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Fabrication of p-type FinFETs with a 20 nm Gate

Length using Boron Solid Phase Diffusion Process

Won-Ju Cho

Abstract—A simple doping method to fabricate a very
thin channel body of the p-type FinFETs with a 20
nm gate length by solid-phase-diffusion (SPD)
process was developed. Using the poly-boron-films
(PBF) as a novel diffusion source of boron and the
rapid thermal annealing (RTA), the p-type source-
drain extensions of the FInFET devices with a three-
dimensional structure were doped. The junction
properties of boron doped regions were investigated
by using the p'-n junction diodes which showed
excellent electrical characteristics. Single channel and
multi-channel p-type FinFET devices with a gate
length of 20-100 nm was fabricated by boron
diffusion process using PBF and revealed superior
device scalability.

Index Terms—FinFETs, 20 nm gate length, solid
phase diffusion, ultra shallow junction

I. INTRODUCTION

Metal-oxide-semiconductor field-effect-transistors
(MOSFETs) is the most dominant electronic device in
integrated circuit manufacturing. As the dimension of
silicon MOSFETs shrinks to sub-100 nm regime,
reducing the short channel effects becomes major efforts
for the further scaling down of nano-scaled CMOS
devices. One of the effects is a large subthreshold slope,
which leads to a large leakage current. Another effect is
a large drain-induced barrier lowering (DIBL), which
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causes an undesirable threshold shift as the drain voltage
effects
immunities, some modified MOSFET device structures
have been proposed [1-3]. The double-gate MOSFETs is
considered as the most promising device for CMOS

changes. To improve the short channel

scaling into deep sub-100 nm gate lengths [4-6].

This is because, for conventional bulk MOSFETs, the
high concentration punch-through stopper (>10' cm™) is
indispensable but results in severe drivability and
leakage degradation. For the double-gate MOSFETs
fabricated on the SOI substrate, the gate controls the
energy barrier between the source and drain effectively.
Therefore, the short channel effects can be suppressed
without increasing the channel impurity concentration
[7-9]. The FinFETs, a recently reported novel double-
gate structure, consist of vertical Si fin controlled by
self-aligned double-gate [10]. In spite of double-gate
structure, the FinFETs are close to the conventional
MOSFETs in layout and fabrication [11]. However,
three-dimensional (3-D) device architecture of FinFETs
leads to more complicate processing especially the
doping of source/drain extension regions in comparison
with the conventional planar CMOS transistors, which
poses serious challenges to the device technology
development in the sub-100 nm regime. lon implantation
with tilted-angle and the rotating implant process are
indispensable for doping the long extension regions of
FinFETs due to a high aspect ratio of fin extension
regions [12,13]. The solid phase diffusion (SPD) process
is an alternative doping method for 3-D device
architecture and is also known as a defect-free process
[14,15]. In SPD process, impurities diffuse into the
silicon substrate from the doping source material by heat
treatment. Therefore, shorter diffusion length and higher
activation rates of diffused impurities are achieved
compared to the conventional ion implantations.
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In this study, therefore, we investigated the fabrication
of p-type FinFET devices by boron SPD process using a
novel poly boron film (PBF) as a boron diffusion source.
An extremely shallow (in depth direction) as well as a
short (in lateral direction) p' junction was successfully
formed. The p™-n junction diodes with shallow junction
depth and the FinFET devices with a 20 nm fin width
were fabricated on the SOI substrate. The optimization
of diffusion process using rapid thermal annealing
(RTA) was carried out. The junction characteristics of
p'-n diodes and the electrical properties of FinEFT
devices with a gate length of 20-100 nm fabricated by
boron SPD were evaluated.

. EXPERIMENTAL

The p-type SOI wafers with 200 nm buried oxide
layer and 100 nm top silicon layer were used for p-type
FinFET’s fabrication. Hydrogen silsesquioxane (HSQ,
Fox-12, Dow Corning) film with a 100nm thickness was
coated on SOI wafers as negative tone inorganic electron
beam resist with very high resolution. After the first
electron-beam lithography (EBL) for formation of
silicon fins, HSQ resists were developed in 2.38 %
tetramethyl-hydroxyl-ammonium (TMAH) developers.
Silicon fin channels with a width of 20 nm were obtained
by EBL and Cly-based inductively coupled plasma
reactive ion etch (ICP RIE) process. A gate oxide with a
thickness of 4 nm was grown by dry oxidation and an in-
situ phosphorus-doped polysilicon film with a 100 nm
thickness was deposited as a gate electrode using the
low-pressure chemical-vapor deposition (LPCVD). The
secondary EBL was carried out to form the gate
electrode patterns with 20-100 nm widths. After
the etching of the
polysilicon gate electrode by Cl,-based ICP RIE was

development of HSQ resist,

followed. Then, the silicon nitride film with 20 nm
thickness was deposited by LPCVD and was etched back
by CHF;-based RIE to form the sidewall spacer of gate
electrode. A liquid-state dopant source containing boron
(PBF, TOK, MMK-40) was used as a SPD source. A
rapid thermal annealing (RTA) was carried out in N,
ambient in order to diffuse the boron from the SPD
source to the source-drain extensions of p-type FinFET
devices. Secondary ion mass spectrometry (SIMS) was

used to analyze the depth profiles of the boron atoms for
various RTA process temperatures. The p'-n junction
diodes were also fabricated to investigate the junction
properties formed by boron SPD.

II1. RESULTS AND DISCUSSIONS

Figure 1 shows the SIMS profiles of boron for various
temperatures of RTA process. The boron atoms were
gradually diffused from the doping source material
(B,0O3) layer to the silicon substrate by thermal energy
and the diffusion length of the boron increased with
increasing RTA temperature. In general, the substrate

doping concentration of 4x10'® cm’

i necessary to
suppress the short-channel effect in the nano-scaled
CMOS technologies. According to the International
Technology Roadmap for Semiconductor (ITRS), the
MOSFET devices with effective channel length (L.g)
below 100 nm require a junction depth Xj less than 47
nm [16]. From the results of this experiment, it is found
that the formation of an ultra-shallow p* junction
shallower than 20 nm is possible by low temperature
RTA below 1000°C.
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Fig. 1. SIMS profiles of boron for various RTA process
temperatures using by using boron SPD.

Figure 2 shows the effect of RTA temperature on the
sheet resistance (Rg) of boron diffused p*-region. As the
RTA temperature increased, the Rg decreased due to the
diffusion of boron into the silicon substrate. When the
RTA temperature was higher than 950°C, the Rg lower
than 1000 Q/cm® was

relationships of Rg and X; satisfy the demands for

achieved. Therefore, the
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source/drain extension (SDE) of p-MOSFET devices
with a sub-100 nm gate length.
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Fig. 2. Dependence of Rs on RTA temperature for a highly
boron-doped region by SPD.

Figure 3 shows the current-voltage (/-V) charac-
teristics of p'-n diodes fabricated on the silicon substrate
by SPD as a parameter of RTA temperature. The forward
bias current increased with RTA temperature, which is
attributed to the reduction of resistance at boron doped
region. On the other hand, the reverse bias current was
almost saturated at 950°C, because the solid phase
diffusion (SPD) process is a defect-free doping method
[14,15].

Figure 4 shows scanning electron microscope (SEM)
images of fabricated multi-channel FinFET devices with
a 20 nm silicon fin width. A 100-nm-thick HSQ layer
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Fig. 3. Current-voltage(J-V) characteristics of p*-n diode
fabricated on silicon substrate by boron SPD methods with the
parameter of RTA temperature.

Fig. 4. SEM images of fabricated FinFET with a 20 nm silicon
fin width.

was coated on the SOI layer for the generation of the
ultra-fine fin-type single or multi-channel patterns,
which also played a role as hard mask for the dry etching
process. After definition of a fin pattern by using
electron-beam lithography (EBL), the SOI layer was
etched by the Cl,-based RIE process. The 20 nm fin lines
were successfully achieved with very good aspect ratio
and sidewall smoothness as can be seen from Fig. 4(c).
Also, the gate lines with 20-100 nm length were
generated by similar method of fin pattern formation.
Figure 4(d) shows the cross-sectional transmission
electron microscopy (TEM) image of fabricated 20 nm
gate line.

Figure 5 shows the subthreshold current characteristics
(I4-V) for the p-type FinFET devices as a parameter of gate
length. The nitride sidewall spacer of gate electrode was 20
nm as shown in Fig. 4(d) and the SPD process was carried
out by using the RTA at 950°C. The results obtained from
the fabricated FinFETs with a 100 nm gate length showed
good subthreshold characteristics. The threshold voltage
(V) and subthreshold swing for this device were -0.96 V
and 67 mV/dec, respectively. Because the large V; is
attributed to the »#' polysilicon (phosphorus-doped) gate
electrode, a lower threshold voltage can be obtained by
using the p' polysilicon (boron-doped) gate electrode.
However, the degradation of subthreshold swing, the roll-
off of ¥, and the increase of drain-induced barrier lowering
(DIBL) were observed as the gate length decreases. In the
case of 20 nm gate length, the threshold voltage,
subthreshold swing and DIBL were -0.83 V, 97 mV/dec
and 190 mV/V, respectively.
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Fig. 5. I-V, characteristics of p-type FinFETs fabricated by
boron SPD.

Figure 6 shows the measured drain current (J3-Fy) as a
parameter of gate length. The increase of drain current
was observed as the gate length decreased due to the
decrease of channel resistance. However, the short
channel effect (SCE) was slightly observed in the 20 nm

gate length FinFET devices. Nevertheless, it is
considered that the boron SPD process PBF is excellent
doping technique for the non-planar FinFET devices

below a 50 nm gate length.
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Fig. 6. I;-Vys characteristics of p-type FinFETs fabricated by
boron SPD.
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IV. CONCLUSIONS

A novel shallow-junction formation technique for the
fabrication of p-type FinFET device with sub-100 nm
gate length was reported. Using the boron SPD process
with PBF diffusion source, the p-type FinFETs with gate
length of 20-100 nm and the p™-# junction diodes with
extremely shallow junction depth were fabricated. Boron
SPD was proved to be very effective process for sub-100
nm CMOS technology, because the p*-n junction diodes
with shallow junction depth and the p-type FinFET
devices with a 20 nm gate length showed good electrical
characteristics. Therefore, we concluded that the boron
SPD process using the PBF is a promising doping
technique for the further device scaling of nano-scale p-
type FinFET devices.

REFERENCES

[1] H. Horie, T. Fukano, T. Ito and H. Ishikawa,

“Multiple  self-alignment MOS technology
(MUSA/MOST)”, IEDM Tech. Dig.,, San
Francisco, CA, USA, December 9-12, pp. 638-641,
1984.

[2] W. T. Lynch, “Self-aligned contact schemes for
source-drains in submicron devices”, IEDM Tech.
Dig.g, Washington, DC, USA, December 6-9, pp.
354-357, 1987.

[3]1 J. R. Pfiester, R. D. Sivan, H. Ming Liaw, C. A.
Seelbach and C. D. Gunderson, “A self-aligned
elevated source/drain MOSFET”, IEEE Electron
Dev. Lett., vol. 11 pp. 365-367, 1990.

[4] D. J. Frank, S. E. Laux, and M. V. Fishchetti,
“Monte Carlo simulation of a 30 nm dual-gate
MOSFET: how short can Si go?”, IEDM Tech.
Dig., San Francisco, CA, USA, December 13-16,
pp- 553-556, 1992.

[5] H. S. Wong, K. K. Chan, and Y. Taur, “Self-
aligned (top and bottom) double-gate MOSFET
with a 25 nm thick silicon channel”, Technical
Digest of International Electron Device Meeting,
Washington, DC, USA, December 7-10, pp. 427-
430, 1997.

[6] H. S. Wong, D. J. Frank, and P. M. Solomon,

[7]

(8]

(9]

(11]

[12]

[13]

“Device design considerations for double-gate,
ground-plane, and single-gated ultra-thin SOI
MOSFET's at the 25 nm channel length
generation”, I[EDM Tech. Dig., San Francisco, CA,
USA, December 6-9, pp. 407-410, 1998.

C. Fiegna, H. Iwai, T. Wada, T. Saito, E.
Sangiorgi,B. Ricco, “A New Scaling Methodology
For The 0.1-0.025um MOSFET”, in tech. dig.
Symp. VLSI Tech., pp. 33-34, 1993.

K. Suzuki, T. Tanaka, Y. Tosaka, H. Horie, Y.
Arimoto, “Scaling theory for double-gate SOI
MOSFET's”, IEEE Trans. Electron Devices, vol.
40, pp. 2326-2329, 1993.

B. Majkusiak, T. Janik, and J. Walczak,
“Semiconductor thickness effects in the double-
gate SOl MOSFE”, IEEE Trans. Electron Devices,
vol. 45, pp. 1127-1134, 1998.

D. Hisamoto, W. C. Lee, J. Kedzierski, H.
Takeuchi, K. Asano, C. Cuo, E. Anderson, T. JI.
King, J. Bokor, and C. Hu, “FinFET-a self-aligned
double-gate MOSFET scalable to 20 nm”, IEEE
Trans. Electron Devices, vol. 47, pp. 2320-2325,
2000.

X. Huang, W. C. Lee, C. Cuo, D. Hisamoto, L.
Chang, J. Kedzierski, E. Anderson, H. Takeuchi,
Y. K. Choi, K. Asano, V. Subramanian, T. J. King,
J. Bokor, and C. Hu, “Sub 50-nm FinFET: PMOS”,
IEDM Tech. Dig., Washington, DC, USA,
December 5-8, pp. 67-70, 1999.

J. Kedzierski, D. M. Fried, E. J. Nowak, T.
Kanarsky, J. H. Rankin, H. Hanafi, W. Natzle, D.
Boyd, Y. Zhang, R. A. Roy, J. Newbury, C. Yu, Q.
Yang, P. Saunders, C. P. Willets, A. Johnsons, S.
P. Cole, H. E. Young, N. Carpenter, D. Rakowski,
B. A. Rainey, P. E. Cottrell, M. Ieong, and H. S. P.
Wong, “High-performance symmetric-gate and
CMOS-compatible Vt asymmetric-gate FinFET
devices”, IEDM Tech. Dig., Washington, DC,
USA, December 2-5, pp. 19.5.1-19.5.4, 2001.
Yang-Kyu Choi, Nick Lindert, Peigi Xuan,
Stephen Tang, Daewon Ha, Erik Anderson, Tsu-
Jae King, Jeffrey Bokor, and Chenming Hu, “Sub-
20 nm CMOS FinFET technologies”, IEDM Tech.
Dig., Washington, DC, USA, December 2-5,
pp.19.1.1.-19.1.4, 2001.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.6, NO.1, MARCH, 2006 21

[14] Won-ju Cho, Jong-heon Yang, Kiju Im, Jihoon Oh
and Seongjae Lee, “Fabrication and Process
Simulation of SOI MOSFETs with a 30-nm Gate
Length”, J. Korean Phys. Soc., vol. 43, pp. 897-
902, 2003.

[15] Jong-Heon Yang, Jihun Oh, Won-ju Cho,

Seongjae Lee, Kiju Im and Kyoungwan Park,

“Defect-Free Ultra-Shallow Source/Drain Extension

Using Spin-on-Dopants for Deep Submicron SOI

MOSFET Applications”, J. Korean Phys. Soc., vol.

44, pp. 423-426, 2004.
[16] The International
Semiconductors 2004 Edition, Front End Processes,

Technology Roadmap for

(Semiconductor Industry Association, San Jose,
CA95110), 2004.

Won-Ju Cho received the B.S. degree
from Kyungpook National University,
Daegu, Korea, in 1989, and the M.S. and
Ph.D. degrees in electrical engineering

ikl @ : ~ from Keio University, Tokyo, Japan, in
/ j’g 1991 and 1994, respectively. In 1994, he
4", joined HYNIX Semiconductor Inc.,
Cheongju-Si, Korea, where he was involved in the advanced
process development of memory devices. From 1999 to 2000,
he was with the AIST, Tsukuba, Japan, where he developed the
ultra-low-loss power devices using silicon carbide. From 2000
to 2004, he joined Electronics and Telecommunications
Research Institute (ETRI), Daejon, Korea, where he is involved
in research on nanoscale silicon MOSFET devices. Recently,
he was appointed Professor of Department of Electronic
Materials Engineering at the Kwangwoon University, Seoul,
Korea. His current research interests include new electronic
materials and devices, simulations, processing, and analysis of
nanoscale silicon devices, Bio-devices, and micro-electro-
mechanical systems (MEMS)/NEMS.



