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(57) ABSTRACT

Apparatuses, capacitor structures, assemblies, and tech-
niques related to package substrate embedded capacitors are
described. A capacitor architecture includes a multi-layer
capacitor structure at least partially within an opening
extending through an insulative material layer of a package
substrate or on a package substrate. The multi-layer capaci-
tor structure includes at least two capacitor dielectric layers
interleaved with a plurality of conductive layers such that
the capacitor dielectric layers are at least partially within the
opening and one of the conductive layers are on a sidewall
of the opening.
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PACKAGE SUBSTRATE EMBEDDED
MULTI-LAYERED IN VIA CAPACITORS

BACKGROUND

[0001] Higher performance, lower cost, increased minia-
turization, and greater packaging density of integrated cir-
cuits within integrated circuit devices are ongoing goals of
the electronics industry. As these goals are achieved, power
delivery continues to be an area of interest. Next generation
products require passive devices to be integrated into the
system for power delivery applications. Current passive
device deployment, including passive capacitor architec-
tures, do not meet the needs for miniaturization, density, and
integration that are needed for product improvement. It is
with respect to these and other considerations that the
present improvements have been needed. Such improve-
ments may become critical as the desire to deploy advanced
memory solutions becomes more widespread.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] The material described herein is illustrated by way
of example and not by way of limitation in the accompa-
nying figures. For simplicity and clarity of illustration,
elements illustrated in the figures are not necessarily drawn
to scale. For example, the dimensions of some elements may
be exaggerated relative to other elements for clarity. Further,
where considered appropriate, reference labels have been
repeated among the figures to indicate corresponding or
analogous elements. In the figures:

[0003] FIG.1A provides a cross-sectional view illustrating
an example multi-layered in package opening capacitor
structure;

[0004] FIG. 1B provides a cross-sectional view illustrating
an expanded view of the example multi-layered in via
capacitor structure of FIG. 1 to illustrate package substrate
architectures;

[0005] FIG. 1C provides a cross-sectional downward
looking view of an example multi-layered capacitor struc-
ture formed in a via opening having a substantially circular
cross section;

[0006] FIG. 1D provides a cross-sectional downward
looking view of an example multi-layered capacitor struc-
ture formed in a trench opening having an elongated cross
section;

[0007] FIG. 1E provides a cross-sectional view illustrating
example multi-layered in package opening capacitor struc-
ture similar to that of FIG. 1A further illustrating terminal
connections and an opening volume;

[0008] FIG.2A provides a cross-sectional view illustrating
an example multi-layered in package opening variable
capacitor structure;

[0009] FIG. 2B provides a cross-sectional view illustrating
example multi-layered in package opening variable capaci-
tor structure similar to that of FIG. 2A further illustrating
terminal connections;

[0010] FIG. 3 is a flow diagram illustrating methods for
forming a multi-layered in package opening capacitor struc-
ture;

[0011] FIGS. 4A, 4B, 4C, 4D, 4E, and 4F are cross-
sectional views of a two-terminal capacitor structure evolv-
ing as the methods of FIG. 3 are practiced;
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[0012] FIGS. 5A, 5B, 5C, 5D, SE, 5F, 5G, 5H, 5L, 5J, 5K,
and 5L are cross-sectional views of a multi-terminal capaci-
tor structure evolving as the methods of FIG. 3 are practiced;
[0013] FIG. 6 illustrates an example microelectronic
device assembly including a multi-layered capacitor struc-
ture;

[0014] FIG. 7 illustrates exemplary systems deploying a
multi-layered in package opening capacitor structure; and
[0015] FIG. 8 is a functional block diagram of an elec-
tronic computing device, all arranged in accordance with at
least some implementations of the present disclosure.

DETAILED DESCRIPTION

[0016] One or more embodiments or implementations are
now described with reference to the enclosed figures. While
specific configurations and arrangements are discussed, this
is done for illustrative purposes only. Persons skilled in the
relevant art will recognize that other configurations and
arrangements may be employed without departing from the
spirit and scope of the description. It will be apparent to
those skilled in the relevant art that techniques and/or
arrangements described herein may also be employed in a
variety of other systems and applications other than what is
described herein.

[0017] Reference is made in the following detailed
description to the accompanying drawings, which form a
part hereof, wherein like numerals may designate like parts
throughout to indicate corresponding or analogous elements.
It will be appreciated that for simplicity and/or clarity of
illustration, elements illustrated in the figures have not
necessarily been drawn to scale. For example, the dimen-
sions of some of the elements may be exaggerated relative
to other elements for clarity. Further, it is to be understood
that other embodiments may be utilized, and structural
and/or logical changes may be made without departing from
the scope of claimed subject matter. It should also be noted
that directions and references, for example, up, down, top,
bottom, over, under, and so on, may be used to facilitate the
discussion of the drawings and embodiments and are not
intended to restrict the application of claimed subject matter.
Therefore, the following detailed description is not to be
taken in a limiting sense and the scope of claimed subject
matter defined by the appended claims and their equivalents.

[0018] In the following description, numerous details are
set forth. However, it will be apparent to one skilled in the
art, that the present invention may be practiced without these
specific details. In some instances, well-known methods and
devices are shown in block diagram form, rather than in
detail, to avoid obscuring the present invention. Reference
throughout this specification to “an embodiment” or “one
embodiment” means that a particular feature, structure,
function, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
invention. Thus, the appearances of the phrase “in an
embodiment” or “in one embodiment” in various places
throughout this specification are not necessarily referring to
the same embodiment of the invention. Furthermore, the
particular features, structures, functions, or characteristics
may be combined in any suitable manner in one or more
embodiments. For example, a first embodiment may be
combined with a second embodiment anywhere the particu-
lar features, structures, functions, or characteristics associ-
ated with the two embodiments are not mutually exclusive.
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[0019] As used in the description of the invention and the
appended claims, the singular forms “a”, “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will also be under-
stood that the term “and/or” as used herein refers to and
encompasses any and all possible combinations of one or

more of the associated listed items.

[0020] The terms “coupled” and “connected,” along with
their derivatives, may be used herein to describe structural
relationships between components. It should be understood
that these terms are not intended as synonyms for each other.
Rather, in particular embodiments, “connected” may be used
to indicate that two or more elements are in direct physical
or electrical contact with each other. “Coupled” may be used
to indicated that two or more elements are in either direct or
indirect (with other intervening elements between them)
physical or electrical contact with each other, and/or that the
two or more elements co-operate or interact with each other
(e.g., as in a cause an effect relationship, an electrical
relationship, a functional relationship, etc.).

[0021] The terms “over,” “under,” “between,” “on”, and/
or the like, as used herein refer to a relative position of one
material layer or component with respect to other layers or
components. For example, one layer disposed over or under
another layer may be directly in contact with the other layer
or may have one or more intervening layers. Moreover, one
layer disposed between two layers may be directly in contact
with the two layers or may have one or more intervening
layers. In contrast, a first layer “on” a second layer is in
direct contact with that second layer. Similarly, unless
explicitly stated otherwise, one feature disposed between
two features may be in direct contact with the adjacent
features or may have one or more intervening features. The
term immediately adjacent indicates such features are in
direct contact. Furthermore, the terms “substantially,”
“close,” “approximately,” “near,” and “about,” generally
refer to being within +/-10% of a target value. The term
layer as used herein may include a single material or
multiple materials. As used in throughout this description,
and in the claims, a list of items joined by the term “at least
one of” or “one or more of” can mean any combination of
the listed terms. For example, the phrase “at least one of A,
B or C” can mean A; B; C; A and B; A and C; B and C; or
A, B and C. The terms “lateral”, “laterally adjacent” and
similar terms indicate two or more components are aligned
along a plane orthogonal to a vertical direction of an overall
structure. Herein, the term “predominantly” indicates not
less than 50% of a particular material or component while
the term “substantially pure” indicates not less than 99% of
the particular material or component. Unless otherwise
indicated, such material percentages are based on atomic
percentage. As used herein, the terms “monolithic”, “mono-
lithically integrated”, and similar terms indicate the compo-
nents of the monolithic overall structure form a indivisible
whole not reasonably capable of being separated.

[0022] The term “package” generally refers to a self-
contained carrier of one or more dice, where the dice are
attached to the package substrate, and may be encapsulated
for protection, with integrated or wire-boned interconnects
between the dice and leads, pins or bumps located on the
external portions of the package substrate. The package may
contain a single die, or multiple dice, providing a specific
function. The package is usually mounted on a printed
circuit board for interconnection with other packaged inte-
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grated circuits and discrete components, forming a larger
circuit. Here, the term “dielectric” and the term “insulative
and any similar term generally refers to any number of
non-electrically conductive materials that make up the struc-
ture of a package substrate. For purposes of this disclosure,
dielectric material may be incorporated into an integrated
circuit package as layers of laminate film or as a resin
molded over integrated circuit dice mounted on the sub-
strate. Here, the term “metallization” generally refers to
metal layers formed over and through the dielectric material
of the package substrate. The metal layers are generally
patterned to form metal structures such as traces and bond
pads. The metallization of a package substrate may be
confined to a single layer or in multiple layers separated by
layers of dielectric. Here, the term “assembly” generally
refers to a grouping of parts into a single functional unit. The
parts may be separate and are mechanically assembled into
a functional unit, where the parts may be removable. In
another instance, the parts may be permanently bonded
together. In some instances, the parts are integrated together.
Throughout the specification, and in the claims, the term
“connected” means a direct connection, such as electrical,
mechanical, or magnetic connection between the things that
are connected, without any intermediary devices. The term
“coupled” means a direct or indirect connection, such as a
direct electrical, mechanical, magnetic or fluidic connection
between the things that are connected or an indirect con-
nection, through one or more passive or active intermediary
devices.

[0023] Apparatuses, systems, capacitor structures, and
techniques are described herein related to package substrate
embedded multi-layered in via capacitors.

[0024] As discussed, it is desirable to efficiently deliver
power to assemblies including package substrates. However
current passive device deployment, including passive
capacitor architectures, do not meet the needs for miniatur-
ization, density, and integration. For example, it is desirable
to provide high density capacitors that are integrated into the
build up process of a package and/or package substrate. The
techniques and architectures discussed herein deploy a
capacitor in blind via architecture. In some embodiments,
metal and dielectric films are sequentially deposited in a
blind via to fabricate an in-situ multi-layered capacitor. In
some embodiments, each metal layer of the multi-layered
capacitor structure is contacted by a separate terminal. For
example, a multi-layered capacitor structure is etched by a
staircase etch process to create an integrated variable capaci-
tor. The discussed techniques and architectures offer a
variety of advantages including increased capacitance, fab-
rication of variable capacitance in via capacitors, and
improved variability of capacitance by in glass core and/or
glass carrier based architectures.

[0025] FIG. 1A provides a cross-sectional view illustrating
an example multi-layered in package opening capacitor
structure 100, arranged in accordance with at least some
implementations of the present disclosure. As shown in FIG.
1A, multi-layered in package opening capacitor structure
100 includes an insulative material layer 101 that may be a
portion of a package substrate or a build-up layer over or on
the package substrate. Herein, the term build-up layer indi-
cates one or more materials and/or structures built up over
a package substrate. In some embodiments, the build-up
layer is a thick layer of deposited dielectric layer. In some
embodiments, the build-up layer is a build-up substrate
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optionally including multiple layers of circuitry, such as an
ABF substrate layer or layers.

[0026] FIG. 1B provides a cross-sectional view illustrating
an expanded view of example multi-layered in package
opening capacitor structure 100 to illustrate package sub-
strate architectures, arranged in accordance with at least
some implementations of the present disclosure. As shown
in FIG. 1B, insulative material layer 101 may be a portion
of a package substrate 112. For example, insulative material
layer 101 may be a portion of a package substrate core. Here,
the term “cored” or “core” generally refers to a substrate of
an integrated circuit package built upon a board, card or
wafer comprising a non-flexible stiff material. Typically, a
small, printed circuit board is used as a core, upon which
integrated circuit device and discrete passive components
may be soldered. Typically, the core has vias extending from
one side to the other, allowing circuitry on one side of the
core to be coupled directly to circuitry on the opposite side
of the core. The core may also serve as a platform for
building up layers of conductors and dielectric materials.
[0027] In contexts where insulative material layer 101 is a
portion of package substrate 112, package substrate 112 may
include any suitable organic or inorganic material. In some
embodiments, package substrate 112 is an interposer. In
some embodiments, package substrate 112 is an inorganic
substrate material such as glass. For example, package
substrate 112 may be a glass core substrate or a glass carrier
based substrate. Package (or electronic) substrate 112 may
include a number of dielectric material layers inclusive of
insulative material layer 101 Such dielectric material layers
may be composed of an appropriate dielectric material(s),
including, but not limited to, bismaleimide triazine resin, fire
retardant grade 4 material, polyimide material, silica filled
epoxy material, glass reinforced epoxy material, and the
like, as well as low-k and ultra low-k dielectrics (dielectric
constants less than about 3.6), including, but not limited to,
carbon doped dielectrics, fluorine doped dielectrics, porous
dielectrics, organic polymeric dielectrics, and the like.
[0028] In some embodiments, insulative material layer
101 is a build-up layer over a package substrate 113 such as
a package substrate core. Package substrate 113 may have
any characteristics discussed with respect to package sub-
strate 112. In such contexts, insulative material layer 101
may include build-up films and/or solder resist layers and
may be composed of an appropriate dielectric material(s),
including those discussed above, such as bismaleimide
triazine resin, fire retardant grade 4 material, polyimide
material, silica filled epoxy material, glass reinforced epoxy
material, low-k, carbon doped dielectrics, fluorine doped
dielectrics, porous dielectrics, organic polymeric dielectrics,
and the like. In some embodiments, the package substrate is
a glass. As shown, package substrate 112 or package sub-
strate 113 may include any number of metallization layers
and features 114 inclusive of buried vias, through vias, and
the like.

[0029] Returning to FIG. 1A, a multi-layered capacitor
structure 110 is formed at least partially within an opening
123 of insulative material layer 101. Multi-layered capacitor
structure 110 may also be partially embedded in a dielectric
layer 103. Multi-layered capacitor structure 110 may be
characterized as a capacitor, a multi-layered capacitor, or the
like. It is noted that any number of multi-layered capacitor
structures 110 may be formed in insulative material layer
101 (e.g., arrayed across a top surface 124 of insulative
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material layer 101) and insulative material layer 101 may
include any number of other metallization structures such as
conductive vias. As used herein, the term conductive via
indicates a conductor extending through a via. The term via
indicates an opening, typically having a circular cross sec-
tion that extends at least partially through a material layer.
As shown in FIG. 1A, in some embodiments, edge sidewalls
131 of conductive layers 104, 106, 108 and capacitor
dielectric layers 105, 107 are vertically aligned

[0030] Furthermore, multi-layered capacitor structure 110
contacts a metallization layer 102 under insulative material
layer 101. Metallization layer 102 may be characterized as
a buried metallization layer, a conductive base layer, or the
like. When a conductive via extends from a top surface 124
of insulative material layer 101 to a buried metallization
layer 102, it may be characterized as a blind via. Therefore,
multi-layered capacitor structure 110 may be characterized
as an in-blind-via capacitor or simply as an in via capacitor.
As discussed below, metallization layer 102 may provide a
terminal of multi-layered capacitor structure 110.

[0031] Multi-layered capacitor structure 110 is at least
partially within opening 123, which extends through insu-
lative material layer 101. That is, opening 123 extends from
top surface 124 of insulative material layer 101 (e.g. a top
surface opening), through insulative material layer 101, to
metallization layer 102 (e.g. a bottom opening). As shown,
in some embodiments, opening 123 has a sloped sidewall
125 that slopes inwardly from top surface 124 to metalliza-
tion layer 102 such that the top surface opening is larger than
the bottom opening. In some embodiments, opening 123 has
substantially vertical sidewalls.

[0032] Multi-layered capacitor structure 110 includes two
or more capacitor dielectric layers 105, 107 interleaved with
a number of conductive layers 104, 106, 108 such that, in
some embodiments, a bottom conductive layer 104 and a top
conductive layer 108 are provided and the two or more
capacitor dielectric layers 105, 107 are on conductive layers
104, 108 and one or more intervening conductive layers 106
are interleaved with the two or more capacitor dielectric
layers 105, 107. Here, the term interleaved indicates the
dielectric and conductive layers are alternating. Further-
more, bottom conductive layer 104 is on sidewall 125 of
opening 123. Although illustrated herein with two or more
capacitor dielectric layers 105, 107, any number may be
used such as three, four, or more. It is noted that the number
of internal conductive layers (i.e., those conductive layers
other than bottom conductive layer 104 and top conductive
layer 108) is one less than the number of capacitor dielectric
layers 105, 107.

[0033] In some embodiments, as discussed below, a vari-
able or multi-terminal capacitor is provided using two or
more capacitor dielectric layers 105, 107 and conductive
layers 104, 106, 108. For example, each of conductive layers
104, 106, 108 may provide a separate terminal such that
different capacitances may be achieved using the same
multi-layered capacitor structure. However, in the context of
multi-layered capacitor structure 110, the one or more inter-
nal conductive layers 106 increase the capacitance of multi-
layered capacitor structure 110, as is known in the art.
[0034] Conductive layers 104, 106, 108 may be any suit-
able conductive materials. Conductive layers 104, 106, 108
may be the same materials or they may differ. In some
embodiments, conductive layers 104, 106, 108 include one
or more metals. In some embodiments, conductive layers
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104, 106, 108 are advantageously copper. However, other
metals may be used such as gold, silver, tungsten, and
platinum. Similarly, capacitor dielectric layers 105, 107 may
be any suitable dielectric materials. Capacitor dielectric
layers 105, 107 may be the same materials or they may be
different. In some embodiments, one or both of capacitor
dielectric layers 105, 107 is a silicon oxide material (e.g.,
silicon and oxygen). In some embodiments, one or both of
capacitor dielectric layers 105, 107 is a silicon nitride
material (e.g., silicon and nitrogen). In some embodiments,
one or both of capacitor dielectric layers 105, 107 is a silicon
oxynitride material (e.g., silicon, oxygen, and nitrogen). In
some embodiments, one or both of capacitor dielectric
layers 105, 107 is a hafnium oxide material (e.g., hafnium
and oxygen). In some embodiments, one or both of capacitor
dielectric layers 105, 107 is a zirconium oxide material (e.g.,
zirconium and oxygen). In some embodiments, one or both
of capacitor dielectric layers 105, 107 is a hafnium zirco-
nium oxide material (e.g., hafnium, zirconium, and oxygen).
Other dielectric materials may be used. Conductive layers
104, 106, 108 and capacitor dielectric layers 105, 107 may
have any suitable thicknesses. In some embodiments, con-
ductive layers 104, 106, 108 have thicknesses in the range of
0.5 to 10 microns. In some embodiments, capacitor dielec-
tric layers 105, 107 have thicknesses in the range of 5 nm to
10 microns. In some embodiments, capacitor dielectric
layers 105, 107 have thicknesses in the range of 5 to 100 nm.

[0035] As shown, multi-layered capacitor structure 110 is
at least partially within opening 123 such that at least
portions of two or more capacitor dielectric layers 105, 107
and conductive layers 104, 106, 108 are within opening 123
and such that two or more capacitor dielectric layers 105,
107 have a shape profile that approximates that of opening
123. Furthermore, each of capacitor dielectric layers 105,
107 and conductive layers 104, 106, 108 may extend over
top surface 124, as shown, to provide a bond pad or landing
pad for coupling to multi-layered capacitor structure 110. An
outer edge of capacitor dielectric layers 105, 107 and
conductive layers 104, 106, 108 may extend beyond opening
123 by any suitable distance such as a distance in the range
of 20 to 500 microns. Opening 123 may have any suitable
shape in the x-y plane.

[0036] FIG. 1C provides a cross-sectional downward
looking view of an example multi-layered capacitor struc-
ture 110 formed in a via opening having a substantially
circular cross section, arranged in accordance with at least
some implementations of the present disclosure. For
example, FIG. 1C illustrates the cross-sectional downward
looking view taken at A-A' in FIG. 1A in the context of
multi-layered capacitor structure 110 being formed in a via
opening 133. As shown in FIG. 1C, in some embodiments,
multi-layered capacitor structure 110 is formed in via open-
ing 133 having a substantially circular cross section. In such
embodiments, via opening 133 may be formed using sta-
tionary laser drilling or patterning and etch techniques. Via
opening 133 may have any suitable diameter, D, such as a
diameter in the range of about 20 microns to about 100
microns, or more. Other suitable dimensions may be used.
Conductive layers 104, 106, 108 and capacitor dielectric
layers 105, 107 are substantially conformal to via opening
133. As discussed, via opening 133 may have a sloped
sidewall 125 in some embodiments.

[0037] FIG. 1D provides a cross-sectional downward
looking view of an example multi-layered capacitor struc-
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ture 110 formed in a trench opening having an elongated
cross section, arranged in accordance with at least some
implementations of the present disclosure. For example,
FIG. 1D also illustrates the cross-sectional downward look-
ing view taken at A-A' in FIG. 1A in the context of
multi-layered capacitor structure 110 being formed in a
trench opening 143 extending in the y-dimension. As shown
in FIG. 1D, in some embodiments, multi-layered capacitor
structure 110 is formed in trench opening 143 having a
substantially stadium cross-sectional shape. In such embodi-
ments, trench opening 143 may be formed using a laser
drilling where drilling processes in the y-dimension, or
patterning and etch techniques. As shown, trench opening
143 has a length, L, and a substantially orthogonal width, W,
such that the length is greater than the width. In some
embodiments, the length is not less than twice the width. In
some embodiments, the length is not less than three times
the width. In some embodiments, the length is not less than
four or five times the width. Other aspect ratios may be used.
Trench opening 143 may have any suitable width (and
corresponding length in accordance with the discussed
ratios). For example, the width may be in the range of about
20 microns to about 100 microns, or more. Other suitable
dimensions may be used. Conductive layers 104, 106, 108
and capacitor dielectric layers 105, 107 are substantially
conformal to trench opening 133, which may have a sloped
sidewall 125 in some embodiments.

[0038] FIG. 1E provides a cross-sectional view illustrating
example multi-layered in package opening capacitor struc-
ture 100 similar to that of FIG. 1A further illustrating
terminal connections and an opening volume, arranged in
accordance with at least some implementations of the pres-
ent disclosure. As discussed, multi-layered capacitor struc-
ture 110 is at least partially within opening 123 such that at
least portions of two or more capacitor dielectric layers 105,
107 and conductive layers 104, 106, 108 are within opening
123. As shown in FIG. 1E, a volume of opening 123 may be
defined by a top opening 126, sidewall 125, and a bottom
opening 127. For example, top opening 126 (now filled) is
defined as a shape in the x-y plane coplanar with top surface
124 and surrounded by the material of insulative material
layer 101. Similarly, bottom opening 127 (now filled) is
defined as a shape in the x-y plane coplanar with a top
surface 132 of metallization layer 102 and surrounded by the
material of insulative material layer 101. Finally, sidewall
125 comprises a wall of the material of insulative material
layer 101 surrounding opening 123 and extending between
bottom opening 127 and top opening 126. As shown, the
volume defined by bottom opening 127, top opening 126,
and sidewall 125 includes a portion of each of conductive
layers 104, 106, 108 and each of capacitor dielectric layers
105, 107, in some embodiments. In some embodiments, one
or more layers may also be formed over the defined volume
of opening 123. For example, a top conductive layer 108
may be formed entirely over opening 123.

[0039] Furthermore, FIG. 1E illustrates terminals 121 (T1)
and 122 (T2) coupled to multi-layered capacitor structure
110. Terminal 121 may include conductive layer 108 and/or
a metal via, a metallization line, a solder bump, a bond pad
of an external device, or the like. Terminal 122 may include
conductive layer 104 and/or metallization layer 102, a
buried via, a metallization line, wiring, or the like. For
example, multi-layered capacitor structure 110 may be con-
tacted using any suitable circuitry to incorporated multi-



US 2024/0222035 Al

layered capacitor structure 110 into a packaged device by
contacting by an integrated circuit, a discrete device, or the
like.

[0040] FIG.2A provides a cross-sectional view illustrating
an example multi-layered in package opening variable
capacitor structure 200, arranged in accordance with at least
some implementations of the present disclosure. In FIG. 2A,
and elsewhere herein, like numerals are used to indicate like
structures, and such like structures may have any character-
istics discussed herein. As shown in FIG. 2A, multi-layered
in package opening variable capacitor structure 200 includes
insulative material layer 101, which may be a portion of a
package substrate or a build-up layer over or on the package
substrate, as discussed with respect to FIG. 1B.

[0041] Multi-layered in package opening variable capaci-
tor structure 200 further includes a multi-layered capacitor
structure 210 that is formed at least partially within opening
123 of insulative material layer 101. Multi-layered capacitor
structure 210 may be characterized as a capacitor, a multi-
layered capacitor, or the like. Any number of multi-layered
capacitor structures 210 may arrayed across top surface of
insulative material layer 101 and insulative material layer
101 may include additional metallization structures such as
conductive vias. As shown conductive layer 104 of multi-
layered capacitor structure 110 contacts metallization layer
102 under insulative material layer 101.

[0042] As with multi-layered capacitor structure 110,
multi-layered capacitor structure 210 is at least partially
within opening 123, which extends through insulative mate-
rial layer 101. As discussed, opening 123 extends from top
surface 124 of insulative material layer 101 (e.g. a top
surface opening), through insulative material layer 101, to
metallization layer 102 (e.g. a bottom opening). In some
embodiments, opening 123 has a sloped sidewall 125 that
slopes inwardly from top surface 124 to metallization layer
102 such that the top surface opening is larger than the
bottom opening.

[0043] Multi-layered capacitor structure 210 includes two
or more capacitor dielectric layers 105, 107 interleaved with
conductive layers 104, 106, 108 as discussed herein such a
bottom conductive layer 104 and a top conductive layer 108
are provided and the two or more capacitor dielectric layers
105, 107 are on conductive layers 104, 108 and one or more
intervening conductive layers 106 are interleaved with the
two or more capacitor dielectric layers 105, 107. Further-
more, bottom conductive layer 104 is on sidewall 125 of
opening 123. Although illustrated herein with two or more
capacitor dielectric layers 105, 107, any number may be
used such as three, four, or more.

[0044] Notably, conductive layer 104 extends along and
over top surface 124 to couple to a conductive via 213,
which lands on conductive layer 104, conductive layer 106
extends along and over top surface 124 to couple to a
conductive via 212, which lands on conductive layer 106,
and conductive layer 108 couples to a conductive via 211,
which lands on conductive layer 108. As shown, a conduc-
tive via (i.e., a metal via) separately contacts each of
conductive layers 104, 106, 108 as enabled by the staircase
architecture of multi-layered capacitor structure 210.
[0045] For example, conductive via 213 is in contact with
conductive layer 104 at a distance, D1, from opening 123
along top surface 124 of insulative material layer 101. Also
as shown, conductive via 212 is in contact with conductive
layer 106 at a distance, D2, from opening 123 along top
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surface 124 of insulative material layer 101 such that
distance D2 is less than distance DI1. In the illustrated
example, distances D1, D2 are measured from an edge of
opening 123 to centerlines of conductive vias 213, 212,
along the x-dimension. However, distances D1, D2 may be
measured from any suitable landmarks of opening 123 and
conductive vias 213, 212. Furthermore, conductive via 211
is in contact with conductive layer 108 at a position, P1,
above opening 123. For example, position P1 may be at a
centerline of opening 123. In the example of FIG. 2A,
metallization layer 102 also couples to conductive layer 104
at a position, between positions P2 and P3, below opening
123.

[0046] Conductive layers 104, 106, 108 may be any suit-
able conductive materials and capacitor dielectric layers
105, 107 may be any suitable dielectric materials as dis-
cussed above. Similarly, conductive layers 104, 106, 108
and capacitor dielectric layers 105, 107 may have any
suitable thicknesses and other characteristics discussed
herein. As shown, multi-layered capacitor structure 210 is at
least partially within opening 123. Opening 123 may be a via
opening, having characteristics discussed with respect to via
opening 133, or a trench opening, having characteristics
discussed with respect to trench opening 143. Furthermore,
opening 123 may have any characteristics discussed with
respect to FIG. 1E.

[0047] FIG. 2B provides a cross-sectional view illustrating
example multi-layered in package opening variable capaci-
tor structure 200 similar to that of FIG. 2A further illustrat-
ing terminal connections, arranged in accordance with at
least some implementations of the present disclosure. As
shown in FIG. 2B, terminals 221 (T1), 222 (T2), 223 (T3),
and 224 (T3) are coupled to multi-layered capacitor struc-
ture 110. Notably, in the architecture of FIG. 2B, conductive
layer 104 couples with both terminal 224 (via metallization
layer 102) and terminal 223 (via conductive via 213) and
therefore share the same terminal identifier T3. In other
embodiments, conductive layer 104 couples to only one
terminal.

[0048] Terminal 221 may include conductive layer 108
and/or conductive via 211, a metallization line, a solder
bump, or a bond pad of an external device, terminal 222 may
include conductive layer 106 and/or conductive via 212, a
metallization line, a solder bump, or a bond pad of an
external device, and terminal 223 may include conductive
layer 104 and/or conductive via 213, a metallization line, a
solder bump, or a bond pad of an external device. Terminal
224 may include conductive layer 104 and/or metallization
layer 102, a buried via, a metallization line, wiring, or the
like. Other terminal circuitry may be used.

[0049] By deploying such multiple terminals, multi-lay-
ered capacitor structure 210 provides a variable or multiple
state capacitor as follows. A first capacitance can be stored
by coupling to multi-layered capacitor structure 210 via
terminals T1 and T2, a second capacitance can be stored by
coupling to multi-layered capacitor structure 210 via termi-
nals T1 and T3, and a third capacitance can be stored by
coupling to multi-layered capacitor structure 210 via termi-
nals T2 and T3. For example, multi-layered capacitor struc-
ture 210 may store a number of capacitances equal to the
number of capacitor dielectric layers 105, 107 plus one.
Such architectures offer the advantages of flexibility and
device density.
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[0050] FIG. 3 is a flow diagram illustrating methods 300
for forming a multi-layered in package opening capacitor
structure, arranged in accordance with some embodiments
of the disclosure. Methods 300 may be practiced, for
example, to fabricate any of capacitor structures 100, 200,
406, or 517. FIGS. 4A, 4B, 4C, 4D, 4E, and 4F are
cross-sectional views of a two-terminal capacitor structure
evolving as methods 300 are practiced, arranged in accor-
dance with some embodiments of the disclosure. FIGS. 5A,
5B, 5C, 5D, 5E, 5F, 5G, 5H, 51, 5], 5K, and 5L are
cross-sectional views of a multi-terminal capacitor structure
evolving as methods 300 are practiced, arranged in accor-
dance with some embodiments of the disclosure.

[0051] Methods 300 begin at input operation 301, where a
workpiece including a package substrate and/or a build-up
layer on a package substrate is received. The workpiece
includes a insulative material layer that is part of the package
substrate or formed on the package substrate. The package
substrate may include any materials discussed herein and
may have any suitable format or architecture. For example,
the package substrate may be an interposer, board, or the
like, and integrated circuit devices may be ultimately
mounted to the package substrate for deployment in an
electronic device. Processing continues at operation 302,
where an opening is formed in at least the insulative material
layer of the package substrate. For example, an opening 123,
133, 143 may be formed in the insulative material layer
using any suitable technique or techniques including laser
drilling, patterning and etch techniques, mechanical drilling,
or the like. In some embodiments, the opening exposes an
underlying metallization layer that a capacitor is to land on.
For example, the metallization layer may be a terminal of the
capacitor.

[0052] Processing continues at operation 303, where a
multi-layer stack including interleaved conductive and
capacitor dielectric layers are deposited, plated, etc. at least
partially within the opening, and at operation 304, where the
multi-layer stack is patterned to form a capacitor structure.
For example, operations 303 and 304 may be performed in
concert to fabricate a capacitor structure as discussed herein
below. In some embodiments, each layer of the multi-layer
stack is formed and the multi-layer stack is subsequently
patterned to form the capacitor structure. In some embodi-
ments, one or more individual layers of the multi-layer stack
are patterned after they are formed. Exemplary techniques
are discussed herein with respect to FIGS. 4C-4F and FIGS.
5B-5K herein below.

[0053] Processing continues at operation 305, where one
or more outer conductive layers of the patterned multi-layer
stack (i.e., the capacitor structure) are contacted to provide
electrical routing or circuitry to the capacitor structure. In
some embodiments, a bottom conductive layer contacted a
buried metallization layer exposed at operation 301 and
operation 303 includes contacting one or more top conduc-
tive layers of the capacitor structure using conductive vias.
[0054] Processing continues at operation 306, where any
remaining interconnect features, including dielectric depo-
sition, metallization routing, and the like may be competed,
the package substrate may be assembled by affixing inte-
grated circuit dies and other processing, the resultant struc-
ture maybe output. In some embodiments, the terminals
coupled to the capacitor structure are bonded to integrated
circuit dies or other circuitry and the package substrate is
assembled into an assembly including the integrated circuit
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dies, the package substrate, an optional board such as a
motherboard, and optional thermal solutions, as is known in
the art. The assembly or package substrate may then be
installed in any suitable electronic device such as a laptop,
a netbook, a notebook, an ultrabook, a smartphone, a tablet,
a personal digital assistant PDA, an ultra-mobile PC, a
mobile phone, a desktop computer, a server, a printer, a
scanner, a monitor, a set-top box, an entertainment control
unit, a digital camera, a portable music player, a digital video
recorder, or the like.

[0055] FIG. 4A is a cross-sectional view of a capacitor
structure 400 illustrating a received workpiece. As shown,
capacitor structure 400 includes insulative material layer
101 and a metallization layer 102 such that, in the illustrated
example, metallization layer 102 is buried under insulative
material layer 101. Insulative material layer 101 may have
any characteristics discussed herein. For example, insulative
material layer 101 may be a portion of a package substrate
or insulative material layer 101 may be a build-up layer on
or over a package substrate as discussed with respect to FIG.
1B and elsewhere herein.

[0056] FIG. 4B is a cross-sectional view of a capacitor
structure 401 similar to capacitor structure 400 after forma-
tion of opening 123 in insulative material layer 101. Open-
ing 123 may be formed using any suitable technique or
techniques including laser drilling, patterning and etch tech-
niques, or mechanical drilling. As shown, formation of
opening 123 may reveal metallization layer 102, which may
provide a terminal of the ultimate capacitor structure.
[0057] FIG. 4C is a cross-sectional view of a capacitor
structure 402 similar to capacitor structure 401 after forma-
tion of patterned layer 403 on or over top surface 124 of
insulative material layer 101. Patterned layer 403 may
include any suitable materials including dry film resist.
Patterned layer 403 may be formed using any suitable
technique or techniques such as formation of a bulk material
layer (e.g., dry film lamination) and patterning (e.g., expo-
sure and removal of the exposed or unexposed regions). As
shown, in some embodiments, patterned layer 403 exposes
opening 123 and a region 411 of top surface 124 of insula-
tive material layer 101. For example, it may be desirable for
the geometry of the ultimate capacitor structure to have a top
landing area (e.g., for an outside device) that is larger than
opening 123.

[0058] FIG. 4D is a cross-sectional view of a capacitor
structure 404 similar to capacitor structure 402 after forma-
tion of conductive layer 104 within the opening defined by
patterned layer 403. Conductive layer 104 may be any
material(s) and may have any characteristics discussed
herein. Conductive layer 104 may be formed using any
suitable technique or techniques such as electroplating tech-
niques. In some embodiments, a seed layer is formed prior
to application of patterned layer 403 to facilitate such
electroplating.

[0059] FIG. 4E is a cross-sectional view of a capacitor
structure 405 similar to capacitor structure 404 after forma-
tion of capacitor dielectric layer 105 on conductive layer
104. Capacitor dielectric layer 105 may be any material(s)
and may have any characteristics discussed herein. Capaci-
tor dielectric layer 105 may be formed using any suitable
technique or techniques. In some embodiments, capacitor
dielectric layer 105 is formed only on conductive layer 104
using selective deposition techniques. Alternatively, capaci-
tor dielectric layer 105 may be blanked deposited and a
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secondary mask may be used to etch back the blanket
deposited material to provide capacitor dielectric layer 105.
In some embodiments, the material of capacitor dielectric
layers 105, 107 is advantageously a material that may be
readily deposited using chemical vapor deposition (CVD) or
physical vapor deposition (PVD).

[0060] FIG. 4F is a cross-sectional view of a capacitor
structure 406 similar to capacitor structure 405 after forma-
tion of conductive layer 106, capacitor dielectric layer 107,
and conductive layer 108, and removal of patterned layer
403. Conductive layer 106, capacitor dielectric layer 107,
and conductive layer 108 may be formed using any suitable
technique or techniques discussed with respect to conductive
layer 104 and capacitor dielectric layer 105. In some
embodiments, secondary masks are deployed to pattern
conductive layer 106, capacitor dielectric layer 107, and/or
conductive layer 108. As shown, the final conductive layer
108 may be built up to include a substantially planar top
surface 412, which may aid in bonding to an integrated
circuit die. Furthermore, capacitor structure 406 may be
further processed to form dielectric layer 103. For example,
dielectric layer 103 may be blanket deposited and planar-
ized. Dielectric layer 103 may be any suitable dielectric
material or materials.

[0061] FIG. 5A is a cross-sectional view of a capacitor
structure 500 similar to that of capacitor structure 401 (refer
to FIG. 4B). For example, a workpiece may be received such
that the workpiece includes insulative material layer 101 and
metallization layer 102 such that is buried under insulative
material layer 101. Opening 123 is then formed using any
suitable technique or techniques including laser drilling,
patterning and etch techniques, or mechanical drilling such
that opening 123 may reveal metallization layer 102.
[0062] FIG. 5B is a cross-sectional view of a capacitor
structure 501 similar to capacitor structure 500 after forma-
tion of a conductive layer 104 on top surface 124 and within
opening 123. Conductive layer 104 may be any material(s)
and may have any characteristics discussed herein. Conduc-
tive layer 104 may be formed using any suitable technique
or techniques such as electroplating techniques. In some
embodiments, a seed layer is formed to facilitate such
electroplating.

[0063] FIG. 5C is a cross-sectional view of a capacitor
structure 502 similar to capacitor structure 501 after forma-
tion of capacitor dielectric layer 105 on conductive layer
104. Capacitor dielectric layer 105 may be any material(s)
and may have any characteristics discussed herein. Capaci-
tor dielectric layer 105 may be formed using any suitable
technique or techniques. In some embodiments, capacitor
dielectric layer 105 is deposited using CVD or PVD tech-
niques.

[0064] FIG. 5D is a cross-sectional view of a capacitor
structure 503 similar to capacitor structure 502 after forma-
tion of conductive layer 106, capacitor dielectric layer 107,
and conductive layer 108. Conductive layer 106, capacitor
dielectric layer 107, and conductive layer 108 may be
formed using any suitable technique or techniques discussed
with respect to conductive layer 104 and capacitor dielectric
layer 105.

[0065] FIG. 5E is a cross-sectional view of a capacitor
structure 504 similar to capacitor structure 503 after forma-
tion of trimmable patterned layer 505. Trimmable patterned
layer 505 may include any suitable materials including resist
materials. Notably, trimmable patterned layer 505 may be
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patterned to providing a patterned layer and trimmable
patterned layer 505 may be subsequently trimmed, via
etching for example, to reduce the footprint of the patterned
layer. Such patterning and footprint reduction may be lev-
eraged to provide a staircase pattern to contact a capacitor
structure. Patterned layer 505 may be formed using any
suitable technique or techniques such as formation of a bulk
material layer and patterning (e.g., exposure and removal of
the exposed or unexposed regions). As shown, in some
embodiments, patterned layer 505 exposes opening 551
having a size corresponding to a desired etch back of
conductive layer 106. It is also noted that, although illus-
trated with respect to etch back of conductive layer 106,
similar processing may be provided to provide an etch back
of conductive layer 104, which is not illustrated for the sake
of clarity. Alternatively, the stack of conductive layer 104,
capacitor dielectric layer 105, conductive layer 106, capaci-
tor dielectric layer 107, and conductive layer 108 may be
formed in a region that defines the desired layout of con-
ductive layer 104.

[0066] FIG. 5F is a cross-sectional view of a capacitor
structure 506 similar to capacitor structure 504 after etch of
the exposed portion 507 of conductive layer 108. For
example, an etch selective to the metal of conductive layer
108, relative to the dielectric material of capacitor dielectric
layer 107, may be performed. As discussed, exposed portion
507 may correspond to the portion of conductive layer 106
that needs to be removed to provide the final desired pattern
of conductive layer 106. FIG. 5G is a cross-sectional view
of'a capacitor structure 508 similar to capacitor structure 506
after etch of the exposed portion 509 of capacitor dielectric
layer 107. For example, an etch selective to the dielectric
material of capacitor dielectric layer 107, relative to the
metal of conductive layer 108, may be performed.

[0067] FIG. 5H is a cross-sectional view of a capacitor
structure 510 similar to capacitor structure 508 after a trim
of trimmable patterned layer 505 to provide a trimmable
patterned layer 511 of a reduced size. The trim of trimmable
patterned layer 505 may be performed using any suitable
technique or techniques such as photolithography (e.g.,
pattern and resist removal) or a resist trim via etch or other
corrosive treatment.

[0068] FIG. 5I is a cross-sectional view of a capacitor
structure 512 similar to capacitor structure 510 after etch of
the exposed portions 513 of conductive layer 108 and
conductive layer 106. For example, an etch selective to the
metal of conductive layers 106, 108, relative to the dielectric
material of capacitor dielectric layers 105, 107, may be
performed. As shown, by removing exposed portions 513,
conductive layers 104, 106, 108 have the desired pattern to
land multiple contacts hereon. FIG. 5] is a cross-sectional
view of a capacitor structure 514 similar to capacitor struc-
ture 512 after etch of the exposed portions 515 of capacitor
dielectric layers 105, 107. For example, an etch selective to
the dielectric material of capacitor dielectric layers 105,107,
relative to the metal of conductive layers 104, 106, 108, may
be performed.

[0069] FIG. 5K is a cross-sectional view of a capacitor
structure 516 similar to capacitor structure 514 after removal
of trimmable patterned layer 511. Trimmable patterned layer
511 may be removed using any suitable technique or tech-
niques such as ash processing.

[0070] FIG. 5L is a cross-sectional view of a capacitor
structure 517 similar to capacitor structure 516 after landing
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conductive vias 211, 212, 213 on conductive layers 108,
106, 104, respectively, and forming dielectric layer 103.
Dielectric layer 103 and conductive vias 211, 212, 213 may
be formed using any suitable technique or techniques. In
some embodiments, dielectric layer 103 is formed using
deposition techniques and then patterned to form openings,
which are electroplated to provide conductive vias 211, 212,
213. Other techniques may be used. As shown in FIG. 5L,
in some embodiments, edge sidewalls 518 of conductive
layer 108 and dielectric layer 107 are vertically aligned and,
in a similar manner, edge sidewalls 519 of conductive layer
106 and capacitor dielectric layer 105 are vertically aligned.
[0071] Although illustrated with respect to trimmable
resist based techniques, capacitor structure 517 may be
formed using other techniques including multi-exposure dry
film resist based techniques or forming and patterning each
layer individually.

[0072] FIG. 6 illustrates an example microelectronic
device assembly 600 including a multi-layered capacitor
structure, in accordance with some embodiments. Although
illustrated with multi-layered capacitor structure 110, any
multi-layered capacitor structure discussed herein, such as
multi-layered capacitor structure 210, may be deployed in
microelectronic device assembly 600. As shown in FIG. 6,
microelectronic device assembly 600 may include any num-
ber of integrated circuit dies mounted to package substrate
651 via die level interconnects 652 and optionally embedded
in a mold material 653. However, any single IC die, 3D
stacked multichip device, multi-chip composite structure, or
the like may be deployed in microelectronic device assem-
bly. Package substrate 651 is coupled to a board 611 via
package level interconnects 654 and partially encapsulated
by underfill material 612.

[0073] Microelectronic device assembly 600 further
includes a power supply 656 coupled to one or more of
board 611, package substrate 651, integrated circuit dies
606, or other components of microelectronic device assem-
bly 600. Power supply 656 may include a battery, voltage
converter, power supply circuitry, or the like. Microelec-
tronic device assembly 600 further includes a thermal inter-
face material (TIM) 601 disposed on top surfaces of inte-
grated circuit dies 606. TIM 601 may include any suitable
thermal interface material and may be characterized as TIM
1. Integrated heat spreader 602 having a surface on TIM 601
extends over integrated circuit dies 606 and package sub-
strate 651, and is mounted to board. Board 611 may include
any suitable substrate such as a motherboard, interposer, or
the like. Microelectronic device assembly 600 further
includes TIM 603 disposed on a top surface of integrated
heat spreader 602. TIM 603 may include any suitable
thermal interface material and may be characterized as TIM
2. TIM 601 and TIM 603 may be the same materials, or they
may be different. Heat sink 604 (e.g., an exemplary heat
dissipation device or thermal solution) is on TIM 603 and
dissipates heat. Microelectronic device assembly 600 may
be used in desktop and server form factors. In other contexts,
a heat solution such as a heat pipe or heat spreader may be
mounted directly on TIM 601. Such assemblies may be used
in smaller form factor devices. Other heat dissipation
devices may be used.

[0074] FIG. 7 illustrates exemplary systems deploying a
multi-layered in package opening capacitor structure, in
accordance with some embodiments. The system may be a
mobile computing platform 705 and/or a data server
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machine 706, for example. Either may employ a component
assembly including multi-layered in package opening
capacitor structure as described herein. Server machine 706
may be any commercial server, for example, including any
number of high-performance computing platforms disposed
within a rack and networked together for electronic data
processing, which in the exemplary embodiment includes an
integrated circuit (IC) die assembly 750 with a multi-layered
in package opening capacitor structure as described else-
where herein. Mobile computing platform 705 may be any
portable device configured for each of electronic data dis-
play, electronic data processing, wireless electronic data
transmission, or the like. For example, mobile computing
platform 705 may be any of a tablet, a smart phone, a laptop
computer, etc., and may include a display screen (e.g., a
capacitive, inductive, resistive, or optical touchscreen), a
chip-level or package-level integrated system 710, and a
battery 715. Although illustrated with respect to mobile
computing platform 705, in other examples, chip-level or
package-level integrated system 710 and a battery 715 may
be implemented in a desktop computing platform, an auto-
motive computing platform, an internet of things platform,
or the like. As discussed below, in some examples, the
disclosed systems may include a sub-system 760 such as a
system on a chip (SOC) or an integrated system of multiple
ICs, which is illustrated with respect to mobile computing
platform 705.

[0075] Whether disposed within integrated system 710
illustrated in expanded view 720 or as a stand-alone pack-
aged device within data server machine 706, sub-system 760
may include memory circuitry and/or processor circuitry
740 (e.g., RAM, a microprocessor, a multi-core micropro-
cessor, graphics processor, etc.), a power management inte-
grated circuit (PMIC) 730, a controller 735, and a radio
frequency integrated circuit (RFIC) 725 (e.g., including a
wideband RF transmitter and/or receiver (TX/RX)). As
shown, one or more IC dice, such as memory circuitry
and/or processor circuitry 740 may be packaged, assembled
and implemented, such that the package has one or more
multi-layered in package opening capacitor structures as
described herein. In some embodiments, RFIC 725 includes
a digital baseband and an analog front end module further
comprising a power amplifier on a transmit path and a low
noise amplifier on a receive path). Functionally, PMIC 730
may perform battery power regulation, DC-to-DC conver-
sion, etc., and so has an input coupled to battery 715, and an
output providing a current supply to other functional mod-
ules. As further illustrated in FIG. 7, in the exemplary
embodiment, RFIC 725 has an output coupled to an antenna
(not shown) to implement any of a number of wireless
standards or protocols, including but not limited to Wi-Fi
(IEEE 802.11 family), WiMAX (IEEE 802.16 family), IEEE
802.20, long term evolution (LTE), Ev-DO, HSPA+,
HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA,
DECT, Bluetooth, derivatives thereof, as well as any other
wireless protocols that are designated as 3G, 4G, 5G, and
beyond. Memory circuitry and/or processor circuitry 740
may provide memory functionality for sub-system 760, high
level control, data processing and the like for sub-system
760. In alternative implementations, each of the SOC mod-
ules may be integrated onto separate ICs coupled to a
package substrate, interposer, or board.

[0076] FIG. 8 is a functional block diagram of an elec-
tronic computing device 800, in accordance with some
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embodiments. For example, device 800 may, via any suit-
able component therein, employ a multi-layered in package
opening capacitor structure in accordance with any embodi-
ments described elsewhere herein. Device 800 further
includes a motherboard or package substrate 802 hosting a
number of components, such as, but not limited to, a
processor 804 (e.g., an applications processor). Processor
804 may be physically and/or electrically coupled to pack-
age substrate 802. In some examples, processor 804 is
within a packaged IC assembly that includes a multi-layered
in package opening capacitor structure as described else-
where herein. In general, the term “processor” or “micro-
processor” may refer to any device or portion of a device
that processes electronic data from registers and/or memory
to transform that electronic data into other electronic data
that may be further stored in registers and/or memory.

[0077] In various examples, one or more communication
chips 806 may also be physically and/or electrically coupled
to the package substrate 802. In further implementations,
communication chips 806 may be part of processor 804.
Depending on its applications, computing device 800 may
include other components that may or may not be physically
and electrically coupled to package substrate 802. These
other components include, but are not limited to, volatile
memory (e.g., DRAM 832), non-volatile memory (e.g.,
ROM 835), flash memory (e.g., NAND or NOR), magnetic
memory (MRAM 830), a graphics processor 822, a digital
signal processor, a crypto processor, a chipset 812, an
antenna 825, touchscreen display 815, touchscreen control-
ler 865, battery 816, audio codec, video codec, power
amplifier 821, global positioning system (GPS) device 840,
compass 845, accelerometer, gyroscope, speaker 820, cam-
era 841, and mass storage device (such as hard disk drive,
solid-state drive (SSD), compact disk (CD), digital versatile
disk (DVD), and so forth, or the like.

[0078] Communication chips 806 may enable wireless
communications for the transfer of data to and from the
computing device 800. The term “wireless” and its deriva-
tives may be used to describe circuits, devices, systems,
methods, techniques, communications channels, etc., that
may communicate data through the use of modulated elec-
tromagnetic radiation through a non-solid medium. The term
does not imply that the associated devices do not contain any
wires, although in some embodiments they might not. Com-
munication chips 806 may implement any of a number of
wireless standards or protocols, including, but not limited to,
those described elsewhere herein. As discussed, computing
device 800 may include a plurality of communication chips
806. For example, a first communication chip may be
dedicated to shorter-range wireless communications, such as
Wi-Fi and Bluetooth, and a second communication chip may
be dedicated to longer-range wireless communications such
as GPS, EDGE, GPRS, CDMA, WiMAX, LTE, Ev-DO, and
others.

[0079] While certain features set forth herein have been
described with reference to various implementations, this
description is not intended to be construed in a limiting
sense. Hence, various modifications of the implementations
described herein, as well as other implementations, which
are apparent to persons skilled in the art to which the present
disclosure pertains are deemed to lie within the spirit and
scope of the present disclosure.

[0080] It will be recognized that the invention is not
limited to the embodiments so described, but can be prac-
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ticed with modification and alteration without departing
from the scope of the appended claims. For example, the
above embodiments may include specific combinations of
features as further provided below.

[0081] The following pertain to exemplary embodiments.
[0082] In one or more first embodiments, an apparatus or
integrated circuit (IC) package comprises an insulative
material layer, the insulative material layer comprising at
least a portion of a package substrate or a build-up layer on
the package substrate, a multi-layer capacitor structure at
least partially within an opening extending through the
insulative material layer, the multi-layer capacitor structure
comprising at least two capacitor dielectric layers inter-
leaved with a plurality of conductive layers, the least two
capacitor dielectric layers at least partially within the open-
ing and a first of the conductive layers on a sidewall of the
opening, and first and second terminals coupled to the
multi-layer capacitor structure.

[0083] In one or more second embodiments, further to the
first embodiments, the opening comprises a via opening
having a substantially circular cross section.

[0084] In one or more third embodiments, further to the
first or second embodiments, the opening comprises a trench
opening having a length and a substantially orthogonal
width, the length not less than three times the width.
[0085] In one or more fourth embodiments, further to the
first through third embodiments, each of the least two
capacitor dielectric layers and the plurality of conductive
layers extend over a top surface of the insulative material
layer.

[0086] In one or more fifth embodiments, further to the
first through fourth embodiments, the first terminal com-
prises a metallization layer in contact with the first conduc-
tive layer under the opening, wherein the sidewall extends
from the metallization layer to a top surface of the insulative
material layer.

[0087] In one or more sixth embodiments, further to the
first through fifth embodiments, the second terminal com-
prises a second conductive layer of the plurality of conduc-
tive layers.

[0088] In one or more seventh embodiments, further to the
first through sixth embodiments, the conductive layers com-
prise a metal.

[0089] In one or more eighth embodiments, further to the
first through seventh embodiments, the capacitor dielectric
layers comprise one of silicon and oxygen or silicon and
nitrogen.

[0090] In one or more ninth embodiments, further to the
first through eighth embodiments, the insulative material
layer comprises the portion of the package substrate, the
package substrate comprising an inorganic package sub-
strate.

[0091] Inone or more tenth embodiments, an apparatus or
IC package comprises an insulative material layer, the
insulative material layer comprising at least a portion of a
package substrate or a build-up layer on the package sub-
strate, a multi-layer capacitor structure at least partially
within an opening extending through the insulative material
layer, the multi-layer capacitor structure comprising at least
two capacitor dielectric layers interleaved with conductive
layers, the least two capacitor dielectric layers at least
partially within the opening, a first conductive via in contact
with a first conductive layer of the conductive layers at a first
distance from the opening along a top surface of the insu-
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lative material layer, and a second conductive via in contact
with a second conductive layer of the conductive layers at a
second distance, less than the first distance, from the open-
ing along the top surface of the insulative material layer.
[0092] In one or more eleventh embodiments, further to
the tenth embodiments, the second conductive layer is over
the first conductive layer and separated by a first capacitor
dielectric layer of the at least two capacitor dielectric layers
therebetween.

[0093] In one or more twelfth embodiments, further to the
tenth or eleventh embodiments, apparatus or IC package
further comprises a third conductive via in contact with a
third conductive layer of the conductive layers at a position
above the opening.

[0094] In one or more thirteenth embodiments, further to
the tenth through twelfth embodiments, apparatus or IC
package further comprises a metallization layer in contact
with the first conductive layer at a position below the
opening, wherein a sidewall at least partially defining the
opening extends from the first conductive layer to the top
surface of the insulative material layer.

[0095] In one or more fourteenth embodiments, further to
the tenth through thirteenth embodiments, the conductive
layers comprise a metal and the capacitor dielectric layers
comprise one of silicon and oxygen or silicon and nitrogen.
[0096] In one or more fifteenth embodiments, further to
the tenth through fourteenth embodiments, the opening
comprises a via opening having a substantially circular cross
section.

[0097] In one or more sixteenth embodiments, a system
comprises an IC die according to any of the IC packages of
the first through sixteenth embodiments, further including an
IC device over and electrically coupled to the package
substrate and a power supply coupled to the IC device.
[0098] In one or more seventeenth embodiments, a system
comprises a package substrate and a multi-layer capacitor at
least partially embedded therein, the multi-layer capacitor
comprising a multi-layer capacitor structure at least partially
within an opening extending through at least a portion of the
package substrate or a build-up layer thereon, the multi-layer
capacitor structure comprising at least two capacitor dielec-
tric layers interleaved with a plurality of conductive layers,
the least two capacitor dielectric layers at least partially
within the opening, and first and second terminals coupled
to the multi-layer capacitor structure, and an integrated
circuit device over and electrically coupled to the package
substrate.

[0099] In one or more eighteenth embodiments, further to
the seventeenth embodiments, a package level interconnect
of the integrated circuit device is in contact with the first
terminal.

[0100] In one or more nineteenth embodiments, further to
the seventeenth or eighteenth embodiments, the opening
comprises a via opening having a substantially circular cross
section.

[0101] In one or more twentieth embodiments, further to
the seventeenth through nineteenth embodiments, the first
terminal comprises a first conductive via in contact with a
first conductive layer of the conductive layers at a first
distance from the opening, and the second terminal com-
prises a second conductive via in contact with a second
conductive layer of the conductive layers at a second dis-
tance, less than the first distance, from the opening.
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[0102] Inone or more twenty-first embodiments, further to
the seventeenth through twentieth embodiments, the multi-
layer capacitor further comprises a third conductive via in
contact with a third conductive layer of the conductive
layers at a position above the opening.

[0103] However, the above embodiments are not limited
in this regard and, in various implementations, the above
embodiments may include the undertaking of only a subset
of such features, undertaking a different order of such
features, undertaking a different combination of such fea-
tures, and/or undertaking additional features than those
features explicitly listed. The scope of the invention should,
therefore, be determined with reference 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 insulative material layer, the insulative material layer
comprising at least a portion of a package substrate or
a build-up layer on the package substrate;

a multi-layer capacitor structure at least partially within
an opening extending through the insulative material
layer, the multi-layer capacitor structure comprising at
least two capacitor dielectric layers interleaved with a
plurality of conductive layers, the least,,; two
capacitor dielectric layers at least partially within the
opening and a first of the conductive layers on a
sidewall of the opening; and

first and second terminals coupled to the multi-layer
capacitor structure.

2. The apparatus of claim 1, wherein the opening com-
prises a via opening having a substantially circular cross
section.

3. The apparatus of claim 1, wherein the opening com-
prises a trench opening having a length and a substantially
orthogonal width, the length not less than three times the
width.

4. The apparatus of claim 1, wherein each of the least two
capacitor dielectric layers and the plurality of conductive
layers extend over a top surface of the insulative material
layer.

5. The apparatus of claim 1, wherein the first terminal
comprises a metallization layer in contact with the first
conductive layer under the opening, wherein the sidewall
extends from the metallization layer to a top surface of the
insulative material layer.

6. The apparatus of claim 5, wherein the second terminal
comprises a second conductive layer of the plurality of
conductive layers.

7. The apparatus of claim 1, wherein the conductive layers
comprise a metal.

8. The apparatus of claim 1, wherein the capacitor dielec-
tric layers comprise one of silicon and oxygen or silicon and
nitrogen.

9. The apparatus of claim 1, wherein the insulative
material layer comprises the portion of the package sub-
strate, the package substrate comprising an inorganic pack-
age substrate.

10. An apparatus, comprising:

an insulative material layer, the insulative material layer
comprising at least a portion of a package substrate or
a build-up layer on the package substrate;

a multi-layer capacitor structure at least partially within
an opening extending through the insulative material
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layer, the multi-layer capacitor structure comprising at
least two capacitor dielectric layers interleaved with
conductive layers, the least two capacitor dielectric
layers at least partially within the opening;

a first conductive via in contact with a first conductive
layer of the conductive layers at a first distance from the
opening along a top surface of the insulative material
layer; and

a second conductive via in contact with a second conduc-
tive layer of the conductive layers at a second distance,
less than the first distance, from the opening along the
top surface of the insulative material layer.

11. The apparatus of claim 10, wherein the second con-
ductive layer is over the first conductive layer and separated
by a first capacitor dielectric layer of the at least two
capacitor dielectric layers therebetween.

12. The apparatus of claim 10, further comprising:

a third conductive via in contact with a third conductive
layer of the conductive layers at a position above the
opening.

13. The apparatus of claim 10, further comprising:

a metallization layer in contact with the first conductive
layer at a position below the opening, wherein a side-
wall at least partially defining the opening extends from
the first conductive layer to the top surface of the
insulative material layer.

14. The apparatus of claim 10, wherein the conductive
layers comprise a metal and the capacitor dielectric layers
comprise one of silicon and oxygen or silicon and nitrogen.

15. The apparatus of claim 10, wherein the opening
comprises a via opening having a substantially circular cross
section.
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16. A system, comprising:

a package substrate and a multi-layer capacitor at least
partially embedded therein, the multi-layer capacitor
comprising:

a multi-layer capacitor structure at least partially within
an opening extending through at least a portion of the
package substrate or a build-up layer thereon, the
multi-layer capacitor structure comprising at least
two capacitor dielectric layers interleaved with a
plurality of conductive layers, the least two capacitor
dielectric layers at least partially within the opening;
and

first and second terminals coupled to the multi-layer
capacitor structure; and

an integrated circuit device over and electrically coupled
to the package substrate.

17. The system of claim 16, wherein a package level
interconnect of the integrated circuit device is in contact
with the first terminal.

18. The system of claim 16, wherein the opening com-
prises a via opening having a substantially circular cross
section.

19. The system of claim 16, wherein the first terminal
comprises a first conductive via in contact with a first
conductive layer of the conductive layers at a first distance
from the opening, and the second terminal comprises a
second conductive via in contact with a second conductive
layer of the conductive layers at a second distance, less than
the first distance, from the opening.

20. The system of claim 19, wherein the multi-layer
capacitor further comprises a third conductive via in contact
with a third conductive layer of the conductive layers at a
position above the opening.
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