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Determination of unknown stress states in silicon wafers
using microlaser Raman spectroscopy

S. Narayanan and Surya R. Kalidindi
Department of Materials Engineering, Drexel University, Philadelphia, Pennsylvania 19104

Linda S. Schadlera)

Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, Troy, New York 12180

~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 in~111! silicon wafers using micro-Raman spectroscopy. The approach is
based on analyzing the combined signal from the initially degenerate peaks of theF2g mode 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 for~111! silicon wafers. ©1997 American Institute of Physics.
@S0021-8979~97!09017-8#
o
he

tra
ue
in
d
n
t

n

f t

ito
lly
e
fre
ra

e
n

p
fo
n

ve
-
in
te
fts
o

d in

the
eak
kis

the
en

ion
na-
ors
he
te
t,
ns-

am,
glet
ed
xial
and

ks
red
the

ore-
un-
e
all
on

h
nly
ndi-
g
the
ping
gh
by at
I. INTRODUCTION

The Raman effect refers to the inelastic scattering
incident monochromatic light due to its interaction with t
inherent atomic vibrations in a material.1 The scattering re-
sults in a frequency shift of the incident light, and a spec
analysis of the scattered light reveals peaks that are uniq
dependent on the crystal geometry of the material be
probed. The peaks are referred to as Raman peaks an
difference between the frequency of the incident light, a
the frequency corresponding to the Raman peak is called
Raman frequency~expressed in wave numbers by conve
tion!. In recent years, micro-Raman spectroscopy~MRS!
~which is Raman spectroscopy used to probe an area o
order of a few microns on the sample surface! has been used
to measure surface stresses in crystalline solids by mon
ing the modulation of Raman frequencies with externa
applied loads.2 The inelastically scattered light from th
sample surface is usually comprised of multiple Raman
quencies with varying levels of degeneracy for each vib
tional mode.

The most common procedure used in MRS stress m
surements is to assume a stress state, monitor the shift i
Raman peak~s! with the magnitude of the applied stress~or
strain!, and generate a calibration curve of Raman peak
sition against the magnitude of the applied stress. This in
mation is then used to measure the magnitude of stress o
same material in other loading situations.2–10 This technique
has been used successfully in many systems: silicon,2–6 lay-
ered semiconductors,7 graphite-epoxy composites,8 aramid-
epoxy composites,9 and graphite-glass composites.10 The
major limitation of this technique is that the calibration cur
is very sensitive to the stress state~e.g., tensile loading ver
sus shear loading! and the lattice orientation of the crystal
the scatter volume. Furthermore, in many of the repor
studies,8–10 the loss of degeneracy and the individual shi
of degenerate modes are ignored; only an ‘‘overall’’ shift

a!Electronic mail: schadl@rpi.edu
J. Appl. Phys. 82 (5), 1 September 1997 0021-8979/97/82(5)/25
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the Raman signal for a given mode is measured and use
the calibration curves.

As an improvement, some researchers have isolated
initially degenerate peaks and measured individual p
shifts by using specific polarization conditions. Anastassa
et al.11 showed that it is sometimes possible to isolate
initially degenerate peaks in the scattered light for a giv
crystal orientation and loading condition by proper select
of the incident laser polarization and the angle of the a
lyzer with respect to the sample orientation. These auth
showed that uniaxial loading of a silicon cube along t
^100& or ^111& directions causes the initially triply degenera
F2g mode in silicon to split into a singlet and a double
which can be observed independently by selecting the tra
verse and longitudinal polarizations in the scattered be
respectively. They also demonstrated that both the sin
and the doublet shift by different amounts with the appli
stress. This method has been used to determine unia
stresses and interfacial stresses in electronic components
layered structures.7,12

The major limitation in attempting to isolate the pea
by selecting the polarization of the incident and scatte
light is the need to know the stress state. In other words,
ratios of all the stress components have to be known bef
hand, leaving only the magnitude of the stress tensor as
known. Even if this limitation is overcome, it may not b
feasible to find the proper polarization conditions for
loading conditions. For example, in shear loading of a silic
crystal in thê 110& direction on the~111! plane, the initially
triply degenerateF2g mode splits into three singlets wit
overlapping peaks that cannot be isolated in the commo
used backscattered geometry under any polarization co
tion. Alternatively, one can try to isolate the overlappin
peaks in the scattered light by mathematical analysis of
Raman spectra. For successful separation of the overlap
peaks and reliable estimation of their positions throu
mathematical analysis, the peaks have to be separated
least four-tenths of the full width at half-maximum
259595/8/$10.00 © 1997 American Institute of Physics
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~FWHM!.13 This condition is not met for the typical stress
encountered in silicon wafers for theF2g mode, and there-
fore this option is not practical.

Recently, there have been attempts to extend the M
technique with polarization selection rules to other mate
systems, such as SiC/Al composites,14 Nicalon/borosilicate
glass composites,15 and graphite/epoxy composites.16 Sakata
et al.16 studied theE2g mode in axial loading of graphite
fibers and reported two different slopes for the Raman p
shift with applied stress when the incident beam was po
ized parallel and perpendicular to the loading direction,
spectively. It is not clear if they have managed to isolate
two initially degenerate modes in this process or if the sc
tered light in these measurements is still comprised of ov
lappingE2g mode peaks.

The goal of this investigation is to establish a proced
for using MRS to measure an unknown plane-stress s
~with all three stress components being completely
known! in silicon wafers of given crystallographic orienta
tions. Silicon wafers were chosen for this study because
Raman effect in silicon is well characterized in th
literature.2 The plane-stress state assumption is appropr
because the wafers under investigation are thin and the m
surements are from the sample surface. Instead of tryin
isolate the individual shifts of the initially degenerate pea
using the polarization selection rules, this study endeavor
measure and use the information from the overall shift in
frequency of a given mode as a function of the relative an
between the polarization of the incident and scattered lig
This information has been found to be adequate to predi
completely unknown plane stress state in the wafer. The
oretical development of this technique is presented in
paper for a~111! silicon wafer.

II. BACKGROUND

The theory behind the Raman effect and its modulat
by external loads is described in many excellent revi
papers.2,17 These papers also describe the computations
quired to predict the peak shifts~including those that are
initially degenerate! caused by any applied stress, provid
the material parameters are known. Furthermore, for
given polarization condition, it is possible to theoretica
predict the relative intensities of the different peaks in
scattered light. The details of these computations that
relevant to the development of our proposed technique
summarized here. This discussion will pertain only to t
F2g mode in silicon. The various steps involved in the
calculations are as follows:

~1! The applied stress in the laboratory reference fra
@s#G is transformed to the crystal reference frame@s#C us-
ing coordinate transformation laws

@s#C5@Q#@s#G@Q#T, ~1!

where@Q# is the rotation matrix describing the transform
tion from the laboratory reference frame to the crystal ref
ence frame.
2596 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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~2! The strains in the crystal reference frame are o
tained from the stresses in the crystal reference frame u
linear elastic stress-strain relationships. In the standard c
tracted notation, this relationship for cubic crystals is usua
expressed as

5
e11

e22

e33

2e23

2e13

2e12

6
C

53
S11 S12 S12 0 0 0

S12 S11 S12 0 0 0

S12 S12 S11 0 0 0

0 0 0 S44 0 0

0 0 0 0 S44 0

0 0 0 0 0 S44

4 5
s11

s22

s33

s23

s13

s12

6
C

,

~2!

where S11, S12, and S44 represent the elastic complianc
parameters. The values of these parameters for silicon h
been reported18 as S1157.68 3 1026(MPa)21,
S12522.14 3 1026(MPa)21, and S44512.7
3 1026(MPa)21.

~3! Each vibrational modej is associated with a fre
quencyv j and an effective force constantK j

0 which is the
second derivative of the crystal potential energy with resp
to the mode normal coordinates where

K j
0}v j

2 ~3!

in the absence of an externally imposed stress or strain on
crystal.

Due to the anharmonic nature of atomic interactions,
plying a stress~or strain! on the material changes the Ram
frequencies in the material. The change in force constan
represented by a matrix@DK# which can be shown to be
symmetric.2 The size of this matrix is determined by th
degeneracy of the mode. Therefore, for the triply degene
F2g mode, the@DK# matrix is a 333 matrix. The relation-
ship between the@DK# and the applied strain is assumed
be linear and is usually expressed in a form similar to
elastic stress-strain relation described in Eq.~2!:

F DK11

DK22

DK33

2DK23

2DK13

2DK12

G53
K11 K12 K12 0 0 0

K12 K11 K12 0 0 0

K12 K12 K11 0 0 0

0 0 0 K44 0 0

0 0 0 0 K44 0

0 0 0 0 K44

4 5
e11

e22

e33

e23

e13

e12

6
C

.

~4!

K11, K12, and K44 are referred to as phonon deformatio
potentials~PDPs!, and for theF2g mode in silicon they are
Narayanan, Schadler, and Kalidindi
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reported2 to have values of21.43v0
2, 21.89v0

2, and
2 0.59v0

2, respectively.v0 is the Raman frequency of th
F2g mode in the unstressed condition and is reported2 to be
520 cm21 ~as shown in Fig. 1!.

~4! It can be shown2 that the eigenvalues of the@DK#
matrix are related to the Raman frequency shifts as

l[2v0Dv, ~5!

wherel denotes the eigenvalues of the@DK# matrix andDv
represent the shifts in Raman frequency caused by the
plied load. The values ofl can be obtained by solving th
characteristic equation for@DK# as

det~@DK#2l@ I # !50, ~6!

where@ I # is a unit diagonal matrix. Note that there can be
to three distinct values ofl which correspond to three dis
tinct values ofDv. If all three values ofDv are distinct, then
the initially degenerateF2g mode has split into three singlet
If two of the Dv values are equal, the mode has split into
singlet and a doublet, and if they all have the same value
mode continues to be triply degenerate.

~5! The relative intensities of the individual peaks c
be computed from the relationship

I i}ues•~ d̄ie0!u2, ~7!

where I i is the intensity of the individual peak,e0 is the
direction of polarization of the incident beam, andes is the
direction of polarization selected for the scattered beam.@ d̄# i

is the Raman polarizability tensor of theF2g mode in the
stressed condition and is different for each of the initia
degenerate peaks.@ d̄# i is assumed to be a linear combinatio
of the unstressed polarizability tensors in proportion to
linear combination of the new eigenvectors in terms of
old eigenvectors. In other words, for theF2g mode in silicon

@ d̄# i5~n1! i@d#1001~n2! i@d#0101~n3! i@d#001, ~8!

where (n1) i , (n2) i , and (n3) i , are the directional cosines o
the i th eigenvector of the@DK# matrix corresponding to the
i th initially degenerate mode, and@d#100, @d#010, and@d#001

are the Raman tensors for the degenerateF2g mode in the
unstressed condition. The Raman tensors for theF2g mode in
the unstressed condition have been reported17 as

d15F 0 0 0

0 0 d

0 d 0
G d25F 0 0 d

0 0 0

d 0 0
G d35F 0 d 0

d 0 0

0 0 0
G .

~9!

III. PREDICTION OF UNKNOWN PLANE-STRESS
STATES

The previous section described the theoretical comp
tions involved in predicting the peak positions and relat
intensities of the initially degenerateF2g peaks in Si wafers
in the stressed condition. For a general stress state an
lected polarizations of incident and scattered light, the sp
tra obtained are usually composed of multiple peaks w
different intensities. Because there may be up to three o
lapping peaks in the combined signal, it is useful to fi
establish a relationship between the peak position of
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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combined signal and the peak positions and intensities of
component peaks. Assuming that the individual peak sh
are very small compared to the full width half-maximu
~FWHM! of the signal, the ‘‘overall’’ peak shift of the com
bined signal (Dv̄) can be shown to be the weighted avera
of the individual peak shifts (Dv i) with their relative inten-
sities (I i), i.e.,

Dv̄5(
i 51

3
Dv i I i

I T
, ~10!

where I T represents the total~sum! intensity of the three
initially degenerate peaks. Appendix A provides the ma
ematical derivation of this result assuming that the pe
shifts are small and that the intensity distribution of the pe
can be represented by a Gaussian distribution19. It is seen
from Eqs.~7!–~9! that the individual peak intensitiesI i and
the total intensityI T are functions of the polarization of th
incident and scattered beams, and thereforeDv̄ is expected
to be a function of the polarization condition. Furthermo
from Eq. ~7! it is seen that the intensities are insensitive
interchanginge0 and es because the Raman tensor is sy
metric, i.e.,

I i}ues•~ d̄e0!u25ue0•~ d̄es!u2. ~11!

Therefore, there will be a redundancy in the information o
tained by changing bothe0 andes independently. Due to the
inherent advantages with the typical MRS experimen
setup used,e0 ~polarization of the incident light! is fixed
with respect to the sample reference frame whilees ~polar-
ization of the scattered beam! is systematically varied. The
change inDv̄ with respect toes is explored here to deter
mine if the changes are characteristic of the stress state in
wafer. The angle betweene0 andes ~note that they are both
in the same plane for the backscattered geometry show
Fig. 2! is represented asu, and is given by

u5cos21~e0•es!. ~12!

In this study, silicon wafers with a~111! surface were
analyzed with thê 11̄0&, ^112̄&, and ^111& directions coin-
ciding with the one, two, and three directions, respective
in the laboratory reference frame~Fig. 3!. The direction of

FIG. 1. A typical spectrum showing a silicon peak at around 520 wa
numbers.,
2597Narayanan, Schadler, and Kalidindi
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polarization of the incident beam (e0) was fixed along the
^11̄0& direction ~1-axis in laboratory reference frame!. The
general plane stress state in the~1, 2, 3! frame is represented
by

@s#5F s11 s12 0

s12 s22 0

0 0 0
G . ~13!

The computations to determine the functional dep
dence ofDv̄ on u for all possible plane-stress states a
complex because of the need to find the eigenvectors of
secular determinant@Eqs. ~6! and ~8!# with three variables.
Therefore, it is convenient to break up the general stress s

FIG. 2. Schematic representation of the goemetry of incident and scat
polarizations. Note that polarization of the incident beam (e0) and polariza-
tion selected using the analyzer (es) are in the same plane for the backsca
tered geometry, and the angle between them is denoted asu.

FIG. 3. The geometry of the~111! silicon wafers analyzed in this study
Note the ^11̄0&, ^112̄&, and ^111& crystallographic directions have bee
made to coincide with the 1, 2, and 3 directions in the sample refere
frame.
2598 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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in terms of simpler stress states and understand the influ
of each of the stress components on theDv̄ vs u curve. As
the simplest case, consider a stress state wheres22 is the
only nonzero stress component. For this loading conditi
the theory~described in Sec. II! predicts that the three pea
shifts Dv i are linear withs22, and that the intensitiesI i are
independent ofs22. Therefore,Dv̄ is also linear withs22.
A plot of Dv̄/s22 vs u predicted using the procedures ou
lined in Sec. II is shown in Fig. 4~a!. A similar plot for the
case of uniaxial stress along the 1-axis~s11 being the only
nonzero stress component! is shown in Fig. 4~b!. It will be
shown later that the exact shapes of these curves canno
reproduced by any other stress states. Therefore once t
curves are established for the given wafer, they serve to id
tify the stress components in uniaxial stress states in the
lected wafer.

Next, consider a general biaxial stress state, wheres11

ands22 are the only nonzero stress components. TheDv̄ vs
u curve for the biaxial state are shown for a range of valu
of s11 and s22 in Figs. 5~a! and 5~b!. It is clear that the
curves retain their symmetry~with respect to au value of
90°! for all combinations ofs11 ands22. Furthermore, each
combination ofs11 and s22 produces a distinct curve. In
other words, once calibration curves of the type shown
Figs. 5~a! and 5~b! are established for all possible biaxi
stress states in the wafer, they can then be used to deter
the unknown biaxial stress components for any arbitrary
tio of the biaxial stresses. This by itself, is a significant im

ed

ce

FIG. 4. The predictedDv̄/s vs u curves for uniaxial stress in the~111!
silicon wafer.~a! Loading along the two direction,~b! loading along the one
direction.
Narayanan, Schadler, and Kalidindi
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provement over currently employed MRS techniques
cause none of the existing techniques are capable
identifying more than one independent stress component
multiaxial stress state.

Finally, consider the general plane stress state descr
in Eq. ~13!. Figure 6 shows the influence of the shear str
s12 on the Dv̄ vs u relationship. It is clear that the shea

FIG. 5. The variation of the overall peak position in the~111! silicon wafer
subjected to a biaxial stress state:~a! fixed s11 and varyings22 , ~b! fixed
s22 and varyings11 .

FIG. 6. The variation of theDv̄ vs u curves with shear stress for fixeds22 .
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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stress causes a distinct asymmetry in theDv̄ vs u curve
~about theu value of 90°!. Note also that the position of th
overall peak at 0° and 90° is independent of the shear str
Thus, it is seen that changing the value ofs22 and s11

changes the scale and shape of theDv̄ vs u curve while
maintaining its symmetry. In contrast, introducing a she
stress changes the symmetry of the curve without chang
the values ofDv̄ at 0° and 90°. It was also observed th
distinct curves are produced for each set of values of
three stress components. Therefore, in principle, these cu
can be used to estimate all three components of the p
stress state in the wafer.

Although, the curves presented in Figs. 5 and 6 indic
that it is possible to determine the general plane stress s
from the Dv̄ vs u curves, it is a very laborious process
establish these curves for all possible values ofs11, s22,
and s12 and then compare the actual measurements w
these calibration curves. Because there are three unkn
stress components, only three independent values from
Dv̄ vs u curve are required to determine the unknow
stresses. In the technique developed here, these three p
have been chosen to correspond tou values of 0°, 90°, and
60° and are denoted as (Dv̄)0 , (Dv̄)90, and (Dv̄)60, re-
spectively. The first two were chosen because they were
served to be insensitive to shear stress~Fig. 6!. Therefore, it
should be possible to determines11 ands22 from these two
values alone, independent of the shear stress. (Dv̄)60 was
chosen as the third point because theDv̄ vs u curves in Fig.
5 indicated the highest sensitivity to shear at this point.

It is necessary to establish expressions for the dep
dence of (Dv̄)0 , (Dv̄)90, and (Dv̄)60, on the three stress
componentss11, s22, and s12. Because the values fo
(Dv̄)0 and (Dv̄)90 were found to be independent of she
from results shown in Fig. 5, a biaxial stress state was
sumed in deriving the expressions for these quantities.
expressions presented here were obtained using the m
ematical analysis softwareMAPLE®,20 and using the proce
dures outlined in Sec. II. The expressions derived for (Dv̄)0

and (Dv̄)90 are

~Dv̄!05
~K11S1112K12S12!v0

2 F2s22S 517p1q

12 D
2s11S 113p2q

4 D1U G , ~14!

~Dv̄!905
~K11S1112K12S12!v0

2 Fs22S 115p2q

3 D
1s11~11p1q!G , ~15!

where

p5
K11S121K12~S111S12!

~K11S1112K12S12!
, ~16!

q5
K44S44

~K11S1112K12S12!
, ~17!
2599Narayanan, Schadler, and Kalidindi
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a

36g S g14b222A2qs22b2
A2

3
ab D , ~18!

a5A3~~326p22q13p2111q212pq!

3s22
2 22s22s11~p1q21!~3p1q23!

13s11
2 ~p1q21!2!1/2, ~19!

b52
1

A18
~p1q21!~s222s11!, ~20!

g5
1

144
~A18b26qs222a!21b2. ~21!

Because Eqs.~14! and ~15! are equations in two un
knowns, it is possible to determines11 ands22 in a general
plane stress state from just two measurements, (Dv̄)0 and
(Dv̄)90, provided all the material constants are known.
the values of the material constants~elastic compliances an
PDPs! are not known, the relationships for (Dv̄)0 and
(Dv̄)90 can be established experimentally. It is evident fro
Eq. ~15! that (Dv̄)90 is linear in boths11 ands22. Although
the analytical expression in Eq.~14! indicates a nonlinea
dependence of (Dv̄)0 on s11 and s22, plots of (Dv̄)0 vs
s11 for different values ofs22 and plots of (Dv̄)0 vs s22 for
different values ofs11 are essentially linear as shown

FIG. 7. ~a! Plots of (Dv̄)0 vs s11 for different values ofs22 . ~b! Plots of
(Dv̄)0 vs s22 for different values ofs11 .
2600 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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Figs. 7~a! and 7~b! ~at least in the range of stresses encou
tered in this study!. Because the slopes of the lines in each
these plots do not appear to change with the stress value
can be inferred that the dependence of (Dv̄)0 on s11 and
s22 is essentially linear. Therefore, the relationships
(Dv̄)0 and (Dv̄)90 in terms ofs11 ands22 can be expressed
approximately as

~Dv̄!05as111bs22, ~22!

~Dv̄!905cs111ds22. ~23!

The unknowns,a, b, c, and d, can be established exper
mentally by applying known stresses on the Si wafer in
one and two directions.

Onces11 ands22 are determined in a given Si wafer, th
value of s12 can be estimated from a measurement
(Dv̄)60. Note that the value of (Dv̄)60 depends on all three
stress components. A typical plot of (Dv̄)60 vs s12 for given
values ofs11 and s22, shown in Fig. 8, indicates that th
slope is independent of the values ofs11. A similar plot of
(Dv̄)60 vs s12 for varying values ofs22 indicated that the
slope of the lines in Fig. 8 is also independent ofs22. Since
the effects of the shear and normal components are foun
be independent for the~111! wafer, they can be decouple
from each other. Thus, (Dv̄)60 can be expressed as

~Dv̄!605h̄~s11,s22!1xs12, ~24!

whereh̄ is a function independent of shear stress andx is a
constant independent ofs11 ands22. The biaxial stress state
was used to determine the functionh̄ in terms of s11 and
s22 and a pure shear stress state was used to determin
value of x. These expressions were found usingMAPLE®20

and are summarized as:

~Dv̄!605
~K11S1112K12S12!v0

2 F2s22S 1213p15q

24 D
1s11S 31p15q

8 D1
U

2 G1xs12, ~25!

where

FIG. 8. A typical plot of (Dv̄)60 vs s12 for given values ofs11 ands22 .
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K11S11v0mA3

72q2~11p1m!2 ~r22A2qm14p22q2!

3@r12~A21A6!q~p11!22A6qm12q2#, ~26!

r5p22pm1m21, ~27!

m5122p1p212q2, ~28!

and p, q, andU were defined in Eqs.~16!–~18!. Once the
values ofs22 ands11 are determined from Eqs.~14! and~15!
@or equivalently from Eqs.~22! and ~23!#, the value of the
shear stress component can be determined from Eq.~25!.

It is also possible to establish the relationship in Eq.~25!
from experiments. Plots of (Dv̄)60 vs s22 for given values of
s12 ands11 and plots of (Dv̄)60 vs s11 for given values of
s12 and s22 also indicated linear relationships~similar to
those seen in Fig. 8!. It is therefore reasonable to assume
linear relationship of (Dv̄)60 with s11 ands22 ~in the func-
tion h̄!. (Dv̄)60 can therefore be approximated to be line
with all three stress components as

~Dv̄!605es111 f s221gs12. ~29!

The constantse, f , andg can be determined by measurin
the values of (Dv̄)60 from three different experiments wher
the stress states correspond to tension in the one direc
tension in the two direction, and shear in the 1–2 pla
respectively. With these expressions@Eqs. ~22!, ~23!, and
~29!#, it is possible to determines12, once the values ofs11

ands22 have been estimated.
The technique proposed here for determining the th

unknown plane stress components in~111! Si wafers can be
summarized as follows.

Step 1: Align the incident beam parallel tô11̄0& and
take spectra at the desired location on the wafer with
analyzer rotated at 0°, 60°, and 90° relative to the polari
incident beam.

Step 2: Curve fit the peaks to a Gaussian distribution a
evaluate the shift in the overall peak position from the u
stressed condition, for the three angles. Denote thes
(Dv̄)0 , (Dv̄)60, and (Dv̄)90.

Step 3: Find the values ofs11 ands22 from expressions
~14! and~15! by solving the two simultaneous equations@or
using the equivalent relations~22! and ~23! established ex-
perimentally#.

Step 4: Determine the value ofs12 from expression~25!
@or the equivalent relation~29! established experimentally#.

The main assumption in this approach is the relat
derived for the peak position of the combined signal in ter
of the individual peak positions and intensities@Eq. ~10!#. In
deriving this relation~Appendix A! the peak shape was a
sumed to be a Gaussian because the peak shape obtain
the silicon peaks from the experimental setup appears to
Gaussian~as shown in Fig. 1!. The approximation to ignore
higher order terms in the expansion for the exponent in
~A2! is valid within the stress ranges encountered in el
tronic structures. In order to evaluate critically the error
troduced by these approximations, the ratio of the peak
sition of the combined signal calculated using Eq.~10! to the
peak position of the combined signal without the approxim
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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tion was defined as the ‘‘error’’ ratio. A significant deviatio
of the value of this error ratio from 1.0 would indicate tha
Eq. ~10! is no longer valid. Figure 9 shows the variation o
the error ratio for two different stress states–a uniaxial str
and a shear stress. For the case of a uniaxial stress, the
ratio remains very close to 1.0~with a change only in the
sixth decimal place! for stresses up to 200 MPa. For the ca
of a shear stress, the error ratio approaches 0.995 for a s
stress of about 200 MPa. It should be noted that the stres
encountered in electronic structures are typically well belo
150 MPa, and therefore the above analyses indicate that
procedures described in this paper can be applied with
impunity. The different behavior of the error ratio in th
uniaxial stress condition and in the shear stress condit
~Fig. 9! is due to the different ways the individual compo
nents of the Raman signal shift as a consequence of the
plied stress. In uniaxial stress all of the component mod
shift in the same direction, whereas in the shear stress
component modes shift in opposite directions. Consequen
the component modes are relatively farther apart in the sh
case than in the uniaxial stress case. Therefore, there
higher deviation of the error ratio from a value of 1.0 in th
shear case. In fact, the error ratio for the uniaxial case
mains very close to 1.0 even up to stresses of 4000 M
when it reaches a value of about 0.99.

Figure 9 also shows the error ratio obtained if a Loren
zian line shape was assumed instead of the Guassian
shape. It is observed that the results were essentially u
fected by this change. This is because the peak shifts here
extremely small compared to the full width half-maximum o
the signals typically obtained in these measurements. In f
as explained earlier, that is the reason why the individu
modes could not be decoupled by mathematical analys
and there arose a need to develop the procedures describ
this paper.

This approach of using the shape and scale of theDv̄ vs
u curve for determining the unknown in-plane stress comp
nents is successful, at least theoretically, in the case o
~111! Si wafer. This does not imply, however, success for t
method in wafers with any orientation. For example, th

FIG. 9. Plots showing the variation of the error ratio with the applied stre
~j! represents the curve for a uniaxial stress (s22) where the component
peaks were assumed to be Gaussian,~d! represents the curve for a shea
stress (s12) assuming Gaussian peaks, and~s! represents the curve for the
uniaxial stress where the component peaks were assumed to be Loren
~Note that the curves with~j! and ~s! overlap.!
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Dv̄ vs u curve for the~001! Si wafer showed that only the
tensile components can be determined by this technique~for
a backscattered geometry ande0 fixed in the^010& direction!,
i.e., the curve is insensitive to the shear stress. Altho
measuring two stress components is better than determi
only the stress magnitude, other approaches are necess
determine all three stress components for the~100! wafer.
Geometries other than the backscattered geometry in co
nation with the type of technique developed here should p
vide a way to estimate all the stress components in s
cases.

IV. CONCLUSIONS

A new approach to determining all three unknown plan
stress components in~111! silicon wafers has been devise
based on analyzing the position of the ‘‘combined Ram
signal’’ ~corresponding to the initially degenerateF2g peaks!
as a function of the relative angle between the polarized
cident beam and the angle of the analyzer, which allows
to selectively observe the components in the scattered be
It was found that the curve for the overall shift per unit stre
as a function of the relative angle holds all information ne
essary to determine the stress state and the magnitude o
stress components. Analytical expressions are given for
position of the combined signal at three angles~0°, 60°, and
90°! and based on these three values an algorithm is dev
to estimate the magnitudes of the stress components in p
stress loading of~111! silicon wafers.
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APPENDIX A

The Gaussian distribution function for a peak with cen
v i , can be expressed as

I i~v!5I ie
2~v2v i /s!2

, ~A1!

whereI i is the intensity of the signal. Assuming the expone
in ~A1! is !1 ~in the close vicinity of the peak!, the intensity
distribution function can be approximated as

I i~v!5I iF12S v2v i

s D 2G . ~A2!

Assuming small shifts of the three initially degenera
2602 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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peaks, the intensity of the combined signal can be expres
as

(
i 51

3

I i~v!5(
i 51

3

I iF12S v2v i

s D 2G
5I T2

1

s2 (
i 51

3

I i~v2v i !
2, ~A3!

where, I T5( i 51
3 I i .

Replacingv i with v0 1 Dv i , ~A3! can be rewritten as

(
i 51

3

I i~v!5I T2
1

s2 (
i 51

3

I i~v2v02Dv i !
2. ~A4!

The point of maximum intensity for the combined signal c
be identified by solving

F d

dv S (
i 51

3

I i~v!D G
v5v̄

50 ~A5!

and can be expressed as

Dv̄5v̄2v05(
i 51

3
I iDv i

I T
. ~A6!
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