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In this letter, we examine the potential of a functional device that can have good transistor and stress
sensor properties. The device examined is based on the use of a thin oxide with high piezoelectric
coefficients under the gate region. Channel charge and current are controlled by gate voltage or by
stress. We examine the performance of two classes of heterostructures that are important
semiconductor technologiegi) Si/SiO,/BaTiO; heterostructure junctions that would be an
important breakthrough for silicon sensor technology @andGaN/AIN/BaTiO; heterostructure

field effect transistors. The calculations show that with a very thin piezoelectric layer we can have
a highly sensitive stress sensor and transistor. For optimum performance, the piezoelectric layer
thickness should be-30—60 A. ©2004 American Institute of Physid®OIl: 10.1063/1.1784039

In recent years, devices exploiting piezoelectric materiabeveral advantages. First, these sensors are directly embed-
have been developed for electromechanical actuators ardkd to FETs without the need BIC circuit, and therefore the
sensors. In general, piezoelectric materials are used adrequency limitation would be much lower than the tradi-
piezoresistive sensors. While applying bias current on théional device. The size of the FET can be submicrometer, so
piezoresistive material, the variation of resistance induced bthat the size of sensor can be extremely small. Such a power
strain effect leads to the voltage drop. The voltage signal isaving higher frequency FET sensor would have a great im-
then fed to the gate of field effect transistgiRET9 with ~ pact on sensor technology.
high input impedance and then transduced to current by the In this letter, we will present this theoretical model for
FET. This allows us to estimate the strain by measuring théwo classes of junctions that are important for device tech-
current. However, two or more devices including capacitordiologiesi(i) silicon based Si/ Si&BaTiO; junctions and(ii)
are needed in these detecting systems to amplify the signgpaN based GaN/AIN/BaTi© junctions. Owing to their
which limits the operation frequency and increases the powefide band-gap, the nitride based materials are especially im-
consumption. Furthermore, the strain measured by the piortant for the high temperature and high voltage applica-
ezoresistive materials is the average value cross the resistofn. The ferroelectric material, BaTiOis selected due to its
which is not suitable for small size detector. These considerdigh piezoelectric constahit which is more sensitive to the

ations limit applications to microelectromechanical system. variation of strain. _ _ _
Recently, piezoceramics grown on silicon or nitride  The formalism developed is generic and can be applied

based heterostructure junctions have attracted consideradother “smart” oxides as well. The basic structure examined
interesf® For experimentalists who are working in this Py us is shown schematically in Fig(a). As shown, a

area, several important questions remain unanswe(ig¢d:

What are some critical physical properties that need to be G
measured?®ii) What kinds of devices can show performance (a) |

that is superior to the existing device@?) Can polar oxide-

semiconductor structures create physical effects that are not S " D
possible in existing technologies? It is known that there is a Balics

strong fixed polarization charge at the heterointerface, which Sio,

introduces very large electric fields and band bending, and | = = === ===-= -
induces a two-dimensional electron g@DEG) at the semi- Si (n+)

conductor heterostructure interface. For the most part, these
studies have focused on the 2DEG induced by the static built
in strain in the heterostructure. However, it is important to (b) P
examine the response of the 2DEG to dynamic strain varia-
tions. As we know, dynamic strain leads to the change of
piezoelectric polarization, which would affect the band bend-
ing and the 2DEG density. In field effect transistoFETS,

once the strain is directly applied in the FET, the variation of
the 2DEG caused by strain will affect the drain-source cur-
rent. Therefore we can directly measure strain through varia-
tion of drain-source current. Such a device design will have

FIG. 1. (a) A schematic of the MPISFETSs structurg) The MPISFETSs is
3Electronic mail: yrw@umich.edu grown on top of the cantilever.
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“smart oxide” (in our simulation, this is BaTig) is placed BaTiO, / SiO, interface
between the gate and 2D channel of a FET. We note that — 2nm BaTiO, o~
since at present oxides such as Baf#de likely to have a LY Wil I
large defect density and very poor mobility, we design the EE ol @ vV,;'v"'
smart FET so that the free carrier density is essentially at the o T v',vv"
high quality Si/SiQ interface. The metal-piezoelectric- 240 -
insulator semiconductor field effect transistviPISFET) St
sensor is assumed to be grown on silicon cantilever as shown 20 -
in Fig. 1(b). When a forceP applied on the side of the beam, [ __,.--""H
the deflectionsz in the z direction is given by 0.0 bttt S
1x10° 2x10° 3x10
L3 [ Si0, / Si interface
o6z=—FP, (1) 24| v
3El [ “va"vM el
— 20} L
whereE is Young’s modulus of the bearhjs the momentum F .f'_,.-"""
of inertia, andL is the length of the beam. The momentum of e 16 -
inertia | of a rectangular beam i8d®/12, whereh is the £ 40l
beam width andl is the beam height. When the cantilever is & 7 2 nm BaTiO,
under pressure, the strasgis €,E, wheree, is the strain and 0.8 - (b) :Zﬂﬁﬂig
given by E s
0 1x10° 2x10° 3x10°
€(x,—d/2) = (.2 = 3x(d/2) 6z (2) Stress ¢, (N/m’)

E L

_ . . FIG. 2. Calculated sheet charge densiti@spec), for the Si/SiQ/BaTiO;
wherez=-d/2 since th_e MP|SFET_ IS grown on top of the peterostructure junctionga) The nype at the SiQ/BaTiO; interface. (b)
beam. We can also derive the strajnis equal tore,, where  The nypeq at the Si/SiQ interfaces.

7is the Poisson ratio. The detailed formalism can be found in

Ref. 9. Here we have assumed that MPISFETs are mucpdce and the device acts as a strained metal-oxide-

thinner than the height of_the beam, and the_refore the ?trai@'emiconductor FET but with a very large stress response. We
€ andey, on top of beam is equal to the strain on the pieZ0-tq a slope ofdn/de, =2.57x 107 N1 for the optimal con-

electric material. For tetragonal materials such as Bgfi© figuration. As can be seen form Fig(t, a large change in
can be shown that the polarization in theirection P, is  fonnel c,:urrent is expected as streés 'changes

given by We next consider GaN/AIN/BaTipheterojunctions. It
Ci3 is known there is a large spontaneous polarization in the
P,=Pgp+ 913‘933_>(€x+6y). (3 nitrides. Additionally, the piezoelectric effect is also very
strong, which would induce large polarization under the
whereeg; is the piezoelectric constart;; is the elastic con- strain condition. Therefore, nitrides would be good choice
stant, andP, is the spontaneous polarization of the piezocefor piezoelectric sensors. The crystal structure of nitride is
ramics, which is —0.26 C/fifor BaTiO;. The values ofC;;  wurtzite. The piezoelectric polarization induced by the strain
and Cs; for BaTiO; are 211 and 160 GPa, respectively, andwould be the same as E(B). The material of cantilever is
3, andey; of BaTiO; are —3.88 and 5.48 C/fnrespectively. assumed to be GaN in this calculation. The elastic constants
The dielectric constant of BaTids 48 ¢,.” Once the polar- Cy30f AIN and GaN are 100 and 110 GPa, respectively, and
ization P, is obtained, the two-dimensional electron gas in-the C3; of both are 390 GPa. The piezoelectric constagis
duced by the dpolarization can be calculated by a chargesf AIN and GaN are -0.58 and —-0.34 C#nrespectively.
control model®!! which solves the Poisson equation and The e;; of AIN and GaN are 1.55 and 0.67 C#nrespec-
Schrédinger equation self-consistently. tively. The piezoelectric constants of GaN and AIN are simi-
To study the performance of the MPISFET sensor, wdar, which cancels part of the fixed polar charge variation at
first begin with Si/SiQ/BaTiO; heterostructure junctions. the GaN/AIN interface induced by the strain. Therefore, a
Traditionally, silicon is used for mechanical sensors, becausstructure with a thin BaTi@layer on top is considered to
it combines well-established electronic properties with excelimprove the sensor properties. Figure 3 shows a schematic of
lent mechanical properti¢é. Therefore, the component of the structure and the results for using GaN/AIN/BaJ@t-
the catilever is assumed to be silicon in this case. Therostructure junctions. Once again a large thickness of
Young's modulus and Poisson ratio for silicon is 130 GpaBaTiO; layer leads to higher band bending in the BaJiO
and 0.28, respectively. In Fig. 2 we show how the sheet layer and accumulation of sheet charge density at the
charge density in the channel changes as stress increases AlN/BaTiOj interface. This would lower the performance of
Fig. 2a), we show the 2DEG at the BaTi{BiO, junction  sensor and mobility of FETs channel. The optimal thickness
while in Fig. Ab), it is shown at the Si/Sigjunction. We see  of BaTiO; is 30 A, for which the slopain/do, is equal to
that for a 50 and 30 A BaTigfilm, a large part of the elec- 1.608x 107 (N71).
tron free charge resides at the Ba%iSiO, interface. Since The parameters for oxides used in the calculations are
it is expected that mobile charge will have very poor trans-assumed to be those for perfect bulk materials, However, in
port properties and may cause deleterious trap related probeality, the properties of thin film piezoelectric or pyroelec-
lems, it is important that most of the electron charge residetric material may have difference from the bulk crystal. Re-
at the Si/SiQ interface. We see that once BaTifickness cently, several theoretical and experimental refortsindi-
reaches 20 A, the channel charge is all at the Si4®@r- cate that the spontaneous polarization of BaTi@ould
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———t—, ] creases. In some referencetie ¢ is 1900¢,, we obtain an
50 -:iﬂ:ﬁ;ﬁ; 1 1 optimum layer thickness of 800 A. The parameter study of
| —w—4nm BaTiO, GaN ] Fig. 4 would be useful for device design.
qf; sk ——_ly One must note that the use of polar oxides can also in-
= ,,,.vv".vvvvv" et fluence tunneling related to the gate current. The band bend-
< __,__.--""" 1 ing will lead to higher tunneling curreff. Therefore, an in-
=§ whk ___,..---""' i sulator or wide band ga®iOG,and AIN) between polar oxide
and semiconductor would be necessary to stop the tunneling
[ / T effect. Another aspect that needs to be further considered is
35 P T T the electrostatics at the heterostructure interface. Recently,

0 150" 210" 3x10” some studie¥ indicate the band offset at oxide /Si interface

Stress o, (N/m’) can be changed. Therefore, the tunneling mechanism and op-
timal thickness might be affected. These effects need more
experimental data to examine.

In summary, our results show that a very thin piezoelec-

tric layer can allow a super sensitive stress sensor and a high
ransconductance. Besides, the size of FET sensors can be
. . o very small and thin which can be very easily integrated into
thin layer to keep its spontaneous polarization. The Spome}éleé/tronic circuits and microprocesgrs. Ar>1/ impgrtant out-

Neous polarization decrease' to _0'.05 C/an the critical come of our study is that the thickness of the Bagfiln is
thickness. In order to determine the influence caused by pa-

rameter changes, we examine the optimal thickness for dil‘gUIte small(i.e., in the range of 20-58). As a result, epi-

ferent dielectric constant and spontaneous polarization. Figt-"jlxIal growth technologies such as MBE are needed.
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