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It is well known that the surfaces of P -type
silicon become inverted to n type upon thermal
oxidation. The exact cause of this inversion
is not well understood, but it seems to origi-
nate in positively charged defects located in
the oxide near the oxide-silicon interface. One
especially interesting aspect of this phenom-
enon is that the magnitude of the "built-in" in-
terface charge depends upon the crystallograph-
ic orientation of the underlying silicon surface.
The orientation dependence of the interface
charge has been reported in the literature. ' '
Of the limited number of orientations investi-
gated, the (111)surfaces exhibit the highest
density of charge and the (100) surfaces the
least. Several questions immediately arise.
What is the generalized dependence of the in-
terface charge upon the crystallographic orien-
tation of the underlying silicone In particular,
is there any other orientation that has still low-
er values of the interface charge density~ In
order to answer such questions it is desirable
to obtain a more comprehensive orientation
dependence of the interface charge. It is the
purpose of this Letter to report the results
of experiments in which the magnitude of this
charge has been determined for all possible
crystallographic orientations on one single-
crystal specimen. This was accomplished by
employing a hemispherical crystal of silicon
on which the metal-oxide-semiconductor (MOS)
capacitance could be measured for any desired
crystallographic direction.

A single crystal of 6 0 cm, p-type silicon
was ground and polished to form a perfect hemi-
sphere of approximately 23 mm diameter. The
equatorial phane was (111). The hemisphere
was oxidized at 1200'C in dry oxygen to form

0
a 1500-A-thick oxide and slowly cooled to room

temperature. The metallic-blue interference
color was observed to be completely uniform
over the entire hemisphere. The complete ori-
entation was precisely determined by x-ray
techniques on a Philips automatic single-crys-
tal diffractometer (PAILRED). The crystal
was then transferred to a goniometer special-
ly constructed to carry out capacitance-volt-
age measurements on any desired orientation.
The field-electrode contact could be made to
any point on the oxidized hemispherical surface
by means of a mercury drop. ' The contact to
the silicon was made at the equatorial plane.
Room -temperature capacitance was measured
at 1 kHz and 100 Hz and the results used to
obtain the interface charge as a function of the

crystallographic orientation.
In the following discussion, Q represents

the negative interface charge induced by the
"built-in" positive charge located near the in-
terface. The influence of work-function differ-
ences is omitted here and will be discussed
later. For any given value of charge Q& on
the field electrode, the interface charge Q
is given by

where Qs is the charge in the space-charge
region of the semiconductor and Qt is the charge
trapped in the surface states at the oxide-sil-
icon interface. The distinction between Qt and
the interface charge is that the former chang-
es with the surface potential while the latter
does not. Thus for any given point on the hemi-
sphere, either side of Eq. (1) is a constant for
all values of Qg. In order to eliminate Qt from
Eq. (1), the interface charge was determined
at the point where the surface potential is ze-
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ro, i.e., the Fermi level coincides with the
intrinsic level at the surface. At this point

Qt is also zero if the states in the upper half
of the energy gap are acceptors (electron traps),
and those in the lower half are donors (hole
traps). Q can thus be calculated from Eq.
(1), since Qsc at the desired value of the sur-
face potential is known, s and Q& corresponding
to that surface potential can be obtained from
the capacitance-voltage characteristic. '

Measurements were carried out systemati-
cally over two adjacent 120-deg hemispherical
sectors of the surface using a 5-deg grid in
both longitude and latitude. Since the [111]di-
rection at the top of the hemisphere is an ax-
is of threefold rotation in the crystal, one 120-
deg sector should define the complete crystal-
lographic variation of the measured property
if this property complies with crystal symme-
try. The values of interface charge density
at all grid points were plotted on a stereograph-
ic projection' of the hemisphere and contours
of constant charge density constructed. The
results are shown in Fig. 1, in which the po-
sitions of several major crystallographic poles
are also included.

Figure 1 shows that the (111)poles are es-

FIG. 1. A [111]stereographic projection showing the
variation of the interface-charge density with crystal-
lographic orientation for a. thermally oxidized silicon
single-crystal hemisphere. The values of the constant-
charge-density contours are in units of 109 e/cm2. The
positions of several major low-index planes are also
shown.

sentially at maxima, the (100) poles at mini-
ma, and the (110) poles at clearly defined sad-
dle points in the interface charge distribution. "
Relevant cubic symmetry appears to be mani-
fest. The 120-deg sectors are essentially equiv-
alent in compliance with threefold rotation,
and each sector is bisected by a mirror plane.
Cubic symmetry also requires that the direc-
tional derivatives of a physical property van-
ish or become infinite at poles which are ro-
tary axes of symmetry, namely the (111) three-
fold rotor and the (110) twofold rotors. Thus
having established the orientation dependence,
it follows that maxima, minima, or saddle points
are not likely for any directions in silicon oth-
er than those mentioned. This seems to be
borne out by Fig. 1. Closer examination of
Fig. 1 reveals that the (111)and (100) poles
are slightly displaced from the experimental-
ly observed maximum and minimum positions.
Also, there is fine structure in the region of
the [111]at the center of the map. Although
the reasons for these detailed effects are not
understood at the present time, "the distribu-
tion indicated in Fig. 1 establishes the depen-
dence of the interface charge density on crys-
tal symmetry. Though the oxide is presumably
amorphous and defects or impurities in it might
be expected to be uniformly distributed, it is
clear that the interface charge is directly in-
fluenced by the underlying substrate which ap-
parently leaves a strong crystallographic im-
print on the interface.

It should be noted that part of the interface
charge may originate from work-function dif-
ferences between silicon and the oxide or the
metal electrode. However, the only data pres-
ently available indicate that the large variations
in interface charge density observed in the pres-
ent work cannot be accounted for by orienta-
tion-dependent work-function differences. The
work of Dillon and Farnsworth'3 gives a max-
imum work-function difference of 0.15 eV be-
tween the (100) and (111)faces of silicon, which,
in the present work, would correspond to a
variation in surface charge density of approx-
imately 2x10'0 e/cm'. The observed variation
is much greater.

The anisotropy of interface charge, shown
in Fig. 1, is strikingly similar to the variation
of Young's modulus in silicon. The space group
of silicon is I"d3m, which is centrosymmetric;

hence, the lowest order tensor property that
can display crystal anisotropy is fourth rank.
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Elasticity is a fourth-rank tensor'4 with the
value of Young's modulus, E, for a cubic crys-
tal being given by

E = [S„-2(S„-S,.-'S..)( 9"Py" y' ')]-', (2)

where S», 8„, and 844 are the three indepen-
dent elastic compliances, and a, P, and y are
the direction cosines of an arbitrary direction
based on the cubic axes. The values of the roorn-
temperature compliances are" 8„=0.768~ 10
cm'/dyn, S»= —0.214&& 10 " cm'/dyn, and S44
= 1.26 x 10 "cm2/dyn.

If the quantity (S„—S» ——,S«) is positive, as
it is for silicon, the Young's modulus has a
maximum in the (111)directions and a minimum
in the (100) directions Th. e values of E as a,

function of orientation were calculated and are
shown in Fig. 2, which is a [111]stereograph-
ic projection corresponding to the hemisphere
in Fig. 1. The contours of constant E clearly
show the (ill) maxima, , (100) minima, and the
(110) saddle points. In view of the similarity
between Figs. 1 and 2, which agree as to ma-
jor features, it appears that the distribution
of interface charge density is governed by a
physical property which to the first order is
describable by a fourth-rank tensor. The sirn-
ilarity between corresponding maxima, min-

FIG. 2. A [ill] stereographic projection illustrat-
ing the variation of Young's modulus, &, with crystal-
lographic orientation in silicon. The values of the con-
stant-E contours are in units of 10'0 dyn/cm2. The po-
sitions of several major low-index planes are also
Shown.

ima, and saddle points in the two figures also
suggests that the distribution of interface charge
may be related to elastic stresses and strains
in oxidized silicon surf aces.

Although the origins of the observed aniso-
tropic interface charge distribution are not
clearly understood, a possible mechanism is
that the strained regions at the interface act
as accumulation areas for point imperfections
such as impurity atoms or vacancies. At nor-
mal oxidation temperature, for example 1200 C,
the defect distribution should be uniform as
a result of high mobility at such temperatures.
As the specimen is cooled to room temperature,
and thermally induced, orientation-dependent
strains are built up, these defects may be quench-
ed in and redistributed anisotropically in accor-
dance with these strains. The observation that
annealing at 900'C reduces the density of inter-
face charge' may thus be explained by stress
relief at the interface which is accompanied
by a reduction and redistribution of the point
defects at the interface as well as by an increase
in the structural perfection of the phase bound-
ary.

It may be noted that the rate of thermal ox-
idation of silicon is best fitted by a mixed lin-
ear-parabolic law. " The linear term governs
the initial surface-controlled rate of growth
and is orientation dependent. The parabolic
term, which applies to the diffusion-controlled
mechanism and is independent of orientation,
dominates beyond the initial thin-oxide state.
(However, uniform oxide thickness is to be
expected over the surface of the hemisphere
in the present experiment because of the very
large ratio of the orientation-independent to
the orientation-dependent rate constants at the
oxidation temperature of 1200'C.)" One can
argue the possibility that the variation of the
interface charge density is somehow related
to the initial oxide grwoth mechanism. Since
measurements on the MQS system are made
after specimens have been cooled to room tem-
perature, however, it is difficult to ascribe
the anisotropic interface charge distribution
as due primarily to oxide growth factors, since
elastic stresses are necessarily introduced
upon cooling. Thus, while the oxide growth
factors may have some significance in the de-
velopment of anisotropic interface effects, the
strong correlation of the interface charge with
crystallographic symmetry, the tensor nature
of the measured property, and the fact that
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thermally induced stresses exist suggest that
stress and strain may be instrumental in pro-
ducing the observed interface charge distribu-
tion.
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The response of a two-dimensional electron gas to a longitudinal electric field of arbi-
trary wave vector and frequency is calculated in the self-consistent-field approximation.
The results are used to find the asymptotic screened Coulomb potential and the plasmon
dispersion for a plane of electrons imbedded in a three-dimensional dielectric.

There has been increased interest in the the-
ory of two-dimensional systems recently, pa, rt-
ly because of the relevance of such theories
to the properties of thin films and surfaces.
A particularly interesting example is the n-
type inversion layer of a Si-SiO, -metal struc-
ture, whose density of states has been shown
to have the behavior expected of a two-dimen-
sional electron ga, s, ' and whose carrier concen-
tration can be varied by at least two orders
of magnitude simply by changing the voltage
across the oxide layer.

We present results for the response of a two-
dimensional electron gas to longitudinal elec-
tric fields of arbitrary wave vector q and fre-
quency a, the two-dimensional analog of the
longitudinal Lindhard' dielectric constant.
From this the screening behavior of the sys-

tern, the plasmon frequency a,s a function of
wave vector, and the energy loss of moving
charged particles can be calculated. We give
as examples the asymptotic expression for the
potential due to an external charge, and the
approximate solution of the plasmon dispersion
equation.

A longitudinal electric field E(q, ~) =ED exp(ig r
iut) acting o—n a two-dimensional electron gas

will induce a polarization

P(q, (u) = y(j, (u)z(j, (u)ri(z),

where q has only x a.nd y components, q~E,
= 0, and the electrons are in the plane z = 0.

The self-consistent-field treatment of the
response of the electron gas gives the same
expression for the polarizability y as in the


