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Resonance Raman scattering of Si local vibrational modes in GaAs
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We have studied the resonance of Raman scattering by Si local vibrational modes (LVM s) in

heavily doped GaAs prepared by ion implantation and rapid thermal annealing. For photon ener-

gies (1.9—2.7 eV) approaching the F.
&

energy gap, similar resonance behavior was found for scatter-
ing by the Si on As site (SiA, ) LVM and by the longitudinal-optical phonon. Compared with un-

doped GaAs, both resonances are reduced in peak height and are broadened. This can be under-

stood on the basis of a lowering and broadening of the (E&,El+5&) gap resonance due to residual
implantation damage and due to the high dopant concentration. Scattering by the Si on Ga site

(SiG,) LVM, in contrast, shows no resonance enhancement for the above range of photon energies.
However, excitation at 3.00 eV, which is almost in resonance with the E, gap energy, also enhances
scattering by the SiG, LVM, indicating a rather narrow E, gap resonance for that LVM. Taking ad-
vantage of that resonance we observe also Raman scattering by the SiG, LVM in heavily doped
GaAs layers grown by molecular-beam epitaxy down to a Si concentration of —10"cm

I. INTRODUCTION

Defect-induced local vibrational modes (LVM's) in
GaAs have been studied extensively by infrared absorp-
tion. ' Recently also Raman scattering has been used to
investigate the LVM of Si, ' P, and a pseudolocalized
intrinsic defect mode in GaAs. Among these impurities
Si is of particular interest as it can occupy both the Ga
(Sio,) and the As (Si„,) lattice site. ' Besides the Sio, and
the SiA, LVM another Si-related defect mode is Raman
active caused by the vibration of next neighboring Sio,-
Si&, pairs. The most detailed Raman studies of Si
LVM's in GaAs have been carried out using samples
prepared by ion implantation with doses in the range
5)(10' to 1)&10&6 cm z followed by thermal anneal-
ing. ' There is only one report of Raman scattering by
Si LVM s in expitaxial layers grown by liquid-phase epi-
taxy and no LVM Raman data have been reported so far
on high-quality Si-doped molecular-beam-epitaxial
(MBE) layers. These GaAs:Si layers, however, show
good electrical activation and Si LVM's have been suc-
cessfully studied in such samples by infrared absorp-
tion. '

The purpose of the present work was to investigate the
resonance of the Raman scattering by Si LVM's in ion-
implanted and annealed GaAs and to extend the Raman
spectroscopy of Si LVM's to epitaxial layers grown by
MBE. The organization of the paper is as follows: Sec-
tion II describes the experimental details. Section III A
contains the experimental results and the discussion for
Si-ion-implanted GaAs and Sec. III B covers the work on
Si-doped MBE layers. The conclusions are given in Sec.
IV.

II. EXPERIMENTAL

The ion-implanted samples were prepared by irnplanta-
tion of Si into undoped semi-insulating GaAs substrates

grown by the liquid-encapsulated Czochralski technique.
The ion energy was 120 keV and the doses ranged from
5 &( 10' to 1 p 10' cm . The beam current density
varied between 40 and 100 nA/cm, depending on the to-
tal ion dose. Annealing was performed in a rapid thermal
annealing furnace with the sample surface protected by
the proximity technique —i.e., the sample placed face
down on another GaAs wafer. The peak temperature of
800—850'C was maintained for 2-5 sec. The results dis-
cussed below are independent of the details of the anneal-
ing.

The heavily Si-doped MBE layers were grown at a sub-
strate temperature of 560'C. The thickness of the layers
is —1 pm. The charge carrier concentrations were deter-
mined by Hall-effect measurements and from the frequen-
cy of the coupled longitudinal-optical (LO) -phonon-
plasmon mode in the Raman spectrum. " They are listed
in Table I together with the Si concentrations obtained
from secondary-ion mass spectrometry (SIMS).

The Raman experiments were carried out in back-
scattering geometry from a (100) surface. The spectra
were excited with several lines of a Kr+ laser and an Ar+
laser covering the range of photon energies from 1.92 to
3.00 eV. In crystalline GaAs the probing depth I/(2a),
where a denotes the absorption coefficient, amounts to
—140 nm for the lowest and -8 nm for the highest pho-
ton energy used. ' The scattered light was filtered and
dispersed in a triple monochromator and detected with
an intensified silicon diode array.

III. RESULTS AND DISCUSSION

A. Ion-implanted GaAs

The Raman spectrum of GaAs implanted with Si+ at
a dose of 1)& 10' cm followed by rapid thermal anneal-
ing is displayed in Fig. 1. The spectrum was recorded at
room temperature with the incident light polarized along
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FIG. 1. Room-temperature Raman spectrum of Si+-
implanted and rapidly thermal annealed GaAs. The implanta-
tion energy and dose were 120 keV and 1)&10' cm, respec-
tively. The annealing temperature of 800'C was maintained for
2 sec. The spectrum was excited at 2.33 eV and recorded with a

spectral resolution of 5 cm '. LO, TO, and 2TO denote Raman

scattering by intrinsic phonons. LVM indicates Raman scatter-

ing by the Si A, LVM.
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a (100) direction and the scattered light not analyzed for
its polarization. Besides intrinsic first-order scattering by
longitudinal-optical and by transverse-optical (TO) pho-
nons, and second-order scattering by two TO phonons'
the spectrum shows an extrinsic Raman line at 390 crn
labeled LVM. This line arises from Raman scattering by
the LVM of Si on the As site ( SiA, ). This assignment
is based on the LVM frequency of 396 cm ' for Si„,at
300 K (Ref. 4) and on a frequency down shift of 5.5 cm
due to the Si- Si isotope mass effect (Ref. 8).

The relatively large intensity of the TO-phonon line,
which is forbidden for backscattering from a (100) face of
a perfect crystal, indicates a considerable amount of re-
sidual implantation damage in the material. We have to
note that we observe such a spectrum with sharp crystal-
line Raman lines only after sample annealing. In the as-
implanted material exposed to doses exceeding 10' cm
we observe the spectrum of amorphous GaAs indicating
a heavily damaged surface layer. ' This is in contrast to
the data reported by Holtz et al. , who found for an im-
plantation dose of 10' crn crystalline features in the
Raman spectrum even in the as-implanted material. A
possible explanation for this discrepancy might be some
unintentional heating of the substrate during the irnplan-
tation. Even modest heating during implantation may
lead to crystalline features in the Raman spectrum, which
would show only amorphous structures otherwise. '

Figure 2 displays the LVM Raman spectrum for
diA'erent implantation doses ranging from 1&&10' cm
[curve shown in (a)] to 5X10' cm [curve shown in
(d)]. The spectra, recorded with excitation at 2.33 eV,
show the Si~, peak as the dominant LVM Raman line
for all doses &10' cm with the other possible LVM
lines ( SiG, and Si~,- SiG, ) below the noise limit. For
the sample with the highest dose (1X10' cm ) a low-
frequency shoulder of the SiA, peak can be assigned to

FIG. 2. Room-temperature Raman spectra of Si+-implanted
and rapidly thermal annealed GaAs. The implantation energy
was 120 keV. The different doses are given in the figure. The
annealing temperature of 800'C was maintained for 2 sec. The
spectra were excited at 2.33 eV and recorded in the x(y, z)x
scattering configuration with a spectral resolution of 3.5 cm
2TO indicates intrinsic second-order transverse-optical-phonon
scattering and Si„,denotes Raman scattering by the "Si„,
LVM.
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FIG, 3. Intensity of the ' Si„,LVM relative to the strength of
the dipole-allowed LO-phonon scattering vs implantation dose.

some contribution of scattering by the Si~,- SiG, pair
LVM and/or by the Sio, LVM. The integrated intensi-

ty of the SiA, LVM Raman line normalized to the in-
tegrated intensity of the dipole-allowed LO-phonon line
is plotted in Fig. 3 versus the implantation dose. A linear
correlation is found. This is in contrast to the result re-
ported by Holtz et al. , who found a sublinear increase
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of the Si LVM intensity with implantation dose described

by a power law with an exponent of 0.7. A linear depen-
dence, as found in the present study, is expected if the fol-
lowing conditions are fulfilled: (i) the concentration of
Si~, is proportional to the total Si concentration, (ii) the
Raman scattering cross section per SiA, is independent of
the Si concentration, and (iii) the dopant profile is identi-
cal for all implantation doses. The last condition is
fulfilled as checked by SIMS (see below). Concerning the
first two points we can only state that the scattering cross
section multiplied by the ratio of the Si~, to the total Si
concentration must be constant to explain a linear corre-
lation. Assuming a Si„,concentration proportional to
the total Si content this would imply a concentration-
independent scattering cross section for the SiA, LVM.

For Raman scattering by the boron LVM in crystalline
silicon Chandrasekar et al. ' found a decrease of the
LVM scattering cross section with the boron concentra-
tion NB proportional to N B . They attributed this de-

crease to screening effects due to the increasing concen-
tration of free holes which is equal to the boron concen-
tration. This screening reduces the polarizability of the
Si—B bonds. In the present case of heavily Si-doped
GaAs prepared by ion implantation the concentration of
free carriers is much lower than the Si concentration due
to the poor electrical activation of the dopant. There-
fore such screening effects are expected to be less prom-

inent in the present case making a constant scattering
cross section plausible.

Figure 4 shows the SiA, LVM line recorded at 15 K
with a spectral resolution of 2.3 cm ' for two different
samples implanted with doses of 1X10' cm [Fig. 4(a)]
and 3 )& 10' cm [Fig. 4(b)]. The scattering
configuration used was x (y, z)x. Here x, y, and z denote
( 100) crystallographic directions. For this configuration
only scattering described by a Raman tensor with
I &5+1 » symmetry is allowed. ' This suppresses the I

&

component of the intrinsic second-order phonon spec-
trum' with respect to the SiA, LVM line (I &5 symme-
try). The measured width of the LVM line increases
from 5 to 10 cm ' when increasing the implantation dose
from 3 g 10' to 1 y 10' cm . The larger LVM
linewidth for the highest dose indicates an additional
broadening due to residual implantation damage and due
to the high dopant concentration.

The dependence of the Si LVM Raman spectrum on
the incident photon energy is displayed in Fig. 5. For ex-
citation at 1.92 eV two LVM peaks at 378 and 390 cm
are observed with about equal intensity which arise from
scattering by the Si&, and the Si„,LVM's, respective-
ly. Increasing the incident photon energy to 2.18 eV the
Si„,LVM line becomes dominant and the SiG, line is
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FIG. 4. Low-temperature (15 K) Raman spectra of Si+-
implanted and rapidly thermal annealed GaAs. The implanta-
tion energy was 120 keV. The doses were (a) 1&& 10' cm ' and
(b) 3)&10" cm ', respectively. The annealing temperature of
850 C was maintained for 5 sec. The spectra were excited at
2.54 eV and recorded with a spectral resolution of 2.3 cm
The scattering configuration was x(y, z)x. Si„,denotes the
Si„,LVM Raman line.

FIG. 5. Room-temperature Raman spectra of Si+-implanted
and annealed GaAs excited with different photon energies indi-
cated in the figure. The implantation energy and dose were 120
keV and 1)& 10' cm, respectively. The annealing temperature
of 850 C was maintained for 5 sec. The spectral resolution
varied between 3.5 and 5 cm ' for the lowest and highest pho-
ton energy, respectively. "SiG, and "SiA, indicate Raman
scattering by the "Si~, and "SiA, LVM's.
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only seen as a low-frequency shoulder of the Si„,peak.
For excitation at 2.33 eV the intensity of the SiG, LVM
decreases further and for an incident photon energy of
2.54 eV only the SiA, LVM line is observed (see Fig. 4).
Here we have to note that with varying photon energy
also the probing depth 1/(2a) changes (see Sec. II).
Therefore the change in the LVM Raman spectrum may
arise from different depth profiles of SiA, and SiG, in
the implanted layer with an enrichment of Si&s close to
the surface. Alternatively the cross section for Raman
scattering by the Si~, LVM may have a much stronger
(E„E,+b, ~) gap resonance than the cross section for
scattering by the SiG, LVM.

To clarify that point we performed the following exper-
iments. First we removed the implanted layer on a sam-
ple in steps of 23 nm each by sputtering with Ar ions and
measured after each step the Si LVM Raman spectrum
with excitation at 2.71 eV. For this photon energy the
probing depth I/(2a) of -40 nm is comparable to the
step size of the sputter removal. In all the spectra we ob-
serve only scattering by the SiA, LVM and the variation
of the LVM scattering intensity with sputter depth clear-
ly reproduces the depth profile of the total Si concentra-
tion measured by SIMS (see below). Second we measured
the Si LVM Raman spectrum on a cleaved cross section
of the implanted layer. Here the diameter of the focus of
the exciting laser (-70 pm) is much larger than the
thickness of the implanted layer of -0.25 pm (see Fig. 7).
Therefore, in this experiment we average over the whole
depth of the implanted layer. Because of the very low Si
LVM scattering intensity caused by the considerable
mismatch between the excited area (-70 pm in diameter)
and the width (-0.25 pm) of the implanted layer, Si
LVM spectra could only be recorded with a sufficient
signal-to-noise ratio for exciting photon energies ~2.5

eV. Again the Raman spectra show only scattering by
the SiA, LVM. Based on these two experiments we con-
clude (a) that the SiA, depth profile follows the depth
distribution of Si measured by SIMS and (b) that the
(E&,E~+5&) gap resonance of the LVM scattering cross
section is different for SiA, and Si~,. If we take into ac-
count that, averaged over the whole depth of the implant-
ed layer, the concentration of Siz, is about four times
higher than that of Si~, (Ref. 18) it is evident that the
absolute values of both scattering cross sections must be
quite different.

The situation gets even more complicated when we ex-
cite the Raman spectra at 3.00 eV, which is almost in res-
onance with the E, gap energy [2.89 eV at 300 K, ' 3.03
eV at 77 K (Ref. 20)]. Such spectra are displayed in Fig.
6. At 300 K only the SiG, LVM is resolved just above
the noise level. Cooling the sample down to 77 K the
LVM spectrum is much better resolved and scattering by
both the SiA, and the Sio, LVM is observed at about
equal intensity. The scattering intensity of the Si~,
LVM measured relative to intrinsic phonon scattering is
much lower for excitation at 3.00 eV compared to excita-
tion at 1.9—2.7 eV. This is due to the fact that within the
probing depth ( —10 nm) of light with 3.00 eV photon en-

ergy the Si concentration is only a small fraction of the
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FIG. 6. Raman spectra of Si+-implanted and annealed GaAs
excited at 3.00 eV. The sample was kept at 300 K (bottom) and
77 K (top), respectively. The spectra were recorded with a spec-
tral resolution of 5 cm ' in the x(y, z )x scattering
configuration. The expected frequencies of the SiG„. and Si„,
LVM's at 77 and 300 K are indicated in the figure.

peak concentration (see Fig. 7). The enhancement of the
Si LVM spectrum at 77 K relative to the spectrum
recorded at 300 K may be due to the fact that at 77 K ex-
citation at 3.00 eV is closer to the E, gap resonance than
at 300 K.

In order to evaluate the dispersion of the cross section
for Raman scattering by the SiA, and SiG, LVM one
has to take into account the depth distribution of the im-
planted Si atoms. The depth profile of Si as measured
by SIMS is shown in Fig. 7(a). Due to the transient be-
havior of the secondary-ion yield at the beginning of
sputter removal the measured profile has been extrapolat-
ed towards the surface by fitting a Gaussian to the max-
imum of the SIMS profile. For comparison also the
depth dependence of the Raman sensitivity is plotted for
different incident photon energies. These curves are
given by the absorption of the incident and scattered light
and can be written as exp( —2ax ) where x is the distance
from the surface. Here we assumed a small Stokes shift
of the scattered light such that for the incident and the
scattered light a is approximately the same. Figure 7(b)
shows the Si depth profile weighted with the Raman sen-
sitivity and it is clearly seen that for different incident
photon energies different portions of the Si depth profile
are probed.

To correct for this effect the measured Si LVM intensi-
ty was multiplied by f(Ace) with
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FIG. 7. (a) Concentration of the implanted Si ([Si](x)) vs

depth x. [Si](x ) was measured by SIMS. For comparison also
the Raman sensitivity [exp( —2ax)] is plotted for different in-

cident photon energies indicated in the figure. Here a denotes
the absorption coeScient. (b) The bottom part shows the Si
concentration multiplied by the Raman sensitivity for different
incident photon energies.
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FIG. 8. (a) Raman tensor element
~
a

~

for dipole-allowed
Raman scattering by LO phonons in undoped (6) and Si-
implanted and annealed GaAs (o). (b) Raman tensor element

~

a
~

for Raman scattering by the ' Si~, ( ) and the Sin, (X)
LVM's. The data were recorded from undoped (LO phonon)
and from 1)&10' -Si+/cm -implanted and rapidly thermal an-
nealed (LO phonon and LVM) GaAs, respectively. The drawn
curves were calculated using Eqs. (2) and (3). The broadening I
was determined to 0.16 eV for the Si-implanted sample. The
dashed curve is shown to guide the eye.

Si x exp —2u cox x
f(f'ico) =

f exp[ —2a(i)ico)x ]dx
0

=2a(fico) f [Si](x )exp[ —2a(fico)x ]dx . (1)
0

Here A'co denotes the incident photon energy and [Si](x)
is the Si depth profile normalized to a peak concentration
of 1. This correction implies that the depth profile of the
total Si content measured by SIMS and the profile of SiA,
and SiG, are identical. As discussed above Raman depth
profiling of the Si~, LVM did show that this assumption
is justified at least for SiA, .

For the measurement of the Raman scattering
eSciencies crystalline silicon was used as a reference
scatterer' and the dispersion of the corresponding Ra-
man tensor matrix element

~

a
~

was taken from Ref. 21.
To correct for the dispersion of the dielectric function
E, ' ellipsornetric data' were used for both GaAs and
crystalline silicon. Here the assumption enters that the
dispersion of e for heavily Si-doped GaAs prepared by

I

ion implantation can be approximated by the dispersion
in undoped GaAs.

Figure 8(a) shows the dispersion of
~

a
~

for dipole-
allowed LO-phonon scattering in the undoped substrate
and in the sample implanted with 1&(10' Si+/cm . It
is clearly seen that the resonance enhancement of

~

a
~

for photon energies approaching the E, gap energy of
2.89 eV is lower in the implanted and annealed sample
than in the undoped material. Figure 8(b) shows the
dispersion of

~

a
~

for scattering by the Si~, and the
Si&, LVM in the implanted sample. The data for exci-

tation at 3.00 eV were omitted because, for the small
probing depth of —10 nm related to that photon energy,
the SIMS data for the Si depth profile are not accurate
enough to perform the correction described in Eq. (1).

The dispersion of
~

a
~

for scattering by TO—as well
as by LO phonons —in GaAs can be approximated
suSciently far from the resonance (

~

fico E~ ~
& I, , —

where I is the lifetime broadening of the electronic tran-
sitions E~) by' '

4Eo
~a

~

= Ai —g(xo)+ f(xo)—
~o

Eo

Eo+~o

' 3/2
1 1f(xc, ) .+ A~

1 —xi ]+ ]

1
+A3

1 —x],
(2)

with

g(x)=x [2—(1+x) '~ —(1—x) '~ ],
f(x)=x [2—(1+x )' —(1—x )'~ ],

and x =%co/E, A& ——7 A, A2 ——18 A, A3 ———5 A .

I

For the various gap energies E the following values were
taken Eo = 1.43 eV, Ao =0.34 eV, E

&

——2.89 eV,
5& ——0.23 eV. The resulting theoretical curve is also
shown in Fig. 8(a). Using a scaling factor as an adjust-
able parameter a good agreement is found with the exper-
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imental data for LO-phonon scattering in the undoped
sample but Eq. (2) fails to describe the dispersion of

~

a
~

in the Si-implanted material. Therefore we introduced a
finite Lorentzian broadening I of the various gaps to ac-
count for a doping-induced broadening of the corre-
sponding Raman resonances. Consequently we have to
introduce in Eq. (2)

i6coE'=E —i 1 and x'- =
IE —tI

(3)

For simplicity the same broadening I was used for all
gaps. Using I and a scaling factor as adjustable parame-
ters we fitted the experimental data for

~

a
j

of the Si-
implanted sample as shown in Fig. 8(a). With I =0.16
eV and a reduction of the scaling factor by 30% with
respect to undoped GaAs a good agreement is found be-
tween the theoretical curve and the experimental data.
The present broadening of 0.16 eV is comparable to the
one found for the (Ei,E, +b ~) gap resonance of first-
order Raman scattering in P-implanted and laser-
annealed Ge.

In Fig. 8(b) the same resonance curve (I =0.16 eV) is
plotted with a different scaling factor and it is seen that
the dispersion of

~

a
~

for scattering by the Si~, LVM is
reproduced, within the scatter of the experimental data
points, by the theory. Therefore we can conclude that,
within the experimental accuracy, the same E& gap reso-
nance is found for scattering by LO phonon and by the

Si~,, LVM for the above range of photon energies
(1.9—2.7 eV). For scattering by the SiG, LVM, in con-
trast, no resonance enhancement is found within the
range of photon energies (1.9—2.4 eV) where this scatter-
ing is resolved.

Now we have to discuss how the Si LVM spectra excit-
ed at 3.00 eV (Fig. 6) fit into the above picture. Assuming
that the LO-phonon-like (Ei,E i + b, i } gap resonance of
the Si~, LVM also holds for excitation at 3.00 eV we
have to conclude that scattering by the Siz, LVM,
which is dispersionless in the energy range 1.9—2.4 eV
and not resolved for photon energies in the range 2.5 —2.7
eV, has a sharp and strong resonance for photon energies
close to the E, gap energy. However, the reasons for the
differences in the resonance behavior of scattering by Si~,
and Si&, LVM's are not yet clear. The question of wheth-
er these differences are related to the different electrical
activity of Si~, (acceptor) and Sio, (donor) or to the
different lattice sites is also open. On the other hand, the
present results make clear why in all the previous Raman
studies of Si LVM's in GaAs, where the spectra were
excited with photon energies in the range 2.4—2.5 eV, the
Si~, LVM was found as the dominant LVM line.

There are two other examples of resonant Raman
scattering by LVM in the literature to compare with our
present results. For the LVM of B in crystalline silicon
Chandrasekar et al. found, within the experimental er-
ror, a constant intensity ratio between the LVM and the
optica1 zone-center phonon line for all incident photon
energies used (1.9—2.7 eV). ' This indicates the same
dispersion of

~

a
~

for the LVM and the intrinsic phonon
in agreement with our present result for the Si~, LVM

in GaAs:Si. For P in Ge, however, Contreras et al. re-
port a much lower (E„E,+ b, , ) gap resonance for scatter-
ing by the P LVM than for scattering by the optical
zone-center phonon. The authors attribute this behav-
ior to k nonconservation in the Raman scattering mecha-
nism of the LVM. These measurements were carried out
on samples implanted with very high doses of P (6X10'
cm ) followed by pulsed laser annealing. Presumably
these samples contain a higher concentration of residual
lattice damage than the present ones, which might ex-
plain the difference to our results.

To derive the present resonance Raman data, we used
the dielectric function measured on undoped GaAs (Ref.
12) also for the heavily Si-doped samples, as stated above.
This assumption certainly introduces some uncertainty,
because it is known that heavy doping also changes the
dispersion of e. Heavy doping effects tend to smooth
the dispersion of the dielectric function. If we assume
similar effects for our present samples, this would lead to
a further lowering of the experimentally found
(E~,E, +6,) gap resonance in the LO-phonon scattering
for the implanted material. But the comparison between
the LVM and LO-phonon scattering in this material
remains unaffected by this question.

B. Heavily doped MBK layers

In the previous section Raman spectra excited at 3.00
eV, which is at 77 K in direct resonance with the E, gap
energy of GaAs, were found to show scattering by both
the Si~, and the SiG, LVM with the sensitivity enhanced
by the E, gap resonance. Using this excitation, we ob-
serve Raman scattering by SiG, LVM also in heavily
doped GaAs MBE layers which have a much lower Si
content than the implanted and annealed samples. Fig-
ures 9(b} and 9(c) display Raman spectra of such layers
for two different carrier concentrations (see Table I). Fig-
ure 9(a) shows for reference the spectrum of undoped
GaAs. The spectra were recorded in the x (y, z)x scatter-
ing configuration, which suppresses the I, component of
the second-order phonon spectrum. ' Figure 10 depicts
the difference curves obtained by subtracting the spec-
trum of undoped GaAs from the spectra of the heavily
doped GaAs layers. For both samples only scattering by
the Sio, LVM is observed at 384 cm ' (Ref. 4). This is
consistent with the good electrical activation of the Si
dopant (see Table I) indicating only a small concentration
of compensating defect centers such as, e.g. , SiA, . From
the signa1-to-noise ratio in the spectrum of the sample
with a free carrier concentration of 2.3X 10' cm [Fig.
10(a)] we can infer a detection limit for Raman scattering
by the Si LVM in GaAs of —10' cm for measure-
ments at 77 K.

It is interesting to note that we observe Raman scatter-
ing by the Siz, LVM in these MBE layers only for excita-
tion at 3.00 eV and not for excitation below the E, gap
resonance at, e.g. , 2.71 eU. This indicates a rather nar-
row E& gap resonance for Raman scattering by the Siz,
LVM also in this material, which gives support to the
above results for Si-implanted and annealed GaAs.
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FIG. 9. Low-temperature (77 K) Raman spectra of Si-doped
GaAs grown by MBE [(b) and (c)] and of undoped GaAs (a).
The carrier concentrations given in the figure were deduced
from Hall-eff'ect measurements. The spectra were excited at
3.00 eV and recorded with a spectral resolution of 5 crn '. The
scattering configuration was x(y, z)i. '-'Si&,. denotes Raman
scattering by the "SiG,, LVM.

On the other hand, the crystalline quality of Si-doped
GaAs MBE layers is certainly better than that of high-
dose ion-implanted and rapidly thermal annealed GaAs.
Therefore the observation of Raman scattering by Si
LVM's in MBE material forms a good basis for further
Raman investigations of Si local vibrational modes in
GaAs.

IV. CONCLUSIONS

We have used resonant Raman scattering to study Si
local vibrational modes in ion-implanted and annealed as

I I I

350 400 450

RAMAN SHIFT (cm )

FIG. 10. Same spectra as in Figs. 9(b) and 9(c), but with the
intrinsic second-order phonon spectrum subtracted.

well as MBE-grown GaAs. In ion-implanted material the
same E, gap resonances were found for dipole-allowed
LO-phonon scattering and for scattering by the Si~,
LVM. Compared to undoped GaAs both resonances are
considerably broadened. Scattering by the Siz, LVM, in
contrast, shows a much narrower E, gap resonance. The
reason for this difference in the resonance behavior is not
yet known and further work is necessary to clarify that
point. Using excitation resonant with the E, gap energy
yields also Raman scattering of the SiG, LVM in Si-doped
MBE-grown GaAs layers with a detection limit of —10'
cm-'.

NIBE
Sample no.

n Hall

(10" cm ')

2.3+0.4
7+ 1.4

n Ramap

(10" cm ')

3.8+0.3
8.6+0.3

[»]sists
(10'" cm

4.7+-1

12.0+2

TABLE I. Carrier concentrations measured by Hall effect
(n Hall) and by Raman scattering (nz, m„„)as well as the total Si
concentration measured by SIMS ([Si]s,~s) for the MBE-grown
GaAs samples used in this study.
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