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Direct Tunneling Currents Through Gate Dielectrics in
Deep Submicron MOSFETs'
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Abstract: A direct tunneling model through gate dielectrics in CMOS devices in the frame of WKB approximation
is reported. In the model, an improved one-band effective mass approximation is used for the hole quantization,
where valence band mixing is taken into account. By comparing to the experiments, the model is demonstrated to be
applicable to both electron and hole tunneling currents in CM OS devices. The effect of the dispersion in oxide ener—

gy gap on the tunneling current is also studied. This model can be further extended to study the direct tunneling

current in future high-% materials.
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1 Introduction

As MOSFETs are scaled into deep submicron
regime, it is necessary to reduce the gate oxide
thickness. When gate oxide is scaled below 3nm, di-
rect tunneling current will dominate the gate leak—
age and the off-state power dissipation of the tran—
sistor''". Therefore, an accurate physical under—
standing of direct tunnelling through ultrathin gate
oxide is important in new transistor technology de—
velopment. At the same time, the channel doping is
always increased in scaled CMOS devices'". This
results in a large electric field at the Si/SiO2 inter—
face and leads to significant carrier quantization in
the Si substrate.

Quantization'” " and direct tunnelling current

[7-

. 14 .
of conduction electrons'”™ ' have been extensively

investigated. They rely on the traditional one-band
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effective mass approximation (EMA), where the
effective mass values are extracted from the bulk
Si'* "' Such a traditional one-band EM A was also

15, 16]
. However

applied to study hole quantization'™
this method is invalid in physies due to the valence
band mixing effect in the presence of a strong sur-
face electric field. A more rigorous method is by
solving the multi-hand Schrodinger-Poisson self-
consistent equations. However, such a treatment is
time-consuming and computationally prohibitive in

. . . . [17
routine device simulations

.18 .

' In this paper, we
present a simple and efficient model for quantiza-
tion and direct tunnelling currents, which is appro-

priate for both n and ptype MOSFETs.

2 Experiments

In our experiments, the MOSFET s were fabri-

cated by a standard dual-gate CMOS process. T he
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oxide was grown by rapid thermal oxidation. T he
current-voltage (/-V) characteristics were mea-—
sured using the HP4156A semiconductor parameter
analyzer. For n-M OSFETs, the electron direct tun-
neling current was measured as the gate current at
inversion (gate voltage V> 0). For p* polysilicon
gate p-MOSFETs, the hole direct tunneling current
was measured by a carrier separation method' . In
the carrier separation measurement, the source and
drain was tied together and grounded along with
the substrate while a negative V. was applied. T he
direct measured as

hole tunneling current is

source/drain current.

3 Description of the model

Figure 1 shows a schematic of the band dia-
gram of a p-MOSFET at inversion. In MOS de-
vices, when a gate voltage is applied, the carriers
will be confined in a thin inversion layer and are
quantized in energy. The tunneling current is the
summation of the contributions from all the sub-

bands.
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Fig. 1 A schematic of the band diagram of a p’

polysilicon/Si02/n-8i MOS structure showing the hole
quantization effect in the substrate and hole direct tun—
neling from the substrate inversion layer to the polysil-

icon gate
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where N is the carrier density of the nth subband.
T is the lifetime of the carriers in the nth subband,
which is determined by the subband energy E..
T herefore the first step is to model the carrier

quantization in the substrate.
3.1 Carrier quantization

For electron quantization, the traditional one-
band EM A is applicable. From the widely used tri-
angular well approximation, the subband energy

21,

and density are

1 AL REZ
E.= o 2Tl'qf‘(n.— 4)' (2)

kT . Er - E‘ ‘
N.= (Whg]m.[u]n 1+ exp KT (3)

where m. and ma are the effective masses for quan-—
tization and density of states (DOS), F is the elec—
tric field. In order to achieve more accurate results

compared with the rigorous self-consistent

method, F is always to be replaced by an effective

. - . . . 5
field Furin the inversion layer'”

ql N depl + nN in\'l

Eoksi

Fer= (4)

where Nuaop and Niw are the depletion and inversion

charge density in the substrate. 1 is be found be

and 0.5 for

|5

0.75 for electron inversion'” hole

quanlizuliunlml.

Due to the valence band mixing in the pres-—
ence of an electric field, this traditional one-band
EM A is not appropriate for valence holes. The rig—
orous way to treat hole quantization is the multi-
band effective mass theory. We have developed a
simple model for hole quantizaton in triangular
well approximation based on a 6 X 6 EMA hole
Hamiltonian including the heavy hole (hh), light
hole (lh), spin-orbit (so) split-off hole and their

P Tt was found that, due to

spin degenerate bands
the valence band mixing, the traditional one-band
EMA is not accurate to describe the electrostatics
of the inversion layer, such as the subband energies
and occupation factors of the subbands as shown in

Fig. 2.
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Fig. 2 Calculated (a) subband energies and (b) occu-

pation factors of the three lowest subbands for a p-
MOS device at inversion  Our results in six-band
EM A are shown as solid cireles. The dashed and solid
curves are from the traditional and our improved one—
band-EM A, respectively. The substrate doping is 5 X

17 -3
IO cm .

Based on the numerical results of the six-band
model, an improved one-band EM A assuming a
parabolic dispersion is also proposed”. Attention
is first paid to the empirical energy quantization ef-
fective mass me, as shown in Fig. 3(a). They are
determined inversely from the energies of the sub-
band minima obtained by six-band EMA. For the
lowest energy level n= 1, the empirical energy
quantization effective mass is 0.29mo and is inde-
pendent of electric field because this energy state is
a pure heavy hole state at k= 0. For n= 2 and n= 3
subbands, the empirical effective masses display an
electric field dependent behavior due to the field
dependence of band mixing effect. From the inver-
sion charge density occupying the respective sub—
bands, the obtained empirical DOS effective masses
are shown in Fig. 3(b). Although some of these
empirical effective mass values in Fig. 3 are electric
field dependent, this dependence can be neglected
in the first order approximation. T he reason is that
at room temperature most of inversion holes are
occupied on the n= 1 subband (over 70%) as
shown in Fig. 2(b). From Fig. 3, both the energy
quantization and DOS masses of n= 1 subband
have a weak electric field dependence. T his leads us
to propose a set of constant empirical effective

mass values for an improved one-band EMA. They

are found to be 0.29/1. 16, 0. 23/0. 70, 0. 23/0. 60
mo for the three subbands. As shown in Fig. 2, such
an improved one-band EM A can achieve consistent
results on the subband energy levels and carrier oc—
cupations in comparison with the numerical results
of six-hand EMA.
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Fig. 3  Electric field F. dependence of (a) empirical

energy quantization effective mass m., and (b) empiri-
cal DOS effective mass ma, determined from the numer—
ical results of six-hand EM A calculations (solid sym-

bols)

3.2 Tunneling probability

In our direct tunnelling model, a modified
WKB approximation, considering the reflections at
the barrier discontinuities, is used for the transmis—

A Combined  with the im-—

sion probability"”’
proved one-band EM A for quantization, the cur-
rentvoltage (/) characteristics can be obtained
efficiently.

For carriers confined in the quasi-hound states
in the inversion layer, the lifetime of an nth sub-

band state is approximately given by:

L T(E)

I (5)
e [ l2mi/IE. = Evio(2)1dz

where E. is the subband energy for the nth quasi-
bound state, Evic) is the top of the Si valence band
(bottom of the conduction band), and z. the classi-
cal turning point for the nth bound state. T(E) is
the transmission probability of a particle. In the
calculation of direct tunneling current, we adopt a
modified WKB approximation with a correction
factor accounting for reflections at the boundary of

the oxide layer, such that
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T(E) = Tw(E)Tws(E) (6) results using a simple parabolic dispersiunlg](m..m

where T'wke is the usual WKB approximation of the
transmission probability and Tr the correction fac—
tor accounting for the reflections from boundaries

of the oxide!"""™. T'wks is given by

(7)

Twi(E) = exp| - ZIK(E,z)dz

where K is the imaginary wave number within the
oxide gap energy and te the oxide thickness, i. e.
the tunneling distance.

Combining Eqgs. (1)~ (7) and the results from
quantization calculation of the inversion layer, the

tunneling current can be readily obtained.

4 Results and discussion

4.1 Electron tunneling currents

Electron direct tunneling was first studied.
Figure 4 shows the results of electron direct tun-
neling current. T he solid lines are the calculated re-
sults using an empirical Franz-ype dispersion in
the energy gap of Si02'"" . In the calculation, the
conduction band offset between Si and Si0O2 is fixed

at 3.15eV and me= 0.61md"™"™". The calculated
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Fig. 4 Electron direct tunneling currents in n-M0S-
FETs The open circles are the measurements. The
solid and dashed lines are the calculations by assuming
the electron dispersion in Si02 band gap to be Franz—

type (me= 0.61lmo) and parabolic (me= 0. 50ma) . re-

spectively.

0.50mo) are also displayed in Fig. 4 as dashed
lines. T he fitting results using the simple parabolic
dispersion are only slightly degraded for thick ox-
ides. It indicates that the parabolic dispersion is a
good approximation for electron direct tunneling.
The oxide thickness determined from the fitting of
electron tunneling for our four samples are 1. 81,
2.06, 2.34 and 2. 66nm. They are close to the val-
ues determined from the C-V method (1. 85,2.07,
2.44 and 2. 74nm, respectively) . The maximum de-
viation is about 0. Inm and this is within the re-
ported limits of different experimental methods,

such as C+¥,HRTEM and ellipsometer.
4.2 Hole tunneling current

First. we shall discuss the hole direct tunnel-
ing using a parabolic hole dispersion in energy gap
of Si02. To our knowledge, all previous works are

TN L
based on such an approximation ™.

I'he results ob-
tained by our physical model calculations are dis—
played as dashed lines in Fig. 5. In the calculation,
the valence band offset between Si and Si02 is fixed

at 4.5eV'"". Assuming a parabolic dispersion, mo
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Fig. 5 Hole direct tunneling currents in p-MOS-
FETs The open circles are the measured values.

The dashed lines are the calculations by assuming
the hole dispersion in SiO2 band gap to be parabolic
(mo= 0.41mo) . The solid lines denote the results by
assuming a Freeman-Dahlke form dispersion in 5i02

band gap with mw= 0. 50mo and m.= 0. 80mo.
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is found to be 0.41lmo in order to get the best fit—
ting. T his value is close to the previous results re—
ported for valence band electron or hole tunneling
(0.35~ 0.50mo)'"™*". From Fig. 5, the parabolic
dispersion can not fit the experimental data when
the oxide thickness is larger than about 2nm. T he
deviation is more significant at higher gate voltage.

For hole tunneling, an appropriate energy dis—
persion relationship in Si02 band gap is important.
The existing models of hole DT all assume a
parabolic dispersion of holes in the SiO2 band
gap' "' However, it is questionable because the Si
valence band aligns near the middle of the SiO:
gap. T o include the non—parabolic effect, a more ap-

3]

propriate Freeman-Dahlke dispersion'” was used

in our simulation.

1 1 |
(hE)? " 2men(Een = E) T 2mun(E = Eu)

(8)

where E is the energy, Ewx and Evwx are oxide con-

duction and valence band edges respectively. meo
and mwx are effective masses of oxide conduction
and valence bands. Equation (8) treats the SiO:
conduction and valence bands on equal footing. Dif-
ferent from Franz-type dispersion where the same
effective mass values are used, the Freeman-Dahlke
form introduces different effective masses for con-
duction and valence bands.

The hole direct tunneling current calculated
using the Freeman and Dahlke form of Eq. (8) is
shown in Fig. 5 as solid lines. In the calculation,
there are two effective mass values. From the elec—
tron tunneling and Si02 band structure calculation,

8
we have men= 0. 5mo' "

. mvox 18 an adjustable param-
eter for best fitting. A to independent value of
about mvw= 0. 8mo can give the best results. From
Fig. 5, it is apparent that a much better fitting of
hole tunneling current to the experimental data can
be achieved by using the Freeman-Dahlke form for
the hole dispersion in Si0:. It is also concluded that

the simple parabolic dispersion can only be applied

to thin oxide (< 2Znm) or for low gate voltage.

4.3 Tunneling current in future high-% materials

Because of the excess tunneling current, new
high+% materials will be needed to replace SiO2 as
the gate dielectric in future CM OS devices. Our di-
rect tunneling model can also be extended to study
the future high-% materials. Figure 6 is a typical
study on the HfO2 gate dielectric. T he material pa-
rameters of HfO: are taken from'™. At equivalent
oxide thickness (EOT) of 1.2nm, the tunneling
current through HfO: is about 4 orders lower than
that of Si02, which is consistent with the recent ex-

. [25]
periments .
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Fig. 6 Electron direct tunnelling currents at gate
voltage of 1V through SiO2 and HfO2 as a function

of equivalent oxide thickness

5 Conclusion

In conclusion, we present an efficient model
for direct tunnelling current. Due to the valence
band mixing, the hole quantization of the p-MOS
devices is obtained by an improved one-hand EM A
in our model, which is more accurate than the tra-
ditional one-band EMA. The calculated results are
in good agreements with the experiments. It is also
found that the usual parabolic dispersion is applica—
ble only for oxides thinner than about 2nm or in
low gate voltage region. A Freeman-Dahlke disper—

sion is introduced in hole tunnelling current simu-
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