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Determination of unknown stress states in silicon wafers
using microlaser Raman spectroscopy
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(Received 5 September 1996; accepted for publication 4 June 1997

A new technique was developed to predict the unknown in-plane stress state and the magnitude of
the stress components {f11) silicon wafers using micro-Raman spectroscopy. The approach is
based on analyzing the combined signal from the initially degenerate peaks Bh¢hmode in

silicon as a function of the angle between the incident laser polarization and the polarization selected
from the scattered beam using an analyzer. The peak position of the combined signal when plotted
as a function of the angle was found to contain the information required to estimate the magnitude
of the individual stress components in the plane-stress condition. The development of this technique
is described in this paper fofl1l) silicon wafers. ©1997 American Institute of Physics.
[S0021-89797)09017-9

I. INTRODUCTION the Raman signal for a given mode is measured and used in

The Raman effect refers to the inelastic scattering ofhe callbra'.uon CUIVES. ,
incident monochromatic light due to its interaction with the S @n improvement, some researchers have isolated the
inherent atomic vibrations in a materfalhe scattering re- Nitially degenerate peaks and measured individual peak

sults in a frequency shift of the incident light, and a spectraIShiftsllby using specific polarization conditions. Anastassakis
analysis of the scattered light reveals peaks that are uniqueff &~ showed that it is sometimes possible to isolate the
dependent on the crystal geometry of the material bein@ﬁ't'a”y degenerate peaks in the scattered light for a given
probed. The peaks are referred to as Raman peaks and tR&/Stal orientation and loading condition by proper selection
difference between the frequency of the incident light, andf the incident laser polarization and the angle of the ana-
the frequency corresponding to the Raman peak is called tH¥zer with respect to the sample orientation. These authors
Raman frequenciexpressed in wave numbers by Conven_ShOWEd that uniaxial Ioading of a silicon cube along the
tion). In recent years, micro-Raman spectroscgRS) (100 or(111) directions causes the initially triply degenerate
(which is Raman spectroscopy used to probe an area of tiepg mode in silicon to split into a singlet and a doublet,
order of a few microns on the sample surfabas been used which can be observed independently by selecting the trans-
to measure surface stresses in crystalline solids by monitorerse and longitudinal polarizations in the scattered beam,
ing the modulation of Raman frequencies with externallyrespectively. They also demonstrated that both the singlet
applied load$. The inelastically scattered light from the and the doublet shift by different amounts with the applied
sample surface is usually comprised of multiple Raman frestress. This method has been used to determine uniaxial
guencies with varying levels of degeneracy for each vibrastresses and interfacial stresses in electronic components and
tional mode. layered structure§'?

The most common procedure used in MRS stress mea- The major limitation in attempting to isolate the peaks
surements is to assume a stress state, monitor the shift in thg selecting the polarization of the incident and scattered
Raman peals) with the magnitude of the applied stre&s  light is the need to know the stress state. In other words, the
strain), and generate a calibration curve of Raman peak poratios of all the stress components have to be known before-
sition against the magnitude of the applied stress. This inforhand, leaving only the magnitude of the stress tensor as un-
mation is then used to measure the magnitude of stress on tk@own. Even if this limitation is overcome, it may not be
same material in other loading situatichs” This technique  feasible to find the proper polarization conditions for all
has been used successfully in many systems: sificolay-  |oading conditions. For example, in shear loading of a silicon
ered semiconductorsgraphite-epoxy compositésaramid-  crystal in the(110 direction on the111) plane, the initially
epoxy composite$,and graphite-glass compositdsThe  riply degenerateF,, mode splits into three singlets with
major limitation of this technique is that the calibration curve gyerlapping peaks that cannot be isolated in the commonly
is very sensitive to the stress staeeg., tensile loading ver- ysed backscattered geometry under any polarization condi-
sus shear loadingand the lattice orientation of the crystal in tjon_ Alternatively, one can try to isolate the overlapping
the _scattlef)r volume. Furthermore, in many of the reportegheaks in the scattered light by mathematical analysis of the
studies}™* the loss of degeneracy and the individual shiftSRaman spectra. For successful separation of the overlapping
of degenerate modes are ignored; only an “overall” shift of heaks and reliable estimation of their positions through
mathematical analysis, the peaks have to be separated by at
dElectronic mail: schadl@rpi.edu least four-tenths of the full width at half-maximum
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(FWHM).22 This condition is not met for the typical stresses (2) The strains in the crystal reference frame are ob-
encountered in silicon wafers for tit&,; mode, and there- tained from the stresses in the crystal reference frame using
fore this option is not practical. linear elastic stress-strain relationships. In the standard con-
Recently, there have been attempts to extend the MR8acted notation, this relationship for cubic crystals is usually
technique with polarization selection rules to other materiakxpressed as
systems, such as SiC/Al compositéd\icalon/borosilicate
glass composite’s, and graphite/epoxy composit¥sSakata
et al!® studied theE,, mode in axial loading of graphite

fibers and reported two different slopes for the Raman peak Su S S 0 0 O

shift with applied stress when the incident beam was polar-| S, Sy S, 0 0 0 I

ized parallel and perpendicular to the loading direction, re-| €22 T22
spectively. It is not clear if they have managed to isolate the) €33 | _ Stz Sz Sy 000 033

two initially degenerate modes in this process or if the scat- 2623 0O O 0 Sy O O o3|
tered light in these measurements is still comprised of over{ 2€13 0 0 0O 0 S, O 013
lapping E;; mode peaks. \ 2€12) ¢ O 0 0 0 0 S o12) ¢

The goal of this investigation is to establish a procedure L 44 @

for using MRS to measure an unknown plane-stress state
(with all three stress components being completely un-

known) in silicon wafers of given crystallographic orienta- \ypere S11, Si,, andS,, represent the elastic compliance

tions. Silicon wafers were chosen for this study because thgarameters. The values of these parameters for silicon have
Raman effect in silicon is well characterized in the heen reportdd as S,,=7.68 X 10 (MPa) !

literature? The plane-stress state assumption is appropriatglz: —214 X 10-8(MPa) ™1, and S,=127
because the wafers under investigation are thin and the meg- 10-8(MPa) L.

surements are from the sample surface. Instead of trying to (3) Each vibrational modg is associated with a fre-
isolate the individual shifts of the initially degenerate peaksquencywj and an effective force constaKlf which is the

using the polarization selection rules, this study endeavors t@qcond derivative of the crystal potential energy with respect
measure and use the information from the overall shift in th§g the mode normal coordinates where

frequency of a given mode as a function of the relative angle
between the polarization of the incident and scattered light.
This information has been found to be adequate to predict a Koocm? (3)
completely unknown plane stress state in the wafer. The the-
oretical development of this technique is presented in this

paper for a(111) silicon wafer. in the absence of an externally imposed stress or strain on the
crystal.
Due to the anharmonic nature of atomic interactions, ap-
Il. BACKGROUND plying a stresgor strain) on the material changes the Raman

frequencies in the material. The change in force constants is

The theory behind the Raman effect and its modulatiorrepresented by a matrixAK] which can be shown to be
by external loads is described in many excellent reviewsymmetric> The size of this matrix is determined by the
papers!’ These papers also describe the computations redegeneracy of the mode. Therefore, for the triply degenerate
quired to predict the peak shifigncluding those that are F,y mode, thef AK] matrix is a 3<3 matrix. The relation-
initially degeneratgcaused by any applied stress, providedship between theAK] and the applied strain is assumed to
the material parameters are known. Furthermore, for anye linear and is usually expressed in a form similar to the
given polarization condition, it is possible to theoretically elastic stress-strain relation described in E):
predict the relative intensities of the different peaks in the
scattered light. The details of these computations that are
relevant to the development of our proposed technique are

summarized here. This discussion will pertain only to the. . - [Kiy Kz Ky 0 0 0] .
F2q mode in silicon. The various steps involved in these AKM Ky, Ky Kp 0 0 0 611
calculations are as follows: 22 Koo Koo K 0 0 0 22
(1) The applied stress in the laboratory reference framg AKgs _| 12 "1z Rl €33
[o]g is transformed to the crystal reference frapedc us- 2AKo3 0 0 0 Ky O Of] €23
ing coordinate transformation laws 2AK 5 0 0 0 0 Ky 0] €3
L28Kel g g 0 0 & ‘12 ¢
[o]c=[Qllo]e[Q], () - “o (4)

where[ Q] is the rotation matrix describing the transforma-
tion from the laboratory reference frame to the crystal referK;, K15, andK,, are referred to as phonon deformation
ence frame. potentials(PDPs, and for theF,; mode in silicon they are
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reported to have values of—1.43w2, —1.8%32, and
— 0.5%2, respectively.wg is the Raman frequency of the
F,4 mode in the unstressed condition and is repGrteche
520 cm ! (as shown in Fig. 1

(4) 1t can be showhthat the eigenvalues of tHe\K]
matrix are related to the Raman frequency shifts as

A=2wiAw, )

where\ denotes the eigenvalues of theK] matrix andAw
represent the shifts in Raman frequency caused by the ap-
plied load. The values of can be obtained by solving the 0 L A 1
characteristic equation fAK] as 510 520 530

de([AK]—A[I]) =0, (6) Wavenumbers (cm™!)

where[I] is a unit diagonal matrix. Note that there can be UPFiG. 1. A typical spectrum showing a silicon peak at around 520 wave
to three distinct values af which correspond to three dis- numbers<

tinct values ofAw. If all three values ofAw are distinct, then

the initially degenerat€,, mode has split into three singlets.

If two of the Aw values are equal, the mode has split into acombined signal and the peak positions and intensities of the
singlet and a doublet, and if they all have the same value theomponent peaks. Assuming that the individual peak shifts

60 " Silicon | '

Intenstiy (counts per second)

mode continues to be triply degenerate. are very small compared to the full width half-maximum
(5 The relative intensities of the individual peaks can(FWHM) of the signal, the “overall” peak shift of the com-
be computed from the relationship bined signal A w) can be shown to be the weighted average
|| eg- (Eeo)|2, @) gifti'glse(lirl)di\i/igual peak shiftsAw;) with their relative inten-
i), i.e.,
where|; is the intensity of the individual peale, is the 3
direction of polarization of the incident beam, aedis the Aw_=2 Awil; (10)
direction of polarization selected for the scattered bdai). =1 I

is the Raman_polarizabi_lity _tensor of &y mode in_tr_]_e where |+ represents the totalsum intensity of the three
stressed condition and is different for each of the |n|t|aIIyinitially degenerate peaks. Appendix A provides the math-
degenerate peakid]; is assumed to be a linear combination gmatical derivation of this result assuming that the peak
of the unstressed polarizability tensors in proportion to thepitts are small and that the intensity distribution of the peak
linear combination of the new eigenvectors in terms of the,g, pe represented by a Gaussian distriblfiol is seen
old eigenvectors. In other words, for thgg mode in silicon  f,om Egs.(7)—(9) that the individual peak intensitids and
[d]:=(ny)i[d]100% (N2)i[d]ozo+ (N2)i[ dloos, (8) j[he. total intensityl t are functions of the pom_r[zatlon of the
o ) incident and scattered beams, and therefaeis expected
where 1), (n2);, and (13);, are the directional cosines of 5 pe a function of the polarization condition. Furthermore,
theith eigenvector of th¢AK] matrix corresponding to the from Eq. (7) it is seen that the intensities are insensitive to

ith initially degenerate mode, afid]1qo, [d]oi0, @Md[d]oor  interchanginge, and e, because the Raman tensor is sym-
are the Raman tensors for the degenefatg mode in the  metric, i.e.,

unstressed condition. The Raman tensors fothemode in — —
the unstressed condition have been repdftad li|es- (deg)|*=|eo- (deg) . (11)

0 0 O 0 0 d 0do Therefore, there will be a redundancy in the information ob-
B B _ tained by changing botl, andeg independently. Due to the
d=| 0 0 did,=/0 0 0jdy=1d 0 0. inherent advantages with the typical MRS experimental
0 do d 00 0 0O

setup usedg, (polarization of the incident lightis fixed
9 with respect to the sample reference frame wiigpolar-
ization of the scattered bearns systematically varied. The
1. PREDICTION OF UNKNOWN PLANE-STRESS change inAw with respect toe; is explored here to deter-
STATES mine if the changes are characteristic of the stress state in the
The previous section described the theoretical computawafer. The angle betweesy, ande; (note that they are both
tions involved in predicting the peak positions and relativein the same plane for the backscattered geometry shown in
intensities of the initially degenerate,; peaks in Si wafers Fig. 2) is represented ag and is given by
in the stressed condition. For a general stress state and se- , = _1
lected polarizations of incident and scattered light, the spec- 6=cos "(€- ). (12
tra obtained are usually composed of multiple peaks with  In this study, silicon wafers with &111) surface were
different intensities. Because there may be up to three overnalyzed with thg110), (112, and(111) directions coin-
lapping peaks in the combined signal, it is useful to firstciding with the one, two, and three directions, respectively,
establish a relationship between the peak position of thisn the laboratory reference fran{€ig. 3). The direction of
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g -0.00115F

Remaining signal & ~ -0.0012
s g -0.00125 ¢

&
Analyzer E: 0.0013

©
Scattered 2 -0.00135 ¢
Signal 12 00014
From Sample <

0 30 60 90 120 150 180
Laser 0 (degrees)
Source Beam (a)
Splitter

=
& -0.0006]
=
~ -0.001
§ -0.0014]
2 +
& -0.0018]
-~ £ 3
FIG. 2. Schematic representation of the goemetry of incident and scattere ig -0'0022"
polarizations. Note that polarization of the incident beag) @nd polariza-
tion selected using the analyzeg,) are in the same plane for the backscat- 0 30 60 90 120 150 180
tered geometry, and the angle between them is denotéd as 0 (degrees)

(b)

polarization of the incident beameg) was fixed along the FiG. 4. The predicted\w/o vs 6 curves for uniaxial stress in th@11)
(110) direction (1-axis in laboratory reference framerhe silicon wafer.(a) Loading along the two directiorib) loading along the one
general plane stress state in (e 2, 3 frame is represented et
by
in terms of simpler stress states and understand the influence
of each of the stress components on #e vs 6 curve. As

[o]=| 012 022 Of. (13 ; ; -

the simplest case, consider a stress state whgpdas the
0 0 0 only nonzero stress component. For this loading condition,

The computations to determine the functional depenihe theory(described in Sec. Jipredicts that the three peak
dence ofAw on @ for all possible plane-stress states areShifts Aw; are linear witho,,, and that the intensitiels are
complex because of the need to find the eigenvectors of th@dependent ofr,,. Therefore Aw is also linear witho, .
secular determinarfEgs. (6) and (8)] with three variables. A Plot of Aw/a5, vs 6 predicted using the procedures out-

Therefore, it is convenient to break up the general stress staté@ed in Sec. Il is shown in Fig.@). A similar plot for the
case of uniaxial stress along the 1-akis; being the only

nonzero stress compongns shown in Fig. 4b). It will be
shown later that the exact shapes of these curves cannot be

o117 012 0

Crystal Reference Frame

100 001

010
€1
€2

Laboratory
Reference

/1_1: Frame

112

FIG. 3. The geometry of th€l1l) silicon wafers analyzed in this study.

Note the(110), (112), and (111 crystallographic directions have been
made to coincide with the 1, 2, and 3 directions in the sample referenc

frame.
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reproduced by any other stress states. Therefore once these
curves are established for the given wafer, they serve to iden-
tify the stress components in uniaxial stress states in the se-
lected wafer.

Next, consider a general biaxial stress state, whgre
and o5, are the only nonzero stress components. Zhevs
6 curve for the biaxial state are shown for a range of values
of o4, and o, in Figs. 5a) and §b). It is clear that the
curves retain their symmetrgwith respect to ad value of
90°) for all combinations ofr;; ando,,. Furthermore, each
combination ofoq; and o5, produces a distinct curve. In
other words, once calibration curves of the type shown in
Figs. 5a) and 8b) are established for all possible biaxial
stress states in the wafer, they can then be used to determine
the unknown biaxial stress components for any arbitrary ra-
tio of the biaxial stresses. This by itself, is a significant im-

Narayanan, Schadler, and Kalidindi
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o1 = 100 MPa Gy, (MPa)

-0.05 ; ; 0
'0.1 E 20
TE -0.15 ; 40
o 0.2 ; 60
lg -0.25 % 80
'0.3 1 100

035t
0 30 60 90 120 150 180
0 (degrees)
(@

Gy, = 100 MPa G611 (MPa)
, b 0
0.15 v 20

g ‘ ,
S 025t~ — | 60
Ig -0.3 \/ 80
035 \/_ 10

0O 30 60 90 120 150 180

0 (degrees)
(b)

FIG. 5. The variation of the overall peak position in #14.1) silicon wafer
subjected to a biaxial stress state} fixed o1, and varyingo,,, (b) fixed
o9 and varyingoq; .

stress causes a distinct asymmetry in the vs 6 curve
(about thef value of 90j. Note also that the position of the
overall peak at 0° and 90° is independent of the shear stress.
Thus, it is seen that changing the value ®f, and oq;
changes the scale and shape of the vs 6 curve while
maintaining its symmetry. In contrast, introducing a shear
stress changes the symmetry of the curve without changing
the values ofAw at 0° and 90°. It was also observed that
distinct curves are produced for each set of values of the
three stress components. Therefore, in principle, these curves
can be used to estimate all three components of the plane
stress state in the wafer.

Although, the curves presented in Figs. 5 and 6 indicate
that it is possible to determine the general plane stress state
from the Aw vs 6 curves, it is a very laborious process to
establish these curves for all possible valuesrof, o5,
and o, and then compare the actual measurements with
these calibration curves. Because there are three unknown
stress components, only three independent values from the
Aw vs 6 curve are required to determine the unknown
stresses. In the technique developed here, these three points
have been chosen to corresponddtaalues of 0°, 90°, and
60° and are denoted a’d\ @)y, (Aw)gy, and Aw)g, re-
spectively. The first two were chosen because they were ob-
served to be insensitive to shear strésg. 6). Therefore, it
should be possible to determiiag, and o,, from these two
values alone, independent of the shear streAs)g, was
chosen as the third point because e vs 6 curves in Fig.

5 indicated the highest sensitivity to shear at this point.

It is necessary to establish expressions for the depen-
dence of Aw)gy, (Aw)gy, and Aw)gy, 0N the three stress
componentsoy,, 05, and oq,. Because the values for
(Aw), and (Aw)gg were found to be independent of shear
from results shown in Fig. 5, a biaxial stress state was as-
sumed in deriving the expressions for these quantities. The

provement over currently employed MRS techniques be€Xpressions presented here Werezoobtaineq using the math-
cause none of the existing techniques are capable ¢matical analysis softwan@APLE®,™ and using the proce-
identifying more than one independent stress component in @ires outlined in Sec. Il. The expressions derived foo],

multiaxial stress state.

Finally, consider the general plane stress state described
in Eq. (13). Figure 6 shows the influence of the shear stress
o1, on the Aw vs @ relationship. It is clear that the shear

022=100 MPa
0
—1'/\ '0.1"
5 -021
13 -0.37
< -
-0.4 0y, = 100 MPa
0 30 60 90 120 150 180
0 (degrees)

FIG. 6. The variation of théw vs 6 curves with shear stress for fixed,.

J. Appl. Phys., Vol. 82, No. 5, 1 September 1997

and Aw)gy are

(K11S11+ 2K 15515 wg 5+7p+q
(Aw)o= 2 — 022 T
1+3p—
(K11S111+ 2K 15510 wg 1+5p—q
(Aw)go= 0722
2 3
+ou(1+p+q)|, (15
where
_ K11S12+ K1 S11t S10) (16
(K11S11+2K 1581
K 44544
q= ) (17)
(K11S11+ 2K 155;9)
Narayanan, Schadler, and Kalidindi 2599
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1857 (MPa)

-0.05 0
0.1 T 20
-0.15 T~ — 40
0.2 — 60
-0.257 -~ 80
0.3 1 _ : ) ——1100
0O 20 40 60 80 100
G611 (MPa)
(a)

Aw g (cm1)

Gll = 0 MPa
0057

-0.1
-0.15 1
-0.2
-025 1
-03 1

A® g (cm™})

01.1 = 100 MPa .

0 20 40 60 80 100
G99 (MPa)

(b)

FIG. 7. (a) Plots of (Aw), Vs o, for different values ofo,,. (b) Plots of
(Aw)g Vs o, for different values ofoy; .

2
e:% Y42 -2\2002~ - aB), (18)

a=1/3((3—6p—2q+3p?+ 1192+ 2pq)
XU%z_ZUzzUll(p‘*'q_l)(3p+q_3)

+302(p+q—1)»)*? (19
1
ﬂ:_ﬁ(p+q_1)(0'22_0'11), (20
1
= 142 (V188 6002~ a)*+ B2 (21

Because Egs(14) and (15) are equations in two un-
knowns, it is possible to determing;; ando,, in a general
plane stress state from just two measurememnsy)q and
(Aw)gg, provided all the material constants are known. If
the values of the material constarfétastic compliances and

0'22 = 100 MPa

A 60 (cm'l)

p 4
A 611 = 100 MPa
-0.8 1 1 1 1

0 20 40 60 80 100
Gy, (MPa)

FIG. 8. A typical plot of Aw)gg VS o1, for given values ofry; and o, .

Figs. 7@ and Tb) (at least in the range of stresses encoun-
tered in this study Because the slopes of the lines in each of
these plots do not appear to change with the stress values, it
can be inferred that the dependence afw), on o;; and

oy, is essentially linear. Therefore, the relationships for
(Aw), and (Aw)gg in terms ofoq; and oy, can be expressed
approximately as

(Am():aoll-% b0'22, (22)
(Aw)go=Coyy+doy,. (23)

The unknownsa, b, c, andd, can be established experi-
mentally by applying known stresses on the Si wafer in the
one and two directions.

Onceoq; ando,, are determined in a given Si wafer, the
value of o1, can be estimated from a measurement of
(A'w)go. Note that the value ofXw)gy depends on all three
stress components. A typical plot ak {)gg Vs o1, for given
values ofoq, and o,,, shown in Fig. 8, indicates that the
slope is independent of the values®f;. A similar plot of
(Aw)gg VS o1, for varying values ofo,, indicated that the
slope of the lines in Fig. 8 is also independenbgf. Since
the effects of the shear and normal components are found to
be independent for thé€l11) wafer, they can be decoupled
from each other. ThusNw)gg can be expressed as

(Ameozh_(gllﬂzz)"‘XUlz, (24

whereh is a function independent of shear stress grid a
constant independent of;; ando,,. The biaxial stress state
was used to determine the functibnin terms of o1, and

05, and a pure shear stress state was used to determine the
value of y. These expressions were found usingpLE®?°

and are summarized as:

PDPg are not known, the relqt|onsh|ps fo_rA@o and (K 13811+ 2K 158, wg 1-13p+5q
(Aw)go can be established experimentally. It is evident from  (Aw)go= 2 B sy E—
Eq. (15) that (Aw)ggis linear in bothoy; andoy,. Although

the analytical expression in Eql14) indicates a nonlinear 3+p+5q) O

dependence of Xw), on o;; and o5, plots of (Aw)y vs Tou T) + 5| X0, (29

o1, for different values otry, and plots of A w)q Vs o5, for
different values ofoy; are essentially linear as shown in

2600 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997

where

Narayanan, Schadler, and Kalidindi
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K11S1100p \/§ 1.001 ' ’ '
X:72q2(1+p+'u)2(P_Z\/EQM+4D_2C]2) 1.000 -uuugg:unuuuununnnnn-l
[ J
X[p+2(y2+B)a(p+1)-2\6au+2¢?], (26 S 0.999 e, '
p:pz_pM+M_1a (27) é 0.998 B * ° . 7
1-2p+p?+20? (29 & 0997 T T ]
=1— [ ]
pomepTRTA 0.9% | °J
andp, g, and© were defined in Eq916)—(18). Once the 0.995 . , ,
values ofo,, ando 4 are determined from Eq&l4) and(15) ) 0 50 100 150 200
[or equivalently from Eqs(22) and (23)], the value of the
shear stress component can be determined fron(Z5. Stress (MPa)

Itis alsp possible to establish the relathnshlp in &1p) FIG. 9. Plots showing the variation of the error ratio with the applied stress
from experiments. Plots of\w)eo VS 072, for given values of (M) represents the curve for a uniaxial stress.f where the component
o1 and 11 and plots of Aw)g VS 014 for given values of  peaks were assumed to be Gaussi#, represents the curve for a shear
o015 and o5, also indicated linear relationshigsimilar to  stress ¢4, assuming Gaussian peaks, ) represents the curve for the
those seen in Fig.)8lt is therefore reasonable to assume quniaxial stress where th_e component peaks were assumed to be Lorentzian.
linear relationship of § w)go With 011 and o, (in the func- (Note that the curves wittl) and () overlap)
tion h). (Aw)go can therefore be approximated to be linear
with all three stress components as tion was defined as the “error” ratio. A significant deviation
of the value of this error ratio from 1.0 would indicate that
(Aw)go=€0 11+ foztgoy,. (29 Eq. (10) is no longer valid. Figure 9 shows the variation of
The constantg, f, andg can be determined by measuring the error ratio for two different stress states—a uniaxial stress
the values of A w) g, from three different experiments where and a shear stress. For the case of a uniaxial stress, the error
the stress states correspond to tension in the one directioratio remains very close to 1.@vith a change only in the
tension in the two direction, and shear in the 1-2 planesixth decimal placefor stresses up to 200 MPa. For the case
respectively. With these expressiofsgs. (22), (23), and  of a shear stress, the error ratio approaches 0.995 for a shear
(29)], it is possible to determine;,, once the values af;;  stress of about 200 MPa. It should be noted that the stresses
and o, have been estimated. encountered in electronic structures are typically well below
The technique proposed here for determining the threda50 MPa, and therefore the above analyses indicate that the
unknown plane stress componentg111) Si wafers can be procedures described in this paper can be applied without
summarized as follows. _ impunity. The different behavior of the error ratio in the
Step 1 Align the incident beam parallel t¢110) and  uniaxial stress condition and in the shear stress condition
take spectra at the desired location on the wafer with th€Fig. 9) is due to the different ways the individual compo-
analyzer rotated at 0°, 60°, and 90° relative to the polarizedhents of the Raman signal shift as a consequence of the ap-
incident beam. plied stress. In uniaxial stress all of the component modes
Step 2 Curve fit the peaks to a Gaussian distribution andshift in the same direction, whereas in the shear stress the
evaluate the shift in the overall peak position from the un-component modes shift in opposite directions. Consequently,
stressed condition, for the three angles. Denote these dse component modes are relatively farther apart in the shear
(Aw)g, (Aw)go, and Aw)gp. case than in the uniaxial stress case. Therefore, there is a
Step 3 Find the values otr,; and o, from expressions higher deviation of the error ratio from a value of 1.0 in the
(14) and(15) by solving the two simultaneous equatidies  shear case. In fact, the error ratio for the uniaxial case re-
using the equivalent relation®2) and (23) established ex- mains very close to 1.0 even up to stresses of 4000 MPa
perimentally. when it reaches a value of about 0.99.
Step 4 Determine the value af;, from expression25) Figure 9 also shows the error ratio obtained if a Lorent-
[or the equivalent relatiofR9) established experimentally  zian line shape was assumed instead of the Guassian line
The main assumption in this approach is the relatiorshape. It is observed that the results were essentially unaf-
derived for the peak position of the combined signal in termdected by this change. This is because the peak shifts here are
of the individual peak positions and intensit{é€s). (10)]. In  extremely small compared to the full width half-maximum of
deriving this relation(Appendix A the peak shape was as- the signals typically obtained in these measurements. In fact,
sumed to be a Gaussian because the peak shape obtainedderexplained earlier, that is the reason why the individual
the silicon peaks from the experimental setup appears to beraodes could not be decoupled by mathematical analyses,
Gaussianas shown in Fig. 1 The approximation to ignore and there arose a need to develop the procedures described in
higher order terms in the expansion for the exponent in Eqgthis paper.
(A2) is valid within the stress ranges encountered in elec- This approach of using the shape and scale ofAthevs
tronic structures. In order to evaluate critically the error in- 6 curve for determining the unknown in-plane stress compo-
troduced by these approximations, the ratio of the peak poaents is successful, at least theoretically, in the case of a
sition of the combined signal calculated using Erf) to the (111 Si wafer. This does not imply, however, success for the
peak position of the combined signal without the approximaimethod in wafers with any orientation. For example, the
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Aw vs 6 curve for the(001) Si wafer showed that only the peaks, the intensity of the combined signal can be expressed

tensile components can be determined by this techr(fjue as

a backscattered geometry aggifixed in the(010 direction), 3 3 2

l.e., the curve is insensitive to the shear stress. Although ' | ()= |i[1_(w w‘)
1

measuring two stress components is better than determining i=1 i=1 g

only the stress magnitude, other approaches are necessary to
determine all three stress components for the0) wafer.
Geometries other than the backscattered geometry in combi-
nation with the type of technique developed here should Proyhere, IT:2i3—1|i _
vide a way to estimate all the stress components in such Replacing(_ui with g + Aw;,
cases.

3
< Ii(w—wi)z, (A3)

|+—
TEZl

(A3) can be rewritten as

3 3
1
IV. CONCLUSIONS ;1 li(w)=lr=— 21 li(0—wo—Aw;)?. (A4)

A new approach to determining all three unknown plane-The point of maximum intensity for the combined signal can
stress components 111 silicon wafers has been devised pe identified by solving
based on analyzing the position of the “combined Raman

3
signal” (corresponding to the initially degenerdigy peak$ i (2 |_(w)> -0 (A5)
as a function of the relative angle between the polarized in- do |&1 o
cident beam and the angle of the analyzer, which allows us
to selectively observe the components in the scattered beal‘?l'f]d can be expressed as
It was found that the curve for the overall shift per unit stress o 3 L Aw,
as a function of the relative angle holds all information nec- ~A®=o—wo= 2>, . (AB)

= I
essary to determine the stress state and the magnitude of the T

stre_s_s components. _Analyt_lcal expressions are given for theH. A. Szymanski,Raman Spectroscopy,
position of the combined signal at three anglé% 60°, and New York 1967, Vols. 1 and 2.
90°) and based on these three values an algorithm is devisetE. M. Anastassakis, iDynamical Properties of Solidedited by G. K.

to estimate the magnitudes of the stress components in plangtoron. and A. A. MaradudiriNorth Holland, Amsterdam, 1980
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