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Analytical modeling of drain current and RF performance for double-gate fully
depleted nanoscale SOI MOSFETs
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Abstract: A new 2D analytical drain current model is presented for symmetric double-gate fully depleted
nanoscale SOl MOSFETs. Investigation of device parameters like transconductance for double-gate fully depleted
nanoscale SOI MOSFETs is also carried out. Finally this work is concluded by modeling the cut-off frequency,
which is one of the main figures of merit for analog/RF performance for double-gate fully depleted nanoscale SOI
MOSFETs. The results of the modeling are compared with those obtained by a 2D ATLAS device simulator to

verify the accuracy of the proposed model.
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1. Introduction

A double-gate silicon-on-insulator MOSFET has been
studied extensively in recent years and is projected as the de-
vice for future processors. Among the different configurations
of double-gate MOSFETs, the device physics of symmetric
double-gate MOSFETs has been well studied and many com-
pact models have been developed!' 111, A rigorous channel
potential based drain current model for asymmetric double-
gate MOSFETs has been developed by Taur’s group by using
direct integration, with the symmetric operation included as a
special casel!?].

Recently, we have developed a potential and threshold
voltage model for a double-gate fully depleted nanoscale SOI
MOSFET based on the solution of Poisson’s equation using
Green’s function solution techniquel!3!. In this paper, it is ex-
tended to model drain current, transconductance and cut-off
frequency.

Drain current and transconductance dependence on para-
meters such as channel length, channel doping, channel thick-
ness, gate oxide thickness and gate to source voltage is dis-
cussed. Cut-off frequency dependence on gate oxide thickness,
channel doping, gate-to-source voltage and drain-to-source
voltage is also discussed. Accuracy of the model is verified by
comparing the model results with simulations using a 2D AT-
LAS device simulator!!4]. A close match with published results
confirms the validity of the model.

2. Analytical model for drain current

The basic structure of a fully depleted double-gate
nanoscale SOl MOSFET is shown in Fig. 1.

Neglecting the fixed oxide charge effect, for a strongly in-
verted n-type double-gate fully depleted nanoscale SOI MOS-
FET, the current'%] in the channel is given by

depe(x)
dx
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Ips = Wiy (x) On(x) (1
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where Ipg is current in the channel, 0 < x < L, W is the
channel width, p,(x) is the mobility of electrons given as

Hno

1/2°
1+ E0)’ /
E.
where /iy, is low field mobility!'®!, E(x) is the longitudinal
field given by

fn(X) = 2

E(X) _ Cox [Vfb,f - Vgs + ¢C()C):| 7 (3)

Esi

and Ec is the critical field given by
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Fig. 1. Schematic diagram of a double-gate fully depleted nanoscale
SOI MOSFET.
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Ec = 6.01 x 10>°T3/2, (4)

Vg’S = Vg — Vi, . Ves 18 gate-to-source voltage, Vg, ¢ is
flat band voltage of the front gate, Q,(x) is inversion charge
density given as

On(x) = 2[Qs(x) — Qa(x)]. ®)
Qs(x) is surface charge density given as
Os(x) = —Cox [Vgs — Vi, e — ¢c(x)] ) (6)
and Qq4(x) is depletion charge density given as
Qa(x) = v 2qNo&si v ds(x). (7

Substituting the value of p,(x), On(x), Qs(x) and Qq4(x)
from Egs. (2), (5), (6) and (7) in Eq. (1), we have

2W o
. E(x)\?
+( Ec )

— 24Noe)? V3,05) | dge(). ®)

IDsdx =

o [~Co (Vi - 00)

The relationship between surface potential ¢s(x) and cen-
tre potential ¢ (x) isl'7! given as

¢e(x) = (H + D¢s(x) — HV

s H = 80xl‘si/4gsitox‘ (9)

Substituting the value of ¢ (x) from Eq. (9) in Eq. (8), we
have

_2WMno
2
()]
+HV) + QaNen) ' Vi) | dee(x).
(10)

Substituting the value of E(x) from Eq. (3) in Eq. (10), we
have

Ipsdx = 7 [Cor (Vi = (H + s ()

Iosdx = = 2Wjuno [ Cox (Vi = (H + Dps(x) + HV)

C2 /
+ (ZqNbSSi)l/z \/¢s(x)] [1 + 82;2 (_Vgs
si—C

571/2
+(H + Dgs(x) = HV) } de(x).

Ipsdx = 2W,um[ _ cox(vg; — (H + Ds(x) + va/s)

C2
- TE |1+ 5

212
egEC

2 1/2
< (= Vi + (H + Dgs() — HV) } de(x),

Iosdx = 2Witno [~Cox(1 + H)(Vg, = #5(0) = Ty /b ()
571/2
x [1 + T (gs(x) — V) } (1 + H)dgy(x),

2Wikno [T4(—Vg’s +¢s(x)) —T1 v ¢s(x)]

IDsdx = 2 1/2
[1 + T <¢s(x) - Vg/s> i|
x (1 4+ H)dg(x).
2Wpano [ Ta(s(6) = Vi) = Ti ()|
IDsdx =

(1472 (4500 - Vg’s)z}l/2

x (1 + H)dgs(x),

or

) / T3 [ T4 (#s00) = Vi) = T1 V() |
DS —

- 5 1/2 d¢S(x)»
[1 + T2 (#s(0) — V) ]
)
2
where Ty = /2qNoegi, Tr = Cozs(zlzf) Ty = Wito(4H)

and Ty = Cox (1 + H).
Integrating Eq.(11) between the limits Vy; and Vi + Vps,
Ips is given by

/ T3 | Ta (4500 — Vi) = T1 /9 |
Ips =

5 dgs ().
2
[1 + T (fsx) — V) ]
(12)
Rewriting
Ips = 11 + I, (13)
where
62 )
¢S(x) - Vs
I = T3T4f £ 7724650,
b1 [1 + T2 (4) - V)
and

T1 T3/ s(x)

02
| |
o1 [1 + T (1) = V) }
where tan 6 = /T, (¢s(x) — Vg/s)’ des(x) = Sf/c%zede’
0 = tan™' [ Ta(es(x) — VL),

01 = tan" ' [/ Ta (Vi — Vo).
6> = tan" [/ To (Vi + Vs — Vg/s)]'

546, (x),
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3. Calculation of g,

The transconductance of channel of a double-gate fully de-
pleted nanoscale SOI MOSFET is obtained by differentiating
drain current with respect to the gate-to-source voltage Vgg and
is given by

_ 81Ds

——, V4 = constant.
8m 8Vgs ds

(14)

Since Ipns = 11 + I,

A, TsTy sec 05 tan 05 (—/T>)
We  JTh 2
gs 2 14+ 75 (Vbi + Vs — Vg/s)
sec 0y tan 0y (—/T2)
_ |,
1+ T (Vi = V)
oI, 13T, sec 0, tan 6, («/ Tz)
g «
Vs JTs

14T (Vo Ve V)]

sec 01 tan 61 («/ T>)

2
1+ T (Vi = V)

’

a,  TiTs
= X
W T

sec 0, tan O, (—«/ Tz)
2
14T, (Vbi + Vs — Vg’s)

sec 0y tan 0y (—/T2)
- 2
1+ T2 (Vo = V)

T\ T
+ 1—T3 [In(sec 65 + tan 6,) — In(sec 6 + tan 61)]
2

s

n T _, sec O tan O/ 15 (—1)
VT, &

sec 6, tan 6, [1 + To(Voi + Vs — Vg/s)z:l

sec? 6, (—\/Tz) :| 1

1+ (Ve + Vs — Vg’s)2  sec 61 + tan 6

sec 0y tan 0y (—/T>) sec? 0> (—v/T2)

1+ T (Vbi - Vg/s)2 1+ T (Vbi - Vg/s>2

)

I T T3 (_ \/Fz)

We T

sec 0, tan 6, sec 01 tan 61
L+ To(Voi + Vas = V)2 1+ Ta(Voi — V§)?

AVE

+ ——=| In(sec 6, + tan 6,) — In(sec 6; + tan 6;)
VT2 [ |
hTs_, sec 6,

+ V.. (=T3) x
VT, s (CT2) [1 + To(Voi + Vas — Vi)?

sec 01
1+ (Vo + Vas = VP2 |

4. Calculation of cut-off frequency

On a sub-100 nm scale, MOSFETs are expected to undergo
rapid fundamental changes, which are likely to include varia-
tions of SOI MOSFETs and double-gate MOSFETs. Double-
gate SOl MOSFETs are also widely recognized as one of the
most promising devices because of their short channel effect
immunity, reduced leakage current and greater scaling poten-
tial. In addition to digital circuits, symmetric double-gate fully
depleted nanoscale SOl MOSFET devices will be strong con-
tenders for analog RF applications in the wireless communica-
tion market. The majority of these RF CMOS studies, however,
place the emphasis on understanding a few RF figure of mer-
its such as cut-off frequency, linearity, maximum oscillation
frequency and the noise figure. In this paper, the authors have
carried out an analytical analysis of the cut-off frequency for
a symmetric double-gate fully depleted nanoscale SOI MOS-
FET. Cut-off frequency fr is one of the important figures of
merit of low-voltage, high-speed devices.

fr is calculated using

gm
=_°m 15
Jr IALWC- (15)

where gy, is transconductance, L is channel length, W is chan-
nel width and Cr is device capacitance.

5. Calculation of capacitance C 1

An equivalent circuit of a symmetric double-gate fully de-
pleted nanoscale SOl MOSFET for its capacitance determina-
tion is shown in Fig. 2.

_ Cox (Cdp + Css)
Cox +2 (Cdp + Css) ‘

Cr (16)

The interface capacitance[ls] is given by Cys = ¢Nj,
where N is the interface surface density and C,y is the ox-
ide layer capacitance, given by Cox = %X’ Cop = %, Cqis the
depletion layer capacitance and is obtained by differentiating
Q4 with respect to Vg, therefore,

Cr— g Nyesi dgs(x)
CTV 265(x) Ve

(17)
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Fig. 2. Equivalent circuit for device capacitance.

¢s(x), Dst, Db, do, d1, d2, him, B3m, tn1 s tmn3 for double-
gate fully depleted nanoscale SOl MOSFETs are defined else-
wherel!3! are given as

—qM x
el O x(L —x) 4 Vo + = Vs

¢s(x) = o 7

. mm
o SINn ——X

mm
- Z mi mw X [DstOSh (Tfsi) - Dsb],
m=1 Esi—— sinh T[Si

1

mim
tanh (Ttﬁ)

Esi—— Ld
Dy=—1L [ = — Ld,
sinh

(T
()|

Esi 1 .
Dy, = L Ld, ——mT N + ﬁ tanh <m—nlof)
do tanh (T[Si) €ox L

024001-4

Bim = tam [Mis + (=)' Myq],

ham = twn3 [ P3s + (1)1 P3g],

—1
L? [ L2 (n— 0.5)2}
tmnl - — 1 + - A5 5 E)

mi 12m?
—1
L? L?(n—0.5)*
tl’l’l['l3 = — 1 + 2— E)

mrm t5m?
.omm
o0 [

d¢s _ sin I X

- mm mm
dVgs m=1 Esi—— I Slnh( I §1)

FdD, dp,
x fcosh(nﬂtsi)— b] (18)

|4V, L Vg
Now:
mm [
dDgs . SSiT L dd, dd,
dVs do sinh ( ) dVs dVs
L L
(et )|
tanh (TtSi) ox
dd; 4L 1 dhim

=— + ==,
dVes T cosh (%%f) Vs

dhim dM, dMm
1 = Imni b + (_1)m+1 —u =0,
A AV WV
dd; 4L 1

d Vs B 7cosh (n/i—ntof),

dd, dhsm
= — =tus— | P )"t Pyl = o,
Wy~ Ve mn3 vy [Pss + (1) 3]
mx
R P S W
dV; - do b E
g2s cosh( 7 t0f>
X %+ tanh( 7 tob> ,
tanh (Ttsi) €ox
stf _ _ ssi(4Lm)
AV dy cosh (’nL_ntof)
1 £ mi
x| —mr— + —tanh (T ) | (19)
tanh (T[Si) Eox
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Substituting for d‘“’” from Eq. (21) in Eq. (17), we have

mrm
dDy, ST [ dd, 1
_— = L— —-l——tnh(—lob) Nieo (4L 1 .
av o av ma N T L Coo [4Noesi [ ei(4Llm) (1 e
gs gs tanh( 7 ISI) o d 26.(x) —dop ” + Soxw s
Ldd, 1 &si(4Lm) 1i|
- , S 22)
dVes ginh (antsi>i| dov  p
(20) . Cox(Cap + Css) C ox
Since CT = m and Cdp = ?d’ Cox = i:,
mr
dDy, 5T [ AL 1 1 Co Cox (Cy/2 + Cy)
= —], — s T =
Ve do T cosh (%tof) sinh (’”T”z) Cox +2(Ce/2 + Cyy)
Cr = Cox (OSCd + Css)
dDg, _ 851(4Ln71n]2 ’lﬂn ’ T ot (Ca 1 2C)
W dosinn (T’Si) cosh (T“’f) 0.5C,C. CoxC.
C — . (0.4 + OX 8§ . 23
m ! Cox + Cd + 2Css Cox + Cd + 2Css ( )
dgs i st (Tx> Now substituting for gm from Egs. (17) and (18) in Eq.
= M7 . . (T
dVis e sinh (Ttsi) (19) we have
p LiTy
D D Y
x [d—Sf cosh (gtsi) _d Sb] VT
AV L AV
sec 0, tan 6, (v/T7) sec 0 tan 0y (v/T2)
Substituting for dD 7 and dD v from Egs. (19) and (20) in \? - 2
Eq (18), we have I:l + T2 (I/bl + Vds - Vgs) ] |:1 + T2 (I/bl - Vgs) j|
. /mm
dp, B 0o sin (Tx> n T;T3 (—\/Fz) sec 6, tan 6, _
= M mm P
dVgs m=1 Esi—— 12 smh( 12 tsi) (1 + T (Vbi + Vys — Vés> )
&si(4Lm)
x sec 0; tan 01
do cosh( 7 tof) - 3
(1 + T2 (Vo= V%) )
1 851
X | ——=—— + — tanh
T\T
tanh (mL—ﬂtsi) Eox ( L ) + \}TS [In(sec 6, + tan 6,) — In(sec 6; + tan 0;)]
2
mi € 4Lm 1
x cosh (Ttsi) _ s ) — N 1T V! (=T») sec 6,
do s1nh tsl cosh — 7 tor /T, & (1 LT (V- Ve — V/)2)
2 bi ds gs
or
deps b |: &si(4Lm) (1 N & w) ] _ sec 0 y 1
=70 T\, T 2 2nL '
dVes dop u Eox (1 + 1> (Vbl + Vs — Vg/s) ) LW
_&idlm) 1 21 (24)
dov p|’
o0 s I
where b = mzl W p = cosh(™Xty), 6. Results and discussion
w = tanh (—fob) v = smh( fs1) NS COSh( ls1) u= The simulated device structure is a symmetric double-gate
tanh (%% ) . fully depleted SOI MOSFET with source/drain regions doped
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Fig. 3. Drain current versus drain voltage of a symmetric double-gate
fully depleted nanoscale SOl MOSFET with different values of gate-
to-source voltage.
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Fig. 4. Drain current versus channel length of a symmetric double-
gate fully depleted nanoscale SOl MOSFET with different values of
gate-to-source voltage.

at 102° m™3, a lightly doped channel with doping levels of p-
type SOI layer is 10!7 m™3. The channel length is 65 nm, chan-
nel width is 130 nm, source/drain lengths are 10 nm, the top
and bottom gate oxide thickness are #,f = f,, = fox = 1.5 nm,
the silicon layer thickness (¢j) of the simulated SOI nMOS-
FET devices is 10 nm. The silicon layer thickness is chosen
to avoid quantum mechanical influences perpendicular to the
gate oxide/silicon layer interface because it is anticipated that
a sub-5-nm thick silicon layer would cause many quantum me-
chanical effects to the detriment of the transport characteris-
tics. The metal gate work function is 4.25 eV. The same gate
voltage Vg is applied to both gates. Low field mobility (ttno)
is 750 cm?/(V-s) and all simulations were carried out at room
temperature i.e. at 7 = 300 K.

Figure 3 shows the variation of drain-to-source current in
the channel with drain voltage for different values of gate-
to-source voltages. As shown in Fig. 3, for a given value of
Ves = Vru, drain current increases initially with an increase
in drain voltage and finally reaches saturation as Vy is made

3.5 . :
L=65nm —
W=130 nm T
301 Nb: 107 cm™3 L |
tVdizl(%Xm .,/' —tﬁx:1.5nm
F s T : |
£ | 7 V=03V 1, =31nm
g g VE :_026v_'—._t0X:4nm
‘\E/ 2071 ,'/ o, £ . +++ Simulated |
E A VT 02N
: _ / . ..... |
Susp
: !
S rop s |
[
0.5 I
SFis B
” s P S S S
0+ . | | | I
0 0.5 1.0 1.5 20 - J

Drain voltage (V)

Fig. 5. Drain current versus drain voltage of a symmetric double-gate
fully depleted nanoscale SOI MOSFET with different values of gate
oxide thickness.
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Y
g 1000 f
8
2
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2
g
= 600
400 -
200 :

02 03 04 05 06 07 08 09 10
Gate to source voltage (V)

0 0.l

Fig. 6. Transconductance as function of gate-to-source voltage of a
symmetric double-gate fully depleted nanoscale SOl MOSFET with
different values of channel length.

large. Drain current saturation is due to pinching off the chan-
nel near the drain end. Pinch-off takes place when the voltage
across the oxide falls below a critical value and results in a re-
duction in the electric field. When the electric field decreases to
such a extent that it cannot support sufficient mobile charges in
a given part of the channel then that region decreases to almost
zero thickness and pinch-off takes place. Also drain current in-
creases as gate-to-source voltage increases.

Figure 4 shows the variation of drain current with chan-
nel length for different values of gate-to-source voltages. This
shows that the drain current increases when channel length de-
creases. This increase in drain current is due to channel length
modulation. Figure 5 shows variation of drain current with
drain-to-source voltage for different values of gate oxide thick-
ness. As oxide thickness increases, mobility and hence drain
current increases due to less surface-induced scattering.

Figure 6 shows plots of transconductance versus gate-to-
source voltage for different values of channel length. Transcon-
ductance increases with an increase in gate-to-source voltage
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Fig. 7. Transconductance as a function of gate-to-source voltage of a
symmetric double-gate fully depleted nanoscale SOI MOSFET with
different values of channel doping concentration.
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Fig. 8. Transconductance as function of gate-to-source voltage of a
symmetric double-gate fully depleted nanoscale SOI MOSFET with
different values of channel width.

because of an increased number of carriers moving close to the
surface from the source to the drain region making a channel
more conducting. Also transconductance depends on the de-
vice dimensions. Figure 7 shows the variation of transconduc-
tance with gate-to-source voltage for different values of doping
concentrations. Transconductance increases as doping concen-
tration increases due to an increased number of charge carriers.

Figure 8 shows the variation of transconductance with the
gate-to-source voltage for different values of channel width. As
channel width increases, current driving capability increases,
hence transconductance increases. Figure 9 shows the variation
of cut-off frequency with effective channel length for different
values of doping concentrations. An increase in doping con-
centration increases the cut-off frequency due to an increase in
the number of charge carriers.

Figure 10 shows the variation of cut-off frequency with
effective channel length for different values of drain-to-source
voltages. As the drain-to-source voltage increases, the number
of charge carriers increases, which in turn increases the current
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A W=130nm ... 1x10'% cm
120 .z._:\.\ st - (1) ;/v — = 5% 105 cm™
5 TN g O +++ Simulated
<100\ i |
Q
5
2 gof |
(o]
=}
S
T 60f |
5
Q
401 |
20_ . .":"'I""ﬁ4'~-ﬁ:__‘,_. J

10 20 30 40 50 60 70
Effective channel length (nm)

Fig. 9. Cut-off frequency versus channel length for different values of
doping concentration.
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Fig. 10. Cut-off frequency versus channel thickness for different val-
ues of drain-to-source voltage.

and transconductance. Since cut-off frequency is directly pro-
portional to transconductance, an increase in transconductance
increases the cut-off frequency. Figure 11 shows a variation
in cut-off frequency with effective channel length for different
gate oxide layer thicknesses. Figure 12 shows a variation of
cut-off frequency with silicon layer thickness for different val-
ues of channel length. Cut-off frequency is inversely propor-
tional to silicon layer thickness. As the silicon layer thickness
increases, cut-off frequency decreases because of increased de-
vice capacitance and decreased transconductance.

7. Conclusion

A two dimensional analytical drain current model for a
symmetric double-gate fully depleted nanoscale SOl MOSFET
is proposed in this paper. The dependence of drain current,
transconductance and cut-off frequency on parameters such as
channel length, channel width, channel doping, channel thick-
ness, gate oxide thickness, gate-to-source voltage and drain-to-
source voltage are discussed. The model results are found to be
well matched with the commercially available 2D ATLAS de-
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Fig. 11. Cut-off frequency versus channel length for different values
of oxide layer thickness.
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Fig. 12. Cut-off frequency versus silicon layer thickness for different
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vice simulation results.

References

[1] Frank D J, Dennard R H, Nowak E, et al. Device scaling limits
of Si MOSFETS and their application dependencies. IEEE Proc,
2001: 259

[2] Kim K, Fossum J G. Double-gate CMOS: symmetrical-versus
asymmetrical-gate devices. IEEE Trans Electron Devices, 2001,
48(2): 296

[3] Colinge J P. Novel gate concepts for MOS device. Eur Solid-State
Device Res Conf Proc, ESSDERC, 2004, 34: 48

[4] Taur Y. An analytical solution to a double-gate MOSFET with
undoped body. IEEE Electron Device Lett, 2000, 21(5): 245

[5] Taur Y. Analytic solutions of charge and capacitance in symmet-
ric and asymmetric double-gate MOSFETs. IEEE Trans Electron
Devices, 2001, 48(12): 2864

[6] Oritiz-Conde A, Garcia-Sonchez F J, Malobabic S. Analytic so-
lution of the channel potential in undoped symmetric dual-gate
MOSFETs. IEEE Trans Electron Devices, 2005, 52(7): 1669

[7] Taur Y, Liang X, Wang W, et al. A continuous, analytic drain-
current model for DG MOSFETs. IEEE Electron Device Lett,
2004, 25(2): 107

[8] Ortiz-Conde A, Garcia-Sanchez F J, Muci J. Rigorous analytic
solution for the drain-current of undoped symmetric dual-gate
MOSFETS. Solid-State Electron, 2005, 49(4): 642

[9] HeJ, Xi X, Lin C H, et al. A non-charge sheet analytic theory for
undoped symmetric double-gate MOSFET from the exact solu-
tion of Poisson’s equation using SSP approach. NSTI-Nanotech
Workshop Proc, 2004: 124

[10] HeJ, Liu F, Zhang J, et al. A carrier-based approach for compact
modeling of the long-channel undoped sym-metric double-gate
MOSFETs. IEEE Trans Electron Devices, 2007, 54(5): 1206

[11] Sallese J M, Krummenacher F, Pregaldiny F, et al. A design ori-
ented charge- based current model for symmetric MOSFET and
its correlation with the EKV formalism. Solid-State Electron,
2005, 49(3): 485

[12] Lu H, Taur Y. An analytic potential model for symmetric and
asymmetric DG MOSFETs. IEEE Trans Electron Devices, 2006,
53(5): 1163

[13] Sharma R, Pandey S, Jain S B. Compact modeling and simula-
tion of nano-scale fully depleted DG-SOI MOSFETS. Journal of
Computational Electronics, Springer, 2011, 10(1/2): 203

[14] Silvaco Int. 2004: ATLAS User’s Manual A 2D numerical device
simulator. http://www.silvaco.com

[15] Pandey M K, Sen S, Gupta R S. Thermal characterization of
double-gate silicon-on-insulator MOSFET. J Phys D: Appl Phys.
1999, 32: 344

[16] Akers A. The effect of field dependent mobility on the thresh-
old voltage of a small geometry MOSFET. Solid-State Electron,
1989, 23: 173

[17] Kushwaha A, Pandey M K, Gupta A K. Pearson-1V type dop-
ing distribution based DM DG FD SOI MOSFET. Microw Opt
Technol Lett, 2007, 48(4): 980

[18] Balestra F, Benachir M, Brini J, et al. Analytical models sub-
threshold swing and threshold voltage for thin and ultrathin film
SOIMOSFETS. IEEE Trans Electron Devices, 1990, 37(3): 2303

024001-8



