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[57] ABSTRACT

A method of increasing capacitance by surface roughening
in semiconductor wafer processing inciudes the following
steps: a) applying a first layer of material atop ‘a substrate
thereby defining an exposed surface; b) incontinuously
adhering discrete solid particles to the first layer exposed
surface to roughen the exposed surface; and c) applying a
second layer of material atop the first layer and adhered solid
particles to define an outer surface, the particles adhered to
the first layer reducing roughness into the outer surface
thereby increasing its surface arca and accordingly capaci-
tance of the second layer in the final wafer structure.

37 Claims, 3 Drawing Sheets
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METHOD OF INCREASING CAPACITANCE
BY SURFACE ROUGHENING IN
SEMICONDUCTOR WAFER PROCESSING

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

RELATED PATENT DATA

This patent resulted from a continuation-in-part applica-
tion of both U.S. application Ser. No. 07/653,839, filed on
Feb. 11, 1991, which issued as U.S. Pat. No. 5,102,832 on
Apr. 7, 1992, and U.S. patent application Ser. No. 07/683,
2135, filed Apr. 10, 1991, which issued as U.S. Pat. No.
5,112,773 on May 12, 1992.

TECHNICAL FIELD

This invention relates generally to roughening a surface to
maximize its surface area, and thereby increase available

capacttance.

BACKGROUND OF THE INVENTION

As device dimensions continue to shrink in semiconduc-
tor processing, such as in the increased density of DRAMs,
there is a continuing challenge to maintain desired high
storage capacitance despite decreasing device size. A prin-
cipal way of increasing device density is through construc-
tion techniques which include three dimensional capacitors
such as trenched or stacked capacitors. It is as well recog-
nized that capacitance can be increased by surface rough-
ening of capacitor plates.

This invention comprises an improved technique for
roughening a surface to maximize its surface area thereby
increasing the capacitance which is available.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described
below with reference to the accompanying drawings.

FIG. 1 1s a diagrammatic sectional view of a wafer
fragment at a processing step in accordance with the inven-
tion.

FIG. 2 1s a diagrammatic sectional view of the FIG. 1
wafer illustrated at a processing step subsequent to that
illustrated by FIG. 1.

FIG. 3 1s a diagrammatic sectional view of the FIG. 1
wafer illustrated at a processing step subsequent to that
illustrated by FIG. 2.

FIG. 4 is a diagrammatic sectional view of the FIG. 1
wafer illustrated at a processing step subsequent to that
illustrated by FIG. 3.

FIG. 5§ 1s a diagrammatic sectional view of the FIG. 1
wafer illustrated at a processing step subsequent to that
illustrated by FIG. 4.

FIG. 6 is a diagrammatic sectional view of an alternate
wafer depicting an alternate processing step in accordance
with the invention.

FIG. 7 1s a diagrammatic sectional view of a wafer
fragment illustrating still another alternate processing step in
accordance with the invention.
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DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

This disclosure of the invention is submitted in further-
ance of the constitutional purposes of the U.S. Patent Laws
“to promote the progress of science and useful arts™ (Article
1, Section 8).

In accordance with one aspect of the invention, a method
of increasing capacitance by surface roughening in semi-
conductor wafer processing comprises:

applying a first layer of material atop a substrate thereby
defining an exposed surface;

incontinuously adhering discrete solid particles to the first
layer exposed surface to roughen the exposed surface; and

applying a second layer of material atop the first layer and
adhered solid particles to define an outer surface, the par-
ticles adhered to the first layer including roughness into the
outer surface thereby increasing its surface area and accord-

ingly capacitance of the second layer.

In accordance with another aspect of the invention, a
method of forming a capacitor in semiconductor waler
processing comprises:

providing a layer of insulating dielectric atop a partially
processed semiconductor wafer;

etching a contact opening in the dielectnic layer which
aligns with an active arca beneath the dielectric layer;

applying a first layer of polysilicon to a thickness of from
about 300 to about 2,000 Angstroms atop the etched dielec-
tric layer thereby defining an exposed surface of polysilicon,
the polysilicon making contact with the active area;

incontinuously adhering discrete solid particles to the
polysilicon exposed surface to roughen the exposed surface;

applying a second layer of polysilicon to a thickness of
from about 300 Angstroms to about 2,000 Angstroms atop
the first polysilicon layer and adhered solid particles to
provide a lower capacitor plate having an outer surface, the
particles adhered to the first polysilicon layer inducing
roughness into the outer surface thereby increasing its
surface area and the resultant capacitance;

applying a layer of capacitor dielectric atop the outer
surface, the roughness of the outer surface at least in part
being transferred to the capacitor dielectric layer; and

applying a third layer of polysilicon atop the capacitor
dielectric layer, the roughness of the capacitor dielectric
layer at least in part being transierred to the third layer of
polysilicon.

In accordance with yet another aspect of the invention, a
method of increasing capacitance by surface roughening in
semiconductor wafer processing comprises the following
steps:

applying a first layer of matenal atop a substrate thereby
defining an exposed surface;

incontinuously adhering discrete solid particles 10 the first
layer exposed surface;

etching the first layer having adhered particles with an
etch chemustry that etches the first layer matenal but is
selective to the particles to etch into and roughen exposed
first layer arca not covered by particles.

FIG. 1 depicts a semiconductor wafer or substrate 10. The

discussion proceeds with methods of increasing capacitance
between layers and formation of a capacitor with respect to
water 10. Such includes a bulk substrate region 12 having an
active area 14 formed therein. An insulating dielectric layer
16 has been applied atop bulk substrate 12, and a conlact
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opening 18 etched therein to provide an access opening lo
active arca 14. A capacitor structure will be generated atop
dielectric layer 16, with a lower capacitor plate making
contact through opening 18 to active area 14.

Referring to FIG. 2, a first layer of material 20 is applied
atop etched dielectric layer 16 thereby defining an upper
exposed surface 22. Preferably, first layer of material 20 is
polysilicon applied to a thickness of from about 300 Ang-
stroms to 2,000 Angstroms, with 1,000 Angstroms being
typical. Polysilicon layer 200 makes contact with active area
14 through contact opening 18.

Referring to FIG. 3, discrete solid particles 24 are incon-
tinuously adhered to first layer 20 exposed surface 22, which
effectively produces irregulanties in upwardly exposed sur-
face 22 thereby rendering it rougher than it was before
particles 24 were applied. Particles 24 thereby become a part
of exposed surface 22. Particles 24 are applied in such a
manner thai they do not provide a continuous layer of
material atop first poly layer 20, but rather result in an
incontinuous application which produces discrete solid par-
ticles (either isolated or in groups) to induce a roughened
effect onto exposed surface 22. Particles 24 preferably have
an average diameter ranging from about 30 Angstroms to
about 3,000 Angstroms, with 90 Angstroms being typical.
The particle material should be selected or provided in such
that particles 24 physically adhere to first layer 20. By way
of example only, such particle material includes Si0, and
Al,Q,.

The preferred method of application comprises a slurry
dip. Substrate 10 is dipped into a slurry of a solution
containing the suspended solid particles. The time period
within which the wafer 1s 1n contact with the slurry 1s not
expected to be very long. Expected residence times are from
five seconds to five minutes. The substrate is removed from
the slurry with the discrete solid particles 24 adhering to
layer 20. Remaining solution of the wafer after removal
would be rinsed from the wafer, leaving particles 24 adher-
ing thereto. Where oxide may have formed atop polysilicon
layer 20 prior to particle application, preferably such oxide
i1s removed by an HF dip or other method as will be
recognized by those people with skill in the art.

The invention was reduced 1o practice using a standard
colloidal silica slurry used in chemical mechanical polishing
techniques (CMP). The particular slurry used was 6 parts
water, 1 part Cab-0-Sperse'™ colloidal silicon, Grade SC-1
by Rippey Corp., 5080 Robert J. Mathews Parkway,
Elderado Hills, Calif. Such is supplied to end-users at a pH
of 10 to 12, and includes suspended glass $10, having an
average or typical diameter of about 90 Angstroms. A dip in
such slurry of less than five seconds adhered the SiO,
particles of the slurry to the polysilicon surface. Upon
removal of the wafer, it was rinsed and dried with particles
24 still adhering to the wafer surface. The adherence of the
510, particles 1s understood to result from chemical inter-
action with the surface due to van der Waals forces and
dangling or available silicon bonding sites at the edge of the
polycrystalline silicon structure that adhere to the SiQ,.
Materials other than polysilicon and S10, particles could of
course be utilized in the context of the invention.

Referring to FIG. 4, a second layer 26 of polysilicon or
other material is applied atop first layer 20 and adhered solid
particies 24 thereby defining an outer surface 28. Second
layer 26 is preferably applied to a thickness of from about
100 Angstroms to about 2,000 Angstroms, with 500 Ang-
stroms being typical. Particles 24 adhering to first layer 20
induce roughness into outer surface 28 thereby increasing
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the surface area of outer surface 28 than were particles 24
not present, and accordingly increasing the capacitance of
the final structure. In the described embodiment, the com-
posite or combination of layers 20 and 26 which include
particles 24 will become a lower capacitor plate.

Referring to FIG, §, a capacitor dielectric layer 30, such
as 100 Angstroms Si,N, and 20 Angstroms Si0,; 100
Angstroms 510, and 20 Angstroms Ta,0O; 100 Angsiroms
Si,N, and 20 Angstroms Ta,0.; Ta, O or S10, or Si;N,, is
applied atop outer surface 28. The roughness of outer
surface 28 transfers at least in part to the capacitor dielectric
layer roughening its upper surface. Thereafter, a third layer
32 of polysilicon or other material is applied atop capacitor
dielectric layer 30, with the roughness of capacitor dielectric
layer 30 at least in part being transferred to third layer 32.
This thereby defines a capacitor structure 5. The significant
area for roughening and capacitance increase occurs at the

interfaces of layers 32 and 26 with the capacitor dielectric
30. |

Layers 20 and 26 could be separately patterned to define
an outline of a lower capacitor plate cither individually or at
the conclusion of application of layer 26. Alternatively, but
less preferred, patterning might not be conducted untij after
formation of the construction illustrated by FIG. 3. Further,
layers 20 and 26 could be conductively doped in situ during
their respective applications, or subsequent to their applica-
tion. Additionally, poly layer 20 couid be patterned before or
after slurry treaiment. Alternate slurries, such as an alumi-
num oxide or silicon slurry, could of course also be used.

Additional methods in the context of the invention could
also be used to further roughen the surface area and thereby
increase capacitance. One of such methods concerns the
slurry step of application of particles 24. The slurry solution
could be selected or comprise a chemistry that chemically
ctches the exposed first layer matenial 20 during the slurry
dip process. With respect to polysilicon, it is anticipated that
the CMP colloidal silicon slurry at a pH of between 11 and
14, with 12 being preferred, could be utilized to further
roughen poly layer 20 during the particle adhering step
without appreciably removing layer 20 from the substrate.
By increasing, monitoring and controiling the residence time
during the dip as would be readily determined by a person
of skill in the art, the outer surface of poly 20 would be
roughened as diagrammatically illustrated by FIG. 6. (Like
components between the various embodiments of the dis-
closure utilize the same numbers, with the suffixes “a’” and
“b” being utilized to designate the different aliernate
embodiments.) In FIG. 6, waler 10a is illustrated as having
a poly layer 20a and particles 24a applied thereto. Upper
surface 22a is illustrated as being roughened more than the
FIGS. 1-5 embodiment due to etching of layer 20a during
the slurry dip process. Such additional roughening of surface
22a will transfer at least in part to the subsequent dielectric
layer and upper capacitor plate layer (not shown), thereby
increasing available capacitance further.

In an alternate method of added roughening, the method
would further comprise etching first layer 20 having par-
ticles 24 adhered thereto with an etch chemistry that etches
first layer matenial but 1s selective to the material of particles
24. This will thereby further roughen exposed first layer area
22 not covered by particles 24. Such is diagrammatically
illustrated in FIG. 7. The upper surface area 22b between
particles 24b 1s indicated as being etched to further increase
the roughness of applied layer 20b. The degree of etching is
illustrated as being greater in degree or severity than that
illustrated by the FIG. 6 method, thereby further increasing
available capacitance. An example etch chemustry and
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method which would etch the polysilicon and not the SiO,
particles of the example would include chlorine containing
piasma, a high pH aqueous solution such as KOH or
ammonium hydroxide, or a mixture containing nitric acid,
acetic acid, water and hydrofluoric acid. The methods
depicted by FIGS. 6 and 7 could be combined, thereby
further enhancing surface roughening.

In yet another aspect of the invention the wafer could be
processed as generally described above, except that particles
24a or 24b are removed prior to deposition of the dielectric

layer. With respect to the example of FIG. 6, a slurry solution
containing particles 24a which will etch material 20a will
roughen surface 22a to a greater degree than were particles
24a not in the slurry solution. Upon adhering of particles 24a
to matenal 20a, the slurry will continue to etch exposed
material 20a which is not covered by adhered particles 24a.
Such will produce higher peaks and lower valleys than were
the particles not present in the slurry. With respect to the
example of FIG. 7, a subsequent etch (after particle 24a
adherence) which is selective to the particles will likewise
produce higher peaks and lower valleys than were the
particles not adhered to material 20a during the etch. The
particies 2da or 24b could then be removed leaving a
rougher surface than would otherwise have been obtained
were the particles not present earlier in the process. Where
the particles are SiO, or Al,O,, an HF dip would be an
cxample of a method which would remove the particles
without disrupting first layer material 20, 20a, or 20b.
Thereafter, a capacitor dielectric layer would be applied,
followed by the other capacitor plate material.

In compliance with the statute, the invention has been
described in language more or less specific as to structural
and methodical features. It is to be understood, however, that
the invention 1s not limited to the specific features shown
and described, since the means and construction herein
disclosed comprise preferred forms of putting the invention
into effect. The invention is, therefore, claimed in any of its
forms or modifications within the proper scope of the
appended claims appropriately interpreted in accordance
with the doctrine of equivalents.

We claim:

1. A method of increasing capacitance by surface rough-
ening in semiconductor wafer processing comprising the
following steps:

applying a first layer of material atop a substrate thereby
defining an exposed surface;

incontinuously adhering discrete solid particles to the first
layer exposed surface to roughen the exposed surface;

and

applying a second layer of material atop the first layer and
the adhered discrete solid particles to define an outer
surface, the discrete solid particles adhered to the first
layer inducing roughness into the outer surface thereby
increasing its surface area and accordingly capacitance
of the second layer in a final wafer structure.

2. The method of increasing capacitance by surface
roughening of claim 1 wherein the discrete solid particles
have an average diameter ranging from 30 Angstroms to
3,000 Angstroms.

3. The method of increasing capacitance by surface
roughening of claim 1 wherein the discrete solid particles
are of a material selected from the group consisting of SiO,
and Al,O,.

4. The method of increasing capacitance by surface
roughening of claim 1 wherein,

the discrete solid particles have an average diameter
ranging from 30 Angstroms to 3,000 Angstroms; and
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the discrete solid particles are of a material selected
from the group consisting of 8§10, and Al,Q,.

5. The method of increasing capacitance by surface
roughening of claim 1 further comprising etching the first
layer having the adhered discrete solid particles with an etch
chemistry that etches the first layer material but is selective
to the adhered discrete solid particles to roughen the exposed
first layer area not covered by the adhered discrete solid

particles.
6. The method of increasing capacitance by surface

roughening of claim § wherein the discrete solid particles
have an average diameter ranging from 30 Angstroms ta

3,000 Angstroms.
7. The method of increasing capacitance by surface

roughening of claim § wherein the discrete solid particles
are of a material selected from the group consisting of SiO,
and Al,QO,.

8. The method of increasing capacitance by surface
roughening of claim 1 wherein the step of adhering the
discrete solid particles comprises dipping the substrate into
a slurry of a solution containing the discrete solid particles
suspended therein, removing the substrate from the slurry
with the discrete solid particles adhering to the first layer,
and rinsing remaining solution from the wafer.

9. The method of increasing capacitance by surface
roughening of claim 8 wherein the discrete solid particles
have an average diameter ranging from 30 Angstroms to

3,000 Angstroms,
10. The method of increasing capacitance by surface

roughening of claimm 8 wherein the discrete solid particles
are of a material selected from the group consisting of SiO,
and Al,O,.

11. The method of increasing capacitance by surface
roughening of claim 8 further comprising etching the first
layer having the adhered discrete solid particles with an etch
chemistry that etches the first layer material but is selective
to the adhered discrete solid particles to roughen the exposed
first layer area not covered by the adhered discrete solid
particles.

12. The method of increasing capacitance by surface
roughening of claim 1 wherein,

the step of adhering the discrete solid particles comprises
dipping the substrate into a slurry of a solution con-
taining the discrete solid particles suspended therein,
removing the substrate from the slurry with the discrete
solid particles adhering to the first layer, and rinsing
remaining solution from the wafer; and

the slurry solution being comprised of a chemistry that
chemically etches the exposed first layer material dur-
ing the dipping step to further roughen the exposed
surface.

13. The method of increasing capacitance by surface
roughening of claim 12 wherein the discrete solid particles
have an average diameter ranging from 30 Angstroms to
3,000 Angstroms,

14. The method of increasing capacitance by surface
roughening of claim 12 wherein the discrete solid particles
are of a material selected from the group consisting of SiO,
and Al,O,.

15. The method of increasing capacitance by surface
roughening of claim 12 further comprising an additional step
of etching the first layer having the adhered discrete solid
particles with an etch chemistry that etches the first layer
materidl but is selective to the adhered discrete solid par-
ticles to roughen the exposed first layer area not covered by
the adhered discrete solid particles.

16. The method of increasing capacitance by surface
roughening of claim 15 wherein the discrete solid particles
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have an average diameter ranging from 30 Angstroms to

3,000 Angstroms.
17. The method of increasing capacitance by surface

roughening of claim 15 wherein the discrete solid particles
are of a material selected from the group consisting of $10,
and Al,O;.
18. A method of forming a capacitor in semiconductor
wafer processing comprising the following steps:
providing a layer of insulating dielectric atop a partially
processed semiconductor water;

etching a contact opening in the dielectric layer which
aligns with an active area beneath the dielectric layer,

applying a first layer of polysilicon to a thickness of from
about 100 to 2,000 Angstroms atop the etched dielectric
layer thereby defining an exposed surface of polysili-
con, the polysilicon making contact with the active
area;

incontinuously adhering discrete solid particles to the
polysilicon exposed surface to roughen the exposed

surface;

applying a second layer of polysilicon to a thickness of
from about 300 to 2000 Angstroms atop the first
polysilicon layer and adhered discrete solid particles to
provide a lower capacitor plate having an outer surface,
the discrete solid particles adhered to the first polysili-
con layer inducing roughness into the outer surface
thereby increasing its surface area and accordingly
capacitance of the lower capacitor plate in a final wafer
structure;

applying a layer of capacitor dielectric atop the outer
surface, the roughness of the outer surface at least 1n
nart being transferred to the capacitor dielectric layer;
and

applying a third layer of polysilicon atop the capacitor

dielectric layer, the roughness of the capacitor dielec-
tric layer at least in part being transferred to the third
layer of polysilicon.

19. The method of forming a capacitor of claim 18
wherein the discrete solid particles have an average diameter
ranging from 30 Angstroms to 3,000 Angstroms.

20. The method of forming a capacitor of claim 18
wherein the discrete solid particles are of a material selected
from the group consisting of Si0O, and Al,O,.

21. The method of increasing capacitance by surface
roughening of claim 18 further comprising etching the first
layer having the adhered discrete solid particles with an etch
chemistry that etches the first layer material but is selective
to the adhered discrete solid particles to roughen the exposed
first layer area not covered by the adhered discrete sohd
particles.

22. The method of forming a capacitor of claim 21
wherein the discrete solid particles have an average diameter
ranging from 30 Angstroms to 3,000 Angstroms,

23. The method of forming a capacitor of claim 21
wherein the discrete solid particles are of a material selected
from the group consisting of S10, and Al,O,.

24. The method of increasing capacitance by surface
roughening of claim 18 wherein the step of adhering the
discrete solid particles comprises dipping the substrate into
a slurry of a solution containing the discrete solid particles
suspended therein, removing the substrate from the slurry
with the discrete seolid particles adhering to the first layer,
and rinsing remaining solution from the wafer.

25. The method of forming a capacitor of claim 24
wherein the discrete solid particles have an average diameter
ranging from 30 Angstroms to 3,000 Angstroms.
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26. The method of forming a capacitor of claim 24
wherein the discrete solid particles are of a material selected
from the group consisting of §10, and Al,O,.

27. The method of increasing capacitance by surface
roughening of claim 24 further comprising etching the first
layer having the adhered discrete solid particles with an etch
chemistry that etches the first layer material but 1s selective
to the adhered discrete solid particies 1o roughen the exposed
first layer area not covered by thc adhered discrete solid

particles.
28. The method of forming a capacitor of claim 18

wherein,

the step of adhering the discrete solid particles compnses
dipping the substrate into a slurry of a solution con-
taining the discrete solid particles suspended therein,
removing the substrate from the slurry with the discrete
solid particles adhering to the first layer, and rinsing
remaining solution from the wafer; and

the slurry solution being comprised of a chemistry that
chemically etches polysilicon during the dipping step
to further roughen the exposed surface.

29. The method of forming a capacitor of claim 28
wherein the discrete solid particles have an average diameter
ranging from 30 Angstroms to 3,000 Angstroms.

30. The method of forming a capacitor of claim 28
wherein the discrete solid particles are of a matenal selected
from the group consisting of Si0, and Al,Os;.

31. The method of increasing capacitance by surface
roughening of claim 28 further comprising an additional step
of etching the first layer having the adhered discrete sohd
particles with an etch chemistry that etches the first layer
material but is selective to the adhered discrete solid par-
ticles to roughen the exposed first layer area not covered by
the adhered discrete solid particles.

32. The method of forming a capacitor of claim 31
wherein the discrete solid particles have an average diameter
ranging from 30 Angstroms to 3,000 Angstroms.

33. The method of forming a capacitor of claim 31
wherein the discrete solid particles are of a material selected
from the group consisting of Si0, and Al,O,.

34. A method of increasing capacitance by surface rough-
ening in semiconductor wafer processing comprising the
following steps:

applying a first layer of material atop a substrate thercby
defining an exposed surface;

incontinuously adhering discrete solid particles to the first
layer exposed surface, such step of adhening the dis-
crete solid particles comprising dipping the substrate
into a slurry of a solution containing the discrete sohd
particles suspended therein, removing the substrate
from the slurry with the discrete solid particles adher-
ing to the first layer, and rinsing remaining solution
from the wafer; and

etching the first layer having the adhered discrete sohd
particles with an etch chemistry that etches the first
layer material but is selective to the adhered discrete
solid particles to etch into and roughen the exposed first
layer area not covered by the adhered discrete solid
particles.

35. The method of increasing capacitance by surface
roughening of claim 34 whereto the slurry solution is
comprised of a chemistry that chemically etches the exposed
first layer material during dipping to further roughen the
exposed surface. |

36. A method of increasing capacitance by surface rough-
ening in semiconductor wafer processing comprising the
following steps:
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applying a first layer of material atop a substrate thereby
defining an exposed surface;

incontinuously adhering discrete solid particles to the first
layer exposed surface, such particles comprising 810,;
and

etching the first layer having the adhered discrete solid
particles with an etch chemistry that etches the first
layer material but is selective to the adhered discrete
solid particles to etch into and roughen the exposed first
layer area not covered by the adhered discrete solid
particles.
37. A method of increasing capacitance by surface rough-
ening in semiconductor wafer processing comprising the
following steps:

10

10

applying a first layer of material atop a substraic thercby
defining an exposed surface;

incontinuously adhering discrete solid particles to the first
layer exposed surface, such particles comprising
Al,O,; and

etching the first layer having the adhered discrete solid
particles with an etch chemistry that etches the first
layer material but is selective to the adhered discrelc
solid particles to etch into and roughen the exposed first
layer area not covered by the adhered discrete solid
parficles.
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