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Analytical Modeling of Threshold Voltage for Double- Gate MOSFET
Fully Comprising Quantum Mechanical Effects’
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Abgtract : The analytical solutionsto 1D Schrodinger equation (in depth direction) in double-gate (DG MOSFETSs
are derived to calculate electron density and threshold voltage. The non-uniform potentia in the channel is concerned
with an arbitrary depth so that the anaytical solutions agree well with numerical ones. Then ,an implicit expression
for electron density and a closed form of threshold voltage are presented f ully comprising quantum mechanical (QM)
effects. This model predicts an increased electron density with an increasing channel depth in subthreshold region or
mild inverson region. However ,it becomes independent on channel depth in strong inverson region ,which isin ac-
cordance with numerical analysis. It is a0 concluded that the QM model ,which bardy considers a box-like potential
in the channedl ,dightly over-predicts threshold voltage and underestimates electron density ,and the error increases

with an increasng channel depth or a decreasing gate-oxide thickness.
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1 Introduction

DGMOSFET has been consdered one of the
most promising candidates for the channel length
beyond 65nm regime'* * in place of current MOS
FET due to the electrostatic concern (i. e. ,off-
state leakage current) . Compact analytical model-
ing is thus dedrable in anticipation of technology
maturity. Extensive works have been done on this
field!® . However ,they al focus on electrostatic
analyss,thus ignoring quantum mechanical (QM)
effects that are indispensable in the range of decar
nano scale. In Ref. [13] ,QM effects do be consd-
ered but a box-like potential in the channel is as
sumed ,which is insufficient for the channel depth
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larger than 10nm according to the comparison with
numerical s mulation.

In this work ,the analytical solutions to the
eigen-energy levels are derived with the consdera
tion of non-uniform potential in the channel. Then,
an implicit expresson for electron density and a
closed form of threshold voltagefor DGMOSFETSs
are presented fully comprisng QM effects. The an-
alytical values of eigen-energy levels,electron den-
sities,and threshold voltages with arbitrary device
parameters agree well with the numerical results.

2 Analytical eigen-energies with non-
unif orm potential

The structure of the DGMOSFET is depicted
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in Fig. 1. In our notation,the channel depth is d
and the gate-oxide (both front and back) is tox. AS
far as electron surface dendty or threshold voltage
is concerned , especially with the consderation of
QM effects,one may focuson 1D analysis along the
depth direction,i. e. zdirection in Fig. 1 (the
effects along the channel is not the keystone this
paper addresses ,and there has been active work on
Refs.[11,12]) . To calculate electron surface densi-
ty ,the eigen-energy levels in the potential well a
long zdirection need to be obtained. According to
numerical dmulations, they shift with different
depths. In Fig. 2 ,two diagrams are plotted qualita
tively to show different Stuations of energy levels
in the potential well with different depths. Asit is
seen in the figure,the energy levels are above the
electric potential energy in the well when the chan-
nel is narrow. However ,they go beneath the cen-
tral point of the electric potential energy with an
increasing depth. Our task is to analytically calcu-
late these energy levels with an arbitrary depth.

Fig.1
silicon double-gate and n* drain/ source regions

The channel depth is d and the gate-oxide (hboth
front and back) is tx. zis the direction along depth

DGMOSFET cross section with p* poly

while x is the direction along channel .

If the assumption of a box-like potential in the
channel (ignoring the non-uniform potential) and
infinitely high potential barriers at the slicon/ ox-
ide interfaces along the zdirection is made ,the fol-
lowing analytical solutions to energy levels, Enx,
are derived

2,.[2:E2

En = + *
s = 2m;,d’

(1)

L) Potential
energy " ~a

(a) (b

Fig.2 Qualitative diagrams of energy levelsin the
potential well along the depth direction A narrower
depth is assumed on the left while a wider depth is
on the right.

where nisthe quantum number ,k refers to differ-
ent valleysof the slicon conduction band’, squ’ in-
dicates the energy levels are for square potential
well , Eo is the value of the central point of poten-
tial well ,and m..« is the effective mass along zdi-
rection of valley k with m;» = m’~ =0 916m, and
m.2 = m =0 19m (the subscript 1 referring to
unprimed valley and 2 referring to primed valley
for a silicon crystal with 100 orientation,m” the
longitudinal mass,m’ the transverse mass,and mo
the free electron mass) . This formula, however ,is
not sufficiently correct with a wide channel or a
high gate bias because under these stuations the
non-uniformity of the electric potential along the
depth cannot be neglected. Therefore,to make it
more practical ,the first-order correction to the en-
ergy level s usng the time-independent perturbation
theory is applied with a perturbation potential en-
ergydH = op z°/ Z s where€ s is slicon permittiv-
ity andd = - (Ne + Na- Na)/ disthe average gpace
charge dendity within the potential well with Ne
the electron dendty per unit area, Na the acceptor
dendty per unit area and Nq the donor density per
unit area. Thus,we find first-order corrections*
2

8 Eve = n%;x[l : af)—zJ 2
In Fig. 3 ,different energy levels (n=1,2) of differ-
ent valleys (k=1,2) are depicted against different
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channel depth and in Fig. 4 they are depicted a
gainst different average space charge density (this
is equal to be under different gate bias). Squared
symbols represent the analytical solutions using
Eqg. (1) plus Eq. (2) while round symbols stand for
numerical results. As one can clearly see from the
figures,if the channel is narrow (approximately
narrower than 15nm) or the space charge density is
low (approximately lower than 10*cm™®) ,the ana
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lytical solutions with the assumption of a square
potential well plusthefirst-order perturbation cor-
rection agree well with the numerical ones. Howev-
er ,if the channel iswider or the space charge dens-
ty is higher ,the errors between these two become
intolerant. The reason for thisis that the potential
energy in the channel can no longer be regarded as
analytical mean

perturbation. Therefore, other

needs to be found for these cases.

Channel depth/nm

Rounds represent numerica results,solid lines

represent analytical results Enkaa ,Squares represent analytical results En sy With first-order perturbation,and

triangles represent analytical results En iui.

Note that D GMOSFET tends to be two back-
against-back independent MOSFETSs if channel be-
comes wider or space charge density gets higher.
Consequently ,the potential in the channel tends to
be split into two independent parabolalike deep
potential wells asin the MOS structure. In earlier
works,the approximate solutions to energy levels
for MOS structure usng triangle potential well are
proved to be reasonable both in subthreshold re-
gion™! and in strong inversion region'™ . Hence,
we investigate the applicability of these approxi-
mate solutions for DGMOSFET. The expressons
are listed below.

En,k_tri = Eo +[ Z*J a X
2me k
3] 2
[gﬂqu[m 4]} +@_§d§2)_ 3

wher€e' tri’ denotes that the energy levels are for
triangle potential well and Fs = gflNe + Na -
Nq) /€ s is the surface electric field. Here N ,an em-
pirical parameter ,differsfor different device struc
tures as discussed in Ref. [15] and for our casen =
0. 25. In Figs. 3 and 4 ,the triangle symbols repre-
sent Enwwi. Asitis seenin the figures,the anal yti-
cal solutions with the triangle well tally with nu-
merical ones with wide channel or high space
charge dendty. Furthermore,if En.wsu are away a
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Rounds represent numerica results,

0lid lines represent analytical results En kaa ,SQuares represent anaytical results Enwsu With first-order perturba

tion ,and triangles represent analytical results En k.

bove zero ,they accord with numerical ones snce
this corregponds to the case of narrower depth or
lower gpace charge dendty and if Enwsu are away
below zero , E.«wwi accord with numerical ones snce
this corresponds to the case of wider depth or high-
er space charge density. To include all cases,the
strategy in Fig.5 is used to obtain thefinal analyti-
cal solutions Enana for an arbitrary depth. The sol-
id lines both in Figs. 3 and 4 stand for Enana,
which are in accordance with numerical results
with an arbitrary depth or space charge densty
(meaning the analytical solutions are effective un-
der al gate hias) .

If Enksu < Enkti

then Enkaa = En.quu

Hseif Enkan > 0

then En,Lana = En,quu
Hse
then Enkaa = Enkti

Fig.5
from the combination of Enxsu and En ki

Strategy for obtaining analytical energy levels

3 Hectron density and threshol d volt-
age

Due to the confinement of electron motion
normal to theinterface ,the conduction band within
the trandstor channed is slit into several sub-
bands ,each of which is associated with the corre-
sponding energy eigenvalue. Hence, the electron

surface density may be expressed as

N N

t m

Ne= 5 5 GNug{1+expl (Ene- Eo)/ ke T] X

exp[a(® - &)/ ke T} (6)
where N« = (maks T)/ @(TH’) is the density of
states in the subband at energy En«, mu is the
density of states effective mass (ma = m’ ,me =

Y2) Nt =10 is the number of subbands,

(m m’)
Nm =2 isthe number of different setsof valleys,a
=2, =4 is the degeneracy of the valleys of set,
% =- Eo/ q,% =- Er/ qwith Ee the quas- Fermi
level ,ke is the Boltzmann constant ,and T is the
temperature. On the other hand ,according to 1D e-

lectrostatic analyss,the electron density may be al-
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0 expressed as™

Ne = 2G (Ve - ®)/q (7)
where G = CxCa/ (Cx + Ca) represents the gate
capacitance per unit area with Cox =€ ox/ tox the oxide
capacitance per unit areaand Cs = £/ disthe de
pletion capacitance per unit area. V'c = Vo - (% -
X +Va - Vo) isthe effective gate voltage with Ve
the gate bias, % the work function of the gate ma
terial X the electron affinity of the semiconductor ,
Va = gNa/2G and Vo = gNd/2G . Equating Eq.
(6) and Eg. (7) ,the implicit analytical form of e
lectron dendty is obtained with a given gate bi-
as'™® . Different from Ref.[13] ,the analytical solu-
tionsto En« introduced in this paper ,i. e. Eixana,
are substituted into Eqg. (6) . In Fig. 6 ,the analytical
electron surface dendties are depicted against gate
voltage with different channel depths,agreeing well
with the numerical smulation results (executed u-
sng Schred 2 0"*°' |a 1D Schrédinger- Poi sson-equar
tion self-cond stent solver) . According to our mod-
el’ s prediction ,an increase of the gate voltage re-
sultsin a weaker influence of the channel depth on
the electron dendty. The electron dendty increases
with an increasng channel depth in subthreshold
region or mildinverson region whileit becomesin-
dependent on channel depth in strong inversion re-
gion. This results from a decrease of the average
distance of electronsfrom the surfaces with an in-
crease of the surface potential ,smilarly as in the
conventional bulk MOS transistor’™™. The QM
model ,which merely considers a box-like potential
in the channel (strategy used in Ref.[13]) ,under-
estimates electron dendty and the trend that it de-
creases with an increasng channel depth is inap-
propriate according to numerical results. In Fig.7,
the electron dendties are depicted against gate
voltage with different gate-oxide thickness. From
the figure ,our model tallies well with numerical re-
sults while the box-like potential well assumption
vastly underestimate val ues and the error becomes
larger with a decreasing gate-oxide thickness.
Finaly ,a closed form of the threshold voltage
is about to be presented. From Eq. (6) ,the semi-
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Fig. 6 Hectron surface density versus gate voltage
with different channel depths both on linear scale
(right) and logarithmic scale (l€ft)  tx = 1nm
Symbols stand for numerical results,solid lines stand
for analytical resultsfully comprisng QM efects,and
dashed lines with symbol s represent anal ytical results
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Fig.7 Hectron surface density versus gate voltage
with different gate-oxide thickness both on linear
scale (right) and logarithmic scale (Ieft) d=20nm

Symbols stand for numerical results,solid lines stand
for analytical resultsfully comprisng QM effects,and
dashed lines with symbol s represent analytical results
with the box-like-potential assumption.

conductor capacitance Cs may be derived as (using

Boltzmann statistics) '**!

G = q?j—[\;: = %eXD[Q(% - $a)/ ke T] (8)

m

where N'¢ = HZ ZQKN k€XP[ (Enkana - Ew)/ ke T]
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is the effective density of states. Then,we define
the device threshold as the gate voltage at which G
equals 2C; (more specifically, see Ref. [13]).
Therefore ,the threshold voltage Vw is finally ob-

tained as
¢ ) ke T [_ZQ;LBT_]
Vin = % -X +Va - Vp + q Ig qZN'c(VlhO)
(9)

Here N'¢ (Vo) indicatesthe energy levels,whichis
used to calculate N'c. and obtained under the gate
voltage of Vi (Vo is derived from the smilar form
of Eqg. (9) ,but uses energy levels with box-like po-
tential well ,thus independent of gate voltage,to
calculate N'¢). In Fig.8 Vi isplotted against chan-
nel depth with different gate-oxide thickness. It is
concluded from the figure that the threshold volt-
age decreases with an increasng channel depth or
gate-oxide thickness. The model merely with the
box-like-potential dightly overestimates the values
of the threshold voltage.
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4 Conclusion

Analytical modeling for decanano scaled DG
MOSFETs is dedrable for circuit designers. Elec
tronsin the channel are severely confined along the
channel depth under such small scale 0 that the
QM effects must be modeled. Previous works e-
ther ignore QM effectsor make too coarse assump-
tions of the quantum potential well.

In this paper ,the non-uniform potential in the
channel is consdered. A closed form of energies
levelsfor an arbitrary depth and space charge den-
Sty ispresented. Then ,animplicit form of the elec-
tron density and a closed form of the threshold
voltage are proposed,which utilize the analytical
wolutions to energy levels.

According to the model’ s prediction ,the fol-
lowing concluson may be made:an increased elec-
tron density with an increasng channel depth in
subthreshold region or mild inverson region. How-
ever ,it becomes independent on channel depth in
strong inverson region. It is also concluded that
the QM model ,which barely consders a box-like
potential in the channel , dightly over-predicts
threshold voltage and underestimates electron den-
Sty and the error increases with an increasng
channel depth or a decreas ng gate-oxide thickness.
This indicates that the full comprisng of QM
efectsisindigensablefor practical DGMOSFETSs
(with channel depth of deca-nano scale) .
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