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Abstract: A compact model for the integrated inversion charge density Q; in double-gate (DG-) MOSFETsS is

developed. For nanoscale applications,quantum confinement of the inversion carriers must be taken into account.

Based on the previous work of Ge,we establish an expression for the surface potential with respect to Q;.and

form an implicit equation,from which Q; can be solved. Results predicted by our model are compared to published

data as well as results from Schred.a popular 1D numerical solver that solves the Poisson’s and Schrodinger equa-

tions self-consistently. Good agreement is obtained for a wide range of silicon layer thickness,confirming the supe-

riority of this model over previous work in this field.
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1 Introduction

As the feature size of bulk MOSFETs contin-
ues to shrink, serious technical and economical
hurdles have been encountered'’, necessitating
new device structures that can provide improved
device performance. A double-gate MOSFET is
considered a promising structure due to its excel-
lent short channel effect (SCE) immunity, near-
ideal subthreshold slope, increased
charge density,and beneficial transport character-

inversion

istics resulting from the volume inversion.
Recently, compact modeling of DG MOS-
FETs has attracted a great deal of interest. The
integrated inversion charge density across the
channel, Q;.,is a key physical quantity,and on its
basis, device characteristics, such as the I-V and
C-V curves,can be obtained. Thus, modeling Q; is
the first step,and a key one,in device modeling.
In Ref. [1], Baccarani proposed a model, in
which the quantum-mechanical confinement of
carriers in DG MOSFETs is considered. This work
is based on two assumptions. One is the box-like
potential , which considers only the structural con-
finement caused by the front- and back-gate ox-
ide, neglecting electrical confinement due to the
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transverse gate electric field. The other assump-
tion is the uniform inversion charge distribution
within the channel when calculating the depletion
capacitance. These two assumptions limit applica-
tions of this method to only ultra-thin silicon film
and/or low gate bias conditions. For thick silicon
films and high gate-bias,large errors occur.

He'?! presented a classical analytical model
for undoped symmetric DG MOSFETs. Since
quantum-mechanical effects are not considered in
his work,significant errors result when compared
to the more accurate numerical simulations for
thin silicon films where quantum-mechanical
effects cannot be neglected.

Ge™ developed a quantum-mechanical model
for symmetric DG-MOSFETs. The structural and
electric-field confinements are both taken into ac-
count. Although it gives excellent physical insight
into the device physics, this model does not ac-
count for the inversion charge density calculation.

Our work is based on Ref.[3]. By relating
the surface potential to Q;,an implicit equation is
established. Solving this equation for Q;, we ob-
tain results that agree well with those of the nu-
merical simulator Schred™ for arbitrary silicon
film thickness.
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Fig.1 Schematic of a symmetric DG MOSFET

2  Description of modeling approach

Figure 1 shows the schematic of a symmetric
DG MOSFET. We first try to establish an implicit
equation for Q;. Considering the quantum con-
finement of carriers in the direction normal to the
channel, the coupled Poisson’s and Schrédinger e-
quations have to be solved. For the computational
efficiency that is required in compact modeling,
proper approximation can be adopted to decouple
the two equations. Here we take the Schrodinger
equation as the starting point,and are concerned
only about the ground state in the carrier distribu-
tion.

Using a similar approach to that in Ref.[3],the
1D trial eigenfunction in the x-direction, which is
transverse to the channel,can be written as
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where b; is a parameter dependent upon the
transverse electric field E, at the interface be-
tween the silicon and the gate oxide,a; is the nor-
malization factor as shown below., and fy 1s the
thickness of the silicon film.
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The electron distribution is approximated by con-
sidering the eigenfunction at the ground level on-
ly. This simplification has been justified in
Ref.[3], and by solving the 1D Poisson’s equation,
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Fig.2 Schematic of the band curvature in the direc-
tion normal to the channel for a DG MOSFET
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$(x) — ¢, can be expressed as the function of Q;,
where the surface potential ¢, = ¢ (0). Note that
the ground-level wavefunction, ¥, (x), has been
normalized across the channel.

In Ref. [5], the inversion charge density is
related to the gate voltage and the central poten-
tial of the silicon film via the following equation:

Qi = ZC(;f(Vg - th) (5)
with
CG[ — L (6)
1+ %o X
Esi tox

_ qNAlsi Cox
Vie = @us + 6 + 50 (1+ 4csi> "

where Co = eox/toxs Cq = €4/ 1, Pys is the contact
potential difference between the gate and the sili-
con film due to the workfunction difference, and
$. =$(t,/2)is the central potential of the silicon
film referenced to the neutral body as shown in
Fig. 2. That is when the center of the silicon re-
mains neutral (e.g. ,at the flatband condition) , ¢,
=0. And x; is the centroid of the half inversion
layer,which can be defined as
J:irzxn(x)dx J:uin |w, (x)|*dx

X = = =

| o Qi/z

‘/;ir'z
- 2J X W, (o) 2dx (8)
0

By substituting Eqgs. (1~3) into Eq. (8),x; can be
related to Q;.

Note that ¢. in Eq. (7) is undetermined,and if
this quantity can be related to Q;,then substitu-
ting Eqs. (6) ~(8) into Eq. (5),an implicit equation
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Fig.3 Simulated surface potential ¢, versus gate bias
using Schred The device parameters are fo,, = 1lnm, ¢
=1,2,5nm,and N, = lcm ™’ (undoped case) .

on Q; will be established. Since $. — ¢, can be ob-
tained by integrating Eq. (4) twice,the subsequent
work is to find an expression of ¢, in terms of Q;.

Figure 3 shows the simulated ¢, versus the
gate voltage using Schred at different ¢4, t,, and
doping density N,.From the figure, we note that
in the subthreshold and strong inversion regions,
¢, is linearly dependent on V,. And the threshold
voltage V, can be defined as the intersection of
the two extrapolated lines.

For simplicity,here we consider only the un-
doped case.

b+ Voo = Vg - Dyis

(j)s = Vg_q)Ms_ Qi/ZCOX 9
In the subthreshold region, Q;=0,so0,
b, = Vg — Dys (10)

In the strong inversion region,$, can be written as
¢ = Vi — Ous + k(V, = Vi) an
Here k is the slope of the ¢,-V, curve in strong in-
version region. Substituting Eq. (5) into Eq. (9)
and setting N, =0, we get
¢s = Vg — Ops — Qi/ZCox

= Vg - ®MS - gG[( Vg - q)MS - ¢L)
_ _ Q _ CGf¢c
- (1 Cox)wg Pus) + = (12)

As verified in Ref.[5].for 14>2. 5nm,d¢./dV, =~
0.Comparing Eq. (11) to Eq. (12), we can con-
clude that for t4>2.5nm,k =1—- Cg/Co.

For Vy in Eq. (11),we first collected enough
data for certain t,, with f¢y ranging from 1 to
20nm from Shred,and then we constructed an em-
pirical expression using tgy to fit the Schred-ex-
tracted results.

t/mm

Fig.4 V,, predicted by the empirical expression with
The Shred extracted data
are marked as symbols. f,, = Inm.

respect to tg (solid line)

Ve = atl + ¢ (13)
Using curve fitting tools, the fitting parameters
a,b and c can be extracted.

Figure 4 shows the Shred extracted V,, for
different t; with t,, = Inm. The results predicted
by Eq. (13) are also plotted in the same figure.
With proper fitting parameters, Equation (13) fits
the Shred data very well. Here a = 0.336, b =
—2.419,and ¢ =0. 8498 are used as the fitting pa-
rameters.

To create a smooth transition between sub-
threshold and strong inversion regions,we employ
the smoothing function to obtain the unified ex-
pression of Eqs. (10) and (11).

a-kv,

b= Vi - ‘;‘h In(l+e* () )= by + kV,

14>
where Vi =(1-k)Vy.B=In(1+e¢”),and A is a
constant characterizing the steepness of the tran-
sition. A larger value of A represents a steeper
transition as shown in Fig. 5. In our model, we set
A=1.
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Fig.5 Smoothing function with different values of A
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Fig. 6 Model-predicted inversion-charge density Q;

versus gate bias (solid line) (a) t,, = 1nm,ty =4nm;
(b) tex = 1lnm, tg = 20nm

are marked as symbols and results from He’s and Bac-

Schred-simulated results

carani’s models are also given for comparison.

Substituting Eq. (14) into Eq. (7),a complete
implicit equation on Q; is obtained. By solving this
nonlinear equation,we can obtain the value of Q;
for any given V,.

3 Model comparison and validation

To validate our model,we apply it to undoped
symmetric DG MOSFETs with a gate oxide thick-
ness ranging from 1 to 5nm and a silicon film
thickness from 4 to 20nm. We compared the mod-
el-predicted inversion charge density with those
obtained from the numerical solver Schred. Re-
sults calculated using He’s and Baccarani’s mod-
els are also included for comparison.

Figure 6 shows the three model-predicted in-

version charge density and Schred-simulated re-
sults versus the gate bias with (a) N, = 1cm™, t,,
=1nm, t4 = 4nm and (b) t4 = 20nm. Note that
He’s model is the classical one,so it overestimates
the inversion charge density in all cases presen-
ted. Baccarani’ s model has limited applications,
providing good predictions only at low gate bias
and in thin silicon film thickness conditions. Our
model,on the other hand,is more general and a-
grees well with Schred results not only in thin sili-
con film conditions but also in relatively thick
ones.

4 Summary

A quantum analytical model for the inversion
charge density in undoped symmetric DG MOS-
FETs has been presented. By modeling the surface
potential , referenced to the neutral body in all op-
eration modes using a unified expression,a com-
plete implicit equation for Q; is established. Since
both the structural and the transverse electric-
field confinements have been taken into account,
the model is accurate for both thin and thick sili-
con films and has excellent agreement with simu-
lated results.

The collaboration with NDMI
members is greatly appreciated.
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