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The subthreshold characteristic of ultra-thin (i.e. quantum-wire), ultra-short double-gate transistors (symmetric structures)
working in the ballistic regime has been analytically modeled. This model takes into account short-channel effects,
quantization effects and source-to-drain tunneling (WKB approximation) in the expression of the subthreshold drain current.
Important device parameters, such as Ioff-current or subthreshold swing, can be easily evaluated through this full analytical
approach, which also provides a complete set of equations for developing equivalent-circuit model used in ICs simulation.
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Introduction

Double-gate (DG) MOSFETs are extensively investigated

because of their promising performances with respect to

the ITRS specifications for decananometer channel

lengths. One of the identified challenges remains the

development of compact models [1–3] taking into

account the main physical phenomena governing the

devices at this scale of integration. In this work, an

analytical subthreshold model of ultra-thin DG MOSFETs

working in the ballistic regime is presented. As we show in

the following, the present approach captures the essential

physics of such ultimate DG devices (quantum confine-

ment, thermionic current) and introduces two main

novelties usually neglected in compact modeling: the 2D

short-channel effects and the tunneling of carriers through

the source-to-drain barrier. Results given by this analytical

approach are finally compared with data obtained with a

full-2D numerical code coupling the Schrödinger–

Poisson system with the ballistic transport equation.

Modeling of the ballistic subthreshold current

Figure 1 shows the schematic n-channel DG structure with

symmetric gates considered in this work. Carrier transport

in the ultra-thin silicon film (thickness tSi, doping level

NA) is clearly 1D in the x-direction and the resulting

current is controlled by the gate-to-source (VGS) and drain-

to-source (VDS) voltages which impact the shape as well as

the amplitude of the source-to-drain energy barrier. In the

subthreshold regime, minority carriers can be neglected

and Poisson’s equation is analytically solved in the

x-direction with explicit boundary conditions at the two

oxide/silicon interfaces taking into account the electro-

static influence of VGS. Considering the particular closed

surface shown in figure 1 for Gauss’s law integration, we

can write:

2j ðxÞ
tSi

2
þ j ðx þ dxÞ

tSi

2
2 jSðxÞ ¼ 2

qNAtSidx

21Si

ð1Þ

where the electric field j ðxÞ < 2dc ðxÞ=dx (due to the 1D

character of the electrostatic potential (c in the Silicon

film) and jSðxÞ ¼
1ox

1Si
joxðxÞ:

Defining the electrostatic potential c as the band

bending with respect to the intrinsic Fermi level in the

Silicon film and choosing the Fermi level in the source

reservoir as the potential reference, the oxide electric field

joxðxÞ along the structure is then given by:

joxðxÞ ¼
VGS 2 VFB 2 c ðxÞ2 f F

tox

ð2Þ
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where VFB is the flat-band voltage and fF is the bulk

potential of the Silicon film.

After some algebraic manipulations, we obtained the

following differential equation for the electrostatic

potential in the Silicon film:

d2c

dx2
2

2Cox

1SitSi

c¼
1

1SitSi

qNAtSi22CoxðVGS2VFB2fFÞ
� �

ð3Þ

where Cox¼1ox=tox is the gate capacitance per unit area.

The analytical solution of equation (3) can be then

expressed under the form:

c ðxÞ ¼ C1exp ðm1xÞ þ C2exp ð2m1xÞ2
R

m2
1

ð4Þ

where the coefficients C1 and C2 are given by:

C1 ¼
f S½1 2 exp ð2m1LÞ� þ VDS þ

R½12exp ð2m1LÞ�

m2
1

2 sin hðm1LÞ
ð5Þ

C2 ¼ 2
fS½1 2 exp ðþm1LÞ� þ VDS þ

R½12exp ðþm1LÞ�

m2
1

2 sin hðm1LÞ
ð6Þ

with:

R ¼
1

1SitSi

qNAtSi 2 2CoxðVGS 2 VFB 2 f FÞ
� �

ð7Þ

m1 ¼

ffiffiffiffiffiffiffiffiffiffi
2Cox

1SitSi

r
ð8Þ

fS ¼
kT

q
ln

NANSD

n2
i

� �
ð9Þ

fF ¼
kT

q
ln

NA

ni

� �
ð10Þ

Considering the limit case of an ultra-thin Silicon film,

the vertical confinement of carriers in the structure can be

treated using the well-known approximation of an

infinitely deep square well. The first energy subband

profile E1(x) can be easily derived as:

E1ðxÞ ¼ q f S 2 c ðxÞ
� �

þ
�2p2

2m�
‘ t2

Si

ð11Þ

where m�
‘ < 0:98 £ m0 is the electron longitudinal mass.

Once E1(x) is known as a function of VGS and VDS, the

total ballistic current (per device width unit) can be

evaluated as follows:

IDS ¼ ITherm þ ITun ð12Þ

where ITerm and ITun are the thermionic and the tunneling

components of the ballistic current, respectively. For a

two-dimensional gas of electrons [4]:

ITherm ¼
2q

p2"

ðþ1

21

dkz

£

ðþ1

E1;max

f ðE;EFSÞ2 f ðE;EFDÞ
� �

dEx ð13Þ

ITun ¼
2q

p2"

ðþ1

21

dkz

£

ðE1;max

E1

f ðE;EFSÞ2 f ðE;EFDÞ
� �

TðExÞ dEx ð14Þ

where f (EF, EFS) is the Fermi–Dirac distribution function,

EFS and EFD are the Fermi-level in the source and drain

reservoirs, respectively ðEFD ¼ EFS 2 qVDSÞ; kz is the

electron wave vector component in the z-direction, the

factor 2 accounts for the two Silicon valleys characterized

by m�
‘ in the y-direction (vertical confinement) and T(Ex)

is the barrier transparency for electrons and E is the total

energy of carriers in source and drain reservoirs given by:

E ¼ E1 þ Ex þ
�2k2

z

2m�
t

ð15Þ

where E1 is the energy level of the first subband (given by

equation (11)), Ex is the carrier energy in the direction of

the current, mt* is the electron transverse effective mass.

In equation (14), T(Ex) is evaluated considering the

well-known WKB approximation [5]:

TWKBðEx # E1;maxÞ ¼ exp 22
Ð x2

x1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

t ðEx2E1ðxÞÞ

" 2

q
dx

� �

TWKBðEx . E1;maxÞ ¼ 1

8>><
>>: ð16Þ

Figure 1. Schematic ultra-thin DG structure and its technological and
electrical parameters considered in this work. The first energy subband
profile E1(x) obtained from equation (11) is also represented. Turning
points (x1, x2) and xmax have literal values due to the analytical character
of E1(x).
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where the turning point coordinates x1 and x2 have literal

expressions due to the analytical character of the barrier:

x1;2ðExÞ ¼
1

m1

ln
A ^

ffiffiffiffi
D

p

2C1

" #
ð17Þ

where the quantities A and D are defined as follows:

A ¼ f S þ
R

m2
1

þ
"2p2

2qm�
‘ t2

Si

2
Ex

q
ð18Þ

D ¼ A2 2 4C1C2 ð19Þ

If one remarks that the top (i.e. the maximum) of the

source-to-drain barrier has an analytic character using

equations (11)–(17), the thermionic component of the

ballistic current can then be fully analytically derived from

equation (13) using the well-known Natori’s formula [1]:

ITherm ¼I0 I1=2 EFS 2 E1ðxmaxÞð Þ
�

2I1=2 EFS 2 E1ðxmaxÞ2 qVDS

� ��
ð20Þ

with:

I0 ¼
2q

"2

kT

p

� �3=2 ffiffiffiffiffiffiffiffiffi
2m�

t

p
ð21Þ

xmax ¼
1

2m1

log
C2

C1

� �
ð22Þ

I1=2ðhÞ ¼

ðþ1

0

ffiffiffi
y

p

1 þ exp y 2 h
� � dy ð23Þ

Finally, the tunneling component of the ballistic current

can be evaluated from equation (14) using a simple

rectangular double integration method on the energy

interval [E1, E1,max] (transforming the integral into

discrete sums). The development of analytical approxi-

mations for this tunneling component is envisaged in a

future work.

Results and model validation

Figure 2 shows the first energy subband profile E1(x) in the

Silicon film calculated with the analytical model for

different gate voltages in a L ¼ 10 nm device. In order to

test the validity of the model, we compare these profiles

with those obtained with a full quantum-mechanical 2D

simulation code (BALMOS [6]). A good agreement is

obtained between the two series of subband profiles,

especially for low VGS values, i.e. in the subthreshold

regime. In particular, we note an excellent agreement for

the positions of the maximum as well as the amplitude of

the barrier between the analytical and numerical curves.

The slight difference in the barrier width is due to the

electric field penetration in the source and drain regions,

only taken into account in the numerical approach.

Concerning this point, the analytical model should

perfectly reproduce the barrier profile for devices with

metallic source and drain, as in Schottky-barrier

transistors recently proposed [7]. When approaching the

threshold voltage (e.g. VGS ¼ 0:1 V), the numerical and

analytical profiles diverge, due to the presence of minority

carriers in the channel, which is not taken into account by

the analytical model. This limitation sets the validity

domain of this later approach, as illustrated in figures 3

and 4 (hatched area).

The subthreshold IDS(VGS) characteristics calculated

with the analytical model for devices ranging from L ¼ 5

to 20 nm are shown in figure 3. In the subthreshold

regime (typically VGS , 0.1 V), the curves very well fit

numerical data obtained with BALMOS for devices in

the deca-nanometer range. Below L ¼ 10 nm; the effect

of electric field penetration in source and drain regions

on the barrier width becomes significant, leading to a

slight overestimation of the drain current in the

analytical case.

Figure 4 shows subthreshold IDS(VGS) characteristics

calculated with the analytical model. Considering the WKB

Figure 3. IDS(VGS) characteristics calculated with the analytical model.
Values obtained with the 2D numerical code BALMOS [6] are also
reported for comparison. The hachured area represents the near and
above threshold regions where the analytical model losses its validity.
Device parameters are the same as in figure 2.

Figure 2. First energy subband profiles E1(x) in the silicon film
calculated with the analytical model (equation (11)) and with the 2D
numerical code BALMOS [6]. Device parameters are: L ¼ 10 nm; tSi ¼
2 nm; tox ¼ 0:8 nm; fM ¼ 4:3 V; NSD ¼ 3 £ 1020 cm23; NA ¼ 1015 cm 3:
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tunneling contribution in the ballistic current or not two

series of curves have been plotted. These results highlight

the dramatic impact of the source-to-drain tunneling on

the subthreshold slope and also on the Ioff current. In this

subthreshold regime, the carrier transmission by thermionic

emission is reduced or even suppressed due to the high

channel barrier; consequently, when the channel length

decreases the tunneling becomes dominant and constitutes

the main physical phenomenon limiting the devices scaling,

typically below channel lengths of ,10 nm.

Model improvement: numerical aspects

Finally, we report here how the present approach can be

further transformed from an analytical to a compact model

and then extended to all the device operation regimes. In

this later approach, equation (3) is numerically solved

using a 1D finite difference scheme with a uniform mesh

Dx. The distribution of electrons in the channel n(x) can be

also added in the second hand of equation (3) (assuming

a linear electron quasi-Fermi level profile in the

channel for low VDS operation) which can be rewritten

under the form:

ciþ1 þ ci21 2 2ci

2Dx2
2

2Cox

1SitSi

ci

¼
1

1SitSi

qNAtSi 2 2CoxðVGS 2 VFB 2 f FÞ þ qtSinðxÞ
� �

ð24Þ

A similar equation must also be considered to extend

the simulation domain to source and drain regions,

allowing us to take into account the electric field

penetration in the reservoirs. After solving equation

(24), the resulting potential profile ci(xi) can be used to

perform a more accurate calculation of the barrier

transparency, using the transfer matrix (TM) method.[5]

Such a numerical approach is interesting since a corrected

transparency from the effect of carrier reflections on the

barrier is obtained. In this case, because a unit

transparency is not always achieved for carrier energies

above E1,max, the total ballistic current (thermionic þ

tunneling) must be evaluated over the whole energy range

as follows:

IDS ¼
2q

p2"

ðþ1

21

dkz

£

ðþ1

0

f ðE;EFSÞ2 f ðE;EFDÞ
� �

TTMðExÞ dEx ð25Þ

On a computational point-of-view, the calculation of the

drain current per bias point with this approach takes less

than one second on a desktop computer. Figure 5

compares IDS(VGS) characteristics obtained with the

compact model and with the two transparency calculation

methods. As expected, IDS evaluated using the TM method

is lower than the WKB current, due to carrier reflections

on the barrier. Note that this phenomenon not only impacts

IDS in the subthreshold regime but also above threshold,

due to the presence of a residual barrier in the channel near

the source. The difference between the two currents,

however, become negligible in the subthreshold region for

“long” channels ðL ¼ 20 nmÞ:

Conclusion

An analytical model for the subthreshold drain current in

ultra-thin symmetric DG MOSFETs working in the

ballistic regime is presented. The model is particularly

well-adapted for ultra-short DG transistors in the

decananometer scale since it accounts for the main

physical phenomena related to these ultimate devices: 2D

short-channel effects, quantum vertical confinement as

well as carrier transmission by both thermionic emission

Figure 4. Subthreshold IDS(VGS) characteristics calculated with the
analytical model when considering the WKB tunneling component in the
ballistic current or not. Device parameters are the same as in figure 2.

Figure 5. IDS(VGS) characteristics calculated with the compact model
using two different evaluations of the source-to-drain barrier
transparency. Device parameters are the same as in figure 2.
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and quantum tunneling through the source-to-drain barrier.

The model is used to predict essential subthreshold

parameters such as off-state drain current and subthreshold

slope and can successfully be included in circuit models for

the simulation of DG MOSFET-based ICs.
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