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I.  INTRODUCTION

In the pursuit of a better understanding of the physics of surfaces
and interfaces, new experimental tools are needed with which to complement
the already impressive list of techniques developed in recent years.
Excellent methods, for example, have been developed, for determining
the chemical species and their compositional profile in surface layers.
Raman scattering offers potential insight into the structure, dynamics,
and dielectric properties of surface and interface regions, information
which may be complementary to that offered by other techniques.

1

We have reported elsewhere’ on the study of PbTe-SnTe alloy surfaces

TR VD NS N A PR LA

by Raman scattering. Evidence was presented for the observation of

: vibrational modes of single crystal surface adsorbate _a§ thin as 1-2

atomic layers. In the following we report studies on nétive oxide films

on GaAs.

Oxide films were grown on GaAs platelets by heating in pure oxygen
between 435°C and 710°C. These exhibited a Raman spectrum which is

attributed to a thick (perhaps several hundred angstroms) transition
region between the oxide and the GaAs substrate.

II. EXPERIMENTAL

The GaAs: samples, in the form of polished wafers, were, with few
exceptions, undoped (i.e., typically p > 3000 2 cm) GaAs prepared by
Crystal Specialties, Inc., Monrovia, California. In some instances,
Cr-doped specimens were used with no detectable difference in results.

Oxidation was carried out by heating in the presence of flowing high
2

purity oxygen after carefully cleaning the wafer surface.
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At 400°C, no evidence of oxide either visually or by Raman scattering
was evident on a (100) face after several hours3. At 435°C a layer
“golden brown" in color and judged to be 200-300A in thickness was grown
in seven hours.3 Various films all exhibiting interference colors and all
probably substantially thicker than the latter were grown on (100) faces
for various times at various temperatures up to 710°C. Oxidation of a
(111) face appeared to be significantly slower. For example, a specimen
heated for 30 min at 495° exhibited no obvious coloration visually.

Conventional Raman "backscattering" spectra were obtained at room
temperature using an argon-ion laser at 0.5145 and 0.4880 u» and a double
monochromator equipped with holographic gratings. The partially focused
laser beam was at near normal incidence (15°) to the surface and light
scattered normal to the surface was collected with approximately f/10 optics.

Figure 1 shows the characteristic Raman spectrum exhibited by the
thermally oxidized samples. The peak labeled LO shifted 293 em™! from
the exciting laser line is 1ight scattered by the bulk longitudinal optical
phonon of the GaAs substrate. Scattering from the LO mode is "allowed”
in [100] backscattering but not from the bulk transverse (T0O) phonon at

267 en ).

Apparently a small amount of transverse optic mode (T0) scatter-
ing was induced as a result of the oxidation procedure (the TO peak height

for the majority of the samples was relatively smaller than that of Fig. 1).
The peaks labeled R1 and R2 are new. We argue, in the following, that they
originate from a transition region at the interface between the transparent

oxide film and the underlying GaAs.

AL
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II1. RESULTS

1) A1l of the samples heated in oxygen between 435° and 710°C
exhibited spectra similar to that of Fig. 1. The peak R2 was generally
about twice as strong as R1 and varied from approximately the same
intensity as the LO peak in some samples to perhaps 3-4 times as strong
as the LO peak in others. No correlation between peak height and growth
time or temperature has been deduced thus far.

2) The oxide film could be removed readily by etching for a few
minutes in HC1 at 55°C. The resultant surface was alike in appearance,
visually, to unoxidized GaAs. However, the Raman spectrum - apart from
some reduction in the elastic scattering background which accompanies
the removal of the oxide film - appeared to be nearly unchanged or
reduced at most by small fraction. With the further passage of time
the interface modes R1 and R2 appeared to decrease slowly. Thus far,
we have found that the 6nly etchants which remove the R1 and R2 peaks
also attack the GaAs substrate.

3) The (111) faces of GaAs exhibit spectra altogether similar to
that of Fig. 1 when oxidized thermally, though the oxidation appears to be
substantially slower as mentioned above. Again, as in the case of (100)
faces, the oxide film is easily removed in HC1 leaving a surface with the

appearance of GaAs, but a sensibly unaltered Raman spectrum.

4) Information on the symmetry properties of the scattering modes
can be inferred from polarization experiments. Some of our results are
shown in Fig. 2 for 1ight backscattered from a (100) face and in Fig. 3
from a (111) face. For brevity we use the notation (x,y) where x and y
are the polarization directions of the incident and scattered light,

——— e ————
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respectively. The data indicate that the scattering peaks occurring

at the bulk LO and TO mode frequencies obey the selection rules of the
GaAs structure4 (space group T}). In each case the mode R2 appears to
favor (x,x) scattering and to be relatively forbidden in (x,y) config-
urations (the intensity scale is logarithmic so that the polarization
ratios are greater than they appear to be). Thus, R2 is the result of
scalar scattering or a diagonal Raman tensor component. The scattering
at Rl on the other hand, appears to vary relatively little with polar-
ization and if anything favors (x,y) scattering over (x,x).

5) The interface structure appears to be “"stable" in the respect
that no discernable change in the Raman spectrum has been detected for
our oldest samples (several months at this writing). However, after the
oxide film is chemically removed, the Raman lines Rl and R2, which are

initially nearly unchanged as mentioned above, begin to decrease and in

some samples have disappeared in less than one month at room temperature
in air. In addition we find that if an etched sample is placed in either
dry nitrogen, forming gas (96% N, 4% Hz),gg_oxygen and heated to about
400°C for about 1 hour, the two lines are completely removed leaving a
clean GaAs spectrum. (In some cases, a weak TO line is retained for the
[100] samples). In contrast, a sample for which the film had not been
removed when heated at 675°C in forming gas for 10 minutes, did not show
any signs of change.

6) XPS (x-ray photoelectron spectroscopy) yields information on the
chemical composition of the first few atom layers of a solid. A film
grown at 675°C showed a Ga:As ratio of more than 10:1. This result is

in agreement with the findings of several other workers.“"6 Shortly after
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chemical removal of the oxide film, a sample oxidized at 690°C showed

an As:Ga ratio of ~5:1 at the newly exposed surface. Some oxygen was

also present, but the sample had been exposed to air for a few hours.

After the R1 and R2 1ines had disappeared as a result of room tempera-

ture annealing for 4 weeks, an XPS scan of the "same" surface showed

an As:Ga ratio of about 3. Small lines were attributable to As and Ga

as oxide, but the principal peaks appeared to correspond to As and Ga

as gallium arsenide. The presence of excess As at the interface is in

disagreement with the conclusions of Sealy and Henment.5

IV. DISCUSSION

The most significant features of the interface modes R1 and R2 are
1) they are generally at least as intense as the bulk phonon Tines of
GaAs and 2) they are sufficiently narrow as to suggest a well-defined
energy. The results of the last section appear to be consistent with
the possibility that these lines arise from an interfacial layer between
the easily removed oxide and the substrate GaAs. This suggestion is in

agreement with the speculations of Zaininger and Revesz7

who proposed
that thermal oxides on GaAs might have a "composite" structure with an
arsenic rich interface region. The XPS data on the etched surface support
this view. The possibility of an arsenic rich interface has been dis-
cussed also by Scl'mrtz.6

Sealy and Hemment.s

but is in disagreement with the conclusions of

The strong intensity of the interface Raman 1ines suggests that the
interface region is at least one hundred angstroms thick and may be a
good deal more.s On the other hand, we observe 1) that the TO and LO
peaks appear to obey the bulk GaAs selection rules, 2) their intensity
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is less than that of bulk GaAs when the interface lines are present, but
increases as the interface lines anneal out, and 3) the weak line (Fig. 2)
at ~160 cm'] is often seen also on clean GaAs and is believed to corre-
spond to two phonon [2TA(X)] of bulk GaAs. These results suggest that
some of the light is penetrating to the pure GaAs substrate material.
This would limit the interface layer to not more than perhaps 1000A.

: Apparently, the 1nte;}ace layer and the oxide film form a stable
combination possibly because of electrostatic forces at the interface.

It seems necessary to conclude that when the oxide film is removed, the
surface region gradually reverts to GaAs, possibly by diffusion of Ga
vacancies or by evaporation of excess arsenic. In any event it seems

not to be by surface reaction because of the insensitivity of the process
to the gas ambient.

In addition to establishing the composition of the interface region,
it is necessary to establish the atomic arrangement before the properties
of these surface layers can be understood. It seems unlikely to us that the
intensity and sharpness of the observed spectra can be attributed to a
large continuously graded region in which the gallium vacancy level is
never sufficiently great as to restructure the medium. It is possible in
such a structure that one or both of the interface modes might arise from
normally forbidden first order processes or from enhanced second order
processes. For example, R2 corresponds quite well to expected values for
the transverse optic mode frequency at either the X point or the L point
of the Brillouin zone. To explain the strong scattering, however, it
would be necessary to assume a strong perturbation, e.g., a large strain

field, throughout the sizable scattering region. We know of no instances
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in which comparable effects have been observed. On the other hand, a
truly amorphous region seems unlikely. Such a medium should scatter in

a scalar fashion, i.e., without altering the polarization of the incident
light. The mode R2 is of this type, but R1 is clearly not. If the layer
were quite polycrystalline on the other hand, the scattered light might

be expected to be largely unpolarized. The mode R2 is certainly not

unpolarized. RIl, on the other hand, might fit this description, but the

polarization data suggest that there is some degree of order‘in the inter-

face region. It may be that the transition region is in effect two layers;

a region epitaxial to the GaAs (for example, a tetragonal structure could

scatter like the R1 mode) followed by a nearly amorphous region adjacent

to the oxide film. Obviously, more work is needed to clarify these matters.
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FIGURE CAPTIONS

Figure 1 The Raman [100] backscattering spectrum of a GaAs (100) surface
after heating in pure 02 for 20 minutes at 710°C. The numbers

at each peak give the Raman energy shift in cm'].

The lines
R1 and R2 remain after all visable traces of the oxide film
have been removed by etching in HCl1. The small peak at

~ 160 cm"l is frequently observed in backscattering from GaAs
and is believed to be two phonon scattering by bulk transverse

acoustic phonons at the zone boundary.

Figure 2 The polarized Raman backscattering spectra of a GaAs (100)
surface heated in 02 at 675°C for 15 minutes. Crystal direc-
tions in the parenthesis indicate the incoming and scattered

polarization directions, respectively.

Figure 3 The polarized Raman backscattering spectra of a GaAs (111)
surface heated in 02 one half hour at 560°C. Crystal directions
in the parenthesis indicate the incoming and scattered polariza-

tion directions, respectively.
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