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DISSERTATION ABSTRACT
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Directed by Richard C. Jaeger and Jeffrey C. Suhling

In this work, the dependence of the silicon piezoresistive coefficients n,,, m,,,
and m,, on temperature is investigated. Experimental calibration results for the

piezoresistive coefficients of silicon as a function of temperature are presented and
compared and contrasted with existing values from the literature.

Stress-sensing test chips are widely used to investigate die stresses occurring to
assembly and packaging operations. They incorporate resistor- or transistor-sensing

elements that are able to measure stresses through the observation of the changes in their



resistivity/mobility. The piezoresistive behavior of such sensors can be completely
characterized through the use of three piezoresistive (pi) coefficients, which are electro-
mechanical material constants. In most prior investigations, calibration of the
piezoresistive coefficients has been performed at room temperature. Such restriction
limits the accuracy of test chip stress measurements made at other temperatures. In this
work, we have performed an extensive experimental study on temperature dependence of
the piezoresistive behavior of silicon. Calibration has been performed using four-point
bending of chip-on-beam specimens. A special four-point bending apparatus has been
constructed and integrated into an environmental chamber capable of temperatures from
-185 to 300°C. Finite element analysis has been used to calculate the stress states
applied to the calibration samples. Our test results show that the piezoresistive
coefficients for p- and n-type silicon decrease monotonically when temperature is
increased from -150 to 125°C.

Our goals in this work are to enable packaging stress measurements over a wide
range of temperature, to obtain a comprehensive set of piezoresistive coefficients over a
broad range of temperature, to resolve sign issues and demonstrate proper methods for
relating coefficients at different temperatures, and to obtain consistent formulation of

R(o, T) valid over wide temperature range.
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CHAPTER 1

INTRODUCTION

As VLSI chips have become highly integrated with advances in semiconductors
and microelectronics, their feature sizes have become smaller and smaller. Too, VLSI die
sizes have become larger and larger. Hence the effects of mechanical stresses on the
structural reliability of electronic packages have become an important issue. These
stresses are caused during both the fabrication and operation of an electronic package
from mechanical loads and from uneven expansions and contractions of the various
package materials.

Because of thermal and mechanical loadings, stresses in electronic packages
may cause not only premature mechanical failures but also ateration of the function of
the semiconductor devices. Thus stress related problems such as fracture of the die, die
bond failure, solder fatigue, severing of connections, and encapsulant cracking are
prevalent in semiconductor manufacturing. Especialy, thermally induced stresses are
created during packaging procedures such as encapsulation and die attachment, as well as
during the application of the package in a thermally changing environment. Typical IC
packages are comprised of a variety of materials which expand and contract at different
rates and have different elastic moduli. Under heating and cooling of such assemblies of

materiass, the coefficient of thermal expansion mismatches lead to mechanical stresses. In
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addition, heat dissipated by high power density devices during operation produces
thermally induced stresses.

As the éectronic industry continues to develop, the ratio of package size to chip size
becomes an issue for higher 1/0s. Thus the stress distribution may change rapidly over
small scales.

Piezoresistive stress sensors are a powerful tool for experimental structural
analysis of electronic packages. Figure 1.1 illustrates the basic application concepts. The
structures of interest are semiconductor chips which are incorporated in electronic
packages. The sensors are an integral part of the structure to be analyzed. The stresses in
the chip induce resistance change in the sensors because of the piezoresistive effect and
may be easily measured. Thus the sensors are capable of providing non-intrusive

measurements of surface stress states on a chip even within encapsul ated packages.

Silicon Wafer Chip X

Electronic Package

/

__ﬁsq_
A
AN

053)/

Local Die Stress State Sensor Rosette

Fig. 1.1 - Basic concept of piezoresi stive sensor



If the piezoresistive sensors are calibrated over a wide temperature range,
thermally induced stresses may be measured. A full-field mapping of the stress
distribution over the surface of a die can be obtained using specialy designed test chips
which incorporate an array of sensor rosettes (or resistors). In addition to being applied to
packaging stress measurements, piezoresistive sensors have widespread applications as
sensing elements in various transducers.

Accurate values of the piezoresistive coefficients of the sensing resistors, as well
as recognition of the many potential sources of error that may be present during
calibration and measurement, are required for the successful application of piezoresistive
stress sensors. Therefore, it is very important to search for the optimal wafer orientation
in order to minimize the associated calibration errors for (001) silicon wafer.
Misalignment with respect to the true crystallographic axes of the semiconductor crystals,
such as the tilt of wafer plane, affects the calibration values of piezoresistive coefficient.
Errors in misalignment with the given crystallographic axes are described and analyzed
because precise determination of the crystallographic orientation in (001) silicon wafers
isfound to be essential for accurate determination of piezoresistive coefficients of silicon.
On the other hand, for (111) silicon wafers, errors associated with misalignment have no
effect on the calculation of piezoresistive coefficients of silicon due to the isotropic
characteristics of (111) silicon.

Enhanced calibration techniques are needed for accurate determination of
piezoresistive coefficients prior to application of piezoresistive sensors within packages.
For experimental techniques and methods, a four-point bending fixture system and a

hydrostatic pressure vessel system have been constructed. In order to extract a complete
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set of pi-coefficients (n,,, n,,,andn,,) for both p- and n-type sensors, hydrostatic tests

are needed for (111) silicon. On the other hand, the hydrostatic tests are not required for
stress sensors on (001) silicon. In order to determine a complete set of pi-coefficients,
(001) silicon wafers are cut along two directions (e.g., the [100] axis and the [110] axis).
Associated beam rotational errors in piezoresistive coefficients induced by the rotational
misalignment of the strip on the supports with respect to the ideal longitudinal axis of the
strip are explained.

In the chip-on-board (or strip-on-beam) method, a die (or strip) is adhered to a
board which is subjected to pure bending. The genera equation for an off-axis (0, 90,
+45, and -45) resistor oriented at some arbitrary angle is discussed. The fabrication and
calibration of the (001) or (111) silicon test chips for p- and n-type materials are
explained. Finite element analysis has been presented to cal cul ate the stress states applied
to the calibration samples. In addition, severa issues related to the regular four-point
bending calibration procedure have been described.

The hydrostatic pressure calibration technique has been reviewed for sensors
fabricated on the (111) silicon. In the case of hydrostatic calibration, a high capacity
pressure vessdl is used to subject a single die to triaxial compression. The temperature
effects must be removed from hydrostatic calibration data before evaluating the pressure
coefficients, and accurate determination of the TCR (temperature coefficients of
resistance) of a sensor must be done prior to pressure coefficient measurement. Finaly, a
combination of four-point bending and hydrostatic calibration tests has been shown to be

suitable for obtaining a comprehensive set of piezoresistive coefficients.



Stress analyses of electronic packages and their components have been performed
using experimental, numerical, and analytical methods. Experimental approaches have
included the use of test chips incorporating piezoresistive stress sensors, whereas
numerical studies have typically considered finite element solutions for sophisticated
package geometries. Analytical investigations have been concerned primarily with
finding closed-form elasticity solutions for layered structures.

In the current microelectronics industry, it is most common for silicon devices to
be fabricated using the (001) silicon wafers. The other customarily utilized wafer
orientation is (111). In this work, the genera piezoresistivity theories at fixed and
variable temperatures are presented, and the genera equations for sensors fabricated on
the (001) and the (111) silicon wafers aong with the basic sensor rosette configurations
are reviewed and expanded. Further, the general expressions for the resistance changes
experienced by in-plane resistors fabricated on these two types of silicon wafers have
been reviewed. In particular, for each wafer type the normalized resistance change for an
in-plane resistor has been expressed as a function of the resistor orientation and a set of
linearly independent combined piezoresistive coefficients.

The directionally dependent nature of silicon crystals will be explained to help
with the understanding of physical properties of semiconductor materials and the linear
elastic silicon stress-strain relations have been presented in tensor notation. The
appropriate selection of stress-strain relations has been discussed.

Over the years, the VDP (Van der Pauw) structures have been used to measure
resistivity or sheet resistance of materials. Sheet resistivity of a flat conductive structure

can be calculated using the resistivity value measured using VDP structure. It is
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noteworthy that dimensional changes of VDP structures during loading have not been
considered in prior investigations.

In this work, however, the dimensional changes of VDP structures and resistor
during loading will be discussed. Furthermore, strain-effects of VDP structures and
resistor sensors on piezoresistive coefficients and sensitivity magnifications will be
discussed and compared to the cases in which strain-effects are not considered.
Simultaneously, the VDP stress sensitivities will be compared with analogous resistor

sensors on the same wafer and with the same doping concentration.



CHAPTER 2

LITERATURE REVIEW

In 1932, Bridgman [1-3] observed that applied tvemse and longitudinal stresses
in certain crystals changed their electrical resisé. Bridgman, credited with making the
first piezoresistance measurements, initially obeserpiezoresistive behavior in metals.
He subjected metals to tension and hydrostaticspres Experimental observations of the
piezoresistive effect in semiconductors (silicord ayermanium) were first made by
Taylor [4], Bridgman [5], Smith [6], and Paul andd?son [7].

Smith [6] described the piezoresistance effect tha major sensing principle in
micro-mechanical sensors. In 1961, Pfann and Towr§®] derived longitudinal and
transverse piezoresistance coefficients for varditsctions in cubic crystals of silicon.
These formulations were later clarified and forrpedl using tensor analysis techniques
by Mason and Thurston [9], Thurston [10], and Smifi]. Since then, many
researchers have studied the piezoresistance a@eat of silicon both analytically and
experimentally, as a function of doping concentratmostly at room temperature. An
extensive derivation of the piezoresistive theogsvgiven by Bittle, et al. [12-13]. A
detailed theory for silicon piezoresistive senswes derived by Bittle et al. [14], and
Kang [15] explored piezoresistive theory for silicon various wafer planes.

In the early work, stress was often applied by @@ weight on a string fixed to



the end of the silicon cantilever. Only the largesefficients,my, for p-type silicon and
41 for n-type material, are easily measured. Thectdfef crystallographic misalignment
and temperature errors were generally ignored. e#igh tool for precise determination
of the crystallographic orientation in the (001jcsein wafer using anisotropic wet etching
was introduced by Vangbo [16]. Jaeger and Suhlibg] [showed that temperature
variations and measurement errors play a pivoti@ m determining accuracy of the
results obtained during both calibration and agpiin of piezoresistive stress sensors.
They demonstrated the significance of thermallyucetl errors in the calibration and
application of silicon piezoresistive stress sesso{17]. Furthermore, Cordes, et al. [18]
presented optimal temperature compensated piegtivesstress sensor rosettes.

Matsuda [19] measured the nonlinear piezoresistagifect in silicon and
presented the theoretical and experimental valfigaeaoresistive coefficients. Kanda
[20] offered a graphical representation of the pregistance coefficients in silicon, based
on the literature values of piezoresistive coedfité by Smith. He plotted the
theoretical longitudinal and transverse piezorasist coefficients at room temperature as
a function of the crystal directions for orientasoin the (100), (110), and (211)
crystallographic planes.  Richter et al. [21] presd experimentally obtained results
for the piezoresistive effect in p-type silicon.efhmeasured the longitudinai ) and
transverse 1§r) components for the [110] direction of the (00ilicen. Viadimir [22]
produced numerical simulations of the piezorescsagffect in silicon using a relaxation
time formation. The results in these publicatiorsenor fixed temperature

The temperature dependence of the piezoresistahdeigh-purity silicon and



germanium was described by Morin [23]. The temfpueeadependence of the large
coefficients {u4 for p-type silicon andu; for n-type silicon) has been measured by Tufte
and Stelzer [24-25] as a function of impurity camication. Suhling, et al. [26-27] used
piezoresistive sensors to measure and investigaenally-induced stresses. Lenkkeri
[28] presented experimental values of the piezstasce coefficients at 77K and 300K.
Jaeger et al. [29] presented experimental resoltshfe piezoresistive coefficients of

silicon, Tu4 andTp, as a function of temperature {25-140C), and Lund [30] measured
the piezoresistance coefficients in p-type silicasing the 22.5 off-axis direction of
silicon, over the temperature rangéC5to 140C. Gniazdowski [31] measured the
longitudinal t) and transversat) components of the piezoresistance coefficierg-in
type [110] silicon over the temperature rangéQ% 105C. Toriyama [32] derived an
approximate piezoresistance equation for p-typ&osil as a function of impurity
concentration and temperature (-108100C) taking into account spin-orbit interaction.
Kozlovskiy [33] calculated the piezoresistance Goeits, Ty, in p-type silicon andy;

in n-type silicon as a function of temperature thfferent impurity concentrations.
Yamada, et al. [34] described the nonlinearityhef piezoresistive effect.

The results of all these efforts indicate relatjvgbod agreement in magnitude for
the large (and hence easily measured) coefficenisell as a small relative temperature
dependency. Howevemnt, and 1, in p-type material are much less well defined
with large discrepancies in magnitude and even sigiong researchers. The overall

goal of this work is to try to resolve these digenecies and produce a set of coefficients

for use in packaging measurements over 77K - 450K.
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For experimental structural analysis of electrqrackages, piezoresistive sensors
are a highly useful tool. The piezoresistive semsare usually resistors that are
conveniently fabricated into the surface of the dising current microelectronic
technology, and are capable of providing non-inieisneasurements of surface stress

state on a chip even within encapsulated pack&je4(Q].

Stress sensors based on piezoresistive field efiectsistors (PIFET's) were
proposed and designed [41-48] using the relatietwden the MOS drain current change
and applied mechanical stress. In addition, M&tnal. studied the sensitivity of the

resistance of Van der Pauw structures to applieds{49-50].

A four-point bending calibration procedure was dgged and utilized by Bittle, et al.
[12-13], Suhling, et al. [26-27], Beaty, et al. [blaeger, et al. [17, 29, 52], and Van
Gestal [53]. A wafer-level procedure and calibnatfor piezoresistive stress sensors was
developed and utilized by Cordes [54], and Suhlegigal. [55-57]. This technique for
wafer-level calibration of stress sensing test shwas successfully applied to different
test chip designs by Cordes [54]. The errors aasegtiwith the design and calibration of
piezoresistive stress sensors in (100) silicon avedyzed by Jaeger, et al. [58-59]. Many
researchers have performed experimental studiegy usist chips with piezoresistive
stress sensors in the literature [60-66]. A hyariistcalibration method for (111) silicon
test chips was developed and applied by Kang [@&d, Suhling, et al. [67-68]. Finite
element simulations provide useful insight into stress distributions produced in plastic
packages during die attachment, encapsulation, ralmability tests. Various package

processes and reliability tests can be investighiedneans of finite element methods
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[69-72].

Test chips with resistor sensors have been usettasure die stresses in various
packages [13, 73-77]. However, resistor sensorstygieally made using serpentine
conduction paths to increase the unstressed nesestalues (they have large numbers of
conductive squares and thus have a relatively leegistance values) in order to reduce
the measurement errors. In addition, resistor sersave several drawbacks such as the
large sensor sizes and less sensitivities.

Van der Pauw (VDP) structures used as stress sehage the potential to solve
the deficiencies of resistor based sensor. The ¥DRture requires only one square of
material, and its characteristics are also sizepeddent. Thus such sensors can be made
small enough to capture stress variation in a sarah without any loss of sensitivity.
VDP structures have been used as piezoresistigesssensors [50The van der Pauw
method is a widely used technique for measuringstrey of arbitrary shaped samples
of constant thickness In addition, VDP structureseh been used for Hall mobility
measurements. The techniques are based on theetibabidevelopments of van der
Pauw [78-79]. Since then, many researchers hawneéatl the originally proposed ideas
to develop a variety of approaches for evaluathmg resistivities of both isotropic and
anisotropic materials using VDP-type structures330

An extensive review of results from therkiteire are presented and compared in

this Chapter as discussed below:
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e Piezoresistive values at room temperature
The composite data fag,, 4o, andTu, collected from the literature for p-type silicon
at room temperature are displayed in Table 2.1 revtte letter “C” represents calculated

(theoretical) values from the literature and th&ele'E” represents experimental results.

Table 2.1 -Composite data fam 1, Th,, andTu, collected from the literature for p-type
silicon at room temperature (TPa)
Author Doping C. =, , ., Author Doping C. Ty
Lund [30] 8.0E+17 170 -120 1040 Lenkkeri [28] 1.0E+18 T80
(E. 99) 8.2E+18 30 -210 930 mpurity J.0E+18 T30
Tufte [98] 3.0E+18 1100 scattering S.0E+18 830
9.0E+18 973 (C.88) S.0E+19 730
(E. 62) S.0E+19 7835 1.0E+20 430
3.0E+20 600 J.0E+20 270
3.0E+20 453
2.0E+21 333 1.0E+18 1150
Toriyama [32] 1.0E+1T 1100 Lenkkeri [28] 1.0E+18 1120
(C, 02) 1.0E+18 975 optical pho- 5.0E+18 1040
2.0E+18 980 non scattering S.0E+19 730
4.0E+18 980 (C. BE) 1.0E+20 60
Matsuda [15] 1.0E+17 1] 20 1150 J.0E+20 270
(E.93) S.0EHT -0 10 1120
8.0E+18 -40 a0 870 Sugiyama [101] 1.0E+18 1200
Jaeger et al. [29] (E, 83) 1.5E+18 5.2 26 870 (E, 84} 4.0E+18 1050
NIA [SO](E. 00) NIA 1107 2.0E+13 300
Zou [77] [E. 98) 1.8E+18 -255 109 1160
Kozlovskiy [33] (C. 04) 9.0E+18 -39 13 1180
Mian [30] (E. 00) NIA &M Jaeger et al. [102] (E, 59) Sandia ATC-04 796
Pikus [100] (C. 74) NIA 115 -38 631
Smith [8] (E, 53] lightly deped 66 -1 1381 Jaeger et al_[102] (E, 39) Auburn-AAAZ 1107
Viadimir [22] (C, 00) Low doped T2 -23 1173 Lenkkeri [28] (E. 86) G.0E+19 485
Rahim [99] (E. 05) JSEFC 615 263 1269 Lenkkeri [28] (E, 86) at 77K E.0E+13 =19

Literature data formus, Ty1, and g, for p-type material as a function of impurity
concentration at room temperature appear in Figs.tlough 2.3, respectively. The

results indicate thatys, a relatively large coefficientersus impurity concentration is
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relatively well defined in magnitude and sign aswh in Fig. 2.1. On the other hand;
and g, in p-type material are much less defined with dadiscrepancies in magnitude

and sign among researchers, as shown in Figsnd.2.8.

Tus” with Impurity Concenration
at Room Temperature

1400
1200 "
1000 | = = =
= - -
o 800 L] ] - I
£ 600 =
= 400 Tu = -96.231Ln(C) + 5047.2 = ®
200 R? = 0.6972 s =
0

1.00E+16 1.00E+17 1.00E+18 1.00E+19 1.00E+20 1.00E+21 1.00E+22

Impurity Conc.

Fig. 2.1 - Compositey, data collected from the literature for p-typecsih as a function
of impurity concentration at room temperature

T41° with Impurity Concentration

at Room Temperature

300
200 - =
100
0
-100 ]
-200
-300
-400
-500
-600
-700
1.00E+16 1.00E+17 1.00E+18 1.00E+19

L |

(U/TPa)

Impurity Conc.

Fig. 2.2 - Literature data faor; versus concentration for p-type silicon at room
temperature
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Ti.” with Impurity Concentration
at Room Temperature
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1.00E+16 1.00E+17 1.00E+18 1.00E+19
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Fig. 2.3 - Literature data fan, versus concentration for p-type silicon at room
temperature

Similarly, for n-type materialtyi, Tq,, andty, from the literature are presented
as a function of impurity concentration at room pemature in Tables 2.2 and 2.3. Note

that the wunderlined values in Table 2.3 are geadraby assuming the

approximatiom,, -2r,, [23]. In those casesrt is originally given instead afy; and

Tho. The largest coefficienty; for n-type material is relatively well defined vess
impurity concentration as displayed in Fig. 2.4.likm p-type material, the smaller
coefficients (w2 and 1ys in n-type material) are also well defined with gy

concentration despite the limited amount of dagasheown in Fig. 2.5.
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Table 2.2 Literature data forg;versus
concentration for n-type silicon at room
temperature (TP#)

Author Doping C. ™,
Tufte [98] (E, 62) 1.80E+18 -870
Tufte [98] (E. 62) 8.80E+18 -635
Tufte [98] (E. 62) 5.20E+19 -575
Tufte [98] (E, 62) 9.00E+19 -435
Tufte [98] (E. 62) 2.10E+20 -360
Tufte [24] (E, 63) 1.30E+16 -1100
Tufte [24] (E, 63) 4.60E+16 -1050
Tufte [24] (E, 63) 9.40E+16 -1000
Tufte [24] (E, 63) 9.40E+17 -880
Tufte [24] (E, 63) 9.00E+18 -710
Tufte [24] (E, 63) 2.00E+19 -600
Tufte [24] (E, 63) 5.00E+19 -490
Tufte [24] (E, 63) 1.00E+20 -380
Tufte [24] (E, 63) 1.50E+20 -330

Table 2.3 Composite data fam 1, T4, andtu, collected from the literature for n-type
silicon as a function of impurity concentratiorradbm temperature (TPa)

Author Doping C. my, - Ty
Matsuda [19] (E, 93) 4.00E+16 -840 430 -200
Matsuda [19] (E, 93) 1.00E+17 770 300 140
Matsuda [19] (E, 93) 2.00E+18 -650 330 120

Zou [77] (E, 98) 1.80E+18 686 359 133
M/A [50] (E, 00} 1.80E+18 700 350 139
Kozlovskiy [33] (C, 04) 30E+16 1156 578
Smith [6] (E, 53) lightly doped 1022 534 136
Herring [23] (C, 56) 770 386
Tufte [24] (E, 63) 1070 530
Mian [50] (E, 00) 618 309 95
Rahim [99] (E, 05) -800 358 144
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01" with Impurity Concentration
at Room Temperature
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Fig. 2.4 - Literature data far; versus concentration for n-type silicon at room
temperature

" and Tus" with Impurity Concentration
500 at Room Temperature
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Fig. 2.5 - Literature data fan, andmy, versus concentration for n-type silicon at room
temperature
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e Piezoresistive values with varying temperatures

Values ofrmy, collected from the literature for p-type siliconrses temperature are
displayed in Table 2.4, whose plots are shown gsF2.6 and 2.7. Alsay; in n-type
material versus temperature is shown in Table ®Hgse plot is displayed in Fig. 2.8.
These literature data show that the piezoresistbedficientsty, in p-type material and
Ty1 In n-type material decrease monotonically withings temperature. This is in
agreement with the predictions [23] that the piesistance is linear in“*Tover most of
the temperature range. Note that few values o$thall pi-coefficientsty; andmy, for p-

type silicon andm, andtu4 for n-type silicon, versus temperature can be doumthe

literature data.

Table 2.4 Composite data fam, collected from the literature for p-type silicoarsus
temperature with different doping concentration{J'P
Toriyama Lund Toriyama Tufte Lund Tufte Toriyama Tufte Toriyama | Gniazdowski
Author [32] [30] [32] [98] [30] [98] [32] [98] [32] [31]
(C, 02) (E, 99) (c, 02) (E, 62) (E, 99) (E, 62) (c, 02] (E, 62) (C, 02) (E,98)
T(C) 1.0E+17 8.0E+1T 1.0E+18 3.0E+18 8.2E+18 9.0E+18 1.0E+19 5.0E+18 1.0E+20 H&
-100 1320 1275 1625 1450 1030 1230 710
-50 1160 1130 1500 1330 985 1020 710
0 1070 1035 1300 1125 935 860 710
25 1020 1040 1010 1220 930 1050 920 800 T05 1237
&0 990 1000 975 1170 935 990 05 T&0 T05 1170
75 950 980 945 1100 480 920 ga0 T30 T00 1114
100 930 940 910 1030 850 900 875 T00 T00 1064
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Tus® Vs. Temper atur e (Cal cul ated)

(1/TPa)

-150 -100 -50 0 50 100 150
T (Celsius)

[® C=10E17® C=10E18 C=10E19 ®C =10E20]

Fig. 2.6 - Calculated literature data foy versus temperature with different doping
concentration for p-type silicon

Tus Vs. Temper atur e (Experimental)
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¢ C=80E17 mC=30E18 C=82E18 ®C =90E18 ® C=50E19 ® [Gniazdowski]

Fig. 2.7 - Experimental literature data foy versus temperature with different doping
concentration for p-type silicon
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Table 2.5 Composite data fam; collected from the literature for n-type silicoarsus
temperature with different doping concentration 1P
Author Tufte [24] Tufte [98] | Tufte [98] | Tufte [98] | Tufte [22] | Tufte [98] | Tufte [98]
(E, 83) (E, 62) (E, B2) (E, 62) (E. 83) (E, 62) (E, 82)
T (C) 1.3E+186 1.8E+18 8.8E+18 5.2E+19 5.0E+19 9.0E+18 2.1E+20
-200 -3200 -590 -500 -300
-150 -2200 -585 -510 -360
-100 -1800 -1100 -570 -500 -360
-50 -1400 -1020 -780 -675 -530 -490 -360
0 -1300 -925 -690 -600 -500 -450 -360
25 -1156 -870 -635 -575 -490 -435 -360
50 -1000 790 -590 -520 -480 -420 -360
75 -800 710 -555 -500 -470 -415 -360
100 -660 -540 -475
T, Vs. Temperature (Experimental)
0
i + + + L
500 DS S S S 3
X - 2 -
& -1000 e
S IO
2 1500 *
*
-2000
>
-2500
-300 -200 -100 0 100 200
T (Celsius)
¢ C=13E16 ®C=18E18 C =88E18 C=50E19 XC=52E19 ® C=90E19 + C =21E20

Fig. 2.8 - Experimental literature data fgf versus temperature with different doping
concentration for n-type silicon
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CHAPTER 3

REVIEW OF PIEZORESISTIVITY THEORY

A filamentary silicon conductor arbitrarily orieat in a crystallographic coordinate

system is shown in Fig. 3.1.

X3

Fig. 3.1 - An arbitrary oriented, filamentary coctr

The unprimed axes;x [100], % = [010], and ¥ = [001] are the principal crystallographic

directions of the cubic silicon crystal. The pronepordinate system is arbitrarily rotated
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with respect to this unprimed crystallographic egst For this conductor, the general
expression for the resistance change of a filamgmigzoresistive sensor in the plane of
the wafer may be obtained as follows [12, 15, 80,195]:

B = (1,017 + (,0,)m? + (1, 0,)n’

+2(m,, 0, )I'n +2(1,,0,)mn +2(1,,0,)I'm Eg. (3.1)

+[0L AT +0,AT? +..]
where T['a[3 (0, =1,2,....6) are the off-axis temperature dependent piezonesist
coefficientso,, a,, ... are the temperature coefficients of resistaaoeAT = Ty, - Tref
is the difference between the measurement temperahd reference temperature, and
m’, and n" are the direction cosines of the conductor ortentawith respect to the, ,
X,, and x; axes, respectively. Equation (3.1) assumes tianhggic changes are neglected.

When the primed axes are aligned with the unprirfegstallographic) axes, Eq.
(3.1) reduces to

AR .
R = [134011% 15(0 5, + 043)] COS™ @t [11,,0 5,7+ 7,,(04, + G 55)]SIN° @

Eq. (3.2)
+1,,0,, SIN2Q+[a,AT +a,AT? +...]

whereqg is the angle between the -axis and resistor orientation.

For an arbitrarily oriented in-plane resistor, tlesistance change equation can be

obtained by using Eq. (3.1).
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3.1 Resstance Change Equationsfor the (001) Silicon Wafer Planes

A general (001) silicon wafer is shown in Fig. 3.2.

%' [110]

%2 [010]

o
.;.-fr

% [110]
[001]

(001) Plane
%, [100]

Fig. 3.2 - General (001) silicon wafer

A convenient wafer coordinate system may be usesrevthe primed axes, X,
are chosen to be parallel and perpendicular to tm@mary wafer flat.
The x,-axis is then be perpendicular to the wafer pkihat isx, =[110], x, =[110],
and x; =[001]. For the unprimed and primed coordinate systerosvstin Fig. 3.2, the

appropriate direction cosines for the primed axeshown as follows:
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[aij]= -

oS-
oSrEF

0 Eq. (3.1.1)
1

Substitution of the off-axis piezoresistive coaéits into Eqg. (3.1) yields the

general expression for the resistance of a reswhich is oriented at an angie with
respect to the, =[110 &xis on the (001) surface of a silicon wafer ak¥es [12-13, 15,

17, 27, 29, 35, 39, 49-50, 72, 92, 99, 105]:

AR | ( m. +m +m . .. +mT,.,—T .
F - ( 11 ;2 44)011_’_[ 11 52 44)022:| COsZ(p

+ — , + + .
+ |: Ty Tcl; Taa j o, *+ [ %j 0y :| Sinz(p Eq (312)

+ T,04 + (T, —TL,)0,, SIN20++Ha,AT + 0, AT + ..]

where

|' = cosp, m=sing, and n=0 Eq. (3.1.3)
has been introduced. Equation (3.1.2) indicatessthigaout-of-plane shear stressgs and
g,, do not influence the resistances of stress serfabricated on (001) wafers. This

means that a sensor rosette on (001) silicon mdestt measure four of the six unique

components of the stress tensor. All three ofuhigue piezoresistive coefficients for

silicon (rt,, M,,and 1,,) appear in Eq. (3.1.2).
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3.2 Resistance Change Equationsfor the (111) Silicon Wafer Planes
The other common silicon crystal orientation usedamiconductor fabrication is

the (111) surface. A general (111) silicon waseshown in Fig. 3.3.

%, [110]
[111]

{111) Plang

Fig. 3.3 - General (111) silicon wafer

The surface of the wafer is a (111) plane--thahis[111] direction is normal to the
wafer plane. Since the principal crystallograpies x= [100], % = [010], and ¥ =[001]

do not lie in the wafer plane, they have not bewlicated. As mentioned previously, it is
convenient to work in an off-axis primed wafer atinate system where the axesand
X, are parallel and perpendicular to the primary wdfat. If Eq. (3.1) is used, the

resistance change of an arbitrarily oriented im@laensor may be expressed in terms of

the stress components derived in this natural wederdinate system. For the primed
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coordinate system indicated in Fig. 3.3, the apaop direction cosines for the primed

axes are as follows:

Eqg. (3.2.1)

SlrsleSe
ﬁ‘lﬂédm o

1

J2

[aij]: =+

J6

1

NE

The general expression for the normalized changesistance of a resistor that is

oriented at an angle af with respect to the, = [ﬁO] axis on the (111) surface of a
silicon wafer is given by [15, 35, 49-50, 72, 99, 205]:

AR ' . ‘ ,
? =[B,0,, +B,0,, +B,0,; — 2\/5(82 —B;)0,] cos’ ()

+[B,0;, + B0}, + B,03 + 2v2(B, ~B,)ays]sin” Eq. (3.2.2)
+[27/2(B, - B,)0,, + (B, — B,)0,,]Sin 20+ [0, AT + a,AT? +...]

where ¢ is again the angle between the-axis and the resistor orientation. The

coefficients

Ty, + 21, — Ty,

Ty ¥ M, ¥ g _ My F O, T T, B =
1 2 = 1 3

B. =
! 2 6 3
are a set of linearly independent temperature-digp®n combined piezoresistive
parameters. These parameters must be calibratect [stress component values may be

extracted from resistance change measuremergsndteworthy that the general resistance

change expression in Eq. (3.2.2) is dependentlaixabf the unique stress components.
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Therefore, the potential exists for developing asee rosette which may measure the
complete three-dimensional states of stress atgpomthe surface of a die.

Theoretical analysis has established that proples$ygned sensor rosettes on the (111)
silicon wafer plane have several advantages relésensors fabricated using the standard
(001) silicon. In particular, optimized sensorstba (111) silicon may be used to measure
the complete state of stress (six stress compgnanéspoint on the top surface of the die,
while optimized rosettes on the (001) silicon measat most, four stress components [26].
The additional stress components that may be msésue the out-of-plane (interfacial)
shear stresses. Knowledge of these shear stresgedanmportant for determining the
integrity of die interfaces or for the detection interface delamination [99]. Further,
optimized sensors on the (111) silicon offer theque capability of measuring four
temperature compensated combined stress compondrgieas those on the (001) silicon
may only be used to measure two temperature corafgehguantities. In our discussion,
“temperature-compensated” refers to the abilityextract the stress components directly
from the resistance change measurements (with@unéed to know the temperature
changeAT). This is a particularly important attributeyen the large thermally induced
errors that often may be found in stress senser. ddéte four stress components that may
be measured in a temperature compensated manngrthei(111) silicon sensors are the

three shear stress components and the differeribe af-plane normal stress components.
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CHAPTER 4

CALIBRATION OF SENSORS ON THE (111) SURFACE

In this work, the (001) and (111) silicon test chgmntaining an array of optimized
piezoresistive stress sensor rosettes have beaessiidly applied. Calibrated and
characterized stress test chips are assembledhiteon-beam specimens. The resistances
of the sensors are then recorded. The stressdseatie surface are calculated using the
measured resistance changes and the appropriatesttbal equations. For comparison
purpose, two-dimensional linear finite element datians are also performed.

Three sets of test chip experiments are performddis work. In the first set of
experiments, 200 x 200 mil JSE WB100C test chippsidated on the (111) silicon [99,
105] are utilized to characterize the tensile diesses on chip-on-beam specimens.
These test chips will be described in more detadrl The JSE WB 100C chip contains
wire bonding pads on the perimeter of the die. \ihik design, the wire-bonding is used
to provide electrical connection between the clig BC board. In addition, soldering is
used for electrical connection between the outedspan the board and external
instrumentation through wires. In the second sedxgieriments, test strips fabricated on

the (001) silicon are used to measure die stresses.

27



41  Experimental Setup

The general procedures of resistance measureméthtthe JSE-WB100C test
chips are now discussed.

The equipment we utilized in the experimental pdure included:

* Semiconductor Parametric Analyzer 4155C

The 4155C is an electronic instrument for meagurand analyzing the
characteristics of semiconductor devices. Thisrumseént has four highly accurate
source/monitor units (SMUSs), two voltage sourcetsufVSUs). It has high resolution
enough for voltage/current measurement. In this kwosweeping voltage and
measurement of voltage/current through the resstosors is performed by using this
instrument. When measuring the sensor resistancéiseatest chip, the 4155C is used to
provide bias in the circuit, and to provide voltagehe measured resistors. In this work,
the voltage across the resistor is swept from A&\W.0V in 20mV steps. For an n-
substrate and p-well, the voltage is set to be bd &V, respectively. This is for
electrical isolation between the doped surfacestessiand the bulk of the chip by using
proper reverse biasing of the resistor and sulestregions. Measurement results are
saved to a 3.5 inch diskette.

* Environmental Test Chamber (Delta Design 2850)

This environmental chamber is capable of tempegatfrom -155 to +30C with
a 0.PC resolution. The temperature in the experimerpsnted here is typically swept
over a large range from a low temperature (as Isw1&0°C) to a high temperature (as
high as 100°C). For low temperatures, a liquid-nitrogen @Nank is hooked up with
this chamber. A special four-point bending apparatas constructed and integrated into
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this environmental chamber. The increment of tihepterature between sensor readings is
usually set to be 25 or 5C, and the temperature at each step is maintaoveat feast 10
minutes before measurements are taken to ensundcginn temperature distribution on
the silicon chip.

» Digital Panel Mount Meter (DPM-3)

The DPM-3 panel instrument is a versatile, costaife solution to a wide
variety of monitoring and control application. Thmstrument is easily set to produce an
accurate display of weight or load. Digital califtwa of all ranges eliminates drift
associated with potentiometers found in non-micnggoter-based meters. In addition,
the fast read rate provides an accurate displaypoft and quick response in applications.
During loading in a four-point bending fixture, tipeecise reading of applied load is
essential. This instrument is used to determine etk@ct load on the chip-on-beam
specimens.

* Four-Point Bending Apparatus
A special four-point bending (4PB) apparatus hanhmonstructed and integrated
into the Delta Design environmental chamber. Detaill be discussed in a later section.
» Accessories
For TCR measurements and hydrostatic tests, apatdge connectors are used to
contact to the outer pads on the board. Thoseemded to provide electrical connections

between the chip and external instrumentation.
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4.1.1 Four-Point Bending Apparatus

In the four-point bending method, a rectangulapstontaining a row of chips is
cut from a wafer and is loaded in a four-point begdixture to generate a uniaxial stress
state. A general four-point bending loading fixtiseshown in Fig. 4.1. Using the free

diagram and its corresponding 3 equationsH =0,2F =0,and>XM =0 ), the

normal stres®,, induced at points on the top surface of the dtrigd are between the

bottom supports is given by

_3F(L-D)
R E4.1.1)

where

b = width of beam
h = thicknesf beam

L =distance between two top supports

D = distance between two bottom supports

Fig. 4.1 - Four-point bending loading fixture

The details about parts of four-point bending fietare given in Fig. 4.2. The

silicon strip is loaded on bottom supports. By colting the micrometer, uniaxial stress
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can be generated. F can be calculated from theubofpthe load-cell. A special four-

point bending apparatus is constructed and intedriamto the environmental chamber as
shown in Fig. 4.3. Through a ceramic rod penetgatite bottom side of the oven, force
generated by a vertical translation stage is appbethe strip in the four-point bending

fixture inside the chamber (see Fig. 4.4).

il N

| SpacerBlock Lo

Fig. 4.2 - The details about the parts of the fpoint bending fixture
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Fig. 4.3 — A four-point bending fixture mountedigtesthe oven

 0peivg I
=

=TT

o _ Micrometer

Fig. 4.4 - A four-point bending fixture: Exteriof the oven
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Four-point bending calibration produces a welldedi uniaxial stress state. Like
any other calibration techniques, the four-poinbdieg method has its limitations. For
example, it necessitates cutting the wafer comtgirthe fabricated test chips into strips.
Each of these strips must then be individually émhanaking the calibration process tedious.
Also, only sensor rosettes in the middle of eadp san typically be calibrated. If a wafer

strip along thex; direction is subjected to four point bending ankhawn uniaxial stress
0,, =0 is applied in thex; -direction, the ®and 90 oriented sensors yield the following

resistance changes:

® (001) plane: with respect to the unprimed axes

AR .
R = 134011+ 15(0 5, + 043)] COS” @t [11,,0 5,7+ 7,,(04, + G 55)]SIN° @

Eqg. (4.1.2)
+1,,0,, SIN2Q+[0,AT + 0, AT? +...]

where¢ is the angle between tke axis and the resistor orientation. For the Degtented

Sensors,

AR, ARy,

~T12011 Eq. (4.1.3)

=n,,6,, and
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® (001) plane: with respect to the primed axes

AR mT,.+mw,+n . T, +T,.,—T .
:|:[ 11 12 44}611_'_( 11 ;2 44}622:| CO§(P

2

+ 1,04, + (T M,,)0,, SIN2Q +[0LAT +0,AT? +..]

+q, - . +,+ .
+ |:(n11 Tip ~ Ty jcll +(7[11 T TTyy jczz} Sin?® Eq. (4.1.4)

For the @ and 96 oriented sensors,

AR n,+tm,+n .
0 = (2 My, Eqg. (4.1.5)
R, 2
AR + - .
o= (R gy, Eq. (4.1.6)
90
® (111) plane: the primed axes
AR . . . ol .
R [B,0,; +B,0,, + B30, —2v2(B, —B;)0,;] cos’ @
+[B,0;, + B0}, + B,03 + 2v2(B, ~B,)0}5]sin’ Eq. (4.1.7)
+[27/2(B, - B,)0,, + (B, - B,)0,,]Sin20+ [0, AT + a,AT? +...]
For the 8 and 96 oriented sensors,
AR . AR .
®=B,0,, and —>2 =B, 0, Eqg. (4.1.8)
R0 90
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4.1.2 The(111) Silicon Test Chips

When piezoresistive sensors are used in experiinstress analysis studies of
microelectronic packages, special test chips goecally designed and fabricated. The
test chip contains an array of the optimized eglbtment dual polarity measurement
rosettes. Due to the piezoresistive effect, thessers in the chip yield measurable
changes in the sensor resistance. The doped aetji@n of a piezoresistive sensor is a
serpentine pattern in order to achieve acceptatdestance for measurement. Figure
4.5(a) shows the basic die image of JSE-WB100Gtasiest chip on the (111) silicon
plane. In the chip-on-beam case, the sensors eatehb in the top surface of the die, a
free surface, and the sensor elements used hetieeahnerizontal and vertical (0 and®®0
sensor elements from the eight-element rosettenickophotograph of an eight-element
sensor rosette is shown in Fig. 4.5(b) [92].

The die then is attached to the specially desigmweded wiring board (PWB) with
die-attached material (ME525). For the test, andbR-PWB is designed using Lavenir
software as shown in Fig. 4.6. The (111) silicost thip (JSE WB100C) is attached to

the center of the PWB.
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Fig. 4.6 - A specially designed printed wiring baar
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During the experiments, a chip-on-beam is placetherbottom supports of the four-
point bending fixture. For electrical connectiorivieeen chip and board, wire-bonding is
made between the inner pads on the board and ttseequathe silicon chip as shown in
Fig. 4.7, where only the central part of a chipbmam structure is shown and enlarged.
The inner and outer pads on the boards are elakyriconnected and protected by a
solder mask. In addition, the outer pads on thedaee electrically connected to external
instruments through wires by soldering. The pictofea wire-bonded chip-on-beam

structure is shown in Fig.4.8.

T i

=1 i

—— | Ilnr.r__

e e

Fig. 4.7- A wire-bonded chip-on-beam structure {drpart)

Fig. 4.8 - A wire-bonded chip-on-beam structure
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The dimensions of the board material (FR-406), YXllicon chip, and adhesive
material (ME525) are measured with a resolution0dd5mil. In Table 4.1 the
dimensions of composite materials of chip-on-beampes are presented. Following are

the average values of 10 specimens:

Table 4.1 - Dimensions of composite materials (Linit)

board material (111) silicon adhesive material
length (1) 3400 200 200
width(b) 650 200 200
thickness(h 22.67 25 1.60

4.2  Sensor Calibration for the (111) Silicon Test Chips

The eight sensors are configured as a parallel essifam of four two-element
half-bridges in order to simplify the measuremenibe n-substrate is maintained as 1 V,
and a bias of -1 V is applied to the p-well foradteal isolation between the bulk of the
chip and the doped surface resistor whose voltagavept from 0.6 V to 1.0 V during
measurements.

The Four-point bending apparatus is used to geménatrequired stress. Since the
cross section of the chip-on-beam structure isetldienensional at the die site, two-
dimensional states of stress are induced. Thug4£n.1) for the calculation of uniaxial
stress is not applicable to this case. Hencehalktalibrations are performed with respect
to applied F. The following expression is for theess-induced resistance changes for the

(111) silicon:
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AR . . , ,
? = [Byo,;, +B,0,, +Byog, — 2\/?(82'83)523] cos’ ()
+ [825'11 + B15'22 + 835'33 + 2\/5(82'83)0‘23] sin® ()

Eq. (4.2.1)

+ [2\/5(83'82)0‘13 + (B1'Bz)0‘12] sin2¢

+[0, AT +a,AT? +..]

In the process, we consider two-dimensional stafestress 6,, ando,,) and defined

temperature termsof AT+0, AT?+...] as f AT) in Eq. (4.2.1). The result is that Eq.

(4.2.1) simplifies to

AR . .
= ° =B,0,, +B,o,, +f(AT) Eq. (4.2.2)
0
AR . :
R % =B,o,, +B,o,, +f(AT) Eq. (4.2.3)
90
We also adopt the following notations:
0‘11 = 5'11FF1 5'22 = GlzzFF
AR
=9 L Eq. (4

S, =—=(—=")
? dF'R,

Assumingf (AT) = Oin Egs. (4.2.2) and Eg. (4.2.3) and using thetiwta above yield

the following results:
Sy = Bi0y4¢ + B0 Eq. (4.2.5)
Sao = By0uir + Bi0oyr Eq. (4.2.6)

Solving for B and Bin Egs. (4.2.5) and (4.2.6) yield the results below
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_ O5pSyy — 01455

b (0‘22F)2 - ((5'11F)2

Eq. (4.2.7)

_ O5pS) — 0145

2 (G‘ZZF)Z - (<5'11F)2

Eq. (4.2.8)

Measurements ofp&nd o of the (111) silicon are performed over varyingiperatures.
Typical results of and o of the (111) silicon for each temperature are ldiggd in
Appendix A. The average values for each temperatgeoresented in Table 4.2 which

reflects the average values of 10 specimens.

Table 4.2 - $and $ versus temperature (Unit: )

T(Celsius)] &P Sod” " Soo”
-133.4 -2.46E-03 | 5.00E-03 | 1.34E-03 | -1.52E-03
-93.2 -2.23E-03 | 4.55E-03 | 1.29E-03 | -1.46E-03
-48.2 -2.05E-03 | 3.83E-03 | 1.17E-03 | -1.42E-03
-23.6 -1.96E-03 | 3.63E-03 | 1.11E-03 | -1.36E-03
0.6 -1.87E-03 | 3.43E-03 | 1.06E-03 | -1.31E-03
25.1 -1.77E-03 | 3.20E-03 | 1.04E-03 | -1.26E-03
49.9 -1.58E-03 | 2.83E-03 | 9.50E-04 | -1.12E-03
75.1 -1.40E-03 | 2.51E-03 | 8.79E-04 | -1.03E-03
100.6 -1.32E-03 | 2.30E-03 | 8.13E-04 | -9.66E-04

Subtraction of EqQ. (4.2.6) from Eq. (4.2.5) leanls t

S =S =(B, = Bl)(G‘ZZF _0‘111:)
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Ry, . . R
We analyzeR—90 in terms of F. In the process, we define A asdlope of R—9°

0

. R
with respect to F,Rgo can be expressed as

0

Ry(.AT) _ pp, Reo (00)
R,(0,AT) R, (00)

Assuming f AT) = 0 leads to

Rg(00) 1+ B,0,, + B0y, ]=AF+ R4, (00)

R,(00) "1+B,o,, +B,0,,

tR 90 (070) =

0 1

Then we le C with the following result:

1+B,0,, + B16‘22] —AF+C
1+ B16'11 + B26‘22

Cl

AssumingB,c <<land B,c <<1, the result becomes:

C- B16'11 - B20'22 + B2(5‘11 + 810‘22) =AF+C

. . AF
(B, -B,)(6,,—0yy) = ?

C [ 1 for both p- and n-type yields

(B, -B,)(c,, —0y) O FA

0

Eq. (4.2.10)

Eq. (4.2.11)

Eq. (4.2.12)

Eq. (4.2.13)

Eq. (4.2.14)

Re-using the notationy,, =c,,.F and o,, =oc,,F, we arrive at the result below:

A 0B, - BZ)(G‘ZZF _Gill.lF
Comparing Eq. (4.2.9) and Eq. (4.2.¥%Ids

S0 (F) - Sgo(F) 0-A
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By performing extensive measurements over temp@asitwe determined the validity of

Eq. (4.2.16) as shown in Table 4.3.

Table 4.3 - Comparison betweegSo and
A (= slope of Ry/Ro versus F) by measurements
T(Celsius)| SoP-Sod” | A(slope p)| So"-Soo' | A(slope n)

-133.4 -7.45E-03 7.54E-03 2.85E-03 -2.57E-03
-93.2 -6.78E-03 6.75E-03 2.74E-03 -2.53E-03
-48.2 -5.88E-03 6.07E-03 2.59E-03 -2.45E-03
-23.6 -5.59E-03 5.71E-03 2.47E-03 -2.41E-03

0.6 -5.31E-03 5.23E-03 2.37E-03 -2.35E-03
25.1 -4.97E-03 4.76E-03 2.30E-03 -2.26E-03
49.9 -4.42E-03 4.32E-03 2.07E-03 -2.11E-04
75.1 -3.91E-03 3.93E-03 1.91E-03 -2.01E-03
100.6 -3.61E-03 3.63E-03 1.78E-03 -1.98E-03

By Table 4.3, it can be summarized that Eq. (4)Rid&alid over the temperature range

of -150 to 100°C.

4.3  Simulation Resultsfor the (111) Silicon Test Chips

Finite element simulations are used to determimeatttual states of stress in the
silicon chip. The finite element model predicticare used to approximate trends of the
various stress component distributions, so thatekeerimental data could be better
understood. In our simulationsy; andoz;at the site of sensor are obtained when F =

1N is applied to both sides. Mesh plots of chipbaam are shown in Fig. 4.9.
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In the finite element models, the materials are ehedl as linear elastic.
Temperature dependent elastic modulus E is disglaydable 4.4. Poisson's ratoof
MES525, (111) silicon and FR-406 are assumed to.Be262, and 0.117, respectively

[97]. Solder is neglected to simplify the analyisishe finite element models.

Table 4.4 - Elastic modulus of composite materials
versus temperature (Unit: GPa)

T (Celsius) | ME525 | (111) silicon| FR-406
-151.0 19.81 173.5 28.82
-133.4 18.46 172.9 27.41
-93.2 15.99 172.3 25.57
-48.2 13.70 170.9 25.12
-23.6 12.85 170.2 24.80

0.6 12.00 169.5 24.68
25.1 10.43 169.1 23.73
49.9 9.85 168.5 22.05
75.1 8.75 167.9 20.26
100.6 7.72 167.0 18.55
125.9 4.98 166.6 16.37
151.5 0.98 165.5 14.87

The silicon chip is meshed into 24 x 24 x 3 elerseag shown in Fig. 4.10. The
relative size and location of the sensors are ptedein Fig. 4.11. The location of the
sensor corresponds to the node (#49788). It alsaldibe mentioned that the size of 4
combined resistor sensors is 1.2 times larger thainof one element on the mesh plot. In
order to load a uniform force on the line in chipdmeam structure (see Fig. 4.9), the
width between two nodes is kept constant. From &dbl, the ratio of silicon chip to

board is 200:650 in width. Hence the board shoeld®-element width.
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Fig. 4.9 - Mesh plot of chip-on-beam structure
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Fig. 4.10 - Mesh plot of silicon chip
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43791

49307 49779
49789 49778
49777
49798 49787 49776
170 {center)

Fig. 4.11 - The relative size and location of taesor on the mesh plot

In Fig. 4.12 and Fig. 4.13, the contour plotsaaf and o, in the silicon chip are

presented. The colors of contour represent thesstralue at the rosette site.

HODAL SOLUTION AN
STETT OCT 31 2005
A o 20:20:04
TIME=1

L EEEEEESSmm—— E——————
-3.726 -2.278 -.851333 615821 2.063
-3.002 -1.585 -, 107756 1.339 2,787

Fig. 4.12 - Contour plot of,, at 25C
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e = OCT 31 2005
o 20:17:37
TIME=1

5¥ (AVG)

R3Y3=0

DX =.273485
SMN =-5.424
MK =11.075

-5.424 -1.758 1.909 5.575 9.242
-3.591 L075676 3.742 7.409 11.075

Fig. 4.13 - Contour plot o6, at 25C

It is to be emphasized that the directioroesis parallel to the direction of the beam
in our case. At room temperature1; ando z,at the sensor location appear in Table 4.5
where the other 8 nodes surrounding node #4978Brasented as well. The comparison
of the average of 9 nodes (node #49788 and 8 suimog nodes) with the value at node
#49788 proved the two to be very close, as expeEwdfurther measurements, the value
at node #49788 is chosen.

Similar tests are also performed on the same oess&nsors over the temperature
range of -150C to 100°C. It is observed that 11 ando z,at sensor location increases in
magnitude with increasing temperatures even thoaghtour plots for different
temperature looks similar. This phenomenon is duth¢ uneven change in mechanical

property such as E with temperature among silicla,attachment adhesive (ME 525),
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and PCB material (FR-406). In Table 406, ando2;at sensor location (assuming node

#49788) appear.

In our simulations, Poisson’s ration of ME 525, (111) silicon and FR-406 are

assumed to be 0.3, 0.262 and 0.117, respectivély [9

Table 4.5 - Simulation results aftresses around the sensor location &C25

(Unit: MPa)
node # 02 01 033 012 02 013
49787 7.976 -1.866 -6.131E-03 | -6.015E-02 7.003E-03 1.711E-02
49788 8.051 -1.883 -5.649E-03 | -1.211E-01 1.474E-02 1.727E-02
49789 8.1792 -1.907 -4.433E-03 | -1.832E-01 2.437E-02 1.758E-02
49798 7.843 -1.848 -8.494E-03 | -8.816E-02 6.940E-03 2.963E-02
49799 7.916 -1.868 -8.080E-03 | -1.777E-01 1.461E-02 2.991E-02
49800 8.041 -1.883 -6.997E-03 | -2.694E-01 2.417E-02 3.045E-02
49776 8.052 -1.879 -5.195E-03 | -3.048E-02 7.028E-03 7.942E-03
49777 8.129 -1.898 -4.670E-03 | -6.129E-02 1.479E-02 8.015E-03
49778 8.259 -1.926 -3.373E-03 | -9.261E-02 2.443E-02 8.150E-03
Average 8.050 -1.884 -5.891E-03 | -1.205E-01 1.534E-02 1.845E-02
170:center | 8.052 -1.877 -5.099E-03 1.111E-10 2.243E-11 5.142E-11

Table 4.6 -01; ando»,at the sensor location
versus temperature (Unit: MPa)

T (Celsiud O o1 0,011
~151.0 7.608 ~1.749 9.357
1334 7.690 1772 9.462
93.2 7.795 ~1.809 9.604
“48.2 7.886 ~1.824 9.709
23.6 7.937 ~1.846 9.783

0.6 7.993 ~1.869 9.863
25.1 8.051 -1.883 9.934
49.9 8.262 ~1.945 10.207
75.1 8515 2.020 10.535
100.6 8.735 2.089 10.824
125.9 8.932 2128 11.060
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Assuming that the chip-on-beam structure is madera& material, finite element
simulations have givea:; ando» at sensor location at Z& (assuming node #49788)

as shown in Table 4.7.

Table 4.7 011 ando 2, at the sensor location at%5(Unit: MPa)

Composite materia] 022 o1 020011
Silicon 4,538 -1.424 5.962
FR-406 4.442 -1.087 5.529

As the table showsy;; ando,,at sensor location is about half compared withrea
case. If we consider a strip without a silicon chipd adhesive material, only uniaxial
stress is induced as reflected in the following:

3F(L-D)
= Eq.34
c on? q.34)
where F = 1IN, (L-D) = 2 x I6m, b = 650 mil (1.651 x I®m), and h = 22.67 mil (5.758
x 10* m). Substitution of these dimensions into the éiquaabove yields,, = 10.961

MPa.

44  Extraction of Piezoresistive Coefficients, B;and B,

For a given fixed temperature, the piezoresistveffecients can thus be evaluated by
performing controlled experiments where the restgachanges of the resistor sensors are
monitored as a function of applied force. Largeoesrcan be induced in the measured
resistance changes, and thus in the values ofxthacted piezoresistive coefficients, if the

temperature varies between measurements duringimeues. Hence, much attention has
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been given to minimize the errors in the resistadcange by keeping a given fixed
temperature for sufficient time duration. As seenSection.4.2, using an individual-

temperature reference; Bnd B are given by

B. = G 22.S00 ~ 011650 B. = G260 ~ 011¢550 Eq. (4.4.1)

Y o)’ ~0u)” 7 (0me) ~(0u)’
where $ and g of (111) silicon are determined by experimentsfqrered over
temperature, ana 11 ando ,or at sensor location are obtained by computer sirouist
It is obvious that 11 ando 2 for a 1-N force arer1; ando,,, respectively. Hence the
piezoresistive coefficients;Band B can be extracted. Using Table 4.2 and Table 4.6, B
and B with temperatures are presented in Table 4.8 hant torresponding plots are

shown in Fig. 4.14.

Table 4.8 - Extracted Band B with temperature (Unit: TP3
T(°C) B, B2 B B,"
-133.4 608.2 -179.6 -166.2 135.3
-93.2 542.1 -157.3 -155.4 127.3
-48.2 447.3 -154.9 -152.7 112.7
-23.6 422.8 -148.6 -146.8 105.7

0.6 398.7 -142.6 -141.0 101.0
25.1 366.2 -133.9 -133.7 97.4
49.9 315.3 -117.3 -114.5 88.1
75.1 271.0 -100.1 -102.5 78.9
100.6 239.6 -92.4 -93.2 70.2
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(TPa)*

Piezoresistance Coefficients with Temperature

700
600 \
500 B,f = —1.5526E+OOT +3.931E+02
S R?=9.933E-01
400
300
B," = -2.741E-01T + 1.004E+02 T~
200 R?=9.912E-01
100 - * =
0 B,” = 3.554E-01T - 1.344E+02
R?=9.391E-01
-100 W—
1200 [ B= 3.1]2.3E-01T- 1.324E+02
R®=9.128E-01
-300
-150 -100 -50 0 50 100 150
T (Celsius)

in magnitude.

Fig. 4.14 - Extracted Band B with temperature

Temperatures

of hydrostatic tests for the extraction of. B
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Test results show that all coefficients decreaseatanicallywith increasing temperature

Relationship between Piezoresistive Coefficients with Different

In this section, the relationship between piezste@ coefficients with different
temperatures will be explained. Also, determinatbthe values of’s will be described.
In order to extract a complete set of pi-coeffitsefr,,, n,,,andn,,) for both p- and n-

type sensors, 8(as well as Band B) is needed. To be discussed later is the requiteme




45.1. General Resistance Change Equations at a fixed Temperature Reference

In most prior investigations, calibration of theeporesistive coefficients has been
performed at room temperature. Such restrictiontdi the accuracy of test chip stress
measurements made at other temperatures. In tils we have performed an extensive
experimental study on temperature dependence gbidmresistive behavior of silicon.
From Chapter 3, the general resistance changeieqgsatre described. For convenience

of discussion, those equations are repeated here:

® (001) plane: with respect to the unprimed axes

AR )
— = [1;,65,F T15(0 45, +635)] cos’ @ 11,0, T15(04; + 6 35)] sin® ()

Eq. (4.5.1)
+ 7,04, SIN20+[0,AT + 0, AT? +...]

® (001) plane: with respect to the primed axes

AR T+, : Ty, +T,, =T -
= - { ( %244) oy +( %244) 022} cogQ
+ |: ( Tyq +T[12 T Ty j G.:I.l +( TMJ 0'22 } Sinz(P Eq (452)

+ m,04 + (M,7M,)0,, SIN2Q +[a,AT +0,AT? +...]
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® (111) plane: with respect to the primed axes

AR . . . ‘
F = [Byo,; +B,0, +Byog; = 2\/?(82'83)023] cos’ ()

+ [820‘11 + B10‘22 + B30‘33 + 2\/5(82'83)5'23] sin’ ()

Eq.(4.5.3)

+[2V2(B,-B,)o 5 + (B,-B,)o,,] sin20

+[0LAT +0,AT? +..]
Simply, the general expression of resistance isesged as follows:

R(0,AT) = RO0){1+f (AT) +[I1 +B(AT)]c} Eq. (4.5.4)
where[IT +B(A T)p is the summation of combined stress terms and

f(AT) = 0, AT +20,A0T2 +. .. Eq. (4.5.5)
0y, 02 ... temperature coefficients of resistance
B(AT) =BOAT + 28@AT? + ... Eq. (4.5.6)

Y, B @, .. temperature coefficients of piezoresistance

in which AT = T-T,es is the difference between the measurement termyserand the
reference temperature at which the reference aesist R(0,0) is measured. From Eq.
(4.5.4), the normalized change in resistance isrgas follows:

AR _R(0,AT)-R(0,0)
R R(0,0) Eq. (4.5.7)
=f(AT) +[I1 + B(AT)]o

in which we letR; (o,A T)be the resistance with the change in stoeard the change

in temperaturdT with respect to the reference temperature.
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Much attention has to be given in order to redieeerror induced by measurement
of temperature for the calculation Bf. To minimize the discrepancy from the set point,
maintaining temperature of the oven at the settdoima long period of time is necessary.
Mathematical calculations based on the many-vati®del predict a decrease of the
piezoresistance effect with increasing tempera{@® 96]. Based on the quantum
physics, the doping concentration can be calculatetithe piezoresistance coefficients
decrease with increasing impurity concentratiom. g~type, when the temperature is into
the range where most of the carriers are freezitgoto donors and acceptors, a similar
tendency is observed.

In our case, two-dimensional states of stressrataced. For a 0-degree resistor

sensor on the (111) silicon surface, the t¢fh+ B(A o Tij| Eq. (4.5.7) is given by
[B, +Bg, (AT)]0y, +[B, + By, (AT)]03, Eq. (4.5.8)

Similarly, for a 90-degree resistor sensor on thé&1l] silicon surface, the term

[IT+B(AT)]o in EqQ. (4.5.7) is given by
[B, +Bg, (AT)]0,, +[B, +Bg, (AT)]oy, Eq. (4.5.9)

In Egs. (4.5.8) and (4.5.9B; (A &phd lez(AT) are given by

Bo, (8T) = 5[ B2 +BY +BLY)(AT)"]
. . Eqg. (4.5.10)
Be, (AT) = <[> (BLY +5BE - )(AT)"]
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45.2 General Resistance Change Equationswith Varying Temperatures

Now, consider two reference temperatures, A andTBpical responses of
resistance subjected to the change in temperatgra@plied force are shown in Fig. 4.15
where resistance changes with varying temperatamesapplied force (or stress). The

equation of relationship between piezoresistivefements with different temperatures is

derived below.

Resistance
|
H
(oo

A B C

Temperature

Fig. 4.15 - The plot of resistance with temperaamd stress

From PA to PG in Fig. 4.15, the resistance equdiggomes:

Ra(0,AT) =R, (0,0){1+f(AT) +[II, +p,(AT)]c}

Eqg. (4.5.11)
=RA(0,0)[1+f(AT)] + R, (0,0)[IT, +B,(AT)]o
Similarly, from PB to PG, the resistance equati@ayrne expressed as
Rg(c,0)=R,(0,0){1+I1
2(5,0)= R (0,0){L+T1,0} Eq. (45.12)

=R, (0,0)+R,(0,0)II, &
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in which we letR; (o,A T)be the resistance with (change in stress) a (change

in temperature) with respect M, . By comparing Eq. (4.5.11) and Eq. (4.5.12)sit |

apparent that

R, (0,AT) =Rg(c, 0), R,(0,0)[1+f(AT)] =R;(0,0)

Eq. (4.5.13)

in which AT=T,_.,-T, =B-A. Subtracting Eq. (4.5.12) from Eq. (4.5.11) lets

R, (0,0)IT, +B,(AT)]o =Rg(0,0)Iz0

To get the same in the equation as in Eq. (4.5.14)

o= RA(0,0)[IT, +B, (AT)]
® R;(0,0)
Hence

Re (00)
R, (00)

[IL, +BA(AT)] = g =[1+f(AT)[ Mg

Substitution ofAT =B - A into Eq. (4.5.16) yields

[T, +BA(AT)] = [+ 1 (AT) L5, ar
Hence

Ba(AT) =[1+f(AT) T, 5 — 11,
From Eq. (4.5.7),

B.(AT) = S[AR _famy -1,
o R

Substitution of the equation above into Eq. (4.pyi&lds

1 1 AR
M pusr = —[=-f(aT
e = Triam olr - @

In addition, substitution of Eq. (4.5.17) into £4.5.7) yields
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Eq. (4.5.14)

Eqg. (4.5.15)

Eq. (4.5.16)

Eq. (4.5.17)

Eq. (4.5.18)

Eqg. (4.5.19)

Eq. (4.5.20)



AR _R,(0,AT)-R, (0, 0)
R R, (0, 0)

=T + LTI 00

=f(AT) +[[M, +B(AT)]o
Eq. (4.5.21)

In differentiating both terms of Eq. (4.5.21) wikspect too (stress) we derive at the
following:

i(ﬁ) =[L+f(AT)| T, Eq. (4.5.22)
Jo R

Thus

L 9 (AR) Eq. (4.5.23)

M, = —
AT 1+f(AT) 00 R

In Section 4.2, the reference temperature foh €ase is varied. On the other hand, in
order to have a constant reference temperaturer@@m temperature) for all cases, the

general equations for aly are given by using Eq. (4.5.21):

BRo _f(aT) +[1+1(AT)] (B.o, +B,0),) Eq. (4.5.24)
0

% =f(AT) +[1+f(AT)] (B,0, + B,0),) Eq. (4.5.25)
90

For any smallAT, it is obvious that+f (AT) C 1Hence the equations become

AR . .
0 =f(AT) +(B,0,, + B,0),) Eq. (4.5.26)
0
AR . .
R—go =f(AT) +(B,0,, + B,0,,) Eq. (4.5.27)
90
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: ‘ . ‘ AR
Re-using the notations,, =o,,.F and o,, =c,,.F, andS, E%( = ) in Egs.
¢
(4.5.24) and (4.5.25) leads to
Sy =[L+f(AT)I[B,0,4¢ + By0ssr ] Eq. (4.5.28)
Seo =L+ f(AT)][B,6,, + B0,y | Eq. (4.5.29)

Solving for B and Bin Eq. (4.5.28) and Eq. (4.5.29) yields the findiroglow:

. Seo —5 S
22F 11F
B = [1+f(AT)lg [1+f(AT)],
' (o 22F)2 - (GllF)z
Eq. (4.5.30)
5, ZFL _ G'ﬂp#
B = [1+f(AT)], [1+f(AT)lg,
? (0221:)2 - (011F)2
Assumingl+f (AT) =[1+f(AT)], andl+f (AT) = [1+f(AT)],, yields
B. = 1 O 22¢S50 ~ 0116y
bo1+f (AT) ((522|=)2 - ((51112)2
Eq. (4.5.31)

- 1 G 2260 ~ 0116500
2 ' '
1+£(AT) (022F)2 - ((511F)2

in which B, andB, are combined piezoresistive parameters with thangé in

temperaturdT. For instance, Eq. (4.5.31) reduces to Eq. (#mten AT =0. Accurate

calibration of f AT) is essential for this purpose.
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46 Summary

In this chapter, finite element analysis is usedalzulate the stress states applied to
the calibration samples. Specially, stressing sensest chips are used to measure the
mechanical stresses on the rosette site. Stresesvadii; and ¢ ») monotonically
increase with rising temperatures in magnitude.aiR@iship between piezoresistive
coefficients with different temperatures is derivédis observed that all coefficients

decrease monotonicallyith increasing temperature in magnitude.
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CHAPTER 5

HYDROSTATIC TESTS AND TCR MEASUREMENTS

51 Hydrostatic Tests
Calibration of (111) test chips may not be accosti@d completely by using
four-point bending tests. For extracting a compleset of pi-coefficients

(=, m,,, and w,,) for both p- and n-type sensors, hydrostatic tesés needed. If a
sensor is subjected to hydrostatic pressueg, € c,, =6, =-p), the resistivity is

expressed as the following [50]:

Ap _p(o,AT) —p(00) _
p p(00)

—(my, +2m,)p +f(AT) =m,p+f(AT) Eq. (5.1.1)

In addition, =, is called “pressure coefficient” and is given by =—(r,, +21,, )
=-(B,+B, +B,).
In Eq. (5.1.1),p(0,AT) is the stressed resistivity component with temijpeeachang@T,

and p(0,0) is the unstressed resistivity component. Ihageworthy that Eq. (5.1.1) is

independent of the sensor orientation on both (&40d)(111) wafer planes, implying that
any silicon conductor remains isotropic under arbgthtic pressure. If we neglect the

dimensional changes of resistor sensor during hggdhe result is
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% 08P = _(z,, +2n,)p+1(AT) =T p+ £ (AT) Eq. (5.1.2)
p

wheren, may be evaluated HAR—R p, andf(A T)are known. For determinif@A T),

further TCR (temperature coefficient of resistancegasurements are required. The
expected values for the pressure coefficients en@lsn both p- and n-type silicon, so

direct measurement of the values is quite difficutfact, it has been shown theoretically

that 1y, =21, in n-type silicon so that, should be zero for n-type material [23].

52 TCR Measurementsand f(AT)
During the application of pressure, a changd ia inevitable. For example, it has
been observed that the temperature of the hydrfluiic changes by 0.6~0.C because

of a change inp by 13 MPa at room temperature. Thus temperatomepensated
hydrostatic measurements are not possible. In otderevaluate =, accurately,

temperature effects must be removed from hydrastalibration data. Fgr= 0Eq.
(5.1.2),f(A T) may be extracted by measuring the normalized teggis change with
respect to a temperature change of a resistor senademperature controllable chamber.
The resistance value of p- and n-type silicon witrying temperatures and forces
applied to the Chip-on-Board structure appear ibld®5.1 and 5.2 for p-type and n-type
resistors, respectively. Also, their correspondahmis are shown in Figs. 5.1 and 5.2. In

this work, the case in whiah=0 is considered.
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Table 5.1 - P-type resistance with varying tempees and forces

(Unit: kohm)

T (Celsius) F=0 F=0.15N F=0.3N F=0.45
-133.4 13.888 13.883 13.877 13.871
-93.2 10.365 10.362 10.358 10.356
-48.2 9.927 9.923 9.921 9.918

0.6 10.163 10.160 10.158 10.155
25.1 10.368 10.366 10.363 10.360
49.9 10.812 10.810 10.807 10.805
75.1 11.283 11.280 11.278 11.275
100.6 11.840 11.838 11.836 11.833

P-type Resistance with Temperature

15

14 | ¢
13

12 -

11

R (kohm)

10 Y -

-150  -100  -50 0 50 100 150
T (Celsius)

eF=0mF=015N F=03Ne F=0.45N‘

Fig. 5.1 - Plot of p-type resistance with varyiegiperatures and forces
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Table 5.2 - N-type resistance with varying tempeed and forces
(Unit: kohm)

T (Celsius) F=0 F=0.15N F=0.3N F=045N
-133.4 1.742 1.743 1.743 1.744
-93.2 1.900 1.900 1.901 1.901
-48.2 2.049 2.049 2.050 2.050

0.6 2.218 2.218 2.219 2.219
25.1 2.309 2.309 2.310 2.310
49.9 2.421 2.422 2.422 2.422
75.1 2.518 2.518 2.519 2.519
100.6 2.619 2.619 2.619 2.620

N-type Resistance with Temperature

2.6
25
2.4 —
2.3 { =

2.2 —
2.1
2.0
1.9 .
1.8
1.7

R(kohm)

-150  -100  -50 0 50 100 150
T (Celsius)

‘0F=OIF=O.15N F=03Ne F=O.45N‘

Fig. 5.2 - Plot of n-type resistance with varyiegiperatures and forces

As seen in Figs. 5.1 and 5.2, the change in resistalue to varying force at fixed

temperature is relatively small. Resistance is messover the temperature range of
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-133 to 100°C. Freeze-out is observed for the p-type samptangliow temperature
operation. In the freeze-out temperature regioa,dbncentration of electrons and holes
drops significantly, which leads to an increasedsistance. Contrary to the case for p-
type, the slope of resistance over the whole teaiper range for the n-type samples is
observed to be linear due to heavy doping. Thdtegze-out is not observed for the n-
type resistor sensors.

In Tables 5.3 and 5.4AR with applied force at each temperature of measent is
presented. The plots are shown in Figs. 5.3 andfd&.4-type and n-type resistors
respectively. The reference value at each temperaif measurement is the unstressed

(F = 0) resistance.

Table 5.3 AR for a p-type resistor with varying temperatured orces
(Unit: kohm)

T (Celsius) F=0 F=0.15N F=0.3N F=0.45N
-133.4 0 -5.660E-03 -1.139E-02 -1.709E-Q2
-93.2 0 -3.390E-03 -6.780E-03 -9.590E-(03
-48.2 0 -3.300E-03 -5.620E-03 -8.590E-03
0.6 0 -2.780E-03 -5.350E-03 -8.170E-03
25.1 0 -2.360E-03 -5.260E-03 -7.970E-Q3
49.9 0 -2.450E-03 -5.210E-03 -7.850E-03
75.1 0 -2.510E-03 -5.140E-03 -7.570E-Q3
100.6 0 -2.090E-03 -4.250E-03 -6.445E-03
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P-type Resistor: AR with Temperature
(Reference: F=0)
0.0E+00 —= i - S
-2.0E-03 . P
[ ]
-4.0E-03 x
6 OF- ° A A A A 4
o -6.0E-03 A .
§ -8.0E-03 - o o °
= o
 "L.0E-02
< 12E-02 A
-1.4E-02
-1.6E-02
[ J
-1.8E-02
-150 -100  -50 0 50 100 150
T (Celsius)
‘I F=0 e F=0.15NAF=03Ne F=0.45N‘

Fig. 5.3 - Plot ofAR for a p-type resistor with varying temperatured #orces

Table 5.4 AR for an n-type resistor with varying temperatuaed forces

(Unit: kohm)

T (Celsius) F=0N F=0.15N F=0.3N F=0.45N
-133.4 0 4.700E-04 9.400E-04 1.310E-03
-93.2 0 3.800E-04 7.400E-04 1.160E-03
-48.2 0 3.700E-04 7.500E-04 1.130E-03

0.6 0 3.500E-04 7.700E-04 1.070E-08
25.1 0 3.300E-04 6.800E-04 1.070E-03
49.9 0 3.200E-04 6.700E-04 1.003E-03
75.1 0 2.700E-04 6.300E-04 9.730E-04
100.6 0 2.500E-04 6.200E-04 9.630E-04
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N-type Resistors: AR with Temperature
(Reference: F =0)
1.4E-03
[}
1.2E-03 o .
o [}
_ LOE-03 | - &
£
S 8.0E-04 " i )
é 4 A A A
x 6.0E-04
N .
4.0E-04 - + e o
* o
2.0E-04
0.0E+00 = = 0 " = B = g
-150 -100  -50 0 50 100 150
T (Celsius)
‘l F=0 ¢ F=015NAF=03Ne F=O.45N‘

Fig. 5.4 - Plot ofAR for an n-type resistor with varying temperatuaed forces

The general expression of resistance is repeatsidaasn below:
R(o,AT) = R(0,0){1+f(AT) +[I1 +B(AT)]o) Eq. (5.2.1)
where[IT1 +B(A T)p is the summation of combined stress terms as mieddan Eq.

(4.5.10). The equation of normalized change instasce is given as follows:

% = f(AT) +[I1 +B(AT)]o Eq. (5.2.2)

in which the conditiod\ T =0 leads to

AR=RIlc E§.2.3)
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For our heavily-doped n-type resistor, R is obsgrt@ increase monotonically with
rising temperature, whereaBl decreases monotonically with rising temperature.
Therefore, the two effects tend to cancel out foype, which results in a relatively small
change iMR with varying temperatures as shown in Fig. 5lde $ame cancellation still
holds for our more lightly-doped p-type samplesifré&s0°C up to 100°C. On the other
hand, below -50C, both R and1 increase with decreasing temperature resulting in
drastic increase iMR (see Fig. 5.3). Although the magnitudeaaf, and o, increases
monotonically with rising temperature (see Tablé)4the change in R and with
temperature is relatively large in Eqg. (5.2.3).

Typical resistance changes over the temperatungerof -175 to 128C are presented
in Table 5.5. The plots are shown in Fig. 5.5 armgl 5.6 for p-type and n-type resistors

respectively, for the F = 0 case.

Table 5.5 - Resistance with varying temperaturest(ldohm)

T (Celsius) Ro® Roo” Ro" Roo"
-175 20.411 21.096 1.631 1.621
-150 14.359 15.101 1.693 1.685
-125 11.642 12.121 1.758 1.751
-100 10.394 10.737 1.833 1.828
-75 9.871 10.137 1.913 1.908
-50 9.730 9.936 1.997 1.994
-25 9.826 9.987 2.084 2.083

0 10.085 10.209 2.174 2.174
25 10.476 10.566 2.269 2.271
50 10.943 10.994 2.361 2.367
75 11.465 11.496 2.452 2.500
100 12.048 12.057 2.544 2.554
125 12.615 12.661 2.639 2.648
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Furthermore, the resistance of 0 and 90 degree®sefa p- and n-type silicon with
varying temperatures are presented and compar€ahbie 5.5. Both orientations are very

close to each other for p- and n-type resistore Bgs. 5.5 and 5.6) as should be

expected.
P-type Resistance Change with Temperature
25
o0 M
% 15 ' :
[ § s ® R
§’10 SO :Rgp
5 [
0
-200 -100 0 100 200
T (Celsius)

Fig. 5.5 - Resistance of p-type sensors with varygmperatures
for =0 andp =90

N-type Resistance Change with Temperature

2.9

2.7 ®
= 25 -t "
% 2.3 - » = R0n
< 5 - » ¢ RN
® 19 -

17 | g% -

1.5

-200 -100 0 100 200
T (Celsius)

Fig. 5.6 - Resistance of n-type sensors with varygmperatures
for =0 andp =90
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As described in Section 4.5, accurate calibratioih(AT) is essential to determine the
pressure coefficients with temperature. To thisppge, extensive calibrations of
resistance with varying temperatures are perfornreda temperature controllable
chamber. Typical experimental resistance change tnetemperature range of -180 to

130°C with a step size 26 is shown in Figs. 5.7 and 5.8.

P-type Resistance Change with Temperature

o
o
2
I faYaVaVaVal
‘% <2UUUU

Resistance (ochm)

—200 =150 =100 =50 0 50 100 150
T (Celsius)

Fig. 5.7 - P-type resistance change with varyimgperatures

N-type Resistance Change with Temperature

Resistance (ohm)

-200 -100 100 200

0
T (Celsius)

Fig. 5.8 - N-type resistance change with varyinggeratures
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As depicted in Fig. 5.7 and Fig. 5.8, the resistaat the p-type sensor elements
increases rapidly at low temperatures as a resuamwier freeze-out in lightly doped p-
type silicon material. Clearly, the temperaturgeatedence of resistance cannot be
modeled by a linear term, but requires a more ggrfermulation for f AT). On the
other hand, the n-type sensor elements have a imgbler doping level and are much
less affected by freeze-out over the measuremagera

From Fig. 5.7 and Fig. 5.8, the normalizedrade in resistance induced By,

defined asf (A T),may be evaluated assumiag O:

AR _ R(0,AT) - R(0,0)= f(AT) = o, AT +0L2AT2 +(X3AT3 +... Eq. (5.2.4)
R R(0,0)

Through the use of Eq. (5.2.4), temperature cdeffis of resistance for p- and n-type
sensors may be obtained, as shown in Figs. 5.% dfd respectively. For p-type sensors,

f (AT) may clearly not be modeled by a linear term bguies higher order terms. The

n-type sensors also exhibit some curvature(h . T)
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faT)

f(AT) of P-type Sensors

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

-0.2
-2560 -200 -150 -100 -50 0 50 100 150

AT =T -25°C

Fig. 5.9 - f AT) of p-type sensors with varying temperatures

faT)

f(AT) of N-type Sensors
0.20

0.15
0.10
0.05
0.00
—0.05
-0.10
-0.15
-0.20
-0.25
—0.30

—0.35
-300 -200 -100 0 100 200

AT =T-25°C

Fig. 5.10 - f AT) of n-type sensors with varying temperatures
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Tables 5.6 and 5.7 present the results of leasdrsdfits to thef (A T)data in Figs.
5.9 and 5.10, based upon 24 sensors of each typeh€& p-type resistors, a 5th-order
equation is used. On the other hand, for n-typ8rdaorder equation provides a good

curve fitting.

Table 5.6 - Temperature coefficients of resistamitke varying temperatures
(p-type resistors)

a4 (00 (0] (o) (04

Average 1.416E-03 9.258E-06 1.738E-08 -2.710E-10 -4.572E-12

Std. Dev 7.398E-05 1.283E-06 1.401E-08 2.559E-10 1.260E-12

Table 5.7 - Temperature coefficients of resistamitk
varying temperatures (n-type resistors)

(o] (00 (0]

Average 1.663E-03 2.497E-07 -4.784E-09

Std. Dev 1.119E-05 7.945E-08 2.984E-10

On the other hand, at a given reference temperaaugeadratic equation is enough to fit

f (AT) over any small range of temperature, especialiytfe hydrostatic tests, for both
p-type and n-type samples. In Table 5.8, omlyof the average of 32 specimens is
presented at each reference temperature. From Bahleét is observed that increases
with rising temperature for p-type. However, fotype sensorsq, is less defined at low
temperatures, but decreases with rising temperatuiggher temperature regions. In
Table 5.9,a, as well aso; measured at a given reference temperature fop@-4gnsors

is displayed.
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Table 5.8 - Average af, of 32 specimens for p- and n-type sensors
measured at a given reference temperature (Uriit°@p
T (Celsius) P- type sensors N-type sensors
-151.0 -24.5 1.81
-133.4 -12.6 1.72
-93.2 -3.42 1.74
-48.2 -0.191 1.73
0.6 1.18 1.74
25.1 1.56 1.70
49.9 1.76 1.61
75.1 1.82 1.58
100.6 1.98 1.44
125.9 2.11 1.38

Table 5.9 - Average ofi, (Unit: 10%°C) anda, (Unit: 10%°C?)
of 32 specimens for p-type sensors measured akea geference
temperature
T (Celsius) o4 O
-151.0 -22.0 9.39E-01
-133.4 -10.7 4.04E-01
-113.4 -6.60 -7.43E-02
-93.2 -3.45 5.55E-02
-71.4 -1.16 -2.02E-02
-48.2 -0.191 1.50E-02
-23.6 0.573 -4.09E-03
0.6 1.14 -7.28E-03
25.1 1.49 9.06E-03
49.9 1.73 8.11E-04
75.1 1.76 4.90E-02
100.6 2.04 8.24E-03
125.9 2.06 1.91E-03

In Table 5.10 and Table 5.11, experimental calibratesults for the piezoresistive
coefficients of silicon with room-temperature reflece as a function of temperature are
presented and compared and contrasted with theewaltom individual reference

temperature by using Eq. (4.5.31):
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1

GI22FS90 - G;LlFSO

FTIHT(AT) (0,0)° — (Ouap)?

1

GIZZFSO - G;LlFSQO

2 "1+ E(AT) (00)” — (Oiae)?

Eqg. (5.2.5)

Table 5.10- Piezoresistive coefficients with roaemperature reference (1/TPp)
T(Celsius) BP B," B;" B,"
-133.4 607.2 -164.7 -165.9 136.3
-93.2 548.7 -151.6 -155.2 127.8
-48.2 447.9 -151.5 -152.5 113.0
0.6 397.3 -141.1 -140.7 101.0
25.1 366.2 -133.9 -133.7 97.4
49.9 314.9 -118.0 -114.6 87.9
75.1 269.6 -100.7 -104.6 78.2
100.6 238.2 -93.3 -93.3 70.0

Table 5.11 - Piezoresistive coefficients with aegiveference temperature (1/TRa)
T(CG'SiUS) Bp sz Bln an
-133.4 608.1 -179.6 -166.2 135.3
-93.2 542.1 -157.3 -155.4 127.3
-48.2 447.3 -154.9 -152.7 112.7
0.6 398.7 -142.6 -141.0 101.0
25.1 366.2 -133.9 -133.7 97.4
49.9 315.3 -117.3 -114.5 88.1
75.1 271.0 -100.1 -102.5 78.9
100.6 239.6 -92.4 -93.2 70.2

As seen from Table 5.10 and Table 5.11, the pisstiee coefficients of silicon as a

function of temperature are in good agreementthéamore, by using (A Tjor a fixed

reference temperature (e.g., at room temperatweejnay obtainf (A T)or arbitrary

reference temperature. From the general equatioescdtance with =
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R(0,AT) = R(0,0)[1+ f(AT)] Eq. (5.2.4)
AssumingT, - T, =AT =AT +AT , whereT,, is the measurement temperature, leads

to

R(OAT +AT') =R(OQ)[1+f(AT +AT )] =R(O,AT )[1+f,. (AT)]

| " Eq. (5.2.5)
=RO0)[1+f(AT)][1+f, . (AT )]

In the equation,f _.(AT") is defined af (AT" with the reference temperatux€ .

Combining Eg. (5.2.4) and Eq. (5.2.5) yields

_f(AT)-f(AT) _f(AT +AT)-f(AT)

for (AT 1+f(AT) 1+f(AT)

Eqg. (5.2.6)

f(AT) = a,AT +a,AT? +a,AT® in Eq. (5.2.6) yields

05 (AT )% + (o, + 30, AT )(AT )® +[0, + 20,AT +3a,(AT )*]AT

f _(AT)= . . .
s (BT) 1+, AT +a,(AT)? +0,(AT)*
Eq. (5.2.7)
Therefore
o, +20,AT +30,(AT)?
(al)AT‘ = '
1+f(AT)
a, +3a,AT
a S D= Eq. (5.2.8
GS
a R
() 1+f(AT)

where(a,),., (a,),,, and(a;),, are the temperature coefficients of resistanee at

reference temperatufg,, + AT . From Eq. (5.2.8), onc&(A Ti} obtained for a fixed

reference temperature/All) at any other reference temperature may be déetedm
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In our cases, extensive TCR measurements are pexfoespecially around the

temperature of measurement.

5.3 Analysisof Hydrostatic Testsand TCR Measurements
Once the TCR measurements are completed, the thiengeady for hydrostatic tests.
In our work, hydrostatic tests are carried out loa tesistor sensors of the JSE-WB100C

test chip (see Fig. 5.11). The (111) silicon tégps have dimensions of 100 x 100 mil.

k1
=)
=
L "
= j
k=8 o
— =|
- - 3
|
By E iy A
l]'_ll;,.~ 3/
wl . |
=_$ ﬂ#— \ i
** F 41 | { .‘ .r

B sl y | =i

| [ =) ————
:LIIIIIIIJI /

Fig. 5.11 - Quarter model of JSE-WB100C for TCR agdrostatic tests

One corner of the die is attached to a speciakygihed printed circuit board (PCB) using
a small amount of die attachment adhesive (ME S2&jenir software is used to design
the PCB and its picture is shown in Fig. 5.12. Tégstor sensors on the die are wire-
bonded to the pads on the PCB to get the electimadss as shown in Fig. 5.13. During

the TCR measurements, the Chip-on-Board is insentedthe connector inside the test

fixture as shown in Fig. 5.14.
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Fig. 5.12 - Specially designed PCB for TCR and bgthtic tests

Fig. 5.13 - Wire-bonded chip on the board for TGR &ydrostatic tests

Only one corner of the die is attached to the bo@rdsatisfy the condition
G,, =G,, =G4 = —Pp. Then, the wire-bonded die is subjected to tempegachange with
monitoring each resistance of the sensors throhghuse of computer-controlled GPIB
devices. An OMEGA CN3251 temperature controller used for controlling the
temperature of calibration. However, the recordhthe actual temperature is made by a
thermistor inside the vessel. It is noteworthy thila¢ temperature reading by the

thermistor is very close to that of the temperatumetroller. The hydrostatic experiments
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are performed on the test chips over the temperatunge of -25C to100°C. In order to
increase the temperature of fluid, a resistancéehé&aused inside the pressure vessel. To
lower the temperature of fluid, we use liquid ngiem, which is injected into a specially
designed box surrounding the pressure vessel.dii@a, another microprocessor-based
temperature controller CN76000 is used to moniter temperature inside the box. The
input type is a “K” thermocouple. In order to reatte equilibrium between the
temperature inside the box and the fluid tempeeaitnside the vessel, a longer duration

of time is required.

Fig. 5.14 - Hydrostatic test chamber

1



Fig. 5.16 - Expanded hydrostatic test setup fohfaigd low temperatures
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For TCR measurements, a program is used to cotiteobven temperature. Like
hydrostatic tests, the measurements of resistareawiade by computer-controlled GPIB
devices. During the TCR measurements, no stremgpised. During hydrostatic tests, the
die is put into the pressure vessel, whose set shawn in Fig. 5.14. A pump connected
to the vessel is used to generate pressure, aaishdwig. 5.15. In addition, the expanded
hydrostatic test setup for high and low temperaiseshown in Fig. 5.16.

Typical change in resistance with varying tempeestus shown in Fig. 5.17 for a p-
type resistor in which the measured and temperamgieced normalized resistance
changes are plotted together. The shape of theecisrvslightly parabolic. Similar

behavior is observed for n-type resistors.

M easured and Temperature I nduced AR/R

4.0E-03
3.5E-03
Measured /
3.0E-03 o
2.5E-03
x —
X 2.0E-03 Dl
< 4 5E-03
)
1.0E-03 /{/.__...-—-—-'
5.0E-04 'é./-"' Temperature induced
0.0E+00 ‘ |

0 5 10 15
Pressure, p (M Pa)

Fig. 5.17 - An example of measured and temperanaiecedAR/R for p-type resistors

Subtraction of the effect of temperature from thsistance change determines the

pressure coefficient. A nonlinear change in theperature of the hydraulic fluid for a p-
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type resistor is observed during the applicatiopressure, as shown in Fig. 5.18. Similar

behavior is observed for n-type resistors.

Temperature Change with Pressure
0.6 /
0.5 /
0.4

0.3
0.2 /
0.1

0 5 10 15
Pressure, p (M Pa)

Fig. 5.18 - Fluid temperature change with pressure-type resistors

Adjusted resistance change appears to be linedr pvigssure as expected in Eq.
(5.1.2), as shown in Fig. 5.19, whose slope ofctitee corresponds to the piezoresistive

coefficientn, as given in the following equation:

AR
F —f(AT) = —(my, +21,)p

=—(B,+B, +B,)p Eqg. (5.3.1)

:npp
Typical results of the pressure coefficient of (LEllicon for each temperature are

displayed in Appendix C.
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AR/R- f(AT): Adjusted Hydrostatic Calibration

2.50E-03
2.00E-03 //
1.50E-03 /
1.00E-03 /
5.00E-04 /
0.00E+00 ‘
0 2 4 6 8 10 12 14 16
Pressure, p (MPa)

AR/R-F(T)

Fig. 5.19 - Adjusted hydrostatic calibration fotype sensors

The pressure coefficient data for p-type and n-tgpasors over the temperature
range of -28C t0100C are presented in Table 5.12, and graphs of tteeagmear in Figs.
5.20 and Fig. 5.21. It is observed that the pressoefficient for both the p- and n-type
decreases with rising temperature. Compared wiipp-silicon, the pressure coefficient
of n-type silicon has relatively small value. Tipisenomenon is in good agreement with
the experimental results of the hydrostatic-presstoefficient of n-type silicon [25],
which showed that the hydrostatic-pressure coeffiicis small at all concentration in n-
type silicon at 300K. It may be noted that the ealun Table 5.12 reflect only the
counted specimens among 32. The values in Tablarg.8sed for the determination of
temperature-induced normalized resistance chahgenbteworthy that the unit is 1/TPa

for the pressure coefficient and all pi-coefficettiroughout this dissertation.
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Table 5.12 - Pressure coefficient data for p- aftigpe sensors versus temperatur
T (C) # of sensors| Average | Std. Dev. | # of sensors| Average | Std. Dev.
(p-type) (1/TPa) (1/TPa) (n-type)) (1/TPa) (1/TPa)
-23.6 13 165.4 20.8 11 40.0 11.9
0.6 13 153.4 30.5 10 36.3 9.9
25.1 30 145.9 34.1 22 31.0 8.1
49.9 26 135.1 29.1 15 19.2 24.5
75.1 20 119.7 35.3 10 3.8 22.1
100.6 22 108.9 33.5 16 -3.1 14.9
Pressure Coefficient (p-type sensors)
170
160 ™~
\4\ y = -4.507E-01 + 1.550E+02
150 R?=9.919E-01
(&
$ 140 \\
= <
3 130 \
120 \
110 >
100
-50 -25 0 25 50 75 100 125
T (Celsius)

Fig. 5.20 - Pressure coefficient versus temperdturp-type sensors

As mentioned earlier, it has been argued theotbtitet the pressure coefficient should
be zero for n-type silicon and these results ansistent with the theory.
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Pressure Coefficient (n-type sensors)

y =-3.712E-01x + 3.512E+01
R*=9.570E-01

N
o
’/

UTPa
<
//
»

-50 -25 0 25 50 75 100 125
Temperature (Celsius)

Fig. 5.21 - Pressure coefficient versus temperdtrre-type sensors

As described in Chapter 4, four-point bending tests used to measurg Bnd B,
whereas hydrostatic tests are used to measureA Bomplete set of pi-coefficients
(my,, m,,andxn,,) can be extracted by combining hydrostatic testd four-point
bending tests:

B _Tyytw, tmy,
=1z 4

2
B, ="u +5’;12 " Mg Eq. (5.3.2)
+21,, -
B, = Ty 7‘312 L

n, =B, -3B, +3B,
m, = 2B, - B, Eq. (5.3.3)
m, =B, +B, - 2B,
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e Pi-coefficients with neglect of (y=1)

In this work, y is defined as the ratio of axial portion to themsof axial and
transverse portion of a resistor. More details alyowill be discussed in Chapter 7. Pi-
coefficients of p-type silicon versus temperatuithweglect ofy are presented in Table
5.13, whose graphs of the data appear in Figs. &#22Fig. 5.23. As reflected in Table
5.13, all the coefficients in p-type material des® monotonically with increasing

temperature over the temperature range diG26 106C.

Table 5.13 - Pi-coefficients of p-type silicon vessemperature with neglect pf
T(Celsius) B." B, Bs" 1P P 4" A

-23.6 422.8 -148.6 -439.6 -450.2 142.4 | 1153.4 | 1654
0.6 398.7 -142.6 -409.5 -402.0 124.3 1075.1 153.4
25.1 366.2 -133.9 -378.2 -366.7 110.4 988.7 145.9
49.9 315.3 -117.3 -333.1 -332.1 98.5 864.2 135.1
75.1 271.0 -100.1 -290.6 -300.5 90.4 752.1 119.7
100.6 239.6 -92.4 -256.1 -251.5 71.3 659.4 108.9
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Piezoresistive Coefficients

500
400
300
200
100

1/TPa
o

-100
-200
-300
—-400

25 50 75 100 125
T (Celsius)

Fig. 5.22 - Combined pi-coefficients for p-typdh versus temperature
with neglect ofy

The smallest coefficients;; andTy, exhibit discrepancies in sign with the data from

the literature [6].

Piezoresistive Coefficients

1/TPa

-50 -25 0 25 50 75 100 125
T (Celsius)

Fig. 5.23 - Pi-coefficients for p-type silicon vasstemperature with neglect pf
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Likewise, pi-coefficients of n-type silicon verstsmperature with neglect of are
presented in Table 5.14, whose graphs of the ggtteaa in Figs. 5.24 and 5.25. The data
in Table 5.14 indicate thatsBand Ty, in n-type material exhibit an opposite tendency in
magnitude. It may be noted that they are the sstatieefficients in n-type material. The

other coefficients are well defined

Table 5.14 - Pi-coefficients for n-type silicon ses temperature with neglectyof
T(CeISiUS) Bn an Bgn T4+ . Th 2n Tl'44n T,
-23.6 -146.8 105.7 1.1 -460.6 210.3 -43.3 40.0
0.6 -141.0 101.0 3.7 -432.9 198.3 -47.4 36.3
25.1 -133.7 97.4 5.3 -410.0 189.5 -46.9 31.0
49.9 -114.5 88.1 7.2 -357.2 169.0 -40.8 19.2
75.1 -102.5 78.9 19.8 -279.8 138.0 -63.2 3.8
100.6 -93.2 70.2 26.1 -225.5 114.3 -75.2 -3.1
Piezoresistive Coefficients
150
B,"
100 = - = -
50 —
By" N —A
] 0 A — —— A | |
a
=
= -50
Bln
o //—4
-150 —
-200
-50 -25 0 25 50 75 100 125
T (Celsius)

Fig. 5.24 - Combined pi-coefficients for n-typan versus temperature

with neglect ofy
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Piezoresistive Coefficients
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’//
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-50 -25 0 25 50 75 100 125
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Fig. 5.25 - Pi-coefficients for n-type silicon vesstemperature with neglect pf

e Pi-coefficients with consideration of

For effective and realistic pi-coefficients, coresigtion ofy is necessary. As will
be discussed in Chapter B, + B, is constant, regardless g§f Thus B in Eq. (5.3.2)
andTty, in Eq. (5.3.3) are independent gf The pi-coefficients of p-type silicon versus
temperature with considerationyfare presented in Table 5.15, whose graphs of ttae da
also appear in Figs. 5.26 and 5.27. As observedhén casesy = 1, the smallest
coefficientsty; andmy, also exhibit discrepancies in sign with the daterf the literature

[6]. However, the consideration gf significantly reducesy; andmg, in magnitude.
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Table 5.15- Pi-coefficients for p-type silicon vessemperature
with consideration of

T(Celsius) B,’ B.," Bs" 11 P T " 4" T,
-23.6 491.2 -217.0 | -439.6 | -176.6 5.6 1153.4 165.4
0.6 463.5 -207.4 | -409.5 | -142.8 -5.3 1075.1 153.4
25.1 426.1 -193.8 | -378.2 | -127.1 94 988.7 145.9
49.9 367.1 -169.1 | -333.1 | -124.9 -5.1 864.2 135.1
75.1 3154 -1445 | -290.6 | -122.9 1.6 752.1 119.7
100.6 279.4 -132.2 | -256.1 -92.3 -8.3 659.4 108.9

Piezoresistive Coefficients

600
.\L\.‘ Blp

200
©
- 0
5 B
—-600
-50 —25 0 25 50 75 100 125

T (Celsius)

Fig. 5.26 - Combined pi-coefficients for p-typa®h versus temperature
with consideration of
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Piezoresistive Coefficients
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Fig. 5.27 - Pi-coefficients for p-type silicon vesstemperature with considerationyof

Likewise, pi-coefficients of n-type silicon verstesmperature with consideration of

y are presented in Table 5.16, whose graphs of tteeata also shown in Figs. 5.28 and

5.29. The

opposite tendency imagnitude. It may be noted that they are the sstatieefficients in

data in Table 5.16 indicate that &d 4 in n-type material exhibit an

n-type material. The other coefficients are wefirtd

Table 5.16 - Pi-coefficients for n-type silicon ses temperature
with consideration of

T(Celsius)| B;" B," Bs" 4" " TU," T,
-23.6 -177.0 135.9 1.1 -581.4 270.7 -43.3 40.0
0.6 -170.0 130.0 3.7 -548.8 256.3 -47.4 36.3
25.1 -161.4 125.1 53 -520.8 244.9 -46.9 31.0
49.9 -138.8 112.4 7.2 -454.4 217.6 -40.8 19.2
75.1 -124.2 100.6 19.8 -366.6 181.4 -63.2 3.8
100.6 -112.8 89.8 26.1 -303.9 153.5 -75.2 -3.1
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Fig. 5.28 - Combined pi-coefficients for n-typdin versus temperature
with consideration oy
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Fig. 5.29 - Pi-coefficients for n-type silicon vesstemperature with considerationyof
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54  Summary

In this chapter, TCR measurements and hydrostdis have been described. The

pressure coefficientt, may be determined by combining TCR measurements an
hydrostatic tests. It may be stressed that thesprescoefficientrt,, for the (111) silicon

test chips, is orientation independent becausectm®uctor remains isotropic under

hydrostatic pressure. In order to deternmjethe data of adjusted resistance versus

pressure are essential. By subtraction of temperatdluced resistance change from the
total resistance change at each data point, adjusséstance versus pressure data may be

obtained. For n-typeyt, is very small in each data point, as expected fribm@
approximatior,, [1-2r,, [23]. On the other hand, for p-typg, obviously decreases in

magnitude with rising temperature. In this chapgercomplete set of pi-coefficients

(m,,, my,,andn,,) may be extracted by performing hydrostatic tests.
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CHAPTER 6

SILICON STRESS-STRAIN RELATIONS AND MEASUREMENT OFOUNG'S

MODULUS OF SILICON

6.1 Silicon Stress-Strain Relations
Silicon exhibits linear elastic material behaviodahe generalized Hooke’s Law, the
most general formula of linear elastic stress-stralations, is given by [15]:

o. = Cijklgkl Eq. (6.1.1)

ij
wherec; ande, are the stress and strain components,Cgndare the components of

the stiffness tensor. Inverting Eq. (6.1.1) gives
&j =Sy 0y Eq. (6.1.2)
where S, are the compliance components. Also, the tramsfoon relations for the

reduced index stress and strain components caxrgressed as indicated below [15]:

6, =T, ‘o, Eq. (6.1.3)

o

g, = Tyt Eq. (6.1.4)
where the coefficients f are elements of a six by six transformation matebated to

the direction cosines for the unprimed and primeordinate systems. Also, note tluat
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andg, are the stress and strain tensor components iarthemed system, respectively,
Whereasrf'g ands'g are those components in a rotated primed coordsyatem. Inverting
Eqg. (6.1.4) leads to

g =(TH"e Eq. (6.1.5)
If EQ. (6.1.2) is plugged into Eq. (6.1.5), theutlt is

e =(T") 'S Eg. (6.1.6)
Finally, substitution Eq. (6.1.3) into Eq. (6.1¥klds the relations between stress and
strain in a rotated primed coordinate system devial:

e =(TH7'ST % H§.1.7)

If an unprimed coordinate system is assun{@d)™ and T~ in Eq. (6.1.7) simplify to

unit matrices. Thus Eg. (6.1.7) reduces down to(&4..2).

6.2 Elastic Constants of Silicon by Equations

Very few tests have been performed on silicon. Hexethe three independent
elastic constants, stiffness coefficients, of siiavere measured by several researchers.
The relationships for the piezoresistive effecteabsn the strain components, and the
expressions relating the piezoresistive coeffigeand the elastoresistive coefficients
using the elastic coefficients for cubic crystalerav given in [9-10]. For instance,
McSkimin [88-89] obtained those constants by usitigasonic measurement techniques
in which ultrasonic waves were transmitted intopgcsmen and measurement of the
reflections within specimen yielded values for Hedocities of wave propagation and the

elastic constants. Using this technique, secondroethstic constants of single crystals
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were experimentally measured. The first row in €abll presents the summary of
literature values for the stiffness coefficients saicon by Wortman [90]. The three
compliance coefficients can be evaluated by usigg(&1.6). The results arg;s7.68 x

10%2pal, 5,=-2.14 x 10*Pa’ and $,=1.26 x 10" Pa’ as presented in the second row in

Table 6.1.

Table 6.1 - Literature values for the stiffnessffioents
of silicon [90]

C11 C12 Cas
165.7 GPa 63.9 GPa 79.6 GPa
S11 S12 S44
7.68 x 10" pa’ -2.14 x 10™ pat 1.26 x 10™ Pa’

Another method is the use of the three compliamedficients §,, s,,, ands,,). Based
on the values in Table 6.1, the elastic modulusRwidson’s ratio can be evaluated. The
cubic nature of silicon lattice leads to orthotmproperties. Hence, Young’s Modulus E
and Poisson’s ratio are dependent on direction. Generally, simpleragit values for
the elastic properties are commonly used. Howeamespme situations, greater accuracy
may be needed and achieved by employing the diresdtinature of these properties.

Equation (6.1.7) allows direct calculation of Yotsigodulus. In Eq. (6.1.7),
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0, On1 8‘1 €n €11
P G2 Sé €2 €22
O3 ||| gng ||| fe |2 B Eq. (6.2.1)
04 O3 €, 2e; Y13
Os 6‘23 £s 28‘23 les
Gle 6‘12 8;5 28‘12 ’Y;I.Z

To obtain Young’s modulus in one direction (e.g), setting all other stresses to

zero and solving fon&l allows direct calculation of £ Similarly, setting all other
€

. g, . . .
stresses to zero and solving ferZ gives Poisson’s ratio;.
€

The direction cosines, Im, and nare required in order to determig€')™ and T*

in Eq. (6.1.7). If the conductor orientation isai@d counter-clockwise by from the

specified axis (e.qg., xaxis [110]), i, m, and nare determined by solving 3 simultaneous
equations as follows. For instance, i =1

® Plane Equation: The conductor is on (001) plane.
0(,)+0(m,) +1(n,)=0-> n, =0 Eq. (6.2.2)
® Inner Product: Note that the angle between thaxis and the resistor orientation
is q.

u%) + ml(%) +n,(0)=cosp > |, +m, =~/2cosp Eq. (6.2.3)

® Unit Vector: The magnitude of the unit vector istyn

V@2 +m?+n?) =1 Eq. (6.2.4)
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There are two roots in these simultaneous equatibmeay be noted that one of two
corresponds to the root for the clockwise rotation.

For the following discussion, the geometry forcaih wafers of interest here is
given in Fig. 6.1. Miller indices are introduceddescribe directions and planes in crystal.

The rules for selecting the crystallographic axespaiesented in [93].

sz [T10]

[010]

1(001) Waferflat

X; [110]

(111) Waferflat [100]

[170]

Fig. 6.1 - Silicon wafer geometry

For the (001) plane, the direction cosines are

cos@p+£) sin((p+£) 0
Il ml nl 4 4
I, m, n,|=|cos@+=+2) sin(@+—+—
2 2 2 @ 4 2) ((p 4 2)
l, m; n, 0 0 1
L J Eq. (6.2.5)
T . T
cos(+— sin(@+— 0
() 4) @ 4)
. T T
=| —sin(@+— cos(@+— 0
@ 4) () 4)
0 0 1
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where¢ is the angle of counter-clockwise rotation frora #h axis [110]. By Eq. (6.1.7),

E andv are expressed as

= 4
= 2l siv @9, + 2005 (295, + o (291, Ea. (6.2.6)
v, =~ &, __2c0S (29)s,, +2[1+sin’ (2¢)]s,, — cOS’ (29)s,, Eq. (6.2.7)

e, 21+sin’ ()]s, +2c0S (20)s,, +CoS (20)s,,
In Egs. (6.2.6) and (6.2.7), the periods of E andn the (001) silicon plane age

respectively (see Figs. 6.2-6.5). The maximum dedminimum values of E are 169.1
GPa and 130.1 GPa respectively. #pthe maximum and the minimum values are 0.278
and 0.062 respectively. E andshow anisotropic characteristics on the (001) ailic

plane. Note that three compliance coefficieptss,,, ands,, are based on the literature

value of stiffness coefficientg,,, c,,, andc,, from Wortman [90].

E of silicon: (001) plane

200
190
180 -

W MOV NV

120
110
100

E (GPa)

0 45 90 135 180 225 270 315 360

Degree from [110]

Fig. 6.2 -E on the (001) silicon
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E of silicon: (001) plane

200
150
100
50

0
-50
-100
-150

-200
-200 -150 -100 -50 O 50 100 150 200

Fig. 6.3 - E on the (001) silicon

V of silicon: (001) plane

03
025
02
015
01

0.05-

0 45 a0 135 180 225 270 35 360

Degree from [110]

Fig. 6.4 -v on the (001) silicon
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Vv of silicon: (001) plane

Fig. 6.5 -v on the (001) silicon

E andv of the (001) silicon at varying angular locatiomgh respect to [110] axis are

plotted in Figs. 6.2 through 6.5. For example, plositive x-axis is the [110] direction

and 48represents the [010] direction. Similarly, °4&the [100] direction.

On the (111) silicon plane, the direction cosines a

T

N
= -
w N

sin(p+ cosp sing _ cosp
N V6 2
B sin(p+ cosp sincp+ cosp
J2 6 J2 6

1 1

Eqg. (6.2.8)

wheregis the angle of counter-clockwise rotation frore th axis[]iO]. By Eq. (6.1.7),

E andv are given by
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E= 4 Eqg. (6.2.9)

Zs.l.l + 2512 + S44

_ £ __28,%105, -5, Eq. (6.2.10)

8'1 Bs,, +6s, +3s,,

In Egs. (6.2.9) and (6.2.10), the periods of E andre infinity. That is, E and are
constant withg as shown in Figs. 6.6 through 6.9, where E amdhibits an isotropic
characteristic on the (111) silicon plane where #hastic properties (E and) are

independent of direction (E = 169.1 GP&; 0.262).

E of silicon: (111) plane
200

190

180 -

170

E (GPa

160

150

140

0 90 180 270 360

Counter-clockwise rotation from [1-10]

Fig. 6.6 - E on the (111) silicon
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E of silicon: (111) plane

200
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100

50

-100

-150

-200
-200 -100 0 100 200

Fig. 6.7 - E on the (111) silicon

v of silicon, (111) plane
0.30
0.25
0.20
0.15
0.10

0.05

0.00
0 90 180 270 360

Counter-clockwise rotation from [1-10]

Fig. 6.8 -v on the (111) silicon
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v of silicon: (111) plane
03
02 /’\
0.1
T
o\ /
SN/
-0.3
03 -02 -01 0 01 02 03

Fig. 6.9 -v on the (111) silicon

For the (110) plane, if we assume thatis the angle of clockwise rotation from the axis

[111], the direction cosines are

sm(p cosp sinp _ cogp  —2sinp cosp |
S I N N N RN
_|=sing . cogp -sinp cosp -—sing 2cosp
Il m, n,|= + Eqg. (6.2.11
: M NS Y s B 6 s ds | T2
|3 m3 n3 1 1
— S 0
i V2 2 |
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If @=0,

NS
N R
'1 ml ”1 == = 2 Eq. (6.2.12)
2 2 2| T = = = . L.
l, m; n, V6 6 e
11
V2 2 |
By Eq. (6.1.7), E and on the(110) silicon plane are given by
E= 1 Eq. (6.2.13)
—
5., ~36(25, - 25, - 5, )[(1+ CoS'p)* +8+ 6/2sin2p SN0 51\255'”2@ ]
S t(Su S, —%)(12—2—13in22(p—3ﬁsin4(p)
= == 2 1 2 2 2 Eq (6214)

(sin?g—5v2sin2¢)
12

Y8, —36(25, ~ 25, —5,,)[(1+COS'P) +8+6+/2sin2p ]

Similarly, the periods of E and on the(JfID) silicon plane are, respectively, as shown
in Figs. 6.10 and 6.11. The maximum and minimunueslof E are 187.9 GPa and 130.1

GPa respectively. Fow, the maximum and minimum values are 0.35 and 0.15
respectively. E ands are dependent on the direction on {#0) silicon plane. For

example, E and of [111] direction are 187.9 GPa and 0.180 respelsti
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E of silicon: (1-10) plane

200
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180
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140
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120

E(GPa)
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Clock-wise rotation from [111]

Fig. 6.10 - E on th&110) silicon

v of silicon: (1-10) plane
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o

45 90 135 180 225 270 315 360

Clock-wise rotation from [111]

Fig. 6.11 -v on the (110) silicon
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In summary:
® For any crystallographic direction of silicon, Edanmay be expressed in terms
of compliance coefficients {s si2, and $4).
® E andv are dependent on the direction of the silicon.
It should be noted that E amdare based on the literature values of stiffnesfficeents,
Ci1, G2, and g4 from Wortman [90]. Further, using other literaturalues of stiffness

coefficients from different authors, E values aresgnted and compared in Table 6.2.

Table 6.2 - E values for different directions arffedent authors
(Unit: GPa)

Author\Direction| [100] | [010] | [001] | [110] | [1-10] | [11-2] | [111]
Mcskimi 130.80( 130.80| 130.80| 169.71| 169.71 | 169.71| 188.38
Wortman 130.13 130.13| 130.13| 169.10| 169.10 | 169.10| 187.85

Hall 130.02| 130.02| 130.02| 168.96| 168.96 | 168.96| 187.68

6.3  Measurement of the Elastic Constantby Deflection of Beams

Kang [15] used a strain gauge technique to medswifesilicon using a four-point
bending fixture in which strain gauges are mourdadthe surface of specimen strips.
Usually, a micro-tester has been used to measur®&ever, due to some limitations of
a micro-tester for measuring E of stiff materialsts as silicon, théDeflection of Beams”
theorem [91)with a four-point bending fixture is introduced, @®sented in Fig. 6.12, in

our analysis.
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B 3
¥

Fig. 6.12 - Deflection of a beam in a four-poinhtmng fixture

In Fig. 6.12, L is the distance between two suppartd the deflection at distance “a”

from the adjacent support is

Fa’(3L - 4a)
o=——mM—— Eq. (&8.
oE| q. (48
In Eqg. (6.3.1), the new notatidh is defined as
2 —
F Ew Eq. (6]3.2

3
where the moment of inertia | is defined%%— for the rectangular of beam in which b is

the width and h is the thickness of the beam. @&fla & may be measured by reading a
micro-positioner. The applied force F is measurgdabload-cell. In our case, the
sensitivity shows 8.58 x TOmV/gram. Combining Eq. (6.3.1) and Eq. (6.3.2)ldse
F =8 E where E is easily obtained by evaluating the slofpé with respect t6. An

Example is presented in Table 6.3.
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Table 6.3 - Example: Measurement of E using defiaaf beams
0 (Um) load cell (mV) | W (gram) F (N) F

0 55.691 0.00 0.0000 0.00E+00
50 55.901 24.5 0.1199 6.35E+12
100 56.117 49.7 0.2433 1.29E+13
150 56.333 74.8 0.3666 1.94E+13
200 56.554 100.6 0.4929 2.61E+13
250 56.772 126.0 0.6174 3.27E+13

In these measurements, L = 6.05 cm, a = 1.20 em1.016 cm (= 400 mil), and h = 6.35

x 10% cm (= 25 mil), respectively. In order to obtain [E,in Eq. (6.3.3) is plotted with

respect tod as shown in Fig. 6.13.

E calculation by deflection: Biooj
35E+13

30E+13 e

y = 1.302E+11x
R? = 9.999E-01

25E+13

20E+13

15E+13 |

10E+13
50E+12 /
00E+00 :

0 50 100 150 200 250 300

3 (um)

Fig. 6.13 - Plot ofF with respect tc

Further, extensive measurements are performedefaral directions of silicon. For
each direction, 10 specimens are measured. Congpédaenmeasured values in Table 6.4

with the literature values in Table 6.2, one fimdgood agreement. In Table 6.4, E for the
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[100] direction is 130.0 GPa, but E for tfiL0], [1.0],[110], and [112] directions are

about 169 GPa. It may be noted thabdr= 132.8 GPa and;ko = 170.3 GPa from the

literature [15].

Table 6.4 - Measurement of E for several directioinsilicon (Unit: GPa)
#\Direction E 1100 E 110 Ef 110 E 110 E 19
1 130.2 168.7 168.4 168.4 167.0
2 130.6 166.9 171.1 169.6 168.9
3 131.6 167.8 166.6 167.1 170.2
4 125.9 165.5 169.4 169.0 169.6
5 130.3 167.6 169.1 169.4 169.2
6 130.9 167.8 165.3 170.1 169.1
7 130.2 167.7 166.3 170.4 170.7
8 129.6 166.9 166.7 170.5 171.0
9 130.6 169.6 171.2 169.2 171.3
10 129.8 167.1 170.6 169.5 170.6
Avg. 130.0 167.6 168.5 169.3 169.8
Std. 1.53 1.09 2.16 1.00 1.28

In Table 6.5, the temperature dependence of Eh‘et]ﬂé] direction is presented.

For this work, a special four-point bending appasatas constructed and integrated into

an environmental chamber capable of temperatures 185 °C to +300°C. As
expected, it is observed that E for thﬂi] direction decreases monotonically with

increasing temperature over the temperature rah§@°c to +150°C as plotted in Fig.

6.14.
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Table 6.5 - E for the{l]ﬁ] direction on the (111) silicon versus tempemiiwnit: GPa)

#T(°C) | -133.4 | -93.2 | -48.2 0.6 25.1] 49.9 75.1 100.4 125.9| 151.5
1 1739 | 172.7] 171.4 | 168.7] 168.0 167.0 166.5| 165.9 164.3| 164.2
2 174.1 | 172.2) 170.6 | 169.8] 168.2| 168.0 166.7 | 166.Q 165.6 | 165.5
3 173.8 | 172.1] 172.0 | 169.6] 168.8| 169.4 169.0| 167.9 166.4| 165.9
4 173.6 | 172.2] 169.2 | 168.5] 168.9| 168.8 168.0 | 168.3 167.7| 164.2
5 1725 | 172.8 170.4 | 169.6] 169.6 | 169.3 168.1| 166.3 167.4| 164.2
6 173.4 | 173.3] 171.4 | 170.0] 168.2| 167.5 166.9| 167.§ 166.0| 165.0
7 1716 | 1725 171.3 | 169.7] 170.7| 169.7 168.5| 166.4 168.1( 167.1
8 170.5 | 170.1] 171.4 | 170.3] 169.6 | 168.7 168.6 | 167.Q 167.0| 165.6
9 170.7 | 1719 1719 | 170.8] 170.5| 168.6 168.6 | 166.1 167.1| 166.2
10 1745 | 173.4 169.6 | 168.2] 168.5| 168.0 167.7| 168.Q 166.6 | 166.7

Avg. 1729 | 172.3] 170.9 | 169.5] 169.1| 168.5 1679 | 167.0 166.6| 165.5
Std. 1.45 0.91f 0.95 0.81] 0.97 0.88 0.88 0.94| 1.12 | 1.05

E[11-2) vs. temperature
175
174
173 1 4
172 *
E 171 -
© 170 3
w 169 +
*
168 *
167 ~
166
*
165 ‘
-150 -100 -50 0 50 100 150 200
T (Celsius)

Fig. 6.14 - Plot of E for the{flﬁ] direction on the (111) silicon versus tempemtur

Also, E for PCB material (FR-406) is measured deenperatures ranging from -18G

to +151°C as shown in Table 6.6. In this work, 10 specin@esused.
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Table 6.6 - E for FR-406 versus temperature (UBRa)

#T(°C) | -133.4 ] -93.2| -482] 0.6 | 251 ] 49.9 | 75.1 | 100.6| 125.9| 151.5
1 274 | 248| 249 | 247 | 236 | 212 [ 19.1 [ 190 | 17.0 | 14.9
2 278 | 26.1| 253 | 248 [ 226 [ 229 [ 20.7 | 186 | 16.6 | 14.8
3 270 | 26.0] 252 | 24.4 [ 222 [ 209 [ 19.1 | 186 | 16.7 | 15.0
4 272 | 25.7| 243 | 24.4 | 235 | 220 [ 215 | 176 | 16.7 | 15.0
5 279 | 25.8| 25.4 | 244 [ 251 [ 21.8 [ 200 | 187 | 17.1 | 16.3
6 267 | 255| 242 | 241 | 245 | 223 | 204 [ 176 | 154 | 13.1
7 276 | 26.3] 254 | 25.0 [ 23.4 [ 222 | 208 | 19.3 | 156 | 16.4
8 268 | 25.0] 25.0 | 246 | 243 | 231 [ 200 [ 194 | 16.7 | 15.2
9 279 | 26.2] 255 | 250 [ 243 | 216 | 215 | 189 | 159 | 144
10 278 | 253] 25.1 | 245 | 238 | 225] 195]| 177 | 16.0 | 13.6

Avg. 274 | 25.7| 25.0 [ 246 [ 23.7 | 22.1 | 203 | 186 | 16.4 | 14.9
Std. 046 | 0.52] 0.46 | 029 | 0.87 | 0.70 [ 0.88 | 0.68 | 0.59 | 1.02

Similarly, E for FR-406 with temperatures is ploti&s shown in Fig. 6.15.

E for FR-406 vs. temperature

30
28 *
26 *

Al
)

R3
+

20 ¢
18

E (GPa

14
12
10

-150  -100 -50 0 50 100 150 200
T (Celsius)

Fig. 6.15 - Plot of E for FR-406 versus temperature

Similarly, E for die attachment adhesive (ME 52%¢ aneasured over temperatures

ranging from -150C to +150°C as shown in Table 6.9 and its plot is shown @ Bil6.
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Table 6.7 - E of ME 525 versus temperature
(Unit: GPa)

T (Celsius) ME 525
-151.0 19.81
-133.4 18.46
-93.2 15.99
-48.2 13.70

0.6 12.00
25.1 10.43
49.9 9.85
75.1 8.75
100.6 7.72
125.9 4.98
151.5 0.89

E for ME5S25 vs. temperature

25

20

*

15

E (GPa)

10 e

200 150 100 50 0 50 100 150 200
T (Celsius)

Fig. 6.16 - Plot of E for ME525 versus temperature

E for the composite materials of the chip-on-beames for varying temperatures are

summarized in Table 6.8.
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Table 6.8 - Summary: Measurement of E vs. temperdtunit: GPa)
T (Celsius) ME 525 | (111)silicon{112] FR-406
-133.4 18.46 172.9 27.41
-93.2 15.99 172.3 25.57
-48.2 13.70 170.9 25.12
0.6 12.00 169.5 24.68
25.1 10.43 169.1 23.73
49.9 9.85 168.5 22.05
75.1 8.75 167.9 20.26
100.6 7.72 167.0 18.55
125.9 4.98 166.6 16.37
151.5 0.98 165.5 14.87

In this work, E values for silicon are calculatedhlytically and those values are in
agreement with experimental results. The expresbiie andv for each direction are
summarized in Table 6.9 in which analytic valuegare compared with experimental

values.
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Table 6.9 - The expressions of E anfibr each direction of silicon

Direction E & theoretical value [GPa] | Measurement v & theoretical valie & transverse divection

Enug L, :130.13 12996 Spiy :0.278
transverse direction: [010]

Eyoyg sy, :130.13 NA Splsy :0.278
transverse divection: [010]

Foag sy :130.13 NA Sp's 0278
transverse direction: [100]

Eng 4/(2s,+ 55, 160,10 167.55 (285255 M (Is 2515 ) :0.062
transverse divection: [1-10]

L 4/(25;,+25,,+5,,) :169.10 169232 (-285,,-28 48 M (25,2845 ) :0.062
transverse direction: [110]

Enn sty tsy) (18785 NA (25 A5 ts M (2 st (0,180
transverse divection: [11-2]

Enay 425+ 255, 1160.10 149.50 (=285, - 108, 45, ) (B +05p,+38,,) ¢ 0.262
transverse direction: [1-10]

6.4 Summary

In this chapter, it is observed that the cubic reatf the single crystal silicon
lattice leads to orthotropic material propertidsattis, E Young’s modulysandv
(Poisson’s ratiy are dependent upon the direction on the silicorfiase. For any
crystallographic direction of silicon, E and may be expressed by compliance
coefficients (g1, Si2, and g4). In this work, E of silicon has been calculated
analytically, and calculations are in agreementhwekperimental value by using
“Deflection of Beanignethod. In addition, E values of the other composite materi

comprising the chip-on-beam specimens were obtdigetiis method.
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CHAPTER 7

VAN DER PAUW STRUCTURE

7.1  Van der Pauw’s Theorem

Van der Pauw’s theorem is used to measure thefgpeasistivity of an arbitrary
shaped sample of constant thickness without isblates [78-80]. A flat sample of
conducting material with uniform thickness is shawriig. 7.1 where A, B, C, and D are

contacts on the conducting material. Also, a sirnspigcture is shown in Fig. 7.2.

C

Fig. 7.1 - A flat sample of conducting materialtwitniform thickness
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A B

Fig. 7.2 - A simple van der Pauw test structure

A current is injected through one pair of the cotd#gaand the voltage is measured
across another pair of contack,; ., is defined as the potential difference between the
contactsD and C divided by the current through conta&tsand B . For an isotropic
conductor, Van der Pauw [78] demonstrated thatafitbeses measurement may be related
by

AB CD

ntR
expl-——ABCR) 4 ayp( %) =1 Eq. (7.1.1)

wheret is the thickness of the sample amds the isotropic resistivity. For an isotropic
conductor,R 5z p = Rgcpa - HENCE, Eq. (7.1.1) can be simplified to

it
p ZERAB,CD Eq. (7.1.2)
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The equation of the sheet resistafite may be calculated using Eq. (7.1.2)

=R

T
R. =
s In2

~ o

AB.CD Eq. (7.1.3)

The sheet resistandeg in Eq. (7.1.3) depends &) o, . With no information of, the
sheet resistance may be calculated. In addition, d& Pauw [79-80] also extended Eq.
(7.1.1) to the following equation for anisotropancluctors of constant thickness:

ntRAB,CD TR BC,DA

exp(-——=) +exp(-——)
VPP \VP1P2

wherep, andp, are the components of principal resistivity.

=1 Eq. (7.1.4)

Price [81-82] developed the resistance equatianetdangular isotropic conductors:

8, = BC

Rps.cp = —n—‘;m u{tanh[E(Znﬂ)g]} Eq. (7.1.5)
8, & AB

Ropcs = —n—‘zln u{tanh[E(2n+1)g]} Eq. (7.1.6)

where AB = aand BC = bare the length of the sides of the rectangle showAg. 7.3.
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Fig. 7.3 - Isotropic rectangular VDP structure

For anisotropic conductors, Price [81-82] extendqd(7.1.5) and Eq. (7.1.6) as follows:

_ 8\/9‘119'22 2 p‘zz BC !
R =——=—=In[ |{tanh /—— 2n+1)—= Eq. (7.1.7
AB,CD t D{ [ oL AB( )2]} g. ( )

RAD,BC

8\/P‘119'22 z p‘ll AB n
=——""2% InMM{tanh[ |- —(2n+1)— Eqg. (7.1.8
mit nlzl{ [ BC( )2]} a- ( )

P22
wherep,, andp,, are resistivity components of the principal axes.

Mian [49-50] demonstrated that the resistance’ain@ 96 VDP can be represented as

_ 8\/P'119‘22_p'12 2 plzz BC T
R, =———=—"1n tanh[.[—== —(2n+1)— Eq. (7.1.9
0 D{ [1/911 AB( )2]} g. ( )

it

_ 8Jpupan P
Ry = - ub22 P2,

l p'11 AB i
| | tanh /— —((2n+1)— Eqg. (7.1.10
Tt n:{ [ P BC( )2]} a- ( )

Similarly, for ¢ = 45 (+45’/-45° VDP) [49-50],
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In rl{tanh[\/p“ P22 =201 BC o VI Eq(7.1.12)
P11 +Pzz + 2912 AB 2

R, =- 8\/P11922 p12

In rl{tanh[\/plﬁpzz *200 AB oY Eq(7.0.12)
P tPr~ 2912 BC 2

For the (001) silicon wafer, in-plane componentsesfstivity tensor are [49-50]

R, =- 8\/P11922 p12

Ty ¥ ¥y o Ty 70, Tas o

=p[l+ fcn + > , t 7512033]
T, +mT, -7 ' tmr,tm
=p[l+—— ; oy +2 ;2 .65, + 1,0 59] Eq. (7.1.13)

12 = Pl(7y, —T4,)0,,]
wheren,,, n,,, andn,, are the unique piezoresistive coefficients oteili. Also,s; are
the stress components in the primed coordinateersysihe function of temperature
coefficient of resistance (TCR) isA{), and AT is the temperature change from the
reference temperature where the isotropic redigtjviis evaluated.
For the (111) silicon wafer in-plane componentgesistivity tensor are given by
[49-50]

1 =pll+ B15‘11 + B2(5‘22 + B3(5‘33 - 2\/5(82 - 83)0'23]
1, =p[L+B,0,, + B,6,, + B0y + 24/2(B, — B,)o s Eq. (7.1.14)
12~ p[2\/§(B3 - 82)0‘13 +(B, - B2)(5'12]

whereB,, B,, andB, are a set of combined piezoresistive parametatsare related with
the on-axis piezoresistive coefficients by

B, = Ty +TE;2 Ty, B, = T +57'5612 T Ty , B, = Ty, t+ 275312 Y Eq. (7.1.15)
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The resistivity values change with applied stres&q. (7.1.13) and Eq. (7.1.14), which
makes the resistance of a given VDP structure ahamith applied stress. This fact

indicates that VDP stress sensors may be used@stipbsensors.

7.2 Experimental Results for the (111) Silicon

Figure 7.4 shows the layout of the BMW-2.1 testpcim which the resistor rosette
sensors and VDP test structures are fabricatedherfltll) silicon surfaces. Rectangular
strips, each strip containing a series of chips,cart along %1 axis ( 11 direction in Fig.
7.4) from BMW-2.1 test wafers. Measurements aréopmied by loading a strip in a four-
point bending fixture to apply uniaxial stress. r e VDP sensors as well as resistor
sensors, Rand Ry are measured at various load conditions and atte@las a function of
the applied stress. Injected through one pair@fteddes is 10QA in Fig. 7.4 in which 4
pads (electrodes) are numbered from 1 to 4. Fampbe in the case of Jof the VDP
sensors, a current is injected through 1 and 4 anc23. Similarly, for & of the VDP
sensors, a current is injected through 1 and 2and34. The potential difference between
two electrodes is measured and the VDP resistagces Ralculated by dividing the
potential difference by the injected current. Aletsteps are controlled by using a

parametric analyzer.
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Fig. 7.4 - The (111) silicon test chip, BMW-2.1

The resistances of VDP sensors, as well as resstosors, are measured under
unstressed and stressed conditions. The normategdtance changes are evaluated
using

AR, _R,(0,AT)-R, (00)

¢

R R, (00)

Eq. (7.2.1)

¢

where R (00) is the unstressed resistance. For sensors on the) @urface, the

expression for a resistor sensor at anglwith respect to thex, axis is given as follows:

AR .
? = [Blcll +B 022 + B3(533 2\/5(82 —B;)o ] cos’ ()

+[B,0,, + B0, + Byo,, + 2V2(B, — B,)o s Sin? @ Eq. (7.2.2)
+[2V2(B, ~B,)oy; + (B, ~B,)o,sin2g+f (AT)
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For uniaxial stress = g,, with neglect off (A T) Eq. (7.2.2.) simplifies to

ARo _ g £7.2.3)
Ro
AR
—% =B,c €q.2.4)
Roo

in which the stress sensitivity is Bnd B, respectively. Note that;Band B are calculated
from separate tests for resistor sensors on the seafer lot. Subtraction of Eq. (7.2.4)

from Eq. (7.2.3) leads to

ARo ARy
Ro Roo

=(B,-B,)o Eq. (7.2.5)

in which the stress sensitivity is {1B>).

Typical results for the normalized resistance cleangf R and Rp as a function of an
applied stress for p- and n-type resistor sens@rslaown in Figs. 7.5 through 7.8. Note
that the stress sensitivity of #1 specimen in Talé and 7.2 is plotted in Figs. 7.5 and 7.6

for p-type sensors, whereas Figs. 7.7 and 7.8amtiype sensors.
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ARo/Rg Vvs. 0
(p-type Resistor Sensors)

3.00E-02

2.50E-02
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Fig. 7.5 - Typical stress sensitivity of p-typeises sensors (§

ARgo/ Rgo VS. O
(p-type Resistor Sensors)

2.00E-03
0.00E+00
-2.00E-03
-4.00E-03

AR/R

-6.00E-03
-8.00E-03
-1.00E-02

-1.20E-02
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Fig. 7.6 - Typical stress sensitivity of p-typeises sensors ({3)
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ARo/RoVvs. 0
(n-type Resistor Sensors)

0.00E+00
-2.00E-03
-4.00E-03

-6.00E-03

AR/R

-8.00E-03
-1.00E-02

-1.20E-02

-1.40E-02
o (MPa)

Fig. 7.7 - Typical stress sensitivity of n-typeises sensors (&

ARgo/Rgo VS. O
(n-type Resistor Sensors)
1.4E-02

1.2E-02
1.0E-02
8.0E-03
6.0E-03
4.0E-03

AR/R

2.0E-03
0.0E+00
-2.0E-03

o (MPa)

Fig. 7.8- Typical stress sensitivity of n-type stsi sensors (&)
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Note that Table 7.1 represents the values of 1@raxents performed using different

resistor sensors of p-type silicon from the samtewa

Table 7.1 — Stress sensitivities of the (111) gisgsistor sensors (Unit: MPa
Specimen Slope of Slope of Slope of
ARy/Ryvs. 0 ARgo/Rgo VS. O ARy/Rg-ARgy/Rgg VS. O
#1 450.5 -122.5 573.0
#2 479.1 -130.7 609.8
#3 442 .4 -127.7 570.1
#4 465.4 -117.4 582.8
#5 428.5 -125.4 553.9
#6 487.6 -132.0 619.6
#7 465.5 -115.9 581.4
#8 468.6 -122.5 591.1
#9 465.7 -126.1 591.8
#10 435.1 -128.6 563.7
Average 458.8 -124.9 583.7
Std. Dev. 19.12 5.33 20.23

Similarly, the results of 10 experiments of n-tygiécon are presented in Table 7.2.

Table 7.2 — Stress sensitivities of the (111) refsgsistor sensors (Unit: MBa
Specimen Slope of Slope of Slope of
ARO/RO VS. 0 ARgo/Rgo VS. O ARolRo-ARgoleo VS. O

#1 -198.7 192.3 -391.0
#2 -201.8 200.0 -401.8
#3 -214.7 203.7 -418.4
#4 -201.7 197.2 -398.9
#5 -197.8 201.6 -399.4
#6 -206.6 187.5 -394.1
#7 -198.3 189.6 -387.9
#8 -202.7 199.7 -402.4
#9 -211.0 201.6 -412.6
#10 -197.7 193.8 -391.5

Average -203.1 196.7 -399.8

Std. Dev. 5.89 5.58 9.67
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Similar tests are performed on several VDP serfsons the same wafer. The measured
stress sensitivities for ten experiments are ptedan Tables 7.3 and 7.4. Averages of the
measurements and the corresponding standard devete also presented in the tables,

where the magnification factor M is defined asrti@ of the sensitivity of VDP sensors to

the sensitivity of resistor sensors, which willdiscussed in the next section.

Table 7.3 - Stress sensitivities of the (111) petgilicon VDP structures (Unit: MPa
. Slope of Slope of Slope of e
Specimen  \p IRyvs. 0 | ARe/RepVS. 0 | ARJ/Re-ARg/Reovs.o | M | Modified M
#1 1261.5 -869.4 2130.9 3.651 3.202
#2 1227.5 -874.1 2101.6 3.600 3.158
#3 1285.0 -882.3 2167.3 3.713 3.257
#4 1304.0 -870.7 2174.7 3.726 3.268
#5 1277.5 -863.5 2141.0 3.668 3.218
#6 1266.0 -883.0 2149.0 3.682 3.230
#7 1285.5 -865.4 2150.9 3.685 3.232
#8 1329.5 -832.3 2161.8 3.704 3.249
#9 1279.5 -825.6 2105.1 3.606 3.164
#10 13255 -843.4 2168.9 3.716 3.259
Average 1284.2 -861.0 2145.1 3.675 3.224
Std. Dev. 30.33 20.24 25.76 0.044 0.039

Table 7.4 - Stress sensitivities of the (111) retgjlicon VDP structures (Unit: MPa
. Slope of Slope of Slope of .
Specimen  \p 2 vs. 6 | ARgw/ReovS. 6 | ARJRy-ARwRevs.o | M | Modified M
#1 -687.1 686.8 -1373.9 3.436 3.014
#2 -680.0 688.4 -1368.4 3.4283 3.002
#3 -675.3 704.3 -1379.6 3.451 3.027
#4 -693.8 694.8 -1388.6 3.478  3.047
#5 -703.4 727.5 -1430.9 3.579 3.140
#6 -715.5 694.6 -1410.1 3.52Y 3.094
#7 -673.0 700.5 -1373.5 3.435 3.014
#8 -690.7 728.2 -1418.9 3.549 3.113
#9 -690.4 700.5 -1390.9 3.479 3.052
#10 -654.5 699.3 -1353.8 3.386 2.970
Average -686.4 702.5 -1388.9 3.474 3.047
Std. Dev. 16.95 14.43 24.31 0.061 0.053
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Typical results for the normalized resistance cleangf R and Rp as a function of an
applied stress for p- and n-type VDP sensors arensin Figs. 7.9 through 7.12. Fop Bf
the VDP sensors, we have two pairs (see Fig. tdj-is, a current is injected through 1
and 4 or 2 and 3. Similarly, forgiRof the VDP sensors, a current is injected throLigimd

2 or 3 and 4. The value in Tables 7.3 and 7.4 iavamage of two pairs. Figures 7.9 and

7.10 are for p-type VDP sensors, whereas Figs.ahiil7.12 are for n-type VDP sensors.

ARo/Ro VS. O
(p-type VDP Sensors)
1.0E-01
Z:gi:gj | y = 1.281E-03x /j‘

R? = 9.948E-01
7.0E-02 - et g //.//
6.0E-02
5.0E-02 - . y - 1.174E-03x
4.0E-02 R?=9.955E-01
p Current: 4~1
3.0E-02 Lt
2.0E-02 /
1.0E-02
0.0E+00 / ‘ | |

0 20 40 60 80
o (MPa)

AR/R

Fig. 7.9 - Typical stress sensitivity of p-type VBénhsors (i
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ARgo/ RgoVs. O
(p-type VDP Sensors)

0.00E+00
-1.00E-02
-2.00E-02
-3.00E-02

AR/R

-4.00E-02
-5.00E-02
-6.00E-02

-7.00E-02

o

20 40 60 80
o (MPa)

Fig. 7.10 - Typical stress sensitivity of p-type RBensors (&)

ARy/RgVs. 0

(n-type VDP Sensors)
0.00E+00

-5.00E-03
-1.00E-02
-1.50E-02
-2.00E-02
-2.50E-02
-3.00E-02
-3.50E-02
-4.00E-02
-4.50E-02

AR/R

0 10 20 30 40 50 60 70
o (MPa)

Fig. 7.11 - Typical stress sensitivity of n-type RBensors (&}
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ARgo/Rgo VS. O
(n-type VDP Sensors)

4.50E-02

4.00E-02 -

3.50E-02 y = 6.942E-04x
R? = 9.983E-01

3.00E-02

Current: 3~4
2.50E-02 //
2.00E-02 y = 6.794E-04x

R? = 9.971E-01
1.50E-02 - Current: 1~2
1.00E-02 /
5.00E-03
0.00E+00 / ‘

0 10 20 30 40 50 60 70
o (MPa)

AR/R

Fig. 7.12- Typical stress sensitivity of n-type VBéhsors (R)

As observed in the resistor sensors, the experaheggponse of the VDP sensors to the
applied stress is also linear. It is apparent thatresults of two pairs match well as
expectedAs shown in Tables 7.3 and 7.4, p- and n-type gsnsbe responses of the
difference of the normalized resistance changesugestress is several times higher than
the responses experienced by the analog8uan@ 96 resistor sensors. For p-type
sensors, the sensitivity of VDP sensors is 3.6&girigher than that of corresponding
resistor sensors. However, for n-type sensors found to be 3.47 times higher. The
measured magnification of p-type senosrs is obsetwebe higher than that of n-type

Sensors.
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7.3  Senditivity Magnification Factor and y

Mian [50] described how to calculate the modifiecgmification factor in the
serpentine resistors connected with doped resistaterial. Mian [50] also presented the
value of magnification factor by the analytical amemerical methods. In our studies, we
checked and verified the magnification factor todi®ut 3.157 numerically by using a

MATLAB software program. The following notationseaadopted in our work.
=— Eq. (7.3.1)

N represents the number of squares and L and WWectegely, represent the length and
width of the resistance R of the rectangular blotkiniformly doped material. M2 and
Ntansverseepresent the number of squares in the axial @mmdverse parts of the resistance
R.

N ial
= e Eq. (7.3.2
y= . (7.3.2)

axial transverse

in which y is the ratio of axial part to the sum of axialtpand transverse part. If we
consider the resistorgRy, it is actually composed of resistor segmentsnoeie in the ©

and 90 directions, Hence
RO_eff = VRO + (1_V)R90 EQ- (7-3-3)
The normalized change in resistance may be exgresse

AR . . . .
¢ = B0,y ¥ B0y, + B30 - Z\E(Bz - B;)o,, +f(AT)

0 Eq. (7.3.4)

ARy, = 20'11 + 815'22 + B3G'33 + 2\/5(82 - 83)0‘23 +f(AT)

90
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in which f(AT) = o, AT + 0 ,AT? + ...

Thus

AR
oen - BRs gy BRw Eq. (7.3.5)
Ro_eﬁ R, Rao

Similar calculation may be performed for the setipenresistor at S0orientation with
respect to the xaxis. The expression is

ARgo_eff = 1-v) AR, _l_yARgo

R 90_eff Ro Rgo

Eq. (7.3.6)

In our cases, Mia and Nansverse@re estimated to be 143.2 and 9.37 squares, teshgc
Hencey = 0.939.

According to Eg. (7.3.5) and Eq. (7.3.6), the rssbelow can be found:

AR AR
oer _ Eo0et _ 9y g)(ARe _ AR, Eq. (7.3.7)
Ro_eff Rgo_eff Ro Rgo
AR AR
ety 2o e _ ARy | ARy Eq. (7.3.8)
RO_eff RQO_eff Ro Rgo
Assuming uniaxial stress,, in Eq. (7.3.4) leads to
AR
° = 1011
R, Eqg. (7.3.9)
AR, | (7.3
—  ~—b2On
90
Substitution of Eq. (7.3.9) into Egs. (7.3.7) aid(8) yields
ARO_eff ARQO_eff _ v !
- = (2yD(B-By)oy; = (By s~ By er)on Eq. (7.3.10)
Ro_eff R90_eff
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ARO_eff AR90_eff _ R '
+ =(B,+By)oy; = (B e + By er)on Eq. (7.3.11)
RO_eff R90_eff
By Egs. (7.3.10) and (7.3.11),
BLer =YB, +(1-V)B, Eq. (7.3.12)
B, ot =(L-V)B, +VB, Eq. (7.3.13)

Thus
B, .« +(y1)B
Bl - y 1_eff (V ) 2_eff Eq (7314)
2y-1
B, .« +(y-1)B
82 - y 2_eff (V ) 1 eff Eq (7315)
2yl
Subtraction and addition of Eq. (7.3.14) and E®.{5) yield
B, +B, =B, o + B, Eq. (7.3.16)
Bl eff BZ eff
B,-B,=—————— Eq. (7.3.17
1~ By 2y-1 a. ( )

Substitutiony = 0.939 into Eq. (7.3.17) yiel@B,  -B, .+) =0.878B, -B, .)Therefore,

the measured coefficients must be multiplied by fieeor 1/0.878 (= 1.139). In the
previous section, the measured magnification faist@.675 for p-type silicon and 3.474
for n-type silicon. The modified magnification fact are 3.224 for the p-type and 3.047

for the n-type coefficients. These results stibbwhdiscrepancies with the analytical value
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of 3.157. Reasons for these discrepancies willibeudsed in the next section where the

effects of dimensional changes during loading aresiclered.

7.4  Effects of Dimensional Changesof VDP and Resistor during L oading

Dimensional changes in VDP structures and residdargng loading have been
neglected in the analysis up to here. Strain-effe€tVDP structures and resistor sensors
on piezoresistive coefficients and sensitivity mégations will be discussed and
compared with the cases in which strain-effectateconsidered.

7.4.1 Strain-effects of VDP Structures
Consider again the case in which uniaxial stkgss=c is applied as shown in Fig.

7.13. Application of load induces the change mghe length of the VDP.

D C

X

Al \B
a

Fig. 7.13 - Isotropic rectangular VDP structure emdgniaxial stress

The relation between stress and strain is given by
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c=¢E= (A—LL)E £d.4.1)

in which L is the unstressed side-length andtBasYoung’s modulus. By Eq. (7.4.1),
L =L+AL Eq. (7.4.2)
in which L is the stressed side-length. After application ofaxial stress,,, the side

length of the VDP structure is given by combiningsE(7.4.1) and (7.4.2):
L =L(1+ A—LL) = |_(1+%) Eq. (B

If the sides of the unstressed square VDP struei@réas and Lgc, respectively, the length

of the stressed side AB is defined as AB and ismglyy
AB=L,, (1+%) Eq. (7.4.4)

in which Lag is the length of the unstressed side AB. Poisgsaiis is a measure of the

simultaneous change in elongation and in the csestonal area within the elastic range
during a tensile or compressive test. During aikertest, the reduction in the cross-
sectional area is proportional to the increase @ngth in the elastic range by a
dimensionless factor called Poisson's ratio, ddfiag a ratio of sideways contraction to

length extensionv(= - €x0/€11). Therefore, the length of the side BC is expresse
BC = LBC(l—V—;) q.H7.4.5)

in which Lgc is the length of the unstressed side BC. Likewtise,thickness™ of VDP

structure under stressed condition is given by
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t = t(1-"—|§) Eq. (7.4.6)

in which t is the unstressed thickness of VDP stmec Combining Egs. (7.4.4) and (7.4.5)
yields

AB L, E+o
BC L. E-vo

) 0.K7.4.7)

Plugging Egs. (7.4.6) and (7.4.7) into Eqs. (7.2 (7.1.8) yields

8E pllpzz p E-vo i
R =—— "2 In[|{tanh[, [ =2 2n+1)= Eq. (7.4.8
e = s [ anhl P2 S G @D Eq (748)

_ 8E pllp22 P11 Las
Rapec = t(E - vo) Inl_!{tanh[\/iLBC( )(2 +1) ]} Eq. (7.4.9)

in which p;, andp,, are resistivity components of the principal axesandx, that are
parallel and perpendicular to the wafer flat of thiéicon. The nonzero resistivity

components are given by

1= p[1+ Blc‘ll + B2(5‘22 + 830‘33 - 2\/5(82 - 83)0'23]
1, =p[1+B,0y, + B6,, + B0y + 24/2(B, — B,)o Eq. (7.4.10)
12 = p[2vV2(B, —B,)o1, + (B,-B,)o,,]

For uniaxial stress = ¢,,, Eq. (7.4.10) reduces to

=p(1+B,0)
=p(1+B,0) HG.4.11)
P'12 =0
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Equation (7.4.11) is substituted into Eqgs. (7.48) (7.4.9). By an analytic approach, the

normalized change inR ,; ., and R,,,c May be calculated. In our case,; ., =R,
and R ., 5. = Rg,, and the normalized resistance equation With- 0 is

AR, _R,(0,AT)-R,(00) _R,(0.0)-R,(00)

¢

R R, (00) R, (00)

)

Eq. (7.4.12)

where R(0,0) and R(0) are the unstressed and stressed resistanspsctieely. It is
obvious that the normalized resistance may be ateduwithout knowing thickness t as

shown in the following equations:

E\/(1+ Bo)l+B) = (1+B,0) Lgc [E-vo n
AR, _ (E-vo) ln!:ol{ tan (1+Byo) LAB( E+o )(mﬂ)é]} -1 Eq.(7.4.13)
R, ot Lgc o T
In |‘0|{ tanh[LTB (2n+1)§]}
E/@+B,0)(L+B,0) '”ﬁ{ tanf (1+Bo) L g (E—vcs) ()™
ARQO - (E_VG) n=l (1+BZG) LBC E+G 2 _1 Eq (7 4 14)
R . (7.4.

- L ne T
In !:Ol{ tanh[l_—BC (2n+j)§]}

For +45/-45° VDP, through the proper coordinate transformatiescribed in Section

7.2, the normalized change in resistance may beessgd as the following:

E/(1+Bc)(:B,0) = BC Ty BC n
AR45: (E-vo) Inr|;|{tanh[ B(2n+1)§]} |nr|;|{tanH?B(2m1)§]}

AB
Rius

d BC T
Inrl;l{tanr[ AB (2n+1)§]}

_E|J(1+B,o)(1+B,0) .
B (E-vo)

Eq. (7.4.15)
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E/(1+B,o)(1+B,0) _© B . A ]
AR, _ (E-vo) In!;l{tanhfg—c(Zml)z]} lnr|;|{tanr[ch(2n+1)§]}

Rus - AB T
In!;l{tani{ BC(2n+1) 2]}

_E|(1#B,5)(1+B,0) )
- (E-vo)

Eq. (7.4.16)

For +45-45° VDP, AB = BC because of the symmetrical geometng the change in
thickness of the VDP structure is reflected as showeqs. (7.4.15) and (7.4.16). Also, it
is to be emphasized that the normalized changesistance has the same formula for%45
VDP and -48 VDP.

For a square of VDP structure,d= Lgc. Also, B = 458.8 TP3, B = -124.9 TP3,
B," = -203.1 TP%, and B" = 196.7 TP& are substituted into Egs. (7.4.13) through

(7.4.16). Note that E = 169.1 GPa amnd= 0.262 on the (111) silicon surface. In addition,

o may be determined by the equation in the four{doémding fixture:

o= % Eq. (17)

where uniaxial stresg;, =0 is applied in thex; -direction. Hence, all the parameters in
Egs. (7.4.13) through (7.4.16) are known. The ném®ad resistance values may be
calculated analytically. The following table pretsetine analytic value of the magnification
factor M with/without considering the strain effetitis observed that VDP sensors offer

3.157 times higher sensitivity than their analogmssstor sensors. However, considering
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the strain effects leads M to 3.238 for p-type senand 3.039 for n-type sensors as shown

in Table 7.5.
Table 7.5 - Analytically calculated magnificaticactor, M

Type M with neglect of E ana M with consideration of E and

p 3.157 3.238

n 3.157 3.039

Table 7.6 - Experimental values of M

Type B1-B> Slope of ARy/Ro-ARgy/RgoVs. 0 M Modified M
p 583.7 2145.2 3.675 3.224
n -399.8 -1388.9 3.474 3.047

In Table 7.6, the modified M is calculated by colesingy for the serpentine resistors. In

addition, analytic results are compared with experital results as shown in Table 7.7.

Table 7.7 - Comparison between Analytic and Expenital M
Type Analytic M Experimental M
p 3.238 3.224
n 3.039 3.047

It is observed that analytic results are now indy@greement with experimental
results. For p-type sensors, M is observed to geehithan 3.157. On the other hand, for n-

type sensors, M shows the result lower than 3.R8asons for these discrepancies will be

discussed later.
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7.4.2 Strain-effects of Resistor Sensors
Before describing the strain-effectsresistor sensors, how responds to the
applied stress should be mentioned. When the shipstressed

N ial
= e Eq. (7.4.18
v= q. (7.4.18)

axial transverse

In our case, Nia = 143.2 squares and:Nsverse= 9.37 squares. Therefoye= 0.939. When
the chip is stresseg changes with the applied stress, whengas constant under an
unstressed condition. Fog,R is given by

v CaN _ N ayi Eq. (7.4.19)
C,Nwm +CN LSTEN
C

a' ¥ axial
a

transverse N

axial transverse

in which G and G are modifying coefficients defined as follows:

C = (E+o) c _(E-vo)

C. = Eq. (7.4.20
"= E-ve) ' (E+o) q. ( )
For Ry,
N._. N,
y= Ct axial - Caxlal Eq (7421)
Ct N axial + Ca N transverse N axial + 2 N transverse
C
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Table 7.8 yp andyyg at various stress levels
o (MPa) Ca G Yo Yoo

0 1.0000E+00 | 1.0000E+00 | 9.4338E-01 | 9.4338E-01
20 1.0001E+00 | 9.9985E-01 | 9.4340E-01 | 9.4337E-01
40 1.0003E+00 | 9.9970E-01 | 9.4341E-01 | 9.4335E-01
60 1.0004E+00 | 9.9955E-01 | 9.4343E-01 | 9.4333E-01
80 1.0006E+00 | 9.9940E-01 | 9.4345E-01 | 9.4332E-01
100 1.0007E+00 | 9.9925E-01 | 9.4346E-01 | 9.4330E-01

In Table 7.8yo andyso denotey for 0° and 96 resistors. Further, the plots wfandygoare

shown in Fig. 7.14.

9.435E-01

9.434E-01

9.433E-01

9.432E-01 T T T T
0.0E+00 2.0E+07 4.0E+07 6.0E+07 8.0E+07

Y Versus o

Yo= 7.965E-13g + 9.434E-01
R? = 1.000E+00

Yoo = -7.976E-13g + 9.434E-01

R? = 1.000E+00

o (Pa)

1.0E+08 1.2E+08

Fig. 7.14 - The plot ofp andygo at various stress levels

As shown in Fig. 7.14y, andygo do not change much with varying stress. For irsgan
the normalized change yg andyyo during application of 100MPa uniaxial stress iswh

8.4 x 10° %. Hencey, andyso may be assumed to be constant during applicafistress.
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The strain-effects in resistor sensors are destribest. The resistance R of a

rectangular conductor is expressed as

In the formula,p is the resistivity, and |, w, and t are the lengtidth, and thickness of the
conductor, respectively. When the resistor is ctieed by applying stress, the normalized
change in resistance is given by

AR (AL Aw At Ap

Eq. (7.4.23
R Il w t p - )
For convenience, the new notations are adopted
AR Al Aw At AR A
[ lim == = [l = Eq. (7.4.24)
R I w t R p
Equation (7.4.24) reflects the normalized changesistance as follows:
AR AR AR
= -+ Eq. (7.4.25
R [ R ]dlm [ R ]res q ( )

Generally dimensional change is neglected in thautstion of the normalized resistance

change:
AR _ AR A
O e = Eq. (28)
R R p
If the uniaxial stres®’, (= 0) is applied,
AR AR
— l:I[ ° ]res = yBlc + (1_V)BZG Eq (7427)
RO RO
AR AR
20— ]es = (Y)Bio +YB,o Eq. (7.4.28)
RQO 90
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In addition, if we consider the effects of dimemsibchange, the results are

AR c - Vo -Vo -vo c - Vo
[ am =M(Z) — (—) = (—=)]+ €= Y)I( )= (=) - (—)]
R, E" " E E E B B ey (7429
_ol2y(+v)-]]
- E
AR -vo ) -Vo c -Vo -Vo
[—]am = VI(—=) — () - =N+ WYI(Z) - (—=) - (—=)]
Rao E- B E £ E E " Eq (7.4.30)

_ol(L-2y)+2v (1-y)]
E

Substitution of E = 169.1 GPa,= 0.262, andy= 0.939 into Eqgs. (7.4.29) and (7.4.30)

yields

AR

[R—O]dim = 8102x10™0 Eq. (7.4.31)
0

AR

[ 1am = -5003x10™*0 Eq. (7.4.32)

R dim

90

For p-type sensors, the calibration result of themalized resistance change is

AR,

= 4588x10 0 Eq. (7.4.33)

0

% =-1249%x10 %o Eq. (7.4.34)

90

Substitution of the results of Egs. (7.4.31) and.@2) into Eq. (7.4.25) leads to

AR,

(R Tres = 4507x10™"*0 Eq. (7.4.35)
0

AR

[R—go]res = _119'9X10_120 Eq (7436)

90
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Similarly, for n-type sensors,

AR
0 = -2031x10 %0 Eq. (7.4.37)
0
ARy =1967x10 g Eq. (7.4.38)
RQO
Hence
[AR—RO]res =-2112x10"%¢o Eq. (7.4.39)
0
AR
[—2] .. = 2117x10%0 Eq. (7.4.40)

90
Tables 7.9 and 7.10 present the values pfaBd B with neglect of the dimensional
change of resistors, whereas Tables 7.11 and Acl2dies the effect of the dimensional

change of resistors. Note thais considered in Tables 7.10 and 7.12.

Table 7.9 - The effective.Band B (Unit: TPa))

B l_effp

BZ effp

n
Bl eff

n
BZ eff

458.8

-124.9

-203.1

196.7

Table 7.10 - Modified Band B (Unit: TP&a")

B,"

B,

B;"

B,"

499.4

-165.5

-230.9

224.5
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Table 7.11 - The effective;Band B (Unit: TPaY)

B l_effp

BZ effp

n
Bl eff

n
BZ eff

450.7

-119.9

-211.2

201.7

Table 7.12 - Modified Band B (Unit: TPa")

B,"

B,

B;"

B,"

490.3

-159.5

-240.6

230.4

As compared in Tables 7.9 and 7.11,Band B <« have discrepancies about 2~4 %.
Also, B; and Bin Tables 7.10 and 7.12, have discrepancies appairiy of 1.6~3.2 %.
Substitution of the modified values ofi Bnd B in Table 7.12 into Egs. (7.4.13) and

(7.4.14) yields M shown in the last column in TaBl&3.

=3

Table 7.13 - Analytically calculated magnificatifactor, M, through the use g
modified B and B

Type M with neglect of E and M with consideration of E and
p 3.157 3.231
n 3.157 3.057

If we compare the values in Tables 7.5 and 7.18,ntlagnification factor M is almost
constant. The observed discrepancies are less Qg % for all cases. Thus, the
dimensional change of resistors may be neglecteseder, in this work, the modified

values of B and B in Table 7.12 are considered in analytical cakwoes for
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completeness and accuracy® 8 490.3 TP&, B,’= -159.5 TP, B,"= -240.6 TP3, and
B,"=230.4 TPa.

In the simulations, 0.9~1.1 times of &d Bis also assumed to consider the errors
induced from measurements. In the cases wheretthm ®ffects are neglected, the
magnification factor is close to 3.157 for all cash the cases where the strain effects
are considered, the magnification factor is obsgreebe 3.22~3.29 for p-type sensors
and 3.05~3.08 for n-type sensors, respectivelywdf compare these results with the
values in Table 7.13 (3.231 for p-type sensors &087 for n-type sensors), the effects
of aspect ratio, the magnitude of stress, and gtieration/underestimation of;Bnd B
do not seem to significantly affect the magnifioatfactor. On the other hand, the strain

effects should be considered.

75 Summary

In summary,

® In this work, the sensitivity of VDP sensors haermealculated/measured both
analytically and experimentally.

® VDP sensors offer 3.157 times higher sensitivignttan analogous two element
resistor sensor rosette. However, consideringnsefiects leads M to 3.231 for
p-type sensors and 3.057 for n-type sensors.

® Dimensional changes of VDP sensors should be cereddin the calculation of

M. However, for resistor sensors, the dimensiohahges may be neglected.
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CHAPTER 8
TRANSVERSE STRESS ANALYSIS AND ERRORS ASSOCIATED A

MISALIGNMENT

8.1  Transverse StressAnalysis
8.1.1 Resistor Sensors on the (111) Silicon

The effects of transverse stress on piezoresistedficient measurements are
described in the previous chapter in which uniagte¢ss is considered in only the (111)
silicon surface. In this chapter two-dimensionates of stress are considered in the (001)
silicon surface as well as the (111) silicon swfak special (111) silicon test chip JSE-
WB100C is used in the analysis. Each chip incorgsran array of the optimized eight-
element dual polarity measurement rosettes. Exgerisnare performed with chips cut

from JSE-WB100C test chip wafers. For sensors en(1i1) surface, the expression for

a resistor sensor at angtewith respect to thex; axis is given by the following formula:

AR . ‘ . ‘
= 2= [B,0y; +B,0,, + B304, - 2\/5(82 —B;)0 ] cos’ ()
0

+[B,0y; + B0, + B30y, + 2\/5(82 —B3)o]sin” @ Eqg. (8.1.1)
+[2\/§(Bs - B2)0'13 + (B1 - Bz)c‘lz]SinZ(p'l' f(AT)

Just as for the BMW-2.1 test chip discussed in @hap, the JSE-WB100C sensors

are composed of resistor segments oriented in tren@ 90 directions because of the
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serpentine resistor pattern. For the JSE-WBlOO(dW)axial:%ASS squares,

and(%)transverse= 10.313squares, resulting ig= 0.9034. For two-dimensional states of

stress on the surface of the die, with neglechefdut-of-plane stresses and temperature

termf (AT), Eq. (8.1.1) yields

AR, ' ' ' '
=y(B,6,, +B,5,,) +1-Yy)(B,o,, +B,c )
R, Y(B.0y; +By05) + L= Y)(B,04; + B0, Eqg. (8.1.2)

=[yB, + (1_V)Bz]6‘11 +[yB, + (1_V)Bl]6'22

Similarly, forg= 9¢°

ARy, ' ' Bo, +B.oc.
—=(@0-vy)(B,0,, +B,0,,) +Y(B,o,, +B,0,,)
. @-Y)(B;oy, 2022) 2- 1 1722 Eq. (8.1.3)

=[(1y)B, + VBZ]G‘ll +[(1-y)B, + yBl]G‘ZZ

Re-using the notation in Chapter 7,

By en =YB; + @-vy)B,

Eq. (8.1.4)
B, en =YB, + @-vy)B,;
we arrive at the result below:
AR . .
R—O = Bl_(eff)cll + BZ_(eff)GZZ Eq (815)
0
AR . .
R %= 2 %11 T B1 (e 2 Eq. (8.1.6)
90
From the notation above,
B. = yBl_(eff) + (y'l)BZ_(eff)
L=
2y-1
Y Eq. (8.1.7)
B. = yBZ_(eff) + (y'l)Bl_(eff)
? 2y-1
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In Table 8.1, B and B with varying temperatures are presented withousittering the
effect ofy. On the other hand, the effectyois considered in the calculation of 8rd B

in Table 8.2 in whicly = 0.9034 is substituted.

Table 8.1 - Extracted Bem and B_(efr) versus temperature
(Unit: TPa")
T(°C) By (er) B ety B ety B2 ef)’
-133.4 608.2 -179.6 -166.2 135.3
-93.2 542.1 -157.3 -155.4 127.3
-48.2 447.3 -154.9 -152.7 112.7
-23.6 422.8 -148.6 -146.8 105.7
0.6 398.7 -142.6 -141.0 101.0
25.1 366.2 -133.9 -133.7 97.4
49.9 315.3 -117.3 -114.5 88.1
75.1 271.0 -100.1 -102.5 78.9
100.6 239.6 -92.4 -93.2 70.2

Table 8.2 - Modified Band B versus temperature
with consideration of (Unit: TP&")

T(°C) B, BS B, B,
-133.4 702.5 -273.9 -202.3 171.4
-93.2 625.8 -241.0 -189.2 161.1
-48.2 519.4 -227.0 -184.5 144.5
-23.6 491.2 -217.0 -177.0 135.9
0.6 463.5 -207.4 -170.0 130.0
25.1 426.1 -193.8 -161.4 125.1
49.9 367.1 -169.1 -138.8 112.4
75.1 315.4 -144.5 -124.2 100.6
100.6 279.4 -132.2 -112.8 89.8

As seen in Table 8.1 and Table 8.2, consideyitepds to an increase in temperature

sensitivity of B and B. Also, addition and subtraction of equations in (gl1.7) yield
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B, +B, =B ey + By (en
Bl (eff) — Bz (eff)
B,-B,=—= 27—1_

Eq. (8.1.8)

in which (B, + Byp) is independent of. However, (B- B,) depends ory as shown in

Tables 8.3 and 8.4.

Table 8.3 - Addition and subtraction of; B and B_ef
versus temperature (Unit: TPa

T( OC) Bl_(eff)p+ BZ—(eff)p Bl_(t’-sz)p - BZ_(eff)p Bl_(eff)n + BZ_(eff)n Bl_(eff)n‘ BZ_(eff)n
-133.4 428.6 787.8 -30.9 -301.5
-93.2 384.8 699.4 -28.1 -282.7
-48.2 292.4 602.2 -40.0 -265.4
-23.6 274.2 571.4 -41.1 -252.5

0.6 256.1 541.3 -40.0 -242.0
25.1 232.3 501.0 -36.3 -231.1
49.9 198.0 432.6 -26.4 -202.6
75.1 170.9 371.1 -23.6 -181.4
100.6 147.2 332.0 -23.0 -163.4

Table 8.4 - Addition and subtraction of &d B
versus temperature (Unit: Tl%a

T(°C) B." + B B"- B B," + B," B:"- B,
-133.4 428.6 976.5 -30.9 -373.7
-93.2 384.8 866.9 -28.1 -350.4
-48.2 292.4 746.4 -40.0 -329.0
-23.6 274.2 708.2 -41.1 -313.0

0.6 256.1 670.9 -40.0 -300.0
25.1 232.3 619.9 -36.3 -286.4
49.9 198.0 536.2 -26.4 -251.1
75.1 170.9 460.0 -23.6 -224.8
100.6 147.2 4115 -23.0 -202.5
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If a sensor is subjected to hydrostatic pressure;; €c,, =0 =—p ) with

consideration of, the normalized resistance change is expressgiaoam below:

Forg = 0,

AR . ‘ , . . .
R ; =Y[Bi01; + B2g'22 * Bsg sz | (1Y) [B20y; + Bi 6, + Baoggl* F(AT)
0

=B (en oy + B, e 0 22 T Bag'as +T(AT)

=—(By ey * By ey + Bs)P+T(AT)

Eq. (8.1.9)
Similarly, forg=90°
ARy, ‘ ‘ , . . .
— =(@Y) [B:01; +* B2o'22 + Bsg'ss ] *Y [B20y; + By 0, + Bsogelt F(AT)

Rgo
= Bz_(eff) 0‘11 + Bl_(eff) 62 T Bag'zs + F(AT)

= _(Bl_(eff) + BZ_(eff) + Bg)p+ f(AT)
Eq. (8.1.10)

It is important to emphasize that pressure coefficiz, is independent ofy

becaus®, +B, =B, . + B, (-
During diffusion in the fabrication processes, impes diffuse laterally as well as

vertically. If lateral diffusion is assumed in tlatudy, we arrive at the following results:

For BMW-2.1 test chip:

Table 8.5 y with lateral diffusion (BMW-2.1)

Axial (L/W) | Transverse (LIW)| v (2y-1)*
X=0um 143.2 9.37 0.939 1.140
Xx=1.5um 95.8 7.64 0.926 1.173
x= 2.0um 86.3 7.20 0.923 1.182
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Similarly, for JSE-WB 100C test chip:

Table 8.6 y from lateral diffusion (JSE-WB100C)
Axial (L/W) | Transverse (LIW) vy (2y-1)*
X=0pum 96.46 10.31 0.903 1.239
X=1.5um 70.89 9.13 0.886 1.296
X=2.0um 65.16 8.84 0.881 1.314

As shown in Table 8.5 and Table 8¥5,decreases with increasing lateral diffusion

because the relative rate of number of squardghehfor the part of transverse direction.

8.1.2 Resistor Sensors on the (001) Silicon

e With respect to the unprimed axes
For the unprimed axes, the expression for a ressstosor at angle¢ with respect to the
X, axis is given by

AR .
? = [ry,0,,F m15(0 45, + 635)] cos’ @ 11,0, T,5(0,; +655)] sin® ()
Eq. (8.1.11)

+1,,6,, SIN20+[ 0, AT + 0, AT? + ...]

Usingy and neglecting the out-of-plane stresses and terperterms gives

AR
ROO =V[my,04; + ,0,,] + (L= Y)[m,6 9 + 71,6, Eq. (8.1.12)

=[ym, + A-y) m,loyy +Hym, +A-Y) Tylo,,
% = (L= Y)[my163 + 1,6 ] +Y[My36 5, + My,05]
Rgo Eqg. (8.1.13)
=[(@-y) myy +ymy,loy, H[(LY) 7y, HYy]o,,
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in which the new notations are adopted as follows:
Ty ey = Yooy T (L—Y) Ty Eq. (8.1.14)
Ty e = Yoo + A—Y) Ty, Eqg. (8.1.15)
Then subtraction and addition of two equations abosspectively, yield
Ty1 ey ¥ Tz ey = T1g T 7y Eq. (8.1.16)
Ty ey ~ Tz ey = (2Y ~D(my; —my5) Eq. (8.1.17)

From Eqg. (8.1.16) and Eq. (8.1.17),

_ Y y-1
Ty = mnn_(eff) +mn12_(eff) Eqg. (8.1.18)

y-1

_ Y
Ty, = m_nll_(eff) +mn12_(eff) Eqg. (8.1.19)

It can be seen thakg ==, +=m,, is independent ofy. However, Tu;, T4y, and
T, =m,, —T,,depend oty.

e With respect to the primed axes

Similarly, for the primed axes, the expression doresistor sensor at angtewith

respect to thex, axis is given by

AR T, +m,+7n . T, +mT,.,—T .
F =|:( 11 22 44)011_’_[ 11 22 44)022:| COSZ(P

+ - , + + .
+ |: ( Ty Tcl; Taa j o, *+ ( Wj 0, :| Sinz(p Eq (8120)

W05 + (M ,)00, SIN2Q+ [ AT + 0 AT? + ]
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Including the effect of and neglecting the out-of-plane stresses and teatnperterms in

Eq. (8.1.20) yield the following:

ARo M1t o T s M1t T2 - T
_ = ! + I
Ro V[[ 2 011 —2 (o) 22]

+ (1_V)[( Wj o' +[ Ty Tc; i 7!:44) o'»] EQ.(8.1.21)

., +mn,,+2y—-D=n . n,,+mw,+0-2y)n .
= TuTTe 2(V )44]011_'_[ 11 T Ty 2( Y )T, 16,,

Similarly, for = 90°

ARg, ( M tme t n44j ( m t omo - mmj
_ N = 1— 1 + I
Ry, a-yI 5 o1 5 6'22]

M1t Mo - Mas| M1t oot omas|
+y[( 2 —j o'n +( 5 j c'2] Eq. (8.1.22)

.+, +0-2y)n . T, +1,,+(2y1)n .
=[ 11 12 2( y) 44]611_'_[ 11 12 2( y ) 44 ](522

Here the new notations are:

s ety + Taa_et — T +n,+@2y-1)n,,

5 5 Eq. (8.1.23)
Tsen ~Masen _ T ¥ T * (17 2)Ma, Eq. (8.1.24)
2 2
Subtraction and addition of both equations abosgpectively, yield
Ts ey = s .K§.1.25)
Tan o = YDy, Eq. (8.1.26)
By Eq. (8.1.25) and Eq. (8.1.26),
Mg = T (e K§.1.27)
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1

Ty = mnM_(eff) Eq. (28)

It is found thatzn is independent of. However,n,, depends oN.

8.2 Off-Axis Alignment Error on the (001) Silicon Plane

The rosette configuration on the (001) plane siliconsists of § 9¢, 45, and -
45’ resistors relative to the, axis [100] (orx, axis [110]). The strip is cut alorg -y
axes counter-clockwise rotat@drom x —y axes [100] (orx -y axes [110]). If we use

the double-primed notation instead of the unprint@dprimed) notation, the equations

change as discussed below.

e With respect to the unprimed axes

For the unprimed axes on the (001) plane silicba,general equation for counter-
clockwise rotation of thex' —y" axes by an angle & from the x — y axes, is given as

follows:
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% :{nll[(l—%sin2 20) 0, +%sin2 20 6, _sin49 1)

+1y %Sih2 20 011 + (1_%5"12 20 )6"22 +6;3 +M 612]
+7,, %Sin2 200, _%Sinz 202 #5040 ot 2
sin49

+{nl][%sin2 2 c;1+(1—%sin2 20) ), + 34 o 1

+ 1, (1-%Sin2 20)0,, +%sin2 20G,,+0,, _sir1249 o)
+m, -%sin2 2006, +%sin2 206, _sin49 o,ltm"?
+[n,,( 64 +%sin49 01,) +y,(0p; + Gy —%sin49 Opp) Ty sin49 o,ln"?
+2m,,(0.l N +o,,mn)
+2n, [ % (65, =6,y + Sin®200,,]
+my _Sir:149 (65, —0yy) — SiN° 20 6,,] Eq. (8.2.1)

+1,,[ -75”2149 (6,,—64,) + COS 206,31 'm’

+[0, AT +a,AT? +... ]
In the case 06 = 0, the double-primed axes are aligned with thgrimed axes, and Eq.

(8.2.1) simplifies to

AR
F =[m,0,, +T,(0,, +O)ll 2+ [1,0,, +T,(0, + 033)]m2

+[1,,0,, +T,(0,, +0,,)]n* + 21, (0,,Im + 0, In+ G,,mn) Eqg. (8.2.2)
+[0LAT +0,AT? + ...

By introducind =cosf, m=sing,and n = Q Eq. (8.2.2) is expressed as

AR
F =[111643 + 71,(0 5 +035)] COSZCP

+[111,0,5, + 35(04; + 055)]SIN“Q Eg. (8.2.3)
+2n,, 6,, COSPSIN@
+[0, AT +0,AT? +...]
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Consideringd and assuming uniaxial stregs with neglect of temperature terms gives

AR 1 . 1. 1 . "
ROO = [7:11(1—Esm2 20 )+ 7:12§S|n2 20 + n44§sm2 20] o,
mw,,—T,, —T . "

=[n11—(%)8m2 20] 6, Eqg. (8.2.4)

= nflcll
AR 1 . 1. 1, . "
?ZO = [nllzsm2 20 + 7112(1-Esm2 20 ) +m,,( _E)sz 20]6,,

=[n,, + (" M12 " Taaygin2 29] 57 Eq. (8.2.5)

= T'fZGil
AR 1-sin20cos26 1+sin26co0s26 sin26cos206., .
R—45 = [7T11( > )+ 7T12( > )+ 7544( f)] Gy

45
+ -m,, - .
=[(" 2“12) - (fu n; %44 )5in20 c0s26 ] o),
Eq. (8.2.6)
AR_ 1+sin26cos26 1-sin206cos20 sin28cos20., .
R—45 =[m,( > )+ 1( > )~ T 4u( #)] G
-45
+ -, - .
= [(T[11 2“12) +(Tu n; 44 )sin20 c0s20 | oy,
Eq. (8.2.7)

From these equations, we find that tR@ and + 45°pairs are insensitive to rotational
alignment error. Foi® =0, assuming uniaxial stress;, with neglect of temperature

terms gives
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Eq.4B)

AR ;
20 = T,0 11 Eqg. (8.2.9

90

AR AR + "
s 45 _ (7511 7‘:12)6 u Eq. (8.2.10)

R45 R -45 2

wherec,, =o,, since the doubled primed axes are aligned withutiygrimed axes for

8=0. In Eq. (8.2.4),n}, is defined as

nly = my, — (T ey gin2 g Eq. (8.2.11)
Similarly, in Eq. (8.2.5)x}, is defined as
Eq. (8.2.12)

My~ My, T .
My, =My, +(F—22—%4 ; 44)sin® 20

For¢ = 0 and @=90°, the normalized error iAR/R induced by is given by

[ : ]e' [ : ]e:o
R, R, :(-n11+n12+n44)5in2 20
AR, 2n
[FT]M H Eq. (8.2.13)
0
:—( 44)sln 20
Ty

[ ARQO ]e_ [ARQO ]e:O

Rgo Rgo :(7511_“12_7[44)3“.]2 20
(AR 2z Eq. (8.2.14)
Rgo 9=0 g. L.
= 44 )sin? 20
( 2m,, )
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where T, =1, —T,. Forg=+*45°, the normalized error iAR/R induced byd is given

by

AR45 _ AR45
[ R ]9 [ R ]920 T - -7
45 45 =—(=12_"4)sin20c0s20
AR
ALY T
R45 )
:(7[442;%)sin49
Ts
AR_45 _ AR—45
o [
-45 =45 = (—2-12_"%))5in20cos20
(AR "
R
= (Zo "Tatygingg
2mg

For p-type silicon,n,, | >> |x,, | and|=x,, | >> | n,, | give [6], [98]

AR, AR

[ 1o - =210
Ro Ro M4 ginzog
(AR i1
R, -
AR AR
[ R 90]9 - [ R 90]9:0 -
90 90 D 44 SinZze
[AReo T2
RQO )
AR AR
e R e
45 45 D_ 44 Sln49
[ 2R s
R45 o=
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Eqg. (8.2.15)

Eq. (8.2.16)

Eqg. (8.2.17)

Eqg. (8.2.18)

Eqg. (8.2.19)



AR AR_
45]9' [ 45]9:0

R_ss Roaus oL (™ayginag Eq. (8.2.20)
[AR—45 Ts

R45

[

lo=o

For n-type silicon, the approximatiap, [1-2r,, [23] yields

AR,. AR,
[ R - [Ri]ez0 3, +m
0 0 O-(—22—"2%)sin?20 Eqg. (8.2.21)
[ARO] 1o
R, 1070
AR gy ARgg
[ R ]9 - [ R ]9:0 3TC +T[
90 9 O-(CF2 T Taayginz o Eqg. (8.2.22)
(o0,
Roo =
AR45 AR45
[ R ]6- [ R ]9:0 1 T +3ﬂ:
45 45 O0-=(=4—_""12)5in49 Eq. (8.2.23)
[AR45] 2 Ty,
Rys "
AR—45 AR—45
[ R ]6- [ R ]e:o 1 +3
-45 -45 0= (Re Trl?)sin49 Eq. (8.2.24)
[AR_45] 2 T2
R, 0=0

In the equations, for p-type sensors, the normalPteerror inAR/R induced by can
have a considerable value becaus¢mf | >> |, | andn,, | >> |n,,|. For¢g= 0, ¢=
90°, and @=+45°, the normalized % error iAR/R versud is presented in Tables 8.7

and 8.8, whose plots are shown in Figs. 8.1 thr@&idh
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Table 8.7 - Normalized % error i, and 1T, versu

6

Cl

Ty Tho
0 P-type sensorg N-type sensory P-type sensory N-type sensors
-10 1.16E+02 -8.13E+00 6.94E+02 -1.56E+01
-9 9.44E+01 -6.63E+00 5.66E+02 -1.27E+01
-8 7.50E+01 -5.27E+00 4 50E+02 -1.01E+01
-7 5.79E+01 -4.07E+00 3.47E+02 -7.79E+00
-6 4.27E+01 -3.00E+00 2.56E+02 -5.75E+00
-5 2.98E+01 -2.09E+00 1.79E+02 -4.01E+00
-4 1.91E+01 -1.35E+00 1.15E+02 -2.58E+00
-3 1.08E+01 -7.63E-01 6.45E+01 -1.46E+00
-2 4.85E+00 -3.42E-01 2.91E+01 -6.55E-01
-1 1.21E+00 -8.81E-02 7.27E+00 -1.69E-01
0 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1 1.21E+00 -8.81E-02 7.27E+00 -1.69E-01
2 4.85E+00 -3.42E-01 2.91E+01 -6.55E-01
3 1.08E+01 -7.63E-01 6.45E+01 -1.46E+00
4 1.91E+01 -1.35E+00 1.15E+02 -2.58E+00
5 2.98E+01 -2.09E+00 1.79E+02 -4.01E+00
6 4.27E+01 -3.00E+00 2.56E+02 -5.75E+00
7 5.79E+01 -4.07E+00 3.47E+02 -7.79E+00
8 7.50E+01 -5.27E+00 4.50E+02 -1.01E+01
9 9.44E+01 -6.63E+00 5.66E+02 -1.27E+01
10 1.16E+02 -8.13E+00 6.94E+02 -1.56E+01
Normalized % Error in 1'[11e versus 0
140
120 u u
100 ] ]
80 = E =
X 60 [ - [
40 = = D type
| [ ] @ n type
20 [ ] - 5 - [ ]
0 e WM soee

15

Fig. 8.1 - Normalized % error im:® versusd
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Normalized % Error in Tt,° versus 0
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[ ] ] @ n type
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l. | 'l
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Fig. 8.2 - Normalized % error im2° versusd

Table 8.8 - Normalized % error &kR4s5/R45 andAR_45/R.45 versu

©=45 @=-45
0 P-type sensory N-type sensory P-type sensory N-type sensors
-10 -7.62E+02 9.35E+01 7.62E+02 -9.35E+01
-9 -6.97E+02 8.55E+01 6.97E+02 -8.65E+01
-8 -6.28E+02 7.71E+01 6.28E+02 -7.71E+01
-7 -5.57E+02 6.83E+01 5.57E+02 -6.83E+01
-6 -4.82E+02 5.92E+01 4.82E+02 -5.92E+01
-5 -4.05E+02 4.98E+01 4.05E+02 -4,98E+01
-4 -3.27E+02 4.01E+01 3.27E+02 -4.01E+01
-3 -2.46E+02 3.02E+01 2.46E+02 -3.02E+01
-2 -1.65E+02 2.02E+01 1.65E+02 -2.02E+01
-1 -8.27E+01 1.01E+01 8.27E+01 -1.01E+01
0 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1 8.27E+01 -1.01E+01 -8.27E+01 1.01E+01
2 1.65E+02 -2.02E+01 -1.65E+02 2.02E+01
3 2.46E+02 -3.02E+01 -2.46E+02 3.02E+01
4 3.27E+02 -4.01E+01 -3.27E+02 4.01E+01
5 4.05E+02 -4.98E+01 -4.05E+02 4.98E+01
6 4.82E+02 -5.92E+01 -4.82E+02 5.92E+01
7 5.57E+02 -6.83E+01 -5.57E+02 6.83E+01
8 6.28E+02 -7.71E+01 -6.28E+02 7.71E+01
9 6.97E+02 -8.55E+01 -6.97E+02 8.55E+01
10 7.62E+02 -9.35E+01 -7.62E+02 9.35E+01
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Normalized % Error in AR4s/R4sversus

B D type
* n type
0
Fig. 8.3 - Normalized % error iiR4s/R45 versus
Normalized % Error in AR.4s/R.45 versus @
| p type
@ ntype

Fig. 8.4 - Normalized % error iR 45/R.45 versusd
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Through Figs. 8.1 and 8.4, it can be seen thatpp-tgensors have larger

normalized % error compared with n-type sensodeasribed above.

e With respect to the primed axes
For the case dd = 45, the double-primed axes are aligned with the pdirees,

and Eq. (8.2.1) simplifies to

AR _[ +T0, + T, ) T, — T, )
R [nn m, 44}"11*(% T 44}“”}0052“’

+

2
+ 70,56 55 + (T, - T[12)0-‘12 sin2p+[a,AT + O(zAT2 +..]

[T[l—l-”[lz T jo'ﬂ +(%j O }sinzq) Eq. (8.2.25)

wherel =cosp, m =sing, and n= Chas been introduced, andis the angle between
the x; -axis and the resistor orientation. The stress aorapts are now measured in the
double-primed coordinate system, ang =c,, = hdas been assumed.

For the primed axes on the (001) plane silicon, gbeeral equation for counter-
clockwise rotation of thex' —y axes by an angle & from thex —y axes [110], is

given as follows:
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AR :{nll[(l—lcosz 20)o,, + 1c05220 Gyt ﬂﬁiz]
R 2 2
# 1[5 008 206 + (1= 2008 20)0}, + 03 =S 0]
+n44[%c05220 Gy _%COSZZO Gy —ﬂclz]} "2
+{n11[%005229 oy, + (1—%005229)0"22 _ﬂolz]

sin40

+7,[ (1-%005220)0i1 +%COS2 206G, + Gy +——— Gy, ]

+ 1, -%cosZZO oy, +%c05226 G,y +¥Glz]} m*

+[n,,(0 4 — %Sin49 6,,) + T, (G, + 6, + %Sin49 G,,)+ T, sind9 c,,]n"?
+2m,,(0Ll' N +o,,mn’)
+2{n,[ ¥ (6,, —0,,) +COS 20 G,,]

+7,[ # (6,, —G4,) —COS° 20 G,,]

| % (6,5, —0,,)+sin®206,,1} I'm’

+[a, AT +a,AT? +...]

Eq. (8.2.26)

In the formula, @ - 45)° instead o8 is substituted into Eq. (8.2.1) in order to comsithe
fact that the [110] axis is counter-clockwise rethby 438 from the [100] axis. In the case
of 8 = 0, the double-primed axes are aligned with thengd axes, and Eq. (8.2.26)

simplifies to
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AR 1. 1. 1. 1. : 1. 1. .
?=[n11(5011+§022)+7t12(§011+§c522+033)+n44(5011—§022)]|2

1. 1. 1. 1. - 1. 1. .
+[nll(§(511+§(522)+n12(§011+5022+033)+7t44(-§(511+§(522)]m2

+ [nllcs'as +7m, ((5‘11 +0 2 )] n’?
+2n,,(cl'n +62amn)+2(,, -n,)0121'm
+[0,AT +0,AT? +...]

Eq. (8.2.27)

By introducing | =cosp, m =sing,and n = Q Eq. (8.2.27) is expressed as

ARR =[( Tyt n;z Ty )o'1s + (7T11 Ty T Ty )o'22] COLQ

117y, Ty, Ty,

T -1 ) +7 . .
o™ )"+ ( . )6 5, [Sin?@ Eq. (8.2.28)

+7,,6 33 + 2(T,, - T,,) G 12 COIPSING
+[a, AT +a,AT? +...]

It may be noted that Eq. (8.2.28) is the same ag&#8.25). Considering and assuming

uniaxial stress;, in Eq. (8.2.26) with neglect of temperature tegives

AR ..
0 = [, (1~ L cog20) + 2 cog 20 + 4 o€ 20 ] o, Eq. (8.2.29)
R, 2 2 2
AR ..
ARoo 1M1 00820 + 11, (1- L0220 ) - 4 cog 20 ] o Eq. (8.2.30)
Ry = 2 2 2
AR i ..
s 21T 4 (- 1,) 2% 7, Eq. (82.31)
R 2
45
AR i ..
O I e P Eq. (8.2.32)
R 2 4
-45
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It may be stressed that th&dD° and + 45° pairs are insensitive to rotational alignment

error. In addition, Egs. (8.2.6) and (8.2.7) arpa to Egs. (8.2.32) and (8.2.31),

respectively. Fo® =0, assuming uniaxial stress, with neglect of temperature terms

gives
+ + "
ﬁ?°=(”“ ”; Taays'yy Eq. (8.2.33)
0
+m,, - .
ﬁ?%:(mﬂ ﬁ; Taays'sy Eq. (8.2.34)
90

AR5 _ AR 4 - (71:11 o, )o 11

Eqg. (8.2.35)
R45 R 45

In the equationsg,, =c,, because the doubled primed axes are aligned wétipimed

axes for© = 0.

Subtraction of Eq. (8.2.30) from Eq. (8.2.29) letuls

AR, AR .
0 —— %0 =[x, (l-cos 20 ) +T1,,coS 20 ] 6,;
Ry Ry Eq. (8.2.36)
= 7t34 611
In Eq. (8.2.36),n}, is defined as
ny, =m, (L—cos 208) +1,, cos’ 20 Eq. (8.2.37)

Combining Egs. (8.2.29) and (8.2.30) yields thermalized % error inr, versus® as

presented in Table 8.9, whose plots are showngn&b.
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Table 8.9 - Normalized % error in
T, versusd
0 P-type sensorg N-type sensors
-10 -1.10E+01 1.22E+02
-9 -9.02E+00 9.97E+01
-8 -7.17E+00 7.93E+01
-7 -5.53E+00 6.11E+01
-6 -4.08E+00 4 51E+01
-5 -2.85E+00 3.15E+01
-4 -1.83E+00 2.02E+01
-3 -1.03E+00 1.14E+01
-2 -4.59E-01 5.08E+00
-1 -1.15E-01 1.27E+00
0 0.00E+00 0.00E+00
1 -1.15E-01 1.27E+00
2 -4.59E-01 5.08E+00
3 -1.03E+00 1.14E+01
4 -1.83E+00 2.02E+01
5 -2.85E+00 3.15E+01
6 -4.08E+00 4 51E+01
7 -5.53E+00 6.11E+01
8 -7.17E+00 7.93E+01
9 -9.02E+00 9.97E+01
10 -1.10E+01 1.22E+02

%

Normalized % Error in 114,° versus @

140
120 ¢ - ¢
100 . - .

° B p type
- o ¢ N type

-15 —10 -5 0 5 10 15

Fig. 8.5 - Normalized % error i’ versusd
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For¢ =0, ¢=90°, andq = +45° , the normalized % error R/R versud is given by

Taa )sin® 20

44y sin? 20

AR AR
[ ° ]e' [ ° ]e:o
R, R, :(7[11_7512_
[ARO loco Ty ¥y + 7y,
R,
= (Fo—Taayin2 29
gt Ty
AR, AR,
[ ]e' [ ]e:o
Rago Roo = ( Ty H T,
[ ARg, lozo Ty T Ty
R
- _(TED T s
g T Tyy
AR s AR s
[ ]e' [ ]e:o
Ras Rus — (T, — T4, —T,,) sin4e
[ AR45 ]e_o 2(T[11 + Trlz)
Ris =
= (Zo "4t ) sinag
2mg
AR s AR s
[ ]e' [ ]e:o
R s R s Ty F Ty F Ty,
[AR—45 loo 2(myy +1,)
R
= ~(F2" T4 )sinag

Eq. (8.2.38)

Eq. (8.2.39)

Eq. (8.2.40)

Eq. (8.2.41)

Assuming|n,, | >> |n,, | and|xn,, | >> |x,, | for p-type silicon [6], [98] yields
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AR AR

[Ro]e'[Ro]e:O
0 R 0 0-sin®20
[ R *Jo=o
0
AR AR
[ R go]e_ [ R g0]9:0
%0 R %0 O-sin” 20
90
[ R, lo-o0
AR AR
[ R 45]9_ [ R 45]9:0 -
45 45 D 44 S|n46
[AR45] 2mg
R45 =0
AR_ AR_
[ 45]9' [ 45]9:0
R—45 R—45 [1=% sin40
[AR_45] 21
0=0
R—45

For n-type silicon, assuming the approximationl-2x,, [23] yields

AR,. AR

[ R ]e' [ Ro]ezo 0.+
0 0 D( 12 4“)sin2 20
AR, Ty ~Tyy
[T]e:o
0
ARy, AR,
[ R ]e' [ R ]e:o g
920 AR 90 D—( 12 44)sin229
[ 2o T T e
Rgo
AR% AR%
[ R ]e' [ R ]e:o
45 45 — (3T[12 + T[44) sin4e
AR 2
[ Jovo e
45
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Eq. (8.2.42)

Eq. (8.2.43)

Eq. (8.2.44)

Eq. (8.2.45)

Eq. (8.2.46)

Eq. (8.2.47)

Eq. (8.2.48)



AR

AR

[ R_:: ]e' [

R s

om0

_ (Bmy, +

AR 5
R s

[

loo

2n,,

M4a) gin 40

Eq. (8.2.49)

For¢=0, ¢=90°, and¢ =+ 45 the normalized % error iAR/R versusd is presented

in Tables 8.10 and 8.11, whose plots are showngs. B.6 through 8.9.

Table 8.10 - Normalized % error &R/R versu® for ¢ = 0 andp=90°
0° sensors: 90° sensors:
Tya T " Tyy )sin? 20 ('7511 T, +Tc44)Sin229
Ty F T, Ty, Ty Ty ~ Ty
0 P-type sensors N-type sensofs P-type sensprs Ns&sors
-10 -10.6 13.3 -11.5 -47.2
-9 -8.7 10.9 -94 -38.5
-8 -6.9 8.6 -7.5 -30.6
-7 -5.3 6.7 -5.8 -23.6
-6 -3.9 4.9 -4.3 -17.4
-5 -2.7 34 -3.0 -12.2
-4 -1.8 2.2 -1.9 -7.8
-3 -1.0 1.2 -1.1 -4.4
-2 -04 0.6 -0.5 -2.0
-1 -0.1 0.1 -0.1 -0.5
0 0.0 0.0 0.0 0.0
1 -0.1 0.1 -0.1 -0.5
2 -04 0.6 -0.5 -2.0
3 -1.0 1.2 -1.1 -4.4
4 -1.8 2.2 -1.9 -7.8
5 -2.7 3.4 -3.0 -12.2
6 -3.9 4.9 -4.3 -17.4
7 -5.3 6.7 -5.8 -23.6
8 -6.9 8.6 -7.5 -30.6
9 -8.7 10.9 -94 -38.5
10 -10.6 13.3 -11.5 -47.2
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Normalized % Error in AR¢/Rq versus 9

0
0

= p type
¢ N type

Fig. 8.6 - Normalized % error iRy/Ry versusd

Normalized % Error in ARgy/Rg, versus 0

®p type
*n type

Fig. 8.7 - Normalized % error liRgy/Rgo Versus
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Table 8.11 - Normalized % error &R45/Ra5 andAR.45/R.45 versu

©=4% Q= -45
0 P-type sensorg N-type sensory P-type sensory N-type sensors
-10 7.62E+02 -9.35E+01 -7.62E+02 9.35E+01
-9 6.97E+02 -8.55E+01 -6.97E+02 8.55E+01
-8 6.28E+02 -7.71E+01 -6.28E+02 7.71E+01
-7 5.57E+02 -6.83E+01 -5.57E+02 6.83E+01
-6 4.82E+02 -5.92E+01 -4.82E+02 5.92E+01
-5 4.05E+02 -4.98E+01 -4.05E+02 4,98E+01
-4 3.27E+02 -4.01E+01 -3.27E+02 4.01E+01
-3 2.46E+02 -3.02E+01 -2.46E+02 3.02E+01
-2 1.65E+02 -2.02E+01 -1.65E+02 2.02E+01
-1 8.27E+01 -1.01E+01 -8.27E+01 1.01E+01
0 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1 -8.27E+01 1.01E+01 8.27E+01 -1.01E+01
2 -1.65E+02 2.02E+01 1.65E+02 -2.02E+01
3 -2.46E+02 3.02E+01 2.46E+02 -3.02E+01
4 -3.27E+02 4,01E+01 3.27E+02 -4.01E+01
5 -4.05E+02 4,98E+01 4.05E+02 -4,.98E+01
6 -4.82E+02 5.92E+01 4.82E+02 -5.92E+01
7 -5.57E+02 6.83E+01 5.57E+02 -6.83E+01
8 -6.28E+02 7.71E+01 6.28E+02 -7.71E+01
9 -6.97E+02 8.55E+01 6.97E+02 -8.55E+01
10 -7.62E+02 9.35E+01 7.62E+02 -9.35E+01
Normalized % Error in ARs/R4s versus 0
1000
800 LI B
600 [ ] - . L
400 Uo . B
PP XX ¢ n type
—200 - "n -
_400 . =
-600 " .
-800
—1000
-15 =10 -5 0 5 10 15

Fig. 8.8 - Normalized % error iR45/R45 versusd
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Normalized % Error in AR_4s/R.4s5 versus
1000
800 2"
600 -
400 —_—
2 | |
o 00 0000400 lr " 0 lype
S 0 B A AAAAE X TT TP *ntype
-200 2" -
—400 - »
—600 "
-800 n®
-1000
-15 -10 -5 0 5 10 15
0

Fig. 8.9 - Normalized % error iR.45/R.45 versusd

As depicted in Figs. 8.6 through 8.9, n-type send@ve larger normalized % error
than p-type sensors.

Besides, it should be noted that Eq. (8.2.3) and (BE®.28) can be also derived
using the standard equations for transforming thplane stress components from one

coordinate system to another [12-13]:

e With respect to the unprimed coordinate system
For 8, the angle of counter-clockwise rotation of tke-y coordinate system with

respect to thex - y coordinate system, the double-primed stress conmaiaare given as

o, cos’0 sin’ 0 2siBcod || oy,
0, |=| sin°® cos’ 0 -2sirbcod | o, Eq. (8.2.50)
0, | |-sifBcod sinBcod cosO-sin’6| oy,

172



The stress components are now measured in the osbledprimed coordinate system

instead of the unprimed coordinate system.

e With respect to the primed coordinate system

o, cos’® sin® 0 2silBcod | oy,
g, |=| sin’@ cos’ 8 -2simcod | o, Eqg. (8.2.51)
g, | |-silBcod sinBcod cosO-sin’0| o,

Likewise, 8 represents the angle of counter-clockwise rotatibthe x -y coordinate
system with respect to the x'-y'coordinate systéne stress components are measured

in the new double-primed coordinate system instdatie primed coordinate system. In
addition, it maybe be noted that Eq. (8.2.4) and(B@.5) can be derived by combining

the inverse of Eq. (8.2.50) with Eq. (8.2.3) for=86 and¢=0+90, respectively.

Similarly, Eq. (8.2.29) and Eq. (8.2.30) can beaoi#d by combining the inverse of Eq.

(8.2.51) with Eq. (8.2.28) fog =08 andg =06+ 90 respectively. Calibration of the off-

axis rosettes can be accomplished by using a watiatiess applied along the or X,

axis.

8.3 Off-AxisError on the (111) Silicon Plane

On the (111) plane silicon, the rosette configarattonsists of § 9¢°, 45, and -45

resistors relative to thgl10] axis. The strip is cut along the axis-y counter-

clockwise rotated from the primed axis{JiO] . The off-axis piezoresistive coefficients

can be determined by using the transformation
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Tap = ToyThsTop H§.3.1)

The appropriate direction cosines for the (111¢ail wafer is given as follows:

cod) s cod)  sind - 25sin |
L M m \/E \/6 \/E \/E \/E
cod simd cod = sind -2co9
l2 m2 n2 = - + Eqg. (8.3.2)
e J6 2 V6 V2 J6
ls ms ns 1 1 1
i V3 V3 V3]
If 6=0,
[T S
L M m \/E \/E
1 1 -2
b m n |=]| — —-— = Eg. (8.3.3)
2 2 2 \/6 \/E \/g
ls mz ns 1 1 1
L V3 V3 V3]
and Tqp is given as follows:
_TE11+71212+TE44 m, +om, -1, my 20, W, 0 \/5(_“11"'“12"'7544) 0 |
2 6 3 3
T, +5m, Ty, T+, + T, T+ 2, Ty, 0 \/5(7511 — Ty, Ty, 0
6 2 3 3
m,t2m, T, n,t2n,-n, m,t2n,-m, 0 0 0
. 3 3 3
Tap —
' 0 0 0 2m, 2;[12 1y, 0 \/5(7‘:11 _;[12 =)
\/5(7511 T, Ty, _\/5(7511 T, Ty, 0 0 2m, —2m, +m,, 0
6 6 3
0 0 0 \/é(nu Ty~ Ty 0 T, T, +2m,,
L 3 3 |
Eq. (8.3.4)

As described in Chapter 3, the normalized changesistance can be expressed as

174



AR . . . ‘
——=[B,6,, +B,0,, +B3043 - 2\/5(82 —B;)0 ] cos’ @

R
+[B,01; + B10y, +Byogs + 2v2(B, ~By)o,lsin’ @ Eq. (8.3.5)

+[2J2(B, - B,)o,; + (B, — B,)5,,]SiN20+ [0, AT + 0, AT? + . . .]
In addition, the normalized change in resistancebmaexpressed in terms of the off-

axis stress components using

AR

R = ("6 + (120" m’” + (1"506") N

+2(n,,0,)I'n" + 2(n,0. )m'n + 2n,c, )I'm Eq. (8.3.6)
+[0LAT +0,AT? +... ]

Assumings, =, =o, =0(c,; =0, =0,, = 0)n Eq. (8.3.6) yields

AR o o e
R (My,61, T 50,5 + M50 35) "

(1011 + Mp00 + Mp505) M

+ (M40 + MGy + MgyOas) N'™ Eq. (8.3.7)
+2(M g,y + MOy + MggOay )l M
+[0, AT +0,AT? +...]

Introducingl” = cosp, m" =sing ,andn” = Oyields
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_R = (7[11011 + Tc12622 + 7[13033)(30 ()

" " " " " " -2
+ (1510, + M0 + T,3055) sSin" @

Eq. (8.3.8)
+ 2(7T:31011 + n:sz(’"zz + 75:330;3 )Cospsing
+[o, AT +0,AT? +...]
and then combining Eq. (8.3.1) and Eq. (8.3.2)dgel
cod sme cose sin,, 4
Ty, = 2 \/— \/— \/—) +— sm“O] Ty,
cod  sim,,,cod sme 8 00529 sin®0 (cosze+sin2 9)?
2 sin®0
+[ (\/— \/—) (\/— \/— ( N my, + > Ty
T T, YTy,
2
Eqg. (8.3.9)

ngz_{ [(cos) - +/3sin6)> (C:/)? jﬂﬁ) +(co® ++/3sin0)> (C:/)? S\';P 1+2 coszesmze}nll
e [(0039 J3sing)? (Cj? jﬂﬂ) +(CoP +/3sin6)? (Cj? jrle)]
6(cos'0 +sin’0) + 4co<0 sin’0 (cos’8 +sin® 0)?
+ 9 bmoy, = 6 Tga

Ty +OMy, — Ty,

6

Eqg. (8.3.10)

my, +2m, -7,

3

cos?0 +sin? 0)?
= ( ) (n11

T3 3 Eg. (8.3.11)

+2My, ~Tyy) =
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co® sing,,,cod Sll’ﬂ +( cod Slrﬂ 0059 Sll’ﬂ)]_l_ COSZGSII’IZG]TCH

N N N I RN M AN B

co® s, ,cod sind,, co® simd,,,cod Slrﬁ

T 2 2% "% 2 %

(cos'8 +sin® 8)?

6(cos'0 +sin’0) + 4co<0 sin’0
+ 9 ]n12_ 6 44
— T +51,, Ty,
6
Eq. (8.3.12)
cod) sme 0033 smO 4
=[( )+ = cos“e]n
w2 s s
cosZO _sin®0,, cosZO sm cos’0 +sin? 0)?
12 12 + 8 cog 6 O+ ) .,
2 2
— ntmn,tmy,
2
Eq. (8.3.13)
cos*0 +sin? 0)? T, +27,., -1
iy =SS oy, )= T2 T g (8.3.44)
Eq. (8.3.15)

Mgy = Mg, = Mgz = 0
It is apparent that all the pi-coefficients,( m,,,m,,, Ty5, Ty, Tpgy Ty » T,@Nd T, ) ArE

independent 0B. For anyd the following findings are yielded:
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2 ’ TEIJI_Z 6 ’ nljl_g - 3
§ + — " T, +T,, +7 . +2 -
T, = Ty 575612 Taa T, = %' Ty = et 7;12 T as Eqg. (8.3.16)

M =0, g, =0, gy =0
A set of linearly independent temperature dependmrhbined piezoresistive
parameters, B B,, and B[26] are given as follows:

B = F T, YTy B, =Tu My, ~ My andp. = fu *2Myp ~ Mas Eq. (8.3.17)
1 2 2 6 3 3

Hence any using the notations above gives
My =Ty =B,
Ty, =7y = B,
My =Ty =Ty =Ty, = By Eqg. (8.3.18)
Mg, =0, M, =0, Mz, =0
Substitution of Eq. (8.3.1&)to Eq. (8.3.8) with neglect of the out-of-planermal stress
o, and the terms of temperature coefficients of tasis leads to

AR . . . .
R =[B,o, +B,0,] cos’ ¢+[B,0, +B,5,]sin’® Eqg. (8.3.19)

For ¢ = 0 andp=90°, the expressions for the stress-induced resistammeges

AR " -
0 =m,,6,, +T,,0,, Eqg. (8.3.20)
0
AR " W
— =1,,6,, + M0 Eqg. (8.3.21)
RQO
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It is to be emphasized that, for the (111) silicurface, normalized % error AR/R
versusB is zerodue to the isotropic characteristics of the (1liligan. Note that Egs.
(8.3.20) and (8.3.21) may be derived also combitiaginverse of Eq. (8.2.51) with Eq.
(8.3.5) for¢ =0 andg =06+90 yrespectively. The stress components are measutbe in
new double-primed coordinate system instead optheed coordinate system.

In addition, the errors in piezoresistive coeffite induced by the rotational
misalignment of strip on the supports by an argleith respect to the ideal longitudinal

axis of strip will be explained in Appendix D.

84 Summary

Parametely is defined as the ratio of the axial portion t@ ttum of axial and
transverse portion of the diffused serpentine tesi©n the (111) silicon surface, (B
B,) is constant withy. However, (B - By) depends oty. Likewise, for sensors on the

(001) surfacerg is constant witly. On the other handg,, depends oR.

In addition, errors in misalignment with the givamystallographic axes are
described and analyzed. Precise determinationeo€rystallographic orientation in (001)
silicon wafers is found to be essential for exi@ctof piezoresistive coefficients of
silicon. However, for the (111) silicon wafers, &g associated with misalignment are
observed to have no effect on the determinatiopieforesistive coefficients of silicon

due to the isotropic characteristics of the (11igo.
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In order to extract a complete set of pi-coeffitsefm 1, Tuo, andtyy) for both p- and
n-type sensors, hydrostatic tests are requiredhfer(111) silicon. On the other hand,
those tests are not needed for stress sensorg ¢gdh) silicon. Instead, cutting the (001)
wafers along two directions (e.g., the unprimed 4%00] and the primed axis [110]) and
then combining both can give a complete set ofoeifiicients. In addition, by using off-
axis sensor rosettes [29], experimental calibrati@sults for the piezoresistive

coefficients of silicon may be determined.
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CHAPTER 9

(001) TEST CHIP DESIGN AND CALIBRATION

9.1  Mask Alignment Using Wet Anisotropic Etching

The main objective of this work is to detect theeptation with the highest precision
possible. As described in Chapter 8, the normalieecbr induced by rotational
misalignment is zero for the (111) silicon surfac@n the other hand, rotational
misalignment can be a very important source ofranothe (001) surface.

For precise determination of the crystallographiemation in the (001) silicon
wafers, anisotropic wet etching is used. It maynbted that our proposed design takes
advantage of the symmetric under-etching behaviourad the [110] direction. Also, it
includes alignment marks for aligning subsequergksaln our cases, mask alignment of
the (001) silicon needs high precision becausexf-induced error cannot be neglected,
as described in Chapter 8. To determine the ctggtalphic directions, x-ray diffraction
is commonly used to determine the crystallograjpinaperties with very high precision.
However, it would be difficult to put x-ray equipmteinto a mask aligner. Since the eye
is very sensitive to symmetries, it is not difficub find two points symmetrically
distributed around a [110] direction. As shown ig.B.1, we introduced alignment forks

that are repeated with an angular increment of °0i@5the range of:5° from the
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presumed [110] direction. In addition, alignmentrksafor aligning subsequent masks

(active region,

contact, and metal) with the carmegstallographic direction are included

in the design (see Fig. 9.2).

=
T_____: -
Db
ff__f_,J
| = =]
.
fﬁ_f___,,_J
h_';—__—_—___] (=
S —

Fig. 9.2 - Alignment marks for subsequent masks
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To determine the [110] direction, the etched strrectof alignment forks formed using
wet anisotropic etching is checked. In principldée talignment fork is etched
symmetrically when perfectly aligned with the [11@irection. In this work, KOH
(Potassium Hydroxide) is used as an etchant. Wheretch rate is plotted in regard to
the degree from the [110] direction, the minimuntws for the [110] direction. The
exact behavior at the minimum has not been fulllestigated, but a linear dependence
somewhat off the minimum is observed. A symmettcherate is observed from the
[110] direction, and it monotonically rises withcneasing rotation from the [110]
direction. If alignment forks are patterned symmcatty from the [110] direction as
shown in Fig. 9.1, the under-etching will cut egleagth. Asymmetric under-etch, on the
other hand will give different lengths. Hence, amdhe pair of alignment forks, it is
easy to select the one that is symmetrically etchredur layout, the angular increment of
alignment fork is 0.25 In order to re-align subsequent masks, everynalgnt mark
should be affixed with an alignment mark on thevpgmes mask as shown in Fig. 9.2.

In this work, we limit ourselves to stating a pseen of+ 0.125°, which leads to a

negligible error. For instance,0.125 misalignment produces the following % error:

« With respect to the unprimed axes on the (00igasilsurface

Forg =0 andg =90° , the normalized error induced @ys given by

(AR e 00
R [0=0125 R Jo=0 T -
0 0 - _( 11 12 44 )S|n2 2(0123 Eq (911)
[LRO] 21y,
R, 9=0

183



=1.88x107 % for p-type sensors

=-1.32x10° % for n-type sensors

ARy, AR
[ Jo=0.125- [ o0
Rgo Rgo =(7t11 M2 " Tag )sin?2(0.125)
[ARQO] . 2my,
Reo "0

=1.13x10" % for p-type sensors

=-2.53x10° % for n-type sensors

« With respect to the primed axes on the (001)ailisurface

Forg = 0 andg =90° , the normalized error induced @ys given by

AR, AR,
[Ri]ezoazs' [Ri]ezo T =T — 70
0 R 0 = (ML 12 T4436in?2(0.125)
=00 Ty F Ty + 7y
Ry

=-1.73x10° % for p-type sensors

=4.33x10° % for n-type sensors

ARy, ARgqy
[ R lo=o125- [ R lo=o s AT+
90 R 90 =( 11 12 44 )Sinz 2(0125)
[ARe0y Ty ¥ Typ ~ Mgy
RQO -

=-1.87x10° % for p-type sensors

= -7.68x10° % for n-type sensors
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where the normalized errors induced by 0”12fsalignment with the appropriate axes
are negligible in all cases. It should be noted fhaoefficients in this calculation are
from Smith [6]:

m, =66 (1/TPa),m, =-11 (1/TPa), andm,, =1381 (1/TPa) for p-type silicon

m, =-1022 (1/TPa),m,, =534 (1/TPa), andm,, =-136 (1/TPa) for n-type silicon

In the case of KOH etching, temperature affects d@teh time, and the etched
cutback rises with an increasing etch temperatordixed duration. In our process, the
etch time is about 45 minutes at’6%o obtain comparable etch depths. Inspectioh®f t
etching is made in an optical microscope. A typieshmple of etched test structure is
shown in Fig. 9.3. The easiest way to find therahgnt is to use human eye.

As seen in Fig. 9.3, the asymmetric etched strastare observed in the upper and
lower parts since two ridges are patterned symuoadlyi with respect to an axis which is
off the [110] direction. On the other hand in thental part, we can see almost
symmetric etching because two ridges are pattesyedmetrically near the [110]

direction and the under-etching will cut the armgqual length.

[a—— | E——
C— e
- b ———————
[— | ——
2 - e |
| —— | ——
(Upper Part) (Central Part) (Lower Part)

Fig. 9.3 - An example of an etched structure ajratient forks in one wafer
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9.2 The(001) Silicon Test Chips

A special test chip was designed and fabricated.t€&ht chip contains p-type and n-
type sensor sets, each with resistor elements makigles ofp= 0, + 45°, and 90 with
respect to thex, (orx,) axis. The layout of the test chip in which thesistor rosette

sensors and VDP test structures are fabricateden(001) silicon surfaces is shown in Fig.

9.4. It is noteworthy that three different cells aepeated in the layout of our test chip.

Fig. 9.4(a) - The test chip on the (001) silicorfates

!\\&k il 2 U T

‘iih E

Fig. 9.4(b) - Microphoto of the test chip on th@1Psilicon surfaces
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Each test chip has only one type (p-type or n-ggmesors). Resistors are often designed
with relatively large meandering patterns to achiexcceptable resistance levels for
measurement. However, as discussed in Chapteegstiffer from transverse sensitivity
which is difficult to estimate because of the latediffusion that occurs during the
fabrication process. In order to minimize transgestress sensitivity, resistor legs are
interconnected with metal links, but interconnecsiorequire additional contacts that
further increase resistor size. For the comparafanansverse stress sensitivity, one pair
of 0°, 9, +45’, and -48 resistors without metal link are also containethia layout. The
large pads in the left hand cell are designed forenconvenient calibration of the
sensitivity. The metallurgical junction depth atiefhthe impurity profile intersects the
background concentration is approximately (n7 for p-type sensors and 1. for n-
type sensors.

As displayed in Table 9.1, the sheet resistancesured by Van der Pauw’s

method is about 211.5 ohms per square for p-typsose and 122.8 ohms per square for
n-type sensors, respectively. Sin\é/‘ve:105.5 in the layout of our test chip, the

unstressed resistance is expected to bek®.8nd 13.kQ for p- and n-type sensors,
respectively (see Table 9.2), which are in goodhiite calibration results of resistors

(22.8kQ for p-type resistors and 1X@ for n-type resistors). It is noteworthy that no
lateral diffusion is assumed in the calculation—\ll'\e/f. The expected resistance should be

smaller with consideration of the lateral diffusion

187



Table 9.1 - Sheet resistance measured by Van dsv'®aethod
(Unit: ohms per square)

VDP-type P-type P-type N-type N-type
Injection pair #1 #2 #1 #2
1~-2 205.7 206.0 122.0 116.6
1~4 216.5 213.6 137.6 1294
2~3 214.7 211.8 108.4 111.0
3~4 2134 210.6 124.3 133.0
Average 212.5 210.5 123.1 122.5
Std.Dev 4.7 3.2 12.0 104

Table 9.2 - Expected resistance (Unit: ohm)

VDP-type P-type P-type N-type N-type
Injection pair #1 #2 #1 #2
1~2 21699 21735 12867 12298
1~4 22836 22531 14522 13656
2~3 22646 22345 11433 11715
3~4 22511 22217 13116 14029
Average 22423 22207 12985 12925
Std.Dev 501 340 1265 1097

lon implantation is used as the method of introdgdmpurities such as boron and
phosphorous into the surface of silicon target vafeollowed by drive-in step used to
move the diffusion front to the desired depth. Afi@nealing]-V characteristics for p-

and n-type silicon are tested and shown in Figsafd 9.6.
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(E-6) A
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P-type Resistor
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Applied Voltage (V)

Fig. 9.5 -I-V characteristics of a p-type resistor after anneali

(E-6) A

N-type Resistor
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Applied Voltage (V)

(E-6) A

N-type Resistor (PtS)

Applied Voltage (V)

(E-6) A

N-type Resistor
(PtSi and diffusion)

-2 -1 0 1
Applied Voltage (V)

Fig. 9.6 -1-V characteristics of an n-type resistor after aringal
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Obviously, it is desirable to forohmic contacts between the metal and semiconductor.
As shown in Fig. 9.5, p-type resistor exhibits right line 1-V characteristic. However,
a problem arises in trying to contact n-type siti@s shown in Fig. 9.6, since aluminum
may form a metal-semiconductor Schottky diode rath&n an ohmic contact. In order to
resolve the problem for n-type silicon, PtSi (plain silicide) contact metallurgy is used.
In the process, a 200 nm Pt film is deposited bgtebn-beam evaporation onto the (001)
Si substrates which have been pre-cleaned in leaffel. The wafer is then sintered at
400°C for 10 minutes in order to form a high qualityda of PtSi. Next, the Pt film is
stripped off with aqua regia (a mixture of nitriecehydrochloric acids that dissolves gold
or platinum) in which silicon, silicon dioxide, amitride will not be etched. Furthermore,
in order to form desirableohmic contacts, heavy impurities of phosphorous are
introduced into the surface of the contacts byudifin before forming the layer of PtSi.
For electrical testing, connections between the sind the PC board utilize wire-
bonding between inner pads on the board and the padhe silicon strip, as shown in

Fig. 9.7.

e [100] strip-on-beam specimen

aill L=

==

T

Tl
e i

1] MNES=

e [110] strip-on-beam specimen

TR e

. e i —
T

Fig. 9.7 - The [100] and [110] strip-on-beam spemis)
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9.3 Resistance Equationsfor the (001) Silicon

The piezoresistive coefficients for the (001) scefarer,,,n,,, andx,,. A wafer plot
showing the two directions that are cut from th@l{Owafer is presented in Fig. 9.8. If a
wafer strip along thex, direction (otx; direction) is subjected to four-point-bending, and
known uniaxial stresg,, =0 (or 0}, =0) is applied in the, (orx;) direction on the

(001) silicon surface, the simplified normalizediations are expressed as follows:

X/ [110]

= X, [100]
[170]

Fig. 9.8 - Two directions cut from the (001) silicaafer

» With respect to the unprimed axes

AR .
? =[1,0,; +T0,(0y + 033)]COSZ(p+ [14,,0,, +T0,(0y, + 0'33)]Sln2(p

Eqg. (9.3.1)
+ 10,0, SinZp+[a, AT +a,AT? +...]

where ¢ is the angle between thke axis and the resistor orientation. The normalized

resistance equations fot &d 90 sensors can determimg, andr,, directly.
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AR, Eq. (28

=Ty10yy
0
AR
90 =7,,0q; Eq (933)
Rgo
+
AR, _ AR s =(T[11 an)cll Eqg. (9.3.4)
Rus R s 2

Addition of Egs. (9.3.2) and (9.3.3) yields

o(ARus ) _ (AR s Eq. (9.3.5)

AR, , AR
R s

90 _ _
= —R = (my, +7y5) 045 =
0 90 45

» With respect to the primed axes

AR +T0, + T . +T0, —TL :
R:Mnu s 44},11{“11 s 44)022}005([,

Eq. (9.3.6)

_{ (T[n + Tﬁ; ~ Ty, ja'll +(T[11 +T[1; T, jolzz }Sinz(l)
+ 7,64, + (1T, - TT,)0,, SIN2p+ [0, AT + 0 ,AT? +...]

where ¢ is the angle between thé axis and the resistor orientation. The normalized

resistance equations are given by

AR + + ,
- 0 = (fu ";2 Tasyo, Eqg. (9.3.7)
0
AR + - .
- % - (Mu “;2 Tasye:, Eqg. (9.3.8)
90
AR AR +7 .
R 45 - R 45 :(Tl:ll 2 12)611 Eq (939)
45 -45

Subtraction Eq. (9.3.8) from Eqg. (9.3.7) determingas follows:
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AR, AR, .
—-—=7,,0 Eqg. (9.3.10
R, Ry, 44 O11 q. ( )

Addition of Egs. (9.3.7) and (9.3.8) yields

AR, +% = (M, +73,) 635 = 2 AR ) = Z(%) Eg. (9.3.11)
RO Rgo R45 I:2—45

Through the use of four-point bending tests, altgefficients may be determined without
hydrostatic tests. If we consider two-dimensionates of stress, the normalized resistance
equations are expressed as follows:

» With respect to the unprimed axes

AR
= O =q,.6,, + 1,0, Eqg. (9.3.12)
0
AR
- U T Eqg. (9.3.13)
90
AR T, W
=TT (5 465,,)+T0,0, Eq. (9.3.14)
Ras 2

AR +
45 — Ty TTyp ((511 + 022) - T,,0,, Eq (9315)
R s 2

It is apparent that,, andr,, can be determined by adding and subtracting Eq3.1Q)

and (9.3.13). In order to express two-dimensioteatks of stress as a function of force F,
we adopt the notations as cited previously in Céragt

d AR

preleen) Eq. (9.3.16)

¢

6y, =0,:F, 0,, E0,,F, andSq, =

The results are
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_ 6135 Sy —0,5: S

B ((511|:)2 - (GZZF)Z

Eq. (9.3.17)

11

_ G13: Sy ~ 0 xS,

. (01112)2 - (GZZF)Z

Eqg. (9.3.18)

In the equations;,,- andc,,- may be obtained by the finite element simulatiorwhich
6, andc,, are the same a3, ando,, for a 1-N force, respectively. In additian, can

be determined as follows:

m=-—2*So _ Ss*Ss Eg. (9.3.19)

Gurt O  Opp T O0p

» With respect to the primed axes

ARO Tcll +n12 +Tc44 ' 7.l:ll +n12 _Tc44 '
- O 4+ (Sl T12 a4y o Eg. (9.3.20
R, ( 2 Jou*( 2 )0z % )
ARgy _ Ty T ~ Ty Ty + T ¥ Tggy
- G.. (2L T12 - Tady o Eq. (9.3.21
Rgo ( 2 Jou*( 2 )0z % )
AR ny, tW ' ' '
R == 2 ) (04 +05) + (T, - T,)00, Eq. (9.3.22)
45
AR T, t 7 - . '
R == 2 ) (04 +05,) = (T, - T0,)0, Eq. (9.3.23)
45

Note thatr,, can be determined by adding and subtracting Bg%20) and (9.3.21). The

results are

So B S90

Ty = — : Eq (9324)
O1r ~ 022

L S*Sy

® oy + 0o Eq. (9.3.25)
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In the equations;,,. and .., may be obtained by the finite element simulationyhich
c,, andc,, are the same as,. andc,,. for a 1-N force, respectively. In addition, in
the cases of the primed ax&;,+S,, =S,; +S_,;. Hencert, may be given by

SO + S90 - S45 + 845

G1r T Or  Op 700

Eq. (9.3.26)

T =

By Egs. (9.3.17), (9.3.18), and (9.3.24), all trezpresistive coefficients,,n,,, andn,,
can be determined for the (001) silicon surface.

The details of errors in piezoresistive coefficeenhduced by the rotational
misalignment of strips on the supports by an afAgleth respect to the ideal longitudinal

axis of the strips are analyzed in Appendix D.is lhoteworthy thatt is not influenced
by any rotational error only in the form @&, +S,,) or (S, +S_,;). On the other hand,

rotational error affects all individual pi-coeffents (z,,,n,,, and=,,) on the (001)

surface.

9.4  Strip-on-beam Test Samples

Our first attempt at building strip-on-beam sampliesd a single strip on one side of
the PCB beam. However, as shown in Fig. 9.9, thgleisided silicon strip-on-beam
samples were significantly warped after coolingnfraheir assembly temperature,
resulting from the mismatch in the coefficientsexdpansion of the various packaging
materials. The warpage shifts the initial resistanalues due to the induced stresses. In
order to minimize the warpage, the double-sidadail strip-on-beam samples were used

(see Fig. 9.10). A second dummy strip was mountethe back of the beam resulting in
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a symmetrical structure. Theses samples achiewanaost “stress free” condition before
applying the force in 4PB apparatus because of fyenmetrical structure.

From the simulation results in the next sectiorwam be seen that the stress in the
direction of the beam is uniform between the indABB supports, and the transverse
component is negligible. Thus, from a stress umfty point of view, the double-sided
strip-on-beam technique is very similar to justihgva silicon beam directly in the 4PB

fixture.

Fig. 9.9 - The obvious warp of a single-sided sitictrip-on-beam sample after cooling
from 150C to room temperature

Fig. 9.10 - The almost warp-free double-sided ailistrip-on-beam sample after cooling
from 150C to room temperature
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9.5 Simulation Resultsfor the (001) Silicon Test Chips

Meshes for the [100] and [110] silicon strip-on-meaample are shown in Figs.
9.11 through 9.14. Double-sided silicon strip-omuipesamples are used in order to
minimize the deformation that occurs upon coolirggf the assembly temperature and to
maintain an almost “stress free” condition befquplging the force in 4PB apparatus.

The central quarter-die size part of silicon stwps meshed into 12 x 12 x 5
elements for the [100] directional strip-on-beanx(® x 5 for the [110] directional strip-
on-beam). Note that quarter-model was used dugettirhitations of number of elements
and the duration of simulations. The other parteeweeshed less densely compared with
the central part. The meshes for both types ([E0@®| [110] silicon strip-on-beam) are

very similar other than the number of elements.

AN

NOv 21 z006
17:23:38

ELEMENTS

Fig. 9.11 - Mesh plots of the [100] silicon strip-beam sample (quarter model)
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Fig. 9.12 - Mesh plots of the [100] silicon strigefitral part)

AN

NOv Z1 Z006
17:07:40

Fig. 9.13 - Mesh plots of the [110] silicon strip-beam sample (quarter model)
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Fig. 9.14 - Mesh plots of the [110] silicon strge(tral part)

The calculated contour plots of; andoz. (011 andaz,) in the double-sided silicon
strip-on-beam are presented for a 1-N force in.F&g$5 through 9.18. Note that the

direction ofays (or 01y) is parallel to the direction of the beam in aests.
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SN =-4.79B
SMX =4.239
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Fig. 9.15 - Contour plot af1; on [100] silicon strip-on-beam at 25

1 AN
NODAL SOLUTION S . D
STEP=1 18:10:17
SUB =1
TIME=1
SY
RIYS=0 y
DMX =.0197486
SMN =-.945
SMX =3.113

-.94572 -.043781 .858158 1.76 2.662
-.49475 .407189 1.309 st Rl

Fig. 9.16 - Contour plot af,,on [100] silicon strip-on-beam at 25
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Fig. 9.17 - Contour plot af 1; on [110] silicon strip-on-beam at 45

1 AN
NODAL SOLUTION NOV 21 2006
STEP=1 HEEREGHE sl
SUB =1
TIME=1
SY (BUG)

RSYS5=0
DMX =.0267
SMN =-1.82
SMX =5.267
-1.825 -.248887 1327 ) 2.903 ) 4.479
=1..037 .539087 D AELE 3.89%1 26T

Fig. 9.18 - Contour plot af»;0n [110] silicon strip-on-beam at %5
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Stressesgy; and oy, (011 andoy) at the location of sensor over the temperature

range -156C to +125C appear in Table 9.3.

Table 9.3 -01; andoy, (011 andox,) at the sensor location
with temperature (Unit: MPa)
T(°C) O11 Oo2 014 O
-151.0 3.7727 0.00534 5.3222 -0.00669
-133.4 3.7784 0.00510 5.3303 -0.00629
-113.4 3.7822 0.00495 5.3355 -0.00602
-93.2 3.7865 0.00481 5.3413 -0.00564
-71.4 3.7881 0.00481 5.3432 -0.00541
-48.2 3.7897 0.00480 5.3440 -0.00540
-23.6 3.7913 0.00477 5.3472 -0.00500
0.6 3.7923 0.00478 5.3486 -0.00485
25.1 3.7968 0.00462 5.3547 -0.00450
49.9 3.8029 0.00429 5.3635 -0.00423
75.1 3.8098 0.00395 5.3748 -0.00387
100.6 3.8164 0.00360 5.3836 -0.00354
125.9 3.8164 0.00306 5.3986 -0.00322

The primary normal stress componeni (and/ora11) is almost constant with varying
temperatures. The second normal stress compane(@nd/orc»,) is negligible over
the whole temperature range because of their syriwalestructure. Note that they are
relatively small compared with the chip-on-beamesai® Chapter 4. In the simulations,
the mechanical properties (E) of composite mateaa¢ reflected in Table 9.4. Also, the
generally accepted valueswfare 0.278 and 0.062 respectively for the [100¢@i and

[110] silicon over the whole range of temperature.
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Table 9.4 - Measurements of E with temperature t{l@iPa)
T(°C) ME525 Silicon [100]| Silicon [110] FR-406
-151.0 19.81 131.6 172.9 28.82
-133.4 18.46 131.4 172.4 27.41
-113.4 17.53 131.3 172.0 26.49
-93.2 15.99 131.2 171.5 25.57
-71.4 14.90 131.0 171.0 25.35
-48.2 13.70 130.8 170.6 25.12
-23.6 12.85 130.5 170.0 24.80

0.6 12.00 130.2 169.7 24.68
25.1 10.43 130.1 169.1 23.73
49.9 9.85 130.0 168.4 22.05
75.1 8.75 129.6 167.9 20.26
100.6 7.72 129.4 167.3 18.55
125.9 4.98 129.0 166.8 16.37

Tables 9.5 and 9.6 give the dimensions of matemlstrip-on-beam structure

representing the average values of 10 specimereseTtvere obtained by microscope

measurement with a resolution of 0.05 mil.

Table 9.5 - Dimensions of composite materials 60]1silicon strip-on-beam

(Unit: mil)
Beam material (001) silicon: [100] Adhesive madkri
Length (1) 3400 3400 3400
Width (b) 650 226 226
Thickness (h) 22.67 20 2.5

(Unit: mil)

Table 9.6 - Dimensions of composite materials a0]1silicon strip-on-beam

Beam material

(001) silicon: [110]

Adhesive maikri

Length (1) 3400 3400 3400
Width (b) 650 160 160
Thickness (h) 22.67 20 25
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9.6  Sensor Calibration for the (001) Silicon Test Chips

The 4PB apparatus has been used to generate thestegtress. However, due to
the mismatch of mechanical properties such as Evaachong silicon, die attachment
adhesive (ME 525), and PCB material (FR-406), twoeahsional states of stress are
induced. For the double-sided silicon strip-on-bezases, considering onty; (and/or
011) is enough for determination of pi-coefficientscaase the second normal stress
component,;(and/ora ) is negligible. However, in this work, a two-dinsonal state
of stress is still considered for completeness acwliracy. The characterization results
are displayed with respect to applied force F exbtef uniaxial stress. As discussed in
section 9.3, the stress-induced resistance chafogethe (001) silicon are given as
follows:

« With respect to the unprimed axes

G or S — 0112 Gor Sy — 611
T, = 20F 920 10F g My, = 22F o2 10F 92 Eq. (9.5.1)
(0006)" —(044) (0206)" —(044)
+ +
TCS= S0 S90 - S45 845 Eq (952)
Gir T 00 Gir T 0
« With respect to the primed axes
S, —-S
Ty =———2— Eq. (8b.
G1ir Ok
S, +S S,.+S
Tg = 0 90 - %5 45 Eq. (9.5.4)

G‘11|: + G'zzF 5'11F + G‘ZZF
The slopes of the resistance versus force cure$é Sis, and S5 for the (001) silicon

have been measured over temperature, and the avefdd specimens is presented in
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Tables 9.7 through 9.10. Temperature was meastrectlg using a Type-T (-27C to
+300°C) thermocouple inserted into the Delta Design 2850 chamber. The details of
S0, S0, Sus5, Sus, and pi-coefficients for the (001) silicon ovemigerature are presented

in Appendix E.

Table 9.7 - § Sy, S5, and S5 for [100] ptype
silicon with temperature (Unit: 10N

T (°C) S Seo Sis Sus
-151.0 203.8 -55.7 79.6 78.5
-133.4 184.7 -46.5 77.3 73.5
-113.4 168.7 -A47.7 60.9 65.6
-93.2 163.6 -44.2 63.0 60.8
-71.4 150.2 -36.7 53.5 56.4
-48.2 136.7 -35.7 54.4 48.9
-23.6 123.8 -29.2 48.6 47.7

0.6 116.2 -27.3 39.2 53.5
25.1 111.5 -23.4 40.4 37.1
49.9 98.2 -21.6 36.0 35.7
75.1 83.5 -17.1 30.3 24.2
100.6 70.8 -10.1 31.1 28.5
125.9 68.3 -9.7 32.6 22.6

Table 9.8 - § Sy, S5, and S5 for [110] ptype
silicon with temperature (Unit: 10N

T (°C) S Seo Sis Sus
-151.0 3831 -3598 134.2 131.3
-133.4 3602 -3377 126.8 124.4
-113.4 3369 -3171 111.8 1235
-93.2 3193 -3005 111.9 122.7
-71.4 3094 -2894 102.9 108.0
-48.2 2891 -2726 91.3 100.5
-23.6 2737 -2612 86.0 79.5
0.6 2603 -2481 77.9 89.0
25.1 2456 -2366 69.5 72.5
49.9 2298 -2199 69.8 64.4
75.1 2077 -1984 54.2 55.5
100.6 1938 -1859 447 46.9
125.9 1777 -1731 44.5 43.2
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Table 9.9 - § S, S5, and S5 for [100] niype
silicon with temperature (Unit: 10N

T (°C) S S0 Sis Sus
-151.0 -4383 2443 -993 -975
-133.4 -4171 2333 -930 -900
-113.4 -3914 2210 -878 -857
-93.2 -3726 2103 -822 -821
-71.4 -3493 2001 -776 -795
-48.2 -3294 1887 -702 -707
-23.6 -3054 1732 -667 -667

0.6 -2856 1600 -627 -626

25.1 -2622 1478 -578 -569
49.9 -2456 1346 -529 -520

75.1 -2299 1258 -472 -484
100.6 -2067 1159 -438 -424
125.9 -1858 1032 -388 -401

Table 9.10 - § S0, Sus, and S5 for [110] n-type
silicon with temperature (Unit: 10N

T (°C) S S0 Sis Sus

-151.0 -1623 -983 -1322 | -1284
-133.4 -1536 -918 -1267 | -1166
-113.4 -1423 -849 -1142 | -1134
-93.2 -1337 -810 -1088 | -1051
-71.4 -1256 -736 -962 -1011
-48.2 -1185 -699 -941 -911
-23.6 -1117 -664 -858 -873

0.6 -1053 -632 -782 -806
25.1 -973 -577 -718 -766
49.9 -903 -523 -701 -686
75.1 -804 -464 -630 -634

100.6 -744 -422 -589 -560
125.9 -646 -356 -521 -519

Combining Egs. (9.5.1) and (9.5.3) with the FEMuttss we can determine all the pi-

coefficients (w1, T,, andtyy) for p- and n-type material, and the extractediealappear
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in Table 9.11 and Figs. 9.19 through 9.22. Ouypeexnental results show that the
magnitudes of the pi-coefficientsy;, T, and 1y, for p- and n-type silicon decrease
monotonically with increasing temperature overtdraperature range -1%8Dto +125C.

The four coefficients exhibit an approximately Bmevariation with temperature over the

full range.

Table 9.11 11 T4y, andry, for (001) p- and n-type
silicon with temperature (Unit: TPy

P-type silicon N-type silicon

T(°C) Th Tho Tusa Tha Tho Ths
-151.0 54.0 -14.8 |1395.5|-1162.7| 649.1 | -120.1
-133.4 48.9 -12.4 |1309.2|-1104.7| 618.8 | -115.7
-113.4 44.6 -12.7 |1225.6]-1035.5| 585.8 | -107.5
-93.2 43.2 -11.7 |1160.3|-984.8 | 556.5 | -98.4
-71.4 39.7 -9.7 [1120.8|-922.8 | 529.3 | -97.2
-48.2 36.1 -9.5 [1051.1|-869.9| 498.9 | -90.9
-23.6 32.7 -7.8 [1000.2|-806.2 | 457.9 | -84.6
0.6 30.7 -7.2 | 950.5 |-753.6 | 422.7 | -78.7
25.1 29.4 -6.2 | 898.5|-691.0| 390.0 | -73.9
49.9 25.8 -5.7 | 838.0 |-646.2 | 354.7 | -70.8
75.1 21.9 -4.5 | 755.0 | -603.7 | 330.9 | -63.3
100.6 18.5 -2.7 | 704.7 |-541.9| 304.2 | -59.7
125.9 17.9 -2.5 | 649.0 |-485.8| 270.2 | -53.7
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Tl44 With temperature (p-type silicon)
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Figure 9.19 u, for the (001) p-type silicon with temperature

11 and 112 With temperature (p-type silicon)
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Figure 9.20 11, andm for the (001) p-type silicon with temperature
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1111 and 111, With temperature (n-type silicon)
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Figure 9.21 4, andry, for the (001) n-type silicon with temperature

T4, With temperature (n-type silicon)
0
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£ -60
|_
= =80
=100
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=140
-200 =100 0 100 200
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Fig. 9.22 -ty for the (001) n-type silicon with temperature

Figure 9.23 plots the ratim /Ty, versus temperature. The ratio is observed to be

constant withr, 0-1.8 1, . This result is in good agreement with the thecaét
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prediction thatrt, -2 11, based on the electron-transfer mechanism in n-$jipEon

[96].
/T (N-type silicon)
0.0 ‘ | ‘
-0.5
g -1.0
= Average =- 1.78
E -1.5
.—.—‘—n—l—l—n—.—‘—.—.—.—.
-2.0 -
25
-200 150 -100 -50 0 50 100 150
T (Celsius)

Fig. 9.23 -mya/myofor the (001) n-type silicon with temperature

The value of the combined coefficienty = 11, + 11, may be determined from both

the +45° and 0/90° resistor pairs for the unprimed and/or primed dowate system as
represented in Eqgs. (9.5.2) and (9.5.4). The resgpear in Tables 9.12 and 9.13 and
Figs. 26 and 27. Both the45° and 0/9C° pairs are insensitive to rotational alignment

error [58], and should yield the most precise mesasents.
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Table 9.12 Tisfor the (001) p-type silicon with temperature (UfAiPa")

[110]:

[110]:

[100]:

[100]:

(0]
T(C) | +45-45)| (0.90) | (+45-45)| (0,90) |Averagq Std.Dev
1510 | 50.0 44.0 419 | 392 | 438 | 46
1334 | 473 423 390.0 | 365 | 415 | 45
1134 | 442 37.3 334 | 320 | 367 | 55
932 | 440 35.2 32.7 | 315 | 359 | 57
714 | 396 37.5 29.0 20.9 | 340 | 53
482 | 360 31.0 27.2 26.6 | 302 | 43
236 | 3L0 23.4 25.3 249 | 262 | 3.4
0.6 313 22.9 244 | 234 | 255 | 39
251 26.6 16.9 204 | 232 | 21.8 | 41
49.9 25.1 185 18.8 20.1 | 206 | 3.0
75.1 20.5 17.4 143 174 | 174 | 25
1006 | 17.1 14.7 15.6 159 | 158 | 1.0
1259 | 16.3 8.5 14.4 153 | 136 | 35

Table 9.13 1isfor the (001) n-type silicon with temperature (UfiPal)

; 1107, 110 | [L00]: 100];
T(C) (+[45,-]45) Eo,gc])) (+[45,-]45) 20,9(])) Average Std.Dev
1510 | -490.3 | -4903 | -521.1 | -5135 |-503.8| 15.9
133.4 | -456.8 | -460.8 | -483.7 | -4859 |-471.8| 151
1134 | 4270 | -426.2 | -4580 | -449.8 | -4402| 16.1
932 | 4009 | -402.3 | -4335 | 4282 | -4162| 17.0
714 | -360.7 | -373.3 | -4141 | -3935 |-387.6| 205
482 | -347.0 | -3528 | -3715 | -371.0 |-360.6 | 125
236 | -3240 | -333.4 | -3512 | -348.3 |-339.2| 12.8
0.6 2972 | -315.2 | -3290.9 | -330.8 | -318.3| 158
251 | 2773 | -289.6 | -301.9 | -300.9 |-292.4| 115
49.9 | -258.9 | 266.1 | -275.6 | -291.5 | -273.0 | 14.1
751 | -2353 | -236.1 | -250.6 | -272.8 |-248.7| 17.6
100.6 | 2136 | -216.6 | -2256 | -237.7 | 2234 | 108
1259 | -192.7 | -185.7 | -2059 | -2156 |-200.0 | 13.4
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Tts With temperature (p-type silicon)
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Fig. 9.24(a) 1t for the (001) p-type silicon with temperature

Tts With temperature (p-type silicon)
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Fig. 9.24(b) s for the (001) p-type silicon with temperature. teithe average values
from Fig. 9.24(a).
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Tts with temper atur e (n-type silicon)
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Fig. 9.25(a) 71 for the (001) n-type silicon with temperature
Tts With temperature (n-type silicon)
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Fig. 9.25(b) s for the (001) n-type silicon with temperature. teithe average values
from Fig. 9.25(a).
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The temperature variation of the three coefficiantp-type material is linear and
monotonically decreases in magnitude over thetéumiperature range studied, -260o
+125°C. Ty, is large and positive in p-type material. For simeall coefficients in p-type
material, Ty, is found to be positive anmh, is negative over the complete temperature
range. These results are consistent in sign andcitodge with the room temperature
results originally presented by Smith [6].

The three pi-coefficients are larger and more gas#éasured in n-type material. The
variation of the coefficients in n-type materialiso linear and monotonically decreases
in magnitude over the full temperature range ashemp-type coefficientsn, andrmy, are
clearly negative, antl, is positive over the measured temperature rangeté3t results
of Ty, for p-type silicon andy; for n-type silicon versus temperature are compavitil

the collected data from the literature as showigs. 9.26 and 9.27, respectively.
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Tus Vs, Temper atur e (experimental)
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Fig. 9.26 - Experimental data fog, versus temperature with different doping
concentration for p-type silicon
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Fig. 9.27 - Experimental data fox; versus temperature with different doping
concentration for n-type silicon
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9.7 Summary

The flat on silicon wafers that is normally used &ignment purposes can be off
by 1-2 degrees, and any misalignment of the rasistith the crystallographic axes will
lead to errors in the measured piezoresistive woerfits. In this work, a method for
precise determination of the crystallographic daéion [110] in the (001) silicon wafer
is used. The design takes advantage of the symumi€@®H under-etching behavior
around [110] direction, and the resulting misaligminobtained is less than 0.£25

Piezoresistive coefficients for the (001) silicoan be determined by direct
calibration. Through the use of four-point benditesgts, all pi-coefficients may be
determined without hydrostatic tests. On the othand, (111) silicon sensors need

hydrostatic tests in order to extract a completetpi-coefficients {,,, n,,, and w,,).

By using the sensors on the (001) silicon stripatoihg the unprimed axis [11G};4
can be determined by combining the normalized taesi® equations fo’@nd 96 sensors.
Also, it is apparent that,, andr,, can be determined by the equations from the sgwsor
the (001) silicon strip cut along the unprimed apif0]. The value of the combined

coefficient 1 =T, + 1, may be determined from both tke45° and 6/90° resistor

pairs for the unprimed and/or primed coordinataesys Both thet 45° and 0/90° pairs
are insensitive to rotational alignment error.

In order to get data, experimental apparatus has lbeilt for characterizing the
temperature dependencies of the piezoresistiveficiests of silicon. A four-point-
bending fixture has been configured to operate aveside temperature range. In our

work, we used the double-sided silicon strip-onAbesamples because the primary
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normal stress componeat;; (and/ora 1) is uniform and independent of the location as
long as the sensor is located between the inngrostgoand their secondary normal stress
components are negligible because of their symoatrstructure. Experimental
measurements have been combined with finite elersantilations to produce the
temperature dependence of the piezoresistive coaifs.

Our test results show that the pi-coefficients athbp- and n-type silicon exhibit an
approximately linear variation with temperature iotree measurement range. All the pi-

coefficients decrease with rising temperatures.
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CHAPTER 10

SUMMARY AND CONCLUSIONS

This work presents an extensive experimental safdihe temperature dependence
of the piezoresistive coefficients of silicon. Meemments were performed using stress
sensors fabricated on both (001) and (111) silicawunted on PCB material including
both chip-on-beam and strip-on-beam mounting tephes. Four-point bending (4PB)
was used to generate the required stress, and él@tment simulations have been used to
determine the actual states of stress applieddaoc#iibration samples. Stress sensors
fabricated on the surface of the (111) silicon wai&fer the advantage of being able to
measure the complete stress state on the silicoiacsy but they require use of
hydrostatic measurement of the silicon “pressur@éfiicients for calibration. On the
other hand, all these coefficients can be measorethe (001) surface using judicious
application of uniaxial stress. Hydrostatic expenms were performed on the test chips
over the temperature range of °250 100C. By subtraction of the temperature-induced
resistance changeX() from the total resistance change at each datat,padjusted
resistance versus pressure data are obtaired pressure coefficients of p- and n-type

silicon versus temperatusge calibrated. For n-type silicomy, is very small, as

expected from the approximation; C -214, [96], SO direct measurement of these values
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is quite difficult. For both p- and n-type sensamg,decreases in magnitude with rising

temperature.

A special four-point bending (4PB) apparatus hasnbeonstructed and integrated
into an environmental chamber capable of tempesatfiom -155 to +30C. Force
generated by a vertical translation stage is appbehe four-point bending fixture inside
the chamber through a ceramic rod penetrating tit®in side of the chamber. During
experiments, a chip-on-beam (and/or a double-salieg-on-beam) specimen is placed
on the bottom supports of the four-point bendimxguiie.

The hydrostatic pressure apparatus has been dedelmpmake measurements at
elevated and reduced temperature. In order to aserdhe temperature of fluid, a
resistance heater is used inside the pressurelvésswer the temperature of fluid,
liquid nitrogen is injected into a specially desdrbox surrounding the pressure vessel.

E (Young’s modulysandv (Poisson’s rati¢ of silicon are dependent on direction
because the anisotropic nature of the single drysliaon. For any crystallographic
direction of silicon, the expression of E andy compliance coefficients s s», and
S44) Were presented.In this work, E of silicon and the other compositaterials of chip-
on-beam samples were calculated analytically antdao be in good agreement with
experimental values obtained by using tBeeflection of Beamismethod. For the (111)
silicon surface, E and were observed to be isotropic.

The VDP sensor has been identified to have higaesitvity than a conventional
resistor sensor [49-50]. In this work, the effeatsdimensional changes during loading

were considered. It was observed that VDP sendf@s3157 times higher sensitivity than
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an analogous two element resistor sensors. Onpthie hand, considering strain effects
changes the magnification factor M to 3.23 for petysensors and 3.06 for n-type sensors.
However, the strain effects were observed to beligielg for resistor sensors, so
dimensional changes should be considered in tleleslbn of M for the VDP sensors.

In most prior investigations, calibration of theeporesistive coefficients has been
performed neglecting the error in misalignment. etature values exhibit wide
discrepancies in magnitude as well as disagreeimesigns. Thus the literature data
limits the accuracy of test chip stress measuresn&ndm the analysis of off-axis sensors,
misalignment with the crystallographic axes maydle® an enormous error in
determining the pi-coefficients for the (001) sslicsurface, whereas misalignment has no
effect on the pi-coefficients for the (111) silicawurface because of its isotropic
characteristics. In this work, for precise det@ation of the crystallographic orientation
in silicon wafers, anisotropic wet etching is usedrthermore, experimental calibration
results for the piezoresistive coefficients of cgih as a function of temperature are
presented and compared and contrasted with exigtihgs from the literature. Our test
results show that the temperature variation of ttiree coefficients in p- and n-type
material is linear and monotonically decreases agmitude over the full temperature
range studied, -15Q to 125C. tu4is large and positive in p-type material. For theai
coefficients in p-type siliconty; is found to be positive anmi, is negative over the
complete temperature range. The three pi-coeffisiesre larger and more easily
measured in n-type materia; andrmysare clearly negative, am, is positive over the
measured temperature range. These results arestmsn sign and magnitude with the

room temperature results originally presented bytIS[6].
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The double-sided silicon strip-on-beam method wagbtbped to eliminate curvature
problems. By this technique, the samples achieva@ranst “stress free” condition before
applying the force in 4PB apparatus because of gyenmetrical structure. In addition,

this technique offers stress uniformity in the 4B@ure.
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APPENDIX A
TYPICAL RESULTS OF S and Syo FOR THE (111) SILICON AT DIFFERENT

TEMPERATURES

Cdlibration results of Sp and Sgo for the (111) silicon for each temperature are
displayed in this section. As mentioned in Chapter 4, the following notation is adopted:

_d AR,
CdFR,
Through Figs. A.1 and A.16, typica results of Sp and Sy for the (111) silicon are shown

S, ) Eq. (A.1)

for each temperature of calibration.
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AR/R

S and Sy (p-type sensors)

4E-03
3E-03
2E-03
1E-03
0E+00
-1E-03

—2E-03
00

F (N)

Fig. A.1- Sy and Sy for the (111) silicon at -133°C (p-type sensors)

AR/R

S and Sy (n-type sensors)

1E-03
9E-04
6E-04
3E-04
0E+00
-3E-04
—-6E-04
-9E-04

-1E-03
00

02

06

04 08

F(N)

Fig. A.2 - Sy and Sy for the (111) silicon at -133°C (n-type sensors)
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S and Sy (p-type sensors)

4.E-03
(90 deg.)
2.E-03 /

1.E-03

AR/R

y = -2.070E-03x

0.E+00 © deg‘.)

-1.E-03

-2.E-03
0.0 0.2 0.4 0.6 0.8

F(N)

Fig. A.3- S and Sy for the (111) silicon at -93°C (p-type sensors)

S and Sgg (N-type sensors)
1.E-03
| y=1250E03x = __—

5.E-04 (0 deg
X O.E+00
~
04
< -5.E04 -

LEO3 y =-1.517E-03x

(90 deg.)
-2.E-03
0.0 0.2 0.4 0.6 0.8
F(N)

Fig. A.4 - Sy and Sy for the (111) silicon at -93°C (n-type sensors)
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S and Sq (p-type sensors)

y = 3.854E-03x ad

2.E-03
» .03 (90 deg.) /

@
X 5.E04
<] 0.E+00
5.E-04
. y = -1.974E-03x
2.E-03 (0 deg)
0.0 0.2 0.4 0.6 0.8

F(N)

Fig. A.5- Sy and Sy for the (111) silicon at -48°C (p-type sensors)

Sy and Sy (N-type sensors)
8.E-04
6.E-04 y =1.173E-03x =
4E04 (0 deg) /
2.E-04 _——
& 0E+00
D<:I 2.E04 -
-4.E04 y = -1.440E-03
-6.E-04 0 deg)
-8.E-04 - g \
-1.E-03
0.0 0.1 0.2 0.3 0.4 0.5 0.6

F(N)

Fig. A.6 - Sp and Sy for the (111) silicon at -48°C (n-type sensors)
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So and Sgo (p-type sensors)

3.E-03
2 E-03 y = 3.5624E-03x
1.E-03

& 5Eo04
Dé 0.E+00 ’4:\-‘ i
-5.E-04
1.E-03 y=-1780E-03x  ———0

-2.E-03 (0 deg.)

0.0 0.2 0.4 0.6
F(N)

Fig. A.7 - Sy and Sy for the (111) silicon at 0°C (p-type sensors)

S and Sy (N-type sensors)
8.E04 1 —1.065E-03x
6.E-04
4.E-04 ke
2.E-04 -
% 0.E+00
-2.E-04
L 404
-6.E-04 | _
o Eod y = -1.308E-03x
LE03 (90 deg.)
0.0 0.2 0.4 0.6 0.8
F(N)

Fig. A.8 - Sy and Sy for the (111) silicon at 0°C (n-type sensors)
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So and Sgp (p-type sensors)

3.E-03
2.E-03
5 E03 | Y= 3317E03x /
' (90 deg.)
1.E-03 -
14
X 5.E04
<l 0.E+00
-5.E-04 |
1 Eq3 | Y=-1.859E-03x
-2 E-03 (0 deg)
0.0 0.2 0.4 0.6 0.8

F(N)

Fig. A.9 - Sy and Sy for the (111) silicon at 25°C (p-type sensors)

Sy and Sy (N-type sensors)
8.E-04
4.E04 (O deg.)
2.E-04
X 0.6/00
0<5| -2.E-04
-4.E-04
-6.E-04
-1.E-03 (90 deg.)
0.0 0.2 0.4 0.6 0.8
F(N)

Fig. A.10 - Sy and Sy for the (111) silicon at 25°C (n-type sensors)

238



So and Sgp (p-type sensors)

2.E-03
2.E-03 1
1.E-03 1

X 5604

o
P 0.E+00

y = 3.080E-03x
(90 deg.)

-5.6-04
-1.E-03 y =-1.510E-03x
2.E-03 (0 deg.)
0.0 0.2 0.4 0.6 0.8
F(N)

Fig. A.11 - Sy and Sy for the (111) silicon at 50°C (p-type sensors)

So and Sgg (n-type sensors)

6.E-04

A E04 y = 9.522E-04x .
© dM

2.E04

0.E+00 <

-2.E-04 \

-4.E-04 \

604 y =-1.073E-03x

(90 deg.) -

AR/R

-8.E-04

0.0 0.2 0.4 0.6
F(N)

Fig. A.12 - Sy and Sy for the (111) silicon at 50°C (n-type sensors)
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Sy and Sgg (p-type sensors)

2.E-03

y = 2.607E-03x
(90 deg.)

2.E-03 -

1.E-03

5.E-04 -

AR/R

y =-1.271E-03x
(O deg.)

0.E+00

-5.E-04

-1.E-03
0.0 0.2 0.4 0.6 0.8
F(N)

Fig. A.13 - Sy and Sy for the (111) silicon at 75°C (p-type sensors)

So and Sgo (n-type sensors)
8.E-04
6.E-04 y = 9.302E-04x
4.E-04 - (0 deg.)

2 E-04
0.E+00 <
-2.E-04
= -1.117E-03x
4.E-04 T y

i (90 deg.)
-6.E-04 -

-8.E-04
0.0 0.2 0.4 0.6 0.8

F(N)

AR/R

Fig. A.14 - Sy and Sy for the (111) silicon at 75°C (n-type sensors)
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S and Sy (p-type sensors)

2.E-03
) E03 y = 2.573E-03x
(90 deg.) /
1.E-03
g /
¥ 5.E04
< y =-1.425E-03x
0.E+00 \

i (0 deg.)
-5.E-04 \.\.
-1.E-03

0.0 0.1 0.2 0.3 0.4 0.5 0.6
F(N)

Fig. A.15 - Sy and Sy for the (111) silicon at 100°C (p-type sensors)

Sy and Sgp (N-type sensors)

o504 9.163E-04

4.E-04 y ((') de%x/'—é
2.E-04

0.E+00 <

2 E04

-4.E-04 \

604 y = -1.023E-03x \

(90 deg.)
-8.E-04
0.0 0.1 0.2 0.3 0.4 0.5 0.6

F(N)

AR/R

Fig. A.16 - Sy and Sy for the (111) silicon at 100°C (n-type sensors)
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APPENDIX B

DETERMINATION OF PIEZORESISTIVE COEFFICIENTS

A genera plot of resistance with varying temperatures and applied force is shown
in Fig. B.1, whose graphs may vary with the doping concentrations and the

crystallographic orientations of sensors.

@ )
: / :
a -
Z .
m~ . :
— RB 0'1_-1‘[]) ".’
§ Ry(0p1.0)
R,—i Gfl\[]) _______________ .- ,
R \(@g:0) - 0
R,[(0,0)
A | | |
Temperature

Fig. B.1 - Resistance change with temperature and stress

In Fig. B.1, or,and Og, at a given temperature denote the corresponding stresses for F =
Fi and F = F,, respectively. Also, it may be noted that R is defined as the resistance
value at temperature T. Then we derive the relationship of piezoresistive coefficients

between different temperatures as follows:
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® Thecasesfor AT=0
At reference temperature A, the general expression for resistance discussed in Chapter 4

R(o,AT) = R(0,0){1+f (AT) +[I1 + B(AT)]o} can be expressed for two different stress
states (o ando,) with AT = 0:

R, (GFl’O) —Ra (0.0) =

Eqg. (B.1
R, (0,0) Tp Op g.(B.1)

RA (0,:2,0) - RA (an) —
200 =7, o Eq. (B.2)

where n, isdefined as n at temperature A. Subtraction of Eq. (B.1) from Eq. (B.2)

leadsto

R,(0-,,00—-R, (04,0
A(Ok, )R A(0:.0) =7, (0, —0p) Eq. (B.3)
A

AR .
Hence, at reference temperature A, the slope of 3 versus stress(c., —o,) IS m, as

shown in Fig. B.2
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AR
R
slope= T,
R, (Gp,.0)~ R, (0.0) P ™
R, (0.0)
R,(65.0)-R,(0.0)|
R, (0.0)
Gn GF]
Stress

Fig.B.2- % versus stress at reference temperature A

Similarly, at reference temperature B,

RB (szao) B RB (GFl’O) — —_
R:(0,0) =7g(0r, ~Ok) Eq. (B.4)

For AT=0, I can be calculated directly.

® Thecasesfor AT #0
By using R(o,AT) =R(0,0{1+f(AT) +[I1+B(AT)]c}, Ryat reference temperature
A can be expressed for two different stress states (6, andc ., ) as the following:

R B (OFl’O) B RA (O'O)
R, (0,0

=f (B-A)+[n, +B,(B-A)log, Eq. (B.5)

RB (GFZ ’O) - RA (O'O)
R, (0,0)

=f (B-A)+[n, +B,(B-A)log, Eq. (B.6)

Subtraction of Eqg. (B.5) from Eg. (B.6) yields
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RB (GFZ’O) ~ RB (GFl’O) -

R, (00) [y +BA(B=A)(cr, —0r) Eq. (B.7)
AR
R slope =1, +B, (B-A)
R;(05-00-R,(0.0)
R, (0.0)

R3(05.0)~Ry(05.0)|
R4 (0.0)

0 Og Grs

Stress

Fig.B.3- AR versus stress at reference temperature A

For AT #0, direct calculation of T is not possible. However, combining Egs. (B.4)
and (B.7), the relationship of I can be determined between different temperatures.
Hence it can be a proper method for relating coefficients at different temperatures.
Equation (B.4) and Eq. (B.7) yielded the following result:

R (0r,.0) =R (06,0) =R (0,0)n5 (0, —05) = RA(0,0)[m, +PA(B-A)l(0r, —0r)
Hence,

Rg(0,0)ny =R, (0,0)[r, +B,(B-A)]

245



APPENDIX C
TYPICAL RESULTS FOR THE PRESSURE COEFFICIENT OF (111) SILICON AT

DIFFERENT TEMPERATURES

The pressure coefficients for the (111) silicon at different temperatures are shown in
this section. As discussed in Chapter 5, subtraction of the effect of temperature from the
resistance change determines the pressure coefficient. Through Figs. C.1 and C.6,
adjusted hydrostatic calibrations for the (111) silicon are shown for each temperature of

calibration. The slope of the curve corresponds to the piezoresistive coefficient =, as

presented in Chapter 5:

AR
F —f(AT) =—(my;, +2m,)p=-(B, +B, +By)p = Y Eq. (C.1)
Adjusted Hydrostatic Calibration
25E-03
y = 1.723E-04x .
_ 20E-03 =
- (p-type)
S 156-03 | .
@ y = 4.467E-05x
T 10E-03 / e
00E+00 : : : : : :
0 2 4 6 8 10 12 14
Pressure, p (MPa)

Fig. C.1 - Adjusted hydrostatic calibration for the (111) silicon at -25°C
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Adjusted Hydrostatic Calibration

2.5E-03

y = 1.697E-04x o

2.0E-03

(p-type) /

1.5E-03

P
y =4.178E-05x

1.0E-03

AR/R-F(AT)

/ (n-type)

5 10
Pressure, p (M Pa)

15

Fig. C.2 - Adjusted hydrostatic calibration for the (111) silicon at 0°C

2.5E-03

2.0E-03

1.5E-03
1.0E-03

AR/R-f(AT)

5.0E-04

0.0E+00

Adjusted Hydrostatic Calibration

*
y = 1.613E-04x /
(p-type)
i y = 3.789E-05x
. (n-type)
.M
0

5 10
Pressure, p (M Pa)

15

Fig. C.3 - Adjusted hydrostatic calibration for the (111) silicon at 25°C
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Adjusted Hydrostatic Calibration

2.0E-03

~ y = 1.330E-04x _*

5 1.5E-03 (p-type) /

v 1.0E-03

= / y = 2.578E-05x

g 5.0E-04 .4‘-/' (n-type)
0.0E+00 ‘ ‘

0 5 10 15
Pressure, p (MPa)

Fig. C.4 - Adjusted hydrostatic calibration for the (111) silicon at 50°C

Adjusted Hydrostatic Calibration

1 6E-03
= 12E-03 - ~
g y =1.152E-04x
T 8OE-04 (p-type)
o~ y = 2.177E-05x
% 40e-0a (n-type)
0 5 10 15

Pressure, p (M Pa)

Fig. C.5 - Adjusted hydrostatic calibration for the (111) silicon at 75°C
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Adjusted Hydrostatic Calibration

12E-03
y = 1.137E-04x 4

1 0E-03 (p-type)
80E-04 F .

60E-04

40E—04 - y = -1.221E-05x
- (n-type)
20E-04 /

0.0E+00 T/ S — ‘ ‘
e —

-2 0E-04
0 2 4 6 8 10 12
Pressure, p (M Pa)

AR/R-F(AT)

Fig. C.6 - Adjusted hydrostatic calibration for the (111) silicon at 100°C
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APPENDIX D

BEAM ROTATIONAL ERROR

In Chapter 8, errors in misalignment with the giverystallographic axes are
described and analyzed. Bittle, et al. [51] caltedapercent error in the axial normal
stress at the midpoint between the supports veénguangle of misalignment of the wafer
strip in a four-point bending test fixture. In orde calculate error in the axial normal
stress at the midpoint between the supports, tefelement numerical simulation was
performed [51]. In addition, Bittle, et al. [51] ®ahed that the error will be less than
approximately 1% if the wafer strip can be alignedvithin 5°. However, in our work,
the errors in piezoresistive coefficients inducgdHe rotational misalignment of the strip
on the supports by an andewith respect to the ideal longitudinal axis of #tep are
explained:

e With respect to the unprimed coordinate system

[ 9
UL

Fig. D.1 - Misalignment of the wafer strip in a fguoint bending test fixture
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For 0, the angle of counter-clockwise rotation of the -y coordinate system relative

to the x-ycoordinate system, the double-primed stress conm@isere given as [12-

13]
g, cos’0 sin” 0 2siBcod | o,
g,,|=| sin’@ cos’ 0 -2sifcod | 0, Eqg. (D.1)
0, | |-sinfBcod siBcoH cosB-sin’B|a,,

Hence

0,, =cos0a,, +sin00,,-sinB o,
g,, =sin’0c,, +cos 06a,, +sinB o, Eqg. (D.2)
1. <1 ; .
0, = Esmze 0, ~ Esmze 0,, +€0s200,,

Addition of the first two equations yields the find below:

0,+0,=0,+0,, Eq. (D.3)
The stress components are now measured in the oelbledprimed coordinate system
instead of the unprimed coordinate system. Thergénesistance equation is given by

AR
F =[m1,0,; + 71,0 5,] COSZ(p

+[11,6 5, + 7,04, |SIN°Q Eq. (D.4)
+2n,, 6,, COSPSINQ
+[o, AT + 0 ,AT? +..]
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in which only in-plane stresses are assumed. IEovesider® with neglect of temperature

terms, AR/R induced by 6 relative to the actual longitudinal axis of strip

for¢=0,0=90°, and =45 is presented below:

AR, = T13013 T 750 5
RO
=n,,(cos’0a,, +sin0 0., -sinPa,,) + n,,(sin’0 0,, +cosB 0, +sinD0,,)
= (T, cos’ @+ 1, sin® B)ay, + (14, Sin® 8 + 1y, €0’ B)0,, + (T, — Ty,)sin28 0,
Eq. (D.5)
AR
% = M,0y, + 40,
90
=n,,(cos00,, +sin“0a,, -sinPa,,) +n,,(sin’0 0, +cosBa,, +sin00,,)
= (T, cos’ 0 + 11, Sin” B) 0, + (11, Sin” 6+ T, oS’ )0, + (T, — T,,)Sin20 0,
Eq. (D.6)
AR n,+7n
R 2 = ( = 2 12)(011 + O-22) + n44012
45
= (%)(011 +0p) + n44(%3in$ Ou —%Sih% 0, +C0sBay,)
+ . + . .
= (% + %sinze)o11 + (% - %sinZG)o22 +1,,C08200,,
Eq. (D.7)
AR Tt
R == (—H 5 2)(011+625) ~Tyy01y
45
= ("11—2"12)(0ll +6)) —n44(%sin2€) ol —%sinze G, +COS20 G.,)
+ . + . .
= (PR - sin o, + (T + T sin2)or, ~ 1, COS o,
Eq. (D.8)

Through the use of the equations,

252



_ 013555y ~ O 5550

TT e
" (6146)° = (0 526)°
_ (coS 0 6, +SiN*0 0,,.-SIN20 6,,.)S, —(SIN° 0 6, +COS 0 G, +SIN20 G,,1) Sy,
(0130 + 0 56)[ COS20(01 1 = G 56) —25IN20 G ]
Eq. (D.9)
Sgo = 00 S
T, = G11r990 ™ OG22k %

((511|:)2 —(o 22F)2
_ (cOS 0 6,y +SiN*0 0,,.-SIN20 6,,-)Sy, — (SIN*0 6, +COS 0 0, +SiN20 6,,.)S,
(G13r + 0 56)[ COS20(01 1 = 6 5) = 25IN20 G ]

Eq. (D.10)
TES: S0 +SQO - S45 +S—45 - ?O +SQ? - %45 +S—AI1'5 Eq (Dll)
Oir ¥ Or  Oypp T O Oir ¥Opr Oy TO,
Note that Eq. (D.3) is used in the calculatiomgh Eq. (D.11)
e With respect to the primed coordinate system
B
[ i )

T L

Fig. D.2 - Misalignment of the wafer strip in a fguoint bending test fixture
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By [12-13],

o cos0 sin’0 2sifcod | o,
g, |=| sin“® cos 0 -2sirbcod | 0, Eqg. (D.12)
g, -sinffco  sinBcoH cosO-sin’B| o),

Hence
01 =cos00,, +sin*00,,-sinBa,,
022 =sin’00,, +cos’ 00, +sinXd o, Eqg. (D.13)
O = %sinze gy, — %sinZG g,, +c0s200,,
Addition of the first two equations yields the find below:
0,+0,, =0,+0,, Eqg. (D.14)
In Eg. (D.13), 6 represents the angle of counter-clockwise rotatioin the

X -y coordinate system with respect to the x'-y' cowtk system. The stress

components are measured in the new double-primeddicate system instead of the

primed coordinate system. The general resistancatien is expressed as the following:

AR +m,, + ‘ +1,, - ‘
- :[Uﬁl n; nM)01r+UH1 n; nM)GzﬂCO§¢

1T, Ty, tmg,

- , + ‘
™ Tty 4 ( : T4y5' 5, 1sin?g Eq. (D.15)

+2(m,, - 7,,) G 12 COSPSING
+[0, AT +a,AT? +..]

in which only in-plane stresses are assumed. IEovesider® with neglect of temperature
terms, AR/R induced by® with respect to the ideal longitudinal axis ofigstr

for¢ =0,0=90°, and @= 145" is presented below:
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+, , +, - ,
ARRO — (Tcll n; ﬂ544)6 n+ (Tcll n; 71:44)0 i
0

_ Tt tm . _ . . "
= (- ; #)(cos’0a,, +sin*B80,,-sinDa,,)

n,tmn,—® . " " . "
L1244 (sin00,, +Ccos 00, +Sin0a,,)

+(

n,, +m,, +m,, COS20
2

n,, +m,, —m,, COS20

=( )011 +( 5 )0“22 -, Sin20 012

Eqg. (D.16)

AR T, +mT, -7 . T, tmn,+n .
90 - ( 11 12 44 )G 1 + ( 11 12 44)0 2
Rgo 2 2

Myt —my, " PR . .
= (f)(cosze 0, +sin”80,, -sin®a;,)

+m.+ . . - g
+ (7'511 T 7T44)(Sin29011 +cos 9022 +sin20 0, )
T.. +T.. —1., COS20. . n,, +m,, +m,, C0S20. . . "
= (Sl T2 5 44 Yo, + (F 12 5 44 )G, + 10, SiN200,,
Eq. (D.17)
AR + . ' :
= 45 _— (7T11 27512)(6 u+o 22) + (7’511 - 7,;12) o 12
45
Tty " 1 1y . )
= (T)(G 1n+0 2)+(my, - nlz)(Esmze (o —Esmze 0,, +€0s200,,)

T, +T 1 . " T, +t7 1. "
= [(%)+§Sln29 (103, - 7,)] 011"'[(%)_55'”26 (3, -71,)] 0y,

+(m,, -m,,)C0OS20 0,

Eqg. (D.18)
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AR 4 - (nll +
R 2

=(

T . . .
2)(011+0622) = (my, -Ty,) 012

Tu ™ T 5 112) (6" +0'22) - (s, - nlz)(%sinze g, —%sinze g,, +C0s200,,)

T, +T 1 . " T, +t7 1. "
= [(%)—ESIHZG (3, - 7y,)] 011"'[(%)"’55'”26 (3, -71,)] Oy,

~(my, - 7,,) c0S20 0,

Eq. (D.19)
Through the use of the equations,
Mg = S e S Eq. (D.20)
Gy;r°0o0r  COS20 (G4--G o) —2SIN20 G
ns - SO +890 - S45 +S-45 - S0 +890 - S45 +S._|45 Eq (D21)

G'11F +G‘22F GI11F + G‘ZZF G;.lF + 0"22F G;.lF 0o
Note that Eqg. (D.14) is used in the calculationmfin Eqg. (D.21). As presented in Egs.

(D.11) and (D.21), the®®0° and +* 45°pairs are insensitive to beam rotational error and

should yield the precise measurement. It addititie /90° and *45° pairs are

insensitive to rotational alignment error.
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APPENDIX E
TYPICAL RESULTS FOR § Sy, S5, AND S5 FOR THE (001) SILICON VERSUS

TEMPERATURE

Typical results of § S0, S5, and S5 for the (001) silicon with temperature are

displayed in this section. It may be noted thasa@ples were used for these calibrations.

e P-type: [100] direction

Table E.1 - §for [100] p-type silicon with temperature (Unit™*N

T(°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #10  Avergg8td.Dev

-151.0| 2444 | 162.1 205.8 173.4 160.4 237.6 | 239.5 | 258.1 | 187.8 | 169.0| 203.8 38.1

-133.4 | 197.1| 171.4 179.3 198.2 149.6 1879 | 219.2 | 147.3 | 1934 | 203.7 | 184.7 23.1

-113.4| 156.5| 130.2 192.5 126.9 112.6 166.3 | 203.9 | 210.1 | 177.7 | 210.1| 168.7 36.3

-93.2 | 168.6 | 162.0 200.2 149.1 145.0 157.4 | 130.3 | 146.8 | 150.2 | 226.5| 163.6 28.8

-71.4 | 133.4| 136.9 175.1 172.1 123.% 1179 | 132.1 | 1455 | 182.7 | 183.2| 150.2 25.4

-48.2 | 111.4 | 156.3 163.0 177.0 131.4 105.9 | 107.0 95.2 138.5| 180.8 | 136.7 31.4

-23.6 | 103.2 | 135.6 135.0 134.4 115.0 110.2 | 1106 | 131.9 | 110.1 | 151.6 | 123.8 15.9

0.6 89.3 | 119.2 94.4 164.4 128.2 85.9 86.7 114.9| 130.8 | 148.5| 116.2 27.3

25.1 99.7 | 121.9 131.0 123.1 82.8 94.6 11506 111.0 | 112.1 | 123.0| 1115 15.0

49.9 68.1 | 133.7 111.5 102.7 67.0 80.0 97. 12118 97.9 101.7| 98.2 21.7
75.1 71.7 81.4 60.2 88.7 69.8 76.8 104.4 102.2 | 104.2 | 75.6 83.5 15.7
100.6 | 42.8 71.1 65.8 65.9 60.9 88.2 74.9 77.% 750 8.5 70.8 13.0
1259 | 47.7 75.4 78.4 42.0 54.6 57.9 86.9 88.2 85.8 66.4 68.3 17.0
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Table E.2 - & for [100] p-type silicon with temperature (Unit™N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | -69.6 -48.2 -53.6 -43.7 -50.2 -679 | -67.2 | -62.7 | -50.7 | -42.9 -55.7 10.3
-133.4 | -46.7 -10.2 -49.8 -50.4 -31.4 -61.6 | -47.7 | -449 | -56.0 | -66.6 -46.5 16.0
-113.4 | -42.7 -50.6 -58.4 -30.9 -20.3 -714 | -55.6 | -38.6 | -46.6 | -61.8 -47.7 15.2
-93.2 | -53.8 -34.4 -48.1 -42.3 -29.0 -58.6 | -384 | -429 | -36.2 | -58.1 -44.2 10.2
-714 | -42.8 -46.3 -60.4 -45.4 -13.0 -25.7 | -32.1 | -20.6 | -35.0 | -45.8 -36.7 14.2
-48.2 | -33.9 -58.5 -27.2 -42.2 -38.3 -159 | -36.7 | -35.3 | -285 | -40.0 -35.7 11.1
-23.6 | -32.0 -13.7 -30.9 -35.2 -31.0 -231 | -35.2 | -325 | -326 | -26.3 -29.2 6.6
0.6 -34.0| -35.0 5.1 -31.1 -40.0 -286 | -29.1 | -26.3 | -25.4 | -29.0 -27.3 12.2
25.1 -24.7| -30.9 -17.8 -25.5 -24.5 -194 | -275 | -186 | -22.6 | -22.9 -23.4 4.1
49.9 -43.3| -17.1 -25.7 -22.1 -16.7 -16.0 | -196 | -21.6 | -125 | -21.6 -21.6 8.5
75.1 -22.6| -31.3 -27.1 -11.8 -13.4 -149 | -143 | -10.7 | -10.9 | -14.0 -17.1 7.3
1006 | -9.4 -10.4 3.6 -7.5 -10.9 -8.0 -155 | -15.7 | -15.0 | -11.7 -10.1 5.7
1259 | -10.7 -7.6 8.1 -12.1 7.0 -175| -18.1 | -128 | -186 | -14.4 -9.7 9.7
Table E.3 - % for [100] p-type silicon with temperature (Unit™N
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Averggstd.Dev
-151.0 | 644 67.2 66.8 40.7 70.7 118.2 93.6 115.4 82.5 76.8 79.6 23.9
-133.4 | 66.8 74.2 70.3 94.0 49.1 96.5 75.2 91.9 60.5 94.7 77.3 16.4
-113.4 | 47.2 55.0 63.7 28.6 52.4 69.6 91.6 64.4 49.4 87.3 60.9 18.9
-93.2 61.2 46.7 43.7 64.2 61.3 66.1 80.0 69.3 64.5 73.6 63.0 111
-71.4 45.7 60.3 50.8 54.1 42.7 45.5 44.3 69.1 54.6 67.5 53.5 9.6
-48.2 38.8 63.2 51.6 63.6 53.1 36.3 62.9 73.3 31.9 68.9 54.4 14.5
-23.6 31.3 59.6 48.1 35.2 54.5 47.2 47.8 72.3 42.9 46.8 48.6 11.7
0.6 46.4 42.5 16.6 48.2 36.7 44.8 46.7 33.7 33.1 43.4 39.2 9.6
25.1 54.6 54.2 15.7 40.3 47.7 43.7 43.7 30.2 37.9 35.8 40.4 11.6
49.9 394 42.9 12.9 55.6 39.5 29.9 29.9 30.4 329 46.3 36.0 11.6
75.1 24.1 27.4 12.0 32.3 32.8 394 39.7 30.9 27.4 36.8 30.3 8.3
100.6 | 29.3 30.4 33.2 27.1 22.6 33.3 37.0 33.6 34.4 29.8 31.1 4.1
125.9 23.7 33.9 47.9 29.0 25.1 354 36.2 36.1 26.8 324 32.6 7.1
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Table E.4 - Ss for [100] p-type silicon with temperature (Unit™N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Averggestd.Dev
-151.0 81.1 122.1 61.6 50.2 59.3 83.8 112/984.4 | 47.2 82.6 78.5 25.0
-133.4 85.8 50.9 59.0 58.8 67.2 101.8 106.4 | 66.8 | 66.9 70.9 73.5 18.6
-113.4 | 61.1 32.6 59.8 61.3 40.0 78.1 91.2 85/(371.9 74.7 65.6 18.7
-93.2 54.0 57.0 71.6 38.4 46.4 85.8 64. 80/149.2 61.9 60.8 15.0
-71.4 48.3 40.7 60.8 40.0 64.9 58.4 82.1 68)744.3 55.5 56.4 135
-48.2 34.1 37.3 49.0 34.5 67.8 61.9 38. 57/956.1 52.7 48.9 12.2
-23.6 48.3 52.0 21.9 67.1 38.8 50.9 51. 50)330.6 66.2 47.7 14.2
0.6 38.0 54.5 62.3 79.6 43.6 58.9 58. 55)233.5 51.0 53.5 13.2
25.1 41.1 374 25.8 47.8 34.0 32.3 32. 48/129.1 435 37.1 7.7
49.9 30.4 39.2 35.9 27.6 29.3 43.] 43.1 436 30.6 34.3 35.7 6.2
75.1 -20.9 18.4 51.4 41.6 24.8 29.9 5.2 3347 18.9 38.7 24.2 20.6
100.6 7.6 26.2 27.1 24.8 35.7| 36.6 33|3 35.725.2 32.6 28.5 8.7
125.9 18.6 247 8.7 19.9 17.0 27.8 28.1 2918 29.0 22.9 22.6 6.7
e P-type: [110] direction
Table E.5 - §for [110] p-type silicon with temperature (Unit™\N
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1d Avergg8td.Dev
-151.0 | 4216 4149 3963 3592 4119 4069 3686 3456 3590 3468 3831 300.9
-133.4 | 3865 | 3702 3727 3365 3955 3768 3466 3358 3409 3401 3602 225.8
-113.4 | 3456 | 3452 3311 3284 3539 3400 3369 3236 3354 3293 3369 93.4
-93.2 | 3188 3160 3180 3237 3223 3187 3298 3173 3237 3042 3193 66.8
-71.4 | 3093 2874 3063 3180 3209 2982 3270 3064 3226 2980 3094 126.9
-48.2 | 2811 2719 2846 3029 2905 2688 3213 2892 2953 2858 2891 151.7
-23.6 | 2687 2685 2642 2820 2733 2461 3133 2723 2740 2744 2737 168.1
0.6 2632 | 2583 2418 2627 2550 248% 3045 2497 2518 2677 2603 173.9
25.1 2462 | 2419 2362 2306 2496 2340 2882 2376 2410 2507 2456 163.4
49.9 2348 | 2234 2197 2216 2295 2305 2520 2349 2353 2166 2298 103.3
75.1 2128 | 2130 1923 2138 2129 2141 2219 2263 2179 1519 2077 215.1
100.6 | 2047 1969 1806 1875 1984 2023 2091 2129 2025 1431 1938 202.2
125.9 | 1964 1903 1640 1638 1823 1870 1845 1829 1930 1324 1777 193.1
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Table E.6 - & for [110] p-type silicon with temperature (Unit™*N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0| -3930 | -4038 -3804 -3360 -3868 | -3812 | -3541 | -3259 | -3345 | -3019 -3598 339.7
-133.4| -3630 | -3546 -3735 -3048 -3653 | -3559 | -3360 | -3120 | -3233 | -2886 -3377 291.8
-113.4| -3276 | -3330 -3220 -2966 -3362 | -3200 | -3265 | -3047 | -3190 | -2854 | -3171 164.3
-93.2 | -2947 | -3019 -2987 -2921 -3057 | -3006 | -3253 | -3046 | -3084 | -2731 -3005 132.7
-71.4 | -2834 | -2770 -2842 -2895 -2981 | -2759 | -3188 | -2880 | -3074 | -2720 | -2894 147.9
-48.2 | -2690 | -2637 -2670 -2794 -2668 | -2442 | -3150 | -2804 | -2835 | -2571 | -2726 189.3
-23.6 | -2516 | -2591 -2500 -2618 -2589 | -2440 | -3005 | -2711 | -2695 | -2459 -2612 165.6
0.6 -2457 | -2484 -2261 -2462 -2604 | -2320 | -2923 | -2457 | -2439 | -2404 | -2481 180.8
25.1 -2247| -2293 -2150 -2240 -2420 | -2232 | -2848 | -2400 | -2376 | -2451 -2366 1954
49.9 -2217| -2204 -2017 -2094 -2247 | -2203 | -2465 | -2283 | -2299 | -1964 | -2199 145.3
75.1 -2113| -2105 -1824 -2049 -2015 | -1902 | -2227 | -2106 | -1992 | -1504 -1984 203.6
100.6 | -3930 | -4038 -3804 -3360 -3868 | -1938 | -2076 | -1980 | -1865 | -1337 -1859 205.7
1259 | -3630 | -3546 -3735 -3048 -3653 | -1800 | -1923 | -1847 | -1899 | -1181 | -1731 2252
Table E.7 - % for [110] p-type silicon with temperature (Unit™N
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Avergg8td.Dev
-151.0 | 133.1| 126.9 145.1 108.0 94.9 141.1 | 156.7 | 129.4 | 138.0 | 168.8 134.2 21.6
-133.4 | 1079 | 110.9 135.1 1175 83.0 139.3 | 136.6 | 132.1 | 126.1 | 179.1 126.8 25.2
-113.4 | 79.2 106.0 94.5 115.3 97.6 120.3 | 133.0 | 1115 | 101.2 | 159.2 111.8 22.3
-93.2 95.4 96.7 114.8 102.9 98.0 125.1 | 1234 | 113.7 | 101.6 | 147.8 111.9 16.6
-71.4 83.2 35.3 116.0 105.7 89.5 108.9 | 129.6 98.8 117.7 | 1443 102.9 29.8
-48.2 67.7 90.4 84.6 82.9 87.6 115.8 | 108.2 71.3 94.2 109.9 91.3 16.1
-23.6 82.3 85.4 93.7 93.9 55.5 90.1 103.4 86.3 84.9 84.2 86.0 12.4
0.6 83.0 47.4 74.1 71.2 64.6 94.1 89.5 78.6 110.6 65.7 77.9 17.7
25.1 62.3 58.6 65.6 67.6 56.8 80.8 81.5 62.9 87.4 71.8 69.5 10.5
49.9 69.7 59.3 60.7 61.6 51.9 71.9 80.4 76.7 95.0 71.1 69.8 12.4
75.1 56.9 39.9 48.9 47.6 445 41.2 43.3 71.7 84.0 63.7 54.2 14.7
100.6 27.9 48.0 23.5 45.7 27.2 56.5 50.2 60.9 46.7 60.9 44.7 13.9
1259 | 39.9 36.5 40.0 40.1 38.0 34.1 55.4 53.9 63.2 43.8 44.5 9.6
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Table E.8 - Ss for [110] p-type silicon with temperature (Unit™ N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0| 121.6 66.3 135.9 122.9 121.6 1444 | 173.2 | 111.3 | 113.8 | 202.3 131.3 36.8
-133.4| 1135 114.7 128.6 115.8 110.1 132.2 | 146.2 | 110.0 | 114.3 | 158.7 124.4 16.8
-113.4| 90.0 1114 121.8 123.2 112.2 | 119.6 | 154.3 | 105.7 | 128.4 | 168.0 123.5 22.8
-93.2 | 106.4 118.4 119.6 141.4 106.4 133.0 | 138.5 | 106.5 | 116.9 | 140.2 122.7 14.4
-71.4 91.2 76.9 1184 98.6 95.8 110.1 | 139.1 | 109.7 | 99.0 | 141.7 108.0 20.5
-48.2 83.6 75.8 103.4 95.1 104.4 117.2 | 106.9 | 101.0 | 89.4 128.4 100.5 15.5
-23.6 78.7 34.1 85.3 87.0 85.9 93.2 80.0 76.2 76.7 98.3 79.5 17.5
0.6 73.7 73.0 93.3 85.6 96.8 101.2 | 99.1 77.9 85.2 | 103.9 89.0 115
25.1 70.0 65.8 69.7 62.6 52.9 72.8 93.6 84.8 85.7 66.9 72.5 12.2
49.9 72.0 53.1 63.0 54.9 61.1 64.8 69.5 78.0 75.2 52.2 64.4 9.2
75.1 46.5 38.1 66.9 43.0 47.3 54.7 66.2 61.3 79.1 52.2 55.5 12.7
100.6 | 48.8 51.5 30.4 29.0 38.5 44.9 63.1 74.5 39.4 49.0 46.9 14.0
125.9 459 41.5 39.8 45.9 34.2 51.7 33.3 44.9 53.0 41.6 43.2 6.5
e N-type: [100] direction
Table E.9 — §for [100] n-type silicon with temperature (Unit: i
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | -4550 | -4648 -4120 -4547 -4232 | -4318 | -4367 | -4735 | -4262 | -4050 -4383 228.7
-133.4 | -4312 | -4758 -3970 -4104 -3923 | -3937 | -4223 | -4582 | -3947 | -3953 | -4171 297.2
-113.4 | -4105 | -4229 -3851 -3922 -3697 | -3668 | -3804 | -4319 | -3753 | -3788 -3914 227.4
-93.2 | -3846 | -4088 -3634 -3644 -3303 | -3516 | -3857 | -4171 | -3623 | -3579 | -3726 264.8
-71.4 | -3583 | -3717 -3332 -3438 -3200 | -3327 | -3613 | -3949 | -3451 | -3322 | -3493 224.6
-48.2 | -3128 | -3542 -3061 -3255 -3000 | -3194 | -3561 | -3691 | -3232 | -3279 -3294 229.6
-23.6 | -2766 | -3256 -2899 -3101 -2874 | -3091 | -3291 | -3322 | -2937 | -3006 | -3054 190.8
0.6 -2626 | -2896 -2825 -2903 -2697 | -2928 | -2987 | -3130 | -2809 | -2756 -2856 146.3
25.1 -2399| -2600 -2717 -2723 -2433 | -2606 | -2716 | -2642 | -2734 | -2647 | -2622 119.2
49.9 -2201| -2570 -2552 -2540 -2270 | -2502 | -2455 | -2518 | -2518 | -2432 -2456 124.4
75.1 -2094 | -2327 -2356 -2362 -2121 | -2315 | -2331 | -2414 | -2342 | -2326 -2299 104.8
100.6 | -1858 | -2241 -2039 -2060 -1823 | -2124 | -1991 | -2244 | -2163 | -2128 | -2067 144.4
1259 | -1671 | -1920 -1826 -1857 -1690 | -1874 | -1840 | -2006 | -1955 | -1939 -1858 108.8
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Table E.10 — & for [100] n-type silicon with temperature (Unit™*N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | 2337 | 2716 2157 2540 2270 2391 2606 2865 2384 2162 2443 234.9
-133.4 | 2323 | 2625 2087 2264 2108 2215 2512 2782 2161 2248 2333 232.3
-113.4 | 2222 | 2512 1973 2209 1957 2057 | 2334 | 2581 | 2105 | 2153 2210 2114
-93.2 2035 | 2478 1937 2108 1814 1972 2214 2352 2069 2046 2103 197.8
-71.4 1911 | 2214 1873 2030 1805 1857 | 2236 | 2173 | 1978 | 1929 2001 156.5
-48.2 1701 | 2092 1690 1936 1675 1805 2082 2061 1917 1907 1887 163.0
-23.6 1442 | 1927 1592 1821 1607 1758 | 1782 | 1911 | 1733 | 1750 1732 149.4
0.6 1364 | 1577 1510 1682 1466 1708 | 1657 | 1780 | 1636 | 1615 1600 123.8
25.1 1310 | 1455 1485 1474 1310 1434 1671 1623 1512 1504 1478 115.1
49.9 1198 | 1403 1298 1289 1208 1345 | 1437 | 1503 | 1323 | 1456 1346 102.9
75.1 1152 | 1353 1284 1196 1146 1264 1248 1406 1250 1285 1258 81.8
100.6 1035| 1281 1163 1077 1040 1226 | 1130 | 1273 | 1154 | 1212 1159 89.6
125.9 912 | 1058 1027 1071 894 1034 1032 1147 1040 1107 1032 77.8

Table E.11 — & for [100] n-type silicon with temperature (Unit™*N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | -1103 | -1162 -936 -1069 -1187 -980 -851 -1008 -856 -783 -993 137.8
-133.4 | -958 -804 -935 -924 -1022 -933 -973 -1092 | -775 -881 -930 94.0
-113.4 | -862 -814 -898 -867 -825 -944 -878 -923 -886 -879 -878 39.6
-93.2 -878 -887 -765 -833 -781 -925 -849 -732 -745 -832 -822 64.8
-71.4 | -784 -725 -748 -782 -826 -767 -835 =777 -726 -788 -776 36.7
-48.2 -673 -740 -676 -699 -669 -714 -739 -692 -743 -678 -702 29.7
-23.6 -646 -689 -641 -663 -636 -664 -660 -690 -669 -708 -667 23.1
0.6 -634 -641 -612 -628 -606 -617 -655 -655 -611 -609 -627 18.8
25.1 -531 -582 -547 -592 -527 -614 -620 -591 -629 -550 -578 37.3
49.9 -487 -512 -534 -513 -513 -569 -538 -525 -561 -541 -529 24.6
75.1 -489 -513 -426 -454 -491 -490 -506 -468 -446 -440 -472 29.7
100.6 | -417 -468 -422 -435 -448 -463 -462 -416 -430 -416 -438 20.8
1259 | -402 -435 -396 -358 -383 -412 -388 -366 -368 -370 -388 23.8
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Table E.12 — $s for [100] n-type silicon with temperature (Unit™ N
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0| -1290 -964 -1039 -913 -943 -1006 | -949 -930 -794 -925 -975 127.9
-133.4| -1148 | -1036 -810 -965 -927 -859 -733 -870 -924 -732 -900 130.2
-113.4| -923 -1044 -728 -963 -951 -882 =773 -853 -683 -768 -857 116.3
-93.2 -889 -827 -810 -845 -829 -820 -817 -893 -732 -749 -821 51.5
-714 | -829 -971 -810 -729 -746 -840 -787 -837 -741 -659 -795 84.5
-48.2 -761 -696 -698 -666 -726 -671 -734 -766 -645 -714 -707 40.3
-236 | -674 -660 -690 -641 -663 -633 -716 -682 -633 -674 -667 26.5
0.6 -579 -630 -623 -626 -647 -655 -599 -637 -649 -617 -626 23.5
25.1 -535 -588 -525 -514 -579 -631 -597 -617 -565 -543 -569 39.6
49.9 -516 -543 -473 -531 -496 -555 -519 -555 -509 -502 -520 26.6
75.1 -467 -508 -456 -444 -477 -521 -490 -505 -464 -506 -484 25.9
100.6 | -437 -462 -368 -389 -420 -450 -413 -471 -402 -428 -424 32.3
1259 | -385 -468 -388 -376 -377 -441 -323 -444 -398 -404 -401 41.8
e N-type: [110] direction
Table E.13 — &for [110] n-type silicon with temperature (Unit™N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | -1782 | -1726 | -1715 -1440 -1439 | -1696 | -1719 | -1457 | -1728 | -1530 -1623 138.8
-133.4 | -1620 | -1770 | -1599 -1367 -1391 | -1522 | -1603 | -1403 | -1613 | -1467 | -1536 128.4
-113.4 | -1422 | -1568 | -1474 -1335 -1338 | -1432 | -1473 | -1315 | -1493 | -1378 -1423 81.5
-93.2 -1375| -1439 | -1334 -1275 -1266 | -1323 | -1386 | -1249 | -1406 | -1312 | -1337 63.7
-71.4 -1234| -1432 | -1196 -1182 -1229 | -1269 | -1275 | -1190 | -1313 | -1240 | -1256 74.3
-48.2 -1173| -1343 | -1127 -1144 -1169 | -1215 | -1112 | -1126 | -1236 | -1203 -1185 69.2
-23.6 -1114| -1197 | -1095 -1088 -1110 | -1084 | -1076 | -1090 | -1158 | -1158 | -1117 40.3
0.6 -1033| -1093 | -1019 -1042 -1048 | -1033 | -1012 | -1019 | -1150 | -1079 -1053 43.0
25.1 -941 | -965 -952 -957 -981 -977 -946 -969 | -1035 | -1004 -973 28.8
49.9 -875 -910 -878 -904 -891 -876 -863 -915 -969 -952 -903 34.6
75.1 -771 -835 -744 -826 -7174 -801 -771 -842 -813 -864 -804 38.5
100.6 -728 | -746 -699 -759 -720 -737 -702 -776 -768 -800 -744 32.7
125.9 -618 | -691 -583 -645 -634 -646 -618 -684 -679 -664 -646 34.2
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Table E.14 — & for [110] n-type silicon with temperature (Unit™*N

T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1 Avergg8td.Dev
-151.0| -1157 | -1079 -1007 -827 -859 -928 -1023 | -916 -1068 | -968 -983 103.4
-133.4| -1005 | -1129 -861 -789 -833 -865 -943 -882 -972 -901 -918 98.5
-113.4| -840 -879 -885 -745 -808 -890 -836 -813 -922 -867 -849 51.3
-93.2 -844 -836 -830 -717 -780 -818 -812 -775 -886 -805 -810 45.8
-714 | -727 -854 -682 -668 -736 =777 -743 -703 -718 -755 -736 52.8
-48.2 -704 -778 -670 -689 -706 -721 -639 -681 -678 -720 -699 37.3
-23.6 | -705 -708 -636 -654 -683 -627 -652 -647 -649 -683 -664 28.5
0.6 -660 -671 -608 -619 -628 -612 -619 -593 -653 -652 -632 25.9
25.1 -559 -572 -580 -583 -587 -583 -563 -568 -586 -587 -577 10.4
49.9 -501 -533 -529 -539 -514 -517 -502 -525 -528 -542 -523 14.2
75.1 -451 -479 -424 -501 -444 -469 -450 -481 -443 -495 -464 25.0
100.6 | -417 -433 -402 -410 -421 -432 -424 -418 -416 -446 -422 125
1259 | -345 -391 -337 -333 -349 -358 -334 -378 -369 -364 -356 19.6
Table E.15 — & for [110] n-type silicon with temperature (Unit™*N
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | -1705 | -1227 -1258 -1059 -1044 | -1644 | -1243 | -1310 | -1423 | -1304 -1322 217.8
-133.4| -1551 | -1121 -1244 -1091 -1014 | -1401 | -1360 | -1256 | -1366 | -1261 | -1267 161.3
-113.4 | -1357 | -1093 -1186 -992 -886 -1254 | -1222 | -1224 | -1089 | -1117 -1142 136.5
-93.2 | -1290 | -1251 -934 -1008 -850 -1118 | -1137 | -1140 | -1170 | -979 -1088 141.1
-71.4 | -1085 | -1135 -928 -932 -863 -931 -900 -958 -934 -955 -962 83.3
-48.2 -945 -1018 -875 -910 -847 -1124 | -874 -883 -966 -973 -941 83.7
-23.6 -962 -1011 -853 -811 -831 -848 -816 -753 -846 -848 -858 74.7
0.6 -859 -764 -790 -730 -778 -881 -791 -722 -725 -784 -782 53.4
25.1 -716 -719 -724 -759 =712 -692 -708 -711 -703 =737 -718 18.9
49.9 -699 -740 -709 -727 -713 -666 -715 -691 -671 -679 -701 24.2
75.1 -585 -624 -615 -600 -635 -616 -586 -717 -685 -638 -630 42.2
100.6 | -518 -593 -578 -579 -609 -568 -539 -638 -632 -637 -589 41.2
1259 | -514 -533 -534 -485 -583 -453 -445 -586 -541 -536 -521 48.1
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Table E.16 — $s for [110] n-type silicon with temperature (Unit™ N
T (°C) #1 #2 #3 #4 #5 #6 #7 #8 #9 #1( Avergg8td.Dev
-151.0 | -1318 | -1491 -1399 -1173 -1197 | -1206 | -1432 | -1164 | -1309 | -1155 -1284 123.3

-133.4 | -1156 | -1450 | -1332 -930 -933 -1223 | -1223 | -1188 | -1140 | -1082 | -1166 160.9
-113.4| -1122 | -1310 | -1242 -956 -978 -1171 | -1026 | -1122 | -1238 | -1170 | -1134 117.4
-93.2 | -986 -1003 | -1137 -935 -876 -1263 | -967 | -1198 | -1069 | -1080 | -1051 121.5
-71.4 | -1128 | -940 -992 -919 -923 -1161 | -932 -999 | -1054 | -1064 | -1011 87.5
-48.2 | -901 -1038 -904 -869 -830 -900 -823 | -1024 | -903 -921 -911 71.0

-23.6 | -838 -886 -883 -872 -816 -909 -850 -860 -910 -909 -873 32.4

0.6 =772 -781 -852 -759 -808 =787 -799 -833 -833 -834 -806 31.3

25.1 -739 -776 -781 -698 -769 -782 =737 -809 -769 -799 -766 32.9
49.9 -620 -644 -674 -647 -664 =724 -706 -763 -718 -705 -686 44.0
75.1 -610 -641 -602 -649 -629 -598 -579 -704 -670 -653 -634 37.9
100.6 | -509 -581 -472 -594 -553 -518 -521 -634 -608 -611 -560 53.4
1259 | -472 -602 -465 -527 -447 -547 -479 -581 -567 -500 -519 53.9

Typical results of § Sy, Sus, and S5 for the (001) p-type and n-type silicon af@5

are shown in Figs.E.6 through Fig.E.13.

[100]: Spand Sg, at 25°C (p type)
3.0E-04
g-gggj S, = 1.219E-04x
v 15E04 RE=0.881E0L _—>
Dé égggg ] Sqp = -3.089E-05%
0.0E+00 Té : R? =9.763E-01
-5.0605 | - —_—
-1.0E-04
0.0 0.5 1.0 1.5 2.0 2.5
F(N)

Fig. E.6 - $ and S for [100] p-type silicon at Z& (Unit: N*%)
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[100]: S,s and S_45 at 25°C (p type)

1.E-04

LEO4 S, = 4.776E-05 >
=4. -0oX
8.E-05 45 5

x R? = 9.126E-01

¥ 6.E-05 /

N 4.E-05 -
2.E-05

0.E+00
0.0 0.5

2.0 25

Fig. E.7 - $sand Sys for [100] p-type silicon at Z& (Unit: N*Y)

[110]: Sy and Sy at 25°C (p type)

6.E-03

S, = 2.496E-03x
4.E03 R?=9.978E-01 o —
2.E-03

x
& O.E+00 ‘
< LE03
B3 | Si= 24208030~
GE03 R? = 9.998E-01 o—
0.0 0.5 1.0 15 2.0 25
F(N)

Fig. E.8 - $ and $ for [110] p-type silicon at Z& (Unit: N*%)

[110]: S,sand S_5 at 25°C (p type)

3E04
S, = 5.682E-05x
2E04 R? = 9.895E-01
@ 2E04
[
Q 1LE04
5.E-05 S s = 5.293E-05x
R? = 9.983E-01
0.E+00 ‘ ‘ ‘ |
0 1 2 3 4 5
F(N)

Fig. E.9 - $sand S;s for [110] p-type silicon at Z& (Unit: N*Y)
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[100]: Sqand Sy at 25°C (n type)
g'gggg Sy = 1.293E-03x ~
Loeo3 | R =9.966E01 L _—
o 0.0E+00 :
3 -LOE03
< -2.0E-:03

'2'85'82 | s, =-2.395E-03x

-4.UE 2 = ~=

= oR03 | _RF=9989E01

0.0 0.5 1.0 15 2.0
F(N)

Fig. E.10 - $and S, for [100] n-type silicon at 2& (Unit: N*%)

[100]: S,s and S_5 at 25°C (n type)
0.E+00 ;

2.E-04 .;\

e S, = -5.309E-04x
Q\f 4.E-04 R? = 9.930E-01
T-6.E04 -
<5 E-04

S 45 = -5.350E-04x

-1.E-03

R? = 9.964E-01
-1.E-03
0.0 05 10 15 2.0
F(N)

Fig. E.11 - $s and S5 for [100] n-type silicon at 2& (Unit: N'%)

[110]: Sp and Sq at 25°C (n type)
00E+00 .

S, = -5.722E-04x
R? = 9.996E-01

~50E-04
g
& 1OE03 TS =0 ea8E04X ~
2 — 4
ysE-o3 | RE=9.974E01
~20E-03
00 05 10 15 20 25
F(N)

Fig. E.12 - $and S for [110] n-type silicon at 2& (Unit: N
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[110]: Sgsand S_gs at 25°C (n type)
0.0E+00 \ ‘ ‘
-2.0E-04 N _
-4.0E-04 S,5 = -7.190E-04x
X 6 0E-04 = 9.963E.:01
8.0E-04
::II gEigg - S.45 =-7.759E-04x
—1 .4E-03 R? = 9.998E-01
0.0 0.5 1.0 15 20
F(N)

Fig. E.13 - $s and Sis for [110] n-type silicon at 2& (Unit: N*%)
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APPENDIX F
THE EFFECTS OF ERRORS ASSOCIATED WITH INITIAL RESIBANCE ON THE

DETERMINATION OF PI-COEFFICIENTS

The correct calibration of initial resistance isse&#tial for the accurate
determination of pi-coefficients. The incorrecttisd values of resistance occur from
uneven expansions and contractions during therxpédresion of the various materials
which expand and contract at different rates ank Hdifferent elastic moduli. Under
heating and cooling of such assemblies of matetila¢scoefficient of thermal expansion
mismatches lead to thermal stresses.

Figure F.1. is presented in order to help withuhderstanding of the effects of the

incorrect initial resistance, as shown below.

o=0 o Ow Ty t+Op

Fig. F.1 - Resistance at various stress levels

In Fig. F.1,0ndenotes the stress induced by any warpage, for @ramesulting
from the mismatch in the coefficients of expansadrthe various packaging materials,

andopdenotes the stress that we want to apply on th@lsamespectively. In Fig. F.1,
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the linear relationship between the resistance stnelss is established because the
piezoresistive effect has been observed to berlinetae applied stress. Through the use

AR . .
of 3 =110, the resistance equation becomes:

e FromAtoP

Eq. (F.1
R, TOp g. (F.1)
Hence
nzi& Eq. (F.2)
o, R,
e FromAtoP
Ro*Rw *Re) “(Ro*Rw) _ 1 (5 46, - 0,) Eq. (F.3)
(Ro +Ry)
Hence
1 :i(L) Eq. (F.4)
o, R,+Ry,
Dividing Eq. (F.2) by Eq. (F.4) yields
o R Eq. (F.5)
m R,+Ry
Then it leads to
= RotRuy Eq. (F.6)
R0

in which R,, is the resistance induced @y. The initial resistance value is shifted from

R, to R, +R,, duetotheinduced stressgs. If R,, <<R,, Eq. (F.6) becomes
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man Eq. (F.7)
However, asR,, becomes more comparable wWR}, the discrepancy between and
Tl is exacerbated.

In Figs. F.2 and F.3, the contour plotsoat andoz;in the single-sided silicon strip-
on-beam from thermal simulations (from 280to 25C) are presented. The colors of

contour represent the stress value.

NODAL SOLUTION
OCT 3 Z006
STEE=1 19:56:22
g =1
TIME=1
5% {AVE)
Ray¥s=0
oMy =1,.372
SMN =-T7.604
aMy =A1.341
=77.804 =46.727 =15, 851 15,026 45,903
-62.165 =-31.289 -. 412241 30. 464 61.341

Fig. F.2 - Thermal simulation af;; for [100] strip-on-beam
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NODAL SOLUTION

ocT 3 2006
STEP=1 20:00:03
sUB =1

3Y (AVG]

SMN =-58.747
SME =44.85%3

=58.747 35.725 =12.702 10.32 33.342

=47.236 =24.214 =1.191 21.831 44,853

Fig. F.3 - Thermal simulation af, for [100] strip-on-beam

Similarly, contour plots of51; and 0, in the [100] double-sided silicon strip-on-
beam from thermal simulations (from £&0to 25C) are presented as shown in Figs. F.4

and F.5.
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NODAL SOLUTION

sTHE=1
sUB =1
TIME=1
85X TAVE)
R3YE=0

DMy =1.365
SN =-84.925
gMe =52.482

-84.525

-68.546

-52.168

=35.789

-19.411
3 =3.032

s

13.346
>0

£3.

2

AN

oCT 3 2006

46.103

20:12:59

62.482

Fig. F.4 - Thermal simulation @fy; for [110] strip-on-beam

NODAL SCLUTICN

STEP=1
sus =1
TIME=1
L 4 [AVE)
R3Y&=0
oMX =1.365
SMN =-44.000
aMx =34.637

AN

aocT 3 2006

20:13:51

L EEEEEE ——
-44.09% -26.602 -5.106 B.391 25.886
=35.351 =12 . 834 -. 35709 24,837

Fig. F.5 - Thermal simulation af, for [110] strip-on-beam
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In addition, thermal simulations of z-directionédglacement are performed from 260

to 25°C as shown in Figs. F.6 and F.7.

AN

OCT 6 2006
STER=1 14:489:05
SUB =1
TIME=1
Uz
REYE=0
oM =1,
SMN =-.
gMX =1.

NODAL SOLUTION

-.00207 - 3202852 ~e0TTTIS -212658 1.218
.150391 455214 - 760237 1.065 M )

Fig. F.6 - Thermal simulation of z-displacement[fi®0] strip-on-beam
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NODAL BOLUTION

N O0T & 2006
SURF=1 14:30:32
aus =1
TINE=1

BMN =-.0017Z3
BMxX =1.363

—— |
-. 001723 101457 LBDEEIE .BO781% 1.211
ML L451046 156225 1.059 1,362

Fig. F.7 - Thermal simulation of z-displacement[fbit0] strip-on-beam

For both [100] and [110] strip-on-beam structutbg, maximum change in z-directional
displacement occurs at the central part. The maxingisplacement of simulation is

about 1.36~1.37 mm for both cases. The simulagsnlt for the maximum change in z-
directional displacement is in good agreement withexperimental result (about 1.3~1.5
mm) as shown in Fig. F.8. It can be seen thatglesisided silicon strip-on-beam sample
was significantly warped after cooling from thegsambly temperature, resulting from

the mismatch in the coefficients of expansion eftharious packaging materials.
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Fig. F.8 - The obvious warp of a single-sided sifistrip-on-beam sample after cooling
from 150C to room temperature

From thermal simulations, the in-plane stresseseasor location in [100] and [110]

silicon strip-on-beam samples are displayed in @abl.1 and F.2, respectively.

Table F.1 - In-plane stresses at sensor location in
[100] silicon strip-on-beam (Unit: MPa)
011 O2o O12
57.63 44.85 -1.00E-08

Table F.2 - In-plane stresses at sensor location in
[110] silicon strip-on-beam (Unit: MPa)
O O22 O12
60.31 34.64 3.81E-09

Pi-coefficients reflecting the average valuet®specimens, as discussed in

Chapter 9, are shown in Table F.3

Table F.3 911 Ty, andryy of (001) p- and n-type silicon at %5
(Unit: TPa')
Type Thy T Tug
p 294 -6.2 898
n -691 390 -73.9
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The normalized change in resistance induced bynthlestresses, arising from the
assembly operations, can be calculated by substitof the values in Tables F.1 through
F.3 into the equations below:

e With respect to the unprimed axes

—=[m,0,, +T,(0,, + 04,)]COS°Q+[T,,0,, + T, (0, +045)Isin’@

R
Eq. (F.8)
+T0,,0,, SiNp+[a, AT +a,AT? +...]
For p- and n-type sensors,
AR, _
R UPL PP FPIC PP
0
=1.42x107° for p - type sensors Eqg. (F.9)
= -2.23x107% for n - type sensors
AR 90 —
R T1561; ¥ T30 5
90
=9.61x107* for p - type sensors Eq. (F.10)
=-8.52x107° for n - type sensors
AR m,, +T
R L= (= 5 l2)((511'|'(522)
45
=1.19 x107® for p - type sensors Eg. (F.11)
= -1.54 x10° for n - type sensors
AR _ T, 7
R 2= (—H 5 12)((511-*'022)
-45
=1.19 x107° for p - type sensors Eq. (F.12)

= -1.54 x107 for n - type sensors
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With respect to the primed axes

AR _[ +T, F T, ) T, — T, )
R (Tﬁl i 44j0n+(nn s 44j022}00§(p

_'{ T[11+T[1§_T[44 jolll +(T[11+T[1§+T[44 jG'gg}sinZ(P

+ 1,045+ (Th, - T[12)0-'12 Sin2p+ H AT + @ AT +..]

For p- and n-type sensors,

AR, Ty T F gy, Ty Ty Mgy
= G, T (4]
R, ( 5 )0, +( 5 ) G 2

=1.26 X107 for p - type sensors
=-1.52x107% for n - type sensors

ARy, _(7I11+Tt12 _7[44) ' +(7T11+7T12 +7[44) '
= 011 0y
Rgo 2 2

=-1.04x10 for p-typesensors

=-1.33x107 for n-type sensors

AR T, +T . .
R4:5 =( - 5 12) (04, +0)

=1.10x10° for p - type sensors

=-1.43x107? for n-type sensors

AR T, t+7 ‘ ‘
R4:5=( 112 12)((511"'(522)

=1.10x10 for p- type sensors
=-1.43x107? for n-type sensors
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For p-type sensors, the normalized % changes tialinésistance for [100] and [110]
silicon strip-on-beam compared with the correspogdiilicon strip are summarized in

Tables F.4 and F.5.

Table F.4 - Typical results of % change in initesistance of [100]
p-type silicon at 2%C

Direction Strip Single-sided strip-on-beam % change % change
(Unit:kohm) (Unit: kohm) (Experimental)]  (Analytic)

¢0=0 22.351 22.387 0.16 0.14
®=90 22.305 22.322 0.08 0.10
@=+45 22.325 22.332 0.03 0.12
¢p=-45 22.312 22.334 0.10 0.12

Table F.5 - Typical results of % change in initesistance of [110]
p-type silicon at 2%C

Direction Strip Single-sided strip—on—beanh % change % change
(Unit:kohm) (Unit: kohm) (Experimental)]  (Analytic)

¢0=0 23.051 23.396 1.49 1.26
®=90 22.946 22.651 -1.29 -1.04
Q= +45 23.084 23.098 0.06 0.11
¢p=-45 23.022 23.084 0.27 0.11

As shown in Table F.4, the normalized % changaitial resistance for [100] p-type
sensors is negligible because all the related efficeents 1,, 1,, and 1y for p-type
silicon are very small. For the same reason, tBe tl@o rows in Table F.5 show the

small % changes in initial resistance.
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Similarly, for n-type sensors, the normalized %raes in initial resistance for [100]
and [110] silicon strip-on-beam compared with th@responding silicon strip are

summarized in Tables F.6 and F.7.

Table F.6 - Typical results of % change in initesistance of [100]
n-type silicon at 2%C

Direction Strip Single-sided strip-on-beam % change % change
(Unit:kohm) (Unit: kohm) (Experimental)]  (Analytic)

¢0=0 13.265 12.898 -2.77 -2.23
®=90 13.351 13.135 -1.62 -0.85
Q= +45 13.442 13.152 -2.16 -1.54
¢p=-45 13.368 13.138 -1.72 -1.54

Table F.7 - Typical results of % change in initesistance of [110]
n-type silicon at 2%C
Direction Strip Single-sided strip-on-beam % change % change
(Unit:kohm) (Unit: kohm) (Experimental)l  (Analytic)
¢0=0 13.110 12.968 -1.08 -1.52
®=90 12.883 12.663 -1.71 -1.33
Q= +45 12.978 12.573 -3.12 -1.43
¢p=-45 13.345 13.184 -1.21 -1.43

Compared with p-type sensors, the normalized % gdsim initial resistance for n-
type sensors are relatively large because of ttge lpi-coefficients. It is observed that
analytic results are in good agreement with expembal results for both p- and n-type
sensors. In order to resolve the problems concegrthie initial resistance, we use the

double-sided silicon strip-on-beam samples.
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APPENDIX G
THE COMPARISONS OF PI-COEFFICIENTS BETWEEN STRIPS AND DOUBLE-

SIDED SILICON STRIP-ON-BEAM SAMPLES

Typical results of pi-coefficients, which reflect the average values of 10 specimens,
are presented in Chapter 9. For comparison purpose, stress test strips are calibrated and
characterized. As discussed in Chapter 4, a rectangular strip containing arow of chipsis
cut from awafer and is loaded in a four-point bending fixture to generate uniaxia stress
state. Hence the variation of the resistance of sensors with applied uniaxial stress has
been measured. Through the use of four-point bending test, we may determine all pi-
coefficients and the values will be compared with those from double-sided silicon strip-
on-beam samples. As discussed in Chapter 4, the induced uniaxial stressis given by

- 3F(L-D)

on? Eg. (G.1)

where F = 1IN, (L-D) = 2.4 x 10° m and the dimensions of the (001) silicon strips are

shownin Table G.1.

Table G.1 - Dimensions of the (001) silicon strips (Unit: mil)
(001) silicon:[100] (001) silicon: [110]
Length (1) 3400 3400
Width (b) 226 160
Thickness (h) 20 20

Note that the dimensions of composite materials of strip-on-beam samples are presented

in Tables 9.5 and 9.6.
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Fig. G.1 - Typica stress sensitivity of p-type resistors on the [100] silicon strip (Ro)
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Fig. G.2 - Typica stress sensitivity of p-type resistors on the [100] silicon strip (Ryo)
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Fig. G.3 - Typica stress sensitivity of p-type resistors on the [100] silicon strip (Ras)
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Fig. G.4 - Typica stress sensitivity of p-type resistors on the[100] silicon strip (R.45)
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Fig. G.5 - Typica stress sensitivity of p-type resistors on the [110] silicon strip (Ro)
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Fig. G.6 - Typical stress sensitivity of p-type resistors on the [110] silicon strip (Roo)
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Fig. G.7 - Typica stress sensitivity of p-type resistors on the [110] silicon strip (Ras)

AR _45/R 45

1.6E-04
1.4E-04
1.2E-04
1.0E-04
8.0E05
6.0E05
4.0E-05
2.0E-05
0.0E+00

AR-45/R 45

4 6 8
Stress (M Pa)

o
N

Fig. G.8 - Typical stress sensitivity of p-type resistors on the [110] silicon strip (R.s)
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Fig. G.9 - Typica stress sensitivity of n-type resistors on the [100] silicon strip (Ro)
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Fig. G.10 - Typica stress sensitivity of n-type resistors on the [100] silicon strip (Reo)
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Fig. G.11- Typical stress sensitivity of n-type resistors on the [100] silicon strip (Ras)
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Fig. G.12- Typica stress sensitivity of n-type resistors on the [100] silicon strip (R.45)
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Fig. G.13- Typical stress sensitivity of n-type resistors on the [110] silicon strip (Ro)
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Fig. G.14- Typicd stress sengitivity of n-type resistors on the [110] silicon strip (Roo)
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Fig. G.15- Typical stress sensitivity of n-type resistors on the[110] silicon strip (Ras)
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Fig. G.16- Typical stress sensitivity of n-type resistors on the [110] silicon strip (R.4s5)
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The comparisons of pi-coefficients between stress test strips and double-sided silicon
strip-on-beam are summarized in Tables G.2 through G.5. It may be noted that 5 samples
are reflected in the values of strip. Both have an agreement in sign for al pi-coefficients.
For p-type silicon, large spreads in magnitude are observed for 1, and Tr, (and then
Tl ) because the coefficients are small. For n-type silicon, the smallest pi-coefficient 11,
shows a relatively large spreads in values. On the other hand, the large pi-coefficients

m,, Ty,,and T areclosefor both cases.

o [100]

Table G.2 - Comparisons of pi-coefficients for p-type [100] silicon
(Unit: TPaY)
p-type Thy T 15 (0,90) | 1% (+45, -45)
strip 36.1 -7.9 28.2 30.2
strip-on-beam 294 -6.2 23.2 204

Table G.3 - Comparisons of pi-coefficients for n-type [100] silicon
(Unit: TPaY)
n-type Ty Tho 15(0,90) | T (+45, -45)
strip -673 361 -312 -324
strip-on-beam -691 390 -301 -302
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[110]

Table G.4 - Comparisons of pi-coefficients for p-type [110] silicon

(Unit: TPa?Y)
p-type Tl 1% (0, 90) TG (+45, -45)
strip 965 26.6 27.3
strip-on-beam 898 12.2 26.6

Table G.5 - Comparisons of pi-coefficients for n-type [110] silicon

(Unit: TPa?Y)
n-type Tl 1% (0, 90) Tl (+45, -45)
strip -105 -295 -302
strip-on-beam -73.9 -290 =277
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APPENDIX H
DETERMINATION OF THE STIFFNESS COEFFICIENT MATRIX®R THE

UNPRIMED/PRIMED COORDINATE SYSTEM

In Chapter 6, the transformation relations for teduced index stress and strain

components were discussed as repeated below:

o, =[Tyul 7o, Eq. (G.1)
g, =[Tysle, Eq. (G.2)
Inverting Eq. (G.2) leads to
e =[T'] " Eg. (G.3)
Through the use ok; =S5,
g =[T']"[Slo Eqg. (G.4)

Finally, substitution of Eq. (G.1) into Eq. (G.4ields the relations between stress and

strain in a rotated primed coordinate system devial:

e =[T'1YS]T] "o Eq. (G.5)
If an unprimed coordinate system is assumi@d]™ and [T]™ in Eq. (G.5) simplify to
unit matrices.

[S1=[T77sIm™ Eq. (G.6)
By [S]=[C]", Eq. (G.6) becomes

[C1" =[TTsSITT Eg. (G.7)

Inverting Eq. (G.7) gives
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[CT=[TICIT" ] Eq. (G.8)

Many calculations may be solved with matrix algebra

e With respect to the unprimed coordinate system

¢, ¢, Cp, 00O
c,C; ¢, 00O
¢, C, ¢, O OO
le,p]=| T2 "2 Eq. (G.9)
0 0 0cy,00DO0
0 0 0 0c,yO
|0 0 0 0 0cy|
e With respect to the primed coordinate system
Cll+012 +C44 Cll+012 C44 qz 0 0 0
2 2
C,+C cC,+C
112 12 C44 112 12 +C44 qz 0 0 0
[CI]: G, Cp, Ch 0 0 0
0 0 0 Cu 0 0
0 0 0 0 Cu 0
0 0 0 0 0 Cu-Cp
L 2 ]
Eq. (G.10)

where G1=165.7 GPa, G=63.9 GPa, and £~79.6GPa [90].
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APPENDIX |

THE PROFILES OF CARRIER CONCENTRATION VERSUS DEPTH IN SILICON

The profiles of carrier concentration vs. depth in silicon are provided using Spreading
Resistance Anaysis (SRA) as presented in the following figures. For the p- and n-type
samples prepared for this research, the impurity concentration at the wafer surface (No) is
2.0x10"/cm® and 4.0x10™/cm?, respectively. The metallurgical junction depth at which

the impurity profile intersects the background concentration is approximately 1.7 um for

p-type sensors and 1.2 um for n-type sensors.
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Fig. 1.1 - The profiles of carrier concentration vs. depth in n-type silicon (sample #1)
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Fig. 1.2 - The profiles of carrier concentration vs. depth in n-type silicon (sample #2)
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Fig. 1.3 - The profiles of carrier concentration vs. depth in p-type silicon (sample #1)
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