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Abstract—In this paper, we examine the potential of devices
based on heterostructures made from highly polar materials
and semiconductors. Our calculations show that such functional
devices have superior sensor properties and transistor properties.
The basis device examined is based on the use of a thin oxide with
high piezoelectric coefficients or pyroelectric coefficients under
the gate region. Channel charge and current are controlled by gate
voltage, temperature, or stress. We examine the performance of
three classes of heterostructures that form the basis of important
semiconductor technologies: 1) Si–SiO2 –BaTiO3 heterostructure
junctions that would be an important breakthrough for silicon
sensor technology; 2) GaN–AlN–BaTiO3 heterostructure junctions that would be important especially in high temperature
sensor application; and 3) GaAs–AlGaAs–BaTiO3 heterostructure field effect transistors. The calculations show that with a very
thin polar material layer we can have a highly sensitive sensor
and transistor. For optimum performance, the polar material
.
(piezoelectric or pyroelectric) layer thickness should be

30 A

Index Terms—Device simulations, GaAs, GaN, piezoelectric, pyroelectric, sensor, silicon, stress sensor, thermal sensor.

I. INTRODUCTION

I

F WE examine high-performance electronic and optoelectronic devices, we find that they are made from semiconductors (such as Si, GaAs, InGaAs, etc.). On the other hand, devices
that fall in the general category of sensors are made from insulators (a variety of oxides). The dominance of semiconductors in
electronic and optoelectronic devices can be traced to two properties (see Fig. 1): 1) A small change in the Fermi level position
can alter the density of “free” carriers and conductivities by orders of magnitude; 2) Charge injection can alter the conductivities and optical properties by orders of magnitude. As a result,
semiconductor-based devices, such as transistors, diodes, light
emitters and detectors, have remarkable performance. Semiconductors also have been applied in many sensor areas, such as silicon strain sensor [1], GaAs FET strain sensor [2], [3], and P-N
diode temperature sensors [4]. However, the response to perturbations, such as stress, temperature fluctuation, magnetic field
changes, chemical gas, etc., are relatively poor.
Smart materials (traditionally falling in the insulator category)
such as BaTiO , PLZT, KDP, LiNbO , etc. have excellent piezoelectric, pyroelectric, ferroelectric, and electrooptic properties
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[5]–[9], which make them attractive for many applications.
Sensor devices based on these materials rely upon the fact that a
small perturbation (stress, temperature, charge, etc.) produces a
large change in the polarization of the material. This polarization
change can then be detected as current or voltage signal using
semiconductor based devices. Ideally one would like to create
heterostructures which have the properties of semiconductors
and also the superior polar properties of certain oxides. Such
heterostructures will create new choices of devices with applications not only in traditional electronics and optoelectronics but
for night vision, stress sensing, chemical sensing, etc.
There are several key reasons for being optimistic about
semiconductor-polar material heterostructures: 1) Heterostructures between quite different semiconductors have been shown
to have unique properties. These structures are routinely used
for high performance devices; 2) Epitaxial technologies such
as MBE are being applied to high quality polar oxides and
have been shown to offer monolayer control. While such layers
have not been exploited for device applications, the high degree of crystallinity of these films shows promise of excellent
intrinsic properties (piezoelectric, pyroelectric, magnetic, etc.)
[10]–[14]; and 3) Theoretical technologies developed for traditional semiconductor heterostructures (concepts of band lineup,
theory, etc.) have been modified and applied
effective mass,
to polar heterostructures based on nitrides (AlN, GaN, InN,
and their alloys) [15]–[17]. Such models have been validated
by experiments and have been used for device designs. This
suggests that (with modifications) relatively simple quantum
mechanisms can be applied to design polar heterostructures.
Of course these models will always have to be tested against
experiments.
There are many potential ways of incorporating smart materials into semiconductor structures. One can imagine the gate
oxide of a field-effect transistor (FET) to be replaced by a smart
oxide leading to a “FET-sensor.” It is also possible to combine
smart oxides (such as LiNbO ) into the Braggs reflector of a
DFB laser to produce lasers whose frequency is sensitive to
stress or temperature variations, etc.
Regardless of the conceptual nature of the design chosen,
one must keep the following concern in the forefront. The
oxides will have a high level of defects and therefore in the
device design, the free charge in the device should be spatially
separated from the polar region and should reside in the semiconductor part. In the Si–SiO technology the two-dimensional
electron charge (2DEG) is in the semiconductor although it
does suffer from interface roughness scattering. Nevertheless
Si–SiO based devices work quite well because the penetration
of the carrier wave function into the SiO region is very small.
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Fig. 1. Semiconductors have the remarkable properties of conductivity and e h injection control. Smart materials based on various oxides have remarkable
polarization, magnetic, and electrooptic properties. The heterostructures between the two classes would lead to novel devices.

Fig. 2. Schematic of smart sensors based on oxide–semiconductor heterostructures.

In the following sections, we will explore the polarization of
a FET where the gate oxide (or large bandgap material) incorporates a material with very high polar (or other) response. The
structure will be examined as a FET and as a stress or a thermal
sensor. In Fig. 2, we show a generic description of these devices. The first structure represents a traditional FET where a
controls the channel current . A popular meagate voltage
sure of the device performance is the transconductance

(1)
In Fig. 2, we also show the kinds of devices that could arise if
thin layers of smart gate oxides can be deposited on top of the
semiconductor structure. As noted above, it is important that the
region where the free carriers reside is separated from the oxide.
In the smart-FET devices shown in Fig. 2, we consider devices in which the two-dimensional (2-D) channel charge is
modulated by stress and temperature change. An appropriate

measure of the device performance is a new “transconductance”
describing how the perturbation control the channel current
(2)
is the appropriate perturbation.
where
In this paper, we will develop a general formalism based on a
self consistent charge control model which includes these polarization effects and the quantum solution of the free carrier states
to examine a stress sensor-FET. We will examine some typical materials with high piezoelectric coefficients placed above
a 2-D electron channel in several semiconductor systems (Si,
GaAs, and GaN). Our results will focus on arriving the following questions: 1) What kind of layer thickness is needed
to allow a polar gate oxide to influence and control channel
charge? and 2) What kind of sensitivity is possible in such a
functional device? We will show from a calculation that for
these stress-sensor-FETs to operate, the thickness of the polar
. We will also show results for temperaoxide has to be
ture-sensor-FETs exploiting pyroelectric properties.
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As noted above several group have used techniques like MBE
to grow high-quality polar oxide structures. These structures are
free from pinholes, cracks and dislocations. There are, however,
few experimental studies on the polar properties of a very thin
film ( 20–50 ). We have used values for piezoelectric and pyroelectric constant from literature which are usually measured
for thicker films. It is not clear that if the polar values in thinner
films will increase or decrease. Future experiments will allow
us to make a model more accurate. The purpose of this paper is
to provide a guidance and motivation for experiments.
II. FORMALISM
Charge control models in semiconductor heterostructures
are now covered in most advanced device textbooks. Approaches to self-consistent solutions to the Poisson equation
and Schrödinger equations are well known. In the case of polar
heterostructures also, such techniques have been developed
and compared with experiments for the nitride heterostructure devices. In polar heterostructures, the key modification
in charge control models is due to the presence of “fixed”
polar charge at various interface arising from the difference in
polarization of adjacent layers. We have developed a general
formalism to apply to polar heterostructures and have applied it
to nitride heterostructures [18]–[20], Detailed comparison with
experiments have shown the validity of such an approach.
In discussing polar heterostructures, it is important to identify
the various charges present. These are 1) fixed interface charges
as noted above. This charge is on the lattice and is not mobile; 2)
charges due to dopants; 3) free charge (i.e., electrons or holes)
that is mobile. We are particularly interested in 2DEG that can
be induced in heterostructure devices.
Before discussing our formalism, we discuss the basic
structure of devices considered. The general structure is shown
in Fig. 3. For an Si-based device, an oxide SiO with a large
bandgap is grown on top of an Si semiconductor as an insulator
to stop the leakage current from the gate. In nitrides or arsenides
cases, AlN, and AlGaAs are grown on top of GaN and GaAs,
respectively. Then a polar oxide, BaTiO , is grown on top of
the insulator. The reason behind the use of a thin SiO (or AlN
and AlGaAs in Arsenide and nitride cases) is that their defect
properties are well studied and controlled. Therefore, transport
properties at the insulator–semiconductor are already optimized
in current technologies. In Fig. 3(a), we show the key energy
levels associated with the metal, the polar oxide, the insulator
oxide, and the semiconductor. When the capacitor is formed, as
shown in Fig. 3(b), the Fermi-level is aligned so that there is no
gradient. The gate bias is set to 0 in the whole simulation so that
we assume no external applied electric bias. At the metal–polar
material interface, the fixed negative polarization charge is
balanced by the metal contact. At the polar material–insulator
interface, there exits a fixed positive polarization, which will
cause band bending as shown in Fig. 3(b). The degree of
band bending will affect the amount of 2DEG formed at the
insulator–semiconductor or polar oxide–insulator interface. To
examine the device, we need to develop the following: 1) A
model for how the polar charge is influenced by the stress and
temperature; 2) A model for band line up between the polar

oxide, insulator, and semiconductor structures; 3) A model to
account for fixed polar charge; and 4) A quantum model for the
2DEG and its distribution. Before considering the formalism
for charge control, we will discuss how stress and temperature
influence polar charge.
A. Stress Sensor
We first consider the stress sensor and develop a model that
describes how the polar charge and 2DEG vary with stress. The
formalism developed is generic and can be applied to other
“smart” oxides as well. The basic structure examined by us is
shown schematically in Fig. 4(a). As shown, a “smart oxide”
(in our simulation, this is BaTiO ) is placed between the gate
and 2-D channel of a FET. We note that since at present oxides
such as BaTiO are likely to have high defect density and very
poor mobility, we design the smart FET so that the free carrier
density is essentially at the high quality Si–SiO interface. The
metal–piezoelectric–insulator–semiconductor FET (MPISFET)
sensor is assumed to be grown on silicon cantilever as shown in
Fig. 4(b).
When a force is applied on the side of the cantilever, the
in the direction is given by
deflection
(3)
is Young’s modulus of the cantilever, is the mowhere
mentum of inertia, and is the length of the cantilever. The
,
momentum of inertia, , of a rectangular cantilever is
where is the cantilever width and is the cantilever height.
The size of , , and are set to be 200, 200, and 10 m, respectively. The gate length of sensor-FET is 1 m in this case.
When the cantilever is under force, the stress is given by
(4)
(5)
(6)
and
are the stress in the , , and direction,
where ,
is the shear stress in
direction. When
respectively. The
the sensor is grown on top of the cantilever,
, and
would be 0 for
. Therefore, we do not need to consider
the shear force in this case. From the (3) and (4), the strain
can be derived as shown below
(7)
(8)
since the MPISFET is grown on top of the canwhere
tilever. We can also derive that the strain
is equal to
,
where is the Poisson ratio. The detailed formalism can be
found in [9]. Here, we have assumed that MPISFETs are much
thinner than the height of the cantilever, and therefore the strain,
and , on top of the cantilever is equal to the strain on the
piezoelectric material. The piezoelectric material, BaTiO , has
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Fig. 3. (a) Band profiles of the isolated metal, the polar oxide, the oxide,
and the semiconductor.  is metal work function,  is the electron affinity,
E is the vaccuum energy level, E is the conduction energy band, E is
valence band, and E is the Fermi-level. (b) Band profile of the heterostructure
junctions.

a tetragonal crystal structure [21]. The elastic constant can be
expressed by
(9)
is the elastic constant. For tetragonal structures, with
where
can be simplified to
the symmetric reduction the

(10)

287

Fig. 4. (a) Schematic of the MPISFETs structure. The gate length is 1 m. (b)
MPISFETs is assumed to be grown on top of the cantilever. L is the total length
of the cantilever which is set to be 200 m. d is the height of the cantilever,
which is set to be 10 m. O is the origin of the Cartesian coordinate. The sensor
FET is at x = 3=4L.

for BaTiO . The dielectric constant
of BaTiO is
.
The piezoelectric constants and elastic constants of BaTiO are
listed on Table II.
B. Thermal Sensor
We now consider how a fixed polar charge (and consequently
the 2DEG) are influenced by the temperature changes. Polar oxides are not only good piezoelectric materials but also have good
pyroelectric properties especially near Curie temperature. Pyroelectricity results from the temperature dependence of spontaof polar materials whether they are single
neous polarization
domain single crystals or poled ceramics. Therefore, the pyroelectric coefficient is given by
(12)

In this case, there is no stress in the direction, which means
. Therefore, the strain in the
z direction would be

The polarization in the

direction

where is the real pyroelectric coefficient and is called generalized pyroelectric coefficient. As the temperature changes from
to , the spontaneous polarization of the oxide can be expressed by
(13)

is given by
(11)

where
is the piezoelectric constant and
is the spontaneous polarization of the piezoceramics, which is
C/m

Therefore, for thermal sensors, one needs to consider the
changes in the spontaneous polarization when the temperature
.
changes. Equation (11) will be modified to
is obtained, the 2DEG induced by
Once the polarization
the polarization can be calculated by a charge-control model,
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which solves Poisson equation and Schrödinger equation
self-consistently.

and
are the free carrier concentrations in the
bulk region, which can be expressed as

C. Charge Control Model

(21)

We will now describe the charge control model to examine
how changes in fixed polar charge influence 2DEG. The charge
control model used has been successfully applied to treat piezoelectric and spontaneous polarization for the AlGaN–GaN FETs
by several groups [18], [19], [22]–[24]. It also has been applied
to calculate the response of ferroelectric materials grown on silicon [10]. For the charge control model, the semiconductor interface is treated as an ideal interface with abrupt transition from
the channel materials to the barrier materials. To consider the
piezoelectric polarization and spontaneous polarization effect,
we apply the boundary condition for the heterojunction interface in the first step
(14)

(22)
and
are the material effective density of states and
where
is a half-order Fermi integral.
is the valence band
energy and the sum over i in (18) is over 2-D confined subbands
with normalized envelope functions, , and occupation, (
for the hole case). In the electron case, we can write the occupation
(23)

where and are the dielectric constants and
and
are
are the polarization and can
electric fields at the interface.
be calculated by (11). It also needs to satisfy another boundary
condition at the interface expressed by

is the in-plane effective mass and
is the subband
where
level. In order to determine the 2-D confined subband envelope functions, , and subband levels, , we must solve the
Schrödinger equation. The one dimensional Schrödinger equation can be written using the perpendicular part of the effective
mass tensor as follows:

(15)

(24)

where
is conduction band energy profile which can be ex.
is conduction discontinuity at the abrupt
pressed as
heterojunction interface. Once the boundary condition is decided, we can write down the Poisson equation

is the effective mass along the quantum confinement
where
direction. Once the Schrödinger equation has been solved, it is
straightforward to obtain charge density using (23). The and
obtained from (23) and (24) are fed into Poisson equation
again and the equations are solved self-consistently.

(16)
where is the total charge density and is the dielectric constant. The variation of fixed polar charges, dielectric constant,
free electron charges distribution, and doping is along the z direction. Therefore we use the one dimensional Poisson equation
(17)
The total charge

is

(18)
where
and
are the effective doping concentrations,
which can be expressed as
(19)
(20)
and
where
dopants and

are the concentration of donor and acceptor
and
are the impurity ionization energies.

III. RESULTS
We will now present some typical results for the sensor-transitor. As noted in the introduction section, there is little on polar
. We
properties of when the film thickness approached
will use the values reported in the literature for thick films. We
will then also show, for comparison, how the results change if
the polar parameters change dramatically at small thickness.
To study the performance of the sensor-FETs, we first begin
with Si–SiO –BaTiO heterostructure junctions. The layer
thickness of SiO is fixed at 8
in the simulation. Table I
lists the parameters used in the calculation. Traditionally,
silicon is used for mechanical sensors, because it combines
well-established electronic properties with excellent mechanical properties [25]. Additionally, it would be very easy to
integrate with other electronic circuits and microprocessors.
Therefore, the material of the cantilever is assumed to be silicon
in this case. The Young’s modulus and Poisson ratio for silicon
are 130 Gpa and 0.28, respectively [26]. The Schottky-barrier
height is assumed 1.5 eV.
The purpose of the simulation is to shed light on two issues: 1)
What is the variation of the 2DEG with strain? 2) What is the optimum thickness of the BaTiO layer for a sensitive sensor-transistor? In Fig. 5, we show how the sheet charge density in the
channel changes as stress increases. In Fig. 5(a), we show the
2DEG at the SiO –BaTiO junction while in Fig. 5(b), it is
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TABLE I
MATERIAL PARAMETERS USED IN THE CALCULATION—BANDGAP, ELECTRON EFFECTIVE MASS, HEAVY HOLE EFFECTIVE MASS, LIGHT HOLE
EFFECTIVE MASS, DIELECTRIC CONSTANT, AND SPONTANEOUS POLARIZATION

Fig. 5. Calculated sheet charge density, (n
), at the Si–SiO –BaTiO
heterostructure junctions. (a) The n
at the SiO –BaTiO interface; and
A. The
at the Si–SiO interfaces. The SiO layer thickness is 8 
(b) the n
gate voltage is 0 and the Schottky-barrier height is taken to be 1.5 eV.

shown at the Si–SiO junction. We see that for a 50 and 30
BaTiO film, a large part of the electron free charge is at the
SiO –BaTiO interface. This is not desirable, as was discussed
earlier. Fig. 6 shows the conduction band profile and charge density distribution for a 30 and a 50 BaTiO layer thickness
N/m . In Fig. 6(a), the charge density
under a stress of
at the SiO –BaTiO interface starts to increase, but for the 50
BaTiO as seen in Fig. 6(b), it is clear most of the charge is accumulated at the SiO –BaTiO interface. Since it is expected that
mobile charge will have very poor transport properties and may
cause deleterious trap related problems, it is important that the
electron charge should reside at the Si–SiO interface. We see
that once BaTiO thickness reaches 20 , the channel charge is
all at the Si–SiO interface and the device acts as a MOSFET
but with a very large stress response.

Fig. 6. Calculated charge density and conduction band profiles of
A BaTiO layer thickness
Si–SiO –BaTiO heterostructure junctions. (a) 30 
A BaTiO layer thickness under the
under stress  = 10 N/m , and (b) 50 
same stress  = 10 N/m . The SiO layer thickness of is 8 
A. The gate
voltage is 0 and Schottky-barrier height is taken to be 1.5 eV.

To understand and compare the sensitivity of the stress
sensor-FET and other stress sensors, we define the sensitivity
of the cantilever to be

(25)
(26)
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TABLE II
MATERIAL PARAMETERS FOR PIEZOELECTRIC MATERIALS—ELASTIC
CONSTANT AND PIEZOELECTRIC CONSTANT

), at the GaAs–Al Ga As
Fig. 8. Calculated sheet charge density, (n
heterostructure interface. The thickness of Al Ga As layer is 40 
A. The gate
voltage is 0 and Schottky-barrier height is taken to be 1.5 eV.

Fig. 7. Calculated sheet charge density, (n
), at the GaN–AlN
A. The gate voltage
heterostructure interface. The thickness of AlN layer is 30 
is 0 and Schottky-barrier height is taken to be 1.2 eV, respectively.

We find that the slope of
is equal to
for the optimal configuration. Therefore, we can obtain the sen. Compared to silicon
sitivity, , is equal to
piezoresistive cantilever [1], where the sensitivity,
is
, the sensor-FET has a superior potential
equal to
performance. The change in channel charge shown in Fig. 5(b)
will result in a change in the source-drain current if a standard
FET is fabricated. As can be seen from Fig. 5(b), a large change
in channel current is expected as stress changes.
We next consider GaN–AlN–BaTiO heterojunctions. It is
known there is a large spontaneous polarization in the nitrides.
Additionally, the piezoelectric effect is also very strong, which
is expected to induce large piezoelectric polarization under the
strained conditions. Therefore, nitrides would be a good choice
for piezoelectric sensors. The crystal structure of nitrides is
can also be expressed by
wurtzite. The elastic constants,
is
. Therefore, the piezoelectric
(10), where
polarization induced by the strain would be the same as (11).
It is noted that since the AlN is grown pseudomorphically
on the GaN layer, there a static strain will be present in the

AlN layer which would affect the polarization [17], [19]. The
material of cantilever is assumed to be GaN in this calculation.
The elastic constants and piezoelectric constants are listed in
Table II. The Schottky-barrier height is assumed to be 1.2 eV in
this case. From Table II we see that the piezoelectric constants
of GaN and AlN are similar, which cancels part of the fixed
polar charge variation at the GaN–AlN interface induced by
the strain. Therefore, a structure with a thin BaTiO layer
on top is considered to improve the sensor properties. Fig. 7
shows a schematic of the structure and the results for using
GaN–AlN–BaTiO heterostructure junctions. Once again a
large thickness of BaTiO layer leads to higher band bending
in BaTiO layer and accumulation of sheet charge density at
the AlN–BaTiO interface. This would lower the performance
of sensor and mobility of FETs channel. The optimal thickness
is equal to
of BaTiO is 30 , for which the slope
. The sensitivity of the cantilever is found to
be
.
For our final stress sensor case, we choose GaAs–Al
Ga As–BaTiO heterostructure junctions. The GaAs is
assumed to be grown in (100) direction so that there is no
piezoelectric effect. The Young’s modulus and Poisson ratio
are 85.5 GPa and 0.31 [27], respectively. The Schottky-barrier height is set to be 1.2 eV. Fig. 8 shows the sheet charge
for the GaAs–Al Ga As–BaTiO
density versus stress
heterostructure junctions. The slope,
, is equal to
. The sensitivity of GaAs cantilever is
. In this figure, we present
calculated to be
BaTiO layers. For large layer
the results for 10 and 20
, the sheet charge density is mainly
thickness cases
accumulated at the Al Ga As–BaTiO interface, which is
not suitable for the operation of sensor-FETs. Fig. 9 shows the
conduction band profile and charge density distribution of 10
and 20
BaTiO layer thickness. As shown in Fig. 9(b),
The charge is mostly at the Al Ga As–BaTiO interface.
This is due to the smaller bandgap of Al Ga As compared
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), versus temperature for the
Fig. 10. Calculated sheet charge density, (n
Si–SiO –BaTiO heterostructure junctions. The thickness of BaTiO layer is 20
A and the thickness of SiO layer is 8 A.
changes in temperature. In order to compare the performance to
other thermal sensors, the sensitivity of the thermal sensor-FET
can be defined as
(27)

Fig. 9. Calculated charge density and conduction band energy profiles of
A BaTiO layer
GaAs–AlGaAs–BaTiO heterostructure junctions. (a) 10 
A BaTiO layer thickness
thickness under stress  = 10 N/m ; and (b) 20 
under stress  = 10 N/m . The gate voltage is 0 and Schottky-barrier height
is taken to be 1.2 eV.

to BaTiO . Therefore, the charge could not be confined well in
the Al Ga As–GaAs interface, which limits the application
of this device.
We will now discuss our results on the use of pyroelectric effect for the thermal sensor-FET. We choose the
Si–SiO –BaTiO heterostructure. The pyroelectric coefficient of BaTiO at room temperature, T (300 K), has been
C/m
[28]. This value compared to
reported to be
BST
C/m
or PST
C/m
[29], is
relatively small. The pyroelectric coefficient changes as the
temperature increases and dielectric constant also changes
as the temperature increases. For temperature near the Curie
C), the pyroelectric coefficient has a
temperature,
peak and the spontaneous polarization becomes 0 at Curie temperature. In order to consider contributions of both pyroelectric
coefficient and dielectric constant variation, we will directly fit
the spontaneous polarization published in [30] as a function of
temperature. The fitted pyroelectric coefficient for large scale
C/m .
temperature variation would be
As shown in Fig. 10, the changes in temperature would reduce the spontaneous polarization, which would decrease the
sheet charge density at the Si–SiO interface. It is found that
to
the sheet charge density decreases from
cm , which shows that the device is very sensitive to

By fitting the curve in Fig. 10, we can obtain
m
. Therefore, we can obtain the sensitivity
to be
. A P-N diode thermal sensors typically have a variation in voltage of 2 mV/K. Thus the pyroelectric-FET should have better performance. To enhance the performance, larger pyroelectric coefficient materials such as BST
and PST would be better choices. Otherwise, operating the FET
thermal sensor near Curie temperature would be another choice.
An issue that needs to be kept in mind is that pyroelectric materials with very high dielectric constants would reduce the band
bending. Therefore, a larger layer thickness would be needed to
obtain the same performance.
The parameters for oxides used in the calculations are
assumed to be those for perfect bulk materials. However, in
reality, the properties of thin-film piezoelectric or pyroelectric
material may have differences from the bulk crystal. Recently,
several theoretical and experimental reports [31], [32] indicate
that the spontaneous polarization of BaTiO would decrease
when the film thickness is smaller than 100 . There are
reports of a critical thickness, 24 for BaTiO thin layer to
keep its spontaneous polarization. The spontaneous polarization
C/m at the critical thickness. Therefore,
decrease to
many experimentally obtained parameters of polar materials
need to be determined. In order to determine the influences
caused by parameter changes, we also examine the results for
, of BaTiO varies from
cases where the dielectric constant,
48 [21] to 1900 [9] and spontaneous polarization
varies
C/m to
C/m . Fig. 11 shows the calculated
from
optimal BaTiO layer thickness versus the dielectric constant
for different spontaneous polarization. When the spontaneous
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IV. CONCLUSION

Fig. 11. Calculated optimal BaTiO layer thickness of Si–SiO –BaTiO
heterostructure sensor-FETs for different dielectric constants and spontaneous
A. The gate voltage is 0 and
polarization. The thickness of SiO layer is 8 
Schottky-barrier height is taken to be 1.5 eV. As discussed in the text, at the
optimal thickness the 2DEG is located at the SiO –Si interface.

TABLE III
MATERIAL PARAMETERS FOR RELATED PIEZOELECTRIC MATERIALS

In this paper, we have examined how a material such as
BaTiO (with high piezoelectric response) can be combined
with semiconductors to create a sensor-FET has a high sensitivity to stress. We have also examined how a pyroelectric
material can be used in thermal sensors. Our results show that
a very thin piezoelectric layer can allow a highly sensitive
stress or thermal sensor as well as a high transconductance
FET. This would allow sensor-FETs to be very small so that
they can be very easily integrated into electronic circuits and
microprocessors. The other advantage is that the sensor itself is
already a power amplifier. The variation of free electron charge
in the transistor channel is directly transconduced into the
drain/source current which can be easily measured by current
meter. Therefore, we can reduce the size of the sensor chip.
An important outcome of our study is that the thickness of the
BaTiO film is quite small (i.e., in the range of 10–30 ). As a
result, epitaxial growth technologies such as MBE are needed.
However, this suggested thickness would change depending on
the quality of thin ferroelectric film grown on the FET. The parameters used in our calculation are based on published results
which are usually measured for thick films. For thin films, the
polarization and dielectric constants may vary due to the quality
the thin films. Our results provide motivations for experimental
studies of heterostructure based on polar oxides and semiconductors.
In future work, we will examine the transport properties in
the channel as well as trap affects at the interface.
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