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HIGH-K / METAL GATE CMOS TRANSISTORS WITH TiN GATES
BACKGROUND
[0001] This relates in general to integrated circuits, and in particular to integrated circuits with
high dielectric constant gate diclectric and metal gate transistors.
[0002] Until recently, integrated circuits utilized primarily transistors with polysilicon gates
and silicon dioxide or nitrided silicon dioxide gate dielectrics.
[0003] Complementary metal-oxide-semiconductor (CMOS) transistors with high dielectric
constant (hi-k) dielectrics and metal gates were introduced as technologies scaled to 28 nm and
below to combat short channel effects and to improve performance of the highly scaled
transistors. The hi-k dielectrics provide improved capacitive control of the transistor channel by
avoiding an apparent increase in gate dielectric thickness due to depletion of carriers in the
polysilicon grains near the gate dielectric interface.
[0004] A significant challenge with hi-k/metal gate transistors is achieving the optimum
workfunction for the best transistor performance. The workfunction of the gate for p-channel
metal-oxide-semiconductor (PMOS) transistors is preferably greater than about 4.8 ¢V and the
workfunction for n-channel metal-oxide-semiconductor (NMOS) transistors is preferably less
than about 4.3 eV.
[0005] Processing in conventional hi-k/metal gate manufacturing may be complicated and
expensive to achieve a different work function on NMOS and PMOS transistors. For example,
NMOS transistors may have a different gate metal and or may have a different hi-k gate
dielectric than PMOS transistors.
[0006] There are primarily four different process flows for forming hi-k/metal gate transistors:
hi-k last replacement gate; hi-k first replacement gate; hi-k last gate first; and hi-k first gate last.
In replacement gate transistor flows, conventional polysilicon gate transistors are formed first
and then the polysilicon gate is removed and replaced with a metal gate. In gate first process
flows, the metal gate transistors are formed similar to conventional polysilicon gate transistors
but with a metal gate. In hi-k last process flows, a silicon dioxide dielectric is first formed and

later removed and replaced with a hi-k dielectric before depositing the metal gate. In hi-k first
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process flows, the hi-k dielectric is deposited first and gate material is stripped off the hi-k
dielectric and replaced with metal gate. The hi-k last process flows are more complicated than
hi-k first process flows. They require more masking steps but avoid exposing the hi-k dielectric
to chemicals that may degrade the hi-k dielectric. Replacement gate process flows are more
complicated than gate first process flows, but allow more flexibility in setting the work functions
of the transistors.

SUMMARY

[0007] In described examples, an integrated circuit is formed with a thick TiN metal gate with
a workfunction greater than 4.85 ¢V and with a thin TiN metal gate with a work function less
than 4.25 eV. An integrated circuit is formed with a replacement gate PMOS TiN metal gate
transistor with a workfunction greater than 4.85 ¢V and with a replacement gate NMOS TiN
metal gate transistor with a workfunction less than 4.25 ¢V. An integrated circuit is formed with
a gate first PMOS TiN metal gate transistor with a workfunction greater than 4.85 eV and with a
gate first NMOS TiN metal gate transistor with a workfunction less than 4.25 eV.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIGS. 1A through 1L are illustrations of steps in the fabrication of integrated circuit
with high-k last, replacement metal gate CMOS transistors formed according to example
embodiments.

[0009] FIGS. 2A through 2J are illustrations of steps in the fabrication of integrated circuits
with high-k first, replacement metal gate CMOS transistors formed according to example
embodiments.

[0010] FIGS. 3A through 3H are illustrations of steps in the fabrication of integrated circuits
with high-k last, metal gate first CMOS transistors formed according to example embodiments.
[0011] FIGS. 4A through 4F are illustrations of steps in the fabrication of integrated circuits
with high-k first, metal gate first CMOS transistors formed according to example embodiments.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0012] High-k last, metal gate CMOS transistors formed according to a 3 pattern embodiment
replacement gate process are shown in FIG. 1L. PMOS transistor 170 has high-k dielectric 144
and PMOS TiN gate 146. The thickness and oxygen content of the PMOS TiN metal gate 146
are suitable (such as optimized) to give a workfunction greater than about 4.85 e¢V. NMOS

transistor 172 has high-k dielectric 154 and NMOS TiN gate 156. The thickness and oxygen
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content of the NMOS TiN metal gate are suitable to give a workfunction less than about 4.25 eV.
Fill metal 160 and 166, such as tungsten or aluminum, is deposited on the NMOS and PMOS
TiN gates within the replacement gate trenches to fill the trenches. The overfill is then removed
using chemical mechanical polish (CMP) planarization.

[0013] The major steps in the formation of an embodiment 3 pattern high-k last, replacement
metal gate transistors are illustrated in FIG. 1A through 1L. Three photo resist patterning steps
are used in this three pattern high-k last, replacement metal gate process flow.

[0014] The partially processed integrated circuit in FIG. 1A is formed on a p-type substrate
100. Shallow trench isolation (STI) dielectric geometries 102 electrically isolate transistors and
other devices on the integrated circuit. A sacrificial silicon dioxide film 106 with a thickness in
the range of approximately 10 nm to 40 nm is grown on the integrated circuit substrate 100. An
nwell 104 is formed in the region where the PMOS transistor 170 is to be formed. An NMOS
transistor 172 is formed in the p-type substrate region of the integrated circuit substrate 100.
[0015] Referring to FIG. 1B, polysilicon gate material 110 is deposited on the sacrificial
silicon dioxide film 106. A transistor gate photo resist pattern 112 is formed on the polysilicon
gate material 110.

[0016] The cross section in FIG. 1C is shown after the gates 120 and 122 are etched, gate
extension diffusions 126 and 130 are formed, dielectric sidewalls 124 are formed, and the deep
source and drain diffusions 128 and 132 are formed. Other processing steps, such as silicide
formation on the source and drains and stress enhancement of the transistors, are omitted for
clarity. Pre-metal dielectric (PMD) 134, which may include several diclectric layers (such as
stress dielectric, gap fill dielectric, and other deposited dielectrics), is then deposited to a
thickness that is at least the height of the transistor gates 120 and 122.

[0017] As shown in FIG. 1D, in a high-k last, replacement gate metal gate process, the PMD
dielectric 134 is planarized to expose the tops of the polysilicon transistor gates 120 and 122.
[0018] In FIG. 1E, the polysilicon replacement gates 120 and 122 are removed by a polysilicon
wet etch. A first PMOS replacement gate pattern 140 is formed to protect the silicon dioxide
dielectric 106 in the bottom of the NMOS 172 replacement gate transistor trench and to expose
the silicon dielectric 106 in the bottom of the PMOS 170 replacement gate transistor trench.
[0019] Referring to FIG. 1F, the silicon dioxide dielectric 106 is removed from the PMOS 170
transistor trench, and the first PMOS replacement gate pattern 140 is removed. High-k gate
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dielectric 144 such as HfOy, HfSiOy, or HfSiON is deposited into the PMOS replacement gate
transistor trench 170, and a PMOS TiN metal gate film 146 is deposited on the high-k gate
dielectric 144. The high-k gate dielectric 144 film is deposited using atomic layer deposition
(ALD) with a thickness that is typically between about 1 and 4 nm. The PMOS TiN metal gate
film 146 is deposited with a thickness greater than about 8 nm. A TaN film 148, which is used
as an etch stop for the high-k dielectric etch, is deposited on the TiN 146 with a thickness of
about 2 nm or more. In an example integrated circuit, the high-k dielectric is 1.2 nm HfOy, the
PMOS TiN film 146 is 10 nm, and the TaN film 148 is 2 nm.

[0020] The PMOS TiN metal gate 146 is then annealed in oxygen as described in United States
Patent 8,643,113 (which is hereby incorporated by reference) to provide a workfunction above
4.85¢V.

[0021] An NMOS 172 replacement gate transistor photo resist pattern 150 is formed to protect
the PMOS TiN gate over the PMOS transistor 170 and to enable the TaN 148 and TiN 146 to be
removed from the NMOS area 172.

[0022] As shown in FIG. 1G, the TaN film 148, the PMOS TiN gate material 146, and the
high-k gate dielectric 144 are removed from the NMOS 172 replacement gate transistor trench.
The silicon dioxide dielectric 106 film is also removed.

[0023] NMOS high-k dielectric 154, such as HfO,, HfSi0Oy, or HfSiON, is then deposited into
the NMOS replacement gate transistor trench as shown in FIG. 1H. In at least one example, the
high-k dielectric is deposited to a thickness between about 1 nm and 4 nm. NMOS TiN metal
gate material 156 with a thickness in the range of about 1 nm to 3 nm is deposited on the high-k
dielectric 154. In an example embodiment, the high-k dielecric is HfO, about 1.2 nm thick and
is deposited using atomic layer deposition (ALD). As described in United States Patent
8,643,113, the oxygen content in the NMOS TiN metal gate material 156 is less than about
1x10" atoms/cm® within one nanometer of the top surface of the high-k gate dielectric 154 to
provide a workfunction less than about 4.25 eV. In an example embodiment, 2 nm of the NMOS
TiN metal gate material 156 is deposited using ALD.

[0024] In FIG. 11 a CVD-W (chemical vapor deposition-tungsten) film 160 is deposited on the
NMOS TiN gate material 156, and a second PMOS replacement gate transistor pattern 162 is
formed on the CVD-W film 160 to protect it over the NMOS replacement gate transistor 172 and
to enable the CVD-W film 160, the NMOS TiN gate material 156 and the NMOS high-k
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dielectric 154 to be etched from the PMOS 170 replacement gate transistor region.

[0025] FIG. 1J shows the integrated circuit after the CVD-W film 160, the thin NMOS TiN
gate material 156, and the NMOS high-k gate dielectric 154 are etched from the PMOS 170
replacement gate transistor region. The TaN film 148 serves and an etch stop for the high-k
dielectric 154 etch. After the NMOS transistor 172 high-k gate dielectric 154 is removed from
the PMOS 170 replacement gate transistor region, the TaN etch stop film 148 may be removed
by etching. The NMOS 172 transistor high-k gate dielectric 154 is removed to prevent a
capacitor from forming between the NMOS transistor 172 TiN metal gate material 156 and the
PMOS transistor 170 TiN metal gate material 146.

[0026] As shown in FIG. 1K, additional CVD-W 166 is deposited to completely fill the PMOS
170 and NMOS 172 replacement gate transistor trenches. Aluminum metal alternatively may be
used.

[0027] The CVD-W overfill and the metal gate material is then removed from the surface of
the PMD dielectric 134 between the replacement gate transistor trenches 170 and 172 using CMP
shown in FIG. 1L. The replacement gate PMOS 170 transistor has a thick oxygenated TiN metal
gate with a workfunction above about 4.85 ¢V. The replacement gate NMOS 172 transistor has
a thin deoxygenated NMOS TiN metal gate with a workfunction less than about 4.25 eV.

[0028] Additional PMD dielectric may be deposited on the integrated circuit, and contacts may
be formed to the transistor gates and to deep source and drain diffusions to electrically connect
them to a first layer of interconnect. Additional layers of dielectric and more levels of
interconnect may be formed to complete the integrated circuit.

[0029] One advantage of the embodiment 3 pattern high-k last replacement metal gate process
is that the PMOS and NMOS high-k diclectrics are deposited immediately before the PMOS and
NMOS TiN metal gates are deposited. There is no degradation of the high-k dielectric due to
layers being chemically stripped off before the TiN metal gate deposition. Also, the high-k
dielectric for NMOS is deposited using a different process step than the high-k dielectric for the
PMOS so, if desired, different high-k dielectrics may be used on the NMOS and PMOS
transistors.

[0030] High-k first, metal gate CMOS transistors formed according to a 1 pattern embodiment
replacement gate process are shown in FIG. 2J. PMOS transistor 174 has high-k dielectric 144
and PMOS TiN gate 146. The thickness and oxygen content of the PMOS TiN metal gate 146
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are suitable to give a workfunction greater than about 4.85 eV. NMOS transistor 176 has high-k
dielectric 108 and NMOS TiN gate 156. The thickness and oxygen content of the NMOS TiN
metal gate are suitable to give a workfunction less than about 4.25 ¢V. Metal 166, such as
tungsten or aluminum, is deposited on the NMOS and PMOS TiN gates within the replacement
gate trenches and planarized.

[0031] The major steps in an embodiment 1 pattern high-k first, replacement metal gate CMOS
process flow using an embodiment one photo resist pattern process are illustrated in FIG. 2A
through 2J. This embodiment process has the advantage of being less expensive to implement
than the previously described three photo resist pattern embodiment process.

[0032] The partially processed integrated circuit in FIG. 2A is formed on a p-type substrate
100. Shallow trench isolation (STI) dielectric geometries 102 electrically isolate transistors and
other devices on the integrated circuit. An nwell 104 is formed in the region where the PMOS
transistor 174 is to be formed. An NMOS transistor 176 is formed in the p-type region of the
integrated circuit substrate 100.

[0033] A high-k dielectric film 108 is deposited on the integrated circuit substrate. The high-k
dielectric is typically a material such as HfOy, HfSiOy, or HfSiON between about 1 and 4 nm
thick. In an example embodiment 1 pattern high-k first metal replacement gate process, the
high-k dielectric is HfOy deposited with a thickness of approximately 1.2 nm using ALD.

[0034] Referring to FIG. 2B, polysilicon gate material 110 is deposited on the high-k dielectric
film 108. A transistor gate pattern 112 is formed on the polysilicon gate material 110.

[0035] The cross section in FIG. 2C is shown after the gates 120 and 122 are etched, gate
extension diffusions 126 and 130 are formed, dielectric sidewalls 124 are formed, and the deep
source and drain diffusions 128 and 132 are formed. Other processing steps, such as silicide
formation on the source and drains and stress enhancement of the transistor channels, are omitted
for clarity. Pre metal dielectric (PMD) 134, which may include several dielectric layers (such as
stress dielectric, gap fill dielectric, and other deposited dielectrics), is then deposited to a
thickness that is at least the height of the transistor gates 120 and 122.

[0036] As shown FIG. 2D, the PMD diclectric is planarized to expose the tops of the
polysilicon replacement gates 120 and 122 over the transistors.

[0037] As shown in FIG. 2E, the polysilicon replacement gates 120 and 122 are then removed

exposing the high-k dielectric 108 in the bottom of the replacement gate transistor trenches 174
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and 176.

[0038] Referring to FIG. 2F, a PMOS TiN metal gate film 146 is deposited on the high-k gate
dielectric 108. The PMOS TiN metal gate film 146 is deposited with a thickness greater than
about 8 nm. In an example integrated circuit, the PMOS TiN metal gate film is about 10 nm.
[0039] The PMOS TiN metal gate is then annealed in oxygen as described in United States
Patent 8,643,113 to provide a workfunction above 4.85 eV.

[0040] An NMOS replacement gate 174 photo resist pattern 150 is formed to protect the
PMOS TiN gate 146 over the PMOS transistor 174 and to enable removal of the PMOS TiN gate
146 from the NMOS replacement gate transistor area 176.

[0041] As shown in FIG. 2G, the PMOS TiN metal gate material 146 is removed from the
NMOS 176 replacement gate transistor area. A highly selective etch is used for removing the
PMOS TiN metal gate material 146 from the high-k gate dielectric 108 in the NMOS transistor
176 region, so as not to damage the high-k gate dielectric 108. In an example embodiment, a wet
etch including dilute SC1 plus NH4OH and H,0, is used for removing the TiN 146 from the
high-k dielectric 108.

[0042] In FIG. 2H, thin NMOS TiN metal gate material 156 is deposited on the high-k
dielectric 108 in the NMOS 176 replacement gate transistor trench. As described in United
States Patent 8,643,113, the oxygen content in the NMOS TiN metal gate material 156 is less
than about 1x10" atoms/cm’ within one nanometer of the top surface of the high-k gate
dielectric 108 to provide a workfunction less than about 4.25 e¢V. In an example embodiment, 2
nm of the NMOS TiN metal gate material 156 is deposited using ALD.

[0043] As shown in FIG. 2I, CVD-W 166 is deposited to completely fill the PMOS 174 and
NMOS 176 replacement gate transistor trenches. Aluminum metal alternatively may be used.
[0044] The surface of the integrated circuit is then planarized using CMP as shown in FIG. 2]
to remove CVD-W 166 overfill and metal gate material 146 and 156 from the surface of the
PMD 134 between the NMOS 176 and PMOS 174 replacement gates. The high-k first
replacement gate PMOS 174 transistor has a thick oxygenated TiN metal gate 146 with a
workfunction greater than about 4.85 eV. The high-k first replacement gate NMOS 176
transistor has a thin deoxygenated NMOS TiN metal gate 156 with a workfunction less than
about 4.25 eV.

[0045] Additional PMD dielectric may be deposited on the integrated circuit, and contacts may
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be formed to the deep source and drain diffusions and to the transistor gates to electrically
connect them to a first layer of interconnect. Additional layers of dielectric and more levels of
interconnect may be formed to complete the integrated circuit.

[0046] High-k last, metal gate first CMOS transistors formed according to a three pattern
embodiment process are shown in FIG. 3H. PMOS transistor 180 has high-k dielectric 144 and
TiN gate 146. The thickness and oxygen content of the PMOS TiN metal gate 146 are suitable
to give a workfunction greater than about 4.85 ¢V. NMOS transistor 182 has high-k dielectric
154 and TiN gate 156. The thickness and oxygen content of the TIN NMOS metal gate 156 are
suitable to give a workfunction less than about 4.25 ¢V. Doped polysilicon is deposited on the
PMOS and NMOS TiN metal gates 146 and 156 and then patterned and etched to form the gates,
120 and 122 of the embodiment high-k last, gate first NMOS and PMOS metal gate transistors
180 and 182.

[0047] The major steps in the embodiment three pattern process that forms the, high-k last,
metal gate first transistors are illustrated in FIG. 3A through 3H.

[0048] The partially processed integrated circuit in FIG. 3A is formed on a p-type substrate
100. Shallow trench isolation (STI) dielectric geometries 102 electrically isolate transistors and
other devices on the integrated circuit. A sacrificial silicon dioxide film 106 in the range of
approximately 10 nm to 40 nm is grown on the integrated circuit substrate 100. An nwell 104 is
formed in the region where the PMOS transistor 180 is to be formed by counter doping the
p-type substrate 100 in the usual manner. An NMOS transistor 182 will be formed in the p-type
substrate 100.

[0049] As shown in FIG. 3B, a first PMOS transistor photo resist pattern 140 is formed on the
sacrificial silicon dioxide layer 106 to protect it in the NMOS transistor area 182 and to allow it
to be removed from the PMOS transistor area 180.

[0050] Referring to FIG. 3C, the sacrificial silicon dioxide dielectric 106 is removed from the
PMOS 180 transistor area, and the first PMOS transistor photo resist pattern 140 is removed.
PMOS high-k gate diclectric 144 is then deposited, and a PMOS TiN metal gate film 146 is
deposited on the PMOS high-k gate dielectric 144. In an example integrated circuit, the high-k
gate dielectric 144 film is HfO, deposited using atomic layer deposition (ALD) with a thickness
of about 1.2 nm. The TiN metal gate film 146 is deposited with a thickness greater than about 8
nm. A TaN film 148, which is used as an etch stop for a high-k dielectric etch, is deposited on
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the TiN 146 to a thickness of about 2 nm or more. In an example integrated circuit, the PMOS
TiN film is 10 nm and the TaN film is 2 nm.

[0051] The PMOS TiN metal gate material 146 is then annealed in oxygen as described in
United States Patent 8,643,113 to provide a workfunction above 4.85 eV.

[0052] NMOS transistor photo resist pattern 150 is formed on the PMOS TiN metal gate 146
to enable the PMOS TiN metal gate material 146 to be removed from the NMOS metal gate
transistor 182 area and to protect it from being removed from the PMOS metal gate transistor
area 180.

[0053] FIG. 3D shows the integrated circuit after the TaN etch stop material 148 is etched, the
PMOS TiN metal gate material 146 is etched, the PMOS high-k gate dielectric 144 is etched, and
the sacrificial silicon dioxide film 106 is etched from the NMOS metal gate transistor 182 area.
[0054] NMOS high-k dielectric 154 is then deposited onto the integrated circuit as shown in
FIG. 3E. Thin NMOS TiN metal gate material 156 is deposited on the NMOS high-k dielectric
154. In an example embodiment, the NMOS high-k dielectric 154 is HfO, about 1.2 nm thick
and is deposited using atomic layer deposition (ALD). The thin NMOS TiN metal gate material
156 is also deposited using ALD to a thickness of about 2 nm. As described in United States
Patent 8,643,113, the thin NMOS TiN metal gate material 156 is deposited with an oxygen
content of less than about 1x10" atoms/cm’® within one nanometer of the top surface of the
high-k gate dielectric 154 to provide a workfunction less than about 4.25 eV.

[0055] A second PMOS transistor photoresist pattern 162 is formed on the thin NMOS TiN
metal gate 156 to enable the thin NMOS TiN metal gate 156 material and the NMOS high-k gate
dielectric material 154 to be etched off the PMOS TiN metal gate 146 in the PMOS transistor
180 region. Photo resist 162 protects the NMOS TiN metal gate 156 from being removed from
the NMOS transistor 182 region.

[0056] FIG. 3F shows the integrated circuit after the thin TiN gate film 156 and the NMOS
transistor 182 high-k gate dielectric 154 are etched from the PMOS transistor area 180. The TaN
film 148 serves and an etch stop for the high-k dielectric 154 etch. After the NMOS transistor
182 high-k gate dielectric 154 is removed, the TaN etch stop film 148 may be removed by
etching. The NMOS 182 transistor high-k gate dielectric 154 is removed to prevent capacitor
formation between the NMOS 182 transistor TiN metal gate film 156 and the PMOS 180
transistor TiN metal gate film 146.
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[0057] As shown in FIG. 3G, polysilicon gate material 110 is deposited on the PMOS 180 and
NMOS 182 TiN metal gates. A transistor gate photo resist pattern 112 is formed on the
polysilicon gate material 110.

[0058] The cross section in FIG. 3H is shown after the gates 120 and 122 are etched.
Polysilicon 110 plus thick PMOS TiN gate material 146 is etched to form the gate 120 of the
PMOS transistor 180. Polysilicon 110 plus thin NMOS TiN gate material 156 is etched to form
the gate 122 of the NMOS transistor 182.

[0059] Gate extension diffusions 126 and 130 are formed, diclectric sidewalls 124 are formed,
and the deep source and drain diffusions 128 and 132 are formed after gate etch. Other
processing steps, such as source and drain and gate silicidation and transistor channel stress
enhancement, are omitted for clarity. Pre metal dielectric (PMD) 134, which may include
several dielectric layers (such as stress dielectric, gap fill dielectric, and other deposited
dielectrics), is then deposited over the NMOS 182 and PMOS 180 transistors.

[0060] The PMD dielectric 134 may be planarized using CMP, and contacts may be formed to
the deep source and drain diffusions 128 and 132 and to the transistor gates 120 and 122 to
electrically connect them to a first layer of interconnect. Additional layers of dielectric and
additional levels of interconnect may be formed to complete the integrated circuit.

[0061] One advantage of the embodiment 3 pattern high-k last, metal gate first process is that
the PMOS and NMOS high-k diclectrics are deposited immediately before the PMOS and
NMOS TiN metal gates are deposited. There is no degradation of the high-k dielectric due to
layers being chemically stripped off the surface before the TiN metal gate deposition. Also, the
high-k dielectric for NMOS is deposited using a different process step than the high-k dielectric
for the PMOS so, if desired, different high-k diclectrics may be used on the NMOS and PMOS
transistors.

[0062] High-k first, gate first CMOS transistors formed according to a one pattern embodiment
process are shown in FIG. 4F. PMOS transistor 184 has high-k dielectric 108 and PMOS TiN
metal gate 146. The thickness and oxygen content of the PMOS TiN metal gate material 146 are
suitable to give a workfunction greater than about 4.85 ¢V. NMOS transistor 186 has high-k
dielectric 108 and NMOS TiN metal gate 156. The thickness and oxygen content of the TiN
NMOS metal gate material 156 are suitable to give a workfunction less than about 4.25 eV.
Doped polysilicon is deposited on the TiN metal gates and then patterned and etched to form the

10
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gates 120 and 122 of the embodiment high-k first, metal gate first PMOS and NMOS transistors,
184 and 186.

[0063] The major steps for an embodiment one pattern high-k first, metal gate first process are
illustrated in FIG. 4A through 4H. This embodiment high-k first, metal gate first one pattern
process is more cost effective than the embodiment high-k last, metal gate first three pattern
process.

[0064] The partially processed integrated circuit in FIG. 4A is formed on a p-type substrate
100. Shallow trench isolation (STI) dielectric geometries 102 electrically isolate transistors and
other devices on the integrated circuit. An nwell 104 is formed in the region where the PMOS
transistor 184 is to be formed by counter doping the p-type substrate 100 in the usual manner.
An NMOS transistor 186 will be formed in the p-type substrate 100.

[0065] A high-k dielectric film 108 with a thickness typically in the range of approximately 1
nm to 4 nm is deposited on the integrated circuit substrate 100. In an example embodiment
high-k first metal gate first process, the high-k dielectric is a HfO, dielectric film deposited with
a thickness of approximately 1.2 nm using ALD.

[0066] Referring to FIG. 4B, thick PMOS TiN metal gate material 146 is deposited on the
high-k dielectric film 108. The PMOS TiN metal gate material 146 is deposited with a thickness
greater than about 8 nm. In an example integrated circuit, the PMOS TiN metal gate material is
deposited using ALD to a thickness of about 10 nm.

[0067] The PMOS TiN metal gate is then annealed in oxygen as described in United States
Patent 8,643,113 to provide a workfunction above 4.85 eV.

[0068] An NMOS transistor 186 photo resist pattern 150 is formed to protect the PMOS TiN
metal gate material 146 over the PMOS transistor area 184 and to enable it to be removed from
the NMOS area 186.

[0069] As shown in FIG. 4C, the PMOS TiN metal gate material 146 is removed from the
NMOS 184 transistor area. A highly selective etch is used for removing the PMOS TiN metal
gate material 146 from the high-k gate dielectric 108 in the NMOS transistor 186 region, so as
not to damage the high-k gate diclectric 108. In an example embodiment, a wet etchant
including diluted SC1, NH4OH, and H,0; is used for etching the PMOS TiN metal gate material
146.

[0070] Thin NMOS TiN metal gate material 156 is deposited on the high-k dielectric 108 in
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the NMOS 186 transistor areca. The thin NMOS TiN metal gate material 156 may be deposited
with a thickness in the range of about 1 nm to 3 nm. In an example embodiment, about 2 nm of
the NMOS TiN metal gate material 156 is deposited using ALD. As described in United States
Patent 8,643,113, the thin NMOS TiN metal gate material 156 is deposited with an oxygen
content of less than about 1x10" atoms/cm’® within one nanometer of the top surface of the
high-k gate dielectric 108 to provide a workfunction less than about 4.25 eV.

[0071] As shown in FIG. 4E, polysilicon gate material 110 is deposited on the PMOS 184 and
NMOS 186 TiN metal gate material 146 and 156. A transistor gate photo resist pattern 112 is
formed on the polysilicon gate material 110.

[0072] The cross section in FIG. 4F shows the integrated circuit after the gates 120 and 122 are
etched. Polysilicon 110 plus NMOS TiN metal gate material 156 and PMOS TiN metal gate
material 146 are etched to form the gate 120 of the PMOS high-k metal gate transistor 184.
Polysilicon 110 plus NMOS TiN metal gate material 156 are etched to form the gate 122 of the
NMOS high-k metal gate transistor 186.

[0073] Gate extension diffusions 126 and 130 are formed, diclectric sidewalls 124 are formed,
and the deep source and drain diffusions 128 and 132 are formed after gate etch. Other
processing steps, such as source and drain and gate silicidation and stress enhancement of the
transistor channels, are omitted for clarity. Pre metal dielectric (PMD) 134, which may include
several dielectric layers (such as stress dielectric, gap fill dielectric, and other deposited
dielectrics), is then deposited over the high-k first, metal gate first transistors 184 and 186.

[0074] The PMD dielectric 134 may be planarized using CMP, and contacts may be formed to
the deep source and drain diffusions 128 and 132 and to the transistor gates 120 and 122 to
electrically connect them to a first layer of interconnect. Additional layers of dielectric and
more levels of interconnect may be formed to complete the integrated circuit.

[0075] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A process of forming an integrated circuit, the process comprising:

forming a thick TiN layer in both a PMOS transistor areca and an NMOS transistor area;

annealing the thick TiN layer in oxygen to raise a work function to greater than 4.85 eV;

after annealing, removing the thick TiN layer in the NMOS transistor area; and

after removing the thick TiN layer, forming a thin TiN layer in both the PMOS transistor
arca and in the NMOS transistor area, the thin TiN layer being thinner than the thick TiN layer
and having a reduced oxygen concentration to result in a work function of less than 4.25 eV in
the NMOS transistor area.
2. The process of claim 1, wherein the thick TiN metal gate material has a thickness greater
than 8 nm, and wherein the thin TiN metal has a thickness between 1 to 3 nm.
3. The process of claim 1, wherein the thick TiN metal gate material has a thickness of 10
nm, and wherein the thin TiN metal has a thickness of 2 nm.
4. The process of claim 1, wherein the PMOS transistor is a gate first metal gate PMOS
transistor, and wherein the NMOS transistor is a gate first metal gate transistor, and further
comprising:

depositing doped polysilicon on the thin TiN layer;

forming a transistor gate pattern on the doped polysilicon with a PMOS transistor gate
pattern and with an NMOS transistor gate pattern;

etching the doped polysilicon and the thin TiN layer and the thick TiN layer to form a
gate of the PMOS transistor; and

etching the polysilicon and the thin TiN layer to form a gate of the NMOS transistor.
5. The process of claim 1, wherein the PMOS transistor is a replacement metal gate PMOS
transistor, and wherein the NMOS transistor is a replacement metal NMOS transistor, and further
comprising:

before forming the thick TiN layer, removing a polysilicon gate from an NMOS
replacement gate transistor to form an NMOS replacement gate transistor trench in the NMOS
transistor area, and removing a polysilicon gate from a PMOS replacement gate transistor to
form a PMOS replacement gate transistor trench in the PMOS transistor area.

6. The process of claim 1, wherein the PMOS transistor is a high-k last gate first metal gate
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PMOS transistor, and wherein the NMOS transistor is a high-k last gate first metal gate
transistor, and further comprising:

before forming the thick TiN layer, depositing a first high-k dielectric in both the PMOS
transistor arca and in the NMOS transistor area;

before forming the thin TiN layer removing the first high-k dielectric from the NMOS
transistor arca and depositing a second high-k dielectric in the NMOS transistor area and in the
PMOS transistor area,

after forming the thin TiN layer, removing the thin TiN layer from the PMOS transistor
arca and removing the second high-k dielectric from the PMOS transistor area;

depositing doped polysilicon in the PMOS transistor area and in the NMOS transistor
area;

forming a transistor gate pattern on the doped polysilicon with a PMOS transistor gate
pattern and with an NMOS transistor gate pattern;

etching the polysilicon and the thick TiN layer to form a gate of the PMOS transistor; and

etching the polysilicon and the thin TiN layer to form a gate of the NMOS transistor.
7. The process of claim 6, wherein the first and second high-k dielectrics are 1.2 nm HfO,,
wherein the thick TiN has a thickness of 10 nm thick, and wherein the thin TiN has a thickness
of 2 nm.
8. The process of claim 1, wherein the PMOS transistor is a high-k last replacement metal
gate PMOS transistor, and wherein the NMOS transistor is a high-k last replacement metal
NMOS transistor, and further comprising:

before forming the thick TiN layer, removing a polysilicon gate from an NMOS
replacement gate transistor to form an NMOS replacement gate transistor trench in the NMOS
transistor area, removing a polysilicon gate from a PMOS replacement gate transistor to form a
PMOS replacement gate transistor trench in the PMOS transistor area, and depositing a first
high-k dielectric in the PMOS replacement gate transistor trench and in the NMOS transistor
area;

before forming the thin TiN layer, removing the first high-k dielectric from the NMOS
transistor area, and depositing a second high-k dielectric on the PMOS transistor area and in the
NMOS replacement gate transistor trench;

after forming the thin TiN layer, removing the thin TiN layer from the PMOS transistor
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area, and removing the second high-k dielectric from the PMOS transistor area.
9. The process of claim 8, wherein the first and second high-k dielectrics are 1.2 nm HfO,
wherein the thick TiN has a thickness of 10 nm, and wherein the thin TiN has a thickness of 2
nm.
10. A process of forming an integrated circuit with replacement metal gate CMOS
transistors, the process comprising:

providing a partially processed integrated circuit with a PMOS transistor with a first
polysilicon gate on a first gate dielectric and an NMOS transistor with a second polysilicon gate
on a second gate dielectric and with premetal dielectric that overlies the NMOS and PMOS
transistors and wherein the premetal dielectric is planarized exposing the top surface of the first
and second polysilicon gates;

etching to remove the first and second polysilicon gates from first and second gate
dielectric to form a PMOS and an NMOS replacement gate transistor trench;

depositing a first high-k dielectric in the PMOS replacement gate transistor trench;

depositing at least 8 nm of PMOS TiN metal gate material on the first high-k dielectric in
the PMOS replacement gate transistor trench and on a second high-k dielectric in the NMOS
replacement gate trench;

annecaling the PMOS metal gate material in oxygen to raise the work function to greater
than 4.85 eV

forming an NMOS metal gate pattern with an opening over the NMOS replacement gate
transistor trench;

etching the PMOS metal gate material from the NMOS replacement gate transistor trench
to remove it from an underlying dielectric;

removing the NMOS metal gate pattern;

depositing second high-k dielectic in the NMOS replacement gate transistor trench;

depositing between about 1 nm and 3 nm NMOS TiN metal gate material with a reduced
oxygen concentration and a work function of less than about 4.25 ¢V on the second high-k
dielectric;

depositing a filler metal over the NMOS TiN metal gate material to overfill the PMOS
replacement gate transistor trench and to overfill the NMOS replacement gate transistor trench;

and
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polishing to remove the overfill, and portions of the PMOS TiN metal gate material and
the NMOS TiN metal gate material from the surface of the premetal dielectric.
11.  The process of claim 10, wherein the process is a high-k last process and wherein the
underlying dielectric is the second gate dielectric, and further comprising:

before depositing the first high-k dielectric: forming a first PMOS transistor photo resist
pattern with an opening over the PMOS replacement gate transistor trench; etching the first gate
dielectric from the PMOS replacement gate transistor trench; and, after etching the first gate
dielectric, stripping the first PMOS transistor photo resist pattern;

before depositing second high-k dielectric, etching the second gate dielectric from the
NMOS replacement gate transistor trench;

before depositing the filler metal, forming a second PMOS transistor photo resist pattern
on the integrated circuit with an opening over the PMOS replacement gate transistor trench;

etching the NMOS TiN metal gate material;

etching the NMOS high-k dielectric; and

removing the second PMOS transistor photo resist pattern before depositing the filler
metal.
12.  The process of claim 10, wherein the process is a high-k first process, and wherein the
underlying dielectric is the second high-k dielectric, and further comprising:

before depositing a first high-k dielectric, etching the first gate dielectric and the second
gate dielectric;

wherein depositing the first high-k dielectric deposits the first high-k dielectric into the
PMOS replacement gate transistor trench and deposits the second high-k dielectric into the
NMOS replacement gate transistor trench, and wherein the first high-k dielectric and the second
high-k dielectric are the same high-k dielectric.
13.  The process of claim 10, wherein etching the PMOS TiN metal gate material is a wet
etch in dilute SC1 plus NH4OH and H,O..
14. The process of claim 10, wherein the first and second high-k dielectrics are 1.2 nm HfO,
wherein the PMOS TiN metal gate material is 10 nm thick, and wherein the NMOS TiN metal
gate material is 2 nm thick.
15. A process of forming an integrated circuit with metal gate first CMOS transistors, the

process comprising:
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providing a partially processed integrated circuit with shallow trench isolation separating
a first region with a first sacrificial dielectric where a PMOS metal gate transistor is to be formed
from a second region with a second sacrificial dielectric where an NMOS metal gate transistor is
to be formed;

depositing a first high-k dielectric where the PMOS metal gate transistor is to be formed;

depositing at least 8 nm of PMOS TiN metal gate material on the first high-k dielectric;

annecaling the PMOS metal gate material in oxygen to raise the work function to greater
than 4.85 eV,

forming an NMOS metal gate pattern on the PMOS metal gate material with an opening
where the NMOS metal gate transistor is to be formed;

etching the PMOS TiN metal gate material to remove it from an underlying dielectric;

depositing second high-k dielectric where the NMOS metal gate transistor is to be
formed;

depositing between 1 nm and 3 nm NMOS TiN metal gate material with a reduced
oxygen concentration and with a work function of less than 4.25 ¢V,

depositing polysilicon over the NMOS TiN metal gate material,

forming a transistor gate pattern on the polysilicon with resist geometries where gates of
the NMOS and PMOS transistor gates are to be formed; and

etching the polysilicon and the PMOS TiN metal gate material to form the PMOS
transistor gate; and

etching the polysilicon and the NMOS TiN metal gate material to form the NMOS
transistor gate.
16.  The process of claim 15, wherein the process is a high-k last process, and wherein the
underlying dielectric is the second sacrificial dielectric, and further comprising:

before depositing the first high-k dielectric, forming a first PMOS transistor photo resist
pattern on the integrated circuit with an opening over the PMOS replacement gate transistor
trench, etching the first sacrificial dielectric, and stripping the first PMOS transistor photo resist
pattern;

before depositing the second high-k dielectric, etching and removing the second
sacrificial dielectric; and

before depositing the polysilicon, forming a second PMOS transistor photo resist pattern
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on the integrated circuit with an opening where the PMOS transistor is to be formed, etching the
NMOS TiN metal gate material, etching the NMOS high-k dielectric, and removing the second
PMOS transistor photo resist pattern.
17.  The process of claim 15, wherein the process is a high-k first process, and wherein the
underlying dielectric is the second high-k dielectric, and further comprising:

before depositing the first high-k dielectric, etching the first sacrificial dielectric, and
etching the second sacrificial oxide; and

wherein depositing the first high-k dielectric deposits the first high-k dielectric where the
PMOS metal gate transistor is to be formed and deposits the second high-k dielectric where
NMOS metal gate transistor is to be formed, and wherein the first high-k dielectric and the
second high-k dielectric are the same high-k dielectric.
18.  The process of claim 15, wherein etching the PMOS TiN metal gate material is a wet
etch in dilute SC1 plus NH4OH and H,O..
19.  The process of claim 8, wherein the first and second high-k dielectrics are 1.2 nm HfOx,
wherein the PMOS TiN metal gate material is 10 nm thick, and wherein the NMOS TiN metal

gate material is 2 nm thick.
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