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ABSTRACT

Mechanical stress is increasingly applied in micro-
electronics. For instance, strained silicon technology
is widely used to improve carrier mobility and driver
current for advanced MOS transistors. For micro elec-
tromechanical systems, piezoresistive effects are widely
used in pressure sensors. In this paper we present an
original method for studying mechanical stress in nano-
devices placed on ultra-thin membranes, which has sev-
eral advantages compared with the conventional four-
point-bending method. Using this architecture, we use
FEM simulations of an innovative NEMS pressure sen-
sor to investigate its static and dynamic modes. We
study the optimal orientation and position of a nanowire
on the membrane We show that a large improvement
in pressure measurement sensitivity can be obtained by
adopting tunnel junction technology. We also investi-
gate the dynamic multi-bends of the nanostructure in
its dynamic deformation modes and introduce the trans-
port matrix method to calculate the tunnel current. Fi-
nally, our work helps to understand the electrical and
mechanical properties of the nanostructure under the
influence of large mechanical stress and to design inno-
vative NEMS pressure sensors.

Keywords: Mechanical stress/strain, pressure sensor,
ultra-thin membrane, NEMS, hetero junction nanowire

1 INTRODUCTION

Mechanical stress plays an increasingly important
role in microelectronics. For instance, by using strained
silicon technology for advanced MOS transistors, car-
rier mobility and therefore the drive current are signif-
icantly improved[1]. On the other hand, in the domain
of MEMS piezoresistive effects are used in pressure sen-
sors.

To investigate the impact of the mechanical stress
on the properties of microelectronic devices and nanos-
tructure, it is necessary to introduce new method. Com-
pared with the conventional four-point-bending method
[2], our ultra-thin membrane technique shows several
advantages. These include the ability to induce heavier
mechanical stresses. It is also a unique way to obtain dy-
namic deformations with frequencies up to several MHz.

In this paper, we present an innovative NEMS pres-
sure sensor based on a (i) tunnel junction, (ii) nanowire
and (iii) heterostructure on a membrane. The finite el-
ement method (FEM) simulation shows a large varia-
tion of tunneling current with applied pressure in static
mode. In the dynamic mode, the nanowire can be multi-
bended. The character of the tunnel junction thickness
variation of the nanowire is investigated under different
frequency excitations. To evaluate the tunnel current,
we have also used the transport matrix method. This
method is very suited to calculate electron transport
probability in the case of hetero structures and thereby
to estimate the tunneling current value both for the case
of the multi quantum wells or the multi quantum barri-
ers.

Finally, for our NEMS pressure sensor based on het-
ero nanostructure, we conclude by demonstrating the
large improvement in measurement sensitivity.

2 ULTRA THIN MEMBRANE
TECHNIQUE

To obtain a highly accurate area and thickness, the
ultra-thin membranes are fabricated by deep reactive
ion etching (DRIE) on silicon on insulator (SOI) wafer
[3]. We can vary the membrane area from square mi-
crometers up to square millimeters and the membrane
thickness is of the order of a few hundred nanometers
up to a few micrometers. In this study, the area of the
membrane is 150 µm×150 µm. This membrane is made
of three layers: one silicon layer of 300 nm sandwiched
between two silicon dioxide layers of 400 nm. There
are two main kinds of membrane actuation: static and
dynamic. Using a vacuum chamber placed under the
membrane, a static deformation is induced on the mem-
brane corresponding to the differential pressure (up to
3 atm). As far as dynamic actuation is concerned, we
choose a piezoelectric device as the oscillation source.
By placing a membrane cover on this piezoelectric de-
vice which is driven by an AC voltage, the membrane
vibrates. In this way, the frequency of oscillation can
be up to several MHz. When the oscillation frequency
approaches the membrane natural frequency, the maxi-
mum amplitude is observed with little damping.
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3 OPTIMAL ORIENTATION AND
POSITIONING STUDY OF THE
NANOSTRUCTURE ON THE

MEMBRANE

At nano scale, instead of using the piezoresistive ef-
fect for design the traditional MEMS pressure sensor, we
can find a new way to improve poor pressure measure-
ment sensitivity of conventional nanowires (∆R/R <
1%). Consequently, we propose to use tunnel current
as an extremely sensitive gauge. In our case, the diam-
eter of the heavy n-type doping silicon heterostructure
nanowire is 800 nm, the length is 10 µm, and the tun-
nel junction is made of silicon dioxide. Its thickness is
2 nm, thus the direct tunneling phenomenon dominates
[4]. To calculate the direct tunneling current value, we
used the Register [4] and the Lee models [5] which are
appropriate for different tunnel junction thicknesses. In
the other hand, for increasing the interface area between
the nanowire and the membrane, we employ a hexahe-
dral model instead of a cylinder model.

We thus can study the optimal positioning of this
heterostructure nanowire on the membrane in order to
optimize the measurement sensitivity.

Two possibilities were investigated here, transversal
(see figure 1 inset) and longitudinal orientation (figure
1). Firstly, we consider the transversal orientation. The
variable ζ is defined as the distance between the edge
of the membrane and the tunnel junction in nanowire,
as shown in figure 1. For different values of ζ, we find
that the tunnel junction thickness remains almost in-
variant. The result of this simulation shows the rela-
tive rate does not exceed 0.1%. This relative rate is
the variation of tunnel thickness compared to the initial
thickness. If nanowires are mounted longitudinally, sub-
stantial tunnel junction thickness variation can be ob-
served. Thereby, we conclude that a longitudinal orien-
tation will result in larger measurement sensitivity than
a transversal orientation.

To model the optimal position of the nanostructure
on the membrane, we should find the relationship be-
tween the membrane dimension and this optimal po-
sition. Depending on the Timoshenko model [6], the
membrane deflection (w) under the pressure can be cal-
culated by the equation (1)

ω(ζ) = ω0(ζ) + 2ω1(ζ) (1)

Here the ω1 and ω2 are presented by equation (2)
and (3) respectively.
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And L is the membrane side length of the membrane,
P is the pressure, the DR is the flexural rigidity, Em can
be described by the equation (4)

Em = Cm
4PL2

π3 m=1,3,5,···
(4)

Where, the Cm(m = 1, 3, 5, · · · ) are the constants de-
pending on the boundary condition of membrane.

Firstly, the tox is made up of 3 deflection components
xtox, ytox, ztox that can be described by the equation:

tox =
√

(xtox + tox0)2 + (ytox)2 + (ztox)2 (5)

Compared with the ztox component, the components
xtox and ytox are negligible. The maximum ztox induces
the maximum tox, here ztox can be calculated by:

ztox =
dω(ζ)

dζ
tox0 (6)

thereby, tox can be calculated by the following equa-
tion

tox ≈ (tox0)

√
1 + [

dω(ζ)
dζ

]2 (7)

We found the maximum first derivation of ω(ζ), this
value produces the maximum tunnel junction thickness
variation. Thereby, the point of inflection which satisfies
the condition of

d2ω(ζ)
dζ2

ζ=optimalposition

= 0 (8)

In addition, there is a range where tox is very close
to its maximum and at least 99.9% of this value. In this
range, all the values of ζ can satisfy the condition as
follow:

| dω(ζ)
dζ

|≥
√

(
tε

tox0
)2 − 1 (9)

If we define the function θ that is

θ =
√

(
tε

tox0
)2 − 1 (10)
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Finally, we can deduced the optimal position region
width equation as follow:

ω−1(
∫

θdζ) < ζ < ω−1(−
∫

θdζ) =⇒ ∆ζ (11)

Here, ω−1 is the inverse function of ω. This equa-
tion describes the optimal position range width of the
nanowire on the membrane. For example, in our case,
under the 2 atm. pressure, this optimal position range
width could be as large as 7.5 µm (in figure 2). The
optimal position region (D) can be described as follow:

D = ζoptimal ± 1
2
∆ζ (12)

More importantly, this optimal position region al-
lows for large photolithographic misalignment and easy
positioning.

4 ELECTRICAL TRANSPORT IN
NANOSTRUCTURE ON

MEMBRANE

Having placed the nanostructure in an optimal ori-
entation and position, we now investigate the tunneling
current as a function of the applied pressure. We have
checked that the von Mises stress value in the nanowire
is still within the range permitted by its tensile and com-
pressive strength. Moreover, we must also take into ac-
count the effect of the mechanical stress on the energy
band structure. The deformation matrix [ε], transfor-
mation matrix [s] [7] and the mechanical stress matrix
[σ] can be written as [8]:

[ε] =




εxx εxy εxz

εyx εyy εyz

εzx εzy εzz


 = [s] · [σ]

[∆Ec] =




εxx + εyy + εzz εxx

εxx + εyy + εzz εyy

εxx + εyy + εzz εzz


 ·

[
Ξd

Ξu

]

Where, [∆Ec] is the conduction band variation ma-
trix corresponding to the 3 degenerate valleys of silicon
and Ξd, Ξu are the independent constants. For stress
values and heavy n-type doping nanowire considered in
this paper, the calculation result of matrix [∆Ec] shows
that that the conduction band structure variation is
not negligible. We know that this stress value is quiet
enough to alter the conduction band structure and to
reduce the barrier height.

According to the direct tunneling current model Reg-
ister [4] and Lee [5], we calculated the direct tunneling
current density as a function of the applied pressure
from 0 atm to 2 atm. Both models give very similar
results in this pressure range. Figure 4 shows the result

of the Register model on a log-scale. The current den-
sity (J ) in the nanowire as a function of the tox shown
by this plot can be fitted by an exponential law in the
range of 1 atm to 2 atm:

J = J0 · e−A·tox (13)

where, J0 is the initial current density value, A is a
constant corresponding to the nanowire material. The
direct tunneling current is an exponentially decreasing
function of the thickness of tunnel junction. Because the
pressure is pseudo-linearly proportional with the tunnel
junction thickness variation, we can describe the rela-
tionship between the current density and the pressure
by:

J = J0 · e−B·δ(P ) (14)

where, B is a constant corresponding to the nanowire
material. P is the pressure. δ(P ) is the function can be
presented by the equation

δ(P ) = (tox0)
√

1 + [CP · P ]2 (15)

Here, CP is the constant depending on the membrane
dimension and material. Figure 3 shows the result of the
Register model on a log-scale. This exponential relation-
ship between the tunneling current and the pressure is
truly remarkable for improving the pressure measure-
ment sensitivity.

The dynamic simulation of the nanostructure takes
into account the impact of damping. The damping fac-
tor was evaluated by the half-power bandwidth method
[9]. Very high frequency excitations (frequency > 6
MHz) produce very weak deformations. Whereas, the
deformation amplitude was produced by the low fre-
quency excitation, its value is nearly same as static de-
formation. Furthermore, near the natural frequency, the
deformation of the membrane can be extremely large.
For higher forcing frequencies, more oscillatory defor-
mations emerge on the surface of membrane (inset of
figure 4). This will induce frequency-dependent multi-
bends in the nanostructure as shown in figure 4. These
oscillatory deformations and the nanostructure multi-
bending can lead to an interesting new way to study the
impact of mechanical stress in nanostructures.

5 CONCLUSION

In this paper, we studied the mechanical stress in
a Si/SiO2/Si nanostructure placed on an ultra-thin
membrane which is used as the experimental inter-media
element. We demonstrated that the optimal measure-
ment sensitivity can be obtained by mounting the nanos-
tructure on the membrane with a longitudinal orienta-
tion and have a wide optimal position zone allowing for
large photolithographic misalignment and easy position-
ing. We simulated the electrical transport behavior of
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this heterostructure nanowire by using two direct tun-
neling current models. An exponential relationship be-
tween the direct tunneling current and the pressure is
obtained and demonstrates that the interest of this kind
of NEMS device to design ultra sensitive pressure sen-
sor. This nanostructure is very attractive as it can also
be used to realize dynamic deformation in the nanowires
for high forcing frequencies, the oscillatory deformation
causes multi-bending in the nanostructure. This innova-
tive approach can thus be used to investigate the impact
of mechanical stresses on nanostructures and NEMS.
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Figure 1: the longitudinal orientation (a) and the
transversal orientation (b) of nanowire on membrane.
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Figure 2: Tunnel junction thickness variation as
a function of the tunnel junction position d for
150µm×150µm×1.1µm membrane
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Figure 3: Tunneling current density variation as a func-
tion of pressure.

Figure 4: Multi-bend dynamic deformation of the
nanowire on the dynamic deformation membrane (20Hz,
see the inset of this figure)
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