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ABSTRACT

The need for higher manutacturing yields and
improved operational reliability of Semiconduc-
tor Devices and circuits has led to a continuing
scrutiny of all processing steps of these De-
vices. Just like in the bulk of semiconductor,
allowed states also occur at the surface of a
semiconductor within the energy gap, which are
called surface states. A third type of states,
similarto surface states, occur atthe 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 understood than that of bulk states.

There is as yet no satisfactory theoretical
model for explaining the existence of interface
states at Si/SiO, 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, SVSiO, interface will be treated predomi-
nantly in this present investigation.

A model, based on the piezoelectric re-
sponse of SiO, to thermally-induced external
stress assumedto be present during tabrication,
has been developed to investigate existence of
interface states at Si/SiO, interface. 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 Metai -
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PHYSICS

Oxide Semiconductor (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 SVSIO, interface is.probably the
most well characterized solid - solid interface
(6). It is well known that the thermally grown
oxide layer onsilicon surface is characterized by
positive charge in the oxide layer. Deal et. al (7)
have indicated that the charge centres are lo-
cated near Si/SiO, 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 treat-
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 satisfactory model has
emerged which fully explains the variation of
interface charge with oxidation temperature. To
reach abetterunderstanding of the basic mecha-
nism involved in-the .theoretical study of the
surface states density, a phenoemenologicalidea
is used.in which the silicon dioxide has:been
treated as a piezoelectric material. In the pres-
ent ..communication, surface state density has
been computed using beam theory and bimetai-
lic strip theory considering SiO, a piezoelectric
material. . e T,
The previous authors (9-11) were of the
opinion that piezoelectricity.is an inherent prop-
erty of the crystalline structure, but the work of
Murayama (12) indicates that charge injection
from the electrodes and their subsequent trap-
ping in the film might be responsible for.this
effect. Singh et. al(13) in their study on MGOS
has shown that SiO, can get polarized. under
electric field at suitable temperature. It has also
been shown by Sussner and Drausfeld (14) that
PVF, film, though glassy in structure, does show
piezoelectric character. ‘ o .

TYPES OF INTERFACES .
Defects present in the oxide which appear
to have a net positive charge is generaily named
fixed oxide charge. Although at room tempera-
ture these centres-do not interact with mobile
carriers at the silicon surface, they 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 achuevable /interface-state density has
contnrw;slydroppedﬁs)whichhasbeenshown
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Fig.1£'Vaﬁetion of interface state density with time
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The observed lmptovernent in the density
has been achieved entirely by empirical meth-
ods, without recourse to scientific models of
‘interface states: The improvement is necessary
because a low interface-state density is of
cruciat lmponance ‘for semlconductor devices.
“The major spur-towards irmrovement of inter-
face quality has been the MOS technology,
which is now in a very advanced state. For most
-ofthe MOS devices thie present achlevable level
of 'interface-state dénsity is ‘more than ade-
quate. However, further improvement is neces-
sary for ‘@dvanced types of devices, such as
charge coupled devices (CCD). There are two
different types of interfaces.

1. interface without states - Intrinsic interface
£ Interface with states Extnnsuc mterface

INTRINS!C INTERFACE

For the ideally oxndnzed SIO " Si |merface
it can be imagined that all danglmg bonds which
cause a high.interface state density in the case
of a free silicon surface are saturated by bonds
withoxygen{16,17). The strong binding energy
of: oxygén to ‘silicon shifts the “energy of the
bonds'tc lower enérgies away.from the window
of the siliconband gap where they are measured
electrically (18). Itis therefore plausible that the
electrically measured SiQ, - Siinterface density
is very low, far less than: the number of atoms or
bondsintheinterface.’ However, it canbe easily
shown i the ‘schemdtic' arrangement of ‘the
bonds in the two dimensional drawing. Fig.2,
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Fig.2: Systematlc arrangement of bonds in S¥SIO,
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

inthe oxidation process of Si proceeds inthree
steps (19):

(i) Oxygen transfer into the oxide already
formed

(ii) Diffusion of oxygen through the oxide ]

(i) Formation of SiO, due to reaction of oxygen *
with silicon at the interface.

Oxidation of Si at higher temperatures ( >
1000°C) is diffusion controlled which leads to a
square root law for oxide growth. At lower
temperature ( < 1000°C) the growth is controlled
by surface reaction which leads to a linear
growth rate. Both types of reactions lead to a
thin region of SiO, containing partially ionized
silicon near the SVSiO, interface where diffusing
oxygenreacts to form new SiO,. There is a thin
regionwith a reduced oxygen concentratlon(zo)
The relation of interface states with the oxidation
temperature has been explamed 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 temperature
because the reaction there is high enough to
dominantly produce SiO, (Fig.3b). The same

“low interface state densuty can be obtained by

annealing a low-temperature oxide havmg ex-
cess oxygen (Fig.3c). The annealing, however
must not be too long to avoid depletion of oxy-
gen. Goetzberger et. al. (21) have suggested a
‘Charge Model’ to interpret interface states.
This rmodel explains fast interface states by the
binding of mobile charge carriers in the semi-
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Fig. 3: Relation of interface states with oxidation
temperature

conductor to charge centres in the oxide in the
immediate vicinity of the interface by Coulomb
attraction. A positive charge centre in the oxide
will 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 out the
distribution of the bound states. Centres located
deep in the oxide from the state closer to the
band edges. Overlapping charges produce
deep states. Whenthe energy positionis deeper
than O.1ev, adistribution of interface stateswith
a high density near the band edges and a drop-
off towards midgap is expected.

EXTER.. ..o iiiTERFACE

Impurities may enhance or compensate the
oxide charge as well as the number of fast
intertace 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 the disturbed region near the interface so that
they accumulate in this region even if they are
only present in a small concentration.

All the alkali impurities cause a positive
space charge in the oxide in the vicinity of the Si/
SiQ, interface. Normally, not all of the impurity
-atoms are electrically active. Anincrease of the

b)

interface state density proportional to the fixed
oxide charge has also been reported. This

result supports the “Charge Model' discussed
for intrinsic interfaces. 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
observed 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 under formation of silanol group (22).

1 | S ke
—Si = ——Sli -OH + H

A similar reaction is obtained for hydrogen -

| | )

—Si + H - =——Sli"~H + H

I
At temperatures below 500°C annealing in an
ambient containing water or hydrogen leadsto a
reduction of the interface state 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-
tiontan be weighted 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 hightemperatures while the hydrogen bond of
the above reaction splits again and causes an
increase of the interface state density.

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

-

+ HO

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. Apart from inter-
face states introduced during fabrication proc-
ess reactive environment, irradiation  with-i x-
rays, exposure with 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 in the 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 numberoftrapsisreducedsinceholesmays | COMPUTATION OFINTERFACE
be able to leave the thin-oxide-layer before they CHARGE .
are trapped. lonic implantation of impurities

causes great changes at SV/SiO2 interface. From piezoelectronic consideration the

charge on Si surface is expressed as (28)

THEORETICAL CONSIDERA- a =p. OTsi
TION * z
A linear elastic beam theory for an isotropic where P, is the plezoelectric stress constant.
material (27) has been used to study SVSiO2 The charge state density can be given by
system. In applying the.linear elastic beam )
. theary to SVSIO, system, one can assume the Q, = Q. = P,Csiq

. origin of coordination at the SVSIO, interface
and -adopt the convention that positive and
negative stresses- represen! tension and com-

n pect
pressso res Nely ) The above discussed method has been used
) to compute the interface state density for SV

6’ i = P(J) E1 D1R(J) SiO, interface. The detailed computer program
. _ S . D1 * > is gizven in Appendix ‘A’.

 Stresson SiQ,;: 4 RESULTS AND DISCUSSION

s by y A u The stresses at the interface have been
Tox = PGl + E2.D2RGHD computed as a function of oxide and substrate
: ; thickness at 1200°C oxidation temperature. The
results of these calculations have been plotted

q - electronic charge

~wherekE1l. - Young's Modulus of Si in Figs.4 and 5. Forperforming the calculations,
E2 - Young’s Modulus of SiQO, the necessary physical parameters are:givenin
D1 - Thickness of Sichip Table 1 and the computed Q,, in different con-
D2 - Thickness of SiO, film ditions ars given in Tables 2 and 3.
PG) = R o The model has been checked by calculatmg %
PO = 2[E1 11+ E2 12] R()/H the variation of charge state density at the
H .= D1 + D2 ‘interface with oxide film thickness. Surface
; o _ charge ‘has been calculated for different oxide
S BE ST T (1-my), : thickness at T = 1200°C and Si-chip thickness of
R(j)= : 0.2 x 10-'cm. Theoretically charge density is

found to decrease with oxide thickness which
agrees quite well with the experimental results
(29). Experimentally the charge decreases with
thickness up to 0.4 x 10*cm and afterwards it
becomes approximately constant. The vari-
ation of surface state density with.oxide thick-
ness has been plotted in Fig:.4.-

The model was further checked by calculat-
ing the charge state density by changing the

HI3(1 + M)z + (1 + mm) (m2 + 1 )]
AW L e e mn

¢, coeflicient of thermal expansion for Si
1 Xy «coefficient of thermal expansion for SiO,

. T - Oxidation temperature

;rn 'ggg‘,‘e?“????‘”'e . | thickness of Si-chip. Fig. 5 shows that the
o n - E2E1 I ' charge state density is practically independent
” “ and |2 Srernatenis. ot o of Sl —chip of the - Si thickness which fairly. explains the

_ o nature of experimental results (29):

_‘ and S:O mm behavmg A beams o The question of any inconsistency posed by
“ - M1 01 3/12 a ' the results can be eradicated by taking into
i, - , account the dependence of:piezoelectric con-

2= M2 D21 2 ' as the temperature rises from 15 to £00°C (30).
h _ Hence if P, is taken as a temperature depend-
:\'Au:‘an::phga:reel;he es Of Sn-chnp and S'O entP,= PZ(T) ‘the model would certainly explain

) the expenmemal results (22) wuth great accu

ety A0 11 AR , racy. X
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