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Compact Threshold Voltage Model for FINFETS'
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(Institute of Microelectronics, Tsinghua University, Beijing 100084, China)

Abstract : A 2D analytical electrostatics analyss for the cross section of a FnFET (or tri-gate MOSFET) is per-
formed to calculate the threshold voltage. The analysis resultsin a modified gate capacitance with a coefficient H in-
troduced to model the effect of tri-gates and its asymptotic behavior in 2D is that for double-gate MOSFET. The po-
tential profile obtained analytically at the cross section agrees well with numerica smulations. A compact threshold
voltage model for FinFET ,comprising quantum mechanical efects,is then proposed. It is concluded that both gate

capacitance and threshold voltage will increase with a decreased height ,or a decreased gate-oxide thickness of the top

gate,whichisatrendin FnFET design.

Key words: FNnFET; 2D analytical electrostatic analyss; compact model ; threshold voltage

PACC: 7340Q; 6185; 0300

CL C number : TN304 02 Document code: A

1 Introduction

DG MOSFET and FinFET appear to be two of
the most promising device structures’ * substitu-
ting current MOSFET beyond 65nm regime due to
the electrostatic concern (i. e. off-state |eakage cur-
rent) . Compact analytical modeling for these new
structuresisin order in anticipation of technology
maturity. There have been active work on the com-
pact modelingfor DGMOSFET ,e.g.in Refs. [5
8]. However ,analytical model for FINFETs is 0
far not seen yet ,and it is critical to provide IC de-
sgnersone because of FINFET’ s strong gate con-
trol capability and thus superior performance.

In this paper ,a compact model for threshold
voltage of FiNFETs is presented based on 2D anar
lytical electrostaticanalyssfor the cross section of
a FinFET ,comprisng quantum mechanical effects.
This compact model has the following two fea
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tures: (1) since the derivation is fully physcs
based ,there are no fitting parameters and the ana
lytical electrostatic potential profile agrees well
with the numerical results; (2) the relation be
tween device parameters and gate capacitance and
threshold voltage are in explicit form ,which makes
it convenient to analyze the effect of the surround-
ing gate (both sides and on top) on device charac-
teristics. It is concluded that gate capacitance and
the threshold voltage increase with a decreasing
height of channel dab and a decreasing gate-oxide
thickness of the top gate.

2 Moddingand results

First of all for the convenience of discusson ,a
diagram of the cross section of a FinFET isplotted
in Fig.1. Inour notation ,aisthe height of the dli-
con channel region ,bisthe width of the channel re-
gion ,toa is the double sde-gate (both front and
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back) oxide thickness, txz is the top-gate oxide
thickness ,and toxs is the buried oxide thickness.

{

i (- e Rl

FHg.1 Crosssectionof HNnFET xis the direction a

long width while y is the direction along height. The or-
igin of the 2D coordinateis set at o.

In Ref. [5] ,consdering 1D electrostatics with-
in the channel of aD GMOSFET ,thefollowing ex-
presson of surface electron density n. is obtained.

n =2G\Ve- ®)/q (1)
where G = CxGi/ (Cx + Cu) represents the gate
capacitance per unit areawith Cox =€ ox/ tox the oxide
capacitance per unit area € o« is oxide permittivity ,
tox gate-oxide thickness of a DGMOSFET) and G
= 4 g/ dthe depletion capacitance per unit area € s
is dlicon permittivity , d is width of a DGMOS
FET). Ve = Vo - (% -X +Va - Vo) isthe effec
tive gate voltage with % of the work function of
the gate material X of the electron affinity of the
semiconductor ,Va = gna/ 2Cy (ma i's acceptor den-
sity per unit area) and Vo = gno/ 2C; (o is donor
dendity per unit area) . ¢ is the minimum point of
the electric potential profile along the width direc
tion ,i. e. the electric potential at the center of the
channel. Actually ,the above equation reflects the
relation of % to n and V'c. Therefore for the Fin-
FET case ,if % is defined as the minimum point of
the electric potential profile at the cross section ,a
smilar equation as Eg. (1) may be found once the
relation of ® to ne and Vs is derived according to

2D electrostatics.

From 2D numerical s mulation ,one knows that
along the width direction (at any point of the
height direction) ,the potentia profile is parabolic
with the minimum point at x =0. Thus,% for Fin-
FETscan be defined as ¢(0, ymn) ,which is ob-
tained by

M =0 (2)
dy Y= Yrmin

Consequently ,the analytical form to the elec-
tric potential profile ¢(0, y) is essential to solve
Eq. (2). The 2D Poisson’ s equation is presented
for thefirst instance

dey) | FHxy) _ gNet Na- No) g
dy’ dx* €s

where Ne,Na ,and Nop are the electron concentra
tion ,the donor ,and acceptor concentration ,respec
tively. With the parabolic approximation of the e
lectric potential along the x-direction,the electric
potential may be expressed as

A x,y) =0(y) X +T (y) (4)
The electric digplacement continuity at the slicon/
oxide interfacesis shown as

_ A y) _ _ b
dx x=102 T Z)-(y) x 2
€ _Va- (du-X) - - B2.y)
_SS X Toxt (5)

Therefore ,the second derivative respect to x of ¢
(x,y) ,i.e. D (y) ,isobtained. Equation(3) at the

1D cut line of x=0isthen rewritten as
N0, yv) + _ 8Cwm
dy? B (Coa + Ca)

#0,y)] = g( Ne +E|\:A - Np)

[Ve - (% -X) -

(6)

b2
Integrating both sde byJ'O dx, one trandorms Eq.

(6) into Eq. (7) ,
dH0.y)  Bs
dy2 x2+Cg[VG'(¢M'X)'

_ (e + - o)
Hx,y)] = FEED (@)

Equation(7) isfurther solved analytically. The so-
lution is asfollows

0,y) :A+BM+C -

snh(a D) sinh(-a/ D)

(8)
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where A = Vo - (d -X) - glre + na - m0)/2GC,
B=®a-A,C=®Ro-A,D= JBs/2C whereh .,
= #0,a and %o = #0,0) are two constants
whose values need to be found. In Fig. 2 ,the ana
lytical resultsof #(- W 2,y) (thiscan be obtained
straightforwardly from ¢(0,y)) and ¢(0,y) of a
FinFET are compared to numerical results (execu-
ted usng DESSISin ISE 8 0,a 2D self-congstent
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Poisson Schrodinger solver™) at various Ve with
given %, and % . (these two constants are provided
by numerical smulation) . The analytical profiles a
gree well with numerical ones and are not uniform
along y-direction,which shows the difference be-
tween DGMOSFETs and FnFETs. This proves
the applicability of Eqg. (8).
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Fig.2 - ©b2,y) and ¥0,y) profiles along height direction at various gate voltages a=b=5nM,toa = toxe =
1nm and texs = 25nm. Symbols stand for numerical smulation results (trianglesfor #(- b 2,y) and squares for ¢

(0,y)) while solid lines stand for analytical results.

Condder the boundary conditions ¢(0,y) a
long the height direction: dﬂao“éo' =e2ig
y y=0 €y

[Ve - (- X)1} ( Coe =€oxl toxz i tOp-gate oxide

capacitance per unit area) and dﬂffl)‘

y=a
S8 [va - (- X)] - %al (G =Eal baisthe

back-gate oxide capacitance per unit area and Vs is
the back-gate voltage) . Gven these two equations,
%0 and b .. are deduced ,
do = (FG + F) (GG - 1) (9
ha=(FG+ P/ (GG - 1) (10)

where F = E[Vc- (% -X)] +[cosh(a/ D) - 1]A
with E = GeDsnh(a/ D)/€s,F = E[Ve - (% -
X)] + [cosh(aD) - 1]A with E =
CxeDsinh(a D)/€s,G = E+ cosh(a/ D) and G =
E + cosh(a/ D). Thus,the analytical form of #(0,
y) is derived as afunction of n and Vs. Using Eq.
(2) and Letting E= 0 (holding true since the
thickness of buried oxide is practically much larger
than the channel width ,i.e. toes 3€ox DSnh (& D)/
€s) ,therelation between % and n. and Vssisfinaly
obtained,

n=2CG\Ve - ®)/q (12)
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This equation is very smilar with Eq. (1) except
for the substitution of C, for G, and the corre-
sponding replacement in Ve where Va = qm/2G
and Vo = qo/2Cy. G = G/ H with H = 1 -

EE-_l x[2e **° Jecosh(a/ D) - € *°],isdenoted

as tri-gate coefficient ,which essentially reflects the
effect of the top-gate. In Fig.3, H isplotted versus
awith different txe and b. Asit is shownin thefig-
ure ,the tri-gate coefficient stays always lower than
unity ,implying larger gate capacitances of Fin-
FETs than those of DGMOSFETSs. It may also be
drawn that the larger the height is,thelarger His,
meaning that the effect of the top gate is weaker
since gate capacitance gets closer to the DG case.
When a> D, H approaches to unity,leading Eg.
(11) to Eqg. (1) so that the asymptotic behavior to
DGMOSFETsis correct. H decreases with a de-
creasing toxe OF an increasng b, meaning the effect
of top gateis more severe with thinner top-gate ox-
ide or wider width.
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Fig.3 Tri-gate coefficient H versus channd height a
with different toe and b toa =1nm and toxs = 30Nm.

With the deduced Eq. (10) ,the threshold volt-
age model isfinally derived as follows (the proce
dure of which is smilar with that in Ref. [5] and
therefore is not presented here) ,

Vi =d -X +Va - Vo +I_(B_T|g[2&£_ka_-j
q q- Nc
(12)
where ks is the Boltzmann constant , T is the tem-

perature ,and Nc is the effective density of states.
This formula comprises quantum mechanical
éfects® . In Fig. 4,V is plotted against tempera
turefor different tox ,txe ,a,and b. It is concluded
that Vr decreases when any of thesefour device pa
rametersincreases. It should be noted that the tem-
perature coefficient of Vrincreases and the curve of
V1 - T becomes more linear with an increasing val-
ue of any of these four parameters. Although the
parameters along height direction (toxe and a) affect
Vr less severe than the parameters along width di-
rection (t« and b) do ,they do have an influence on
V1 and thus the device characteristics.
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Fg.4 Threshold voltage V+ versus temperature T

with different tox ,toxe ,a,and b toxs =30nm.

3 Conclusion

In this paper, a compact threshold voltage
model for FAINFETs is presented with the relation
to device parameters clearly clarified. It is conclu-
ded that both gate capacitance and threshold volt-
age will increase with decreasng of height or top-

gate oxide thickness.
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