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Nanoscale Schottky barrier metal oxide semiconductor field-effect transistors (MOSFETS) are explored by using

quantum mechanism effects for thin-body devices. The results suggest that for small nonnegative Schottky barrier

heights, even for zero barrier height, the tunnelling current also plays a role in the total on-state current. Owing to the

thin body of device, quantum confinement raises the electron energy levels in the silicon, and the tradeoff takes place

between the quantum confinement energy and Schottky barrier lowering (SBL). It is concluded that the inclusion of the

quantum mechanism effect in this model, which considers an infinite rectangular well with a first-order perturbation in

the channel, can lead to the good agreement with numerical result for thin silicon film. The error increases with silicon

thickness increasing.
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1. Introduction

The symmetric ultrathin-body double-gate
(UTBDG) metal oxide semiconductor field-effect tran-
sistors (MOSFET) is considered to be one of the most
promising candidates for sub-30nm MOSFET. Be-
cause of its good short-channel behaviour, low leak-
age, small subthreshold swing, and scalability bet-
ter than that of a bulk MOSFET, it has become
an intense subject of transistor research. Recently,
there has been much progress toward an understand-
ing of the physics of double-gate devices, deriving
many analytical models.! =3 More and more exper-
imental results demonstrate the practicality of such
devices.*~% However, in the UTBDG devices with
doped source/drain, a tradeoff between series resis-
tance and fringing capacitance places tight restric-
tion on device gate heights and also leads to per-
UTBDG devices with metal
source/drain do not suffer this tradeoff because the

formance degradation.

resistivity of metals is two orders of magnitude smaller
than that of heavily doped silicon. This paper inves-
tigates the possibility of replacing doped source/drain

with metal source/drain in UTBDG devices. Theo-
retical studies of Schottky barrier (SB) devices have
focused on assessing device operation on a nanometre
scale, treating the tunnelling through SBs between
metal source/drain and silicon, and fitting the ex-
perimental data.l”8] However, they all focus on elec-
trostatic analysis, thus ignoring quantum mechanism
(QM) effects that are indispensable in a decanano-
scale range. For a thin body device, quantum confine-
ment raises the electron energy levels in the silicon, so
that the effective barrier height turns large. Then sev-
eral questions remain to be solved. For example, how
does Schottky barrier height (SBH) varies with the
quantum confinement? For low barrier heights, what
plays a dominant role in total on-state current, tun-
nelling current or thermionic current? In this paper,
we address these questions by analytically describing
the eigen-energy levels in ultrathin-body double-gate
Schottky barrier MOSFET (UTBDGSBMOSFET).
Then, an implicit expression for electron density and
a closed form of on-state current for UTBDGSBMOS-
FET are presented by considering the QM effects.
The analytical values of eigen-energy levels, electron
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densities, and on-state currents with arbitrary device
parameters are in good agreement with the numerical
results.

2. Drain current modelling

2.1. Analytical
energies

description of eigen-

Figure 1(a) shows the schematic of a symmetric
UTBDGSBMOSFET and Fig.1(b) gives the band di-
agrams in horizontal cross-section, together with the
first energy subbands. With the assumption of an
infinite rectangular well in the channel (ignoring the
non-uniform potential) and infinitely high potential
barriers at the silicon/oxide interfaces along the y-
direction, the following analytical expression of energy
level, E; ;, is derived as

H2r2i2

Ey—o (1)
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where ¢ is the quantum number, k refers to different

effective mass along the y-direction of valley k£ with
m] = m = 0.98my and m5 = m{ = 0.19my with
subscript 1 referring to unprimed valley and subscript
2 referring to primed valley for a silicon with < 100 >
crystal orientation, m is the longitudinal mass, m;
the transverse mass, and mg the free electron mass.
This formula, however, is not sufficiently correct with
a high gate bias because the nonuniformity of the
electric potential along the y-direction cannot be ne-
glected. Therefore, the first-order correction to the
energy levels by using the time-independent perturba-
tion theory is carried out, with a perturbation energy
SE; being < ¢; |0H |¢; >, where §H is the Hamilto-
nian of the perturbation and §H = —¢?*n.y?/2esi, i
is the electron wave function related to energy level
E; . Thus, we find first-order correction as shown in
Ref.[9]
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So the analytical results E; ; with first-order pertur-
bation can be expressed as

valleys of the silicon conduction band, and mj is the Eir =FE;ksqu+ 0E;. (3)
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Fig.1. Schematic symmetrical UTBDGSBMOSFET structure (a) and the band diagram in a horizontal cross-

section of a channel (b).

2.2. Quantum inversion charge

Owing to the confinement of electron motion nor-
mal to the interface, the conduction band within the
transistor channel is split into several subbands, and
each of them is associated with the corresponding en-
ergy eigenvalue. Hence, the electron density in the

channel may be expressed as

_ T, o N1 Eir—Eco
ne—zzgk klnql+exp T kaT

=1 k=1
q(¢c — ¢Fn):| } 7

T (4)

xexp{

where Ny, = (m} kT /mh?) is the density of states in
the subband at energy Ej;; with i being the reduced
Plank’s constant, and m}, being the density of states
effective mass (mj, = m; and mj, = (mim;)/?);
N; = 6is the number of subbands; N, = 2 is the num-
ber of different sets of valleys; gy = 2 and g = 4 that
are the degeneracy of the valleys of set; ¢. = —FEc0/q;
¢rn = —Ew,/q with E,y and Ew, being the central
point value of potential well and the quasi-Fermi level,
respectively; kg is the Boltzmann constant; and T is
the temperature. On the other hand, according to 1D
electrostatic analysis, the electron density may be also
expressed as!?!

Ne = 2Cg(VC/} - ¢c)/q’ (5)
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where Cy = CoxCq/(Cox + Cq) represents the gate
capacitance per unit area with Cox = eox/tox being
the oxide capacitance per unit area and Cy = 4eg; /tg;
being the depletion capacitance per unit area; Vi =
Ve — (oM — x) is the effective gate voltage with Vg
being the gate bias, ¢\ being the work function of the
gate material, and y being the electron affinity of the
semiconductor.

2.3. Drain current modelling

In a UTBDG device with metal S/D, we consider
two major transport mechanisms through the Schot-
tky contacts: thermionic emission and barrier tun-

nelling (J = Jiherm + Jtun) €xpressed respectively as

AXT [
Jthcrm = T/ [fS(El,k iqA¢b)
B JEco+q(¢i—Va—Ady)
—fa(Eix £ qA¢y)|dE; 1, (6)
and
AT [Eeota(di—Va—Ady)
Jtun = kg /ECO

XTi(Ei ) [fs(Ei k. = qAdy)
—fa(Eir £ qA¢y)]dE; x, (7)

where qo; = qdpo — (Fco — Ewn), with E.y being the
conduction band edge energy deep inside the silicon,
¢po being the SBH, and ¢; being the build-in po-
tential at zero contact bias; V, is the forward bias
across the Schottky contact; Ti(E; ) is the trans-
mission coefficient; A* is the effective Richardson’s
coefficient (1124/cm?-K? for electrons and 32 for

1
holes in silicon); fs(E;x) = 5 5
i,k — L“Fn
)

are the

1+exp<

and fa(Eix) = E; . — Epn + 4V,

kgT
Fermi-Dirac (F-D) distributions at the source and the

drain, respectively. As a factor affecting the electrical

1+exp(

transport, the Schottky barrier lowering (SBL) due to
the image force effect and the interfacial film is also

|

mres;

considered in our study, which is given by the follow-
ing expression:

aF
qocs +nks, (8)

A =
b 4meg

where Eg is the maximum lateral field at the Schottky
contact, which can be expressed as

:¢b7¢n+va

E
S Wb )

(9)

with Wy, = \/2551(@) — ¢n + Vi) /gqne being the width
of SB and ¢, = kT In (Nc/ne).

The first term in expression (8) describes the SBL
due to the image force; the second term is generated
by the interfacial film. « is a fitting parameter. Clas-
sical theory sets it to be one;['% however, fitting this
model to empirical data suggests that this value de-
pends on Vpg and L,. The value of n usually is set
to be 1.5-3nm, here it is set to be 1.5nm. N¢ is the
density of states in the first subband.

Since Agy, causes a shift in both the electron and
hole barrier heights, this is equivalent to an energy
shift of the entire band gap relative to the Fermi level
in the metallic S/D regions. This can be expressed
mathematically by shifting the F-D distributions in
the S/D regions by A¢y, (positive for electrons, nega-
tive for holes). For the calculation by using the model,
rather than integrating expressions (6) and (7) over an
energy range, a Riemann sum over a fine energy grid
(AE = 0.001 to 0.01eV) is used. Also, instead of us-
ing oo as the final energy in expression (6), a finite
value between one and three (depending on Vyg) is
equally useful, as the tail of the F-D distribution be-
comes very small quickly. Furthermore, Vg5 must also
be included to account for the difference in F-D dis-
tribution between the source and the drain at a given
energy.

A nonlocal tunnelling model is employed based
on the F-D distribution function in our model, and
the tunnelling probability based on the Wentzel-
Kramers—Brillouin (WKB) approximation is

e

2
Ti(E; ) = exp {hq

VB + /By —
Ei,k1n< > >

E;
”“) — VEu/Ey — Eix

} ; (10)

Eix
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where Ey, = Eco + q(¢; — Va — A¢y). The effective
mass in the above equation is anisotropic for elec-
trons, which brings anisotropy to the tunnelling cur-
rent of electrons. Silicon contains six conduction band
minima located at the A points in the first Brillouin
Zone. In the < 100 > direction, two of the conduction
band minima each have an electron effective mass of
0.98 mg, and four of them each have an electron effec-
tive mass of 0.19 my. The tops of valence bands are
nearly isotropic. Light holes each have an effective
mass of 0.16 mg, and heavy holes each have an effec-
tive mass of 0.2mg and a split-off energy of 44 meV.
Tunnelling current is sensitive to the effective mass in
expression (10). An accurate experimental determi-
nation of the tunnelling effective mass is thus impor-
tant. Unfortunately, reliable experimental data of car-
rier tunnelling effective masses for nanoscale contacts
with a wide range of barrier heights are not available.
We calculate the tunnelling current based on the fol-
lowing assumptions: the tunnelling current through
an SB is dominated by electrons and holes with light
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masses because their tunnelling probabilities are much
larger as expected from expression (10).

3. Results and discussion

The validation procedure is continued by perform-
ing an in-depth investigation of the model capability
to take into account the carrier quantization effects.
For this purpose different energy levels (i = 1, 2) of
different valleys (k = 1, 2) are depicted against silicon
thickness in Fig.2. It is seen clearly from the figure
that when the channel is narrow, the analytical so-
lutions with the assumption of an infinite rectangular
well plus the first-order perturbation correction accord
well with the numerical results from the 2-dimensional
device simulator ISE. However, with the thicknesses
of silicon film being beyond 10 nm, the error between
these two results becomes intolerant due to the quan-
tum effects insignificant.
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Fig.2. Energy levels I versus channel depth, where the squares represent analytical results F; j, with first-order

perturbation, circles denote analytical results E; , and dash lines refer to numerical results.

In Fig.3, the analytical charge densities are de-
picted against gate voltage for different thicknesses of
silicon film (ts;), which are in good agreement with

the numerical simulation results. According to our

model, the electron density increases with tg; scal-
ing down in a subthreshold region while it becomes
independent of tg; under a high gate voltage. Con-
sidering the first-order perturbation, the results from



No. 8

Quantum compact model for thin-body double-gate Schottky barrier ... 3081

our model are consistent well with numerical results
while the assumption of rectangular well leads to a
considerable overestimate of the values and the error
becomes larger with ts; decreasing. Further calcula-
tions of drain current with and without QM effects for
the S/D SBs are shown in Fig.4 (the gate workfunc-
tion for this device has been selected to produce an
off-state current of 1nA/um). Note that the 2D QM
model perfectly reproduces two essential phenomena:
the quantum effect on drain current is increasingly sig-
nificant as tg; is scaled down; the drain current depen-
dence on tg; in the subthreshold region, above thresh-
old drain current, depends much less on tg;.
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Fig.3. The analytical charge densities against gate voltage
for different thicknesses of silicon film (tg;).

1073 .
—4 | o
10 ) g e tgi =10nm
& E ;
E 10 2 tsj = 5nm
3 A
< 10793 &
\_@ e « Numerical results
~ 1077 4 Analytical results
»g' . with QM effects
108 1 _l;"nv" s Analytical results
o without QM effects
109 ¥ . : . . . :
0 0.2 0.4 0.6 0.8

Ves/V

Fig.4. Effect of silicon film thickness on the drain current
for 20nm UTBDGSBMOSFET.

Figure 5 compares the first subband profiles of
these SBMOSFETSs under on-state conditions beyond
a certain gate voltage. It is somewhat of a surprise,
that a tunnelling barrier still exists for ¢p9 = 0eV.
The current of the SBMOSFETSs with a zero effective
barrier height is limited by the tunnelling barrier at
the source rather than by the thermomic barrier in the

channel. For this thin body device, quantum confine-
ment raises the electron energy levels in the silicon, so
that the effective barrier height become large.
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Fig.5. The energy band diagrams of a 20nm UTBDGSB-
MOSFET with SBH being zero at Vgs = Vg = 0.8 V.

Figure 6 shows the energy band of an SBMOS-
FET in either on-or off-states with an SBH of ¢y,g =
0.56 eV comprising QM effects. When the device is
off, the energy band resembles that of a conventional
MOSFET with a large energy barrier between source
and drain, and the current is limited by thermonic
emission over the barrier at the source. On the drain
side, the SB for holes is thin, which allows holes to tun-
nel from the drain terminal into the channel, thereby
causing an extra leakage current. It can be con-
cluded that the off-state current is composed of either
thermionic or tunnelling components, depending on
the gate work function and bias. Under a higher gate
bias, a conduction band spike appears at the source.
The SB of electrons on the source side is thin which
allows electrons to tunnel from the source terminal
into the channel. We also see that the barriers are
thicker in the centre of the channel. The SBL (not
shown in Fig.6) is also smaller in the centre of the
channel. Thus, the favourable path for tunnelling cur-
rent is near the surface rather than through the centre
of the channel. The lower the SB is for electrons, the
higher the SB will be for holes. As a result, the tun-
nelling current of holes decreases. This explains the
reduced hole for lower electron SB in Fig.7. The min-
imum leakage current is insensitive to SBH. It is the
consequence of a tradeoff between the electron cur-
rent and the hole current. It is interesting to note
that the minimum leakage currents for the zero bar-
rier and the mid gap SBMOSFETSs are similar. The
reason for this can be explained as follows: the gate
oxide (tox = 1nm) used in our model is very thin, and
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Fig.6. Conduction and valence bands from source to drain
for a UTBDGSBMOSFET.
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Fig.7. 145-Vgs curves for UTBDGSBMOSFETSs with dif-
ferent LBHs for electrons.

the SB is also very thin and essentially transpar-
ent to carriers. The current is, therefore, limited
by thermionic emission over a barrier of which the
height is determined by the conduction/valence band
in the interior of the channel. Tunnelling through the

metal/semiconductor barrier varies with the barrier

height and the bias, but it can play a minor role (be-
cause the barrier is so transparent) compared with the
barrier in the silicon body. Above the threshold, the
situation is different. The tunnelling resistance re-
stricts the on-state current; the zero barrier delivers
more on-current. Moreover, as shown in Fig.7, the an-
alytical solutions fully comprising QM effects with the
first-order perturbation are in good agreement with
the numerical results. The model merely with SBL
overestimates the value of the drain current.

4. Conclusions

A short channel quantum compact model for
drain current in thin-body double-gate SBMOSFETSs
has been developed. For thin body devices, quan-
tum confinement raises the electron levels in the sil-
icon, so that the effective barrier height becomes
large. The previous studies merely included the SBL
in their models either ignoring QM effects or mak-
ing too coarse assumptions of the quantum potential
well, which leads to an overestimate of the drain cur-
rent. The starting point of developing our model is
to take into consideration the analytical solutions to
energy levels with the first-order perturbation. Ac-
cording to our model, the current of the SBMOSFETSs
with zero effective barrier heights involves the tun-
nelling current due to quantum confinement. No mat-
ter what the barrier heights are, the minimum leak-
age currents are similar due to the thin gate oxide.
Beyond the threshold, the lower SBH delivers more
on-state current. The numerical results validate the
proposed model. The analytical solutions can provide
additional insights into the new physical phenomenon.
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