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CMOS FinFET Fabricated on Bulk Silicon Substrate
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Abstract: A CMOS FinFET fabricated on bulk silicon substrate is demonstrated. Besides owning a FinFET struc—

ture similar to the original FinFET on SOL. the device combines a grooved planar MOSFET in the Si substrate and

the fabrication processes are fully compatible with conventional CM OS process, including salicide technology. T he

CMOS device, inverter, and CMOS ring oscillator of this structure with normal poly-silicon and W/TiN gate elec—

trode are fabricated respectively. Driving current and sub-threshold characteristics of CMOS FinFET on Si sub-

strate with actual gate length of 110nm are studied. T he inverter operates correctly and minimum per stage delay of

201-stage ring oscillator is 146ps at Va= 3V. The result indicates the device is a promising candidate for the applica—

tion of future VLSI circuit.
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1 Introduction

FinFET'" is the most promising structure of
various double gates devices and is capable of uti-
lizing for mainstream IC industry. Original FinFET
is a single nMOS'" or pM0OS'? device and fabricat—
ed on ultra-thin Si film of SOI substrate. It shows
excellent sub-threshold characteristic for the very
thin Si fins. This paper demonstrates a design and
fabrication of a FinFET on bulk silicon substrtate
in detail. This device not only includes a FinFET
structure but also owns a grooved planar MOSFET
since its substrate is not insulator as original Fin-
FET.The process flow is a little different from o-
riginal FinFET and fully compatible with conven—
tional CMOS process, including salicide technolo—
gy. Two kinds of gate electrode, poly-silicon gate

and W/TiN metal gate, are also implemented. The
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characteristics of the CMOS device, inverter, and

CMOS oscillator are analyzed.

2 Device structure design

The double gates (DG) MOSFET shows bet-
ter SCE immunity since two opposite gates shield
the conducting channel. Figure 1 shows schematic
diagram of the proposed device structure. Device is
constructed on the normal bulk silicon substrate
unlike the SOI substrate of original FinFET. Fig-
ure 1(a) is a scheme of 3D view of device. Figure 1
(b) is the scheme of 3D view of device after remov—
ing the gate material in order to disclose the Si is—
land. Figures 1(¢),(d), and (e) are SEM photos of
the fabricated device. Source and drain are along
the direction of channel (x-axis) and connecting
the channel directly. Gate electrode is along the di-

rection of y-axis and bridges over the two sides of
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Si island. The gate electrode in our design is a little
different from original FinFET . It consists of three
parts, except double gates, including a top gate,
which is a 3/4-around gate to control the channel.
Figure 1(e) is a SEM cross-section photo of the
fabricated structure along the y-axis and illustrates
this difference. T he silicon island or Si fin is under
the gate. In this work, final thickness of Si island is
about 70nm. Figure 1(d) is a SEM cross-section
photo along the xo-axis. xo-axis is parallel to the x -
axis and at the placement in the trench outside the
Si island. There is a groove in the Si substrate be—

vond the location of Si island. The gate electrode is

a T 7 gate and buried into the groove. It is isolated
to the source and drain by a sidewall. Simultane-
ously, the gate is restricted between the spacers in
the groove and it means that the gate is defined by
the gap between spacers. The spacer-defining gate
can achieve a smaller gate length than the limit of
lithography resolution because the RIE process
forms the spacer and its width can be controlled by
the thickness of the deposition for spacer. The de-
vice can be designed with many parallel Si islands
in the groove to increase driving current. Figure 1
(e) is the planform of the fabricated device with

seven Si islands.

()

Fig. 1

(=)

(a) 3D view of FinFET on Si substrate: (b) 3D view of FinFET on Si substrate after the removal

of gate material: (¢) Top view of SEM: (d) SEM cross-section view in the direction of xo-axis: (e) SEM

cross—section view in the direction of y-axis of a fabricated FinFET on Si substrate

The most difference between this design and
original FInFET is the former exists a planar

grooved conducting channel parallel the channel of

Si island. The grooved planar MOSFET on bulk
silicon substrate can suppress the SCE effectively

since its channel is at the bottom of the groove, the
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source and drain are little raised for them to form
zero or negative junction depth, so that there are
two energy barriers at the corner of the groove,
which is of benefit to SCE. The results of 3D device
simulation indicates deteriorate the advantages of
double gates, but also bring more drain current
than original FinFET. The relation between the
groove device and FInFET will be discussed in de—
tail in the other paper.

Our previous work'” has shown how to deter—
mine the structure parameters of the structure, in—
cluding gate length, thickness of gate dielectric,
thickness and height of Si island, thickness of spac—
er insulator, lateral diffusion length of source/drain
in the channel, and profile of channel doping, gate
electrode material ete. Optimizing these parameters
are on the base of theory analysis, 3D device simu-
lation, and process considerations. There are some
other parameters related to our device structure,
such as width of trench, thickness of top isolation
layer, S/D junction depth etc. , need to further con-

sider.
3 Device fabrication

Figure 2 shows the process flow of our CMOS
FinFET fabricated on Si substrate. The starting
material is normal p4type {00) 100mm Si wafer,
and with a doping concentration of 1X 10" em™ .
The twin-well process was used in order to be
compatible with the normal deep sub-micron
CM OS process. Surface concentration of the twin-
well was equal to 1 X 107 em™ . Then, the active
area was defined and isolated by a two-step re-
cessed LOCOS process'''. This technology could
eet a nearly planar surface as STI and was benefi-
cial for later groove etching.

In the following steps, a multidayer insulator,
HTO ( high oxide ) /SisN4+/LTO
(20nm/35nm/350nm) was formed. Then, a groove

pattern on the sandwich layer was defined using

temperature

EB direct writing for UV Il resist. The printed

width of the groove was 200nm. Figure 1(d) shows
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Fig. 2 Process flow of CMOS FinFET on normal Si

substrate

its final profile and actual width along the surface
of Si was 220nm. After the top LTO layer in the
groove was removed by RIE, several parallel Si is—
land patterns perpendicular to the groove were also
defined by the EB direct writing. The line width af-
ter development was 130nm and it was much larger
than the desired value of thickness of Si island. A
resist ashing technology was used and the line
width was reduced to sub 90nm. After removal of
sacrificed oxide, the final thickness of Si island was
70nm, which is shown in the Fig. I(¢) and Fig. 1
(e). The subsequent anisotropic etching processes
removed SisN+/HT O, and then bulk Si. The depth
of etched Si was 100~ 105nm, which ensured the
junction of the source and drain of planar grooved
device was at the nearly same level as the bottom
of groove.

A SisNs layer was then deposited by LPCVD
over the whole wafer. The thickness of this layer
was confined by the relationship: T'sin, < (L groove—
L) /2. Here, Lewne was width of groove and Ly was
desired gate length. As a final result of this work,
Tsipy, was equal to 90nm. A following SisN4 etching
forms the spacer in the groove. T he profile of spac—
er in the groove decides the actual length of gate:
Le= Lgwoe— 2Tsin, (1= A) . Figure 1(d) indicates fi-
nal thickness of SisN4 spacer was equal to 55nm
and L. was equal to 110nm which was along the
surface of the Si substrate. A is the lateral shrink-
age rate of over-etching the SisN4 layer. A must be
larger than the ratio of height of Si island and
thickness of top isolation layer (about 30%) so as

to fully remove the spacer cling to the Si island a-
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long the direction of y-axis. Next, a sacrificial oxide
is grown to a thickness of 15nm by the dry 02 oxi-
dation. In this work, the proposed channel doping
engineering was not adopted for simplifying pro-
cess. After the sacrificial oxide was removed in the
diluted HF solution, the residual top isolation layer
on the Siisland in the grooved had already been re—
moved, which was easily removed because the is—
land was very narrow. A 2.5nm gate oxide was
subsequently fabricated at 830°C in dry O: furnace.
Two kinds of gate electrode materials, including
poly=silicon and metal were deposited for the dif-
Thickness

200nm. The metal gate was a multi-ayer

ferent wafers. of poly-silicon was
TiN/
W/TiN ( 35nm/100nm/15nm ). W/TiN was the

hottest metal material available to the gate of

CMOS device. It was a near mid-gap material and
showed good thermal durability, which was neces—
sary for later rapid thermal annealing ( RTA)
about 1000°C. A top LTO layer of 200nm was also
deposited and it shielded the doping ions passing
through the metal gate during source/drain im-
plantation with a large dose. In addition, the layer
was the inhibitor of silicide reaction on the metal
gale.

Next,a 0.3um gate pattern at the groove was
exposed on the gate material. After the unwanted
gate material and top isolation layer was removed,
the final T 7 type gate was formed, which fully
covered the recessed groove and Si islands. 43keV,
4X10%em™ " of "As" and 25keV, 3 X 10%em™” of
“BF3 were then implanted into the wafer for the
formation of source/drain of nMOS and pMOS re-
spectively. RTA at 1005°C activated the doping
ions. Very shallow extension of source/drain for
the normal planar device was not used in this
structure for the reason that the FinFET was the
whole Si island but the surface transmitting cur-
rent, so that the SCE was a little effected by the
junction depth. Following by the formation of an-
other SiO:2 spacer adhere to the T+ype gate, a Ti
salicide process was used. The sheet resistance of

Ti-silicide with a large area was 4.2Q/0]. Finally,

the BPSG was deposited and metal interconnection

was produced.

4 Results analyses

Various CMOS devices, inverters, and CMOS
ring oscillators were fabricated on the wafer. Fig-
ures 3(a) and (b) show the subthreshold and out-
put current characteristic for grooved nMOS Fin-

FET on bulk Si with the actual gate length of
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Fig. 3 (a) Subthreshold characteristic( Va= 0. 1V
and 3V): (b) Output current characteristic (( Vg—
Vi) from OV to 3V) for nMOS FinFET fabricated on
bulk Si substrate Lg= 110nm, W= (Wa+ 14Hs)=

5. 4pm

110nm. Figures 4(a) and (b) show these character—
istics for pM OS. The gate electrode for the device
was poly-silicon and there were seven Si islands in
the groove as shown in Fig. 1(c). The space be-
tween two neighbouring islands was 0. 3ym.nMOS
drive current was 278uA/um at (Ve— V)= 3V
and Va= 3V. Vuwas 0. 12V for nMOS, here Vi was
defined as the value of V. at Ju= InA/um, and the
off-state current (V.= OV) is less than 20pA/um.
The effective channel width (W) was nearly de-
fined as (Wa+ 2nHsi).The Wa was the width of

the active area in the direction of y-axis and W=
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Fig. 4 (a)Subthreshold characteristic( Va= - 0. 1V

and — 3V):(b)Output current characteristic((Ve—
Vi)from = OV to = 3V) for pMOS FinFET fabricat-
Le= 110nm, W= (Wa+

ed on bulk Si substrate

14H si)= 5. 4um

4um. The n is the number of Si islands and n= 7,
which is shown in Fig. I(¢). H si is the height of Si
island and H si= 100nm. However, the definition of
effective channel width is very conservative. Simu-
lation data indicate the thin Si island owns much
more high current density than that of planar
grooved device, but the former has to be charged
with the great device width of the later. Actually,
the device without Si island is also fabricated on
the wafer. After the driver current offered by the
grooved device is removed, the nMOS drive current
of pure Si island is over 450pA/um under the same
bias (It will be discussed in detail in other paper).
On the other hand, the absolute value of Vu of
pMOS is very large, about 2.0V (= 2.0V),so the
driving current is very small, about 90uA/um at V,
= Vu= = 3V and Va= - 3V. The large pMOS
threshold voltage is due to an unreasonable doping
concentration in the n-well.

The subthreshold swing and drain induced

barrier lowering ( DIBL) of CMOS device are

90mV/dec and 50mV/V for nMOS, 180mV /dec
and 30mV/V for pMOS, respectively. Because the
modulating effect of drain junction under different
Vain pMOS, the DIBL voltage is smaller than that
of nMOS. Comparing to the normal planar MOS-
FET with the same channel doping, the FinFET on
Si substrate shows better SCE immunity. Howev-
er, it is much worse than that of original FinFET.
The reason maybe: (1) the actual thickness of Si
island is too large and should be less than 350nm
reference to the theoretical analyses; (2) a better
channel doping profile is necessary to reduce the
effect of groove device. Figures 5(a) and (b) show
the output wave for the CMOS groove FinFET in-
verter and ring oscillator. The input voltage is
transformed perfectly in the inverter. The average
ver stace delav of 201-stage ring oscillator is 146ps
at Va= 3V.
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Fig. 5 Output waves of inverter (a) and 201-stage
ring oscillator (b) of the CMOS FinFET on bulk Si
substrate at Va= 3V

146ps/stage.

Delay of oscillator is equal to

Results of the device with W/TiN gate are
much worse than that with poly-silicon for the pro-

cess reason, which is not presented here.

5 Conclusion

A FinFET structure was fabricated successful-
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ly at the first time on the normal bulk Si substrate.
[t combines both FinFET and grooved planar
MOSFET that means it is a mixed gate device
products. Unlike original FinFET, its process flow
of fabrication is fully compatible with conventional
CMOS process. Not only the CMOS device, but al-
so the CMOS inverter and oscillator are manufac—
tured. T he device and circuit can operate correctly.
[t first demonstrates the feasibility of self-aligned
double gate device integrated into normal deep sub-
micron CMOS process on bulk Si substrate. By op—
timizing channel engineering, gate material, and
process conditions, especially thinning and densing
the Siisland with an improved lithography technol-
ogy and improving the control of S/D depth, the
device will achieve a greater drive current and sup-

press SCE more efficiently.
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