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Abstract: A comprehensive way to design a sub-50nm SADG MOSFET with the ability of being fabricated by im-

proved CMOS technique is described. Under this way, the gate length and thickness of Si island of DG device show

many different sealing limits for various elements. Meanw hile, the spacer insulator shows a kind of width thickness

on device drain current and circuit speed. A model about that effect is developed and offers design consideration for

future. A new design of channel doping profile, called SCD, is also discussed here in detail. The DG device with

SCD can achieve a good balance between the volume inversion operation mode and the control of V. Finally, a

guideline to make a SADG MOSFET is presented.
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1 Introduction

The double-gate MOSFET (DG MOSFET) is
thought as the best to overcome those scaling lim-
its in the nanometer range'". DG MOSFET with
two gates controlling a single conduction channel
(named as Si island) shows many advantages'".
Normally, it is very difficult to employ the tech—
nigue of the current process in mainstream to pro-
duce a qualified DG MOSFET. However, there are
still some successful cases reported, such as Fin-
FET', SSFG'", VRG'", DELTA and GAA etc.
These device structures can be called self-aligned
double gate (SADG) MOSFET for the self-aligned
channel in process.

People have done many theory analysis for the

. 5
DG MOSFET, such as saturation current mode' ",
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the most important characteristics Volume in—
version” operation mode'®, prediction to its thresh—
old voltages and sub-threshold swing'”, guideline
to scale DG MOSFET'" thickness effects of Si is—
land'”. These authors usually avoided introducing
actual consideration of process for a compact theo-
ry analysis. In this paper, we present a comprehen-
sive way to design a sub-50nm self-aligned double-
gate MOSFET for fabrication. Here, we firstly set
a sight of the technique limits and their effects on
an ultra-small DG device. The optimizations of de-
vice parameters, including gate length, thickness of
Si island, thickness of spacer insulator and channel
doping, etc., were performed with the assessment
of device performance and practical process condi-
tions. We investigated the thickness of sidewall ox-
ide for its effects on the performance of the SADG

MOSFET, which has not been discussed in other
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papers. A new channel doping profile in the thin Si
island is also presented to balance the volume in-
version operation mode and the control of thresh—

old voltage. Finally, we offered a guideline to make

a SADG MOSFET.

2 Device structure

First of all, we design a type of device struc—
ture, which is one of SADG structures. As the ge-
ometry design and process integration of a DG

MOSFET

structure should not be discussed here. This paper

are very complicated, this practical
only covers the device parameter’s choice during
designing a SADG MOSFET. Fig. 1 shows the
scheme of a device structure model which can sym-
bolize our practical SADG MOSFET structure for
the analysis. The device simulation is performed on
the 3D device simulator, DAVINC4.0 and the
structure is constructed on a solid coordinate sys—
tem as shown in Fig. 1. The main device parameters
of a SADG device include gate length (L¢), thick-
ness of gate dielectric ( T ). thickness of Si film
(Tsi).thickness of spacer insulator ( T'sc and Ton),
lateral diffusion length (Xs.0e) of source/drain in
the channel, and profile of channel doping (Na).

gate electrode material etc.

Fig. 1 Model of simulated SADG device structure

3 Gate length scaling limit of DG
MOSFET

Which generation should we replace the SG

structure for DG structure? The ruudmap[ O of

Semiconductor Industry Association has indicated
that it come into true when the L¢ scaling to 20nm.
That consideration mainly based on the require-
ment of IC integration. On the other hand, theory
analysis shows the nearly infinite bound to L¢ of
DG 18]
channel) length in the DG MOSFET shows differ-

ent ways. Retarding SCE of super deep sub-micron

device'”'. Actually, the limit of gate ( or

device during scaling is the primary purpose that
we substitute SG with DG structure. SCE of SG
device is determined by many elements, including
T, Lc, depth and lateral abruptness (LA) of S/D
junction, channel-doping profile. Optimizing the
value of these parameters can improve SCE. Unfor-
tunately, there are some Wallboards” of these pa-
rameters, which have no manufacturable solutions
to break through with current technigue. Accord-

il =
!, we have to fix Tw=1.5nm,

ing to the roadmap'"
junction abruptness =3nm/dec for following anal-
ysis. At the left axis of Fig. 2, the simulated data of
the max Tsito keep Vu roll-off< 0. 05V as function
of Lc shows the lower limit of L¢ decided by SCE
(excluding the QM effect on V). Under the same
condition of channel doping, although the DG de-
vice shows much better SCE immunity than that of
the SG device'”, the DG with low channel doping
can not keep small Vi roll-off as Lc< 50nm yet.
One solution is increasing the channel doping to
some level, as the second curve shown in Fig. 2,
where increasing UCD concentration can enlarge
the limited range. The other solution is employing
a thinner Si island, which is to be discussed in de-
tail in next section.

Besides SCE, there are some other elements to
determine the range of actual gate length during
manufacturing a DG MOSFET in Fig. 2. First, the
resolution of lithography and etching are the basic
elements to be considered. With the best available
technigue, the finest line width for device fabrica-
tion is about 20nm (EB and hard mask technigue) .
Next, as the channel of DG device is accustomed to
be lightly uniform doping (UCD)"* * for satisfying

volume inversion mode and high carrier mobility,
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the dopant lateral diffusion length (X s.pea=Ts.0c)
in the heavy doping Source/Drain should be the
second consideration. ( Xs-«—Tsc) and (X pea=Tnc)
are decided by the lateral abruptness (LA) for
Source/Drain doping, whose minimum value is
3nm/dec now'" . When the Ts.oc is fixed. X v is
the thickness of drain depletion layer and it is very
small under the control of double—gate, so the Lc
should be nearly twice of (Xs.pe«=Ts.06). The lim-
its of lateral diffusion length of S/D under different
channel are also presented here. Third, the relation
between fluctuation of gate threshold voltage
(delta V) and gate length is illustrated at the
right axis of Fig. 2, which is derived from the equa-
tion (delta V) = ¢Cu' (Ts Na/3LW )", Al-
though the QM effect may modify the distribution
of carriers and potential and the carriers transport—
ing in the channel™ "', it could take a key effect
only as device size scaling down to 10nm. So the L
scale limit decided by QM effect is beyond our de-
sign consideration. In summary, the minimum L in

our device design is 20nm.
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Fig. 2
SADG MOSFET

Various gate length scaling limits for

4 Design consideration of Tsi

Wong'” has predicted the Ts should be less
than 1/4L¢ to keep SCE small. The SCE limit curve

in Fig. 2 illustrates the max T'si to keep Vu roll-off
< 0. 05V for different Lc and testifies his theory. In
his model, the channel is uniformed for doping and
fixed at a low doping level. So these curves also de-
termine the upper limit of Tsi. For Le= 20nm DG
device with UCD= 1X10"em™ 7, Tsi should be less
than 10nm. Actually, this fdeal” structure can not
be totally realized because of too thin silicon island
and the great lateral diffusion from S/D. Then, the
limit of Tsi is also affected by the resolution of
lithography/etching (it can be a little smaller than
the resolution of lithography because of etching of
the scarified oxide) .

The functions of inversion carriers and poten—
tial distribution as different Tsi of double—gate
MOSFET are shown in Fig. 3. As Tsi scaling, the
carrier’s concentration in the Si film increases
greatly and the whole Si film is under a stronger
volume inversion mode (the concentration of inver—

sion electrons of the whole Si film is larger than

T;=200m
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10 sa‘ .5 b } rr # 06
- L |I\ . a.n. h s
; IR Nt
3 TR
T A A (R
1o [ -3
g Ao i B f E
g 10 \ \-\ YAy /J £
-] | . J
g a - A lo2
g )/ '
= S
P
10" | 0.V, UCDZ10%em? ) 0
-30 ~10 10 30
Distance from middle of Si island/nm
Fig. 3 Simulated data of electrons concentration

and potential distribution cross the Si island of

SADG MOSFET with different T's:

Na),s0 as to get greater drain current for the same
device width. However, if the gain from volume in-
version can not compensate with the loss of total
drain current caused by the smaller area of the Si
film in a specific SADG device structure, continued
decreasing of the T'si means nothing. T he drain cur-

rent of device decides the lower limit of Tsi. As a
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result, the satisfaction of T'siis 10~ 50nm according

to different channel doping profile.

S Design consideration of Tsc/cp

Thickness ( T'sc/cn) of spacer insulators, which
is used to isolate double gates from source/drain in
the SADG structure, will take more important ef-
fect on device performance. First, T'sc/cn decides the
value of parasite capacitance ( Csc/cv) between
gates and source/drain. Second, it changes the met—
allurgical length (Lu) of device’s gate under a
fixed channel doping profile and lateral abruptness
of S/D doping. If we have Ly equal to L¢ via other
hands, Tsc/co will affect the S/D series resistance.
The device simulator DAVINC4.0 cannot deter—
mine the value of Tsc/cp and the relation between
them and other parameters. We adopt the way of
theory analysis to realize those intentions.

From the Poisson’s equation, drift-diffusion e-
quation, and conventional surface channel theory,
an equation describing the drain current of DG
MOSFET near drain reign with carriers velocity

. . . . 5
saturation effects is obtained'” :

(Ves = Vi) ?

Ivs = 2W tuCox Ves = Vi + ol (1)

3T o

where 0=~ 1+ 4T 0 Bt refers to the saturation ve—
51

locity of channel carriers above saturation electrical
field Esu. Ew can be expressed as Ew= (0.5X(Ves
+ Vi) Co+ gNaTsi) /6 in the DG MOSFET. Vau
represents the threshold voltage of surface channel

and is given by:

gN o TsiT o
V= Vis+ 2% + 126“ (2)
gN aT3

where < 2%, Vis is the flat-band voltage.

8€n
& is the Fermi-potential in the surface of Si island.
& is the potential in the mid-channel.

L in Eq. (1) is Lu, which is defined as the
space between source and drain junction. In a
SADG structure as shown in Fig. 1, normally, the
channel is a uniform doping with a low concentra—

tion and so there is no self-aligned S/D extension.

The device forms S/D area after the spacer insula—
tor has been implemented. As a result, Ln can be
expressed as: Luw= Lo+ 2 Tsc/ep=X sex=X vexi. When
we have Lw nearly equal to L¢ by the technical
ways, the Tsc/ep has the same value with Xs«a or
X bext.

Equation (1) does not include the series resis—
tance effects in the source and drain. We use the e-
quivalent circuit model modifying the Ves and Vos:
V'os= Vos+ fn.-:(R.-:-i— RI:], V'cs= Vos+ TosRs.

New line where Rs-Rp represents the equiva-
lent series resistance of source-drain. So the effec—

tive transconductance in the device is given by:
« dlps [OV s Zu
€= Wesl WVes 1+ gnls

where gn = g},]:lﬁ_ .

(3)

The total source—drain resistance ( Rs») in the
SG MOSFET is composed of four parts: the accu-
(Rac),

spreading resistance ( R. ), the source or drain

mulationdayer resistance the effective
sheet resistance (Ra) between the junction depth
and contact reign, and the contact resistance (Rw) .
In the DG MOSFET

mode, Ra and Ry are not exist. We will integrate a

with a volume inversion

silicide process and omit the effect of Rw. Then, Ra
takes the most important effect and Rs» is decided
by resistance of the source-drain extension reign,
which is a function of X seu or X vea and Run.

Figure 1 also shows various capacitances in
the device. Gate capacitance ( Cc) and Si island ca-
pacitance ( Csi) are intrinsic capacitance: the over—
lap capacitance between gate and source (Csc),
drain ( Cep) and source-drain junction capacitance
(Cj) are parasitic capacitance. Cc, Csi, Csc, and Coc
can be expressed as: (1) Csc.cn= € WW2/Tsc.cn;
(2) Co= 2WLen/Tw;(3) Csi= WLesi/Tsi.

The intrinsic gate delay of a MOSFET can be
estimated by T= Ccgn . However, the basic switch-
ing characteristics of a CMOS inverter should in-
clude the total capacitance effects in the input and
output port. If the load capacitance is zero, the

propagation delay of one-stage inverter is T= R«
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(Ciwn+ Cow). R« represents the switching resistance
in the channel. We assume PMOS and NMOS to be
identical. R« in the DG MOSFET can be expressed

as

| s
Rev = ’ Yoves

Rs+ Rv (4]

Input capacitance ( Cin) consists of Cc, Csi, Csc,
and Cep. Output capacitance consists of the drain
junction capacitance ( Cjv) and Cep. In this analy-
sis, Ci» can be omitted for the very small contact
area of drain junction with channel in the DG
MOSFET.

Figure 4 shows the calculated results of 7, 7
vs T'sc.oc in the SADG MOSFET . trepresents a in—

trinsic parameter of a MOS device and can be

10"k Toe=1.5nm, 5=20nm

7, L=10um W,

E——-l—-rp,Lzl

Delay time/s
3

..., L=50nm

—&— 1, £.=50nm

107 e L=10nm,

Fig.4 T, T-T'sc.co characteristics in the SADG
MOSFET

scaled down as gate length. For a device, especially
a lightly doped DG MOSFET, the parasitic series
resistance will take more effects on the device’s
performance than the parasitic capacitance induced
by the sidewall oxide. One can also design a thinner
(< 30nm) sidewall oxide in the ultra-small DG
MOSFET. However, the propagation delay (%) of
one-stage inverter integrated by these devices
shows different characteristics. If the value of
Tsc.oc turns to smaller, the parasitic Cos, Coc be—

come much larger and make T increasing greatly

even the improvement of gm can not offset its de-
grading. T» has a minimum value as Tsc.vc scaling
down. One can optimize the value of Tsc.oc for de-
signing a DG MOSFET . Using our physical model,
the best T'sc.oc for L= 10, 30, 50nm DG MOSFET
are 35, 30 and 22nm, respectively. Simultaneously,
the gradient of T to Tsc.vc( 01/ sc.vc) around the
peak point to the right side is smaller than that of
the left. So we can make a some larger Tsc.oc for
the technical reason and keep the discrete effect of

T'sc.vc caused by the practical process bias is small.

6 Channel doping and gate material
design

Figure 5 shows different channel doping pro-
file cross the silicon island. Uniform channel dop-
ing (UCD) is the normal choice'”™ ™ for DG MOS-
FET because of the formation of volume inversion,
higher carrier mobility and less AVu( Vuw roll-off)
for the less channel dopant. Unfortunately, uniform
doping with low doping level will limit the scaling

107

10°k
10" 3

10"

Channel doping concentration/cm-3

10"k

ucni1

15 PR PR SRR TR S R
10—30 -10 10 30

Distance from middle of Si island/nm

Fig. 5

Simulated data of different channel doping

profile cross Si island (z axis)

of Lc, which has been discussed above. Second,
such doping will force the threshold voltage into
very low, even negative, in the DG MOSFET. Al-
though increasing the channel doping concentration

is a potential solution, it makes the inversion carri—
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ers in silicon island decreased greatly and conse—
quentially the drive current turns smaller. To
achieve a small AV and better drive capability, we
designed a new channel doping profile as shown in
Fig. 6. The new channel doping is named as
%cotia” channel doping (SCD) (Formed by the
large tilt implantation). It is decided by the peak

concentration (N;) along the surface of Si island

and the lateral diffusion abruptness (LA ) of

dopants.
08f..o. ucD1
--0-- UCD2 x.
07F-w-ucp3 <
- v - UCD4 4
% 06 =-SCDI E
J |--scp2 E
Z 05}----scD3 J10' &
§ [—=—uo o=l , ) £
8 04} —e—vcp2 15=20nm for UCD device s
g —a—ycp3 Ts=50nm for UCD device 2
£ 03L —v—UCD4 E
[ —emsen1 Hom018V(aslont) |
E 0.2} —x—scn2 for L,=200nm 3
0.1t (E.
0.0t
10°
Gate length/nm
Fig. 6 Threshold voltage roll-off (left axis, delta

(V)= V= Vo, Vio= — 0. 18V when Lc= 200nm)
and Source/Drain saturation current (right axis, fos—a,
Vis= 0.5V, Vps= 1V, Tsi= 20nm for UCD NMOS de-
vice, Tsi= 50nm for SCD device) as function on L of

SADG device

Figure 6 shows the dependence of AVw and
li.sa density on L under different channel doping
level. The Vu roll-off of the SADG nMOSFET for
UCD (1, 2) is very large. In fact, the Vu(it is de-
fined Vs as Tos= 100nA/um for nanometer device)
of device with that doping is minus and Jor( Ves=
0V) is very large and to consume too much extra
power in the circuit. Changing the gate material
and doping type is the normal way to solve this
problem. T he materials replacing poly-silicon gate
are mid-gap material such as W, TiN and GeSi etc
or the dual metal gates such as Ta, MoSi:, Zr for

nMOS and Pt, Ru, Ni, Co for pMOS. They can keep

Vi symmetrical between pMOSFET and nMOS-
FET and shift it to a reasonable level easily. In this
case, the inversion carrier’s distribution cross Si is—
land is a little different from that of UCD device
with doped poly-Si gate, as shown in Fig. 7. The
peak of carrier concentration is at the middle of Si
island and makes the MOSFET closer to a bulk-ef-
fect device than a surface device, which means

higher drive current.
- 8- UCD=10"wm-, K, =0V v
10™F- o - UCD=10%m- =025V
o -UCD=10% 3, =05V ;7
r--u--UCL):ltI“:ﬁ?,lg_ﬂ.'}!i\' ¥
\o‘_s' g u'a
10§ “apgses
[ BD'U” Jl.u::-r:

10°F v
'IL/ A
10I4r .\ y o* T LR \/.1

12
10 3

Electron concentration/ci3

10" .
-30 -10 10 30

Distance from middle of Si island/nm

Fig. 7 Distribution of electrons’ concentration cross

the Si island of SADG MOSFET with different doping

profile and midgap gate

With SCD doping, the device can achieve the
similar result to that of metal gate. Fig. 6 also
shows the characteristics of AVw and [u..sa versus L
in the SADG MOSFET with various SCD doping.
The SCD can modily Vu above zero while we
choose a proper doping condition. Simultaneously,
the Ivssa degradation for the higher surface concen—
tration in the SCD is much smaller than that of
UCD with the same concentration. The reason is
that the doping concentration at the middle of Si
film is small, which keeps the volume inversion still
working. The second reason is that the surface
scatter effect still makes little effect on the drain
current. Figure 7 shows the distribution of elec-
trons’ concentration cross the Si film with differ-
ent channel doping dose and mid-gap gate. The dis—
tribution curve of SCD under 0.5V gate bias is

strange and very different from that of other way
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of channel doping. But at the middle of Si film, de-
vice of SCD has the similar volume inversion mode
as that of UCD under zero or tiny bias. Fig. 8
shows the changing of electrons’ concentration
with the Ves for both UCD and SCD structure. Un—
der a larger bias, SCD device shows different char-
acteristics from that of UCD. The inversing elec—
trons concentration in the middle for UCD has the
nearly same concentration as that of SCD around
surface; by contrast, the UCD device has the re-

verse characteristics.

10
—o—UCDI1
t —o—UCD2
=
™ Midcap
18 —l—H'
Tl B
; —=*—SCD3 r
X 3
i
4 lolﬁ!_
s
f’.
i 10"F AA—a
% E
F L:’zzfs-_fﬂnn\\
=05V, Fe=01Y
o Y EOVRRYON
=30 -10 10 30
Distance from middle of Si island/nm

. Ca . , .
Fig. 8 Distribution of electrons’ concentration cross

the Siisland of SADG MOSFET under different Vs

7 Conclusion

It is apparent that the scaling progress of SG
MOSFET can not continue in the several years and
the DG, especially SADG structure is the most
promising for the post-CM OS era. We presented a
consideration of synthesizing the theory analysis,
3D device simulation and process considerations to
design a sub-50nm SADG MOSFET for fabrica-
tion. Our final optimized results are summarized in
Table 1. With different gate length, device needs
corresponding structure and process parameters for
better device performance and manufacturable fea—
sibility. The thickness of spacer insulator will take
more effect on SADG structure than that of normal

. . . T i“
device and should be optimized carefully. The Sco-

tia” channel doping can modify Vu well as the de-
vice using the metal gate, high concentration UCD
and ultra-thin Si island. Simultaneously, it may
produce nearly the same drain current and is to be
a preferable choice to make an actual device with-

out introducing new process.

Table 1 Optimized device parameters for a SADG
MOSFET
Gate |ﬁ||glh/l|m 50 | 30 20 50
T ox/nm 1 1.5~2.0]1.5~2.0]1.5~2.0|1.5~ 2.0
Tsi/nm 20 | 10 10 50
Tsc.cn/nm 30~ 50 30~ 40 30 30
Channel doping Uucnl ucn2 UcCD3 SCD2
Gate material M etal M etal M etal Poly-5i
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