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SEMICONDUCTOR PIEZORESISTOR 

RELATED APPLICATION 

[0001] This application is a continuation of application 
Ser. No. 09/500,408, ?led Feb. 8, 2000. The entire teachings 
of the above application are incorporated herein by refer 
ence. 

BACKGROUND OF THE INVENTION 

[0002] Strain gages are commonly used to detect stresses 
in materials, changes in pressure and temperature, etc. 
Typically, strain gages employ one or more pieZoresistive 
elements or pieZoresistors Which experience a change in 
resistance When subjected to strain induced by physical 
and/or chemical stimuli. The pieZoresistive elements found 
in a conventional strain gage are usually formed of several 
loops of ?ne Wire or a special foil composition. In use, the 
gage is bonded to the surface of the object to be analyZed. 
When the object is deformed in response to particular 
stimuli, the pieZoresistive elements of the gage are strained 
Which alters the resistance of the pieZoresistive elements. 
The change in resistance is measured and then is correlated 
to the level of strain experienced by the object. 

[0003] Recently, micro-electromechanical sensors have 
been developed that are manufactured by semiconductor 
microelectronic processing and precision etching technolo 
gies. These sensors can be employed for measuring param 
eters such as pressure, acoustic vibrations, inertia (accelera 
tion, vibration, shock), gas concentration, temperature etc. 
Such sensors typically employ micromechanical elements 
(membranes, cantilever beams, microbridges, tethered proof 
masses, etc.) Which are perturbed by physical and/or chemi 
cal stimuli, With the magnitude of the perturbation being 
related to the magnitude of the physical or chemical stimuli. 
Typically, pieZoresistors are positioned on the microme 
chanical element at high-stress locations of the microme 
chanical element (for eXample, at the edge of a membrane). 
The sensitivity of such sensors is proportional to the pieZore 
sistive gage factor of the pieZoresistors, de?ned as: GF=AR/ 
Re, the relative change in resistance AR/R With strain e. 

[0004] Silicon is a common material for forming the 
pieZoresistors in micro-electromechanical sensors and has a 
gage factor that is suitable for various applications. HoW 
ever, in some instances, a higher gage factor is desirable so 
that the sensitivity of the sensor incorporating the pieZore 
sistor can be increased, or alternatively, the micromechani 
cal element on Which the pieZoresistor is positioned, can be 
stiffened for increased mechanical strength Without reducing 
the sensitivity of the sensor. Attempts have been made to 
produce pieZoresistors With higher gage factors than silicon, 
hoWever, such attempts have not produced signi?cantly 
higher gage factors With consistant pieZoresistive properties. 

SUMMARY OF THE INVENTION 

[0005] The present invention is directed to a pieZoresistor 
having a gage factor that is signi?cantly higher than current 
pieZoresistive devices. The pieZoresistor of the present 
invention includes a base substrate With a quantum Well 
structure formed on the base substrate. The quantum Well 
structure has at least one quantum Well layer bound or 
sandWiched by barrier layers. The barrier layers are formed 
from a material having a larger bandgap than the at least one 
quantum Well layer. 
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[0006] In preferred embodiments, each quantum Well 
layer in the quantum Well structure is less than about 1000 
A thick and is more preferably about 5 A to 30 A thick. The 
barrier layers in the quantum Well structure are less than 
about 1000 A thick and are more preferably about 5 A to 50 
A thick. The quantum Well structure may have one or more 
quantum Well layers With about 5 to 10 layers being pre 
ferred. Selected layers in the quantum Well structure may be 
doped. The base substrate is preferably a single crystal and 
the layers of the quantum Well structure are formed by 
epitaXial groWth. 

[0007] In one embodiment, the base substrate is a Wafer, 
thin ?lm or thin foil. In another embodiment, the base 
substrate is a micromachined mechanical element of a 
sensor on Which the quantum Well structure is fabricated. 

[0008] The present invention pieZoresistor can be fabri 
cated from semiconductor materials Which are resistant to 
harsh conditions, such as, high temperatures, high pressure, 
and corrosive or reactive gas environments. Such semicon 
ductor materials are typically compatible With microelec 
tronic devices and can be manufactured in batches. This 
makes the present invention pieZoresistor loW cost in com 
parison to metal strain gages. In addition, the pieZoresistor 
can be fabricated either as a strain gage that is bonded to an 
object or structure to be analyZed, or as part of an electro 
mechanical sensor for measuring parameters, such as, pres 
sure, acceleration, vibration etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
draWings in Which like reference characters refer to the same 
parts throughout the different vieWs. The draWings are not 
necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. 

[0010] FIG. 1 is a schematic cross-sectional vieW of a 
preferred pieZoresistor of the present invention. 

[0011] FIG. 2 is a band structure diagram for the quantum 
Well structure of the pieZoresistor of FIG. 1. Energy of the 
?rst quantiZed miniband E1 changes With quantum Well 
thickness a, Which in turn depends on the stress applied. Also 
indicated are the bandgap energies Eg (A), Eg (B) and the 
barrier heights in the conduction and valence bands EB(CB), 
EB(VB), With A and B being the barrier and quantum Well 
layers, respectively. 
[0012] FIG. 3 is a schematic draWing of current I ?oWing 
through a quantum Well. 

[0013] FIG. 4 is a schematic side vieW of a pieZoresistor 
of the present invention bonded to the surface of a contoured 
object. 
[0014] FIG. 5 is a plan vieW of a portion of an electro 
mechanical sensor shoWing a multiple quantum Well struc 
ture formed on a mechanical element of the sensor. 

[0015] FIG. 6 is a schematic vieW of a preferred method 
for forming electrical contacts on a pieZoresistor of the 
present invention. Ohmnic contacts are fabricated on the 
sideWalls, to measure lateral electrical transport along the 
quantum Wells. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0016] A description of a preferred embodiment of the 
invention follows. Referring to FIG. 1, pieZoresistor 10 
includes a single crystal base substrate 14, a thin insulating 
layer 16 deposited on the base substrate 14, and a quantum 
Well semiconductor structure 12 deposited over the insulat 
ing layer 16. Typically, base substrate 14 is a mechanical 
element 26 of an electromechanical sensor 24 (FIG. 5), a 
thin bulk Wafer or a thin ?lm or foil. When base substrate 14 
is a Wafer, ?lm or foil, base substrate 14 must be thin enough 
so that pieZoresistor 10 can be bonded to an object and Will 
deform With the object When the object is subjected to stress. 
Insulating layer 16 electrically isolates the quantum Well 
structure 12 from base substrate 14. Quantum Well structure 
12 consists of thin ?lm smaller bandgap quantum Well 
semiconductor layers 18 and larger bandgap barrier layers 
20. The barrier layers 20 maybe a semiconductor or an 
insulator. Typically, each smaller band gap layer 18 is 
bounded or sandWiched betWeen tWo larger bandgap layers 
20 Which achieves quantum con?nement of carriers Within 
the smaller bandgap layer 18. The bottom layer 18 may be 
on the insulating layer 16 as shoWn in FIG. 1, Where the 
insulating layer 16 serves as a barrier layer. The quantum 
Well layers 18 are preferably doped n-type but alternatively, 
may be doped p-type or undoped. In addition, the barrier 
layers 20 can be doped instead of the quantum Well layers 
18. 

[0017] Referring to FIG. 2, quantum con?nement of car 
riers is achieved in the quantum Well layers 18 With electrons 
at a ?rst quantiZation miniband E1. Miniband E1 is shoWn in 
the conduction band of the quantum Well, Which corre 
sponds to n-type doping. Alternatively, p-type doping Would 
result in miniband E1 being in the valence band. It is 
understood that more than one miniband E1, E2, . . . can eXist 

in the quantum Well. FIG. 3 depicts the manner in Which 
current I ?oWs in a quantum Well layer 18. The barrier layers 
20 have a barrier height EB(CB) that is higher than the ?rst 
quantiZation miniband E1. The miniband energy E1 depends 
on the quantum Well thickness as follows: 

It2 (Eq- 1) 

[0018] Where: 

[0019] h is Planck’s constant, 

[0020] m* is the effective mass of the majority carrier 
in the quantum Well layer 18, and 

[0021] a is the thickness of the quantum Well layer 
18. 

[0022] Quantum Well structure 12 has a resistance, Which 
is the parallel combination of the resistances of each indi 
vidual quantum Well layer 18. The lateral resistance R of an 
individual quantum Well layer 18 depends on the number of 
carriers excited from the Fermi level to E1 and thus depends 
on E1 as folloWs: 
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E.2 Roce 7777 ’i' (q) 

[0023] Where: 

[0024] EF is the Fermi level 

[0025] k is BoltZmann’s constant; and 

[0026] T is temperature. 

[0027] The band structure and thus the carrier transport is 
highly sensitive to the stresses Which modulate the quantum 
Well thickness dimension a. For eXample, the application of 
a compressive stress reduces the quantum Well dimension a, 
and in turn, increases (El-EF), thereby resulting in a large 
increase in resistance R due to the exponential dependence 
of R on (El-EF). 

[0028] Substituting Eq. 1 for E1 in Eq. 2 and assuming EF 
to be constant results in: 

h2 (Eq. 3) 

[0029] Where: 

[0030] C is a constant. 

[0031] The relative change in resistance R at a particular 
temperature, can be found as a function of the quantum Well 
dimension a by differentiating Eq. 3: 

dR —2h2 da (Eq- 4) 

[0032] Where: 

[0033] da/a is the strain e in the quantum Well struc 
ture 12. 

[0034] The gage factor, de?ned as (AR/Re), is inversely 
proportional to a2. High sensitivity is achieved With pieZore 
sistors having large gage factors. Highest sensitivity is 
achieved by using very thin quantum Well layers 18 as 
folloWs from the inverse a2 dependence. Although FIG. 1 
depicts multiple layers in the quantum Well structure 12, a 
single quantum Well layer is sufficient to realiZe the change 
in resistance as a result of strain in the ?lm. HoWever, large 
numbers (5 to 10) of quantum Well layers are preferred to 
enable easier measurement. In FIG. 2, the band structure 
shoWs a Type I superlattice structure, Where con?nement of 
both electrons (in the conduction band) and holes (in the 
valence band) is possible. HoWever, the electrons, having 
smaller effective mass m*, enable higher sensitivity. Carrier 
con?nement can also be achieved using Type II superlattice 
structures, Where only one type of carrier (electrons or holes) 
is con?ned to a layer and is active in electrical conduction. 

[0035] In use, When analyZing a structure or object, for 
eXample, an aircraft Wing, engine components, etc., a 
pieZoresistor 10 having a Wafer, ?lm or foil base substrate 14 
is employed. The base substrate 14 is bonded to the structure 
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of object 22 (FIG. 4). When the surface of the structure of 
object 22 has contours, a ?lm or foil base substrate 14 is 
preferably employed because such a base substrate 14 
allows pieZoresistor 10 to conform to the contours. Once the 
structure or object 22 is subjected to stress, the pieZoresistor 
10 experiences strain. The strain changes the dimensions of 
the quantum Well layer or layers 18, Which thereby changes 
the resistance of the quantum Well structure 12. The quan 
tum Well structure 12 is electrically connected to a measure 
ment circuit. The change in resistance is measured by the 
measurement circuit, for example using a Wheatstone 
bridge circuit. This change in resistance is then correlated to 
the strain of the underlying structure or object 22. 

[0036] When base substrate 14 is a mechanical component 
or element of an electromechanical sensor 24, for example, 
a cantilevered beam 26 (FIG. 5), or a membrane, micro 
bridge, tethered proof mass etc., the multiple quantum Well 
structure 12 is formed on the mechanical element in a trace 
pattern With electrical contacts 28 on the tWo ends of the 
trace. The quantum Well structure 12 is deposited on the 
mechanical element 26 in the desired pattern by employing 
standard masking techniques. By connecting the quantum 
Well structure 12 to a measurement circuit, for example, a 
Wheatsone-bridge circuit, the change in resistance of the 
quantum Well structure 12 can be determined When the 
mechanical element 26 of the electromechanical sensor 24 is 
perturbed by external stimuli. 

[0037] A more detailed description of pieZoresistor 10 
noW folloWs. Base substrate 14 is preferably a single crystal 
because a single crystal provides a high quality surface that 
ensures that the overlying layers 16/18/20 Will be of uniform 
thickness and have a high degree of crystalline perfection. 
Typical materials for base substrate 14 are silicon (Si), 
gallium arsenide (GaAs), silicon carbide (SiC) or sapphire, 
hoWever, other suitable single crystal materials or amor 
phous or polycrystalline materials can be employed. 

[0038] Insulating layer 16 is preferably about 1000 A to 
10,000 A thick With about 5000 A being preferred. A 
preferred material for insulating layer 16 is aluminum nitride 
(AlN). Alternatively, other suitable resistive materials can be 
employed. HoWever, When base substrate 14 is made of an 
insulating material, insulating layer 16 can be omitted. 

[0039] The larger bandgap barrier layers 20 of quantum 
Well structure 12 are preferably about 5 A to 1000 A thick 
With about 50 A being preferred. Typical materials for 
barrier layers 20 may be semiconductors such as aluminum 
gallium nitride (AlXGal1_XN), silicon germanium (SiXGe1_X), 
aluminum gallium arsenide (AlXGa1_XAs) etc., or insulators 
such as SiO2 or Si3N4. The typical semiconductor materials 
for barrier layers 20 may be formed out of group IV (Si, Ge), 
group IV-IV (SiC), group III-V and group II-VI. The smaller 
bandgap quantum Well layers 18 of quantum Well structure 
12 are (preferably about 5 A to 1000 A thick With about 5 A 
to 30 A being preferred. The gage factor of pieZoresistor 10 
increases as the thickness of the quantum Well layers 18 
decrease. As the thickness of the quantum Well layers 18 
goes beloW about 30 A, the gage factor of pieZoresistor 10 
increases dramatically. Typical materials for quantum Well 
layers 18 are semiconductors such as gallium nitride (GaN), 
gallium arsenide (GaAs), indium phosphide (InP), silicon 
germanium (SiXGe1_X), etc. The typical materials for quan 
tum Well layers 18 may be formed out of group IV (Where 
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the group IV element may be Si,Ge,SiXGe1_X,SiC), group 
III-V (Solid solutions of Al,Ga,In,N,P,As and Sb) and group 
II-VI (solid solutions of Zn,Cd, Hg,O,S,Se and Te). Each 
quantum Well layer 18 is preferably sandWiched betWeen 
tWo barrier layers 20 such that the top and bottom layers of 
the quantum Well structure 12 are barrier layers 20. Alter 
natively the bottom barrier layer 20 may be omitted if an 
insulating layer 16 is employed. In such a case, the insulat 
ing layer 16 forms the bottom barrier layer. The barrier 
layers 20 may be different compositions. 

[0040] Typical methods of depositing layers 16, 18 and 20 
over base substrate 14 are by physical vapor deposition 
(molecular beam epitaxy, sputtering, evaporation, etc.) or 
chemical vapor deposition. Such methods offer a very high 
degree of control for groWth rate, background impurity 
levels and provide near atomic resolution Which enables the 
formation of highly reproducible pieZoresistors 10. The gage 
factor of pieZoresistor 10 can be varied by varying the 
thickness of the layers 18/20, and varying the doping type 
and/or density. The highest gage factors can be achieved by 
depositing quantum Well layers 18 being as thin as possible 
(about 5 A to 10 In addition, the bandgaps of the 
quantum Well and barrier layers 18/20 can be tuned or varied 
by controlling the composition of the material in the layers 
18/20. Electrical contacts 28 on quantum Well structure 12 
in one embodiment are fabricated by depositing suitable 
metals, for example by sputtering or e-beam evaporation, 
such that contact to all the layers of the quantum Well 
structure 12 is made (FIG. 6). 

[0041] An example of a preferred material combination 
for pieZoresistor 10 is as folloWs: 6H-SiC or sapphire for 
base substrate 14, AlN for insulating layer 16, AlXGa1_XN for 
barrier layers 20 and GaN for quantum Well layers 18. 
Nitride semiconductor materials are preferred for pieZore 
sistor 10 due to stability at high temperatures (1200°) and in 
corrosive or reactive gas environments. Less expensive 
materials such as column IV and loWer gap III-V semicon 
ductors, for example, Si, SiGe, AlXGa1_XAs, InP and GaAs 
can be employed for use at loWer temperatures or less 
corrosive or reactive gas environments. Another example is 
alternating layers of amorphous SiO2 (barrier) and polycrys 
talline silicon (quantum Well) deposited on a glass substrate. 
Alternatively, less costly semiconductor materials can be 
encapsulated by more costly high stability materials such as 
nitride semiconductor materials to reduce cost While 
improving the stability of the resulting pieZoresistor 10. 

[0042] Using semiconductor processing techniques, mul 
tiple pieZoresistors 10 can be deposited on the same base 
substrate 14. Some of such pieZoresistors 10 can be fabri 
cated to have different gage factors. Using masking and/or 
etching techniques, different types of patterns can be formed 
on base substrate 14 such as a trace or comb structures. 

[0043] While this invention has been particularly shoWn 
and described With references to preferred embodiments 
thereof it Will be understood by those skilled in the art that 
various changes in form and details may be made therein 
Without departing from the scope of the invention encom 
passed by the appended claims. 

[0044] For example, although a single crystal base sub 
strate is preferred, alternatively, a portion of the base sub 
strate may be single crystal With other portions being 
polycrystalline or amorphous. In such a case, a layer of 
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single crystal material may be bonded to a polycrystalline or 
amorphous material. The quantum Well structure is then 
formed on the single crystal layer. 

What is claimed is: 
1. A pieZoresistor comprising: 

a base substrate; and 

a quantum Well structure formed in conjunction With the 
base substrate, the quantum Well structure comprising 
at least one smaller bandgap layer bounded by larger 
bandgap layers, the at least one smaller bandgap layer 
having a thickness of 30 A or less. 

2. The pieZoresistor of claim 1 in Which the at least one 
smaller bandgap is a quantum Well layer and the larger 
bandgap layers are barrier layers. 

3. The pieZoresistor of claim 1 in Which each smaller 
bandgap layer is 5 A to 30 A thick. 

4. The pieZoresistor of claim 1 in Which the larger 
bandgap layers in the quantum Well structure are more than 
5 A thick. 

5. The pieZoresistor of claim 1 in Which the larger 
bandgap layers are 5 A to 50 A thick. 

6. The pieZoresistor of claim 1 in Which quantum con 
?nement of carriers is achieved in the at least one smaller 
bandgap layer. 

7. The pieZoresistor of claim 2 in Which the quantum Well 
structure has 5 to 10 quantum Well layers. 

8. The pieZoresistor of claim 1 in Which the base substrate 
is a single crystal. 

9. The pieZoresistor of claim 1 in Which the base substrate 
is a mechanical element of a sensor. 

10. The pieZoresistor of claim 9 in Which the mechanical 
element is micromachined. 

11. The pieZoresistor of claim 1 in Which the base 
substrate is a thin ?lm. 

12. The pieZoresistor of claim 2 in Which the barrier layers 
are formed from an insulating material. 

13. A pieZoresistor comprising: 

a single crystal base substrate; and 

a quantum Well structure formed in conjunction With the 
base substrate, the quantum Well structure having alter 
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nating larger and smaller bandgap semiconductor lay 
ers, Wherein quantum con?nement of carriers is 
achieved in the smaller bangap layers, the smaller 
bandgap layers having a thickness of 30 A or less. 

14. A method of forming a pieZoresistor comprising: 

providing a base substrate; and 

forming a quantum Well structure in conjunction With the 
base substrate, the quantum Well structure comprising 
at least one smaller bandgap layer bounded by larger 
bandgap layers, the at least one smaller bandgap layer 
having a thickness of 30 A or less. 

15. The method of claim 14 further comprising forming at 
least one quantum Well layer from the smaller bandgap layer 
and barrier layers from the larger bandgap layers. 

16. The method of claim 14 further comprising forming 
the at least one smaller bandgap layer With a thickness of 5 
A to 30 A. 

17. The method of claim 14 further comprising forming 
the larger bandgap layers more than 5 A thick. 

18. The method of claim 17 further comprising forming 
the larger bandgap layers 5 A to 50 A thick. 

19. The method of claim 15 further comprising forming 5 
to 10 quantum Well layers in the quantum Well structure. 

20. The method of claim 14 further comprising forming 
the base substrate from a single crystal. 

21. The method of claim 14 further comprising forming 
the base substrate from a mechanical element of a sensor. 

22. The method of claim 21 further comprising micro 
machining the mechanical element. 

23. The method of claim 14 further comprising forming 
the base substrate from a ?lm. 

24. A method of forming a pieZoresistor comprising: 

providing a single crystal base substrate; and 

forming a quantum Well structure in conjunction With the 
base substrate, the quantum Well structure having alter 
nating larger and smaller bandgap semiconductor lay 
ers, Wherein quantum con?nement of carriers is 
achieved in the smaller band gap layers the smaller 
bandgap layers having a thickness of 30 A or less. 

* * * * * 


