
WO 2008/048938 PCT/US2007/081423  MAKING AND USING
CARBON NANOTUBE PROBES BACKGROUND OF THE INVENTION
Carbon nanotubes-a material discovered in the early
1990s-have many desirable  properties. For example,
carbon nanotubes can have desirable mechanical
properties such as  high stiffness, toughness, and
resilience. As another example, carbon nanotubes can
have 5 desirable electrical properties such as
electrical conductivity. Because of these and/or other
properties, carbon nanotubes may be a promising
material from which to construct probes for  use in
such applications as atomic force microscopes (see
United States patent application  US 2007/0051887).
However, such probes are inherently weak in a vertical
direction and can be  easily deformed past the point
of effective use when the probe comes into pressure
contact with  10 a surface which causes buckling or
deformation the carbon nanotube. Resilient, compliant,
deformable, or elastic probes (whether mechanical or
electromechanical) are typically made of materials
other than carbon nanotubes have been used  in various
applications. For example, a group (e.g., an array) of
probes can be placed in a  pattern that corresponds to
a pattern of objects to be probed (e.g., physically
contacted) by the 15 probes. Such probes can be
electrically conductive and can contact input and/or
output  terminals of an electronic device (e.g., a
semiconductor die or dies) to establish temporary
pressure based electrical connections with the
electronic device through which test signals can  be
provided to the electronic device and response signals
generated by the electronic device can  be sensed.
Through such testing, electronic devices can be
evaluated to determine whether the  20 devices
function properly and/or rate operation of the
devices. Depending on the specific probing
application, it can be desirable for such probes to
have one or more particular mechanical properties. For
example, in some applications, it can be  desirable
for the probes to be compliant and resilient in
response to a force applied to the  probes. For
example, such a probe can be compliant by compressing,
deforming, bending, or 25 otherwise moving in response
to a force applied to a contact portion of the probe,
and the probe  can be resilient by generating a
counter force in response to the force applied to the
contact  portion of the probe and then substantially
returning to the original shape, position, or
orientation of the probe after the applied force is
removed from the contact portion of the probe.  It can
be desirable in some applications to tune the probes
to have particular mechanical 30 properties. Other
mechanical properties such as toughness, durability,
and consistency through  repeated use over an extended
period of time can also be desirable. For example, it
can be  



desirable for such probes to withstand repeated
compressions over extended periods of time  without
undergoing substantial changes in mechanical
properties. 1 WO 2008/048938 PCT/US2007/081423  In
addition, if the probing application is electrical, it
can be desirable for such probes to have one or more
particular electrical properties. For example, in some
applications, it may be  desirable that electrical
probes have a low electrical resistance and/or a high
current carrying  capacity. 5 Regardless of whether
the probing application is electrical, it can be
desirable for the  probes to have other desirable
properties such as manufacturability. For example, in
some  applications, there may be a need to form the
probes in a pattern (e.g., an array) in which the
probes are spaced close to one another (e.g., the
pitch or spacing between probes is small). In  such
applications, it may be desirable for the probes,
although spaced close to one another, to be 10 able to
compress, deform, bend, or otherwise move in response
to forces (e.g., exhibit  compliance) applied to the
probes without the probes contacting or otherwise
interfering with  each other. In some applications, it
can be desirable to planarize contact portions (e.g.,
contact  tips) of the probes so that the contact
portions of all of the probes in the group are located
within  a specified distance of a special plane. In
some applications, it can be desirable for the probes
15 to be able to withstand repeated use at extreme
temperatures (e.g., high temperatures or low
temperatures). Of course, it can be desirable to be
able to efficiently and economically make  such probes
and/or incorporate such probes into a probing
apparatus. Some embodiments of the invention described
below can, in some instances, aid in the  production
and/or use of probes comprising carbon nanotubes that
have one or more of the  20 foregoing desirable
mechanical, electrical, manufacturability, or other
properties. SUMMARY OF THE INVENTION In some
embodiments, columns comprising a plurality of
vertically aligned carbon  nanotubes can be configured
as an electromechanical contact structures or probes.
In some  embodiments, the columns can be grown on a
sacrificial substrate and transferred to a product 25
substrate, or the columns can be grown on the product
substrate. In some embodiments, the  columns can be
treated to enhance mechanical properties such as
stiffness, electrical properties  such as electrical
conductivity, and/or physical contact characteristics.
In some embodiments,  the columns can be mechanically
tuned to have predetermined spring properties. In some
embodiments, the columns can be used as
electromechanical probes, for example, to contact 



30 and test electronic devices such as semiconductor
dies, and the columns can make unique marks  on
terminals of the electronic devices. 2 WO 2008/048938
PCT/US2007/081423  BRIEF DESCRIPTION OF THE DRAWINGS
Figure IA illustrates exemplary columns of carbon
nanotubes on a substrate according  to some
embodiments of the invention. Figures lB and 1C show
one of the columns of carbon nanotubes in Figure IA. 5
Figures 2-5A illustrate an exemplary floating catalyst
process of making columns of  carbon nanotubes
according to some embodiments of the invention.
Figures 6 and 7 illustrate an exemplary fixed catalyst
process of making columns of  carbon nanotubes
according to some embodiments of the invention.
Figures 8 and 9 illustrate an exemplary process of
transferring columns of carbon  10 nanotubes from a
sacrificial substrate to another substrate according
to some embodiments of  the invention. Figure 10
illustrates another exemplary process of transferring
columns of carbon  nanotubes from a sacrificial
substrate to another substrate according to some
embodiments of  the invention. 15 Figures 11A and 11B
illustrate columns of carbon nanotubes on a wiring
substrate  according to some embodiments of the
invention. Figures 12-15 illustrate an exemplary
process of making columns of carbon nanotubes  in
which the process includes transferring the columns to
a substrate according to some  embodiments of the
invention. 20 Figures 15A-16 illustrate an exemplary
process of growing columns of carbon  nanotubes on a
wiring substrate, anchoring the columns to the wiring
substrate, and/or  electrically connecting the columns
to the wiring substrate according to some embodiments
of  the invention. Figures 17A-18B illustrate another
exemplary process of growing columns of carbon  25
nanotubes on a wiring substrate, anchoring the columns
to the wiring substrate, and/or  electrically
connecting the columns to the wiring substrate
according to some embodiments of  the invention.
Figure 19A illustrates an exemplary column of carbon
nanotubes with an adhesive  wicked throughout the
column including into the contact end of the column
according to some  



30 embodiments of the invention. Figure 19B
illustrates an exemplary column of carbon nanotubes
with an adhesive  wicked into a base portion of the
column; the contact end of the column has protruding
structures according to some embodiments of the
invention. 3 WO 2008/048938 PCT/US2007/081423  Figure
20 illustrates treatment of the column of carbon
nanotubes of Figure 19B to increase the number of
protruding structures protruding from the contact end
according to some  embodiments of the invention.
Figure 21 illustrates addition of a conductive
material to the column of carbon nanotubes  5 of
Figure 20 according to some embodiments of the
invention. Figures 22A and 22B illustrates an
exemplary column of carbon nanotubes with a  hollow
space that can be filled with an electrically
conductive material according to some  embodiments of
the invention. Figure 23A illustrates an exemplary
column of carbon nanotubes with protruding  10
structures formed at corners or other points generally
along a perimeter of a contact end  according to some
embodiments of the invention. Figures 23B, 23C, 23D,
and 23E illustrates exemplary methods for making the
column  of Figure 23A according to some embodiments of
the invention. Figure 24 illustrates an exemplary
process of tuning a column of carbon nanotubes to  15
have a particular spring property or properties
according to some embodiments of the invention.
Figure 25 illustrates an exemplary example of tuning a
column of carbon nanotubes in accordance with the
process of Figure 24 according to some embodiments of
the invention.  Figure 26 illustrates an exemplary
test system that includes a contactor with probes
comprising columns of carbon nanotubes according to
some embodiments of the invention. 20 Figure 27
illustrates an exemplary process for making a
contactor in the form of a probe  card assembly
according to some embodiments of the invention.
Figures 28-34 illustrate an example of the process of
Figure 27 in which a probe card  assembly shown in
Figure 34 is made according to some embodiments of the
invention. Figure 35 shows a perspective view of the
contactor of Figure 26 with probes, which  25 comprise
columns of carbon nanotubes, in a pattern that
corresponds to a pattern of terminals of  the
electronic device or devices to be tested according to
some embodiments of the invention. Figure 36
illustrates an exemplary process for testing and
further processing an  



electronic device or devices in a test system like the
test system of Figure 26 according to some
embodiments of the invention. 30 Figures 37 and 38
illustrate exemplary contact of a probe of the
contactor with a  terminal of an electronic device of
Figure 26 and a probe mark in the form of puncture
marks  made on the terminal by a probe treated as
shown in Figure 20 to have protruding structures at a
contact end of the probe according to some embodiments
of the invention. 4 WO 2008/048938 PCT/US2007/081423
Figures 40 illustrates an exemplary probe mark in the
form of puncture marks left on the terminal by a probe
like the probe of Figure 23A according to some
embodiments of the  invention. Figure 40 illustrates
an exemplary probe mark in the form of carbon nanotube
imprints  5 on the terminal by a probe that generally
lacks the protruding structures illustrated in Figure
20  at a contact end of the probe according to some
embodiments of the invention. Figures 41A, 41B, and
41C illustrate exemplary semiconductor dies with probe
marks  on the terminals of the dies like probe marks
shown in Figures 38-40. Figure 42 illustrates an
exemplary prior art probe mark made by a prior art
probe that  10 wipes across a terminal of a die.
Figures 43A and 43B illustrates an exemplary
interposer that includes spring contact  structures
that can comprise columns of carbon nanotubes
according to some embodiments of  the invention.
Figure 44 illustrates an exemplary semiconductor die
that includes spring contact  15 structures that can
comprise columns of carbon nanotubes according to some
embodiments of  the invention. DETAILED DESCRIPTION OF
EXEMPLARY EMBODIMENTS This specification describes
exemplary embodiments and applications of the
invention.  The invention, however, is not limited to
these exemplary embodiments and applications or to  20
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" and "attached
to" are used herein, one object (e.g., a material, a
layer, a substrate, etc.) can be "on" or "attached to"
another object regardless of whether the one 25 object
is directly on or attached 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, "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, c), such
reference is intended 30 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. Figure IA illustrate an
exemplary group of columns 104 comprising carbon
nanotubes  on a substrate 102 according to some
embodiments of the invention. (Substrate 102 can be a
growth substrate, an intermediate substrate, or a
product substrate, and substrate 102 can be a  5 WO
2008/048938 PCT/US2007/081423  non-limiting example of
a wiring substrate or a product substrate.) Fifteen
columns 104 are  shown on substrate 102, but more or
fewer columns 104 can be on substrate 102. Indeed,
hundreds or thousands of columns 104 can be on
substrate 102. As is known, carbon nanotubes  can be
fiber-like structures, which can be intertwined in a
mass, and columns 104 can comprise 5 an intertwined
mass of a plurality of carbon nanotubes. Columns 104
can thus be referred to as  carbon nanotube columns.
As is known, an individual carbon nanotube can have a
number of attributes including  without limitation the
following: the number of walls and the thickness of
the wall(s) of the  carbon nanotube, the diameter of
the carbon nanotube, and the chirality (rolling angle)
of the 10 carbon nanotube. In addition, a group of
carbon nanotubes intertwined to form a structure like
columns 104 can have a number of attributes including
without limitation the following: the  average spacing
between individual carbon nanotubes in the group, the
average length of the  carbon nanotubes in the group,
and the alignment or orientation of the carbon
nanotubes in the  group. 15 The carbon nanotubes in
each of columns 104 are not limited to having any
particular  number of walls, thickness of the walls,
diameter, or chirality, nor are the carbon nanotubes
that  form a column 104 limited to a particular
average spacing between carbon nanotubes, average
length, or alignment. Nevertheless, in some
embodiments, each column 104 can comprise  vertically
aligned carbon nanotubes. A column comprising
vertically aligned carbon nanotubes 20 can be termed a
"vertically aligned" carbon nanotube column. Any of
the columns of carbon  nanotubes describe herein,
including without limitation columns 104, can be
vertically aligned  carbon nanotube columns. 



As used herein, a column (e.g., column 104) of carbon
nanotubes is "vertically aligned"  if most (i.e., 50%
or more) of the carbon nanotubes that compose the
column form a continuous  25 path along a length of
the column that start at one end (e.g., end 108) of
the column and end at an opposite end (e.g., end 106).
Figures 1B and 1C, which illustrate side views of one
of  columns 104, illustrate examples. In Figures IB
and IC, a few carbon nanotubes 110 that  compose a
column 104 are illustrated. Column 104 can, however,
comprise thousands or  hundreds of thousands of such
carbon nanotubes 110. As can be seen, the carbon
nanotubes 30 110 that compose a column 104 can bend
and/or twist and thus be intertwined one with another.
In Figure 1B, one of the carbon nanotubes 110a is
highlighted, and as can be seen, carbon  nanotube 110a
begins and terminates at the ends 106, 108 of the
column 104, and carbon  nanotube 110a is continuous
between ends 106, 108 (i.e., along a length L of
column 104).  (End 106 can be a non-limiting example
of a base end, a contact end, a first end, or a second
6 WO 2008/048938 PCT/US2007/081423  end; end 108 can
likewise be a non-limiting example of a base end, a
contact end, a first end, or  a second end.) In Figure
1C, another of the carbon nanotubes 110b is
highlighted, and as can be  seen, carbon nanotube 110b
also begins and terminates at the ends 106, 108 of the
column 104,  and carbon nanotube 110b is continuous
between ends 106, 108 (i.e., along a length L of 5
column 104). Both carbon nanotubes 110a and 110b are
thus "vertically aligned" according to  the above
definition, and as long as a majority (i.e., at least
50%) of the carbon nanotubes in a  column 104 in
Figure IA are also "vertically aligned," the column
104 can be termed a  "vertically aligned carbon
nanotube column." In some embodiments, a greater
percentage than  50% of the carbon nanotubes in a
column 104 can be vertically aligned. For example, in
some 10 embodiments, 60%, 70%, 75%, 80%, 90%, 95%,
98%, 99%, or a greater percentage of the  carbon
nanotubes that compose a column 104 can be vertically
aligned. In some embodiments,  a single carbon
nanotube can comprise a plurality of tubes that are
grown directly one atop the  other resulting in a
continuous path. For example, such tubes can be grown
using a fixed  catalyst growth method like the
exemplary fixed catalyst methods discussed below. 15
There are a number of processes for growing columns
104, which as mentioned above,  can be vertically
aligned carbon nanotube columns 104, and any known or
future developed  process can be used to grow columns
104. A floating catalyst process and a fixed catalyst
process are two exemplary, non-limiting processes for
growing columns 104. Generally  speaking, in the
floating catalyst process and the fixed catalyst
process, columns 104 can grow 



20 on a growth surface in the presence of a source of
carbon and a catalyst. Moreover, as  mentioned, the
columns 104 can be grown as vertically aligned carbon
nanotube columns.  Figures 2-5 illustrate a
non-limiting example of a floating catalyst process of
growing columns like columns 104 according to some
embodiments of the invention. As shown in  Figure 2, a
substrate 202 can be provided. The substrate 202 can
be any structure suitable for  25 supporting the
columns. Non-limiting examples of suitable substrates
202 include a semiconductor wafer, a ceramic
substrate, a substrate comprising an organic material,
a  substrate comprising an inorganic material, or any
combinations thereof. As shown in Figure 3,  a growth
material 300 can be deposited on the substrate 202, or
alternatively, the substrate 202  can be provided with
growth material 300. As will be seen, a surface 302 of
growth material 30 300 can be a growth surface 302 on
which carbon nanotube columns can be grown. Growth
material 300 can be any material suitable for growing
carbon nanotube columns. For example,  material 300
can be any material with an oxide film or on which an
oxide film can be formed so  that growth surface 302
comprises an oxide. For example, growth material 300
can be a silicon  material, and growth surface 302 can
comprise an oxide film on the silicon material.
Elements  7 WO 2008/048938 PCT/US2007/081423  300 and
302 in Figure 3 can thus be distinct layers. Moreover,
substrate 202 can be a silicon  substrate (e.g., a
blank silicon wafer), in which case, substrate 202 and
growth material 300 can  be the same layer (i.e., the
silicon substrate). Growth material 300 is not limited
to materials  with an oxide film. For example, growth
material 300 can be quartz. 5 As shown in Figures 4A
and 4B (which show respectively a perspective view and
a  cross-sectional side view), a masking layer 402 can
be deposited onto the growth surface 302,  and
openings 404 can be formed in the masking layer 402
exposing selected areas of the growth  surface 302. As
will be seen, carbon nanotube columns (502 in Figure
5) can be grown on the  areas of the growth surface
302 exposed through openings 404. Openings 404 can
thus be in 10 locations and patterns that correspond
to desired locations and cross-sectional shapes of the
carbon nanotube columns to be grown. The masking layer
402 can comprise any material or  materials that can
be deposited over growth surface 302 and have openings
404. For example,  masking layer 402 can comprise a
photo reactive material (e.g., a photo resist
material) that can  be deposited in a blanket layer
onto growth surface 302, after which selected portions
of the 15 photo reactive material can be cured by
exposed to light and the uncured portions of the
material removed to form openings 404. Other
non-limiting examples of suitable materials for  



masking layer 402 include any material that can be
deposited in a pattern that includes openings  404 or
deposited and then patterned to have openings 404.
Gold is a non-limiting example of  such a material. 20
Although Figure 4A and its accompanying text and other
Figures and their accompany  text elsewhere in this
description illustrate a square type cross-section,
the square type cross  section is used simply for ease
of description. Other cross sections are equally
possible and  specifically contemplated. For example,
circular, ring (or doughnut), triangular, as well as
other  cross sectional shapes can also be used. 25 As
shown in Figures 5A and 5B (which show respectively a
perspective view and a  cross-sectional side view),
carbon nanotube columns 504 can be grown on areas of
the growth  surface 302 exposed through openings 404.
The columns 504 can be grown by providing  materials
(e.g., a gas) comprising a catalyst and a source of
carbon in the presence of proper  ambient conditions.
For example, substrate 202 with growth surface 302 and
masking layer 402 30 can be placed in an interior of
an enclosure such as a furnace (not shown), and the
interior of the  enclosure can be heated and a gas
comprising a catalyst and a source of carbon can be
introduced (e.g., pumped) into the interior of the
enclosure. The specific catalyst material,  carbon
source material, and any other materials and the
concentrations and mixtures of those  8 WO 2008/048938
PCT/US2007/081423  materials as well as the specific
ambient conditions (e.g., temperature) can be referred
to as a  "recipe," and any recipe suitable for growing
carbon nanotubes on growth surface 302. The following
is a non-limiting, exemplary recipe that can be used
to grow columns  504. Substrate 202 can be placed in a
furnace (not shown), which can be heated to about 750
5 Celsius. A gas comprising xylene (CgHio) as a carbon
source and ferrocene (Fe(C5H5)2) as a catalyst can be
mixed with a carrier gas (e.g., argon or another
generally inert gas) and  introduced (e.g., pumped)
into the furnace (not shown). In some embodiments, the
ratio of  ferrocene to xylene mixed with the carrier
gas can be about one gram of ferrocene per one
hundred milliliters of xylene, and the
ferrocene/xylene mixture can be mixed with the carrier
10 gas at a temperature of about 150 Celsius at a rate
of about 6 milliliters per hour. The  foregoing recipe
can produce columns 504 that are vertically aligned
columns. As mentioned,  the foregoing recipe is
exemplary only, and other materials comprising a
catalyst and a source  of carbon can be utilized.
Moreover, the growth surface 302 can be exposed to the
foregoing  catalyst and source of carbon at
temperatures other than 750 Celsius. 



15 Regardless of the specific recipe used, the
exposure of the growth surface 302 to  materials
comprising a catalyst and a source of carbon at a
particular temperature can cause  columns 504 to grow
from the areas of the growth surface 302 exposed
through openings 404 in  masking layer 402 as
generally shown in Figures 5A and 5B. (Although two
columns 504 are  shown growing from substrate 202,
more or fewer columns 504 can be grown from substrate
20 202.) As mentioned, columns 504 can be vertically
aligned carbon nanotube columns.  Columns 504 can be
an example of columns 104 in Figure IA, and substrate
202 can be an  example of substrate 102. Thus, any
reference herein to columns 104 can include columns
504  as examples of columns 104, and any reference
herein to substrate 102 can include substrate  202 as
an example of substrate 102. The process illustrated
in Figures 2-5B is thus one  25 exemplary way in which
columns 104 can be grown. Figures 6 and 7 illustrate a
non-limiting example of a fixed catalyst process of
growing  columns like columns 104 according to some
embodiments of the invention. Initially, a  substrate
202 can be provided as in Figure 2 above. As shown in
Figure 6, a buffer layer 602  can be deposited on
substrate 202, and a patterned catalyst layer 604 can
be formed on the 30 buffer layer 602. Although not
shown in Figures 6 and 7, buffer layer 602 can also be
patterned. For example, buffer layer 602 can be
patterned to have generally the same or similar
pattern as catalyst layer 604. The catalyst layer 604
can comprise catalyst material that, as  generally
discussed above, can cause growth of carbon nanotubes
(which can be vertically  aligned) in the presence of
a source of carbon. The buffer layer 602 can provide a
buffer  9 WO 2008/048938 PCT/US2007/081423  between
the substrate 202 and the catalyst layer 604. The
buffer layer 602 can be any material  that does not
appreciably react with the catalyst material and/or
the material that is the source of  carbon. Aluminum
oxide (A1203) is a non-limiting example of a suitable
buffer layer 602.  Catalyst layer 604 can comprise a
material that, in the presence of a source of carbon,
causes 5 growth of carbon nanotubes. Catalyst layer
604 can be formed by depositing catalyst material
only on selected areas of buffer layer 602.
Alternatively, catalyst layer 604 can formed by
depositing catalyst material as a blanket layer of
material on buffer layer 602 and then removing
selected portions of the deposited catalyst material,
leaving the catalyst material in a pattern and  shapes
that correspond to desired locations and
cross-sectional shapes of the carbon nanotube  10
columns to be grown on the catalyst layer 604 (e.g.,
as shown in Figure 6). As shown in Figure 7, carbon
nanotube columns 704 can be grown on the patterned  



catalyst layer 604. Columns 704 can be grown by
providing a material (e.g., a gas) comprising  a
source of carbon in the presence of proper ambient
conditions. For example, substrate 202  with buffer
layer 602 and catalyst layer 604 (as shown in Figure
6) can be placed in an interior 15 of an enclosure
such as a furnace (not shown), and the interior of the
enclosure can be heated  and a gas comprising a source
of carbon can be introduced (e.g., pumped) into the
interior of the  enclosure. The specific material that
composes the catalyst layer 604, the specific material
that  composes the source of carbon, and any other
materials and the concentrations and mixtures of
those materials as well as the specific ambient
conditions (e.g., temperature) can be referred to 20
as a "recipe," and any recipe suitable for growing
carbon nanotubes on catalyst layer 604 can be  used to
grow columns 704. The following is an exemplary,
non-limiting recipe that can be used to grow columns
704. The catalyst layer 604 can comprise any
transition metal. For example, the catalyst layer  604
can comprise iron (Fe). For example, the catalyst
layer can comprise a layer of iron (Fe), 25 and buffer
layer 602 can comprise aluminum oxide (A1203). In some
embodiments, the  thickness of an iron (Fe) film to a
an aluminum oxide (A1203) film can be about 1.2 parts
of iron  (Fe) to 10 parts of aluminum oxide (A1203).
Substrate 202 can be placed in a furnace (not  shown),
which can be heated to about 750 Celsius, and a
hydrocarbon gas can be introduced  into the furnace.
Under such conditions, the catalyst layer 604 can
catalyze the growth of 30 carbon nanotubes on the
patterned catalyst layer 604 from carbon in the
hydrocarbon gas. In  some embodiments, after the
substrate 202 is placed in the furnace (not shown),
the furnace can  be operated as follows. For about 10
minutes, while the furnace is at a temperature of
about 0  Celsius, an inert gas (e.g., argon) can be
pumped through the furnace at a flow rate of about 400
standard cubic centimeters per minute (seem). Then,
for about 15 minutes, while the  10 WO 2008/048938
PCT/US2007/081423  temperature in the furnace (not
shown) is changed from 0 Celsius to 750 Celsius, and
thereafter for about 10 minutes while the temperature
is maintained at 750 Celsius, the inert gas  can
continue to be pumped through the furnace at a flow
rate of about 400 seem. Thereafter, for  about 5
minutes, while the temperature is maintained at about
750 Celsius, a gas containing 5 hydrogen H2 can be
mixed with the inert gas flowing through the furnace
(not shown) at about  400 seem. For example, the gas
containing hydrogen can be H2/Ar in a ratio of about
40 parts  of H2 to about 15 parts of Ar. Thereafter, a
source of carbon can be added to the inert gas
flowing through the furnace while maintaining the
furnace at 750 Celsius. For example, the  



source of carbon can be a gas comprising C2H4/H2/Ar in
a ratio of about 10 parts of C2H4, 40 10 parts of H2,
and 10 parts of Ar, which can result in the growth of
carbon nanotubes, as shown in  Figure 7, on catalyst
layer 604 from carbon in the gas. The columns 704 can
grow from catalyst  layer 604 as vertically aligned
carbon nanotube columns. As mentioned, the foregoing
recipe is  exemplary only, and other materials can
comprise the catalyst layer 604, and a different
source  of carbon can be utilized. Moreover, the
catalyst layer 604 can be exposed to the foregoing 15
source of carbon at temperatures other than 750
Celsius. Moreover, different gas mixtures,  flow
rates, and time periods can be used. Regardless of the
specific recipe used, the exposure of the catalyst
layer 604 to a source  of carbon at a particular
temperature can cause columns 704 to grow from the
catalyst layer 604  as generally shown in Figure 7.
(Although two columns 704 are shown growing from
substrate 20 202, more or fewer columns 704 can be
grown from substrate 202.) The columns 704 can be
vertically aligned carbon nanotube columns. Columns
704 can be an example of columns 104  in Figure 1, and
substrate 202 can be an example of substrate 102.
Thus, any reference herein  to columns 104 can include
columns 704 as examples of columns 104, and any
reference herein  to substrate 102 can include
substrate 202 as an example of substrate 102. The
process 25 illustrated in Figures 6 and 7 is thus
another exemplary way in which columns 104 can be
grown. Regardless of the process-whether floating
catalyst, fixed catalyst, or another process  by which
columns 104 are grown-used to grow columns 104, the
substrate on which the  columns 104 are grown can be
all or a portion of the product substrate on which the
columns 30 104 are to be used in a final application.
Alternatively, the substrate on which the columns 104
are grown can be a sacrificial substrate from which
the columns can be transferred to an  intermediate
substrate or a product substrate. The "growth
substrate" (i.e., the substrate on  which the columns
are grown) can thus be all or a portion of a product
substrate or a sacrificial  substrate. If the columns
104 are grown on a sacrificial substrate, the columns
can be  11 WO 2008/048938 PCT/US2007/081423
transferred to an intermediate substrate or product
substrate in any suitable manner. Figures 8  and 9
illustrate a non-limiting exemplary process of
transferring columns 104 to another  substrate. Figure
8 illustrates substrate 102 with columns 104 grown on
substrate 102, for  5 example, in accordance with one
of the processes shown in Figures 2-5B or Figures 6
and 7. As  



shown in Figures 8 and 9, ends 106 of columns 104 can
be brought into contact with an  adhesive 804 (e.g.,
an adhesive material or a material comprising an
adhesive) deposited on a  substrate 802 to which the
columns 104 are being transferred. Adhesive 804 can
be, for  example, an epoxy, which can be a curable
epoxy. As mentioned, substrate 802 can be a 10 product
substrate on which the columns 104 will be used in
their final application, or substrate  802 can be an
intermediate substrate from which the columns 104 will
later be transferred.  (Substrate 802 can be a
non-limiting example of a wiring substrate.) As shown
in Figure 9,  once ends 106 (see Figure 8) of columns
104 are adhered to substrate 802 by adhesive 804, the
substrate 102 can be peeled away or otherwise removed
from columns 104. 15 Adhesive 804 can be any material
that adheres ends 106 of columns 104. In some
embodiments, adhesive 804 can be a material that bonds
ends 106 of columns 104 to substrate  802 with a
greater adhesive strength than columns 104 are
attached to substrate 102. In some  embodiments,
adhesive 804 can be a curable material that, while in
an uncured state, can be in a  generally liquid or
semi-liquid or otherwise flowable or semi-flowable
state. Ends 106 of 20 columns 104 can be held in
contact with adhesive 804 while the adhesive is cured.
Alternatively or in addition, adhesive 804 can be
electrically conductive. For example,  adhesive 804
can include electrically conductive materials.
Non-limiting examples of suitable  adhesives 804
include epoxies such as electrically conductive
epoxies. The transfer process shown in Figures 8 and 9
is exemplary only, and many variations  25 are
possible. Figure 10 illustrates a non-limiting
variation. As shown in Figure 10, adhesive  804 (see
Figure 8) can be patterned into deposits 804' of the
adhesive 804. For example,  adhesive 804 can be
selectively deposited only in the pattern of deposits
804' shown in Figure  10. Alternatively, adhesive 804
can be deposited in a blanket layer as shown in Figure
8, and  selected portions of the adhesive 804 can be
removed, leaving the deposits 804' of adhesive 804 30
shown in Figure 10. As shown in Figure 10, the
deposits 804' of adhesive 804 can be in a  pattern
that corresponds to the pattern of ends 106 of columns
104, and ends 106 of columns  104 can be brought into
contact with the deposits 804' of adhesive 804.
Otherwise, the transfer  of columns 104 to substrate
802 in Figure 10 can be like the transfer of columns
104 to  12 WO 2008/048938 PCT/US2007/081423  substrate
802 as shown in Figures 8-9 and discussed above.
Although shown as square-like, the  pattern of
deposits 804' can be patterns other than squares
(e.g., circles). Still further variations of the
exemplary transfer process illustrated in Figures 8
and 9  



are possible. For example, after ends 106 of columns
104 are adhered to adhesive 804 as shown  5 in Figure
9 and, if needed, adhesive 804 is cured, portions of
adhesive 804 can be removed from substrate 802. For
example, substantially all of the adhesive 804 except
for the adhesive  between an end 106 of a column 104
and substrate 802 can be removed. A process of
transferring columns 104 can include transferring the
columns 104 to an  electronic device in which the
columns 104 can be electrically conductive
interconnection  10 structures (e.g., spring probes or
other types of spring contact structures) that are
attached and electrically connected to an electrical
terminal, trace, or other conductive element on the
electronic device. Figures 11A and 11B (which show
respectively a perspective view and a  cross-sectional
side view) illustrate a non-limiting example. As shown
in Figures 11A and 11B, columns 104 can be attached,
for example, a  15 conductive adhesive 1104, to
terminals 1106 (or other electrical elements) of a
wiring substrate  1102 (which can be a product
substrate), which can include internal wiring 1108
(e.g.,  electrically conductive traces and/or vias) to
other terminals 1110 and/or electrical elements  (not
shown) such as circuit elements (e.g., integrated
circuits, resistors, capacitors, transistors,  etc.)
(not shown). (Wiring 1108 can be non-limiting examples
of electrical connections.) 20 Wiring substrate 1102
can be or can be part of an electronic device (not
shown) in which the  columns 104 are to be used as
resilient interconnection structures such as spring
probes or other  types of spring contact structures.
Wiring substrate 1102 can be, for example, a wiring
substrate such as a printed circuit board or a
multiplayer ceramic wiring substrate.  Additionally,
wiring substrate 1102 can be a semiconductor die into
which an electric circuit is 25 integrated.
Additionally, wiring substrate 1102 can be other types
of substrates to which the  columns can be attached
(e.g., a semiconductor wafer). Moreover multiple
wiring substrates  1102 can be combined in various
ways with other wiring substrates 1102 (such as
mounted or  adhered to a holding or support structure)
to form a composite wiring or product substrate (not
shown). 30 There are many ways in which columns 104
can be attached to terminals 1104. For  example,
substrate 802 in Figures 8-10 can be a sheet of
conductive material (e.g., a conductive  metal such as
copper). Prior to attachment of columns 104 to
substrate 802, for example as  shown in Figures 8 and
9 or Figure 10, substrate 802 could have been attached
to wiring  substrate 1102. For example, substrate 802
can initially have been an outer, conductive layer of
13 WO 2008/048938 PCT/US2007/081423  



wiring substrate 1102. After columns 104 are attached
to substrate 802 as shown in Figure 9 or  Figure 10,
portions of the substrate 802 can be removed (e.g., by
etching), leaving terminals  1106, which can thus be
remnants (or unremoved portions) of substrate 802. In
such a case,  adhesive 1104 can be remnants of
adhesive 804 in Figures 8 and 9 or deposits 804' of
adhesive 5 804 in Figure 10. Alternatively, substrate
802 can be attached to wiring substrate 1102 after
columns 104 are attached to substrate 802 as shown in
Figures 8 and 9 or Figure 10, and then  selective
portions of substrate 802 can be removed to form
terminals 1106 as discussed above. As yet another
alternative, columns 104 can be transferred to
terminals 1104 of wiring  substrate 1102 generally as
shown in Figure 10. For example, substrate 802 in
Figure 10 can be  10 replaced with wiring substrate
1102, and the deposits 804' of adhesive 804 can be on
terminals 1106 of wiring substrate 1102. (Nine
terminals 1106 are shown but there can be more or
fewer.) Ends 106 of columns 104 can then be brought
into contact with the deposits 804' of  adhesive 804
and substrate 102 peeled away from columns 104 as
discussed above. If adhesive  804 is a curable
material, deposits 804' can be cured before substrate
102 is peeled away from  15 columns 104. Referring
again to Figures 1-10, the processes of making columns
104 illustrated in  Figures 2-7 and the processes of
transferring columns 104 to another substrate
illustrated in  Figures 8-11B are exemplary only, and
many variations are possible. Figures 12-14 illustrate
some exemplary variations. 20 Figure 12 illustrates
substrate 202 with growth material 300 having a growth
surface 302  as generally shown in Figure 3. As shown
in Figure 12, a mass (e.g., a continuous film or a
continuous forest) of carbon nanotubes 1204 can be
grown on the growth surface 302. For  example, carbon
nanotubes can be grown in the same way that columns
504 are grown in  Figures 5A and 5B as discussed above
except masking layer 402 is not included, and the 25
exposed area of growth surface 302 is not limited to
openings 404 in masking layer 402.  Rather, carbon
nanotubes can grow from substantially all of the
growth surface 302, producing  the mass of carbon
nanotubes 1204 shown in Figure 12. The carbon
nanotubes that form mass  1204 can be vertically
aligned, and mass 1204 can thus be a vertically
aligned carbon nanotube  mass. 30 Mass of carbon
nanotubes 1204 can, alternatively, be grown using
other methods, which  can include, for example, a
fixed catalyst method such as the exemplary fixed
catalyst method  illustrated in Figures 6 and 7. In
such a case, growth material 300 in Figures 12-14 can
be  replaced with a buffer layer like buffer layer 602
and a catalyst layer like catalyst layer 604  



shown in Figure 6 except that the catalyst layer can
604 can be a continuous blanket layer.  14 WO
2008/048938 PCT/US2007/081423  Carbon nanotubes can
then be grown from the catalyst layer as generally
discussed above with  respect to Figure 7, which can
produce the mass of carbon nanotubes 1204. As shown in
Figure 13, an end 1206 of the mass of carbon nanotubes
1204 can be  brought into contact with deposits 804'
of adhesive 804 on substrate 802 of Figure 10.
Portions  5 of the end 1206 of the mass of carbon
nanotubes 1204 can thus be adhered to substrate 802 by
the deposits 804' of adhesive on substrate 802. The
deposits 804' of adhesive 804 can adhere to  the mass
of carbon nanotubes 1204 with greater adhesive
strength than the mass of carbon  nanotubes 1204 is
adhered to substrate 202. As shown in Figure 14, as
the mass of carbon  nanotubes 1204 is moved away from
the substrate 802, columns 1404 of carbon nanotubes
can 10 be pulled out of and thus break away from the
mass of carbon nanotubes 1204. The columns  1404 can
correspond to the portions of the mass of nanotubes
1204 adhered to the substrate 802  by the deposits
804' of adhesive 804. Although nine columns 1404 are
shown in Figure 14,  more or fewer columns 1404 can be
pulled from mass 1204. The process illustrated in
Figures 12-14 is thus another exemplary process of
making  15 columns 104 in Figure 1, and columns 1404
can thus be an example of columns 104. Substrate  802
can be an example of substrate 102. Thus, any
reference herein to columns 104 can include  columns
1404 as examples of columns 104, and any reference
herein to substrate 102 can  include substrate 802 as
an example of substrate 102. Columns 1404 can be
attached to  terminals 1106 in Figures 1 IA and 11B in
any manner discussed above with respect to Figures  20
l1A and 11B. Although the examples illustrated in
Figures 2-10 and 12-14 illustrate growth of  columns
504 or 704 or 1404 (which are grown as part of mass
1204) on a sacrificial substrate  202, carbon nanotube
columns like columns 104 can alternatively be grown on
a product  substrate (e.g., the substrate on which the
columns will be used in their final application.) 25
Figures 15A-16B illustrate an example in which columns
1604 of carbon nanotubes (which can  be vertically
aligned carbon nanotube columns) can be grown on a
wiring substrate 1502 (which  can be a product
substrate). As shown in Figures 15A and 15B (which
show respectively a top view and a side
cross-sectional view), wiring substrate 1502, which
can be the same as or similar to wiring  30 substrate
1102, can comprises electrical terminals 1504 (four
are shown but there can be more 



or fewer) that are electrically connected by internal
wiring 1508 (e.g., electrically conductive  traces
and/or vias) to other terminals 1510 or to electrical
elements (not shown) such as circuit  elements (e.g.,
integrated circuits, resistors, capacitors,
transistors, etc.) (not shown). (Wiring  1508 can be
non-limiting examples of electrical connections.)
Referring to Figures 16A and  15 WO 2008/048938
PCT/US2007/081423  16B, columns 1604 can be grown on
terminals 1504 using any of the processes or
techniques  described or mentioned herein for growing
columns of carbon nanotubes. For example, columns 1604
can be grown using the floating catalyst process
illustrated  in and described above with respect to
Figures 2-5B. As shown in Figures 16A and 16B (which
5 show respectively a top view and a side
cross-sectional view), a material 1608 with a growth
surface 1602 can be deposited onto terminals 1504. For
example, material 1608 can be the  same as or similar
to material 300 in Figures 3-5B, and growth surface
1602 can be the same as  or similar to growth surface
302. Material 1608 can be deposited as a blanket
material like  material 300 in Figures 2-5B and masked
with a masking layer like masking layer 402 with 10
openings like openings 404 defining locations (e.g.,
over terminals 1504) where columns 1604  are to be
grown. Alternatively, material 1608 can be patterned
such that material 1608 is  located only where (e.g.,
on terminals 1504) columns 1604 are to be grown.
Columns 1604 can  then be grown from the growth
surface 1602 using a floating catalyst process such as
the  process described above with respect to Figures
5A and 5B. Columns 1604 can be vertically  15 aligned
carbon nanotube columns. The fixed catalyst process
illustrated in Figures 6 and 7 is another example of a
process  that can be used to grow columns 1604 on
terminals 1504. If a fixed catalyst process is used,
material 1608 can be a catalyst layer comprising a
catalyst material. For example, material  1608 can be
the same as or similar to the material that composes
catalyst layer 604 in Figures 6 20 and 7. A buffer
layer (not shown in Figures 16A and 16B), which can be
the same as or similar  to buffer layer 602 in Figures
6 and 7, can be deposited between terminals 1504 and
material  1608. Columns 1604 can then be grown from
material 1608 (which in this example can be a
catalyst layer) using a fixed catalyst process such as
the process described above with respect to  Figure 7.
Columns 1604 can be vertically aligned carbon nanotube
columns. 25 Regardless of the process used to grow
columns 1604 on terminals 1504, anchoring  structures
1606 can be provided around portions of columns 1604
as shown in Figures 16A and  16B. Anchoring structures
1606 can anchor columns 1604 to terminals 1504 and/or
wiring  



substrate 1502 and can thus strengthen the attachment
of columns 1604 to terminals 1504  and/or wiring
substrate 1502. (Because terminals 1504 can be part of
wiring substrate 1502, 30 anchoring columns 1604 to
terminals 1504 can be considered anchoring columns
1604 to wiring  substrate 1502.) Anchoring structures
1606 can comprise any material suitable for deposit
around end portions of columns 1604, and the material
forming anchoring structures 1606 can  be deposited in
any suitable manner. For example, anchoring structures
1606 can comprise an  electrically conductive material
that is electroplated onto terminals 1504 and a
portion of  16 WO 2008/048938 PCT/US2007/081423
columns 1604. As another example, anchoring structures
1606 can comprise a photo reactive  material that is
deposited as a blanket layer onto wiring 1502. The
photo reactive material can  be selectively hardened
only around a portion of columns 1604, and the
unhardened portions of  the photo reactive material
can be removed. As yet another example, if the
floating catalyst 5 process is used to grow columns
1604 and material 1608 is initially deposited as a
blanket layer  over wiring substrate 1502 and a
masking layer (e.g., like masking layer 402) is
deposited over  material 1608 with openings (e.g.,
like openings 404 in masking layer 402) exposing
material  1608 on terminals 1504, anchoring structures
1606 can be the masking layer, in which case
anchoring structures 1606 can be located over
substantially all of wiring substrate 1502. 10
Alternatively, such a masking layer (not shown) can be
selectively removed, leaving remnants  of the masking
layer that form anchoring structures 1606 as shown in
Figures 16A and 16B.  Anchoring structures 1606 can
comprise other materials. For example, anchoring
structures  1606 can comprise a curable material that
is deposited in a flowable or semiflowable state
around columns 1604 and then hardened. 15 In some
embodiments, the anchoring structures 1606 can be
electrically conductive and  can thus, in addition to
anchoring columns 1604 to terminals 1504 and/or wiring
substrate 1502,  also electrically connect columns
1604 to terminals 1504. In some embodiments, anchoring
structures 1606 need not function to increase
appreciably the strength of the attachment of  columns
1604 to terminals 1504 and/or wiring substrate 1502
and thus need not be anchoring 20 structures. In such
a case, structures 1606 can serve solely or primarily
to electrically connect  columns 1604 to terminals
1504. If anchoring structures 1606 function to
increase the strength of the attachment of  columns
1604 to terminals 1504 and/or wiring substrate 1502,
to enhance the strength with  which anchoring
structures 1608 anchor columns 1604 to terminals 1504
and/or wiring 



25 substrate 1502, anchoring structures 1606 can be
selected to have a different coefficient of  thermal
expansion than columns 1604. For example, anchoring
structures 1606 can be selected  to expand more per
unit change in temperature than columns 1604.
Anchoring structures 1606  can be deposited around end
portions of columns 1604 at a temperature that is
below ambient  temperature so that as anchoring
structures 1606 warm to ambient temperature, anchoring
30 structures 1606 expand and thus "squeeze" columns
1604. Figures 17A-18B illustrate another exemplary
process of growing carbon nanotube  columns on a
product substrate and anchoring the columns to the
product substrate according to  some embodiments of
the invention. Figures 17A-18B also illustrate another
exemplary  17 WO 2008/048938 PCT/US2007/081423
process of electrically connecting carbon nanotube
columns to other electrical elements on the  product
substrate according to some embodiments of the
invention. Figures 17A and 17B (which show
respectively a perspective view and a side cross-
sectional view), illustrate an exemplary wiring
substrate 1702 (which can be a product substrate  5
and can be similar to wiring substrates 1102 and/or
1502). As shown, wiring substrate 1702 can comprise a
plurality of electrical terminals 1704 (two are shown
but there can be more or  fewer), which can be
electrically connected by internal wiring 1708 (e.g.,
conductive traces  and/or vias) to other terminals
1710 and/or to electrical elements (not shown) such as
circuit  elements (e.g., integrated circuits,
resistors, capacitors, transistors, etc.) (not shown).
(Wiring 10 1708 can be non-limiting examples of
electrical connections.) As also shown in Figures 17A
and 17B, pits 1705 can be formed (e.g., etched, cut,
etc.) into wiring substrate 1702. As shown  in Figures
18A and 18B (which show respectively a top view and
side cross-sectional view),  columns 1804 of carbon
nanotubes (which can be vertically aligned carbon
nanotube columns)  can be grown in pits 1705.
Consequently, pits 1705 can be formed in locations
where columns  15 1804 are to be grown. Columns 1804
can be grown in pits 1705 using any of the processes
or techniques  described or mentioned herein for
growing columns of carbon nanotubes. For example,
columns 1804 can be grown using the floating catalyst
process illustrated in Figures 2-5B and  described
above with respect to Figures 2-5B. As shown in
Figures 18A and 18B, growth 20 material 1808 with a
growth surface 1802 can be deposited in pits 1705. For
example, material  1808 can be the same as or similar
to material 300 in Figures 3-5B, and growth surface
1802  can be the same as or similar to growth surface
302. Columns 1804 can then be grown from the  



growth surface 1802 using a floating catalyst process
such as the process described above with  respect to
Figures 5A and 5B. 25 The fixed catalyst process
illustrated in Figures 6 and 7 is another example of a
process  that can be used to grow columns 1804 in pits
1705. If a fixed catalyst process is used, material
1808 can be a catalyst layer comprising a catalyst
material. For example, material 1808 can be  the same
as or similar to the material that composes catalyst
layer 604 in Figures 6 and 7. A  buffer layer (not
shown in Figures 18A and 18B), which can be the same
as or similar to buffer 30 layer 602 in Figures 6 and
7, can be deposited between the bottom of pits 1705
and the material  1808 in the pits 1705. Columns 1804
can then be grown from the material 1808 (which in
this  example is a catalyst layer) using a fixed
catalyst process such as the process described above
with respect to Figure 7. 18 WO 2008/048938
PCT/US2007/081423  Regardless of the process used to
grow columns 1804 in pits 1705, the pits 1705 can
anchor the columns 1804 to the wiring substrate 1702.
That is, the fact that the columns 1804  are in pits
1705 in wiring substrate 1702 can aid in anchoring
columns 1804 to wiring substrate  1702. Optionally, in
some embodiments, anchoring structures 1806 can be
formed on wiring 5 substrate 1702 and around columns
1804 as shown in Figures 18A and 18B. Anchoring
structures 1806 can further anchor columns 1804 to
wiring substrate 1702 and can thus further  strengthen
the attachment of columns 1804 to wiring substrate
1702. Anchoring structures 1806 can comprise any
material suitable for deposit onto wiring  substrate
1702 and around columns 1804, and the material can be
deposited in any suitable  10 manner. In some
embodiments, anchoring structures 1806 can be like and
can be formed or deposited like anchoring structures
1606 in Figures 16A and 16B. As mentioned, anchoring
structures 1806 can be electrically conductive, and as
shown in Figures 18A and 18B, anchoring  structures
1806 can be electrically connected to electrically
conductive traces 1807, which can  electrically
connect anchoring structures 1806-and thus columns
1804-to electrical elements 15 on or in wiring
substrate 1702. For example, as shown in Figures 18A
and 18B, traces 1807 can  connect anchoring structures
1806-and thus columns 1804-to terminals 1704.
Alternatively  or in addition, one or more of traces
1807 can connect an anchoring structure 1806 (and thus
a  column 1804) to an electric component such as a
resistor, capacitor, or transistor on or in wiring
substrate 1702. In some embodiments, anchoring
structures 1806 need not function to increase 20 the
strength of the attachment of columns 1804 to wiring
substrate 1702 but can merely or  



primarily electrically connect columns 1804 to traces
1807. Referring to Figures 15A-18B, columns 1604 and
1804 can be examples of the columns  104 in Figure 1,
and wiring substrates 1102, 1502 and 1702 can be
examples of substrate 102 of  Figure 1. Thus, any
reference herein to columns 104 can include columns
1604 and/or columns 25 1804 as examples of columns
104, and any reference herein to substrate 102 can
include wiring  substrate 1102, wiring substrate 1502,
and/or wiring substrate 1702 as examples of substrate
102. The processes shown in Figures 15A-18B are
exemplary only, and many variations are  possible. For
example, rather than growing columns 1604 on wiring
substrate 1502, columns  30 1604 can be grown on a
sacrificial substrate (e.g., as shown in Figures 2-5B
or Figures 6 and 7) and transferred to wiring
substrate 1502 (e.g., using any of the techniques
shown or discussed  above with respect to any of
Figures 8-11B). For example, columns 1604 can be
adhered to  terminals 1504 using an adhesive like
adhesive 804 deposited on terminals 1504. As another
example, rather than growing columns 1804 on wiring
substrate 1702, columns 1804 can be  19 WO 2008/048938
PCT/US2007/081423  grown on a sacrificial substrate
(e.g., as shown in Figures 2-5B or Figures 6 and 7)
and  transferred to wiring substrate 1702 (e.g., using
any of the techniques shown or discussed above  with
respect to any of Figures 8-11B). For example, columns
1804 can be adhered in pits 1705  using an adhesive
like adhesive 804 deposited in pits 1705. 5 Regardless
of how or on what type of substrate columns 104 are
made, in some  embodiments, columns 104 can be treated
to enhance one or more properties of the columns  104.
Although columns 1604 and/or 1804 can be similarly
treated as described below, the  following discussion
uses columns 104 for sake of simplicity. For example,
columns 104 can  be treated to enhance the mechanical
stiffness of the columns 104. As another example, 10
columns 104 can be treated to enhance the electrical
conductivity of the columns. As still  another
example, contact portions of columns 104 can be
treated to enhance contact properties  of the columns
104. Figure 19A shows a detailed view of a column 104
after the column 104 has been  adhered to transfer
substrate 802 in accordance, for example, with one of
the transfer processes  15 discussed above and
illustrated in Figures 8-10. For example, as generally
discussed above, end 106 of column 104 may have been
placed in adhesive 804 (which is shown in partial view
in  Figure 19A) on substrate 802 (which is also shown
in partial view in Figure 19A), adhesive 804  



may have been cured, and substrate 102 may have been
peeled away from column 104 as in  Figures 8 and 9 or
Figure 10. Alternatively, column 104 may have been
transferred to a 20 substrate or object other than
substrate 802. For example, as shown in Figures 11A
and 11B,  column 104 may have been attached to
terminals 1106 on wiring substrate 1102 by adhesive
1104 in which case adhesive 1104 can replace adhesive
804 in Figure 19A, and a terminal 1106  can replace
substrate 802 in Figure 19A. As yet other
alternatives, column 104 can be attached  by an
adhesive like adhesive 804 to other substrates like
substrate 802 or terminals or other  25 elements or
objects. Referring again to the example shown in
Figure 19A, as discussed above, column 104  can be
comprise a plurality of carbon nanotubes a few of
which are illustrated in Figure 19A as  carbon
nanotubes 110. As adhesive 804 is cured, the adhesive
804 can be drawn by capillary  action between
individual carbon nanotubes 110 of column 104. In
other words, adhesive 804 30 can "wick" between carbon
nanotubes 110 and thus into column 104. Typically, the
adhesive  804 can wick into column 104 starting at end
106 that is disposed in the adhesive 804, and the
adhesive can then continue to wick up the column 104
towards an opposite end 108, which, in  this example,
can be a contact end 1904 (e.g., an end configured to
make contact with an object  such as a terminal of an
electrical device). (Contact end 1904 can be a
non-limiting example of  20 WO 2008/048938
PCT/US2007/081423 a first end or a second end.) The
distance up column 104 from end 106 that adhesive 804
wicks  can depend on a number of factors including,
without limitation, the amount of time adhesive  804
is cured, the viscosity of adhesive 804, ambient
conditions such as temperature, air  pressure, and/or
other factors. Optionally, a material that inhibits
the spread of adhesive 804 5 through column 104 can be
applied to all or part of column 104. For example,
parylene (not  shown) can be applied (e.g., by
chemical vapor deposition) to portions of column 104
to prevent  adhesive 804 from spreading into those
portions of column 104 or at least to impede or
significantly slow the spread of adhesive 804 into
those portions of column 104 where the  parylene is
applied. 10 Figure 19A illustrates a non-limiting
example according to some embodiments of the
invention in which adhesive 804 can wick through all
or substantially all of column 104. For  example,
adhesive 804 can be considered to have wicked through
substantially all of column  104 if adhesive 804 has
wicked through 90% of the length of the column 104.
The presence of  cured adhesive 804 throughout or
substantially throughout column 104 can significantly 



15 increase the mechanical stiffness of the column
104. For example, in some embodiments, the  mechanical
stiffness of column 104 can be 100, 200, 300, 400,
500, or more times greater than  the mechanical
stiffness of the column 104 without adhesive 804
wicked into the column 104.  In some embodiments, the
increase in mechanical stiffness of column 104 can be
less than 100  times. 20 Figure 19B illustrates a
non-limiting example in which adhesive 804 can have
wicked  only into the portion of column 104 that is
near end 106. Thus, in the example shown in Figure
19B, most of the column 104 is substantially free of
adhesive 804, and the adhesive 804 is  wicked only
into a base portion of column 104 near end 106. In the
example shown in Figure  19B, the adhesive 804 can
have little to no effect on the stiffness of column
104. 25 The examples shown in Figures 19A and 19B are
exemplary only, and many variations  are possible. For
example, adhesive 804 can spread from end 106 any
distance up column 104  to end 108. For example,
adhesive 804 can spread into column 104 from end 106
toward  opposite end 108 2%, 5%, 10%, 20%, 40%, 60%,
80%, 90%, or 100% of the total length of  column 104.
Alternatively, adhesive 804 can spread into column 104
from end 106 less than 30 2% of the length of the
column 104 or any percentage between the percentages
give above.  Typically, the farther adhesive 804 wicks
up from end 106 into column 104, the greater the
stiffness of column 104. As shown in Figure 20, column
104 can be treated to create protruding structures
1912  (which can be non-limiting examples of points,
features, or structures) at contact end 1904 of  21 WO
2008/048938 PCT/US2007/081423  column 104, which as
discussed above, can be one of the ends 106, 108 (in
this example end  108) of column 104 configured to
make contact with an electrical device (not shown).
Structures 1912 can comprise ends or end portions of
ones (e.g., a cluster) of carbon  nanotubes 110. 5 In
some embodiments, contact end 1904 can be etched to
create protruding structures  1912. Figure 20
illustrates a non-limiting example in which an etching
mechanism 2002 can  sputter etch contact end 1904 to
produce protruding structures 1912 on contact end
1904. In  such a case, etching mechanism 2002 can be a
sputter etching machine. Alternatively, other  etching
techniques can be used. For example, contact end 1904
can be subjected to reactive ion 10 etching to produce
protruding structures 1912. In such a case, etching
mechanism 2002 can be  a reactive ion etching machine.
Other etching techniques can be used on contact end
1904 to  



produce structures 1912 or similar structures. Such
other etching techniques can include  without
limitation wet etching techniques. Moreover,
techniques other than etching can be used  to produce
structures 1912. For example, a mechanical grinding
mechanism can be used to 15 roughen the surface of
contact end 1904, which can produce protruding-like
structures 1912.  As another example, mechanical
imprinting techniques can be applied to contact end
1904 to  create structures 1912. Although the
foregoing treatment is illustrated in Figure 20 as
performed on column 104  into which adhesive 804 has
wicked into column 104 as shown in Figure 19B (that
is, adhesive  20 804 has wicked only partially into
column 104), the treatment by which structures 1912
are created on contact end 1904 can be applied to
column 104 into which adhesive 804 has wicked  into
all of column 104 and contact end 1904 as shown in
Figure 19A. In fact, the treatment by  which
structures 1912 are created on contact end 1904 can be
applied to any column 104  regardless of how far from
end 106 into column 104 adhesive 804 has wicked, and
the treatment  25 can also be applied to a column 104
into which no adhesive 804 has wicked. As mentioned,
column 104 can also or alternatively be treated to
enhance electrical  conductivity. For example,
electrically conductive material can be applied to
columns 104 in a  number of ways. In some embodiments
the electrically conductive material can be applied to
the outer surface of the column 104, in still other
embodiments the electronically conductive 30 material
can be applied to individual carbon nanotubes in a
column 104, in still other  embodiments the
electrically conductive material can be dispersed
throughout the column 104  (e.g., between individual
carbon nanotubes), in still other embodiments, any
combinations of  the foregoing can be used. 22 WO
2008/048938 PCT/US2007/081423  In some embodiments, an
electrically conductive material can be deposited
generally on the outside of columns 104. For example,
electrically conductive material can be electroplated
or otherwise deposited (e.g., sputtered) onto
generally the outside of columns 104. In other
embodiments, electrically conductive material can be
applied to individual carbon nanotubes, 5 using for
example, atomic layer deposition (ALD) or chemical
vapor deposition (CVD) or in the  spaces between the
individual carbon nanotubes.. Figure 21 illustrates a
column 104 after conductive material 2102 has been
added to  column 104. Using techniques such as atomic
layer deposition (ALD) or chemical vapor  deposition
(CVD), conductive material 2102 can be deposited on
the individual carbon 



10 nanotubes or implanted between the individual
carbon nanotubes within the column 104 in  addition to
or alternative to depositing conductive material 2102
generally on the outside of  column 104. For example,
deposited by ALD or CVD, conductive material 2102 can
penetrate  column 104 and be implanted on and/or
around individual carbon nanotubes 110 and/or  between
individual carbon nanotubes 110 of column 104. In some
embodiments, a thickness of 15 the material 2102 on
individual carbon nanotubes 110 can be half or less
than half of an average  spacing between individual
carbon nanotubes 110 that compose the column 104. Such
treatment of individual carbon nanotubes can enhance
the electrical and/or mechanical  properties of the
individual tubes while permitting the tubes to retain
independent motion. For  example, as mentioned, such
treatment can increase electrical conductivity of
column 104 20 and/or a stiffness of column 104.
Moreover, such treatment (e.g., the presence of
conductive  material 2102 on, around, and/or between
individual carbon nanotubes that compose column  104)
can substantially not interfere with individual
movement of ones of the carbon nanotubes  with respect
to others of the carbon nanotubes that compose column
104. For example, as  mentioned, a thickness of the
material 2102 on individual carbon nanotubes 110 can
be half or 25 less than an average spacing between
individual carbon nanotubes 110 that compose the
column  104 can be half or less than half of the
average spacing between carbon nanotubes 110 that
compose the column 104, which can leave space between
carbon nanotubes 110 that allows  individual carbon
nanotubes 110 to move with respect to each other. If
column 104 has been treated as shown in Figure 19A and
thus comprises adhesive 804  30 wicked into the column
between carbon nanotubes 110, ALD or CVD can implant
conductive  material within the adhesive 804.
Conductive material 2102 can comprise any electrically
conductive material and can have a greater electrical
conductivity than the carbon nanotubes  that compose
column 104. Non-limiting examples of suitable
materials include gold, copper,  and other
electrically conductive metals as well as electrically
conductive non-metals. 23 WO 2008/048938
PCT/US2007/081423  Conductive material 2102 can, in
addition to enhancing electrical conductivity of
column 104, also enhance a stiffness of column 104. As
another alternative, non-conductive  material (not
shown) can be deposited within column 104 (e.g., on
and/or around individual  carbon nanotubes 110 and/or
between carbon nanotubes 110 of column 104) in the
same 5 manner as described above with respect to
depositing conductive material 2102. For example,
such non-conductive material (not shown) can be
deposited to enhance a mechanical  



characteristics (e.g., stiffness) of a column 104.
Such non-conductive material (not shown) can  be
deposited in place of or in addition to conductive
material 2102. Wicking conductive particles into
column 104 can be another non-limiting example of a
10 treatment for enhancing electrical conductivity of
a column 104. For example, a solution  containing
conductive particles can be wicked into a column 104.
In some embodiments, such a  solution can be wicked
into a column 104 using techniques and principles such
as those  discussed above with respect to wicking
adhesive 804 into a column. In some embodiments,  such
a solution can contain nano-size particles of a
conductive material. For example, such a 15 solution
can contain silver nanoparticles. The nano-sized
conductive particles-e.g., silver  nanoparticles-can
wick into a column 104 and lodge on and/or around
and/or between ones of  the carbon nanotubes 110 that
compose the column 104. Those particles can thus
enhance the  electrical conductivity of the column
104. Any one or more of the treatments discussed above
for enhancing electrical conductivity  20 of a column
104, including without limitation the treatment
illustrated in Figure 21 by which  conductive material
2102 is added to column 104, can be applied to any
column 104 regardless  of how far from end 106 into
column 104 adhesive 804 has wicked, and the treatment
can also  be applied to a column 104 into which no
adhesive 804 has wicked. Moreover, the treatment
illustrated in Figure 21 by which conductive material
2102 is added to column 104 to enhance 25 the
electrical conductivity of column 104 can be applied
to a column 104 regardless of whether  the column 104
has been treated as shown in Figure 20 to create
structures 1912. Thus, the  structures 1912 shown in
Figure 21 need not be present. As mentioned or as will
be mentioned, columns 504, 704, 1404, 1604, 1804,
2204,  2304, and 2304' herein are examples of columns
104. Therefore, any one or more of the  30 treatments
illustrated in Figures 19A-21 can be applied to any of
columns 504, 704, 1404, 1604,  1804, 2204, 2304, and
2304'. Figures 22A and 22B illustrates another
exemplary process of enhancing the electrical
conductivity of a column of carbon nanotubes. Figures
22A and 22B shows a perspective view  of a single
column 2204, which is attached to a terminal 2206 of a
substrate 2202. As shown,  24 WO 2008/048938
PCT/US2007/081423  column 2204 can include a hollow
portion 2208 (which can be a non-limiting example of
an  interior cavity), which as shown can extend the
length of column 2204 from end 2220 to  terminal 2206.
Generally speaking, column 2204 can be grown using any
of the techniques  



described herein for growing columns of vertically
aligned carbon nanotubes. Hollow portion 5 2208 can be
formed in any suitable manner. For example, column
2204 can be grown around a  sacrificial plug structure
(not shown). For example, the process of making
columns 504 shown  in Figures 2-5B can be modified by
placing a sacrificial plug structure in the shape and
size of  the hollow portion 2208 on part of the area
of growth surface 302 exposed by an opening 404 in
masking layer 402. Columns like columns 504 can then
be grown from the area of growth 10 surface 302
exposed by opening 404 and not covered by the
sacrificial plug structure. Those  columns can be like
columns 504 except the center of those columns can
comprise the  sacrificial plug structure (not shown),
which can be removed resulting in column 2204 with
hollow portion 2208. The sacrificial plug structure
(not shown) can be removed in any suitable  manner
including physically pulling the plug structure out of
the column 2204 or etching or 15 otherwise dissolving
the sacrificial plug structure. In fact, any of the
processes for growing  columns of carbon nanotubes
illustrated herein can be modified to grow a column of
nanotubes  around a sacrificial plug structure
generally as described above to produce a column like
column 2204 with a hollow portion 2208. Rather than
grow a column of carbon nanotubes  around a
sacrificial plug structure, column 2204 can be grown
without hollow portion 2208 20 using any of the growth
techniques described herein. Thereafter, hollow
portion 2208 can be  created by etching or cutting
away part of the column. Carbon nanotubes (not shown)
that  compose column 2204 can be vertically aligned,
and column 2204 can therefore be a vertically  aligned
carbon nanotube column. Although the hollow portion
2208 is shown with a square- type cross-section, other
types of cross sections are equally contemplated. 25
Regardless of how column 2204 is made, as shown in
Figures 22A and 22B, the hollow  portion 2208 can be
filled with an electrically conductive material 2210,
which can be any  electrically conductive material
2210 that can be deposited into hollow portion 2208.
(To ease  illustration, hollow portion 2208 is shown
in Figure 22A and 22B partially filed with conductive
material 2210, but hollow portion 2208 can be fully
filed with conductive material 2210.) In 30 some
embodiments, conductive material 2210 can have a
greater electrical conductivity than the  carbon
nanotubes 110 that compose column 104. In some
embodiments, conductive material  2210 can comprise a
conductive material with a relatively low melting
point that can be  deposited into hollow portion 2208
while melted and then allowed to cool. For example,
conductive material 2210 can be solder. As another
example, conductive material 2210 can be  25 WO
2008/048938 PCT/US2007/081423 



a curable material that is deposited into hollow
portion 2208 in a flowable or semi-flowable  state and
then cured, causing the conductive material 2210 to
harden inside hollow portion  2208. For example,
conductive material 2210 can be a curable conductive
epoxy. Column 2204 can be an example of the columns
104 in Figure 1, and substrate 2202 can  5 be an
example of substrate 102. Thus, any reference herein
to columns 104 can include column  2204 as an example
of columns 104, and any reference herein to substrate
102 can include  substrate 2202 as an example of
substrate 102. For example, any of columns 504, 704,
1404,  1604, 1804, 2204, 2304, and 2304' can be
configured like column 2204 with a hollow portion
2208 that can be filled with a conductive material
like 2210. 10 The stiffness of column 2204 can be a
function of cross-sectional area and length,  whereas
electrical conductivity imparted by treating the
surface of a column of nanotubes can  be a function of
surface area. Making a center of column 2204 hollow
and then treating an  inner and outer surface to be
more conductive by one of the above mentioned methods,
can  allow the conductivity to be increased while
minimally affecting the stiffness. 15 Although Figures
19-22B show one column 104 (or column 2204, which can
be an  example of column 104), the techniques
illustrated in Figures 19-22B for enhancing mechanical
stiffness, contact, and/or electrical conductivity
properties of columns 104 can be applied to  many
columns 104. Moreover, the techniques illustrated in
Figures 19-22B are exemplary only,  and many
variations and alternatives are possible. 20 Figure
23A illustrates an exemplary alternative enhancement
of the contact properties of  a column of carbon
nanotubes according to some embodiments of the
invention. Figure 23A  illustrates a column 2304 of
carbon nanotubes on a substrate 2300 (shown in partial
view),  which can be a sacrificial substrate, an
intermediate substrate, or a product substrate. As
shown,  column 2304 can include peak structures 2312
(which can be non-limiting examples of 25 protruding
structures or points, features, or structures) at a
contact end 2302 of the column  2304. For example,
peak structures 2312 can be at corners of contact end
2302 as shown in  Figure 23A. Alternatively, peak
structures 2312 can be in other locations of contact
end 2302.  Such other locations can be along or in
proximity to an outer perimeter or periphery of
contact  end 2302. Moreover, although four peak
structures 2312 are shown in Figure 23A, contact end
30 2302 can have more or fewer peak structures 2312.
Peak structures 2312 can comprise ends of  ones (or
clusters) of the carbon nanotubes that compose column
2304. Peak structures 2312 can enhance contact
properties of contact end 2302. For example,  in use,
contact end 2302 of column 2304 can be pressed against
a terminal of an electronic  



device (not shown) and thereby make a temporary,
pressure-based electrical connection with the  26 WO
2008/048938 PCT/US2007/081423  electronic device. The
peak structures 2312 can penetrate the terminal
including any debris or  layer (e.g., an oxide layer)
on the terminal and thus enhance the ability of the
contact end 2302  to contact the terminal. For
example, the presence of peak structures 2312 can
effectively  provide greater pressure against a
terminal than a column that lacks peak structures for
the same 5 contact force between the column and the
terminal, assuming that the columns have generally
the same or similar cross-sectional areas. Any method
that produces structures like peak structures 2312 can
be used to make  column 2304. For example, without
limitation, the floating catalyst method illustrated
in  Figures 2-5B or the fixed catalyst method
illustrated in Figures 6 and 7 can be used to grow 10
column 2304. During the process of growing column
2304, once column 2304 has grown to a  desired length,
the flow of gas (containing a catalyst material and a
source of carbon if the  floating catalyst method is
being used or a source of carbon if the fixed catalyst
method is being  used), can be altered such that the
flow of the gas directed at locations at the end of
the column  2304 where peak structures 2312 are
desired is increased without increasing the flow of
gas to 15 other portions of the end of the column
2304. Alternatively, rather than increase the flow of
gas  directed at locations at the end of the column
2304 where peak structures 2312 are desired, the  gas
flow directed at other locations at the end of the
column 2304 can be substantially decreased  or
stopped. One method for achieving this can be to move
a template into position at the  desired time where
the gas can only flow through desired regions of the
template to form the 20 peak structures 2312. As yet
another alternative to increasing the flow of gas
directed to  locations at the end of the column 2304
where peak structures 2312 are desired, the
concentrations of active ingredients (catalyst
material and the material that is a source of carbon
if the floating catalyst method is being used or the
material that is a source of carbon if the fixed
catalyst method is being used) in the gas directed at
locations at the end of the column 2304 25 where peak
structures 2312 are desired can be increased without
increasing the concentration of  the active
ingredients in the flow of gas to other portions of
the end of the column 2304. The  foregoing can result
in an increased growth rate of carbon nanotubes at the
locations at the end  of column 2304 where peak
structures 2312 are desired. As another example of a
non-limiting method of forming peak structures 2312,
it has  30 been found that most recipes can grow a
carbon nanotube column generally uniformly to a  



particular length, after which the column continues to
grow but not uniformly. In some  instances, the
non-uniform continued growth of the column results in
anomalies like peak  structures 2312. 27 WO
2008/048938 PCT/US2007/081423  Figures 23B-23E
illustrate additional non-limiting examples of
techniques for creating a column like column 2304 with
peak structures like peak structures 2312 according to
some  embodiments of the invention. Figures 23B and
23C illustrate use of a mechanical imprinting stamp
2330 (which can  5 be a non-limiting example of a
molding tool) that can be used to form peak structures
2312. As  shown, a stamp 2330 comprising a mold head
2332 (which can be a non-limiting example of a  mold)
with the inverse (or negative) shape of the desired
peak structures 2312 can be placed  over column 2304
and pressed against the end 2302 of column 2304, which
as best seen in  Figure 23C (which shows a side,
cross-sectional view of column 2304 and stamp 2330),
can  10 imprint peak structures 2312 into end 2302 of
column 2304. Figures 23D and 23E illustrate a
technique in which a column 2304' like column 2304
can be grown from a growth material 2306 that can be
patterned to have a central portion 2309  and one or
more extensions 2307 extending from the central
portion 2309. (Four extensions  2307 are shown but
more or fewer can be used.) Column 2304' can be grown
on growth 15 material 2306 (which can be like growth
material 300 in Figure 3 or catalyst layer 604 in
Figure  6) using any of the processes for growing
columns of carbon nanotubes disclosed herein
including without limitation the processes shown in
Figures 2-7. It has been found that the  column 2304'
can grow generally uniformly from the central portion
2309 of growth material  2306 but can grow at a faster
rate on extensions 2307 and in particular near tips of
extensions 20 2307. Thus, as shown in Figure 23E, peak
structures 2312' can tend to form at corners of
column 2304', the corners of column 2304'
corresponding to tips of extensions 2307. The faster
growth at the corners of column 2304' can result in
peak structures 2312' as shown in Figure  23E, which
can be generally similar to peak structures 2312.
Regardless of how column 2304 is formed, column 2304
can be an example of the  25 columns 104 in Figure 1,
and substrate 2300 can be an example of substrate 102.
Thus, any  reference herein to columns 104 can include
column 2204 as an example of columns 104, and  any
reference herein to substrate 102 can include
substrate 2300 as an example of substrate 102. Columns
of carbon nanotubes like columns 104, and in
particular vertically aligned  



carbon nanotube columns (e.g., columns 104, which as
discussed above, can be-but need not  30 be-vertically
aligned carbon nanotube columns), can have spring
properties. For example, upon application of a force
(an applied force) to a free end of a column 104, the
column 104 can  compress, bend, deform, or move and
also generate an opposing force that opposes the
applied  force. Upon removal of the applied force, the
column 104 can substantially recover its original
shape and/or position or at least recover a portion of
its original shape and/or position (e.g.,  28 WO
2008/048938 PCT/US2007/081423  column 104 can be
elastically deformable). Columns of carbon nanotubes
like columns 104  (which as stated can be vertically
aligned carbon nanotube columns) can be tuned to have
one  or more particular spring properties. A column
can be tuned by applying a tuning force of a
particular level to the column, and the tuning force
can impart one or more spring properties 5 that have a
value or values that correspond to the level of the
tuning force. Typically,  thereafter, the column will
substantially maintain the tuned properties in
response to application  of forces to the column that
are less than the tuning force. If a force that is
greater than the  original tuning force is applied to
the column, the greater force can retune the column,
changing  the spring properties to correspond to the
greater force. 10 Figure 24 illustrates an exemplary
process 2400 for tuning one or more columns of  carbon
nanotubes according to some embodiments of the
invention. For ease of discussion and  purposes of
illustration, the process 2400 of Figure 24 is
illustrated and discussed below as  tuning a spring
constant (also known as k-value or stiffness) of
columns 104. As is known, the  spring constant of a
spring structure can be the level of a force divided
by the distance the force 15 displaces the spring
(within the elastic range of the spring). That is, k =
F/d, where "k" is the  spring constant, "F" is a force
applied to the spring, and "d" is the distance the
force F displaces  the spring. The process 2400 is
not, however, limited to tuning the spring constant of
columns  104, nor is the process 2400 limited to
tuning spring properties of columns 104. Rather,
process  2400 can be used to tune other spring
properties of columns 104 or other types of carbon  20
nanotube structures. At 2402, data relating several
levels of tuning forces to values or ranges of values
for  one or more spring properties can be obtained.
For example, such data can be obtained
experimentally. A column (e.g., column 104) of a
particular type (e.g., made using a particular  growth
recipe, having a particular size and shape, etc.) can
be used to experimentally obtain 25 data relating
particular tuning force levels to particular values or
ranges of values for one or  



more spring properties of that column type. For
example, a first tuning force can be applied to  an
experimental column (not shown), which can be like
column 104, in a direction that is  generally parallel
with a length of the column 104. After the first
tuning force is applied to the  experimental column,
tests can be performed on the experimental column to
determine values 30 of one or more spring properties.
For example, tests can be performed on the
experimental  column to measure its spring constant
and the elastic range in which the spring constant is
valid.  The level of the first tuning force can then
be noted and associated with the measured spring
constant and elastic range. Then, a second tuning
force that is greater than the first tuning force  can
be applied to the experimental column, and the
resulting spring constant and elastic range of  29 WO
2008/048938 PCT/US2007/081423  the column can again be
measured. The level of the second tuning force can
then be noted and  associated with the measured spring
constant and elastic range. This process of applying
an  increasingly larger tuning force to the column and
noting the resulting spring constant and  elastic
range of the column can be repeated until resulting
spring constants and elastic ranges  5 have been noted
for several tuning forces. Table 1 illustrates
experimental spring constant and elastic range data
for a column 104  made using the exemplary recipe
described in paragraph [0051 ] above. For example, a
column  104 can be selected as an "experimental"
column to which successive tuning forces will be
applied to determine the resulting spring constant and
elastic range each tuning force imparts to 10 the
column 104. This selected column 104 can be termed
"experimental" because this particular  column 104
will be used to obtain the foregoing data rather than
as a final working column 104  that will be integrated
into a product (e.g., like contactor 2606, which will
be discussed with  respect to Figure 26 or probe card
assembly 3400, which will be discussed with respect to
Figure 34). After applying an initial tuning force of
0.6 grams to a free end (e.g., an end of the 15 column
that is configured to move or displace in response to
an applied force) of the column  104 selected to be an
experimental column, the experimental column 104 was
found to have a  spring constant of approximately 0.17
grams/micron within an elastic range of 0-5 microns of
displacement of the free end. Similarly, after
applying another tuning force of 0.7 grams to the
free end of the experimental column 104, the
experimental column 104 was found to have a 20 spring
constant of approximately 0.12 grams/micron within an
elastic range of 0-10 microns of  displacement of the
free end. This process was then repeated with tuning
forces of 0.8 grams,  0.9 grams, 1.0 grams, and 1.1
grams of force and the resulting spring contact and
elastic range  



data in Table 1 below was obtained. 30 WO 2008/048938
PCT/US2007/081423  Table 1 Tuning Force Spring
Constant Elastic Range 0.6 grams 0.17 grams/micron 0-5
microns  displacement  0.7 grams 0.12 grams/micron
0-10 microns displacement  0.8 grams 0.10 grams/micron
0-15 microns  displacement 0.9 grams 0.09 grams/micron
0-20 microns  displacement  1.0 grams 0.08
grams/micron 0-25 microns displacement  1.1 grams 0.07
grams/micron 0-30 microns  displacement The data in
Table 1 is exemplary only and provided solely for
purpose of discussion and  illustration. Such data can
vary for different types of columns. For example, the
data can vary  based on the recipe used to make the
columns the size of the columns, the shape of the
columns,  etc. 5 Referring again to Figure 24, once
data relating levels of tuning force to values of
particular spring properties is obtained at 2402,
working columns of the same general type as  the
experimental column can be tuned to have particular
values of the spring properties. These  columns can be
termed "working" because these columns will be used in
products (e.g., like  contactor 2606, which will be
discussed with respect to Figure 26 or probe card
assembly 3400, 10 which will be discussed with respect
to Figure 34). The working columns of carbon nanotubes
should be generally similar to and of the same general
type as the experimental column used at  2402. For
example, the working columns can be made using the
same or a similar recipe,  generally the same or
similar size, and/or generally the same or similar
shape as the  experimental column used to obtain the
data at 2402. 15 Depending on the particular use or
uses to which the working columns are to be put, a
particular value or range of values of spring constant
can be selected at 2404. Then, at 2406,  



the experimental data obtained at 2402 can be
consulted to determine a tuning force level that is
most closely associated with the values or ranges of
values of spring constant selected at 2404.  At 2408,
the tuning force selected at 2406 can be applied to
the working columns, which can  31 WO 2008/048938
PCT/US2007/081423  impart to the working columns a
spring constant that is approximately equal to the
desired value  of spring constant selected at 2404.
Figure 25 illustrates a non-limiting example of 2404,
2406, and 2408 in process 2400 of  Figure 24 in which
a column 104 on substrate 102 (see Figure 1) can be
tuned using the data in  5 Table 1 above. Figure 25
also illustrates exemplary behavior of the column 104
after the  column 104 is tuned. Column 104 in Figure
25 can be any of the columns discussed herein and
identified as  an example of column 104, or any other
column mentioned herein, such as columns 504, 704,
1404, 1604, 1804, 1904, 2204, 2304, and/or 2304'.
Substrate 102 (and/or respective substrates 10 for
columns 504, 704, 1404, 1604, 1804, 1904, 2204, and/or
2304) can be a sacrificial substrate,  an intermediate
substrate, or a product substrate and can be the
growth substrate on which  column 104 was grown or can
be a substrate to which column 104 was transferred
from a  growth substrate. Substrate 102 can thus be
any of the substrates identified herein as an  example
of substrate 102. Moreover, if substrate 102 is wiring
substrate 1502 or wiring 15 substrate 1702, the tuning
process illustrated in Figure 25 can be performed on
column 104  before or after any anchoring structure
1606 and/or 1806 is formed around column 104 and
before or after any treatment of column 104
illustrated in Figures 19B-22. Figure 25 includes
partial views of substrate 102 showing one column 104.
As can be seen in Figure 1, however, a  plurality
(from two to hundreds, thousands, or hundreds of
thousands or more) of columns 104 20 can be on
substrate 102, and each column can be tuned
(simultaneously, sequentially, or in  groups).
Numerals 2500, 2520, and 2540 in Figure 25 illustrate
column 104 in various states  during a tuning process
in which a tuning force FT is applied (e.g., in a
direction that is  generally parallel to a length of
the column) to a free end 2506 (which can be a
non-limiting 25 example of a contact end) of column
104, and numerals 2560 and 2580 in Figure 25
illustrate  tuned column 104 responding to a working
force Fw applied to the free end 2506 generally in a
direction that is parallel to a length of the column
104. Free end 2506 can be an end of column  104 that
can move in response to an applied force, and free end
can thus be end 104 or 106  



depending on the specific configuration of column 104
and can correspond to a contact end 30 (e.g., like
contact end 1904). Numeral 2500 illustrates column 104
in an initial state 2500  before a force has been
applied to free end 2506. In initial state 2500,
however, column 104  may have already undergone any
one or more of the treatment processes illustrated,
discussed,  or mentioned herein including without
limitation the treatment processes illustrated in
Figures  19B-22B. Alternatively, in initial state
2500, column 104 may have undergone none of the  32 WO
2008/048938 PCT/US2007/081423  treatment processes
illustrated, discussed, or mentioned herein including
without limitation the  treatment processes
illustrated in Figures 19B-22B. Referring to process
2400 of Figure 24, at 2404, a desired spring constant
can be  selected for column 104. The desired spring
constant can be selected based on the end or  5
product uses of the columns. For example, it may be
determined that, given the particular end or product
use of the columns 104, a spring constant of 0.10
grams/micron is desired. At 2406  in process 2400 of
Figure 24, a tuning force FT that will impart to
column 104 a spring constant  that is or is
approximately 0.10 grams/micron can be determined. In
this example, this can be  accomplished by consulting
Table 1 above, which shows that applying a tuning
force FT of 10 approximately 0.8 grams to free end
2506 of column 104 can tune column 104 to have a
spring  constant of 0.10 grams/micron within an
elastic range of 0-15 microns of displacement of the
free end 2506. Then at 2408 of process 2400, the
tuning force FT can be applied to free end  2506 of
column 104. Referring to Figure 25, state 2520 shows
column 104 with tuning force FT applied to  15 free
end 2506. As depicted by state 2520 in Figure 25,
application of the tuning force FT can  compress
column 104 and cause reversibly deformable regions
2522 to form along a length of  column 104, which can
be generally perpendicular to the length of the column
104. Although  three regions 2522 are shown on a
column 104 in Figure 25, there can be more than three
such  regions 2522 on a column 104 or less than three
regions 2522 on a column 104. In some 20 embodiments,
there can be one reversibly deformable region 2522 on
a column 104. Buckles or  buckling regions in column
104 can be non-limiting examples of reversibly
deformable regions  2522. As shown, the tuning force
FT can be applied to free end 2506 in a direction that
is  generally parallel to a length of column 104,
which in some embodiments can be generally
perpendicular to a surface of substrate 102 to which
column 104 is attached. In response, 25 column 104 can
compress in a direction that is generally parallel to
the direction of the tuning  



force FT, which can be generally parallel to the
length L of the column 104 and generally
perpendicular to the surface of substrate 102 to which
column 104 is attached. As can be seen  in Figure 25,
the reversibly deformable regions 2522 can be
generally perpendicular to the  length L of column
104. Typically, the greater the tuning force FT the
greater the number of 30 reversibly deformable regions
2522 that form. Each reversibly deformable region 2522
can  have spring properties and can function as an
individual spring. A plurality of such reversibly
deformable regions 2522 along the length of column 104
can function like a plurality of springs  in series,
and the spring properties of the column 104 can
comprise a series sum of the spring  properties of the
deformable regions 2522. For example, a spring
constant of column 104 can  33 WO 2008/048938
PCT/US2007/081423  comprise a series sum of the spring
constants of each of the deformable regions 2522. (As
is  known, a series sum of spring constants (or other
spring properties) for "n" springs in series can  be
obtained in accordance with following equation: 1/ksum
= (1/ka) + (1/kb) + (1/k,) . . . + (1/k"),  where ksum
is the series sum of the spring constants of a first
spring with a spring constant ka , a 5 second spring
with a spring constant kb , a third spring with a
spring constant k, , and an "nth"  spring with a
spring constant k,,. Thus, for example, the series sum
of five springs in series each  with a spring constant
of one (1) can be as follows: ksum = k/5, where ksum
is the series sum of  the spring constants k of each
of the five springs in series.) Reversibly deformable
regions 2522  along with inherent spring properties of
column 104 can be non-limiting examples of a spring 10
mechanism or mechanisms in the column between free end
2506 and the end (which can be a  non-limiting example
of a base end) of column that is attached to substrate
102. Although  shown grouped together, the reversibly
deformable regions 2522 need not be adjacent to each
other. As mentioned, buckles and/or buckling regions
can be non-limiting examples of  reversibly deformable
regions. 15 As depicted by state 2520 in Figure 25,
the tuning force FT can compress column 104  and
displace free end 2506 an initial compression distance
2526, which can be a difference  between an initial
position 2508 of free end 2506 prior to application of
the tuning force FT and  a position 2524 of free end
2506 upon application of the tuning force FT. State
2540 shows  column 104 after removal of the tuning
force FT. As depicted by state 2540 in Figure 25, free
20 end 2506 can move to a recovery position 2542, due
at least in part to the spring action of  reversibly
deformable regions 2522. The distance 2546 free end
2506 moves to the recovery  position 2542 can
represent the elastic recovery of column 104, and the
distance between  



recovery position 2542 and the initial position 2508
can represent plastic deformation 2544 of  column 104
in response to the tuning force FT. 25 Column 104 is
now tuned to have a particular spring constant. In the
non-limiting  example being discussed, column 104 is
assumed to have the properties illustrated in Table 1
above, and as discussed above, the tuning force FT
applied to the column was 0.8 grams. Per  Table 1
above, column 104 can now have a spring constant of
0.10 grams/micron within an  elastic range of 0-15
microns of displacement. Thereafter, column 104 can
function as a spring 30 with a spring constant of 0.10
grams/micron within an elastic range of 0-15 microns
of  displacement of free end 2506. As long as forces
less than the tuning force FT (e.g., in this  example,
less than 0.8 grams) are applied to free end 2506,
column 104 can maintain a  generally constant spring
constant of 0.10 grams/micron. 34 WO 2008/048938
PCT/US2007/081423  States 2560 and 2580 in Figure 25
illustrate an example in which a working force Fw that
is less than the tuning force FT is applied to free
end 2506. As illustrated by column 104 in  state 2560,
the working force Fw can cause column 104 to compress
generally in a direction  that is parallel to the
length L of the column 104 (e.g., reversibly
deformable regions 2522 5 compress), which can move
free end 2506 from position 2542 to position 2562. As
illustrated  by column 104 in state 2580, upon removal
of working force Fw, free end 2506 of column 104  can
move substantially back to position 2542 and thus
undergo substantial elastic recovery.  Column 104 can
continue to undergo substantial elastic recovery
(e.g., move substantially back  to position 2542) in
response to repeated applications and then removals of
a working force Fw 10 that is less than the tuning
force FT. As mentioned, a force greater than the
tuning force FT  applied to free end 2506 can function
as a new tuning force, which can create an additional
reversibly deformable region or reversibly deformable
regions 2522 along the length of column  104, which
can change the spring constant. For example,
continuing with the non-limiting  example utilizing
Table 1, application of a new tuning force to free end
2506 of 1.0 grams or 15 approximately 1.0 grams can
cause column 104 to have a spring constant of 0.08
grams/micron  or approximately 0.08 grams/micron
within an elastic range of 0-25 microns displacement
or  approximately 0-25 microns displacement.
Thereafter, column 104 can react to application of
working forces that are less than the new tuning force
generally as shown in states 2560 and  2580 in Figure
25. 20 Columns of carbon nanotubes like columns 104,
which as discussed above, can be  



vertically aligned carbon nanotube columns, can be
used in many applications. For example,  columns 104
can be electromechanical spring probes in a test
system for testing devices, such as  electronic
devices. Figure 26 illustrates an exemplary test
system 2600 according to some  embodiments of the
invention in which electromechanical probes 2610
comprise columns of 25 carbon nanotubes like columns
104. As shown, test system 2600 can include a tester
2602  configured to control testing of one or more
electronic devices under test (DUTs) 2614. A DUT  can
thus be an electronic device. A plurality of
communications channels 2604 and a contactor  2606 can
provide a plurality of electrical paths for power and
ground and test, response, and  other signals between
the tester 2602 and DUT 2614. Tester 2602 can test DUT
2614 by 30 generating test signals that are provided
through communications channels 2604 and contactor
2606 to ones of terminals 2616 of DUT 2614. The tester
2602 can then evaluate response  signals generated by
DUT 2614 in response to the test signals. The response
signals can be  sensed at ones of terminals 2616 of
DUT 2614 and provided to the tester 2602 through
contactor 2606 and communications channels 2604. 35 WO
2008/048938 PCT/US2007/081423  Tester 2602 can
comprise electronic control equipment such as one or
more computers or computer systems. Contactor 2606 can
comprise an electrical interface 2608, electrically
conductive spring probes 2610, and electrical
connections 2618 (e.g., electrically conductive
traces and/or vias on or in contactor 2606) through
contactor 2606 between the electrical 5 interface 2608
and the probes 2610. A layout and number of the probes
2610 can correspond  generally to a layout and number
of terminals 2616 of DUT 2614 so that ones of probes
2610  can contact ones of terminals 2616 and thereby
make pressure-based electrical connections with  the
ones of the terminals 2616. DUT 2614 can be disposed
on a moveable chuck 2612, which  can move DUT 2614 to
align ones of terminals 2616 with ones of probes 2610
and then move 10 DUT 2614 such that the aligned
terminals 2616 and probes 2610 are brought into
contact with  enough force to establish electrical
connections between the aligned probes 2610 and
terminals  2616. Alternatively or in addition,
contactor 2606 can be moved. Electrical interface
2608- which can comprise an electrical interface to
channels 2604-can be connected to  communications
channels 2604, which can comprise electrical paths to
and from tester 2602. 15 While electrical interface
2608 is connected to communications channels 2604 and
probes 2610  are in contact with terminals 2616, the
communications channels, contactor 2606 (including
electrical interface 2608 and probes 2610) can provide
a plurality of electrical paths between the  



tester 2602 and terminals 2616 of DUT 2614.
Additionally, one or more intermediary  substrates
(not shown) can be disposed between probes 2610 and
contactor 2606. 20 DUT 2614 can be one or more dies of
an unsingulated semiconductor wafer, one or  more
semiconductor dies singulated from a wafer (packaged
or unpackaged), one or more dies  of an array of
singulated semiconductor dies disposed in a carrier or
other holding device, one  or more multi-die
electronics modules, one or more printed circuit
boards, and any other type of  electronic device or
devices. DUT 2614 in Figure 26 can thus be one or more
of any of the 25 foregoing devices or similar devices.
As is known, a semiconductor die can comprise a
semiconductor material into which an electric circuit
is integrated, and terminals 2616 can be  bond pads
that provide electrical connections to and from the
electric circuit. As mentioned, probes 2610 can
comprise columns of carbon nanotubes, which can be
vertically aligned nanotube columns. For example,
probes 2610 can comprise columns 104,  30 which can be
columns 104 made using any process described herein
(e.g., columns 504, 704, 1404, 1604, 1804, 2204, 2304,
and 2304') and can also include columns 104 after any
one or  more of the treatments described herein (e.g.,
as shown in any of Figures 19A-22B). Moreover,
columns 104 that compose probes 2610 can be anchored
to contactor 2606 and/or electrically  36 WO
2008/048938 PCT/US2007/081423  connected to a terminal
or other electrical element of contactor 2606 in any
manner described  herein including any one or more of
the examples shown in Figures 11A, 11B, and 15A-18B.
Figure 27 illustrates an exemplary process 2700 of
making contactor 2606 with probes  2610 comprising
columns of carbon nanotubes according to some
embodiments of the  5 invention, and Figures 28-34
illustrate an exemplary implementation of process 2700
in which an exemplary contactor 2606 in the form of a
probe card assembly 3400 with probes that  comprise
columns 104 can be made. Nevertheless, process 2700 is
not limited to making a  contactor 2606 in the form of
a probe card assembly 3400 or a contactor 2606 with
probes 2610  that comprise columns 104. For example,
process 2700 can be used to make a contactor 2606  10
with probes 2610 comprising other types of columns of
carbon nanotubes. As shown in Figure 27, columns of
carbon nanotubes can be obtained at 2702.  Obtaining
columns at 2702 can comprise obtaining previously
grown columns, or obtaining the  columns at 2702 can
comprise growing the columns. Figure 28 illustrates a
non-limiting  example of 2702 of Figure 27. As shown
in Figure 28, obtaining columns 2702 can comprise 15
obtaining columns 104 on substrate 102, which can be
the growth substrate on which columns  



104 were grown or can be an intermediate substrate to
which columns 104 were transferred and  on which
columns 104 are transported or shipped. Referring
again to Figure 27, the columns obtained at 2702 can
be transferred to a  wiring substrate at 2704 (which
can be a non-limiting example of arranging the columns
on a  20 first wiring substrate). The transferring at
2704 can be accomplished using any of the transfer
processes described herein including the transfer
processes illustrated in Figures 2-5B and  Figures 6
and 7. Figures 29 and 30 illustrate a non-limiting
example in which columns 104 are  transferred from
substrate 102 to a wiring substrate 2902, which can
comprise electrically  conductive terminals 2904 on
one surface, electrically conductive terminals 2906 on
an opposite 25 surface, and electrical paths 2908
(e.g., traces and/or vias) on and/or through wiring
substrate  2902. (Electrical paths 2908 can be
non-limiting examples of electrical connections.) As
shown in Figure 29, adhesive 804 can be deposited on
terminals 2904, and ends 106 of columns  104 can be
brought into contact with the adhesive 804 generally
as shown, for example, in  Figure 10. As discussed
above, adhesive 804 can be a curable, electrically
conductive adhesive. 30 After ends 106 of columns 104
are brought into contact with adhesive 804, adhesive
804 can be  cured. For example, adhesive 804 can be
cured by heating the adhesive 804, by allowing the
adhesive 804 to be exposed to ambient air for a
particular period of time, or any other suitable
manner. As shown in Figure 30, substrate 102 can be
peeled away from columns 104, which  37 WO 2008/048938
PCT/US2007/081423  can be accomplished generally in
the same manner as discussed above with respect to
Figure 9.  The peeling away of substrate 102 shown in
Figure 30 can occur after adhesive 804 is cured. As
discussed above with respect to Figures 19A and 19B,
adhesive 804 can wick into  columns 104. Thus,
transferring columns 104 from substrate 102 to wiring
substrate 2902 at  5 2704 in Figure 27 can result not
only in columns 104 being attached at ends 106 to
terminals 2904 of wiring substrate 2902 but can also
result in each column 104 comprising adhesive 804
wicked into the column 104. As discussed above with
respect to Figures 19A and 19B,  adhesive 804 can wick
only a short distance into column 104 along the length
of column 104,  adhesive 804 can wick into column 104
along all or substantially all of the length of column
10 104, or adhesive can wick a distance into column
104 that is between the foregoing extremes.  In Figure
30, adhesive 804 is shown wicked only a short distance
into columns 104 generally as  shown in Figure 19B.
Rather than adhere columns 104 to terminals 2904 as
shown in Figure 29, pits (e.g., like  



pits 1705 in Figures 17A and 17B) can be formed or
provided in wiring substrate 2902, and  15 columns 104
can be adhered to wiring substrate 2902 in the pits
(not shown). For example, adhesive 804 can be
deposited in the pits (not shown), and ends 106 of
columns 104 can be  inserted into the pits (not
shown). The adhesive 804 can then be cured and
substrate 102 can be  peeled away from columns 104 as
discussed above. As an exemplary alternative to the
example shown in Figures 29-31, 2704 of Figure 27  20
can alternatively can accomplished by transferring
columns 104 to wiring substrate 2902 using  any of the
examples discussed above respect to Figures 11A and
11B. For example, wiring  substrate 2902 in Figures
28-34 can thus effectively be replaced with wiring
substrate 1102 of  Figures 11A and 11B. As exemplary
alternative, 2702 and 2704 of Figure 27 can be
replaced by actions in  25 which columns 104 are grown
on wiring substrate 2902. For example, columns 104 can
be  grown on wiring substrate 2902 in the same or
similar way as columns 1604 are grown on  wiring
substrate 1502 in Figures 15A-16B, or columns 104 can
be grown on wiring substrate  2902 in the same or
similar way as columns 1804 are grown on wiring
substrate 1702 in Figures  17A-18B. For example,
wiring substrate 2902 in Figures 28-34 can thus
effectively be 30 replaced with wiring substrate 1502
of Figures 15A-16B or wiring substrate 1702 of Figures
17A-18B. As still another exemplary alternative to
2702 and 2704 in Figure 27, columns 104  can be
obtained at 2702 attached to wiring substrate 2902,
for example, as shown in Figure 31.  In this case,
2704 of Figure 27 need not be performed. 38 WO
2008/048938 PCT/US2007/081423  Returning to a
discussion of process 2700 of Figure 27, at 2706,
columns 104 can be treated to enhance one or more
properties of columns 104. For example, as illustrated
in Figure  20, contact ends 1904 can be treated-e.g.,
etched such as by reactive ion etching or sputter
etching-to create structures 1912 protruding from
contact ends 1904. As another example, 5 electrically
conductive material can be deposited on (e.g., on the
outside of) and/or embedded  within columns 104 as
generally shown in and discussed above with respect to
Figure 21. As  discussed above, the foregoing can
enhance the electrical conductivity of columns 104.
Optionally, columns 104 can be grown with or made to
have a hollow portion like the hollow  portion 2208 of
column 2204 shown in Figures 22A and 22B, and the
hollow portion can be 10 filled with an electrically
conductive material (e.g., like material 2210 in
Figures 22A and 22B),  which can alternatively or in
addition enhance the electrical conductivity of
columns 104. 



Figure 31 illustrate a non-limiting example in which
conductive material is embedded  on or within columns
104 (e.g., on and/or around individual carbon
nanotubes and/or between  individual carbon nanotubes
that compose a columns 104) using atomic layer
deposition or 15 chemical vapor deposition or a
similar technique as generally discussed above with
respect to  Figure 21. The presence of conductive
material on or embedded within columns 104 (e.g., on
and/or around individual carbon nanotubes and/or
between individual carbon nanotubes that  compose a
column 104) is indicated by the dark shading of
columns 104 in Figure 31. This can  make columns 104
generally like column 104 shown in Figure 21. Although
not shown, contact 20 ends 1904 of columns 104 in
Figure 31 can have protruding structures like
structures 1912  shown in Figure 20. Referring again
to process 2700 of Figure 27, actions can be taken at
2708 to anchor the  columns to the wiring substrate,
and/or actions can be taken to electrically connect
columns to  the terminals of the wiring substrate at
2708. A non-limiting example is shown in Figure 32, 25
which shows anchoring structures 3202 provided or
formed on wiring substrate 2902 and  around columns
104. For example, anchoring structures 3202 can be
like, and can be made  like, anchoring structures 1606
in Figures 16A and 16B. Anchoring structures 3202 can
be  electrically conductive and can thus electrically
connect, or enhance an electrical connection  between,
columns 104 and terminals 2904 on wiring substrate
2902. Alternatively, anchoring 30 structures 3202 can
be like anchoring structures 1806 show in Figures 18A
and 18B, which as  shown in Figure 18A and 18B, can
connect to electrically conductive traces (e.g., like
traces  1807 in Figures 18A and 18B) on wiring
substrate 2902. For example, if, as discussed above,
columns 104 are disposed in pits (e.g., like pits 1705
in Figures 17A and 17B) that are spaced  away from
terminals 2904 (e.g., like pits 1705 are spaced away
from terminals 1704 in Figures  39 WO 2008/048938
PCT/US2007/081423  17A and 17B), such traces can
electrically connect anchoring structures 3202-and
thus  columns 104-to terminals 2904 on wiring
substrate 2902. Referring again to process 2700 of
Figure 27, one or more spring properties of the
columns can be tuned at 2710. For example, one or more
spring properties of columns 104 can  5 be tuned in
accordance with the tuning techniques illustrated in
and discussed above with respect to Figures 24 and 25.
For example, once data relating various tuning force
levels to  particular spring properties are obtained
at 2402 in Figure 24 for columns like columns 104, a
tuning force that will impart one or more desired
spring properties to columns 104 can be  



determined at 2406 as generally discussed above with
respect to Figure 24, and the selected 10 tuning force
can be applied (e.g., as in 2408 of Figure 24) to
contact ends 1904 of columns 104  to impart to the
columns 104 the desired spring properties. For
example, as discussed above  with respect to Figures
24 and 25, columns 104 can be tuned to have a
particular spring constant  value (or a spring
constant value that is within a desired range of
spring constant values) by  applying a particular
tuning force to the contact ends 1904 of the columns
104. 15 The tuning force can be applied to each column
104 individually. Alternatively, as  shown in Figure
33-which illustrates a non-limiting example according
to some  embodiments-a generally planar surface 3304
of a plate 3302 can be pressed against contact  ends
1904 of columns 104 with the selected tuning force FT,
which can apply the tuning force  FT simultaneously to
contact ends 1904 of a plurality (including all or
less than all) of columns 20 104. In addition to
tuning spring properties of columns 104, use of the
plate 3302 shown in  Figure 33 can also planarize the
contact ends 1904 of columns 104. For example, after
application of tuning force FT to plate 3302, contact
ends 1904 of columns 104 can be located  generally in
a plane in space that corresponds to a plane of
surface 2608. Referring again to process 2700 of
Figure 27, the wiring substrate can be combined at  25
2712 with one or more components to form contactor
2606. Figure 34 shows a non-limiting  example in which
wiring substrate 2902 is combined with an interface
substrate 3402 and  electrical interconnectors 3406 to
form a probe card assembly 3400, which can be a non-
limiting example of the contactor 2606 of the test
system 2600 in Figure 26. As shown in  Figure 34,
interface substrate 3402 can comprise a board or other
substrate structure with 30 electrical interface 2608
to communications channels 2604 (see Figure 26), and
interface  substrate 3402 can comprise wiring 3412
(e.g., electrically conductive traces and/or vias on
or  in the interface substrate 3402) through interface
substrate 3402 to electrical interconnectors  3406.
Interface substrate 3402 can be, for example, a
printed circuit board or other type of  wiring board.
40 WO 2008/048938 PCT/US2007/081423  Electrical
interconnectors 3406 can be any electrical connectors
that can electrically connect ones of wiring 3412 and
terminals 2906 of wiring substrate 2902. In some
embodiments, electrical interconnectors 3406 can be
flexible or compliant. Non-limiting  examples of
electrical connectors 3406 include electrical wires,
electrically conductive springs, 5 and solder. Other
non-limiting examples of interconnectors 3406 include
electrically  



conductive posts, balls, pogo-pins, and bump
structures. An interposer (e.g., like interposer 4300
shown in Figures 43A and 43B) is yet another
non-limiting example of electrical interconnectors
3406. An interposer can, in some  embodiments,
comprise a wiring substrate (e.g., 4302 of Figures 43A
and 43B) that can be 10 disposed between interface
substrate 3402 and wiring substrate 2902. A first set
of electrically  conductive spring contacts (e.g.,
like 104 extending from one side of 4302 in Figures
43A and  43B) can extend from the interposer wiring
substrate (not shown) to wiring 3412, and a second
set of electrically conductive spring contacts (e.g.,
like 104 extending from the other side of  4302 in
Figures 43A and 43B) can extend from the interposer
wiring substrate to terminals 2906 15 on wiring
substrate 2902. The first set of electrically
conductive spring contacts can be  electrically
connected (e.g., by 4308 in Figure 43B) through the
interposer wiring substrate to  the second set of
electrically conductive spring contacts. Wiring
substrate 2902-which together with terminals 2906 and
probes 2610  comprising columns 104 can compose a
probe head 3410-can be attached to the interface  20
substrate 3402 by brackets 3408. Alternatively, wiring
substrate 2902 can be attached to interface substrate
3402 by other means including without limitation
screws, bolts, clamps,  and/or other types of
fasteners. In some embodiments, wiring substrate 2902
can be attached to  another component of probe card
assembly 3400 (e.g., a stiffener plate (not shown) or
an  attachment structure by which probe card assembly
3400 is attached to or mounted in or on a 25 test
housing (not shown)). In some embodiments, probe card
assembly 3400 can comprise a  plurality of probe heads
like probe head 3410, and the position or orientation
of one or more of  the probe heads (e.g., like probe
head 3410) can be independently adjustable. If
electrical  interconnectors 3406 are flexible,
electrical interconnectors 3406 can maintain
electrical  connections between wiring 3412 and
terminals 2906 even as a position or orientation of
probe 30 head 3410 (or multiple probe heads 3410 if
probe card assembly 3400 has multiple probe heads
3410) is adjusted or changed with respect to interface
substrate 3402. As mentioned, probe card assembly 3400
can be an example of contactor 2606 and can  thus be
used as contactor 2606 in test system 2600. Probes
2610 of probe card assembly 3400  can make pressure
based electrical connections with terminals 216 of DUT
2614 as, for  41 WO 2008/048938 PCT/US2007/081423
example, chuck 2612 moves ones of terminals 2616 into
contact with ones of probes 2610 (e.g.,  columns 104
in Figure 34). 



Probe card assembly 3400 in Figure 34 is exemplary
only, and many variations are  possible. For example,
as mentioned above, wiring substrate 1102 in Figures
11A and 11B can  5 be substituted for wiring substrate
2902 in Figure 34. As also mentioned above, columns
104 can be grown on wiring substrate 2902 rather than
being transferred from substrate 102 to  wiring
substrate 2902. Thus, for example, 2702 and 2704 in
process 2700 of Figure 27 can be  replaced with
actions of growing columns 104 on terminals 2906 of
wiring substrate 2902. For  example, the process
illustrated in Figures 15A-16B can be used to grow
columns 104. Thus, in 10 some embodiments, wiring
substrate 2902 in probe card assembly 3400 of Figure
34 can be  replaced with wiring substrate 1502 with
columns 1604 (in place of columns 104 in Figure 34)
as shown in Figures 16A and 16B. As another example,
the process illustrated in Figures 17A- 18B can be
used to grow columns 104. Thus, in some embodiments,
wiring substrate 2902 in  probe card assembly 3400 of
Figure 34 can be replaced with wiring substrate 1702
with  15 columns 1804 (in place of columns 104 in
Figure 34) as shown in Figures 18A and 18B. Process
2700 of Figure 27 is exemplary only and many
variations are possible. For  example, in addition to
exemplary variations already mentioned, the order of
2702, 2704, 2708,  2710, and/or 2712 can be changed in
some embodiments. For example, 2710 can be performed
before 2704, 2706, and/or 2708. As another example,
2708 can be performed before 2706. As  20 yet another
example, 2712 can be performed before 2706, 2708,
and/or 2710. The probe card assembly 3400 shown in
Figure 34 is but one example of a contactor  2606 (see
Figure 26). Contactor 2606 can take other forms. For
example, contactor 2606 can  comprise a flexible
membrane contactor. As yet another example, contactor
2606 can consist  essentially of wiring substrate
2902. For example, after columns 104 are tuned and/or
25 planarized as shown in Figure 33, wiring substrate
2902 can be contactor 2606. For example,  terminals
2906 can be electrical interface 2608 in Figure 26,
and columns 104 can be probes  2610. Many other
variations are possible. Regardless of the form or
embodiment of contactor 2606, there are several
possible  advantages of columns 104 of vertically
aligned carbon nanotubes as probes 2610 over  30
conventional probes. Figure 35, which shows a
perspective view of wiring substrate 2606 with columns
104 as probes and a partial perspective view of DUT
2514 with terminals 2516 (which  can be, for example,
bond pads), illustrates examples of such advantages.
For example, as  shown, contact ends 1904 (which as
mentioned above can correspond to end 106 or end 108
of  columns 104) of columns 104 (which compose probes
2610) can be disposed in a pattern that  42 



WO 2008/048938 PCT/US2007/081423  corresponds to a
pattern of ones of terminals 2516 on DUT 2514. A pitch
3512 and/or 3514 of  terminals 2516 can be defined as
a distance (corresponding to 3512 and/or 3514) between
centers of adjacent terminals 2516 as shown in Figure
35. A pitch 3502 and/or 3504 of columns  104 can
similarly be defined as a distance (corresponding to
3502 and/or 3504) between centers 5 of contact ends
1904 of adjacent columns 104 as also shown in Figure
35. A pitch 3502 of  columns 104 can be approximately
equal (e.g., within an acceptable tolerance or margin
of  error) to a pitch 2512 of terminals 2516. In some
embodiments, each column 104 can move (e.g., compress,
buckle, deform, etc.)  substantially only generally
along a vertical axis 3420 that is oriented along a
length of the  10 column 104 in response to contact
with a terminal 2516, which can product a force on
contact ends 1904 that can be generally parallel with
vertical axis 3420 (which can be generally parallel
with the lengths of columns 104). In some embodiments,
vertical axis 3420 can also be  generally
perpendicular to the surface of wiring substrate 2902
from which columns 104 extend,  which can also be
generally perpendicular to the surface of DUT 2514 on
which terminals 2516 15 are disposed. Vertical axis
3420 can also be generally parallel to a direction of
a force against  contact end 1904 of a probe 2610
arising from contact between the probe 2610 and a
terminal  2516. Because movement of contact ends 1904
is substantially only along vertical axis 3420, a
pitch 3502 and/or 2504 of columns 104 can be
significantly smaller (or tighter) than probes (not
shown) whose movement in response to contact with
terminals (e.g., like terminals 2516) of a 20 DUT
(e.g., like DUT 2514) includes a substantial component
that is not along vertical axis  3420. This is because
any component of the movement of adjacent probes that
is perpendicular  to vertical axis 3420 can cause
contact portions of the adjacent probes to move toward
each  other. A minimum pitch for such probes typically
must be greater than the amount of  movement of the
contact portions of adjacent probes towards each
other; otherwise, contact 25 portions of adjacent
probes could contact each other. In some embodiments,
a pitch 3502  and/or 3504 at least as small (or tight)
as twenty microns can be achieved for columns 104
shown in Figure 35, which means that columns 104 shown
in Figure 35 can contact a DUT  2514 with terminals
2516 with a pitch 3512 and/or 3514 as small (or tight)
as twenty microns.  In some embodiments, a pitch 3502
and/or 3504 of less than twenty microns can be
achieved  30 for columns 104 shown in Figure 35. As
will be discussed in more detail below with respect to
Figure 44, columns 104 can be  attached to terminals
2516 of DUT 2514 rather than to contactor 2606. In
such a case, probes  



2610 on contactor 2606 (or probe card assembly 3400)
can be replaced with flat terminals  configured to
contact columns 104 extending from terminals 2516.
Otherwise, test system 2600  43 WO 2008/048938
PCT/US2007/081423  of Figure 26 and test process 3600
of Figure 36 (to be described below) can be and can
operate  generally the same as shown and described.
Figure 36 illustrates an exemplary process 3600 for
testing DUTs (e.g., like DUT 2614)  in a test system
like test system 2600 of Figure 26. As shown in Figure
36, one or more DUTs  5 can be placed on a stage at
3602. For example, one or more DUTs 2614 can be placed
on stage 2612 of test system 2600 of Figure 26.
Referring again to process 3600 of Figure 36, ones of
probes 2610 (which as discussed above can comprise
columns 104 as shown in Figures 34 and  35) and ones
of terminals 2516 of DUT 2614 can be brought into
contact at 3604. For example,  stage 3602 can be moved
to align ones of terminals 2516 with ones of probes
2610, and stage 10 can then be moved to bring the
aligned ones of terminals 2516 and probes 2610 into
contact  with each other. Alternatively or in
addition, contactor 2606 can be moved. The foregoing
contact between the ones of probes 2610 and terminals
2516 can establish temporary, pressured  based
electrical connections between the ones of probes 2610
and terminals 2516. This contact  between the ones of
the probes 2610 and the ones of the terminals 2516 can
generate a force on 15 probes 2610 (and thus columns
104) at contact end 1904 that is generally parallel
with a length  of columns 104, which can cause the
columns 104 to deform elastically and in a direction
that is  generally parallel to the length of the
column and the direction of the force. Referring again
to Figure 36, DUT 2514 can be tested at 3606. For
example, tester 2602  in Figure 26 can send power and
ground and test signals to circuitry integrated into
DUT 2514  20 through communications channels 2604 and
contactor 2606 to ones of the DUT terminals 2616 that
probes 2610 are in contact with, and tester 2602 can
sense response signals generated by  DUT 2514 (e.g.,
by the circuitry integrated into DUT 2514) in response
to the test signals by  sensing the response signals
through ones of probes 2610 that are in contact with
DUT  terminals 2616, contactor 2606, and
communications channels 2604. Tester 2602 can then 25
compare the sensed response signals to expected
response signals. If the sensed response  signals are
the same as expected response signals, the tester 2602
can conclude that DUT 2514  functions correctly and
passes the testing; otherwise, tester 2602 can
conclude that DUT 2514 is  defective. Referring again
to process 3600 of Figure 36, the DUTs 2514 that
passed the testing  at 3606 can be further processed
at 3608. For example, if DUTs 2514 are semiconductor
dies, 



30 the dies can be packaged or otherwise prepared at
3608 for shipping to end users of the dies  at 3610.
The contact between probes 2610 and terminals 2616 at
3604 can result in probe marks  (sometimes referred to
as "scrub marks") on terminals 2616. (Probe marks can
also be referred  to as contact marks.) Because probes
2610 comprise columns 104 of carbon nanotubes, probe
44 WO 2008/048938 PCT/US2007/081423  marks left on DUT
terminals 2516 by probes 2610 (see Figure 26) can be
unique and at least  visibly distinct from scrub marks
made by needle probes, cantilever type probes, or
other types  of probes. For example, Figure 37 shows a
partial view of a terminal 2516 of DUT 2514 being
brought into contact with a probe 2610 (which is also
shown in partial view) comprising a 5 column 104, and
Figure 38 shows terminal 2516 being moved out of
contact with probe 2610.  As shown in Figure 38, marks
3802 made on a surface 3704 of terminal 2516 by probe
2610  consist essentially of small punctures made in
the surface 3704 by the protruding structures  1912
protruding from the contact end 1904 of probe 2610.
Moreover, the marks 3802 are  located in a limited
area (illustrated in Figure 38 by perimeter 3804) on
the surface 3704 of 10 terminal 2516. The limited area
3804 can correspond to the contact area of contact end
1904 of  probe 2610. (The portion of contact end 1904
that faces terminal 2516 can be referred to as the
face of contact end 1904. Limited area 3804 can
correspond to an area of the face of contact  end
1904.) For example, limited area 3804 can be seventy
(or less) microns by seventy (or  less) microns (which
can correspond to an area of 4900 square microns),
which as stated above, 15 can be, in some embodiments,
the approximate dimensions of the contact area of
contact end  1904. Depending on the size of structures
1912, if present, the size of each puncture mark 3802
can typically be less than 25 square microns on the
surface 3704 of terminal 2516 and typically
penetrates less than 5 microns into terminal 2516 from
the surface 3704. In various  embodiments, each
puncture mark 3802 can typically be less than 20, 15,
or 10 square microns 20 on the surface 3704 of
terminal 2516 and typically penetrates less than 4, 3,
or 2 microns into  terminal 2516 from surface 3704.
Depending on size and number of structures 1912 at the
contact end 904 of each column 104, the total area on
the surface 3704 of a terminal 2516  disturbed by
puncture marks 3802 can be less than 30% of the total
area of the surface 3704 of  the terminal 3516. In
various embodiments, the total area on the surface
3704 of a terminal 25 2516 disturbed by puncture marks
3802 can be less than 25%, 20%, 15%, 10%, or 5% of the
total area of the surface 3704 of the terminal 3516.
Moreover, in some embodiments, the  



percentage of the limited area bounded by perimeter
3804 disturbed (or occupied) by marks  3802 can be
less than or equal to 40%, 30%, 20%, or 15%. In some
embodiments, the  percentage of the limited area
bounded by perimeter 3804 disturbed (or occupied) by
marks  30 3802 can be 40% or more or 15% or less. As
mentioned, the columns 104 that compose probes 2610
need not have been treated  (e.g., as shown in Figure
20) to produce structures 1912. As shown in Figure 39,
indentations  3902 (e.g., spot depressions) made on a
surface 3704 of terminal 2516 by probes 2610
comprising contact ends 1904 that were not treated to
create protruding structures 1912 can  45 WO
2008/048938 PCT/US2007/081423  consist essentially of
indentations 3902 in the surface 3704. A contact end
1904 of a column  104 not treated to produce
structures 1912-and thus lacking pointed or
protruding-like  protruding structures-can be, at
least at a microscopic level, uneven. There can thus
be slight  protruding areas at the contact end 1904
comprising, for example, a cluster of ends of carbon 5
nanotubes that protrude slightly from other ends of
carbon nanotubes that form the contact end  1904. The
foregoing can cause indentations 3902 in surface 3704
of terminal 2516.  Indentations 3902 can be located in
a limited area (illustrated in Figure 39 by the area
bounded  by perimeter 3904) on the surface 3704 of
terminal 2516. The limited area 3904 can correspond
to the contact area (e.g., the contact face) of
contact end 1904 of probe 2610. (The portion of 10
contact end 1904 that faces terminal 2516 can be
referred to as the face of contact end 1904.  Limited
area 3904 can correspond to an area of the face of
contact end 1904.) For example,  limited area 3904 can
be seventy (or less) microns by seventy (or less)
microns (which can  correspond to an area of 4900
square microns), which as stated above, can be, in
some  embodiments, the approximate dimensions of the
contact area of contact end 1904. The size of 15 each
indentation 3902 can typically be less than about 5
microns across the indentation 3902 on  the surface
3704 of terminal 2516, and indentations 3902 typically
penetrate less than 5 microns  into terminal 2516 from
the surface 3704. In various embodiments, each
indentation 3902 can  typically be less than 4, 3, or
2 microns across the indentation and can typically
penetrate less  than 4, 3, or 2 microns into terminal
2516 from surface 3704. In some embodiments, the total
20 area on the surface 3704 of a terminal 2516
disturbed (or occupied) by indentations 3902 can be
less than 30% of the total area of the surface 3704 of
the terminal 3516. In various  embodiments, the total
area on the surface 3704 of a terminal 2516 disturbed
by indentations  3902 can be less than 25%, 20%, 15%,
10%, or 5% of the total area of the surface 3704 of
the  



terminal 3516. Moreover, in some embodiments, the
percentage of the limited area bounded by 25 perimeter
3904 disturbed (or occupied) by indentations 3902 can
be less than or equal to 40%,  30%, 20%, or 15%. In
some embodiments, the percentage of the limited area
bounded by  perimeter 3904 disturbed (or occupied) by
indentations 3902 can be 40% or more or 15% or  less.
As mentioned above, probe 2610 can alternatively
comprise column 2304, which as  30 shown in Figure 23A
can comprise peak structures 2312. For example, peak
structures 2312  can be located at corners of contact
end 2302 of column 2304. Figure 40 illustrates surface
3704 of DUT terminal 2516 after a probe comprising a
column 2304 and terminal 2516 are  brought into
contact (e.g., as at 3604 in Figure 36). As shown in
Figure 40, marks 4002 made  on a surface 3704 of
terminal 2516 by a probe 2610 comprising column 2304
can consist  46 WO 2008/048938 PCT/US2007/081423
essentially of small punctures made by peak structures
2312. As mentioned, peak structures  2312 can be
located at corners of contact end 2302 of column 2304,
and marks 4002 made by  the peak structures 2312 can
be located in corners of an area (illustrated in
Figure 40 by  perimeter 4004). The limited area 4004
can correspond to the contact area of contact end 2302
5 of column 2304. (See Figure 23A.) (The portion of
contact end 1904 that faces terminal 2516  can be
referred to as the face of contact end 1904. Limited
area 4004 can correspond to an area  of the face of
contact end 1904.) For example, limited area 4004 can
be seventy (or less)  microns by seventy (or less)
microns (which can correspond to an area of 4900
square microns),  which as stated above, can be, in
some embodiments, the approximate dimensions of the
contact 10 area of contact end 2304. As mentioned,
column 2304 can have four peak structures 2312 as
shown in Figure 23A, or column 2304 can have more or
fewer than four peak structures 2312.  The surface
3704 of terminal 2516 shown in Figure 40 can therefore
have more or fewer marks  4002. Depending on the size
of peak structures 2312, the size of each puncture
mark 4002 can  typically be less than 20 square
microns on the surface 3704 of terminal 2516 and
typically 15 penetrates less than 5 microns into
terminal 2516 from the surface 3704. In various
embodiments, each puncture mark 4002 can typically be
less than 15 square microns, 10 square  microns, or 5
square microns on the surface 3704 of terminal 2516
and typically penetrates less  than 4, 3, or 2 microns
into terminal 2516 from surface 3704. Depending on
size and number of  peak structures 2312 at the
contact end 2302 of each column 2304, the total area
on the surface 20 3704 of a terminal 2516 disturbed by
puncture marks 4002 can be less than 15% of the total



area of the surface 3704 of the terminal 3516. In
various embodiments, the total area on the  surface
3704 of a terminal 2516 disturbed by puncture marks
4002 can be less than 10%, 5%, or  3% of the total
area of the surface 3704 of the terminal 3516.
Moreover, in some embodiments,  the percentage of the
limited area bounded by perimeter 4004 disturbed (or
occupied) by marks 25 4002 can be less than or equal
to 40%, 30%, 20%, or 15%. In some embodiments, the
percentage of the limited area bounded by perimeter
4004 disturbed (or occupied) by marks  4002 can be 40%
or more or 15% or less. Figure 41A illustrates an
exemplary semiconductor die 2514', which can be a non-
limiting example of DUT 2514. As shown, die 2514' can
have a plurality of terminals 2516',  30 which can be,
for example, bond pads. Figure 41A illustrates
terminals 2516' after terminals 2516' have been
contacted by probes 2610 configured as in Figures 37
and 38 (i.e., probes 2610  comprise columns 104
treated to produce structures 1912 at a contact end
1904 of the columns  104 (see Figure 20)) and tested
as illustrated in process 3600 of Figure 36. As shown
in Figure  41A, probe marks on terminals 2516' of die
2514' can consist essentially of (i.e., be generally
47 WO 2008/048938 PCT/US2007/081423  limited to)
puncture marks 3802 located within a perimeter 3904
that corresponds to a contact  end 1904 of a probe
2610 as shown in Figure 38. As discussed above with
respect to Figure 38,  the puncture marks 3802 can be
made by structures 1912 protruding from the contact
ends 1904  of probes 2610. The puncture marks 3802 on
terminals 2514' can be as described above with  5
respect to Figure 38. Figure 41B illustrates die 2514'
with terminals 2514' after terminals 2514' have been
contacted by probes 2610 configured as discussed above
with respect to Figure 39 (i.e., probes  2610 comprise
columns 104 whose contact ends 1904 were not treated
to produce structures  1912 at a contact end 1904 of
the columns 104 (see Figure 20)) and tested as
illustrated in 10 process 3600 of Figure 36. As shown
in Figure 41B, indentations 3902 on terminals 2516' of
die 2514' can consist essentially of (i.e., be
generally limited to) indentations 3902 located
within a perimeter 3804 that corresponds to a contact
end 1904 of a probe 2610 as shown in  Figure 39. As
discussed above with respect to Figure 39, the
indentations 3902 can be made by  ends of carbon
nanotubes that compose the columns 104 that compose
the probes 2610. The  15 indentations 3902 on
terminals 2514' can be as described above with respect
to Figure 39. Figure 41C illustrates another exemplary
semiconductor die 2514", which can be  another
non-limiting example of DUT 2514. Like die 2514', die
2514" can have a plurality of  



terminals 2516", which can be, for example, bond pads.
In this example, probes 2610 of  contactor 2606 (see
Figures 26 and 35) or probe card assembly 3400 in
Figure 34 can comprise 20 columns 2304 in Figure 23A.
As shown, after die 2514" has been contacted by probes
2610  comprising columns 2304 and tested as
illustrated in process 3600 of Figure 36, probes marks
on terminals 2516" of die 2514" can consist
essentially of (i.e., be generally limited to)
puncture  marks 4002 located within along a perimeter
4004 that corresponds to a contact end 2302 of a
probe 2610 (comprising a column 2304 as shown in
Figure 23A) as shown in Figure 40. 25 The
semiconductor dies 2514' and 2514" in Figures 40A-41C
are exemplary only, and  many variations are possible.
For example, the number and layout of terminals 2516',
2516" on  each die 2514', 2514" are exemplary only.
Die 2516' can have a different number of terminals
2516', which can be laid out in a different pattern
than shown in Figure 40. Likewise, die 2516"  can have
a different number of terminals 2516", which can be
laid out in a different pattern than  30 shown in
Figure 41. Figure 42 illustrates a typical probe mark
4208 made by a typical prior art probe (not  shown)
configured to contact a terminal 4204 of a die 4202
and then wipe across the terminal  4204. As shown,
probe mark 4208 typically consists of a gauge or
trench in the surface 4206 of  the terminals 4204. The
probe mark 4208 typically extends from a heel portion
4210  48 WO 2008/048938 PCT/US2007/081423  corresponds
to initial contact with the prior art probe (not
shown) to a toe portion 4212, which  typically
corresponds to the end of the prior art probe's (not
shown) wiping motion across the  terminal 4204. The
probe mark 4208 is thus created as the prior art probe
(not shown) contacts  the heal portion 4210 and then
wipes across the terminal 4204 to the toe portion
4212. As 5 shown in Figure 42, dimensions of the probe
mark typically are as follows: a width W of the  probe
mark 2408 can correspond generally to a width of the
portion of the prior art probe (not  shown) that
contacts terminal 4204; a length L of the probe mark
2408 can correspond generally  to a length of the
wiping motion of the prior art probe (not shown)
across the terminal 4204; and  a depth D of the probe
mark 2408 from the surface 4206 into terminal 4204 can
correspond 10 generally to an over travel distance,
which can be the distance the prior art probe (not
shown)  and/or terminal 4204 is moved toward the other
after initial contact between the prior art probe
(not shown) and terminals 4204. Some typical examples
of W, D, and L include W of 20  microns, L of 20
microns, and D of 10 microns. In addition, as shown in
Figure 42, a debris pile 4214 typically forms at the
toe portion  



15 4212 of the probe mark 4208. The debris pile 4214
can comprise, among other things, material  of the
terminal 4202 and/or material (e.g., an oxide film) on
the surface 4206 of the terminal  4202 that is dug out
terminal 4202 and/or scrapped off of the surface 4206
of terminal 4202 as  the prior art probe (not shown)
wipes from the heel portion 4210 of the probe mark
4208 to the  toe portion 4212. 20 Although the
invention is not so limited, the exemplary probe marks
consisting  essentially of puncture marks 3802 shown
in Figure 38, indentations 3902 in Figure 39, or
puncture marks 4002 shown in Figure 40 can be more
advantageous than the prior art probe  mark shown in
Figure 42. This is because probe marks on a terminal
(e.g., a bond pad) of a  semiconductor die can cause
several problems. First, probe marks can prevent a
wire from 25 being bonded to a terminal. (The
terminals of a semiconductor device are often
connected to  conductors of a protective package by
wires.) Second, even if a wire is successfully bonded
to a  terminal with a probe mark, the probe mark can
decrease the effective life of the bond between  the
wire and the terminal. Third, a probe mark can weaken
a terminal, causing the terminal to  loosen or even
detach from the semiconductor device. (See U.S. Patent
No. 5,506,499 to Puar 30 ("Puar"), col. 2, lines 21-40
and col. 3, lines 7-25 for a discussion of the
detrimental effects of  probe marks.) The foregoing
problems can be reduced by reducing the size of the
probe marks  and/or by reducing the level of
discontinuity that the probe marks create with the
surface of the  terminal. Thus, for example, because
puncture marks 3802 in surface 3704 of terminal 2516
shown in Figure 38 are much smaller than the prior art
probe mark 4208 shown in Figure 42,  49 WO 2008/048938
PCT/US2007/081423  puncture marks 3802 are less likely
than the prior art probe mark 4208 to cause any of the
problems discussed above with respect to probe marks.
In addition, because discontinuities  created by
puncture marks 3802 on surface 3704 of terminal 2516
shown in Figure 38 are much  less than discontinuities
created by probe mark 4208 and debris pile 4214 on the
surface 4206 5 of terminal 4202 in Figure 42, puncture
marks 3802 are less likely than the prior art probe
mark  4208 and debris pile 4214 to cause any of the
problems discussed above with respect to probe  marks.
The indentations 3902 in Figure 39 and the puncture
marks 4002 shown in Figure 40  likewise are much
smaller and create less discontinuities on surface
3704 of terminal 2516 than  the prior art probe mark
4208 and debris pile 4214 and therefore are less
likely to cause any of  10 the problems discussed
above with respect to probe marks. As should be
apparent, probe mark 4208 is much larger than any one
of the puncture  



marks 3802 in Figure 38, the indentations 3902 in
Figure 39, or any one of the individual  puncture
marks 4002 in Figure 40. Moreover, probe mark 4208 and
debris pile 4214 disturb a  larger percentage of the
surface 4206 of terminal 4204 than puncture marks 3802
in Figure 38 15 disturb of the surface 3704 of
terminal 2516', the indentations 3902 in Figure 39
disturb of the  surface 3704 of terminal 2516', or
puncture marks 4002 in Figure 40 disturb of the
surface 3704  of terminal 2516". A contactor like
contactor 2606 of Figure 26 and a probe card assembly
like probe card  assembly 3400 of Figure 34 are not
the only applications for columns 104 of carbon
nanotubes.  20 Figures 43A and 43B (which show
respectively a perspective view and a cross-sectional
side view) illustrate another exemplary application in
which columns 104 can comprise spring  contact
structures (e.g., interconnect structures) of an
interposer 4300. Interposer 4300 can  comprise a
wiring substrate 4302 (e.g., a printed circuit board,
a ceramic substrate, or other  wiring substrate) to
which columns 104 are attached. As shown, columns 104
(which can be 25 non-limiting examples of first spring
contact structures and second spring contact
structures)  can be attached to opposing sides (which
can be examples of a first surface and a second
surface) of the wiring substrate 4302. For example, as
shown in Figure 43B, some of columns  104 can be
attached to terminals 4306 on one side of wiring
substrate 4302, and others of  columns 104 can be
attached to terminals 4306 on an opposite side of
wiring substrate. Wiring 30 4308 (e.g., traces and/or
vias in or on wiring substrate 4302) can electrically
connect terminals  on the one side of wiring substrate
4302 with terminals 4306 on the opposite side of the
wiring  substrate 4302 and thereby also electrically
connect columns 104 on the one side of wiring
substrate 4302 with columns 104 on the opposite side
of wiring substrate 4302. Wiring 4308  can be
non-limiting examples of electrical connections. 50 WO
2008/048938 PCT/US2007/081423  Columns 104 can be
grown using any technique or process described or
mentioned herein. Moreover, columns 104 can be grown
on a sacrificial substrate (e.g., substrate 202), for
example, as shown in Figures 2-7 and 12-14, and
transferred to wiring substrate 4302 (e.g.,  using any
of the techniques illustrated in 8-11B or 12-14).
Alternatively, columns 104 can be 5 grown on terminals
4306 of wiring substrate 4302 using any applicable
technique or process  described or mentioned herein.
For example, columns 104 can be grown on terminals
4306 in  the same manner as columns 1604 are grown on
terminals 1504 in Figures 15A-16B. As yet  another
alternative, columns 104 can be grown in pits (not
shown) in wiring substrate 4302 in  



the same way that columns 1804 are grown in pits 1705
in Figures 17A-18B. Moreover, 10 columns 104 can be
treated using any one or more of the treatments
illustrated in Figures 19- 22B or otherwise described
or mentioned herein, and columns 104 can be anchored
to terminals  4306 and/or wiring substrate 4302 by
anchoring structures 4304, which can be like anchoring
structures 1606 in Figures 16A and 16B or anchoring
structures 1806 in Figures 18A and 18B  or using any
anchoring technique described or mentioned herein. In
some embodiments,  15 columns 104 can be like columns
2204 or 2304. Figure 44 illustrates another exemplary
application in which columns 104 can comprise  spring
contact structures (e.g., interconnect structures)
attached to terminals (e.g., bond pads)  4404 of a
semiconductor die 4402, which can be a non-limiting
example of a wiring substrate.  Die 4402 can be any
type of semiconductor die. For example, die 4402 can
comprise memory 20 or data storage circuitry, digital
logic circuitry, processor circuitry, etc. As is
known, terminals  4404 can be electrically connected
to the circuitry integrated into die 4402 and can thus
provide  input and output for signals, power, and
ground. Columns 104 can be grown using any technique
or process described or mentioned  herein. Moreover,
columns 104 can be grown on a sacrificial substrate
(e.g., substrate 202), for  25 example, as shown in
Figures 2-7 and 12-14, and transferred to die 4402
(e.g., using any of the techniques illustrated in
8-11B or 12-14). Alternatively, columns 104 can be
grown on  terminals 4404 of die 4402 using any
applicable technique or process described or mentioned
herein. For example, columns 104 can be grown on
terminals 4404 in the same manner as  columns 1604 are
grown on terminals 1504 in Figures 15A-16B. As yet
another alternative, 30 columns 104 can be grown in
pits (not shown) in die 4402 in the same way that
columns 1804  are grown in pits 1705 in Figures
17A-18B. Moreover, columns 104 can be treated using
any  one or more of the treatments illustrated in
Figures 19-22B or otherwise described or mentioned
herein, and columns 104 can be anchored to terminals
4404 and/or die 4402 by anchoring  structures (not
shown) which can be like anchoring structures 1606 in
Figures 16A and 16B or  51 WO 2008/048938
PCT/US2007/081423  anchoring structures 1806 in
Figures 18A and 18B or using any anchoring technique
described  or mentioned herein. In some embodiments,
columns 104 can be like columns 2204 or 2304. Die 4404
can be a singulated die (i.e., singulated from the
silicon wafer on which die  4404 was made), and die
4404 can be packaged or unpackaged. Alternatively, die
4404 can be  5 unsingulated from the wafer on which it
was made. For example, columns 104 can be attached 



to die 4402 while die 4402 is still part of the wafer
on which die 4402 was made. In some  embodiments,
columns 104 can be attached to some or all of the dies
(e.g., like die 4402) on a  silicon wafer before the
dies are singulated from the wafer. As mentioned
above, such dies  (before or after being singulated
from the wafer) can be tested in a test system like
test system 10 2600 of Figure 26 and in accordance
with a test process like process 3600 of Figure 36. As
discussed above, in such as a case, columns 104 can be
attached to terminals 2616 of DUT 2614  and probes
2610 on contactor 2606 can be replaced with flat
terminals configured to contact the  columns 104
extending from terminals 2616 of DUT 2614. If probe
card assembly 3400 is used  as contactor 2606, probes
2610 can likewise be replaced with flat terminals. 15
Columns 104 (and thus columns 504, 704, 1404, 1604,
1804, 2204, 2304, and 2304') as  well as probes 2610
can be non-limiting examples of spring contact
structures, probes, spring  probes, first spring
contact structures, second spring contact structures,
or test probes. Although specific embodiments and
applications of the invention have been described in
this specification, there is no intention that the
invention be limited these exemplary  20 embodiments
and applications or to the manner in which the
exemplary embodiments and applications operate or are
described herein. For example, although embodiments
are illustrated  herein in which columns 104 are
attached to and/or electrically connected to terminals
of a  wiring substrate, columns 104 can be attached to
other electrical elements on or in a wiring
substrate. In fact, a terminal can be a non-limiting
example of an electrical element. As another 25
example, columns 104 (and thus columns 504, 704, 1404,
1604, 1804, 2204, 2304, and 2304')  as well as probes
2610 can be non-limiting examples of spring contact
structures, probes, spring  probes, first spring
contact structures, second spring contact structures,
or test probes. 52 WO 2008/048938 PCT/US2007/081423
CLAIMS  1. A spring contact structure comprising: a
column comprising a plurality of vertically aligned
carbon nanotubes, the column  comprising a reversibly
deformable region between a first end of the column
and a second end  5 of the column, the reversibly
deformable region deforming elastically and axially
along a length  of the column in response to a force
applied to the first end of the column. 2. The spring
contact of claim 1, wherein the column comprises an
electrically conductive  material, the electrically
conductive material having an electrical conductivity
that is greater  10 than an electrical conductivity of
the carbon nanotubes. 



3. The spring contact claim 2, wherein at least a
portion of the electrically conductive  material is
disposed within the column on individual ones of the
carbon nanotubes that compose  the column. 15 4. The
spring contact of claim 3, wherein the electrically
conductive material does not  substantially affect
freedom of movement of individual ones of the carbon
nanotubes on which  the conductive material is
disposed relative to others of the carbon nanotubes on
which the  conductive material is disposed. 20 5. The
spring contact of claim 2, wherein at least a portion
of the electrically conductive  material is disposed
within the column between ones of the carbon nanotubes
that compose the  column. 25 6. The spring contact of
claim 2, wherein at least a portion of the conductive
material is  disposed on an outside of the column,
coating at least a portion of the column. 7. The
spring contact of claim 2, wherein the column
comprises an interior cavity, at least a  portion of
the electrically conductive material filling the
cavity. 30 8. The spring contact of claim 1, wherein
the first end of the column comprises a contact  end
that comprises a plurality of protruding structures
protruding from the contact end. 53 WO 2008/048938
PCT/US2007/081423 9. The spring contact of claim 8,
wherein each of ones of the protruding structures at
the  contact end of the column comprises a cluster of
end portions of ones of the carbon nanotubes  that
compose the column. 5 10. The spring contact of claim
1, wherein the column comprises an adhesive material
disposed within the column between ones of the carbon
nanotubes that compose the column. 11. The spring
contact of claim 10, wherein the adhesive is disposed
within the column  substantially along all of a length
of the column from the second end of the column. 10
12. The spring contact of claim 1, wherein the column
is mechanically tuned to have a  predetermined spring
property. 13. The spring contact of claim 12, wherein
the column comprises a plurality of reversibly  15
deformable regions disposed along a length of the
column, the predetermined spring property of  



the column comprises a series sum of a spring property
of each of the reversibly deformable  regions. 14. The
spring contact of claim 12, wherein the predetermined
spring property is a spring  20 constant. 15. The
spring contact of claim 14, wherein the column
comprises a plurality of reversibly  deformable
regions disposed along a length of the column, the
predetermined spring constant of  the column
comprising a series sum of a spring constant of each
of the reversibly deformable  25 regions. 16. The
spring contact of claim 12, wherein the column
comprises an electrically conductive  material, the
electrically conductive material having an electrical
conductivity that is greater  than an electrical
conductivity of the carbon nanotubes. 30 17. The
spring contact of claim 16, wherein the first end of
the column comprises a contact  end that comprises a
plurality of protruding structures protruding from the
contact end. 54 WO 2008/048938 PCT/US2007/081423  18.
The spring contact of claim 12, wherein the first end
of the column comprises a contact  end that comprises
a plurality of protruding structures protruding from
the contact end. 19. The spring contact of claim 1,
wherein: 5 the column comprises an electrically
conductive material, the electrically conductive
material having an electrical conductivity that is
greater than an electrical conductivity of the  carbon
nanotubes; and the first end of the column comprises a
contact end that comprises a plurality of  protruding
structures protruding from the contact end. 10 20. The
spring contact of claim 1, wherein the column
comprises a plurality of reversibly  deformable
regions disposed along a length of the column. 21. The
spring contact of claim 20, wherein the reversibly
deformable regions are generally  15 perpendicular to
the length of the column. 22. An electrical contact
structure comprising:  a wiring substrate; and a
vertically aligned carbon nanotube column comprising a
plurality of vertically aligned  20 carbon nanotubes,
wherein: 



a base end of the columns is attached to the wiring
substrate and electrically  connected to an electrical
element of the wiring substrate, and a contact end of
the columns  opposite the base end is disposed away
from the wiring substrate, the column comprises a
spring mechanism between the contact end of the column
25 and the base end of the column whereby the column
deforms elastically and axially along a  length of
column in response to a force applied to the contact
end of the column, and the column is electrically
conductive from the contact end to the base end. 23.
The electrical contact structure of claim 22, wherein
the column comprises an  30 electrically conductive
material. 24. The electrical contact structure of
claim 23, wherein the electrically conductive material
covers a substantial portion of an outside of the
column along its length. 55 WO 2008/048938
PCT/US2007/081423  25. The electrical contact
structure of claim 23, wherein the electrically
conductive material  is disposed in regions between
ones of the carbon nanotubes that compose the column.
26. The electrical contact structure of claim 23,
wherein the electrically conductive material  5 is
disposed on individual carbon nanotubes that compose
the column. 27. The electrical contact structure of
claim 26, wherein the electrically conductive material
does not substantially affect freedom of movement of
individual ones of the carbon nanotubes  on which the
conductive material is disposed relative to others of
the carbon nanotubes on  10 which the conductive
material is disposed. 28. The electrical contact
structure of claim 23, wherein the column comprises a
plurality of  protruding structures protruding from
the contact end. 15 29. The electrical contact
structure of claim 23 further comprising material
disposed around  the base end of the column, wherein
the material anchors the base end of the column to the
wiring substrate. 30. The electrical contact structure
of claim 23, wherein the column comprises an interior
20 cavity and the electrically conductive materials
fills the interior cavity . 31. The electrical contact
structure of claim 22, wherein the contact end of the
column  comprises a plurality of structures protruding
from the contact end. 25 32. The electrical contact
structure of claim 31 wherein each of ones of the
structures  protruding from the contact end of the
column comprises a plurality of end portions of ones
of  the carbon nanotubes of the one of the columns. 



33. The electrical contact structure of claim 22,
wherein the column comprises an adhesive  30 material
disposed within the column between ones of the carbon
nanotubes that compose the  column. 34. The electrical
contact structure of claim 33, wherein the adhesive is
disposed within the  column along a substantial
portion of its length. 56 WO 2008/048938
PCT/US2007/081423  35. The electrical contact
structure of claim 22 further comprising an anchoring
mechanism  disposed around the base end of the column.
5 36. The electrical contact structure of claim 35,
wherein the anchoring mechanism anchors  the base end
of the column to the wiring substrate. 37. The
electrical contact structure of claim 35, wherein the
anchoring mechanism  electrically connects the base
end of the column to an electrical terminal on the
wiring substrate.  10 38. The electrical contact
structure of claim 35, wherein the column is disposed
in a pit  etched in the wiring substrate. 39. The
electrical structure of claim 22, wherein the base end
is electrically connected to but  15 spaced apart from
the electrical element. 40. The electrical contact
structure of claim 22, wherein the column is
mechanically tuned  to have a predetermined spring
property based on a series sum of a spring property of
each of a  reversibly deformable regions disposed
along a length of the column. 20 41. The electrical
contact structure of claim 22, wherein the spring
mechanism of the  column comprises at least one
reversibly deformable region disposed along a length
of the  column. 25 42. The electrical contact
structure of claim 41, wherein the column is
mechanically tuned  to have a predetermined spring
constant, the predetermined spring constant of the
column  comprising a series sum of a spring constant
of each of the at least one reversibly deformable
region. 30 43. The electrical contact structure of
claim 41, wherein the at least one reversibly
deformable region is generally perpendicular to the
length of the column. 57 WO 2008/048938
PCT/US2007/081423  



44. A test system for testing electronic devices, the
test system comprising: a tester configured to control
testing of the electronic devices; a plurality of
electrical paths between the tester and the electronic
devices; and an electrically conductive spring contact
structure disposed in one of the electrical paths,  5
the spring contact structure comprising a plurality of
vertically aligned carbon nanotubes. 45. The test
system of claim 44, wherein the spring contact
structure comprises electrically  conductive material
disposed between ones of the carbon nanotubes that
compose the spring  contact structure. 10 46. The test
system of claim 44, wherein a contact end of the
spring contact structure  comprises a plurality of
structures protruding from the contact end. 47. The
test system of claim 46, wherein each of ones of the
structures protruding from the  15 contact end of the
spring contact structure comprises a plurality of end
portions of ones of the  carbon nanotubes that compose
the spring contact structure. 48. The test system of
claim 44, wherein the spring contact structure
comprises an adhesive  material disposed between at
least portions of ones of the carbon nanotubes that
compose the  20 spring contact structure. 49. The test
system of claim 44, wherein the spring contact
structure is mechanically tuned  to have a
predetermined spring property. 25 50. The test system
of claim 44, wherein the spring contact structure is
mechanically tuned  to have a predetermined spring
constant. 51. The test system of claim 50, wherein the
spring contact structure comprises a plurality of
reversibly deformable regions disposed along a length
of the spring contact structure, the  30 predetermined
spring constant of the spring contact structure
comprising a series sum of a  spring constant of each
of the reversibly deformable regions. 52. The test
system of claim 44, wherein the spring contact
structure comprises at least one  reversibly
deformable region disposed along a length of the
spring contact structure. 58 WO 2008/048938
PCT/US2007/081423  53. The test system of claim 52,
wherein the at least one reversibly deformable region
is  generally perpendicular to the length of the
spring contact structure. 5 54. The test system of
claim 44 further comprising a plurality of
electrically conductive  spring contact structures
disposed in ones of the electrical paths, each of the
spring contact  



structures comprising a plurality of vertically
aligned carbon nanotubes. 55. The test system of claim
54, wherein ones of the spring contact structures are
probes  10 with contact ends for contacting terminals
of the electronic devices, whereby the probes each
comprise a plurality of vertically aligned carbon
nanotubes. 56. The test system of claim 55, wherein a
contact end of each of the probes comprises a
plurality of structures protruding from the contact
end. 15 57. The test system of claim 56, each of ones
of the protruding structures at the contact end
comprises a plurality of end portions of ones of the
carbon nanotubes that compose the probe.  58. The test
system of claim 55, wherein each of the probes
comprises an adhesive material 20 disposed within at
least part of the probe between ones of the carbon
nanotubes that compose  the probe. 59. The test system
of claim 55 further comprising material disposed
around a base end of  each of the probes, the base end
being opposite the contact end, wherein the material
anchors  25 the ones of the probes to a wiring
substrate. 60. The test system of claim 55, wherein
each of the probes is mechanically tuned to have a
predetermined spring property. 30 61. The test system
of claim 55, wherein each of the probes is
mechanically tuned to have a  predetermined spring
constant. 62. The test system of claim 61, wherein
each of the probes comprises at least one  reversibly
deformable region disposed along a length of the probe
59 WO 2008/048938 PCT/US2007/081423  63. The test
system of claim 62, wherein the predetermined spring
constant of the probe  comprising a series sum of the
spring constant of each of the at least one reversibly
deformable  regions. 5 64. The test system of claim
62, wherein the at least one reversibly deformable
region is  generally perpendicular to the length of
the column. 65. A probe card assembly comprising: 10
an electrical interface to a plurality of
communications channels to a tester configured to
control testing of electronic devices; and a plurality
of electrically conductive spring probes comprising
contact ends disposed in  



a pattern that corresponds to a pattern of terminals
of the electronic devices, each of the probes
comprising a plurality of vertically aligned carbon
nanotubes, each of the probes comprising a 15 spring
mechanism whereby the probe deforms, in response to a
force applied to the contact end  of the probe by
contact with the electronic devices, elastically and
in a direction that is generally  parallel with a
direction of the force. 66. The probe card assembly of
claim 65, wherein each of the probes comprises
electrically  20 conductive material disposed on or
between ones of the carbon nanotubes that compose the
probe. 67. The probe card assembly of claim 66,
wherein each of the probes comprises a plurality  of
structures protruding from the contact end of the
probe. 25 68. The probe card assembly of claim 67
further comprising:  a wiring substrate to which the
probes are attached; and material disposed around a
portion of the probes, wherein the material anchors
the  probes to the wiring substrate. 30 69. The probe
card assembly of claim 65, wherein the contact end of
each of the probes  comprises a plurality of
structures protruding from the contact end. 60 WO
2008/048938 PCT/US2007/081423  70. The probe card
assembly of claim 69, each of ones of the structures
at the contact end of  each of the probes comprises a
plurality of end portions of ones of the carbon
nanotubes that  compose the probe. 5 71. The probe
card assembly of claim 65 further comprising a wiring
substrate, a base end  of each of the probes adhered
to the wiring substrate by an adhesive, each of the
probes  comprising a portion of the adhesive wicked
into the probe between ones of the carbon  nanotubes
that compose the probe. 10 72. The probe card assembly
of claim 71, wherein the adhesive is disposed within
each of  the probes along a length of at least half of
the probe from the base end of the probe. 73. The
probe card assembly of claim 65 further comprising:  a
wiring substrate to which the probes are attached; and
15 material disposed around a portion of the probes,
wherein the material anchors the  probes to the wiring
substrate. 



74. The probe card assembly of claim 73, wherein the
material electrically connects ones of  the probes to
ones of electrical terminals on the wiring substrate.
20 75. The probe card assembly of claim 74, wherein
the probes are disposed on the electrical  terminals.
76. The probe card assembly of claim 74, wherein the
probes are disposed in pits etched in  25 the wiring
substrate and the electrical terminals are spaced
apart from the probes. 77. The probe card assembly of
claim 65, wherein each of the probes is mechanically
tuned  to have a predetermined spring property. 30 78.
The probe card assembly of claim 77, wherein the
spring mechanism of each of the  probes comprises a
plurality of reversibly deformable regions disposed
along a length of the  probe, the predetermined spring
property of the probe comprising a series sum of a
spring  property of each of the reversibly deformable
regions. 61 WO 2008/048938 PCT/US2007/081423  79. The
probe card assembly of claim 65, wherein each of the
probes is mechanically tuned  to have a predetermined
spring constant. 80. The probe card assembly of claim
79, wherein the spring mechanism of each of the  5
probes comprises a plurality of reversibly deformable
regions disposed along a length of the  probe, the
predetermined spring constant of the probe comprising
a series sum of a spring  constant of each of the
reversibly deformable regions. 81. The probe card
assembly of claim 65, wherein the spring mechanism of
each of the  10 probes comprises at least one
reversibly deformable region disposed along a length
of the probe.  82. The probe card assembly of claim
81, wherein the at least one reversibly deformable
region is generally perpendicular to the length of the
probe. 15 83. An interposer comprising: a wiring
substrate comprising a first surface and an opposite
second surface; a plurality of electrically conductive
first spring contact structures extending from the
first surface of the substrate, wherein each of the
first spring contact structures comprises a  plurality
vertically aligned carbon nanotubes; 20 a plurality of
electrically conductive second spring contact
structures extending from the  second surface of the
substrate; and electrical connections through the
substrate electrically connecting ones of the first  



spring contact structures with ones of the second
spring contact structures. 25 84. The interposer of
claim 83, wherein each of the first spring contact
structures comprises  electrically conductive material
disposed on or between ones of the carbon nanotubes
that  compose the first spring contact structure. 85.
The interposer of claim 84, wherein each of the first
spring contact structures comprises  30 a plurality of
structures protruding from a contact end of the first
spring contact structure. 86. The interposer of claim
85 further comprising material disposed around a
portion of the  first spring contact structures,
wherein the material anchors the first spring contact
structures to  the wiring substrate. 62 WO 2008/048938
PCT/US2007/081423  87. The interposer of claim 83,
wherein a contact end of each of the first spring
contact  structures comprises a plurality of
structures protruding from the contact end. 5 88. The
interposer of claim 87, each of ones of the protruding
structures at the contact end  of each of the first
spring contact structures comprises a plurality of end
portions of ones of the  carbon nanotubes that compose
the first spring contact structure. 89. The interposer
of claim 83, wherein a base end of each of the first
spring contact  10 structures is adhered to the wiring
substrate by an adhesive, each of the first spring
contact  structures comprising a portion of the
adhesive wicked into the first spring contact
structure  between ones of the carbon nanotubes that
compose the first spring contact structure. 90. The
interposer of claim 83 further comprising material
disposed around a portion of the  15 first spring
contact structures, wherein the material anchors the
first spring contact structures to  the wiring
substrate. 91. The interposer of claim 90, wherein the
material electrically connects ones of the first
spring contact structures to ones of electrical
terminals on the wiring substrate. 20 92. The
interposer of claim 83, wherein each of the first
spring contact structures is  mechanically tuned to
have a predetermined spring constant. 93. The
interposer of claim 92, wherein the spring mechanism
of each of the first spring  25 contact structures
comprises a plurality of reversibly deformable regions
disposed along a  length of the first spring contact
structure, the predetermined spring constant of the
first spring  contact structure comprising a series
sum of a spring constant of each of the reversibly
deformable regions. 



30 94. The interposer of claim 83, wherein the spring
mechanism of each of the first spring  contact
structures comprises at least one reversibly
deformable region disposed along a length  of the
first spring contact structure. 63 WO 2008/048938
PCT/US2007/081423  95. The interposer of claim 94,
wherein the at least one reversibly deformable region
is  generally perpendicular to the length of the first
spring contact structure. 96. The interposer of claim
83, wherein each of the second spring contact
structures  5 comprises a plurality of vertically
aligned carbon nanotubes. 97. The interposer of claim
96, wherein each of the first spring contact
structures and the  second spring contact structures
comprises electrically conductive material disposed on
or  between ones of the carbon nanotubes that compose
the first spring contact structure or the  10 second
spring contact structure. 98. The interposer of claim
97, wherein each of the first spring contact
structures and the  second spring contact structures
comprises a plurality of structures protruding from a
contact  end of the first spring contact structure or
the second spring contact structures. 15 99. The
interposer of claim 98 further comprising: first
material disposed around a portion of the first spring
contact structures, the first  material anchoring the
first spring contact structures to the wiring
substrate; and second material disposed around a
portion of the second spring contact structures, the
20 second material anchoring the second spring contact
structures to the wiring substrate. 100. The
interposer of claim 96, wherein a contact end of each
of the first spring contact  structures and a contact
end of each of the second spring contact structures
comprises a plurality  of structures protruding from
the contact end. 25 101. The interposer of claim 100,
each of ones of the structures at the contact end of
each of  the first spring contact structures and the
second spring contact structures comprises a plurality
of end portions of ones of the carbon nanotubes that
compose the first spring contact structure  or the
second spring contact structures. 30 64 WO 2008/048938
PCT/US2007/081423  



102. The interposer of claim 96, wherein: a base end
of each of the first spring contact structures is
adhered to the wiring substrate  by a first adhesive,
each of the first spring contact structures comprising
a portion of the first  adhesive wicked into the first
spring contact structure between ones of the carbon
nanotubes  5 that compose the first spring contact
structure; and a base end of each of the second spring
contact structures is adhered to the wiring  substrate
by a second adhesive, each of the second spring
contact structures comprising a  portion of the second
adhesive wicked into the second spring contact
structure between ones of  the carbon nanotubes that
compose the second spring contact structure. 10 103.
The interposer of claim 96 further comprising: first
material disposed around a portion of the first spring
contact structures, the first  material anchoring the
first spring contact structures to the wiring
substrate; and second material disposed around a
portion of the second spring contact structures, the
15 second material anchoring the second spring contact
structures to the wiring substrate. 104. The
interposer of claim 103, wherein: the first material
electrically connects ones of the first spring contact
structures to ones  of first electrical terminals on
the first surface of the wiring substrate; and 20 the
second material electrically connects ones of the
second spring contact structures to  ones of second
electrical terminals on the second surface of the
wiring substrate. 105. The interposer of claim 96,
wherein: each of the first spring contact structures
is mechanically tuned to have a predetermined  25
spring constant; and each of the second spring contact
structures is mechanically tuned to have a
predetermined spring constant. 106. The interposer of
claim 105, wherein: 30 each of the first spring
contact structures comprises a plurality of reversibly
deformable  regions disposed along a length of the
first spring contact structure, the predetermined
spring  constant of the first spring contact structure
comprising a series sum of the spring constant of
each of the reversibly deformable regions; and 65 WO
2008/048938 PCT/US2007/081423  each of the second
spring contact structures comprises a plurality of
reversibly 



deformable regions disposed along a length of the
second spring contact structure, the  predetermined
spring constant of the second spring contact structure
comprising a series sum of  the spring constant of
each of the reversibly deformable regions. 5 107. The
interposer of claim 96, wherein: each of the first
spring contact structures comprises a plurality of
reversibly deformable  regions disposed along a length
of the first spring contact structure, wherein the
reversibly  deformable regions are generally
perpendicular to the length of the first spring
contact structure;  10 and each of the second spring
contact structures comprises a plurality of reversibly
deformable regions disposed along a length of the
second spring contact structure, wherein the
reversibly deformable regions are generally
perpendicular to the length of the second spring
contact structure. 15 108. A process of making an
electrically conductive contact structure, the process
comprising: obtaining a column comprising a plurality
of vertically aligned carbon nanotubes; and  adding to
the column from a first end of the column to a second
opposite end of the  20 column an electrically
conductive material, wherein the carbon nanotubes have
a first electrical conductivity, and the conductive
material has a second electrical conductivity that is
greater than the first electrical conductivity.  109.
The process of claim 108, wherein the adding comprises
disposing the conductive  25 material in regions
between ones of the carbon nanotubes that compose the
column. 110. The process of claim 108, wherein the
adding comprises depositing the electrically
conductive material is disposed on individual carbon
nanotubes that compose the column. 30 111. The process
of claim 108, wherein the adding comprises depositing
the conductive  material at least in part on an
outside of the column along its length. 112. The
process of claim 111, wherein the depositing comprises
depositing the conductive  material by atomic layer
deposition. 66 WO 2008/048938 PCT/US2007/081423  113.
The process of claim 111, wherein the depositing
comprises depositing the conductive  material by
chemical vapor deposition. 



5 114. The process of claim 111, wherein the
depositing comprises depositing the conductive
material by sputtering. 115. The process of claim 108,
wherein the column comprises a hollow interior
portion, and  the adding comprises depositing the
conductive material into the hollow interior portion.
10 116. The process of claim 115, wherein the hollow
interior portion extends an entire length of  the
column. 117. The process of claim 108, wherein the
adding comprises depositing the conductive  15
material at least in part on an outside of the column.
118. A process of making an electrically conductive
contact structure, the process  comprising: obtaining
a column comprising a plurality of vertically aligned
carbon nanotubes; and 20 applying a treatment to a
contact end of the column, the treatment creating
pointed  structures extending from the contact end.
119. The process of claim 118, wherein the applying
comprises etching the contact end of the  column. 25
120. The process of claim 118, wherein the etching
comprises reactive ion etching the contact  end of the
column. 121. The process of claim 119, wherein the
etching comprises sputter etching the contact end  30
of the column. 122. The process of claim 118, wherein
the applying comprises mechanically imprinting the
contact end. 67 WO 2008/048938 PCT/US2007/081423  123.
The process of claim 118, wherein the applying
comprises pressing against the contact  end of the
column a molding tool comprising a mold shaped to
correspond to the pointed  structures. 5 124. The
process of claim 118, wherein ones of the pointed
structures each comprise a  plurality of end portions
of ones of the carbon nanotubes of the column. 125. A
process of making an electrically conductive contact
structure, the process  comprising: 10 obtaining a
column comprising a plurality of vertically aligned
carbon nanotubes, the  



column attached to a wiring substrate; and providing
an anchoring structure around a portion the column,
the anchoring structure  anchoring the column to the
wiring substrate. 15 126. The process of claim 125,
wherein the column is attached at a base of the column
to the  wiring substrate, the providing comprising
depositing material comprising the anchoring
structure around a base of the column. 127. The
process of claim 126, wherein the material is
electrically conductive and the  20 depositing
comprises depositing the material on the substrate in
a pattern that electrically  connects the column to a
terminal of the wiring substrate. 128. The process of
claim 127, wherein the column is disposed on the
terminal. 25 129. The process of claim 127, wherein
the column is spaced apart from the terminal. 130. The
process of claim 129, wherein the column is disposed
in a pit in the wiring  substrate. 30 131. The process
of claim 125, wherein: the providing comprises etching
a pit in the wiring substrate, and  the obtaining
comprises growing the column in the pit. 68 WO
2008/048938 PCT/US2007/081423  132. The process of
claim 131, wherein the providing further comprises
depositing material  around a portion of the column
that extends out of the pit. 133. The process of claim
125, wherein the providing comprises: 5 depositing
material comprising the anchoring structure around a
portion of the column;  and causing the deposited
material to expand.  134. The process of claim 125,
wherein: 10 the depositing comprises depositing the
material while the material is at a temperature  below
ambient temperature; and the causing comprises
allowing the deposited material to warm to ambient
temperature.  135. A process of tuning a contact
structure, the process comprising: 15 obtaining a
column comprising a plurality of vertically aligned
carbon nanotubes;  determining a particular tuning
force that will impart a desired spring property to
the  column; and 



applying the particular tuning force to a contact end
of the column, the particular tuning  20 force
imparting the desired spring property to the column.
136. The process of claim 135, wherein the spring
property is a spring constant of the  column. 25 137.
The process of claim 136, wherein the determining
comprises selecting the particular  tuning force from
one of a plurality of different tuning forces each
associated with a different  spring constant. 138. The
process of claim 137 further comprising determining
for each of the plurality of  30 different tuning
forces the associated spring constant. 139. The
process of claim 138, wherein the determining
comprises applying to a test column  comprising a
plurality of vertically aligned carbon nanotubes a
sequence of increasing larger  forces and determining
a spring constant imparted to the test column by each
force. 69 WO 2008/048938 PCT/US2007/081423  140. The
process of claim 136, wherein the applying the
particular tuning force creates at  least one
reversibly deformable region in the column disposed
along a length of the column. 5 141. The process of
claim 140, wherein the imparted spring constant
comprises a series sum  of a spring constant of each
of the at least one reversibly deformable regions.
142. The process of claim 140, wherein the imparted
spring constant is proportional to a  number of the
reversibly deformable regions. 10 143. The process of
claim 140, wherein the at least one reversibly
deformable region is  generally perpendicular to the
length of the column. 144. The process of claim 136,
wherein the determining comprises selecting the
particular  15 tuning force from one of a plurality of
different tuning forces each associated with a
different  level of the desired spring property. 145.
The process of claim 144 further comprising
determining for each of the plurality of  different
tuning forces the associated level of the desired
spring property. 20 146. The process of claim 145,
wherein the determining comprises applying to a test
column  comprising a plurality of vertically aligned
carbon nanotubes a sequence of increasing larger
forces and determining a level of the desired spring
property imparted to the test column by  each force. 



25 147. The process of claim 135, wherein the applying
the particular tuning force creates a  plurality of
reversibly deformable regions in the column disposed
along a length of the column.  148. The process of
claim 147, the imparted desired spring property
comprises a series sum  30 of the desired spring
property of each of the reversibly deformable regions.
149. The process of claim 147, wherein the imparted
desired spring property corresponds to a  number of
the reversibly deformable regions. 70 WO 2008/048938
PCT/US2007/081423  150. The process of claim 147,
wherein the reversibly deformable regions are
generally  perpendicular to the length of the column.
151. A process of making a probe card assembly, the
process comprising: 5 arranging on a first wiring
substrate a plurality of electrically conductive
spring probes  comprising contact ends disposed in a
pattern that corresponds to a pattern of terminals of
electronic devices to be tested, each probe comprising
a column of vertically aligned carbon  nanotubes, the
column comprising a spring mechanism whereby the
column deforms, in  response to a force applied to the
contact end by contact with the electronic devices,
elastically  10 and in a direction that is generally
parallel with a direction of the force; and combining
the first wiring substrate with at least one component
to form the probe card  assembly, the combining
comprising electrically connecting the probes with an
electrical  interface to a tester configured to
control testing of the electronic devices. 15 152. The
process of claim 151 further comprising obtaining the
columns of vertically aligned  carbon nanotubes
attached to a sacrificial substrate, wherein the
arranging comprises  transferring the columns from the
sacrificial substrate to the first wiring substrate.
153. The process of claim 152 wherein the transferring
comprises: 20 bringing ends of the columns into
contact with adhesive disposed on the first wiring
substrate; and curing the adhesive. 154. The process
of claim 153, wherein the curing causes the adhesive
to wick at least  25 partially into the columns. 155.
The process of claim 151 further comprising tuning the
columns to have a desired spring  property. 30 156.
The process of claim 155, wherein the spring property
is a spring constant.  



71 WO 2008/048938 PCT/US2007/081423  157. The process
of claim 156, wherein the tuning comprises:
determining a particular tuning force that will impart
the desired spring property to the  columns; and  5
applying the particular tuning force to the contact
ends of the columns. 158. The process of claim 157,
wherein the applying comprises applying the particular
tuning  force simultaneously to the contact ends of a
plurality of the columns. 10 159. The process of claim
157, wherein the determining comprises selecting the
particular  tuning force from one of a plurality of
different tuning forces each associated with a
different  spring constant. 160. The process of claim
157, wherein the applying the particular tuning force
creates in  15 each of the columns at least one
reversibly deformable region in the column disposed
along a  length of the column, the spring mechanism
comprising the at least one reversibly deformable
region. 161. The process of claim 160, the spring
constant imparted to each column comprises a  20
series sum of spring constants of each of the at least
one reversibly deformable regions in the  column. 162.
The process of claim 160, wherein the spring constant
imparted to each column is  proportional to a number
of the reversibly deformable regions in the column. 25
163. The process of claim 160, wherein the at least
one reversibly deformable regions in each  column are
generally perpendicular to the length of the column.
164. The process of claim 156 further comprising using
an electrically conductive material to  30 enhance a
electrical property of the columns. 165. The process
of claim 164 , further comprises depositing the
electrically conductive  material over a substantial
portion of an outside of the column along its length.
72 WO 2008/048938 PCT/US2007/081423  166. The process
of claim 164, further comprising depositing the
electrically conductive  material in regions between
ones of the carbon nanotubes that compose the column.
167. The process of claim 164, further comprising
depositing the electrically conductive  



5 material on individual carbon nanotubes that compose
the column. 168. The process of claim 164 further
comprising applying a treatment to the contact ends of
the columns, the treatment producing structures
protruding from the contact ends of the  columns. 10
169. The process of claim 168, wherein the applying a
treatment comprises etching the  contact ends of the
columns. 170. The process of claim 151 further
comprising using an electrically conductive material
to  15 enhance a electrical property of the columns.
171. The process of claim 170, further comprises
depositing the electrically conductive  material over
a substantial portion of an outside of the column
along its length. 20 172. The process of claim 170,
further comprising depositing the electrically
conductive  material in regions between ones of the
carbon nanotubes that compose the column. 173. The
process of claim 170, further comprising depositing
the electrically conductive  material on individual
carbon nanotubes that compose the column. 25 174. The
process of claim 151 further comprising applying a
treatment to the contact ends of  the columns, the
treatment producing protruding structures protruding
from the contact ends of  the columns. 30 175. The
process of claim 174, wherein the applying a treatment
comprises etching the  contact ends of the columns. 73
WO 2008/048938 PCT/US2007/081423  176. The process of
claim 151 further comprising depositing a material
onto the wiring  substrate and around portions of the
columns, the material anchoring the columns to the
wiring  substrate. 5 177. The process of claim 151,
wherein in the pattern in which the contact ends of
the spring  probes are disposed, a spacing between
centers of at least one pair of adjacent spring probes
is  less than twenty microns. 178. The process of
claim 151, wherein the at least one component
comprises an interface  10 substrate comprising the
electrical interface to the tester, the combining
comprising electrically  connecting the first wiring
substrate to the interface substrate and thereby
electrically  connecting ones of the spring probes
with the electrical interface to the tester. 



179. A process of testing a semiconductor die, the
process comprising: 15 providing a contactor
comprising a plurality of electrically conductive
spring probes  comprising contact ends disposed in a
pattern that corresponds to a pattern of pads of the
semiconductor die, at least one probe comprising a
column of vertically aligned carbon  nanotubes;
effecting contact between ones of the pads and the
contact ends of ones of the probes, the  20 contact
ends of the ones of the probes making contact marks on
the ones of the pads; and testing the semiconductor
die by providing test signals through at least one of
the ones of  the probes to circuitry integrated into
the die. 180. The process of claim 179, wherein each
of the columns further comprises a spring  25
mechanism whereby the column deforms, in response to a
force applied to the contact end by  contact with one
of pads of the semiconductor die, elastically and in a
direction that is generally  parallel with a direction
of the force. 181. The process of claim 180, wherein
each column is mechanically tuned to have a  30
predetermined spring constant. 74 WO 2008/048938
PCT/US2007/081423  182. The process of claim 181,
wherein the spring mechanism of each of the columns
comprises a plurality of reversibly deformable regions
disposed along a length of the column,  the
predetermined spring constant of the column comprising
a series sum of the spring constant  of each of the
reversibly deformable regions. 5 183. The process of
claim 180, wherein the spring mechanism of each of the
columns  comprises at least one reversibly deformable
region disposed along a length of the column. 184. The
process of claim 183, wherein the at last one
reversibly deformable region is  10 generally
perpendicular to the length of the column. 185. The
process of claim 179, wherein each of the contact ends
of the ones of the probes  comprises a plurality of
structures protruding from a face of the contact end,
and the effecting  contact results in the structures
puncturing a surface of each of the ones of the pads
and creating  15 corresponding puncture marks on the
surface of ones of the pads. 186. The process of claim
185, wherein the contact mark on each pad consists
essentially of  the puncture marks. 20 187. The
process of claim 186, wherein the puncture marks are
located within an area on the  



surface of the pad that corresponds to an area of the
face of the contact end. 188. The process of claim
187, wherein the area of the face of the contact end
is less than  4900 square microns. 25 189. The process
of claim 187, wherein a total area of the puncture
marks on the surface of  the pad is less than 40% of
the area of the face of the contact end. 190. The
process of claim 187, wherein a total area of the
puncture marks on the surface of  30 the pad is less
than 30% of the area of the face of the contact end.
191. The process of claim 186, wherein a size of each
of the puncture marks on the surface of  the pad is
less than 625 square microns. 75 WO 2008/048938
PCT/US2007/081423  192. The process of claim 186,
wherein a size of each of the puncture marks on the
surface of  the pad is less than 225 square microns.
193. The process of claim 186, wherein a depth of each
puncture mark from the surface of the  5 pad into the
pad is less than 5 microns. 194. The process of claim
185, wherein each of the contact ends of the ones of
the probes  comprises ends of ones of the carbon
nanotubes that compose the ones of the probes at a
face of  the contact end, and the effecting contact
results in the ends of the ones of the carbon
nanotubes 10 making indentations into a surface of
each of the ones of the pads in a pattern
corresponding to  a pattern of the structures
protruding from the contact ends. 195. A semiconductor
die tested in accordance with any of the processes of
claims 179, 180,  and 185-194. 15 196. The process of
claim 179, wherein each of the columns comprises
electrically  conductive material disposed within each
of the columns between ones of the carbon nanotubes
that compose the column. 20 197. A tested
semiconductor die comprising  a semiconductor
material; an electric circuit integrated into the
semiconductor material; and  a plurality of pads
electrically connected to the electric circuit,
wherein a plurality of the pads comprises a probe mark
from contact with a test probe,  25 each probe mark
consisting essentially of a plurality of clustered
puncture marks or indentations  



located within an area less than of the total of the
pad. 198. The die of claim 197, wherein the probe mark
on each pad consists essentially of the  puncture
marks. 30 199. The die of claim 198, wherein the total
area on the surface of the pad is less than 4900
square microns. 76 WO 2008/048938 PCT/US2007/081423
200. The die of claim 198, wherein a total area of the
clustered puncture marks on the surface  of the pad is
less than 40% of the total area on the surface of the
pad. 201. The die of claim 198, wherein a total area
of the clustered puncture marks on the surface  5 of
the pad is less than 30% of the total area on the
surface of the pad. 202. The die of claim 198, wherein
a size of each of the clustered puncture marks on the
surface of the pad is less than 625 square microns. 10
203. The die of claim 198, wherein a size of each of
the clustered puncture marks on the  surface of the
pad is less than 225 square microns. 204. The die of
claim 198, wherein a depth of each puncture mark from
the surface of the pad  into the pad is less than 5
microns. 15 205. The die of claim 197, wherein ones of
the puncture marks are located at corners of a
perimeter bounding the probe face area. 206. The die
of claim 205, wherein the perimeter is a polygon.  20
207. The die of claim 206, wherein the probe mark
consists essentially of the puncture marks  located at
corners of the perimeter. 208. The die of claim 207,
wherein the polygon is a rectangle.  25 209. The die
of claim 208, wherein the polygon is a square. 210.
The die of claim 205, wherein all of the puncture
marks are disposed on a perimeter of  the probe face
area. 77 


