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ABSTRACT

The strength of a sguare plate under a diago-
nally compressive load is experimentally exam-
ined .using a photoelastic method and some
optical laws. Lame-Maxwell equations coupled
with Filon's transformation, which in assence is
a graphical approach, is utilized to separate and
interprat the principal stresses. This, of course,
is a very powerful method for verifying analytic
solutions and also a method for solutions to
othercomplex problems in stress analysis. Many
structural loadings of plale sarving as columns
or structural systems, such as ship and aero-
plane structures; shell structures and blades of
static and dynamic mechanical equipment with
notches, cracks or irregular edges or shapes
must have their structural response or behav-
iour properly predetermined for engineering
design irrespective of the existing design code.
This technique is very important in obtaining the
stress trajectory and it is comparatively simple
and less expensive than the usual sophisticated
finite element approach that is also capable of
producing a similar strength trajectory.

Keywords: Photoelastic method, stress, ana-
lysis, notches, cracks, enginear-
ing design, strength trafectory,
biaxial stress, polariscope, polan-
zor and analyzer.

NOTATION

F - Photoelastic constant

h - Thickness of material specimen

p - Tensile stresses along directional line of
symmetry

Q - Comprassive stresses along the direction
of applied compression force

P, Q, are stresses at the vertices of the plate.
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PHOTOELASTICITY

INTRODUCTION

Initially, the photoelastic optical laws are
used to oblain the stress differences come-
sponding to the fringe numbers. Three speci-
mens of the plate were used to examing the
relationship between the varying magnitude of
the loads and fringes. From slopes of tha linear
graphs obtained from the data collecied, the
optical constrairts are obtained.

For a general state of biaxial stress, three
independent pieces of information are neces-
sarily utilized. The isochromatic and isoclinic
fringas provide full-field visualinlormation which
supply two pieces of information at a point. A
third is usually in the form of ancther independ-
ent equation in the principal stresses; (I} Maxi-
mum strasses onfree surfaceswhereone o fthe
principal stresses s zero and (ii) in the interior
points only tha stress ditference In the principal
axis directions are determined from the two sats
of fringes. The additional information needed Is
cbtained from shear difference method (finile
difterence method based on equilibrium equa-
tion).

EXPERIMENTAL WORK

The main equipment used is the commion
photoelastic optical bench consisting of Hight
source, polarizer, first and second quarier wave
plates; the camera; the plane and circular polari-
s5CODes.

A3.5"x 3.5 (8.8%cmx B8.89cm) square plale
whose thickness and photoelastic constant are
on average, 1/4in. (6.4mm) and 60psi/in
{0.01863N/mm™} Is used forthe test. Using white
light source and crossed polariscope, the iscclinic
lines of the square plate loaded between the
polarizer and analyzerwere obtained. The nilate
was lhen loaded 1o give four distingt fringes ina
dark field created by the circularly polarized light
of monochromatic green lumination. The
photograph of the freezed fringe pattern was
then taken and shown in Figure 2. This opera-
tion was repeated using bright field instead of
dark field. The isochromatic lines of the circular
polariscope for both dark and bright field fringes
were plotted on a small piece of paper attached
to the photlographic plate where the fringes were
projected. Similarly the isoclinics of the plane
polariscope were also superimposed on the
previous plot onthe photographic plate asshown
in Figure .1
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Fig.1: Laboratory Piot of lsociinics and
Isochromatics
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Fig.3: Picis of Principal Stresses and Their Diffe-
rencas Along AB.

Fig.2: Light Fleid of Isochromatic Lines
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Although a 5-degree isoclinic line is neces-
sary for this work, effort was also mada to obtain
those of 10-degree and 15-degree isoclinics to
show the shifts of the isoclinics with the notation
of the polarizer and analyzer simultansously in
any direction, but counter-clockwisae each time
for consistancy in oparation.

SEPARATION OF PRINCIPAL

STRESSES
Theory i

The stress at any paricular point on the
plate along the principal axes Is givenby Lame-
Maxwell equation (1) starting from the intersec-
tion of the diagonals. S,.

Along the P-ine s,
S @pya
A

(1) P = -P,

1
P T (Q-P) —
°+I{ }ds,m

Along the Q-line
(@ Q --q, + ISB (& )es
L SA ‘?" 2

ds
-"Qp"i'z {Q‘F}'&E’-a#
i 1

However, at the vertices of the diagonals,
Q, and P_are zero. Figure 2 and the computa-
tion sheet of Tabla | show graphical mathod for
obtaining principal stresses along the unloaded
diagomal of the plate, using Lame-Maxwell
equations along with Filon’s graphical tech-
niques.

Table 1: Computation Sheet*

RESULTS AND CONCLUSION
The results obtained are shown in figure 3,
where it is evident that the principal stresses and
their ditterences are markedly maximum and
minimum at the intersection of the plate diago-
nals and zero at the unloaded vertices. Al-
though this is only done for the P-line which Is
colncider with the unicaded diagonal, it is also
obvious that all the P-lines and Q-lines reflect
the same bell shape with maximum stresses at
the Q-line along the applied load line. One
diagonal is compressed while the other is
stretched, thus validating the elastic theory.
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* Mote that the variations of siress difference, prncipal stress along AB are shown In columns 3, & and

10 respeciively, Figure 3 ehows the physical representalion of iha varkations.

Theory: QP = MFM
o -
P G
F -
h i

Compressive stresses along direction ol appied compression force,
Tensle stregses along directionAB, line of symmatry.
Photoelastic constant, B0pslin par Inch [0.0163 Nmrm-mm)
Thickness of matarial speciman, 0.25In. (6.35mm)
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ABSTRACT

The need for higher manutacturing yields and
improved operational reliability of Semiconduc-
lor Davices and circuits has led to a continuing
scrutiny of all processing steps of these De-
vices. Just like in the bulk of semiconductor,
dllowed states also ceccur at the surface of a
semiconductor within the energy gap, which are
called surface states. A third type of states,
similarto surface states, occuratthe interface of
SVSIO, system. These states are called inter-
face states. Very often they are simply called
surface states. The origin of these states is
much less undersiood than that of bulk slates.

There is as yet no satisfactory lheoretical
model for explaining the existence of interface
slates at SUVSIO, interface of MOS Devices.
These interface charges have been found to
vary, among other things, with the oxide thick-
ness, oxidation temperature and substrate thick-
ness. Since the greatest body of scientific and
technological work has been carried out on
silicon, S¥SiO, interface will be treated predomi-
nantly in this present investigation.

A model, based on the plezoelectric re-
sponse of SiQ, to thermally-induced external
stress assumedto be present during fabrication,
has been developed to investigate existence of
interface states at SVSiO, imterface. To confirm
this idea the interface charge density has been
computed. The model predicts variations of
interface charge density with oxide and sub-
strate thickness which fairly explains the experi-
mental results.

INTRODUCTION
Studies on the surface properties of Metal -
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PHYSICS

Oxide Semiconducior {(MOS} structure have
been reported by several workers (1-5). As a
result of extensive studies using mainly MOS
capacitors, MOS transistors and gate controlled
diodes, the S¥Si0, imterface is. probably the
most well characterized solid - solid interface
{6). It is well known that the thermally grown
oxide layeron silicon surface ischaracterized by
positive charge in the oxide layer. Deal et. al {7}
have indicated that the charge centres are ko-
cated near SiSIO, interface and the surface
states density is not a function of the resistivity
of the material, However, the surface charge is
found to depend upon the oxide thickness, the
oxidation temperature and the annealing traat-
ments. Brotherton et. al. (8) have given experi-
mental results of surface charge and stress in
the SI/SIO, system. However, in spite ‘of the
large volume of work, no satistactory model has
emerged which fully explains the variation of
interface charge with oxidation temperature. To
reach a betterunderstanding of the basic mecha-
nism involved in the theoretical study of the
surface states density, aphenomeno legicalidea
Is used in which the silicon dioxide has been
treated as a piezoeleciric material. In the pres-
ent communication, surface state density has
been computedusingbeam theory and bimetai-
lic strip theory considering 5i0, a piezoelectric
material. ; i

The previous authors (9-11) were of the
Qpinion that piezoelectricity is an inherent prop-
erty of the crystalline struciure, but the work of
Murayama (12) indicates that charge injection
from the electrodes and their subsequent trap-
ping in the fitm might be responsible for . this
effect. Singh et. al(13} in their study on MGOS
has shown that SiQ, can get polarized under
electric field at suitable temperature. It has also
been shown by Sussner and Drausield (14) that
PVF, film, though glassy in struciure, does show
piezoelectric character.

TYPES OF INTERFACES
Delects present in the oxide which appear
to have a net positive charge is generally named
fixed oxide charge. Although at room termpera-
ture these centres do not interact with mobile
carriers at the silicon surface, thay still induce
undesirable conducting n-type channels on the
surface of the p-type silicon. It has been sug-
gested by Grove et.al. (3) that these centres can
increase the radiation sensitivity of the oxide.
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The -achievable interface-state density has
cotelinuc sty dropped {15) which has been shown

in"Fig.1.

{10

1963

Fig.1: 'Huhlﬁm of interface state density with time

The observed improvernent in the density
has baen achiaved sntiraly by empirical meth-
ods, without recourse to scientific models of
interface stales. Tha improvement is necessary
because a low Interface-state density is of
crucial importance’ for semiconductor devices.
‘The major spur towards improvement of inter-
face quality has been the MOS technology,
which is now in a very advanced state. For most
of the MOS dévices the present achievable level
of Interface-siate -dénsity’ ls more than ade-
quate. However, furtherimprovement is neces-
sary for ‘advanced types of devices, such as
charge coupled devices (CCD). There are two
ditferent types of interfaces.

1. Imterface without states - Intrinsic interface
25 Interface with ttatns - Extrinsic interface

INTHINS]C INTE RFACE

For the ideally éxidized SIO, - Si interface,
it can be imagined that all dangllng bonds which
cause a high interface stale density in the case
of a free silicon surface are saturated by bonds
with-oxygen{16,17). The strong binding eneargy
of. oxygen to silicon shifts the energy of the
bonds‘id lower energies away from the window
of the siliconband gap where they are measured
elactrically (18). His therefore plausible that the
eléctrically measured SIO, - Siinterface density
is very low, far lass than m number of atoms or
bondsintheinterisce. 'However, it canbe easily
shown i the 'schematic' arrangemient of the
bonds in the two dimensional drawing. Fig.2,

i i ' :
1
- Bf = R _ THERMALLY
2l =0 5l o 51— OBTAINED SOz
[ & I
o o D INTERFACE
& EEE B agie el & Epe
| | i I SILICON
o oR M R seRles S
| I [ i 1

Fig.2: Systamatic arrangement of bonds in S/Si0, |
system

which can be used to represent the 3-dimen-
sional tetrahedral configuration, that the wide
lattice of the SiO,does not match the Lattice of Si.
The intrinsic interface states depend mainly on
oxidation conditions for thermally oxidized sili-
con. Dominant parameters which control the
interface properties are the technological para-
meters for th2 oxide growth. The oxide growth,
in the oxidation process of Si, proceeds In three
steps (19):

(i) Oxygen transfer into the oxide already
formed

(iiy Diffusion of oxygen through the oxide

(iiiy Formation of SiQ, due to reaction of oxygen
with silicon at the interface.

Oxidation of Si at higher temperaturas ( >
1000°C) is diffusion controlled which leads to a
square root law for oxide growth. Al lower
temperature { < 1000°C) the growth is controlled
by surface reaction which leads to a linear
growth rate. Both types of reactions lead o a
thin region of Si0, containing partially lonized
silicon near the SI¥SiO, interface where diffusing
oxygen reacts to form new Si0,. There is a thin
regionwith a reduced oxygen concantration{20).
The relation of inlerface states with the oxidation
temperatura has been nxplairwd by Deal (19)
and is shown in Fig.3.

A high interface state density is obtained by
low-temperature oxidation because there are
many unsaturated silicon bonds produced by
the slow reaction rate {Fig.3a). A low interface
state density is obtained at high lemperature
because the reaction there is high enough 1o
dominantly produce Si0, (Fig.3b). Tha same
low interface state density can be obtained by
annealing a low-temperature oxide having ex-
cess oxygen (Fig.3c). The annealing, however,
must not be 1oo long to avoid depletion of oxy-
gen. Goelzberger et. al. (21) have suggested a
‘Charge Model' to interpret interface states.
This model explains fast interface states by the
binding of mobile charge carriers in the semi-

tadern.——uol A Fabkaiame: 1001 3?



Fig. 3: Relation of interface statas with oxidation
temparature

conductor to charge centres in the oxide in the
immediate vicinity of the interface by Coulomb
attraction. A positive charge centre in the oxide
wili give to a bound donor state analogous to that
found in bulk silicon. A negative charge centre
will cause an acceptor state.

The random distribution of the depth of the
charge centres in the oxide and the partial
overlap of their potential will smear ocut the
distribution of the bound states. Centres located
deep in the oxide from the state closer to the
band edges. Owverlapping charges produce
deep states. Whenthe energy position is deeper
than C.1ev, adistribution ofinterface states with
a high density near the band edges and a drop-
off towards midgap is expected.

EXTFE. ... iiiTERFACE

Impurities may enhance or compensate the
oxide charge as well as the number of fast
interface states. The property of the impurity
depends on its electrical and chemical nature
and also its mobility in the interface region.
Many elements have a tendency to be gettered
in ihe disturbed region near the interface so that
they accumulale in this region even if they are
only present in a small concentration.

All the alkali impurities cause a positive
space charge inthe oxide inthe vicinity of the Si
Si0, interface. Normally, not all of the impurity
-atoms are elecirically active. An increasa of the
interface state density proportional to the fixed
oxide charge has also been reported. This
result supporis the “Charge Moedel' discussed
for intrinsic imterfaces. However, the increased
interface state density could also be caused by
additional strain in the Si/SiO, interface.

A pronounced effect on interface states is
cbserved for oxidation or annealing in presence
of hydrogen (17, 22). These effects can be
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described by a chemical reaction of unsaturated
silicon bonds with water at elevated tempera-
tures underformation of silanol group (22). '

! | ;
—50 + HO = _Sti -OH 4+ H

| - ‘

A similar reaction is obtained for hydrogen
-E‘lai' + H,

I
At temperatures below 500°C annealing in an
ambient containing water or hydrogen leadstoa
raduction of the interface staté density. At high
temperatures, the reaction is reversed and the
interface state density is increased again (22).
By varying the partial water pressure, the reac-
tion'can be weighled to one side or the other. In
presence of hydrogen or water, the annealing
triangle is not valid any more because the reac-
tion of hydrogen with oxide charge centres and
interface states is different. The oxide charge
decreases continuously during annealing even
at high temperatures while the hydrogen bond of
the abowve reaction splits again and causes an
increase of the imterface state density.

The behaviour of other elements is even
less well understood. Chlorine itself has no
effect on interface state density or éxide charge
(23). However, it can be used o bind and
neutralize sodium jons which cause an oxide
charge (24, 25). Gold is a particularly significant
impurity in silicon devices because of its pro-
nounced effects on carrier life time. Gold is also
geltered at the SVSi0Q, interlace region during
oxide growth {26). W causes some positive
space charge and a large interface state ‘den-
sity, larger than the number of gold atoms at the
interfaca (26). This behaviour has not been
explained properly.

|
“=gI=H* ¥ H

EFFECT OF VARIOUS
STRESSES ON INTERFACE
STATES

There are some’interface states that occur
through the preparation technology of the de-
vice, which are uncontrolled. Aparn from inter-
face states introduced during fabrication proc-
ess reactive environment, irradiation with-ix-
rays, exposure wilth light and ion-implantation
also increase the distribution.of 'the interface
states density. Irradiation increases the thermal
vibration of atoms that create electrons and
holes inthe interface region leading to a build-up
of positive space charge in the oxide and in-
creases the interface states density. The elec-
trons drift out of the oxide layer but many holes
become trapped. MOS devices with a thin oxide
layer (100 A) show little charge trapping; that is,
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the number of traps is reduced sinca holes mays
be able to leave the thin-oxide-layer before they
are trapped. lonic implantation of impurities
causes great changes at SUSIO2 inerace,

THEORETICAL CONSIDERA-

TION

A linear elastic beam theory for an isotropic
material (27) has been used to study SUVSIO2
system. In applying the linear elastic beam
. theqgry to S¥SIO, system, one can assume the
origin of coordination al the S¥Si0, interface
and-adopt the convention that posdnre and
negative stresses-represent tension and com-
pression respectively.

“oui - B + E1O1AW)
: 2
: Tox =PLl) + E2D2RLN
D2 2
I wher:aE1 - Young's Modulus of Si
E2 - Young's Modulus of Si0,

b1 - Thickness of Sichip

D2 - Thickness of SiO, film
Pl = 2[E1 11+ E2 12]R(iivH
H = D1 + D2
6% )T =T (1-m),
Rli)=

HE(I +mPE 4+ (1 +mm) {(m? +1 )]
L mn

o 4~ Coefiicient of thermal expansion for Si

- gy - coefficient of thermal expansion for SiO,

. T - Oxidation temperature

e T, - Room temperature -

m - D2D1:
n - E2ET1 . /
o 1. a.nd 12 are moments: n! inertia ui Sichip

; arI:ESlC} -—fﬂm bﬂhswlng as heams

l‘l = h’l‘l D132

12 = Mﬂ D232

" M1 andMz are the masses nfSI-nhlpand s&n

lﬂmwuwvﬂ!y -

e L R T
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COMPUTATION OF INTERFACE
CHARGE .

From piezoelectronic consideration the
charge on Si surface is expressed as (28)

Q, =P, =i
where P, is the plezoeleclric stress constant.
The charge state density can be given by

Q, - Q.9 - P,Osig

q - electronic charge

The above discussed method has been used
to compute the interface siate density for Sv
5i0, interface. The detailed computer program
is given in Appendix ‘A"

RESULTS AND DISCUSSION

The siresses at the interface have been
computed as a function of oxide and substrale
thickness at 1200°C oxidation temperature. The
results of these calculations have been plotted
in Figs.4 and 5. For performing the calculations,
the necessary physical parameters are givenin
Table 1 and the computed Q_, in different con-
ditions ars given in Tables 2 and 3.

The model has been checked by calculating
the wariation of charge state density at the
interface with oxide film thickness. Surace
charge has been calculated for different oxide
thickness at T = 1200°C and Si-chip thickness of
0.2 x 10%em. Theoretically charge density is
found to decrease with oxide thickness which
agrees quile well with the experimental results
{29). Experimentally the charge decreases with
thickness up 1o 0.4 x 10*cm and afterwards it
becomes approximately constant. The vari-
ation of surface state density with oxide thick-
ness has been plotled in Fig.4.

The model was further checked by calculal-
ing the charge state density by changing the
thicknass of Si-chip. Fig. 5 shows that the
charge state density is practically independeant
of the Si thickness which fairly. explains the
nature of experimental results (29).

The guestion of any inconsistency posed by
the resulis can be eradicated by taking into
account the dependence of-plezoelectric con-
stant P, with temperature. P, decreasesby 17%
as the tempearalure rises tmm 15 1o 500°C (30).
Hence it Py is taken as a temperalure depend-
entP,= PZ(T} ‘the model would certainly explain
the axpeﬁrnentai resulis (22) with graat accu-
racy. it
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Fig.4: Variation of surface state density with oxida

thickness
THEDRETICAL
* = EXPERIMENTAL
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o} D2 = 0:2a 10" %em
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(= ]
— '0 3
E
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4 D8 12 16 20 x 1W0-lcm &

Fig.5: Variation of surface state density with sub-
strate thicknass

Table 1:
Physics Parameters
T, = 25°%C
E1 = 16.92 x 10" dynes/cm?
E2 = 6.60 H 10" dynes/cm?
& = 2.60 x 10%7~C
Oy 050 x 10%cC
q = 1.60 X 10" Coulomb
P = 212 x 10" Coulomb/cm
Table 2:

Q,, At Different Substrate Thicknesses
D1 ({x10"'cm) Q. (10" cm?)
0.4 7.072
0.g 6.527
1.2 6.473
1.6 6.459
2.0 6.455

D2 (x10*cm) Q. (10" em?)
0.2 11.439
0.4 11.423
0.6 11.407
0.8 11.391
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APPENDIX ‘A

58R388gygeauna

410

DIM T1 (8), R1 (8), P (B). 51 (8), S2 (8), 53 (8}, 54 (8)
PRINT TAB(3); “T~; TAB(11}); *1/R"; TAB(23); “P~;

PRINT TAB(31); "SIGMASI"; TAB(45): “SIGMAX"™:

PRINT TAB(59); “QSS": TAB (71); “PZZX"

REM T1 REFERS TQ STORAGE LOCATION FOR TEMPERATURE
REM R1 REFERS TO STORAGE LOCATION FOR DIFFERENT 1/R
REM P FOR P'S, 51 FOR SIGMASI, S2 FOR SIGMAX
REM 53 FOR QSS AND 5S4 FOR PZZX

D1 = .02

D2 = .00002

E1 = 1.6892E + 12

E2 = 88E + 11

Al = 0000026

A2 = 0000005

Q =1.8E-19

Pl =2.12E-14

TO = 25

J=1

M = D2/D1

N = E2/E1

H-D1 + D2

N=2.328" D1 3M12

12=2.2" D2 3n2z

FOR T = 700 TO 1400 STEP 100

TI =T

N1=6"* (A1-A2)* (T-TO)* (1-M)™2

D=H*" 3* (1+M)™ 2+(1T+M* N}* (M™2 +1/(M* N)))
A1 (J) =N1/D

Pl)=2/HRI(J)" {(E1* 1 +E2 *I2)
S1(J)=PJN/D1+E1* D1* Rt (J)/2
S2(J)=P(J)/D2+E2* D2 * R1 (J) /2

S3(Nh=P1* S1({y/Q

B4(}=P1* S2 (N /Q

PRINT TAB(1); T1 (J); TAB(B): R1 (J); TAB {(20); P (J);
PHINT TAB (30); S1 (J): TAB (40); 52 (J): TAB {54): 53 (J); TAB (66); 54 (J)

wJ=d 1

NEXT T

PRINT: PRINT: PRINT

PRINT TAB (3); "D2"; TAB (13); " 1/R"; TAB {27}, "P*; TAB (34); “SIGMASI™;
PRINT TAB (47); “SIGMAX" ; TAB (58); "QS55"; TAB (71); “PZZX"

D1 = .02

T =1200

TO = 25

K = .00002

FORI=1TO4

D2= 1" K

GOSUB 1490

PRINT, TAB{1); D2;TAB(S); R1(1);TAB(23); P(l); TAB(33); S1(l): TAB (42); S2(1)
PRINT TAB (55); S3(1);: TAB (67): S4{l)

NEXT I
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510
530
550

570
580

1450
1500
1510
1520
1530
1540
1550
1560
1570
1580
1530

PRINT: PRINT: PRINT
PRINT TAB (3); “D1"; TAB(11); “1/R; TAB(25); “P~; TAB(32): “SIGMASI™;
PRINT TAB (44) ; “SIGMAX"; TAB(59); "QSS™; TAB (71) ; “PZZX"
D2 = .00002

FORI1-1 TOS

D1=.04" |

GOSUB 1490 '

PRINT TAB(1): D1; TAB (7); R1(l); TAB (21); P (): TAB (31); S1 ();
PRINT TAB (40): S2 (l); TAB (54); S3 (I): TAB (67); 54 (1)

NEXT |

STOP

H=D1 + D2

N1 = 8" (A1-A2) * (T-TO) * (1-M) ~ 2

D=H" (3" (1+M) 2+{1+M* N) " (MT24+1/(M* N)))

R1 () = N1/D

P =2/H" (E1 11 +E2 *12)° R1 (1)

S1{l) = P()/D1 +E1* D1* Ry 7 /2

S2() =P (1/D2 +E2* D2* R4wr() >

S3() =P1*31 () /0 -

S84 (h=P1 *S2 ()/Q

RETURN

END
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