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Abstract: A compact drain current including the variation of barrier heights and carrier quantization in ultrathin-body and
double-gate Schottky barrier MOSFETs (UTBDG SBFETs) is developed. In this model, Schrédinger’s equation is solved u-
sing the triangular potential well approximation. The carrier density thus obtained is included in the space charge density to

obtain quantum carrier confinement effects in the modeling of thin-body devices. Due to the quantum effects, the first sub-

band is higher than the conduction band edge, which is equivalent to the band gap widening. Thus, the barrier heights at

the source and drain increase and the carrier concentration decreases as the drain current decreases. The drawback of the

existing models, which cannot present an accurate prediction of the drain current because they mainly consider the effects

of Schottky barrier lowering (SBL) due to image forces,is eliminated. Our research results suggest that for small nonnega-

tive Schottky barrier (SB) heights,even for zero barrier height, the tunneling current also plays a role in the total on-state

currents. Verification of the present model was carried out by the device numerical simulator-Silvaco and showed good

agreement.
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1 Introduction

The Schottky barrier MOSFET has a similar de-
vice structure to the conventional MOSFET, but the
source/drain regions are made of silicide or metal
rather than heavily doped semiconductor''**'. The de-
vice offers several potential advantages over a con-
ventional MOSFET at nanometer scale. Therefore,
scaling beyond the limit of the conventional MOSFET
is being explored. By using metal source/drain,
SBFETs would essentially eliminate the parasitic re-
sistance,and thus could deliver more on current than
the conventional MOSFETs"”*'. As modern VLSI de-
vices scale down, the gate oxide is getting thinner.
Consequently, the strong transverse electric field and
deep potential well near the Si/SiO, interface lead to
the quantization of mobile carrier energy,i.e. ,quan-
tum mechanical effects (QME’s).

QME’ s have significant influence on MOSFET
behavior such as threshold voltage shift”', maximum
gate capacitance scaling, and low voltage applica-
tion'" . Theoretical studies of SBFETSs have focused on
assessing device operation at nanometer scale, treating
the tunneling through Schottky barriers and fitting
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the experimental data'” "

. For thin body devices.
quantum confinement raises the electron energy levels
in the silicon and the effective barrier height. In this
paper,the solution of the Schrodinger equation under
the triangular potential well approximation is coupled
with the numerical solution of the Poisson equation.
An iteration procedure is employed to find the self-
consistent results of carrier distribution and potential
profile in the inversion and accumulation layer in the
MOS structure. An effective electric field is defined
by combining the mobile carrier sheet density and de-
pletion charge sheet density. Then, a closed form of
drain current for UTBDG SBFET is presented fully,
including QM effects. Model verification is carried out

using the 2-dimensional device simulator Silvaco "' .

2  Drain current modeling

2.1 Energy band model and quantum charge

The structure of the UTBDG SBFET is depicted
in Fig. 1. Determining the carrier distribution and po-
tential profile in the quantized inversion and accumu-
lation layer in UTBDG SBFET structure requires sol-
ving coupled Schrédinger’s and Poisson cquations.
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Fig. 1 [lustration of UTBDG SBFET with silicide/metal
source and drain

The one-dimensional (1-D) Poisson equation is given
as:

Iz q,
dZZ - €Si(p n + Nsub) (1)

where ¢(z) is electric potential; p and n are hole and
electron concentration, respectively; and N, is the
channel doping concentration. In the vertical direc-
tion (the z-direction in Fig. 1), the Schrodinger’s
equation was solved for each x-position independently
to generate eigen-energy of the ith subband and jth
valley E; and the corresponding wave function ¥

h*  dwy
2m x dz2]

- qﬁb(Z)q’ij — E,‘jg’,‘j (2)

where m; is the effective mass along the z-direction
of the jth valley with m} = 0.916m, (m, = 9.1 X
107*'kg) and m 2 =0.910m, (subscript 1 referring to
the unprimed valley and 2 referring to the primed val-
ley for a silicon with (100) crystal orientation, h is
the reduced Planck’s constant,and m, the free elec-
tron mass).

In earlier works,the solutions to energy levels for
MOS structure using parabolic profile are reasonable
both in the subthreshold region and in the strong in-
version region. However, an analytical solution can
not be obtained on the basis of parabolic potential.
The theory of quantum mechanics shows that the low-
er energy levels rest on the potential distribution at
the bottom of the potential well. Thus, we assume a
triangular well in the channel and infinitely high po-
tential barriers at the silicon/oxide interfaces along
the z-direction. Then, the solution of Schrodinger’s
equation in triangular potential well is,

E; = (21;; >1~3 x [%nqﬂ(l’ + %)J” (3)

To define F, in Eq. (3),an effective electric field in
inversion layer is adopted:

Fs = q(7)Nc+Nd)/€Si 1)
where N. and N, are inversion carrier density and de-
pletion charge density, respectively;and 5 is a fit pa-
rameter. In the accumulation layer, N4 is zero and N,
is the accumulation carrier density. In Refs.[11,12], i
is taken as 0.5. Although the value of 0.5 is often
used in the modeling of the universality of the mobili-
ty of inversion layer carriers (for electrons only) it is
not reasonable that the value should remain un-
changed when applied in the calculation of carrier

density. In this work, it is taken as an adjustable pa-
rameter.

Due to the confinement of electron motion nor-
mal to the interface, the conduction band within the
transistor channel is split into several subbands, each
of which is associated with the corresponding eigen-
energy. Hence, the electron density in the channel
may be expressed as

N.= 2 ZN,,- = E Zj:D,-kBTln[l +exp(%)}
(5

where D; = (g;mq ks T/nh ?) is the density of states
in the jth valley and mg; is the density of states of ef-
fective mass per valley (mg = 0.190m,, mg =
0.417my). g, = 2, g, = 4 are the degeneracy of the
valleys of the set. Eg, is the quasi-Fermi level. The de-
vice current flows only along the channel so that the
quasi-Fermi level is constant across the silicon-film di-
rection ( z-direction). ky is the Boltzmann constant
and T is the absolute temperature. The expression of
Y. (the average distance of all electrons from the sur-
face) formulated assuming the triangular potential
well (TPW) approximation is

IR

J

PINE
= J ! = !
)
j i
where Y, =2E; /3F, is the average separation of car-
riers in the ith subband and jth valley.

Y. (6)

2.2 Drain current modeling

For calculating the drain current in a UTBDG
device with metal S/D, two major transport mecha-
nisms through the Schottky contacts are considered:
thermionic emission and barrier tunneling. At a given
bias,the net current density flowing through a metal-
semiconductor contact is'*’

J = Jiem T Jun YD)

_ A" T(" - ) )
Jthcrm*Z i kB Jq(sﬁ,,l)*Asf’b*Va)[fS(Ei/) fm(El/):IdEll
(8)
* (B0~ Db, = V) )
Tw =224 qu T(EDLf.(E,) -
B 7 B 0
fm(E,'/')]dE,’/' (9)
. B 1
fs(Eij) - 1 N ox (El-j — Efs (10)
P\, T
. 1
L. = 11
fuCED Hexp(Eif—(Ers—an)) an
ks T

Assume the conduction band edge inside the sili-
con as the reference point. f, (E) and f,(E) are the
Fermi-Dirac (F-D) distributions at semiconductor and
metal, respectively. T, (E) is the transmission coeffi-
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cient. V, is the forward bias across the Schottky con-
tact. The effective Richardson’s coefficient A " is
. _ 4thkfgmjj

A e

(12)

As a factor affecting the electrical transport,
Schottky barrier lowering (SBL) due to the image
force effect and the interfacial layer is also considered
in our study,and is

W“—P‘sm + yFsm
47’(851

A¢h = (13)

Here, F, is the maximum lateral field at the Schottky
contact. The first term in Eq. (13) describes the SBL
due to the image force;the second term is generated
by the interfacial film. «a is a fitting parameter. Classi-

cal theory sets it to one!*”

.However,fitting this mod-
el to empirical data suggests that this value varies and
depends on V4 and L. The value of y is usually set to
1. 5~3nm and is set to 1. 5nm here.

To perform the model’s caculations, rather than
performing an integral over an energy range for Eqgs.
(8) and (9),a Riemann sum over a fine energy grid
(AE = 0.001 to 0. 01eV) was used. Also,instead of u-
sing « as the final energy in Eq. (8),a finite value
between one and three (depending on V) is equally
useful,as the tail of the F-D distribution becomes very
small very quickly. Furthermore, V4 must also be in-
cluded to account for the difference in F-D distribu-
tion between the source and drain at a given energy.

A nonlocal tunneling model is employed based on
the Fermi-Dirac distribution function in our model
and the tunneling probability based on the WKB ap-
proximation is

N.

e

T[(Eij) :exp{i X
h g

(14)
where E, = q($p — AP, — V,) . The effective mass in
the above equation is anisotropic for electrons, which
brings anisotropy to the tunneling current of elec-
trons. Tunneling current is sensitive to the effective
masses in Eq. (14). An accurate determination of the
tunneling effective masses from experiments is thus
important. Unfortunately, reliable experimental data
of carrier tunneling effective masses for nanoscale
contacts with a wide range of barrier heights are not
available. The tunneling current is calculated based on
the following assumptions. The tunneling current
through a Schottky barrier is dominated by electrons
with light masses because their tunneling probabilities
are much larger,as expected from Eq. (14).
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Fig. 2
layer carrier density (b) by analytical solution under the trian-

Inversion layer carrier density (a) and accumulation

gular potential well approximation (symbols) and by numerical
simulation (line)

3 Results and discussion

The model was validated by an extensive compar-
ison with a quantum numerical simulation using the
2D device simulator Silvaco. Figures 2 and 3 show the
electron density in the inversion layer and the hole
density in accumulation layer, respectively. When 7 is
taken as 0. 75 for the inversion layer and 0. 80 for the
accumulation layer,the carrier density coincides with
the fully numerical calculation. The difference of 3
for electrons and for holes may lie in the different
subband structure of the two kinds of layers. In the

3
A Numerical results without QM
o Numerical results with QM A
—— Model without QM
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tox=1nm A
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Fig. 3
voltage with different ¢

Analytical charge densities are depicted against gate
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calculation, the coefficient in equation (4) is 0. 75 for
the inversion layer (electron) and 0.8 for the accu-
mulation layer (hole).

In Fig. 3, the analytical charge densities are de-
picted against gate voltage with different thicknesses
of silicon films (¢g) ,agreeing with the numerical sim-
ulation results. The figure shows that the electron
density increases as tg scales down. The results of our
model agree with numerical results and the error be-
comes larger as tg decreases between the results con-
sidering QM effects or not. Figure 4 shows further
calculation of drain current with and without QM
effects for the S/D Schottky barriers (the gate work
function for this device was selected to produce an
off-current of 1nA/pm). The QM model perfectly re-
produces two essential phenomena: the impact of
quantum effects on drain current is increasingly sig-
nificant when tg is scaled down;and the drain current
depends on tg in the subthreshold region, but above the
threshold, the drain current depends much less on fg;.

The validation procedure was continued by an in-
depth investigation of the model’s capability to ac-
count for carrier quantization effects. For this pur-
pose, the inversion charge density N. (in both the
classical and quantum cases) with two different chan-
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Fig.5 Variation of the inversion charge density N, in classical

and quantum mechanical cases

with Schottky barrier height zero

nel lengths is compared to numerical results and very
good agreement is found in Fig. 5. Figure 6 shows the
first subband profile of these SBFETs under on-state
conditions beyond a certain gate voltage. Somewhat

surprisingly,a tunneling barrier still exists for ¢y
The current of the SBFETs with zero effective barrier
heights is limited by the tunneling barrier at the
source rather than the thermic barrier in the channel.
For this thin body device,quantum confinement raises
the electron energy levels in the silicon and the effec-
tive barrier height.

Figure 7 shows the energy band of SBFETs in on
and off states with a SBH of ¢,, = 0. 56eV comprising
QM effects. When the device is in the off-state, the
energy band resembles that of a conventional MOS-
FET with a large energy barrier between source and
drain,and the current is limited by thermic emission
over the barrier at the source. At the drain side, the
Schottky barrier for holes is thin, which allows holes
to tunnel from the drain terminal into the channel
and causes extra leakage current. Thus, the off-state
current is composed of either thermionic or tunneling
components,depending on the gate work function and
bias. Under higher gate bias,a conduction band spike
the The SB of
on the source side is thin, which allows electrons to

appears at source. electrons
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Fig. 8 l4-Vy curves for UTBDG SBFETs with different
Schottky barrier heights for electrons

tunnel from the source terminal into the channel.
Furthermore,the barriers are thicker in the cen-
ter of the channel. The SBL (not shown in Fig. 7) is
also smaller in the center of the channel. Thus, the fa-
vorable path for the tunneling current is near the sur-
face rather than through the center of the channel.
The lower the SB is for electrons, the higher the SB is
for holes. As a result, the tunneling current of holes
decreases, which explains the reduced holes for lower
electron SB in Fig. 8. The minimum leakage current is
insensitive to the SBHs and is the consequence of a
tradeoff between electron and hole current. The mini-
mum leakage currents of the zero barrier and the mid
gap SBFETs are similar. The reason for this is that the
gate oxide (t, = 1nm) in our model is very thin,and
the SB is also very thin and essentially transparent for
carriers. The current is, therefore, limited by thermic
emission over a barrier with the height of the barrier
determined by the conduction/valence band in the in-
terior of the channel. Tunneling through the metal/
semiconductor barrier varies with the barrier height
and the bias, which plays a minor role (because the
barrier is so transparent) compared to the barrier in
the silicon body. Above the threshold, the situation is
different. The tunneling resistance limits the on-state

104
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Fig.9 [I4-V, with different SBH at source/drain calculated by
the QM model and validated
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Fig.10 Drain current with different channel lengths calculated
by the OM model and validated

current and the zero barrier delivers more on-current.
Moreover,as Figure 9 shows, the analytical solutions
fully comprising QM effects with the triangular po-
tential well approximation are in agreement with the
numerical results. The model with only SBL overesti-
mates the value of the drain current, as shown in
Fig. 8.

The drain current with different channel lengths
is shown in Fig. 10. Due to the existence of a Schottky
barrier at the source/drain,the effect of drain bias on
the channel is screened. Thus, the short channel effect
(SCE) is eliminated. The model is in agreement with
the numerical simulation.

The height of the Schottky barrier (SBH) at the
source plays a significant role in drain current, as

2.0
[ o ¢y=0 L=50nm (a)
[0 ¢=0.1eV V=1V
1.6 A ¢,,=0.2¢V  £;=5nm
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Fig.11 Output characteristics of UTBDG SBFET with various

barrier heights (a) At the source; (b) At the drain
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shown in Fig. 11 (a). However, the SBH at the drain
has little influence on the device performance in
Fig. 11 (b). The saturation current increases as the
barrier height decreases, which implies increased tun-
neling current due to the low Schottky barrier height.
As the barrier height increases, the drain current rai-
ses slowly with the drain voltage because the higher
field is needed to tunnel the higher and thicker Schot-
tky barrier. Moreover, Figure 11 shows that the drain
current at low drain bias deviates from linearity. The
exponential behavior of the I-V plot for the nMOS
device at low drain bias demonstrates the presence of
the Schottky barrier. The model agrees very well with
the numerical simulation.

4 Conclusion

A short channel quantum compact model for
drain current in thin-body double-gate SBFETs has
been developed. For thin body devices, quantum con-
finement raises the electron levels in silicon and the
effective barrier height. Previous works merely in-
cluded the SBL in their models, either ignoring QM
effects or making too coarse assumptions of the quan-
tum potential well, which overestimated the drain cur-
rent. The development of our model considering the
analytical solutions to energy levels with the triangu-
lar potential well approximation was the starting
point. According to our model, the current of the
SBFETs with zero effective barrier heights involves
the tunneling current due to quantum confinement.
Regardless of barrier height the minimum leakage
current is similar due to the thin gate oxide. Beyond
the threshold,the lower Schottky barrier height deliv-
ers more on-current. The numerical results validate

the proposed model.
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