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Abstract: A gate-all-around cylindrical (GAAC) transistor for sub-10nm scaling is proposed. The GAAC transistor device
physics, TCAD simulation,and proposed fabrication procedure are reported for the first time. Among all other novel Fin-

FET devices, the gate-all-around cylindrical device can be particularly applied for reducing the problems of the conven-

tional multi-gate FInFET and improving the device performance and the scale down capability. According to our simula-

tion, the gate-all-around cylindrical device shows many benefits over conventional multi-gate FinFET, including gate-all-

around rectangular (GAAR) devices. With gate-all-around cylindrical architecture,the transistor is controlled by an essen-

tially infinite number of gates surrounding the entire cylinder-shaped channel. The electrical integrity within the channel is

improved by reducing the leakage current due to the non-symmetrical field accumulation such as the corner effect. The

proposed fabrication procedures for devices having GAAC device architecture are also discussed. The method is character-

ized by its simplicity and full compatibility with conventional planar CMOS technology.
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1 Introduction

CMOS processes and technology at reduced gate
lengths with conventional CMOS device have increas-
ing difficulty in maintaining high drive currents with
low off-current leakage and threshold voltage stabili-
ty. The short-channel effect becomes a big hurdle to
further scale down conventional CMOS devices. This
results in a degradation of the device performance
and determines the limits of miniaturalization. It is
important for the transistors with nanoscale physical
gate length that the channel conductance is controlled
predominantly by the gate electrode instead of the
drain electrode. For SOI devices, this is achieved by
reducing the silicon body thickness from partial de-
pletion mode to full depletion mode. Double gate
transistors''’, tri-gate transistosr'*’, and omega Fin-
FETs"®' are alternative device structures with excel-
lent short channel control ability.

Figure 1 illustrates a simplified diagram showing
the evolution of device structures from a series of gate
structure cross-sections for various evolved multi-gate
devices in terms of their equivalent number of gates.
from traditional bulk single gate MOSFET to double
gate transistor,tri-gate transistor, gate-all-around rec-
tangular (GAAR) transistor,and the gate-all-around
cylindrical (GAAC) transistor. In this work, we pro-
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pose a GAAC transistor device for sub-10nm scaling.
The GAAC device physics, TCAD simulation, and
proposed fabrication procedure are reported for the
first time.

2 GAAC device architecture and device
physics

The simplified perspective view of a gate-all-
around cylindrical semiconductor device architecture
is shown in Fig. 2. The device includes an SOI wafer
substrate that consists of an SOI layer,a buried oxide
layer and a bottom substrate, a first insulation layer
overlaying the substrate, and a semiconductor cylin-
drical wire overlying the first insulation layer. The de-
vice further includes a source region within the first
end section and a drain region within the second end
section. Additionally, the device includes a channel re-
gion within the middle section. The channel region
connects the source region and the drain region and is
a cylindrical shape with a radius and a length. The de-
vice further includes a second insulation layer sur-
rounding the cylindrical channel region. Moreover,
the device includes a gate eclectrode overlaying the
second insulation layer all around the channel region
and overlaying the first insulation layer along the di-
rection that is substantially perpendicular to the chan-
nel direction. The ultimate gate-all-around cylindrical

(©2008 Chinese Institute of Electronics



448 e

%29 &

Omega-gate
(0G)

Prior art

Rectangular gate— | Cylindrical gate—

Fig.1
(EGN)
drical gate-all-around structures.

device implements a physical oxide with a large
bandgap to isolate the gate from the conducting chan-
nel. By applying biased gate voltages to control the
semiconductor channel and form a channel inversion
layer, the device produces channel current when the
drain electrode is also biased.

The device as illustrated has various characteris-
tics, which include that the channel region of the sem-
iconductor wire has an ideal cylinder shape with a
length of L and a diameter of 2a;that the gate is a
metal gate with a bias voltage Vs applied; that the
gate insulation layer is a high-k oxide;that the chan-
nel region is a p-type silicon; That the source region is
N" implanted and is grounded;and that the drain re-
gion is N implanted with bias voltage V applied.
The bias voltages Vs applied to the gate electrode
helps create a channel inversion layer that is triggered
at a certain threshold. A current flow is produced

from the source region across the channel region to
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the drain region. The electric field inside the channel
can be modulated by the applied gate bias V; to con-
trol the drain current. The total channel current flow
from source to drain can be expressed by:

I = 2, c, {(VG—Z«FB V")VD 2

3
eNar (v, + 2w - (2%)3/2]}
le (NA

i

X

@Y

where ¥y = ) ; a ;silicon cylinder radius; L :

gate length; C, : gate oxide capacitance per area; N, :
density of acceptor impurity atoms;
centration of electrons;, :electron mobility; k : Boltz-
mann’ s constant; e: electronic charge; e, : dielectric
constant;and V, and Vg are the voltages applied to
the drain and the gate,respectively.

n;:1intrinsic con-

3 GAAC device 3D device TCAD simula-
tion

Sub-threshold conduction in a gate-all-around cy-
lindrical device is governed by the potential distribu-
tion in the entire device. The Synopsys 3D Devise and
Dessis TCAD simulation tools were used in our simu-
lations. A floating silicon body is applied to act as the
device channel, with gate dielectrics and metal gate
wrapped around. S/D to gate overlap is zero. The
main dimension and device simulation parameters are
listed in Table 1. A hydrodynamic model is applied in
case ballistic transport takes place and velocity over
shoots. Since high-k dielectric is applied, gate tunne-
ling is ignored to save computation time.
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Table 1  Fully encapsulated FinFET structure and parameters Table 2  Electrical properties for fully encapsulated FinFET
used for simulation with different shapes in cross section
Channel length 10nm Channel thickness 10nm S§/(mV/dec)| DIBL | Vi/V | Viat/V | Ton/pA |Lor/nA
Gate oxide thickness 1nm Gate oxide to S/D |Non-overlapping Circular 107 0.22 0.414 | 0.268 |155.800 | 0.303
Channel doping |10 ¢cm ™8 S/D doping 102° cm ™3 Octangular 120 0.29 |0.391| 0.205 |109.100| 1.48
Gate work function 5.5eV Vaa 0.7V Rectangular 123 0.30 [ 0.375 | 0.183 |117.900| 2.61

3.1 Corner effect

Three types of geometry in the channel region
are simulated for comparison: circular (infinite), oc-
tuple,and quadruple. The thickness of the channel re-
gion is the same in all cases (10nm) . The circular gate
device exhibits the best performance,as shown in Ta-
ble 2. It has the highest V, and I,, and the lowest [ ;.
More importantly, its sub-threshold performance is
much better than the other two because of the uni-
formity of gate dielectrics around the channel. As
shown in Fig. 3, dielectrics thickness is higher at cor-
ners in the quadruple and octuple cases, but uniform

in gate capacitance leads to larger trade off in gate
control. As described in Eq. (2),as T, increases,sub-
threshold swing degrades. Figure 4 shows that there is
more eclectrostatic potential drop along the angled
edge in the quadruple case than in the octuple case.
The electrostatic potential distribution is uniform in
the circular case. The results suggest circular is most
suitable for fully encapsulated FinFET. Dielectric
thickness non-uniformity is the major cause of device
degradation. From the process point of view, angled
edges should be avoided to prevent high dielectrics
thickness in these regions during deposition or oxida-

. . . tion.
in the circular case (which does not have corners). P c
. . . T
Though the perimeter is larger in the angled case, the loss S =2.3-2 (1 + C""‘ ) (2)
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Fig.3 Electron density for fully encapsulated FinFET with different shapes in cross section
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3.2 Gate enclosure effect

As illustrated in Fig. 3,the effective gate number
for omega gate FinFET is 3 + ,and is infinite for fully

encapsulated FinFET. In our simulation, omega Fin-
FETs""' with gate gaps at 0.5,5, and 8nm together
with a fully encapsulated FinFET are used for com-
parison. As the gap shrinks, device performances are
improved,as shown in Table 3. Figure 6 shows that
the channel electron density near the gate gap region
is much less than that away from the gap. Thus, the
I4, reaches to its highest point with the gate gap
closed. This shows that the short channel effects im-
prove as the gate enclosure increases because the drain
electric field line penetrating into the channel region
is successfully shielded.as shown in Fig. 7).
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Fig.6 Electron density for fully encapsulated FinFET with different gate gaps



%3 M Xiao Deyuan et al.: Simulation of Gate-All-Around Cylindrical Transistors for Sub-10 Nanometer Scaling 451
[Shieex [Sncex
(a) (®)

[Sticex

Fig.7 Electricstatic potential for fully encapsulated FinFET with different gates

5nm; (d) Gap=8nm

Gate wrap effect

150 A 0.50

140+
_ D I 1040
§ 130
> Z
< ] A
= 120} \ R e o
A

- 1030
110}
100 . . : 0.20
no 0.5 5 8
Spacing/nm
Fig.8  Sub-threshold swing and DIBL for fully encapsulated

FinFET with different gate enclosures

[Sicex
(d)

(a) Gap=0nm;(b) Gap=0.5nm;(c) Gap=

3.3 Channel doping effect

Table 4 and Figure 9 show that the device per-
formance is not obviously improved as channel doping
is reduced, but the DIBL and sub-threshold swing in
the non-doped channel are slightly reduced compared
to the heavily doped channel. There are two factors
that dominant device performance as channel doping

Table 4  Electrical properties for fully encapsulated FinFET
and FinFET with different channel dopings

Ch dopin
y 133 & S/(mV/dec)| DIBL | Vi/V | Viut/V | Ton/pA |Toe/nA
cm
1.00Xx 108 107 0.22 | 0.413 | 0.269 |156.000| 0.3
1. 00X 10 113 0.24 {0.395| 0.242 |119.000| 0.5
0 103 0.21 | 0.422 | 0.287 98. 000 0.1
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varies. One is the flat band shift due to channel do-
ping: as channel doping drops, the flat band shifts
negatively and leads to a drop in V, and a rise in 1.
With the decrease of channel doping, the depletion
thickness increases and the sub-threshold performance
is improved. A non-doped channel is usually used in
fully-depleted SOI devices to reduce surface scattering
of carriers with the scaling down of the channel
thickness'®’ .

3.4 Source drain doping effect

The source drain doping dependence of device
performance is more obvious than that of channel do-
ping. As the source drain doping (non-doped channel
experiment) decreases, sub-threshold swing, I, and
DIBL greatly improve (Table 5, Figure 10, channel is
intrinsic silicon). The only trade-off is I,,.

3.5 Gate oxide thickness effect

To avoid mobility degradation and achieve better
I, .intrinsic silicon (non-doped) is used as a channel.
The device is naturally depleted according to Eq. (3).
To achieve better short channel and sub-threshold
performance, T,, must be reduced according to Eq.
(2). Once C, is improved, the total sub-threshold
swing will be reduced. Table 6 and Figure 10 show
that when T,, is decreased. device performance is

Table 5  Electrical properties for fully encapsulated FinFET

and FinFET with different S/D dopings (non-doped channel)
SD doipng )

Jem- S/(mV/dec)| DIBL i/ V| Via/V | Ton/pA Lot/ pA

1. 00X 1020 108 0.23 |0.413 | 0.262 |101.000 | 139
5.00 % 10" 102 0.18 | 0.438 | 0.319 | 87.000 | 40.1
2.00x10" 94 0.14 | 0.467 | 0.378 61.600 | 3.73
1. 00X 10" 87 0.12 | 0.487 | 0.408 42.300 | 1.19
1. 00X 108 83 0.09 | 0.508 | 0.450 9.100 | 0.296

FinFET with different channel dopings

Table 6  Electrical properties for fully encapsulated FinFET
and FinFET with different T, (non-doped channel)
. T ox S/(mV
Ch doipng DIBL | Vi/V | Via/V | Ton/pA Lo/ pA
/nm | /dec)
1 103 0.20 | 0.422 0.289 | 97.700 | 4. 86
0 0.5 84 0.13 0. 463 0.380 |111.000| 3.40
0.1 74 0.08 | 0.491 | 0.442 [148.000| 11.5

greatly improved. Figure 11 shows that in the non-
doped channel and the heavily doped channel (10"

cm™?),there is great improvement.

Wdcp = v/ 4esi ‘I’p/qNa

3.6 Performance comparison on different FinFETs

3

Figure 12 shows the simulated plot of source to
drain current flow I, at different gate voltage Vg bi-
ases. For the curves with the solid line and dashed
line, the drain voltage bias of 0.05 and 0.8V are ap-
plied, respectively. For either case with different
drain biases,as the gate separation width (SPA) is re-
duced from 5 to 1 nm and to 0, the drain current de-

=T =0.Inm,N =1X10%cm?
----- T, =0.5nm,N =1X10"cm’
=T =Inm,N=1X10"%cm?

— T, =0.1nm,undoped channel
— T, =0.5nm,undoped channel

- T“;=1 nm,undoped channel

A& B Fm=mm

Fig.11 [I4-V, curves for fully encapsulated FinFET with dif-
ferent T, (V4=0.05V)
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Fig.12 Simulated plot of I versus Vg at different gate SPA

creases at a fixed sub-threshold gate voltage. The
drain current decreasing as a function of SPA de-
crease indicates a better performance in terms of off-
current leakage for GAA type than others with a gate
gap. This proves the clear advantage of the GAAC de-
vice over the conventional multi-gate devices in terms
of short-channel effect suppression.

Figure 5 is a simplified diagram illustrating drain
current as a function of gate voltage for a GAAC with
that of rectangular tri-gate,pi-gate,or omega-gate de-
vice,respectively. As shown in Fig. 5,a horizontal axis
represents the bias voltage applied to the gate. The
vertical axis represents the drain current on a loga-
rithmic scale. A second vertical axis on the right side
represents the same current in linear scale. Curves are
shown in the legend and represent the results for the
rectangular tri-gate device, pi-gate device,omega-gate
device,and GAAC device under fixed conditions, re-
spectively. The fixed conditions are the same for all
devices above, including a 0.5V bias applied to the
drain region, a channel width of 4nm (diameter of
4nm in GAAC),a gate length of 9nm, and other in-
trinsic physical properties of the material. The gate
separation is 0.8nm for the pi-gate device and 0. 4nm
for the omega-gate device. In comparison, a GAAC
device has no gate separation (SPA=0). The GAAC
device shows a lower leakage current than the other
devices, with the sub-threshold swing value $=70,72,
80, and 84mV/dec, respectively, indicated within the
bracket in the legend. The GAAC device also shows
the highest drain current with the same applied gate
voltage and the same gate dimensions,demonstrating
a better performance of the GAAC device over the
conventional multi-gate devices.

Deca-nanometric FinFETs (with a channel en-
capsulated by gate structure) are simulated. Device
performance is found to have high correlation with
device configuration. A circular channel cross-section
is better than polygonal, and the channel should be
encapsulated by the gate as fully as possible to ensure
the channel controllability.

Fig. 13  Simulations on sub-threshold characteristics for four

kinds of device architectures (Tri-gate, Pi-gate, Omega-gate and
GAAC device) Vp =0.5V,Ts = Wg =4nm, d, = 0. 8nm for
Pi-gate and Ly = 0. 4nm for Omega-gate, L, = 9nm

To avoid mobility degradation,intrinsic silicon is
recommended to act as a channel. A lightly doped
source drain will lead to better device performance,
especially sub-threshold swing and DIBL. Meanwhile,
reducing S/D doping has a trade off in I,,.To aggres-
sively improve short channel effect and sub-threshold
performance, T,, should be further reduced. The rec-
ommended device for manufacturing is a circular gate
fully encapsulated FinFET with T, <{0.5nm,a non-
doped channel,and source drain doping <<10*cm™°.

The GAAC device can be particularly applied for
reducing the problems of the conventional multi-gate
fin field effect transistor (FinFET) and improving
the device performance and the scale down capabili-
ty. According to the simulation, the GAAC device
shows many benefits over convention multi-gate Fin-
FETs, including the gate-all-around rectangular
(GAAR) type device. With a GAAC architecture, the
transistor is controlled by an essentially infinite num-
ber of gates surrounding the entire cylinder-shaped
channel. For example, the electrical integrity within
the channel is improved by reducing the leakage cur-
rent due to the non-symmetrical field accumulation
such as the corner effect.

4 GAAC device fabrication procedure

Recently, gate-all-around (GAA) devices have
been developed in which the gate region surrounds the
channel region completely without leaving a gap as
previous multi-gate devices did. However, due to
process limitations, the channel regions of these GAA
type devices are rectangular. In other words,the GAA
device is an equivalent 4-gate type device called a
gate-all-around rectangular ( GAAR) device. When
making a GAAR type device, there are some process
difficulties existing for forming a channel bridge due
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Fig.14 Proposed fabrication process flow for making gate-all-around cylindrical (GAAC) devices

to the relative large width of the channel structure.
For CMOS
process technology cannot be applied to form the re-
quired GAAR structure in some proposed designs. Ad-
ditionally,the electrical field in the rectangular chan-

example the well-established planar

nel is still not uniform due to the unavoidable corner
effect. The wire pattern includes a first end section,a
middle section,and a second end section. The method
further includes forming an undercut structure of the
buried oxide layer underneath the wire pattern and
selectively removing the undercut structure under-
neath the middle-section to form a cavity having a
first length and a first height. Additionally,the meth-
od includes forming a channel region by shaping the
middle section above the cavity to a substantially cy-
lindrical shape. The proposed fabrication process flow
for devices having gate-all-around cylindrical
(GAAC) device architecture is shown in Fig. 14. The
method is characterized by its simplicity and full com-
patibility with conventional planar CMOS technolo-
gy-

The detailed fabrication procedures are described
schematically below. Figures 15 (a) and (b) illustrate
a perspective view and a side view (cutting along the
A-A’ plane) of a portion of an SOI wafer,respective-
ly.

Figures 16 (a), (b),and (c) show a simplified
method for forming a wire pattern of the SOI layer
on the buried oxide layer for making device with a
GAAC architecture.

Figures 17 (a), (b),and (c) show a simplified

method for defining the first/second end sections and
the middle section of the wire pattern of the SOI lay-
er on the buried oxide layer for making a device with
a GAAC architecture. As shown in Fig. 17 (a) ,the un-
exposed resist patterns remain to cover the two end
sections of the wire pattern,including portions of the
undercut structure and the surface of the etched oxide
layer on both sides therecof. Thus, three regions are
defined along the wire pattern. Specifically, the un-
dercut portion possesses the same length of L as the
middle section of the wire pattern. Nevertheless, at
the end of the process,the undercut portions are still
covered by the resist layers, while the undercut por-
tion is revealed. Referring to Fig. 17 (a), the region
not covered by the resist layer records a pattern regis-
try that will be used for defining a gate region in one
of the later processes. After that,a cylindrical shaped
nanowire with a cavity underneath is formed.

Figures 18 (a), (b),and (c¢) show a simplified
method for forming cylindrical nanowire with no con-
tact to the buried oxide layer for making a device
with a gate-all-around cylindrical nanowire architec-
ture. A lateral oxide etching process is performed
using buffered oxide etchant (BOE) to remove selec-
tively the revealed undercut portion with rest of the
surface covered by etch-stop layer mask. Due to the
narrowed width of the undercut structure created in
an earlier process, this oxide etching process becomes
greatly simplified. This process results in the forma-
tion of a cavity,as shown in Fig. 18 (¢). The cavity
has the same length L as the middle section. Silicon
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plasma etching followed by a hydrogen annealing
process at 1000 ~ 1200C is performed to transform
the middle section of the wire pattern into a substan-
tially cylindrical shape by mass transportation around
its periphery body. This hydrogen annecaling process
also eliminates damage to the wire body caused by the
silicon etching process. The combination of the etch-
ing and annealing process provides a well controlled
cylindrical radius r. A gate dielectric layer is formed
covering the wire pattern at least around the cylindri-
cal nanowire.

Figures 19 (a), (b),and (c¢) show a simplified
method for a forming gate dielectric layer at least
around the cylindrical nanowire for making a device

Figures 20 (a), (b),and (c) show a simplified
method for a overlaying gate conductive layer for
making a device with a GAAC nanowire architecture.
Figures 21 (a).(b),and (c¢) show a simplified method
for forming a gate electrode surrounding the cylindri-
cal nanowire channel and overlaying the buried oxide
layer in a 2nd direction perpendicular to the 1st direc-
tion for making a device with a GAAC nanowire ar-
chitecture. Figures 22 (a),(b),and (c¢) show a simpli-
fied method for forming spacer regions and defining
the source and drain regions for a device with a
GAAC nanowire architecture. Figures 23 (a) and (b)
show a simplified method for forming an inner dielec-
tric layer for making a device with a GAAC nanowire

with a GAAC nanowire architecture. architecture.
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Figs.15 (a),16 (a),17 (a),18 (a),19 (a),20 (a),21 (a),and 22 (a) are the simplified perspective views,illustrating the process
steps in Fig.14.

Figs.15 (b),16 (b),17 (b),18 (b),19 (b),20 (b),21 (b),and 22 (b) are the simplified cross-sectional views taken along the A-
A’ plane of Figs.15 (a),16 (a),17 (a),18 (a),19 (a),20 (a),21 (a),and 22 (a), respectively.

Figs.16 (¢) .17 (¢),18 (¢),19 (¢),20 (¢),21 (¢),and 22 (¢) are the simplified cross-sectional views taken along the B-B’ plane
of Figs.16 (a),17 (a),18 (a),19 (a),20 (a),21 (a).and 22 (a), respectively.

Fig.23 (a) Simplified perspective view of an integrated circuit unit showing three contact pads for a GAAC device within an inner
dielectric layer; (b) Simplified cross-sectional view on cutting along the B-B’ plane of Fig.23 (a).
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5 Conclusion

We have proposed a gate-all-around cylindrical
(GAAQC) transistor device suitable for sub-10nm scal-
ing. The GAAC transistor device physics, TCAD simu-
lation,and proposed fabrication procedure have been
reported for the first time. Among all other novel
FinFET devices,the GAAC device can be particularly
applied for reducing the problems of the conventional
multi-gate fin field effect transistor and improving
the device performance and the scale down capabili-
ty. The proposed fabrication procedures for devices
having GAAC device architecture are quite simple
and fully compatible with conventional planar CMOS
technology.
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