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INTEGRATED INDUCTORS AND COMPLIANT 
INTERCONNECTS FOR SEMICONDUCTOR 

PACKAGING 

CLAIM OF PRIORITY 

[0001] This application is a continuation of and claims 
priority to US. patent application Ser. No. 11/251,403 ?led 
on Oct. 14, 2005, entitled, “Integrated Inductors and Com 
pliant Interconnects for Semiconductor Packaging,” Which 
Was a continuation-in-part of and claimed priority to US. 
patent application Ser. No. 11/137,974 ?led on May 25, 
2005 entitled “High Performance Integrated Inductor,” 
patent application Ser. No. 10/ 974,219 ?led on Oct. 27, 2004 
entitled “Compliant Interconnects for Semiconductors and 
Micromachines,” and patent application Ser. No. 10/ 832,178 
?led on Apr. 26, 2004 entitled “Compliant Multi-Composi 
tion Interconnects,” Which are incorporated herein by ref 
erence in their entirety. 

TECHNICAL FIELD 

[0002] Embodiments of the invention relate to semicon 
ductor packaging. In particular, embodiments of the inven 
tion relate to integrated inductors and compliant intercon 
nects. 

BACKGROUND 

[0003] In the microelectronics industry, integrated circuits 
(ICs) may be formed on a semiconductor die. The die may 
then be packaged and sold. Typically, the die may be 
?ip-chip connected to a substrate Which may provide elec 
trical connection to a printed circuit board or motherboard. 
In a standard con?guration, an inductor may be provided as 
a discrete component on the substrate. In other con?gura 
tions, an inductor may be embedded in the substrate, as is 
illustrated in FIG. 1. 

[0004] FIG. 1 illustrates an apparatus 100 including a die 
110 connected by interconnects 120 to a substrate 130 
having connections 140. Apparatus 100 also includes an 
under?ll material 160 and an inductor 150. Under?ll mate 
rial 160 may completely surround interconnects 120 and 
may provide protection for die 110. Inductor 150 may be 
embedded in substrate 130. 

[0005] Inductor 150 may provide various functions, such 
as energy storage, selective channel frequency, ?ltering, and 
noise reduction for die 110. In general, the performance of 
an inductor may improve With increased Q factor (inductor 
reactance over resistance), reduced resistance (R), reduced 
stray capacitance (C) and reduced loop inductance. Com 
pared to an inductor mounted on substrate 130, an embedded 
inductor may have the advantage of providing less loop 
inductance. Limitations in the performance of an inductor 
may limit the circuit applications of the IC. 

[0006] Interconnects 120 may provide electrical connec 
tion betWeen die 110 and substrate 130. In general, it may be 
desirable that interconnects 120 provide minimal mechani 
cal stress betWeen substrate 130 and die 110. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The invention is illustrated by Way of example and 
not by Way of limitation in the ?gures of the accompanying 
draWings, in Which the like references indicate similar 
elements and in Which: 
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[0008] FIG. 1 illustrates a prior art apparatus. 

[0009] FIG. 2 illustrates a cross-sectional side vieW of a 
die connected by complaint interconnects to a substrate, and 
an integrated inductor. 

[0010] FIG. 3 illustrates a perspective vieW of a compliant 
interconnect. 

[0011] FIG. 4 illustrates a perspective vieW of a compliant 
interconnect. 

[0012] FIG. 5 illustrates a perspective vieW of a compliant 
interconnect. 

[0013] FIG. 6 illustrates a perspective vieW of a compliant 
interconnect. 

[0014] FIG. 7 illustrates a perspective vieW of a compliant 
interconnect. 

[0015] FIG. 8 illustrates a perspective vieW of a generally 
spiral shaped inductor. 

[0016] FIGS. 9A-9H illustrate a method for forming a 
compliant interconnect and an integrated inductor. 

[0017] FIG. 10 illustrates a top-doWn vieW of a die layout 
including pads and an inductor. 

[0018] FIG. 11 illustrates a schematic of a circuit includ 
ing an integrated inductor implemented partially in a sub 
strate. 

[0019] FIG. 12 illustrates a schematic of a portion of a 
voltage controlled oscillator circuit including an LC tank. 

[0020] FIG. 13 illustrates a schematic of a system. 

DETAILED DESCRIPTION 

[0021] In various embodiments, apparatus and methods 
relating to compliant interconnects and integrated inductors 
are described. HoWever, various embodiments may be prac 
ticed Without one or more of the speci?c details, or With 
other methods, materials, or components. In other instances, 
Well-knoWn structures, materials, or operations are not 
shoWn or described in detail to avoid obscuring aspects of 
various embodiments of the invention. Similarly, for pur 
poses of explanation, speci?c numbers, materials, and con 
?gurations are set forth in order to provide a thorough 
understanding of the invention. Nevertheless, the invention 
may be practiced Without speci?c details. Furthermore, it is 
understood that the various embodiments shoWn in the 
?gures are illustrative representations and are not necessar 
ily draWn to scale. 

[0022] Various operations Will be described as multiple 
discrete operations in turn. HoWever, the order of description 
should not be construed as to imply that these operations are 
necessarily order dependent. In particular, these operations 
need not be performed in the order of presentation. 

[0023] Inductor performance may be enhanced by increas 
ing the Q factor of the inductor, and by reducing the 
resistance (R) and stray capacitance (C) of the inductor. 
Further, implementation of inductors may be enhanced by 
reducing the loop inductance of the implementation. Also, 
integrated inductors having small form factors may be used 
in many packaging applications. 
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[0024] In particular, providing a 3-dimensional (3-D) gen 
erally spiral shaped integrated inductor, optionally including 
a magnetic core, may include several advantages over typi 
cal inductors. First, the 3-D generally spiral shaped inte 
grated inductor may have enhanced performance character 
istics. Also, a 3-D generally spiral shaped integrated 
inductor may provide similar or increased performance over 
discrete inductors While providing many advantages due to 
their small form factors. Further, implementations of 3-D 
generally spiral shaped integrated inductors located closer to 
the die may reduce the loop inductance of the implementa 
tion. 

[0025] Due to these characteristics, 3-D generally spiral 
shaped integrated inductors may enable particular circuit 
applications that Would not be enabled With typical induc 
tors. Brie?y, the present invention may enable particular 
circuit applications that may not be enabled With typical 
inductors. 

[0026] Further, compliant interconnects may increase 
packaging performance because they may provide less 
mechanical stress on the components that are being con 
nected While providing excellent thermal and electrical 
properties. In particular, compliant interconnects may pro 
vide the desired thermal, mechanical and electrical perfor 
mance in the environment of loW-K ILD (Inter-Layer 
Dielectric) architectures. The compliance offered by the 
optimiZed designs may improve reliability in the face of the 
stresses typically created in such loW-K ILD architectures. 
The electrical performance of compliant interconnects may 
meet the poWer delivery and current ?oW requirements of 
proposed future microprocessor die packages. In addition, 
modi?cations of the design may alloW interconnect layouts 
to be optimiZed for maximum performance. For example, 
highly compliant interconnects may be located near the 
edges of the die and loWer resistance compliant intercon 
nects may be located aWay from the die edges and in regions 
Where poWer delivery and current ?oW demands are higher. 
Brie?y, the present invention may provide both integrated 
inductors and compliant interconnects on the same substrate. 

[0027] FIG. 2 illustrates an apparatus 200 including a die 
210 having an integrated inductor 250. Apparatus 200 also 
includes a substrate 230 having connectors 240. Die 210 and 
substrate 230 may be connected by compliant interconnects 
220. Apparatus 200 may also include a peripheral under?ll 
260. 

[0028] Die 210 may be any suitable material. In an 
embodiment, die 210 may include silicon. In an embodi 
ment, die 210 may be an integrated circuit (IC) chip of any 
type, including a microprocessor, microcontroller, ASIC 
(Application Speci?c Integrated Circuit), FPGA (Field Pro 
grammable Gate Array), DSP (Digital Signal Processor), 
memory, I/O (Input/Output) controller or hub, etc. 

[0029] Substrate 230 may be any suitable material. In an 
embodiment, substrate 230 may include a printed circuit 
board (PCB). In an embodiment, substrate 230 may be 
formed from a rigid dielectric substrate, such as a standard 
PC (printed circuit) board material, for example, FR-4 
epoxy-glass, polyimide-glass, benZocyclobutene, Te?on, 
other epoxy resins, injection molded plastic or the like or 
ceramic. In an embodiment, substrate 230 may be about 40 
mils (1.0 mm) thick, although it may be thicker or thinner. 
[0030] Apparatus 200 may include a peripheral under?ll 
260. In comparison to an under?ll that surrounds integrated 
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inductor 250, peripheral under?ll 260 may provide for 
improved performance of integrated inductor 250 because 
peripheral under?ll 260 may alloW integrated inductor 250 
to be surrounded by air, Which decreases the stray capaci 
tance of integrated inductor 250. 

[0031] In an embodiment, to decrease the stray capaci 
tance of integrated inductor 250, metal layers adjacent to 
integrated inductor 250 may be removed. In an embodiment, 
metal layers adjacent to integrated inductor 250 may be 
removed from die 210. In another embodiment, metal adja 
cent to integrated inductor 250 may be removed from 
substrate 230. 

[0032] Interconnects 220 may be any compliant intercon 
nect as is further discussed beloW With reference to FIGS. 
3-7. In an embodiment, interconnects 220 may provide data, 
control, and poWer interfaces to die 210. 

[0033] Integrated inductor 250 may include any generally 
spiral shaped 3-D inductor that is integrated onto die 210 as 
is discussed With reference to FIG. 8. Integrated inductor 
may provide various functions, such as energy storage, 
selective channel frequency ?ltering, and noise reduction for 
die 210. 

[0034] Die 210 may include any number of integrated 
inductors. In an embodiment, die 210 may include one 
integrated inductor. In an embodiment, die 210 may include 
2 to 10 integrated inductors. In another embodiment, the 
number of integrated inductors may be based on design 
criteria. Apparatus 200 may also include any number of 
inductors, capacitors, and resistors embedded in substrate 
230 or any number of surface mount inductors, capacitors, 
and resistors mounted to substrate 230. 

[0035] FIG. 3 illustrates an example of an interconnect 
design that may be used for interconnects 220 of FIG. 2. 

[0036] In FIG. 3, the interconnect has a base 21 that may 
be coupled to the die and an arch 23 that extends from the 
base to make contact With the substrate. The base of the 
interconnect may alternatively be attached to the substrate so 
that the arch contacts the die. The base is shoWn as an 
elongated beam With a bottom surface 25 to contact the 
surface of the die. The base may contact the die at a 
connection pad formed on the die for the purpose of elec 
trically connecting to the base. The base may also include an 
elboW 27 at one end of the elongation to meet the arch. The 
beam may have a square cross-section about 20 pm in each 
direction and be about 50 um long. The particular dimen 
sions and proportions may be adapted to suit any particular 
application. 

[0037] In the example of FIG. 3, the arch may be formed 
roughly as a quarter of a circle so that it rises perpendicularly 
from the beam up aWay from the die surface and then curves 
aWay from the beam. Atangent to the arch Where it meets the 
beam may be normal to the plane of the die surface, While 
a tangent to the arch at its other end may be parallel to the 
plane of the die surface. If the portion of the circle Where the 
arch meets the elboW is identi?ed as 0 degrees on a circular 
compass, then the other end of the arch may be at 90 degrees 
from the elboW, along the circle. The arch may also have a 
square cross-section that is about 20 pm in height and Width. 

[0038] The arch may be formed as a smaller or larger part 
of a circle, or it may be formed as a portion of a noncircular 
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curve instead of a circular curve as shown. The arch may 
extend beyond the quarter circle or 90 degrees to provide a 
longer or differently shaped surface to attach to the substrate. 
The particular radius of curvature, or radii of curvature if the 
arch is not circular in shape, may be selected to provide the 
desired mechanical properties. In one example, the beam 
and arch combined are 90 um long and the arch has a circular 
radius of curvature of 40 um. The particular dimensions and 
relative siZes of the beam and arch may be adapted to suit 
particular mechanical and electrical characteristics. 

[0039] When the arch is made from a resilient material, 
such as a metal, it may act as a spring. The particular design 
of FIG. 3 may have mechanical properties similar to a leaf 
spring. Modi?cations to the spring shape may be made to 
adjust its resiliency, spring constant and other parameters. 
The arch has a top surface Which may be the surface farthest 
from the bottom surface of the beam. This top surface may 
resiliently contact the package substrate, in this example, to 
create an electrical connection. The substrate or any other 
contacted surface may have a connection pad to provide a 
clear electrical connection path With the arch. 

[0040] FIG. 4 illustrates an example of an interconnect 
design that may be used for interconnects 220 of FIG. 2. 

[0041] In the example of FIG. 4, tWo interconnects, each 
With a beam and an arch similar to that shoWn in FIG. 3 are 
connected together to form a single integral compliant 
interconnect structure. The ?rst half of the interconnect has 
a ?rst beam 41 that connects to a ?rst arch 43 at its elboW 
47. This portion of the interconnect may be similar in shape 
to the interconnect of FIG. 3. A second half of the intercon 
nect also has a second beam 42 that is roughly parallel to and 
aligned With the ?rst beam. A second arch 44 extends from 
the second beam at an elboW. This portion of the intercon 
nect may be similar in siZe and shape to the ?rst portion of 
the interconnect. 

[0042] The tWo portions of the interconnect may be con 
nected by at least one crossbar. In the illustrated example, 
the beams are connected by a beam crossbar 48 that connects 
the ends of the tWo beams that are opposite the elboWs. In 
the illustrated example, the crossbar has about the same 
height and Width as the beams and has a length of about 70 
um, also about the same as the beams. 

[0043] This beam crossbar may provide a larger surface to 
make electrical and mechanical contact With a connection 
surface on the die, for example a C4 pad. The crossbar may 
be positioned anyWhere along the lengths of the tWo beams 
for this purpose. Additional crossbars may be added to 
connect the beam for electrical or mechanical reasons. In 
addition to providing a larger contact surface, the crossbar 
also shunts the tWo beams so that they carry the same signal 
to the arches. 

[0044] A second crossbar 49 connects the ends of the tWo 
arches opposite the beams. This crossbar may have about the 
same dimensions as the beam crossbar and may shunt the 
tWo arches. By shunting across the tWo arches, impedances 
betWeen the tWo arches may be reduced. This same shunt 
may also be provided by the substrate connector to Which 
both arches Will be attached. The arch crossbeam may also 
provide a larger surface for the connection to the substrate, 
Which may be, for example, a C4 pad as Well. 

[0045] The crossbar shoWn in FIG. 4, by adding to the 
surface area of the electrical contact may make it signi? 
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cantly easier to align the interconnect With the connection 
pads to Which they are to be connected. In one embodiment, 
the interconnect structures may be formed on the surface of 
the die and, in a separate process, a grid of pads may be 
deposited on the surface of the substrate. To connect the die 
to the substrate, the die may be aligned so that each of the 
interconnects is aligned With the appropriate pad and do not 
come too close to contacting any other pad. The larger area 
of the contact surfaces in the interconnects of FIG. 4 may 
make this alignment easier. 

[0046] The crossbars may also provide greater sti?‘ness to 
the interconnect structure. Additional crossbars may be 
added in different locations in order to further increase the 
stiffness. The crossbars may also be shaped or angled to 
achieve particular mechanical properties. In the example of 
FIG. 4, both crossbars are parallel to each other and per 
pendicular to the parallel beams. The crossbars may instead 
be at an angle to form cross-braces. X, Y and other patterns 
may be formed to stiffen the interconnect structure in 
particular directions. 

[0047] FIG. 5 illustrates an example of an interconnect 
design that may be used for interconnects 220 of FIG. 2. 

[0048] The example of FIG. 5 shoWs an interconnect 
design similar to that of FIG. 3 but With a broader and With 
a longer arch. The Width may ease alignment With connec 
tion pads and increases the spring constant or resiliency of 
the arch portion. A longer arch may increase resiliency still 
more. Like the compliant interconnect of FIG. 3, the com 
pliant interconnect of FIG. 5 has a base 51 that is coupled to 
the die and an arch 53 that extends from the base to make 
contact With the substrate. The base may be formed as an 
elongated beam With a bottom surface 55 to contact the 
surface of the die and an elboW 57 at one end of the 
elongation to meet the arch. The beam may be much Wider 
than that of FIG. 3 With a similar height of about 20 pm but 
a Width of about 60 pm. This Width may include a smaller 
square bond pad 20 um in each direction on its bottom 
surface. The arch may be similarly about 60 um Wide. 
HoWever, in the example of FIG. 5, the arch extends through 
a half circle, 180 degrees, rather than the quarter circle of 
FIG. 3. The far end of the arch meets With the surface of the 
die. The remaining dimensions may be similar to those of the 
compliant interconnect of FIG. 3. Similar modi?cations and 
variations to those described above for the example of FIG. 
3 may also be made. 

[0049] FIG. 6 illustrates an example of an interconnect 
design that may be used for interconnects 220 of FIG. 2. 

[0050] FIG. 6 shoWs another modi?cation to the intercon 
nect design of FIG. 3. In the example of FIG. 6, a beam 61, 
similar to the beam of FIG. 3 extends along the surface of 
the die and connects at an elboW 67 to an arch 63. Unlike the 
arch of FIG. 3, this arch extends through a semicircle aWay 
from the surface of the die and then back into contact With 
the surface of the die at a second elboW 68, a short distance 
from the beam. In an embodiment, the arch extends 180 
degrees from the ?rst elboW 67 to the second elboW 68. A 
second arch 64 parallel to and aligned With the ?rst arch is 
separated from the arch by a short distance, 70 um in the 
example shoWn. The tWo arches are joined together by a 
crossbar 69. The crossbar is attached to the ?rst arch’s 
second elboW 68 and to an elboW 66 on the second arch 
directly across from the ?rst arch’s second elboW. 
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[0051] The second arch may form a quarter circle similar 
in shape to the arch of FIG. 3. The tWo arches may be similar 
in shape and siZe to the tWo arches of FIG. 4. However, by 
extending the ?rst arch another quarter circle back to the die 
surface, the tWo arches may be connected on the die surface 
aWay from the beam. This may change the mechanical 
properties of the interconnect. The crossbar in FIG. 5, 
similar to those of FIG. 4 is perpendicular to the beams and 
extends across the surface of the die to connect the tWo 
arches at their respective elboWs. In one example, the arches 
may be 40 um in radius, as in FIGS. 3 and 5, and the distance 
from the beam to the end of the half circle arch may be 140 
pm. 

[0052] FIG. 7 illustrates an example of an interconnect 
design that may be used for interconnects 220 of FIG. 2. 

[0053] FIG. 7 shoWs a further variation on the compliant 
interconnect structures described above. The example of 
FIG. 7 is similar to that of FIG. 6 except that the second arch 
folloWs a complete semicircle to join With a second beam 72. 
The ?rst and second beams 71, 72 are similar to the beams 
of FIG. 6 and are coupled together With a shunt 78. Both 
beams, opposite the shunt, connect at respective elboWs 77 
to respective arches 73, 74. Both arches extend through a 
semicircle aWay from the surface of the die and then back 
into contact With the surface of the die at respective second 
elboWs 78, 76, a short distance from the beam. 

[0054] The arches are parallel to and aligned With each 
other and separated from each other by a short distance. In 
this example, the arches are each 31 um Wide and 30 um 
apart. The beams are similarly 31 um Wide and 30 um apart. 
The tWo arches are joined together by a crossbar 79 that is 
attached to the tWo arches’ respective elboWs 76, 78. The 
interconnect of FIG. 7 combines features of the FIG. 5 and 
FIG. 5 interconnects to provide loW resistivity, a large 
contact pad and a very stiff, resilient spring character. 

[0055] In tests, the mechanical and electrical characteris 
tics of the ?ve different variations of compliant intercon 
nects may be quanti?ed. The version of FIG. 6 provides 
higher compliance, While the version of FIG. 4 provides less 
electrical resistance. The resistance of any of the variations 
may be reduced further by increasing the cross-sectional 
area such as in the version of FIG. 5. HoWever, an increased 
cross-sectional area reduces the compliance of the structure. 

[0056] Better electrical performance may also be obtained 
by shunting the compliant interconnect (as shoWn in FIGS. 
4, 6, and 7 because the current is distributed over a larger 
area. On the other hand, shunting tWo arches or using more 
than one arch per connection point Without shunting reduces 
the compliance in the structure by almost half compared to 
a single arch. This still provides more compliance than 
Would be provided by an arch With an increased cross 
section suf?cient to obtain the same reduction in resistance. 
The version of FIG. 4, for example, shoWs more compliance 
and more resistance than the version of FIG. 6, Which shoWs 
more compliance and more resistance than the version of 
FIG. 7. 

[0057] FIG. 8 illustrates an example of an integrated 
inductor design that may be used for integrated inductor 250 
of FIG. 2. 

[0058] FIG. 8 illustrates an inductor 800 having connec 
tions 801, segments 803, and elements 802. Amagnetic core 
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may optionally run through the middle of inductor 800, 
betWeen segments 803 and elements 802, as is further 
discussed beloW. In addition, inductor 800 may be on a 
substrate, as is further discussed beloW. HoWever, neither a 
magnetic core nor a substrate are shoWn in FIG. 8 for the 
sake of clarity. 

[0059] Inductor 800 may have a generally 3-D shape. For 
example, inductor 800 may include segments 803 that are 
substantially in a 2-D plane and elements 802 that extend out 
of that 2-D plane. Typically, a 2-D shape may be described 
as a shape that (of course) has three dimensions, but the 
measurement of the shape in one of the dimensions is 
constrained to be substantially constant. In a 3-D shape, 
there is no constraint on any of the dimensions. For example, 
a layer of material having a pattern may be considered a 2-D 
shape because the depth of the layer may be substantially 
constant across the layer. In contrast, inductor 800 has no 
such constraints in any dimension or direction and is there 
fore a 3-D shape. In an embodiment, inductor may be a 3-D 
inductor having a generally spiral shape. 

[0060] Elements 802 are illustrated as arcs in FIG. 8. 
HoWever, any suitable shape may be used. In an embodi 
ment, elements 802 may be formed using any available 
support shape, such as a dome or a column. Therefore, 
elements 802 may be of any shape that facilitates connection 
to the ends of segments 803 and alloWs a magnetic material 
to run betWeen elements 802 and segments 803. In an 
embodiment, segments 803 may be in the shape of an arc. In 
another embodiment, segments 803 may be in the shape of 
an arch having a squared off bottom and a rounded top. In 
another embodiment, segments 803 may be in the shape of 
an arch having a rounded bottom and a squared off top. 
Several other shapes, such as, for example, an arch having 
an oval bottom and top, may be available. 

[0061] As illustrated in FIG. 8, segments 803 may gener 
ally be segments that are aligned in roWs. HoWever, the only 
restraint on the layout of segments 803 is that they may be 
able to form the generally spiral shape of inductor 800. 
Speci?cally, segments 803 need not be the same length, nor 
do segments 803 need to be parallel. Further, as is illustrated 
in FIG. 8, elements 802 may generally connect opposite 
ends of adjacent segments 803 to form the spiral shape of 
inductor 800. 

[0062] FIG. 8 illustrates connections 801 connecting to 
ends of elements 802 and extending aWay from inductor 
800. HoWever, connections 801 may connect to inductor 800 
in any Way. In an embodiment, connections 800 may connect 
to segments 803. In another embodiment, elements 802 may 
connect to shorter segments (not shoWn) that are similar to 
segments 803, but only extend to a center line of inductor 
800. In other embodiments, connections 800 may extend 
aWay from inductor 800 along a line extending along the 
center line of inductor 800. 

[0063] FIG. 8 illustrates inductor 800 having 3 turns; 
hoWever, any number of turns may be used. In an embodi 
ment, inductor 800 may have 5 turns. In another embodi 
ment, inductor 800 may have 10 turns. In other embodi 
ments, inductor 800 may have any of l to 20 turns. 

[0064] Inductor 800 illustrated in FIG. 8 may have any 
dimensions. In some embodiments, the Width of inductor 
800 may be in the range of about 100 to 200 microns. In an 
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embodiment, the Width may be in the range of about 100 to 
160 microns. In another embodiment, the Width may be in 
the range of about 140 to 160 microns. In an embodiment, 
the Width may be about 150 microns. In some embodiments, 
the height of inductor 800 may be in the range of about 40 
to 100 microns. In an embodiment, the height of inductor 
800 may be in the range of about 40 to 80 microns. In 
another embodiment, the height may be in the range of about 
60 to 80 microns. The length of inductor 800 may vary 
according to the number of turns. In an embodiment, the 
pitch betWeen turns in inductor 800 may be in the range of 
about 50 to 130 microns. In another embodiment, the pitch 
betWeen turns in inductor 800 may be in the range of about 
50 to 100 microns. In an embodiment, the pitch betWeen 
turns in inductor 800 may be in the range of about 80 to 100 
microns. In an embodiment, the pitch betWeen the turns may 
be about 90 microns. 

[0065] Elements 802 and segments 803 may include any 
suitable material. In an embodiment, elements 802 and 
segments 803 may be conductive. In some embodiments, 
elements 802 and segments 803 may be plated copper. In an 
embodiment, elements 802 and segments 803 may include 
aluminum. In another embodiment, elements 802 and seg 
ments 803 may include gold. 

[0066] Inductor 800 may have any performance charac 
teristics. The performance characteristics of inductor 800 
may generally depend on a Wide number of factors, such as 
the number of turns, the materials, siZes and shapes of 
elements 802, segments 803, and the magnetic core, and the 
X-Y-Z dimensions of inductor 800. 

[0067] As discussed, a magnetic core may run through the 
middle of inductor 800. In various embodiments, the mag 
netic core may include CoZrTa, a permalloy, NiFe, FeTaN, 
NiFeRe, or CoNbZr. 

[0068] The compliant interconnects and integrated induc 
tor described may be fabricated in many Ways. FIGS. 9A-9H 
illustrate a method that may provide for compliant intercon 
nects and an integrated inductor on a substrate. 

[0069] As illustrated in FIG. 9A, a substrate 910 having a 
pad 930, a conductive segment 940, and a pattern layer 920 
may be provided. Substrate 910 may be any suitable mate 
rial. In an embodiment, substrate 910 may include a semi 
conductor. In an embodiment, substrate 910 may be a die. In 
various embodiments, substrate 910 may include silicon, 
gallium arsenide, lithium niobate, ceramic or any of a 
variety of other materials to Which photolithography may be 
applied. Substrate 910 may also include a variety of devices, 
including transistors and resistors, and a variety of insula 
tive, conductive, and semiconductive regions that form 
metalliZation layers, isolation regions, channel regions, 
source and drain regions and the like. In an embodiment, 
substrate 910 may include a microprocessor. 

[0070] Pattern layer 920 may include any suitable mate 
rial. In an embodiment, pattern layer 920 may include a 
passivation layer of dielectric. In an embodiment, pattern 
layer 920 may include silicon nitride or polyimide. Pattern 
layer 920 includes an opening over pad 930. Pattern layer 
920 may also any number of openings over conductive 
segment 940. 

[0071] Only a single conductive segment 940 and tWo 
openings in pattern layer 920 are illustrated in FIG. 9A. 
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HoWever, any number of conductive elements may be 
substantially parallel to conductive segment 940 and any 
number of openings may be provided such that elements 
may contact the conductive elements to form a generally 
spiral shaped 3-D integrated inductor having any number of 
turns as discussed With reference to FIG. 8. Further, con 
nections (not shoWn), also as discussed With reference to 
FIG. 8, may also be provided in substrate 910. 

[0072] Pad 930 and conductive segment 940 may be any 
suitable conductive material. In an embodiment, pad 930 
and conductive segment 940 may include copper. 

[0073] As illustrated in FIG. 9B, a magnetic material 950 
may be formed over pattern layer 920 and above conductive 
segment 940. Magnetic material 950 may include any suit 
able magnetic material and may be formed by any suitable 
technique. In some embodiments, magnetic material 950 
may include permalloys. In other embodiments, magnetic 
material 950 may include NiFe, FeTaN, or NiFeRe, or any 
combination thereof. In an embodiment, magnetic material 
950 may include CoZrTa. In another embodiment, magnetic 
material 950 may include CoNbZr. 

[0074] In an embodiment, magnetic material 950 may be 
formed by providing a coating of a magnetic material over 
substrate 910, patterning a layer of resist over the magnetic 
material, etching undesired portions of the magnetic mate 
rial, and removing the resist. 

[0075] In another embodiment, magnetic material 950 
may be formed by patterning a layer of resist over substrate 
910, selectively forming a magnetic material in an opening 
in the resist, and removing the resist. 

[0076] In an embodiment, a magnetic material may not be 
provided. 
[0077] As illustrated in FIG. 9C, a resist layer 960 may be 
formed over substrate 910. Resist layer 960 may include any 
suitable resist. 

[0078] As illustrated in FIG. 9D, resist layer 960 may be 
patterned to form columns 970. Columns 970 may be any 
suitable siZe and shape. In an embodiment, columns 970 
may be posts or elongated rectangles. 

[0079] As illustrated in FIG. 9E, columns 970 may be 
re?oWed to form domes 980, or any other curved shape. In 
an embodiment, domes 980 may be formed by exposing the 
resist to a solvent. In an embodiment, domes 980 may be 
formed using a bake step. In an embodiment, domes 980 
may be formed by baking at a temperature in the range of 
about 100 to 120° C. for a time in the range of about 15 to 
45 minutes. In another embodiment, domes 980 may be 
formed by multiple baking steps. In an embodiment, a ?rst 
bake at a temperature in the range of about 100 to 120° C. 
for a time in the range of about 15 to 45 minutes and a 
second bake at a temperature in the range of about 100 to 
150° C. for a time in the range of about 15 to 45 minutes may 
be used to form domes 980. 

[0080] As illustrated in FIG. 9F, a conductor 990 may be 
formed over substrate 910 and domes 980. Conductor 990 
may include a single material or tWo or more materials. In 

an embodiment, conductor 990 may include metal. In some 
embodiments, conductor 990 may include metals such as 
such as aluminum (Al) copper (Cu), titanium (Ti), nickel 
(Ni), gold (Au), silver (Ag), tin (Sn), tantalum (Ta), molyb 
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denum (Mo), chromium (Cr), or cobalt (Co), or any com 
bination thereof. The choice of materials and the number of 
layers of conductor 990 may depend on the desired charac 
teristics of the compliant interconnects and integrated induc 
tor to be formed. Conductor 990 may be formed by any 
suitable technique, including sputtering, chemical vapor 
deposition, physical vapor deposition, atomic layer deposi 
tion, electro plating, electroless plating, or others. 

[0081] As illustrated in FIG. 9G, conductor 990 may be 
patterned to form a compliant interconnect 992 and an 
integrated inductor 994. In an embodiment, conductor 990 
may be patterned by a patterning and etching process. A 
variety of patterns may be applied to form compliant inter 
connect 992 such that it has the shape of any compliant 
interconnect as discussed above. Integrated inductor 994 
may be patterned to form conductive elements as discussed 
With reference to FIG. 8 above. 

[0082] As illustrated in FIG. 9H, domes 980 may be 
removed. In an embodiment, domes 980 may be stripped 
using a resist strip process. 

[0083] FIG. 10 illustrates an example of a die layout 
including an integrated inductor. An integrated inductor may 
be located in the die layout in various positions. 

[0084] FIG. 10 illustrates a die 1000, a die edge 1010, a 
core pad layout 1030, an input/ output (I/O) pad layout 1040, 
and inductors 1050. Core pad layout 1030 and I/O pad 
layout 1040 each include about ?ve pads 1020. FIG. 10 also 
illustrates a variety of distances 1001, 1002, 1003, 1004, 
1005, 1006, 1007. 

[0085] As discussed With reference to FIG. 8, in various 
embodiments, an integrated inductor may be about 100 to 
200 microns Wide and the length may depend on the number 
of turns, and the pitch betWeen turns may be in the range of 
about 50 to 130 microns. 

[0086] In an embodiment, an integrated inductor may be 
placed on die 1000 Wherever space is provided for the 
integrated inductor betWeen pads 1020. In another embodi 
ment, an inductor may be placed on die 1000 in the location 
of one or more pads and the pads may be covered With, for 
example, a passivation layer. 

[0087] Typically, the layout of pads 1020 on die 1000 may 
be restricted by design rules that limit, for example, hoW 
closely the pads may be placed. In the example of FIG. 10, 
distance 1005 may illustrate the closest that any tWo pads 
may be placed. In an embodiment, distance 1005 may be in 
the range of about 120 to 180 microns, distance 1001 may 
be in the range of about 210 to 250 microns, distance 1002 
may be in the range of about 280 to 340 microns, distances 
1003, 1004, and 1007 may be in the range of about 190 to 
about 230 microns, and distance 1006 may be in the range 
of about 230 to 280 microns. 

[0088] In the illustrated embodiment, I/O pad layout 1040 
may be near the edge of die 1000. In an embodiment, I/O pad 
layout 1040 may include an off face center rectangle 
(OFCR) layout including ?ve pads orientated With four pads 
at the corners of a rectangle and With one pad off-center in 
the rectangle. In an embodiment, the pad closest to die edge 
1010 may be centered about 210 to 250 microns in from die 
edge 1010 and integrated inductor 1050 may be placed 
betWeen die edge 1010 and the pad closest to die edge 1010. 
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[0089] In an embodiment, core pad layout 1030 may 
include a face center rectangle (FCR) layout including ?ve 
pads oriented With four pads in a rectangle and one pad in 
the center of the rectangle. In an embodiment, core pad 
layout 1030 may be adjacent to I/O pad layout 1040. In an 
embodiment, adjacent pads of core pad layout 1030 and I/O 
pad layout 1040 may be centered about 190 to 23 microns 
apart and integrated inductor 1050 may be placed betWeen 
die edge core pad layout 1030 and I/O pad layout 1040. 

[0090] Many other locations may be available for placing 
an integrated inductor on die 1000, such as betWeen adjacent 
I/O pad layouts and betWeen adjacent core pad layouts. 
Further, an integrated inductor may be placed substantially 
betWeen any pad layouts, but overlapping partially With a 
pad layout. In such embodiments, the pads that are over 
lapped by the integrated inductor may be covered With, for 
example, a passivation layer. 

[0091] FIG. 11 illustrates a circuit partially implemented 
in a substrate including an integrated inductor. FIG. 11 
illustrates a substrate 1100 and a circuit 1140 including 
circuitry 1110, integrated inductor 1120, and connection 
1130. As illustrated in FIG. 11, circuit 1140 may be partially 
implemented in substrate 1100. That is, circuitry 1110 may 
be a portion of circuit 1140 that may be implemented in 
substrate 1100. In an embodiment, circuitry 1110 may 
include a transistor. In an embodiment, circuitry 1110 may 
include a capacitor. Integrated inductor 1120 may also be a 
portion of circuit 1140 and may be implemented on substrate 
1100. In various embodiments, integrated inductor 1120 
may include any integrated inductor discussed above. Con 
nection 1130 may electrically connect circuitry 1110 and 
integrated inductor 1120. 

[0092] Circuit 1140 may be any circuit that includes an 
integrated inductor and a portion of circuitry that may be 
implemented in a substrate. In an embodiment, circuit 1140 
may be a frequency ?lter circuit. In an embodiment, circuit 
1140 may be a loW pass frequency ?lter circuit. In another 
embodiment, circuit 1140 may be a high pass frequency 
?lter circuit. In an embodiment, circuit 1140 may be a band 
pass frequency ?lter circuit. In an embodiment, circuit 1140 
may be an impedance matching circuit. In an embodiment, 
circuit 1140 may include an inductance-capacitance (LC) 
resonant tank. In an embodiment, circuit 1140 may include 
a capacitor having a capacitance less than about 1 pF. In 
another embodiment, integrated inductor 1120 may have an 
inductance less than about 3 nH. 

[0093] FIG. 12 illustrates a portion of a voltage controlled 
oscillator (VCO) circuit 1200 that may be enabled by the use 
of an integrated inductor. As discussed, a portion of VCO 
circuit 1200 may be implemented in a substrate. In an 
embodiment, VCO circuit 1200 may include a circuit With 
an inductance-capacitance (LC) resonant tank. As illus 
trated, VCO circuit 1200 includes tuning capacitors 11 and 
inductors 12. 

[0094] In various embodiments, VCO circuit 1200 may 
operate With a high frequency. To implement a high fre 
quency VCO circuit, a high resonant frequency (and accord 
ingly, components With loW capacitance and inductance) 
may be required. In various embodiment, VCO circuit 1200 
may operate at a frequency of about 10 GHZ or more and 
tuning capacitors 11 may have capacitances in the range of 
about 0.2 to 0.3 pF. 
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[0095] In such embodiments, inductors 12 may be 
required to have very loW inductance and, in implementing 
the inductor, a very loW loop inductance. In an embodiment, 
an integrated inductor, such as a generally spiral shaped 3-D 
inductor, may provide the loW inductance and loop induc 
tance required to enable the VCO. In an embodiment, the 
integrated inductor may be integrated on the substrate. In an 
embodiment, the integrated inductor may have an induc 
tance in the range of about 0.7 to 0.9 nH. In another 
embodiment, the integrated inductor may have a loop induc 
tance less than about 1 nH. In an embodiment, the integrated 
inductor may be a generally spiral shaped 3-D inductor 
having a magnetic core and up to about 15 turns. 

[0096] FIG. 13 illustrates a system in accordance With an 
embodiment of the present invention. 

[0097] FIG. 13 shoWs an example of a computer system 
containing several different IC components to Which 
embodiments of the present invention may be applied. 
Embodiments of the present invention may be adapted for 
application on a great number of di?ferent ICs, including 
microprocessor packages and chipsets. In this example, the 
computer system may include a CPU (Central Processing 
Unit) 161 coupled to a chipset component 111 such as a 
Memory Controller Hub (MCH) chip. The MCH functions 
as part of a supporting chipset for the CPU. The MCH is 
coupled to a main memory 167, such as DRAM (Dynamic 
Random Access Memory) and to a graphics controller 141. 

[0098] The MCH 111 is also coupled to an ICH (Input/ 
Output controller hub) 165. The ICH o?fers connectivity to 
a Wide range of di?ferent devices. Well-established conven 
tions and protocols may be used for these connections. The 
connections may include a LAN (Local Area Network) port 
169, a USB hub 171, and a local BIOS (Basic Input/Output 
System) ?ash memory 173. A SIO (Super Input/Output) port 
175 may provide connectivity for a keyboard, a mouse, and 
any other human interface devices. 

[0099] The ICH may also provide an IDE (Integrated 
Device Electronics) bus for connections to disk drives 187, 
189 or other large memory devices. The mass storage may 
include hard disk drives and optical drives. A PCI (Periph 
eral Component Interconnect), a PCI-X bus or a PCI 
Express bus 191 may be coupled to the ICH to alloW a Wide 
range of devices and ports to be coupled to the ICH. The 
architecture of FIG. 13 alloWs for a Wide range of di?ferent 
functions and capabilities. The speci?c details of any imple 
mentation Will depend on the particular application. 

[0100] The CPU, MCH, ICH, LAN port, USB hub, BIOS, 
SIO port, IDE and PCI buses may all be carried on a single 
motherboard of the computer system. Any one or more 
peripheral devices may also be carried on the motherboard. 
The computer system may be adapted for use in many 
di?ferent applications including o?ice productivity, commu 
nications, entertainment, music and video production or 
manufacturing. 
[0101] Although the description of the various embodi 
ments refers primarily to using compliant interconnects and 
integrated inductors in conjunction With an integrated circuit 
package, the various embodiments may also be used With 
other types of packages, interposers, PC boards or other 
electronic circuit housings. The various embodiments may 
be used With various types of electronic assemblies, and are 
not to be limited to use With integrated circuit packages. 
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[0102] In addition, the various embodiments may be used 
With a number of di?ferent types of packages and packaging 
technologies, for example, organic or ceramic packages, and 
technologies such as land grid array (e.g., organic LGA), pin 
grid array (e.g., plastic PGA or ?ip chip PGA), ball grid 
array (e.g., microBGA, tape BGA, plastic BGA, ?ip chip 
BGA or ?ip chip tape BGA), and beam lead may be used to 
attach the CI’s to a die or a substrate. 

[0103] Reference throughout this speci?cation to “one 
embodiment” or “an embodiment” means that a particular 
feature, structure, material, or characteristic described in 
connection With the embodiment is included in at least one 
embodiment of the invention. Thus, the appearances of the 
phrases “in one embodiment” or “in an embodiment” in 
various places throughout this speci?cation are not neces 
sarily referring to the same embodiment of the invention. 
Furthermore, the particular features, structures, materials, or 
characteristics may be combined in any suitable manner in 
one or more embodiments. 

[0104] It is to be understood that the above description is 
intended to be illustrative, and not restrictive. Many other 
embodiments Will be apparent to those of ordinary skill in 
the art upon revieWing the above description. The scope of 
the invention should, therefore, be determined With refer 
ence to the appended claims, along With the full scope of 
equivalents to Which such claims are entitled. 

What is claimed is: 
1. An apparatus comprising: 

an integrated inductor, generally spiral in shape about a 
substantially straight axis, containing elements that 
curve in three dimensions on a substrate surface; and 

a compliant electrical interconnect on the substrate sur 
face. 

2. The apparatus of claim 1, Wherein the integrated 
inductor comprises a magnetic core. 

3. The apparatus of claim 1, Wherein the integrated 
inductor comprises a plurality of conductive segments in a 
roW on the substrate, a conductive element connecting an 
end of a ?rst conductive segment to an opposite end of a 
second conductive segment, and a magnetic material 
betWeen the conductive element and the ?rst conductive 
segment. 

4. The apparatus of claim 1, Wherein the compliant 
electrical interconnect comprises a base and an arch extend 
ing from the base. 

5. The apparatus of claim 1, further comprising: 

a second substrate connected to the compliant intercon 
nect; and 

a peripheral under?ll betWeen the substrate and the sec 
ond substrate. 

6. The apparatus of claim 1, Wherein the substrate com 
prises a die having an input/output pad, and Wherein the 
integrated inductor is betWeen the input/ output pad and a die 
edge closest to the input/output pad. 

7. The apparatus of claim 1, Wherein the substrate com 
prises a die having an input/output pad and a core pad, and 
Wherein the integrated inductor is betWeen the input/ output 
pad and the core pad. 
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8. An apparatus comprising: 

a circuit at least partially implemented in a substrate, 
Wherein the circuit includes an integrated inductor, 
generally spiral in shape about a substantially straight 
axis, containing elements that curve in three dimen 
sions on the substrate. 

9. The apparatus of claim 8, Wherein the integrated 
inductor comprises a generally spiral shape and a magnetic 
core. 

10. The apparatus of claim 9, Wherein the integrated 
inductor comprises up to about 15 turns. 

11. The apparatus of claim 8, Wherein the circuit com 
prises a frequency ?lter. 

12. The apparatus of claim 8, Wherein the circuit com 
prises an impedance matching circuit. 

13. The apparatus of claim 8, Wherein the circuit com 
prises an inductance-capacitance tank including a tuning 
capacitor. 

14. The apparatus of claim 13, Wherein the tuning capaci 
tor has a capacitance less than about 1 pF. 
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15. The apparatus of claim 14, Wherein the integrated 
inductor has an inductance less than about 3 nH. 

16. The apparatus of claim 15, Wherein the circuit com 
prises a Voltage controlled oscillator capable of operating at 
10 GHZ or higher. 

17. A system comprising: 

a microprocessor connected to a substrate by a compliant 

interconnect; 

an integrated inductor, generally spiral in shape about a 
substantially straight axis, containing elements that 
curve in three dimensions on the microprocessor; and 

a graphics controller. 

18. The system of claim 23, further comprising: 

a memory component. 


