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Abstract—The high frequency acoustic phonons employed in Raman—Brillouin scattering are used to probe
native oxide layers on Ge film surfaces in GeO,/Ge/In,Ga,; _ ,As heterostructures. The thermal instability of
GeO, results in the production of GeO gas on Ge surfaces; molecules of this gas evaporate through the porous
GeO, layers. As a result, the Ge/GeO, interface is depleted of Ge, and a sub-stoichiometric GeO,, layer is
formed. By comparing photoelastic modeling and experimental results, we discovered a 0.5 nm thick interfa-
cial region between the film and the oxide, demonstrating the sensitivity of acoustic phonons to the sub-

nanometer scale.
DOI: 10.3103/S1062873815110246

INTRODUCTION

Germanium is of growing interest as an alternative
to silicon in electronics, due to its high carrier mobil-
ity, lower working voltage, and lower processing tem-
peratures. In order to benefit from these properties in
devices, we must control the quality of interfacial
Ge/GeO, layers [1]. Theoretical and experimental
studies aimed at gaining a detailed understanding of
the electronic and structural properties of Ge/GeO,
interfaces were described in [2—5]. Infrared Fourier
spectroscopy was used to show that upon oxidation in
air, sub-stoichiometric GeO, films are created that
then transform into GeO, [2]. The local structure
around Ge atoms and the electrostatic inhomogeneity
in Ge/GeOQ, are usually studied via X-ray photoelec-
tron spectroscopy (XPS) [3]. The atomic structure of
Ge/GeO, interfaces is then analyzed by comparing
the kinks in the valence band via the XPS of chemical
shifts and calculating these shifts by means of hybrid
functional density [4, 5]. However, the problem of the
actual band structure of Ge/GeQO, interfaces remains
open [5].

In this work, we show that Raman—Brillouin (RB)
scattering on acoustic phonons can be used to probe super-
thin germanium oxide layers in GeO,/Ge/In,Ga, _ ,As
heterostructures. Since an oxide layer thickness of sev-
eral nm does not contribute significantly to RB scat-
tering, we study its effect on Raman scattering (RS)
generated in a thin Ge film with this layer. Acoustic
phonons passing through these layers, including the
InGaAs substrate, are sensitive to the medium sur-
rounding the Ge film, allowing us to investigate the
influence of this medium on RB scattering in a Ge
film. High-frequency acoustic phonons are needed to
study the structure on the nanometer scale. Previous

studies of RB scattering on quantum dots and thin
films showed that the more localized electronic states
participate in RB scattering, while higher-frequency
acoustic phonons contribute to the spectra [6—8]. We
chose to use the optimum Ge film thickness of 25 nm
for RB scattering and then performed numerical sim-
ulations of the experimental data.

In this work, we studied the native oxide that
formed on the Ge surface. Ge was precipitated on a
In, ,Ga; gAs layer that was part of InGaAs/GaAs
(001) pseudo-substrate initially intended for engineer-
ing under pressure. Introducing tensile biaxial tension
in the Ge layer seemed to be an interesting way of
increasing carrier mobility and controlling the band
gap. The In, ;,Ga, gsAs layer was grown to a thickness
of 1 um in order to ensure complete elastic relaxation
on its surface and the subsequent pseudomorphous
growth of strained Ge films. A detailed description of
film growth can be found in [9].

Ge layer thickness e was measured via high resolu-
tion electron transmission microscopy. Visualization
was performed using an FEI Tecnai F20 field emission
electron microscope operating at 200 kV and equipped
with a spherical aberration corrector designed for
direct observation of atomic structures at interfaces
with appreciably reduced delocalization contrast of
images. It was found from image analysis that e =
25.5 £ 0.5 nm (Fig. 1). An amorphous GeO, layer can
also be seen in the figure; it is darker than the glue.
Due to blurring, however, it is hard to determine the
upper boundary of the oxide with subnanometer pre-
cision.

Raman—Brillouin scattering was excited at room
temperature using line A = 568.2 nm of a Kr ion laser.
The scattered light was studied using a Horiba Jobin
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Fig. 1. Heterosystem GeO,/Ge/InGaAs (110) obtained via
high-resolution transmission electron microscopy. The
layer of glue used in sample preparation can be seen on the
oxide surface.

Yvon T64000 micro-Raman spectrometer equipped
with a CCD camera. In contrast to conventional RS
micromeasurements, the incident exciting laser beam
and collected scattered light had no common path; the
laser was focused by an objective mounted off-axis
with respect to the collecting objective. This meant the
reflected beam was not incident on the spectrometer
and did not cause Rayleigh scattering. Instead, we deal
with an internal quasi-backscattering configuration,
due to the high Ge refractive index (n = 5.34).

The calculated RB spectra presented in this work
were simulated using a general formulation of the pho-
toelastic model described in [7]. This model included
the spatial modulation of elastic, photoelastic, and
optical properties. The scattering of the longitudinal
acoustic mode polarized along growth axis z was cal-
culated. All calculated spectra were convolved using a
Gaussian (FWHM 0.8 cm™') in order to allow for
experimental resolution. The numerical values of the
densities, speeds of sound, and refractive indices used
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in the simulation were taken from [10] for Ge, GaAs,
and InGaAs, and from [11] for GeO,.

We knew from our previous studies with Si mono-
layers that RB scattering is a result of the combined
action of acoustic, optical, and photoelastic cavities
[7, 8]. It is interesting that acoustically, Ge and
Ing ,Ga, ggAs are virtually identical to one another;
their acoustic impedances (the product of their density
and the speed of sound) differ by just 1%. The absence
of acoustic cavity due to the interface between Ge and
Ing ,Ga, g3As therefore greatly simplifies the analysis
of experimental data. The optical parameters of Ge
and In, ,Ga, ¢sAs are also quite close, weakening the
contribution from the optical cavity effect in RB scat-
tering. At wavelength A, = 568.2 nm, a Ge film is selec-
tively excited in resonance with the E| transition in
Ge, ensuring a strong photoelastic response. In con-
trast, the photoelastic response in ultrathin transpar-
ent GeO, layer is negligible. Unlike Ge, this wave-
length of exciting light is not a resonance wavelength
for an InGaAs substrate, and the contribution to RB
scattering from InGaAs is thus relatively weak. In
addition, the contribution to RB scattering from the
InGaAs is a volume Brillouin peak localized below
5 cm™!, in accordance with the considerable thickness
of 1 um. This spectral range was not considered in our
experiment. We thus considered mainly RB scattering
in a Ge film. We therefore assumed in our calculations
that the photoelastic effect occurs in Ge films only.
This implies that the photoelastic profile p(z) would be
constant in a Ge film and zero beyond the film [7].

Let us first consider a simple example in which the
Ge/InGaAs/GaAs heterostructure is not covered with
oxide. The corresponding RB scattering spectrum is
shown in the lower part of Fig. 2. A strong peak below
10 cm~! and a number of regularly spaced peaks whose
intensities rapidly decline as the energy grows are
observed in this spectrum. In accordance with the
above, these peaks are not associated with acoustic res-
onances in the Ge film because the Ge/In; ;,Ga, gsAs
interface does not form an acoustic resonator. Since
the optical cavity effects are also weak, we considered
a simplified version of the photoelastic model (Eq. (2)
in [7]). For a simple standing acoustic wave resulting
from total reflection off a sample surface, the scatter-

. . . > .
ing efficiency as a function of wave vector ¢ is propor-
tional to the expression

I(q) < {sincz[(Ak - q)ﬂ + sincz[(Ak + q)ﬂ
(D

- ZCos(qe)sinc[(Ak - q)ﬂsinc [(Ak + q)ﬂ },
where Ak is the variation in the photon wave vector.

Cardinal sine sinc(Q) = sin(Q)/Q is associated with the
Fourier transform of rectangular photoelastic profile
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Fig. 2. RB spectra calculated for our 25.5 nm thick Ge film
covered with an oxide layer whose thickness e, varied from
(lower) 0 to (upper) 4 nm with steps of 0.5 nm. The insert

shows the peak maxima @), as functions of thickness €.

p(2) [7]. The Stokes RB spectrum dominates in the
first term of Eq. (1) (associated with the cardinal sine,
it is concentrated at ¢ = Ak). This results in rapidly
decaying peaks with pseudo-periodicity 2m/e of the
wave vector [7]. Equation (1) and the complete calcu-
lation (lower spectrum in Fig. 2) do yield the same
peak positions.

Below, we assume that Ge film behaves as a source
of RB scattering, allowing us to study the parameters
of the oxide layer on its surface; the layer does not pro-
duce its own RB scattering. To describe the role played
by cavities in the new configuration, we need the
photoelastic model in the general formulation in [7].
Figure 2 shows a number of spectra calculated with
GeO, thickness e,, in the interval of 0.5 to 4 nm with
steps of 0.5 nm. Adding the oxide to the Ge film’s sur-
face changes the RB spectra appreciably. As e, gradu-
ally increases, some peaks fade out while others
appear. The insert in Fig. 2 shows that as e, grows,
the peak positions shift downward with respect to
energy. Figure 2 demonstrates that RB scattering is
highly sensitive to the presence of oxide and its thick-
ness. The dependence on e,, is mainly determined by
acoustic and photoelastic effects. As an oxide layer
appears on the surface, the boundary conditions for
the acoustic displacement fields are changed, and the
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Fig. 3. (Petg) experimental RB spectrum and calculated
spectra for our 25.5 nm thick Ge film: (dotted line) with-
out oxide, (dashed line) with 1.5 nm thick oxide; and (solid
line) with a 0.5 nm thick interface region and a 1.0 nm
thick oxide layer.

free surface corresponds to the upper oxide surface. As
e, increases, the acoustic displacement fields gradu-
ally change phase with respect to the Ge film, and thus
to photoelastic profile p(z). The conditions responsi-
ble for the RB scattering maxima therefore change as
well, and peaks are observed at other wavenumbers.
Similar effects that an oxide layer has on RB scattering
were observed for layers of ultrathin superlattices and
quantum dots in [12, 13].

Our experimental spectrum is shown in Fig. 3.
Three pronounced peaks can be observed within the
interval of 10—30 cm~". The calculated spectrum indi-
cated by the dotted line corresponds to a 25.5 nm thick
Ge film with no oxide on its surface. The three calcu-
lated peaks correspond to higher frequencies than the
experimental ones. Figure 2 shows that adding a thin
oxide surface layer changes the RB spectra apprecia-
bly. At different thicknesses of e, the best agreement
with experiment was obtained when e,, = 1.5 nm
(dashed line in Fig. 3), for which the first two peaks were
the same as the experimental ones. Above 20 cm™!,
the calculations are however unsatisfactory, as they
yielded an almost flat line in place of the third experi-
mental peak.

Acoustic waves with short wavelengths A, are very
sensitive to small variations. For 23 cm™! (i.e., at the
Vol. 79
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Fig. 4. RB spectra for different interface region thick-
nesses. From the bottom up: a 1.5 nm thick GeO, layer
with no interface region; a 1.2 nm thick oxide layer with a
0.3 nm thick interface region; a 1.0 nm thick oxide layer
with a 0.5 nm thick interface region; and a 0.8 nm thick
oxide layer with a 0.7 nm thick interface region.

maximum of the third experimental peak), the acous-
tic phonons in Ge had acoustic wavelength A,. =7 nm.
Since A,. corresponds to a phase variation of 2w, the
0.5 nm change in the oxide thickness resulted in a
notable 0.1431 change of phase, i.e., by 0.45 radian.
This demonstrates that such high frequency acoustic
waves can detect nanometer and even sub-nanometer
variations.

This compelled us to investigate further details
beyond the structural analysis allowed by high resolu-
tion electron microscopy. It is known that in order to
calculate the band shift at a Ge/GeQO, interface, we
must introduce a sub-stoichiometric interfacial layer
[4]. This layer emerges because GeO gas is formed at
Ge/GeO, interface, and molecules of this gas evapo-
rate through the porous GeO,. As a result, this inter-
face is depleted of germanium, and a sub-stoichiomet-
ric GeO, region appears. We calculated the RB spectra
for a 25.5 nm thick Ge film covered with an oxide layer
with thickness e,, and an interface region thickness
varying such that the total thickness was equal to
1.5nm (Fig. 4). We found that good agreement
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between simulations and experiments can be achieved
by introducing an ultrathin interfacial layer (IL) with a
thickness of 0.5 nm between the GeO, and Ge film.
This spectrum is indicated by the solid line in Fig. 3.
For simplicity, we assume that it has average properties
between those of Ge and GeO,; i.e., density p(IL) =
0.5[p(Ge) + p(GeO,)]. With this layer, the positions of
the first two peaks remained virtually unchanged,
while the changes at higher frequencies were consider-
able. In particular, an almost flat line was transformed
into a third peak that agreed with the experimental

peak at 23 cm™!.

In accordance with our RB scattering simulation,
an experimental spectrum was obtained from the fol-
lowing structure: an InGaAs substrate was covered
with a 25.5 nm thick Ge film, a 0.5 nm thick interfacial
layer, and finally a 1 nm thick GeO, layer. The total
thickness of the interfacial and oxide layers was
1.5 nm. This agreed with the amorphous layer shown
in Fig. 1. Note that the band shift at Ge/GeO, inter-
face was calculated with a hybrid density functional
using a 0.6 nm thick sub-oxide layer [4]. The thickness
of this transition layer agreed with that of our interfa-
cial layer, as was confirmed experimentally.

CONCLUSIONS

RB scattering generated in a thin Ge film was stud-
ied in order to probe a GeO, layer and a Ge/GeO,
interface. Since acoustic phonons that participate in
scattering are sensitive to the Ge layer environment,
we could not only determine the native oxide’s thick-
ness but the presence of an interfacial layer at the
Ge/GeO, boundary as well. This is important both in
characterizing the GeO, layer and Ge/GeO, interface,
and as additional information on the local structure
obtained via XPS. Sensitivity on the sub-nanometer
scale was demonstrated. High frequency acoustic
phonons are especially sensitive to the actual nature of
the interface. In the end, the variation in acoustic
impedance upon crossing the interface determines the
degree of reflection of acoustic waves. We showed that
materials with low RB scattering intensity can none-
theless be investigated under the condition that
nanometer thick films in which RB scattering is pro-
duced are used as an internal probe.
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