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A High Perfor mance Sub-100nm Nitride/ Oxynitride Stack Gate
Dielectric CMOS Device with Refractory W/ TiN Metal Gates

Zhong Xinghua', Zhou Hugjie, Lin Gang, and Xu Qiuxia

(Institute of Microelectronics, Chinese Academy of Sciences, Beijing 100029, China)

Abstract : By complementing the equivalent oxide thickness (EOT) of a 1 7nm nitride/ oxynitride (N/O) stack
gate dielectric (EOT =1 7nm) with a W/ TiN metal gate electrode, metal gate CM OS devices with sub-100nm gate
length are fabricated in China for the first time. The key technologies adopted to restrain SCE and to improve
drive ability include a 1 7nm N/ O stack gate dielectric, non-CM P planarization technology,a T-type refractory
W/ TiN metal stack gate electrode,and a novel super steep retrograde channel doping using heavy ion implantation
and a double sidewall scheme. Using these optimized key technologies, high perf ormance 95nm metal gate CMOS
devices with excellent SCE and good driving ability are fabricated. Under power supply voltages of Vos = +1 5V
and Ve = =1 8V ,drive currents of 679 A/U mfor nMOS and - 324 A/JU m for pMOS are obtained. A subthresh-
old slope of 84 46mV/dec,DIBL of 34 76mV/V ,and Vw of O 26V for nMOS, and a subthreshold slope of
107. 4mV/ dec,DIBL of 54 46mV/V ,and Vw of - 0. 27V for pMOS are achieved. These results show that the
combined technology has indeed thoroughly eliminated the boron penetration phenomenon and polysilicon deple-
tion effect ,effectively reduced gate tunneling leakage ,and improved device reliability.
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1 Introduction

The down scaling of polyslicon gate lengths
below 100nm and of the EOT of gate oxides below
2nm has led to a series of difficulties,including ex-
cessve direct tunneling current ,a strong tendency
for boron penetration, the poly gate depletion
effect ,and quantum mechanical efects’ *'. Adop-
ting SsN4/ SO (N/ O) stack material as a gate die-
lectric combined with an improved sputtered tung-
sten/ titanium nitride (W/ TiN) gate electrode is
one way to overcome these challenges. A high k
gate dielectric can increase the thickness of the gate
dielectric ,thus reducing the gate tunneling leakage
current and suppressng the boron penetration phe-
nomenon' . In addition ,an optimized sputtered W/
TiN stack ,as a refractory metal gate electrode ,ex-
hibits alot of advantages,such as the elimination of
poly-S depletion and boron penetration ,a great de-
crease in gate red stance ,and high process compati-
bility. W/ TiN ,a mid-bandgap material ,can be used
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as a gate material to fabricate both nMOS and
pMOS® . A N/O stack dielectric with metal gate
CMOS devices can be fabricated usng a damascene
gate process in which the processng temperature
after sputtering the W/ TiN metal gate can be low-
ered to below 450 . In this paper ,the characteris
ticsof a N/ O stack gate dielectric with a W/ TiN
gate electrode are analyzed in detailed. Experiments
show that the 95nm-gate-length metal gate devices
with N/ O stack gate dielectric have excellent elec-
trical properties.

2 Sructure of 95nm CMOS device

A crosssection of the 95nm CMOS device
with N/ O stack gate dielectric and W/ TiN metal
gate electrodeis shownin Fig.1. The mainfeatures
are asfollows: (1) 1 7nm N/ O stack gate dielectric
with high reliability; (2) T-shape W/ TiN stack
metal gate electrode; (3) super-steep retrograde
(SSR) channel doping profile” ; (4) double side-
wall scheme'’. An SEM microphotograph of the
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dummy gate of the 95nm CMOS device with N/ O
stack gate dielectric and W/ TiN metal gate elec
trodeis shownin Fig.2.

'
[ gate electrode
(W/TIN stack)

Gae dielectric gjgewall | Sidewall |1

n-ext p-ext

p-well n-well

p (100) silicon substrate

FHg.1 Schematic of 95nm CMOS device with N/ O
stack gate dielectric and W/ TiN metal gate

FHg.2 SEM topograph of the dummy gate of CMOS
device after planarization  The length of the dummy
gate exposed is 75nm.

3 Investigation of key process

A local oxidation of a slicon (LOCOS) isola
ted 95nm CMOS metal gate device was fabricated
as shown schematically in Fig. 1. The key process
technologies are described as follows.

3.1 EOT o 1 7nm N O stack gate dielectric'®

To overcome the previoudy mentioned chal-
lenges ,the adoption of oxynitride and high k mate-
rial as gate dielectric has been reported by many
authors. In our experiment ,we adopt a combination
of thermal oxynitride and L PCVD S3:Na4 to fabri-
cate ultra thin N/ O stack dielectrics. The bottom
oxynitride film (0. 7 0. 8nm) was formed by oxi-
dation of N* implanted silicon substrate at 670
in N2. Ultra thin S3N4 films(1 2 1. 6nm) were
deposited usng L PCVD depostion by S H:Cl. and
NHs at aratio of SH2Cl2/ NHs =1/6 at 715 and
a chamber pressure of 36. 66Pa. The reasons that
the oxynitride was grown on N-implanted slicon

for N/ O stack gate dielectric are asfollows: First,
the oxidation retardation effect greatly reduces the
oxidation rate, making the oxynitride more dense
and uniform ,and resulting in a finer interface be-
tween the slicon and oxynitride’® ; Second ,the in-
troduction of N into the oxide films can be regar-
ded as knitting up the broken chemical bonds,such
as dangling bonds (O3 =9 - ) and oxygen vacancy
bonds (=9 - - S =) ,to form a relatively strong
S - N bond structure to improve the interface
characteristics™ . Finally L PCVD S:Na which has
a higher dielectric constant and increases the phys-
cal oxide thickness,can also contribute to a lower
gate leakage current and stronger res stance to bo-
ron penetration.

The ls- Vox (Vox =Ve - Vi) curves for both
p*-gate/ n-sub pMOS capacitors and W/ TiN/ n-sub
pMOS capacitors with various EOT of stack N/ O
under the electrorraccumulation conditions are
shown in Fig. 3,and are compared with that for
pure oxide. It can be clearly seen that when the
EOT of the capacitors is reduced to the region
where (direct tunneling DT) dominates,the N/ O
stack gate dielectric of 1 9nm with a poly gate
shows a lower leakage current than thermal oxide
with an EOT of 2 Onm by several orders of magni-
tude ,while the N/ O stack films of 1L 7nm with a
W/ TiN gate shows more than one order of magni-
tude lower leakage current at lower fields. The rea
sons have already been mentioned above.

0'f Pure oxide+poly, EOT=2 Onm

N/O+poly EOT=1 9nm

Current density/(A.cm™)
>
o Bk Rk B R i Iy

N/O+W/TIN.EOT=! 7Tnm

W =—"%s 10 15 20 25

Fig.3 Gate tunneling leakage density versus Vox of
pMOS capacitors with different gate dielectrics and dif-
ferent gate electrode materials under electron accumula
tion condition™

From Table 1 ,it can be seen that the samples
of N/ O stack gate dielectric show a much lower
flatband voltage than that of pure oxide,which in-
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dicates that the N/ O stack layer greatly suppresses
boron penetration due to the obstruction of the N/
O stack layer and the higher N located in the
oxynitride layer. And it should also be noted that
the lower flatband voltage as shownin Table 1 and
higher capacitance as shown in Ref. [ 8] indicate
that the gate depletion effects and the boron pene-
tration phenomenon are completely eliminated in
the metal gate pMOS capacitor. The reason is that
thereis no introduction of boron ionsin the metal
gate material ,which is respongble for inducing po-
ly-S depletion and boron penetration.

Table 1 Capacitor and flatband voltages!”

: Dose of BF2 RTA time/ s, Flatband
Capacitor . i
implantation/ cm- 3 | temperature/ voltage/ V
N/ O stack with poly 1.5x 1015/ 0.723/0.734/
4/ 8/ 16 ,1005
gate (EOT =1 9nm) 2.0 x10%15 0.761
N/ O stack with W/ TiN
— — 0. 105
gate (EOT=1 7nm)
Pure oxide with pol
ure oxide with poly 1.5x1015 4,105 1.31
gate (EOT =2 Onm)

Figure 4 gives the 10 year lifetime projection
of N/ O stack gate dielectric poly gate capacitors
and N/ O stack gate dielectric metal gate capaci-
tors. The 10 year lif etime projected for such capaci-
torsis at Vg =2 7V (metal gate, EOT = 1 7nm)
and Vg =2 4V (poly gate ,EOT =1 9nm) . The rea
nisthat the metal gate electrode has completely
eliminated boron penetration and poly-S depletion,
effectively reducing the trap density in the gate die-
lectrics.

10°
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N « Ten years=3.15x10%
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I ® N/O+Poly,EOT=1.9nm @
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VIV

Fg.4 Lifetime projection for the poly gate electrode
and metal gate electrode capacitors

3.2 Non-CMP planarization

In order to make use of damascene technology
to fabricate refractory metal gate electrode CMOS

devices,a flat wafer surface is required™'. CMP
planarization is widely used ,but it is expensve and
requires special equipment. In our experiment , a
non-CM P planarization process is developed ,which
features' BPSG reflow combined with double pho-
toresst coating and dry etching with rate differ-
ence”’. The detailed stepsin this non-CM P planari-
zation process are shown in Fig. 5. Here the photo-
resst is diluted. After the BPSG and L TO are
etched by RIE mode to the dummy gate,we ob-
tained a planar topography as shown in Fig. 2.
Here ,the dummy gate is seen clearly. In the end,
after the removing the dummy gate (S:N4) by wet
etching in hot HsPO. solution,the depth of the
gate groove is about 130nm. In addition ,the length
of the gate groove is spread about 20nm because of
the wet etching isotropy.

3.3 T-type gate eectrode structure with W/ TiN
metal stack

3.3.1 Optimized sputtering

In order to suppress damage to the gate dielec
tric and reduce stress from the interface ,the sput-
tering process of the stack W/ TiN metal gate elec-
trode must be optimized. In our experiment ,we re-
actively sputtered the bottom TiN using an Ar + Nz
gas mixture followed by metal W deposition in the
Ar ambient. The optimized sputtering process is
described in a previous paper'*” :its main points are
asfollows: (1) reduce the RF power to obtain a
smaller sputtering rate and properly increase the
ratio of the N/ Ar in case of sputtering TiN to re
duce the sputtering energy s0 asto restrain damage
to the gate dielectric; (2) select proper TiN thick-
nessin W/ TiN stack structure to aleviate interface
stress; (3) properly increase post anneal tempera
ture to further eliminate damage. Table 2 gives the
optimized sputtering condition used. The opti mized
thickness of TiN and W are 35 and 100nm respec-
tively. With these optimized sputtering conditions,
interface state charges Ns can be kept below 10"
cm?.

Table 2 Optimized sputtering condition

RF power/ W | N2/ Ar
800 0.256

Base vacuun/ Pa | Working pressure/ Pa
1.067 x10° 4 0.533

3.3.2 T-type gate electrode
After the formation of the ultra thin N/O
stack dielectric followed by the sputtering of the
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BPSG

D

Photoresist1

LPCVD LTO 200nm+BPSG 650nm

Spin photoresist 320~360nm, then etch photoresist 200nm
with the etch rate 7.6nm/s

Etch photoresist and BPSG with different rates (the etching
rate of BPSG is about 3 times that of photoresist)

Spin photoresist 320~360nm for the second time,then etch

photoresist with the etch rate 7.6nm/s

Etch photoresist and BPSG with the same rate

Etch BPSG and LTO with the same rate to the dummy gate,

then overetch 30~45nm

e
/D
e

Wet etch dummy gate of Si;N,,then remove thermal dummy

oxide completely

Fig.5 Process stepsof non-CM P planarization

refractory W/ TiN metal gate electrode, relevant
photolithography and etching steps should be taken
to form the T-type gate electrode structure shown
in Fg.6.

T gate electrode

(W/TIN stack)

Gate dielectric
W/TiN profile
\

il N

e

Fg.6 Schematic of T-type gate metal gate CMOS de-
vice

The matching error between the system of dec

tron beam lithography and stepper lithography was al-
9 taken into account in the desgn of the layout of T-
type gate. The dry etching process &ter the T-type
gate lithography is of great importance in fabricating
the T-type gate dectrode. In order to obtain a strictly
continuous and smooth profile of W/ TiN ,the W and
TiN etching rate must be nearly constant in the main
etching step. The corregponding etching condition is
shown in Table 3. In this work ,the etching is per-
formedin aLAM Rainbow 4420. The main etching is
accormplished in a gas mixture of d2/ SFs with just the
L TO exposed. The overetch is begun as soon as poss-
ble under the condition shownin Table 3 to completdy
remove the W/ TiN and get a higher etching sdlectivity
to theL TO.
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Table 3 Dry etching condition of W/ TiN stack metal
gate electrode

Gas flux/ sccm
Etch step | Pressure/ Pa|RF power/ W
a2 SFs
Main etch 26.66 300 30 30
Qver etch 26.66 300 50 10

4 Device characteristics

By integrating the 1. 7nm N/ O stack gate die-
lectric, non-CM P planarization, T-type refractory
W/ TiN metal stack gate electrode ,and novel super
steep retrograde channel doping using heavy ion
implantation and the double sdewall scheme,we
have fabricated high performance 95nm metal gate
CMOS devices. Figures 7 and 8 give the Io-Vp and
Io-V e characteristics of the 95nm metal gate CMOS

I 1 s i . 1 A L "
0 02 04 06 08 10 12 14
v

T yy T r 1 0 i X i 1. i ) L

0 -02 04 -06 -08 -1.0 -12 -16
[AAY

FHg.7 Ip-Vo curvesof 95nm metal gate CMOS device

with gate width of 14 m (a) nMOS(+); (b) pMOS
(-)

device with N/ O stack dielectric respectively. It can
be seen that the subthreshold and output charac-
teristics are very good. At Vos= £1 5V and Ves =
+ 1 8V ,the measured saturation driving currents
are 679 A/ m for nMOS and - 32 A/M m for
pMOS. From Fig. 7 ,we see a subthreshhold dope
of 84 46mV/dec ,DIBL of 34 76mV/V ,and Vi of

0. 26V for nMOS and a subthreshold dope of
107. 4mV/ dec ,DIBL of 54. 46mV/V ,and Vw of -

0. 27V for pMOS. The higher I« in pMOS devices
may be caused by the remaining metal point in the
pMOS region in the PECVD SO: film or by the
larger noise in the SMU source used in pMOS
measurement. The results show that the W/ TiN
metal gate CMOS device with N/ O stack dielectric
has high current drivability , adequate Vw ,and a
very good capability of suppressng the short chan-
nel effects due to the key process technologies
mentioned above. If § D salicide technology is a
dopted ,the driving ability can be further improved.

(a)
107 f

IJA

/A

1 1 fl L 1 I 1 2
N0 05 0 035 10 15 20
Yy

Fig.8 Subthreshold characteristics of 95nm metal gate
CMOS device with gate width of 14im (a) nMOS
(+);(b) pMOS(-)

5 Conclusion

This paper presents a high performance 95nm
metal gate CMOS device and corresponding key
technologies, which include a L 7nm N/ O stack
gate dielectric ,non-CM P planarization ,a T-type re-
fractory W/ TiN metal stack gate electrode ,and no-
vel super steep retrograde channel doping using
heavy ion implantation and a double sdewall
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