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Optical and electron diffraction data for sufaces of SiO„GeO„and partially oxidized Si are reviewed.

It is concluded that an intermediate phase GeO„can be formed at the surface of GeO„and that this
phase may be a metastable crystNi~e film. Patches of an amorphous film of nearly the same
composition may be found on partially oxidized Ge surfaces, in analogy with patches of similar

material on partially oxidized Si surfaces, as observed in electron-difFraction energy-loss experiments.

Ibach and Rowe' have studied second-derivative
electron-energy-loss spectra (ELS) of partially
oxidized Si (111)and (100) surfaces. The ELS
spectrum they obtained is qualitatively similar to
the optical-reflectance spectra studied earlier by
Philipp, but it exhibits relatively more structure,
presumably because ELS is more sensitive to de-
tails of the surface conditions than reflectance.

A curious feature of the ELS data for SiO& is the
presence of three peaks at 3. 5, 5, and 7 eV, inter-
preted by Ibach and Rowe as an indication of the
presence of a less than completely oxidized surface
film of SiO. This is probably qualitatively correct,
but other evidence suggests that this film may be
a metastable phase of MO, (M = Si or Ge, depending
on the substrate). As we shall see below, the
metastable phase is very thin, perhaps only one-
unit-cell thick at most parts of the surface. How-

ever, in GeO„only it may exhibit crystalline prop-
erties associated with long-range order, which in-
dicates that whatever the value of x, there is a
definite composition intermediate between @=0 and
x= 2 at which the metastable phase exists.

A metastable phase of MO with M =Ge is more
likely than with M =Si, because Ge02 has two mor-
photropic forms, the hexagonal or quartz form and

the tetragonal (SnQ, }form. In the former, each (Sn02)
M atom is approximately tetrahedrally coordinated,
whereas in the tetragonal form the M coordination
is sixfold. Some of the physical properties of SiO~
and Ge02 in the quartz or hexagonal form are con-
trasted with those of Ge02 in the tetragonal form
in Table I. From the properties it can be seen
that hexagonal Ge02 is a metastable phase inter-
mediate in structural properties between hexagonal
SiO, and tetragonal GeO, . This makes it more
likely that hexagonal GeO, will support a metastable
surface phase of composition MO„ than either hex-
agonal SiO~ or tetragonal GeO~.

Reflectivity data have been reported for Ge02 in
hexagonal crystalline and glassy bulk states by
pajasova. 3 A tracing of her data for ez(v), ob-
tained from a Kramers-Kronig transform of R(&u),

is shown for the reader's convenience in Fig. 1.

Both the crystalline and glassy spectra are inter-
esting, and the difference between them is indica-
tive of the formation of a very thin metastable
crystalline phase on the surface of the hexagonal
crystalline substrate. When the substrate is amor-
phous or glassy, the metastable phase GeO„ is also
amorphous.

The spectrum of SiO& studied by Philipp exhibits
a series of oscillatorlike peaks beginning near 10
eV. The peaks are almost symmetrical, and prob-
ably arise because of final-state Coulomb inter-
actions between excited electrons and holes, which
give rise to exciton resonances superimposed on
the interband continuum. Similar nearly symmet-
rical resonances are found in other large-gap ionic
insulators such as the alkali halides. '

The chemical and structural differences between
hexagonal Si02 and hexagonal Ge02 are small, and
one would expect strong similarities in their optical
spectra. According to Fig. 1, above 10 eV this is
found to be the case; the chief difference in this
energy range is that the exciton resonances seen
in Si02 are greatly broadened in Ge02, the natural
widths for the former being of order 1 eV or less,
but being 2 or 3 eV or more in the latter.

In the low-energy region below 10 eV, a band

spectrum is found for Ge02 that is completely ab-
sent in the ref lectivity spectrum of bulk SiO&. This
spectrum, which lies between 4 and 9 eV, is called
a band spectrum because it exhibits asymmetrical
peaks and shoulders. Structure of this kind arises
because interband critical points give rise to an-
alytic singularities in the interband density of
states. Note in Fig. 1 the interband threshold
near &vo =4 eV, with e,(u&} ~ (&o —vo)'~, a second
threshold and strongly asymmetrical peak near
6 eV, and a saddle-point shoulder4 near 8 eV. All
of these features are qualitatively different from
the nearly symmetrical resonances, superimposed
on the interband background, which are found about
10eV.

Qualitatively speaking, the interband spectrum
in the region 4-9 eV resembles the interband spec-
trum4 of pure Ge, except that its center has been
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TABLE I. Physical properties of SiO& and Ge02.

Material

Hex. Si02
Hex. Ge02
Tetrag. Ge02

& M-0-M(deg)

114
130
90'

2. 34~

2. S2"
3.96

1.607
1.739
1.857~

1097
ss5'
720

d(M-O) A ur (cm"~) —~f (A cal/mole)

217. 7d

133.0
139.4
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shifted from near 4. 5 eV to near 6 eV. This shift can
be used to estimate x in the formula GeO„ for the
stoichiometry of the metastable film. In the one-
band approximation, ' the average energy gap E~
of the interband spectrum of a crystal with a va-
lence-electron plasma frequency v~ determines
the dielectric constant &p through the relation

Ee = 1 + (Rue/E, )'

In Ge02, &p=2. 82 according to Table I, compared
to fp = 16 in Ge. The valence electron densities
make uPe (GeOe) about 30%%uo greater than &oe (Ge), so
that Ee(GeOe) should be about three times as large
as E~(Ge), i.e. , about 13.5 eV. If we assume
that E~ is a linear function of x, an assumption
which holds fairly well for semiconductor alloys, '
we obtain

& =—2(6 —4. 5)/(13. 5 —4. 5) —= 0. 33.

The small value of x found in Eq. (2) is consistent
with the observation that the low-energy interband
spectrum of the metastable film qualitatively re-
sembles that of Ge.4

Another striking similarity between the GeO„
and Ge spectra is the way these spectra change on
going from the crystalline to the amorphous state.
Penn predicted that the interband spectrum of an
amorphous semiconductor with only one kind of
bonding (e. g. , sP' bonding in semiconductors of
the diamond, sphalerite, or wurtzite families)
would exhibit an interband spectrum with a single
asymmetric peak of the form ee(ar) ~(u& —toe) ~,
suitably broadened by small departures from his
isotropic model. This behavior has since been
confirmed in a number of cases, ~ and it is clearly
exhibited in Fig. 1. Note that this behavior is
characteristic of an interband spectrum, and not
of exciton resonances, so that even in the amor-
phous state there is still a qualitative difference,
not only in the position but also in the character

&(&)/&(0) = 1+ (2ee/ne —1)y;

and with n2 = 2. 82 this reduces to

(3)
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FIG. 1. Comparison of optical spectra of hexagonal
and glassy Ge02. Note the dramatic change in the shape
of the interband spectrum between 4 and 9 eV. Experi-
mental data from Ref. 3.

of ee(&u) between GeO„and GeOe.
The similarity between the spectra of Ge and

GeO can be exploited to estimate the thickness of
the metastable film. We anticipate the answer,
which is that the film thickness d is very much less
than the wavelength & of the light in this energy
range. Then the parameter y =4'/&« I, and we
can expand the ref lectivity R(y) at normal incidence
in powers of y and in terms of the complex optical
constants n+ ik of the film and n2+ ik~ of the GeO~
s.substrate. With &2 =2nk the result to lowest order
iny is
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&R/R(O) = 1.1 cay. (4)

Assuming that the optical spectrum of GeO, is sim-
ilar to that of Ge, but displaced upwards in energy
by about 1.5 eV, the peak in e& at 4. 5 eV with a
value of e2 = 40 should be found at 6 eV (X = 2000 A)
in GeOz. At this energy R = 15% compared to R(O}
= 7'. Thus ~/R(O) = 1.1, &my = 1, and

(5)

The approximations which have led to this result
are admittedly rough ones, but if the film is uni-
form the estimate should be correct to within about
3(Po. The lattice constants of Ge in a wurtzite
structure should be close to those of ZnSe, a=4 A,

0
c =6.5 A. The wurtzite unit cell contains four at-
oms, hence Eq. (5} corresponds to a film three or
four atom layers thick.

For diamond-type crystals, (111}surfaces have
the lowest free energy. 9 The (111)planes occur in
pairs, with one outside dangling bond normal to
each atom in each plane. The atoms are trigonally
coordinated with atoms in the adjacent plane. One
expects that initially deposition of oxygen on Si (111)
or Ge (111)would result in utilization of the outside
dangling bonds. At this stage, corresponding to
coverages 8 5' 2 in the notation of Ref. 1, a peroxide
model of adsorbed oxygen molecules seems appro-
priate. ' For higher coverages the characteristic
structure at 3. 5, 5, and 7 eV (SiO„) or 4-9 eV
(GeO, }is much broadened, corresponding to the
formation of MO„. This suggests the following pic-

GeO„+ H,O- Ge(OH) + Hz,

GeO, -GeO, +0, .

(6)

(7)

No effort has been made to 'balance" Eqs. (6) and

(7), as the state or nature of association of Ge in
water, as well as the value of x, is not known.
The equations merely illustrate the point that the
metastable phase may serve to catalyze the solu-
tion of hexagonal GeO~ in water.

ture for the structure of metastable MO„.
This phase may consist of apair of (111)Mplanes,

with a certain fraction of the interior M-M bonds
occupied by 0 atoms. If we consider a unit cell of
six M atoms and two 0 atoms, three M atoms in
each plane, then there are nine M-M bonds, two
of which are converted to M-O-M bonds. It would
be unreasonable to pursue geometrical questions of
this kind further until the presence of the postulated
crystalline phase MO„ is resolved by a careful low-
energy-electron-diffraction study of a hydrother-
mally grown GeO& sample such as that used by
Paj asova. '

To conclude this discussion, one may note that
hexagonal Ge02 is soluble in water, ' whereas
hexagonal Si02 and tetragonal GeO~ are not. The
solubility, then, is not determined solely by the
openness of the quartz structure (because hexago-
nal SiOz is not soluble in water), nor by the chemi-
cal makeup (because tetragonal Ge02 is not soluble
in water). Perhaps this unusual behavior is a con-
sequence of a two-stage chemical reaction:
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