Raman scattering study of lattice disorder in 1-MeV Si-implanted GaAs
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We have used Raman scattering to study the lattice disorder created by the implantation of 1-
MeV Si ions into GaAs. Using the change in the longitudinal optical (LO) phonon-line
position as the signature for lattice damage, combined with chemical etching for controlled
layer removal, we monitored the evolution of the disorder depth profile as a function of
implantation dose. The shape of the depth profile of the disorder agrees with the theoretical
simulation TRIM for doses of 1 X 10" cm ™7 or lower. For higher doses a saturation is observed
in the amount of residual disorder. This saturation is 2 manifestation of dynamic annealing
occurring during the high-energy implantations, which we attribute to enhanced defect
mobility, induced by the transfer of energy to the lattice, in atomic collision cascade processes.
in order to correlate the spectral features in the Raman spectra with structural changes in the
ion-implanted samples, we characterized the implantation-induced lattice damage using ion-
channeling and transmission electron microscopy (TEM} measurements. The residual defects
in the MeV-implanted samples are found to consist of dislocation loops and discrete point
defects dispersed in an otherwise perfect (although probably strained) crystalline lattice. An
average distance between defects was estimated from the channeling and TEM studies, and
compared with the coherence-length parameter L used in the “spatial correlation model,”
which is commonly used to interpret quantitatively the Raman spectra of ion-immplanted
materials. Although the model gives a good fit to our data in terms of the position and
linewidth of the LO phonon peak, no clear correlation could be established between L and the
interdefect separations. We also observed the appearance of the broadbands at about 70, 180,
and 245 cm ™!, in the Raman spectra, which are commonly attributed to amorphous GaAs,
although no trace of amorphous material was detected by the TEM analysis. Our results
indicate that the quantitative interpretatior of Raman spectra to determine crystallice
properties of ion-implanted materials, as well as the assignment of Raman spectral features to
particular defect structures, is not unambiguously established yet.

{. INTRODUCTION

Ion implantation at 30-200 keV (low-energy implanta-
tion in the context of the present work) is & well-established
processing step in the semiconductor industry.! With the
advent of more reliable high-energy ion implanters, it be-
comes possible to extend the range of applicability of this
technology into the megavolt (MeV) energy regime, thus
providing device designers with increased possibilities for
the development of novel device structures.” The optimiz-
ation of the new process requires, as was the case with the
low-energy implantations, a detailed characterization of the
lattice disorder created by the implanted ions. Such charac-
terization can be accomplished using one or more of several
different experimental techniques like ion channeling, trans-
mission electron microscopy (TEM), electronic transport
measurements, optical spectroscopy, etc.” Among the opti-
cal measurements, Raman scattering has emerged as a very
useful characterization tool to evaluate the structural prop-
erties of ion-imiplanted materials. Lattice defects and struc-
tural changes induce significant modifications to the Raman
spectrum of a material, which allow monitoring of the evolu-
tion of the radiation damag@:.“”6 In addition, Raman scatter-
ing experiments in opague semiconductors probe the near-
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surface region to depths of the order of thousand angstroms,
nearly the same magnitude as the penetration depth of the
ions in a typical low-energy implantation. When the energy
of the implants is in the MeV range, implantation effects can
extend several micrometers deep into the sample. In this case
a combination of Raman scattering and chemical etching for
layer removal appears as 2 very promising way to study the
depth profile of the implantation damage. Recently, Holtz ez
al.” have employed this method to study low-energy {45-keV
Be '}, ion-implanted GaAs. In the first part of the present
work we use a similar approach, where Raman scattering
combined with chemicatl etching is used to monitor the depth
profile of the disorder created by 1-MeV Si implantation into
GaAs, for fluences ranging from 1 X 10" to 3x 10" em ™2,
In perfecily crystailine semiconductors, the long-range
periodicity of the lattice makes the correlation length of the
normal-mode vibrations infinite, giving rise to the momen-
tum selection rule, which limits Raman scattering to zone-
center (¢ = (@) optical phonon modes. Furthermore, sym-
metry-related selection rules aliow or forbid the
participation of these modes in the scattering process. As a
result, the first-order Raman spectrum of a perfect crystal
consists of one or more narrow peaks corresponding tothe I’
point in the Brillouin zone. When defects are introduced in
the lattice, for example, by ion implantation, the transla-
tional order of the lattice is disrupted and the correlation
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length of the vibrational modes becomes finite. Such modes
are no longer characterized by a single wave vector, and the
momentum selection rule is relaxed. In the first-order Ra-
man spectrum of an imperfect crystal the peaks of normally
allowed modes appear broadened and shifted and, in addi-
tion, normally forbidden modes may become Raman active.
In the limiting case of amorphous materials, translational
symmetry is completely lost; the correiation length is of the
order of the nearest-neighbor distance, and reciprocally, all
the values of ¢ are permitted in the Raman scattering pro-
cess, All the phonons in the Brillouin zone contribute o the
first-order spectrum of an amorphous sample, which resem-
bles the one-phonon density of states of the crystal.® The
intermediate state, that of partial disorder, is the most diffi-
cult to treat theoretically. To our knowledge no theory is
available yet to describe the propagation of optical phonons
in partially disordered crystals and to establish a relation-
ship between specific lattice defects and Raman spectral fea-
tures. A successful phenomenological mcdel was developed
by Richter, Wang, and Ley® to describe the Raman spectrum
of polycrystalline silicon. They addressed the reduction in
coherence length by imposing a Gaussian envelope of width
VIn 2L on the phonon wave functions. This confinement
leads to a range Ag~ 1/L of allowed phonon g values. Tak-
ing into account the extended range of the Raman-active
phonons, they were able to account for the experimentally
observed variations in the spectra of microcrystalline silicon.
Moreover, they showed that the values of the parameter L
used in their calculations were in good agreement with the
dimensions of the crystallites determined by TEM. Later on
Tiong et al.® used a model based on that of Richter and co-
workers,” known today as the “spatial correlation (SC)
medel,” to explain the Raman spectrum of ion-implanted
GeaAs. Here the parameter L had the meaning of an average
undamaged region size.

En the second part of the paper we address the problem
of the assignment of spectral features to particular lattice
defects or structural modifications. We use the complemen-
tary information provided by icn-channeling measurements
and TEM to obtain a detailed structural characterization of
our MeV ion-implanted samples. We then compare the re-
sults of this characterization with some of the assumptions
usually made to explain the Raman spectra of ion-implanted
materials. In particalar we show that the SC model provides
a good fit to our experimental data, although we cannot find
any evident correlation between the coherence-length pa-
rameter L used in the model and any defect-related charac-
teristic length of the ion-implanted GaAs, thus casting
doubts about the quantitative predictions of the model. We
also show that the Raman spectrum of the MeV-implanted
samples exhibits the characteristic bands resembling the
one-phonon density of states of GaAs, which are usually
attributed to amorphicity, although the TEM analysis
showed no traces of amorphous material in our samples.

fi. EXPERIMENT

Semi-insulating (100) GaAs samples were implanted in
a nonchanneling direction with 1-MeV Si ions, using
fluences ranging from 1 X 10" to 3 X 10" cm ™ 2. The beam
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current density was limited to ~0.5 gA/cm” to reduce beam
heating effects. We have determined experimentally that,
under this condition, the temperature of the samples does
not rise more than 20-30 °C during the implantation. The
chemical etching for depth profiling was performed using a
solution of 50:3:3:CH,OH:H,PO,:H,0,. The etch rate was
calibrated using secondary-ion mass spectrometry {0 mea- -
sure the shift of the Al signal before and after the etching
steps in a sample consisting of 1 um of GaAs epitaxially
grown on AlGaAs. The etch rate of a sample implanted with
13X 10" Si/cm?, at t MeV, was determined using secondary-
ion mass spectroscopy to measure the shift of the Si depth
profile after successive etch steps. The etch rate of GaAs was
found to be 1200 + 100 A/min. The etch rate of the implant-
ed samiple was slightly slower, but within experimental er-
ror, than that of unimplanted GaAs. Thus the same etch rate
was assumed for all samples used in the present study. Ra-
man experiments were carried out at roomn temperature, in
backscattering geometry, using the 514.5-nm line of a cw
argon-ion laser. The scattered radiation was analyzed using
a standard double-grating spectrometer in photon counting
mode. The instrumental resclution was ~ 5 cm !, No polar-
ization analyzer was used. The ion-channeling experiments
were performed using 2-MeV *He™ T, typically with a cur-
rent of 5-10 nA through a !.5-mm-diam aperture. Back-
scattered particles were detected at a scattering angle of
~ 182° by a surface-barrier detector with energy resolution
of <20 keV full width at half maximum. Samples for cross-
sectional TEM (XTEM) were prepared by polishing and
dimpling followed by Ar-ion thinning at liguid-nitrogen
temperature to reduce ion-milling damage. Observations
were made in 2 JEOL 2000FX instrument operating at 200
keV.

fi. RESULTS
A. Raman speciroscopy

Asareference we present in Fig. 1 the Raman spectra of
crystalline and amorphous GaAs in the energy-shift region
ranging from 200 to 325 cm™ . The crystalline spectrum
{a}, which corresponds to an unimplanied sample, is char-
acterized by a narrow peak at 292 cm ™! arising from the
zone-center longitudinal optical (LO) phonon mode. A very
weak peak is also observed at 269 cm ™' arising from the
zone-center transverse optical (TQO) phonon modes. This
last peak is symimetry forbidden in our (100) backscattering
geometry. Its appearance is probably due to a small experi-
mental deviation from true backscattering geometry or to
some residual disorder on the surface of the sample. The
amorphous spectrum (b), which corresponds to a sample
rendered amorphous by implantation with 1 MeV, 1x 10'°
Si/em?, at liguid-nitrogen temperature, is characterized by a
broadband centered at about 245cm ! (in the full spectrum
there are two more broadbands at about 70 and 180 cm |,
respectively) arising from the one-phonon density of states
of GaAs.

Figure 2 shows the Raman specira of GaAs implanted
with 1-MeV §i ions, for fluences of 3x 103, 310", and
3% 10' em 2. The spectrum of an unimplanted sample is
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FIG. 1. First-order Raman spectra of (a) crystalline and (b) amorphous
GaAs in the region 200-325 cm™'. The amorphous spectrum (b) corre-
sponds to a sample rendered amorphous (= | #m layer) by implantation
with 1-MeV Si fons, to a fluence of 1X 10 '* cm ™7, at liquid-nitrogen tem-
perature.

also shown for comparison. The implants produce disorder
in the GaAs lattice. This lattice disorder, in turn, induces
changes in the Raman spectra. We observe that, with in-
creasing implantation fluence, the LO line shifts to lower
energies, broadens, and decreases in intensity. The TO line
grows with increasing fluence and also broadens and shifts to

4 T T

1 MeV 8i——GaAs A

3=10® jgns/cm?

3x10M jons/om?2

3x10'3 ions/om?

Raman scattering intensity

Unimplanted

, § L i g ! |
180 220 259 280

Raman frequency {cm-1)

FIG. 2. First-order Raman spectra of crystalline GaAs and GaAs implant-

ed with 1-MeV Si ions to fluences of 3 10", 3 x 10", and 3 10" cm ™2
These spectra were taken on the original surfaces of the samples.
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FIG. 3. First-order Raman spectra of GaAs implanted with 1-MeV Si ions
to a fluence of 1 10" cm ™2, taken on the original surface of the sample
and after etching away 0.4, 0.9, and 1.4 g, respectively. The spectrum of
an unimplanted, not etched sample, is shown for reference.

lower energies. However, the downshift of the TO Raman
line is much smaller than the downshift of the LO line. We
also observe 2 long tail on the low-energy side of the TO line,
which also grows in intensity with increasing implantation
fluence.

In Fig. 3 we present the Raman spectra of a sample
implanted with 1 X 10** Si/cm”® at 1 MeV, taken at the sur-
face of the sample and after etching 4000, 9000, and 14 000
A, respectively. The LO peak shifts to lower energies, broad-
ens, and decreases in intensity with increasing depth, from
the surface down to 9000 A. However, after 14 000 A are
removed, the LO line becomes narrow again and returns
almost to the energy shift corresponding to unimplanted
GaAs. The intensity of the TO mode increases, the peak
broadens and shifts down in energy, with increasing depth
from the surface down to 9000 A. The TO peak has a long
tail towards the low-energy region, which also grows with
increasing depth. This tail results from the overlap of the TO
line and the broadband centered at about 245 cm™ !, which
was observed in the amorphous sample. After 14 000 A are
etched away the TO line becomes narrow and weak, returns
to the position corresponding to pristine GaAs, and the low-
energy wing disappears.

From the different features of the first-order Raman
spectrum of GaAs, the position of the LO line appears to be
most sensitive to the lattice disorder. Therefore, we use these
changes to provide 2 qualitative description of the implanta-
tion damage. At this stage we do not attempt to identify the
specific defects responsible for the LO shifts nor to use a
more comprehensive model taking into account all of the
features of the spectrum. In Fig. 4 we have plotted the fre-
quency shift of the LO mode as a function of depth for a
GaAs sample implanted with 1-MeV Si ions to the fluences
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FIG. 4. LO-phonon frequency shifts, after various etch steps, for 1-MeV Si
implanted into GaAs at fluences of ® 1x 10" cm™% and & 3% 10V
cm % compared to the depth profile of nuclear energy loss (i.e., radiation-
damage depth profile) calculated using TRIM (Ref. 10) (solid hine).

of 310" and 1 X 10" cm ™2 In the same figure and using
the same depth scale, we have plotted the nuclear energy loss
of the implanted ions. This energy loss, which results in the
creation of lattice disorder, was calculated using the code
TRIM.® 1t is evident that the LO shifts foliow the nuclear-
energy-loss curve. This observation has two important im-
plications: First, the shifts in the LO energy provide a good
gauge, qualitative at least, of the lattice disorder, and second,
if indeed this is the case, the depth profile of the radiation
damage in MeV implantations is closely related to the nu-
clear energy loss. The electronic energy loss, which corre-
sponds to the energy going into excitation of electrons in the
crystal, seems to play only a secondary role in the depth
profile of the implantation damage. Having shown that the
position of the LO line can be used as signature for the im-
plantation damage, we plot in Fig. 5 the LO shifi as a fune-
tion of depth for samples of GaAs implanted with 1-MeV Si
ions to fluences ranging from {1 X 10 to 1 X 10 cm ™2, Ata
fluence of 1 X 10" cm~? disorder starts to accumulate in a
region starting at about 0.4 zm and ending at about .2 um.
The disorder in this region increases gradually as the fluence
is increased to 3 X 10> cm ™2 and then to 1 X 10" cm ™2 The
disorder profile peaks at approximately 0.85 4+ 0.1 um. At
these fluences disorder also starts to build up in the near-
surface region of the sample. For fluences of 3 X 16'* cm™?
anid higher, the disorder profile can be divided into three
regions. In the central region, from about 0.3 to about 1.2
1.3 pm, the disorder approaches a saturation level character-
ized by an LO downshift of 5.0 + 0.5 cm™ . In the near-
surface region, extending from the surface to a depth of
about G.3 pm, the amount of disorder is slightly smaller than
in the central plateau. In the third and deepest region the
structure changes gradually from a highly damaged materi-
al, at a depth of about 1.2 gem, to a nearly perfect crystal
beyond 1.4 pym.

The preceding description of the evolution of the disor-
der profile with increasing fluence in MeV implantations is
qualitatively similar to the description of the evolution of
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FIG. 5. Implantation-damage depth profile as a function of fluence for I-
MeV Si ions implanted into GaAs. The implantation damage is assumed
proportional to the LO-phonon frequency shift as discussed in the text. The
lines are only guides te the eye.

damage in low-energy implantations. The lattice disorder
starts to build up at a depth slightly smaller than the project-
ed range (R, ) of the implants. With increasing dose ali the
region, from the surface down to beyond R, becomes disor-
dered. Only the saturation effect observed in high-energy
implantations appears to be more pronounced than that ob-
served in the low-energy case.'' Both Raman spectroscopy
and RBS-channeling analysis'> show that the residual de-
fects in 1-MeV implantation of Si into GaAs reach a maxi-
mum saturation value for fluences of the order of 5 10"~
1% 10" cm™2. A similar effect was reported by Wie, Tom-
brello, and Vreeland,” who used x-ray rocking-curve mea-
surements to determine the strain induced in GaAs by MeV
implantation. They found that the strain perpendicular to
the (100) GaAs surface saturated at a value of ~0.4% for
fluences in the range 1 X 10"*-1x 10" cm™? {depending on
the mass and energy of the bombarding ions). This satura-
tion of residual disorder indicates that two competing pro-
cesses are taking place simultaneously during high-energy
implantations. Defects are created as a result of the atomic
collisions that occur when the bombarding ions are slowed
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down in the GaAs lattice. As shown in Fig. 4, the defect
profile is closely related to the nuclear-energy-loss depth
profile. However, the primary defects (vacancies and inter-
stitials) are able to migrate and recombine or agglomerate,
giving rise to the self-annealing process, which leads to the
saturation of the residual disorder. The electronic energy
toss was proposed in Ref. 12 as responsible for the defect
recovery. In a separate paper’® we have recently suggested
that the dynamic annealing takes place using kinetic energy
from the displacement cascade process, and therefore is pri-
marily due to the nuclear energy loss.

In order to correlate the changes observed in the Raman
spectra with structural changes in the ion-implanted sam-
ples, we find it necessary to provide a better characterization
of the residual disorder. To this end we have carried out
RBS-channeling and TEM studies of the implantation-in-
duced damage, which we describe below.

B. RBS channeling

In Fig. 6 we present the aligned RBS-channeling spectra
of GaAs samples implanted with 1-MeV Si ions using
fiuences of 3 10%%, 110", 33¢10%, 110", and 5 10*
cm™? as well as the aligned and random {nonchanneling
direction) spectira of an unimplanted sample. The energy of
the backscattered particles has been translated into a corre-
sponding depth of the scattering collision, and the resulting
depth scale (based on the As signal} is alsc plotted in the
upper margin of the figure. We observe an increase in the
backscattering yield with increasing implantation fluence,
but all the spectra show similar features as a function of
depth. In each spectrum of the implanted samples, the yield
gradually increases with increasing depth, from the surface
to about 1.3 um, reflecting the presence of residual defects in
the lattice. At zbout 1.3 am (slightly different for each sam-
ple) there is a change in the siope (yield versus depth) of the
aligned spectra which becomes smaller, approaching the val-
ue of the unimplanted sample. This deeper region corre-
sponds to the undamaged portion of the samples.

1.5 1.0 o151 (o}
501y T T T

1 MeV Si — Gads

40
30
PINEESSS

O —

Backscattering yield (arb. units)

Urimplanted

1
300 400 500
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I
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FIG. 6. Aligned RES-channeling spectra of GaAs implanted with various
fluences of 1-MeV Si ions. The aligned and random spectra of the unim-
planted GaAs are also shown.
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FIG. 7. Normalized backscattering yield y (y = aligned yield/random
yield) as a function of implantation fluence in 1-MeV Si-implanted GaAs. y
was evaluated just beneath the disordered region at s depth of 1.3 gm and
provides a qualitative estimate for the implantation-induced lattice damage.

A gualitative but convenient way to characterize the
level of disorder in ion-channeling studies is by means of the
normalized backscattering yield y, defined as the aligned
yield divided by the random yield at a given depth. We have
plotted in Fig. 7 the normalized yield y measured at about
£.3 em as a function of implantation dose. We observe that y
increases with increasing fiuence from 1X 16" to about
1 X 10" cm ~? and then saturates. This plateau in the curve is
2 manifestation of the in sify annealing described in the pre-
vigus section. The fact that most of the probing beam can
traverse the disordered region, without losing the channel-
ing alignment, indicates that the overall crystalline structure
has not been destroyed, but rather locally disturbed by the
implantation. In channeling analysis a gradual increase of
the backscattering yield as a function of depth is attributed
to defects that distort but do not block the channels, like
dislocations, for example, or to a low concentration of inter-
stitial point defects.””

€. TEM

Additional information about the structure of the ion-
implanted samples was obtained using TEM. Figure 8 shows
a cross-section micrograph of a sample implanted with i-
MeV Si ions to a fluence of 3X 10" cm 2. Small, spotlike
defects can be seen to extend from the surface down to a
depth of 1.3 pm. Under high-resolution imaging conditions,
the spotlike defects were identified as interstitial dislocations
lying in the {111} planes which, viewed edge on, have diame-
ters that range from 30 to 80 A (Fig. 9}. The extra plane of
atoms in the core of the dislocation loop distorts the sur-
rounding lattice giving rise to the haif-moon shaped contrast
regions on either side of the dislocations. The size of the
contrast blobs can be used to assess, approximately, the di-
mension of the strained region surrounding each loop. In-
spection of Fig. 9 reveals that the radii of the sirained vol-
umes are similar to the radii of the respective dislocation
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FIG. 8. Cross-section TEM micrograph showing the depth distribution of
implantation-induced defects in GaAs implanted with 1-MeV Sidons to a
fluence of 3:x 10" cm” . The inset is a selected-area diffraction (SAD)
pattern from the highest defect density region. The sharp SAD spots and the
absence of diffraction rings indicate that the crystallinity of the lattice is
highly preserved.

loops and thus range from 15 t0 40 A. Attempts to determine
the crystallinity of the implanted region were made by using
select-area diffraction (see inset of Fig. 8), convergent-beam
electron diffraction (using 80-A-diam beam size), and high-
resolution lattice imaging. Except for the lattice disorder in
the core of the dislocations, no evidence of any significant
size amorphous areas was found. Indeed, the impiantation-
induced defects appear to consist of individual dislocation
loops surrounded by an otherwise perfect lattice structure.
Considering the limitation of the TEM and the techniques
used, only point defects and small amorphous regions ( < 5
A) would remain undetectable in the present study.

FIG. 9. High-resolution TEM image taken from the highest defect density
region in Fig. 8, revealing that the defects are dislocation loops lying in the
{111} planes of GaAs. Note also that the loops are isolated from each other
and surrounded by a perfectly crystalline lattice structure (implantation: 1
MeV Si, 3 10% cm2).
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V. DISCUSSION

The RBS-channeling and TEM measurements, present-
ed in this and previous works,'>'*!° provide a detailed char-
acterization of the defect structure induced by the MeV ion
implantation of GaAs, which could be of great help in deter-
mining the physica! origin for the changes observed in the
Raman spectra of ion-irradiated GaAs. As a resuit of these
studies, the following description of irradiation-induced
structural changes emerges: Point defects created by the im-
pinging ions are able to migrate during the implantation
owing to the excess energy gained by the lattice from nuclear
and to some extent electronic energy-loss processes. Most of
those defects either recombine or coalesce to form disloca-
tion loops. After implantation there are no indications of
microcrystalline or amorphous regions, and the isolated re-
sidual defects are embedded in a highly preserved crystalline
structure. Wie and co-workers, ' in their x-ray rocking curve
studies of MeV-implanted GaAs, also concluded that after
implantation the crystalline structure was highly preserved,
but with residual defecis that produced a small, uniform,
uniaxial, lattice expansion. We use now the physical charac-
terization of the MeV-implanted GaAs to reexamine some of
the models and assumptions commonly used to explain the
Raman spectra of ion-implanted materials.

In Sec. IH A we took the change in the position of the
LO line as a gauge to monitor the radiation damage without
making any specific assumption about the nature of the de-
fects or structural changes that gave rise to those shifts. We
also neglected other features of the Raman spectra that can
be used as spectral signatures for structural properties.
These other features of the Raman spectra, i.e., disorder-
induced bands, intensities, linewidths, etc., ought to be taken
into account in order to establish a sound correlation
between structural properties and Raman spectral features.
An increasingly accepted approach to describe Raman scat-
tering in ion-implanted materials is the use of the “spatial
correlation (SC) model”®® described in the introduction
section. Following the procedure described by Tiong et al.®
we have plotted in Fig. 10, as 2 solid line, the relationship
between the LO phonon-line shift Aw,; o and the linewidth T
as a function of the correlation length L, predicted by the SC
model for GaAs. Also shown are our experimental values of
Aw, ,, and T for various implantation fluences and probing
depths. The agreement is guite satisfactory and supports the
validity of the model. Only a few points, those with the larger
Auw, , shifts, are seen to deviate noticeably from the calculat-
ed curve. This deviation can be accounted for if we take into
account the strain-induced shift of the phonon lines.'” A
shift of 0.55 cm™! was estimated in a Raman study'® on
samples similar 1o those used by Wie and co-workers and to
our most damaged samples.

Since the SC model could be used to obtain a good fit to
our experimental measurements, we tried to look for a possi-
ble correlation between the parameter £ and some charac-
teristic distance in the ion-implanted samples. As stated pre-
viously, the lattice structure of those samples consists of
isolated dislocation loops and point defects dispersed in a
perfecily crystalline material. The defect demnsity is low
enough that we cannot counsider the original crystal broken
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FIG. 10. Correspondence between the LO-phonon frequency shift and the
LO linewidth in 1-MeV Si-implanted GaAs for various implantation
fluences and etch depths. The solid line represents the correspondence pre-
dicted by the spatisl correlation model (Refs. 6 and 9) In the right margin
we have plotted the coherence-length psrameter L used in the model, al-
though in the text we show that there is no evident correlation between L
and the average interdefect separation.

into a collection of smaller crystallites. We rather consider
the crystalline order to be distorted in small, localized re-
gions, which are distributed throughout the sample. Conse-
guently, the only distance we can think of is the separation
between the defects. We have estimated the separation
between defects, for the sample implanted with 310"
Si/cm®, in the buried region which shows the higher defect
concentration. The separation between dislocation loops can
be estimated from a TEM micrograph by counting the de-
fects in a well-defined area and then establishing the thick-
ness of the TEM specimen (in our case using thickness con-
trast contours). Following this procedure, we obtained a
dislocation loop density ¥, ~8 < 10" cm ™, If we assume

TABLE 1. Comparisen of the average separations between defects estimat-
ed from the RBS and TEM measurements and the correlation-length pa-
rameter L, predicted by the spatial correlation model (Ref. 10) fora sample
of GaAs implanted with 1-MeV Si ions to a dose of 3¢ 10" e~

Average Average
separation separation
between between
dislocations interstitials L
230 A 9A 335A
3521 J. Appl. Phys., Vol. 66, No. 8, 15 October 1889

that each defect is at the center of a cube with sides of length
A, then the average separation beiween defects is also 4 and
isgivenby 4 = (1/N)'/%. In cur case we obtained 4 ~ 230 A.
The determination of the separation between interstitials,
which is done using the ion-channeling measurements, is less
straightforward. The dechanneling yield in the ion-implant-
ed crystals (see Fig. 6) is due in part to the interstitials and in
part to the dislocation loops. The relative contribution of
each type of defect to the dechanneling is extremely difficult
to determine. Using standard dechanneling analysis meth-
ods,'” we have estimated that if all the dechanneling in the
sample implanted with 3 X 10'° cm ™2 were due to interstitial
point defects, their density in the buried defect band would
be approximately 2.4 X 10%' cm >, This value sets an upper
limit for the concentration of interstitials. However, in pre-
vious works'®'® we have observed that after rapid thermal
annealing of a similar sample, at 500 °C for 10 s, most of the
point defects annealed out, whereas there was little change in
the dislocation’s density or size. Correspondingly, after an-
nealing we observed a reduction in dechanneling vield to
about one-half of the as-implanted value. We thus conclude
that the interstitials account for approximately half the de-
channeling yield in the as-implanted sample, and conse-
quently, their concentration is estimated at N, ~ 1.2 X 10*!
cm 3, which corresponds to ~2.7% of the lattice atoms.
The values of the average separation between dislocation
loops and between interstitial point defects, along with the
parameter L corresponding to this particular sample, are
summarized in Table I. No evident correlation between the
estimated interdefect distances and L is revealed in Table I.
We are led to suggest that the correlation-length reduction,
postulated in the SC model, is the result of the accumulative
effect of phonon scattering by the lattice defects.

Ancther significant finding of the present work is refat-
ed to the identification of the structural disorder responsible
for the broadband centered at about 245 ¢m ™. This band,
together with two more features appearing at 70 and 180
cm’ ' but not covered in the present study, are broadened
replicas of the one-phonon density of states of GaAs, which
are usually considered to represent spectral signatures for
amorphous GaAs. The TEM analysis could not detect any
trace of amorphous region in any of our ion-implanted sam-
ples. However, the Raman specira showed long tails on the
low-energy sides of the TO peaks, clearly indicating the con-
tribution of the 245-cm ™! band to the scattering vield. We
conclude that the appearance of the 70-, 180-, and 245-cm ~ !
features is not necessarily due to amorphous regions in the
sample (although the presence of amorphous material is a
sufficient condition to induce these bands ). Modest concen-
trations of defects in the lattice structure, most probably in-
terstitial point defects, appear to disrupt the periodicity of
the lattice enough to cause the relaxation of the momentum
conservation rules, thus giving rise to the appearance of
these bands.

In summary, we have determined the depth profile of
implantation-induced lattice damage in 1-MeV Si-implant-
ed GaAs using a combination of Raman scattering and
chemical etching. The disorder depth profile, monitored
through the changes in the LO-mode energy shift, agrees
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gualitatively with the defect concentration profile predicted
by TRIM.'” However, with increasing implantation fluence,
the amount of disorder reaches a saturation plateau indica-
tive of the intense dynamical annealing that takes place dur-
ing the high-energy implantations. The in situ recovery of
the implantation damage is attributed mainly to the energy
released to the lattice by nuclear-energy-loss processes. A
detailed characterization of the implantation damage, car-
ried out using ion channeling and TEM, showed that the
residual disorder after implantation consists of dislocation
loops and interstitial point defects dispersed in an otherwise
perfect crystalline structure. An average separation between
defects was estimated and compared with the coherence-
length parameter L of the “spatial correlation model.” Al-
though the model provides a good fit to our data, in terms of
the shift and broadening of the LO mcde, no evident correla-
tion could be found between L and the estimated interdefect
distances. We suggest that the accumulative effect of phonon
scattering by lattice imperfections is responsible for the re-
duction in the phonon’s coherence length. We also showed
that the broadbands appearing below 250 cm ™' are not nec-
essarily due to amorphous GaAs, as is usually assumed.

Our results show that Raman scattering combined with
chemical etching constitutes a rather simple and sensitive
method to monitor the depth profile of implantation damage
in MeV implantations, providing informatior complemen-
tary to that obtained by RBS or TEM. However, the quanti-
tative interpretation of Raman spectra in terms of crystal
quality, as well as the assignment of Raman spectral features
to particular defect structures, requires further experimental
understanding and therefore must be applied very cautiously
in the present circumstances.

3522 J. Appl. Phys., Vol. 66, No. 8, 15 October 1989
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