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Resonant Raman-active acoustic phonons in ion-implanted GaAs
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We have observed a new, strong feature at 47 cm ' in the first-order Raman spectrum of ion-

implanted GaAs, prior to any anneal. It is not present in the Raman spectrum of either amorphous
or single-crystal GaAs. The peak is strong between excitation photon energies -1.5 and 2.2 eV.
Above 2.2 eV it is masked by the Raman spectrum of the amorphous GaAs component of the mixed
microcrystalline-amorphous system. Its frequency and line shape are not dependent upon implant
species or energy. The photon-energy dependence of the intensity of the amorphous GaAs com-
ponent of the Raman spectrum is found to be completely accounted for by the photon-energy
dependence of the optical penetration depth over the full range studied (1.55-2.71 eV). This then
serves as an internal intensity standard for our measurements, permitting us to separate scattering
efficiencies from mere scattering volume effects. The longitudinal-optical phonon of the microcrys-
talline remnant resonates near the E& interband transition peak in the electronic density of states,
consistent with a feature corresponding to a Raman-active crystal phonon. However, the new

feature at 47 cm ' is observed to resonate strongly at an energy near the Eo and ED+50 electronic
transition energies and not near El. We propose that this feature is an acoustic vibration of micro-
crystalline GaAs, observed via defect-assisted scattering between an electron or hole and the
crystalline-amorphous interface regions characteristic of ion-implanted GaAs. The additional
scattering breaks the k=0 infinite-crystal selection rule, and double-resonance effects result in in-

tense scattering for phonons in special regions of the Brillouin zone. Electronic wave functions with

sufficiently large wavelengths (on the scale of the crystallite size) are strongly affected by the disor-
der. A phenomenological model accounts for the resonance behavior reasonably well.

I. INTRODUCTION

Ion implantation is a means by which disorder can be
introduced into crystalline GaAs (c-GaAs). The damage
incurred during this process results in a state intermedi-
ate to the amorphous and crystalline forms. The result-

ing material is a mixture of microcrystalline and amor-
phous GaAs, as has been substantiated by spectroscopic
evidence. '

The spatial-correlation model has been successfully
used to characterize the microcrystalline component of
the Raman spectrum in ion implanted GaAs. The physi-
cal basis for this model is that finite crystallite sizes (L)
will affect long-wavelength phonons (on the scale of L).
This results in a relaxation of the usual k=O selection
rule and permits a range of phonon k values (b,k —1/L)
to participate in first-order Raman scattering. The re-
sulting spectrum, for (001)-oriented GaAs starting ma-
terial, exhibits a longitudinal-optical (LO) phonon which
shifts down in frequency and broadens asymmetrically.

In a previous paper, we have discussed measurements
of the LO scattering intensity for 45-keV Be+-implanted
GaAs. The intensity of the LO line is observed to de-
crease with increasing ion fluence, corresponding to in-
creased host lattice damage. The decreasing LO scatter-
ing intensity is attributed to a decrease in the optical
penetration depth (scattering volume) and to a decrease

in the fraction of the scattering volume which is still crys-
talline, as larger volume fractions of the substrate are
converted to amorphous GaAs (a-GaAs). By varying the
excitation photon energy (fico) we also observed that the
LO Raman-scattering intensity partially retained its reso-
nance with the E& electronic interband transition. Over a
photon-energy range of 1.55 to 2.2 eV the LO scattering
intensity was found to depend solely upon the scattering
volume. That study is the first study of the photon-
energy dependence of the Raman emission process in
ion-implanted GaAs.

Berg and Yu have discussed the effect that high-
energy electron and neutron irradiation has on Raman
and resonance-Raman processes in GaAs (both bulk and
defect related). In their case, the irradiation creates
high-density point defects, leaving the material primarily
crystalline. Due to the deep penetration of their light
particles, they probed a region of macroscopically uni-
form damage (homogeneous on a scale of 1000 A or
greater), even near Eo where the optical-absorption
coefficient is radically changing. They discuss
resonance-Raman scattering for a variety of processes in
disordered GaAs, particularly for the case of defect-
assisted first-order Raman scattering.

In the present work we discuss the nature of a newly
observed strong feature in the Raman spectrum of ion
bornbarded GaAs: a relatively narrow, strongly resonant,

38 6097 1988 The American Physical Society

borrego
Typewritten Text
Copyright by the American Physical Society. Holtz, M.; Zallen, R.; Brafman, O., "Resonant Raman-active acoustic phonons in ion-implanted GaAs," Phys. Rev. B 38, 6097  DOI: http://dx.doi.org/10.1103/PhysRevB.38.6097



M. HOLTZ, R. ZALLEN, AND O. SRAFMAN 38

low-frequency band. The intensity of this feature is
strongly dependent upon the excitation photon energy.
Under appropriate conditions, it is observed to be more
intense than the allowed LO phonon. The physical origin
of this new Raman band, which is not observed in either
pure crystalline or pure amorphous GaAs, is clearly of
fundamental interest. Although our experimental results
do not yet appear to permit a definitive identification of
the scattering mechanism, we can eliminate some possi-
bilities and support others. We develop an interpretation
of this new band based upon disorder-assisted Raman
scattering. However, the exact origin of the object of our
study is still open to speculation.

II. EXPERIMENT
The crystalline GaAs (c-GaAs} starting material was

Czochralski grown, doped with chromium. (001}-
oriented surfaces were cut and polished, then etched in
8:1:1HzSO4. 30%%uoH202. HzO prior to implanting to yield
wafers with high optical quality. Implantation was car-
ried out at the Texas Instruments Central Research Lab-
oratory. 45-keV Be+, 180-keV Be+, or 180-keV Si+
ions were implanted at room temperature 9' from (001) to
reduced channeling. Fluences ranged from 10' to
5)&10' ions/cm .

When used, depth profiling via chemical etch was per-
formed using a weak 1:1:100 H2SO4. 30%%uoH202. H20
etchant. Crystalline GaAs etches at a rate of approxi-
mately 530 A/min while the damaged material
etches somewhat faster, approximately 660 A/min, as de-
scribed in Ref. 4.

Room-temperature Stokes-Raman spectra were taken
in a flowing-argon atmosphere. A SPEX 1403 double
monochromator, along with a cooled GaAs photo-
cathode photomultiplier in the photon-counting mode as
detector, were used to measure Raman spectra. Excita-
tion was from either a krypton- or argon-ion laser, ena-
bling us to vary the excitation energy from 1.55 to 2.71
eV. Over this photon-energy range the optical penetra-
tion depth (1, , =1/2a for backscattering) into c-GaAs
varies from 3900 to 260 A.

A near-backscattering geometry was employed with
the laser beam incident at about 40' from the normal out-
side the sample (kept constant}, corresponding to a max-
imum internal angle of 10'. LO phonon scattering is al-
lowed in this configuration from a (001) surface; scatter-
ing by transverse-optical (TO) phonons is forbidden. '

For light-polarization analyses, the backscattering direc-
tion is denoted z~~[001]. x and y denote the [100] and
[010] directions, respectively, while x'~~[110] and
y'~~[110]. Spectra shown in Figs. 1 —4 were taken with
the incident light polarized in the scattering plane with
all polarizations collected. In order to compare Raman-
scattering intensities a CaF2 reference standard was used,
as described in Ref. 4. Precision is estimated to be 10%%uo

or better.

III. OBSERVATION OF THE NEW PEAK
IN THE RAMAN SPECTRUM
OF ION-IMPLANTED GaAs

Figure 1 shows the variation of the Raman spectrum
with 45-keV Be+ ion implant fluence. The excitation is

1.92-eV (6471-A) red laser light. In the crystal the k =0
optical-phonon selection rule is obeyed, resulting in a
strong LO phonon at 292 cm ', appropriate for back-
scattering along a zinc-blende (001) direction. Also visi-
ble in the spectrum of the crystal is a weak TO line at 269
cm ', observed because we are not in a strict back-
scattering geometry and because the scattered light is col-
lected in a cone about (001). As the implant fluence in-
creases the LO line downshifts, broadens, and decreases
in intensity. Simultaneously, the a-GaAs three-band con-
tinuum" increases in intensity and a very strong feature
A near 47 cm ' (full width at half maximum =18 cm '}
is observed, which increases in intensity with fluence. No
evidence of peak A is seen in the crystal, but it is evident
even for the lowest fluence studied.

Fi ure 2 is a set of spectra, all taken from the 5 X 10'-
cm 45-keV Be+ implant, obtained by varying the exci-
tation from 2.41 to 1.65 eV. At 2.41 eV the spectrum is
typical of ion-damaged GaAs (Refs. 2, 4 and 12) showing
the down-shifted and broaded LO and the three-band
continuum characteristic of a-GaAs. For this spectrum,
excited with green light, feature A is very weak. As the
laser photon energy is decreased, two changes occur: the
spectrum increases in intensity (normalized in Figs. 1—4
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FIG. 1. Unpolarized, room-temperature Raman spectra for
(100)-oriented GaAs crystals and for crystals implanted with
45-keV Be+ ions to various fluences, measured in ions/cm . Ex-
citation was with red light. Intensities are all on the same scale
relative to CaF2.
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FIG. 5. Polarization analyses over the full fundamental pho-
non regime. Excitation is with 1.92-eV red light; intensities are
arbitrary.
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FIG. 4. Raman spectra for implanted GaAs specimens vary-

ing implant species and energies: (a) 5X10' -cm ' 180-keV
Be+, (b) 2)&10' -cm 180-keV Si+, (c) 5y10' -cm 45-keV Be+,
and (d) 5X10' -cm 180-keV Si+. Also (e) for amorphous
GaAs. The excitation is red light. Note the strong presence of
A in all spectra except for a-GaAs. Intensities for (a)-(d) are
relative to CaF2.

orientation. Amorphous GaAs has a depolarization ratio
of -0.7 for the 250-cm ' band. " Our measured results
are in reasonable agreement with this. A is primarily di-
agonal with some z(x,y)z scattering, consistent with no
zinc-blende I -point selection rules. Intensities are sum-
marized in Table I. For the A band, these imply a Ra-
man tensor with components Rzz =Ryy ——a and

Rzy Ryz b, with a and b positive and a /b =—', . The
remaining entries in the 3 X 3 representation are undeter-
mined. We find that z(x', x')z and z(y', y')z result in
identical spectra.

IV. DEPENDENCE OF a-GaAs AND LO PHONON
SCATTERING INTENSITIES ON duo

In Fig. 6 we display the photon-energy dependence of
I„ the integrated intensity of the a-GaAs component
(normalized to the CaF2 standard) for the Raman spectra
of three implant cases: 45-keV Be+, 180-keV Be+, and
180-keV Si+ each to a fluence of 5&(10' cm . Amor-
phous GaAs does not resonate strongly in this energy
range' because the electronic spectrum lacks sharp
structure. The measured scattering intensity should then

be a direct measure of the scattering volume. This is
confirmed by the following analysis of Fig. 6.

In Ref. 4 consistent estimates for the optical-
absorption coefficient were obtained on the basis of spec-
tral evolution with etch depth, and (independently) based
on LO-phonon Raman-scattering intensity measurements
using a two-phase mixture of crystallites and a-GaAs.
Within the mixed amorphous-microcrystalline model, the
absorption coefficient is

TABLE I. Polarization of Raman spectrum main features.
hmL ——1.92 eV.

LO
A
a-GaAs

z(x, x)z z(x,y)z z{x',x')z z(x',y')z

a=f, a, +f,a, .

The near-surface volume fractions were f, =0.75 and

f, =0.25 for the 45-keV Be+ case. In Fig. 6 we show
1/2a using this 75:25 mixture in Eq. (1). Photon-energy
dependent a's are taken from Ref. 9 (c-GaAs) and Ref. 3
(a-GaAs). The vertical scale for the 1/2a curve has been
adjusted to fit the I, data. Agreement for the %co depen-
dence of I, is good. Thus, we confirm that the measured
a-GaAs intensity provides a good internal measure of the
scattering volume. Normalizing other spectral com-
ponents with respect to I, thus allows us to obtain inten-
sity values proportional to scattering efficiencies.

In Fig. 7 we implement this result for the %co depen-
dence of I(LO), the LO line integrated intensity. I(LO) is
shown, normalized to the I, values of Fig. 6, for the same
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three implants of Fig. 6. For %co & 2.2 eV, the LO intensi-
ty is approximately constant, exhibiting no strong reso-
nance. For higher photon energies, the scattering
efficien is clearly increasing, indicative of resonance
with the approaching E, interband direct electronic tran-
sition which occurs at 2.9 eV in c-GaAs. '

The LO line, which is present in the Raman spectrum
due to the surviving crystalline component (though
broadened and shifted by the effects of finite crystallite
size) is expected to have a resonance spectrum similar to
that seen for the bulk crystal. The c-GaAs allowed TO-
phonon resonance spectrum has been reported by
Grimsditch et al. , and in Fig. 7 we show their cross sec-
tion (for the E~ transitions only). The curve is scaled to
agree best with the intensities measured for 180-keV Be-
implanted GaAs, which possesses the largest crystalhtes

FIG. 6. Intensity measurements of the a-GaAs Raman-
spectrum component (all on the same arbitrary vertical scale
relative to CaF2) vs photon energy. Each case is for a fluence of
5&(10' ions/cm', with ion species and energies shown. Data
for these same three implants are shown in Figs. 6-8. The
smooth curve is optical penetration depth calculated using Eq.
(1), discussed in the text.

and crystalline volume fraction of the three cases present-
ed. Thus, the stronger resonance at high photon energies
is consistent with the lower damage: it is closest to the
bulk crystal. The other two implants shown in Fig. 7
have resonances which are diminished in strength to a
greater extent. The curve shown can be made to fit the
less-resonant data via a simple rescaling, implying reso-
nance with the same features in the GaAs electronic
structure.

The general agreement between the LO scattering in-
tensity data and the bulk TO phonon scattering of Ref.
20 confirms that allowed features which arise from the
crystalline volume fraction, and which correspond to al-
lowed Raman-active modes in the crystal, resonate with
the electronic structure in a manner similar to allowed
resonances in the parent material. Particularly relevant
to the present topic is that the LO line is strongly
resonating at the high end of our photon-energy range,
and is not resonating between 1.55 and 2.2 eV.

V RESONANCE OF THE A PEAK NEAR Ep

In Fig. 8 I(A), the integrated intensity of peak A, is
exhibited (normalized to I, ) for the same implants shown
in Figs. 6 and 7, over the same energy range. As can be
seen in this figure (as well as directly from the data in Fig.
2), the scattering efficiency of A rapidly rises as %co de-
creases, it peaks between 1.6 and 1.8 eV, then decreases
at 1.55 eV. Note that this strong variation in I(A)/I,
affirms that A does not originate from the amorphous
portion of the implanted GaAs.

To convince ourselves that we are probing only the
uniformly damaged surface regions of these implanted
samples, we first studied the most deeply damaged case:
180-keV Be+ implants. Via chemical etching, we ob-
served the damage plateau to extend from the surface to
at least 5000 A, which is larger than d, , =3900 A for
1.55-eV light in c-GaAs. Thus, in this case we probe uni-
formly damaged volumes across the full photon-energy
range used.

Constant damage volumes were probed in all three
cases shown in Figs. 6—8. This was confirmed by careful-
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FIG. 7. Photon-energy dependence of the LO band integrat-
ed intensities (normalized to I, in Fig. 6). The curve is from
Ref. 20 for resonance with E& only.

FIG. 8. Intensity of band 3, relative to I„vs excitation ener-
gy. Figures 7 and 8 are on the same scale and exhibit complete-
ly different resonances. The curve is discussed in the text.
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ly analyzing the LO line shape between 1.55 and 2.71 eV,
which provides us with a sensitive gauge of the damage
extent. If we probe substantially beyond the damage pla-
teau (by decreasing %co), the LO line will sharpen and
shift to higher energy. The frequencies and line shapes
were found to be constant over our Ace range. ' We
thereby confirm nondestructively that the data shown in
Figs. 6-8 are for regions of macroscopically uniform
damage in GaAs. The decreases in I( A)/I, at 1.55 eV in

Fig. 8, and consequently the peaks observed in all three
data sets, are believed to be real, and the general agree-
ment for these three cases supports this viewpoint.

The results presented in Fig. 8 are interpreted as strong
evidence of a resonance in A at an energy midway be-
tween the c-GaAs Ep and Ep+kp interband electronic
transitions at 1.43 and 1.77 eV, respectively. In the ab-
sence of resonance effects, both Figs. 7 and 8 would be
flat curves. The density of data points presented does not
permit us to pinpoint the photon energy at which A has
maximum intensity, but identification of the mechanism
responsible for A must be in accord with Fig. 8 and the
general nature of the resonance exhibited here.

Reflectance measurements of c-GaAs and Be-
implanted GaAs are shown in Fig. 9. Clearly resolved
for the c-GaAs are the peaks corresponding to the E, and
E, +b, , peaks in the electronic DOS (2.9 and 3.1 eV, re-
spectively). In the implanted spectrum these peaks merge
into a single, broad feature, accompanied by a weak

0.6

0.5

overall shift to higher energies. It is not unreasonable to
expect that the Ep and Ep+kp transitions are similarly
affected. The peak in the DOS would occur at an energy,
E„near the average energy with a bandwidth g=bp.
The DOS maxima may thgs broaden and shift with dam-

age.
In the photon-energy range where the LO line is not

resonating, it also is a measure of the light-scattering
volume. For 1.92-eV light, we observe that
I( A)/I(LO)-L ', where the crystallite sizes (L values)
have been obtained from the LO peak frequencies and
line widths. It is interesting to note that if I(LO)-L
(crystallite volume) then I ( 2 ) -L (crystallite surface
area). This is evidence that A is in some way associated
with the crystalline-amorphous interface regions.

VI. BRIEF SYNOPSIS OF THE EXPERIMENTAL
FINDINGS ABOUT PEAK A

Thus far, we have presented data pertaining to the new
feature A. The studies have included data over a wide
range of implant fiuences, with various ion energies and
species. The experimental results are summarized as fol-
lows.

(1}A strong feature is observed in the Raman spectrum
of ion-implanted GaAs.

(2) It has constant line shape, is fairly narrow, and the
frequency shifts very little over the large range of damage
studied.

(3) It is absent in c-GaAs.
(4) It is absent in a-GaAs.
(5) It is absent in Al„Ga, „As alloys.
(6}The intensity depth profile of the new feature within

the damage layer is the same as the a-GaAs spectral-
component intensity and complementary to that of the
LO line.

(7) It is strongly resonant near the broadened Ep inter-
band transition, which is in strong contrast to the crystal-
line allowed LO line, which resonates near E, .

(8) I(A)/I(LO)-L ' for fico=1.92 eV.

VII. DISCUSSION OF THE ORIGIN
OF THE NEW FEATURE

0.3 I I I

2.0 30
PHOTON ENERGY ( eV)

FIG. 9. Room-temperature reflectance measurements for c-
GaAs before and after implanted with 45-keV Be+ ions to a
fluence of 5&10' cm

It is useful to list hypothetical explanations for the ori-
gin of the new band. (i) Maxima in the vibrational DOS,
including microcrystallite size effects; (ii) zone-folded
Raman-active acoustical vibrations; (iii) impurity-specific
vibrations or electronic levels; (iv) damage-induced native
defects or single phases; (v) crystallite surface modes; (vi)
vibrations specific to the crystal-amorphous interface re-
gion; and (vii) defect-assisted scattering of GaAs acoustic
phonons.

Let us discuss the expected nature of each of these in
light of the experimental results presented. (i) The fre-
quency of A lies in the range of acoustical vibrations in
c-GaAs. The lowest-frequency critical point in the pho-
non DOS is the transverse-acoustic (TA) band at the L
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point in the Brillouin zone (BZ), to&~(L) =60 cm '. For
small enough crystallite size periodic boundary condi-
tions no longer apply, which affects the phonon DOS.
This leads to modification in the DOS which are strong-

ly dependent on the crystallite size. We do not observe
this effect in A: the frequency does not vary significantly
for various implant cases, corresponding to widely
difFerent crystallite sizes (the range of crystallite diame-
ters in Fig. 1 is from 300 to 50 A for Auences 1)& 10' and
5&(10' cm, respectively2' ). If A is an intrinsic c-
GaAs vibration, then 0 & k„&kaz.

(ii) Zone folding has been observed to activate non-
zone-center acoustic phonons in both crystalline
GaAs/Ga„A1, „As heterostructures and in amorphous
heterostructures. While we do not have repeat-distance
order in our implanted GaAs, vibrational features may be
affected by the apparently consistent texture of the
scattering medium, but only in a statistical sense. How-

ever, such zone-folded Raman-active acoustic modes
have frequencies which vary with the quantum-well

period, resulting in difficulties for (ii).
Impurity-specific vibrations (iii) are clearly eliminated

by the fact that we observe A in difFerent implants. Simi-
larly, electronic-Raman scattering is not responsible for
the A peak since it is present for difFerent implant
species. Furthermore, our experiments were carried out
at room temperature which causes such shallow impurity
levels to be unresolved from the host semiconductor elec-
tronic levels.

Native defects (iv) resulting from the ion damage (e.g.,
interstitials, vacancies, antisites, etc.) are expected to be
in high density. However, the low frequency of the A

band, well within the fundamental phonon regime of
GaAs, serves as an argument against assigning it to a de-
fect mode. Decay into GaAs fundamental modes would
delocalize specific defect vibrations, broadening them
beyond recognition (especially at room temperature). In
contrast, we observe a well-defined peak.

Single-phase arsenic (either amorphous or crystalline},
present from either the implant process or caused by
laser heating, is not the origin of A. This is clear from
the fact that we see no strong bands near 200 and 225
cm ' (crystalline As), 220 and 255 cm ' (orthorhombic
As), or broad bands in the 200—240 cm ' range (amor-
plious As).

The observation of a spectral feature present only in
the characteristic mixed amorphous-microcrystalline
ion-implanted material, but absent in either pure c-GaAs
or a-GaAs, suggests a mechanism that involves the crys-
tallite surfaces (v) or crystal-amorphous interface regions
(vi). Vibrational modes attributed to such interface re-
gions have several attractive features for our purposes:
the frequency would be constant and their number would
increase in proportion to the internal surface area
S/V-L '. Over nearly 1 order of magnitude we ob-
serve that I( A)/I„o-L ", with approximate crystallite
sizes obtained from the LO line. However, such modes
have the same degeneracy with the fundamental vibra-
tions as (iv), and would therefore be quite broad.

We do not expect symmetry to play a strong role in the
resonance of these features because long-wavelength exci-

tations (i.e., near the I point) will experience strong in-
teractions with the disorder: iong-range symmetry be-
comes less imposing with smaller crystallite size.
Crystallite-size effects, such as the phonon-confinement
mechanism which well describes the LO-phonon line-
shape behavior, are not sufficient to account for the A

band. For the LO phonon, decreasing crystallite size per-
mits a larger range of k values (around k=O) to partici-
pate in first-order Raman scattering. The LO band
downshifts and broadens on account of the weak negative
dispersion of the LO branch. For acoustic vibrations, the
dispersion is steep near k=O, making the corresponding
upshift with decreasing L quite large. This is not ob-
served.

VIII. DEFECT-ASSISTED RAMAN SCATTERING
OF GaAs ACOUSTIC PHONONS

Critical findings are observations of the resonance be-
havior of A, and the great difference between this reso-
nance and that exhibited by the allowed LO line. A
resonates near Ep and not near E, . The LO line
resonates near E, and not near E0. The LO-phonon Ra-
man resonance is well accounted for in terms of the rela-
tive k-space volumes involved.

Perhaps the large spatial extent of the electronic wave
functions are a requirement for the effect we observe.
Electrons with short wavelengths will not be strongly
affected by the crystallite size. For fico&2. 2 eV the up-
permost valence bands and lowest conduction band,
near the Ep and Ep+ kp peaks in the DOS, which are re-
sponsible for the overall optical properties in this energy
regime, require that

~

k
~

&0.2kaz (A, & 10aa). For the
E, transition

~

k
~

& 0.3kaz ~ Hence, wave functions for
electrons near the I point in the Brillouin zone would be
strongly influenced by the small crystallite nature of the
disorder.

We therefore propose a mechanism for the strong
scattering of GaAs acoustic phonons via a defect-assisted
Raman-scattering mechanism (vii). The "defects" in this
case are the microcrystal-amorphous interface, or "sur-
face" regions, which are present in implanted GaAs but
absent in either crystalline or amorphous GaAs. Because
the disordered material has a much lower electronic mo-
bility, photoexcited electrons will not readily travel from
the microcrystallites into the a-GaAs. Thus, the inter-
face elastically scatters electrons, resulting in a mom. en-
tum transfer. This transfer of momentum results in a
breakdown of the k=O infinite-crystal selection rule, per-
mitting the electron to participate in single-phonon Ra-
man scattering with nonzone-center phonons. Double-
resonance effects then give rise to intense scattering from
distinct regions within the Brillouin zone (away from
k=O}.

A prominent defect-assisted scattering analysis derives
from two-phonon scattering by replacing one of the
electron-phonon interactions with an elastic electron-
defect collision. ' This additional event acts to alter the
electronic k vector, relaxing the strict k selection rules

imposed by long-range crystalline order. The scattering
process therefore consists of fourth-order perturbation
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terms involving electron-phonon and electron-defect in-
teractions, along with the usual photon absorption and
emission.

Following the summary of the treatment by Berg and
Yu, the defect-assisted scattering is developed consider-
ing only two-band processes with parabolic bands. Exci-
tonic effects are ignored and the Born approximation is
used. Scattering cross sections then take on the (intrinsic
scattering} form

o(coL } f-e'dpi
I f (e ~L,~s}AT(e

BZ
(2)

where f is a function which accounts for the specific
mechanisms involved in the electron-phonon scattering
(e.g., deformation potential) and in the electron-defect in-
teraction. The function AT (see the Appendix} accounts
for the scattering processes involved in this fourth-order
perturbation expansion. The primary physical quantities
for the model are m„ the electron effective masses; E„
the critical-point energy; and g, the width of the E, tran-
sition. The cross section in Eq. (3) may then be approxi-
mated numerically, once the scattering mechanisms f
have been identified.

Menendez and Cardona observed impurity-assisted
forbidden I.O phonon scattering (Frohlich) near ED+do
in GaAs. The dopant impurities were allowed to interact
with the electrons (holes) via a screened-Coulomb poten-
tial where kF, the screening wave vector, is determined
by the mean distance between defects. The LO phonon
scattering was via the Frohlich mechanism introducing
an additional 1/k factor. The additional scattering event
caused the system to show double-resonance effects with
the largest contribution to the scattering intensity coming
from phonons with k =0.2/ao (ao is the lattice constant).
Calculated results were in good agreement with the ex-
periment. Of particular interest is the fact that strong
double-resonance effects were seen for phonons with k
large compared to kF and k large compared to
k; =2nn (A,L )/A, L +2mn(A, )/A,„ , the (backscattering)
wave vector required for zone-center Raman scattering.

Berg and Yu extended the results of Menendez and
Cardona to the case of a variety of defects in electron-
and neutron-irradiated GaAs. They discuss the generali-
zation of the fourth-order scattering process near Eo.
For defect vibrations which may be treated as local
modes they find that double-resonance scattering comes
primarily from a narrow range of k values around
0. I /ao.

In the eases of defect-assisted Rarnan scattering cited
above, the vibrations were considered to be dispersion-
less. Taking the A band as resulting from intrinsic c-
GaAs vibrations requires that they be acoustic vibrations.
Zone-center acoustic vibrations have I &5 symmetry in the
zinc-blende crystal structure. ' Group compatibility
tables along the symmetry directions indicate that
acoustic vibrations with k between I and X points in the
Brillouin zone have Raman tensors consistent with our
determination for peak A. However, the caveat of
selection-rule breakdown near resonance weakens the im-
plication. For scattering involving acoustic phonons, fre-
quencies change radically over the Brillouin zone. Their

2

cr(coL )- AT(q, a)~ )
dq

co(q)
(3)

where integration is carried out first (extrinsic}. The re-
sulting cr was insensitive to the order of integration of
squaring. Parameters used in evaluating Eq. (3) are from
Ref. 22.

The 1.65-eV critical-point energy, found to best agree
with the data in Fig. 8, does not precisely correspond to
the weighted average energy for Eo transitions
(Eo+ b,o/3 =1.53 eV). Since reflectance measurements
show nothing in this energy range and absorption mea-
surements are difficult, there are no concurring measure-
ments for our proposed merged-band picture.

Various scattering scenarios were considered with less
success. It is important to note that critical-point energy
widths closer to the crystalline g values (near 0.1 eV, Ref.
36) result in sharp cross sections. This is in contrast to A
which is relatively broad.

Agreement between the calculated cross section and
the data is only satisfactory. The primary contribution to
the scattering comes from k =0. lkaz implicating con-
sistency between the frequency of A and the acoustic
bands of GaAs. Similar agreement is found when con-
sidering electron-acoustic phonon scattering via the
piezoelectric effect. Since GaAs is weakly piezoelectric,
the deformation potential is more plausible. In any case,
we find some consistency between the data and the mod-
el.

IX. SUMMARY

We have observed a strong, resonant feature ( A ) in the
room-temperature Raman spectrum of ion-implanted
GaAs (Figs. 1 —5), prior to any anneal. It is observed
over a wide range of implant conditions (species, energies,
and fluences), but it is not observed in either the crystal-
line or amorphous phases. The feature is strong for exci-
tation photon energies below 2.2 eV; above 2.2 eV it is
weak and is masked by the a-GaAs component of the
spectrum. The frequency and line shape vary little.

dispersion must therefore be accounted for when consid-
ering scattering by acoustic phonons. This is done by us-
ing the measured dispersion.

The electron-defect interaction responsible for the ob-
served effect, for which it is proposed that the electronic
wave-function wavelength is an important parameter,
must be sufficiently general to explain the observation of
A in all implants studied. The view taken here is that the
defects are the amorphous-crystalline interface regions.
Electronic wave functions are assumed to be backscat-
tered in an infinite-potential barrier manner. It is
sufficient, in this analysis, to simply impose this elastic
scattering, which serves only to alter the electronic wave
vector, thereby breaking the k =0 restriction.

In Fig. 8 we show a two-band resonance-Raman cross
section calculated using Eq. (2}. The curve is for a
merged Eo and Eo+kp case, with E, = 1.65 eV and
g=0.4 eV to best agree with the data. The electron-
phonon scattering is via the deformation potential.
Equation (2) then becomes
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Careful intensity measurements of the a-GaAs com-
ponent of the Raman spectrum, I„relative to CaF2, indi-
cate that it depends solely upon optical penetration depth
(Fig. 6}. I, then provides us with an internal standard for
optical penetration over the full photon-energy range
studied (1.55 —2.71 eV). Thus, scattering volume effects
and scattering eSciencies may be separated.

Based upon this, the LO line of the microcrystalline
remnant is seen to resonate with the approaching E& in-
terband electronic transition near 3 eV (Fig. 7), and not
with the ED transition critical points in the density of
states. The resonance is similar to reported allowed-TO
measurements on c-GaAs, as expected for features aris-
ing from the crystalline component of the implanted ma-
terial.

A is seen to resonate somewhere between E0 and

ED+60, but not near E, (Fig. 8). A is seen strongly for
%cot &2.2 eV which corresponds to k &0.2kaz for pho-
ton absorption between the uppermost valence and lowest
conduction bands of GaAs. This implies that only elec-
trons with suSciently large wavelengths, on the scale of
the microcrystallite dimensions, are a8'ected by the disor-
der, and may thereby participate in the scattering process
responsible for A. Hence the large-k electronic wave
functions, primarily responsible for photon absorption
near the E& transition, are not strongly influenced by the
microcrystallinity, and for this reason do not have a

strong scattering cross section.
We propose that defect-induced Raman scattering by

acoustic modes of GaAs is responsible for the new
feature. The defects are taken to be simply the interface
regions between the GaAs crystallites and the amorphous
GaAs. The electron scatters elastically from the low-
mobility a-GaAs (and is thereby restricted to the crystal-
line component), resulting in a momentum transfer which
breaks the k =0 selection rule. The scattering cross sec-
tion is large when double-resonance conditions are
satisfied. A model, developed to account for this type of
process in the presence of point defects, ' is adapted to
the present case, with some success.
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APPENDIX

Definitions of the function AT for the defect-assisted Raman scattering process from Ref. 7 as follows:

Ar(cot )= A (sex, sex, x),x—2,x3)+ A (sgx, —sgxix), xp, x3)—A (sqx, spx, xl, x2,x3)

—A (SpX,S~X,X|,X2,X3 )+ A (SeX, —S~X,X ],X 2, X3 )+ A (SpX, —SgX, X|ix2, X3 )

—A (SeX,SI, X&X)ix2&X3) A (SI,XrSeX&X|yX2ix3) t (Al)

where

~(~iq, ~2q, k&, k2, k3)= A(O, A, ,q, S',k2, k, )
A, )+A2

2p $2q 2

~l.+i ri E —(j—1)Ra) ——5.
g2 C

1/2

A2
+

A, )+A2

)& A (O, A, q, S'~,k, k ),
A(O, A~q, k„k~,k3)=

(k', —k,')k.,q

iA. q
X tan

k, +k3

(A2)

(j=1,2), (A5)

j/2

Im(k3}) 0 (A6)

i 2p Aqk2 ——
$2

ACOI +l'g —E
2M

1/2

Im( k 2 ))0 (A7)

(ficol +i' E —%co )—2p
C P

—tan —1
1 k,jq

k2+k3
(A3) 1 1M =m, +m&, s, z ——m, I, /M,

me

1+
mI

(A8)

1/2

x =aq, x.=ak, x2 ——ak2, a =
2pflcoLo

(A4)

A, ,k3+A, 2k,S = —~)k2q
A.)+k2

(A9)
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