greater degrees of
nanoparticle fusion, two substantially spherical nanoparticles can acquire an ellipsoid
shape. In alternative embodiments, a plurality of copper nanoparticles that are at least
partially fused together can have at least some copper nanoparticles that are not fused

with other copper nanoparticies.

In other embodiments, articles of the present disclosure can contain copper
nanoparticles that have been completely or substantially fused together. That is, the
copper nanoparlicles do not retain any of their original nanoparticle shape after being

fused.

Copper nanoparticles offer a unigue way of infiltrating the mairix maternial of
an article with copper. In some embodiments, the at least partially fused copper
nanoparticles form an electrically or thermally conductive percolation pathway in the
present articles. In some embodiments, the at least partially fused copper nanoparticles
are present in the matrix material in the form of a flm or a laver within the article. In
some embodiments, the entire article contamns the at least partially fused copper
nanoparticles. In other embodiments, only a portion of the article contains the at least

partially fused copper nanoparticles.

Whether the copper nanoparticles become partially or completely fused
together 1n the wmatrix matenial depends, inter alia, on the temperabwes and/or
pressures to which the copper nanoparticles are exposed and the exposure time. As

noted above, the present disclosure advantageously describes articles containing

14
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copper nanoparticles of a size such that their fusion temperature is less than about
200° €, again depending on the temperature and/or pressure applied thereto. In some
ernbodiments, the article is heated at a temperature of less than about 200° C. in order
to at least partially fuse the copper nanoparticles. In other emnbodiments, the article is
heated at a temperature of less than about 100° C. in order to at least partially fuse the
copper nanoparticles. These fusion temperatures are much lower than that of bulk
copper or even larger nanoparticles, thereby allowing the imfusion of copper inio

articles that would not withstand the temperatures required to melt bulk copper.

One of ordinary skill in the art will further recognize that whether the copper
nanoparticles are partially or completely fused together in the present articles can also
depend, at least to some degree, on the concentration of copper nanoparticles
contained within the matrix matenial. For example, at lower copper nanoparticle
concentrations, the copper nanoparticles can be more well dispersed from one another,
thereby leading to a lower likelihood of coalescence upon heating and/or applving
pressure. However, at higher nanoparticle concentrations, application of heat and/or
pressure can lead to at least partial coalescence between the copper nanoparticles

simply by their being in close contact with one another prior {o fusion.

Further, the strength of the interaction (i.e., bond strengih} between the copper
nanoparticles can be controlled by varying the degree of copper nanoparticle fusion.
For example, the bond strength at the interface between the copper nanoparticles is
very strong, approaching that of bulk copper, when the degree of fusion 1s complete or
very nearly complete. In an embodiment, such strong bonding can occur when the
copper nanoparticies fuse together to form a thermally conductive percolation
pathway. In contrast, when the degree of nanoparticle fusion is less than complete
(i.e., partial fusion), the bond strength at the interface between the copper
nanoparticles 15 weaker. By way of non-limiting exarople, weaker bonding between
the copper nanoparticles can be desirable when the copper nanoparticles are
distributed in an epoxy mairix. By way of further non-hmiting example, an article
containing about 20% copper nanoparticles by weight in a flexible polymer {e.g. a

rubber or silicone polvimer) can maintain at least some degree of flexibility. However,
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if the amount of copper nanoparticles is increased (o about 80% by weight or even
higher, the article can become substantially rigid, particularly after copper

nanoparticle fusion

In some embodiments, articles of the present disclosure further include a filler
material. Hustrative filler matenials include, without limitation, flame retardants, UV
protective agents, antioxidants, graphite, graphite oxide, graphene, carbon nanotubes,
fiber materials (e.g., carbon fibers, glass fibers, metal fibers, ceramic fibers and
organic fibers) and ceramic matenals (e.g, silicon carbide. boron carbide, boron
nitride, and the like). In some embodiments, the fller material s also i the

nanoparticle size range.

UV protective agents that can be used as filler materials in the present
embodiments include, for example, organic, organometallic and inorganic compounds
that absorb light between about 200 and about 400 nm {(e.g. near- and muddle
ultraviolet highty Hlustrative UV protective agents include, for example, titaniuro
dioxide, zinc oxide, stilbene and substituted stilbenes (e.g., TINOPAL LPW available
from Ciba-Geigy Corp.), MEXORYL SX (ecamsule} which 15 a benzylidene camphor

derivative available from L'Oréal, oxybenzone, and avobenzone.

Antioxidants that can be used as filler materials in the present embodiments
mclude, for example, ascorbic acid, butvlated hydroxvanisole, butylated

hydroxyioluene (BHT), gallate esters mcluding propy! gallate, and a-tocopherol.

In various embodiments, matrix materials suitable {or use in the present
articles can be polymer matrices, mcluding rubber matrices. In some embodiments,
the polymer matrices are thermoplastic polymer matnices. thermosetting polymer
matrices {lL.e, epoxy malrices) or elastomeric polymer mairices {eg., natural or
synthetic rubbers). Hustrative polvmer matrices that can be used m the present
embodiments include, {or example, polycarbonales, cvanocacrylates, silicone polymers,
polvurethanes, natural and svnthetic rubbers, denivatives thereof and the hike. In some
embodiments, the copper nanoparticles are distributed in a two-component epoxy

precursor system which is then cured. In other embodiments, the copper nanoparticles
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are distributed in a softened thermoplastic or elastomeric matrix, which is thereafier

cooled and hardened to encapsulate the copper nanoparticles therein,

fn some erobodiments, the matrix matenal can be a silsesquioxane such as, for
example, POSS (Polvhedral Oligomeric Silsesquioxane), which 18 commercially

available from Reade Advanced Materials and has the following structural formula.

In the indicated structural formula, the R groups can be the same or different in
various embodiments. In general, the R groups are alkyl groups, which can optionally
contain further substitution. Hustrative examples of functional groups that can further
substitute the R groups in POSS mclude, for example, thiols, sulfides, anunes, amides,

hydroxyl groups, and carboxylic acids.

In some embodiments, the matrix material i1s a phase change material,
particularly a phase change polymer, that isothermally releases or absorbs heat upon
changing state. Hlustrative phase change materials suitable for use in the present
embodiments include, for example, paraffing (e.g., compounds having a formula
CoHone, where n is an imteger) and fatty acids {e.g.. compounds having a formula

CH3(CH 1y COsH, where n s an integer).

In altemative embodiments, the mairix material can be a material such as, for
example, ceramic materials, glasses and metals. For example, siloxanes and
alumoxanes can be used as matrix materials. Copper nanoparticles can be particularly
useful in polymeric, glass and ceramic matrix materials, since at least partially fused
nanoparticles can form an electrically or thermally conductive percolation pathway in

these normally non-conductive materials.

In some embodiments, the matrix material {e.g.. a polymer matrix, a rubber
matrix, a glass matrix, a ceramic matox or a metal matnx) serves not only as a

continuous phase to support the copper nanoparticles, but it also protects the copper

17



10

15

20

25

nanoparticles from oxidation. Particularly after being at least partially fused, copper
nanoparticles can be especially susceptible to oxidation. The matrix material can
shield the at least partially fused copper nanoparticles from an oxidizing environment,
thereby slowing or substantially stopping various oxidation processes by filling vouds

between the copper nanoparticles.

In some embodiments, the matrix material of the present articles is removable.
Thus, in some embodiments. the matrix material of the present arficles can be
removed to leave behind a network of at least partially fused copper nanoparticles.
Depending on the degree of nanoparticle fusion and the concentration of copper
nanoparticles initially present in the matrix material, the network that remains behind
can be a continuous, essentially non-porous copper network or a copper network

having at least some degree of porosity.

In general, copper nanoparticles are present in the articles described herein in
an amount ranging between about 10% and about 99 9% of the article by weight. In
some embodiments, the copper nanoparticles are present i an amount ranging
between about 10% and about 50% by weight or, in other embodiments, in an amount
ranging between about 20% and about 60% by weight, or, in other embodiments, in an
amount ranging between about 25% and about 50% by weight. In some embodiments,
the copper nanoparticles are present in an amount ranging between about 70% and
about 99.9% of the article by weight. In other embodiments, the copper nanoparticles
are present in an amount ranging between about 80% and about 99% of the article by
weight or, in still other embodiments, between about 90% and about 99% of the

article by weight.

In some embodiments, the plurality of copper nanoparticles form a thermally
conductive percolation pathway in the roatnx material of the present articles. Such a
thermally conductive percolation pathway can be formed from partially fused copper
nanoparticles or completely fused copper nanoparticles. In forming a thermally
conductive percolation pathway using at least partially fused copper nanoparticles,

articles having much higher thermal conductivities can be formed than when using
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bulk copper. For example, in some embodiments, articles of the present disclosure
that contain at least partially fused copper nanoparticles have thermal conductivities
ranging between about 50 watts/m K and about 400 watts/m K. In contrast, like
articles contaming micron size bulk copper particles typically have thermal

conductivities in the range of about § watts/m- K {o about 7 watts/m-K.

Due to their high thermal conductivities, the articles of the present disclosure
can serve as a thermal interface material. An illustrative but non-limiting use of the
present articles in this capacity is as a heat transfer medium in thermal contact with a
heat source and a heat sink. o particular, the present articles can be especially useful
for facilitating heat transfer from the central processing unit {CPL) of computers and
like electronic devices. The CPUs of modem computers and like electronic devices
put off significant quantities of heat, but the heat transference to the thermal ground
plane or a heat dissipating device such as a fan, for example, is typically poor. As a
result, active cooling measures are often utilized. By serving as a thermal interface
material in contact with a heat source and a heat sink, articles of the present disclosure
can overcome the heat transfer issues present in computers and other devices requiring
iransfer of excess heat. In some embodiments, the heat sink with which the present
articles are in thermal contact can be a source of cooling water, refrigeration, a fan, a
radiator or like heat dispersal medium that is separate from the articles. In some
embodiments, the present articles can be constructed such that they dissipate excess
heat theroselves by having cooling vanes, coolant curculation pathways and the hike.
Stated another way, the present articles can be consiructed such that they both conduct
excess heat away from a heat source and dissipate the excess heat 1o the atmosphere or
other heat sink. In some embodiments, the articles suitable for transferring heat away
from a heat source include an epoxy matrix containing copper nanoparticles that have
been at least partially fused together. In some embodiments, the epoxy matrix of such
articles can further include at least one of silver, aluminum, diamond, graphite,
graphite oxide, graphene, carbon nanotubes, fiber materials {e.g.. chopped carbon

fibers) or boron nitride. These materials can further aid the heat transfer.
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The thermal conductivities of the present articles can be controlled through
modulation of the amount of copper nanoparticles contained therein, as discussed
hereinafter. For applications taking advantage of copper's thermal conductivity, the
present articles can contain between about 10% and about 100% of copper
nanoparticles by weight. The lower end of this range will ultimately be determined {o
a large degree by the iniended application and the degree of thermal conductivity
required. As noted above, when the conceniration of copper nanoparticies approaches
100% by weight, the nanoparticle interface approaches that of bulk copper, although
the copper nanoparticle structure can also be maintained, at least to some degree, n
some embodiments, if only partial fusion has taken place. Regardless of the copper
nanoparticle concentration in the present articles, the thermal conductivities can be
much higher than like articles containing micron size copper particles. For example,
when the present articles contain between about 95% to about 100% copper
nanoparticles by weight, the thermal conductivities can approach 400 watts/m- K. On
the lower end of the above concentration range, an article that contains about 15% to
about 25% copper nanoparticles by weight can have a thermal conductivity of about
50-100 watts/m- K. Thus, even at low copper nanoparticle concenirations, the thermal
conductivities of the present articles are one to two orders of magnitude greater than
that of typical thermal interface materials. At about 50% copper nanoparticles by

weight, the present articles can have a thermal conductivity of about 200 waits/ny K.

In various embodiments, methods for using articles contaiming copper
nanoparticles in heat transfer applications are contemplated herein. In various
embodiments, the methods include providing an article containing a matrix material
and a plurality of copper nanoparticles that have been at least partially fused together
i the matrix material, and placing the article in thermal contact with a heat source.
The plurality of copper nanoparticles are less than about 20 nm in size. In some
ernbodiments, the methods further include placing the article in thermal contact with a
heat sink. In some embodiments, the plurality of copper nanoparticles further mclude
a surfactant sysiem  having a bidentate diamine {eg, a C1-C4 NN'-

dialkvlethylenediamine, a C1-C4 N N'-dialkylmethylenediamine or a C1-C4 NN~
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dialkvl-1,3-propvienediamine) and one or more C6-C18 alkylamines. As noted above,
use of other hidentate, iridentate, or polydentate ligands and alkvlamines also lie

within the spirit and scope of the present disclosure.

In some embodiments, the phurality of copper nanoparticles form a thermally
conductive percolation pathway in the matrix material after being at least partially
fused together. In some embodiments, the thermally conductive percolation pathway
is such that the article has a thermal conductivity ranging between about 30 watts/m- K
and about 400 watts/m K. In some embodiments, the plurality of copper nanoparticles
are substantially non-porous after being at least parthially fused. In other erobodiments,
the plurality of copper nanoparticles maintain at least some degree of porosity after

being at least partially fused.

in other vartous embodiments, methods for fusing copper nanoparticles in a
matrix material are disclosed herein. In some embodiments, methods of the present
disclosure mclude providing a pluralitv of copper nanoparticles that are less than
about 20 mn in size, mixing the plurality of copper nanoparticles with a matnx
material and applying at least one of heat or pressure to at least partially fuse the
copper nanoparticles together. In some embodiments, the phwality of copper
nanoparticles form a thermally conductive percolation pathway after being at least
partially fused. In some embodiments, the plurality of copper nanoparticles are
substantially non-porous after being at least partially fused. In other embodiments, the
plurality of copper nanoparticles maintain at least some degree of porosity after being

at least partially fused.

In some embodiments, the methods further include removing the matrix
material to feave behind a network of at least partially fused copper nanoparticles.
Removal of the matrix matenal can take place by any known method including, for
exarople, melting, dissolving, pyrolyzing, vaporizing, chemically reacting, and the
like. For example, in an embodiment, the matnx material can be dissolved 0 a

medium in which the matrix material is soluble but the copper nanopaiticles are
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substantially insoluble and/or substantially non-reactive in their at least partially fused

state.

fn some embodiments, the copper nanoparticles further include a swrfactant
svstem such as one of those described bhereinabove. In some embodiments, the
surfaciant system includes a bidentate diamine {e.g., a C1-C4 dialkvlethylenediamine,
a {1-04 N.N-dialkylmethylenediamine or a C1-C4 N N'-diatkyl-13-
propylenediamine} and one or more C6-C18 alkylamines. As noted above, other
bidentate, tridentate or polvdentate ligands can also be used within the spirit and scope
of the present disclosure. Likewise, alkvlamines other than C6-C18 alkvlianunes can

also be used in some ernbodiments.

In some embodimenis of the present methods, the plurality of copper
nanoparticles are between about 1 nm and about 10 nm in size. In other embodiments,
the plurality of copper nanoparticles are between about I nm and about 5 nm in size or
between about 5 nm and about 10 nm 10 size. In still other embodiments, the plurality
of copper nanoparticles are between about | mm and about 20 nm in size. As noted
above, the fusion temperature of the copper nanoparticles will also depend upon the
applied pressure, in addition to the copper nanoparticle size. In some embodiments,
the plurality of copper nanoparticles become at least partially fused together by

eating at a temperature of at most about 200° C. In other embodiments, the plurality
of copper nanoparticles become at least partially fused together by heating at a
teroperature of at most about 100° €. Fusion teraperatures of less than about 200° C.
can be parlicularly advaniagecus when thermally sensitive matnix materials are

emploved.

In some embodiments, extruding the mainix material and the copper
nanoparticles can result in at least partially fusing the copper nanoparticles together. In
this case, extrusion forces can exert sufficient pressure on the copper nanoparticles so

as to factlitate their fusion during the exirusion process.

In some embodiments, methods of the present disclosure further inciude curing

the matrix material. For example, the mairix matenal can be a two-component epoxy
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i some embodiments, which is cured into a thermoset epoxy mairix. As another non-
himiting example, the matrix material can be a powder matenial that is sintered into a
cured matrix material. Cuning of the matrix material can take place concwrently with
the fusion of the copper nanoparticles in some embodiments. Alternately, the matrnx
material can be cured prior to fusion of the copper nanoparticles or after the fusion of

the copper nanoparticles.

In still other various embodiments, methods are described herein for using
copper nanoparticies to join materials together. In varnious embodiments, the methods
mclude providing a plurality of copper navoparticles that are mixed with a matnix
material to form a paste, placing the paste i a joint between a first member and a
second member, and joining the first member to the second member by at least
partially fusing the phurality of copper nanoparticles together. The plurality of copper
nanoparticles are less than about 20 nm in size and further contain a surfactant system
of a bidentate diamine and one or more C6-C18 alkvlamines. As noted above other
hidentate, tridentate or polydentate ligands and alkylarsines also lie withun the spirit

and scope of the present disclosure.

Processes Tor joining materials together using copper nanoparticles contained
1 a matrix material are particularly beneficial in the art. Specifically, the present
methods complement processes in which conventional tin- and lead-based soldering
materials cannot be effectively used. Further, the present methods allow two members
to be joined fogether at low ternperatures that are generally not damaging to most

structural members.

A further advaniage of the present methods is that, unlike conventional
soldering techniques, copper nanoparticle-based soldering materials of the present
disclosure can be used to join two non-metallic members together or to join a non-
metallic member to a metallic member. Like conventional soldering techniques, the
present methods can also be used to join two metallic members together as well
Without being bound by theory or mechanism, it is believed that inclusion of the

matrix material with the copper nanoparticles beneficially increases the compatibility

23



10

15

20

25

of the soldering material with a wide variety of materials to achieve more effective

joining and greatly increases thermal heat transter compared to currently used solders.

in general, high concentrations of copper nanoparticles in a paste are used for
crmhere fngaihe S OTEE S iments. the paste tains about 50%
joining two members together. In some embodiments, the paste contains about 50% or
higher copper nanoparficles by weight. In some embodiments, the paste contains
about 60% or higher copper nanoparticles by weight. In some embodiments, the pasie
contains about 70% or higher copper nanoparticles by weight. In some embodiments,
the paste contains about 80% or higher copper nanoparticles by weight. In some

embodiments, the paste contains about 90% or higher copper nanoparticles by weight.

In apphications for joining two wembers {ogether, the phurality of copper
nanoparticles can again be substantially non-porous or maintain af least some degree
of porosily after being at least partially fused. In applications for joining two members
together, maintaining at least some degree of porosity can allow for rework of the
joint to take place after joining the first member to the second member. Rework can
allow replacement of a failed component from the jont, for example. In copper
nanoparticle-based soldering applications not utilizing a matrix material, maintaining
porosity sufficient for rework can ultimately be detrimental due to rapid copper
nanoparticle oxidation, in addition {o requiring much higher rework temperatures.
However, inclusion of the matrix material in the present embodiments beneficially
protects the copper nanoparticles from oxidation while maintaining sufficient porosity
to allow for rework. In some embodiments, the plurality of copper nanoparticles are
up to about 25% porous after being at least partially fused together. In such
embodiments, the copper nanoparticles can maintain a sufficient tensile strength fo
maintain the first member and the second member in a joined staie. In some
embodiments, a strength to failure joining the first member to the second member is at

least about 4400 psi.

In varicus embodiments, the present disclosure describes compositions
including a plurality of copper nanoparticles that are less than about 20 nm in size and

further contain a surfactant svstem having a bidentate diamine and one or more C6-
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C18 alkvlamines, and a matrix material selected from the group consisting of a
polymer matrix, a rubber matrix, a ceramic matrix, a metal matrix, and a glass matrix.
Such compositions can be used in vartous applications described herein including, for

example, forming articles and joining a first member to a second member,

EXPERIMENTAL EXAMPLES Example 1 Synthesis and Characterization of
Copper Nanoparticles

1 g of anhydrous copper (11} chloride was added to a 250 mL 3 neck round
bottom flask containing 54 g of triglyme, evacuated and back-filled with argon three
times. A plastic syringe and a stainless steel needle were used to add the following
surfactants in the order given and onder positive argon pressure: 2 g terl. octyl amine
and 4 g di-isobutyl amine. The color of the sohution tumned dark blue. The copper salt
solution was then stirred and heated for 2 hours at 45° C upon which a degassed
solution of 3 g N N'-di-tert-butylethylenediamine in 4 g triglyme was added to the
blue reaction mixture and again stirred for 1 hr. During the first 10 min, the solution
turns opaque and changes color to vellow-green. The temperature was reduced to 32 C
over the last 30 mun. Finally, 8 g of a drv 2.9 M sodium borohydnde solution 1o
inglyme was added upon which the reaction mixture changed color first fuming from
green to white and then darkens progressively over various shades of brown to black
upon which the reaction is complete and the mixture cooled to room temperature. The
particles are isolated by centrifugation, washed with water to remove the side product
NaCl, centrifuged again and stored in a svringe for ready dispensing. The final product

15 obtained as a dense copper color paste.

Scannming Electron Microscope Analysis: A JEOL ISM7001-FLV Scanning
Electron Microscope {SEM) was emploved in this analvsis. FIG. 1 shows an
tlustrative SEM image of copper nanoparticles. Samples were prepared using a dilute
organic solution and TEM grids (Cw/Au, carbon coated, 200/300 grid). The specified
resolution was 1.2 nm at 30 kV and 3 nm at 1 kY, and the magnification range was
from 20% to 1,000,000x. The SEM also offers a rapid chemucal analvsis using Energy
Dispersive Speciroscopy (EDS). FIG. 2 shows an ilustrative EDS spectrum of copper

nanoparticles, which shows copper from the nanoparticles and carbon from the
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surfactant and/or solvent washes. The EDS also mdicated a small quantity of oxvgen,

possibly from oxidation arising from surfactant removal in the SEM vacuum chamber.

X-Ray Diffraction (XRD) Analysis: A Siemens D3000 Diffractometer was
used {or analysis. The dark precipitate of copper nanoparticles was isolated and dried
i air on a walch glass. A double sided sticky tape (0.5 cmx? cm) was placed in the
center of a standard glass slide. The dark powder was placed on the tape and pressed
down for good adhesion such that it covered the entire tape. The glass slide was
placed in the XRD sample holder and the run conducted using the following
conditions: Range 30°-80°, Step size: 0.1, Dwell time: 12, Deg: 5, Theta: 10°, Laser
Voltage (kV) 40 and Current (mA) 30, num time 96 vumutes. FEG 3 shows an
Hlustrative XRD spectrum of copper nanoparticles. The XRD spectrum indicated the

presence of copper metal only, with no copper salt or copper oxide detected.
Example 2 Fusion of Copper Nanoparticles

Copper nanoparticles produced as above were centrifuged for 20-30 minutes at
approximately 10,000 rpm such that a pressure of 3.9 atmospheres was exerted on the
copper nanopariicles. Under these conditions, formation of micron-size copper
crvstals was observed. FIG. 4 shows an illustrative SEM image of a micron-size
copper crysial formed by fusion of copper nanoparticles at room femperature during

centrifugation.

Upon heating, application of pressure, and/or extrusion for a sufficient length
of time, the copper nanoparticles can become substantially fused together. FIGS. 5A
and 5B show illustrative SEM images of a network of substantially fused copper
nanoparticles. FI(G. 6 shows an illusirative close up SEM image of partially fused
copper nanoparticles, which demonsirates widespread necking of the individual
nanoparticles. FIG. 7 shows an illustrative EDS spectrum of substantially fused
copper nanoparticles. o this case, carbon from the surfactant and/or solvent washes

was not observed in the EDS spectrum.

According to another embodiment, material compositions comprising a matrix

material and at least partly-fused copper nanoparticles may be used for repair of
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components carried by printed circuit boards (PCBs). Such a method for repairing a
microvia assembly in a PCB is shown in Figures 8-12. The microvia assembly to be
repaired (generally shown at 20 in Figures 8-11) may comprise a microvia 22 and a pad
24, with the pad 24 disposed on and in electrical conductive contact with the microvia
22, and with at least a portion of the pad 24 missing from the assembly 20 as shown in
Figure 9. The microvia 22, and whatever is left of the pad 24, may be installed on or
otherwise carried by a PCB 26 such as, for example, a high density interconnect board

(HDI).

Access to a damaged portion of a microvia assembly 20 is often impeded, e.g., at
least partially hidden under or behind, by another component (not shown) carried by and
attached to the PCB 26. The removal may, therefore, include preheating most or all of
the PCB 26, and may be followed by further heating directed or focused only or
primarily onto the impeding PCB component, as described in action steps 38 and 40 in
Figure 12. Such directing or focusing of heat allows the impeding PCB component to be
"unsoldered" from the PCB 26 and removed with little or no damage to the PCB 26 as

shown in action step 42.

As shown in Figure 10, conductive material 28 may then be provided on the
microvia 22 in at least a part of a region 30 (shown in Figure 9) where the missing
portion (not shown) of the pad 24 was located, forming a new or repaired pad 24
according to action step 44 of Figure 12. The conductive material 28 may be sintered
onto the microvia 22 to provide electrical conductivity and a mechanical bond to the
microvia 22. While in some embodiments the conductive material 28 may comprise
compositions comprising a matrix material and at least partly-fused copper
nanoparticles as described above, in other embodiments the conductive material 28
may comprise any suitable proportion or configuration of nanocopper, and may

comprise any suitable type and amount (including none at all) of matrix material.

Where the PCB 26 includes a masking layer 32, a cavity 34 may remain in the
masking layer 32 where the missing portion of the contact pad 24 was formerly located.

In such cases, when providing conductive material 28 on the microvia 22, the
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conductive material 28 may be provided on a portion of the microvia 22 that partially
defines the cavity, and may fill the cavity 34 with the cavity 34 acting as a mold for the

at least a portion of the conductive material 28.

In cases where the entire contact pad 24 is missing from the microvia assembly
20, replacement of the pad 24 may include sintering the conductive material 28 onto the
microvia 22 to form a new pad according to action step 44 of Figure 12. If the missing
contact pad 24 formerly occupied a cavity 34 partially defined by a masking layer 32, the
cavity 34 may serve as a mold for at least a portion of the conductive material 28

forming the new pad.

The pad repair process may include structural enhancement steps such as, for
example, tinning the pad 24 with a layer of tin solder 35 (as shown in Figure 10 and
action step 48 of Figure 12), and/or reinforcing the pad’s conductive material 28 with an
adhesive (according to action step 50 of Figure 12) such that the adhesive provides

structural support for the conductive material 28.

An alternative embodiment of the microvia assembly 20 repair method may
include providing a prefabricated replacement pad 24 on a microvia 22 in a region 30
where a missing pad 24 of the microvia assembly 20 was formerly located, then
attaching the replacement pad 24 to the microvia 22 by providing a conductive material
28 between the microvia 22 and the replacement pad 24. The conductive material 28
used to form the replacement pad 24 comprises nanocopper, and may be attached to the
microvia 22 via sintering according to action step 46 of Figure 12. The prefabricated pad

24 may then be tinned, and may be structurally reinforced with adhesive.

A microvia assembly 20 repaired according to the first embodiment is shown in
Figures 10 and 11. As shown in Figure 11 the repaired microvia assembly 20 comprises
a microvia 22 carried by a PCB 26 and a pad 24, also carried by the PCB 26. The pad 24
is disposed in electrically conductive contact with the microvia 22 along a microvia-pad
interface 36. The pad 24 comprises nanocopper. The microvia-pad interface 36
comprises copper to copper interfaces that may have fine porosity in the sub-micron

range.
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The methods performed as disclosed above allow for the use of nanocopper
materials in the repair of a damaged microvia assembly 20. Given the low sintering
temperature of conductive materials including nanocopper, the repair process poses
less risk of damage to PCB components than processes using conductive materials
that require higher sintering temperatures. A microvia assembly 20 repaired or
constructed using nanocopper includes a direct nanocopper to copper or nanocopper to
nanocopper interface, best represented in Figure 11, that is superior to a standard
solder to copper interface in that its fine porosity provides a more solid mechanical
bond without penalty to conductivity, and does not create "whiskers" commonly

formed when using tin solders.

This description, rather than describing limitations of an invention, only
illustrates embodiments of the invention recited in the claims. The language of this
description is therefore exclusively descriptive and is non-limiting. Obviously, it’s
possible to modify this invention from what the description teaches. Within the scope of

the claims, one may practice the invention other than as described above.
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CLAIMS

What isclamedis:

1.

A method for repairing a microvia assembly 10 comprising a microvia and a pad
disposed on and in electrical conductive contact with the microvia along a microvia-pad
interface, at least a portion of the pad being missing from the assembly 10, exposing an
upper region of the microvia aong the microvia-pad interface; wherein at least the
upper region of the microvia comprises nanocopper; the method including providing
conductive material comprising nanocopper on the exposed upper region of the
microvia in at least a portion of a region where the missing portion of the pad was
located, such that a direct nanocopper to nanocopper interface is formed between the
provided conductive material and the upper region of the microvia along the microvia-

pad interface.

The method of clam 1 in which the step of providing conductive materia includes

sintering the conductive materia onto the microvia

The method of claim 2 in which:
the missing portion of the pad is the entire pad; and
the step of providing conductive material includes replacing the pad by forming a

new pad on the microvia by sintering the conductive material onto the microvia.

The method of claim 1 in which:

the providing step includes providing the conductive material on a microvia of a
microviaassembly 10 that isinstalled in aPCB; and

the method includes, before the providing step, the additional step of removing a
PCB component that is carried by the PCB and is blocking access to the damaged

microvia assembly 10.

The method of clam 4 in which the step of removing a PCB component includes
heating the PCB before removing the PCB component.
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10.

The method of claim 4 in which the step of step of removing a PCB component
includes heating the PCB component.

The method of claim 1, including the additiona step of tinning the pad.

The method of claim 1, including the additional step of reinforcing the conductive
materia with an adhesive such that the adhesive provides structura support for the
conductive material.

The method of clam 1 in which the providing step includes providing the
conductive materia in a cavity left in a masking layer of a PCB carrying the microvia
assembly 10, the cavity having been left in the masking layer by the loss of the missing
portion of the pad.

The method of clam 1, wherein the nanocopper includes particles having a diameter
of 20 nanometers or less.
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