US 20180053773A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2018/0053773 A1l

Leobandung 43) Pub. Date: Feb. 22, 2018
(54) INTEGRATION OF FLOATING GATE (52) US. CL
MEMORY AND LOGIC DEVICE IN CPC .. HOIL 27/11539 (2013.01); HOIL 27/11536
REPLACEMENT GATE FLOW (2013.01); HOIL 29/785 (2013.01); HOIL
29/7883 (2013.01); HOIL 29/513 (2013.01)
(71) Applicant: International Business Machines
Corporation, Armonk, NY (US) 57 ABSTRACT
(72) Inventor: Effendi Leobandung, Stormville, NY After forming a first sacrificial gate stack over a portion of
’ (US) ’ ’ a first semiconductor fin located in a logic device region of
a substrate, and a second sacrificial gate stack over a portion
21 Appl. No.: 15/241.759 of a second semiconductor fin located in a memory device
(1) Appl. No ’ region of the substrate, in which each of the first sacrificial
(22) Filed: Aug. 19, 2016 gate stack and the second sacrificial gate stack includes,
) T from bottom to top, a tunneling oxide portion, a floating gate
Publication Classification electrode, a control oxide portion, a gate conductor and a
gate cap, an entirety of the first sacrificial gate stack is
(51) Int. CL removed to provide a first gate cavity, and only the gate cap
HOIL 27/115 (2006.01) and the gate conductor are removed from the second sacri-
HOIL 29/51 (2006.01) ficial gate stack to provide a second gate cavity. Next, a
HOIL 29/788 (2006.01) high-k gate dielectric and a gate electrode are formed within
HOIL 29/78 (2006.01) each of the first gate cavity and the second gate cavity.
I]I T '/ﬁ
: 1 —36B
4/—34 B

SN




Patent Application Publication  Feb. 22,2018 Sheet 1 of 8 US 2018/0053773 A1

FIG. 1A

N
o
x>

FIG. 1B



Patent Application Publication  Feb. 22,2018 Sheet 2 of 8 US 2018/0053773 A1

FIG. 2A

FIG. 2B



Patent Application Publication  Feb. 22,2018 Sheet 3 of 8 US 2018/0053773 A1

FIG. 3B



Patent Application Publication  Feb. 22,2018 Sheet 4 of 8 US 2018/0053773 A1

r-»>m

A 60 || =] & |28
34A— \ 38B ——34B
32A— e

FIG. 4B



Patent Application Publication  Feb. 22,2018 Sheet 5 of 8 US 2018/0053773 A1

(50A7

\
B B’
4 4
P =1
FIG. 5A
708
O\y [505
36A— Y], 368
34A— - / 348
| 568 1528

FIG. 5B



Patent Application Publication  Feb. 22,2018 Sheet 6 of 8 US 2018/0053773 A1

\(SOAV (5087

i 7

FIG. 6A

——368B
—34B
L L J 92
52A 52B[ 568 ﬁ

FIG. 6B



Patent Application Publication  Feb. 22,2018 Sheet 7 of 8

)

US 2018/0053773 Al

XN
o

XX
RRR

e

e
0a%a%%

v,,,
RRR

r=-»>
%

X))
A

KK S
o

,,
SRR

> OO0
IRRRK,

Ve

R

RS
Y%l

%

82A
50A

86B

50B

TS
N y ——34B
—

—— 368

——32B

FIG. 7B



Patent Application Publication  Feb. 22,2018 Sheet 8 of 8 US 2018/0053773 A1

K i
SRR
-p

r-=» 00
""""""""' XA A A X "
SRRRKIERKRAS

o
RRKS

o
x50

[

: ~/r"—328
6

524] 528|568 52B| 60

FIG. 8B



US 2018/0053773 Al

INTEGRATION OF FLOATING GATE
MEMORY AND LOGIC DEVICE IN
REPLACEMENT GATE FLOW

BACKGROUND

[0001] The present application relates to semiconductor
device fabrication, and more particularly, to integrating
non-volatile memory devices and logic devices on the same
substrate.

[0002] A non-volatile memory device is one that can retain
stored information in the absence of power. It is beneficial
to integrate non-volatile memory device into logic circuits
for high performance CPU, FPGA or neural network. How-
ever, the integration of non-volatile memory devices with
logic devices has always been a challenge due to the
different requirements for the non-volatile memory devices,
which store charge, and the logic devices which are com-
monly intended for high speed operation. The need for
storing charge has been addressed mostly with the use of
floating gate. The need for this unique floating gate makes
integration of the non-volatile memory devices and the logic
devices difficult. In addition, since current advanced logic
technology is typically accomplished using a replacement
gate (also called gate-last) process flow, a method that
allows effectively integrating non-volatile memory devices
and logic devices in a replacement gate process flow is
highly desirable.

SUMMARY

[0003] The present application provides a method for
integrating non-volatile memory transistors and logic tran-
sistors using a gate-last process flow.

[0004] According to an aspect of the present application,
a semiconductor structure is provided. The semiconductor
structure includes a logic transistor located in a logic device
region of a substrate and a non-volatile memory transistor
located in a memory device region of the substrate. The logic
transistor includes a first functional gate stack contacting a
first body region of a first semiconductor fin and including
a first high-k gate dielectric and a first gate electrode
surrounded by the first high-k gate dielectric, and first
source/drain regions located within the first semiconductor
fin and laterally surrounding the first body region. The
non-volatile memory transistor includes a second functional
gate stack contacting a second body region of a second
semiconductor fin and including a tunnel oxide portion, a
floating gate electrode, a control oxide portion, a second
high-k gate dielectric and a second gate electrode sur-
rounded by the second high-k gate dielectric, and second
source/drain regions located within the second semiconduc-
tor fin and laterally surrounding the second body region.
[0005] According to another aspect of the present appli-
cation, a method of forming a semiconductor structure is
provided. The method includes forming a first sacrificial
gate stack over a first body region of a first semiconductor
fin located in a logic device region of a substrate, and a
second sacrificial gate stack over a second body region of a
second semiconductor fin located in a memory device region
of'the substrate. The first sacrificial gate stack includes a first
tunneling oxide portion, a first floating gate electrode, a first
control oxide portion, a first gate conductor and a first gate
cap, and the second sacrificial gate stack includes a second
tunneling oxide portion, a second floating gate electrode, a
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second control oxide portion, a second gate conductor and a
second gate cap. After forming first gate cavity by removing
an entirety of the first sacrificial gate stack and a second gate
cavity by removing the second gate cap and the second gate
conductor in the second sacrificial gate stack, a first high-k
gate dielectric is formed over a bottom surface and sidewalls
of the first gate cavity and a first gate electrode is formed
filling a remaining volume of the first gate cavity, while a
second high-k gate dielectric is formed over a bottom
surface and sidewalls of the second gate cavity and a second
gate electrode is formed filling a remaining volume of the
second gate cavity.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

[0006] FIG. 1A is a top-down view of an exemplary
semiconductor structure including a plurality of first semi-
conductor fins located in a logic device region of a substrate
and a plurality of second semiconductor fins located in a
memory device region of the substrate, and a shallow trench
isolation (STI) layer formed around lower portions of the
first and second semiconductor fins according to an embodi-
ment of the present application.

[0007] FIG. 1B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 1A along line B-B'".
[0008] FIG. 2A is a top-down view of the exemplary
semiconductor structure of FIGS. 1A and 1B after forming
a first sacrificial gate stack straddling a portion of each first
semiconductor fin and a second sacrificial gate stack strad-
dling a portion of each second semiconductor fin.

[0009] FIG. 2B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 2A along line B-B'".

[0010] FIG. 3A is a top-down view of the exemplary
semiconductor structure of FIGS. 2A and 2B after forming
a first gate spacer on sidewalls of the first sacrificial gate
stack and a second gate spacer on sidewalls of the second
sacrificial gate stack and forming first source/drain regions
in the first semiconductor fins and second source/drain
regions in the second semiconductor fins.

[0011] FIG. 3B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 3A along line B-B'.
[0012] FIG. 4A is a top-down view of the exemplary
semiconductor structure of FIGS. 3A and 3B after forming
an interlevel dielectric (ILD) layer.

[0013] FIG. 4B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 4A along line B-B'".
[0014] FIG. 5A is a top-down view of the exemplary
semiconductor structure of FIGS. 4A and 4B after forming
a first gate cavity by removing a first gate cap and a first gate
conductor in the first sacrificial gate stack, and a second gate
cavity by removing a second gate cap and a second gate
conductor in the second sacrificial gate stack.

[0015] FIG. 5B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 5A along line B-B'".
[0016] FIG. 6A is a top-down view of the exemplary
semiconductor structure of FIGS. 5A and 5B after vertically
extending the first gate cavity by removing remaining com-
ponents of the first sacrificial gate stack including, from the
bottom to top, a first tunneling oxide portion, a first floating
gate electrode and a first control oxide portion from the logic
device region, while remaining components of the second
sacrificial gate stack including, from the bottom to top, a
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second tunneling oxide portion, a second floating gate
electrode and a second control oxide portion remain in the
memory device region.

[0017] FIG. 6B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 6A along line B-B'.
[0018] FIG. 7A is a top-down view of the exemplary
semiconductor structure of FIGS. 6A and 6B after forming
a first high-k gate dielectric and a first gate electrode in the
vertically extended first gate cavity and a second high-k gate
dielectric and a second gate electrode in the second gate
cavity.

[0019] FIG. 7B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 7A along line B-B'.
[0020] FIG. 8A is a top-down view of the exemplary
semiconductor structure of FIGS. 7A and 7B after forming
first source/drain contact structures contacting the first
source/drain regions and second source/drain contact struc-
tures contacting the second source/drain regions.

[0021] FIG. 8B is a cross-sectional view of the exemplary
semiconductor structure of FIG. 8A along line B-B'.

DETAILED DESCRIPTION

[0022] The present application will now be described in
greater detail by referring to the following discussion and
drawings that accompany the present application. It is noted
that the drawings of the present application are provided for
illustrative purposes only and, as such, the drawings are not
drawn to scale. It is also noted that like and corresponding
elements are referred to by like reference numerals.

[0023] In the following description, numerous specific
details are set forth, such as particular structures, compo-
nents, materials, dimensions, processing steps and tech-
niques, in order to provide an understanding of the various
embodiments of the present application. However, it will be
appreciated by one of ordinary skill in the art that the various
embodiments of the present application may be practiced
without these specific details. In other instances, well-known
structures or processing steps have not been described in
detail in order to avoid obscuring the present application.
[0024] It should be noted that although the following
description and drawings illustrate the basic processing steps
employed to integration of fin-based logic and non-volatile
memory transistors, the basic concept of the present appli-
cation can also be applied to integration of planar- or
nanowire-based logic and non-volatile memory transistors.
[0025] Referring to FIGS. 1A and 1B, an exemplary
semiconductor structure according to an embodiment of the
present application includes a plurality of first semiconduc-
tor fins 20A formed in a first region of a substrate 10 and a
plurality of second semiconductor fins 20B formed in a
second region of the substrate 10. In one embodiment, the
first region is a logic device region and the second region is
a memory device region.

[0026] In one embodiment and as shown in FIG. 1B, the
first and second semiconductor fins 20A, 20B can be formed
by providing a bulk semiconductor substrate including a
semiconductor material throughout, and by patterning an
upper portion of the bulk semiconductor substrate. In this
case, the remaining portion of the bulk semiconductor
substrate underlying the first and second semiconductor fins
20A, 20B constitutes the substrate 10. The first and second
semiconductor fins 20A, 20B are adjoined to the substrate 10
and are comprised of the same semiconductor material as the
upper portion of the bulk semiconductor substrate.
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[0027] The bulk semiconductor substrate may include a
semiconductor material such as, for example, Si, Ge, SiGe,
SiC, SiGeC or an III-V compound semiconductor. In one
embodiment, the bulk semiconductor substrate includes a
single crystalline semiconductor material such as, for
example, single crystalline silicon. The thickness of the bulk
semiconductor substrate can be from 30 pm to about 2 mm,
although lesser and greater thicknesses can also be
employed. The bulk semiconductor substrate may be doped
with dopants of p-type or n-type. In one embodiment, the
dopants may be a p-type dopant including, but not limited to,
boron (B), aluminum (Al), gallium (Ga), and indium (In) for
Si based substrate. In another embodiment, the dopants may
be an n-type dopant including, but not limited to, antimony
(Sb), arsenic (As), and phosphorous (P) for Si based sub-
strate. The dopant concentration in the bulk semiconductor
substrate can range from 1x10'* atoms/cm? to 3x10'” atoms/
cm?®, although lesser and greater dopant concentrations can
also be employed.

[0028] In one embodiment, the upper portion of the bulk
semiconductor substrate can be patterned using lithography
and etching to provide the first and second semiconductor
fins 20A, 20B extending upwards from substrate 10. For
example, a mask layer (not shown) can be applied over a top
surface of the bulk semiconductor substrate and lithographi-
cally patterned to define a set of areas covered by a patterned
mask layer. The mask layer can be a photoresist layer or a
photoresist layer in conjunction with hardmask layer(s). The
bulk semiconductor substrate is then etched by an anisotro-
pic etch using the patterned mask layer as an etch mask. In
one embodiment, a dry etch such as, for example, reactive
ion etch (RIE) can be used. In another embodiment, a wet
etch using a chemical etchant can be used. In still a further
embodiment, a combination of dry etch and wet etch can be
used. After formation of the first and second semiconductor
fins 20A, 20B, the patterned mask layer can be removed, for
example, by oxygen plasma. Other methods known in the
art, such as sidewall image transfer (SIT) or directional
self-assembly (DSA), can also be used to pattern the upper
portion of the bulk semiconductor substrate to provide the
first and second semiconductor fins 20A, 20B.

[0029] In another embodiment, the first and second semi-
conductor fins 20A, 20B can be formed by providing a
semiconductor-on-insulator (SOI) substrate including a top
semiconductor layer, a buried insulator layer, and a handle
substrate, and by patterning the top semiconductor layer (not
shown). In this case, the remaining portions of the top
semiconductor layer after patterning constitute the first and
second semiconductor fins 20A, 20B, and the buried insu-
lator layer constitutes the substrate 10.

[0030] Subsequently, a shallow trench isolation (STI)
layer 22 can be formed around lower portions of the semi-
conductor fins 20A, 20B; in some embodiments, the STI
layer 22 can be omitted. As is shown, the height of the STI
layer 22 is less than the height of each of the semiconductor
fins 20A, 20B such that upper sidewalls and a topmost
surface of each of the semiconductor fins 20A, 20B are
exposed. The height of the portion of each of the semicon-
ductor fins 20A, 20B located above the top surface of the
STI layer 22 (or above the buried insulator layer if the
semiconductor fins are formed from an SOI substrate) can be
from 10 nm to 200 nm, although lesser and greater heights
can also be employed.
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[0031] The STI layer 22 can be formed by first depositing
a trench dielectric material such as, a trench dielectric oxide,
over and between the semiconductor fins 20A and 20B using
a deposition process, such as, for example, chemical vapor
deposition (CVD) or physical vapor deposition (PVD). In
one embodiment, the trench dielectric oxide is silicon diox-
ide. The deposited trench dielectric material can then be
planarized by a planarization technique such as, for example
chemical mechanical planarization (CMP) followed by an
etched back process to etch the deposited trench dielectric
material to the desired thickness. An anisotropic etch such
as, for example, RIE may be employed to remove the trench
dielectric material of the STI layer 22 selective to the
semiconductor material of the semiconductor fins 20A, 20B.
[0032] Referring to FIGS. 2A and 2B, sacrificial gate
stacks including a first sacrificial gate stack 30A formed over
a portion of each of the first semiconductor fins 20A in the
logic device region and a second sacrificial gate stack 30B
formed over a portion of each of the second semiconductor
fins 20B in the memory device region are provided. The term
“sacrificial gate stack™ as used herein refers to a placeholder
structure for a functional gate stack to be subsequently
formed. The term “functional gate stack” as used herein
refers to a permanent gate stack used to control output
current (i.e., flow of carriers in the channel) of a semicon-
ducting device through electrical fields or magnetic fields.
Although only one sacrificial gate stack is described and
illustrated in each ofthe logic device region and the memory
device region, the present application is not limited to such
a number of sacrificial gate stacks. Instead, a plurality of
sacrificial gate stacks can be formed in each of the logic
device region and the memory device region.

[0033] The first sacrificial gate stack 30A straddles the first
semiconductor fins 20A and includes, from bottom to top, a
first tunneling oxide portion 32A, a first floating gate elec-
trode 34A, a first control oxide portion 36A, a first gate
conductor 38A and a first gate cap 40A. The second sacri-
ficial gate stack 30B straddles the second semiconductor fins
20B and includes, from bottom to top, a second tunneling
oxide portion 32B, a second floating gate electrode 34B, a
second control oxide portion 36B, a second gate conductor
38B and a second gate cap 40B. By “straddle” it is meant
that the sacrificial gate stack formed is in direct contact with
a top surface and two vertical sidewalls of each semicon-
ductor fin.

[0034] The sacrificial gate stacks 30A, 30B can be formed
by first providing a material stack of a tunneling oxide layer,
a floating gate electrode material layer, a control oxide layer,
a gate conductor material layer and a gate cap material layer
(not shown) over the first and second semiconductor fins
20A, 20B and the STI layer 22, and by subsequently
patterning the material stack.

[0035] The tunneling oxide layer is deposited on the first
and second semiconductor fins 20A, 20B and the STI layer
22. The tunneling oxide layer can include any dielectric
oxide that can be employed as a tunneling gate dielectric
material known in the art. For example, the tunneling oxide
layer can include silicon dioxide. In one embodiment, the
tunneling oxide layer can be formed by a deposition process
such as, for example, CVD, plasma enhanced chemical
vapor deposition (PECVD) or atomic layer deposition
(ALD). In this case, the tunneling oxide layer is formed on
the top surfaces and sidewalls of the first and second
semiconductor fins 20A, 20B and on the top surface of the

Feb. 22, 2018

shallow trench dielectric layer 22. In another embodiment,
the tunneling oxide layer can be formed by conversion of
surface portions of the first and second semiconductor fins
20A, 20B into a dielectric material using thermal conversion
or plasma conversion. In this case, the tunneling oxide layer
is formed solely on the top surfaces and sidewalls of the first
and second semiconductor fins 20A, 20B. The thickness of
the tunneling oxide layer can be from 2 nm to 10 nm,
although lesser and greater thicknesses can also be
employed.

[0036] The floating gate electrode material layer is depos-
ited on the tunneling oxide layer. The floating gate electrode
material layer includes a doped semiconductor material. In
one embodiment, the floating gate electrode material layer
can include doped polysilicon, a doped silicon-germanium
alloy, or a doped silicon-carbon alloy. The floating gate
electrode material layer can be deposited, for example, by
CVD, PVD or ALD. The thickness of the floating gate
electrode material layer can be from 3 nm to 100 nm,
although lesser and greater thicknesses can also be
employed.

[0037] The control oxide layer is deposited on the floating
gate electrode material layer. The control oxide layer can
include any dielectric oxide that can be employed as a
control gate dielectric as known in the art. For example, the
control oxide layer can include silicon dioxide. The control
oxide layer can be formed by deposition of a dielectric oxide
using CVD or ALD, and/or by conversion of a surface
portion of the floating gate electrode material layer using
thermal conversion or plasma conversion. The thickness of
the control oxide portion layer can be from 2 to 10 nm,
although lesser and greater thicknesses can also be
employed.

[0038] The gate conductor material layer is deposited on
the control oxide layer. The gate conductor material layer
may be composed of a semiconductor material such as, for
example, silicon, germanium, a silicon germanium alloy, a
silicon carbon alloy or a compound semiconductor material.
In one embodiment, the gate conductor material layer is
composed of polysilicon. The gate conductor material layer
can be formed using CVD or PECVD. The thickness of the
gate conductor material layer can be from 50 nm to 300 nm,
although lesser and greater thicknesses can also be
employed.

[0039] The gate cap material layer is deposited on the gate
conductor material layer. The gate cap material layer can
include a dielectric material such as, for example, silicon
dioxide, silicon nitride or silicon oxynitride. The gate cap
material layer can be formed by a deposition process includ-
ing, for example, CVD, PECVD or PVD. The thickness of
the gate cap material layer can be from 25 nm to 100 nm,
although lesser or greater thicknesses can also be employed.
[0040] The material stack is patterned by lithography and
etching. For example, a photoresist layer (not shown) may
be applied over the hard mask layer and lithographically
patterned. The pattern in the photoresist layer is sequentially
transferred into the gate cap material layer, the gate con-
ductor material layer, the control oxide layer, the floating
gate electrode material layer and the tunneling oxide layer
by at least one anisotropic etch. The anisotropic etch can be
a dry etch such as, for example, RIE, a wet etch or a
combination thereof. A remaining portion of the material
stack overlying the first semiconductor fins 20A constitutes
the first sacrificial gate stack 30A, and a remaining portion
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of the material stack overlying the second semiconductor
fins 20B constitutes the second sacrificial gate stack 30B.
The remaining photoresist layer may be subsequently
removed by, for example, ashing.

[0041] Referring to FIGS. 3A and 3B, gate spacers includ-
ing a first gate spacer S0A present on sidewalls of the first
gate stack 30A and a second gate spacer 50B present on
sidewalls of the second gate stack 30B are formed. The first
and second gate spacers 50A, 50B may include a dielectric
material such as, for example, an oxide, a nitride, an
oxynitride, or any combination thereof. In one embodiment,
each of the first and second gate spacers 50A, 50B is
composed of silicon nitride. The first and second gate
spacers S50A, 50B can be formed by first providing a
conformal gate spacer material layer (not shown) on
exposed surfaces of the first and second sacrificial gate
stacks 50A, 50B, the first and second semiconductor fins
20A, 20B and the STI layer 22 and then etching the gate
spacer material layer to remove horizontal portions of the
gate spacer material layer. The gate spacer material layer can
be provided by a deposition process including, for example,
CVD, PECVD or ALD. The etching of the gate spacer
material layer may be performed by a dry etch process such
as, for example, RIE. A remaining vertical portion of the
gate spacer material layer that is present on the sidewalls of
the first gate stack 30A constitutes the first gate spacer 50A.
A remaining vertical portion of the gate spacer material layer
that is present on the sidewalls of the second gate stack 30B
constitutes the second gate spacer 50B. The width of each of
the gate spacers 50A, 50B, as measured at the base, can be
from 5 nm to 100 nm, although lesser and greater widths can
also be employed.

[0042] A first source region and a first drain region (col-
lectively referred to as first source/drain regions 52A) are
formed within regions of the first semiconductor fins 20A
that do not underlie the first sacrificial gate stack 30A, and
a second source region and a second drain region (collec-
tively referred to as second source/drain regions 52B) are
formed within regions of the second semiconductor fins 20B
that do not underlie the second sacrificial gate stack 30B. In
one embodiment, ion implantation of electrical dopants (i.e.,
p-type or n-type dopants) can be performed to provide the
first source/drain regions 52A and the second source/drain
regions 52B employing the first and second sacrificial gate
stacks 30A, 30B as an implantation mask. The unplanted
portion of each first semiconductor fin 20A is herein referred
to as a first body region 56A. The unplanted portion of each
second semiconductor fin 20B is herein referred to as a
second body region 56B. Alternatively or additionally, the
first and second source/drain regions 52A, 52B can be
formed by selective deposition of a doped semiconductor
material on the top surfaces and sidewalls of the first and
semiconductor fins 20A, 20B using selective epitaxy, fol-
lowed by diffusing electrical dopants in the doped semicon-
ductor material into the first and semiconductor fins 20A,
20B.

[0043] Referring to FIGS. 4A and 4B, an interlevel dielec-
tric (ILD) layer 60 is formed over the first and second
source/drain regions 52A, 52B and the STI layer 22. The
ILD layer 60 laterally surrounds the first and second sacri-
ficial gate stacks 30A, 30B. The ILD layer 60 may include
a dielectric material that may be easily planarized. For
example, the ILD layer 60 can be a doped silicate glass, an
undoped silicate glass (silicon oxide), an organosilicate
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glass (OSG), or a porous dielectric material. The ILD layer
60 can be formed by CVD, PVD or spin coating. The ILD
layer 60 can be initially formed such that an entirety of the
top surface of the ILD layer 60 is formed above the topmost
surfaces of the first and second sacrificial gate stacks 30A,
30B (i.e., top surfaces of the first and second gate caps 40A,
40B). The ILD layer 60 can be subsequently planarized, for
example, by CMP and/or a recess etch using the first and
second gate caps 40A, 40B as a polishing and/or etch stop.
After the planarization, the ILD layer 60 has a top surface
coplanar with the top surfaces of the first and second gate
caps 40A, 40B.

[0044] Referring to FIGS. 5A and 5B, the first and second
gate caps 40A, 40B and the first and second gate conductors
38A, 38B are removed by at least one etch. In one embodi-
ment, a single etching process may be used to remove the
first and second gate caps 40A, 40B and the first and second
gate conductors 38A, 38B. In another embodiment, separate
etching processes may be performed to remove theses
layers. For example, a first etch can be performed to remove
the first and second gate caps 40A, 40B. The first etch can
be a dry etch and/or a wet etch that removes the dielectric
material of the first and second gate caps 40A, 40B selective
to the conductive material of the first and second gate
conductors 38A, 38B as well as the dielectric materials of
the first and second gate spacers S0A, 50B and the ILD layer
60. Subsequently, a second etch can be performed to remove
the first and second gate conductors 38A, 38B. The second
etch can be a dry etch and/or a wet etch that removes the
conductive material of the first and second gate conductors
38A, 38B selective to the dielectric materials of the first and
second control oxide portion s 36 A, 36B, the first and second
gate spacers S0A, 50B and the ILD layer 60. A first gate
cavity 70A is thus formed in the logic device region,
occupying a volume from which the stack of the first gate
conductor 38A and the first gate cap 40A in the first
sacrificial gate stack 30A is removed. Likewise, a second
gate cavity 70B is formed in the memory device region,
occupying a volume from which the stack of the second gate
conductor 38B and the second gate cap 40B in the second
sacrificial gate stack 30B is removed.

[0045] Referring to FIGS. 6A and 6B, a mask layer (not
shown) is applied over the ILD layer 60 and within the first
and second gate cavities 70A, 70B and lithographically
patterned such that a patterned mask layer 72 is present in
the second gate cavity 70B covering the second control
oxide portion 36B, but not in the first gate cavity 70A. The
first control oxide portion 36A is thus exposed. The mask
layer can be a photoresist layer or a photoresist layer in
conjunction with hardmask layer(s).

[0046] The first control oxide portion 36A, the first float-
ing gate electrode 34A and the first tunneling oxide portion
32A are removed from the first gate cavity 70A. In one
embodiment, a single etching process may be used to
remove the first control oxide portion 36A, the first floating
gate electrode 34 A and the first tunneling oxide portion 32A
from the first gate cavity 70A. In another embodiment,
separate etching processes may be performed to remove
theses layers from the first gate cavity 70A. The etch
chemistries are selected such that the etchants etch the first
control oxide portion 36A, the first floating gate electrode
34A and the first tunneling oxide portion 32A, without
affecting the first and second gate spacers 50A, 50B, the ILD
layer 60 and the first semiconductor fins 20A. After etch, the
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first gate cavity 70A is vertically extended to expose the first
body region 56A. The patterned mask layer 72 can then be
removed, for example, by oxygen-based plasma etching.
[0047] Referring to FIGS. 7A-7B, a high dielectric con-
stant (high-k) gate dielectric layer (not shown) is deposited
on the bottom surfaces and sidewalls of the first and second
gate cavities 70A, 70B, and on top surfaces of the first and
second gate spacers 50A, 50B and the ILD layer 60. The
high-k gate dielectric layer includes a dielectric material
having a dielectric constant greater than 8.0. The high-k gate
dielectric layer can include a dielectric metal oxide such as,
for example, HfO,, ZrO,, La,0;, ALO;, TiO,, SrTiO;,
LaAlO;, Y,O0, HfON,, ZrON,, La,0O,N, ALO,N,
TiON,, SfTiO,N,, LaAlO N, Y,O,N,, SiON, SiN_, a sili-
cate thereof, and an alloy thereof. Each value of x is
independently from 0.5 to 3 and each value of y is inde-
pendently from O to 2. The high-k gate dielectric layer can
be formed by a deposition process, including but not limited
to, CVD, PVD, ALD, molecular beam epitaxy (MBE), ion
beam deposition, electron beam deposition, and laser
assisted deposition. The thickness of the high-k gate dielec-
tric layer can be from 1 nm to 10 nm, although lesser and
greater thicknesses can also be employed.

[0048] A work function material layer (not shown) is
deposited on the high-k gate diclectric layer. The work
function material layer may include a metal having a work
function suitable to optimize the performance of devices to
be subsequently formed in the logic device region and the
memory device region. In one embodiment, the work func-
tion material layer includes a silicon valence band edge
metal such as, for example, Pt, Rh, Jr, Ru, Cu, Os, Be, Co,
Pd, Te, Cr, Ni or TiN for p-type FETs. In another embodi-
ment, the work function material layer includes a silicon
conduction band edge metal such as Hf, Ti, Zr, Cd, La, TI,
Yb, Al, Ce, Eu, Li, Pb, Tb, Bi, In, Lu, Nb, Sm, V, Zr, Ga, Mg,
Gd, Y or TiAl for n-type FETs. The work function material
layer can be formed, for example, by CVD, PVD or ALD.
The thickness of the work function material layer can be
from 3 nm to 10 nm, although lesser and greater thicknesses
can also be employed. The work functional material layer is
optional and can be omitted in some embodiments of the
present application.

[0049] A gate electrode material layer (not shown) is
deposited on the high-k gate dielectric layer or the work
functional material layer, if present, to fill remaining vol-
umes of the first and the second gate cavities 70A, 70B. The
gate electrode material layer may include a conductive metal
including, for example, doped polysilicon, Al, Au, Ag, Cu or
W. In one embodiment, the gate electrode material layer is
comprised of W. The gate electrode material layer can be
formed by a deposition process such as, for example, CVD,
PVD and ALD. The thickness of the gate electrode material
layer, as measured in a planar region of the gate electrode
material layer above the top surface of the ILD layer 60, can
be from 100 nm to 500 nm, although lesser and greater
thicknesses can also be employed.

[0050] Subsequently, portions of the gate electrode mate-
rial layer, the work function material layer, if present, and
the high-k gate dielectric layer that are located above the top
surface of the ILD layer 60 are removed by employing a
planarization process, such as, for example, CMP. The
remaining portion of the high-k gate dielectric layer within
the first gate cavity 70A constitutes a first high-k gate
dielectric 82A, and the remaining portion of the high-k gate
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dielectric layer within the second gate cavity 70B constitutes
a second high-k gate dielectric 82B. The remaining portion
of the work function material layer in the first gate cavity
70A constitutes a first work function material portion 84A,
and the remaining portion of the work function material
layer in the second gate cavity 70B constitutes a second
work function material portion 84B. The remaining portion
of the gate electrode material layer in the first gate cavity
70A constitutes a first gate electrode 86 A, and the remaining
portion of the gate electrode material layer in the second gate
cavity 70B constitutes a second gate electrode 86B. The
topmost surfaces of the first and second high-k gate dielec-
trics 82A, 82B, the first and second work function material
portions 84A, 84B and the first and second gate electrodes
86A, 868 are coplanar with the top surface of the ILD layer
60.

[0051] A first functional gate stack (i.e., logic gate stack)
is formed in the logic device region. As shown, the first
functional gate stack includes, from bottom to top, a
U-shaped first high-k gate dielectric 82B contacting the first
body region 56 A of each first semiconductor fin 20A, a first
work function material portion 84A, and a first gate elec-
trode 86A. The first functional gate stack is laterally sur-
rounded by the first gate spacer S0A.

[0052] A second functional gate stack (i.e., memory gate
stack) is formed in the memory device region. As shown, the
second functional gate stack includes, from bottom to top, a
tunnel oxide portion 32B contacting the second body region
568 of each second semiconductor fin 20B, a floating gate
electrode 34B, a control oxide portion 36B, a U-shaped
second high-k gate dielectric 82B, a second work function
material portion 84B and a second gate electrode 86B. The
second functional stack is laterally surrounded by the second
gate spacer 50B. The control oxide portion 36B and the
second high-k gate dielectric 82B together function as a
control dielectric and the second gate electrode 86B func-
tions as the control electrode for non-volatile transistors.
[0053] Thus, in the present application, logic transistors
and non-volatile memory transistors are formed on the same
substrate using a gate-last processing flow. Each logic tran-
sistor includes a first functional gate stack (82A, 84A, 86A)
straddling a first body region 56 A of a first semiconductor fin
20A, and first source/drain regions 52A within regions of the
first semiconductor fin 20A that laterally surround the first
body region 56A. The non-volatile memory transistor
includes a second functional gate stack (32B, 36B, 38B,
82B, 84B, 86B) straddling a second body region 56B of a
second semiconductor fin 20B, and second source/drain
regions 52B within regions of the second semiconductor fin
20B that laterally surround the second body region 56B.
Although a specific stack are shown for the non-volatile
memory transistor, other stack can also be employed with
same methods.

[0054] Referring to FIGS. 8A and 8B, source/drain contact
structures are formed. The source/drain contact structures
include first source/drain contact structures 90A extending
through the ILD layer 60 to form contact with the first
source/drain regions 52A for logic transistors, and second
source/drain contact structures 90B extending through the
ILD layer 60 to form contact with the second source/drain
regions 52B for non-volatile memory transistors.

[0055] The first and second source/drain contact structures
90A, 90B can be formed by formation of contact openings
(not shown) within the ILD layer 60 utilizing a combination
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of lithographic patterning and anisotropic etch followed by
deposition of a conductive metal (e.g., copper) and pla-
narization that removes an excess portions of the conductive
metal from above the top surface of the ILD layer 60.
Optionally, contact liners (not shown) may be formed on the
sidewalls and bottoms surfaces of the contact openings
before filling the contact openings with the conductive
metal. The contact liners may include TiN.

[0056] While the methods and structures disclosed herein
have been particularly shown and described with respect to
preferred embodiments thereof, it will be understood by
those skilled in the art that the foregoing and other changes
in forms and details may be made without departing from the
spirit and scope of the present application. It is therefore
intended that the methods and structures disclosed herein not
be limited to the exact forms and details described and
illustrated, but fall within the scope of the appended claims.

1. A semiconductor structure comprising:

a logic transistor located in a logic device region of a

substrate, the logic transistor comprising:

a first functional gate stack contacting a first body
region of a first semiconductor fin and including a
first high-k gate dielectric and a first gate electrode
surrounded by the first high-k gate dielectric, and

first source/drain regions located within the first semi-
conductor fin and laterally surrounding the first body
region; and

a non-volatile memory transistor located in a memory

device region of the substrate, the non-volatile memory

transistor comprising:

a second functional gate stack contacting a second body
region of a second semiconductor fin and including
a tunnel oxide portion, a floating gate electrode, a
control oxide portion, a second high-k gate dielectric
and a second gate electrode surrounded by the sec-
ond high-k gate dielectric, and

second source/drain regions located within the second
semiconductor fin and laterally surrounding the sec-
ond body region,

wherein each of the first high-k gate dielectric and the

second high-k gate dielectric is a U-shaped gate dielec-
tric, wherein a horizontal portion of the first high-k gate
dielectric is in direct contact with the first body region
of the first semiconductor fin, and a horizontal portion
of the second high-k dielectric is in direct contact with
the control oxide portion.

2.-3. (canceled)

4. The semiconductor structure of claim 1, wherein the
logic transistor further comprises a first gate spacer located
on sidewalls of the first gate stack, wherein vertical portions
of the first high-k gate dielectric are in contact with the first
gate spacetr.

5. The semiconductor structure of claim 1, wherein the
non-volatile memory transistor further comprises a second
gate spacer located on sidewalls of the second gate stack,
wherein sidewalls of the tunneling oxide portion, the float-
ing gate electrode and the control oxide portion are in
contact with lower portions of the second gate spacer, and
vertical portions of the second high-k gate dielectric are in
contact with upper portions of the second gate spacer.

6. The semiconductor structure of claim 1, further com-
prising an interlevel dielectric (ILD) layer laterally sur-
rounding the first gate stack and the second gate stack.
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7. The semiconductor structure of claim 6, further com-
prising first source/drain contact structures extending
through the ILD layer and contacting the first source/drain
regions, and second source/drain contact structures extend-
ing through the ILD layer and contacting the second source/
drain regions.
8. The semiconductor structure of claim 6, further com-
prising a shallow trench isolation (STI) layer laterally sur-
rounding a lower portion of each of the first semiconductor
fin and the second semiconductor fin, wherein the ILD layer
contacts a top surface of the STI layer.
9. The semiconductor structure of claim 1, wherein the
first gate stack further comprises a first work function
material portion located between the first high-k gate dielec-
tric and the first gate electrode, and the second gate stack
further comprises a second work function material portion
located between the second high-k gate dielectric and the
second gate electrode.
10. The semiconductor structure of claim 1, wherein each
of the tunneling oxide portion and the control oxide portion
comprises silicon dioxide, and the floating gate electrode
comprises polysilicon.
11. A method of forming a semiconductor structure com-
prising:
forming a first sacrificial gate stack over a first body
region of a first semiconductor fin located in a logic
device region of a substrate, and a second sacrificial
gate stack over a second body region of a second
semiconductor fin located in a memory device region of
the substrate, wherein the first sacrificial gate stack
comprises a first tunneling oxide portion, a first floating
gate electrode, a first control oxide portion, a first gate
conductor and a first gate cap, and the second sacrificial
gate stack comprises a second tunneling oxide portion,
a second floating gate electrode, a second control oxide
portion, a second gate conductor and a second gate cap;

forming a first gate cavity by removing an entirety of the
first sacrificial gate stack and a second gate cavity by
removing the second gate cap and the second gate
conductor in the second sacrificial gate stack; and

forming a first high-k gate dielectric over a bottom surface
and sidewalls of the first gate cavity and a first gate
electrode filling a remaining volume of the first gate
cavity, and a second high-k gate dielectric over a
bottom surface and sidewalls of the second gate cavity
and a second gate electrode filling a remaining volume
of the second gate cavity.

12. The method of claim 11, wherein the first gate cavity
exposes the first body region of the first semiconductor fin,
and the second gate cavity exposes the second control oxide
portion in the second sacrificial gate stack.

13. The method of claim 11, wherein the forming the first
gate cavity and the second gate cavity comprises:

removing the first gate cap and the first gate conductor in

the first sacrificial gate stack and the second gate cap
and the second gate conductor in the second sacrificial
gate stack;

forming a patterned mask layer to cover the memory

device region while exposing the logic device region,
wherein the patterned mask layer covers remaining
components of the second sacrificial gate stack, but not
remaining components of the first sacrificial gate stack;
removing the remaining components of the first sacrificial
gate stack including the first control oxide portion, the
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first floating gate electrode and the first tunneling oxide

portion from the logic device region to expose the first

body region of the first semiconductor fin; and
removing the patterned mask layer.

14. The method of claim 11, further comprising forming
a first gate spacer on sidewalls of the first sacrificial gate
stack, and forming a second gate spacer on sidewalls of the
second sacrificial gate stack.

15. The method of claim 14, further comprising forming
first source/drain regions within portions of the first semi-
conductor fin that do not underlie the first sacrificial gate
stack, and second source/drain regions within portions of the
second semiconductor fin that do not underlie the second
sacrificial gate stack, wherein the first source/drain region
laterally surround the first body region, and the second
source/drain region laterally surround the second body
region.

16. The method of claim 15, wherein the forming the first
source/drain regions and the second source/drain regions is
performed by an ion implantation.

17. The method of claim 15, further comprising forming
an interlevel dielectric (ILD) layer over the substrate, the
ILD layer laterally surrounding the first gate spacer and the
second gate spacer.

18. The method of claim 17, further comprising forming
a shallow trench isolation (STI) layer around a lower portion
of each of the first semiconductor fin and the second
semiconductor fin.

19. The method of claim 17, further comprising forming
first source/drain contact structures extending through the
ILD layer and contacting the first source/drain regions, and
second source/drain contact structures extending through the
ILD layer and contacting the second source/drain regions.

20. The method of claim 11, further comprising forming
a first work function material portion between the first
high-k gate dielectric and the first gate electrode, and a
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second work function material portion between the second
high-k gate dielectric and the second gate electrode.

21. A semiconductor structure comprising:

a logic transistor located in a logic device region of a
substrate, the logic transistor comprising:

a first functional gate stack contacting a first body
region of a first semiconductor fin and including a
first high-k gate dielectric and a first gate electrode
surrounded by the first high-k gate dielectric, and

first source/drain regions located within the first semi-
conductor fin and laterally surrounding the first body
region;

a non-volatile memory transistor located in a memory
device region of the substrate, the non-volatile memory
transistor comprising:

a second functional gate stack contacting a second body
region of a second semiconductor fin and including
a tunnel oxide portion, a floating gate electrode, a
control oxide portion, a second high-k gate dielectric
and a second gate electrode surrounded by the sec-
ond high-k gate dielectric, and

second source/drain regions located within the second
semiconductor fin and laterally surrounding the sec-
ond body region;
an interlevel dielectric (ILD) layer laterally surrounding
the first gate stack and the second gate stack;

first source/drain contact structures extending through the
ILD layer and contacting the first source/drain regions;
and

second source/drain contact structures extending through
the ILD layer and contacting the second source/drain
regions.



