Piezoresistive Stress Sensors for
Structural Analysis of Electronic
Packages

Structural reliability of electronic packages has become an increasing concern for
a variety of reasons including the advent of higher integrated circuit densities, power
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Introduction

Stresses due to thermal and mechanical loadings are often
produced in chips which are incorporated into electronic pack-
ages. During fabrication steps such as encapsulation and die-
attachment, thermally-induced stresses are created. These oc-
cur due to nonuniform thermal expansions resulting from mis-
matches between the coefficients of thermal expansion of the
materials comprising the package and the semiconductor die.
Additional thermally-induced stresses can be produced from
heat dissipated by high power density devices during operation.
Finally, mechanical loadings can be transmitted to the package
through contact with the printed circuit board to which it is
mounted. The combination of all of the above loadings can
lead to two-dimensional (biaxial) and three-dimensional (triax-
ial) states of stress on the surface of the die. If high-power
density devices within the package are switched on and off,
these stress states can be cyclic in time causing fatigue. All of
these factors can lead to premature failure of the package due
to such causes as fracture of the die, severing of bond con-
nections, die attach failure, and encapsulant cracking. These
reliability problems are of ever increasing concern as larger
scale chips and higher temperature applications are considered.

Stress analyses of electronic packages and their components
have been performed using analytical, numerical, and exper-
imental methods. Analytical investigations have been primarily
concerned with finding closed-form elasticity solutions for lay-
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stress state at points on the surface of a die

ered structures, while numerical studies have typically consid-
ered finite element solutions for sophisticated package
geometries. Experimental approaches have included the use of
test chips incorporating piezoresistive stress sensors (semicon-
ductor strain gages), and the use of optical techniques such as
holographic interferometry, moire interferometry, and photo-
elasticity. In this paper, the theory and design of piezoresistive
stress sensors are considered in detail.

Piezoresistive stress sensors are a powerful tool for exper-
imental structural analysis of electronic packages. They are
conveniently fabricated into the surface of the die as part of
the normal processing procedure. In addition, they are capable
of providing nonintrusive measurements of surface stress states
on a chip even within encapsulated packages. If the piezores-
istive sensors are calibrated over a wide temperature range,
thermally induced stresses can be measured. Finally, a full-
field mapping of the stress distribution over a die’s surface
can be obtained using specially designed test chips which in-
corporate an array of sensor rosettes and multiplexing circui-
try.

Prior published applications of stress sensing test chips have
included sensor rosettes with two and four resistors. Two ele-
ment rosettes fabricated on (100) silicon have been utilized by
Spencer et al. [1981], Edwards and coworkers [1983, 1987],
and Beaty et al. [1990]. The sensor rosettes utilized in these
investigations are able to measure two in-plane normal stress
components at points in a state of plane stress such as those
on the free (unloaded) surface of the integrated circuit die.
Four eclement rosettes containing strictly n-type or p-type re-
sistors have been applied by Natarajan and Bhattacharyya
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[1986] using (100) silicon, and Gee et al. [1988, 1989] using
(111) silicon. The sensors in these studies are able to measure
all three of the in-plane stress components provided that the
location of the sensor is in a state of plane stress. A four
element rosette on (100) silicon containing two n-type resistors
and two p-type resistors has been designed and applied by
Miura and co-workers [1987, 1990]. This sensor is able to
measure the three in-plane stress components and the out-of-
plane normal stress component. Also, the resistance changes
of the rosette elements are insensitive to the out-of-plane shear-
ing stresses. This piezoresistive stress sensor was the first to
be presented with the capability to measure four of the six
unique stress components at an arbitrarily stressed point.

No general presentation of the theory and design of piezo-
resistive stress sensors for test chips has appeared in the lit-
erature. In addition, most prior stress chips have been designed
for plane stress situations so that they tannot be applied to
encapsulated packages with confidence. Finally, no sensors
capable of measuring the complete three-dimensional stress
state at points on the surface of a die are currently available.
In this paper, the theory of conduction in piezoresistive ma-
terials is reviewed and the basic equations needed for designing
test chip stress sensors are derived. Emphasis is placed on
obtaining general expressions for the resistance changes ex-
perienced by arbitrarily stressed in-plane resistors fabricated
on (100) or (111) silicon wafers. These are the most common
orientations used in silicon integrated circuit fabrication. Néw
sensor rosettes are presented which ease calibration consid-
erations and permit more stress components to be measured.
In particular, a new six element sensor rosette fabricated on
(111) silicon is introduced which can measure the complete
three-dimensional stress state at points on a die’s surface.

Mathematical Theory of Piezoresistivity

Anisotropic Conduction. A basic axiom of the theory of
conduction of electric charge is that the current density vector
is a function of the electric field vector

J=J(E) 4Y)]
or
Ji=Ji(E\, B, E;) 2

where J; and E; are the cartesian components of the current
density and electric field vectors, respectively. In most solid
conductors, this functional relation has been observed to be
linear over a wide range of electric field magnitudes. Such
conductors are referred to as ohmic materials. In an anisotropic
ohmic conductor, the most general linear relationship is

Ji=x;E; 3)
where «;; are the components of the conductivity tensor, and

the summation convention is implied for repeated indices. This
relation can be inverted to give

E;=p;J; C))
where p;; are the components of the resistivity tensor. Using
the reciprocity theorem derived by Onsager [1931q, 19315], it

is possible to show that the conductivity and resistivity tensors
are symmetric

Kij= Kjis Pij=Pji &)

The Piezoresistive Effect. The piezoresistive effect is a
stress-induced change in the components of the resistivity ten-
sor. It is exhibited in so-called piezoresistive materials. The
first observations of this phenomenon were made by Bridgman
[1922, 1925, 1932] who subjected metals to tension and hy-

drostatic pressure. Experimental observations of the piezores-
istive effect in semiconductors (silicon and germanium) were
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first made by Taylor [1950], Bridgman [1951], Smith [1954],
and Paul and Pearson [1955].

The piezoresistive effect can be modeled mathematically us-
ing the series expansion ’

P15 = P+ TijuiOkt + AfjttmnOkiGmn + + * + ©)
where p}; are the resistivity components for the stress free
material and jx, Ajjkmm, €tc. are components of fourth, sixth,
and higher order tensors which characterize the stress-induced
resistivity change.' For sufficiently small stress levels, this re-
lation is typically truncated so that the resistivity components
are linearly related to the stress components

i = Pij+ TijaOis ¥
For fixed environmental conditions (i.e. temperature), the 81
components 7, of the fourth order piezoresisitvity tensor are
constants.

From Eq. (7) it is easily seen that the stress-induced resistivity
changes are given by

Apij= Tiju0 8

It is also possible to model the resistivity changes in terms of
the strain components using an expression such as

Apiy=Mjxewn 9

where M;j,, are the components of the fourth order elastores-
istivity tensor. In this paper, the stress-based formulation given
in Eqgs. (7, 8) is adopted.

Reduced Index Notation. The relations in Eqgs. (7, 8) can
be simplified by recognizing that the resistivity and stress ten-
sors are symmetric. Since Ap;;= Apj;, it follows that the linear
dependence of resistivity component Ap;; on stress component
gy will be the same as the linear dependence of Apj;; on oy
These conditions imply the general relation

Tijid = Tjiki (10)
In addition, the relation o,,= oy suggests that the linear de-
pendence of resistivity component Ap;; on stress component

gy will be the same asits linear dependence on stress component
ox. Therefore, it can be concluded that

Tijkl = Tijik (1D

Using Egs. (5, 10, 11), the nine expressions in Eq. (7) can
be simplified to the following six unique equations:

(41 i P(l)l
P22 P(z)z
P33 _ 0(3)3
P13 0(1)3
P23 933
P12 L P?z

Tir W22 T3y 2%s 2723 2702 | on
Tl T2222 T2233 2T2213 2023 27212 022

4| T T2 T 2my313 2W3323 273312 | | 033 (12)
T30 T1322 Ti333 27313 27433 270312 013
Toan T2322 2333 2W2313 272323 27a312 023
L1211 T1222 T1233 2Wy213 223 2212 Loonzd

The above relations are the most concise form for the fully
expanded equations of the theory of piezoresistivity. They are
not convenient in a notational sense since they cannot be ex-
pressed compactly in indicial notation. Historically, it has be-
come a convention to reduce the complexities of the index
labels through a renumbering scheme where index pairs are
replaced by single indices which assume values of 1, 2, ..., 6
instead of 1, 2, 3. The following index conversions are typically
used:
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X2

X2

X] >
X1
Fig. 1 Unprimed and primed coordinate systems
11~1 22~2 33~3
(13)
13~4 23~5 12~6

If such a reduced index notation is adopted, the expressions
in Eq. (12) can be rewritten in indicial notation as

po=pa+agog (14)
where greek indices take on the values 1, 2, ..., 6 and

PL=P12s 02=P225 +++> P6= P12 (15)
o =01, p3=0%, --., PG=p (16)
0y = 0115 02 =020y «vy O =012 17

Op=mun, Hp=m122, ooy ig=2m02

I =711, My =220, +rvs The=2mp12
etc... (18)

A further notational simplification can be obtained by in-
troduction of the so-called piezoresistive coefficients. They are
defined by

7) are valid in the unprimed system (x,, x,, X3), the appropriate
expressions for the primed system are

Ef = Pi}Jj' (23)

’ Q0 ’ ’
Pij = Pij + TijkiCkt (24)
The components of the electric field vector, current density
vector, resistivity tensor, stress tensor, and piezoresistivity ten-
sor all transform from one coordinate system to the other using
the standard tensor transformation relations:

Bl =ayt;  Ei=a;Ef (25)
Ji=ayl;  Ji=apl] (26)
P = Ao 0ij = AxiQypy (27)
05 = A0y 0= ARidlj0 1y (28)

7ri}k1 = AimBinQro@ipT mnop
Tijkl = amianjaokaplﬂ'l;mop (29)

where

a;=cos(x{, x;) 30)

are the direction cosines for the two coordinate systems.

The mathematical models for the piezoresistive effect found
in Eqs. (21, 22) were expressed in reduced index notation and
are not tensor equations. However, they can be considered
form invariant upon coordinate system transformation if ap-
propriate transformation relations are introduced for the pie-
zoresistive coefficients. This fact was first demonstrated by
Smith [1958], and then later applied to crystals with cubic
symmetry and diamond structure by Pfann and Thurston
[1961], and Thurston [1964]. If Eqgs. (21, 22) are valid in the
unprimed system (x;, X2, X3), the form invariant expressions
for the primed system are

P =Py +PTs04 (31
Apy
?z TLa04 (32)

In Egs. (31, 32), the scalar invariant nature of the mean un-
stressed resistivity p has been recognized.
The transformation relations for the reduced index resistivity

Waﬁzl—If—ﬁ (19) and stress components can be obtained by substituting Egs.
P (15, 17) into the fully expanded versions of Egs. (27, 28). This
where p is the mean (hydrostatic) unstressed resistivity calculation leads to the relations
’ —1 s
__pliten+els 0) pe=Togps  pPa=Tuspj ¢33
P 3 ob=Togos  0u=Tija} (34)
Substitution of Eq. (19) into Eq. (14) leads to where the coefficients 7,4 are elements of a six by six trans-
=00+ BTa0 @1 formation matrix related by the directions cosines for the un-
Pa™=PaT PTsTp primed and primed coordinate systems. The specific form of
or this transformation matrix is
112 m% nf 211711 2m1n1 211m1
122 m% n% 212’12 2m2n2 2]2”’12
[Tog] = 5 A ns 20n, 2msn; 2lm; 35)
o Ly mums mns  (hns+hny)  (mps+mang)  (ms+ bmy)
Ly mumy mny  (bns+hm)  (mons+msny)  (hms+lhimy)
Wy mm, nmny (ln+hm) (mmp+nmgny)  (Lmg+ bhmy)
A where the following reduced index rotation has been introduced
Yo . . .
— = T,p0g (22) for the direction cosines:
D
Transformation Relati The basic mathematical rel Sl B
_ Transformation Relations. e basic mathematical rela- la)=|an an an|=|b m n (36)
tions for conduction and piezoresistivity found in Eqgs. (4, 7)
a3 an  ds I my m

are tensor equations. Thus, their form is invariant upon co-
ordinate system transformation. A pair of cartesian coordinate
systems differing in orientation is shown in Fig. 1. If Egs. 4,

The appropriate transformation relations for the reduced
index piezoresistive coefficients are obtained by enforcing the
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validity of Eqgs. (21, 22, 31, 32) and using the results in Eqgs.
(33, 34). These calculations lead to the general expression

Tog = Loy Tos T 37N

Crystal Symmetry. For general anisotropic materials, the
equations of conduction and piezoresistivity are very complex
and contain numerous terms. However, when considering crys-
talline materials exhibiting lattice symmetry, several simplifi-
cations can be made. These simplifications result because
relationships can be established between the components of
the unstressed resistivity tensor and between the components
of the piezoresistivity tensor. Detailed general expositions on
the ramifications of crystal symmetry on physical properties
have been presented by Nye [1957], Mason [1958], Smith [1958],
Bhagavantam [1966}, and Juretschke [1974].

A crystal is a solid whose local properties and structure are
periodic in three dimensions. A rotatton or a combination
rotation/reflection of a crystal which brings its lattice structure
into superposition with itself is called a symmetry operation
for the crystal. The set of all symmetry operations for a given
crystal defines the crystallographic point group symmetry for
the crystal. All crystals with the same point group symmetry
are said to be members of the same crystal class. There are 32
unique crystal classes. Silicon is a cubic crystal with diamond
structure, and belongs to the crystal class denoted 32 in the
international numbering system. This class has been notated
several other ways including m3m and O,.

The symmetry exhibited by a crystal determines the extent
of anisotropy exhibited by the physical properties of the crystal.
It is assumed that the physical properties of the crystalline
material must possess at least the symmetry of the point group
of the crystal. This is expressed mathematically by requiring
the components of a physical property tensor for the crystal
to be invariant under coordinate system transformations equiv-
alent to the symmetry operations in the point group of the
crystal. These relations hold when the initial coordinate system
is aligned with the symmetry axes of the crystal. Therefore,
using Eqgs. (28, 29), the components of the unstressed resistivity
tensor and the piezoresistivity tensor of a crystal must satisfy

(38)

Tkl = Tijkt = Qim@in@koip Tmnop (39)
when the direction cosines between the two coordinate systems
are chosen to be equivalent to one of the crystal’s symmetry
operations, and the initial coordinate system is aligned with
the crystal’s symmetry axes. In terms of reduced index nota-
tion, these conditions take the form

0_ 0r 0
Pij=pij = APk

(40)
(41)

The unique symmetry operations or so-called generating ele-
ments for each crystal point group have been listed by Jur-
etschke [1974]. For a cubic crystal with diamond structure such
as silicon, the coordinate system transformations equivalent
to these unique symmetry operations are

0 0/ 0
Poa=Pa = LopPg

—1

Tep= Tapg = ToyTysTog

-1 0 0
[al=] 0 -1 0 (42)
0 0o -1
010
[a,-j]= 0 0 1 (43)
1 00
0 10
f[gd=| -1 0 0 (44)
0 01

The simplifications in the reduced index resistivity components
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and the piezoresistivity coefficients of silicon required by its
crystal symmetry are obtained by substituting each set of di-
rection cosines in Eqgs. (42-44) into Eqgs. (40, 41). If all of these
calculations are considered, the following rélations are found:

Y=p2=p3=5
p4=pi=p4=0 (45)
Ty T2 T2 0 0 0
Ty M1 T2 0 0 0
My My o o0 0
[WD‘B] = (;2 012 011 Ta4 0 0 (46)
0 0 0 0 my O

0 0 0 0 0 T44

It is observed that there exists only one unique unstressed
resistivity component and three unique piezoresistive coeffi-
cients. The simplified properties in Eqs. (45, 46) are for a
coordinate system aligned with the principal symmetry axes of
the cubic silicon crystal. In a rotated coordinate system, the
resistivity components and piezoresistive coefficients of silicon
can be evaluated by substituting Eqs. (45, 46) into Eqs. (33,
37). Such expressions have been evaluated in detail by Pfann
and Thurston [1961], and Thurston [1964].

General Conduction Equations for Stressed Materials. The
governing tensor equation of conduction in a stressed aniso-
tropic ohmic conductor is obtained by substituting Eq. (7) into
Eq. (4)

E;= piyJ;+ a0l “4n

Each of the three expressions ({=1, 2, 3) in Eq. (47) has a
right hand side containing 30 terms. This complexity can be
reduced to 21 terms by rewriting the expressions in Eq. (47)
using the piezoresistive coefficients and reduced index notation
for the resistivities and stresses. This notational adjustment is
accomplished by first substituting the relations in Eq. (15) into
the expressions in Eq. (4)

Ei=p01J1+pelr+ pats
Ey=pel)+p22 + pst;
Ey=pgJ 1+ psJr+ p3ls (48)
The formglas in Eq. (21) are then substituted into these expres-
sions to give
Ey= [0} + 0710001 J1 + (0§ + PT6a0l 2 + [04 + DTaa0al /s
Ey = [0+ BTsn0ald + [03 + BT2u0alJ2 + [08 + BT5a0al 3
(49)
The expressions in Eq. (49) are the most concise form for the
fully expanded governing equations of conduction in a stressed

anisotropic conductor. They are form invariant and are valid
in all coordinate systems,

_ — 0 =
E3=[03+ 040001 + [03 + 0T 500,)J2 + [03 + 5710040 T5

Conduction Equations for Stressed Cubic Crystals. The
basic governing equations for conduction in a cubic crystal
with diamond structure (e.g. silicon) under stress are obtained
by substituting the simplified resistivity components and pie-
zoresistive coefficients in Eqs. (45, 46) into the general relations
given in Eq. (49). This calculation gives

E;
?: [T+ mnon + w2022 + 033)1) + T44012J2 + 74401373

E,
S [T+ 7022 mialoy; + 033)100 + 14401271 + Ta402373

E
2= (14 1033 + T12(00) + 0|5 + Tagorad) + Tasoy  (50)

These expressions were first presented in the literature by Ma-
son and Thurston [1957]. They are valid only if the coordinate
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x4[001]

x,[010]

x{[100]

Fig. 2 Filamentary conductor arbitrarily oriented with respect to the
principal cystrailographic axes

system (x{, X, X3) is aligned with the principal symmetry axes
of the cubic crystal,

The conduction equations for a stressed cubic crystal with
diamond structure are more complex in an off-axis coordinate
system (x}, x5, x3) rotated from the principal symmetry axes
(x1, X3, X3) as shown in Fig. 1. Since Eq. (49) is form invariant
upon coordinate system transformation, the conduction equa-
tions in the off-axis coordinate system for a general anisotropic
conductor are

E{ =0\ +pm{a0alJ{ +[p§" +Bm6a041J5 + 103" + BTin0ilJi

’ Q¢ - i 3 0 - 7 Q -, 7 ’ 7

E; =[p6' +pméa0lJ{ + 102" +Pm3a00)3 + (05" +0mie02) ;3

0r | — ’ - RL 7 - SR 7

E{ =[0 +pmia0llJ{ + [08 + 5702l + 103 + 53004
(51)
Upon substitution of the unstressed resistivity components in
Eq. (45) into the transformation relations in Eq. (33), it is
observed that the unstressed resistivity tensor of a cubic crystal

with diamond structure is isotropic (invariant under coordinate
system transformation)

Pt =p3 =p3 =p

pi’ =08 =pg’ =0 (52)
Substitution of these expressions into the formulas in Eq. (51)
yields the basic off-axis governing equations of conduction for
a stressed cubic crystal with diamond structure

£

5= [+ 7{o0g]Ji + 600513 + [miaoo 15

7

E
?2= [T6a0a) 1 + [1+ 1300015 + [m5a0a]J5

== rdo0 ] + [m4a02lJ5 + [+ ma02 )3
p (53)
The primed piezoresistive coefficients in Eq. (53) are to be
evaluated for the chosen primed coordinate system by substi-
tuting the unprimed values in Eq. (46) into the transformation
relations given in Eq. (37). The expressions in Eq. (53) were
first presented in the literature by Pfann and Thurston [1961].

Stress-Induced Resistance Changes in One-Dimensional
Filamentary Conductors

Introduction. Early applications of semiconductor strain
(stress) gages which utilized the piezoresistive effect exhibited

by silicon were made by Mason and Thurston [1957], Pfann
and Thurston [1961], Dean and Douglas [1962], Tufte et al.

Journal of Electronic Packaging

[1962], and Thurston [1964]. The sensors in these investigations
had the shape of thin filaments or thin sheets, and were bonded
to the surface of a structural element of interest. The con-
duction relations given in Egs. (50, 53) were utilized to derive
relations between the resistance change experienced by the
piezoresistive sensor and the state of stress to which the sensor
was subjected. The most complicated stress states considered
in these prior studies were typically plane stress states because
it was presumed that the sensor would be attached to a free
(unloaded) surface of the body of interest.

As discussed previously, piezoresistive sensors have recently
been applied in experimental structural and reliability analyses
of electronic packages. In this case, the sensors are diffused
or implanted filamentary resistors fabricated into the surface
of a silicon wafer. The structural element of interest in the die
itself. Since the sensors are an integral part of the structure,
no bonding is necessary. Such sensing chips are often referred
to within the industry as stress chips, test chips, and test struc-
tures. It is important to note that the die surface in modern
electronic packages may not be a free surface, especially if the
chip is encapsulated. Therefore, the simplifying assumption
of plane stress made in previous mounted gage investigations
will be detrimental when establishing formulas appropriate for
test chip stress sensors. In the presentation below, new general
expressions are obtained for the stress-induced resistance
changes which occur in arbitrarily oriented one-dimensional
filamentary conductors fabricated in crystals with cubic sym-
metry and diamond structure.

Coordinate System Along Principal Symmetry Axes. A
uniform one-dimensional filamentary conductor at a general
orientation with respect to the principal crystallographic di-
rections x, = [100], x, = [010], and x3 =[001] of a cubic crystal
with diamond structure is shown in Fig. 2. The orientation of
the conductor is defined by the unit vector

(54

directed along its length. Quantities /, m, n are the direction
cosines of the conductor orientation with respect to the xy, x,,
X3 axes, respectively, When a current is present in the con-
ductor, the net flow of charge is along the length of the con-
ductor so that

J=Jdnor Ji=UJ, J,=mJ, Js3=nJ

n=/le; + me, + ne;

(55
and

I=JA (56)
where J is the magnitude of the current density, Iis the current,
and A is the cross-sectional area of the unstressed conductor
(dimensional changes are neglected). Substitution of Egs. (55,

56) into Eq. (50) yields the governing equations of conduction
for the stressed filament

E\A
%1"= [1+ 71501; + T12(02 + 033) )] + T44012M + 440137
EA
é‘: [1+ 711025 + T12(01) + 033)]M + T44010] + T440230
EA
ﬁ‘= [1+ 711033+ T12(01) + 00)A + Taa0130 + Tys003m (57
The potential drop along the conductor is
V= (El+Eym+En)L (58)

where L is the length of the unstressed filament (dimensional
changes are again neglected). Substitution of the relations in
Eq. (57) into Eq.(58) gives the desired expression for the re-
sistance of the stressed filamentary conductor

V oL
RU=‘;=% [1+ (m1011 + Tialog + o)l

2
(m11022+ wi2lo1) + 0331 )m
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x,[001]

x,[010]

x,[100]

Fig. 3 Filamentary conductor arbitrarily oriented with respect to an ofi-
axis coordinate system

2
+ (1033 + maloy + apn])n

+27r44(0121m+013ln+023mn)] (59)

The familiar formula for the unstressed resistance of the fi-
lamentary conductor is easily obtained by setting the stresses
equal to zero in Eq. (59)
_rL
T A

Combining these two results yields the normalized change in
resistance for an arbitrarily oriented filamentary conductor
under stress

AR

2 2
7=[7F11022+7F12(022+033)]l +[m022+ w2 (01 + 033) M

2
+ [m11033 + m12(011 + 02)10° + 27 44[0120m + 0y3In + 03mn]

(60)

(61)

Off-Axis Coordinate System. Itis often convenient to have
the resistance change expressed in terms of stress components
which are resolved in a coordinate system other than one aligned
with the principal crystallographic directions. A uniform one-
dimensional filamentary conductor at a general orientation
with respect to primed coordinate system (x1{, x3, x3) is shown
in Fig. 3. The primed system is itself rotated with respect to
the unprimed coordinate system x;=[100], x,=[010], and
x3=[001] along the symmetry axes of a cubic crystal with
diamond structure. As before, the orientation of the conductor
is defined by a unit vector

n=/'e/ +m’e; +n'e; (62)
directed along its length. Quantities /', m’, n’ are the direction
cosines of the conductor orientation with respect to the x4,
X% X% axes, respectively.

As in the prior derivation, the net charge flow in the filament
is along its length. Thus, the current density vector is pro-
portional to the normal vector. With this observation, the off-
axis governing equations of conduction for a stressed cubic
crystal with diamond structure given in Eq. (53) simplify to

E{A
A (1t i + ndolIm + nioaIn’
)
EiA
= = [maoall’ + 1+ whooi]m’ + [méaosln’
)
EjA
7?1 =m0l +[msosdm’ + 1+ wioln’  (63)

As before, dimensional changes have been neglected.
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x; [110]
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Fig. 4 (100) Silicon wafer geometry

In terms of the electric field vector components in the primed
coordinate system, the potential drop along the conductor is
V=(E{l' +Esm’+Ein")L 64)
where L is the length of the unstressed filament and dimen-
sional changes are again neglected. Substitution of the expres-
sions in Eq. (63) into Eq. (64) gives the formula for the resistance
of the stressed filamentary conductor in terms of the stress
components in the primed system
re VL

Iy U+ ({02 + (7iu0l)m’?

+ (W00 IN 2+ 2(Tioo ) 1
+2(ws00)m’n’ +2mi0)'m’] - (65)

Setting the stress components equal to zero in this equation
leads to the same unstressed resistance value given in Eq. (60).
Using Egs. (60, 65), the normalized change in resistance for
an arbitrarily oriented filamentary conductor in terms of the
off-axis stress components is

AR

’ 2 o ’2 ’ 2
?: (a0 ) *+ (T3,05 )M * + (T304 )0

+ 2(Tiu0 M 1+ 2(ms0)m n’ + Améo ) m’ (66)
The primed piezoresistive coefficients in Eq. (66) are evaluated
by substituting the unprimed values in Eq. (46) into the trans-
formation relations given in Eq. (37). This calculation is routine
once the precise orientation of the primed coordinate system
have been specified. The expressions given in Eqs. (61, 66) are
the general relations needed for design and application of pie-
zoresistive stress sensors on semiconductor test chips.

Applications Using (100) Silicon Wafers

General Equations for Sensors on (100) Wafers. A general
(100) oriented silicon wafer is shown in Fig. 4. The surface of
the wafer has been taken to be the (001) plane. Therefore, the
x; =[100] and x, = [010] axes lie in the plane of the wafer, and
the x; = [001] axis is normal to the wafer. The general expres-
sion for the resistance change of a filamentary piezoresistive
sensor in the plane of the wafer can be obtained by setting
n=0in Eq. (61)

R [T11011 + 12 (05 + 033) 11

+ [m1100 + (o0 + 033)]m? + 2w gafodm} - (67)
where
(68)

I=cosf m=sinf
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x,[010]

x; [110]

45°

x, [100]

Fig. 5 Two element 0-90 rosette

and 0 is the angle between the xj-axis and the resistor orien-
tation (see Fig. 4). Equation (67) indicates that the out-of-
plane shear stresses 0,3 and o3 do not influence the resistances
of stress sensors fabricated on (100) silicon wafers. This means
that a sensor rosette on (100) silicon can at best measure four
of the six unique components of the stress tensor.

As shown in Fig. 4, the axes x; =[100] and x,=[010] are
rotated by 45 deg from a more natural wafer coordinate system
x1, x% where the axes are parallel and perpendicular to the
primary wafer flat. The resistance change of an in-plane sensor
can also be expressed in terms of stress components resolved
in the primed coordinate system using Eq. (66). The off-axis
piezoresistive coefTicients in the primed coordinate system must
be first evaluated by substituting the unprimed values in Eq.
(46) and the appropriate direction cosines into the transfor-
mation relations given in Eq. (37). For the unprimed and primed
coordinate systems shown in Fig. 4, the direction cosines are

11
- — 0
NG
lel=| L 1 (69)
1. \/5 2
0o 0 1

Substitution of the off-axis piezoresistive coefficients calcu-
lated in the manner described above into Eq. (66) yields

é@: T+ Tt Ty ol + T+ T — g4 o 772
R 2 11 2 22
7I'11+7I'12-7T44 7r11+7r + 7
+[< ) >0'1/1+< ;2 44 0_2,2 m/2

+ w2093+ 2wy — TR)oial ' m’

(70)
where

I” =cos¢ m’ =sing

(71)
and ¢ is the angle between the xi-axis and the resistor ori-
entation.

Two-Element 0-90 Rosette. A two element sensor rosette
fabricated on (100) silicon with the resistors at angles of 0 and
90 deg from the x{-axis is shown in Fig. 5. As is typical with
commercially available strain gages, a serpentine pattern has
been used for the sensing elements. This two resistor config-
uration has been utilized previously by several investigators
including Spencer et al. [1981], Edwards and co-workers [1983,
1987], Beaty et al. [1990]. By applying Eq. (70) to each of the
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x5[110]
| ' [010]
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Fig. 6 Three element 0-45-90 rosette

two resistor orientations, the stress-induced resistance changes
are found to be

ARy [my+ T2+ 7u ol + T+ Mo~ Mg Ot T
R > 1 2 22+ 12033

AR, [mn+mpn—Ty ol 4 T+ Tt Ty o T
R Y AL U AR

(72)
For plane stress situations (03;=0), these equations can be

inverted to solve for the in-plane normal stress components in
terms of the measured resistance changes

AR, AR AR, AR
7l'44{_"1+_2] + (7w + 7o) [”‘“‘—“‘2]

R, R R R
= 2T+ 72)
AR, AR, AR, AR,
7T44[ R, + Rz:l (7f11+71'12)[ R, Rz]
05 = (73)

2w (w1 + wi2)

The expressions in Eq. (73) indicate that successful utili-
zation of this sensor requires accurate values of w4, and the
combined piezoresistive parameter (my; + 7). These constants
can be measured using a uniaxial loading calibration procedure
if the wafer is fabricated into specimen strips as indicated in
Fig. 5. When a known uniaxial stress ¢, =0 is applied to the
strip in the x{-direction, the relations in Eq. (72) reduce to

AR, <71'11 + 7+ 7F44> -

R, 2
ARy [my+m— T4

A (TutMz” Tu 74
i ( 2 ><7 (74

Therefore, the linearly independent combined piezoresistive
parameters (m; + T3+ T44) and (mwy + w2 — w44) can be evalu-
ated experimentally through controlled application of a un-

“iaxial loading. The values of w4 and («y; +73) can then be

found by algebraic manipulation of these combined parame-
ters. Experimental application of uniaxial stress states to wafer
strips can be performed using a four point bending loading
fixture as demonstrated by Gee et al. [1988], and Beaty and
co-workers [1990].

Three Element 0-45-90 Rosette. The two element rosette
presented in the last section can be improved upon if a third
sensor is included. Such a three element rosette with the ad-
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ditional resistor at 45 deg from the xj-axis is shown in Fig. 6.
A sensor rosette incorporating this three element configuration
and a fourth resistor at 135 deg from the x{-axis was previously
applied using (100) silicon by Natarajan and Bhattacharyya
[1986]. As will be shown below; no additional stress compo-
nents can be measured by including the fourth resistor. There-
fore, the three element design should suffice for most
applications.

Repeated application of Eq. (70) to each of the piezoresistive
sensing element leads to the following expressions for the stress-
induced resistance changes:

AR]_ T+ T2+ Tag — iyt Mg~ Tag Ol + T2
Rl 2 11 2 22 12933

ARZ 7r11+7r12 , ; , ,
= | = ) (0{; + 65,) + mp033 + (7 — T2)ol2
R, 2 5

ARy (Mu+ M= Mag) ,  (Mut Tt o
R3 2 11 2 22 12933

(75)
For plane stress situations (o3;=0), these equations can be

inverted to solve for the three in-plane stress components in
terms of the measured resistance changes

| AR AR gy | A2
% TR, ntme) | R,

o =
! 2@ gq(myy + T2)

ARH_& — (7 +7) &_%
R, R, 1 12 R, R,

2T galmyy + y2)

1 AR, 1(AR, AR,
0'112: E— —
an~m) | R 2\ R Rj

Values for all three of the piezoresistive coefficients must
be found to utilize the expressions in Eq. (76). These constants
can be measured using uniaxial loading and hydrostatic pres-
sure calibration procedures. If the wafer is cut into specimen
strips as indicated in Fig. 6 and a known uniaxial stress ¢{;=¢
is applied in the x {-direction, the expressions in Eq. (75) reduce
to

(76)

R 2

ARy (mutma)
R, 2

AR; <7rn+7F12—7f44>a

AR, <7Fu+7T12+7l'44)0

R, 2 a7
With a controlled application of uniaxial stress, the relations
in Eq. (77) can be manipulated to determine the values of w4,
and (m;, + 72). Application of an additional state of stress is
required to complete the calibration procedure. If this stress
state is chosen to be a hydrostatic pressure (o}, =0%
=g%= —p), the expressions in Eq. (75) become

— [+ 2m0lp (78)

R, R, Ry
With a controlled application of a hydrostatic loading, Eq.
(78) can be used to determine the value of (m,+ 2w ;). The
individual values of m;;, w12, w4 can then be obtained by
algebraic manipulation of the combined piezoresistive param-
eters obtained with the uniaxial loading and hydrostatlc pres-
sure calibration procedures.

Off-Axis Three Element 0-45-90 Rosette. The three ele-
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(001) Plane

Fig. 7 Ofif-axis three element 0-45-90 rosette

ment rosette presented in the last section could not be calibrated
with a single uniaxial loading test when the wafer was cut into
strips as indicated in Fig. 6. Detailed analysis of the expressions
in Eq. (75) has indicated that a single uniaxial tension cali-
bration procedure cannot yield all three of the needed piezo-
resistive coefficients when the wafer is cut into strips along
any of the unprimed or primed coordinate directions shown
in Fig. 6. Only uniaxial testing at an odd orientation (e.g.
0=753 deg) will provide an easy one step calibration of this
sensor rosette. Such a procedure will require slicing the wafer
into strips at the odd orientation. Therefore, the three element
sensor rosette will not line up conveniently with the edges of
the rectangular test chips eventually cut from these odd angle
wafer strips.

Although not a major inconvenience, the difficulties dis-
cussed above can be avoided if an off-axis three element sensor
rosette is utilized, and the wafer strips are cut parallel and
perpendicular to the resistors in the rosette. Such a sensor
rosette is shown in Fig. 7, where the x1{, x} axes are rotated
by 22.5 deg from the principal crystallographic directions.
Repeated application of Eq. (66) to the three resistors in Fig.
7 yields an algebraically complicated set of linear equations
for the resistance changes in terms of the stress components
evaluated in the off-axis primed coordinate system. For the
case of plane stress (o%;=0), inversion of this linear system
leads to desired expressions for the stress components

, T ARy 1] an—Ti—Ta |AR,
m=7_ 2% *t5| -
=7 | R 2| maulrn—ma) | Ry
+1 Tgq— Ty — T1p | ARy
2| maa(my +m12)

02’2=—|: 27T11 2]&ﬂ1[7f11—7ﬁz—7f44]&

=7 | Ry 2| wmu(rn—m) | Ry
+1[7r44+7l'11+7l'12}§&
2| maglm + 1)

, 1 1 ARI 1 T — T2+ a4 ARZ
op=—7| 57— | t5| <%
2| mh~mh| R 2| mamy—m) | Re

_1 AR

2144 Rj

Accurate values for all three of the piezoresistive coefficients

must be found before the relations in Eq. (79) can be applied.
These constants can be measured using a single uniaxial loading

79)
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calibration step if the wafer is cut into specimen strips as
indicated in Fig. 7, and a known uniaxial stress ¢ |, = o is applied
in the xi-direction. Using Eq. (66), it can be shown that the
resistance changes for this loading are

AR, <37T11+7|'12+7l'44>

AN (2T 2T Tad)

R 4

AR, <7T11+37l'12+7l'44)
el S R A SN

R, 4
ARy [ +3mp— Ty o
Ry 4 (80)

With a controlled application of uniaxial stress, the relations
in Eq. (80) can be used to determine three linearly independent
combined piezoresistive parameters. These parameters can then
be algebraically manipulated to find the individual values of
T T12s Ta4e

Rosettes Capable of Measuring Four Stress Compo-
nents. From £q. (67), it is seen that the resistance change of
an in-plane sensor fabricated on (100) silicon depends on four
components of stress (o}, o4, 033, 012). The rosettes discussed
above have not been able to measure the out-of-plane normal
stress o33. It seems natural to assume that the potential exists
to design a four element rosette capable of measuring four
stress components. Repeated application of Eq. (67) to four
arbitrarily oriented piezoresistive sensors yields the following
equations for the resistance changes:

AR,

R, 2 2

AR, L omy 1 Imy || 700+ 7o

R, | _ B mi 1 bLmy|| w0+ mion @1)
AR, B omi 1 bm T12033

Ry B omd: o1 Ilm, 244012

AR,

\_R4 -

where [;, m; are the direction cosines for the orientation of the
ith resistor (i=1, 2, 3, 4). It is easily demonstrated that the
determinant of the coefficient matrix in Eq. (81) is zero for
all possible choices of the direction cosines. Therefore, it is
not possible to invert the system of equations, and no four
element rosette on (100) silicon can be found which is capable
of measuring four stress components.

The above discussion pertains to rosettes formed with iden-
tically doped sensing resistors. A four element sensor rosette
which contains two n-type resistors and two p-type resistors
has been designed and applied by Miura et al. [1987, 1990].
The configuration of the sensing elements is illustrated in Fig.
8. This sensor is capable of measuring four stress components
because the piezoresistive coefficients of the n-type and p-type
resistor are different.

Repeated application of Eq. (70) to each of the rosette ele-
ments in Fig. 8 leads to the following expressions for the stress-
induced resistance changes:

n n n n n n
AR, <7F11+7F12+7l'44> ,+<7Fu+7rlz—ﬂ'44

3 n 13
= 11 022+ T12033
R, 2 2 >

n n n n n n
AR, <7F11+7F12—7F44> , <7F11+7F12+7F44

’ n 7
a1 02+ T2033
R, 2 2 )

ARy f(nf +7¥

2= (2 (of1 + of) + a0h — (xhy — 7)ol

R, 2

AR, [wf+xf ‘

R—4: <_L2_—12> (011 + 05) + whho53 + (7, — 7)ol (82)
4
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Fig. 8 Four element sensor with p-type and n-type resistors

The n and p superscripts on the piezoresistive coefficients in
Eq. (82) denote n-type and p-type resistors, respectively. These
equations can be inverted to solve for the three in-plane stress
components and the out-of-plane normal stress component.
This calculation gives

.| ARs AR, AR, AR,
— | =gy | —+—=
le{ R, R4} 12[ R, R, :

[ —
o=

54

2>l 7y — wiydl) 24| R R,
AR; AR AR, AR
T?zli"—3+——ﬁ e
Ry R Ri Ri| | [aR, AR,
2= 2(77‘11]11?2—1'1'17!"1)2) _E —RT_RTz
AR, AR, AR; AR,
(F +7rp)|:———-+—— —(mh+ah) | 5 +—
11+ 712 R TR, ntm)| PR
= 2rfi7l, — w1 7ha)
1 AR; AR,
o= - | - (83)
? 2(«71—#,’2)[1%3 m]

The expressions in Eq. (83) require accurate values for five
piezoresistive coefficients (77, 7', 7l4, 751, 752). These con-
stants can be obtained using uniaxial loading and hydrostatic
pressure calibration procedures. If the wafer is cut into spec-
imen strips as indicated in Fig. 8 and a known uniaxial stress
o}, =0 is applied to the x{-direction, the expressions of Eq.

(82) reduce to

R, 2

AR, <7F?1 + 7+ 7"4'1'4) o
AR, [+ 7y — 7y .
R, 2

(84)

2

AR AR, (vt
Ry Ry
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x5 [112]

x; [110]

(111) Plane

Fig. 9 (111) Silicon wafer geometry

With a controlled application of uniaxial stress, the relations
in Eq. (84) can be manipulated to determine the values of
w4, (1 + 712), and («f, + 74,). Application of an additional
state of stress is required to complete the calibration procedure.
If this stress state is chosen to be a hydrostatic pressure (o;
=05 =0%= —p), the expressions in Eq. (82) become

AR, AR \ .
R—ll=722= =[xl + 270l

AR; AR

R—;’=R—4“= —[hy + 278]p (85)

With a controlled application of a hydrostatic loading, Eq.
(85) can be used to determine the values of («f; +2#,) and
(7%, + 27%,). The individual values of the five needed piezo-
resistive coefficients can be obtained by manipulating the com-
bined parameters obtained using the uniaxial loading and
hydrostatic pressure calibration procedures.

Applications Using (111) Silicon Wafers

General Equations for Sensors on (111) Wafers. A general
(111) silicon wafer is shown in Fig. 9. The surface of the wafer
is a (111) plane, and the [111] direction is normal to the wafer
plane. The principal crystallographic axes x; = [100], x, =[010],
and x3; =[001] do not lie in the wafer plane and have not been
indicated. For all analyses, a natural wafer coordinate system
xi=[1, 1, 0], x4=[1, 1, 21, x4=[1, 1, 1] has been adopted.
The x1, x5 axes are parallel and perpendicular to the primary
wafer flat.

Using Eq. (66), the resistance change of an arbitrarily ori-
ented in-plane sensor can be expressed in terms of the stress
components resolved in the primed coordinate system. The
off-axis piezoresistive coefficients in the primed coordinate
system must be first evaluated by substituting the unprimed
values in Eq. (46) and the appropriate direction cosines into
the transformation relations given in Eq. (37). For the de-
scribed unprimed and primed coordinate systems, the direction
cosines are

—_L L 0-
NFERNP)
1 1 2
[aij]= ““g —“‘g ﬁ (86)
RIS U
L3 3 3]
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45°

(111) Plane

Fig. 10 Three element 0-45-90 rosette for (111) silicon

x5[112]

45°

T = (110]

(111) Plane

Fig. 11 Six element rosette capabie of measuring complete three-di-
mensional stress states

Substitution of the off-axis piezoresistive coefficients, calcu-
lated in the manner described above, into Eq. (66) yields

AR 11
R [Byo{1 + By03, + Byois + 2N/2(B, — By) of3]l"°
+ [Byo{) + B10% + Bso{s— 2N 2(By — By) opslm
+[4V2(By— B3)ofs + 2(B1— By)oioll'm’  (87)
where
!’ =cosy (88)

are the directions cosines of the resistor orientation with respect
to the x4, x4 axes, and ¢ is the angle between the x{-axis and
the resistor orientation. The coefficients

m’ =siny
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T+ T+ Ty

Blz 2
Bzz7l'11+57f12—7l'44
6
T +2TH— Mg
By = 11 12— Ta4 89)

3

are a set of linearly independent combined piezoresistive pa-
rameters. Equation (87) indicates that the resistance change
for a resistor in the (111) plane is dependent on all six of the
unique stress components. Therefore, the potential exists for
developing a sensor rosette which can measure the complete
three-dimensional state of stress at points on the surface of a
die.

£y

Three Element 0-45-90 Rosette. A three element rosette
suitable for evaluating plane stress states on the surface of a
die fabricated using (111) silicon is shown in Fig. 10. The
sensing elements make angles of 0, 45, and 90 deg from the
x1-axis. A similar rosette incorporating this three element con-
figuration and a fourth resistor at 135 deg from the xi-axis
was previously applied using (111) silicon by Gee et al. [1988,
1989].

Repeated application of Eq. (87) to each of the piezoresistive
sensing elements leads to the following expressions for the
stress-induced resistance changes:

AR

E—lzBlgf1+BzUzlz+Bsa3/3+2\/§ (B,~ Bs3)o4s
1

AR B{+B

——-R22 = <—1 > 2) (of, + 042) + Bso4s

+282(By— B3)ofs+ (By— By ol

AR
—R—3=Bz<71’1 + By0§y + Byojs — 2N/2 (B, ~ B3) 043
3

For plane stress situations (o3 = 0% =033 =0), these equations
can be inverted to solve for all three of the in-plane stress

(90)

AR,

ARy, p AR, (Bi+B,
R YR \ 2 JOR T

B20' (92)
From these expressions, it is clear that the constants B, and
B, can be easily determined using a controlled application of
uniaxial stress.

Complete Stress State Sensor. As mentioned previously,
the resistance change of an in-plane sensor fabricated on (111)
silicon depends on all six of the unique stress components at
a point. A new six element sensor rosette capable of measuring
complete three-dimensional states of stress at a point on the
surface of a die is shown in Fig. 11, The rosette contains three
n-type resistors and three p-type resistors. The sensing elements
of each doping type are oriented in directions of ¥ =0, 45, and
90 deg from the xi-axis.

Repeated application of Eq. (87) to each of the piezoresistive
sensing elements leads to the following expressions for the
stress-induced resistance changes:

AR

R—ll = Bla{, + Bios, + Bjois+ 2/2 (B} — BY) 045
AR, "+ BS ,

’1"2‘2‘=< l2 2>(01'1+02'2)+B§'033

+2V2(B}— B)ols+ (B} — B}) o,

AR,
R—3_Bzﬂl1+Blﬂzz+33033—2\/—(Bz—33)023
AR,

R——B bo{y + B30, + Bioiy + 22 (B — BS) 043
4

AR B+ BS

R—55=< 12 2>(01/1+02'2)+B’3703'3
+2v2(BS—BY)ols+ (BY — B)oi,

AR

= B3o{; + Bloj, + Bjojs — 2N/2 (B — B 93)

L)
6

Superscripts # and p again denote n-type and p-type resistors,

respectively. For an arbitrarily state of stress, these expressions

can be inverted to solve for the six stress components in terms

of the measured resistance changes

components in terms of the measured resistance changes (B2 —BE) [ARI ARy (B AR, ARg
- 24 2%
AR s R3 R4 R6
o= () | AR AR 1 £5_2% B - B)Bi + (Bi— BY)Bi+ (Bi— BY)B]]
e (L \[aR e 1( 1 \[ar, ar, | G ) - e A
22 B+ B, R, R 2\B,—-B, Ry, R, N 1 3 4 R
2[(B1+ B3)BY — (B + BS) B}
L 11 AR, ,AR; AR o )
o2=7 — 22—+
12 2 BI“BZ R, R, R3 ( ) (Bg ) A121 AR_‘.; . (B3 Bz) AR4 AR6
R; | R, R
The expressions in Bq. (91) indicate that both of the com- 5= I YN >
bined piezoresistive parameters B, and B, must be determined 20(B3 - BY)Bs + (BY — B3) By + (BS — BY) Bi
prior to using the sensor. These constants can be measured -~
using a uniaxial loading calibration procedure. If the wafer is B AR, AR, AR, g AR, ARy AR AR;
cut into specimen strips as indicated in Fig. 10 and a known | Ri R; R, R
uniaxial stress ¢, = o is applied to the x{-direction, the expres- +
sions in Eq. (90) reduce to 2[(Bi+ B3) By — (B + B3)Bj]
AR, AR, AR, AR, ARs AR
Bi—B))| — ——24+=2| (B} - 3=
( 1) [ R, R R (B2—BY) R: R, TR

Y2
8

o13=
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(B4 )[—+£}+(B +Bz)|:AR4
R;

2[(B{+ B3) B — (Bﬁ’+B”)B"

ARg
Ry
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AR, AR AR, A
~(B§-B)) | 52 -==2 | +.(B}-B)) ARy 2R
\/E R3 R4 RG
BTy <B€—B€)B§’+ (Bi—BS)Bj+ (Bi— B3)B|
AR, AR; AR AR, _AR; AR,
—(Bi-BY) | ———2—"+—= |+ (Bi— —— = 2R
(B3 2)|: R R R3] ( )[ R R R,
o= 20(B5— BB} + (BY— B3) B3+ (B5— B5) B})
(94)

The expressions in Eq. (94) indicate that a calibration proce-
dure must be performed to determine all six of the combined
piezoresistive parameters B, B3, B3, Bi, B3, Bj prior to using
the sensor. A combination of uniaxial and hydrostatic pressure
testing can be utilized to complete this task. If the wafer is cut
into specimen strips as indicated in Fig. 11 and a known un-
iaxial stress o{; =0 is applied in the x{-direction, the expres-
sions in Eq. (93) yield the following unique resistance changes

AR, _, AR,

el S —_—_R

R, ' R T

AR AR

“hopre —SoBlo (95)
4 6

From these expressions, it is clear that the constants BY, B3,
B3, B5 can be easily determined using a controlled application
of uniaxial stress. If the individual chips containing the sensor
rosette are subjected to hydrostatic pressure (6]} =0%=0%3=
- p), the relations in Eq. (93) give

T2 2 gy gt "
R R, R [Bi + B+ Bslp
%—%—%- (B + BS + Bilp (96)

Therefore, the combinations (B]+ B3+ Bj) and (B +Bj
B5) can be evaluated through controlled application of a
hydrostatic pressure. The individual values of B} and B} can
then be obtained by combining the hydrostatic pressure cali-
bration results with the uniaxial stress calibration results.

Summary, Discussion, and Conclusions

In this paper, the theory of conduction in piezoresistive
materials has been reviewed and the basic equations needed
for designing test chip stress sensors have been presented. Gen-
eral expressions were obtained for the stress-induced resistance
changes which occur in arbitrarily oriented one-dimensional
filamentary conductors fabricated out of crystals with cubic
symmetry and diamond lattice structure. In addition, basic
equations were presented for the resistance changes experi-
enced by stressed in-plane resistors fabricated on (100) and
(111) silicon wafers.

Detailed discussion of the capabilities and limitations of
several existing sensor rosettes has been given. Also, several
new sensor rosettes have been presented which ease calibration
considerations and permit more stress components to be meas-
ured. In particular, a pair of three element rosettes suitable
for complete determination of plane stress states on (100) and
(111) silicon chips have been presented. These sensor rosettes
require only uniaxial loading for calibration. A new six element
sensor rosette fabricated on (111) silicon was introduced which
can measure the complete three-dimensional stress state at
points on the surface of a die.
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