(19)

US 20150091100A1

a2y Patent Application Publication o) Pub. No.: US 2015/0091100 A1

United States

(54)

(71)

(72)

(73)

@

(22)

Xie et al. 43) Pub. Date: Apr. 2, 2015
METHODS OF FORMING FINFET Publication Classification
SEMICONDUCTOR DEVICES USING A (51) Int.CL
REPLACEMENT GATE TECHNIQUE AND HO1L 29/78 (2006.01)

THE RESULTING DEVICES HOIL 27/088 (2006.01)
HOIL 21/762 (2006.01)
Applicants:International Business Machines HOIL 29/66 (2006.01)
Corporation, Armonk, NY (US); HOIL 29/06 (2006.01)
GLOBAL FOUNDRIES Inc., Grand (52) US.CL
Cayman (KY) CPC ...... HOIL 29/7851 (2013.01); HOIL 29/66795
(2013.01); HOIL 29/0649 (2013.01); HOIL
Inventors: Ruilong Xie, Niskayuna, NY (US); 21/76224 (2013.01); HOIL 27/0886 (2013.01)
Xiuyu Cai, Niskayuna, NY (US); USPC oot 257/401; 438/424
Kangguo Cheng, Schenectady, NY 57 ABSTRACT
(US); Ali Khakifirooz, Mountain View, One method disclosed includes, among other things, forming
CA (US) araised isolation post structure between first and second fins,
) . . . wherein the raised isolation post structure partially defines
Assignees: Internatl(?nal Business Machines first and second spaces between the first and second fins,
Corporation, Armonk, NY (US); respectively, and forming a gate structure around the first and
GLOBAL FOUNDRIES Inc., Grand second fins and the raised isolation post structure, wherein at
Cayman (KY) least portions of the gate structure are positioned in the first
and second spaces. One illustrative device includes, among
other things, first and second fins, a raised isolation post
Appl. No.: 14/044,120 structure positioned between the first and second fins, first
and second spaces defined by the fins and the raised isolation
post structure, and a gate structure positioned around a por-
Filed: Oct. 2, 2013 tion of the fins and the isolation post structure.
X Y
<—| 41 Fins
2 Az
< J Gate
X Y
100 152 152 152
R 121 121
125 [@) 111a 127
SiSsassus i 110
] 145 | 106 H
T 1177 H I
K %A Sas : 2 L
I\ 145 1p
7 T A AR A \ o2
\\\ 102 \ 102 \ View
View 106 View 109 zz
107 X-X 107  Y-Y 106




Patent Application Publication Apr. 2,2015 Sheet 1 of 27 US 2015/0091100 A1

H
C y 4 L D
H
B
Figure 1A "
10 15
RS o V7

Z /
7.
V27 14/ W/\ N

18

13

N

AN

(Prior Art) Figure 1B 12




Patent Application Publication Apr. 2,2015 Sheet 2 of 27 US 2015/0091100 A1

10—

18 13
\\
(Prior Art) Figure 1C 12
30B 10\\\\ 20 30 30E
N < y / 30C
30A % X /

N R RO TR e e AT ]
h}l|||||||||||||||||||||| % t; HIEEEEEEEEEEEEEEEEEEEEEEEE]
il t H
H =

sl b Hi 16

M [ ]

[l E;" % ul RS

i By | 17

NGz

|
Zh,

(Prior Art) Figure 1D 12



Patent Application Publication Apr. 2,2015 Sheet 3 of 27 US 2015/0091100 A1

o 30D 30
308B 30E N
<« 30A 30C
NEEAN /
TNEANH) 18
N E N
o — mi 17
HENEEENEEEE
N2 L AN
AN AN
18
(Prior Art) Figure 1E 12
30
107 30B 30E o
< 30A \ 3oc *
AN
[ I\’ [/ITT]

- 1
H H N
5 i 17

NV NN

18

(Prior Ar) Figure 1F 12



Patent Application Publication Apr. 2,2015 Sheet 4 of 27 US 2015/0091100 A1

30D
39
30C /
- v /4
AR H | H 00N /
— SHIEN
30B A LU B
INUNHET
ol *;% % ]
30A— sl Sl EE =
H i‘%ﬁ H
16 L \\
20S
NMOS

/ (Prior Art)

12 Figure 1G



Patent Application Publication Apr. 2,2015 Sheet S of 27 US 2015/0091100 A1

40
Ny ! : 52
> \\\ A
. - Nt %%
~ B
NN R
SN 5 ”
\ \
43 43
/
42 _
Figure 2A  (Proran)
40 5
N 56 \ % 52
46 \ /
A N \ Y 46
S\ /) |48

-
~
N
\
N

50 \k

N
N
S

AN

12

Figure 2B  (ProrAn)



US 2015/0091100 A1

Apr. 2,2015 Sheet 6 of 27

Patent Application Publication

140

Z-Z
MIA
201
/
/
901
A X
sl [
//
== =
wc_n_\ T
s

N
N
AA 1201
MIIA
o/
7 V7 \\%\W
\ 101

S.01

N

SO0l

140

/ XX
@
¢0l
777 T &mmx
901 / 101
SS90l
4/
001
V¢ ainbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 7 of 27

Patent Application Publication

1481 Y0l

// N\
7-Z %w_w/ \RS / Wm_%
wein i o
20 7 W Vi T U
IAVINKS P T VRS
\ AN AN
IR 7T 7T R4 U2 o 7/ 104
/ \ AN / / \
90l SS90l S90l
601l 60l 601
/oor
A X
%o/ﬁv_lv
= — gc ainbi
ai
sud |,

A X



Patent Application Publication Apr. 2,2015 Sheet 8 of 27 US 2015/0091100 A1

Fins
Az

n 2
[3v]
O
>y s g2 N
xr _+><
< _
N 8/
%) <
- =
2 1NN\
NS
) ol @4
g K\FE2
/‘9
A\
o /////
= AN

111

/
S

109S

/
/]
v

\

1

Figure 3C
109
\
/&
102
View
X

106S

100




US 2015/0091100 A1

Apr. 2,2015 Sheet 9 of 27

Patent Application Publication

X-X

as ainbi4

LLL

LLL

g uondo
x-X 40}
90l MBIA //
\ ¢0l
N i 12
\\“ ” /]
/|
PRI
601 S901
| uondo
x-X 2401
901 MBIA //
\ ¢0l
s s e
\\“ H\% /]
WWy \A/ //
oo wmoWWwOr




US 2015/0091100 A1

Apr. 2,2015 Sheet 10 of 27

Patent Application Publication

__________________________________

g
/
114!
A X
sl [
~L
7 =%
e
L
A X

ccl

@ov

oi

0L A-A L0V

~ 20l
so. <X

601} MOIA 901 MIIA
\ 201 / \ c0L //
U % @%&/%% % 7,
/\\ Yo x\\ vy R
v

3¢ aunbi4



Patent Application Publication Apr.2,2015 Sheet110f27  US 2015/0091100 A1

Fins
Az

N2 N

X

4

3
©
O
7 |_+>_
3

| N N N N N N N I I O I I

<NJ o
S
E o 3
\A \C—’%’;
NS S
N
LL = | "
x PPN\H
£ NN g
> ; .
z  / N
S i




US 2015/0091100 A1

Apr. 2,2015 Sheet 12 of 27

Patent Application Publication

] 0L  A-A  £L0L x-x 101
2z mov M3IA 901 MBIA
fuch o\ \__Zon \
07 % 77 TR W O
- / \ /] \\“ &RW  //
VAR N\ 70 4 ALK |

0zl r\ ||||| |
oS 4/

ovl 00l
A X
oleg [
/”
N+|_ _|+N O¢ m.._—..m_n_
i
LL




US 2015/0091100 A1

Apr. 2,2015 Sheet 13 of 27

Patent Application Publication

ccl

QL A-A 101 X-¥X 2101
mo_\ MBIA / 901l MBIA /
20l c0l
%&% \\m@\\ % 07 1
\v« L S S

0€l
vecl

@9

______________________________

ov_‘

N

d601

™

001

HE @inbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 14 of 27

Patent Application Publication

0l
ANNE Ve
ozt /
orlL
A X
SED) Hv_lv
//
7 32
wc_n_\ T
e

ML A-A 0L X-X 20
mor MBIA 901l MBIA
Z0L / \ Z01 /
- %\%% % %\\%\ 0N e Ve
/ \v« \ yd NV \\/\
@8,\\\ ______________ v v 4601
oLl X901
2
oi 4/
001
I @anbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 15 of 27

Patent Application Publication

0L A-A 204 X-X 201
601l M3l M3l
| o\
o) 52\ W) )
/\\v« \ /] \\\ \\\

@O_‘

______________________________

§ 7.

001

re ainbig



US 2015/0091100 A1

Apr. 2,2015 Sheet 16 of 27

Patent Application Publication

0L  A-A 201 X-X 20}
601 MBIA 90l MBIA

\ 20l / \ coL /
)\ ) B R e
\\W \% L LN LS

(FA /

001

Mg ainbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 17 of 27

Patent Application Publication

A A X-X 01
MBIA A601L a0l MIIA //
Z0r \ 207

\
A WA VNI Vs

x_wﬂ/ it

T4% 4/

00l

1€ a4nbi4




US 2015/0091100 A1

Apr. 2,2015 Sheet 18 of 27

Patent Application Publication

. 90l  A-A 201 X-X 210l
| A =\
! Z0L [
¢ §/ L ) )
\/\_w\ VS S \\\
g N\
4 901 ViLL mmr\ VMS

o4l 4/

001

g @inb14



US 2015/0091100 A1

Apr. 2,2015 Sheet 19 of 27

Patent Application Publication

101

901

N¢ ainbig




US 2015/0091100 A1

Apr. 2,2015 Sheet 20 of 27

Patent Application Publication

X-X 101
901 MIIA
\ 20l

sul4

Gcl rd)

O¢ ainbi4

AN

acl
00l



US 2015/0091100 A1

Apr. 2,2015 Sheet 21 of 27

Patent Application Publication

x4’ Ll

sl 90  A-A Z0L XX 20}
MBI 90l MBIA
\ aw / \ 201 /
X B
NV L LN VLS
//é WN wNa uWN e T T = BEE
ANZ I
: N, X yd / y/4 A4
w@or \/ \ \

I\ / \

2L oy ek bl
Syl

4} \ A\
Gzl /mﬁ
001

d¢ ainbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 22 of 27

Patent Application Publication

90l  A-A  Z0) X-X L0}
601 MBIA 901 MaIA
\ z01 / \ 41 /
L)\ ey B s e e
4 cdl bed CAANA
\\\\\\ A4 |
mor\
| = /Vr: scl

\
/mﬁ
001

¢ ainbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 23 of 27

Patent Application Publication

4 901

90L  A-A 0L X-X L0l
601l MBI 901 MIIA
\ z0r / \ 4 /
K\ G B ] Vs
A//N_w\\\\\ NV VA
\ /

¢ aunbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 24 of 27

Patent Application Publication

X-X 2101
90l MIIA
\ 00

LNV VLS

[N 4 Dl
/\\/ NN NN N N NN

121 \ /mﬁ
evl /
001

S¢ ainbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 25 of 27

Patent Application Publication

X-X 10}

MaIA
Zor /

w

S VLS

(FA /

001

1€ ainbi4



US 2015/0091100 A1

arl

| 901

Apr. 2,2015 Sheet 26 of 27

Patent Application Publication

X-X 40l

o\
¢0l

)
L) L

Ll 4/

001

ne ainbi4



US 2015/0091100 A1

Apr. 2,2015 Sheet 27 of 27

Patent Application Publication

o 501 901 \“,KV/ L0l \W,Am_% L0l
() A\ o\
)\ iz ez )
k) NN L LS S S
m.V—\ m m ﬁ % ................
. ,//\ \\ \\ L/ S
oo, EH m:m“,_|L:m ,,

1z Vi [ og

\\ \\ 4//
sl ) 004
A 2inbi4




US 2015/0091100 A1

METHODS OF FORMING FINFET
SEMICONDUCTOR DEVICES USING A
REPLACEMENT GATE TECHNIQUE AND
THE RESULTING DEVICES

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present disclosure generally relates to the fab-
rication of integrated circuits, and, more particularly, to vari-
ous methods of forming FinFET semiconductor devices
using a replacement gate technique and the resulting semi-
conductor devices.

[0003] 2. Description of the Related Art

[0004] In modern integrated circuits, such as microproces-
sors, storage devices and the like, a very large number of
circuit elements, especially transistors, are provided and
operated on arestricted chip area. Immense progress has been
made over recent decades with respect to increased perfor-
mance and reduced feature sizes of circuit elements, such as
transistors. However, the ongoing demand for enhanced func-
tionality of electronic devices forces semiconductor manu-
facturers to steadily reduce the dimensions of the circuit
elements and to increase the operating speed of the circuit
elements. The continuing scaling of feature sizes, however,
involves great efforts in redesigning process techniques and
developing new process strategies and tools so as to comply
with new design rules. Generally, in complex circuitry includ-
ing complex logic portions, MOS technology is presently a
preferred manufacturing technique in view of device perfor-
mance and/or power consumption and/or cost efficiency. In
integrated circuits including logic portions fabricated by
MOS technology, field effect transistors (FETs) are provided
that are typically operated in a switched mode, that is, these
devices exhibit a highly conductive state (on-state) and a high
impedance state (off-state). The state of the field effect tran-
sistor is controlled by a gate electrode, which controls, upon
application of an appropriate control voltage, the conductiv-
ity of'a channel region formed between a drain region and a
source region.

[0005] To improve the operating speed of FETs, and to
increase the density of FETs on an integrated circuit device,
device designers have greatly reduced the physical size of
FETs over the years. More specifically, the channel length of
FETs has been significantly decreased, which has resulted in
improving the switching speed of FETs. However, decreasing
the channel length of a FET also decreases the distance
between the source region and the drain region. In some
cases, this decrease in the separation between the source and
the drain makes it difficult to efficiently inhibit the electrical
potential of the source region and the channel from being
adversely affected by the electrical potential of the drain. This
is sometimes referred to as a so-called short channel effect,
wherein the characteristic of the FET as an active switch is
degraded.

[0006] In contrastto a FET, which has a planar structure, a
so-called FinFET device has a three-dimensional (3D) struc-
ture. FIG. 1A is a perspective view of an illustrative prior art
FinFET semiconductor device “A” that is formed above a
semiconductor substrate B that will be referenced so as to
explain, at a very high level, some basic features of a FinFET
device. In this example, the FinFET device A includes three
illustrative fins C, a gate structure D, sidewall spacers E and a
gate cap layer F. The gate structure D is typically comprised
of a layer of gate insulating material (not separately shown),
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e.g., a layer of high-k insulating material or silicon dioxide,
and one or more conductive material layers (e.g., metal and/or
polysilicon) that serve as the gate electrode for the device A.
The fins C have a three-dimensional configuration: a height
H, a width W and an axial length L. The axial length L
corresponds to the direction of current travel in the device A
when it is operational. The portions of the fins C covered by
the gate structure D are the channel regions of the FinFET
device A. In a conventional process flow, the portions of the
fins C that are positioned outside of the spacers E, i.e., in the
source/drain regions of the device A, may be increased in size
oreven merged together (a situation not shown in FIG. 1A) by
performing one or more epitaxial growth processes. The pro-
cess of increasing the size of or merging the fins C in the
source/drain regions of the device A is performed to reduce
the resistance of source/drain regions and/or make it easier to
establish electrical contact to the source drain regions. Even if
an epi “merger” process is not performed, an epi growth
process will typically be performed on the fins C to increase
their physical size.

[0007] In the FinFET device A, the gate structure D may
enclose both sides and the upper surface of all or a portion of
the fins C to form a tri-gate structure so as to use a channel
having a three-dimensional structure instead of a planar struc-
ture. In some cases, an insulating cap layer (not shown), e.g.,
silicon nitride, is positioned at the top of the fins C and the
FinFET device only has a dual-gate structure (sidewalls
only). Unlike a planar FET, in a FinFET device, a channel is
formed perpendicular to a surface of the semiconducting
substrate so as to reduce the physical size of the semiconduc-
tor device. Also, in a FinFET, the junction capacitance at the
drain region of the device is greatly reduced, which tends to
significantly reduce short channel effects. When an appropri-
ate voltage is applied to the gate electrode of a FinFET device,
the surfaces (and the inner portion near the surface) of the fins
C, i.e., the vertically oriented sidewalls and the top upper
surface of the fin, form a surface inversion layer or a volume
inversion layer that contributes to current conduction. In a
single fin FinFET device, the “channel-width” is estimated to
be about two times (2x) the vertical fin-height plus the width
of the top surface of the fin, i.e., the fin width. Multiple fins
can be formed in the same foot-print as that of a planar
transistor device. Accordingly, for a given plot space (or
foot-print), FinFETs tend to be able to generate significantly
higher drive current density than planar transistor devices.
Additionally, the leakage current of FInFET devices after the
device is turned “OFF” is significantly reduced as compared
to the leakage current of planar FETs, due to the superior gate
electrostatic control of the “fin” channel on FinFET devices.
In short, the 3D structure of a FinFET device is a superior
MOSFET structure as compared to that of a planar FET,
especially in the 20 nm CMOS technology node and beyond.
The gate structures D for such FinFET devices may be manu-
factured using so-called “gate-first” or “replacement gate”
(gate-last) manufacturing techniques.

[0008] For many early device technology generations, the
gate structures of most transistor elements (planar or FinFET
devices) were comprised of a plurality of silicon-based mate-
rials, such as a silicon dioxide and/or silicon oxynitride gate
insulation layer, in combination with a polysilicon gate elec-
trode. However, as the channel length of aggressively scaled
transistor elements has become increasingly smaller, many
newer generation devices employ gate structures that contain
alternative materials in an effort to avoid the short channel
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effects which may be associated with the use of traditional
silicon-based materials in reduced channel length transistors.
For example, in some aggressively scaled transistor elements,
which may have channel lengths on the order of approxi-
mately 10-32 nm or less, gate structures that include a so-
called high-k dielectric gate insulation layer and one or more
metal layers that function as the gate electrode (HK/MG)
have been implemented. Such alternative gate structures have
been shown to provide significantly enhanced operational
characteristics over the heretofore more traditional silicon
dioxide/polysilicon gate structure configurations.

[0009] Depending on the specific overall device require-
ments, several different high-k materials—i.e., materials hav-
ing a dielectric constant, or k-value, of approximately 10 or
greater—have been used with varying degrees of success for
the gate insulation layer in an HK/MG gate electrode struc-
ture. For example, in some transistor element designs, a
high-k gate insulation layer may include tantalum oxide
(Ta,O5), hathium oxide (HfO,), zirconium oxide (ZrO,), tita-
nium oxide (TiO,), aluminum oxide (Al,O;), hathium sili-
cates (HfSi0O,) and the like. Furthermore, one or more non-
polysilicon metal gate electrode materials—i.e., a metal gate
stack—may be used in HK/MG configurations so as to con-
trol the work function of the transistor. These metal gate
electrode materials may include, for example, one or more
layers of titanium (T1), titanium nitride (TiN), titanium-alu-
minum (TiAl), titanium-aluminum-carbon (TiALC), alumi-
num (Al), aluminum nitride (AIN), tantalum (Ta), tantalum
nitride (TaN), tantalum carbide (TaC), tantalum carbonitride
(TaCN), tantalum silicon nitride (TaSiN), tantalum silicide
(TaSi) and the like.

[0010] One well-known processing method that has been
used for forming a transistor with a high-k/metal gate struc-
ture is the so-called “gate last” or “replacement gate” tech-
nique. The replacement gate process may be used when form-
ing planar devices or 3D devices. FIGS. 1B-1E simplistically
depict one illustrative prior art method for forming an
HK/MG replacement gate structure using a replacement gate
technique on a planar transistor device. As shown in FIG. 1B,
the process includes the formation of a basic transistor struc-
ture above a semiconducting substrate 12 in an active area
defined by a shallow trench isolation structure 13. At the point
of fabrication depicted in FIG. 1A, the device 10 includes a
sacrificial gate insulation layer 14, adummy or sacrificial gate
electrode 15, sidewall spacers 16, a layer of insulating mate-
rial 17 and source/drain regions 18 formed in the substrate 12.
The various components and structures of the device 10 may
be formed using a variety of different materials and by per-
forming a variety of known techniques. For example, the
sacrificial gate insulation layer 14 may be comprised of sili-
con dioxide, the sacrificial gate electrode 15 may be com-
prised of polysilicon, the sidewall spacers 16 may be com-
prised of silicon nitride and the layer of insulating material 17
may be comprised of silicon dioxide. The source/drain
regions 18 may be comprised of implanted dopant materials
(N-type dopants for NMOS devices and P-type dopants for
PMOS devices) that are implanted into the substrate 12 using
known masking and ion implantation techniques. Of course,
those skilled in the art will recognize that there are other
features of the transistor 10 that are not depicted in the draw-
ings for purposes of clarity. For example, so-called halo
implant regions are not depicted in the drawings, as well as
various layers or regions of silicon/germanium that are typi-
cally found in high performance PMOS transistors. At the
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point of fabrication depicted in FIG. 1B, the various struc-
tures of the device 10 have been formed and a chemical
mechanical polishing (CMP) process has been performed to
remove any materials above the sacrificial gate electrode 15
(such as a protective cap layer (not shown) comprised of
silicon nitride) so that at least the sacrificial gate electrode 15
may be removed.

[0011] AsshowninFIG. 1C, one or more etching processes
are performed to remove the sacrificial gate electrode 15 and
the sacrificial gate insulation layer 14 to thereby define a gate
cavity 20 where a replacement gate structure will subse-
quently be formed. Typically, the sacrificial gate insulation
layer 14 is removed as part of the replacement gate technique,
as depicted herein. However, the sacrificial gate insulation
layer 14 may not be removed in all applications.

[0012] Next, as shown in FIG. 1D, various layers of mate-
rial that will constitute a replacement gate structure 30 are
formed in the gate cavity 20. Even in cases where the sacri-
ficial gate insulation layer 14 is intentionally removed, there
will typically be a very thin native oxide layer (not shown)
that forms on the substrate 12 within the gate cavity 20. The
materials used for the replacement gate structures 30 for
NMOS and PMOS devices are typically different. For
example, the replacement gate structure 30 for an NMOS
device may be comprised of a high-k gate insulation layer
30A, such as hafnium oxide, having a thickness of approxi-
mately 2 nm, a first metal layer 30B (e.g., a layer of titanium
nitride with a thickness of about 1-2 nm), a second metal layer
30C—a so-called work function adjusting metal layer for the
NMOS device—(e.g., a layer of titanium-aluminum or tita-
nium-aluminum-carbon with a thickness of about 5 nm), a
third metal layer 30D (e.g., a layer of titanium nitride with a
thickness of about 1-2 nm) and a bulk metal layer 30E, such
as aluminum or tungsten.

[0013] Ultimately, as shown in FIG. 1E, one or more CMP
processes are performed to remove excess portions of the gate
insulation layer 30A, the first metal layer 30B, the second
metal layer 30C, the third metal layer 30D and the bulk metal
layer 30E positioned outside of the gate cavity 20 to thereby
define the replacement gate structure 30 for an illustrative
NMOS device. Typically, the replacement gate structure 30
for a PMOS device does not include as many metal layers as
does an NMOS device. For example, the gate structure 30 for
a PMOS device may only include the high-k gate insulation
layer 30A, a single layer of titanium nitride—the work func-
tion adjusting metal for the PMOS device—having a thick-
ness of about 3-4 nm, and the bulk metal layer 30E.

[0014] FIG. 1F depicts the device 10 after several process
operations were performed. First, one or more etching pro-
cesses were performed to remove upper portions of the vari-
ous materials within the cavity 20 so as to form arecess within
the gate cavity 20. Then, a gate cap layer 31 was formed in the
recess above the recessed gate materials. The gate cap layer
31 is typically comprised of silicon nitride and it may be
formed by depositing a layer of gate cap material so as to
over-fill the recess formed in the gate cavity and, thereafter,
performing a CMP process to remove excess portions of the
gate cap material layer positioned above the surface of the
layer of insulating material 17. The gate cap layer 31 is
formed so as to protect the underlying gate materials during
subsequent processing operations.

[0015] As the gate length of transistor devices has
decreased, the physical size of the gate cavity 20 has also
decreased. Thus, it is becoming physically difficult to fit all of
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the layers of material needed for the replacement gate struc-
ture 30, particularly for NMOS devices, due to the greater
number of layers of material that are typically used to form
the gate structures for the NMOS devices, within the reduced-
size gate cavity. For example, as gate lengths continue to
decrease, voids or seams may be formed as the various layers
of' material are deposited into the gate cavity 20. FIG. 1G is a
somewhat enlarged view of an illustrative NMOS device that
is provided in an attempt to provide the reader with some idea
of just how limited the lateral space 20S is within the gate
cavity 20 of an NMOS device as the various metal layers
30A-30D are formed in the gate cavity 20. In FIG. 1G, the
internal sidewall surfaces of the spacers 16 define a gate
cavity 20 having a substantially uniform width 208 through-
out the height or depth of the gate cavity 20. As the layers of
material in the gate stack for the device are formed in the
cavity 20, the remaining space 39 within the gate cavity 20
becomes very small. As the latter metal layers are formed, the
lateral space 39 may be about 1-2 nm in width or even smaller.
In some cases, the space 39 may be essentially non-existent.
This may lead to so-called “pinch-off” of metal layers such
that voids or seams may be formed in the overall gate stack,
which may result in devices that perform at levels less than
anticipated or, in some cases, the formation of devices that are
simply not acceptable and have to be discarded. Additionally,
an etch-back process is traditionally performed on the layers
30A-D to make room within the upper portion of the gate
cavity 20 for a bulk conductor material, such as tungsten and
aluminum, and a gate cap layer. During this recess etching
process, some form of a protective material must be formed in
the gate cavity 20 above the metal layer 30D to protect desired
portions of the underlying metal layers during the recess
etching process. If the lateral space 39 (to the extent it exists)
cannot be reliably filled with such a protective material, such
as a flowable oxide material, then the recessing etching pro-
cess cannot be performed for fear of removing undesired
portions of the metal layers during the course of performing
the recess etching process.

[0016] Over recent years, due to the reduced dimensions of
the transistor devices, the operating speed of the circuit com-
ponents has been increased with every new device generation,
and the “packing density,” i.e., the number of transistor
devices per unit area, in such products has also increased
during that time. Such improvements in the performance of
transistor devices has reached the point where one limiting
factor relating to the operating speed of the final integrated
circuit product is no longer the individual transistor element
but the electrical performance of the complex wiring system
that is formed above the device level that includes the actual
semiconductor-based circuit elements. Typically, due to the
large number of circuit elements and the required complex
layout of modern integrated circuits, the electrical connec-
tions of the individual circuit elements cannot be established
within the same device level on which the circuit elements are
manufactured, but require one or more additional metalliza-
tion layers, which generally include metal-containing lines
providing the intra-level electrical connection, and also
include a plurality of inter-level connections or vertical con-
nections, which are also referred to as vias. These vertical
interconnect structures comprise an appropriate metal and
provide the electrical connection of the various stacked met-
allization layers.

[0017] Furthermore, in order to actually connect the circuit
elements formed in the semiconductor material with the met-
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allization layers, an appropriate vertical contact structure is
provided, a first end of which is connected to a respective
contact region of a circuit element, such as a gate electrode
and/or the drain and source regions of transistors, and a sec-
ond end that is connected to a respective metal line in the
metallization layer by a conductive via. As device dimensions
have decreased, the conductive contact elements in the con-
tact level have to be provided with critical dimensions in the
same order of magnitude. The contact elements typically
represent plugs, which are formed of an appropriate metal or
metal composition, wherein, in sophisticated semiconductor
devices, tungsten, in combination with appropriate barrier
materials, has proven to be a viable contact metal. For this
reason, contact technologies have been developed in which
contact openings are formed in a self-aligned manner by
removing dielectric material, such as silicon dioxide, selec-
tively from the spaces between closely spaced gate electrode
structures. That is, after completing the transistor structure,
the gate electrode structures are used as etch masks for selec-
tively removing the silicon dioxide material in order to expose
the source/drain regions of the transistors, thereby providing
self-aligned trenches which are substantially laterally delin-
eated by the spacer structures of the gate electrode structures.

[0018] However, the aforementioned process of forming
self-aligned contacts results in an undesirable loss of the
materials that protect the conductive gate electrode, i.e., the
gate cap layer and the sidewall spacers, as will be explained
with reference to FIGS. 2A-2B. FIG. 2A schematically illus-
trates a cross-sectional view of an integrated circuit product
40 at an advanced manufacturing stage. As illustrated, the
product 40 comprises a plurality of illustrative gate structures
41 that are formed above a substrate 42, such as a silicon
substrate. The gate structures 41 are comprised of an illustra-
tive gate insulation layer 43 and an illustrative gate electrode
44 that are formed in a gate cavity 20 using a gate-last pro-
cessing technique. An illustrative gate cap layer 46 and side-
wall spacers 48 encapsulate and protect the gate structures 41.
The gate cap layer 46 and sidewall spacers 48 are typically
made of silicon nitride. Also depicted in FIG. 2A are a plu-
rality of raised source/drain regions 50 and a layer of insulat-
ing material 52, e.g., silicon dioxide. FIG. 2B depicts the
product 40 after a contact opening 54 has been formed in the
layer of insulating material 52 for a self-aligned contact.
Although the contact etch process performed to form the
opening 54 is primarily directed at removing the desired
portions of the layer of insulating material 52, portions of the
protective gate cap layer 46 and the protective sidewall spac-
ers 48 get consumed during the contact etch process, as sim-
plistically depicted in the dashed regions 56. Given that the
cap layer 46 and the spacers 48 are attacked in the contact etch
process, the thickness of these protective materials must be
sufficient such that, even after the contact etch process is
completed, there remains sufficient cap layer material and
spacer material to protect the gate structures 41. Accordingly,
device manufacturers tend to make the cap layers 46 and
spacers 48 “extra thick,” i.e., with an additional thickness that
may otherwise not be required but for the consumption of the
cap layers 46 and the spacers 48 during the contact etch
process. In turn, increasing the thickness of such structures,
i.e., increasing the thickness of the gate cap layers 46, causes
other problems, such as increasing the aspect ratio of the
contact opening 54 due to the increased height, increasing the
initial gate height, which makes the gate etching and spacer
etching processes more difficult, etc.
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[0019] As device dimensions continue to shrink, self-
aligned contacts are needed to prevent an electrical short
between the gate and the source/drain contact element. As
noted above, in prior art processing techniques, a relatively
thick gate cap layer 46 (e.g., silicon nitride) is formed to
protect the underlying metal layers in the gate electrode 44
from being exposed during the source/drain contact etch pro-
cess which results in the formation of the contact opening 54
(see FIGS. 2A-2B). If the gate electrode materials are
exposed during the contact etch process, then an electrical
short will be formed between the gate electrode 44 and the
source/drain contact element (not shown) that will be formed
in the contact opening 54. There are two ways to “make
room” in the gate cavity 20 for the gate cap layer 46 by
recessing the work function metal materials within the gate
cavity 20. A first approach involves filling the remaining
portions of the gate cavity 20 with a relatively thick work
function metal until it (collectively) is “pinched-off” within
the gate cavity 20, and thereafter performing an etching pro-
cess to recess it down, thereby making room for the gate cap
layer 46. This approach is very challenging due to the fact that
the work function metals are typically comprised of multiple
layers of metal (e.g., TIN/TiC/TiN. TiN/TaC/TiN, etc.) that
are layered within the gate cavity 20 so that a uniform recess
is not easy to form by a single etch-back process. Also, due to
the “pinch-off” that typically occurs when forming such lay-
ers of metal, there are inevitable void/seam formations due to
the very small size of the gate cavity as these material layers
are formed, which further increases the difficulty of the etch-
back process that is performed to recess the various metal
layers. A second approach involves formation of relatively
thinner work function metal layer(s) so as to not “pinch-off”
the gate cavity 20, then fill in the sacrificial material, such as
OPL or a flowable oxide, that can reliably fill the remaining
portions of the gate cavity 20. Then, the sacrificial material
may be recessed so as to expose the desired portions of the
work function metal to be removed, the exposed portions of
the work function metals are then removed by etching while
the remaining portions of the sacrificial material protect the
underlying metal layers. Thereafter, the sacrificial material
may be removed from within the gate cavity 20. While this
latter approach tends to produce better results, as gate lengths
continue to shrink (e.g., 15 nm or less), the required work
function metal thickness (e.g., 7 nm) simply fills too much of
the gate cavity, with the result being that there is little, if any,
space left within the gate cavity 20 for the sacrificial material
that is used in the recess etching process.

[0020] The present disclosure is directed to various meth-
ods of forming FinFET semiconductor devices using a
replacement gate technique and the resulting semiconductor
devices that may avoid, or at least reduce, the effects of one or
more of the problems identified above.

SUMMARY OF THE INVENTION

[0021] The following presents a simplified summary of the
invention in order to provide a basic understanding of some
aspects of the invention. This summary is not an exhaustive
overview of the invention. It is not intended to identify key or
critical elements of the invention or to delineate the scope of
the invention. Its sole purpose is to present some concepts in
a simplified form as a prelude to the more detailed description
that is discussed later.

[0022] Generally, the present disclosure is directed to vari-
ous methods of forming FinFET semiconductor devices
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using a replacement gate technique and the resulting semi-
conductor devices. One method disclosed includes, among
other things, performing at least one etching process so as to
define first and second fins in a substrate, forming a raised
isolation post structure between the first and second fins,
wherein the raised isolation post structure has an upper sur-
face that is at a level that is approximately equal to or greater
than a level of an upper surface of each of the first and second
fins, and wherein the raised isolation post structure partially
defines a first space between the raised isolation post structure
and the first fin and a second space between the raised isola-
tion post structure and the second fin, and forming a gate
structure around a portion of each of the first and second fins
and around a portion of the raised isolation post structure,
wherein at least portions of the gate structure are positioned in
the first and second spaces.

[0023] Another illustrative method disclosed herein
includes, among other things, performing at least one etching
process so as to define a plurality of trenches in a substrate
that define first and second fins, forming a liner layer on the
fins and in the trench between the first and second fins,
wherein the liner layer defines a recess, forming a layer of
insulation material between the first and second fins and in the
recess defined by the liner layer, forming a sacrificial gate
structure above the first and second fins, the liner layer and the
layer of insulating material, and forming a sidewall spacer
adjacent the sacrificial gate structure. In this embodiment, the
method further includes removing the sacrificial gate struc-
ture so as to define a gate cavity between the sidewall spacers
and to expose the liner layer and the layer of insulating mate-
rial within the gate cavity, performing an etching process on
the exposed portion of the liner layer within the gate cavity so
as to remove portions of the liner layer positioned on each of
the first and second fins, thereby resulting in the formation of
a raised isolation post structure between the first and second
fins and a first space and a second space between the raised
isolation post structure and the first and second fins, respec-
tively, and forming a replacement gate structure around a
portion of each of the first and second fins and around a
portion of the raised isolation post structure within the gate
cavity, wherein at least portions of the replacement gate struc-
ture are positioned in the first and second spaces.

[0024] One illustrative device disclosed herein includes,
among other things, at least first and second fins defined in a
semiconductor substrate, a raised isolation post structure
positioned between the first and second fins, wherein an upper
surface of the raised isolation post structure is at a level that is
approximately equal to or greater than a level corresponding
to an upper surface of each of the first and second fins, a first
space defined by a sidewall of the first fin and a first sidewall
of the raised isolation post structure, a second space defined
by a sidewall of the second fin and a second sidewall of the
raised isolation post structure and a gate structure positioned
around a portion of each of the first and second fins and
around a portion of the raised isolation post structure, wherein
at least portions of the replacement gate structure are posi-
tioned in the first and second spaces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The disclosure may be understood by reference to
the following description taken in conjunction with the
accompanying drawings, in which like reference numerals
identify like elements, and in which:



US 2015/0091100 A1

[0026] FIG. 1A is a perspective view of one illustrative
embodiment of a prior art FinFET device;

[0027] FIGS.1B-1G depict oneillustrative prior art method
of forming a gate structure of a transistor using a so-called
“replacement gate” technique;

[0028] FIGS. 2A-2B schematically illustrate a cross-sec-
tional view of an illustrative prior art integrated circuit prod-
uct that employs self-aligned contacts; and

[0029] FIGS. 3A-3V depict various illustrative methods
disclosed for forming FinFET semiconductor devices using a
replacement gate technique and the resulting semiconductor
devices.

[0030] While the subject matter disclosed herein is suscep-
tible to various modifications and alternative forms, specific
embodiments thereof have been shown by way of example in
the drawings and are herein described in detail. It should be
understood, however, that the description herein of specific
embodiments is not intended to limit the invention to the
particular forms disclosed, but on the contrary, the intention is
to cover all modifications, equivalents, and alternatives fall-
ing within the spirit and scope of the invention as defined by
the appended claims.

DETAILED DESCRIPTION

[0031] Various illustrative embodiments of the invention
are described below. In the interest of clarity, not all features
of an actual implementation are described in this specifica-
tion. It will of course be appreciated that in the development
of any such actual embodiment, numerous implementation-
specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and
business-related constraints, which will vary from one imple-
mentation to another. Moreover, it will be appreciated that
such a development effort might be complex and time-con-
suming, but would nevertheless be a routine undertaking for
those of ordinary skill in the art having the benefit of this
disclosure.

[0032] The present subject matter will now be described
with reference to the attached figures. Various structures,
systems and devices are schematically depicted in the draw-
ings for purposes of explanation only and so as to not obscure
the present disclosure with details that are well known to
those skilled in the art. Nevertheless, the attached drawings
are included to describe and explain illustrative examples of
the present disclosure. The words and phrases used herein
should be understood and interpreted to have a meaning con-
sistent with the understanding of those words and phrases by
those skilled in the relevant art. No special definition of a term
or phrase, i.e., a definition that is different from the ordinary
and customary meaning as understood by those skilled in the
art, is intended to be implied by consistent usage of the term
or phrase herein. To the extent that a term or phrase is intended
to have a special meaning, i.e., a meaning other than that
understood by skilled artisans, such a special definition will
be expressly set forth in the specification in a definitional
manner that directly and unequivocally provides the special
definition for the term or phrase.

[0033] The present disclosure generally relates to various
methods of forming semiconductor devices using a replace-
ment gate technique. Moreover, as will be readily apparent to
those skilled in the art upon a complete reading of the present
application, the present method is applicable to a variety of
devices, including, but not limited to, logic devices, memory
devices, etc., and the methods disclosed herein may be
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employed to form N-type or P-type semiconductor devices.
The methods and devices disclosed herein may be employed
in manufacturing products using a variety of technologies,
NMOS, PMOS, CMOS, etc., and they may be employed in
manufacturing a variety of different devices, e.g., memory
devices, logic devices, ASICs, etc. As will be appreciated by
those skilled in the art after a complete reading of the present
application, the inventions disclosed herein may be employed
in forming integrated circuit products using a variety of so-
called 3D devices, such as FinFETs. For purposes of disclo-
sure, reference will be made to an illustrative process flow
wherein a single FinFET device 100 is formed. Of course, the
inventions disclosed herein should not be considered to be
limited to the illustrative examples depicted and described
herein. With reference to the attached figures, various illus-
trative embodiments of the methods and devices disclosed
herein will now be described in more detail.

[0034] FIGS. 3A-3V depict various illustrative methods
disclosed for forming FinFET semiconductor devices using a
replacement gate technique and the resulting semiconductor
devices. The illustrative device 100 will be formed in and
above the semiconductor substrate 102. The device 100 may
be either an NMOS or a PMOS transistor. Additionally, vari-
ous doped regions, e.g., source/drain regions, halo implant
regions, well regions and the like, are not depicted in the
attached drawings. The substrate 102 may have a variety of
configurations, such as the depicted bulk silicon configura-
tion. The substrate 102 may also have a silicon-on-insulator
(SOI) configuration that includes a bulk silicon layer, a buried
insulation layer and an active layer, wherein semiconductor
devices are formed in and above the active layer. The sub-
strate 102 may be made of silicon or it may be made of
materials other than silicon. Thus, the terms “substrate” or
“semiconductor substrate” should be understood to cover all
semiconducting materials and all forms of such materials.

[0035] FIGS. 3A-3V present various views of one illustra-
tive embodiment of a FInFET device 100 that may be formed
using the methods disclosed herein. The drawings also
include a simplistic plan view of the device 100 (in the upper
right corner) that depicts the location where various cross-
sectional views depicted in the following drawings will be
taken. More specifically, the view “X-X" is a cross-sectional
view that is taken through the source/drain regions of the
device in a direction that is transverse to the long axis of the
fins, the view “Y-Y” is a cross-sectional view that is taken
through the gate structure of the device, and the view “Z-7" is
a cross-sectional view taken through the fins of the device,
i.e., along the long axis of a fin (the current transport direc-
tion).

[0036] FIG. 3A depicts the device 100 at a point in fabri-
cation wherein several process operations have been per-
formed. First, a plurality of trenches 102T was formed in the
substrate 102 to thereby define a plurality of fins 106 within
an active region 104. The illustrative FinFET device 100
disclosed herein will be depicted as being comprised of two
illustrative fins 106 with an upper surface 106S. However, as
will be recognized by those skilled in the art after a complete
reading of the present application, the methods and devices
disclosed herein may be employed when manufacturing Fin-
FET devices having any number of fins. In one embodiment,
the trenches 102T were formed by performing one or more
etching processes through one or more patterned etch masks
(not shown) e.g., a patterned hard mask layer, using known
etching techniques. The patterned etch masks may be pat-
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terned using known sidewall image transfer techniques and/
or photolithographic techniques, combined with performing
known etching techniques. In some applications, a further
etching process may be performed to reduce the width or to
“thin” the fins 106, although such a thinning process is not
depicted in the attached drawings. For purposes of this dis-
closure and the claims, the use of the terms “fin” or “fins”
should be understood to refer to fins that have not been
thinned as well as fins that have been subjected to such a
thinning etch process. The various layers of material
described below may be formed by any of a variety of differ-
ent known techniques, e.g., a chemical vapor deposition
(CVD) process, an atomic layer deposition (ALD) process, a
thermal growth process, spin-coating techniques, etc. More-
over, as used herein and in the attached claims, the word
“adjacent” is to be given a broad interpretation and should be
interpreted to cover situations where one feature actually
contacts another feature or is in close proximity to that other
feature.

[0037] Also depicted in FIG. 3A is an illustrative recessed
layer of insulating material 107 having an upper surface 107S
that is formed above the substrate 102. The layer of insulating
material 107 may not be employed in all applications, as will
be discussed more fully below. In one illustrative process
flow, the layer of insulating material 107 (e.g., silicon diox-
ide) was initially formed above the device 100 so as to over-
fill the trenches 102T. Then, one or more planarization pro-
cesses (e.g., CMP) were performed on the layer of insulating
material 107 such that the upper surface of the layer of insu-
lating material 107 was substantially even with the upper
surface 106S of the fins 106. Next, a timed, recess etching
process was performed on the exposed portions of the layer of
insulating material 107 to form a recessed layer of insulating
material 107 having the recessed surface 107S. Effectively
this produces a thinner layer of the insulating material 107 in
the bottom of the trenches 1027 so as to locally isolate the fins
106 from one another.

[0038] With continuing reference to FIG. 3A, the overall
size, shape and configuration of the trenches 102T and fins
106 may vary depending on the particular application. The
depth and width of the trenches 102T may vary depending
upon the particular application. In one illustrative embodi-
ment, based on current day technology, the depth of the
trenches 102T may range from approximately 40-100 nm and
the width of the trenches 102T may be about 20-60 nm. In
some embodiments, the fins 106 may have a final width (ator
near the bottom of the fin) within the range of about 5-20 nm.
In the illustrative examples depicted in the attached figures,
the trenches 1027T and fins 106 are all of a uniform size and
shape. However, such uniformity in the size and shape of the
trenches 1027T and the fins 106 is not required to practice at
least some aspects of the inventions disclosed herein. In the
examples depicted herein, the trenches 102T are formed by
performing an anisotropic etching process that results in the
trenches 102T having a schematically depicted, generally
rectangular configuration. In an actual real-world device, the
sidewalls of the trenches 102T may be somewhat inwardly
tapered, although that configuration is not depicted in the
drawings. In some cases, the trenches 102T may have a reen-
trant profile near the bottom of the trenches 102T. To the
extent the trenches 1027 are formed by performing a wet
etching process, the trenches 102T may tend to have a more
rounded configuration or non-linear configuration as com-
pared to the generally rectangular configuration of the
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trenches 1027 that are formed by performing an anisotropic
etching process. Thus, the size and configuration of the
trenches 1027T and the fins 106, and the manner in which they
are made, should not be considered a limitation of the present
invention. For ease of disclosure, only the substantially rect-
angular trenches 1027T and fins 106 will be depicted in sub-
sequent drawings.

[0039] FIG. 3B depicts the device after a liner layer 109 has
been formed on the device 100 by performing a conformal
deposition process. The liner layer 109 may be comprised of
a variety of materials, e.g., silicon nitride, Al,O;, etc., and it
may be formed by performing a conformal ALD or CVD
process. Typically, the thickness of the liner layer 109 may be
selected to be the target thickness of the work function metal
plus twice the thickness of the high-k dielectric layer that will
be formed as part of the replacement gate structure for the
device 100, as described more fully below. In terms of abso-
Iute numbers, the thickness of the liner layer 109 may vary
between about 8-13 nm depending upon the particular appli-
cation.

[0040] FIG. 3C depicts the device 100 after several process
operations were performed. First, a layer of insulating mate-
rial 111 (e.g., silicon dioxide) was formed above the device
100 using traditional deposition techniques. Then, one or
more planarization processes (e.g., CMP) were performed on
the layer of insulating material 111 such that the upper surface
1118 of the layer of insulating material 111 is substantially
even with the upper surface 106S of the fins 106. In one
illustrative embodiment, the planarization process may be a
chemical mechanical planarization (CMP) process that stops
on the fins 106.

[0041] FIG. 3D presents four different options (1-4) as it
relates to the formation of the layer of insulating material 107,
the layer of insulating material 111 and the planarization step
that is performed after forming the layer of insulating mate-
rial 111. Any of the four options may be employed in the
methods and device disclosed herein. As depicted, the layer of
insulating material 107 is present in options 1 and 2, but not
present in options 3 and 4. Additionally, in options 1 and 4, the
planarization process that was performed after the layer of
insulating material 111 was formed stops on the upper surface
106S of the fins 106. In contrast, in options 2 and 3, the
planarization process that was performed after the layer of
insulating material 111 was formed stops on the liner layer
109. The “option 1” embodiment will be depicted in the
subsequent drawings but, as noted above, any of the options
1-4 may be employed with the methods and devices disclosed
herein.

[0042] Inthe examples disclosed herein, the FinFET device
100 will be formed using a replacement gate technique.
Accordingly, FIG. 3E depicts the device 100 at a point in
fabrication wherein the materials for a sacrificial gate struc-
ture, i.e., a sacrificial gate insulation layer 122 and a sacrificial
gate electrode layer 124 have been formed above the substrate
102 and the fins 106. Also depicted is an illustrative gate cap
layer 140 that has been formed above the sacrificial gate
electrode layer 124. At this point in the replacement gate
process flow, an anneal process would have already been
performed to activate the implanted dopant materials and
repair any damage to the substrate 102 due to the various ion
implantation processes that were performed. The various
components and structures of the device 100 may be formed
using a variety of different materials and by performing a
variety of known techniques. For example, the sacrificial gate
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insulation layer 122 may be comprised of silicon dioxide and
the sacrificial gate electrode layer 124 may be comprised of
polysilicon. The gate cap layer 140 may be comprised of a
variety of materials, e.g., silicon nitride. The thickness of the
layers of material shown in FIG. 3E may vary depending upon
the particular application.

[0043] FIG. 3F depicts the device 100 after one or more
etching processes were performed through a patterned etch
mask (not shown) to pattern the cap layer 140 and the layer of
sacrificial gate electrode 124, which will become part of the
sacrificial gate structure 120. In this illustrative process flow,
the sacrificial gate insulation layer 122 serves as an etch stop
layer when patterning the sacrificial gate insulation layer 124.
The “width” of the gate structure 120 (which corresponds
approximately to the channel length of the device 100) may
vary depending upon the particular application.

[0044] FIG. 3G depicts the device 100 after the above-
mentioned patterned etch mask was removed and after one or
more etching processes were performed to remove the
exposed portions of the sacrificial gate insulation layer 122
(see view Z-7Z) and the exposed portions of the layer of
insulating material 111 (see view X-X). This process opera-
tion results in the formation of the sacrificial gate structure
120, i.e., the sacrificial gate insulation layer 122 and the
sacrificial gate electrode 124.

[0045] FIG. 3H depicts the device after sidewall spacers
130 are formed adjacent the sacrificial gate structure 120
(view Z-7). The sidewall spacers 130 may be comprised of a
variety of different materials, e.g., silicon nitride. In one
embodiment, the sidewall spacers 130 may be made of the
same material (or one having similar etch characteristics) as
that of the liner layer 109. The sidewall spacers 130 may be
formed by depositing a layer of spacer material (shown with
dashed line 113 in FIG. 3G) and thereafter performing an
anisotropic etching process to produce the spacers 130. In the
case where the liner layer 109 is comprised of the same
material (or one having similar etch characteristics) as that of
the spacers 130, the etching process may be continued to
remove at least the portions of the liner layer 109 positioned
adjacent the fins 106 (see view X-X). Due to the presence of
the layer of spacer material 111, all of the horizontally ori-
ented portions of the liner layer 109 (see view X-X) between
the fins 106 may not be removed when the spacers 130 are
formed. In the case where the liner layer 109 is made of a
material that may be selectively etched relative to the spacers
130 and the surrounding materials, a different etch chemistry
may be employed to remove the desired portions of the liner
layer 109.

[0046] FIG. 31 depicts the device 100 after an optional epi
growth process was performed to form additional semicon-
ductor material 110, e.g., silicon on the exposed surfaces of
the fins 106. See views X-X and Z-Z. A dashed-line 106X
reflects the outline of the original fins 106. The generally
diamond-shaped configuration of the semiconductor material
110 (see view X-X) is due to the way the epi growth process
proceeds and the orientation of the crystallographic planes in
the substrate material. The epi growth process is typically
performed to increase the size of the material to which a
conductive contact will later have to be formed. In some
cases, if desired, a so-called fin-merger epi growth process is
performed such that the epi material grown on one fin merges
into the epi material grown on an adjacent fin. Such merged
fins are not depicted in the drawings. As noted above, the
formation of this additional semiconductor material 110 is
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not required in all applications. Metal silicide material (not
shown) may be formed on the additional semiconductor
material if desired.

[0047] FIG. 3] depicts the device 100 after several process
operations were performed. First, a layer of insulating mate-
rial 121 (e.g., silicon dioxide) was formed above the device
100 using traditional deposition techniques. Then, one or
more planarization processes (e.g., CMP) were performed on
the layer of insulating material 121 such that the upper surface
1218 of the layer of insulating material 121 is substantially
even with the upper surface 1248 of the sacrificial gate elec-
trode 124. Importantly, this planarization process exposes the
upper surface 124S of the sacrificial gate electrode 124 such
that it can be removed. In one illustrative embodiment, the
planarization process may be a chemical mechanical pla-
narization (CMP) process that stops on the sacrificial gate
electrode 124.

[0048] FIG.3K depicts the device 100 after one or more wet
or dry etching processes were performed to remove the sac-
rificial gate electrode 124 and the sacrificial gate insulation
layer 122 to thereby define a gate cavity 136 where a replace-
ment gate structure will subsequently be formed for the
device 100. Typically, the sacrificial gate insulation layer 122
is removed as part of the replacement gate technique, as
depicted herein. Even in cases where the sacrificial gate insu-
lation layer 122 is intentionally removed, there will typically
be a very thin native oxide layer (not shown) that forms on the
surface 106S of the fins within the gate cavity 136. To the
extent that the removal of the sacrificial gate structure 120
causes any consumption of the exposed portions of the layer
of insulating material 111 (view Y-Y), such consumption is
not depicted in the attached drawings.

[0049] FIG. 3L depicts the device after one or more etching
processes were performed to reduce the height of the spacers
130 (thereby forming recessed spacers 130R) and to remove
portions of the liner layer 109 exposed within the gate cavity
136. More specifically, this etching process removes portions
of'the liner layer 109 adjacent the fins 106 in the area defined
by the gate cavity 136. The removal of the portions of the liner
layer 109 may be accomplished by performing a timed etch-
ing process. This process operation effectively defines the
final fin height for the fins 106. Additionally, this process
operation results in the formation of spaces 109X between the
fins 106 and the raised isolation posts 111A within the area
defined by the gate cavity 136 that are made from the layer of
insulating material 111. In one example, the upper surface
1118 ofthe raised isolation posts 111 A is approximately level
with the upper surface 106S of the fins 106. As noted above,
the lateral width 109Y ofthe spaces 109X is typically selected
to be about the sum of twice the thickness of the high-k
dielectric and the target thickness of the work function adjust-
ing metal layer for the device, as described more fully below.
[0050] The next major process sequence involves forma-
tion of the replacement gate structure for the device 100. The
replacement gate structure that will be depicted herein is
intended to be representative in nature of any type of gate
structure that may be employed in manufacturing integrated
circuit products using so-called gate-last (replacement-gate)
manufacturing techniques. Accordingly, with reference to
FIG. 3M, a pre-clean process was performed in an attempt to
remove all foreign materials from within the gate cavity 136
prior to forming the various layers of material that will
become part of the replacement gate structure. Next, a high-k
(k value greater than 10) gate insulation layer 125, such as
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hafnium oxide (or the other high-k materials noted in the
background section of this application), is deposited across
the substrate 102 and within the gate cavity 136 by perform-
ing a conformal deposition process.

[0051] Thereafter, as shown in FIG. 3N, a work function
adjusting metal layer 127 (e.g., a layer of titanium nitride or
TiAIC depending upon the type of transistor device being
manufactured) is deposited on the high-k gate insulation layer
125 and within the gate cavity 136 by performing a conformal
deposition process. Of course, the work function adjusting
metal layer 127 may be comprised of any of the metals
described in the background section of this application. As
will be appreciated by those skilled in the art after a complete
reading of the present application, the methods disclosed
herein provide a novel manner in which to avoid or limit
“pinch-off” problems when it comes to forming metal-con-
taining replacement gate structures. That is, in one example,
the lateral width 136X (see also FIG. 3K) of the gate cavity
136 may be about 15-19 nm wide. Typically, the work func-
tion adjusting metal layer 127, e.g., TiC, is required to be
formed to a thickness of about 7 nm. Thus, if a 7 nm thick
layer of the work function adjusting metal layer 127 were
directly deposited on the high-k insulation layer 125, i.e., on
sidewalls and bottom surface of the gate cavity 136, the lateral
width of the gate cavity 136 would bereduced to about 1-5 nm
(7 nm being formed on each sidewall), which would make
performing subsequent processing operations very challeng-
ing if not impossible. However, using the methods disclosed
herein, the thickness of the work function adjusting metal
layer 127 to be deposited in the gate cavity 136 is selected to
be about one-half of the final desired thickness of the work
function adjusting metal layer 127 that is to be formed on the
sidewalls of the fins 106 in the spaces 109X. That is, the
lateral width 109Y ofthe spaces 109X is approximately twice
the thickness of the deposited work function adjusting metal
layer 127. Thus, if the overall target thickness of the work
function adjusting metal layer is 7 nm, as in the example
discussed above, the work function adjusting metal layer 127
depicted herein may be deposited with a reduced target thick-
ness of about 3.5 nm, or about one-half of the overall target
thickness of the work function adjusting metal layer 127. This
thinner work function adjusting metal layer 127 will effec-
tively fill the remaining spaces 109X and thereby produce the
desired thickness (e.g., 7 nm) on the sidewalls of the fins 106.
Additionally, by formation of the thinner work function
adjusting metal layer 127 in the gate cavity 136, the chance
for “pinch off” is reduced or eliminated. More specifically,
ignoring the thickness of the high-k gate insulation layer 125,
the lateral thickness 136X of the gate cavity 136 may be about
15-19 nm. Thus, when the thinner work function adjusting
metal layer 127, e.g., a 3.5 nm thick layer of material, is
directly deposited on the high-k insulation layer 125, i.e., on
sidewalls and bottom surface of the gate cavity 136, the
reduced lateral width 136Z (view Z-Z) of the gate cavity 136
is now about 8-12 nm (3.5 nm being formed on each side-
wall), as compared to about 1-5 nm that would be remaining
if the work function adjusting metal layer 127 were deposited
with a thickness of about 7 nm. Thus, the formation of the
thinner work function adjusting metal layer 127 makes the
resulting gate cavity wider, which makes performing subse-
quent processing operations much easier than when using
traditional replacement gate manufacturing techniques.
Accordingly, one aspect of the inventions disclosed herein
involves depositing a layer of a work function adjusting metal
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material 127 with a target thickness of about one-half of an
overall target thickness of the work function adjusting metal
material for the device in a gate cavity 136 and in the spaces
109X.

[0052] The next process operation involves recessing the
upper portions of at least the work function adjusting metal
layer 127. FIG. 30 depicts one illustrative process flow for
accomplishing this task. To that end, FIG. 30 depicts the
device 100 after a sacrificial layer of material 141, such as
DUOQ, has been formed above the device and its surface 141S
has been recessed to a desired level such that at least the work
function adjusting metal layer 127 above the level of the
surface 141S may be removed from within the gate cavity
136. The sacrificial layer of material 141 is a material that has
good gap fill capabilities. The sacrificial layer of material 141
may be formed by a spin-coating process and its surface may
be recessed by performing a timed etching process.

[0053] FIG. 3P depicts the device after one or more etching
processes were performed to remove at least the work func-
tion adjusting metal layer 127 above the level of the surface of
the sacrificial layer of material 141 from within the gate
cavity 136. In the depicted process flow, the high-k gate
insulation layer 125 is not removed during this process opera-
tion.

[0054] FIG. 3Q depicts the device 100 after the sacrificial
layer of material 141 has been removed. The sacrificial layer
of' material 141 may be removed by using a variety of known
techniques depending upon the material selected for the sac-
rificial layer of material 141, e.g., a wet stripping process.
[0055] FIGS. 3R-3S depict another possible process flow
for reducing the amount of the work function adjusting mate-
rial positioned within the gate cavity 136. Starting with the
structure shown in FIG. 3N, the initial step in this alternative
process flow involves performing an isotropic etching process
to remove the work function adjusting metal layer 127 from
above the high-k gate insulation layer 125 across the sub-
strate. Next, an RF PVD process is performed to form the
desired work function metal layer 143 at the bottom of the
gate cavity 136 and above the fin/high-k gate insulation layer
125. Either of the process flows shown in FIGS. 3N-3S may
be employed using the methods disclosed herein. However,
only the first option, with the resulting structure shown in
FIG. 3Q, will be depicted in the subsequent drawings.
[0056] FIG. 3T depicts the device 100 after several process
operations were performed. First, a bulk conductive material
layer 145, such as tungsten or aluminum, was blanket-depos-
ited above the substrate so as to over-fill the gate cavity 136.
Thereafter, one or more CMP processes are performed to
remove excess portions of the conductive material layer 145
and the high-k gate insulation layer 125 positioned outside of
the gate cavity 136 above the surface 121S of the layer of
insulating material 121. Then, an etching process was per-
formed on the conductive material layer 145 such that the
desired amount of the conductive material layer 145 remains
positioned within the gate cavity 136. This operation results
in the formation of the replacement gate structure 133 com-
prised of the high-k gate insulation layer 125, the work func-
tion adjusting metal layer 127 and the conductive material
layer 145.

[0057] FIG. 3U depicts the device 100 after an illustrative
gate cap layer 147 was formed in the recess above the con-
ductive material layer 145. The gate cap layer 147 is typically
comprised of silicon nitride and it may be formed by depos-
iting a layer of gate cap material so as to over-fill the recess
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formed in the gate cavity 136 above the replacement gate
structure 133 and, thereafter, performing a CMP process to
remove excess portions of the gate cap material layer posi-
tioned above the surface of the layer of insulating material
121. The gate cap layer 147 is formed so as to protect the
underlying gate materials during subsequent processing
operations.

[0058] FIG. 3V depicts the device 100 after several process
operations were performed to form a conductive source/drain
contact structure 154 to each of the source/drain regions of the
device 100. A gate contact structure (not shown) that is con-
ductively coupled to the replacement gate structure 133, i.e.,
to the conductive gate materials that are part of the replace-
ment gate structure 133, may also be formed as part of these
process operations. Typically, this processing sequence
involves forming a layer of insulating material 152 above the
device 100 and thereafter performing one or more etching
processes through one or more etch mask layers (not shown)
on the exposed portions of the layer of insulating material 152
to define contact openings for the source/drain conductive
structures 154. The source/drain contact structures 154 may
be of any desired cross-sectional configuration when viewed
from above, e.g., square, rectangular, round, etc. The source/
drain contact structures 154 are intended to be schematic and
representative in nature, as they may be formed using any of
avariety of different conductive materials and by performing
traditional manufacturing operations. The contact structures
154 may also contain one or more barrier layers (not
depicted). In one illustrative example, the contact structures
154 may be formed by depositing a liner, e.g., Ti, TiN, fol-
lowed by overfilling the contact openings with a conductive
material, such as tungsten. Thereafter, a CMP process may be
performed to planarize the upper surface of the layer of insu-
lating material 152, which results in the removal of excess
portions of the liner and the tungsten positioned above the
layer of insulating material 152 outside of the contact open-
ings and the formation of the contact structures 154.

[0059] The above embodiment has been disclosed in the
context of forming an illustrative multiple fin FinFET device.
However, as will be appreciated by those skilled in the art
after a complete reading of the present application, the meth-
ods disclosed herein may also be employed in connection
with the formation of a single fin FinFET device. In one
embodiment, such a method involves, among other things,
performing at least one etching process so as to define a fin in
asubstrate, wherein the fin has sidewalls, forming an isolation
structure around the fin, wherein first and second gaps are
defined on opposite sides of the fin by the isolation structure,
wherein a lateral width of each of'the first and second gaps is
equal to or less than the a dimension corresponding to the
overall target thickness of a work function adjusting metal
material plus twice the target thickness of a high-k gate insu-
lation layer to be formed in a gate cavity for the device,
forming a gate cavity above a portion of the fin, and deposit-
ing a layer of the work function adjusting metal material with
atarget thickness of about one-half of the overall target thick-
ness of the work function adjusting metal material in the gate
cavity and in the first and second gaps between the fin and the
isolation material.

[0060] The particular embodiments disclosed above are
illustrative only, as the invention may be modified and prac-
ticed in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. For
example, the process steps set forth above may be performed
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in a different order. Furthermore, no limitations are intended
to the details of construction or design herein shown, other
than as described in the claims below. It is therefore evident
that the particular embodiments disclosed above may be
altered or modified and all such variations are considered
within the scope and spirit of the invention. Note that the use
of terms, such as “first,” “second,” “third” or “fourth” to
describe various processes or structures in this specification
and in the attached claims is only used as a shorthand refer-
ence to such steps/structures and does not necessarily imply
that such steps/structures are performed/formed in that
ordered sequence. Of course, depending upon the exact claim
language, an ordered sequence of such processes may or may
not be required. Accordingly, the protection sought herein is
as set forth in the claims below.

What is claimed:

1. A method of forming a FinFET transistor above a semi-
conductor substrate, wherein the method comprises:

performing at least one etching process so as to define first

and second fins in said substrate;
forming a raised isolation post structure between said first
and second fins, said raised isolation post structure hav-
ing an upper surface that is at a level that is approxi-
mately equal to or greater than a level of an upper surface
of each of said first and second fins, said raised isolation
post structure partially defining a first space between
said raised isolation post structure and said first fin and a
second space between said raised isolation post structure
and said second fin; and
forming a gate structure around a portion of each of said
first and second fins and around a portion of said raised
isolation post structure, wherein at least portions of said
gate structure are positioned in said first and second
spaces.
2. The method of claim 1, wherein forming said gate struc-
ture comprises:
depositing a high-k gate insulation material on and in con-
tact with said first and second fins and on and in contact
with said raised isolation post structure; and

depositing a work function adjusting metal layer on and in
contact with said high-k gate insulation layer.

3. The method of claim 1, wherein forming said gate struc-
ture comprises forming said gate structure such that it fills
said first and second spaces.

4. The method of claim 1, wherein said upper surface of
said raised isolation post structure is level with said upper
surface of each of said first and second fins.

5. The method of claim 1, wherein forming said raised
isolation post structure between said first and second fins
comprises:

forming a liner layer on said first and second fins and above

a bottom surface of a trench between said first and sec-
ond fins, said liner layer defining a recess;
forming a layer of insulating material above said liner layer
and in said recess defined by said liner layer; and

performing at least one planarization process on at least
said layer of insulating material to thereby define said
raised isolation post structure positioned within said
recess defined by said liner layer.

6. The method of claim 5, wherein said at least one pla-
narization process is performed until it stops on an upper
surface of said liner layer.
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7. The method of claim 5, wherein said at least one pla-
narization process is performed until it stops on said upper
surfaces of said first and second fins.

8. The method of claim 5, further comprising performing at
least one etching process to remove at least some portions of
said liner layer positioned on said first and second fins.

9. The method of claim 1, wherein forming said gate struc-
ture around a portion of each of said first and second fins and
around a portion of said raised isolation post structure com-
prises depositing a layer of a work function adjusting metal
material with a target thickness of about one-half of an overall
target thickness of said work function adjusting metal mate-
rial in a gate cavity and in said first and second spaces.

10. A method of forming a FinFET transistor above a
semiconductor substrate, wherein the method comprises:

performing at least one etching process so as to define a

plurality of trenches in said substrate that define first and
second fins in said substrate;

forming a liner layer on said fins and in the trench between

said first and second fins, said liner layer defining a
recess;

forming a layer of insulation material between said first

and second fins and in said recess defined by said liner
layer;

forming a sacrificial gate structure above said first and

second fins, said liner layer and said layer of insulating
material;

forming a sidewall spacer adjacent said sacrificial gate

structure;

removing said sacrificial gate structure so as to define a

gate cavity between said sidewall spacers and to expose
said liner layer and said layer of insulating material
within said gate cavity;

performing an etching process on said exposed portion of

said liner layer within said gate cavity so as to remove
portions of said liner layer positioned on each of said
first and second fins, thereby resulting in the formation
of'a raised isolation post structure between said first and
second fins and a first space and a second space between
said raised isolation post structure and said first and
second fins, respectively; and

forming a replacement gate structure around a portion of

each of said first and second fins and around a portion of
said raised isolation post structure within said gate cav-
ity, wherein at least portions of said replacement gate
structure are positioned in said first and second spaces.

11. The method of claim 10, wherein forming said replace-
ment gate structure comprises:

depositing a high-k gate insulation material on and in con-

tact with said first and second fins and on and in contact
with said raised isolation post structure; and

depositing a work function adjusting metal layer on and in

contact with said high-k gate insulation layer.

12. The method of claim 10, wherein forming said replace-
ment gate structure comprises forming said replacement gate
structure such that it fills said first and second spaces.

13. The method of claim 10, wherein said raised isolation
post structure has an upper surface that is at a level that is
approximately equal to or greater than a level of an upper
surface of each of said first and second fins.
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14. The method of claim 10, wherein an upper surface of
said raised isolation post structure is level with an upper
surface of each of said first and second fins.

15. The method of claim 10, wherein forming said liner
layer and forming said layer of insulation material comprises:

forming said liner layer on said first and second fins and
above a bottom surface of the trench between said first
and second fins;

forming said layer of insulating material above said liner
layer and in said recess defined by said liner layer; and

performing at least one planarization process on at least
said layer of insulating material.

16. The method of claim 15, wherein said at least one
planarization process is performed until it stops on an upper
surface of said liner layer.

17. The method of claim 15, wherein said at least one
planarization process is performed until it stops on said upper
surfaces of said first and second fins.

18. The method of claim 10, wherein forming said replace-
ment gate structure around a portion of each of said first and
second fins and around a portion of said raised isolation post
structure comprises depositing a layer of a work function
adjusting metal material with a target thickness of about
one-half of an overall target thickness of said work function
adjusting metal material in a gate cavity and in said first and
second spaces.

19. A device, comprising:

at least first and second fins defined in a semiconductor
substrate;

a raised isolation post structure positioned between said
first and second fins, wherein an upper surface of said
raised isolation post structure is at a level that is approxi-
mately equal to or greater than a level corresponding to
an upper surface each of said first and second fins;

a first space defined by a sidewall of said first fin and a first
sidewall of said raised isolation post structure;

a second space defined by a sidewall of said second fin and
a second sidewall of said raised isolation post structure;
and

a gate structure positioned around a portion of each of said
first and second fins and around a portion of said raised
isolation post structure, wherein at least portions of said
gate structure are positioned in said first and second
spaces.

20. The device of claim 19, wherein said gate structure is
comprised of a layer of high-k insulating material and a work
function adjusting metal layer positioned on said layer of
high-k insulating material and wherein said layer of high-k
insulating material is positioned on and in physical contact
with said first and second fins and on and in contact with said
raised isolation post structure.

21. The device of claim 19, wherein said gate structure
comprises a work function adjusting metal layer having a first
thickness at a location above said upper surface of said first
and second fins, and wherein each of said first and second
spaces has a lateral width that corresponds to approximately
twice said first thickness.
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