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Abstract: With the device size gradually approaching the
physical limit, the small changes of the Si (001)/SiO,
interface in silicon-based devices may have a great impact on
the device characteristics. Based on this, the bridge-oxygen
model is used to construct the interface of different sizes, and
the finite size effect of the interface between fine electronic
structure silicon and silicon dioxide is studied. Then, the
influence of the finite size effect on the electrical properties of
nanotransistors is calculated by using the first principle.
Theoretical calculation results demonstrate that the bond length
of Si-Si and Si-O shows a saturate tendency when the size
increases, while the absorption capacity of visible light and the
barrier of the interface increase with the decrease of size.
Finally, the results of two tunneling current models show that
the finite size effect of Si(001)/SiO, interface can lead to a
larger change in the gate leakage current of nano-scale
devices, and the transition region and image potential, which
the calculation of interface
show different

play an
characteristics  of

important role in
large-scale  devices,
sensitivities to the finite size effect. Therefore, the finite size
effect of the interface on the gate leakage current cannot be
ignored in nano-scale devices.
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ith the development of technology, the demand of
Wimproved performance in the semiconductor tran-
sistor has required reducing the device’s dimension in re-
cent years, which follows a well-known scaling law

known as “Moore’s law”. The size of the device is fur-
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ther reduced to its physical limit, and the research of

1", The dominance of Si in

small size effect is essentia
microelectronics is largely based on the high quality of the
interface between Si and its native oxide SiO,"'. Many
studies have been devoted to replacing SiO, with high-k
gate dielectrics. However, in the case of high-k gate die-
lectrics, very thin SiO, is unavoidable'™' . Si- and Si0,-
based systems also have the advantage of low cost as well
as dealing with abundant, nontoxic, stable and durable
materials. Therefore, many experiments and theoretical
verifications on Si/SiO, interface have been -carried

[6-12]

out However, the precise bonding information re-

mains controversial'*™"!.
So far, there has been much research about the Si/SiO,

interface structure and electrical properties,
t[ls—ls]

and many

models have been buil , but these studies mainly fo-

[19-21] to ex-

cus on using the first principle or other means
plore the physical and chemical properties of the interface
itself, the impact of the defects or doping on the inter-
face. For example, Wen et al. 21 have used ReaxFF mo-
lecular dynamics ( MD) simulations to investigate the
atomic mechanism of tribo-chemical wear of silicon at the
Si/Si0, interface; Ono et al. 51 calculated the electronic
structure and dielectric properties of interface; Kovacevié¢

U researched the structure, defects and the stress

[24-26]

et al.
on the Si/Si0,, and so on

on the properties of transistor is scarce, and the finite size
27-31] I

. However, the research
effect is seldom considered in transistor analysis' n
this paper, we study the influence of the Si/SiO, interface
on the characteristics of ultra-thin gate transistor consider-
ing the finite size effect. The results will provide a theo-
retical basis for the application of nano-scale silicon based
transistor.

1 First Principle Method

The interface model used in this paper is the bridge-ox-
ygen model (BOM), which is first put forward by Her-

man et al™ . It is the simplest and most suitable model

339 This model con-

for electronic structure calculation
sists of two layers of Si(see Fig. 1 (a)) and two layers of

idealized B-cristobalite SiO,(see Fig. 1 (b)). The experi-
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ment lattice constants are 0.543 and 0.716 nm for Si and
Si0,, respectively. The lattice mismatch rate is 32%.
The mismatch can be reduced to less than 7% by rotating
SiO, by an angle of 7/4, as shown in Fig. 1 (c). The
BOM interface dangling bonds are saturated by adding an
oxygen atom to bridge the two Si bonds. Here, the Si-O-
Si angle is 144° and the length of Si-O bonds is 0. 202
nm. The resulting unit cell has 72 atoms (47 Si and 25 O
atoms) and dimensions of 0. 5431 nm in the X-Y plane and
2.5181 nm in the Z ( growth) direction. To ensure the in-
dependence of the interface, a 0.5 nm vacuum layer is
added. Finally, the interface structure is obtained in Fig.
1(d). No cell optimization of the model has been carried
out.

In order to study the characteristics of the interface in
nano-scale transistor considering the finite size effect, six
structures with different sizes are constructed, as shown in
Fig. 2.

The geometrical optimization and energy calculations
are performed using the CASTEP ( Cambridge serial total

energy package) program'”

, which employs the plane
pseudopotential method to calculate the total energy with-
in the framework of the Kohn-Sham DFT. The PBE
(Perdew, Burke, Ernzerh) formulation of the generalized
gradient approximation ( GGA) is always used to describe
I The Vanderbilt ultra-soft

pseudo potential is used, which allows numerically con-

exchange correlation energy

verged calculations at relatively low kinetic energy cutoffs
of the plane wave basis. The Broyden, Fletcher, Gold-
farb and Shanno (BFGS) algorithm is applied to optimize
the model structures. The convergence criteria for the
self-consistent field ( SCF) energy and the displacement
are set to be 2.0 x 10 ° eV/atom and 2 x 10 * nm. 2 x5
x 1 k-point meshes are taken in the Brillouin zone, and
the ground state energy is calculated with the Pulay densi-
ty mixed method under the following conditions: The
precision is 1.0 x 10 > eV/atom, and the cutoff energy of
the plane wave is 340 eV.

Using the DFT theory, the effect of dimensional chan-
ges on the characteristics has been studied. Jie et al. "™
used CASTEP to study the influence of GaSe layer varia-

40
1.1

tion on optical properties. Niedfeldt et al. " also reported

the influence of different cell sizes.
2 Results and Discussion
2.1 Electronic structure

It has been pointed out that the change of Si layer will
affect the properties of silicon-based devices'*''. There-
fore, the influence of the varied w/¢ on the Si-Si and Si-
O bond length in the interface is first calculated.

Fig. 3 shows the average bond length of Si-Si and Si-
0. As seen from Fig. 3, the average bond length of Si-Si
gradually decreases with the increase in w/¢, and finally
tends to be saturated. On the other hand, although the Si-
O bond length increases with the increase in w/t, it also
finally tends to be saturated. These results show that the
interface structure tends to be stable due to the influence
of the surface state and quantum size effect with the
increase in w/7'**. The relative change of the Si-Si bond
length achieved 3. 16%, and the Si-O bond length is as
high as 4.53% . Such a large change is very important to
the nano-scale transistor. From Fig. 3, we conclude that
the finite size effect can be ignored when the width is up
to 2 nm and above when the oxide thickness is 2.5 nm.

2.2 Optical properties

By analyzing the electronic structure of the interface, it
is found that the increase in w/t will affect the bond
length of the Si side. The change of the structure in the Si
side will inevitably affect the optical properties of the in-

41
terface™" .

The dielectric function is the bridge between
the microphysical processes of interband transitions and
the electronic structure of materials. @ is the independent
variable of the complex dielectric function, & (w) =
g, (w) +ig,(w), &, (w) is the real part and &,(w) is the
imaginary part of the dielectric function. It mainly repre-
sents the transition between the occupied and non-occu-
pied states of electrons, and other spectral information
can be easily obtained from it. Therefore, the imaginary
part of the dielectric function and the other optical param-
eters are calculated and analyzed.

The changes in the imaginary part of dielectric function
under different ratios of w/t are given in Fig. 4. It can be
seen that the absorption peak shifts to the left and the
peak value decreases gradually with the increase in w/t.

Fig.5 shows the variation of absorption peak with the
increase in w/t. It can be seen that the absorption peak
shifts to the left and decreases gradually with the increase
in w/¢t. It indicates that with the increase in w/¢, the ab-
sorption of photon energy in the high-energy region be-
comes weaker due to the influence of the surface effect
and the quantum size effect. By comparing structure a
with structure f, the absorption peak has decreased by al-
most an order of 10 ~'. This property can be used to con-
trol the optical properties of the transistor.

The change of optical properties with ratio w/t will
lead to the change of electronic properties of devices.
Therefore, we next investigate the tunneling current of
the nano-scale transistor consisting of the Si/SiO, inter-
face with different w/z.
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Fig.2 The structures of six nano-sizes with different ratios of
channel width to thickness (w/f). (a) w/t=1x5.431/25.181; (b)
w/t=2x5.431/25.181; (c) w/t=3x5.431/25.181; (d) w/t =4 x5.
431/25.181; (e) w/t=5x5.431/25.181; (f) w/t=6x5.431/25.181
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Fig.1 The BOM model. (a) Two layers of Si; (b) Two layers of Fig.4 The dielectric function. (a) The dielectric function in Si/

idealized B-cristobalite Si0,; (¢) Rotating SiO, by an angle of m/4;  SiOz interface for the six nano-sizes; (b) The imaginary part of the die-

(d) The model structure considered in the present study(unit: nm) lectric function
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Fig.5 The size dependence of the absorption in Si/SiO, inter-

face
2.3 Energy band profile

2.3.1 Planar microscopic potential via first princi-
ples

The valence band profiles are calculated using the aver-
age potential method'*’. The electrostatic potential for
the super cell is averaged in the X-Y plane; then, a planar

microscopic potential is calculated in the Z direction.

Z+t/2

V(Z) = %L_/ZV(Z’)dZ’ (1)

At the Si/SiO, interface, the band changes continuous-
ly from Si to SiO, (see Fig. 6). The coordinates Z,, Z,
are corresponding to the transition region boundaries and
D is the width of the transition region. Before the calcula-
tion of transistor characteristics, the definition of the tran-
sition region is very important. The coordinates in the Z
direction, corresponding to the band profile changes in a
trend away from the averages and vice versa, are set to be
the interface region boundaries. For example, the band
goes up away from its average at point A in Fig. 6, so the
coordinate Z, corresponding to point A can be set to be a
boundary for the interface structure. Similarly, the other
boundary can be set at Z,. After measurement, we can
obtain the width of the transition region, which is D =Z,
—Z,=0.48 nm. This result is consistent with others re-
ported"******™®! and it is also in agreement with the

measured results in the laboratory™’.

By measuring the
potential of the structure with six nano-sizes ( see Fig. 2)
in this paper, D remains unchanged at different ratios of

w/t.

Potential/eV
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Fig.6 The planar microscopic potential along the Z direction

We can measure the VBM for the six structures with
different sizes in Fig. 6, and further obtain the CBM of
these structures. The barrier heights are shown in Fig. 7
which are calculated according to Fig. 6. It can be seen
clearly that the barrier height curve shows a downward
trend, and the trend is getting slower. It is clear that the
tunneling current will increase with the increase in w/t
due to the reduction of the barrier height.
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Fig.7 The barrier height for the six nano-sizes

2.3.2 Gate tunneling current

Ando and Itoh™ presented a numerical calculation
method for gate leakage current with two tunneling condi-
tions:

Jex :BEf,Xexp( _EQ) (2)

ox
B 2

o1

£ o

where V__is the voltage added to the barrier layer, and

the electric field in the oxide is £, =V /T, . T, is the
oxide thickness. B and C are given, respectively, by

Jor =

- am (4)
16w hmld
3(2m(;) 172

C — d)s/z (5)

4g h

where g is the free electron charge; ¢ is the potential bar-
rier height (eV) at the metal-oxide interface ignoring the
effect of the image potential; h is reduced Plank’s con-
stant; m is the free electron mass; m, is the effective
mass of electrons in the conduction band in oxide.

The above classical tunneling current formulae approxi-
mately consider the interface region to be abrupt, and do
not consider the influence of image potential. However,
it can be clearly seen that the potential changes in the in-
terface are not abrupt as shown in Fig. 6. On the other
hand, it will reduce the area and the thickness of the bar-
rier due to the existence of the image potential. This will
cause an increase in the tunneling current. Furthermore,
when the oxide layer becomes ultra-thin and the applied
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voltage is below the potential barrier height, the classical
FN formula is not applicable'"!

Taking the transition region (width D) into account,
the FN tunneling current through a triangular barrier can

. 49
be rewritten as'*”’

Jlranslion - ‘] exp [ 2D m]
B ) 6)
where
B, :Bexp(%) (7)
3h

Taking the effect of barrier lowering induced by image
potential into account, the direct tunneling (DT) current

. 4
can be rewritten as'*

e = Jinexp D/ 2o | (8)
h

where ¢, =¢ — E,. The transition region width D is cal-

culated according to Fig. 6. The barrier heights without

electric field(¢) are also given for the six structures in

Fig.7. Other parameters used in this work are m_ =0.5

m, h=h/(2mw),D =0.48 nm.

Using Eq. (6), the FN tunneling current considering
the transition region can be obtained in Fig. 8 (a). It
shows the FN tunneling current under different applied
voltages across gate oxide with different ratios of w/r. It
can be seen that the tunneling current increases gradually
with the increase in the ratio, but the trend of the increase
decreases, which is corresponding to the observed elec-
tronic structure (see Fig.3). In Fig.8(b),
the ratio of J_ /J. .., as a function of the applied gate
voltages is calculated, where J__ , is the FN tunneling
current without the finite size effect. The FN tunneling
current becomes larger considering the finite size effect
than that without considering. The ratio decreases with
the increase in the electric field of the oxide layer. When
the electric field is 10 MV/cm, the ratio of J_ /J ..o 15
up to 45 for structures with different sizes.
when the field increases to 20 MV/cm, the ratio is only
4. Clearly, the FN tunneling current will increase due to

the change in

However,

the finite size effect. The increased amount becomes
smaller when the electric field is increased.

Fig.9(a) shows the change of J,,,.., which is calculat-
ed using Eq. (8). It can be seen that the direct tunneling
current already exists in the low voltage region which is
different from the FN tunneling current. The direct tunne-
ling current will increase with the increase in w/t. We
can also see that the currents have an obvious turning
point in the high voltage region, and the current increases
significantly after the turning point. In an ultra-thin gate

transistor, the gate field will increase with the decrease of
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The FN tunneling current as a function of the applied

Fig. 8
voltage across gate oxide with different w/¢ for the six structures
(T, =1.62 nm). (a) The change of J (b) The change in the ra-
/J

trans >

tio of J

trans” ¥ trans0

the gate thickness,
region in which the direct tunneling current is significant-
ly increased. Through this result, we find that the effect
caused by sizes cannot be ignored as the size of the tran-
sistor decreases.

Fig. 9(b) shows the change in the ratio of J, ./J.

image’ image0 *

which corresponds to the high voltage

where J. is the direct current without the finite size

image0
effect. It can be seen that the direct current will increase
due to the finite size effect. It also shows that with the in-
crease in gate voltage, there are two turning points in the
current curve. When near the FN tunneling area, the in-
fluence of the finite size effect is almost saturated and de-
clines. This indicates that the influences of the finite size
effect on the direct tunneling and FN tunneling are differ-
ent. When the electric field is 10 MV/cm,
imuge/ J image0
We can conclude that the finite size effect has a greater
impact on the FN tunneling current than on the direct tun-
neling current.
Figs. 10(a) and (b) show the changes in the ratios of

o’ Jen and J, ./ Jpr, where J is the tunneling current

trans’ image

the ratio of
is only 3 for structures with different sizes.

w1th0ut the transition region, and J; is the direct tunne-
ling current without considering the effect of image poten-
tial. It can be seen that both the tunneling current will in-
crease with the transition region and image potential.

However, the existence of the finite size effect has redu-
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Fig.9 The direct tunneling current as a function of the applied
voltage across gate oxide. (a) The change of J, (b) The change

in the ratio of J. /J

image” v image0

image »

ced the influence of the transition region and image poten-
tial, and leads to a decrease in the ratio of J /J. and

trans

/Jyr, separately. It also shows that with the increase
/I and J, /I will gradually

image

image
in gate voltage, both J
decrease.

Fig. 11(a) shows the change in the ratio of J /Ji,
in which the currents are calculated under different gate
voltages and oxide thicknesses when the barrier height is
¢ =3.15 eV. It can be seen that the influence of the tran-
sition region on the tunneling current decreases with the
increase in the gate voltage under the same oxide thick-

ness. Furthermore, the degree of decline will gradually

trans

increase with the decrease of the oxide thickness. The ra-
tio of J,,./Jy decreases from 7.8 to 4.5 with 7, =1 nm
when the gate voltage changes from 0 to 3 V. On the oth-
er hand, the ratio decreases from 7.8 to 6.8 with 7 =
3.5 nm when the gate voltage changes from 0 to 3 V.
This is because with the decrease in thickness, the transi-
tion region occupies a larger proportion of the whole in-
terface region. Therefore, considering the transition re-
gion or not will produce a greater impact on the tunneling
current when the oxide thickness is smaller.

Fig. 11(b) shows the change in the ratio of J.

image

/I
under different gate voltages and oxide thicknesses, sepa-
rately. Comparing Fig. 11(a) and (b), we find that alth-
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Fig. 10 The tunneling current as a function of the applied volt-
age across gate oxide. (a) The change in the ratio of J,,,/Jen: (b)

The change in the ratio of J;,../Jpr
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VoV
(b)
Fig. 11 The tunneling current as a function of the applied volt-
age across gate oxide with different oxide thickness. (a) The

/Jgns (b) The change in the ratio of Ji,,../

image

change in the ratio of J

trans
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ough the ratio is greater for direct tunneling current than
for the FN tunneling current at the same oxide thickness
and same gate voltage, the variation trend is similar,
which is consistent with the numerical results obtained by
Mao et al'™. /J o decreases with the increase in gate
voltage. We also conclude that considering the image po-
tential or not will produce a greater impact on the tunne-
ling current when the oxide thickness is smaller. The ratio
Of J,0e” Jpr decreases from 21.6 to 9.7 when the gate volt-
age changes from O to 3 V. This ratio is lower than that of
FN tuneling which is shown in Fig. 11(a). These results
indicate that the direct tunneling current is more dependent
on oxide thickness than on the FN tunneling current.

‘]image

It has been pointed out that the threshold voltage modu-
lation of an MOSFET is affected not only by the channel
length of the transistor, but also by its channel width"™".
The conclusions of this paper are consistent with the ex-
perimental conclusion that the leakage current becomes
larger when the channel width increases''".

Fig. 12(a) shows the change of FN tunneling current
calculated by Eq. (6) with different oxide thicknesses and
applied gate voltages. It can be clearly seen that the tun-
neling current increases with the decrease of oxide thick-
ness when the same gate voltage is applied. The depend-
ence on the thickness of the oxide layers is greater while
the gate voltage is smaller. Also, we conclude that under
the same oxide thickness, the tunneling current decreases

10°

. Cm—Z)

10-

Jlransuion/(nm

=

Q

g 107

£
210"
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._.
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T

]0»]\ 1 1 1 1

(b)
Fig.12 The tunneling current as a function of the oxide thick-
ness with different applied voltage across gate oxide(¢ =3. 15
eV). (a) The FN tunneling current; (b) The direct tunneling current

rapidly with the decrease of the gate voltage, and the tun-
neling current of FN is almost ignorable in the low volt-
age region (the current ranges from the magnitude of the
10 ~* to the order of magnitude of 10 **). This is consist-
ent with the conclusion obtained by Yeo et al"**.

Fig. 12(b) shows the variation of the direct tunneling
current under different gate voltages and oxide thicknes-
ses, and the barrier reduction effect caused by the image
potential is considered. It can be seen that the direct tun-
neling current reduces with the increase in the oxide thick-
ness when the same gate voltage is applied. When the ox-
ide thickness ranges from 1 to 4 nm, the direct tunneling
current is reduced by 14 orders of magnitude when ap-
plied voltage is 2 V. The value is 11 when the applied
voltage is 3 V. Under the same oxide thickness, the tun-
neling current increases with the increase in the gate volt-
age. It is also shown that the direct tunneling current can-
not be ignored in a transistor with oxide thickness less
than 3 nm.

These results indicate that the FN tunneling current is
more dependent on the applied voltage across the gate ox-
ide in the nano-scale transistor. We also conclude that
when traditional methods such as increasing oxide thick-
ness or reducing gate voltage are no longer useful for de-
creasing the leakage current, we can use the finite size
effect to achieve this.

3 Conclusions

1) Both the bond length of the Si-Si and Si-O at the in-
terface will be saturated when the interface size increases.

2) The finite size effect must be considered when the
interface size is less than 2 nm. It can cause a change in
the absorption spectrum of visible light. It implies that
the absorption spectrum of visible light can be used as a
tool to characterize the interface size.

3) When the device is nanoscale, the barrier height of
Si/Si0, decreases with the decrease of the interface size.

4) The tunneling current is significantly changed due to
the finite size effect. It is well known that the existence
of the transition region and image potential will cause a
greater tunneling current. However, the increasing ratio
will be weakened by the finite size effect.

5) This work can help us to clarify the impact of the fi-
nite size effect of the Si/SiO, interface on tunneling cur-
rent in nano-scale transistors. Not only can we better un-
derstand the characteristics of the interface, but also help
to optimize the parameters of the next generation of nano-
transistors in the future.
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