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Silicon Piezoresistive Stress Sensors and Their
Application in Electronic Packaging

Jeffrey C. SuhlingMember, IEEEand Richard C. Jaegédrellow, IEEE

Abstract—Structural reliability of integrated circuit (IC) Silicon Wafer Chip
chips in electronic packages continues to be a major concern due
to ever-increasing die size, circuit densities, power dissipation,
operating temperatures, and the use of a wide range of low-cost
packaging materials. A powerful method for experimental eval-
uation of silicon die stress distributions is the use of test chips
incorporating integral piezoresistive sensors. In this paper, a
review is made of the state-of-the-art in the area of silicon piezore-
sistive stress sensor test chips. Developments in sensor theory,
calibration methods, and packaging applications are presented.
In the absence of die failure, packaging-induced stresses result in
changes in the parametric performance of circuitry on the die,
and the theory discussed here can be used to predict such changes. .

%
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Index Terms—Electronic packaging, piezoresistive, stress
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. INTRODUCTION

TRESSES due to thermal and mechanical loadings are Fig. 1. Piezoresistive stress sensor concept.
ften produced in integrated circuit (IC) chips that are

Lg?;ﬂ%ﬁ;ﬁ?%ﬁﬁ;ﬁi{%gCaaiﬁlgsgerzgzRﬁ]y tmfnalzigﬁéﬂze“e piezoresistive behavior (change of resistivity with stress)
- P 9 q? semiconductors such as silicon has been studied extensively
between the coefficients of thermal expansion of the materl?s . .
comprising the package and the semiconductor die Additiong| Many years [1]—[10]..However, the earliest apph_canon; of
thermally induced stresses can be produced from. heat Olislrgls_lstor sensors on IC chips for stress measurement in plastic en-
y P apsulated electronic packages were made at Texas Instruments

pated b)_/ high power density deVIce_s during operation. Fmalﬁ’iﬁhe early 1980s [11], [12], and nhumerous applications in elec-
mechanical loadings can be transmitted to the package thro"t'r%nic packaging have followed [13]-[20]. Many potential ap-

contact with the printed circuit board to which the package Sicati ; . I~ . ) .
- : ications exist for piezoresistive sensors in the microelectronic
mounted. The combination of all of the above loadings can

lead to two-dimensional (2-D) (biaxial) and three-dimensiongp.Ckading industry including qualifying of manufacturing pro-

(3-D) (triaial) states of stress on the surface of the die. If higmesses, guiding material selection, and evaluating reliability. If

power density devices within the package are switched on a & piezoresistive sensors are calibrated over a wide temperature

off, these stress states can be cyclic in time causing fatigue. Ki'9e: thermally induced stresses can be measured [21]. Finally,

. ull-field mapping of the stress distribution over the surface of
of these factors can lead to premature failure of the package du ; : . ; : :
; : . a die can be obtained using specially designed test chips, which
to such causes as fracture of the die, severing of connectians,
Incorporate an array of sensor rosettes.

die bond failure, solder fatigue, and encapsulant cracking. "in this paper, the state-of-the-art in the area of silicon piezore-

the absence of die failure, these stresses lead to paramem% o . ! )
istive stress sensor test chips is reviewed. Discussions are made

shifts that affect the performance and tolerances of both anatﬂgsensor theory, calibration methods, and packaging applica-

and digital integrated circuits, and the piezoresistive theory cal < Extensions of the theory to changes in MOS device be-

be used to predict such changes. havior are also outlined and applications presented. Fig. 1 illus-
trates the basic application concepts. The structures of interest
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Fig. 2. Top and side views of a piezoresistive sensor.

sistor and the bulk of the chip is maintained using the diode char-
acteristics of the p-n junction and proper reverse biasing of the
resistor and substrate regions. The stresses in the chip produc
measurable changes in the sensor resistance due to the piezor
sistive effect. Therefore, the sensors are capable of providing (b)
nonintrusive measurements of surface stress states on a chip
even within encapsulated packages where they are embEdlgs.d& (a) Serpentine pattern used in typical sensor applications. (b)
sensors. The doped active region of a piezoresistive sensopHstomicrograph of resistor sensors.

typically designed using a serpentine pattern, in order to achieve
acceptable resistance levels for measurement (see Fig. 3).

Il. PIEZORESISTIVITY THEORY FORSILICON
A. General Resistance Change Equations

Silicon is an anisotropic material (cubic crystal), and the be-
havior of a unidirectional piezoresistive sensor depends strongly
on the wafer plane in which it is fabricated and the orienta-
tion of the sensor in that wafer plane. An arbitrarily oriented
silicon filamentary conductor is shown in Fig. 4. In this work,
the notation developed in [15] is followed. The unprimed axes
x1 = [100], z2 = [010], andzs = [001] are the principal
crystallographic directions of the cubic (m3m) silicon crystal,
whereas the primed coordinate system is arbitrarily rotated with
respect to this unprimed crystallographic system. For this con-

Fig. 4. Filamentary silicon conductor.

ductor, the normalized change in resistance can be expressed it @2 :eemmcr:ae.rature coefficients of resis-
terms of the off-axis (primed) stress components using T =Ty = Too difference between the mea-
AR  R(o, T) - R(0, 0) surement temperature and ref-
R R(0, 0) erence temperature [where the
PP PP PPN unstressed reference value of re-
= (T1a0)l” + (T3a00)m™ + (T3000)n sistanceR(0, 0) is measured];
+ 2(m o ' 4 27500 )m'n’ 4 2(7g,00)'m/ U,m,n direction cosines of the con-
+ [alT + aT? + .. ] 1) ductor orientation with respect to
thex!, «%, =5 axes, respectively.
where Equation (1) assumes that geometrical changes and
w;ﬁ(a, #=1,2,...,6) off-axis temperature dependentsecond-order piezoresistivity can be neglected and that

piezoresistive coefficients; the piezoresistive coefficients are independent of temperature,
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although this later assumption can be removed [21]. In (1) and x5 [110]
future indicial notation expressions, the summation convention
is implied for repeated indices, and reduced index notation has
been used for the stress components:

x, [010]

ro_ ro_ ro_
01 =011, 02 = 022,03 = 033

A | A A (2)
04 =013, 05 = 023, 0g = 012~

x] [110]

The 36 off-axis piezoresistive coefficients in (1) are re-
lated to the three unique on-axis piezoresistive coefficients
m11, T2, Tas (€valuated in the unprimed coordinate system (100) Plane
aligned with the crystallographic axes) using the transformation

x, [100]

—1
fo,a = TwﬂrwéT@a ) Fig. 5. The (100) silicon wafer.

where be fabricated in certain silicon wafer planes that take advantage

Tl T2 Ti2 0 0 of this property and allow several stress components to be ex-
tracted from monitoring of resistance changes.
Ti2 Tl T2 0 0
(ros] Ty W12 W11 0 0 @ B. Resistance Change Equations for Common Silicon Wafer
T =
af T 0 0 Planes
0 7y O For a given wafer orientation, (1) can be used to obtain the re-

sistance change equation for an arbitrarily oriented in-plane re-
L 0 0 0 0 0 Taq | sistor. Although silicon wafers can be obtained with many sur-

is the on-axis piezoresistive coefficient matrix, and (5), as shod@f€ orientations, the (100) and (111) surfaces represent com-

at the bottom of the page, is tiiex 6 transformation matrix in Monly utilized orientations. _ o

whichl;, m; andn; are the direction cosines of ta¢ axiswith 1) (100) Silicon: In the current microelectronics industry,

respect to the:;, z» andas axes respectively. th(_a vast majority of §|I|coq de_\nces are fabricated using (1(_)0)
When the primed axes are aligned with the unprimed (cry&licon wafers as depicted in Fig. 5. The surface of the wafer is a

tallographic) axes, the transformation matrix in (5) reduces {600) Plane, and the [100] direction is normal to the wafer plane.

the6 x 6 identity matrix. Thus, (3) reduces id,; = 7. and The axes of the natural wafer coordinate sysigm-= [110] and

(1) simplifies to xf = [110] lie parallel and perpendiculgr to _the primary wafer
flat. These axes are chosen so that the individual normal stresses

AR _ 12 are resolved in directions parallel to the edges of standard IC
R [r1o1 + ma(o22 + 033)] chips, and they also correspond to the orientation of most resis-
+ [m11022 + m12(011 + 0'33)]7712 tors and transistors in integrated circuits. To use (1), the off-axis

+ [r11033 + T12(011 + 022)]n? piezoresistive coefficients in the primed coordinate system must

be evaluated using (3) by substitution of the unprimed values in
) (4) and the appropriate direction cosines. For the unprimed and
+ [alT T+ ] (6) primed coordinate systems shown in Fig. 5, the direction cosines

+ 2mgaf[o12lm + 013 In +oa3mn]

. . . are
wherel, m, andn are the direction cosines of the conductor ori-

entation with respect to the unprimed (crystallographic) axes. ; 11 0
Equation (6) demonstrates that the resistance change of an ar- 1 V2 V2
bitrarily oriented silicon resistor depends on all six stress com-  [a;] = |l2 m2 np | =|_1 1 (7)
ponents, the three unique piezoresistive coefficients and tem- Is ms s V2 V2
perature. As will be shown below, resistive sensor rosettes can 0 0 1
[ l% m% 71% 2[1711 2m1n1 2llm1
l% m% 71% 2[2712 2m2n2 2[27712
l% m% 71% 2[3713 2m3n3 2137713

[Tap] = ®)

lilsa mimz ninz lina+lang mung +mang Lima +lamy

lols mamaz nonz lonz+I3ny mong +many  lomaz +lamo

Llile mimo ning lLing +leny muna +mony  limo + lamy |
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Substitution of the off-axis piezoresistive coefficients calcu- TABLE |

; : R ; TYPICAL PIEZORESISTIVE COEFFICIENT VALUES FOR LIGHTLY DOPED
lated in the manner described above into (1) yields SLICON (TPa)* [3], [4]

ﬁ _ | M1 T A Taa o Piezoresistive n-type p-type
R 2 1 Coefficient Silicon Silicon
T+ 712 — Taa\ |, | 5
+ < 2 ) 022| COS” ) -1022 66
M1l + T12 — T4
T [<—2 ) ol n, 534 -11
1+ 72+ 1.

N < i 212 44) o] sin? ¢ ., -136 1381

+ m120%5 + (711 — T12)07, sin 2¢ Mg =T, + T, -488 55

+ [a T + aT? + - - (8)

| ] Ty =T, - T -1556 77
wherel’ = cos ¢, m’ = sin ¢, andn’ = 0 have beenintroduced, 212 118
and¢ is the angle between thé -axis and the resistor orienta- B, )
tion. Equation (8) indicates that the out-of-plane shear stresses B 297 208
o}s ando), do not influence the resistances of stress sensors 2
fabricated on (100) wafers. This means that a sensor rosette on B, 61 448
(100) silicon can at best measure four of the six unique compo- :
nents of the stress tensor. All three of the unique piezoresistive
coefficients for silicon(m1, 712, 744) appear in (8); these pa- < [1T2)
2

rameters must be calibrated before stress component values can
be extracted from resistance change measurements.
Typical room temperature values of the piezoresistive coeffi-
cient values appear in Table | for lightly doped silicon [3], [4].
As doping increases, the piezoresistive response decreases [5],
[6], [9], and the coefficients can be substantially smaller than
the Table | values for heavily doped resistors (ones made using
FET source/drain regions for example). However, the tabulated
values do provide important comparative information as well as
upper bounds on the coefficients. On the (100) surfage,is
the largest coefficient for p-type material whereas the values of
w11 andmyo are very small. For n-type materiat,, is small,
but the other two individual coefficients are relatively large. In
(8), the parameters;; andn, always appear together in sum
and difference terms, and we define the sum and difference of
these coefficients ass = 711 + 712 andrp = w11 —712. Note  tions givenin (3) and (5). For the primed coordinate system indi-
from Table | thatrp, has a very large value in n-type material. cated in Fig. 6, the appropriate direction cosines for the primed
2) (111) Silicon: The other common silicon crystal orien-axes are
tation used in semiconductor fabrication is the (111) surface. A

x][110]
[111]

(111) Plane

Fig. 6. The (111) silicon wafer.

general (111) silicon wafer is shown in Fig. 6. The surface of the L L 0

wafer is a (111) plane, and the [111] direction is normal to the i, my ny V2 V2

wafer plane. The principal crystallographic axes = [100], [ai;] = |la ma na| = L2 (9)
x9 = [010], andz3z = [001] no longer lie in the wafer plane ! V6 V6 6

and have not been indicated. As mentioned previously, it is con- ls ms n3 1 1 1

venient to work in an off-axis primed wafer coordinate system V3 V3 V3

where ther| andz/, axes are parallel and perpendicular to the o o o o

primary wafer flat, and correspond to the edges of fabricategSubstitution of the off-axis piezoresistive coefficients, calcu-
IC die. Using (1), the resistance change of an arbitrarily of@téd in the manner described above, into (1) yields

ented in-plane sensor can be expressed in terms of the stress

components resolved in this natural wafer coordinate system- = [Bla’ll + Byohy + Bsobs + 2v/2(By — 33)0/23} cos?¢
The off-axis piezoresistive coefficients in the primed coordi- , , , R
nate system must be first evaluated by substituting the unprimed + [320’11 + B0, + B3oly — 2V2(By — 33)023} sin” ¢
values given in (4) and the appropriate direction cosines for the p ;]

primed coordinate directions with respect to the unprimed (crys- + [2\/5(32 ~Bs)ors+(B _32)012} sin.2¢
tallographic) coordinate directions into the transformation rela- + [alT +aT? + - ] (10)
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where¢ is again the angle between thi-axis and the resistor x; [110]
orientation. The coefficients %, 1001
11+ 712 + Taa 11 + 9T12 — Maq
B = B e ———
! 2 2 6 45°
M1+ 2m0 — 7 \
By = = (11) - x 110)
are a set of linearly independent temperature dependent com-
bined piezoresistive parameters. These parameters must be cal-
ibrated before stress component values can be extracted from 1001
x|

resistance change measurements. Typical values ofthed-
efficients for lightly doped material also appear in Table I. In
n-type material B; and B; are the largest coefficients whereas
B3 is quite small.B; and B3 are the largest for p-type mate-
rial, although all three coefficients have useful values. It is vegjven the large errors which can be introduced into nontem-
important to note that the general resistance change expres$iefature compensated stress sensor data when the temperature
in (10) is dependent on all six of the unique stress componer8angel’ is not precisely known [24], [25]. Furthermore, by
Therefore, the potential exists for developing a sensor rosef@ing computer analysis with symbolic algebra to consider all
that can measure the complete 3-D state of stress at pointsP@gsible silicon wafer orientations, it has been established that

Fig. 7. Four-element rosette on (100) silicon.

the surface of a die by using (111) silicon. the (111) plane in fact offers the opportunity to measure the
highest number (four) of stress components in a temperature
C. Rosette Design compensated manner [22], [23]. The four stress components that

can be measured in a temperature compensated manner are the

From (8), the.r_eS|st_ance change of an in-plane sensor fal?ﬁ'?ee shear stress components and the difference of the in-plane
cated on (100) silicon is observed to depend on four COMponedtsmal stress components

of stresqo11, 022, 033, 012) and the orientation of the sensor.
Likewise, from (10), the resistance change of an in-plane sengpr
fabricated on (111) silicon is found to depend upon all six stress
components and the orientation of the sensor. Because of this, #f: four-element dual-polarity sensor rosette on (100) is shown
is natural to assume that the potential exists to design a fouri81Fig. 7. The rosette contains a 0-°90-type resistor pair and
ement rosette on (100) silicon capable of measuring four stré@$45° n-type resistor pair. This choice of sensor orientations
components, and a six-element rosette on (111) silicon capal@imizes thermally induced errors as well as those due to
of measuring all six stress components. However, it can alkgsistor misalignment relative to the true crystallographic axes
be proved theoretically that, when considering all possible 5], and permits accurate temperature compensated measure-
sistor orientations at a point, there are only three unique (liment of the values of the in-plane normal stress difference
early independent) responses on any given silicon plane [16};; — o5, ) and the in-plane shear stress as outlined below.

[22], [23]. Therefore, it appears that it is not possible to design Application of (8) to the four resistor orientations gives the

a rosette that can measure more than three stress componésitewing relations between the resistance changes and the
The above discussion pertains to rosettes formed with idergtresses at the rosette site:

cally doped sensing resistors. The full potential of multi-ele-

Optimized Four-Element Rosette on (100) Silicon

. D p I
ment sensor rosettes to measure up to six stress componeft&1 _ (7s + i) o+ (s = ) Ty + 7y + 0T
can be achieved by using dual-polarity sensing elements fabrift1 2 2
cated with both n-type and p-type silicon. Since the piezoresisx g, (nh —72) (% +72) b »
tive coefficients of the n-type and p-type resistors are different, R, = 5 T Ty 92 + 112033 + o T
there can be up to six unique sensor responses in duaI-poIari&/R "
rosettes. 2278 (011 +0%) + THoLs + 3055 + 4T

Besides the ability to measure two additional stress compo-R3 2

nents, theoretical analysis has established that properly designad?, 7% , p n n "

sensor rosettes on the (111) silicon wafer plane have other adg, ~ 2 (011 +029) = Tpo1y + THoss + T (12)
vantages relative to sensors fabricated using standard (100) sil-

icon [21]-[23]. In particular, optimized sensors on (111) siwherers = (711 + 712) andnp = (711 — 712) NOW appear,
icon are capable of measuring four temperature compensa@@d superscripta andp are used to denote the piezoresistive
combined stress components, while those on (100) silicon cz@efficients of the n-type and p-type resistors, respectively. The
only be used to measure two temperature compensated quapressionsin (12) can be inverted to yield equations for the four
ties. In this discussion, temperature compensated refers to shi@ss components |, 05,, 053, 07, in terms of the resistance
ability to extract the stress components directly from the rehanges of the sensing elements, the piezoresistive coefficients
sistance change measurements without the need to know #fig =1, nf,, 71, , 71, andx’,, and the temperature charife
temperature chandg. This is particularly important attribute, Direct combination of the expressions in (12) also leads to the
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following two temperature compensated (i.e., independefi) of x; [112]
resistance-stress expressions

(o _OJ):L ARy ARy
11 22 7{_24 Rl R2
, 1 [AR3 ARy
J12 —27”,5 [ Rs Ry | (13)

The piezoresistive coefficients needed to solve for the stress
components can be measured using a combination of uniaxial
and hydrostatic pressure calibration testing [26], [27]. A photo-
graph of a fabricated four-element dual-polarity rosette appears
in Fig. 3. The choice of n- and p-type material for the four re-
sistors is based upon the valuesf and~=’, in Table I.

Fig. 8. Optimized eight-element rosette on (111) silicon.

i) uncertainty in resistor measurements;
iii) instrument calibration drift between the times of the two

E. Requirement for Temperature Compensated Measurements, sets of measurements; )
iv) measurement of the values B{0, 0) andR(o, T') with

The (100) sensor rosette in Fig. 7 provides a good example of  gjfterent instruments with differing calibration errors.
the source and magnitude of the potential for thermally inducedag an be observed from (12) and (14), any attempt to re-

mea_surement errors which arlse.b.ecause SI|!COI’1 resistors ha¥Re the individual normal stress componests, o, OF oy

relatively large temperature coefficients, as high as 1000-2008) involve terms of the form(AR; /R; + AR;/R;) and will
ppmFC. o ) , , i i thus contain temperature terms. Because of the stringent abso-
Assumingo;; = 0 and solving forry, andey, using the first 4o temperature measurement requirements, past claims in the
two equations in (12) yields literature of stress measurements with accuracy of a few MPa
or less are probably exaggerated. It is recommended that only

[ARl + AR?} [ARl - AR?} temperature compensated stress calculations be used, unless a
ol = R Ry R Ry | auT short-term, well-controlled set of experiments is utilized. These
t 27s 274 s thermal errors also make accurate measurement of higher order
|:AR1 N ARQ} |:AR1 _ ARQ} piezoresistive coefficients [10], [28], [29] extremely difficult.
Ohy = Lt Ry Lt R ] _ alT_ (14) F. Optimized Eight-Element Rosette on (111) Silicon

27 B 27 T . . - .
s 44 s The eight-element dual-polarity rosette on (111) silicon illus-
Using values ofr, = 25 x 1012 Pa* anda, = 1000 ppmr-C  3ted n Fig. 8 contains p-type and n-type sensor sets, each with

for p-type silicon, a 0.5 degree measurement error in the temp%é's r nts maxing ang R, Wi P

P ;
ature chang&’ corresponds to an error in each estimated streté)sthmjl axis. This sensor has been developed by the authors for

component of 20 MPa. Typical measured values of stress ra measurement of the complete state of stress at points on the sur-

e : . o
. . ce of a packaged semiconductor die. It has been optimized to
from zero to a few hundred MPa. Thus a miscalculation of 38 b 9 . P
N i measure four stress components in a temperature compensated
MPa can represent a significant error, particularly for low valu

f st A doning i h lue. afan b ?ﬁanner, and theB” coefficients can be readily calibrated using
ot Stress. . rS] selnsor Itlapflngtjhlncreases, i € ;’r?wes b?n el; a combination of uniaxial and hydrostatic testing. A six-element
come vanishingly smatl, fur _elrQaggr?va Ing the problem. For 8 etie (without the-45° resistors) can also be used to extract
typical value ofry = 250 x 10~+% Pa* for n-type silicon, the

q the complete stress state. However, including the two extra re-
same 0.5 degree temperature measurement error correspong%{grs allows for more convenient bridge measurements of the

astress component error Of_ only 2 MPa. 'If.one attempts to firr]gsistance changes and better stress measurement localization
o', andgh, with a 0-90 resistor rosette, it is therefore best t‘{22] [23].

utilize n-type sensors. However, the n-type resistorpairexhibltsRepeated application of (10) to each of the piezoresistive

high sensitivity to rotational errors in sensor alignment to thfensing elements leads to the following expressions for the
true crystallographic directions, which result in corruption afiress-induced resistance changes:

the extracted stress values by the presence of shear stress [25].

It is important to understand the potential sources of thermalA R; Bry! .y .y V3 (Br L
errors. Quantityl” represents the difference between the temper- g, =Bloy + Byoyy + Byoss +2vV2(By — By) 03
ature at the time the reference vali¢0, 0) was measured, and + [T+ a3T? + -]
the temperature at the time the second measurefent?’) . .
is taken. In many packaging applications, these measu_rement%R2 _ <Bl + By ) (6, + ahy) + Blohs + 2v/2
may be taken several months apart, and any of the following fac- £2 2
tors are equivalent to a temperature error: -(BY — B}) o3+ (BY — BY) o'

i) actual temperature measurement errors; + [a?T + ogT2 + - ]
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AR
R33 = Byo{, + Bl'ohy + Biohs — 2V2(BY — BY) o, y
+[0fT + a3 T+ ] z

AR; (B!'+ By .
s _< L 5 2)(0114‘0/22)"‘33053_2\/5 T

(By = By)o13 — (B — By) oy, '

+ [afT + 3T+ - -] 5mm
AR; P P! P! P Py
R- = Bloy + BYoby + BYoby +2V2(BS — BY) o5,
+ [T +obT? + -]
AR BY + B}
= ° = < L 5 2 ) (011 + oho) + Bhohs +2v2
6 v
-(Bf — Bf) 013+ (B — BY) o1,
+ [a{)T + 0/2’T2 + .. ] Fig. 9. The (111) silicon test chip for making stress measurements.
ARq P/ P/ P/ P Py o/ it i i
&= BYot, + BPohy + BYobs — 2v/2(BY — BY) o, additional temperature compensated gquantity can be obtained
7

by subtracting the expressions for the in-plane normal stresses

P prp2
+ [T+ ofT -] o4, andob, in (16):

ARs <B{’ + B}

Ry - 2 011 — 09y =
: (Bg - Bg) 0:/L3 - (B:IL) - Bg) U:ILQ (Bg—Bg) |:AR1 _ AR3:| _ (B;?—BS) |:AR5 _ &}
+ [T + BT+ -] (15) R Rs R Ry

[(B5 — BY) By + (Bl — By) By + (B — BY) BY]

) (011 + o) + Bloky — 22

17
Superscripts: andp are used on the combined piezoresistive (17)

coefficients to denote n-type and p-type resistors, respectively._l_h for the choi ¢ eight resistors b i
For an arbitrary state of stress, these expressions can be in- € reason for the choice ot eight TESISIors becomes apparen

verted to solve for the six stress components in terms of tHRON study of (16? and (17). The four. temperature compen-
measured resistance changes, as shown in (16) at the botX d ‘e”‘.‘s each |nvc_>lv_e onIy.four resistors, grouped in pairs
of the next page. In (16), only the first order temperature terr’El I gdop!ng type. This IS required for temperature compensa-
have been retained. From the expressions in (16), it is clear t lgf)lphsmce |t(;/vould be ur_1I|ker that rt]he tempelratlijrg_ c_:oefﬁcuents
the extraction of the three shear stressgs ols, 05, from 0_95 - E'mt p-type res!st(:rr]s are the same. In a_ |t/|on, or:jyt ©
the measured resistance changes is independéht Bvalua- resistors appear ":O € express_lons(in 022.) an
tion of the three normal stress components requires measui& vyhereas /only thG/:4o degree resistors appear in the ex-
ment of the normalized resistance changes of the sensors Bifgrsions fop, andoys.
the temperature chan@éexperienced by the sensing elements.
The temperature coefficients of resistange «, ... mustalso
be known for each doping type. They can be obtained usingWhen piezoresistive sensors are used in experimental stress
thermal cycling calibration experiments where the resistancasalysis studies of microelectronic packages, special test chips
of the sensing elements are monitored as a function of tempare typically designed and fabricated. The test chips have ar-
ature. The measured resistance change versus temperatureaga-of sensor rosettes and are used to replace the normal func-
sponse is fit with a general polynomial to extract the tempertienal die used in a package of interest. In our recent research ef-
ture coefficients of resistance. Typically, only first and secorfdrts, several generations of (111) stress sensor chips have been
order temperature coefficients are needed [27]. designed, fabricated, and characterized for use in packaging
The difficulties in obtaining accurate temperature changudies. These test die contain an array of the optimized eight-el-
values over the long time spans typical of measurememment dual polarity measurement rosettes shown in Fig. 8, and
made with piezoresistive sensors (e.g., before and after dither perimeter pads suitable for wire bonding or area array
encapsulation) were mentioned in the previous section and thads for flip chip applications. In the fabrication processes, ion-
apply equally to the (111) sensors. If the overall coefficientmplantation has been used to achieve the best possible resistor
dividing the oy 7" terms in (16) are calculated, one finds thamatching and uniformity. Careful layout techniques were also
they are relatively small, particularly for n-type resistoraused to maximize resistance and stress sensitivity matching, and
Thus, it is again recommended to restrict measurement effadsminimize sensitivity to mask misalignment during fabrica-
to temperature compensated stress combinations where ttbe.
temperature coefficient of resistance terms cancel in the stres¥he basic die image of a typical (111) silicon test chip
extraction equations. Besides the three shear stresses,(BMW-2) is shown in Fig. 9 [30], [31]. Thi200 x 200 mil

IIl. TESTCHIP DESIGNS
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Fig. 10. Eight-element rosette layout as half bridges (BMW-2 test chip).
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basic die images are interconnected through the kerf (scribe)
areas on the wafer using the shorting bars extending from the
pads in Fig. 9. These inter-chip connections provide access to
interior sensors (from the outer perimeter pads) on larger com-
posite die up to 30 mm on a side.

V. SENSORCALIBRATION
The unique piezoresistive coefficients which characterize the

(5 x 5 mm) die contains 12 eight-element rosettes, diodes Hcon resistive sensors must be calibrated before stress compo-
each rosette site for temperature measurement, and additid)t values can be extracted from resistance change measure-
calibration sites and process test structures. A typical rosef€nts using formulas such as appear in (12)-(17). Each of the
layout and its connection to the perimeter bond pads are sho#R0) and (111) surfaces has its own set of required coefficient
in Fig. 10. The eight-element rosettes are interconnected V&4ues as well as unique problems associated with obtaining
half-bridge circuits, which minimizes the number of paddiese values.

needed to completely access all sensors in a given rosette. In

the fabrication process, the doping concentration level for b
resistor types was chosen to be approximat@i?#/cm?, and

nominal resistor values of 12—1%kwere obtained.

dih Calibration of Sensors on the (100) Surface

For the optimized four-element rosette on the (100) surface,
the values ofr’, and 7, are needed. Based upon (12), it is

With the BMW-2 chip design, the wafer can be cut into largesiear thatr’, can be easily determined through a controlled
chips on any 5 mm increment in either direction. The repeatebthermal application of uniaxial stress to a sensor rosette while

ARl ARg ARZ) A-R7
B - BY — _ (B — Bp) | =2 _ =W
O_/ _( 3 2)|:R1 R3:| ( 3 2)|:R5 R7:|
Y 2((BY - BY) By + (BY - BY) By + (B§ - B) By
ARy AR3 AR; AR;
B —2a7T| — By — — 24T
+3[R1+R3 ot -5 | T2 Gt -]
2[(BY + BY) Bf — (B{ + BY) By]
AR, ARs3 AR; AR;
BE - B - —(Br-By) | =8 - =
O_/ __( 3 2)|: Rl R3 :| ( 3 2)|: R5 R7 :|
. 2((BS — BY) B + (BY — BY) By +(Bf — BY) By
ARl ARg ARZ) A-R7
B! - 207T| - By — = 24T
n 3{-31 TR, } ° {-Rs TR }
2((BY + By) Bf — (BY + B}) B
ARy ARj AR; AR;
_ 4 'y _ n n n _ P
L (Bl+BQ)[ i + s 2a1T} + (B} + BY) { R + R 2a1T}
% 2((Bf + By) B — (B + BY) By
i AR, AR, ARgs ARg
BY - BP - —(By — By -
O_/ _@ ( 2 l) |: R4 R2 :| ( 2 l) |: RS RG :|
BT (B — BY) By + (B} — BY) By + (B — B}) BY
I ARy AR3 :| |: AR5 AR, :|
_BP_BP|: _ +Bn_Bn = T
O_/ _@ ( 2 l) Rl 3 ( 2 l) R5 R7
7S | T (BY- BBy + (B - BY) B + (B - B B
AR4 ARQ ARS ARG
—_ (B —_ pBP _ n _ RBn _
, (B3 BQ) |: R4 R2 :| + (B3 B2 ) |: RS RG :|

Tre =
v 2((By - BY) By + (BY — B3) By + (B3 — By) By|

(16)
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monitoring the resulting resistance changes, and the unia>
stress can easily be applied using the four-point-bending ap
ratus described in the next section. Unfortunately, it is difficu
to apply a well-controlled shear stress that would be requir
to determiner?,. However, using the theory in Section Il, the
authors have shown that the individual values of, 712, 744,

s, andrp can all be measured using the special three-elem

[110]

“off-axis” rosette in Fig. 11 [32]. Strips for calibration also mus 22.5° 457

be cut from the wafer at a 22.5ngle, and applying uniaxial X, .
stress along the axis of this strip produces an equivalent sh X,
stress when resolved in the coordinate system of the rosette. 2 50
additional advantage of this form of calibration is that the valut

of 744 andzp are obtained in a temperature compensated me x; [100]

surement. Fig. 11. Three-element 22.%ff-axis calibration rosette.

B. Calibration of Sensors on the (111) Surface

The expressions in (15)—(17) for the eight-element (111) s
icon rosette in Fig. 8 indicate that a calibration procedure mt
be performed to determine all six of the combined piezoresisti
parameterd3}, By, By, BY, BY, BY prior to using the sensor ,
rosette for stress measurements. From (15), which describe e
sistor variations on the (111) surface, it is apparent that valt
of B; andB, can be found from application of a uniaxial stress
For example, if a known uniaxial stres$;, = o is applied in
the , -direction, the expressions in (15) for the 02@@iented Fig. 12. Four-point bending calibration.
sensors yield the following resistance changes:

calibration results with the uniaxial stress calibration results.

AR; Br n ARz _ Br " From Table |, the values of the pressure coefficients are expected
R, Tt g+apd, Ry ~— 72 gta to be small for lightly doped material, and, from a practical point
ARs AR of view, it may often be acceptable to simply assume they are

e Blo + AT, R Blo+'T. (18) zero.

Four-point bending and pressure vessel testing have been
used to generate the required uniaxial and hydrostatic calibra-
Hon loadings. In the four-point-bending method, a rectangular

isothermal application of uniaxial stress to a sensor roseftlP containing a row of chips s cut from a wafer and is loaded

while monitoring the resulting resistance changes. Howev}2 four—poin_t-bending beam fixture to generate uniaxial_ stress
the values of3; are more difficult to determine. states (see Fig. 12) [26]. As observed in (15) and (18), this tech-

It can be observed in (15) that characterization of materi%ilque allows coefficients, andB; to be measured for both the

constantB; for (111) sensors requires the die to be subjected Rotype and n-type resistors in the dual polarity eight-element

a controlled stress state that has nonzero out-of-plane normai et on (111)f5|I|%on. Sample fpur-p0|nt-Een§|{;1\g/;Vc§I|bratl(r)1r_1
shear stresses. Hydrostatic calibration has proven to be the nfgggsurements for the p-type resistors on the -2 test chip

expedient method to satisfy this condition. If a sensor rosetteaﬁgpear |n_F|g. 13. The linearity and orientation erendgnce
subjected to hydrostatic pressied, = o, = %, — —p), the O (€ TESISIOr responses to stress are apparent in the figure.
relations in (15) give L rezm s ' Similar results apply to n-type resistors and to calibration

rosettes on (100) silicon.
AR, AR, ARs AR, L ., In our hydrostatic testing propedure,_a high-.capaci.ty pressure
I N T —[BI'+By+B3[p+afT vessel has been used to subject a single die to triaxial com-
! 2 3 4 pression [27]. As indicated by (19), temperature compensated
AR _ ARs _ ARq _ AR = —[BP+BL+BEp + of'T. hydrostatic measurements cannot be made, so that temperature

From these expressions, it is clear that the constdits
By, BY, BY can be easily determined through a controlle

Rs Rs R7 Rs changes occurring during testing represent a potential problem.
(19)  Ithas been observed experimentally that the hydraulic fluid tem-
perature change due to a 14 MPa pressure change is on the order
Therefore, the combinatiod®}* + By + B% ) and(BY + BY + of 0.8 °C. Because of the relatively large temperature coeffi-
BY), referred to as the piezoresistive pressure coefficients, aaants of resistance of silicon, the temperature effects must be
be evaluated through a controlled isothermal application oframoved from hydrostatic calibration data before evaluating the
hydrostatic pressure to a sensor rosette while monitoring thiezoresistive pressure coefficient = —(B; + By + Bs).
resulting resistance changes. The individual valueBpfand To remove the temperature induced resistance changes, an ac-
BY can then be obtained by combining the hydrostatic pressurgrate determination of the temperature coefficient of resistance
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-0.02 1 Rs (¢ = 0°)
-0.04 T T T T T
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Fig. 13. Typical four-point bending results (p-type resistors, eight-element
rosette).
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Fig. 14. Typical hydrostatic calibration data (p-type resistor).
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Fig. 15. Adjusted hydrostatic calibration data (p-type resistor).
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TABLE I
TYPICAL PIEZORESISTIVE COEFFICIENT VALUES FOR BMW-2
TESTCHIPS (TPa)* [30]

Piezoresistive n-type p-type
Coefficient Silicon Silicon
B; -230 507
B, 207 -145
B, 55 -399

Copper
Pad/Trace

Fig. 16. Wire bonded chip-on-board packaging.

As an example, typical resistance change with temperature
behavior for unstressed p-type resistors in the BMW-2 test chip
were recorded using a computer temperature-controlled oven,
and an average value af = 2.11 x 10~3/°C was found. Once
TCR measurements were completed, the die were subjected
to hydrostatic pressure. During these tests, the resistances of
the sensors and the fluid temperature were monitored at every
load step. Typical resistance change with pressure behavior is
depicted in Fig. 14. If the temperature of the fluid didn't change
under pressure, the raw data curve in Fig. 14 should have been
linear according to (19). Nonlinearity is present because of the
nonlinear variation of the hydraulic fluid temperature during
pressurization. Adjusted resistance versus pressure data were
obtained by subtracting the temperature induced resistance
change(«;T") from the total resistance change at each data
point. As observed in Fig. 15, the adjusted resistance change
data are linear with fluid pressure as expected. The slope of
the curve in Fig. 15 is the piezoresistive pressure coefficient
7p = —(B1 + B2+ Bs). Similar results are obtained for n-type
resistors. Typical values of the measui@doefficients found
for the BMW-2 test chips appear in Table Il.

V. TESTCHIP PACKAGING APPLICATIONS

Test chips incorporating piezoresistive stress sensors can
be used in a wide variety of ways to evaluate assembly and
packaging technologies, and this section provides a sample
of the possibilities. Stress test chips are useful for measuring
processing induced die stress as a function of various manufac-
turing variables. In this role, they can be used to guide material
selection processes (e.g., encapsulants). In addition, test chips
can be used foin-situ stress measurements during processing

(TCR) «; of a sensor must be done prior to pressure coefficieot final end use of the electronic component. When using
measurement.

(111) silicon sensors, interfacial shear stresses between the die
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Fig. 17. Out-of-plane shear stress data in COB packages (room temperaflire<400 Mil Die).

25 A. Die Stresses During Chip-on-Board Assembly

In chip-on-board (COB) technologies, semiconductor die are
attached directly to a second level substrate (e.g., ceramic or or-
ganic circuit board). Such assemblies have become popular for
multichip module (MCM) applications requiring reliable pack-
aging with reasonable costs. In wire bonded COB (chip-and-
wire), the chip level interconnect is done by wire bonding. The
chip is attached to the substrate with a die attachment adhesive
45 - (e.g., silver-filled epoxy), and the outer leads are then bonded.

Sf Finally, the die is encapsulated using a “glob-top” liquid encap-

20 site 2, Board 16 sulant (see Fig. 16).

~25 —ree T T T T In our work, a2 x 2 array (a 10 mmx 10 mm die) of the

0 2000 4000 6000 8000 10000 (111) silicon test chips in Fig. 9 have been used to charac-
Time (sec) terize the variation of die stress throughout the COB packaging
process [30], [31]. The initial sensor resistances of all sensors
Fig. 18. Typical variation of die stress during the encapsulant cure cycleWere recorded When. the test dle. were inwafer form. The rosettes
T were later characterized after die attachment, and throughout the
cure cycle of the liquid encapsulant. Using the measured data
surface and encapsulant can be monitored as a tool for deland appropriate theoretical equations, the stresses at sites on the
ination detection and monitoring of interfacial crack growthdie surface have been calculated. Also, preliminary 3-D non-
Finally, stress test chips can be used to measure the chargesr finite element simulations of the chip on board packages
in die stresses occurring during various types of electroniere performed, and the stress predictions were correlated with
packaging reliability testing such as thermal cycling, thermé#the experimental test chip data. Fig. 17 shows typical room tem-
aging, highly accelerated stress testing (HAST), and long-teparature data for the out-of-plane shear stress components and
moisture adsorption. In such applications, the changes in strags different encapsulants. In this illustration, the small squares
are often a direct indication of the damage that has occurred@present the size and locations of the sensor rosettes. From the
the encapsulant or die attachment material contacting the chifata it is clear that encapsulanB™ provides final assemblies

In Section V-A-C, brief examples are provided of differentvith lower interfacial shear stresses, leading to better reliability.
applications of piezoresistive stress sensors to the assembly brigiig. 18, a typical stress variation during the encapsulant cure
packaging of microelectronics. In each case, an the experimemadcess is shown. Several effects can be clearly seen including
measurement approach is critical since it is very difficult if nahe cure shrinking that occurs during the hold at 2€5 and
impossible to accurately predict the mechanical response usihg significant stress buildup that occurs during assembly cool
numerical simulation methods (e.g., finite element analysiglown. The transient overshoot and relaxation of the stress value
The challenges with the finite element approach include suishalso interesting since the oven temperature change was mea-
issues as unknown material constitutive behavior of the encapred to be monotonic. Note that these measurements track dif-
sulants during solidification, difficulty in predicting delaminaferential changes in stress with time, and the resolution of the
tion initiation and 3-D crack growth, and lack of models for machanges is a fraction of a MPa. These results are possible only
terial damage and degradation of materials such as viscoplassing the temperature compensated measurement approach dis-
encapsulants and solders. cussed earlier.

CureatT = 165 °C

o'\~ ', (MPa)
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Fig. 19. Total out-of-plane shear stress data for a typical delaminatedieq 400 Mil).

our measurements in chip on board packages shown in Fig. 17,
the measured magnitudes of these stresses were typically in the
range of 0—6 MPa. However, in the delaminated QFPs, the mag-
i nitudes of these stresses became very high (up to 50 MPa). This
¢ was especially true at nondelaminated rosette sites that were
very near the edge of the delamination region. Rosettes in the
delaminated regions were found to have failed completely (open
circuits) due to the delamination damage.

Fig. 20. PGA package with stress test chip. C. Stress Changes in Pin Grid Array Packages Due to
Reliability Testing

B. Delamination in Plastic Encapsulated Packages In a ceramic pin grid array (PGA) package, a silicon chip is

In conventional plastic encapsulated packages, chips are fﬁgpded_ within the_cawty_of a multilayer ceramic pgckage V\."th
attached to a metal lead frame using a silver filled epoxy adHﬂg_-etal pin leads using ‘?‘d'e att_achment adheswe. Fine aIL_Jmmum
sive. Small diameter gold wires are used to electrically intercoff!' €S aré used to provide the mterconnectlons from the die b(_)nd
nect the small bond pads on the silicon die to the thin metalf?@ds tq the metal traqes on the .PGA housing, and the qavmes
leads. The assembly is then encapsulated in an injection mold typl_cally sealed using Kovar lids and an Au-Sh eutectic pre-
machine, and the metal legs are shaped in a forming die. O 2" Fig. 20 shows a photograph of a typical PGA package (lid

assembled, several plastic encapsulated packages are typi(fgll O\r/]?d.) W|th.att§che<110(1ll) is:)llcon stresi_test chip. hed
surface mounted to a printed circuit board using solder. this investigation, 10 mmx 10 mm test chips were attache

In our plastic package studies, calibrated and characteriZ8 he I_DGA pagkages using six h|gh-§em_perature die attachm_ent
(100) and (111) test chips were encapsulated in 240 pin qL% esives deS|gneq for avionic appl|cat|o.ns.[34]. The adhesive
flat packs (QFPs) [33]. The post packaging room temperatusr)éSte_ms, included silver filled gla}sses, poly|'m|de pastes, Fhermo—
resistances of the sensors were then recorded, and the stre’%I lic films, and gold germanium adhesives. The resistances
on the die surface were calculated using the measured reQist € Sensors were recqrded at room temperature bgfore and
tance changes and the appropriate theoretical equations. \?ﬂgrdle attachment. The induced thgrmal stresses at S|tes.0nthe
presence of delaminations between the die surface and the&jﬁ_surface havg been .ca_lculated using the mgasured resistance
capsulant was explored using C-mode scanning acoustic janges and p|ezore5|st|ve theory. A comparlson'of the room
croscopy (C-SAM). Stress test chips fabricated with (111) Sﬁ@mpgrature die stresses caused by the different die-attachment
icon have shown great potential for detecting delaminations amte”als ha.s F’?e” made. .
for aiding the understanding of stress distributions in delami-Aftér the initial stress measurements, thermal aging and
nated packages. For example, Fig. 19 shows the distributionf@grmal cycling tests were conducted on the packages. The
the total out-of-plane shear stress on the die surface of a piermal aging consisted of subjecting the packages to 2000
tially delaminated QFP. The delaminations begin at the four cdtours of exposure at 260C. The thermal cycling experiments
ners of the die, and the delamination boundary (as determirg@nsisted of exposure to 1000 thermal cycles fre/5 to
via C-SAM) is shown as a curved line. In nondelaminated digg0 °C. The various die attachment materials were further
the out-of-plane (interfacial) shear stressgésanda}, are rel- evaluated by observing the changes in stress that occurred
atively small, except very near the die edges. For example,daring these reliability tests. For example, the thermal aging
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Fig. 21. Effects of (a) thermal aging and (b) cycling on die surface stresses (in-plane normal stress difference in MPa).

and thermal cycling test results for one of the die attachment  VI. DEVICE AND CIRCUIT PARAMETRIC SHIFTS
adhesives are shown in Fig. 21. From the data, it is seen that DUE TO STRESS

this adhesive survived the thermal aging tests but experience@ackaging induced die stresses change the effective hole and
gradual damage (stresses reduced gradually during the agifigttron mobilities observed at semiconductor device terminals,
process). However, the same material failed the thermal @hd thus directly affect the characteristics of both analog and
cling tests (stresses quickly changed to zero indicating lossdijital circuits on IC chips [35]-[40]. Because of this problem,
adhesion). In both sets of tests, the primary failure mode W@grious research groups have extensively characterized the re-
observed to be die attachment adhesive cracking. sponse of FETSs to stress [40]-[45] for a wide range of operating
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() Table I, but have the opposite signs since a change in conduc-

tivity is being modeled rather than a change in resistivity. Based
upon these values, one can expect n-channel devices to be most
affected by the value of the in-plane normal stress $ufn +

04,), Which is relatively high across most of the surface in a
large plastic encapsulated die for example. On the other hand,
PMOS devices will have the strongest dependence Gpon-

ah,), which can be high and also changes sign across the die
surface. An example of the calculated affects of stress are pre-
sented in Fig. 22, which shows the drain current enhancement
in one quadrant of a 400 mik 400 mil plastic encapsulated
die. The NMOS devices exhibit an 8% increase in mobility over
most of the die surface, because the die is under a large biaxial
2.5mm compressive stress. At the same time, the PMOS devices show
a wide (almost 10%) spread in values because of the large mag-

5.0mm

E E E E £ ¢ e nitude and changing sign of the}; — o5,) term. These de-
2 2 5 E E E vice changes will translate directly into changes and spreads in
L 2 i the performance distribution of analog and digital circuits fab-
(b} ricated on similar IC chips.

B. MOSFETSs as Stress Sensors
Fig. 22. (a) Calculated stress-induced NMOS drain current variation across

one quadrant of a 10 mm 10 mm plastic encapsulated die. (b) Corresponding AS Stress sensors, CMOS FETSs offer a number of advantages
variation in PMOS drain current. [46]-[49]. First they can be made very small in size to provide

. . . . . a highly localized stress measurement. In addition, large sensor
conditions. For FETSs operating in strong inversion, the piezorgaays can be fabricated to fully map the stress field. The light

sistive theory in (12) can be readily extended to describe t§ging in the MOS channel leads to high stress sensitivity, and
behavior of MOS field-effect transistors in strong inversion. \MOSEETs are known to operate well from high temperatures
A MOSEET Drain Current Variation down to cryogenic temperatures below 77K. Fig. 23 provides an

example of the layout of a CMOS stress sensor rosette on (100)
For example, the drain current of MOSFETSs with channetslicon which consists of a 0-S(air of PMOS transistors and

oriented at 0 and 90on the (100) surface can be expressed ag +45° pair of NMOS transistors. The PMOS pair produces an
output proportional tdot; — o5,) and the NMOS pair is used

Alp| _Us (0 + o) + %( p 1)) + oo, to measure,. Since FETs can be made extremely small, large

Ip |, 2 M 922 g\ T 022 12933 numbers of the rosettes in Fig. 23 can potentially be placed in

the area occupied by a single bonding pad in the chip in Fig. 9!

% = % (oh1 +0hy) — % (07 — o) + 112053 An example application of CMOS stress sensors appears in
D 190

Fig. 24, which displays the results of die stress measurements in
asmall ¢ x 2 mm) die over the range of 420K to 90K [50], [51].

The difference of the in-plane normal stresses versus tempera-
in which thell;; represent the piezoresistive coefficients of thiure is plotted for a high stress site near the edge of the die, and

FET channel resistance. The magnitudes of these coefficietits shear stress versus temperature is plotted for a high stress
approach the lightly doped values of resistey presented in site near the die corner. The stress variation with temperature is

(20)
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Piezoresistive theory can also be extended directly to the re-
sistive channel region of MOSFETSs operating in strong inver-
sion, and an example extension of stress theory to the predic-
tion of parametric device and circuit changes in packaged in-
tegrated circuits was included in this paper. As stress sensors,
CMOS FETSs can provide highly localized stress measurements,
and large sensor arrays can be fabricated to fully map the stress
field. The light doping in the MOS channel leads to high stress
sensitivity, and MOSFETSs are known to operate well from high
temperatures down to cryogenic temperatures below 77K. An
example of where stress measurements were made from 420K
to 77K was presented here.

Although this paper has focused on the use of piezoresisitive
sensors in electronic packaging applications, they have also
found wide application in MEMS devices including accelerom-
eters and pressure sensors, and the theoretical development
presented here is directly applicable to many areas beyond the

a A A
0 . r —= .
0 100 200 300 400 500

Temperature (K)

Fig. 24. Extracted normal stress differenge, — o4,) for edge sensor (1]
and in-plane shear stresg, for corner and line of symmetry sensors versus
temperature. 2]

also shown for a low stress location on a line of symmetry at the[s]
die center. This sensor output should be nearly zero as is med4]
sured, indicating that the temperature compensation is in fact

working properly. [5]

VII. SUMMARY AND CONCLUSIONS [6]

The use of piezoresistive sensors for experimental stresg]
measurements in electronic packages has been reviewed, arf@l
sensor theory has been presented in detail. Optimized resistive
sensor rosettes designed for application on both the commonlyg)
available (100) and (111) silicon surfaces were discussed,
and the importance of performing temperature compensate[go]
measurements was emphasized. Sensor rosettes fabricated on
(111) silicon have several advantages, including the ability to
measure the complete state of stress (six stress compone
and the ability to measure four temperature compensated stress
components. Sensor calibration methods were presented. An
“off-axis” rosette can be utilized for calibration purposes on 12]
the (100) surface. On the (111) surface, the six piezoresistive
coefficients can be completely determined from the measure-
ment rosettes using a combination of uniaxial and hydrostatiEl
calibration experiments.

Example applications of piezoresistive test chips to chip-oni4]
board assemblies, plastic encapsulated packages, and pin grid

o scope of this presentation.
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