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After 10 years R&D by global scientists and
engineers, the metal-gate/high-k/Si CMOS was finally
into manufacture at late 2007. This was achieved by
Intel, using ° gate-last & replacement-gate’

process, implanted in 45-nm node integrated circuit
(IC) [11]. Alternatively, IBM alliance (IBM, Samsung,
Toshiba, Global Foundries etc) also developed the
conventional gate-first process and transferred to
five 12-in fabs for 32-nm node IC manufacture, at
2010. The merits of gate-first process beyond

the = gate-last & replacement-gate’ process are the
simpler process and 10~15% smaller layout size, which
1s expected to implant in 32-nm node IC manufacture
at 2012. The success of IBM s metal-gate/high-=/Si
CMOS, 1is due to the use of La203 & Al1203 gate
dielectrics for n- and p-MOSFETs respectively [2],
which are the enable technology to reach low



B Mg

threshold voltage (Vt) CMOS. These La203 & A1203
MOSFETs were first pioneered by our group in Taiwan
at year 1998~2000 [13]-[15], and IBM s paper
published in IEEE International Electron Devices
Meeting (IEDM) [2] also cited our papers. We further
used the La203 & Al1203 gate-dielectrics and scaled
the equivalent-oxide thickness (EOT) to 0.59-nm and
0.85-nm for low Vt n- and p-MOSFETs, respectively.
These technologies can be used for several technology
generations (28-nm, 20-nm, 14-nm), and even useful
for future for 10-nm node ICs.

high-k dielectric, metal-gate, EOT, MOSFET,
threshold voltage, Vt
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“Metal-gate/high-x CMOSFETs for 45 to 22 nm technology nodes”
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After 10 years R&D by global scientists and
engineers, the metal-gate/high-x/Si CMOS [1]-
[27] was finally into manufacture at late 2007.
This was achieved by Intel, using “gate-last &
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replacement-gate” process, implanted in 45-nm
node integrated circuit (IC) [11]. Alternatively,
IBM alliance (IBM, Samsung, Toshiba, Global
Foundries etc) also developed the conventional
gate-first process and transferred to five 12-in
fabs for 32-nm node IC manufacture, at 2010.
The merits of gate-first process beyond the
“gate-last & replacement-gate” process are the
simpler process and 10~15% smaller layout size,
which is expected to implant in 32-nm node IC
manufacture at 2012. The success of IBM’s
metal-gate/high-«/Si CMOS, is due to the use of
La,0O3; & Al,O3 gate dielectrics for n- and
p-MOSFETs respectively [2], which are the
enable technology to reach low threshold voltage
(Vt) CMOS. These La,O; & A|203 MOSFETs
were first pioneered by our group in Taiwan at
year 1998~2000 [13]-[15], and IBM’s paper
published in IEEE International Electron
Devices Meeting (IEDM) [2] also cited our
papers. We further used the La,0O3 & Al,O3
gate-dielectrics and scaled the equivalent-oxide
thickness (EOT) to 0.59-nm and 0.85-nm for low
Vi n- and p-MOSFETSs, respectively. These
technologies can be used for several technology
generations (28-nm, 20-nm, 14-nm), and even
useful for future for 10-nm node ICs.

B 4t 3 (keywords) © B 4 % i #  (high-
dielectric) » & /& A #& (metal-gate) - % »c % 1
K & & (EOT)  #»%% &4 (MOSFET) - &
A % & (threshold voltage, V;)

C3Ed 2P
(A). High V; challenge for gate-first MOSFET

Fig. 1 depicts the C-V characteristics of
metal-gate/high-x  CMOS capacitors, under



various rapid thermal annealing (RTA)
temperatures. Although very high capacitance
density of 3.5 pF/cm® was measured, or
equivalent to only 059 nm EOT by
guantum-mechanical C-V  simulation, the
capacitance density decreases monotonically
with increasing RTA temperature from 600, 800,
to 900°C. The even much more difficult
challenge is the decreasing flat-band voltage
(Ves) with increasing RTA temperature from 600
to 900°C, which leads to the intolerable high Vt
MOSFET:

Vi=Vyp +2p + (1)

0X

Here the 2@r, Quep, and Coy are the surface
bending potential to inversion, depletion charge
and oxide capacitance, respectively.
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Fig. 1. C-V of TaN/LaTiO/p-Si MOS capacitors after
different RTA temperatures. The Vg lowering for MOS
capacitor at smaller EOT is the fundamental challenge for
low V; n-MOSFET.

However, such high V+ is opposite to the
low power IC technology trend. Besides, the
conventional self-aligned and gate-first CMOS
process requires a high RTA temperature of
1000°C, where significant Vgg roll-off and Vi
increase were found that fail the metal-gate/
high-k/Si n-MOSFET for modern IC application
[17]. Similar Vgg roll-off or metal-gate
Fermi-level pinning was also found in
metal-gate/high-«/Si p-MOSFET to cause the
unacceptable high V1 [20]. The Vgg can be tuned
by metal work-function as:

Qf Qox
Vip =®ys ——— - C

C

()

0ox 0ox

Here the ®us, Qr and Qo are the
metal-semiconductor work-function difference
(®m-Ps), fixed charge and oxide charge,
respectively. The using low or high
work-function metal is the method to lower the
Vr for n- or p-MOSFET, respectively. The
target metal work-functions are 4.1 and 5.2 eV
for respective n- or p-MOSFETSs [17], similar to
doped poly-Si gate. Nevertheless, to compensate
the Vgg roll-off, the metal work-function
requires further adjustment to <4.1 and >5.2 eV
for n- and p-MOSFETSs. The only candidate in
periodic table with >5.2 eV work-function is the
Pt, but unfortunately the Pt will diffuse rapidly
at 1000°C to cause the p-MOSFET failure [3].
This means no solution to reach low Vg
metal-gate/high-x/Si  p-MOSFET with the
available materials in Periodic Table! This is
also the reason why it takes nearly 10 years after
the first metal-gate/high-x/Si MOSFET [13]
reported in the literature.

(B). gate-last & gate-first low V; metal-gate/
high-«/Si MOSFET

To address this issue, Intel uses the “gate-last
& replacement-gate” process [11]-[12], where
the metal-gate was formed at low temperature to
prevent the metal diffusion into the high-x gate
dielectric. This innovative idea indeed solves the
Veg roll-off issue and reaches the low V+
metal-gate/high-«/Si  CMOS. However, the
conventional gate-first process is highly desired
especially for foundry, where the cost is a major
concern. Our pioneered La,O3 gate-dielectric
MOSFET has negative Vgg that is ideal for
n-MOSFET [14]-[15]:
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Fig. 2. C-V of metal-gate/La,03/p-Si MOS capacitors after
1000°C RTA, with negative Vg for low V; nMOS.




The negative Vgg for 1000°C-annealed MOS
capacitor is the ideal candidate for low Vr
n-MOSFET. Our work initiates the new Vgg
tuning method, using unique Q. in high-k gate
dielectric  instead of conventional @y
work-function tuning in eq. (2). Thus, our works
were cited by IBM’s paper published in IEEE
IEDM [2] shown in Fig. 3:
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Fig. 3. Our pioneered La,0O; and Al,Os; high-x gate
dielectric MOSFET papers were cited by IBM’s paper
published in IEEE IEDM.

Our La,O3 gate-dielectric MOSFET paper
also becomes the “Highly Cited Paper”, within
the top 1% citation among engineering area
worldwide, according to the Essential Science
Indicators™ of THOMSON REUTERS. In the
following, we will show the high performance
low-V1 p- and n-MOSFET with highly scaled
EOT, beyond the commercial available 32-nm
node CMOS. The gate-first method was used
because of the lower cost, simpler process,
smaller layout area, and full compatibility with
conventional self-aligned CMOS process.

A e
A. Experimental procedure:

Standard Si substrates with ~10 ohm-cm
resistivity were used in this study. For
p-MOSFET, a thin SiON was first grown on
12-inch n-Si wafers. Then HfAIO of 1 nm
thickness was deposited by physical vapor
deposition (PVD) and followed by post-
deposition annealing (PDA) at 500°C in O, for 5
min. The adding Al,O3 into HfO; is used to tune
the Veg to reach low-Vr p-MOSFET, which is

due to the unique negative charges in the Al,O;
gate dielectric. The composition ratio of Hf and
Al in HfAIO is 1:1. After that, the metal-gate
was formed by depositing 50 nm MoN and 200
nm TaN by PVD and patterning. The p*
source-drain regions were formed by 35 KeV
and 5x10* cm™ BF," implantation, followed by
1000°C RTA activation for 1 sec. Finally the Al
metal was deposited for source-drain and
backside contacts.

For n-MOSFET with highly scaled EOT,
higher « gate dielectric and novel low
temperature source-drain junction were used.
The  self-aligned, gate-first  TaN/LaTiO
n-MOSFETs were made by 1% depositing
TiO,-doped La,O3 (TiLaO) on Si by PVD,
followed by a 500°C O, PDA. After TaN
metal-gate deposition and patterning,
self-aligned 20 nm Sb n-type dopant and thin Ni
were deposited and covered by a 100 nm SiO..
Then a 650°C RTA was applied for the
Ni-silicide (NiSi) induced solid-phase diffusion
(SPD). After etching the non-reacted Ni similar
to silicide process, an Al contact metal was
added on the source-drain to form the
n-MOSFETs. The fabricated MOSFETs were
characterized by capacitance-voltage (C-V) and
current-voltage (I-V) measurements.

B. Device characteristics of MoN/HfAIO/
SiON/n-Si p-MOSFETs at 0.85 nm EOT:

Figures 4(a) and 4(b) show the respective
C-V and J-V characteristics of MoN/HfAIO/
1.5-nm-SiON and control MoN/2.1-nm-SiON
capacitors. A ~500 mV Vy, shift, smaller EOT of
0.85 nm and low leakage current of 1.6x10*
Alcm? at 1 V of Vy-Vi, were measured for
MoN/HfAIO/1.5-nm-SiON  device than the
control  MoN/2.1-nm-SiON  sample.  Such
positive Vg, shift is the unique property of Al,O3
gate dielectric for low-V; p-MOSFET. The
modulation of Vg is attributed to the HfAIO
diffusion to SiON after 1000°C RTA, where the
robust SION blocks further diffusion into n-Si.
The small EOT of 0.85 nm was obtained by
considering quantum-mechanical effect. The
small EOT is due to optimized inter-diffusion of
HfAIO/SION and slight diffusion of MoN gate
after 1000°C RTA, as observed from SIMS
measurements shown in inserted Fig. 4(c).
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Fig. 4. (a) C-V, (b) J-V, (c) SIMS profile, and (d) Vg-EOT
of  MoN/HfAIO/1.5-nm-SiON  capacitors.  Control
MoN/2.1-nm-SiON data were also added for comparison.

The effective work-function (¢merr) of 5.1
eV and oxide charge density of 4.5x10* cm™
were obtained from a Vg,-EOT plot shown in Fig.
4(d). The large ¢nerr is suitable for p-MOS
applications.

Figure 5 shows the gate leakage current
comparison of MoN/HfAIO/SiON, poly-Si/SiOs,
MoN/2.1-nm-SiON and TaN/HfLaO gate stacks.
The small 1.65 nm EOT in MoN/2.1-nm-SiON
control device is also due to the slight MoN
diffusion. The leakage current of 1.6x10™ A/cm?
at 1 V above Vy, is ~4 orders of magnitude lower
than that of SiO, at a 0.85 nm EOT. This low
leakage current is due to the high-k HFAIO. Thus,
both high ¢n.err and low gate dielectric leakage
current can be achieved in MoN/HfAIO/SiON
MOS capacitors.
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Fig. 5. Gate leakage current density comparison of

MoN/HfAIO/SION, poly-Si/SiO,, MoN/2.1-nm-SiON and

TaN/HfLaO gate stacks.

In figures 6(a) and 6(b) we show the 13-V
characteristics and hole mobility as a function of
effective electric field of the 0.85 nm EOT
MoN/HfAIO/SION p-MOSFETS, respectively.
The mobility data was extracted directly from
the measured 14-Vy curves at small Vqy. For
comparison, the MoN/2.1-nm-SiON MOSFET
with 1.65 nm EOT is also shown. A small V;of
only -0.10 V was measured from the linear 14-V,
plot - this is due to the high ¢ 0f 5.1 eV found
from the C-V measurements. Such low V; meets
the lowest scalable value of 4kT/q for MOSFET
at the end of International Technology Roadmap
for Semiconductors (ITRS) [1]. In addition, good
hole peak mobility of 80 cm?/V-s and 56 cm?/V/s
at 0.8 MV/cm were obtained, at a small EOT of
0.85 nm. T slightly degraded mobility is found



compared with the MoN/2.1-nm-SiON control
sample. The reasonable good mobility is due to
the optimized SiON between high-x HfAIO and
Si that is critical to prevent mobility degradation.
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Fig. 6. (@) The 14-V4 and (b) hole mobility vs. effective
electric field for the MoN/HfAIO/SiON p-MOSFETS.

C. Device characteristics of TaN/LaTiO/p-Si
n-MOSFETs at 0.59 nm EOT:

Following the C-V characteristics of
TaN/LaTiO/p-Si MOS capacitors shown in Fig. 1,
Fig. 7 shows the J-V characteristics of these very
small EOT capacitors. Although the leakage
current was lowered after 800°C RTA, unwanted
both decreasing capacitance density and Vy,
roll-off were found in Fig. 1, as the RTA
temperature was increased from 600 to 900°C.
We further measured Secondary lon-Mass
Spectroscopy (SIMS) to study the Vggroll-off at
high temperatures. Figure 8 shows the SIMS
profile of above MOS structure after 600 and
800°C RTA. The inter-diffusion of the Ti and Si
was found with increasing the RTA temperature.
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Fig. 7. J-V characteristics of TaN/TiLaO/p-Si n-MOS at
various RTA temperatures.
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Fig. 8. SIMS profile of TiLaO after 600 and 800°C RTA
treatments.
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The Oxygen peak in the high-x dielectric
shifts towards the Si, suggesting the formation of
interfacial  SiOx ~ from  thermal-dynamic
considerations. This interface layer is further
observed by cross-sectional  Transmission
Electron  microscopy (TEM), which is
unavoidable unless an interfacial SiO, or SION
is inserted between high-k and Si to decrease the
interface reaction and inter-diffusion. However,
the inserted interfacial oxide limits further EOT
down-scaling. This additional interfacial layer
led to a decrease of the gate-leakage current
when the RTA temperature was increased to
800°C in Fig. 7. Nevertheless, this cannot
explain the unexpected leakage current decrease
after 900°C RTA. We have used X-Ray
Diffraction (XRD) to measure the crystallinity of
the LaTiO after various RTA. As shown in Fig. 9,
the amorphous LaTiO becomes crystallized at
900°C RTA. Therefore, the higher leakage



current after the 900°C RTA may be related to
the formation of poly-crystals that provide
additional leakage paths through
highly-defective grain boundaries. This further
emphasizes the importance of low-temperature
processing to control both the interfacial
reactions and the leakage current.
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Fig. 9. Grazing incidence XRD spectra of TiLaO, after
various RTA treatments.

To lower the interfacial reaction and
preserve the small EOT, we have used
Ni-induced SPD that will drive-in the
source-drain  Sb  dopants for TaN/LaTiO
n-MOSFET. Figures 10(a) and 10(b) show the
l¢-Va and 14-Vy characteristics. Besides the well
behaved transistor characteristics, a low V; of
0.14 V was measured at the ultra-thin 0.59 nm
EOT. However, a mobility of 154 cm?/Vs was
obtained in TaN/LaTiO n-MOSFET at 0.8
MV/cm with a 0.59 nm EOT, which is lower
than the universal mobility of SiO,/Si
n-MOSFET. Such mobility degradation is due to
the soft phonon scattering, where the electron
wave-function penetrates into high-x gate
dielectric and causes additional electron
scattering to lower the mobility. The degraded
mobility was also widely found at
metal-gate/high-« n-MOSFET with small EOT
less than 1 nm. The lowered mobility problem at
highly scaled EOT can only be resolved by using
high mobility new channel materials with
smaller effective mass, such as Ge and IlI-V,
where the defect-free integration on Si substrate
was first demonstrated by our group using
wafer-bonding and smart-cut to realize the
Ge-on-Insulator ~ (GeOl) [28]-[29] and
I11-V-on-Insulator (111\VOI) [30].
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Fig. 10. (@) I4-Vq and (b) I4-Vy characteristics of
self-aligned gate-first TaN/LaTiO/p-Si n-MOSFETSs.

Low-V; gate-first metal-gate/high-x CMOS
was reached be using the novel oxide charge
tuning that is unreachable by the conventional
gate work-function tuning. Using the unique
positive and negative Veg of Al,O3 and La,0O3
gate dielectrics in combination with high k¥ HfO,
and TiO,, low-V; of -0.10 and 0.14 V were
reached for n- and p-MOSFETSs respectively,
with small 0.85 and 059 nm EOT. The
self-aligned and  gate-first  process  of
metal-gate/high-« CMOS has merits of full
compatibility with current VLSI. These
technologies with small EOT can be used for
several technology generations from 28-nm,
20-nm, 14-nm, even to future 10-nm node ICs.



= ~ References

[1]

(2]

3]

[4]

[5]

[6]

[7]

(8]

The International Technology Roadmap for
Semiconductors, 2009 [Online]. Available:
www.itrs.net

D.A. Buchanan, E.P. Gusev, E. Cartier, H.
Okorn-Schmidt, K. Rim, M. A. Gribelyuk, A.
Mocuta, A. Ajmera, M. Copel, S. Guha, N.

Bojarczuk, A. Callegari, C. D'Emic, P.
Kozlowski, K. Chan, R. J. Fleming, P. C.
Jamison, I. Brown, and R. Arndt, “80 nm

polysilicon gated n-FETs with ultra-thin Al,O;
gate dielectric for ULSI applications,” in IEDM
Tech. Dig., 2000, pp. 223-226.

H.-H. Tseng, C. C. Capasso, J. K. Schaeffer, E.
A. Hebert, P. J. Tobin, D. C. Gilmer, D. Triyoso,
M. E. Ramon, S. Kalpat, E. Luckowski, W. J.
Taylor, Y. Jeon, O. Adetutu, R. I. Hegde, R.
Noble, M. Jahanbani, C. EI Chemali, and B. E.
White, “Improved short channel device
characteristics with stress relieved pre-oxide
(SRPO) and a novel tantalum carbon alloy
metal gate/HfO2 stack,” in IEDM Tech. Dig.,
2004, pp. 821-824.

P.F.Hsu, Y. T.Hou, F. Y. Yen, V. S. Chang, P.
S.Lim, C. L. Hung, L. G. Yao, J. C. Jiang, H. J.
Lin, J. M. Chiou, K. M. Yin, J. J. Lee, R. L.
Hwang, Y. Jin, S. M. Chang, H. J. Tao, S. C.
Chen, M. S. Liang, and T. P. Ma, “Advanced
dual metal gate MOSFETs with high-k
dielectric for CMOS application,” in VLSI Symp.
Tech. Dig., 2006, pp. 11-12.

K. Akiyama, W. Wang, W. Mizubayashi, M.
Ikeda, H. Ota, T. Nabatame and A. Toriumi,
“Veg roll-off in HfO, gate stack after high
temperature annealing process - a crucial role of
out-diffused oxygen from HfO, to Si -,” in Symp.
on VLSI Tech. Dig., 2007, pp. 72-73.

S. C. Song, C. S. Park, J. Price, C. Burham, R.
Choi, H. C. Wen, K. Choi, H. H. Tseng, B. H.
Lee, and R. Jammy, “Mechanism of Vb roll-off
with high work function metal gate and low
temperature oxygen incorporation to achieve
PMOS band edge work function,” in IEDM
Tech. Dig., 2007, pp. 337-340.

N. Mise, T. Morooka, T. Eimori, S. Kamiyama,
K. Murayama, M. Sato, T. Ono, Y. Nara, and Y.
Ohji, “Single metal/dual high-k gate stack with
low Vth and precise gate profile control for
highly manufacturable aggressively scaled
CMISFETs,” in IEDM Tech. Dig., 2007, pp.
527-530.

K. L. Lee, M. M. Frank, V. Paruchuri, E. Cartier,
B. Linder, N. Bojarczuk, X. Wang, J. Rubino,
M. Steen, P. Kozlowski, J. Newbury, E.

[9]

[10]

[11]

[12]

Sikorski, P. Flaitz, M. Gribelyuk, P.Jamison, G.
Singco, V. Narayanan, S. Zafar, S. Guha, P.
Oldiges, R. Jammy, M. leong,
“Poly-Si/AIN/HfSIO stack for ideal threshold
voltage and mobility in sub-100 nm MOSFETSs,”
in Symp. on VLSl Tech. Dig., 2006, pp.
160-161.

M. Kadoshima, T. Matsuki, M. Sato, T.
Aminaka, E. Kurosawa, A. Ohta, H. Yoshinaga,
S. Miyazaki, K. Shiraishi, K. Yamabe, K.
Yamada, T. Aoyama, Y. Naral, Y. Ohji,
“Practical dual-metal-gate dual-high-k CMOS
integration technology for hp 32 nm LSTP
utilizing process-friendly TiAIN metal gate,” in
IEDM Tech. Dig., 2007, pp. 531-534.

J. Huang, P. D. Kirsch, D. Heh, C. Y. Kang, G.
Bersuker, M. Hussain, P. Majhi, P.
Sivasubramani, D. C. Gilmer, N. Goel, M.A.
Quevedo-Lopez, C. Young, C. S. Park, C. Park,
P. Y. Hung, J. Price, H. R. Harris, B. H. Lee,
H.-H. Tseng, R. Jammy, “Device and reliability
improvement of HfSION+LaOx/metal gate
stacks for 22nm node application,” in IEDM
Tech. Dig., 2008, pp. 45-48.

K. Mistry, C. Allen, C. Auth, B. Beattie, D.
Bergstrom, M. Bost, M. Brazier, M. Buehler, A.
Cappellani, R. Chau, C.-H. Choi, G. Ding, K.
Fischer, T. Ghani, R. Grover, W. Han, D.
Hanken, M. Hattendorf, J. He, J. Hicks , R.
Huessner, D. Ingerly, P. Jain, R. James, L. Jong,
S. Joshi, C. Kenyon, K. Kuhn, K. Lee, H. Liu, J.
Maiz, B. Mclintyre, P. Moon, J. Neirynck, S.
Pae, C. Parker, D. Parsons, C. Prasad , L. Pipes,
M. Prince, P. Ranade, T. Reynolds, J. Sandford,
L. Shifren0, J. Sebastian, J. Seiple, D. Simon, S.
Sivakumar, P. Smith, C. Thomas, T. Troeger, P.
Vandervoorn, S. Williams, and K. Zawadzki,
“A 45nm Logic Technology with High-k+Metal
Gate Transistors, Strained Silicon, 9 Cu
Interconnect Layers, 193nm Dry Patterning, and
100% Pb-free Packaging,” in IEDM Tech. Dig.,
2007, pp. 247-250.

S. Natarajan, M. Armstrong, M. Bost, R. Brain,
M. Brazier, C-H Chang, V. Chikarmane, M.
Childs, H. Deshpande, K. Dev, G. Ding, T.
Ghani, O. Golonzka, W. Han, J. He, R.
Heussner, R. James, I. Jin, C. Kenyon, S.
Klopcic, S-H. Lee, M. Liu, S. Lodha, B.
McFadden, A. Murthy, L. Neiberg, J. Neirynck,
P. Packan, S. Pae, C. Parker, C. Pelto, L. Pipes,
J. Sebastian, J. Seiple, B. Sell, S. Sivakumar, B.
Song, K. Tone, T. Troeger, C. Weber, M. Yang,
A. Yeoh, K. Zhang, “A 32nm logic technology
featuring 2"-generation high-k + metal-gate
transistors, enhanced channel strain and 0.171


http://www.itrs.net/

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

m® SRAM cell size in a 291Mb array,” in
IEDM Tech. Dig., 2008, pp. 941-943.
A. Chin, C. C. Liao, C. H. Lu, W. J. Chen, and
C. Tsai, “Device and reliability of high-k Al,O;
gate dielectric with good mobility and low Dy,”
in Symp. on VLSI Tech. Dig., 1999, p.135-136.
A. Chin, Y. H. Wu, S. B. Chen, C. C. Liao, and
W. J. Chen, “High quality La,03 and Al,O3 gate
dielectrics with equivalent oxide thickness
5-10A,” in Symp. on VLSI Tech. Dig., 2000, pp.
16-17 (Highlight Section Paper)
Y. H. Wu, M. Y. Yang, Albert Chin, and W. J.
Chen, “Electrical characteristics of high quality
La,O; dielectric with equivalent oxide thickness
of 5A,” IEEE Electron Device Lett., vol. 21, pp.
341-343, July 2000.
X.Yu, C. Zu, X. P. Wang, M. -F. Li, A. Chin, A.
Y. Du, W. D. Wang, and D. L. Kwong, “High
mobility and excellent electrical stability of
MOSFETs using a novel HfTaO gate dielectric,”
in VLSI Symp. Tech. Dig., 2004, pp. 110-111.
D. S. Yu, A. Chin, C. H. Wu, M.-F. Li, C. Zhu,
S. J. Wang, W. J. Yoo, B. F. Hung and S. P.
McAlister, “Lanthanide and Ir-based dual
metal-gate/HFAION  CMOS  with  large
work-function difference,” in IEDM Tech. Dig.,
2005, pp. 649-652.
X. P. Wang, C. Shen, M.-F. Li, H. Y. Yu, Y.
Sun, Y. P. Feng, A. Lim, H. W. Sik, A. Chin, Y.
C. Yeo, P. Lo, and D. L. Kwong, “Dual metal
gates with band-edge work functions on novel
HfLaO high-k gate dielectric,” in Symp. on
VLSI Tech. Dig., 2006, pp. 12-13.
C. H. Wu, B. F. Hung, Albert Chin, S. J. Wang,
W. J. Chen, X. P. Wang, M.-F. Li, C. Zhu, Y.
Jin, H. J. Tao, S. C. Chen, and M. S. Liang,
“High temperature stable [Ir;Si-TaN]/HfLaON
CMOS with large work-function difference,” in
IEDM Tech. Dig., 2006, pp. 617-620.
C. F. Cheng, C. H. Wu, N. C. Sy, S. J. Wang, S.
P. McAlister and Albert Chin, “Very low Vt
[Ir-Hf]/HfLaO CMOS using novel self-aligned
low temperature shallow junctions,” in IEDM
Tech. Dig., 2007, pp. 333-336.
C. C. Liao, Albert Chin, N. C. Su, M.-F. Li, and
S. J. Wang, “Low Vit gate-first
Al/TaN/[Ir3Si-HfSi,]/ HfLaON CMOS using
simple process,” in Symp. on VLSI Tech. Dig.,
2008, pp. 190-191.
Albert Chin, C. H. Cheng, N. C. Su, S. J. Wang,
C. C. Liao, C. P. Chou, and H. L. Hwang, “Low
V; metal-gate/high-k CMOS from understanding
the mechanism to innovative solution,” Intl.
Solid-State Devices & Materials Conf. (SSDM),,
Japan, 2008. (Invited)

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

S. H. Lin, C. H. Cheng, W. B. Chen, F. S. Yeh,
and Albert Chin, “Low Threshold Voltage
TaN/Ir/LaTiO  p-MOSFETs  Incorporating
Low-Temperature- Formed Shallow Junctions,”
IEEE Electron Device Lett., vol. 30, pp.
681-683, June 2009.

S. H. Lin, C. H. Cheng, W. B. Chen, F. S. Yeh,
and Albert Chin, “Low Threshold Voltage
TaN/LaTiO n-MOSFETs with Small EOT,”
IEEE Electron Device Lett., vol. 30, pp.
999-1001, Sept. 2009.

Albert Chin, M. F. Chang, S. H. Lin, W. B.
Chen, P. T. Lee, F. S. Yeh, C. C. Liao, M.-F. L,
N. C. Su and S. J. Wang “Flat band voltage
control on low V. metal-gate/high-k
CMOSFETs with small EOT,” 16" Bi-Annual
Conference on  Insulating  Films on
Semiconductors (INFOS), pp. 1728-1732,
Cambridge University, UK, 2009. (Invited)
Albert Chin, W. B. Chen, B. S. Shie, K. C. Hsu,
P. C. Chen, C. H. Cheng, C. C. Chi, Y. H. Wu,
K. S. Chaing-Liao, S. J. Wang, C. H. Kuan, and
F. S. Yeh, “Metal-Gate/ High-« CMOS scaling
from Si to Ge at small EOT,” 10" Intl. Conf. on
Solid-State & Integrated-Circuit Tech. (ICSICT),
2010, pp. 836-839. (Invited)

D. R. Islamov, V. A. Gritsenko, A. V. Rzhanov,
C. H. Cheng, and Albert Chin, “Bipolar
conductivity in amorphous HfO,,” Appl. Phys.
Lett., vol. 99, p. 072109 (3 pages), Aug. 2011.
C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen,
C. X. Zhu, B. J. Cho, M.-F. Li, and D. L.
Kwong, “Very low defects and high
performance Ge-On-Insulator p-MOSFETSs with
Al203 gate dielectrics,” in VLSI Symp. Tech.
Dig., 2003, pp. 119-120.

D. S. Yu, Albert Chin, C. C. Laio, C. F. Lee, C.
F. Cheng, W. J. Chen, C. Zhu, M.-F. Li, S. P.
McAlister, and D. L. Kwong, “3D GOl
CMOSFETs with novel IrO2(Hf) dual gates and
high-x dielectric on 1P6M-0.18um-CMOS,”
in IEDM Tech. Dig., 2004, pp. 181-184.

C. C. Liao, S. Kao, Albert Chin, D. S. Yu, M.-F.
Li, C. Zhu, and S. P. McAlister, “Comparing
High Mobility InGaAs FETs with Si and GOI
Devices,” in 64" Device Research Conference
(DRC) Tech. Dig. , 2006, pp. 85-86.



R R EEFTHEATARM (R AR R)NLLFY T2

pe 100 # T * 200P

FE Wy |NSC 99— 2120 — M — 009 — 002

vgoeg |EBFE/BATREHHEIASET SHT LML A e
EEE |G g

ok g B % sl
B AR ] . PRI HE RrpEFii PE
55 B T
LA 2 B .
ELE
100& 7% 2p 3
51 #| = [m . ﬂ'. "/' ~
B e R 100 & 77 11 8 B2 | P AR

-~ @Z]?},{ﬂ;ij_;@ﬂa_

pA~4L %~ % Prof. Toriumi % high-k 2 Ge MOSFET 2. 7 4p f B &> & A%

PRI PP e £ FHAT 209 BRFT T LA

(3

b

(&

iﬂ”i + 2 #riwedts o Prof. Toriumi B 1 — &+ high-k MOSFET & ip| A 4% -
AP AR E TP ELEIAR A E PP HT R 2 0 Y g Prof,
Toriumi % ke » T TR-TNLAZREFFRFAY -
7P 2p#aEdy o Biwmageat o7 SPAAR S EMR g dFmT A

FHEFEELFHRE CRET OBRMBREERR T 4P A EHRE g F
¥ B f% Multi-target magnetron sputtering > 2 4] * Laser ablation of targets » ¥ 12 ¢ FF&

G A3 L& high-k@Azrmy REB a3 H 77 5 p AR X FHHE L
4 > & ¥ B f# High pressure annealing ~ Rapid thermal annealing » i 3% & {8122 %
high-k §s f& %487 * 6 p AL 5 ~ 4K k4 § ¥ B f# Spectroscopic ellipsometry ~

Thermal desorption meter » 4 15 GeO2 4 f#pFz + &2 2 2 447 % 7 P A 4L 7 =
1




g4 k4 & Y B f# Raman Spectroscopy ¥ 14 4 7 graphene 2 /i + & #ic » XPS #
445 high-k ¢ 4232 2% dipole - 7 * 8 p ALK % ~ E 4L k&4 > & ¥ B % Device
fabrication ~ E-beam lithography - 7 * 9 p 2 & 5 < FH# k g&% - LFHF2 - &
3w 3 Charge-pumping measurement j& * ** high-k MOSFET enpfe & 47 > Prof.
Toriumi £ #% 3= displacement current ehg: 58>+ 5 7 3 4 B Fl4eie | £ capture cross
section & -7 " 10 P A A7 A E d FyAF 4 4BERFIZ P AETE L L%

77 LI pALR~F 0 pFRRRFIE iK% S EHY & -

S e
P REEY 20 2 & 4 high-k 2 Ge MOSFET » » = 3By % graphene 2. # 3 >

RS U L
1. High-k dielectrics
(@ ¢ 5 ~% & &0 B4 4 high-k /1 T Thikc

&4 Y203 into HfO2 ~ Si-doped HfO2 ~ LaYOx ~ 3 LaTaOx % -
(b) r+ Rapid Thermal Treatment 4] high-k 542 £ T i
(c) /i = & B t&(dipole)z 2) =

’ l

MOS ~ ¢ Vfb #4514 dipole formation 2 323 i3 £ FI £ 4L > » FFd 42

n\\:
= »
(<
|k

% (shift of binding energies by XPS)Z » 7 37 5 #7 3 % s v 051 % p 4841 o

Dipole formation # e £ /1 T K 2 B % %R % B 22 &+ > 5% dipole 2 2 -

2. Ge MOSFET
(@) GeO2 & GeO2/Ge /i & A f#

MR T o Ge+ Ge02 ->2Ge0 & i 4 > 3k GeO2 4 f3> 7 & Ge MOSFET



THEBEI & o 222 GeO 14 » GeO 2 T 4| H 24 4 3 -
(b) & &3 i+ GeO2/Ge R &

h GeO2/Ge *s 1 B &R F v » f#idoa b ¥ ufrd] GeO2 2 A f&m 223

Ko
>
=1

¥ GeO2 7 #1+ » #l1v Ge MOSFET » g% 3| mobility 40 % & -
(C) riff2 ~% 2 3 RF it# i high-k/Ge } &

B4ers LaLuO on Ge # 1244 i (passivate) & > @ #cdl MOS ~ i 3 #i+ -
(d) Fermi level pinning at metal/Ge interface

£ i‘l‘h-[f“k’ B oawd 2o ofkalk 13"!*’&* Ef fcFE 3 B> 24841
mERY o &d - K EF Y K & metal/Ge ® & > ¢ #- Schottky-ohmic 4%
T WU > T junction T AL gt S E 0 R0 metal/Ge B re 0 v ek

1+ i er n-channel Ge MOSFET -
3. Graphene FET

Graphene 37 % {44 ehz A #4L » d * 5 &% o carrier mobility - 22 - 4
CMOS ®#27 fies> (AX £ T4 & Lfgi4cimd 7 & & #4L0 graphene-
#X 18 78 | £ graphene/metal interface 2 4%f§ T f= > #_Graphene & * ** % f & + =~
1% 2_ R4t o

FENIRELCE o EHAGe A FEMARAZ AL 0 Fd A

GeO or GeN # Ge £+ e HH02 AT R ZRFRFBREEFIN L T
L AR BB RERTINE L FEH AR TRERRIE ST

B FHE A enFRIL 5 > RE XKV a2tV R KT HENBEH TG
TE g A BRI  TIEH B RIIE S 0 B2 FAROA AT ER

% o3 & high-k @Az 7 (xEFEY > b4 LaGel s 42453 > )ﬁik;z“;& 8 B AT ;T
3



HEELFET  FEENAZTRTLFETES o
= 2R
S 3 e > 2 B 44 , T 1,: s ); < __;)
ARAFL R LEC2RREPEFY - LA QAL 0 BT

v oo . s - r & 4 =X 45l K 4
AR R RS R RS A S A F L L

S E SRRSO RS o ST R PR i e



Travel Report
IEEE Electron Devices Society AdCom
and IEEE International Electron Devices Meeting

AR5~ |IEEE Electron Device Society #&{T- Technical Committee 5z IEEE
International Electron Devices Meeting -~ Executive Committee » Fki> 12 H4 H
FRETREZSZE N E] 2 Feid > #K3% San Francisco f&EHE » B NF=8ET > FE
7€ BART HEHE RJREE > I N T720F > E2453%T 5 8L T - [ff IEEE Electron Devices
AdCom j* ZHIN R EBHA - RIS hIEE & RIF & 285k 2 Hilton JiREE
¥ R—KFHFZEFH Electron Devices Society AdCom & » IS M ET 3w
T » JB1F |EEE Trans. Electron Devices HiT1] » HRi Special Issue B9 T {Ea]{T4E
s —E 2 E 9 BEA4EH - JR5E4) International Electron Devices Meeting 2
FRIEITEN | 8 BREAT » FTDATRFIRA 7+ 30 BB AdCom » FiifE#E k255

— ik
[t International Electron Devices Meeting £ IEEE Electron Devices Society 2.
i EHAVE R > B SR AdCom BEAERTRIRER T ZH » [NE% IEEE Electron
Devices Society & & - GRS - It " FRig , 2T ESHEANER
Executive Committee 57 %% Section Chair & Co-Chair - |ffj " @ g€ | NMEA GBS
Section Chair & HEER S T2 e 5540 > Wk T Section Chair & Co-Chair 22
W RN S R GRr 08z B ENFE RN ETF o Z B %K - AL P B 51 R ([

R OCERE UK E B MA@ HEE ~ 5EE > HBE



SEIK A 2 )1 =K International Electron Devices Meeting & » [RIFtFe 1Ty H A EE
Co-Chair {5 TR ZPHFEIZAHE - HF & A EEEF English Language Translator »
K2 International Electron Devices Meeting 72 12 H 6 H EZH—F FIF=0#
1T » ZE—Ar Plenary Invited Speaker % Kinam Kim President & CEO of Samsung
Advanced Institute of Technology - [tiH5EkE & = 2 & a2 imdI it EE By > (Ritt
President Kim ¥ &5 1" = 2 & T RACGE AV S S 2RI HARRY ST TT AT 5% - 5
1 & By & [E & Display Technology ~ three dimensions Flash memory ~ new
non-volatile memory ~ new metal-gate/high-k/Ge-III VCMOS Logic ~ near future
energy/power device etc - WIFRAEEFELL HT - NHM SR A S 5h— T
RN =B BT E R E A S AE RS 5~10 RN - A1 =2 E TREfEiELE
SEN T ¥ 5 & DRAM - Display ~ LED ~ Flash Memory 5 & S0 /N 538
VT E - Fr= 3 91E Flash Memory ~ new ultra-low energy non-volatile
memory ~ flexible plastic electronics and metal- gate/high-k/Ge MOSFET £ 1 HSH
BEORAYZERY » 25 DU TN Em S International Electron Devices Meeting [iFff14EE
SC I = R T BRI - R Rmm g 0 55 Intel -
SanDisk 5 Logic 5z Memory ‘KA A » MR H M Z RS R [ BET1E
FMAY metal- gate/high-k/Ge MOSFET & H RiffytH e $% - E performance #iEk
Stanford University /Y Ge MOSFET - i Intel Y metal- gate/high-k/Si MOSFET

EUEMHES:#ERY equivalent-oxide-thickness(EOT) » A #efHY MOSFET Al #H =



iy electron mobility - F{f#Y ultra-low energy resistive RAM(RRAM) f -5 FE X

2 A non-volatile memory E.7541{84% Flash Memory #H#THY Switching Energy -

SRANELA 10000 £ 5 = A 3 » 5 {EY Program/Erase endurance » 58 {5 B (Y ik

PO (B -

2% International Electron Device Meeting i 12 H 9 H 2B =45 » 1F

4% Executive Committee S{& & w1k - [EUMAER - T B IIIUZE RIS RAENTZE

KRG » FEGERCEENTR BT - ATITESINE "8 &%

vifkts o BRI -



B gt o s h S A R R T A

p#:2011/10/26

PR EBRMIE/F AT GEMPE IS £F L HT M 400227 K A2
(3/3)

Xl & 2Fps2l 3
B gﬂ'« PR FEASFA R
4 % 99-2120-M-009-002- FRAE: A RERELEE
(f’ ‘3?) f@ﬁ”ﬁ/% /T 7 l‘kﬁ,ﬁiﬂ"f"%ﬁ"\ $§ i%ﬁi?335§§&45§‘J22§ 7} B2 P%
(3/3)

sk LR

(# <) METAL-GATE/HIGH-«/GE MOSFET WITH LASER ANNEALING AND
FABRICATION METHOD THEREOF

% R

CERT R FEA | TEE

(Bl1EA)

TR

(P 2) £3 52T Hth- ik ﬁﬁiii‘g’é‘zﬁ#ﬁ% gVefffod T + B8 5, ke i
/k’fﬁm/ﬁ 'I’J‘”T ) ﬁ*mrs fr A #ﬁ(’ff’ﬁﬁm*&ﬂl % f_lé * Fﬁ}ﬁi“" W lE' m/&l’l‘ﬁ;‘ At
i SRR E S g § L HonT MM TRanko & WAL, T 5 T s
n£5%W)&~$%mﬁy@nzm&@@k&;A%xmw T BTN e
Wiz 22 «i U Rt A X g Ry (R 8 i%—‘;: FRBA S U R %“ﬁdﬁf
F %e: B, fRAD B B g R

g

(# %) To improve the Id, Ge channel is used for MOSFET to provide higher veff and high-field
mobility. The poor high-«/Ge interface and low doping activation at ion-implanted
source-drain are the main issue for Ge MOSFET.
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A 16th Bi-Annual Conference on Insulating Films on Semiconductors (INFOS), Camb
- University, UK, June 29~July 1, 2009. (invited talk)
=
10 [0 |0% |7th Intl. Symposium on High Dielectric Constant Materials and Gate Stacks, 216th El
;@ Chemical Society (ECS), Vienna, Austria, Oct. 4-9, 2009. (invited talk)

Intl. Solid-State Devices & Materials Conf. (SSDM), (IEEE), Tsukuba, Japan, Sept. ?
2008. (invited talk)
Intl. Symp. on Advanced Gate Stack Technology (ISAGST), (IEEE), Austin, Texa
Sept. 29-Oct. 1, 2008. (invited talk)
% £ i% 1 Tokyo Electron Ltd. (TEL), Natl. Inst. of Advanced Industrial Science & Techn
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In this 3 years’ project, we have published 6 papers in premier [EEE International
Electron Devices Meeting (IEDM), 2 papers in Symp. on VLSI, 1 in Advanced Materials,
got a new IP on laser annealing process for advanced CMOS, joint development projects

with Tokyo Electron Ltd. (TEL). The Laser Annealing has been listed in Intel s roadmap
for Highly Scaled CMOS at sub-15 nm nodes.

3. xﬂ?Jﬁq\)j‘u\ﬁ,{h‘ﬁ,ﬁr‘ gﬁﬂé"‘ﬁf‘v\i R R R 2 53,{%‘\'}@9*1%
B (B AESETREZ L E BE s A F B2 T M) (1
500 % % *2)
ApreRhpploos 1T B EF & (high-x) La203 f= A1203 - IBM =5 &' (IBM,
Samsung, Toshiba, Global foundries etc) @ = =3t 2010 # R * I 2 & BLen
metal-gate/high-x CMOSFET - #* #z d *t high-x La203 4= A1203 fbdFen ~ § 7 47 > i@
T F IR, A FEI D TART R B EELAE Intel o
replacement-gate & gate-last @Az ¥ ¥ G/ > ot *t high-x La203 » & 3 p ¥t w7 b
o A L Ao HF02 + ek & o IBM B R e 32 2 f H s 2heh metal-gate/high- &
CMOSFET = & 2010 # = ## & 2 - # oMOS & T % 2 % i & & & |
(equivalent-oxide-thickness, EOT) # it % Intel f »~ pMOS # + - 2 |
metal-gate/high-x CMOSFETS 7 2% -] o T &% i Kk B R | (0.6~0.7 % ‘}f) » BT e
Ache RB(0.2V) o A0 ¥ — B RF L A T o AT Intel ehr 2] 4 B
£ % o
Fl 5 A g Rk A A LKA E [EEE Fellow ™ for contributions to
high-K dielectrics and metal gate electrodes for complementary metal-oxide
semiconductor’ > @ TSMC R&D Vice President 7= % email 4*% 2 i #& % [EEE Fellow -
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Si Nanoelectronics Workshop (SNW), 2011. (Panelist)

SanDisk, USA 2011. (invited talk)

Materials Research Society (MRS), San Francisco, USA, April, 4-8, 2010. (Tutorial
& Section Chair)

3D Transistor Workshop, Japan 2010 (Director Yushiro Nishi, Stanford). (invited
talk)

16th Bi-Annual Conference on Insulating Films on Semiconductors (INFOS), Cambridge
University, UK, June 29~July 1, 2009. (invited talk)

Tth Intl. Symposium on High Dielectric Constant Materials and Gate Stacks, 216th
Electro Chemical Society (ECS), Vienna, Austria, Oct. 4-9, 2009. (invited talk)
Intl. Solid-State Devices & Materials Conf. (SSDM), (IEEE), Tsukuba, Japan, Sept.
24-26, 2008. (invited talk)

Intl. Symp. on Advanced Gate Stack Technology (ISAGST), (IEEE), Austin, Texas USA
Sept. 29-0Oct. 1, 2008. (invited talk)

B £ i : Tokyo Electron Ltd. (TEL), Natl. Inst. of Advanced Industrial Science
& Technology
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