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Abstract: A surface potential-based model for undoped symmetric double-gate MOSFETSs is derived by solving Poisson’s

equation to obtain the relationship between the surface potential and voltage in the channel region in a self-consistent

way. The drain current expression is then obtained from Pao-Sah’s double integral. The model consists of one set of sur-

face potential equations.and the analytic drain current can be evaluated from the surface potential at the source and drain

ends. It is demonstrated that the model is valid for all operation regions of the double-gate MOSFETs and without any

need for simplification (e. g. ,by using the charge sheet assumption) or auxiliary fitting functions. The model has been ver-

ified by extensive comparisons with 2D numerical simulation under different operation conditions with different geome-

tries. The consistency between the model calculation and numerical simulation demonstrates the accuracy of the model.

Key words: bulk MOSFET limit; non-classical CMOS; double-gate MOSFET; device physics; surface potential-based

model
PACC: 7340Q EEACC: 2560B; 2570D

CLC number; TN386. 1 Document code: A

1 Introduction
With the advance of double-gate (DG) MOSFET

fabrication technologies'' ™

circuit simulation using DG MOSFETs has received a
6~24]

, compact modeling for

lot of attention- . Based on the intermediate vari-
able used to calculate the output current, compact
models can be categorized into three classes. The first
approach uses the potentials at the two ends of the
channel to calculate the terminal charges and cur-
rents. These models are called potential-based models
and representative models have been developed by
Taur, Adelmo, and Xin"*"*®. The second approach
uses the density of the inversion charges at the two
ends of the channel and formulates the model outputs
in terms of these charge densities. Some models devel-
oped using this approach include the EKV-DG and
previous BSIMDG'"*~#/. The last approach uses the
carrier concentration at the source and drain ends of
the channel to calculate the drain current using a sin-
gle function with the carrier concentration as the

state variable* -2

. Because the surface potential ap-
proach has been chosen as the industrial standard for
the next generation bulk MOSFET model,it is desira-
ble to use a similar approach to model the non-classi-

cal multiple-gate devices. Some surface potential

Article ID: 0253-4177(2008)11-2092-06

based DG MOSFET models
oped* ) but the derivations of these models are usu-
ally less rigorous than those for bulk MOSFETsSs.

In order to obtain a clearer understanding of the
device physics of DG MOSFETs,similar to our previ-
ous work™”,a surface potential-based core model for
the symmetric DG-MOSFET is proposed by rigorously
solving Poisson’s equation and Pao-Sah’s double inte-

have been devel-

gral® . The model demonstrates that a surface poten-
tial versus voltage relationship and a drain current ex-
pression similar to those proposed by Brews for the
single-gate (SG) bulk MOSFET'*’ can be obtained for
the symmetric DG MOSFETs. The accuracy of the
model is verified by extensive comparisons with 2D
numerical simulation under different operation condi-
tions with different geometry. In the present form,
the model does not include the influence of short-
channel effects,quantum effects,or mobility degrada-
tion. These more advanced physical effects can be in-
tegrated into the presented model later using the mod-
ular approach.

2  Theoretical derivation of the DG-MOS-
FET model

Considering an ideal channel length, undoped n-
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Schematic diagram of the symmetric double gate MOS-

channel symmetric DG-MOSFET, shown in Fig. 1,
with only electrons as the conducting carrier, the
Poisson’s equation under the gradual-channel-approx-
imation ( GCA) takes the one-dimensional (1D)
form:

;‘;f = Ll (D
where ¢ is the potential, V is the quasi-Fermi poten-

tial,and the other symbols have their common mean-
ings. The assumption that conduction is dominated by
q($—V)

>
T —1 where the hole

electrons is valid when

density is negligible.

Due to the symmetry property of the DG MOS-
FETs,there is a point in the center of the silicon film
where the vertical electric field is zero. Taking this
point as the origin of the coordinate system,Equation
(1) has to satisfy the following boundary conditions:

dg . _ 4y _ L, Tay
Tox =0 = o, ¢(x_¢2)_¢5 (2)

Equation (1) can be analytically solved giving the fol-
lowing™* =%,
q(f-ofV)

q¢-V)
e kT -—e

d¢ _ [2n kT
d7 B Esi
where ¢, = ¢(x =0) is the centric potential.
From Eq. (3) ,we obtain the surface potential and

3

surface field as follows:

kT |: I’L~q2 PO T. )i|
= — 2 —1 — L st 4e
b, = 9, P n| cos ZkTesie T X 5 (4a)

and
) qth,- V) 1/2 PR T .
ES: [Me kT i| tan[ niq e ¢kT X T51:|
€si 2kTeg 2
(4b)
Following Boltzmann statistics, the surface po-

tential and the inversion charge density can be ex-

pressed as
b= - m;—Tln[cos(m )] (5a)
O = e kT)Y*\/n,tan(m /n,) (5b)
where n, = nie% represents the electron concen-

tration in the center of the silicon film and the factor

— Tsi qz
M= 0N 2e kT

From Gauss’s law, the following condition must

be satisfied:

Cox(vgs - AQD_ S[>s) = Qin = & d¢

dx x:i’ITSi
where Cis the gate oxide capacitance,and Aigp is the
work-function difference.
Substituting Eq. (3) into Eq. (6) leads to:
Co(Vy — Do — 807 _
2nieqkT
From Eq. (7),we obtain the potential in the cen-

(6)

q(¢S*V) !{(950*\/)
e —¢e & | (1)

ter of the silicon film:
_ kT v Ci(Vy — Ag — $)?
b= V + 7m[e ir TP }

(8)
Substituting Eq. (8) into Eq. (5) results in a sur-
face potential versus voltage expression:
Cx(Vy — Ap — ¢S)C,q<§k;v> _
A/ ZniSSi kT

Sin[TSi\/ q’n; |:eq<¢:Tw B
2 ZesikT
D)

Equation (9) relates the surface potential to the
gate voltage,quasi-Fermi potential,silicon film thick-
ness,and the gate capacitance, which can be solved by

ng( Vgs - ASD - ¢S)Z}J
2nieq kT

numerical iteration such as Newton-Raphson (NR) to
obtain the surface potential. Compared with previous

works 24

, this equation is derived more rigorously
without any need for intermediate variables or auxil-
iary functions.

To apply Eq. (9) to obtain the drain current of
DG MOSFETs, ¢, has to be evaluated at the source (y
=0) and drain (y= L) ends with V=0 and V= V.
The results are denoted as ¢, = ¢ss and ¢, = ¢, respec-
tively. For a given V., ¢, as a function of V can be
solved using Eq. (9) along the channel from the
source to the drain. The functional dependence be-
tween V(y) and ¢,(y) is determined by the current
continuity equation, which requires the DG-MOSFET
drain current 4 =2,WQdV/dy = constant,independ-
ent of V or y.In the equation,the parameter . is the
effective mobility. As the given equation only ac-
counts for half of the total channel current, the ex-
pression is multiplied by a factor of 2 to obtain the fi-
nal current of the DG-MOSFET.

Following the Pao-Sah’s double integral*"

and
integrating I4 dy from the source to the drain, the
drain current can be written as
I, =2 Q(VvHdv
L 0
To continue the derivation, an equivalence of

(10)
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Eq. (7) is obtained as expressed as 0.6 1.00
Cl (v A )7 v ahy—t> 7,=20nm, 1, =2nm, V=0, 7=300K o5
(23 s SD - Ps _ —_— _ v_s . —
= e I 1 e } 11 |
ZniesikT [ ( ) 0.5 10.50 §
Solving the quasi-Fermi potential from Eq. (11) % o4 {025 5
gives: R 1 3
kT, , , kT (¢, — 9 2 0.3l Curves Model prediction —4— =02V {-025 2
V = ¢+ ==Iny’ + 711{1 - eXp(iq - )]* & 03T ot 2D simulaton . —a—¥ =05V 1o 2
q q kT Py -0.50 8
. s8]
L i 1-0.75
ZEIH( Ve~ Bg— $o) (12) 0.2 AE@‘AAMMMMM e
1 -10 -5 /o 5 0
. Venieq kT x/nm
where 7 is the body factor y = 7€
Cox Fig.2 Potential ¢ and electric field distribution across the sili-

Substituting ¢, — ¢, from Eq. (5a) into Eq. (12),
we obtain:

kT

V:¢s+7lny2+k

—Tlrl[l — cos”(m /) |-

q
2%1n<vgs—a¢—¢s> (13)
Differentiating Eq. (13) yields:

kT + 2Cox %d(ﬁs/Qin

dV:d¢s+7X mdn,

Jnotan(Cm/ng)

(14)
where
Qn = Con(Vy = Ap — $9) (15)
Substituting Eqs. (5b) and (14) into Eq. (10)
yields:
I, = Z%WJOV 0,dv = 2% x
mkT

11 0uins

S!

(2eq kT)”ZJ%L dn, +2C.,,

n

TR

08 ¢SS

(16)
Integrating Eq. (16) , we obtain:

[=2 %W{cox[< Ves— Ag) (b — b)) — %(sﬁfr ¢i>]+
. GroVad ¢
2C o %(%L - ) + T“nT‘kT[eq T — e%}}

an
where ¢ .95 are solutions to Eq. (9) corresponding to
V=0 and V = Vg ,respectively.

Equation (17) is equivalent to the drain current
expression in Refs. [11, 14, 23] if the appropriate
transformation is performed. However, the deriva-
tion presented here is derived directly from the Pois-
son’s equation and Pao-Sah’s double integral, without
the need for intermediate variables, auxiliary func-
tions,or complicated spatial integration"'"'*#'

Combining Eqgs. (7) and (17),the general drain
current model is obtained as:

2uWC ; 2kTé, kTn, Ty
L=2C | (Vo agrg— g /2w 2 (BT )
q<¢§fv> 3 Cix(vgs _ ASD _ ¢s)2 b V=V
I:e " 2nieq kT }} fg V=0 (18)

The DG-MOSFET drain current is expressed only
in terms of the surface potentials at the source and
drain ends.

con film for three different V,

3 Results and discussion

Based on the developed model, DG MOSFET
characteristics from the linear to the saturation and
from the sub-threshold to the strong inversion region
can be calculated using Eq. (18) with the surface po-
tential calculated using Eq. (9). The model calculation
is compared with 2D numerical simulations by DES-
SIS-ISE®. A channel length (L) of 1pm, channel
width ( W) of 1pm.,silicon oxide thickness (t,) of
Z2nm, a mid-gap gate structure, and a constant effec-
tive mobility of 400cm®/(V « s) are assumed for both
calculations.

Figure 2 shows the potential and electric field as
functions of position in the silicon film for three dif-
ferent V,. Lines denote results calculated from the
model and symbols represent results by 2D numerical
simulation. Good agreements are observed. Under low
Ve and ¢, changes following V,,the electric field
across the silicon film remains almost constant, and
the “volume inversion effect” takes place. When V
increases.$, and ¢, become decoupled and the surface
electric field is much larger than the centric electric
filed. The model predicts the potential across the
whole silicon body successfully, thus capturing the im-
portant “volume inversion effect”.

2.0

T4=20nm, ¢ =2nm, L=1um, W=Ipm

p=400cm?/(V - s), T=300K 1OV |

i

Curves: Model prediction
Points: 2D simulation

Surface potential/V
=

o
W

1.0 15
VNV

0 0.5 2.0

Fig.3 Comparison of surface potential obtained from Eq. (9)
(solid lines) with the 2D numerical results (points) for different
quasi-Fermi potentials
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25 The drain current given in Eq. (20) is the drift com-
2
T 10 20 < ponent of the traditional surface-potential-based bulk
O 10 Curves: Model prediction 2 MOSFET models that dominates in the strong inver-
> Symbols: 2D simulation 115 . .
B e o sion region.
< =
S d10 £ (2) Subthreshold region: below threshold, the
=
£ 10" 8 first two components in Eq. (18) are negligible. The
5 t=2nm, V=0V, 7=300K {5 @£ . . .
Z 1010 g fourth component (which is negative) cancels half of
=10 Black solid curves: 7' ;=6nm = . . . . .
Black dash curves: 7.=20nm 10 the third component in this operational region. As a
-12 L M . .
107 0.5 1.0 1.5 2.0 result, the total drain current can be described by

A%
gs

Fig. 4
(solid and dash lines) based on calculated surface potential,

Inversion charge characteristics obtained from Eq. (6)

compared with the 2D numerical simulation (points), both in
logarithmic and linear coordinates

Figure 3 shows the surface potential versus gate
voltage calculated from Eq. (9) and 2D numerical
simulation for different quasi-Fermi-potential. The
surface potential calculated by Eq. (9) is continuous
and smooth in all operation regions from sub-
thres-hold to strong inversion. The calculated results
also agree well with the 2D numerical simulation. Fig-
ure 4 illustrates the comparison of the inversion
charge density between the model prediction and the
2D numerical simulation for different silicon film
thicknesses. Again,good agreement between the mod-
el calculation and 2D numerical simulation is ob-
tained. The sub-threshold region charge increases as
the silicon film thickness increases, while the strong
inversion charge is independent of the silicon film
thickness. This is again the unique “volume inversion
effect” in undoped DG MOSFETs, which is correctly
predicted by the model presented in this work.

From the device physics of DG MOSFETs, three
distinct operational regions can be identified and pre-
dicted by Eq. (18). The characteristics of the different
operational regions are discussed as follows:

(1) Linear region above the threshold:in this op-
erational region the drain current is dominated by
drift and the total drain current can be approximated
by the first two terms of Eq. (18). Under this condi-
tion, the surface potential at the source can be ap-
proximated by a constant ¢, and the surface potential
at the drain can be approximated by ¢, + V4, where
_ kT, 8eqkT
= —In ——;

qg qniTs;
After the approximating the surface potentials, the
drain current in the linear region above the threshold
can be simplified to:

(19)

Spm

Ids N,Ucox LK[( Vgs - ASD - gom)z -
(VgS - Ago— Om — Vds)zj =

Z#Cox W( Vgs - ASD - SDm - Vds/z) vds

T (20)

(ps — $ss) +

Ids%

Z#WCOX |:2k7T
L q
K T (s gt
2Co
Cox[(Vy = Dp— 8" = (Vi — Ap — ¢5L)2]):|
2nieg kT

+

2D
This drain expression can be further simplified
to:

Ids =~ 23 %kTTsi[nos -

(V, ~de=g)

%Wan; Tsieq kT

nod] =

(1 — e a/tT) (22)

The sub-threshold current given in Eq. (22) is
proportional to the silicon body thickness of the DG
MOSFET and independent of t,. This is a typical
characteristic resulting from the volume inversion
effect that cannot be described by charge-sheet based
models.

(3) Saturation region: this regime occurs when
the contribution of the drain current at the drain end
is small. Hence,the drain current is expressed as

Ids — %W[ZCOX(VQS - ASD_ gpm)z +

G(V ~dgm )

KTn, Toe =" (1 - e*%"”ﬁ (23)

The saturation current is mainly from the source
inversion charge density as expected from the MOS-
FET device physics.

In order to verify the overall drain current
model, a comparison between the model prediction
and the 2D simulation is performed. Figure 5 shows
the DG MOSFET [,-V, characteristics with different
silicon film thicknesses, and Figure 6 shows the cor-
responding [4- V4 curves under different gate volta-
ges,calculated from the presented model and the 2D
numerical simulation. Very good agreement is ob-
served without using any fitting parameters in both
figures. Especially,the volume inversion effect of DG-
MOSFET demonstrated in Fig. 4 is described by the
presented model as required by Eq. (22) ,matching the
2D numerical simulation very well.

Finally, we stress that the presented surface po-
tential based model has three distinctive features: (1)
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Fig.5 [I4-V, characteristics obtained from the surface poten-

tial-based model for two silicon film thicknesses (solid and

dashed lines) compared with numerical simulations from DES-

SIS-ISE (points) ,both in logarithmic and linear coordinates

ding: (1) A single set of the surface potential versus
voltage equation is obtained from the exact solution
of the Poisson’s equation for undoped DG MOSFETs;
(2) The drain current obtained from the Pao-Sah’s
double integral is described by one continuous func-
tion in terms of the surface potentials at the source
and drain;and (3) No charge-sheet approximation is
required to simplify Pao-Sah’s double integral to ob-
tain the drain current, which is reflected by the cor-
rect physical behaviors of the model under the volume
inversion condition. Extensive verification with a 2D
numerical simulator has been performed and the re-
sults indicated the presented model is very accurate
and behaves well in all operation regions. In the pres-
ent form, some advanced physical effects, such as
short-channel effects, quantum effects,and high field
transport have not been considered. They will be inte-
grated into this model framework in the near future.

1.4
tox=2nm, W=Ilpm, L=1pm, 7 =20nm
12} 7=300K, n=400cm?(V-s)
Curves: Model prediction V=18V
1.0 Points: 2D simulation ]
<
0.8
gé, 1.5V
~0.6
0.4 1.2V
0.2
0.6V
0
0 0.5 1.0 1.5 2.0
Vi /V

Fig.6
tial-based model (solid lines) compared with numerical simula-
tions from DESSIS-ISE (points)

I 4- V4 characteristics obtained from the surface poten-

A single set of the surface potential versus voltage
equation is obtained from the exact Poisson equation
solution in the undoped DG-MOSFET devices, analo-
gous to that of the bulk MOSFETs, for which the
complete surface potential equation is a base to devel-
op a continuous model; (2) The drain current, ob-
tained from Pao-Sah’s dual integral, is described by
one continuous function in terms of the surface poten-
tials at the source and drain, tracing properly the
transition between different DG-MOSFET operation
regions without resorting to non-physical fitting-pa-
rameters; (3) The charge-sheet approximation, typi-
cally used in bulk MOSFET models to simplify Pao-
Sah’s dual integral for the drain current””*',is not
invoked. Thus,the derived surface potential and drain
current equations properly capture the DG-MOSFET’
s volume inversion effect.

4 Conclusion

A complete surface potential-based model for un-
doped symmetric DG-MOSFETs was presented. The
presented model has three few unique features inclu-
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