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(57) Abstract: Carbon nanotube columns each comprising carbon nanotubes can be utilized as electrically conductive contact
probes. The columns can be grown, and parameters of a process for growing the columns can be varied while the columns grow to
vary mechanical characteristics of the columns along the growth length of the columns. Metal can then be deposited inside and/or
on the outside of the columns, which can enhance the electrical conductivity of the columns. The metalized columns can be cou-
pled to terminals of a wiring substrate. Contact tips can be formed at or attached to ends of the columns. The wiring substrate can
be combined with other electronic components to form an electrical apparatus in which the carbon nanotube columns can function
as contact probes.
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CARBON NANOTUBE COLUMNS AND METHODS OF MAKING AND
USING CARBON NANOTUBE COLUMNS AS PROBES

BACKGROUND

[0001] Electrically conductive spring probes on an electronic device can make temporary,
pressure based electrical connections with terminals or other such input and/or outputs of a
second electronic device. For example, such probes on the electronic device can be pressed
against the terminals of the second electronic device to make temporary electrical
connections between the probes and the terminals and thus between the electronic device and
the second electronic device. Embodiments of the present invention are directed to carbon
nanotube columns as spring probes and methods of making and using spring probes that

comprise carbon nanotube columns.

SUMMARY
[0002] In some embodiments, a process of growing a carbon nanotube column can include
varying at least one parameter of the process to vary at least one mechanical characteristic of
the column. For example, a growth solution comprising a carbon source and a catalyst can
be introduced into a carrier gas to produce a growth gas, and the growth gas can be
introduced into a chamber containing a substrate with a growth surface such that a carbon
nanotube column comprising a plurality of bundled carbon nanotubes grows on the growth
surface using the carbon source. While the carbon nanotube column grows on the growth
surface, at least one parameter relating to introducing the growth solution or the growth gas
into the chamber can be varied to produce a varying mechanical characteristic of the carbon
nanotube column.
[0003] In some embodiments, a nanopaste can couple a carbon nanotube column to a
terminal of a wiring substrate. For example, a nanopaste comprising electrically conductive
nanoparticles can be disposed on a terminal of a wiring substrate, and a first end of a carbon
nanotube column can be disposed in the nanopaste. The nanopaste can then be sintered,
which can fuse at least some of the nanoparticles together and to the terminal and the first
end of the carbon nanotube column, which can physically and electrically couple the carbon
nanotube column to the terminal.
[0004] In some embodiments, a probe card assembly can be made with a plurality of

carbon nanotube columns. For example, a plurality of carbon nanotube columns on a growth
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substrate can be obtained. The carbon nanotube columns can be disposed a pattern that
corresponds to terminals of an electronic device to be tested. Each of the carbon nanotube
columns can comprise a plurality of bundled carbon nanotubes at least some of which can be
intertwined. Electrically conductive metal can be deposited on at least some of the carbon
nanotubes of each of the carbon nanotube columns, and the carbon nanotube columns can be
transferred from the growth substrate to terminals of a probe substrate. The probe substrate
can be mechanically and electrically coupled to a wiring substrate that includes an electrical
interface to a tester for controlling testing of the electronic device, and the carbon nanotube
columns can be electrically connected through the probe substrate and the wiring substrate to
the electrical interface.

[0005] Insome embodiments, a probe card assembly can comprise a wiring substrate and
a probe substrate. The wiring substrate can comprise an electrical interface to a tester for
controlling testing of an electronic device to be tested. The probe substrate can comprise a
plurality of probes disposed in a pattern that corresponds to terminals of the electronic
device to be tested, and each of the probes can comprise a carbon nanotube column, which
can comprise a bundle of carbon nanotubes sintered to a terminal of the probe substrate. The
probe substrate can be mechanically coupled to the wiring substrate, and the probes can be
electrically connected through the probe substrate and the wiring substrate to the electrical

interface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Figure 1 illustrates an example of a process for making a contactor device with
probes comprising carbon nanotube columns according to some embodiments of the
invention.

[0007] Figure 2A illustrates an example of an implementation of the process of Figure 1 to
make a contactor device according to some embodiments of the invention.

[0008] Figure 2B illustrates the contactor device of Figure 2A assembled.

[0009] Figure 2C shows a photograph of a carbon nanotube column according to some
embodiments of the invention.

[0010] Figure 3 illustrates an example of a growth system for growing carbon nanotube
columns according to some embodiments of the invention.

[0011] Figure 4A illustrates an example of a carbon nanotube column grown while

varying one or more of the parameters of the system of FFigure 3 in order to obtain one or
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more soft regions along the carbon nanotube column according to some embodiments of the
invention.

[0012] Figure 4B shows a photograph of an example of a carbon nanotube column with
soft regions according to some embodiments of the invention.

[0013] Figure 4C illustrates an example in which the soft region(s) of the carbon nanotube
column compress in response to a force on an end of the carbon nanotube column according
to some embodiments of the invention.

[0014] Figure 5A illustrates an example in which a carbon nanotube column is grown
while varying one or more of the parameters of the system of Figure 3 such that the stiffness
of the column varies along the column according to some embodiments of the invention.
[0015] Figure 5B shows a graph illustrating an example in which a growth parameter is
increased as the column grows according to some embodiments of the invention.

[0016] Figure 6 illustrates an example in which a carbon nanotube column is grown while
varying one or more of the parameters of the system of Figure 3 such that the stiffness of the
column varies along multiple regions of the column according to some embodiments of the
invention.

[0017] Figure 7 illustrates an example in which a carbon nanotube column is grown while
varying one or more of the parameters of the system of Figure 3 such that the carbon
nanotube column comprises a plurality of regions with different stiffness according to some
embodiments of the invention.

[0018] Figure 8 illustrates an example of a system for metalizing carbon nanotube
columns according to some embodiments of the invention.

[0019] Figure 9 illustrates an example of a process for metalizing carbon nanotube
columns according to some embodiments of the invention.

[0020] Figure 10A illustrates metalizing outer portions of carbon nanotube columns
according to some embodiments of the invention.

[0021] Figure 10B shows a photograph of a portion of a carbon nanotube column sliced
lengthwise to illustrate metal deposited on outer portions of the column.

[0022] Figure 11 illustrates an example of a process of transferring carbon nanotube
columns from a growth substrate to a wiring substrate according to some embodiments of
the invention.

[0023] Figure 12 illustrates an example of the depositing step in Figure 11 according to

some embodiments of the invention.
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[0024]  Figure 13 illustrates an example of the positioning and sintering steps of Figure 11
according to some embodiments of the invention.

[0025] Figure 14 illustrates an example of the releasing step of Figure 11 according to
some embodiments of the invention.

[0026] Figure 15 illustrates another example of a process of transferring carbon nanotube
columns from a growth substrate to a wiring substrate according to some embodiments of
the invention.

[0027] Figure 16 illustrates an example of the depositing solder step of Figure 15
according to some embodiments of the invention.

[0028] Figure 17 illustrates an example of the metalizing step of Figure 15 according to
some embodiments of the invention.

[0029]  Figure 18 illustrates another example of the metalizing step of Figure 15 according
to some embodiments of the invention.

[0030] Figure 19 illustrates an example of the positioning, reflowing, and releasing steps
of Figure 15 according to some embodiments of the invention.

[0031] Figure 20 illustrates an example in which a metal coating is deposited onto the
carbon nanotube columns according to some embodiments of the invention.

[0032] Figure 21A illustrates an example of treating carbon nanotube columns to form
contact tips at the ends of the columns according to some embodiments of the invention.
[0033] Figure 21B shows a photograph of an end of a carbon nanotube column showing
examples of sharp end structures at an end of the column according to some embodiments of
the invention.

[0034] Figure 22 illustrates an example of metalizing outer portions of at least part of the
carbon nanotube columns of Figure 21A according to some embodiments of the invention.
[0035] Figure 23A illustrates an example of depositing metal onto contact tips of carbon
nanotube columns according to some embodiments of the invention.

[0036] Figure 23B shows a photograph of ends of carbon nanotube columns onto which
metal has been deposited.

[0037] Figure 24 illustrates an example of transferring contact tip structures formed on a
substrate to ends of carbon nanotube columns according to some embodiments of the
invention.

[0038] Figures 25A and 25B illustrate another example of forming contact tips at the ends

of the columns using a nanopaste according to some embodiments of the invention.
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[0039] Figure 26 illustrates an example of a probe card assembly with probes that
comprise carbon nanotube columns according to some embodiments of the invention.
[0040] Figure 27 illustrates an example of a test system for testing semiconductor dies in
which the probe card assembly of Figure 26 can be used according to some embodiments of
the invention.

[0041] Figure 28 illustrates an example of a test socket with probes that comprise carbon
nanotube columns according to some embodiments of the invention.

[0042] Figure 29 illustrates electronic devices that are electrically connected by probes

that comprise carbon nanotube columns according to some embodiments of the invention.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0043] This specification describes exemplary embodiments and applications of the
invention. The invention, however, is not limited to these exemplary embodiments and
applications or to the manner in which the exemplary embodiments and applications operate
or are described herein. Moreover, the Figures may show simplified or partial views, and
the dimensions of elements in the Figures may be exaggerated or otherwise not in proportion

for clarity. In addition, as the terms "on," "attached to," or "coupled to" are used herein, one

object (e.g., a material, a layer, a substrate, etc.) can be "on," "attached to," or "coupled to"
another object regardless of whether the one object is directly on, attached, or coupled to the
other object or there are one or more intervening objects between the one object and the
other object. Also, directions (e.g., above, below, top, bottom, side, up, down, under, over,
upper, lower, horizontal, vertical, "x," "y," "z," etc.), if provided, are relative and provided
solely by way of example and for ease of illustration and discussion and not by way of
limitation. In addition, where reference is made to a list of elements (e.g., elements a, b, ¢),
such reference is intended to include any one of the listed elements by itself, any
combination of less than all of the listed elements, and/or a combination of all of the listed
elements.

[0044] Figure 1 illustrates an example of a process 100 for making an electronic apparatus
that includes a contactor device with probes each of which comprises a carbon nanotube
column according to some embodiments of the invention. As used herein, a carbon
nanotube column comprises a group of bundled carbon nanotubes that is generally vertically

aligned, although some of the carbon nanotubes in the group can overlap, be comingled or

intertwined, or otherwise contact one or more other carbon nanotubes in one or more places.
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Also, in some embodiments, not all of the carbon nanotubes in a column need extend the
entire length of the column. For example, see Figure 2C, which illustrates a photograph of
an example of a carbon nanotube column 214 comprising individual carbon nanotubes 216 a
few of which are labeled.

[0045] Figure 2A illustrates an example of an implementation of the process 100 of Figure
1 in which an electronic apparatus 234 with probes 240 each comprising a carbon nanotube
column 214 is made according to some embodiments of the invention. Figure 2B illustrates
the electronic apparatus 234 assembled. Figures 3-24 illustrate examples of one or more
steps of the process 100 of Figure 1. Prior to discussing the examples in Figures 3-24,
however, an overview of the process 100 is provided as follows.

[0046]  As shown in Figure 1, carbon nanotube columns can be obtained at step 102. In
some embodiments, the columns can be like columns 214 shown in Figure 2A. As
mentioned, each column 214 can comprise a plurality of bundled carbon nanotubes 216.
Although three such carbon nanotubes 216 are shown in each column 214 in Figure 2A, each
column 214 can include many more (e.g., tens, hundreds, or thousands) of individual carbon
nanotubes 216. Although three carbon nanotube columns 214 are shown in Figure 2A, more
or fewer can be obtained at step 102 of the process 100 of Figure 1. The carbon nanotubes
columns 214 can be grown from surfaces 222 of a growth material 226 on a growth substrate
224 as generally illustrated in Figure 2A. Because the growth material 226 is on the growth
substrate 224, it can be said that the carbon nanotube columns 214 are grown on the growth
substrate 224 even though the carbon nanotube columns 214 grow directly on the surfaces
222. Examples of growing the columns 214 will be discussed below with regard to Figure 3.
[0047] Insome embodiments, the columns 214 can be obtained at step 102 in a pattern
that corresponds to a pattern of terminals to which the columns 214 will be transferred. For
example, in the example shown in Figure 2A, the columns 214 can be obtained at step 102
coupled to growth substrate 224 in a pattern that corresponds to terminals 212 of the wiring
substrate 202 to which the columns 214 will be transferred. Moreover, that pattern can
correspond to terminals of an electronic device that the probes 240 comprising the terminals
214 will be used to contact. For example, as will be seen when discussing Figures 25 and
26 below, the columns 214 can be obtained at step 102 in a pattern that corresponds to
terminals 2616 of the DUT 2618 (e.g., an electronic device to be tested) that the columns
214 will be used to contact to test the DUT 2618.

[0048] Referring again to Figure 1, the columns 214 can be metalized at step 104. As

used herein, metalizing a column 214 comprises depositing metal on at least a portion (e.g.,
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some, almost all, or all) of at least some of the carbon nanotubes 216 that comprise the
column 214. In some embodiments, a metal material 232 (e.g., gold, silver, copper, or other
electrically conductive metals) can be deposited inside each column 214 on at least some of
the carbon nanotubes 216 that are inside the column 214. In some embodiments, the metal
material 232 can be deposited primarily on the outside of each column 214 (e.g., on at least
some of the carbon nanotubes 216 that are on the outside of the column 214). In some
embodiments, the metal material 232 can be deposited on the outside and on the inside of
each column 214. Examples of depositing a metal 232 inside columns 214 will be discussed
below with regard to Figures § and 9, and examples of depositing a metal 232 on the outside
of columns 214 will be discussed below with regard to Figures 10A and 10B. As used
herein, metalizing (or depositing metal material 232) inside a column 214 means metalizing
(or depositing metal material 232) on at least a portion of at least some of the carbon
nanotubes 216 that are inside the column 214, and metalizing (or depositing metal material
232 on) the outside of a column 214 means metalizing (or depositing metal material 232 on)
at least a portion (e.g., some, almost all, or all) of at least some of the carbon nanotubes 216
that are on the outside of a column 214.

[0049]  Atstep 106 of Figure 1, the metalized carbon nanotube columns 214 can be
transferred (e.g., by coupling or mounting) to electrically conductive terminals 212 of a
wiring substrate 202 as shown in Figure 2A. As discussed above, the columns 214 shown in
Figure 2A can be grown on surfaces 222 of the growth material 226 of the growth substrate
224; ends 220 of the columns 214 can thus be initially coupled to the surfaces 222 as a result
of the growth process. As illustrated in Figures 2A and 2B, ends 218 of the columns 214 can
be coupled by a coupling 230 to terminals 212 of the wiring substrate 202, and the ends 220
of the columns 214 can be separated (e.g., by mechanical or chemical means) from the
surfaces 222 of the growth material 226. Examples of transferring the columns 214 from the
growth substrate 224 to a wiring substrate 202 will be discussed below with regard to
Figures 11-19. FEither the ends 218 or the ends 220 can be deemed first ends, and the other
of ends 218 or ends 220 can be deemed second opposite ends.

[0050] The wiring substrate 202 can be any substrate comprising terminals 212. For
example, the wiring substrate 202 can be a printed circuit board, a ceramic substrate, or other
such substrate suitable for supporting terminals 212. It is sufficient that the wiring substrate
202 alone or in combination with other components provide sufficient mechanical support
for using the columns 214 to effect pressure based electrical connections with electronic

devices (not shown). In some embodiments, the wiring substrate 202 can be thought of as
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rigid as opposed to flexible. As shown in Figure 2A, the terminals 212 can be electrically
connected by electrical connections 210 (e.g., electrically conductive vias and/or traces) in
and/or on the wiring substrate 202 to other terminals 208. As illustrated in Figure 2B,
terminals 208 on a first side 204 of the wiring substrate 202 can be at a different pitch than
terminals 212 on a second side 206 of the wiring substrate 202. As shown in Figure 2B, the
pitch of the terminals 208 can be larger than the pitch of the terminals 212.

[0051] Atstep 108 of Figure 1, contact tips 228 (which can be electrically conductive) can
be provided at ends 220 of the carbon nanotube columns 214 as shown in Figure 2A. Tor
example, contact tips 228 can be formed on or coupled to ends 220 of the columns 214 as
illustrated in Figures 2A and 2B. Examples of providing contact tips 228 at ends 220 of
columns 214 will be discussed below with regard to Figures 21A-25. In some embodiments,
contact tips 228 need not be included.

[0052] Atstep 110 of Figure 1, the wiring substrate 202 to which the columns 214 were
transferred at step 106 can be coupled to one or more additional elements to make a
electronic apparatus in which the columns 214 can be electrical probes. Figures 2A and 2B
illustrate an example in which the wiring substrate 202 is coupled to electronic component
236 to form electronic apparatus 234. Although Figure 2B illustrates one way of coupling
the wiring substrate 202 to the electronic component 236, other ways of coupling are
contemplated. Electrically conductive contact probes 240 of the electronic apparatus 234
can comprise the columns 214 as shown in Figure 2B. Examples will be discussed below
with regard to Figure 26.

[0053] Having provided an overview of the process 100 of Figure 1, examples for
implementing each of the steps of the process 100 will now be discussed with respect to
Figures 3-24.

[0054] As mentioned above, the carbon nanotube columns 214 can be obtained at step 102
of Figure 1 by growing the columns 214 on the surfaces 222 of growth material 226 on a
growth substrate 224. Figure 3 illustrates a growth system 300 in which carbon nanotube
columns 214 can be grown. Although for convenience and ease of discussion the growth
system 300 is discussed below with regard to growing columns 214 on the surfaces 222 of
the growth material 226 of the growth substrate 224, the growth system 300 is not so limited
but can be used to grow other carbon nanotube columns on other growth substrates.

[0055]  As shown in Figure 3, the growth system 300 can comprise a chamber 306 in
which the growth substrate 224 can be placed (initially without columns 214). As shown, a

temperature control device 302 (e.g., a heater and/or cooling device) can be provided for
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controlling the temperature ('T¢) of the chamber 306. As also shown, one or more inlet tubes
308, 316 can be provided into the chamber 306, and one or more outlet tubes 312 can be
provided out of the chamber 306. (Although two inlet tubes 308, 316 are shown and one
outlet tube 312 is shown, more or fewer inlet tubes and/or more outlet tubes 312 can
alternatively be provided.) In some embodiments, an end 314 of inlet tube 316 can be
positioned inside the chamber 306 a length L from an edge 304 of the temperature control
device 302 as shown in Figure 3.

[0056]  An injection device 322 (e.g., a syringe or pump) can be provided to introduce a
growth solution 326 into a carrier gas 324 near the input to or inside an evaporator 318,
which can vaporize the growth solution 326 to enhance mixing with the carrier gas 324.
From the evaporator 318, the mixture 320 of the growth solution 326 and the carrier gas 324
can be passed through the inlet tube 316 into the chamber 306 as shown. The mixture of the
growth solution 326 and the carrier gas 324 can be referred to as a growth gas 320. As also
shown, in some embodiments, another carrier gas 310 can be provided through another inlet
tube 308 into the chamber 302. The other carrier gas 310 can be the same as or different
than the carrier gas 324. One or more pumps (not shown) can be provided to pump the gases
324 and 310.

[0057] The growth system 300 can be used as follows. Initially, the growth substrate 224
can be prepared. The growth substrate 224 can be any structure suitable for supporting the
columns 214 as the columns 214 grow. Non-limiting examples of a suitable growth
substrate 224 include a semiconductor wafer, a ceramic substrate, a substrate comprising an
organic material, a substrate comprising an inorganic material, or any combinations thereof.
Growth material 226 can be deposited on the substrate 224 in locations where it is desired
that carbon nanotube columns 214 are grown. Each deposit of growth material 226 can be
patterned in a desired cross-sectional shape of a carbon nanotube column 214. The growth
material 226 can be patterned in any suitable manner. For example, the growth material 226
can be deposited on the substrate 224 in the desired pattern of the growth material 226.
Alternatively, the growth material 226 can be deposited on the substrate 224 and then
portions of the growth material 226 can be selectively removed, leaving growth material 226
on the substrate 224 in the desired pattern. As yet another alternative, the growth material
226 can be deposited on the substrate 224 and then portions of the growth material 226 can
be selectively covered, leaving growth material 226 on the substrate 224 exposed in the
desired pattern. As still another alternative, the growth material 226 can be deposited on the

substrate 224, then portions of the growth material 226 can be covered, and then portions of
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the covering can be selectively removed, leaving growth material 226 on the substrate 224
exposed in the desired pattern.

[0058] The pattern of the growth material 226—or more specifically, the pattern of the
growth surfaces 222—can correspond to a desired pattern of the columns. As discussed
above, the columns 214 can be obtained at step 102 of the process 100 of Figure 1in a
pattern that corresponds to a pattern of terminals to which the columns 214 will be
transferred. Por example, in the example shown in Figure 2A, the pattern of the growth
surfaces 226—and thus the pattern of columns 214 that will be grown on the surfaces 226—
can correspond to terminals 212 of the wiring substrate 202 to which the columns 214 will
be transferred (see Figure 2). As also discussed above, that pattern can correspond to
terminals of an electronic device that the probes 240 comprising the terminals 214 will be
used to contact. For example, as will be seen when discussing Figures 25 and 26 below, the
pattern of the growth surfaces 226—and thus the pattern of columns 214 that will be grown
on the surfaces 226—can correspond to terminals 2616 of the DUT 2618 (e.g., an electronic
device to be tested) that the columns 214 will be used to contact to test the DUT 2618. The
foregoing are examples of ways in which the columns 214 can be obtained (e.g., grown) in a
pattern that corresponds either to terminals of an electronic device to which the columns 214
are to be transferred and/or a pattern that corresponds to terminals of an electronic device to
be contacted by the columns 214, for example, to establish electrical connections with the
electronic device to test the electronic device.

[0059] The growth material 226 can be any material with a surface 222 that comprises or
can be formed to comprise a material on which carbon nanotubes can be grown when
exposed to the growth solution 326. For example, the growth material 226 can comprise
silicon, and the surfaces 222 of the growth material 226 can comprise an oxide film. In
some embodiments, the growth substrate 224 or at least an upper surface of the growth
substrate 224 can comprise growth material like growth material 224 with a growth surface
like growth surface 222 in which case growth material 224 need not be disposed on the
growth substrate 224. In such a case, the growth substrate 224 can be the growth material
226. After the growth substrate 224 is prepared, the growth substrate 224 (without the
columns 214) can be placed into the chamber 306 as illustrated in Figure 3.

[0060] The temperature control device 302 can be utilized to bring the chamber 306 to a
desired temperature Tr. The growth solution 326 can be introduced into the carrier gas 324
and provided through the evaporator 318 and the inlet tube 316 into the chamber 306 as a

growth gas. The evaporator 318 can be set to a desired temperature T, (e.g., sufficient to

10
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vaporize the growth solution 326). In introducing the growth solution 326 into the carrier
gas 324, the carrier gas 324 can be provided at a flow rate Qy, and the growth solution 326
can be provided at a pump rate L. A carrier gas 310 can also be provided through the inlet
tube 308 into the chamber 306, and the carrier gas 310 can be provided at a flow rate Q,.
[0061] The material or materials of the growth solution 326 can be any material or
materials suitable for growing carbon nanotubes on the surfaces 222 of the growth material
226. In some embodiments, the growth solution 326 can comprise a source of carbon and a
catalyst. The catalyst can be any material that causes the carbon in the source of carbon to
react with the surfaces 222 of the growth material 226 to grow carbon nanotubes 216 from
the surfaces 222. A non-limiting example of a suitable catalyst is an iron metallorganic
material (e.g., ferrocene). Other examples of suitable catalysts include nickel or cobalt
metallorganic materials, zirconium oxide, ferroceneacetic acid, ferroceneacetonitrile,
ferrocenecarboxaldehyde, ferrocenecarboxylic acid, ferrocenedicarboxaldehyde, and
ferrocenedicarboxylic acid. The source of carbon can be any material that provides carbon
to grow as carbon nanotubes on the surfaces 222 of the growth material 226. Non-limiting
examples of a suitable source of carbon is a liquid hydrocarbon source (e.g., xylene),
aromatic hydrocarbons (e.g., benzene, toluene, xylene, styrene, ethylbenzene and all
alkylated benzene, cyclopentadiene), ethylene, and methane. If the catalyst or the source of
carbon is a gas, the system 300 can be modified to accommodate the catalyst or source of
carbon as a gas.

[0062] The material or materials of the carrier gas 324 can be any gas or gases suitable for
carrying the growth solution 326 into the chamber 306. In some embodiments, the carrier
gas 324 can comprise a carrier, a support gas, and air. Non-limiting examples of a suitable
carrier include argon gas or nitrogen gas, and non-limiting examples of a suitable support
gas include hydrogen gas (H,) and water vapor. The carrier gas 310 can be the same as or
different than the carrier gas 324. The foregoing materials are examples only, and other
materials can comprise the growth solution 326 and the carrier gases 310 and 324.

[0063] The concentrations of the materials that comprise the growth solution 326 and the
carrier gases 310 and 324, the temperatures Tr and T, of the chamber 302 and the evaporator
318, respectively, the pump rate { of the growth solution 326, the flow rates Q; and Q- of the
carrier gases 326 and 310, the length L of the end 314 of the inlet tube 316 from the edge
304 of the temperature control device 306, the time "t" over which the carbon nanotubes are
grown from the surfaces 222 of the growth material 226, and other parameters can be

selected as desired to grow the carbon nanotubes on the surfaces 222 of the growth material
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226. By way of example but not limitation, the following are suitable values for the
foregoing:
carrier gas 310 composition:
Hy/argon ratio: 0 to 0.5;
carrier gas 324 composition:
Hy/argon ratio: 0 to 0.5;
air: 0-20 standard cubic centimeters per minute (sccm);
growth solution 326 concentration:
concentration of ferrocene in xylene: 0.0004-0.05 grams per milliliter;
temperature T¢ of chamber 302: 700-850 degrees Celsius;
temperature T, of evaporator 318: 105-250 degrees Celsius;
pump rate { of the growth solution 326: 2-18 milliliters per hour (ml/h);
flow rate Q; of the carrier gas 324: 50-500 sccm;
flow rate Q, of the carrier gas 310: 0-200 sccm;
time "t" the carbon nanotubes are grown: 1-180 minutes;
length "L" from the edge 304 of the temperature control device 306 to the end 314 of

the inlet tube 316: 8-26 centimeters.

[0064]  All of the foregoing parameters as well as other parameters can affect the
mechanical characteristics of the carbon nanotube columns 214 grown from the surfaces 222
of the growth material 226. Examples of such mechanical characteristics can include a
generally repeatable elastic range (hereinafter "elastic range") and stiffness (e.g., the spring
constant "k," which according to Hooke's law is - F*d, where d is a distance moved in
response to a force IF and * is multiplication) of the columns 214. The above-mentioned
parameters can be maintained substantially consistent while growing the carbon nanotube
columns 214 in order to obtain columns 214 that have substantially uniform mechanical
characteristics along the length of the column 214 from end 220 to end 218 of the column
214. Alternatively, one or more of these parameters can be varied while growing the
columns 214 to vary one or more of the foregoing mechanical characteristics (and/or other
mechanical characteristics) of the column along the length of the column 214 from the end
220 to the end 218.

[0065] By way of example but not limitation, varying the parameters (discussed above)
listed in Table 1 below while growing the columns 214 can affect a mechanical characteristic

of the columns 214 directly or inversely, where:
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"directly" means that an increase in the value of the parameter causes an increase in
the value of the mechanical characteristic, and a decrease in the value of the parameter
causes a decrease in the value of the mechanical characteristic while all other
parameters are unchanged; and

"indirectly” means that an increase in the value of the parameter causes a decrease in
the value of the mechanical characteristic, and a decrease in the value of the parameter
causes an increase in the value of the mechanical characteristic, while all other

parameters are unchanged.

Table 1

Parameter: Mechanical Affect On Mechanical
Characteristic: Characteristic:

carrier gas 310: Hy/argon | elastic range indirectly

ratio

growth solution 326: stiffness directly

concentration of ferrocene | elastic range indirectly

in xylene

pump rate { of the growth | stiffness indirectly

solution 326 elastic range directly

flow rate Qg of the carrier | stiffness indirectly

gas 324

length "L" from the edge elastic range indirectly

304 of the temperature

control device 306 to the

end 314 of the inlet tube

316

[0066] Figure 4A illustrates an example of a carbon nanotube column 214 grown in the
system 300 of Figure 3 while varying one or more of the above-identified parameters that
affects the stiffness of the column 214. As shown in Figure 4A, the column 214 includes
stiff regions 402a, 402b, and 402c and soft regions 404a and 404b. Although three stiff
regions 402a, 402b, and 402c and two soft regions 404a and 404b are shown, more or fewer
stiff regions and/or more or less soft regions could alternatively be formed along the length
of the column 214. As used herein, a soft region 404a and 404b is a region with a stiffness
that is less than the stiffness of a stiff region 402a, 402b, and 402c. Similarly, a stiff region
402a, 402b, and 402c is a region with a stiffness that is greater than a soft region 404a and
404b.

[0067] The column 214 shown in Figure 4A can be grown by initially growing the stiff

region 402c with the above-discussed parameters in a first state; then changing one or more
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of the parameters to a second state (e.g., increasing the flow rate Q; of the carrier gas 324;
and/or increasing the pump rate { of the growth solution 326; and/or decreasing the
concentration of the ferrocene in the growth solution 326 if a mechanism is provided in the
system 300 of Figure 3 for varying the concentration of the catalyst in the growth solution
326 (e.g., multiple input ports through which the catalyst and the source of carbon can be
separately introduced into the injection device 322)) to reduce the stiffness of the column
214 while the soft region 404b grows; then changing the one or more parameters back to
their initial values while the stiff region 402b grows; then changing the one or more
parameters to the second state while the soft region 404a grows; and then changing the one
or more parameters to their initial states while the stiff region 402a grows. It is noted that
the carbon nanotubes 216, and thus the column 214, grows from the top end 218 first. That
is, the end 218 forms first on the surface 222 of the growth material 224, and column 214
grows under the end 218. Thus, as an example, the column 214 shown in Figure 4A grows
as follows: the stiff region 402c grows from the surface 222 first; the soft region 404b then
grows from the surface 222 under the stiff region 402c; the stiff region 402b then grows
from the surface 222 under the soft region 404b; the soft region 404a then grows from the
surface 222 under the stiff region 402b; and the stiff region 402a then grows from the
surface 222 under the soft region 404a. By appropriately timing the changes in the one or
more parameters that affects the stiffness of the column 214, the size and locations of the
stiff regions 402a, 402b, and 402c and the soft regions 404a and 404b can be selected. For
example, the stiff regions 402a, 402b, and 402c and the soft regions 404a and 404b can be
located in predetermined locations along the length of the column 214 from end 220 to end
218.

[0068] Figure 4B illustrates a photograph of an example of a carbon nanotube column 214
with alternating stiff regions 462 and soft regions 464 on a substrate 224. As can be seen in
Figure 4B, the soft regions 464 can appear as dark rings. The stiff regions 462 can be
examples of the stiff regions 402a, 402b, and 402c of Figure 4A, and the soft regions 464
can be examples of the soft regions 404a and 404b of Figure 4A. There can be, of course,
more or fewer stiff regions 462 and/or more or fewer soft regions 464 than are shown in
Figure 4B.

[0069] TFigure 4C illustrates the column 214 of Figure 4A after the column is transferred to
the wiring substrate 202 (as discussed above). As shown in Figure 4C, application of a force
I to the end 220 of the column can cause the soft regions 404a and 404b to buckle. This can
be because the soft regions 404a and 404b are less stiff than the stiff regions 402a, 402b, and
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402c. The reaction of the column 214 to a force I’ on the end 220—and thus mechanical
properties of the column 214 (e.g., the stiffness, elastic range, and/or other mechanical
characteristics of the column 214)—can thus be customized by selective formation of one or
more soft regions 404a and/or 404b along the length of the column 214.

[0070] In the example shown in Figure 4A, the one or more parameters that affect
stiffness of the column 214 were described as being changed between two states so that the
stiff regions 402a, 402b, and 402c have substantially the same stiffness and the soft regions
404a and 404b have substantially the same stiffness (which is less than the stiffness of the
stiff regions 402a, 402b, and 402c). This, however, is merely an example, and many
variations are possible. Figures 5-7 illustrate non-limiting examples of such variations.
[0071] In Figure 5A, the one or more parameters that affect stiffness can start at an initial
value or value and gradually be changed as the column 214 grows to increase or decrease (as
desired) the stiffness of the column 214 from the end 220 to the end 218. The column 214
can thus have a stiffness gradient G that increases or decreases along the length of the
column 214 from the end 220 to the end 218. For example, to grow the column 214 with a
stiffness gradient G that increases in stiffness from end 220 to end 218, one or more of the
following parameters can be changed as follows while the column 214 grows: gradually
increasing the flow rate Q; of the carrier gas 324; and/or gradually increasing the pump rate
¢ of the growth solution 326; and/or gradually decreasing the concentration of the ferrocene
in the growth solution 326 if a mechanism is provided in the system 300 of Figure 3 for
varying the concentration of the catalyst in the growth solution 326 (e.g., multiple input ports
through which the catalyst and the source of carbon can be separately introduced into the
injection device 322). The value of the stiffness of the column 214 at the end 218 can be
made a desired value by selection of the initial values of the one or more parameters varied
to change the stiffness of the column 214 as the column grows. The rate of change of the
stiffness along the length of the column 214 and the value of the stiffness of the column at
the end 220 can similarly be made desired values by selection of the rate of change of and
the final values of the or more parameters varied to change the stiffness of the column 214 as
the column grows. Figure 5B shows an example in which the flow rate Q; is increased over
time as the column 214 grows, which effectively means that the flow rate Q; increases as a
function of the growth location "z" (that is, the location of the end 218 as the column 214
grows from the surface 222), which results in an increasing stiffness gradient G along the

length of the column 214 as shown in Figure 5A.
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[0072] Figure 6 illustrates a variation of the column 214 of Figure SA. The column 214 of
Figure 6 includes two regions 602 and 604. Region 604 has a stiffness gradient G, that
increases from the end 220 to a junction 606 with the region 602. Region 602 has a stiffness
gradient G, that decreases from the junction 606 to the end 218 of the column 214. For
example, to grow the column 214 of Figure 6, one or more of the following parameters can
be changed as follows: the flow rate Q, of the carrier gas 324 and/or the pump rate C of the
growth solution 326 can be gradually decreased as the column 214 grows from the end 218
to the junction 606; and the flow rate Q; of the carrier gas 324 and/or the pump rate  of the
growth solution 326 can be gradually increased as the column 214 grows from the junction
606 to the end 220. Alternatively or in addition, if a mechanism is provided in the system
300 of Figure 3 for varying the concentration of the catalyst in the growth solution 326 (e.g.,
multiple input ports through which the catalyst and the source of carbon can be separately
introduced into the injection device 322), the concentration of the ferrocene in the growth
solution 326 can be gradually increased as the column grows from the end 218 to the
junction 606, and the concentration of the ferrocene in the growth solution 326 can be
gradually decreased as the column 214 grows from the junction 606 to the end 220.
Although two regions 602 and 604 each with different stiffness gradients are shown in
Figure 6, the column 214 can have more than two such regions.

[0073] Figure 7 illustrates yet another example of a variation of the column 214 shown in
Figure 4A. The column 214 of Figure 7 includes regions 702, 704, 706, and 708 at least
three of which can have different stiffness values. In fact, each of the regions 702, 704, 706,
and 708 can have a different stiffness. For example, the column 214 shown in Figure 7 can
be grown by initially growing the region 702 with the flow rate Q, of the carrier gas 324
and/or the pump rate C of the growth solution 326 and/or the concentration of the ferrocene
in the growth solution 326 having values that produce a desired stiffness of the region 702;
then changing at least one of the flow rate Q; of the carrier gas 324 and/or the pump rate  of
the growth solution 326 and/or the concentration of the ferrocene in the growth solution 326
(if a mechanism is provided in the system 300 of Figure 3 for varying the concentration of
the catalyst in the growth solution 326 (e.g., multiple input ports through which the catalyst
and the source of carbon can be separately introduced into the injection device 322)) to
values that produce a desired stiffness of the region 704 (which can be different than the
stiffness of the region 702); then changing at least one of the flow rate Q; of the carrier gas
324 and/or the pump rate { of the growth solution 326 and/or the concentration of the

ferrocene in the growth solution 326 (if a mechanism is provided in the system 300 of Figure
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3 for varying the concentration of the catalyst in the growth solution 326 (e.g., multiple input
ports through which the catalyst and the source of carbon can be separately introduced into
the injection device 322)) to values that produce a desired stiffness of the region 706 (which
can be different than the stiffness of the region 702 and the region 704); and then changing at
least one of the flow rate Q; of the carrier gas 324 and/or the pump rate { of the growth
solution 326 and/or the concentration of the ferrocene in the growth solution 326 (if a
mechanism is provided in the system 300 of Figure 3 for varying the concentration of the
catalyst in the growth solution 326 (e.g., multiple input ports through which the catalyst and
the source of carbon can be separately introduced into the injection device 322)) to values
that produce a desired stiffness of the region 708 (which can be different than the stiffness of
the region 702, the region 704, and the region 706). Although four different regions 702,
704, 706, and 708 are shown in Figure 7, there can be more or fewer of such regions some or
all of which can have different stiffness values.

[0074] The examples shown in Figures 4A and 5-7 are not exhaustive or limiting; many
variations are possible. For example, although the mechanical property stiffness is varied in
the examples of Figures 4A and 5-7, other mechanical properties of the column 214 can be
varied while the column 214 grows by varying one or more of the parameters of Table 1
above that affect other mechanical properties. For example, the elastic range of the column
214 can be varied (rather than or in addition to the stiffness of the column 214) by varying
one or more of the parameters that affect the elastic range (e.g., the ratio of argon/H; in the
carrier gas 310, the concentration of ferrocene in the growth solution 326, the pump rate  of
the growth solution 326, or the length L from the edge 304 of the temperature control device
306 to the end 314 of the inlet tube 316). For example, the regions 402a, 402b, and 403 in
Figure 4A can have a different elastic range compared to the regions 404a and 404b.
Similarly, the gradient G of the column 214 of Figure 5A and/or the gradients G, and G, of
the regions 602 and 604 of the column 214 of Figure 6 can have varying elastic range values
rather than or in addition to varying stiffness values. Likewise, the regions 702, 704, 706,
and 708 of the column 214 of Figure 7 can have different elastic range values rather than or
in addition to having different stiffness values. Similarly, the regions 802, 804, 806, and 808
of the column 214 of Figure 8 can have different elastic range values rather than or in
addition to having different stiffness values.

[0075] Referring again to the process 100 of Figure 1, carbon nanotube columns 214 can
be provided at 102 by growing columns 214 as discussed above with one or more of Figures

3-7. Moreover, the columns 214 can be grown to have varying mechanical characteristics
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such as varying stiffness values as illustrated in the examples shown in Figures 4A and 5-7.
Alternatively, the columns 214 can be obtained in other ways. For example, the growth
substrate 224 can be obtained with the columns 214 already grown from the growth material
226.

[0076] Regardless of how the columns 214 are obtained at step 102, the carbon nanotube
columns 214 can be metalized at step 104. Alternatively, the columns 214 can be metalized
after transferring the columns at step 106. Regardless of when the columns 214 are
metalized, the columns 214 can be metalized, for example, to increase the conductivity
and/or the current carrying capability of the columns 214. For example, the columns 214
can be metalized to increase the electrical conductivity and/or the current carrying capability
of the columns 214 sufficiently for the columns 214 to be used to establish pressure based
electrical contacts with an electronic device (e.g., a semiconductor die) to be tested.
Metalizing the carbon nanotube columns 214 can include depositing metal 232 inside the
columns 214 on at least some of the carbon nanotubes 216 inside the columns 214 and/or
depositing metal 232 on the outside of the columns 214 on at least some of the carbon
nanotubes 216 at the outside of the columns 214. Any suitable method of depositing the
metal 232 can be used. For example, the metal 232 can be deposited onto the columns 214
by sputtering, chemical vapor deposition, electroless plating, electroplating, or other similar
deposition methods. As discussed above, depositing metal onto a column 214 means
depositing metal onto at least a portion of at least some of the carbon nanotubes 216 that
form the column 214. In some embodiments, some, almost all, or all of the carbon nanotube
216 can be metalized.

[0077] Methods that deposit the metal 232 on carbon nanotubes 216 inside the column can
be advantageous in certain embodiments, although the invention is not so limited. Figure 8
illustrates a metalizing system 800, and Figure 9 illustrates a process of utilizing the system
800 to metalize the columns 214 obtained at step 102 of Figure 1 in which metal 232 can be
deposited on carbon nanotubes 216 inside the columns 214.

[0078]  As shown in Figure 8, the metalizing system 800 can comprise a chamber 802 and
a temperature control device 804 (e.g., and heater and/or cooling device) that can control the
temperature inside the chamber 802. The temperature control device 804 can comprise an
inductive heater, and the chamber can be non-electrically conductive. For example, the
chamber 802 can comprise glass plates. One or more inlet ports 806 and 810 (two are shown

but fewer or more can be included) can provide means by which materials (e.g., gases 808
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and 812) can be introduced into the chamber 802. The system 800 can also include a
vacuum pump 814 by which the chamber 802 can be evacuated.

[0079]  Per step 902 of Figure 9, the system 800 of Figure 8 can be used to metalize the
carbon nanotube columns 214 by initially placing the growth substrate 224 into the chamber
802 as shown in Figure 8. At step 904 of Figure 9, a precursor gas 808 can be introduced
through the inlet port 806 into the chamber 802 as shown in Figure 8. The precursor gas 808
can comprise the metal 232 that is to be deposited on the carbon nanotubes 216 inside the
columns 214. In some embodiments, the precursor gas 808 can comprise a chemical vapor
deposition gas (CVD) and a metal (e.g., gold, silver, platinum, copper, palladium, tungsten,
or similar metals). Por example, the precursor gas 808 and metal can comprise any of the
following available from Strem Chemicals, Inc. of Newburyport, Massachusetts:
dimethyl(acetylacetonate) gold (III), dimethyl(trifluoroacetylacetonate) gold (I11),
chloro(trimethylphosphine) gold, chloro(triethylphosphine) gold,
trimethyl(trimethylphosphine) gold, or methyl(trimethylphosphine) gold. The precursor gas
808 can be introduced into the chamber 802 under sufficient pressure to cause the precursor
gas 808 to penetrate the columns 214 and thus enter the columns 214. One non-limiting way
of doing so is as follows: evacuate the chamber 802 using the vacuum pump 814, and
introduce the precursor gas 808 through the inlet port 806 under a pressure that is between
just above atmospheric pressure to about ten times atmospheric pressure. The foregoing
pressure range is an example only, and the invention is not so limited. In addition to
inductive heating, radiant heating using flash lamps or other technology developed for rapid
thermal processing of semiconductor wafers can also be used.

[0080] At step 906 of Figure 9, the chamber 802 can flushed with a flushing gas. For
example, a flushing gas 812 can be introduced into the chamber 802 through the inlet port
810 and removed from the chamber 802 by the vacuum pump 814. The flushing gas 812 can
be a gas that does not react appreciably with the carbon nanotubes 216 of the columns 214.
Examples of a suitable flushing gas 812 can include nitrogen (N»).

[0081] The flushing gas 812 can be introduced into the chamber 802 and removed from
the chamber 802 by the vacuum pump 814 at a rate that is sufficiently less than the diffusion
speed of the precursor gas 808 that some of the precursor gas 808 remains inside the
columns 214 around the carbon nanotubes 216. That is, the flushing gas 812 can be
introduced into the chamber 802 to flush the precursor gas 808 in the chamber out of the
chamber 802 while leaving a desired amount of the precursor gas 808 inside the columns

214 around carbon nanotubes 216 inside the columns 214 and, optionally, some of the
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precursor gas 808 in the chamber 802 around the outside of the columns 214. The amount of
the precursor gas 808 left inside the columns 214 and in the chamber 802 around the
columns 214 (and thus outside the columns 214) can be controlled by controlling the rate of
introduction of the flushing gas 812 into and out of the chamber 802 in comparison to the
rate of diffusion of the precursor gas 808 and the start of step 908 (discussed below). As will
be seen, the amount of precursor gas 808 left inside the columns 214 can correspond to the
amount of the metal 232 that will deposit inside the columns 214 (that is, on carbon
nanotubes 216 inside the columns 214), and the amount of precursor gas 808 left in the
chamber 802 around the outside of the columns 214 can correspond to the amount of the
metal 232 that will deposit on the outside of the columns 214 (that is, on carbon nanotubes
216 at the outside of the columns 214).

[0082] At step 908 of Figure 1, the temperature control device 804 can be activated to
bring the temperature of the carbon nanotube columns 214 to a temperature that causes the
metal 232 in the precursor gas 808 inside the columns 214 to deposit onto carbon nanotubes
216 inside the columns 214 and the metal 232 in the precursor gas 808 outside the columns
214 (if any) to deposit onto carbon nanotubes 216 at the outside of the columns 214. For
example, the temperature of the columns 214 can be raised to or above a temperature that
breaks the precursor gas 808 down, allowing the metal 232 in the precursor gas 808 inside
the columns 214 to bond to carbon nanotubes 216 inside the columns 214 and the metal 232
in the precursor gas 808 outside of the columns 214 to bond to carbon nanotubes 216 at the
outside of the columns 214. This temperature can depend on the type of precursor gas 808.
In some embodiments, the temperature can be 200-800 degrees Celsius. As mentioned
above, the timing of bringing the temperature of the carbon nanotubes columns 214 to a
temperature that causes the metal 232 in the precursor gas 808 to deposit onto carbon
nanotubes 216 can affect where the metal 232 deposits. For example, if the temperature of
the carbon nanotubes columns 214 reaches a temperature that causes the metal 232 in the
precursor gas 808 to deposit onto carbon nanotubes 216 after all or most of the precursor gas
808 has been flushed from the chamber 902—and thus little to no precursor gas 808 remains
around the outside of the columns 214—but while precursor gas 808 remains inside the
columns 214, the metal 232 from the precursor gas 808 will deposit substantially only on
carbon nanotubes 216 that are inside the columns 214. If, however, the temperature of the
carbon nanotubes columns 214 reaches a temperature that causes the metal 232 in the
precursor gas 808 to deposit onto carbon nanotubes 216 before the precursor gas 808 has

been completely flushed from the chamber 902—and thus while some amount of precursor
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gas 808 remains around the outside of the columns 214—the metal 232 from the precursor
gas 808 will deposit on carbon nanotubes 216 that are both inside the columns 214 and at the
outside of the columns 214. Moreover, the amount of metal 232 the deposits on carbon
nanotube columns 216 inside the columns 214 with respect to the amount of metal 232 that
deposits on carbon nanotube columns 216 at the outside of the columns 214 depends on the
amount of precursor gas 808 inside the columns 214 and outside the columns 214, which as
discussed above can be controlled by controlling the following: the rate of introduction of
the flushing gas 812 into and out of the chamber 802 in comparison to the rate of diffusion
of the precursor gas 808, and the timing of step 908 (that is, the timing of the temperature of
the columns 214 reaching the temperature at which metal 232 in the precursor gas 808 starts
to deposit on carbon nanotubes 216). As mentioned, the foregoing can be controlled and
timed to control the amount of metal 232 that deposits on carbon nanotubes 216 inside the
columns 214 and on carbon nanotubes 216 at the outside of the columns 214.

[0083] As mentioned, the temperature control device 804 can be inductive and can heat
the columns 214 inductively. Alternatively, the temperature control device 804 can heat the
interior of the chamber 802. Steps 904-908 of Figure 9 can be repeated as desired. For
example, steps 904-908 can be repeated until a desired thickness of metal 232 has been
deposited on carbon nanotubes 216 inside the columns 214 and/or at the outside of the
columns 214. In some embodiments, during initial iterations of steps 904-908, metal 232
can be deposited primarily or exclusively on carbon nanotubes 216 inside the columns 214,
which can avoid problems arising from metal 232 deposits on carbon nanotubes 216 at the
outside of the columns impeding the flow of the precursor gas 808 into the inside of the
columns 214. A non-limiting advantage of the process 900 of Fligure 9 can be that an
appreciable amount of the metal 232 is deposited on carbon nanotubes 216 inside the
columns 214 rather than only or primarily only on carbon nanotubes 216 at the outside of the
columns 214.

[0084] Nevertheless, the metal 232 can be deposited primarily on carbon nanotubes 216 at
or near the outside of the columns 214. Figure 10A illustrates an example according to some
embodiments of the invention. As shown in Figure 10A, metal 232 can be deposited
generally onto the outside of the columns 214 (that is, primarily onto carbon nanotubes 216
that are at or near the outside of the columns 214). Figure 10B shows a photograph of a
column of carbon nanotubes 214 that has been sliced to show the inside of the column 214.
The metal 232 is light colored. As shown in Figure 10B, the metal 232 is located primarily

on the outside of the column 214. The darker colored interior of the column 214 indicates an
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absence of the metal 232 inside the column. The metal 232 can be deposited in any suitable
manner. For example, the metal 232 can be deposited by sputtering. As another example,
the metal 232 can be deposited by electroplating. As still further examples, atomic layer
deposition (ALD) or metalorganic chemical vapor deposition (MOCVD) can also be used.
In some embodiments, the various techniques for depositing metals can be used in
combination (for example, a seed layer can be deposited by ALD and then followed by
electroplating to form a thicker deposit).

[0085] The processes for depositing metal 232 illustrated in Figures §, 9, 10A, and 10B
are examples only, and variations are possible. For example, in some embodiments, the
metal 232 can be deposited both inside the columns 214 (that is, on carbon nanotubes 216
inside the columns 214) as discussed above with respect to Figures 8 and 9, and additional
metal 232 can be deposited on the outside of the columns 214 (that is, on carbon nanotubes
216 at the outside of the columns 214) as shown in Figure 10A. Thus, regardless of how
metal 232 is illustrated in a particular figure herein, in any figure herein, metal 232 can be
deposited primarily on carbon nanotubes 216 inside the columns 214 as illustrated in Figure
8 and discussed above with respect to Figures 8 and 9, primarily on carbon nanotubes 216
that are at the outside of the columns 214 as shown in Figures 10A and 10B, or both on
carbon nanotubes that are inside the columns 214 and at the outside of the columns 214.
[0086] Referring again to the process 100 of Figure 1, after metalizing the carbon
nanotube columns 214 at step 104, the columns 214 can be transferred from the growth
substrate 224 to terminals 212 of a wiring substrate 202 (see Figure 2A). Figure 11
illustrates an example of a process 1100 in which the columns 214 can be transferred to
terminals 212 of the wiring substrate 202 (which was discussed above with regard to Figures
2A and 2B) using a nanopaste 1202 that is sintered, and Figures 12-14 illustrate an example
of operation of the process 1100 of Figure 11. Figure 15 illustrates another example of a
process 1500 in which the columns 214 are transferred to the wiring substrate 202 using
solder 1602 or a similar electrically conductive joining material, and Figures 16-19 illustrate
examples of operation of the process 1500. The process 1100 of Figure 11 is thus an
example of how the step 106 of Figure 1 can be implemented, and the process 1500 of
Figure 15 is another example of how the step 106 of Figure 1 can be implemented.

[0087] Referring to the process 1100 of Figure 11 and Figures 12-14, nanopaste 1202
comprising particles of a conductive material can be deposited on terminals 212 of the
wiring substrate 202. The nanopaste 1202 can comprise particles of an electrically

conductive material (e.g., gold, silver, copper, or similar metals) in a solvent. The particles
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can be nanoparticles. In some embodiments, the nanopaste 1202 can also include sharp
particles that can penetrate a surface of the terminals 212 of the wiring substrate 202 and
thus facilitate forming electrical connections with the terminals 212.

[0088] The nanopaste 1202 can be deposited onto the terminals 212 in any suitable
manner. For example, as shown in Figure 12, in some embodiments, the nanopaste 1202 can
be printed through a print head 1206 (e.g., an inkjet print head) onto the terminals 212.
Printing the nanopaste 1202 as shown in Figure 12 can deposit the nanopaste 1202 precisely
and on terminals 212 with a fine pitch (e.g., 150 microns or smaller). Alternatively, the
nanopaste 1202 can be deposited onto the terminals 212 using other methods such as screen
printing, a mask, etc.

[0089] Atstep 1104 of Figure 11, ends 218 of the carbon nanotube columns 214 can be
positioned adjacent the nanopaste 1202 on the terminals 212 as shown in Figure 13. For
example, the ends 218 of the columns 214 can be positioned in the nanopaste 1202. In some
embodiments, the ends 218 can be pressed against the terminals 212.

[0090] At step 1106 of Figure 11, the nanopaste 1202 can be sintered. For example, the
nanopaste 1202 can be heated to a temperature (the sintering temperature) and for a time
period that will evaporate the solvent and fuse the particles of conductive material in the
nanopaste 1202 to the carbon nanotubes 216 of the columns 214 and the terminals 212. The
sintering temperature can be less than the melting point of the material of the conductive
particles of the nanopaste 1202. Generally speaking, the smaller the conductive particles in
the nanopaste 1202, the lower the temperature to sinter the nanopaste 1202. The nanopaste
1202 can be heated in any suitable way including by using a temperature control device 1302
(e.g., a heating device).

[0091] In some embodiments, the sintering temperature can be less than one half of the
melting point of the material of the conductive particles in the nanopaste 1202. For example,
in some embodiments, the conductive particles can be gold, and the nanopaste 1202 can be
heated to a sintering temperature of about 350 degrees Celsius for about two minutes. The
melting point of gold is 1064 degrees Celsius. For example, in some embodiments, the
conductive particles can be silver, and the nanopaste 1202 can be heated to a sintering
temperature of about 200 degrees Celsius for about two minutes. The melting point of silver
is 963 degrees Celsius. Regardless of the material of the nanoparticles and the sintering
temperature to which the nanopaste 1202 is heated, the sintering of the nanopaste 1202 can

create a fillet 1402 as shown in Figure 14 that both physically anchors and electrically
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connects the carbon nanotubes 216 of a column 214 to a terminal 212 of wiring substrate
202.

[0092] At step 1108 of Figure 11, the columns 214 can be separated from the growth
substrate 224, which can then be removed. The columns 214 can be separated from the
growth substrate 224 in any suitable manner, including by physically pulling the growth
substrate 224 away from the columns 214, use of a solvent, etc.

[0093]  As mentioned above, Figure 15 illustrates another example of a process 1500 that
can be used to implement the step 106 of Figure 1. At step 1502 of Figure 15, solder 1602
can be deposited onto the terminals 212 of the wiring substrate 202 as shown in Figure 16.
As also shown in Figure 16, a hole 1604 can be provided in the solder 1602. For example,
the solder 1602 can be deposited in a generally donut shape on the terminals 212.
Alternatively, the solder 1602 need not include holes 1604 but can comprise a dollop of
solder deposited on the terminals 212. Regardless of the shape of the solder 1602, the solder
1602 can be deposited in any suitable manner. For example, the solder 1602 can deposited
through a mask.

[0094] At step 1504 of Figure 15, end portions 1706 of the carbon nanotube columns 214
on the growth substrate 224 can be metalized or otherwise coated with a material that is
wettable to solder 1602 (that is, a material to which solder 1602 will adhere). Figure 17
illustrates an example in which end portions 1706 of the columns 214 are metalized with a
metal 1702 (e.g., copper) or other material that is wettable to solder 1602. As shown in
Figure 17, a masking material 1704 can be deposited on the growth substrate 224 around the
columns 214. End portions 1706 of the columns 214 can extend out of the masking material
1704. An end portion 1706 of a column 214 can be less than the entire length of the column
from end 220 to end 218. For example, in some embodiments, end portion 1706 can be less
than 5%, less than 10%, less than 15%, less than 20%, or less than 25% of the length of a
column 214 from end 220 to end 218. In other embodiments, the end portions 1706 can be
other percentages of the length of a column 214 from end 220 to end 218.

[0095] Metal 1702 can then be deposited onto the masking material 1704 and onto the
exposed end portions 1706 of the columns 214 as shown in Figure 17. As can be seen, the
masking material 1704 masks most of the columns 214, preventing the metal 1702 from
being deposited onto the columns 214 except for the exposed end portions 1706. The
masking material 1704 as well as the portions of the metal 1702 on the masking material
1704 can be removed, leaving the metal 1702 on the end portions 1706 of the columns 214.

In some embodiments, the columns 214 can be lapped or otherwise planarized while encased
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in the masking material 1704. The masking material 1704 can be any material suitable for
deposition onto and later removal from the growth substrate 224. Non-limiting examples of
the masking material 1704 include photoresist and trelibond.

[0096] Figure 18 illustrates another example of metalizing the ends of the columns 214
with a metal 1802 (e.g., copper, nickel, gold, silver, and/or alloys of the foregoing) or other
material that is wettable to solder. In some embodiments, a layered structure of various
meals (e.g., copper, nickel, gold, silver, or alloys of the foregoing) can be the result of
metalizing. In the example of Figure 18, a sputtering apparatus 1804 can be disposed at an
angle 0 with respect to the columns 214 as shown (e.g., with an axis that is parallel with the
lengths of the columns 214). The angle 6 can be selected such that adjacent columns 214
mask each other and the metal 1802 sputtered onto the columns 214 is sputtered only onto an
end portion 1806 of the columns 214. As shown in Figure 18, column 214b partially masks
the sputtering apparatus 1804, and metal 1802 is consequently not sputtered onto portions of
the adjacent column 214a other than the end portion 1806. The angle 0 can be selected so
that an end portion 1806 of a column 214 is less than the entire length of the column from
end 220 to end 218. For example, in some embodiments, end portion 1806 can be less than
5%, less than 10%, less than 15%, less than 20%, or less than 25% of the length of a column
214 from end 220 to end 218. In other embodiments, the end portions 1806 can be other
percentages of the length of a column 214 from end 220 to end 218. In some embodiments,
the sputtering apparatus 1804 can be moved and positioned at different angles and from
different locations with respect to the growth substrate 224 and the ends 218 of the columns
in order to metalize the end portions 1806 of the columns 214 on the growth substrate 224.
[0097] Regardless of how a metal layer (e.g., 1702 in Figure 17 or 1802 in Figure 18) is
deposited onto ends 218 of the columns 214, at step 1506 of Figure 15, the columns 214 can
be transferred to the wiring substrate 202 by positioning the metalized ends 218 of the
carbon nanotube columns 214 adjacent the solder 1602 on the terminals 212 of the wiring
substrate 202 as shown in Figure 19. (In Figure 19, label 1902 represents metal at the ends
218 of the columns 218 whether the metal was deposited as 1702 as in Figure 17 or as 1802
as in Figure 18. Metal 1902 in Figure 19 thus represents metal 1702 on the end portions
1706 of the columns 214 in Figure 17 or metal 1802 on the end portions 1806 of the columns
214 in Figure 18.) For example, the metalized 1902 ends 218 can be positioned inside the
holes 1604 in the solder 1602 (see Figure 16). In some embodiments, the metalized 1902

ends 218 of the columns 214 can be pressed against the terminals 212.
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[0098] At step 1508, the solder 1602 can be heated and reflowed, which can create a fillet
1904 of the solder 1602 as shown in Figure 19. The fillet 1904 of solder can both physically
anchor and electrically connect a column 214 to a terminal 212 of wiring substrate 202. As
noted, the solder 1602 will not likely wet (adhere) to the column 214 but will likely wet only
to the metal 1902 at the end 218 of the column 214.

[0099] At step 1510 of Figure 15, the columns 214 can be separated from the growth
substrate 224, which can then be removed. The columns 214 can be separated from the
growth substrate 224 in any suitable manner, including by physically pulling the growth
substrate 224 away from the columns 214, use of a solvent, etc.

[00100]  Figure 20 illustrates an optional process in which a metal coating 2002 can be
provided on the columns 214 according to some embodiments of the invention. As shown in
Figure 20, a masking material 2004 can be deposited onto the wiring substrate 202 between
the columns 214 such that a portion 2006 of the columns 214 extends out of the masking
material 2004. As will be seen, the masking material 2004 masks deposition of the metal
coating 2002 (e.g., gold, silver, copper, or similar metals). The portions 2006 of the columns
214 that extend out of the masking material 2004 can thus correspond to the portion of each
column 214 on which it is desired to deposit the metal coating 2002. The height of the
masking material 2004 on the wiring substrate 202 can be such that the length of the portions
2006 of the columns 214 that extend out of the masking material 2004 is as desired. In some
embodiments, the masking material 2004 can extend to the terminals 212 so that the metal
coating 2002 extends to the terminals 212. In some embodiments, the masking material
2004 can extend to the solder fillets 1904 so that the metal coating 2002 extends to the solder
fillets 1904. Regardless, the masking material 2004 can be any material suitable for
deposition onto and later removal from the wiring substrate 202. Non-limiting examples of
the masking material 2004 include photoresist and trelibond. The metal coating 2002 can
then be deposited onto the columns as shown in Figure 20. The masking material 2004 can
prevent the metal coating 2002 from depositing anywhere other than the exposed portion
2006 of the columns 2004. The metal coating 2002 can be deposited using any suitable
deposition method including electroplating, electroless plating, sputtering, etc. The masking
material 2004 can then be removed along with any of the metal coating 2002 that
accumulated on the masking material 2004.

[00101] Referring again to the process 100 of Figure 1, contact tips can be provided at ends
of the columns 214. Figures 21A, 21B, and 22 illustrate an example of providing contact

tips 2102 at ends 220 of the columns 214, and Figure 24 illustrates another example of
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providing contact tips 2402 at ends 220 of the columns 214. Figures 25A and 25B illustrates
yet another example of providing contact tips

[00102]  As shown in Figure 21A, a masking material 2106 (e.g., like the masking material
1704 or 2004) can be deposited on the wiring substrate 202, and the ends 220 of the columns
214 can extend out of the masking material 2106 and thus be exposed. The exposed ends
220 of the columns 214 can then be roughened to create sharp structures at the ends 220 of
the columns 214. For example, the ends 220 of the columns can be subjected to a plasma
treatment that creates sharp structures at the ends of the columns 214. Figure 21B shows a
photograph of an end 220 of a column of carbon nanotubes 214 illustrating examples of such
sharpened structures 2110. The masking material 2106 can protect the portions of the
columns 214 that are encased in the masking material 2106 from such treatment.

[00103] 'The roughened ends 220 of the columns 214 can then be metalized by depositing
an electrically conductive metal 2104 (e.g., gold, silver, copper, etc.) on the roughened ends
220. As shown in Figure 21A, the masking material 2106 can prevent the metal 2104 from
depositing on the wiring substrate 202 and anywhere on the columns 214 except the exposed
ends 220. Alternatively, as shown in Figure 22, masking material 2206 (which can be
masking material 2106 partially removed or new masking material deposited on the wiring
substrate 202 after removing masking material 2106) can expose more of the columns 214 so
that the metal 2104 deposits not only at the ends 220 of the columns but also on the portions
of the columns that are exposed through the masking material 2206 (which can be like
masking material 2106). Regardless, after metalizing with metal 2104, the masking material
2106 or 2206 can be removed. The metalized, roughened end 220 of each column can be a
contact tip 2102, which can be an example of the contact tip 228 of Figures 2A and 2B.

[00104] Figure 23A illustrates another example of metalizing the ends 220 of the columns
214 with metal 2104 in which a sputtering apparatus 2304 sputters the metal 2104 onto end
portions 2306 of the columns 214 in a process that can be similar to the process illustrated in
Figure 18. In the example of Figure 23A, a sputtering apparatus 2304 can be disposed at an
angle 0 with respect to the columns 214 (e.g., with respect to an axis that is parallel with the
length of the columns). The angle 6 can be selected such that adjacent columns 214 mask
each other and the metal 2104 sputtered onto the columns 214 is sputtered only onto an end
portion 2306 of the columns 214. As shown in Figure 23A, column 214b partially masks the
sputtering apparatus 2304, and metal 2104 is consequently not sputtered onto portions of the
adjacent column 214a other than the end portion 2306. The angle 6 can be selected so that

an end portion 2306 of a column 214 is less than the entire length of the column from end
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218 to end 220. For example, in some embodiments, end portion 2306 can be less than 5%,
less than 10%, less than 15%, less than 20%, or less than 25% of the length of a column 214
from end 218 to end 220. In other embodiments, the end portions 2306 can be other
percentages of the length of a column 214 from end 218 to end 220. In some embodiments,
the sputtering apparatus 2304 can be moved and positioned at different angles and from
different locations with respect to the wiring substrate 202 and the ends 220 of the columns
214 in order to metalize the end portions 2306 of the columns 214 on the wiring substrate
202. Figure 23B shows a photograph of carbon nanotube columns 214 with metal 2104
deposited only on end portions 2306 of the columns 214. In Figure 23B, the metal 2104 is a
lighter color than the portions of the columns 214 on which metal 2104 is not deposited.

[00105] Figure 24 illustrates another example of providing contact tips at ends 220 of the
columns 214 and thus represents an alternative to the processes illustrated in Figures 21A,
21B, 22, 23A, and 23B. As shown, contact tip structures 2402 can be provided on a
substrate 2406. TFor example, the contact tip structures 2402 can be fabricated on the
substrate 2406 in a pattern that corresponds to the pattern of the ends 220 of the columns 214
on the wiring substrate 202. The contact tip structures 2402 can be joined to the ends 220 of
the columns 214 by a coupling 2404 and then separated from the substrate 2406. The
coupling 2404 can be any suitable material for joining tip structures 2402 to the ends 220 of
the columns 214. For example, the coupling 2404 can comprise solder or a similar joining
material. As another example, the coupling 2404 can comprise a sintered nanopaste (e.g.,
like nanopaste 1202) like the fillet 1402 in Figure 14. The contact tip 2402 can be an
alternative example of the contact tip 228 of Fligures 2A and 2B.

[00106] Figures 25A and 25 illustrate another example of providing contact tips 228 at ends
220 of the columns 214 and thus represents an alternative to the processes illustrated in
Figures 21A, 21B, 22, 23A, 23B, and 24. As shown in Figure 25A, nanopaste 2554
comprising particles of a conductive material can be deposited on ends 220 of the columns
214. The nanopaste 2554 can comprise particles of an electrically conductive material (e.g.,
gold, silver, copper, or similar metals) in a solvent. The particles can be nanoparticles. In
some embodiments, the nanopaste 2554 can also include microparticles and/or sharp
particles, which can be a hard material such as rhutenium or rhodium.

[00107] 'The nanopaste 2554 can be deposited onto ends 220 of the columns 214 in any
suitable manner. For example, as shown in Figure 25A, in some embodiments, the
nanopaste 2554 can be printed through a print head 2552 (e.g., an inkjet print head) onto the

ends 220 of the columns 214. Alternatively, the nanopaste 2554 can be deposited onto the
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ends 220 of the columns 214 using other methods such as screen printing, a mask, etc. The
nanopaste 2554 can then be cured. For example, the nanopaste 2554 can be heated using a
temperature control device 2556 (e.g., a heater) to a temperature and for a time sufficient to
cure the nanopaste 2554. In some embodiments, the nanopaste can be sintered.

[00108]  As shown in Figure 25B, the cured nanopaste can form contact tips 2558 at ends
220 of the columns. The nanoparticles can form an electrically conductive coating at the
ends 220 of the columns. The contact tips 2558 can be yet another example of the contact
tip 228 of Figures 2A and 2B.

[00109] Referring again to the process 100 of Figure 1, at step 110, the wiring substrate 202
can be coupled to one or more other elements to form an electronic apparatus. Figure 26
illustrates an example in which the wiring substrate 202 is coupled to other electronic
elements to form a probe card assembly 2500, and Figure 27 illustrates an example of a test
system 2600 in which the probe card assembly 2500 can be used to contact and test devices
under test (DUTSs) 2618.

[00110] 'The probe card assembly 2500 can include a stiffener structure 2502 and a wiring
board 2508 to which the wiring substrate 202 can be physically and electrically coupled as
an example of step 110 of Figure 1. As shown in Figure 26, coupling mechanisms 2504 can
physically coupled the wiring substrate 202 to a stiffener structure 2502, which can be a
rigid structure (e.g., comprising metal or another rigid material) that impart rigidity to the
probe card assembly 2500. The stiffener 2502 can also include means (not shown) to couple
the probe card assembly 2500 to a mounting surface 2610 of the housing 2620 in the test
system 2600 of Figure 27. The coupling mechanisms 2504 can comprise any mechanism
suitable for physically coupling the wiring substrate 202 to the stiffener 2502. For example,
the coupling mechanisms 2504 can comprise screws, bolts, clamps, etc. In some
embodiments, the coupling mechanisms 2504 can comprise moveable mechanisms such as
differential screw assemblies (not shown) that moveably couple the wiring substrate 202 to
the stiffener 2502.

[00111]  Still referring to Figure 26, an electrical interface 2506 (e.g., zero-insertion-force
(ZIF) electrical connectors, pogo pin pads, or other such electrical connectors) to individual
communications channels to and from a test controller like the test controller 2602 in Figure
27 can be disposed on the wiring board 2508. Electrical connections 2510 (e.g., electrically
conductive vias and/or traces on and/or in the wiring board 2508) can provide electrical

connections from the electrical interface 2506 through the wiring board 2508. The wiring
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board 2508 can be a semi-rigid substrate such as a printed circuit board or a rigid substrate
such as a ceramic wiring board.

[00112]  As shown in Figure 26, electrical connections 2512 can electrically connect the
electrical connections 2510 through the wiring board 2508 to the terminals 208 of the wiring
substrate 202. The electrical connections 2512 can be any suitable connections that
electrically connect the wiring board 2508 to the terminals 208. For example, the electrical
connections 2512 can be flexible electrical connections such as flexible wires or an
interposer (not shown). As another example, the electrical connections 2512 can be solder or
other similar electrically conductive joining material.

[00113] 'The carbon nanotube columns 214 coupled to the terminals 212 of the wiring
substrate 202 can be spring probes 240, and the contact tips 228 can be arranged in a pattern
that corresponds to DUTs 2618 to be tested in the test system 2600 of Figure 27. The
acronym "DUT" can mean "device under test," which can be any electronic device including
without limitation semiconductor dies (singulated or in wafer form, packaged or
unpackaged). As shown in Figure 26, the probe card assembly 2500 electrically connects
each probe 240 through a terminal 212, an electrical connection 210 through the wiring
substrate 202, a terminal 208, an electrical connection 2512, and an electrical connection
2510 through the wiring board 2508 to the electrical interface 2506.

[00114] As mentioned, the probe card assembly 2500 of Figures 25 can be used to test
electronic devices such as DUTs 2618 in Figure 27, which illustrates an example of a test
system 2600 in which the probe card assembly 2500 can be used. As shown in Figure 27,
the test system 2600 can include a test controller 2602, which can provide input signals to
the DUTSs 2618 and can receive response signals generated by the DUTs 2618 in response to
the input signals. The term "test signals" can refer generically to either or both the input
signals generated by the test controller 2602 and the response signals generated by the DUTs
2618. The probe card assembly 2500 can be coupled to a mounting surface 2610 of a
housing 2620 (e.g., a prober) of the test system 2600. The probes 240 of the probe card
assembly 2500 can make pressure-based electrical connections with terminals 2616 of the
DUTs 2618, and the test signals can be passed between the test controller 2602 and the
DUTs 2618 through communication connections 2604 (e.g., a coaxial cable, a wireless link,
a fiber optic link, etc.), electronics (not shown) in a test head 2606, connectors 2608 between
the test head 2606 and the electrical interface 2506 of the probe card assembly 2602, and the
probe card assembly 2600. As shown, the probe card assembly 2600 can be coupled to the
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mounting surface 2610 of the housing 2620, which can include a moveable chuck 2624 on
which the DUTs 2618 are disposed.

[00115] 'The DUTs 2518 can be tested as follows. The probe card assembly 2500 can be
coupled to the mounting surface 2610 of the housing 2620, and terminals 2616 of the DUTs
2618 can be brought into contact with the probes 240 of the probe card assembly 2500. This
can be accomplished by moving the chuck 2624 such that terminals 2616 of the DUTs 2618
are pressed against probes 240 of the probe card assembly 2500. Alternatively, the probe
card assembly 2500 can be moved, or both the chuck 2624 and the probe card assembly
2500 can be moved to effect contact between the terminals 2616 and the probes 240.

[00116] While the probes 240 and terminals 2616 are in contact, the DUTs 2618 can be
tested by providing test signals (which, as discussed above, can include input signals
generated by the test controller 2602, and response signals generated by the DUTs 2618 in
response to the input signals) between the test controller 2602 and the DUTs 2618 through
the probe card assembly 2500. The test controller 2602 can analyze the response signals to
determine whether the DUTs 2618 pass the testing. For example, the test controller 2602
can compare the response signals to expected response signals. If the response signals match
the expected response signals, the test controller 2602 can determine that the DUTs 2618
passed the testing. Otherwise, the test controller 2602 can determine that the DUTs 2618
failed the testing. As another example, the test controller 2602 can determine whether the
response signals are within acceptable ranges, and if so, can determine that the DUTs 2618
passed the testing.

[00117] 'The probe card assembly 2500 of Figure 26 is an example only, and as discussed
above with respect to Figures 2A and 2B, the carbon nanotube columns 214 discussed herein
can be used in other electronic devices. For example, the carbon nanotube columns 214 can
be used as contact probes in test sockets (not shown) for testing semiconductor dies or other
electronic probing devices. The test system 2600 of Figure 27 is also an example only, and
the probe card assembly 2500 of Figure 26 can be used in other test systems. In still other
examples, carbon nanotube columns 214 can be used to assemble systems comprising
multiple dies and wiring substrates (e.g., the carbon nanotube columns 214 can interconnect
the dies and connect the dies to the wiring substrate).

[00118] Probes 240 comprising carbon nanotubes are not limited to use in a test system or
probe card assembly like those illustrated in Figures 26 and 27.

[00119] Figure 28 illustrates a non-limiting example in which probes 240 comprising

carbon nanotubes can be used in a test socket 2800 in which probes 240 are coupled by
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coupling 230 to terminals 2812 of a test substrate 2810. Figure 28 illustrates an exemplary
test socket 2800 that can comprise a clip 2802, a support frame 2806, and a test substrate
2810 with terminals 2812 to which probes 240 can be coupled by coupling 230. The probes
240 can be coupled to the terminals 2812 of the test substrate 2810 by the coupling 230 in
the same or similar ways as probes 240 are coupled to the terminals 212 of the substrate 202
as discussed above.

[00120] As shown in Figure 28, test socket 2800 can be used to test electronic devices such
as singulated semiconductor dies 2816 (packaged or unpackaged). The clip 2802 can be
removed from the support frame 2806, allowing dies 2806 to be placed on the support frame
2806 as illustrated in Figure 28. The support frame 2806 can comprise sloped walls 2808
that guide each die 2816 into a position in which terminals 2804 (e.g., bumps) of the die
2816 are in contact with probes 240. The clip 2802 can then be clipped onto the support
frame 2806 and press the terminals 2804 of the dies 2816 against the probes 240 with
sufficient force to establish electrical connections between the terminals 2804 of the dies
2816 and the probes 240. The wiring substrate 2010 can include electrical connections (not
shown) from the terminals 2812—and thus the probes 240—to a test controller (not shown)
for controlling testing of the dies 2816. Once the dies 2816 are tested, the clip 2802 can be
removed from the support frame 2806, and the dies 2816 can be removed from the socket
2800. Rather than or in addition to being a test socket, socket 2800 can be an electronic
system of which the dies 2816 and the substrate 2810 are a part. In such a case, the test
substrate 2810 can alternatively or additionally be a wiring substrate that is part of the
electronic system.

[00121] 'The test socket 2800 is an example only, and variations are possible. For example,
although two dies 2816 are shown in Figure 28, the test socket 2800 can be configured to
hold more or fewer than two dies 2816. As another example, the clip 2802 and/or the
support frame 2806 can be different shapes than shown in Figure 28.

[00122]  Figure 29 illustrates a non-limiting example in which probes 240 comprising
carbon nanotubes can be used to electrically connect two electronic devices 2902 and 2910.
As shown, probes 240 can be coupled to the electronic device 2902 by the coupling 230.
The probes 240 can be coupled to the terminals 2904 of the electronic device 2902 by the
coupling 230 in the same or similar ways as probes 240 are coupled to the terminals 212 of
the substrate 202 as discussed above. As also shown in Figure 29, the probes 240 can be
joined to terminals 2908 of the electronic device 2910 by a joining material 2906 (e.g.,

solder). The electronic device 2902 can thus be electrically connected to the electronic
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device 2910 by the probes 240. The electronic devices 2902 and 2910 can be any electronic
devices that can be electrically connected one to another. For example, the electronic
devices 2902 and 2910 can both be semiconductor dies (packaged or unpackaged). As
another example, one of the electronic devices 2902 or 2910 can be such a semiconductor
die and the other of the electronic devices 2902 or 2910 can be a printed circuit board. The
configuration illustrated in Figure 29 is an example only, and variations are possible. For
example, the sizes, shapes, and positions of the electronic devices 2902 and 2910 can be
other than shown in Figure 29. As another example, there can be more than two electronic
devices 2902 and 2910. As yet another example, one or both of the electronic devices 2902
and 2910 can have more or fewer than three terminals 2904 and 2908, and there can be more
or fewer than three probes 240.

[00123]  Although specific embodiments and applications of the invention have been
described in this specification, these embodiments and applications are exemplary only, and

many variations are possible.
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CLAIMS
We claim:

1. A process of growing a carbon nanotube column, the process comprising:

introducing a growth solution comprising a carbon source and a catalyst into a carrier
gas to produce a growth gas;

introducing the growth gas into a chamber containing a substrate with a growth
surface such that a carbon nanotube column comprising a plurality of bundled carbon
nanotubes grows on the growth surface using the carbon source; and

while the carbon nanotube column grows on the growth surface, varying at least one
parameter of the introducing the growth solution or the introducing the growth gas into the
chamber to produce a varying mechanical characteristic of the carbon nanotube column that

corresponds to the varying the at least one parameter.

2. The process of claim 1, wherein the mechanical characteristic is a stiffness of the

carbon nanotube column.

3. The process of claim 1, wherein the varying the at least one parameter comprises
varying the at least one parameter between a first value that produces a stiff region and a
second value that produces a soft region along a length of the carbon nanotube column,
wherein the soft region has a stiffness value that is less than a stiffness value of the stiff

region.

4. The process of claim 1, wherein the varying the at least one parameter comprises
varying the at least one parameter between the first value and the second value a sufficient
number of times to produce a plurality of the stiff regions and a plurality of the soft regions

between the stiff regions along the length of the carbon nanotube column.

5. The process of claim 4, wherein the varying the at least one parameter comprises
timing the varying the at least one parameter between the first value and the second value to
produce each of the stiff regions and each of the soft regions at predetermined locations along

the length of the carbon nanotube column.
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6. The process of claim 1, wherein the varying the at least one parameter comprises
varying the at least one parameter between at least three different values to produce at least
three different regions along a length of the carbon nanotube column each of which has a

different value of the mechanical characteristic.

7. The process of claim 1, wherein the varying the at least one parameter comprises
varying the at least one parameter continuously to produce a gradient of the mechanical

characteristic along at least a portion of a length of the carbon nanotube column.

8. The process of claim 1, wherein the at least one parameter comprises at least one of:
a flow rate of the carrier gas; or

a concentration of the catalyst in the growth solution.

0. A process of coupling a carbon nanotube column to a terminal of a wiring substrate,
the process comprising:

depositing a nanopaste comprising electrically conductive nanoparticles on the
terminal;

disposing a first end of the carbon nanotube column in the nanopaste; and

sintering the nanopaste, said sintering fusing ones of the nanoparticles together and to
the terminal and the first end of the carbon nanotube column and thereby physically and

electrically coupling the carbon nanotube column to the terminal.

10. The process of claim 9, wherein the sintering comprises heating the nanopaste to a

temperature that is less than a melting point of a material of the nanoparticles.

11. The process of claim 10, wherein the sintering comprises heating the nanopaste to a

temperature that is less than half of the melting point of the material of the nanoparticles.

12. The process of claim 11, wherein the depositing comprises printing the nanopaste

through a print head on the terminal.

13. The process of claim 12, wherein the material of the nanoparticles comprises copper,

silver, or gold.
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14. The process of claim 9, wherein the depositing comprises printing the nanopaste

through a print head on the terminal.

15. The process of claim 9, wherein:

the carbon nanotube column comprises a second end opposite the first end,

during the disposing the first end of the carbon nanotube column in the nanopaste, the
second end of the carbon nanotube column is coupled to a growth material on which the
carbon nanotube was grown, and

after the sintering, the second end of the carbon nanotube is separated from the

growth material.

16. A process of making a probe card assembly, the process comprising:

obtaining a plurality of carbon nanotube columns on a growth substrate in a pattern
that corresponds to terminals of an electronic device to be tested, each carbon nanotube
column comprising a plurality of bundled carbon nanotubes at least some of which are
intertwined;

depositing an electrically conductive metal on at least some of the carbon nanotubes
of each of the carbon nanotube columns;

transferring the carbon nanotube columns from the growth substrate to terminals of a
probe substrate; and

mechanically and electrically coupling the probe substrate to a wiring substrate
comprising an electrical interface to a tester for controlling testing of the electronic device,
wherein the carbon nanotube columns are electrically connected through the probe substrate

and the wiring substrate to the electrical interface.
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17. The process of claim 16, wherein the transferring the carbon nanotube columns
comprises:

disposing a first end of each of the carbon nanotube columns in nanopaste on the
terminals of the probe substrate;

sintering the nanopaste, said sintering fusing electrically conductive nanoparticles in
the nanopaste together and to the terminals and the first ends of the carbon nanotube columns
and thereby physically and electrically coupling the carbon nanotube columns to the
terminals; and

separating a second end opposite the first end of each of the carbon nanotube columns

from the growth substrate.

18. The process of claim 17, wherein the obtaining a plurality of carbon nanotube
columns comprises growing the carbon nanotube columns on the growth substrate while
varying at least one parameter that affects growth of the carbon nanotube columns to vary a
mechanical characteristic of each of the carbon nanotube columns along a length of the

carbon nanotube column.

19. The process of claim 18, wherein:

the mechanical characteristic is a stiffness of the carbon nanotube column, and

the varying at least one parameter comprises varying the parameter to produce a
plurality of alternating stiff regions and soft regions along the length of each carbon
nanotube, each soft region having a stiffness value that is less than a stiffness value of each of

the stiff regions.
20. The process of claim 17, wherein the at least some of the carbon nanotubes of each of

the carbon nanotube columns on which the metal is deposited are disposed on an outside of

the carbon nanotube column.
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21. The process of claim 17, wherein the transferring the carbon nanotube columns
comprises:

depositing a wettable material that is wettable to solder on a first end of each of the
carbon nanotube columns;

disposing the wettable material in solder disposed on the terminals of the probe
substrate;

reflowing the solder; and

separating a second end opposite the first end of each of the carbon nanotube columns

form the growth substrate.

22. The process of claim 21, wherein the depositing the wettable material comprises
sputtering the wettable material from an angle with respect to the carbon nanotube columns
such that the wettable material deposits onto an end portion of one of the columns that
comprises a second end of the one of the columns but an adjacent column masks deposition

of the wettable material onto portions of the one of the column other than the end portion.

23. The process of claim 17, wherein the transferring the carbon nanotube columns
comprises coupling first ends of the carbon nanotube columns to the terminals of the probe
substrate, the process further comprising forming contact tips at second ends of the carbon

nanotubes opposite the first ends.

24. The process of claim 23, wherein the forming the contact tips comprises:
forming sharpened structures at the second ends of the carbon nanotube columns, and
depositing electrically conductive metal on the second ends of the carbon nanotube

columns.

25. The process of claim 24, wherein the depositing the metal on the second ends of the
carbon nanotube columns comprises sputtering the metal from an angle with respect to the
carbon nanotube columns such that the metal deposits onto an end portion of one of the
columns that comprises a second end of the one of the columns but an adjacent column masks

deposition of the metal onto portions of the one of the column other than the end portion.

26. The process of claim 23, wherein the forming the contact tips comprises transferring

contact tip structures from a substrate to the second ends of the carbon nanotube columns.
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27. The process of claim 23, wherein the forming the contact tips comprises:

depositing a nanopaste comprising particles of an electrically conductive metal on the
second ends of the carbon nanotube columns; and

curing the nanopaste, wherein the electrically conductive metal comprises the contact

tips.

28. The process of claim 27, wherein the depositing the nanopaste comprises printing the

nanopaste through a print head on the second ends of the carbon nanotubes.

29. The process of claim 16, wherein the at least some of the carbon nanotubes of each of
the carbon nanotube columns on which the metal is deposited are disposed inside the carbon

nanotube column.

30. A probe card assembly comprising:

a wiring substrate comprising an electrical interface to a tester for controlling testing
of an electronic device to be tested; and

a probe substrate comprising a plurality of probes disposed in a pattern that
corresponds to terminals of the electronic device to be tested, each of the probes comprising a
carbon nanotube column comprising a bundle of carbon nanotubes sintered to a terminal of
the probe substrate,

wherein the probe substrate is mechanically coupled to the wiring substrate and the
probes are electrically connected through the probe substrate and the wiring substrate to the

electrical interface.

31. The probe card assembly of claim 30, wherein each of the carbon nanotube columns
comprises a plurality of alternating stiff regions and soft regions along the length of the
carbon nanotube column, each soft region having a stiffness value that is less than a stiffness

value of each of the stiff regions.

32. The probe card assembly of claim 30 further comprising an electrically conductive
metal deposited on at least some of the carbon nanotubes disposed at an outside each of the
carbon nanotube columns, the metal enhancing an electrical conductivity of the carbon

nanotube column.
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33. The probe card assembly of claim 30 further comprising an electrically conductive
metal deposited on at least some of the carbon nanotubes disposed inside each of the carbon
nanotube columns, the metal enhancing an electrical conductivity of the carbon nanotube

column.

34. The probe card assembly of claim 30, wherein:
first ends of the carbon nanotube columns are sintered to the terminals of the probe
substrate, and

second ends of the carbon nanotube columns opposite the first ends comprise contact

tips.
35. The probe card assembly of claim 34, wherein each contact tip comprises:
sharpened structures at the second end of the carbon nanotube column, and
electrically conductive metal deposited on the second end of the carbon nanotube
column.
36. The probe card assembly of claim 34, wherein each contact tip comprises a contact tip

structure coupled by a joining material to the second end of the carbon nanotube column.
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