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Anisotropy in the above-band-gap optical reflectance along the [110] and [110] directions has
been used to investigate long-range atomic ordering in metastable epitaxial (GaAs);_,(Si,),(001) al-
loys as a function of Si concentration x. The amplitude of the differentiated reflectance-difference
signal was found to decrease monotonically with increasing x and reach zero, corresponding to the
critical concentration for the zinc-blende-to—diamond transition, at x ~0.37, consistent with x-ray-
diffraction results. The highest sensitivity in the optical-anisotropy spectra was obtained in the
spectral region near the E | critical point (4.5 eV in GaAs).

I. INTRODUCTION

Over the past several years, a variety of new
epitaxial  metastable  (4MBY),_ (C}YY),  alloys
including (GaAs); _,(Ge,),, "2 (GaSb); _,(Ge,),,>
(GaSb),_,(Sn,),,*  (GaSb),_,(Gey;_,Sn,,),,> and
(GaAs), _,(Si,), (Ref. 6) have been synthesized from the

vapor phase and studies of their optical,"”? electrical,’
lattice dynamic:,"‘o’11 structural (i.e., atomic order-
ing),>'>'3 and thermodynamic properties®'* reported. A

unique feature of these alloys is the requirement of a
zinc-blende-to—diamond structural phase transition at
some composition intermediate between the III-V and
group-IV end members even though short-range order is
preserved, i.e., there is no evidence of significant concen-
trations of A"— 4™ or BY—BY bonds.!*!? In the case
of (GaSb), _,(Ge,),, the zinc-blende-to—diamond transi-
tion has been found by x-ray diffraction to occur at
x~0.3.1

In this paper, we show that a major component of the
above-band-gap optical reflectance anisotropy between
the [110] and [170] directions in the zinc-blende lattice is
due to preferential surface termination with 4™ or BY
species which, in the presence of well-defined cation
and anion sublattices, renders the bonding in the
first few monolayers anisotropic. Thus, spectroscopic
measurements of the reflectance anisotropy in
(A™MBY),_ (CclV),(001) alloys can be wused to
probe long-range ordering. In particular, measurements
of the amplitude of the anisotropy spectra from
(GaAs), _,(Si,), as a function of Si concentration x were
used to determine that the zinc-blende—to—diamond tran-
sition in this system occurs near x =0.37 (i.e., anisotropy
is no longer observed at Si concentrations above x > 0.37)
in agreement with x-ray-diffraction studies. The most
sensitive spectral region over the energy range used in
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this study, 2.4-5.5 eV, was found to be near the critical
point Eg,.

II. EXPERIMENTAL PROCEDURE

Epitaxial (GaAs),_,(Si,), alloys with 0<x <0.53
were grown on As-stabilized GaAs(001) substrates
and (GaAs),_,(Si,),/GaAs strained-layer superlattice
buffer layers on GaAs(001) by a hybrid sputter-
deposition—evaporation technique.® The sputtering tar-
gets consisted of undoped single-crystal wafers of GaAs
and Si. Excess As was provided by evaporation from an
effusion cell. The total arsenic flux at the substrate was
progressively decreased for the growth of alloys with
higher Si contents. Film growth was carried out at a
temperature of (570+10)°C and film thicknesses were
typically 2-3 um. Bulk alloy films with x =0.20 were
found to be defect-free as judged by a combination of
plan-view transmission electron microscopy (TEM) and
cross-sectional TEM while alloys with higher Si concen-
trations contained threading dislocations.® Sample
preparation for reflectance measurements consisted of
rinsing in isopropyl alcohol.

Reflectance anisotropies were measured using a
reflectance difference (RD) technique!* % in which the
difference in reflectivity is determined for linearly polar-
ized light incident along the [110] and [110] directions.
Light from a Xe lamp is dispersed through a 0.25-m
monochromator and intersects the sample, which is ro-
tated at a frequency f=25 Hz, at an angle of 5° from the
[001] normal. Reflected light is detected using an uv-
enhanced photodiode whose output is fed into a lock-in
amplifier tuned to a frequency of 2f. The signal is pro-
cessed by a microcomputer which stores the average
reflectance R =(R 3,+Rj0)/2 along the two optical
axes, the difference in reflectivity AR =R 7, —R;o, and
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AR /R at each photon energy. Al mirrors, rather than
quartz lenses, were used to focus the incoming light onto
the sample and the reflected light onto the photodioide in
order to avoid chromatic effects. Further details con-
cerning the optical system are given in Ref. 19.

The films were also examined using triple-crystal x-ray
diffraction (XRD). The rotating Mo anode was typically
operated at 35 kV and 60 mA and the monochromator
and analyzer crystals were Ge(001). The ratios of the in-
tegrated intensities of the fundamental peaks (004, 008,
etc.) to the superstructure peaks (002, 006, etc.) are relat-
ed to the long-range order in the alloys.?

III. EXPERIMENTAL RESULTS

Typical high-resolution XRD patterns from alloy films
with x=0.20, 0.30, 0.37, and 0.53 are plotted in Fig. 1
over the range in diffraction angles corresponding to the
(002) and (004) reflections. The superstructure (002)
reflections due to the difference in average atomic scatter-
ing factors from the group-III and -V sublattices, !> are
clearly seen near the corresponding GaAs substrate
reflections in XRD patterns from the x=0.20 and 0.30
alloys. The (002) peak is barely resolvable in the x=0.37
pattern and is not observed at all in the pattern from the
x=0.53 sample. These results indicate that the zinc-
blende-to—diamond transition occurs near x =0.37.

Figure 2 shows normalized AR /R optical anisotropy
spectra from a series of (GaAs),_,(Si,), alloys with x
ranging from O to 0.53. Measurements obtained from a
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FIG. 1.
fundamental (004) and superstructure (002) reflections from ep-
itaxial (GaAs), _,(Si,), alloys with x=0.20, 0.30, 0.37, and 0.53.
Diffraction peaks from a GaAs substrate are also shown.

High-resolution x-ray-diffraction patterns showing
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Si wafer, exhibiting no anisotropy, are also presented in
Fig. 2 for reference. All points are raw data with no
smoothing. The uppermost spectra from pure GaAs(001)
exhibits well-defined structure at energies near critical
points in the reduced Brillouin zone: E,, E,+A,, Ey,
and E,.?! The oscillation with a maximum at E, (2.92
eV) and a minimum at E;+ A, (3.15 eV) was shown pre-
viously to be due primarily to a bulk linear electro-optic
effect. 2% The more prominent structure occurs near the
E| point (4.5 eV). The physical origin of this feature,
which has been observed previously,'®!7 has been sug-
gested to be due to a local surface field effect. 22725

The intensities of the optical anisotropy features in the
alloy spectra decrease with increasing Si concentration.
The optical structure is barely resolvable in the spectra
from the film with x=0.34, while the spectra from the
x=0.53 sample is featureless although the signal intensity
still increases slightly with increasing energy. Figure 2
also shows that the spectral features around the prom-
inent optical structure at 4.5 eV in GaAs shift to lower
energies with increasing Si concentration. This is con-
sistent with the fact that the corresponding E transition
in Si occurs at 3.4 eV.?

Before discussing the (GaAs),_,(Si,), RD optical an-
isotropy measurements, we present the results of a fur-
ther experiment carried out to probe the origin of the an-
isotropy effect in 4™-BY (001) lattices. Figure 3 shows
RD spectra from GaAs(001) (solid line) and GaAs(001)
(dashed line). Both spectra were obtained from the same
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FIG. 2. Normalized AR /R optical anisotropy spectra from
(GaAs);_,(Si,), alloys.
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FIG. 3. AR/R optical anisotropy spectra from GaAs(001)
(solid curve) and GaAs(001) (dashed line, multiplied by —1)
after a rotation of 180° about the [110] axis.

GaAs wafer rotated 180° about the [110] axis. The RD
spectra are essentially identical in amplitude and differ
only in sign (the dashed curve was multiplied by —1).
The RD spectrum obtained from GaAs(001) after a 180°
rotation about the [010] axis yields identical results, in
amplitude and sign, as those from the initial GaAs(001)
surface.

IV. DISCUSSION

Si(001), which has the same space lattice as GaAs(001),
exhibits no optical anisotropy effect. This suggests that
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FIG. 4. Schematic diagram illustrating cation (solid circles)
to anion (open circles) bond directions for (a) a (001)-oriented
zinc-blende lattice and (b) a (00T1)-oriented lattice obtained by
rotating (a) by 180° about the [110] direction.
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the existence of an anisotropy in (001)-oriented zinc-
blende samples requires well-ordered anion and cation
sublattices. The presence of sublattices alone, however,
does not lead to anisotropy. The results of the GaAs
wafer rotation experiment described in Sec. III can be ex-
plained if we further assume that the air-exposed
GaAs(001) and GaAs(001) surfaces are preferentially Ga
or As terminated rendering the upper few layers of the
crystal anisotropic. In a zinc-blende lattice with a cation
(anion) terminated (001) surface, the bond directions be-
tween a surface cation (anion) and the anion (cation) im-
mediately below it are [111] and [11 1] as shown in Fig.
4(a). Thus, incident light linearly polarized along [110]
has its electric-field vector E orthogonal to the surface
bond directions. However, light polarized along [170]
has an E component parallel to the bond directions. Ro-
tating the GaAs(001) wafer 180° about either the [100] or
[010] axes results in no change in the bond directions and
hence leaves the sign of the RD signal invariant. Howev-
er, a rotation of 180° about [110], equivalent to a 90° rota-
tion about [001], transposes the cation-anion (anion-
cation) bond directions to [111] and [111] [see Fig.
4(b)], thus reversing the relationship of the E vector with
the incident light and changing the sign (but not the mag-
nitude) of the RD spectrum as observed.

Consider now the RD results for the (GaAs),_,(Si,),
alloys. From the arguments given above, we expect that
the degree of optical anisotropy should correlate directly
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FIG. 5. Derivative d (AR /R)dE optical anisotropy spectra
from (GaAs),_,(Si,), alloys with x=0, 0.15, and 0.30. The
spectra are fitted using Eq. (1).
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FIG. 6. Amplitude of the d (AR /R)/dE derivative spectra
obtained from (GaAs),_,(Si,), alloys as a function of the Si
concentration x.

with the long-range order in the alloy. However, since
the E; and E,| + A, features contain components due to a
bulk linear electro-optic effect and hence depend upon
the doping level and impurity type, we have chosen to
concentrate our analysis on the spectral region near E
where the electro-optic effect is relatively weak due to
broadening and the anisotropy does not depend strongly
on doping. %20

The magnitude of the anisotropic effect around the E|
point as a function of the Si concentration is more con-
veniently defined using derivative spectra. Typical results
are shown in Fig. 5 in which the amplitude of the deriva-
tive peak decreases with increasing x and the peak
broadens. In order to account for the broadening and ob-
tain a quantitative measure of the d (AR /R)/dE peak
amplitude, we have fit the peak line shapes with an ex-
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pression of the form

d

dE

AR

R

d E—E,
dE | (E—E,)+TI?

) (1)

where A is the amplitude of the derivative peak, Ep is the
peak energy, and I is a broadening parameter. The ener-
gy dependence in Eq. (1) is commonly used to describe
the real part of the dielectric function in reflectance-
modulated spectra.?’” Equation (1) provides a good fit to
all data in the present experiments and yields the correct
F15;1~I‘25,, band gap for GaAs at room temperature, 4.5
ev.

Figure 6 is a plot of the fitted amplitude of the anisot-
ropy derivative spectra, normalized to that of GaAs, as a
function of Si concentration. The amplitude, which is
directly correlatable with the long-range order in the al-
loys, decreases monotonically with increasing x. The
(GaAs),_,(Si,), zinc-blende-to—diamond transition ob-
tained from this analysis occurs near x=0.37 in agree-
ment with the XRD results.

V. CONCLUSIONS

We have demonstrated that reflectance-difference spec-
troscopy can be used to determine long-range ordering,
and in particular the zinc-blende—to—diamond transition,
in (AM.BY),__(CV), alloys. In addition, we have
shown that the origin of the optical anisotropy near the
E{ point in A™-BV(001) samples is primarily a surface
effect due to the combination of preferential surface ter-
mination, well-defined cation and anion sublattices, and
alternating bond directions as a function of depth.
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