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ABSTRACT The field of piezoresistance has mainly advanced through experimental research; however,
the improved accuracy of simulations and the emergence of new materials have increased the importance
of simulations in this field. This review discusses the methods and current topics related to simulations
of piezoresistive devices. Advancing simulation modeling will facilitate the computer-aided design of
piezoresistive devices, and this review introduces the means of establishing these models by discussing
the current studies on simulations and calculations in this field. Two simulation methods currently exist
namely, device simulations and first-principles theoretical analysis. This review focuses on numerical
simulation approaches for modeling of the piezoresistive effect using the multiphysics simulations of the
mechanical and electrical behaviors of piezoresistive materials.

INDEX TERMS Semiconductor piezoresistance, computer-aided design.

I. INTRODUCTION

Piezoresistance is the main principle of mechanical sens-
ing because it provides good linearity and high sensitivity.
Owing to these advantages, the piezoresistive sensing ele-
ment is the major component of the pressure sensors in
micro-electro-mechanical-systems (MEMS) [2], [3], [4]. For
piezoresistive sensing elements, the use of semiconductor
materials is more advantageous than the use of metals
because of the band-gap transformation feature of semicon-
ductors, the physics of which is different from the electrical
effect of metals [1]. Investigations of semiconductor-based
piezoresistance require interdisciplinary approaches at the
boundary between electronics and mechanical engineer-
ing [5]. Thus far, fundamental research on piezoresistance
has been limited, and only several experimental studies
for various applications in the field have been reported.
Several reports are available on the gauge factor (GF)
measurements of new materials such as wide band-gap semi-
conductors and improved sensor structures. Additionally,
theoretical studies based on first-principles calculations have
been conducted to obtain fundamental material properties
by purely theoretical methods. The abovementioned studies

are important for revealing material properties under stress;
additionally, these modeling studies have been beneficial for
device development by providing input information to the
device simulations [6].

The topics currently under active research in this field
include the study of new materials, with a particular focus on
wide band-gap semiconductors that provide several advan-
tages over the conventional silicon [7]. To date, material
parameters and the fabrication of piezoresistive devices have
been reported. Device simulations require the fundamen-
tal knowledge of material properties as inputs. Although
the fundamental material properties have been sufficiently
established, only a limited number of studies have focused
on device simulation based on material properties. The
reasons for this are as follows: 1) difficulty in estab-
lishing simulation models because these must consider
the multiphysics of mechanical and electrical components,
and 2) the corresponding physical models are still under
investigation. A diverse range of piezoresistive devices are
currently available, including piezoresistors, accelerometers,
and enhanced-speed metal-oxide-semiconductor field-effect
transistors (MOSFETSs) using strained-silicon [8], [9], [10].
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Thus, evaluating the piezoresistive effect for the design of
these devices is important.

Herein, the current studies based on the numerical simula-
tions of piezoresistance are reviewed. The remainder of the
article introduces material properties and briefly introduces
first-principle calculations (Section II), as well as the meth-
ods for piezoresistance evaluation and piezoresistance-based
applications (Section III).

Il. PHYSICS OF PIEZORESISTANCE

A. FUNDAMENTAL PHYSICS

The piezoresistive effect is expressed using the piezoresistive
coefficient 7 (unit Pa~!), which is unique for each material.
The coefficients in the longitudinal (parallel to the current
flow) and transverse (normal to the current flow) directions
must be considered. Using the applied stresses o; for each
direction, the piezoresistance is expressed as

AR
— = 0] + ;0. (D)
Ro

Additionally, GF is the sensitivity of the resistance change,
which is defined as the ratio of the resistance change and
strain ¢ as follows:

GF = AR _ mortmor )
eRy e

This expression indicates that the change in the resistance
of the material is proportional to the strain & with a slope
GF; therefore, good linearity, which is important for sensing,
can be ensured.

The piezoresistive coefficient is expressed as a 6x6 tensor.
By symmetry, the final components are 11, w12, and 744
for cubic crystals and mp; and m33 for hexagonal crystals.
The longitudinal and transverse piezoresistive coefficients
are calculated using the orientation of the crystal [11], and
are considered to be the effective piezoresistive coefficients.
Furthermore, GF can be expressed using Young’s modulus
E (Pa), which is the stress under a unit strain [12].

GF = nE 3)

Cantilever [13] and membrane [14] structures are widely
used for implementing piezoresistive sensors. The can-
tilever and membrane structures are considered to be
one-dimensional and two-dimensional structures, respec-
tively (Fig. 1). This difference in dimensionality leads to
different issues in the simulations of these structures; the
one-dimensional cantilever structure is suitable for mate-
rial property evaluations owing to its fewer-dimensional
stress profile, and the two-dimensional membrane structure
is used for optimizing the device structure. Reproducibility
has been reported to be more challenging for the cantilever
structure than for the membrane structure [15]; this was
attributed to the effect of asymmetry of the cantilever struc-
ture. Nevertheless, currently, cantilever-based devices are the
mainstream devices for academic research on piezoresistive
sensor materials. Although piezoresistors show high sensi-
tivity, the absolute output is small and a Wheatstone bridge
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FIGURE 1. Structures of piezoresistors and their dimensions and the goals
of their simulations.

circuit is used to detect small changes in the resistance of
piezoresistors.

B. MATERIALS UNDER PIEZORESISTANCE
B.1. NARROW BAND-GAP SEMICONDUCTORS

The band deformation in semiconductors caused by strain
was observed in 1950, and is the origin of semiconduc-
tor piezoresistance [17]. Subsequently, the first study on
semiconductor piezoresistance was conducted in 1954 using
germanium and silicon [16]. Fundamental piezoresistive
coefficients have been reported for different doping types and
resistivities that demonstrated the phenomenon in semicon-
ductor materials. The values of these coefficients are much
higher than those for the new wide band-gap semiconduc-
tor materials. This is related to the band-gap energy, i.e.,
the transformation of the band-gap structure can be large
in the narrow band-gap silicon and germanium semiconduc-
tors. The temperature and doping-dependent piezoresistive
coefficients in p-type silicon have been extensively studied
by Richter et al. [18] in the temperature range of 200—450
K in which silicon is expected to operate. Matsuda et al.
reported that the transfer of holes between the valence bands,
as well as the stress-dependent effective mass, are crucial in
the high-temperature region for p-type silicon [19]. This is
also true for n-type silicon, in which the effective mass plays
an important role [20]. Furthermore, p- and n-type Ge show
high values of theoretical and experimental w44 piezoresis-
tive coefficients [21]. Recently, Matsuda et al. reported that
stress-dependent hole effective masses of light and heavy
holes play key roles in the origin of the piezoresistive effect
in p-type silicon materials [22].

Figure 2 presents an overview of piezoresistance for the
conventional narrow band-gap and new wide band-gap mate-
rials. The main advantage of wide band-gap materials is
their expanded range of applications such as applications
in high-temperature and chemically corrosive environments,
as well as in the presence of strong mechanical shocks.
Some examples are the sensors on vehicles, airplanes, and
gas turbines [7]. Although these materials possess relatively
low GFs compared to that of Si, their excellent material
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FIGURE 2. lllustrations of piezoresistance materials for the conventional and novel semiconductors.

properties enable their use in applications that are otherwise
difficult to achieve using conventional silicon.

B.2. SILICON CARBIDES

Silicon carbides are the most popular wide band-gap semi-
conductors. Silicon carbide, including its different poly-
types, has been extensively studied. The most common SiC
is 3C-SiC, which has a cubic crystal structure. The fun-
damental piezoresistive coefficients have been reported for
p- [23], [24] and n-type [25] silicon carbide. Additionally,
the temperature effect has been studied from a low tempera-
ture of 150 K [26] to a high temperature of 723 K [25], [27],
demonstrating the wide temperature range of piezoresistive
silicon carbide applications.

The piezoresistive coefficients of p-type 4H-SiC were
reported in 2018 for the 711 and 1, tensor components [28].
In 2022, these coefficients were reported for n-type materi-
als [29], and (0001) plane evaluations can now be performed.
The silicon carbide piezoresistors were formed on a sili-
con substrate using heterojunction technology, and a strong
leakage-current inhibition was achieved [30]. The tempera-
ture robustness until 600 °C was demonstrated with a GF
decrease of approximately 30% from the GF at room temper-
ature. The reported GF value of 32 at room temperature for
4H-SiC is one of the highest among the reported values for
wide band-gap materials, and the temperature robustness is
also the highest, indicating that 4H-SiC may have potential
for new applications.

Another type of hexagonal crystal, namely, 6H-SiC, has
received less attention. Its longitudinal piezoresistive coeffi-
cient has been reported in several studies [31]; however, a
range of values has been reported and therefore this coeffi-
cient is still considered to be undetermined. Therefore, we
proposed a linear correction factor [34] to minimize GF mea-
surement errors. Another approach determined the 71 and
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1o piezoresistive coefficients [32] from the experimental
results for n-type 6H-SiC piezoresistor operation [33].

B.3. GALLIUM NITRIDES

Studies on gallium nitride materials have been fewer com-
pared to those on silicon carbides, and the piezoelectric
properties of gallium nitride have been attributed to its III-V
compound structure [35]. A large GF of 130 was reported in
n-type gallium nitride due to a combination of the piezore-
sistive and piezoelectric phenomena [36]. The temperature
robustness up to 125 °C was reported by observing the
high-temperature stability of the GF value [37]. Although
the piezoresistive coefficients of this material have not been
studied well, its longitudinal piezoresistive coefficient g
was reported as 1] = 9.4 x 10711 pa—! [32].

B.4. OTHER MATERIALS

Gallium (IIT) oxide is a wide band-gap semiconductor, and
its piezoresistance was first demonstrated in 2019 [38].
Subsequently, the piezoresistive coefficient of this material
was reported in 2021, which is m1; = —1.2x 1071 Pa~! for
the n-type material [39]. Other materials that experimentally
exhibit relatively high sensitivities have also been reported,
such as titanium dioxide [40], gallium arsenide [41], and
zinc oxide [42]. Diamond exhibits piezoresistive effect in
its single crystalline form [43], and its outstanding material
characteristics make it suitable for sensing in harsh environ-
ments [44]. It has been reported that the concentration of
the boron dopant determines the magnitude and sensitivity
of diamond, particularly for its single-crystal form.

B.5. NANOWIRES

Nano-wire structures have been reported for several mate-
rials. A notable characteristic of nanowires is their large

327



ELECTRON DEVICES SOCIETY

SUGIURA et al.: REVIEW: NUMERICAL SIMULATIONS OF SEMICONDUCTOR PIEZORESISTANCE

piezoresistance; the piezoresistive coefficients of silicon and
silicon carbide nanowires are on the order of 103 (x10~!!
Pa~!) and 102, respectively [45], [46]. The detailed mecha-
nism of piezoresistance in nanowires is presently under study,
and one possible mechanism is the appearance of quantum
confinement in nano-scale structures [48]. Barwicz et al.
reported the structural characteristics of the piezoresistance
of silicon nanowires. The width effect appeared under a
thickness of 50 nm, which is expected to correspond to
increased quantum effect [49]. Furthermore, the resistance of
nanowires changes with time, and a significantly high resis-
tance is obtained just after its solvent clean, which reveals its
instability against the environment. Fakhri et al. compared
the small compressive pressured piezoresistance between sil-
icon nanowires and bulk silicon [47] and demonstrated the
high sensitivity of nanowires to small pressure. Additionally,
its piezoresistance is affected by hydrogenation: its sensi-
tivity decreases drastically after hydrogenation, according
to Barwicz’s report [49]. The nanowire structure is an
important sensing element in nano-microelectro-mechanical-
systems [50], [51].

Thus far, almost all studies on nanowires have used silicon,
and only a few studies have used other materials such as
SiC. A very large GF value of -620.5 has been reported for
boron-doped 3C-SiC nanowires; this value is substantially
high compared to the values reported in previous studies
on SiC nanowires [52]. Silicon nanowires are vulnerable
to the stability of devices; therefore, using SiC may solve
this problem because SiC is much stable against chemical
reactions.

B.6. FLEXIBLE MATERIALS

Recently, flexible materials have attracted attention, and
their piezoresistive characteristics are being studied inten-
sively [53]. These materials are suitable for applications
in brain—machine interfaces or bio-signal monitoring [54].
Li et al. categorized flexible piezoresistive sensors into three
types, namely, conductive polymeric composites, porous con-
ductive materials, and architected conductive materials. Most
materials have been categorized as carbon materials (such
as graphene and organic compounds) [55], [56], [57], and
because flexible materials correspond to a small pressure
(smaller than the order of kPa), their piezoresistive effects
are more similar to structural changes in metals than to
band deformation in semiconductors. Because the structures
of flexible materials undergo deformation, the changes in
structures must be considered. Graphene is expected to be
the main material used for fabricating flexible materials,
as it is a zero band-gap semiconductor [58] with large
mechanical stiffness of 1 TPa, making it unique even among
two-dimensional materials [59]. A simulation on flexible
electronics using carbon nanotubes has been performed under
small-pressure conditions [60]. Considering that mechanical
effects are dominant in flexible electronics, structural anal-
ysis software using finite element methods will be highly
suitable for analysing them.
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TABLE 1. First-order piezoresistive coefficients of six piezoresistive tensor
components for semiconductors (all units are [x10~11 pPa—1]).

Material [ mir | mi2 | w2 | m33 | w44
p-Si [16] 6.6 -1.1 - - 138.1
n-Si [16] -102.2 | 534 - - -13.6
p-Ge [16] -10.6 5.0 - - 88.6
n-Ge [16] -5.2 -5.5 - - -138.7
p-SiC(3C) [24] 1.5 -1.4 - - 18.1
n-SiC(3C) [25] -9.6 5.8 - - 1.6
p-SiC(4H) [28] 6.43 -5.12 | N/A | N/A N/A
n-SiC(4H) [29] -3.4 6.15 | N/A | N/A N/A
n-SiC(6H) [32] -4.8 3.1 N/A | N/A N/A
n-GaN(H) [32] 9.4 N/A | N/A | N/A N/A
n-Gaz03(f8) [39] -1.2 N/A - - N/A
p-Diamond
(SCD: low B/C) [43] -0.21 0.13 - - 3.85
p-Diamond
(SCD: middle B/C) [43] | -0.68 0.72 - - 3.27
p-Diamond
(SCD: high B/C) [43] 0.3 0.08 - - 2.36
p-Diamond
(PCD) [43] 0.5 0.38 - - 0.32

Furthermore, the fabrication of silicon LSI chips on flex-
ible materials has been studied. Vilouras et al. fabricated a
standard CMOS LSI chip on a flexible material and estab-
lished the simulation modeling of transistors under tensile
and compressive conditions [61].

B.7. SUMMARY

Table 1 summarizes the reported first-order fundamen-
tal piezoresistive coefficients of semiconductors. To date,
research attention has been directed to cubic crystals, and
common silicon, germanium, and 3C-SiC materials have
been extensively studied. Fewer studies on hexagonal crystals
have been reported compared to the studies on cubic crys-
tals. Additionally, only the m; and mjy coefficients have
been reported.

C. FIRST-PRINCIPLES CALCULATIONS
To date, most theoretical research is based on first-principles
calculations, which are beneficial for evaluating the physics
of a material without any experimental data [62]. This
method is suitable for obtaining material parameters such
as piezoresistive coefficients. Furthermore, the complex
physics governing applications can also be investigated
using the values obtained by first-principles calculations.
QuantumATK is a commercially available software package
for first-principles calculations developed by Synopsys, Inc.
Reference [63] that contains several Python programs [64].
For bulk materials, fundamental investigations of silicon
piezoresistance have been performed using first-principle
calculations [65]. Temperature dependences of piezoresis-
tive coefficients with different doping concentrations can be
expressed by the potential deformation of the conduction
band [66] and the carrier distribution and transport modeled
using effective masses. Different origins of the piezoresistive
coefficients for different directions were observed; the longi-
tudinal and transverse piezoresistive coefficients arise from
the energy gap between valleys, and the shear piezoresistive
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FIGURE 3. Basic simulation flow for studies on semiconductor piezoresistors.

coefficient arises from the distortion of the band energy
surface.

For 3C-SiC, investigations of the dopant effects by com-
paring the dopants that affect GF showed that Ru is the
best dopant [67]. Additionally, first-principles calculations
found a large piezoresistive coefficient for p-type silicon
nanowires [68] that reached absolute values greater than 3000
(r = —3,550 x 10711 pa—1y [69]. Subsequent studies on
silicon nanowires revealed that the piezoresistive coefficient
can be small for certain orientations [70]. Additionally, the
piezoresistance of silicon nanosheets has been reported; it
was shown that ultrathin silicon nanosheets possess a higher
piezoresistive coefficient than silicon nanowires, which was
343x 107! Pa~! [71].

As reviewed above, research on nanostructures has con-
centrated on nanowires because of the experimental dif-
ficulties in evaluating nanostructures including mechanical
operations. Thus, the importance of first-principles calcula-
tions of nanowires will increase as the device sizes shrink
to the nano-scale.

Ill. NUMERICAL SIMULATION APPROACHES

The numerical simulation approach introduces the piezore-
sistive effect in semiconductor device simulation modeling.
The device simulation self-consistently solves the Poisson’s
equation, as well as the electron and hole current equations
of continuity [72]. The piezoresistive effect is introduced
by modifying the mobilities of charge carriers according
to the stress effects [73]. The mechanical stress is gener-
ally modeled using the finite-element method [74], which
is an advancement from the conventional finite-differential
method, to reduce the calculation volume and computational
cost.

A. SOFTWARE
Device simulation facilitates the design of piezoresistors or
devices under stress. The devices under stress include the
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MOSFET with strained-silicon [75] and accelerometers [76].
The studies based on device simulations are strictly limited
as described above.

Sentaurus Technology-Computer-Aided-Design by Syno-
psys, Inc. is a commercial software package that supports
mechanical and electrical simulation flow using Sentaurus
Interconnect (mechanical stress simulation) and Sentaurus
Device (electrical simulation) [77]. The use of this soft-
ware can facilitate the design of common piezoresistors.
Additionally, COMSOL Multiphysics [78] and ANSYS [79]
are mechanical stress simulators. These software pack-
ages can be used for simulation modeling using the
finite-element method [80]. Furthermore, device simula-
tion includes two aspects, namely, mechanical stress and
electrical simulations, and because these simulations are
in separate fields, the connection between them is impor-
tant. First, mechanical stress simulation is performed to
obtain the stress profiles; the stresses in the longitudinal and
transverse directions are necessary to evaluate the piezore-
sistive effect. Additionally, the strain and von-Mises stress
profiles are obtained as supplementary data. Second, elec-
trical simulation is performed to evaluate the piezoresistive
effect using the stress profiles as inputs. Electrical simu-
lation requires a corresponding model. The simplest is the
piezoresistor simulation that requires only the coefficients
specifying the piezoresistive effect, whereas other devices
such as strained-MOSFETs require fundamental transistor
modeling.

However, the simulations themselves are simple. Figure 3
illustrates the basic simulation flow for studies of piezoresis-
tors. To simulate piezoresistance, the fundamental material
parameters of semiconductor device simulation, such as
the band-gap energy Eg and non-stressed mobility o,
are used. The unique features of piezoresistance are the
mobility enhancement and the band-gap energy deforma-
tion by the stress profile as well as mobility validation
from the non-stressed mobility po to the updated stressed
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mobility wpjezo [34]. The band-gap energy deformation can
be expressed using the effective density-of-state (DOS)
derived from the effective masses and finally affects the
intrinsic carrier concentration [32]. Generally, the common
phenomena in semiconductors, such as carrier generation
and recombination, are considered to be negligible during
piezoresistor simulations. Notably, the material parameters
are considered to be anisotropic, and the crystal plane or
the orientation is considered to be an important factor. The
minimal inputs are the piezoresistive coefficient 7w for the
electrical part and the Young’s modulus E and Poisson’s
ratio y for the mechanical part. Furthermore, 7 expresses
the resistivity change under the mechanical stress profile
generated using £ and y. When the temperature effect is
included, the thermal expansion coefficient o7 is added. Our
previous study focused on common materials, included the
temperature effect, and summarized the parameter sets [32].

A model coupling mechanical and electrical-thermal
solvers was used to study of the reliability of lithium-ion bat-
tery cells [81]. Even though applications are different, the
proposed model is considered to be suitable for piezore-
sistance applications. However, in the autho ‘s’ opinion,
because the current density of piezoresistors is much smaller
than that of battery cells, the effects of self-heating that
gives rise to thermal stresses are negligible for most con-
ditions. While the sequential simulation method illustrated
in Fig. 4 is sufficiently accurate for simulating piezoresis-
tive devices such as sensors, theoretical studies of stressed
MOSFETs may require the use of coupled mechanical and
electrical-thermal simulations.

A simulation of MOSFET devices under the mechanical
stress has been reported. Because MOSFET operations occur
at the surface of the substrate, it is necessary to estimate sur-
face stress profiles. Different piezoresistive coefficients for
the bulk region and the inversion layer inside MOSFETSs
have been reported [82]. Evaluating the MOSFET oper-
ations under stressed conditions requires stresses in the
longitudinal, transverse, and shear directions. The MOSFET
length and width are useful for obtaining the surface
stresses,. Using the surface stresses in the longitudinal, trans-
verse, and shear directions, current changes can be simply
expressed [82], [83].

Currently, device modeling of the piezoresistive phe-
nomenon is mostly limited to cubic crystal systems. This is
most likely due to the difficulty in determining the large num-
ber of tensor components of hexagonal crystals that makes
it difficult to reproduce this phenomenon.

B. PIEZORESISTANCE MODEL
The piezoresistance model forms the core of simulation
modeling, and several models are available at present.

B.1. SIMPLIFIED MOBILITY ENHANCEMENT MODEL

We developed an original device simulator specifically for
solving the problems associated with the piezoresistive effect

330

for the cubic and hexagonal crystal systems [84]. We
modeled the piezoresistive effect in SeMS as follows:

Ciy
1 + mo; + w0

0, 4)

MU Piezo =

where Cj; is the correction factor [34]. This model uses
longitudinal and transverse piezoresistive coefficients; there-
fore, it does not include all piezoresistive coefficient tensor
components in the calculations and drastically decreases the
number of input parameters. This model is based on the
mobility enhancement theory [85] of the piezoresistive effect.

Additionally, the temperature effect has an important effect
on piezoresistance. We reported that a piezoresistive coef-
ficient can be expressed using the ionization energy of the
dopant at a high temperature [32] as follows:

Es;i (T Eg;
T BTy B

TTRT Epar T Emar

where mrr is the piezoresistive coefficient at room temper-
ature, Es; and E,, are the ionization energies of silicon
(= 44.3 meV for boron) and the material, respectively. This
theory is based on the band-transformation under stress, and
this expression is beneficial for predicting the temperature
dependences from the ionization energies or determining
the ionization energies from the temperature responses of
piezoresistors.

Low temperature is reported to cause a different phe-
nomenon from that of the high-temperature effect, which is
described for p-type 3C-SiC piezoresistors as [86]

m* 3kT ©)
m = —exp| — |,
2 P\ iTer

This expression includes the thermal shrinkage of the device
under low temperature, and in the shrunk condition, the
temperature effect follows the exponential function and is
controlled by the effective mass. Due to the low thermal
energy, the ionization effect is negligible in this condition.

At room temperature, our proposed model reproduced the
experimental results well for many materials, including wide
band-gap materials [32], [34]. Therefore, it is recommended
for single-block piezoresistor evaluations.

B.2. FIRST-ORDER MOBILITY ENHANCEMENT MODEL

The band-deformation model is the fundamental model that
is closely related to the realistic physics [87]. This model is
expressed as follows:

3

Apji

— =" muow. (M
A

This model describes the first-order resistivity tensor com-
ponent by the sum of the product of the piezoresistive
coefficients and stress components. Furthermore, this model
requires the input of all piezoresistive coefficients, which
are w1, 12, and w44 for cubic crystals. Analysis of p-type
silicon by considering the spin—orbit coupling (referred to as
spin—orbit interaction in the literature) aiming to evaluate the
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piezoresistance of p-type silicon under the typical temper-
ature range and doping concentrations has been reported
in [88]. This model is suitable for evaluating common
materials such as silicon and germanium under the typical
conditions of intermediate temperature and doping concen-
trations for which the light and heavy holes are degenerate
at k =0 on E — k space.

B.3. SECOND-ORDER
MODEL

The multivalley model was proposed by Herring and
Vogt [89], and its piezoresistance model is known as the
second-order classical expression of piezoresistance [90].
This model considers the carrier transfer between valleys and
uses the first- and second-order piezoresistive coefficients for
modeling. The model can be expressed as follows:

Ap
o E mjjoi + E TjjkOjOk- (®)
1 . .
i Jik

Based on this expression, this model is considered to
be the extended version of the band-deformation model
by including the second-order piezoresistive coefficients to
introduce the nonlinear piezoresistance effects. Compared to
the band-deformation model, this model directly describes
the resistivity components. The second-order coefficients are
approximated by squaring the first-order coefficients [91].
Furthermore, an alternative non-tensor expression was
reported [92] and was also derived for the extended
model [94].

Additionally, under the large effective piezoresistive
coefficients (such as silicon in the <110> longitudinal ori-
entation), the third-order coefficient is necessary. Therefore,
the multivalley model requires several input parameters.
Recently, the same author reported the nonlinearity of
piezoresistance of n-type silicon using non-zero compo-
nents, stress-dependent terms, and inter-valley scattering.
Additionally, the authors proposed the updated piezoresis-
tive coefficients up to the second order to describe the
piezoresistive effect with high precision [93].

MOBILITY ~ ENHANCEMENT

B.4. SIMPLIFIED K-SPACE MODEL

Researchers at Intel Corp. proposed the valence-band trans-
formation model using the k-space description [95]. This
model was based on enhancing the switching speed of
P-channel metal-oxide—semiconductor (PMOS) using the
strained-silicon technology [75], and the enhancement in the
hole mobility was simply described. Using the split energy A
and effective masses in the longitudinal and transverse direc-
tions, the mobility was approximated as the device-specific
tensor as follows:

-9 mimj
M= ,U«Omt Tm
. [cos29<f—1 + f—2) + sin’0 <f—1 + f—z)] 9)
mp mp miy mgp
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with

1
= 10
S 1 —i—exp(—kAT) (19)

f=1-f1. 1)

Because this model corresponds to a PMOS device, the
extension to NMOS [96] is necessary to apply this model
to the complementary-MOS (CMOS) technology.

B.5. SUMMARY

Currently, fundamental modeling based on mobility enhance-
ment and temperature modeling in the high- and low-
temperature regimes has been achieved. Some previous
models cannot be applied to hexagonal crystals that require
five piezoresistive coefficients; therefore, some approxima-
tions are necessary (setting O values except for that in
the corresponding direction). This modeling is empirical;
therefore, detailed investigations of physics and phenomena
should be performed in the future.

Figure 4 compares piezoresistive models for <100>- and
<110>-oriented single block stressed silicon of both p-
and n-type doping from 1 Pa to 1 GPa; here, the input
parameters are the default values in the Sentaurus TCAD
software. For p-type silicon in <100>, Intel’s simplified k-
space model well reproduced the theoretical GF value of 8.58
(GF = 6.6 x 10-1"Pa~! x 130GPa). The lst-order model
over-estimated the piezoresistive effect, and the 2nd-order
model failed to estimate the piezoresistive effect. Considering
that the 2nd-order model’s parameters are very large that
they neutralize the 1st-order model’s effect (under 10 MPa
stress), it was concluded that the 2nd-order model’s parame-
ters must be reassessed to reproduce the piezoresistive effect.
On the contrary, in <110>, all models underestimated and
outputted GF values of nearly 0, whereas the theoretical
GF value is 121.3 (GF = 71.8 x 10~""Pa~! x 169GPa).
Here, a large stress of 1 GPa leads some GF values
in the 2nd-order and Intel’s model; therefore, it is con-
sidered that the small-stress effect is underestimated. For
n-type silicon in <100>, the theoretical GF value of -133
(GF = —102.2x 10~'""Pa~! x 130GPa) was well reproduced
by the Ist-order model, and the 2nd-order model overes-
timated the piezoresistive effect. The 1st- and 2nd-order
conventional piezoresistive models became unstable under
high-stress conditions of over 10 MPa, and the high stress
ranges became unusable when using these models. Therefore,
high-stress parameters must be added for accurate estima-
tions. In <110>, the 2nd-order model well reproduced the
GF values for all ranges of stress. In conclusion, each model
is appropriate for certain conditions of silicon (orientation
and doping type). The <110>-oriented p-type silicon is out
of evaluation, and reassessment is necessary or the use of
our proposed model is recommended [34].

C. APPLICATIONS
The most common application of piezoresistance simula-
tions is the design of piezoresistors. These simulations
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FIGURE 5. Example of integration of piezoresistive sensors on standard CMOS process chips [100].

are important for membrane structures because of their
two-dimensional placement of piezoresistors as well as for
the complex formation of stresses. By contrast, cantilever
structures are suitable for evaluating the physics and param-
eters by comparing the one-dimensional effect in experiments
and enabling the elimination of noise and disturbances, such
as the determination of piezoresistive coefficients by repro-
ducing the GF. Previous studies have reported the evaluation
of stresses using the CMOS structure [97], [98], [99]. As
illustrated in Fig. 5, a pn-junction can be used to form nor-
mal and shear stress sensors on standard CMOS chips [100]
that enhance the Internet of Things (IoT) device functions.

Strained-MOSFETs will become an important compo-
nent for high-speed transistors limited by shrinking process
nodes [101]. Pelloux-Prayer et al. proposed empirical mobil-
ity modeling for FinFETs and fully depleted-silicon on
insulator (FD-SOI) silicon transistors [102], [103]. The
model includes the geometrical parameters, namely, width
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and height, of the nano-scale silicon channel on two 10 nm-
scale transistors. Currently, the gate length of transistors has
reached 1-2 nm-scale, and the quantum effect has become
crucial for device operation [104]; therefore, the quantum
effect is expected to be considered for the piezoresistance
of such state-of-the-art transistors. Currently, germanium-
based transistors are studied because of their higher carrier
mobilities compared to those of silicon (approximately four-
fold enhancement for electrons and two-fold enhancement
for holes) [105], [106]. Furthermore, germanium possesses
high piezoresistance, and the development of germanium-
based strained-transistors is attractive for further advances
in complementary metal oxide semiconductor technologies.

IV. FUTURE PERSPECTIVES AND OPPORTUNITIES
As demonstrated in this review, piezoresistance is still an
under-researched field; however, new materials such as wide
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band-gap semiconductors, nanowires, and flexible materi-
als have been identified. For evaluating piezoresistance in
wide band-gap semiconductors, the corresponding piezore-
sistive coefficients must be determined, and as summarized
in Table 1, many values are still unavailable. This indicates
that fundamental experiments on piezoresistors under several
crystal orientations must be conducted. These materials are
expected to be less sensitive than silicon and germanium that
yield large piezoresistive effects; therefore, the applications
of these materials will be limited to severe environments
with high temperatures or stresses.

Most theoretical research on nanowires is based on first-
principle calculations, and expansion to device simulation
modeling is expected, as this will improve the design
of nano-scale devices, including nano-electromechanical
systems (NEMS). Its substantially large piezoresistance is
attractive and nano-wires made of wide band-gap materi-
als may support their small piezoresistance. Most research
targets silicon nano-wires; however, silicon carbide, gallium
nitride, and other wide band-gap materials should also be
investigated. As nanowires yield large piezoresistance, highly
sensitive mechanical sensors must be realized that can be
implemented in standalone IoT devices.

New applications of piezoresistance are a focus in the
field of flexible electronics. Zheng et al. proposed a portable
bio-signal sensing device based on MXene (TizCyTy)-
coated nonwoven fabrics that produces piezoresistance [107].
MXene is the category of transition metal carbides that has a
graphene-like sheet structure [108], and both can be used in
several bio-compatible applications such as bio-signal sens-
ing, drug delivery, and tissue engineering. Therefore, the
piezoresistive function is necessary for -expansion [109].
Furthermore, MXene has the potential to exhibit certain
material parameters according to the selection of the tran-
sition metal compounds [110], and MXene can be used to
realize highly sensitive flexible sensors.

V. CONCLUSION

We reviewed semiconductor piezoresistance in terms of
numerical simulations, material properties, and device sim-
ulations. The important fundamental parameters were listed,
and the major piezoresistance models useful for these
simulations were introduced. Finally, the applications of
piezoresistance simulations were discussed in association
with the material properties, physics, and development of
high-end devices.
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