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Abstract—In this letter, 65-nm node silicon-on-insulator devices
with high-« offset spacer dielectric were investigated by extensive
2-D device simulation. The result shows that the high-x offset
spacer dielectric can effectively increase the ON-state driving
current Ion and reduce the OFF leakage current Iorr due to
the high vertical fringing electric field effect. This fringing field
can significantly improve the Ion/Iorr current ratio and the
subthreshold swing compared with the conventional oxide spacer.
Consequently, the gate-to-channel control ability is enhanced by
the fringing field via the high-« offset spacer dielectric.

Index Terms—Fringing electric field, high-x offset spacer di-
electric, silicon-on-insulator (SOI).

I. INTRODUCTION

MOS TECHNOLOGY requires high-performance and

low-power transistors with a high driving current Ion.
Silicon-on-insulator (SOI) MOSFETs are one of the more
promising candidates for further scaled MOSFETs [1]-[3].
According to International Technology Roadmap for Semicon-
ductors [1], much effort has been devoted in recent years to re-
alize the 65-nm node SOI processes with 32-nm channel length
and oxide thickness to,x = 12 [4]-[6]. In order to increase
reliability and reduce the leakage current, conventional offset-
gated or lightly doped drain structures have been widely used to
reduce the lateral drain electric field. However, these structures
inevitably decrease the ON driving current /on due to the extra
series resistance. In mainstream CMOS technology, different
offset spacer dielectrics are used to reduce the OFF leakage
current Jopr and improve the ON-state driving current Ion
[7]1-[10]. When CMOS transistor technology is scaling down
to 65-nm node or beyond, the width of the gate spacer of the
transistor becomes a critical feature for minimizing the circuit
size [1]. It is because the scaling down of sidewall spacer is not
proportional to the scaling down of channel length, resulting
in inefficiently scaled device size. Consequently, the fringing
electric field becomes a very important factor in short channel
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devices because of inefficiently scaled spacer widths [11]-[13].
However, there are several competing effects between gate,
source, and drain terminals, like fringing-induced barrier low-
ering (FIBL), drain-induced barrier lowering, fringing-induced
barrier shielding, and zero-bias internal barrier lowering, all of
which have been studied in 50-nm channel length MOSFETSs
[10]. In addition to these effects, the reduced series resistance
effect due to an enhanced fringing field by using high-« offset
spacer contributes significantly toward the improvement of
ON-state driving current /oy to compete with other influences
[7]. Therefore, all effects must be considered simultaneously.
In this letter, the 65-nm node SOI devices with four different
offset spacer dielectrics are investigated using a 2-D device
simulator MEDICI [14]. It is found that with the increase
in spacer dielectric constant, the fringing field effect in the
source/drain (S/D) extension region is enhanced, elevating the
electron potential barrier of the channel film at the OFF, result-
ing in a reduced Iopp. This also reduces the potential barrier
and series resistance effect in the channel film at the ON-state,
thereby increasing the driving current Ion. The vertical electric
field and the potential of the surface channel are employed to
illustrate the impacts of the high-x offset spacer in 65-nm node
SOI devices. The results are also valid for bulk MOSFETs.

II. SIMULATION PROCEDURE

Commercial MEDICI programs were used to generate a typ-
ical device structure of 65-nm SOI with 32-nm channel length,
12-A or 1.2 nm gate oxide thickness, and 15-nm body thick-
ness. The doping level of the channel film, S/D, and S/D exten-
sion were 5 x 10'%,5 x 10%°, and 1 x 10'? cm™3, respectively.
In order to point out the fringing field effect in the channel and
S/D extension, we employ the lightly doped S/D extension con-
centration and constant doping profile instead of well-tempered
doping profile to simplify our structure and analysis [15], [16].
The spacer width was fixed at 30 nm [6], [11], [12]. Four
k values for the offset spacer dielectric were used, including air
(e, = 1), SiOs (e, = 3.9), SiN (g, = 7.5), HfOs (&, = 25),
and TiO2 (e, = 80), to study the fringing electric field effect
on the devices’ performance. The threshold voltage Viy is
defined as the gate voltage at which the drain—current reaches
100 nA/pm and Vpg =1 V. The threshold voltages of the
transistors with different spacers are all about 0 V.

III. RESULTS AND DISCUSSION

Fig. 1(a) and (b) shows the SOI device structure and ver-
tical channel electric field at OFF- and ON-state, respectively.
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Fig. 1. (a) SOI device structure and (b) vertical channel electric field with different offset spacer dielectrics at OFF (Vgg = 0 V and Vpg = 1.0 V) and ON-state
(Vgs = 1.0 V and Vpg = 1.0 V), respectively.
From Fig. 1(a), we can see that the electric field comes to the 1.6
polygate from the drain extension region and goes to the source Off-state Region
extension region from the polygate at the OFF, i.e., Vpg = 1.0V 141 V=0V, V_ =1.0V
and Vg = 0 V. This implies that the gate potential elevated —=— SiO, spacer
the source-side potential and lowered the drain-side potential < 12 —o— TiO, spacer
via offset sidewall spacers as shown in Fig. 2, resulting in an g 10
increased electron barrier height to reduce the OFF current. §
Howeyver, the vertical electric field direction is reversed in the E 0.8
drain extension region at the ON-state, i.e., Vpg = 1.0 V and E )
Vas = 1.0 V, as shown in Fig. 1(b). This means that the gate  § 0.6
potential elevates the drain-side potential via offset sidewall S
spacers to reduce the electron barrier height in the thin film and 0.4
also decreases the S/D series resistance in the extension regions . .

. . . . =— Extension —=— Channel ——— Extension —~
(i.e., the junctions become more accumulated), resulting in an 0.2 L L L I L I L
increased driving current [on. With the offset spacer dielectric -0.048 0032 -0.016 0000 0016 0032 0.048
constant increased, the electric field is enhanced substantially, Lateral Channel Direction (um)
so that the channel potential is more easily affected by the gate

Fig. 2. Surface channel potential with different SiO2 and TiO2 spacer

potential.

Fig. 3 shows the Ips—Vpg curve, which clearly shows the
improvement of the driving current Ion with the increase
of the offset spacer dielectric constant as described above.
Fig. 4 shows the extracted Ion/Iorr. For the €, = 80 case,
an increase of approximately 26% of Ion and a 34% reduction

dielectrics at OFF-state (Vgg = 0 V and Vpg = 1.0 V).

of Iopr can be achieved compared to SiOs (g, = 3.9) at 1-V
supply voltage. The resultant Ion/Iopr ratio is also shown in
Fig. 4, indicating that a significant improvement of about two
times in /on/Iorr can be obtained. However, the fringing field
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Fig. 3. Ips—Vpg characteristics of four dielectric offset spacer SOI devices.
The driving current increases with the « value of the offset spacer dielectric.
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Fig. 4. Current ratio of OFF-state leakage Iorr/IoFF (K = 3.9), ON-state
driving current Ion/Ion (k = 3.9), and ON-OFF state Ion/Iorr of SOI
devices with different offset spacer dielectrics and supply voltages.

effect on ON- and OFF currents is reduced if the supply voltage
is scaling down, as shown in Fig. 4.

Fig. 5 shows the subthreshold swing characteristic for the
65-nm SOI device with different offset spacer dielectric con-
stants. The subthreshold swing is improved as the offset spacer
dielectric constant is increased. These results imply that the
gate-to-channel control ability is enhanced due to the assistance
of the high-« offset spacer dielectric. As a result, a lower OFF
leakage current and higher driving current 65-nm SOI devices
can be achieved by using a high-x offset spacer dielectric,
thereby effectively reducing the power dissipation and increas-
ing the performance of the transistor.

The fringing field effects contributed to the reduced S/D
series resistance (Rg/Rp) and to the enhanced FIBL in the
channel, and therefore improved the on-current. In addition,
the FIBL effect played a more important role in the Ion
improvement. In order to distinguish the contribution of Rgp
and FIBL, we define the output resistance Rout = Vps/Ips.
Rs and Rp were extracted by grounding the junction planes
[A-A’ and B-B’ in Fig. 1(a)] between the channel and the S/D
extensions [17]. The improvement of Rg/Rp and R, was
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Fig. 5. S-factor of an SOI device with different offset spacer dielectrics. It

shows the excellent gate-to-channel control ability in the subthreshold region.

306 to 239 Q- um for Rg, 840 to 821 Q- um for Rp, and
2353 to 1859 Q- um for Ry, respectively, when the SiOo
spacer replaced with TiOy spacer at ON, Vgs = Vpg =1 V.
The improvement on Rg is much more than R because of the
stronger field in source side region as shown in Fig. 1(b), and it
also indicates that the values of Rg and Rp are bias dependent.
We can calculate the ratio ARg/p/ARous = (67 4 19) /494 =
17.4%. Therefore, among the 26% improvement of Ry, Rg /D
contributes only 4.5%, and FIBL contributes about 21.5%.

Note that, due to the enhanced fringing field with high-x
spacers, the drain extension provided better voltage coupling
from drain junction, resulting in more serious channel length
modulation. As a result, the saturation currents were signifi-
cantly improved.

However, although anticipated, the higher Cyq and Cys of
high-~ spacer devices compared to those with an oxide spacer
are a matter of concern. If we assume a classical small-signal
equivalent circuit for MOSFET, we can express f; and fi,ax as
follows [18], [19]:

ft _ gm = (1)
Miller
2mCginy /142 Con
m 1
fmax = ) gC
Tgin ) CMiller
2 (Rg + RS + RZ) da + dm Cgin
(2)
where C(gin = Cgs + Coverlap + Cfringing and CMiller = Lgd +

Coverlap + Chringing With gy, the gate transconductance, Cgip,
the total gate-to-source input capacitance and Chyijer, the to-
tal gate-to-drain capacitance, or Miller capacitance. Among
these parameters, Cgin and Chiner are strongly dominated by
Coverlap because Cyg, Cgd, and Chyinging are very low compared
with Coverlap- In our case, the Cpq and Cgs will double if the
HfO4 spacer is used. However, it will affect the ac characteristic
very little because of the almost compensated Chiitier/Cigin i

(1) and (2). By using the polysilicon spacer [20], [21], a larger
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overlap capacitance Coyerlap, almost 18 times higher than that
of the oxide spacer was found in our simulation, which is higher
than the high-x spacer and which seriously degrades the ac
performance.

IV. CONCLUSION

It was found that the gate-to-channel control ability of short
channel SOI devices can be significantly enhanced using a
high-« offset spacer. Devices with this structure show a higher
ON driving current and a lower OFF leakage current as well as
subthreshold swing and counterparts.

REFERENCES

[1] International Technology Roadmap for Semiconductors, 2003.
[2] B. Doris, M. Ieong, H. Zhu, Y. Zhang, M. Steen, W. Natzle, S. Callegari,
V. Narayanan, J. Cai, S. H. Ku, P. Jamison, Y. Li, Z. Ren, V. Ku, D. Boyd,
T. Kanarsky, C. D’Emic, M. Newport, D. Dobuzinsky, S. Deshpande,
J. Petrus, R. Jammy, and W. Haensch, “Device design considerations for
ultrathin SOI MOSFETSs,” in IEDM Tech. Dig., 2003, pp. 631-634.
A. Vandooren, A. Barr, L. Mathew, T. R. White, S. Egley, D. Pham,
M. Zavala, S. Samavedam, J. Schaeffer, J. Conner, B.-Y. Nguyen,
B. E. White, Jr., M. K. Orlowski, and J. Mogab, “Fully-depleted SOI
devices with TaSiN gate, HfO2 gate dielectric, and elevated source/drain
extensions,” IEEE Electron Device Lett., vol. 24, no. 5, pp. 342-344,
May 2003.
[4] H. Y. Chen, C. Y. Chang, C. C. Huang, T. X. Chung, S. D. Liu,
J.-R. H. Y.-H. Liu, Y. J. Chou, H. J. Wu, K. C. Shu, C. K. Huang,
J. W. You, J. J. Shin, C. K. Chen, C. H. Lin, J. W. Hsu, B. C. Perng,
P. Y. Tsai, C. C. Chen, J. H. Shieh, H. J. Tao, S. C. Chen, T. S. Gau, and
F. L. Yang, “Novel 20 nm hybrid SOI/bulk CMOS technology with 0.183
um? 6T-SRAM cell by immersion lithography,” in VLSI Symp. Tech. Dig.,
2005, pp. 16-17.
[5] F. L. Yang, C. C. Huang, C. C. Huang, T. X. Chung, H. Y. Chen,
C. Y. Chang, H. W. Chen, D. H. Lee, S. D. Liu, K. H. Chen, C. K. Wen,
S. M. Cheng, C. T. Yang, L. W. Kung, C. L. Lee, Y. J. Chou, FE. Y. Liang,
L. H. Shiu, J. W. You, K. C. Shu, B. C. Chang, J. J. Shin, C. K. Chen,
T. S. Gau, P. W. Wang, B. W. Chan, P. F. Hsu, J. H. Shieh, S. K.-H. Fung,
C. H. Diza, C.-M. M. Wu, Y. C. See, B. J. Lin, M.-S. Liang,
J. Y-C. Sun, and C. Hu, “45 nm node planar-SOI technology with
0.296 pm? 6T-SRAM cell,” in VLSI Symp. Tech. Dig., 2004, pp. 8-9.
F. L. Yang, C. C. Huang, H. Y. Chen, J. J. Liaw, T. X. Chung, H. W. Chen,
C. Y. Chang, C. C. Huang, K. H. Chen, D. H. Lee, H. C. Tsao, C. K. Wen,
S. M. Cheng, Y. M. Sheu, K. W. Su, C. C. Chen, T. L. Lee, S. C. Chen,
C. J. Chen, C. H. Chang, J. C. Lu, W. Chang, C. P. Hou, Y. H. Chen,
K. S. Chen, M. Lu, L. W. Kung, Y. J. Chou, F. J. Liang, J. W. You,
K. C. Shu, B. C. Chang, J. J. Shin, C. K. Chen, T. S. Gau, B. W. Chan,
Y. C. Huang, H. J. Tao, J. H. Chen, Y. S. Chen, Y. C. Yeo, S. K.-H. Fung,
C. H. Diaz, C.-M. M. Wu, B. J. Lin, M.-S. Liang, J. Y.-C. Sun, and C. Hu,

3

—

[6

[t}

(71

[8

[l

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

“A 65 nm node strained SOI technology with slim spacer,” in IEDM Tech.
Dig., 2003, pp. 27.2.1-27.2.4.

R. Tsuchiya, K. Ohnishi, M. Horiuchi, S. Tsujikawa, Y. Shimamoto,
N. Inada, J. Yugami, F. Ootsuka, and T. Onai, “Femto-second CMOS
technology with high-« offset spacer and SiN gate dielectric with oxygen-
enriched interface,” in VLSI Symp. Tech. Dig., Honolulu, HI, 2002,
pp. 150-151.

Z. Xiong, H. Liu, C. Zhu, and J. K. O. Sin, “Characteristics of high-x
spacer offset-gated polysilicon TFTs,” IEEE Trans. Electron Devices,
vol. 51, no. 8, pp. 1304-1308, Aug. 2004.

“A novel self-aligned offset-gated polysilicon TFT using
high-x dielectric spacers,” IEEE Electron Device Lett., vol. 25, no. 4,
pp- 194-195, Apr. 2004.

D. L. Kencke, W. Chen, H. Wang, S. Mudanai, Q. Ouyang, A. Tasch, and
S. K. Banerjee, “Source-side barrier effects with very high-K dielectrics
in 50 nm Si MOSFETS,” in Proc. DRC Dig., 1999, pp. 22-23.

K. Goto, Y. Tagawa, H. Ohta, H. Morioka, S. Pidin, Y. Momiyama,
K. Okabe, H. Kokura, S. Inagaki, Y. Kikuchi, M. Kase, K. Hashimoto,
M. Kojima, and T. Sugii, “High performance 35 nm gate CMOSFETs
with vertical scaling and total stress control for 65 nm technology,” in
VLSI Symp. Tech. Dig., 2003, pp. 49-50.

E. Morifuji, M. Kanda, N. Yanagiya, S. Matsuda, S. Inaba, K. Okano,
K. Takahashi, M. Nishigori, H. Tsuno, T. Yamamoto, K. Hiyama,
M. Takayanagi, H. Oyamatsu, S. Yamada, T. Noguchi, and M. Kakumu,
“High performance 30 nm bulk CMOS for 65 nm technology node
(CMOSS),” in IEDM Tech. Dig., 2002, pp. 655-658.

B. Y. Tsui and L. F. Chin, “A comprehensive study on the FIBL of
nanoscale MOSFETS,” IEEE Trans. Electron Devices, vol. 51, no. 10,
pp- 1733-1736, Oct. 2004.

User’s Manual for MEDICI Two-Dimensional Device Simulation, Synop-
sis Co., Mountain View, CA, 2003.

V. Trivedi, J. G. Fossum, and M. M. Chowdhury, “Nanoscale FinFETs
with gate—source/drain underlap,” IEEE Trans. Electron Devices, vol. 52,
no. 1, pp. 56-62, Jan. 2005.

M. Gritsch, H. Kosina, T. Grasser, and S. Selberherr, “Simulation of a
‘well tempered” SOI MOSFET using an enhanced hydrodynamic trans-
port model,” in Proc. SISPAD, 2002, pp. 195-198.

W. Ke, S. Zhang, X. Kiu, and R. Han, “Source/drain resistance of UTB
SOI MOSFET,” in Proc. IEEE Conf. Electron Devices and Solid-State
Circuits, 2005, pp. 405-408.

G. Dambrine, C. Raynaud, D. Lederer, M. Dehan, O. Rozeaux,
M. Vanmackbelberg, F. Danneville, S. Lepilliet, and J.-P. Raskin, “What
are the limiting parameters of deep-submicron MOSFETs for high
frequency applications?” IEEE Electron Device Lett., vol. 24, no. 3,
pp. 189-191, Mar. 2003.

S. J. Mason, “Power gain in feedback amplifiers,” IRE Trans. Circuit
Theory, vol. CT-1, no. 2, pp. 20-25, Jun. 1954.

A. Shimizu, N. Ohki, H. Ishida, T. Yamanaka, N. Hashimoto,
T. Hashimoto, and E. Takeda, “High drivability and high reliability
MOSFETs with non-doped poly-Si spacer LDD structure (SLDD),” in
VLSI Symp. Tech. Dig., 1992, pp. 90-91.

J. E. Moon, T. Garfinkel, J. Chung, M. Wong, P. K. Ko, and C. Hu,
“A new LDD structure: Total overlap with polysilicon spacer (TOPS),”
IEEE Electron Device Lett., vol. 11, no. 5, pp. 221-223, May 1990.



