2732

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 61, NO. 8, AUGUST 2014

A Short-Channel Common Double-Gate MOSFET
Model Adapted to Gate Oxide
Thickness Asymmetry

Neha Sharan and Santanu Mahapatra, Senior Member, IEEE

Abstract— Existing compact models for common double-gate
(CDG) MOSFETs are based on the fundamental assumption
of having symmetric gate oxide thickness. In this paper, we
demonstrate that using the unique quasi-linear relationship
between the surface potentials, it is possible to develop compact
model for CDG-MOSFETs without such approximation while
preserving the mathematical complexity at the same level of the
existing models. In the proposed model, the surface potential
relationship is used to include the drain-induced barrier lowering,
channel length modulation, velocity saturation, and quantum
mechanical effect in the long-channel model and good agreement
is observed with the technology computer aided design simulation
results.
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I. INTRODUCTION

OMMON double-gate (CDG) MOSFETSs have appeared
as a replacement for bulk MOSFETs in sub-32-nm
technology nodes [1], [2] due to their superior electro-
static integrity. Efficient compact models are required for
successful utilization of such devices in integrated cir-
cuit design. Existing compact models for CDG-MOSFETs
[3]-[7] are based on the fundamental assumption of having
symmetric gate oxide thickness, as it greatly simplifies the
model development process. However, the models could be
generalized by considering the asymmetry between gate oxide
thickness as there could be a possibility of having asymmetry
between the gate oxide thickness due to process variations
and uncertainties, which can affect device performance signif-
icantly. A similar problem is addressed in [8] for independent
gate configuration with the back gate oxide thickness much
higher than that of the front gate, electrostatic of which is
quite different than that of the CDG device with comparable
oxide thickness.
Using the single implicit equation-based Poisson solution
and the unique quasi-linear relationship between the surface
potentials, recently, we reported an efficient model for
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generic CDG MOSFET [9]-[11]. However, such effort was
limited to long channel devices. In this paper, we extend this
concept to model the drain-induced barrier lowering (DIBL),
channel length modulation (CLM), velocity saturation, and
quantum mechanical effects (QMEs), which are important
for short-channel devices. The mathematical complexity of
the proposed model appears to be at the same level of the
existing models, and its accuracy is verified against the
TCAD simulation [12] results.

II. MODEL DEVELOPMENT

The conventions used in this paper are fox1(2) is the oxide
thickness of the first (second) gate, t5 is the thickness of
the silicon body, Coxi(2) is the oxide capacitance per unit
area of first (second) gate defined as €ox/fox1(2), €si» €ox
are the permittivities of Si and SiOj, respectively, g is the
elementary charge, k is the Boltzmann constant, 7 is the
absolute temperature, £ is the inverse thermal voltage (q/kT),
and n; is the intrinsic carrier density, B = 2qn;/fé€s, L is
the channel length, W is the channel width, () are the
Si/Si0, surface potentials at the first (second) gate, V is
the electron quasi-Fermi potential (channel potential), E, is
the silicon bandgap, and y is the effective mobility. The effec-
tive gate voltage with respect to source terminal is defined as
Ves = Vs, applied — 0@, Where Vs applied is the voltage applied
at gate terminals and d¢ is the work function difference of
the gate material. Vys is the applied drain voltage with respect
to source terminal. The inversion charge density at any point
along the channel is denoted by Q;, which is the sum of
two components Q;1 and Q;> expressed as Q;1(2) = Cox1(2)
(Vs — w1(2))- In the following discussion, any variable with
subscript s refers to its values at source end and subscript
d refers to its value at drain end. The variable x denotes
the direction along thickness of the channel with x = +#;/2
representing the front and back Si/SiO; interface. The variable
y represents the direction along length of the channel, while
y = 0 and L represent the source end and the drain end of
the channel, respectively.

A. DIBL Model

In the presence of oxide thickness asymmetry, following the
Suzuki’s methodology [3], [13], the governing 2-D Poisson
equation in subthreshold could be written as:

dzl/’l n (Vgs — 1) _

02 B 0 ey

0018-9383 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



SHARAN AND MAHAPATRA: SHORT-CHANNEL CDG MOSFET MODEL

40 -

38 F i

E 36 -
><E 3.4 _ — L=35nm
L o L=50nm
32k x L=1um

" (] " (] " (] " (] " (]
0.0 04 08 12 16 20

Channel potential (V)

Fig. 1. Position of minimum potential x,, in the channel with variation in
channel potential at Vgg = 0.2 V with tg; = 10 nm, fox; = 1 nm, #5x = 2 nm,
and W =1 um.

where 1 defines the scale length, i.e., the limit to which the
channel length of the device can be scaled for a particular
structural parameter as follows:

Csi tsi Cox1 12 Coly
1= si (x _’_ﬂ) te + oxlii_ i 3 .
Cox1 e 2 ¥ &i 2 Z(Xm,av"‘%)
(2)

Here, x;,, denotes the position where vertical electric field
dy/dx is zero for a given channel potential and X av
represents its average value. For short-channel devices,
in subthreshold, current does not flow at surface but at x,,.
In case of a symmetric device, x,, = 0 and A leads to the
same expression as in [13]. However, in the presence of oxide
thickness asymmetry, finding x,, is not trivial. From TCAD
simulation, we observe (Fig. 1) that in the case of asymmetric
device, for a given bias condition: 1) x,, changes from source
to drain end and 2) its value remains almost invariant at a
particular channel potential, while the channel length scales
down keeping the other parameters constant. Therefore, we
can conclude that x,, calculated from the long channel 1-D
Poisson equation [9] can be used for short-channel devices.
Now, linearizing the right-hand side (RHS) of the Poisson
equation [9, eq. (1)] and then solving it rigorously with the
same boundary conditions, the value of x,, in the subthreshold
could be obtained as

() ) o
= qn; B Eog B_l

XaWi(1 4 BV 4 V) + X1 (W2 =V W3+ W3 V)
B(W1Xs24+W2Cox1 Xa2+Coxa W2 X a2+ X2 fésiqn; )
4
Xsl Wl (1 + ﬁ(v - Vgs)) + Xcl (WZ + VgsW3 + W3V)
ﬂ(Wlxﬂ + W Cox1 Xa2 + CoxaWaXa2 + XSZ,BEsiqni)
(5
with Wi = Cox1Cox2, Wa = €ifiv/B/2, W3 = B’ei/B/2,
Xs1 = (X1 —1/X1), Xe1 = (Cox1 X1 + Cox2/X1), Xs2 =
(X2 — 1/X2), Xa2 = (X2 + 1/X2), Xy = eli/2VPmia/es,

where

A =
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Fig. 2. Relationship between w1 and yo with f;; = 10 nm, 7551 = 1 nm,
tox2 =2nm, L =35nm, and W =1 um.

and X, = elsivPnid/&i Now, as x,, is a function of channel
potential, to calculate the potential at virtual cathode (wmin),
we use an average value of it. Though there could be several
options for calculating x,, ay, in this paper, we find it as
Xmay = Xm@source as the virtual cathode moves toward
source as Vys increases. Following [13], we solve (1) to obtain:

L _L
(Vas + Eg + Ve)[e2t — 7% ]
Ymin = Vs I .

[ — e 7]

We then model DIBL using precorrection technique by chang-
ing the actual gate voltage to effective gate voltage as
Vs,eff = Vgs + AVy, where AV, = ymin — Vgs.

(6)

B. Velocity Saturation Effect

To model velocity saturation effect, we use the lateral electric
field dependence mobility expression in drain current as [14]

U dv
Id = 1/2 WQl o (7)

2
dv
[1 + (%d—y) }

where gy 1s saturation velocity and u is the low field electron
mobility, which is taken as constant here. x could also be made
a function of vertical electric field [15]

L u a1’ Vas
1; 1+ —— dy = uwQ;dv. (8)
0 sat dy 0

LH

Here, the RHS expression is the same as that for long-channel
device. To evaluate the LHS expression, we assume that for a
given bias condition, the surface potentials along the undoped
channel hold a linear relationship [10]. As observed in Fig. 2,
this assumption remains valid even in the case of short-channel
devices in the presence of velocity saturation and QMEs.
Using dV/dQ; [11, eq. (3)] and dQ;/dy [10], we get

LH = / e 12+ e 1/2dQ )
= Q’_S nl E3(1+m1)2 1
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with
I [2a1LQ1+V1L(1+m1)]
" (1 +mp)?

Inp = [ Ly [20Q; + p1 (1 +m)I(L +my) ]
! Cox1 ,B[nQ12+P1(1+m1)Q1+q1(1+m1)2]

0 = (Q, — 1), E; = vga/p is the critical electric field,
n= 1/681, and p; = —s1, q1 = —k1, a1, y1, m1, and c; are
the linearization coefficients of the surface potential evaluated
in the same way as in [10].

A direct solution of (8) is difficult to find. It is observed
through inspection that the behavior of 132 is a quadratic
function of inversion charge over a varied range of bias
conditions, and so we approximate 12 o as

I~ N(Q1) = E1 Q] + F1 Q1 + G (10
with
= -0
(=0
F = (N1(Q15) — Ni(Qim)) — (E1 (03, — 01,))
(Q1s — Q1m)
Gi = Ni(Qim) — (E10},,) — (F1Q1m)
where

&1 = {(N1(Q15) — Ni(Q1m))(Q114 — Q1m)}

& = {(N1(Q114) — N1(Q1m))(Q1s — Q1m)}
G = (01, — 01,)(Qia — Qim)
& = (0hg — 01n)(Q15 — Q1m)
Ois = Qis —c1, Qua= Qia —ci
Qim = q71(Q1s + Q1a),  Quid = q2(Q1s + Q1a).

Further evaluating left-hand side (LHS) and equating LHS
with RHS, we get the drain current expression as

UW[F; — Fy1(1 +my)
(01 + ©,19"

lg = — (1)

with @1 = J; +20,01/401 V@, @ = 0103 + /101 + Z)

4012, — J?
®r = ——— L log (20101 + i +2/01w)
803/2

where 01 = 4a?L%/(1 +m%) + El/Ec, Ji = 4ayyL?)
(1+m1)+F1/E62, Zi=yj 212 +G1/E and Fs and F,; are the
same as in [10].

Since, in velocity saturation regime, the drain current
becomes invariant with bias condition, we calculate the satu-
ration voltage Viu1(2) through d1;/dV = 0. That is, when Vs
is less than saturation voltage, the voltage at the drain side
will be Vqys; otherwise, it will be saturation voltage, Va1 (2)-
To make this transition from drain voltage to saturation voltage
smooth, we use the following function [7]:

Vis1(2),eff = Vds(l + (

Vs

f =1/f
Vsatl(2)) '

(12)
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C. Channel Length Modulation

Evaluating (1) in the same way as [7], we get

2
Alog ((t’d + \/wﬁ - (¢§at1(2) - 20th1) )
(13)

20 sat A

AL =
Psat1(2) +

where @sa12) = Ves — Wsat12) and Wsai2) =
(Eg/2).

Since, in an asymmetric CDG MOSFET, the saturation
voltage Via1(2) and CLM factor AL () are different for both
channels, we need to evaluate the drain current independently
at both surfaces. Evaluating the drain current across the front
surface in the same way as in (8) and using the relation
[11, eq. (3)] and dQ;;(2)/dy [10, eq. (14)], we get

Vis1(2),eff +

1 12
Li1(2) [Xll(z) + 2X21(2)i| dQj10) = uWQi12dV (14
where

1l = {2a12)AL12) Qi) + 1AL}

220 1 [20Q;1(2) + P12)]
12 =1— -
) Coxi)  B[n0Q} @ T rieQie + 712)]

and n = l/eszi, and p1p) = —s1(2) and q1(2) = —ki(2) are the
linearization coefficients of the surface potential evaluated in
the same way as in [10]. Similar to (8), the direct solution of
(14) is also not possible, and so we approximate

120 = h@(Que) = (R1(2) 0/ + T Qi) + V1(2))

where
Rio = L@ — 9219
1@ = 531(2) - 541(2)
Tiay = (V12)(Qi12)s) — V12 (Qi12m)) — (R1(2) Qsqr)

(Qi12)s — Qitym)
Vie) = Y10)(Qit@ym) — (RI(Z)Ql-zl(z)m) — (T2 Qi12m)

o) = {(012)(Qi12)s) — Y12 (Qi12)m))
x (Qin@a — Qitm)}
0212) = {W12)(Qini2)a) — Y12 (Qi12ym))

x (Qi12)s — Qiim)}
2 2
312) = (Ci12)s — Ci12ym) (Qit12)a — Qit@ym)
2 2
o) = (Qi1ia — Ciieym) (it — Qit@m)-
Osqr = (Q,-zl(z)s— Q,gl(z)m), Qi = Qil@s» Qil@d =
Oi1yd, Qiteym = 4r3(Qi1)s + Qiteya), and Qi11020 =

qr4(Qi1)s + Qi12)a)-
Further evaluating (14) with the above approximation, we
get

L = uWlFs12) — Fai2)] (15)
(0110 +0210] 00
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where
Jil) +20i12) Qi1
Ol = i1(2) i12) Qi1( )W
40;1(2)
40n0)Zne — i
022 = 1@ log(A1(2)
302
, 11(2)
(OF 12 1
Fap = LA Qtl(2)s = €itsi(s102) Qi1 2)s + k1(2))
Coxi) P 2
2
Qi 2 1
Fy10) = + = 0i10)d + s 6iki(512) Qitya + ki1(2)
Coxi) B 2

A1) = 205120 Qi12) + Ji1@) + 2V 0i12 @1(2)

wi2) = Oi1() Qizl(z) + 111(2) O + Ziie
R
Oi10) = 40(1(2)AL1(2) + E2
Tl(2)
Jii@) = 4012710 ALY o) +
and
Viey

Zil) = J’1(2)AL1(2) T E2 ’

Finally, the total drain current across the device is given as

Iy = Ig1 + Ia2. (16)

D. Quantum Mechanical Effect

We include QME in our model through two approaches:
1) calculating threshold voltage shift due to QME and includ-
ing it in model by effective gate voltage and 2) calculating
the effective oxide thickness due to shift in inversion charge
centroid.

1) Threshold Voltage Shift Model: In an undoped channel,
the inversion charge [16], [17] is expressed as

Qiqm = qKT ZZglmllog(l +e (Et /+—V/)ﬁ) (17)

where g; stands for the degeneracy factor, m; stands for the
density of states effective mass of an electron, E is the energy
bandgap, and E; ; stands for the energy level of the jth sub-
band in ith valley. The unknown factors here are E;; and
w. To find the potential profile, we need to solve the 2-D
Poisson equation. Solving Laplace equation with the following

boundary condition: dy /dx |x=—sij2= —Cox1/€si(Ves — 1),
w(—t5i/2 — tox1,y) = ng w(tsi/2 + tox2, ¥) = Vgs'
We get the solution
w(x,y) = Cqo + Cq1x + Cpox? (18)
where
Cém.(l (Vgs — w1)(—tsi — tox1 — fox2)
qu — S1
[
1
qu = Cq2tsi - i(Vgs - V/l)

f 1
CqO = Vgs - (;l +foxl) ( = (Vg§ - l//l)

(5-2)

—Cp
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fsi Lsi

0= (_ % - toxl) (% - toxl)
Li 3t

— (% + tox2) (7“ + fox2)~

w1 is unknown here. We evaluate w1 in a similar way as done
in [3] to get

= Vs + Uj sinh + Uj cosh (19)
v £ : (le) 2 (le)

where
Q11C31
2Cox1( s — fox1 — ton)

Qll _ \/Coxl [Hl +H { _(tsi + fox1 + tox2) ]:|
€si 4

Ho= (5 4o ) Up = Ve — 22
1= ) ox1 | Isi, 1= Vgs )

3
1si 1si t>
HZ {(_ % - toxl)(% - toxl)tsi - 1_;}

Ves — Ulcosh(&) — % — Vs
sinh (ﬁ)

Now, to find E; j, we need to solve the Schrodinger equation.
In a CDG MOSFET, the quantum well comprises front gate
oxide barrier, back gate oxide barrier, and the conduction band
of the silicon channel. Therefore, the energy quantization in
a CDG MOSFET is due to both structural (silicon thickness)
and electrical confinement (slope of conduction band). It is
observed that the potential profile in a long-channel CDG
MOSFET can be approximated as an infinite square well [18],
and to include the short-channel term, we use perturbation
technique. Applying first-order perturbation to the 2-D poten-
tial term of an infinite square well, we get

282 2 2 2
Jj°hrm Cyots - Cyots
( o teY qn;l)q

2mt82i 12

Taking the definition of threshold voltage to be a voltage at
which the inversion charge reaches a constant value [17] of
Qit,qm = kT /qCox1 and Qiz.qm = kT /qCox2, We calculate
the respective gate threshold voltage. Finally, to calculate the
respective effective gate voltage, we use an average threshold
voltage, V; = (V;1 — Vi2)/5. Using the relation Vg gefr =
Vgs + V;, we calculate the respective effective gate voltage.

2) Effective Oxide Thickness Model: The inversion charge
depth invgepth in a CDG MOSFET is calculated using the same
expression as in [19]. The respective location of the inversion
charge in the channel across both surfaces is given as invl =

(—15i/2) — inVdepth, iNV2 = (+£5i/2) — inVdepth-

From this, we calculate the respective inversion charge
centroid, inv1(2)centroid as

Qn =

Ej= (20)

inv1(2)
inv1(2)centroid = / .
2
The quantum mechanical gate oxide capacitance is given as

wldx. 1)

Cox1(2)

Cox1(2) inv1(2)centroid
+ [

Cox1(2),eft = | (22)
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Fig. 3. Drain current versus gate voltage characteristics and transconductance
behavior as obtained from the TCAD simulation (symbol) and the proposed
model (line).
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Fig. 4. Drain current versus drain voltage plot and conductance characteristics
as obtained from the TCAD simulation (symbol) and the proposed model
(line).

The respective oxide thickness can be calculated as fox1(2),eff =
€ox/Cox1(2),eff- In a CDG MOSFET, when the gate voltage
is low, the carrier quantization is basically dominated by
structural confinement. It is only when the gate voltage is
higher than the threshold voltage, both structural and electrical
confinement starts affecting the quantization.

All effects are thus captured in the form of effective gate
voltage and capacitances. The IVE [9] is solved with these
effective values to obtain the surface potentials.

III. RESULTS AND DISCUSSION

We have validated our model against the 2-D TCAD sim-
ulation results [12] for devices having gate oxide thickness
asymmetry: fox; = 1 nm, fox2 = 1.5 nm, #; = 10 nm,
and W = 1 um for different channel lengths, as shown in
Figs. 3—-6. The minimum channel length is taken to be 35 nm
according to the scale length criteria L/24 > 3. The value
of A (grounded source) changes from 4.84 to 5.46 nm as the
back gate oxide thickness increases from 1 to 2 nm. We use
Caughey-Thomas velocity saturation model in TCAD. For the
TCAD simulation of QME, we need to include a particular

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 61, NO. 8, AUGUST 2014
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Fig. 5. Threshold voltage (extracted by linear extrapolation method) rolloff
and subthreshold slope with decrease in channel length predicted from the
TCAD simulation (symbol) and the proposed model (line).
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Fig. 6. Transcapacitance plot from the TCAD simulation (symbol) and the
proposed model (line) with variation in gate voltage from 0 to 2 V.

set of model (SCHRO) that cannot be merged with velocity
saturation model. Fig. 3 shows the variation in drain current
and transconductance characteristics as a function of gate
voltage. Fig. 4 shows the change in drain current and output
conductance characteristics as a function of drain bias. The
threshold voltage rolloff and subthreshold slope as extracted
from the TCAD simulation and the proposed model is shown
in Fig. 5. We find that the proposed model works well till
L >~ 4} (which is 25 nm and 33 nm for #;; = 10 nm and 20 nm,
respectively, with #ox; = 1 nm and #,x2 = 1.5 nm) provided
that the ballistic transport is insignificant. Fig. 6 shows the
transcapacitance (Cgg and Cgg) characteristics at different bias
conditions. Though the Ward-Dutton partition theory is not
applicable for velocity saturation Ananda, we can minimize
the error by properly tuning the model parameters. Fig. 7
shows the variation in drain current with variation in gate
voltage with inclusion of QME. In all these cases, the proposed
model is in excellent agreement with the TCAD simulation
results. We have also calibrated the model for devices having:
tox1 = 1 nm, toxp = 2 nm, tox; = 1 nm, toxo = 1.5 nm,
fox1 = 1 nm, and 7ox» = 1 nm against TCAD simulation. The
calibrated values for different model parameters are given in
Table 1. One can see that the mathematical complexity and
the number of model parameters used in the proposed models
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7. Effect of QME on the drain current versus gate voltage characteristics.

TABLE I
CALIBRATED MODEL PARAMETERS

[ parameters | Device 1(1:2) [ Device 2(1:1.5) [ Device 3(1:1) |

o 0.85 0.85 0.85
9 025 025 0.25
f 12 12 12

95 0.61 0.78 0.08
9 0.60 0.62 0.72
U /12 L2 L2

is comparable with the existing models [3], [6], [7] that are
based on the symmetric 7,x approximations.

IV. CONCLUSION

Using the unique quasi-linear relationship between the
surface potentials, we propose a compact model for CDG
MOSFET, which is adapted to the gate oxide thickness asym-
metry, and the mathematical complexity is in the same level

of

the existing models. The model includes several small

geometry effects and is found to be in good agreement with

the
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