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METHODS AND APPARATUS FOR 3D MIM CAPACITOR PACKAGE
PROCESSING

FIELD

[0001] Embodiments of the present principles generally relate to semiconductor

processes used in packaging semiconductor devices.

BACKGROUND

[0002] A semiconductor memory device generally comprises a plurality of memory
cells which are used to store a large quantity of information. Each memory cell
includes a capacitor for storing electric charge and a corresponding field effect
transistor for opening and closing charging and discharging passages of the
capacitor. As the size of semiconductor devices continues to shrink, the area allowed
to be occupied by each component of a semiconductor device decreases. Capacitors
are one component that can occupy considerable area on a semiconductor die

depending on the size of the capacitor and/or the number of capacitors on the die.

[0003] One example of a capacitor used in a semiconductor memory device is a
metal-insulator-metal (MIM) capacitor. A traditional MIM capacitor is two-dimensional
(2D). A 2D MIM capacitor has two facing metal plates which are planar and
substantially parallel to each other and to the substrate. One method of increasing
the capacitance of a MIM capacitor is to increase the sizes of the metal plates.
However, increasing the sizes of the metal plates will consume more surface area of
the substrate. A 3-dimensional (3D) MIM capacitor allows for the same capacitive
surface area but consumes less surface area of a substrate. However, a 3D MIM
capacitor can lose performance if a leakage current develops between the two metal

plates.

[0004] Accordingly, the inventors have developed an improved 3D MIM capacitor

and method of forming a 3D MIM capacitor.
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SUMMARY

[0005] In some embodiments, a method of processing a substrate comprises
providing a substrate having a first polymer dielectric layer; forming a first
redistribution layer (RDL) on the first polymer dielectric layer, the first RDL comprising
a second polymer dielectric layer with a metal layer embedded in the second polymer
dielectric layer and at least one opening in a top surface of the second polymer
dielectric layer to expose at least a portion of the metal layer; constructing a 3D MIM
capacitive stack on the first RDL in at least one opening in the top surface of the
second polymer dielectric layer, the 3D MIM capacitive stack having a top electrode,
a bottom electrode, and a capacitive dielectric layer interposed between the top
electrode and the bottom electrode, the bottom electrode in electrical contact with the
metal layer; depositing a dielectric layer on the 3D MIM capacitive stack and on the
second polymer dielectric layer; and removing a portion of the dielectric layer to
expose at least a portion of the top electrode at a bottom of at least one opening of
the 3D MIM capacitive stack and to expose at least a portion of the metal layer at a

bottom of at least one opening of the second polymer dielectric layer.

[0006] In some embodiments, a method of processing a substrate comprises
providing a substrate having a first polymer dielectric layer, forming a first
redistribution layer (RDL) on the first polymer dielectric layer, the first RDL comprising
a second polymer dielectric layer with a metal layer embedded in the second polymer
dielectric layer and at least one opening in a top surface of the second polymer
dielectric layer to expose at least a portion of the metal layer; constructing a three-
dimensional (3D) metal-insulator-metal (MIM) capacitive stack on the first RDL in at
least one opening in the top surface of the second polymer dielectric layer, the 3D
MIM capacitive stack having a top electrode, a bottom electrode, and a capacitive
dielectric layer interposed between the top electrode and the bottom electrode, the
bottom electrode in electrical contact with the metal layer; depositing a dielectric layer
on the 3D MIM capacitive stack and on the second polymer dielectric layer; and
removing a portion of the dielectric layer to expose at least a portion of the top
electrode at a bottom of at least one opening of the 3D MIM capacitive stack and to
expose at least a portion of the metal layer at a bottom of at least one opening of the

second polymer dielectric layer.
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[0007] In some embodiments, a substrate comprises a first polymer dielectric layer;
a metal layer on the first polymer dielectric layer; a second polymer dielectric layer on
the first polymer dielectric layer and the metal layer, wherein the second polymer
dielectric layer comprises a plurality of openings etched to a top surface of the metal
layer; a three-dimensional (3D) metal-insulator-metal (MIM) capacitive stack formed
on the second polymer dielectric layer with a bottom electrode of the 3D MIM
capacitive stack making electrical contact with the metal layer via at least one
opening in the second polymer dielectric layer, the 3D MIM capacitive stack having a
top electrode, a bottom electrode, and a capacitive dielectric layer interposed
between the top electrode and the bottom electrode; a dielectric layer on the 3D MIM
capacitive stack and the second polymer dielectric layer, the dielectric layer having at
least one opening to the metal layer in at least one of the plurality of openings of the
second polymer dielectric layer; a first contact formed on the second polymer
dielectric layer, the first contact electrically connected with the metal layer; and a
second contact formed on the 3D MIM capacitive stack, the second contact

electrically connected to the top electrode of the 3D MIM capacitive stack.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Embodiments of the present principles, briefly summarized above and

discussed in greater detail below, can be understood by reference to the illustrative
embodiments of the principles depicted in the appended drawings. However, the
appended drawings illustrate only typical embodiments of the principles and are thus
not to be considered limiting of scope, for the principles may admit to other equally

effective embodiments.

[0009] Figure 1 depicts a flow chart of a method for processing a substrate in

accordance with some embodiments of the present principles.

[0010] Figures 2A-D depict stages of processing a substrate in accordance with

some embodiments of the present principles.

[0011] Figures 3A-3B depict embodiments of forming a 3D MIM capacitor in
accordance with some embodiments of the present principles.
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[0012] Figures 4A-4B depict embodiments of forming a 3D MIM capacitor in

accordance with some embodiments of the present principles.

[0013] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. The
figures are not drawn to scale and may be simplified for clarity. Elements and
features of one embodiment may be beneficially incorporated in other embodiments

without further recitation.

DETAILED DESCRIPTION

[0014] Methods for processing a substrate are provided herein. The inventive
methods advantageously facilitate an improved 3D MIM capacitor and method of
forming a 3D MIM capacitor having reduced leakage current, enhanced system
performance of the overall system (e.g., shorter connection paths), and faster

processing times due to fewer required layers.

[0015] Figure 1 depicts a flow chart of a method 100 for processing a substrate in
accordance with some embodiments of the present principles. Although the method
100 is shown in a functional block diagram of a particular order, processes are not
required to be performed in one particular order. Some processes can be repeated
and some groupings of processes can be repeated. In the same fashion, some

processes may be accomplished prior to other processes and the like.

[0016] The method 100 is described in a flow diagram with respect to the structure
depicted in Figures 2-4. The method 100 of the present principles may be performed
in a single process chamber capable of performing both etching and deposition.
Such a suitable process chamber may be a standalone process chamber, or part of a
cluster tool. Alternatively, the inventive methods disclosed herein may be performed

in separate chambers that also may be standalone or part of a cluster tool.

[0017] The method 100 begins at block 102 of the flow diagram by providing or
depositing a first polymer dielectric layer 204 on a substrate 202 as depicted, for
example, in Fig. 2A. The substrate 202 may be any suitable substrate material used
in semiconductor manufacturing processes. For example, the substrate 200 may be

constructed from silicon, glass, ceramic, epoxy mold compound or dielectric. The first
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polymer dielectric layer 204 may comprise any suitable polymer dielectric material
such as polyimide or polybenzoxazole, or the like. The first polymer dielectric layer
204 is spin-coated over the substrate 202. The first polymer dielectric layer 204 may
also be deposited using any suitable spin-coating process, chemical vapor deposition
(CVD) process, or lithographic process. In some embodiments, the first polymer
dielectric layer 204 may also be a polybenzoxazole (PBO) layer, a polyimide layer, a

benzocyclobutene (BCB) layer, an epoxy layer, or a photo-sensitive material layer.

[0018] A first redistribution layer (RDL) 206 is formed on the first polymer dielectric
layer 204 at block 104 of the flow diagram as shown, for example, in the cross-
sectional view 200A of Fig. 2A. The first RDL 206 includes a second polymer
dielectric layer 208 having a metal layer 210 and a plurality of openings 213 formed in
the second polymer dielectric layer 208. The metal layer 210 may comprise any
suitable conductive material used to form a metal interconnect such as copper or
aluminum, or the like. The first RDL 206 is a layer to redirect connectivity and is
provided over the first polymer dielectric layer 204. In some embodiments, the metal
layer 210 may be formed using a plating process or deposition process, such as a
physical vapor deposition (PVD) process, used in a semiconductor manufacturing
processes. The second polymer dielectric layer 208 is patterned to form the plurality
of openings 213. The openings 213 are formed to a top surface 211 of the metal
layer 210. In some embodiments, the patterning process may be any suitable
lithographic and/or etching process for forming openings in the second polymer
dielectric layer 208. In some embodiments, the openings 213 may be a feature such
as avia (e.g., such as via 212 in Figure 2B), a trench, or the like. RDLs used in some

embodiments may be fan-out or fan-in.

[0019] A 3D MIM capacitive stack is then constructed on the first RDL 206 at block
106 of the flow diagram as shown, for example, in the cross-sectional view 200B of
Figure 2B. The 3D MIM capacitive stack 214 may be constructed, for example, by
processes provided in U.S. Patent Application No. 15/288,594, by Guan Huei See, et
al., published on April 13, 2017 as 2017-0104056, and entitled Structure And Method
Of Fabricating Three-Dimensional (3D) Metal-Insulator-Metal (MIM) Capacitor And
Resistor In Semi-Additive Plating Metal Wiring. Figure 2C illustrates a cross-sectional
view 200C of an end portion 220 of the 3D MIM capacitive stack 214 of Figure 2B. A
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bottom electrode layer 226 is first formed on the second polymer dielectric layer 208.
The bottom layer electrode 226 has conductive properties and is typically made of a
metallic-based material. A capacitive dielectric layer 224 is then formed on the
bottom electrode layer 226. The dielectric material of the capacitive dielectric layer
224 can vary depending on the capacitor characteristics. In some embodiments, the
capacitive dielectric layer 224 is a nitride film or a high-k dielectric material, such as
hafnium oxide (HfO,), silicon nitride (SizN4), aluminum nitride (AIN), titanium oxide
(TiO2) or tantalum oxide (Tax0s). A top electrode layer 222 is then formed on the
capacitive dielectric layer 224. The top electrode layer 222 can be made of the same
material as the bottom electrode or of a different material. The top electrode layer
222 has conductive properties as well. The layers 222-226 may be deposited using
any suitable deposition process, for example a physical vapor deposition (PVD)
process, a chemical vapor deposition (CVD) process, an atomic layer deposition

(ALD) process, or the like.

[0020] RDLs are often used to form conductive connections to the top electrode
layer 222 and the bottom electrode layer 226. Exposure of the ends of the layers
222-226 at a sidewall 227 of the 3D MIM capacitive stack 214 can result in leakage
currents that drastically reduce the performance of the 3D MIM capacitive stack 214.
Previous processes required that an additional polymer dielectric layer be formed
over the 3D MIM capacitive stack and then an additional RDL be formed on the
additional polymer dielectric layer to reduce the leakage current. Embodiments of the
present principles do not require the additional polymer dielectric layer and the
additional RDL, advantageously saving processing time and materials, reducing
costs, and greatly enhancing the performance of a 3D MIM capacitor by reducing
leakage currents and also connection lengths. However, additional optional polymer
dielectric layers and additional RDLs are not precluded from the embodiments of the

present principles.

[0021] Instead of forming another polymer layer, a dielectric layer is conformally
deposited on the 3D MIM capacitive stack 214 and on the second polymer dielectric
layer 208 at block 108 of the flow diagram. One embodiment is shown in the cross-
sectional view 200D of Figure 2D. A dielectric layer 216 may be deposited using any

suitable deposition process, for example a PVD process, a CVD process, an ALD
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process, or the like. In some embodiments, the dielectric layer 216 is a silicon-based
material such as, for example, silicon nitride, or silicon oxide. The dielectric layer 216
may have a thickness of approximately 5 nm to approximately 100 nm. In some
embodiments, the dielectric layer 216 is conformally deposited so as to cover the
bottom and sidewalls of openings 217 of the 3D MIM capacitive stack 214 or via 212

in the second polymer dielectric layer 208.

[0022] An etching process is then performed on the dielectric layer 216 at block 110
of the flow diagram. The etching process can include, but is not limited to, dry etching
in a reactive ion etching chamber. In the example, the dielectric layer 216 can be
etched differently in different embodiments of the present principles. In one
embodiment illustrated in cross-sectional view 300A of Figure 3A, the dielectric layer
216 is etched from the surfaces until a dielectric spacer 302 remains at sidewalls 227
of the 3D MIM capacitive stack 214. In another embodiment illustrated in cross-
sectional view 400A of Figure 4A, the dielectric layer 216 is etched from a bottom
surface 402 of a via 212 and from bottom surfaces 404 of the 3D MIM capacitive
stack 214.

[0023] After etching of the dielectric layer, a second RDL is formed on the substrate
without a polymer dielectric layer on the dielectric layer and the 3D MIM capacitive
stack at block 112 of the flow diagram. If the etching process shown in Figure 3A has
been used, the cross-sectional view 300B of Figure 3B shows an embodiment of how
a second RDL 304 may be formed over the 3D MIM capacitive stack 214 and the first
RDL 206. The second RDL 304 forms a first contact 307 with the metal layer 210 of
the first RDL 206 in a bottom 305 of the via 212. The second RDL 304 also makes a
second contact 309 with the top electrode layer 222 of the 3D MIM capacitive stack
214. The second RDL 304 may be deposited using any suitable deposition process,
for example an electroplating process. The second RDL 304 may comprise any
suitable conductive material used to form a metal interconnect such as copper (Cu) or
aluminum (Al), or the like. The dielectric spacer 302 passivates leakage current of
the 3D MIM capacitive stack 214 and eliminates the need to have a third polymer

dielectric layer formed over the substrate.

[0024] If the etching process shown in Figure 4A has been used, the cross-sectional

view 400B of Figure 4B shows an embodiment of how a second RDL 406 may be
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formed over the 3D MIM capacitive stack 214 and the first RDL 206. The second
RDL 406 forms a first electrical contact 407 with the metal layer 210 of the first RDL
206 at the bottom surface 402 of the via 212. The second RDL 406 also forms a
second electrical contact 409 with the top electrode layer 222 of the 3D MIM
capacitive stack 214 at the bottom surfaces 404 of the 3D MIM capacitive stack 214.
The second RDL 406 may be deposited using any suitable deposition process, for
example an electroplating process. The second RDL 406 may comprise any suitable
conductive material used to form a metal interconnect such as copper (Cu) or

aluminum (Al), or the like.

[0025] In both methods, the dielectric layer 216 is used to insulate the sidewalls 227
of the 3D MIM capacitive stack to reduce leakage currents. One embodiment uses
dielectric spacers 302, while the other embodiment uses the dielectric layer 216 to
insulate the 3D MIM capacitive stack 214. One advantage of the using the dielectric
layer 216 to insulate the 3D MIM capacitor stack is that the etching process time is
reduced and less etching damage is likely to occur to lower layers of the first RDL
206.

[0026] While the foregoing is directed to embodiments of the present principles,
other and further embodiments of the principles may be devised without departing

from the basic scope thereof.



CLAIMS

1. A method of processing a substrate, comprising:

providing a first polymer dielectric layer formed on a top surface of the
substrate, wherein the entire first polymer dielectric layer is in direct contact with the
top surface of the substrate;

forming a first redistribution layer (RDL) on the first polymer dielectric layer, the
first RDL comprising a second polymer dielectric layer with a metal layer embedded in
the second polymer dielectric layer and at least one first opening in a top surface of
the second polymer dielectric layer to expose at least a portion of the metal layer, the
metal layer formed on an uppermost top surface of the first polymer dielectric layer;

constructing a three-dimensional (3D) metal-insulator-metal (MIM) capacitive
stack on the first RDL in the at least one first opening in the top surface of the second
polymer dielectric layer, the 3D MIM capacitive stack having a top electrode, a bottom
electrode, and a capacitive dielectric layer interposed between the top electrode and
the bottom electrode, the bottom electrode directly beneath the 3D MIM capacitive
stack is in direct physical contact with the metal layer;

depositing a dielectric layer on the 3D MIM capacitive stack and on the second
polymer dielectric layer; and

forming a spacer by removing the dielectric layer from the 3D MIM capacitive
stack and from the first RDL except for a portion that is in direct contact with a
sidewall of the 3D MIM capacitive stack, wherein the spacer contacts sidewalls of the

top electrode, the bottom electrode, and the capacitive dielectric layer.

2. The method of processing the substrate of claim 1, further comprising:
forming a second RDL without a polymer dielectric layer on the first RDL and
the 3D MIM capacitive stack, the second RDL forming an electrical contact with at
least a portion of the top electrode of the 3D MIM capacitive stack and forming a
direct physical connection with the metal layer via at least one second opening in the

top surface of the second polymer dielectric layer.

3. The method of processing the substrate of claim 1, wherein the dielectric layer

includes silicon oxide (SiO2) or silicon nitride (SisNa).



4. The method of processing the substrate of claim 1, wherein the first and
second polymer dielectric layers includes polyimide, polybenzoxazole, phenolic, or

epoxy.

5. The method of processing the substrate of claim 1, wherein the metal layer is

copper or aluminum.

6. The method of processing the substrate of claim 1, wherein the capacitive
dielectric layer includes hafnium oxide (HfO2), silicon nitride (SisNa), silicon carbide
(SiC), aluminum nitride (AIN), titanium oxide (TiOz2) or tantalum oxide (Taz20s).

7. The method of processing the substrate of claim 1, further comprising:
depositing the dielectric layer to a thickness of approximately 5 nm to

approximately 100 nm.

8. A method of processing a substrate, comprising:

providing a first polymer dielectric layer formed on a top surface of the
substrate wherein the entire first polymer dielectric layer is in direct contact with the
top surface of the substrate;

forming a first redistribution layer (RDL) on the first polymer dielectric layer, the
first RDL comprising a second polymer dielectric layer with a metal layer embedded in
the second polymer dielectric layer and at least one first opening in a top surface of
the second polymer dielectric layer to expose at least a portion of the metal layer, the
metal layer formed on an uppermost top surface of the first polymer dielectric layer;

constructing a three-dimensional (3D) metal-insulator-metal (MIM) capacitive
stack on the first RDL in the at least one first opening in the top surface of the second
polymer dielectric layer, the 3D MIM capacitive stack having a top electrode, a bottom
electrode, and a capacitive dielectric layer interposed between the top electrode and
the bottom electrode, the bottom electrode directly beneath the 3D MIM capacitive
stack is in direct physical contact with the metal layer;

depositing a dielectric layer on the 3D MIM capacitive stack and on the second

polymer dielectric layer;
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removing a first portion of the dielectric layer to expose at least a portion of the
top electrode at a bottom of at least one second opening in the 3D MIM capacitive
stack and a second portion of the dielectric layer to expose at least a portion of the
metal layer at a bottom of at least one third opening in the second polymer dielectric
layer;

after removing the first portion and the second portion of the dielectric layer, a
third portion of the dielectric layer above the second polymer dielectric layer is
continuous with a fourth portion of the dielectric layer on a sidewall of the at least one
third opening in the second polymer dielectric layer and a fifth portion of the dielectric
layer on a sidewall of the 3D MIM capacitive stack; and

forming a second RDL on the dielectric layer and the 3D MIM capacitive stack,
the second RDL forming an electrical contact with the portion of the top electrode at
the bottom of the at least one second opening in the 3D MIM capacitive stack and
forming an electrical contact with the metal layer at the bottom of the at least one third

opening in the second polymer dielectric layer.

9. The method of processing the substrate of claim 8, further comprising:
forming the second RDL without a polymer dielectric layer on the dielectric
layer and the 3D MIM capacitive stack.

10. The method of processing the substrate of claim 8, wherein the dielectric layer
includes silicon oxide (SiOz2) or silicon nitride (SisNa4).

11. The method of processing the substrate of claim 8, wherein the first or the
second polymer dielectric layer includes polyimide, polybenzoxazole, phenolic or
epoxy.

12. The method of processing the substrate of claim 8, wherein the metal layer is

copper or aluminum.

13. The method of processing the substrate of claim 8, wherein the capacitive
dielectric layer includes hafnium oxide (HfOz2), silicon nitride (SisNa4), silicon carbide

(SiC), aluminum nitride (AIN), titanium oxide (TiOz2) or tantalum oxide (Taz20s).
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14. The method of processing the substrate of claim 8, further comprising:
depositing the dielectric layer to a thickness of approximately 5 nm to approximately
100 nm.

15. A substrate, comprising:

a first polymer dielectric layer;

a metal layer on an uppermost top surface of the first polymer dielectric layer;

a second polymer dielectric layer on the first polymer dielectric layer and the
metal layer, wherein the second polymer dielectric layer comprises at least one first
opening and at least one second opening etched to a top surface of the metal layer;

a three-dimensional (3D) metal-insulator-metal (MIM) capacitive stack formed
on the second polymer dielectric layer with a bottom electrode of the 3D MIM
capacitive stack making direct physical contact with the metal layer via the at least
one first opening in the second polymer dielectric layer, the 3D MIM capacitive stack
having a top electrode, a bottom electrode, and a capacitive dielectric layer
interposed between the top electrode and the bottom electrode;

a conformal dielectric layer on the 3D MIM capacitive stack and the second
polymer dielectric layer, the conformal dielectric layer having at least one third
opening to the metal layer formed in the at least one second opening in the second
polymer dielectric layer and at least one fourth opening to the top electrode of the 3D
MIM capacitive stack formed in the at least one first opening in the second polymer
dielectric layer, wherein the at least one third opening only exposes a bottom of the at
least one second opening and the at least one fourth opening only exposes a portion
of the top electrode at a bottom of the at least one first opening;

wherein a first portion of the conformal dielectric layer above the second
polymer dielectric layer is continuous with a second portion of the conformal dielectric
layer on a sidewall of the at least one second opening in the second polymer
dielectric layer and a third portion of the conformal dielectric layer on a sidewall of the
3D MIM capacitive stack;

a first contact formed on the second polymer dielectric layer, the first contact
making direct physical contact with the metal layer in the at least one second opening

in the second polymer dielectric layer; and
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a second contact formed on the 3D MIM capacitive stack, the second contact
making direct physical contact with the top electrode of the 3D MIM capacitive stack.

16.  The substrate of claim 15, wherein the conformal dielectric layer includes

silicon oxide (SiOz2) or silicon nitride (SisNa4).

17.  The substrate of claim 15, wherein the first and second polymer dielectric

layers include polyimide, polybenzoxazole, phenolic or epoxy.

18.  The substrate of claim 15, wherein the metal layer is copper or aluminum.
19. The substrate of claim 15, wherein the capacitive dielectric layer includes
hafnium oxide (HfO2), silicon nitride (SisNa), silicon carbide (SiC), aluminum nitride

(AIN), titanium oxide (TiOz2) or tantalum oxide (Taz0s).

20. The substrate of claim 15, wherein the conformal dielectric layer is

approximately 5 nm to approximately 100 nm in thickness.
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