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A unified charge-based model for fully depleted silicon-on-insulator (SOI) metal-oxide semiconductor field-effect

transistors (MOSFETS) is presented. The proposed model is accurate and applicable from intrinsic to heavily doped

channels with various structure parameters. The framework starts from the one-dimensional Poisson-Boltzmann equa-

tion, and based on the full depletion approximation, an accurate inversion charge density equation is obtained. With

the inversion charge density solution, the unified drain current expression is derived, and a unified terminal charge and

intrinsic capacitance model is also derived in the quasi-static case. The validity and accuracy of the presented analytic

model is proved by numerical simulations.
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1. Introduction

With continuous scaling down, traditional bulk
metal-oxide semiconductor field-effect transistors
(MOSFETS) suffer from severe short channel effects
and gate tunneling,!) and silicon-on-insulator (SOT)
MOSFETSs have become a mainstream technology for
high-performance and low-power applications due to
the advantages of the unique SOI structure, such
as good isolation and latch-up free operation.—4
In addition, the fully depleted device has a high
drive current, suppression of the floating body effect,
and low junction tunneling current.?~% In particu-
lar for nanoscale devices and integrated circuit (IC)
design, ultra-thin-body (UTB) SOI MOSFETs with
a fully depleted body show potentially superior scal-
ability relative to their partially depleted and bulk
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complementary metal-oxide semiconductor (CMOS)
counterparts.[‘*’ﬂ

In order to realize these advantages for in-
tegrated circuit design, there has been much re-
search done on compact modeling for fully de-
pleted SOI MOSFETs.8=24  These
models are mainly surface potential-based,
charge-based,"*=2% threshold voltage-based,?! and
others.[22724] The traditional threshold-voltage-based
models have limitations in rising radio frequency

mainstream
[8—13]

(RF) circuit design applications because of their dis-
continuities in derivatives, asymmetries, etc.[12:22
The potential-based models which express the charge
and current in terms of the surface potential, and
the charge-based models that formulate the terminal
charges and drain current with the inversion charge

density, have potential in analog and RF CMOS simu-
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lation applications.[3914=17 A charge-based model for
fully depleted SOI MOSFETSs has been presented ear-
lier, and it describes the different operating regimes,
respectively.'®=17 In recent studies, a unified charge
control model was derived for fully depleted struc-
tures for the first time.['®! However, this model deals
with highly doped and undoped devices with differ-
ent expressions, and the variation in the buried oxide
thickness is also neglected by assuming it to be equal
to the front-gate oxide thickness.['®19 However, since
the thin buried oxide may induce the loss of speed and
thereby complicate the technology, the thick-buried-
oxide device may be a better design.?5! Thus a unified
model considering various structure parameter varia-
tions is still lacking for circuit design applications with
fully depleted devices.

In this paper, a unified charge-based model for
fully depleted SOI MOSFETSs is presented, which
is accurate and applicable to intrinsic and heav-
ily doped devices with various structure parameter
variations. Starting from the one-dimensional (1D)
Poisson—Boltzmann equation, an accurate inversion
charge density equation is obtained based on the full
depletion approximation. With the inversion charge
density solution, the unified drain current expression
is derived, which is physically continuous between the
subthreshold and strong inversion regions. The uni-
fied terminal charge and intrinsic capacitance model is
also derived in the quasi-static case as an explicit func-
tion of the inversion charge solution at both the source
and drain ends. The validity and accuracy of the pre-
sented analytic model are proved by numerical simu-
lations. In the absence of quantum mechanical effects
(QME) and poly-silicon effects (PSE), the large appli-
cation scope of various structure parameters not only
proves the practicability of the long-channel model as
the basis for the development of improved models for
actual devices, as well as for the extraction of device
parameters, but also gives an instructive reference to
the compact modeling of symmetric and independent
double-gate MOSFETSs, which is based on the same
oxide—silicon—oxide structure as SOI MOSFETs.

2. Model development

The analysed device is a typical four-terminal n-
channel SOI MOSFET, as illustrated in Fig. 1, where
the x axis is perpendicular to the surface and the y
axis is along the channel in the corresponding coor-
dinates. The doping concentration of the substrate is
assumed to be high enough and the voltage drop on
the substrate is neglected.

Ver
!
V, gate Vi
. Tox oxide | [N
0 Y
source tsi body | drain
& toxb buried oxide
substrate
Ves

Fig. 1. Schematic diagram of the SOI MOSFET.

2.1. Unified drain current model

In the SOI MOSFET, the long-channel approx-
imation is accurate as long as the channel length L
is much larger than the A introduced in Ref. [3] and

expressed as

A=) ot (1)

EOX

where €4 and ey, are silicon permittivity and oxide
permittivity, respectively, and ts; and tox represent
the thicknesses of the body silicon film and front-
gate oxide. Under the gradual-channel approxima-
tion, considering both fixed charge and electron, the

1D Poisson—Boltzmann’s equation is written as

d*¢ _ 4Na [1+exp<¢—2¢; _Vch>i|’ @)
t

dx? Esi
where ¢ denotes the electrostatic potential, x is the

direction perpendicular to the channel, ¢ is the mag-
nitude of electron charge and Ny is the doping con-
centration of the body silicon film. ¢r and Vg, are
Fermi potential (¢r = Vi In (Na/n;)) and quasi-Fermi
potential, respectively, V; represents the thermal volt-
age (V; = kT/q), k is Boltzmann’s constant, and T is
absolute temperature.

With Gauss’s law, the electric fields at the body
silicon film front and back surfaces are expressed as

Esi (ES - EO) = Qdcp + Qin\m (33‘:)
esilrs = Cox (VGF - ¢s) » (3b)
EsiEO = Coxb ((bO - VGB) P (SC)

where Eg and Ey are the front interface and back in-
terface electric fields perpendicular to the surface, re-
spectively. Qiny and Qqep denote the inversion charge
and depletion charge densities, respectively. ¢s and ¢q
are the electrostatic potential at the front and back in-
terface of the silicon body, respectively. Coyx and Coyp
represent the gate oxide and buried oxide capacitances
per unit area (Coxb) = €ox/tox(b)), respectively, and

toxb 18 the thickness of the buried oxide. Vgp and
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Vg are the front-gate voltage and substrate voltage,
respectively.

The relationship between the potentials at the in-
terfaces between the silicon and oxides in the depletion
approximation is given agl10-26—28]

gNats A
Ps — ¢o = % + Eotsi = VB + Eotsi. (4)
Integrating the Poisson-Boltzmann equation
yields[10:12]
e5(EY — Ef) = 2qNA55i{ <¢s - ¢0)
. — 2¢r — V.
+V, exp ( s Pr ch )
Vi

< [1 —exp<¢0‘;t¢s)} L6

Substituting Eq. (4) into Eq. (5), and combining it
with Eq. (3a), yields

Q% + 2e5 E0Q = Qlp + 2661 EoQuep

+ 2Qdepcsi‘/t eXP(¢S — 2¢F — ‘/Ch )7
Vi

(6)
where @ is the total charge and Cg; is the body sili-
con capacitance per unit area (Cy; = &4 /tsi). For the
fully depleted body silicon film, Q4ep = ¢Natsi, and
for simplification, let exp[(¢o — ¢s)/Vz] =~ 0, approxi-
mately.

The charge terms and the voltage terms in Eq. (6)
are normalized by gy = (Cox + C1)V; and V4, respec-
tively. The lowercase letters represent the correspond-
ing normalized terms. And then simplifying Eq. (6)

yields
qinv+HQi2nv = ﬂ exp<¢s - 2¢f - vCh)7 (7)
(Cox +C1)qa
where
Ol _ Ooxbcsi 7
CVoxb + CVsi
]' COX Q e
q1 = qfom[ ;p +Ci(Vgr — VB — VGB)}
_ Cox - C'1 L
~ Cox +C12q
with § = 1 — exp(—2vp) for the accurate model-
ing from intrinsic to heavy channel doping concentra-
tions. [14:18,19,29]

Calculating the logarithm in Eq. (7) and elimi-
nating ¢s from Egs. (3) and (4), we have

Qinv + In Ginv + 11’1(1 + Hqinv)

Csiqclep 8)

= 01— Guep — 26t — Ven + In| 2 ep T
U1 — 4dep ¢f — Uch + 1n (Cox+01)q1

where

o — L CoxVar + C1(Vs + Vgn)
TV Cox + O '

This inversion charge density equation (8) con-
tains all the structure parameters such as Na, tgi, tox,
and t.yp, and the controllable variables Var, Vg, and
Ven. Thus the proposed model can effectively handle
all these parameter variations.

The DC drain current of SOI MOSFETS is ex-
pressed as!30]

1574 Vas

Ids = ,U/f
0

W .
Qinv d‘/ch é Mf(oox + Cvl)‘/t2 * Uds,
(9)
where I4s is the drain current and i4s is the normal-
ized drain current, Vys is the voltage between the drain
and the source, u is the effective electron mobility, and
W and L are the channel width and channel length,
respectively.
From Eq. (8), it is easily obtained that

dven ( 1 H

—h (14— 7) 10

dqinv Ginv I+ Hqinv ( )

So the drain current equation (9) is derived as

Vds
Z.ds - / qmvdvch - F(Qng)‘g: (11&)
0

with
a; 1
Fgay) = = [ 2%+ 2g5,, — = (1 + Hay, )|, (110)
2 H
where qq and ¢ are the normalized inversion charge
densities at the source (Vi = V;) and drain (Vi = V3)
ends, which are calculated from the inversion charge
density equation (8).

In particular, for a symmetric DG MOSFET, half
of it is regarded as a special SOI structure with infinite
buried oxide thickness. So in the above derivation,
Coxp is zero and the inversion charge density equation
(8) is simplified as
Giny T In Giny T 111(1 + Hqinv) = Ugf — Qdep — 2¢¢ — Ven
ﬂCsi
e

with H = 3/2qqep.- The drain current expression also

+ 1n[ (12)

reduces to the same form as Eq. (11), but with a sim-
pler coefficient H .[18:19:31]

2.2. Unified terminal charge and intrin-
sic capacitance model

The charges are related by the neutrality condi-
tion

Qcr +Qcr +Qn + @ =0, (13)

where Qar, Qcp, @n, and @p are the front-gate,
back-gate, inversion charges, and depletion charge,
respectively. Here, the interface-state charge is ne-

glected, and four principal charges are described as
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L
Qar =W / Con(Var — 6)dy,  (14a)
0
L
QaB = W/ Cox(VaB — ¢0)dy, (14b)
0
L
QN - —WCIO/ qinvdy7 (]‘40)
0
L
QB = —qu/ Qaepdy- (144)
0

For the fully depleted body, the body charge g4, is a
constant, thus

QB = 7WLQ0Qdep' (15)

The channel inversion charge is

L L
WL
Qn = —qu/ Ginydy = —— qo/ Gy A0
0 0

tds
(16a)
Combining Eq. (16a) with Eq. (10) and performing

the above integral, we have

M inv da
Q= wrgy 2 (16b)
@ s G
M inv) = — inv -
(inv) = 755 + diny —
1
—+ ﬁ hl[]. —+ H(Jinv]. (16C)

From Poisson—Boltzmann’s equation (1) and
Gauss’s law (2), equation (14b) is derived as

__4
Cox + Cl qdcp

)dy,

L
Qap = — WqO/ (QQ
0

c,
T 17
Cox + Oy Tinv (172)

where
1 C1Cox(Var — VB — Vi)

Performing the above integration, we thus have

1
- _WIL e
QaB W Lqo (QQ o Jdep

Ch M(Qinv) Zf
- C’ox + Cl ids ) (17b)

Once three charges are obtained, the other charge is

also obtained from the neutrality condition (13) as

Qcr = —(QeB + @~ + QB), (18a)
yielding
COX
WL __Cox e
Qar qo (QQ + C 1 G, Qdep
Cox M(Qinv) gd
= ). 18b
Cox + Cl Z'ds ) ( s )

The channel inversion charge Qn is partitioned be-
tween the drain and source according to Ward and

(32]

Dutton’s charge partition model,!** and the drain ter-

minal charge is expressed as

L
Qp = —WQO/ %Qinvdy- (19)
0

Combining the current continuity with the drain cur-
rent expression (11) in the quasi-static case, the rela-

tionship between y and g, is derived as

L (a2 — ¢2)
="32(qs — ¢ s inv
y idg{ (q qmv)+72
1 1+ H . g
| [7mv” 20
TEM T . (20)

After complicated calculations, the drain terminal
charge is finally obtained as

[M(QIHV)F(QS) + N(Qinv)] |qu

= Qp = —WlLg . , (21a
© q0 (Cox + Cl) P ‘ Zas ( )
5 3 2 3 3
4 3 4 2q L1, 4 4 4
Nin\,:[—ﬂ—f. ——‘“V] 7[‘ In(1 + Hg; Ginv | Ty 1 4 prg “W}
(qinv) 10~ gd%inv = 73|+ g7 [dine (1 + Hayy) + T 4+ 22 (L 4 Heyy) + S0
+L[_qi2nv g In(1 + Hg, )} +LF - In(1+ Hy, )} +i{—lln(1+H . )} (21b)
H2 12 qan qan 6 qulV qan H4 6 qan :
And the source terminal charge is obtained similarly  as
0Q: . , .
as - 1 F ],
Cii = Vs i,7 =GF,GB,S,D 23
ij — an o 1,) = ) 3 Dy L. ( )
Qs =0n —Qp 8Vj’1_‘7’
M inv F + N inv Is i i i
_ —Wqu[ (Ginv) F'(ga) (ginv)] 9 (92) With the terminal charge expressions (17), (18), (21),

2
Lds
As a four-terminal device, SOl MOSFETSs have 16 ca-
pacitances. Among them, only nine capacitances are

independent.!*?33:34 These capacitances are defined

and (22), the above partial derivatives and the capaci-
tance matrix are easily obtained for fully depleted SOI
MOSFETs. All the capacitances are expressed by ex-
plicit functions of the inversion charge density at the

source and drain ends.
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3. Results and discussion

To wverify the proposed analytical model, a
long-channel SOI MOSFET with constant mobil-
ity is designed for the two-dimensional numeri-
cal simulation.’® A doping concentration of 1 x
10'® cm ™3 for the substrate silicon film, constant elec-
tron mobility of 350 cm?/V-s, and metal gate with
mid-gap work-function are used. The width of the
channel is 1 um. And to avoid the short channel ef-
fects and prove the validity of the long channel theory,

a channel length of 5 um is used.

Figure 2 shows the inversion charge densities in
the silicon film each as a function of gate voltage under
Vgs = 0 for different channel doping concentrations.
Figure 3 exhibits the drain currents predicted by the
unified current model and the numerical simulation re-
sults, each as a function of Vs for some different values
of Vys. Good agreement between the proposed model
and the numerical simulation are observed from weak
inversion through moderate inversion to the strong in-

version regions.

10* 3
tox =2 nm
-2 ty =20 nm
g)ool‘ 10 Nalem 3]ty = 200 nm
2 £ L 9
© _5 intrinsic
G o 10 1x10'3
g & 1x1016
22 10 -
£z .
a p
23 ]
— 1011 ]
linezT: !an('lI?éAD:
10— 14 symbols: 0
0.0 0.5 1.0 1.5 2.0

(Vga_vfb)/v

Fig. 2. Comparisons of inversion charge density between
the model predicted results (lines) and the numerical re-
sults (symbols), each as a function of gate voltage for the
cases of four different doping levels.

In the absence of QME and PSE, the application
scope of various structure parameters for the model is
widely verified. Figure 4 shows the drain currents cal-
culated from the model, compared with the numerical
results for different channel doping levels from intrin-
sic to heavily doped conditions. The unified current
model predictions accord well with the simulations at

up to a 5 x 107 em—2 body doping.

0 0.15
10 [ (a lines: model
< symbols: TCAD
E 105 0.12
3 - v,
=] ds
o oF 0.05 V 0.09
5 107°¢ L03V
3] [ Ny =1x10"7 cm’*‘o 5V
= to=2nm Lo 0.06
E oo 4 0
A b 0.03
3 W/L=1um/5 ym
10712 0.00
0.0 0.5 1.0 1.5 2.0
0.15
(b) Ny=1x10"em™®, W/L=1 pym/5 ym
0.12 tox =2 nm, t; =20 nm V=20V
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2
é 0.06 V=15V
=
= 0.03
2 V=10V
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0.03 symbols: T?AD ) )
0.0 0.5 1.0 1.5 2.0

Vds/v

Fig. 3. Drain currents calculated from the unified current
model and numerical simulation: (a) transfer characteris-
tics and (b) output characteristics.

0.08
10[) L tox =2 nm, t; =20 nm, t,, =200 nm
<« Vis=0.5V
E 1074 ines: model 0.06
} symbols: TCAD
§ Nalem™?]
é 10-8 ir;tilsgsu: 0.04
=} 1x10'0 b
= 5x10'7, ]
5 107 10.02
1071 10.00
0.0 0.5 1.0 15 2.0

(Vgs_vfb)/v

Fig. 4. Transfer characteristics of devices with differ-
ent doping levels, from the intrinsic to the heavily doped
condition. The lines represent the unified current model
predicted results, and the symbols denote the results from
numerical simulations.

Figures 58 display the drain currents with dif-
ferent structure parameters, such as silicon film thick-
ness, gate oxide thickness, buried oxide thickness, and
back gate bias. Figure 5 shows the influence of sili-
con thickness on drain current for both the intrinsic
and heavily doped channels. The volume inversion is
observed for a lightly doped device, where the sub-
threshold leakage is linearly proportional to tg;. On
the other hand, for the heavily doped device, the drain
current is inversely proportional to tg; because of the
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increase in body fixed charge.[?:37] This unique char-
acteristic is accurately accounted for with the unified
current model. Figures 6-8 also show accurate mod-
eling of the devices with different oxide thicknesses
and back gate biases for both intrinsic and heavily
doped silicon films. These results show the ability
to predict the electric field at the interface, which
is quite important for predicting the characteristics

lines: model

-1
10 3 (a) symbols: TCAD

E E
1073 intrinsic

E tox =2 nm 0.10

) _5 toxh =200 nm

g 10 V=1V

o) . E

= 10~ i

= 30.05

= 4

B 1070 ]

10711 0.00
0.0 0.5 1.0 1.5 2.0

Ves/V

of the oxide-silicon—oxide structure, such as the sup-
pression of short-channel-effect (SCE) and mobility
degradation.?! The large application scopes of the
various structure parameters not only prove the va-
lidity and the practicability of the proposed model,
but also give a reference to the compact modeling of

symmetric and independent double gate MOSFETS.

10° - — 0.15
ines: mode
10_2 3 (b) symbols: TCAD

< L Ny =1x10"7 em™3
E 1074 - tox =2 nm 0.10
*E N toxh = 200 nm
I —6 Vis=1V
= 10 L
S
= ]
© -8 ty=10
g 10 ti=30 o 40.05
f ts =050 nm E
A 107 ]

10°* - - 10.00

0.0 0.5 1.0 1.5 2.0

VeV

Fig. 5. Transfer characteristics of devices with different silicon film thicknesses, obtained from the unified drain current
model (lines) and numerical simulation (symbols). (a) Devices with intrinsic channels; (b) devices with heavily doped

channels.
10° 0.20
L lines: model

<« 10*2 [ symbols: TCAD ]
E i - Jo.1s
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=] tg =20 nm
8 F toxp = 200 nm
5 10°° Vae=1V 0.10
9] L tox
£ 1078 fox
g L fox 0.05
Q 10710

1072 - - 0.00

0.0 0.5 1.0 1.5 2.0

‘/gs/v

Fig.6. Transfer characteristics of devices with intrin-
sic channels and different gate oxide thicknesses, ob-
tained from the unified drain current model (lines)
and numerical simulation (symbols).

0.15
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E 1073 3 1ntrin25ic
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} ty =20 nm 0.10
= -5 toxp = 200 nm ]
g 10 Vis=1V 1
: 10" ]
A 3 0.05
£ 109
A 10 ]

1071 10.00

0.0 0.5 1.0 1.5 2.0

Ves/V

Fig. 8. Transfer characteristics of devices with intrinsic
channels and different back-gate biases, obtained from the
unified drain current model (lines) and numerical simula-
tion (symbols).
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E 0 i tox =2 nm
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5]
E -8 toxp = 20 nm i
S 10 toxh =50 nm
a) 10 toxp = 200 nm E
10 E
10-12 L . 0.00
0.0 0.5 1.0 1.5 2.0

‘/g&./v

Fig.7. Transfer characteristics of devices with heavily
doped channels and different buried oxide thicknesses,
obtained from the unified drain current model (lines)
and numerical simulation (symbols).

Figure 9 indicates the normalized capacitances
calculated from the unified capacitance model and
their comparisons with the numerical simulation re-
sults. Figure 9(a) shows the capacitances versus
gate voltage. The trans-capacitances (Cgd, Cag),
(Cgs, Csg), and (Cgq, Cqs) are all different, conform-
ing with the nonreciprocal characteristics.[334 Fig-
ure 9(b) displays the capacitances versus drain volt-
age. The results from the proposed model and the
TCAD results are shown to be in good agreement
in Figs. 9(a) and 9(b).

capacitances, e.g. Cys =

The symmetry of the trans-

sd when Vg = 0, is also ac-
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curately predicted by the proposed capacitance model.

1.0
" (a) tox =2 nm, ty; =20 nm, t,, =200 nm
8 intrinsic, Vgu=0.5 V
2 0.8} Coe |
®
o
=
% lines: model
% 0.6 symbols: TCAD
3]
o
g 0.4
e
I
£
502
4
0.0
0.0 0.5 1.0 1.5 2.0
1.0
(b) tox =2 nm, t; =20 nm, .4, =200 nm
intrinsic, Vg =2V
0.8 lines: model 7
symbols: TCAD
0.6

0.4

0.2

Normalized capacitances

0.0 :
0.0 0.5 1.0 1.5 2.0

Vds/v

Fig. 9. Normalized independent capacitances of a fully
depleted SOI MOSFET with intrinsic body, obtained from
the unified model (lines) and numerical simulation (sym-
bols). (a) Capacitances versus gate voltage, and (b) ca-
pacitances versus drain voltage.

4. Conclusions

In this paper, a unified charge-based model for
fully depleted SOI MOSFETs is presented. An ac-
curate inversion charge density equation is obtained
based on the full depletion approximation. With this
inversion charge density solution, the unified drain
current expression is derived. The quasi-static termi-
nal charge and intrinsic capacitance are also derived.
This work gives an accurate compact model for the de-
vice with both intrinsic and heavily doped channels.
Extensive verification with numerical simulations for
the various structure parameters proves the accuracy
and the practicability of the proposed model. For the
devices with the same oxide-silicon—oxide structure,
such as symmetric and independent double gate MOS-
FETs, the presented result also gives an instructive

reference for compact modeling.
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