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Low-noise infrared~IR! absorption measurements of localized vibrational modes~LVM’s ! showed that
SiAs acceptors, SiGa-SiAs pairs, and a deep trap Si-X (VGa-SiAs-AsGa), as well as isolated SiGa donors, were
present in silicond-doping superlattices in~001! GaAs grown under an As flux by molecular-beam epitaxy
~MBE! at 400 °C for areal concentrations~per layer! 0.05 ML< @Si#A<0.5 ML. These observations supersede
previous data, and agree with recent Raman-scattering measurements. For@Si#A>0.5 ML, the LVM’s were not
detected by either technique, but Raman measurements revealed a broad line that has been attributed to small
two-dimensional Si clusters. For@Si#A>0.5 ML, electrical conductivity was lost. These observations led to a
reappraisal of simulations of high-resolution x-ray 002 and 004 diffraction profiles. IR and Raman measure-
ments ford-doping superlattices that all have@Si#A50.01 ML ~per layer! showed only the SiGa LVM as the
interlayer spacing was reduced to 5 ML when the volume carrier concentrationn approached;231019

cm23. For interlayer spacings of 2 and 1 ML, compensating complexes SiAs , SiGa-SiAs , and Si-X were
present, andn tended to zero. Compensating complexes were also present in homogeneously doped MBE
GaAs grown at 350 °C, butn remained at a value of 231019 cm23 as @Si# was increased to 1.331020

cm23. N never exceeded 231019 cm23 in any sample. The formation ofVGa, AsGa, etc. is attributed to
diffusion jumps of Si atoms originally located on Ga lattice sites. The formation of the ‘‘Si-like’’ structure in
d layers must result from the aggregation of such displaced atoms. We speculate that these processes are
facilitated by the initial displacements of SiGa donors toDX locations.@S0163-1829~96!01536-6#

I. INTRODUCTION

Silicon d doping of GaAs grown by molecular-beam ep-
itaxy ~MBE! is an alternative to homogeneousn-type dop-
ing, and is useful for the fabrication of certain types of
device.1,2 The growth procedure is to interrupt the Ga flux,
deposit the required areal concentration of Si atoms@Si#A
~per layer!, and then to reinstate the Ga flux to obtain an
overgrowth of GaAs. This sequence may be carried out
many times at regular intervals to produce ad-doping super-
lattice. During the Si deposition, the As flux may be either
continued3 or shuttered:4 in the present work only the former
method is employed. An ideal structure resulting from the
deposition of a singled layer would consist of a sheet of
ionized Si atoms all occupying Ga-lattice sites~SiGa) in a
single atomic plane with the electrons occupying states in
subbands in the adjacentV-shaped potential well.5,6 The real
situation is more complicated, and there have been problems
in understanding the evolution of the atomic structure of lay-
ers, as@Si#A is increased to a value equal to or greater than
;3.131014 cm22, corresponding to 0.5 ML of Si. This con-
centration would correspond to the substitution of all the Ga
atoms by Si atoms in a single atomic layer. The numerical
distinction between 3.131014 cm22 and a higher value 3.4
31014 cm22, to allow for the smaller lattice spacing of Si, is
insignificant in this work.

MBE growth on a~001! GaAs surface is usually carried
out at a temperatureTg;580 °C. Because of surface segre-
gation, Si impurity atoms are distributed throughout a layer

with a thickness of more than 20 ML above thed plane on
which they are deposited. Surface segregation has been dem-
onstrated directly by secondary-ion-mass spectrometry
~SIMS! measurements6–8 and by Raman measurements of
the depth dependence of the scattering from localized vibra-
tional modes ~LVM’s ! of the Si atoms present in the
overgrowth.9,10 A similar distribution was inferred fromin
situ reflection high-energy electron-diffraction~RHEED!
observations11 that reveal progressive changes in the~001!
GaAs surface from a 331 reconstruction, via an asymmetric
331 reconstruction to a 234 reconstruction as thed layer is
overgrown. An extrapolation of published SIMS
measurements6,7 indicates that the segregation process
should be effectively eliminated ifTg is lowered to 400 °C:
this is the growth temperature used in our previous3 and
present studies of Sid-doping superlattices. Analysis of
high-resolution x-ray measurements of the 004 and 002 re-
flections and the associated satellite structure arising from
stacks of 60 or 100 nominally equally spacedd layers with
@Si#A50.5 ML ~Ref. 12! showed that the spreading of the Si
atoms was no greater than 2.0 ML~5.6 Å! ~the resolution
limit !, confirming that surface segregation was indeed inhib-
ited.

Recent Raman data13 showed that as@Si#A was increased
~for singled layers!, the strength of the scattering from the
LVM due to isolated SiGa donors increased initially, but then
passed through a plateau and eventually fell, so that the line
was undetectable for a Si coverage of;0.5 ML. In addition,
lines from Si-X ~a deep electron trap, argued to be a planar
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AsGa-SiAs-VGa defect
14!, and SiGa-SiAs donor-acceptor pairs

were observed for@Si#A>0.1 ML ~see Fig. 2 in Ref. 13!: the
strengths of these lines also increased, only to decrease to
zero again when@Si#A reached 0.5 ML. At the stage when
these Si LVM’s became undetectable, a broad scattering fea-
ture ~line A) appeared at a frequency in the range 470–490
cm21. This line has been attributed to the vibrational
mode~s! of covalently bonded Si atoms, present in the form
of small clusters that constitute ad phase, distinct from iso-
lated SiGa-SiAs donor-acceptor pair defects found in heavily
homogeneously doped GaAs. Previous simultaneous
observations4 of line A and LVM’s due to Si occupying Ga
or As lattice sites in the GaAs matrix in the spectra of
samples with@Si#A50.7 ML grown atTg5580 °C do not
constitute a discrepancy with these later results. The differ-
ence is explained by surface segregation of the Si atoms and
the diffusion of Si atoms out of thed phase,15 because of the
higher growth temperature.

Earlier IR-absorption measurements3 made ond-doping
superlattices showed that the strength of the SiGa LVM ex-
hibited the same dependence on@Si#A as that found by Ra-
man scattering, but lines due to SiAs , SiGa-SiAs pairs, Si-X
complexes, and lineA were not detected for any value of
@Si#A . The presence of a steeply sloping background due to
free-carrier absorption made it difficult to detect weak LVM
lines. It was pointed out that the LVM from SiGa is narrower
than the lines from SiAs , SiGa-SiAs pairs, and Si-X, and the
detection limit for SiAs , was estimated to be a factor of 3
times greater than that for SiGa: the detection limit for Si-
X would be even higher. LineA may have a small dipole
moment so that it is effectively IR inactive, but the discrep-
ancy with respect to the observations of the LVM’s from
SiAs and SiGa-SiAs is significant. Consequently, additional
IR measurements have been made ond-doping superlattices
using a Bruker IFS 120HR interferometer rather than the IFS
113v model used previously, enabling spectra to be obtained
with a better signal-to-noise ratio. In addition, improved pro-
cedures have been used for the subtraction of the free-carrier
background and intrinsic two-phonon absorption from GaAs,
allowing LVM lines to be more easily revealed. Briefly, we
shall demonstrate that LVM lines due to SiAs , SiGa-SiAs
pairs, and Si-X are present in the IR spectra ofd-doping
superlattices with 0.05< @Si#A<0.5 ML, leading to a general
consistency with the Raman measurements.

The carrier concentrationsn of d-doping superlattices
~grown at 400 °C! increased initially as@Si#A was increased,
but followed the trend in the strength of the SiGa LVM by
reaching a maximum valuenMAX before falling to a value
close to zero when@Si#A reached 0.5 ML.

3 Knowledge about
spreading due to segregation and diffusion processes is
clearly important to the interpretation of electrical measure-
ments, where conduction of doped GaAs adjacent to thed
phase has to be distinguished from that of thed phase itself.
Possible reasons for the loss of conductivity have been dis-
cussed in relation to the loss of isolated SiGa donors.

16,17

Comparisons with the IR absorption and Raman LVM scat-
tering of d layers incorporating isoelectronic AlGa ~Ref. 18!
led to the conclusion that at some stage in the growth of Si
d layers, there were changes in the lattice sites and/or the
charge states of deposited SiGa atoms as@Si#A was increased

toward 0.5 ML. There was a suggestion that local rafts of
alternate SiGa

1 donors and Si2 (DX centers19! formed, lead-
ing to displacements of up to 50% of the SiGa atoms from
their tetrahedral sites.3,17The assignment of lineA in Raman
spectra~see Fig. 2 in Ref. 13! to planar clusters of covalently
bonded Si would additionally imply a transfer of 50% of the
Si atoms from Ga sites to As-sites to form~SiGa-SiAs)n
structures, unless Si atoms were displaced into interstitial
sites and then diffused to form clusters. A possibility that a
compound structure Si3As4 was generated17 was also con-
sidered, because of the presence of excess As during the
deposition of the Si.

Scanning tunneling microscopy~STM! ~Ref. 20! has been
used to study the deposition of Si atoms on to a GaAs
c(434)-reconstructed~001! surface held at 400 °C. An im-
portant observation was that of Si-atom clustering to produce
streamers along the@110# direction due to surface diffusion
once @Si#A exceeded'0.1 ML ~when anisotropy was first
observed!: clustering was, however, detected for Si cover-
ages as low as@Si#A50.02 ML.21 Such clusters, buried by an
overgrowth of GaAs, help to lead to an explanation of line
A observed in Raman spectra from samples containingd
layers with larger values of@Si#A . The STM results were
explained by models for which all the Si atoms occupied
Ga-surface sites for coverages@Si#A up to 0.5 ML. The va-
lidity of the models is still unclear, but the proposed inter-
pretation is not excluded by the IR and Raman data, since it
has been inferred previously that diffusion jumps of Si atoms
occur leading to local site switching during the subsequent
overgrowth of the surface with GaAs.17,22

IR and Raman measurements have also been made on
d-doping superlattices23 with @Si#A5631012 cm22 ~0.01
ML !, when the Si atoms continue to occupy predominantly
Ga lattice sites after the GaAs overgrowth, and there is cor-
respondingn-type conductivity, provided the layers are
widely separated~560 Å or;200 ML!.3 The effect of reduc-
ing the interplanar spacing from 200 to 1 ML was then in-
vestigated ~see also Ref. 24!. These measurements are
complemented by similar studies made on homogeneously
doped samples grown at 350 °C. Briefly, none of these
samples showed detectable Raman scattering from the com-
plexes giving rise to lineA, and so there was no evidence of
long-range diffusion of Si atoms. There was, however, evi-
dence that not all Si atoms occupied substitutional sites in
the GaAs matrix. The latter result is significant in under-
standing the processes that limit the maximum volume con-
centration of carriers tonMAX;231019 cm23, and in this
context they link to the measurements made on the samples
containing highly dopedd layers.

Since covalently bonded planar Si clusters appear to be
the predominant species present ind layers when
@Si#A>0.5 ML, and the full range of Si centers is present for
somewhat smaller areal concentrations, it is necessary to re-
consider the modeling of our previous x-ray measurements.12

Various structures were shown to be consistent with the mea-
surements, although in the most recent studies15 emphasis
was given to structures incorporating primarily SiGa atoms
because in our earlier work only SiGa donors had been de-
tected in IR LVM spectra. To carry out simulations, it is
necessary to specify the bond lengths for SiGa-As, SiAs-Ga,
and SiGa-SiAs . Previously, we obtained bond lengths from
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the covalent radii of the elements given by Pauling,25 but
these values are inconsistent with those obtained by recent
ab initio local-density-functional calculations.26,27 Simula-
tions of the x-ray data for both 004 and 002 reflections have
therefore been reinvestigated for various models using either
the Pauling data or the calculated bond lengths.

The organization of the paper is follows. In Sec. II, details
of the samples and the experimental procedures are dis-
cussed. In Sec. III, IR results ford-doping superlattices with
various values of@Si#A are described. IR and Raman data for
dilute d layers with various interplanar spacings are pre-
sented in Sec. IV, together with data for highly homoge-

neously doped samples. Following analyses of simulations of
x-ray data in Sec. V, an overall discussion, includingDX
behavior and likely diffusion processes occurring during
growth, is given in Sec. VI. Our conclusions are set out in
Sec. VII. Accounts of some of this work have been included
in conference proceedings.28,29

II. EXPERIMENTAL DETAILS

The MBE layers labeledSA ~Tables I and II! were grown
in a VG V80 system at Imperial College on semi-insulating
~SI! liquid-encapsulated Czochralski~001! substrates and the

TABLE I. Details of d superlattices with various values of@Si#A . Each sample contained 100 layers,
except sample SA3M56 which contained 60 layers.

d-plane
spacing Si concentration Hall

~Å! @Si#A ~SIMS! ~1012 cm22) ~1012 cm22)
Sample ~SIMS! ~1012 cm22) ~ML ! SiTOT SiGa SiAs SiGa-SiAs Si-X (nH)

SA2M12 485 6.0 0.01 5.5 5.5 1.7
SA10M54 460 6.1 0.01 10a 10 3.9
SA2M09 420 14 0.02 9 9 6.5
SA10M55 490 16 0.02 15a 15 4 5.0
MV1340 370 21 0.03 27 15 4 5 3 4.0
MV1342 385 35 0.05 26 12 4 3 7 3.2
SA10M57 475 59 0.09 29 14 5 3 7 3.0
MV1347 520 82 0.12 37 12 9 4 12 11
SA2M10 560 160 0.24 5 5 0.9
SA10M56 500 175 0.26 40 9 9 8 14 0.5
SA3M56 470 340 0.50 N.D. 0.4

aElectron irradiated to a dose of 1018e2 cm22.

TABLE II. Si d superlattices with@Si#A50.01 ML with various interplanar spacings.

Carrier @Si# from Raman/IR SiTOT Missing Si
Spacing Indended Mobility concentration absorption~1018 cm23! ~1018 cm23) ~1018 cm23)
(d-plane No. of @Si# hall ~1018 cm23) SiGa- ~Raman ~Raman

Sample ML! d planes ~1018 cm23) ~cm2/V s! nR nH Si-X SiAs SiAs SiGa /IR! /IR!

SA7M26 1 500 212a b 16 8 9 32 65c 147c

55 17 44 65 181d 31d

SA7M27 2 400 106e 250 b 6.3 8 3 6 29 46 60
24 10 20 39 93 13

SA7M28 5 400 39a 489 20 13.5 20 20 19
20 20 19

SA7M29 10 200 21e 767 15.4 14 15 15 6
16 16 5

SA7M35 20 200 12a 894 10 9.3 11 11 1
8 8 4

SA7M33 50 200 4.2e 1431 3.7 3.9 3.3 3.3. 0.9
4.0 4.0 0.2

SA7M34 200 200 1.2a 2707 0.86
1.5 1.5 20.3

aSIMS data used to calibrate all of the samples.
bSee text.
cRaman data.
dIR data.
eEstimated values taking account of SIMS data.a
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reflection high-energy electron-diffraction~RHEED! oscilla-
tion technique was used prior to growth to calibrate the Ga
flux. A buffer layer 1000 Å in thickness was grown at
580 °C, after which the substrate temperature was lowered to
400 °C and ac(434) surface was observed by RHEED. Si
was deposited to the required value of@Si#A , while the Ga
flux was interrupted but the As flux was maintained. The Si
cell, held at 1250 °C, produced a flux equivalent to
631011 cm22 s21 determined from SIMS measurements of
Si concentrations in homogeneously doped MBE layers. This
sequence was repeated many times to fabricate the doping
superlattice structures. The first set of samples~Table I! had
d layers all separated from each other by a nominal 500 Å of
undoped GaAs, and eachd layer incorporated the same value
of @Si#A . Samples labeledMV were grown at the Philips
Research Laboratories~Redhill, U.K.! in a modified Varian-
360 system, and were used in our previous studies.3 The
second set of samples~Table II! comprised doping superlat-
tices with various interplanar separations, and all layers had
@Si#A5631012 cm22 ~0.01 ML!.23 The samples listed in
Table III were grown at 350 °C, and were homogeneously
doped with silicon in concentrations up to 1020 cm23.

Electrical measurements~300 K! were made on unproc-
essed van der Pauw samples and on standard Hall bar
samples. The layers with a high carrier concentration re-
quired a well-defined contact geometry due to the small volt-
ages and low mobilities. Ohmic contacts were made by an-
nealing either indium or a Au/Ge/Ni alloy. Shubnikov–de
Haas~SdH! measurements were also made at 4 K using an
8-T magnet23 for the samples listed in Table II. The samples
with d spacings of 200–50 ML showed miniband transport
and two-dimensional~2D! effects, and it was apparent that
the Hall data underestimated the true values ofn by a factor
of up to 2. As the interplanar spacing was reduced further,
states occupied by electrons became characteristic of three-
dimensional homogeneous doping~see also Ref. 24!. The
average volume concentration of carriers was therefore
evaluated and compared with the intended doping level, as-
suming that all the Si impurities were present as SiGadonors,
and that there was no compensation from intrinsic defects
~Fig. 1!. A value ofnmax51.331019 cm23 was obtained for
the sample with 5-ML spacings, but there was a huge reduc-
tion from the expected carrier concentrations (n fell to a
value close to zero! for the sample with the layer spacing of
only 1 ML. No explanation of this decrease was given
previously,23 although persistent photoconductivity was de-

tected when samples held at 4.2 K were illuminated by an IR
light-emitting diode: the increase inn was, however, only a
few percent. There is therefore evidence that someDX cen-
ters were present, and were responsible in part for the elec-
trical compensation. As the separation of the layers de-
creased, there was a monotonic decrease in the Hall mobility
from 2700 cm2/V s ~200-ML sample! to 250 cm2/V s for the
2-ML sample, leading to difficulties in making SdH mea-
surements.

IR transmission spectra were obtained with a Bruker IFS
120HR interferometer with an instrumental resolution of
0.25 cm21, while the sample was held at a temperature close
to 10 K, and a liquid-helium bolometer with a Ga-doped
silicon element was used as the detector. The back of each
sample was polished to give an overall wedge shape to avoid
the occurrence of interference fringes in the recorded trans-
mission spectrum (TS). An interferogram was first obtained
without a sample in the beam to give the system spectral
response (TO), and we then evaluated the quantity
As52 ln@TS/TO#. A similar procedure carried out with a
wedged reference sample of undoped GaAs allowed
AR52 ln@TR/TO# to be computed. The difference
(As2bAR)5AD was then calculated, where the parameter
b ('1) was adjusted to allow for small differences in the

TABLE III. Raman measurements of homogeneously doped GaAs:Si grown at 350 °C. Total Si concen-
trations calculated from@Si#TOT5 @SiGa#1@SiAs#1@SiGa-SiAs#1@Si-X#, and net donor concentration
@ND2NA# set equal to@SiGa]-@SiAs#-@Si-X#: both measured by LVM Raman spectroscopy.nR is determined
by Raman spectroscopy of coupled plasmon-phonon modes (v1). RT is room temperature.

nH
SIMS @Si#TOT ND2NA nR ~RT!

Sample ~1018 cm23) ~1018 cm23) ~1018 cm23) ~1018 cm23) ~1018 cm23!

U4067 26 10.5 10.5 15 17
U4068 60 16.8 14.5 19 20
U5032 18.0 13.8 15
U4069 85 26.1 12.3 20 18
U4073 130 33.0 10.8 20 19

FIG. 1. The measured carrier concentrationsnH ~Hall, 300 K!
andnR ~coupled phonon-plasmon! for Si d-layer superlattice struc-
tures with@Si#A5631012 cm22 ~0.01 ML! with various interplanar
spacings~Table II!. Also shown are the intended Si concentrations.
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thicknesses of the two~wedge-shaped! samples, so that ab-
sorption features due to intrinsic two-phonon processes were
removed fromAD after the very large expansion required to
reveal weak LVM lines. The absorption coefficients of the
LVM’s were obtained froma5AD /d, where d was the
thickness of the epitaxial layer.30 It should be noted that
accurate values of the background absorption were not re-
quired in these studies. The free-carrier continuum absorp-
tion was removed from spectra by subtracting a smooth
curve derived from a polynomial, usually of order 3. With
scanning periods of up to 20 h, high signal-to-noise ratios
were obtained, significantly superior to those obtained previ-
ously with a Bruker IFS 113v interferometer.3

For the samples listed in Tables II and III, Raman mea-
surements were performed in the backscattering geometry
from the ~001! growth surface with the polarizations of the
incident and scattered light parallel to two orthogonal^001&
crystallographic directions@z(x,y) z̄#. The spectra were ex-
cited with the 3.00-eV line of a Kr1-ion laser to produce
resonantly enhanced scattering by the SiGa LVM ~Ref. 31!
with the samples cooled to 77 K. For crystalline GaAs, the
probing depth 1/(2aL) is 10 nm,32 where aL denotes the
absorption coefficient of the 3.00-eV radiation. The scatter-
ing light was dispersed by a triple monochromator, and de-
tected with a liquid-nitrogen-cooled silicon charge-coupled
detector array. This detector has a much better signal-to-
noise performance than the sensitized diode array used in
some earlier measurements.4,9 The spectral resolution was
;2.5 cm21. The free-carrier concentrationsnR ~Raman!
~Table II! were deduced from the measured frequencies of
the coupled plasmon-phonon modev1 by treating the elec-
trons as a three-dimensional gas, to agree with the published
transport data.23

III. A REAPPRAISAL OF IR SPECTRA FROM HIGHLY
d-DOPED SUPERLATTICES

Previously examined samples~labeledMV in Table I!
were remeasured, and additional IR LVM spectra~see Sec.
II ! are shown in Fig. 2. For values of@Si#A less than
;0.03 ML, only the LVM from SiGawas detected, and there
were indications of a Fano interaction33,34 with the free-
carrier absorption~subtracted in the spectra shown!. As
@Si#A was increased, there were initial increases in the inte-
grated absorption~IA ! coefficient of the SiGa LVM, but its
strength then saturated and subsequently fell to zero for
@Si#A;0.5 ML, in agreement with the earlier observations
~Fig. 3!. However, lines from SiAs , SiGa-SiAs pairs, and the
Si-X complex were also present in the spectra for 0.03
<@Si#A,0.5 ML ~Fig. 2!, and showed a similar dependence
on @Si#A as the line from SiGa. These lines were much
broader than that from SiGa ~see Sec. I and also Ref. 3!. The
observations are in accord with corresponding spectra ob-
tained from samples labeledSA ~Table I!, and also with our
recent Raman-scattering data obtained from samples contain-
ing singled layers ~see Fig. 2 in Ref. 13!, except that the
LVM from the Si-X defect was more prominent in the IR
spectra: this difference is likely to be due to differences in
the relative dipole moments and polarizabilities of the vari-
ous modes. An important difference, however, is the absence
in the IR spectra of the broadband near 470 cm21 ~line A)

~see Fig. 2 in Ref. 13!. It is therefore confirmed that the
associated dipole moment must be small. We emphasize that
the Raman feature~line A) is not due to isolated SiGa-SiAs
pair defects that give rise to sharp IR-absorption lines at 464
cm21 (G1 symmetry! and at 393 cm21 (G3 symmetry,
C3v).

35 Line A must therefore be due to the vibrations of
covalently bonded Si atoms present as small two-
dimensional clusters. Since the line sharpens and shifts to
higher frequencies as@Si#A increases, it is inferred that the Si
clusters increase in size.

Estimates of the concentrations of substitutional Si atoms
in GaAs were deduced from established calibrations of the
strengths of their LVM’s~Refs. 36! for both the IR and Ra-

FIG. 2. IR-absorption spectra showing Si LVM’s in the
d-layer superlattices labeled MV~Table I! after subtraction of two-
phonon intrinsic absorption from GaAs and free-carrier absorption:
note the emergence of lines from SiAs , SiGa-SiAs pairs, and Si-X
when @Si#A>0.06 ML. Spectra obtained previously from the same
samples~Ref. 3! showed only the sharp line from SiGa. For
@Si#A>0.5 ML, no LVM lines were detected~see also Fig. 3!.

FIG. 3. Variation of the areal concentrations of SiGa andn ~per
layer! as a function of@Si#A for all samples listed in Table I.
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man measurements. For the donor an IR-integrated absorp-
tion coefficient IA equal to 1 cm22 corresponds to
@SiGa#5531016 cm23 ~a similar value is found for SiAs ac-
ceptors, but calibrations for the other lines are much less
certain!: the Raman calibration relating the scattering inten-
sity to @SiGa# is given in Ref. 37, and it is assumed that the
same calibration can be applied to the lines from SiAs ,
SiGa-SiAs pairs, and the Si-X defect. The validity of these
assumptions appears to be justified, because the ensuing pre-
dictions have been found to be in good agreement with other
available estimates of concentrations~IR, SIMS, Hall effect!
for a wide range of samples with@Si#,1019 cm23. These
estimates indicate that an increasingly large fraction of the
deposited Si did not give rise either to IR absorption~Table
I! or to Raman scattering~Ref. 13! for the range 0.05 ML
< @Si#A<0.5 ML. Some of these ‘‘missing’’ atoms may also
be present as clusters of covalently bonded Si atoms that are
smaller than the clusters that give rise to a detectable line
A in the Raman spectra. Such a conclusion would not be
incompatible with the data shown in Fig. 2 in Ref. 13, since
the strength of lineA, extrapolated linearly to lower values
of @Si#A , does not fall to zero until@Si#A approaches zero.

13

IV. IR AND RAMAN RESULTS FOR DILUTE d LAYERS

A. Infrared measurements

After the subtraction of the two-phonon and free-carrier
absorption, weak LVM’s were detected in IR spectra for the
samples listed in Table II~Fig. 4!. For d-layer spacings
.2 ML, only the SiGa local mode~384 cm

21) was observed
as a slightly asymmetric Fano profile.33,34After irradiation of
the 100-ML sample with 2-MeV electrons~at room tempera-

ture! to introduce traps that remove free carriers, this LVM
assumed a symmetrical shape, and a small line due to
29SiGa ~4.7% abundant! was just detected at 379 cm21: no
other Si LVM’s were detected. The28SiGa LVM in the
samples with 2- and 1-ML spacings~with intended volume
doping levels of 1020 and 231020 cm23, respectively! was
symmetrical~without a prior irradiation! due to the low con-
centrations of free carriers. Of primary significance, how-
ever, was the emergence of additional LVM’s from SiAs

~399 cm21), ~SiGa-SiAs) pairs ~393 cm21) and Si-X ~367
cm21) for these two layers, indicating that self-
compensation had occurred. It is surprising that this did not
occur for the 5-ML sample, since the intended doping level
(431019 cm23) is double that expected for the onset of
DX behavior when the position of the Fermi level is close to
;(Ec1200 meV! ~Ref. 38! at zero pressure. There was
again an indication that some of the silicon was not detect-
able by IR absorption~Table II!.

A possible absorption feature at;376 cm21 in the spec-
trum of the 1-ML sample was not reproduced in further mea-
surements on a range of samples. This comment is made
only because of the work of Wolket al.,39 who measured
LVM spectra of Si-doped GaAs at 5 K under a high hydro-
static pressure, and found a line that they attributed to the Si
(DX) center: their extrapolation of the frequency to zero
pressure yielded a value of 37661.5 cm21, the same as that
shown in Fig. 4. It is most likely that our observation is
spurious.

B. Raman measurements

The samples withd spacings from 5 to 50 ML showed a
well-resolved high-frequency-coupled plasmon-phonon
modev1 ~Fig. 5!. Use of a procedure described in Ref. 40,
together with the measured frequencies ofv1 , allowed val-
ues of the carrier density (nR) to be obtained~Table II!. The
broadening ofv1 modes as the layer separation decreased
was due to reductions in the carrier mobility. For the 2- and
1-ML samples, thev1 mode could not be detected probably
because too large a broadening was caused by further reduc-
tions in the mobility, but observed scattering by the low-
frequency-coupled plasmon-phonon modev2 ~Fig. 6! indi-
cated that some conduction electrons were present. In
principle, the measured strength of thev2, mode relative to
that of the unscreened LO-phonon line originating from the
surface depletion region can be used to obtain a semiquanti-
tative estimate ofnR . Thus there appeared to be more elec-
trons present when samples were illuminated by the 3.00-eV
laser light than when they were in the dark, implying photo-
excitation from traps.

Raman scattering from Si LVM’s after subtraction of in-
trinsic two-phonon features is shown in Fig. 7. For layers
with separations down to and including 5 ML, only the line
from SiGa donors was detected. For the 2-ML sample, addi-
tional lines from SiAs, SiGa-SiAs pairs, and Si-X were clearly
visible. These additional lines were stronger in relation to the
SiGa line in the 1-ML sample, but there was no clear indica-
tion of a feature at 376 cm21 ~cf. Fig. 4!. Of particular
significance, however, was the absence of a detactable vibra-
tional bandA at n̄>480 cm21, due to covalently bonded Si

FIG. 4. IR absorption showing Si LVM’s after removal of the
free-carrier background and expansion of the vertical scale. For an
interlayer spacing of 200–5 ML~Table II!, only SiGa donors are
detected with weak Fano asymmetries arising from interactions
with the free-carrier continuum. For the 2- and 1-ML structures,
lines from SiAs , SiGa-SiAs pairs, and Si-X defects are present. For
the 1-ML structure, there could be another absorption feature at 376
cm21, as discussed in the text.
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clusters, and another indication that not all the Si atoms were
detected by their LVM scattering.

The results described in Secs. IV A and IV B are compa-
rable in every way to those obtained for the homogeneously
Si-doped samples listed in Table III. For intended doping
concentrations with@Si#<431019 cm23, only the SiGa
LVM was detected, but at the higher doping levels the full
range of Si-related centers was observed. Raman spectra
were much superior to IR spectra, which showed strong free-
carrier absorption. Raman measurements were also made of
the coupled plasmon-phonon modev1 to determine the car-
rier concentrations given in Table III, together with the esti-
mates of the total amounts of Si that gave rise to the LVM’s.
It was implied that only some 50% of the total Si was present
in complexes involving substitutional Si atoms in GaAs~cf.
Table II!, but again lineA was not detected in Raman spec-
tra.

Thus 2D Si clusters were detected only when the Si atoms
were deposited in close proximity to each other in ad layer
with a large value of@Si#A>0.5 ML. Nevertheless, we show
in Sec. VI that these observations do not preclude the possi-
bility that long-range bulk diffusion may have occurred dur-
ing overgrowth of thed layers.

V. X-RAY CHARACTERIZATION OF d LAYERS

An x-ray-diffraction profile from a periodic doping super-
lattice includes satellite peaks around the Bragg peak for the
average structure, and the separation of this zero-order satel-
lite from the GaAs substrate peak depends on the average
strain in the layer structure.41 The satellites are interference

fringes arising from the phase shift between adjacent GaAs
‘‘spacer’’ layers separated by the thind layers. The satellite
intensities depend on the amplitude of the composition
modulation, arising from~a! changes in the bond lengths in
thed layer and~b! differences between the scattering factors
of the atoms in thed layers and the Ga and As atoms that
they replace. Simultaneous modulation of these two quanti-
ties introduces an asymmetry into the satellite intensities
about the zero-order peak~Figs. 8 and 9! ~see also Figs. 1
and 2 of Ref. 12!. ‘‘Allowed’’ reflections such as 004 are
sensitive primarily to strain modulation, whereas ‘‘forbid-
den’’ reflections such as 002~occurring only because of the
difference between the Ga and As scattering factors! are sen-
sitive to structure factor modulation. The satellite intensities
are proportional to the square of the Fourier coefficients of
the composition modulation. The highest-order satellites are
the most sensitive to the interface shape, and most of this
scattering comes from regions close to the interfaces. A rect-
angular modulation with abrupt interfaces will give the
maximum number of satellites. Variations in the period
cause a broadening of the satellite peaks that increases with
satellite order, although the integrated intensities do not
change. A detailed analysis of a Sid structure can be made
only if there is a large number~50–100! of d layers in a
stack with a regular period, and if@Si#A is greater than
;0.3 ML,15 so that the satellites are visible above the back-
ground noise using an instrument with a dynamic range of
106. We have found that the inclusion of this number of
layers with@Si#A>1.0 ML leads to the introduction of dis-
locations or surface undulations~strain and thickness fluctua-
tions! to relieve the strain in samples grown under the con-

FIG. 6. Raman spectra showing scattering from thev2 coupled
phonon-plasmon mode fromd-layer superlattices~Table II! as a
function of the interlayer spacing. Note that the mode is still de-
tected for the 1- and 2-ML spacings, even though thev1 mode is
not observed.

FIG. 5. Raman spectra showing scattering from thev1 coupled
phonon-plasmon mode that shifts to higher energies as the inter-
layer spacing ofd-layer superlattices~Table II! is decreased from
50 to 5 ML. The mode is not detected in samples with 1- and 2-ML
spacings.
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ditions specified in Sec. II~see Fig. 10!. This mode of strain
relief has been demonstrated previously for the growth of
SiGe alloys on~001! Si,42,43and for InxGa12xAs on GaAs.

44

There is therefore only a narrow range of@Si#A for which
meaningful measurements can be obtained. Within this
range, the average spacing of thed-doping superlattice, the
strain, and the average spreading of thed layers can be de-
termined.

To fit the measured 004 diffraction profile~Fig. 8!, a
structure incorporating 60d layers, each with@Si#A50.5
ML, corresponding to a notional thickness of 1.4 Å but with

spreading over no more than 2 ML~5.4 Å!, requires a strain
of 3.7% and a spacing of 515615 Å . For a pseudomorphic
structure with a tetragonal distortion, the strain in the growth
direction has to be multiplied by the factor (11n)/
(12n)'2, wheren is Poisson’s ratio~equal to 0.31 for
GaAs and 0.28 for Si!.45 To carry out the simulations, it is
also necessary to know the Debye-Waller factors~equal to
0.67 for GaAs and 0.50 for Si!,46 that lead to reductions in
the x-ray intensities and peak widths. The required strain can
be simulated by assuming that all Si atoms occupy Ga-lattice
sites in one plane~50% substitution!, that As atoms occupy
all the group-V lattice sites in the next layer, and that Veg-
ard’s law is valid, and using the Pauling covalent radii~Table
IV !. To achieve a satisfactory simulation of the 002 reflec-
tion ~Fig. 9! it is necessary, however, to reduce the scattering
from the As layer. This was modeled previously by allowing
As vacancies (VAs) to be present (V0.125As0.875) ~Fig. 9!, but
this was not deemed to a be a satisfactory solution as the

FIG. 7. Raman spectra showing scattering from Si LVM’s in
d-doping superlattices~Table II! as a function of the interlayer
spacing. Only the mode from SiGa is detected for spacings in the
range 50–5 ML. The samples with spacings of 1 and 2 ML show, in
addition, LVM’s from SiAs SiGa-SiAs pairs, and the Si-X defect, in
agreement with the IR data~Fig. 4!. There is no detectable feature
at 376 cm21 in the sample with the 1-MLd spacing.

FIG. 8. 004 x-ray-diffraction profiles: expt., experimental data;
sim.1, original simulation for 60 periods of 515615 Å for
~Si0.5Ga0.5)(V0.125As0.875) ~see Ref. 12!; sim.2, new simulation
~Si0.25Ga0.5As0.125V0.125)~Si0.25As0.75).

FIG. 9. 002 x-ray-diffraction profiles: expt., experimental data;
sim.1, original simulation for 60 periods of 515615 Å for
~Si0.5Ga0.5)(V0.125As0.875) ~see Ref. 12!; sim.2, new simulation
~Si0.25Ga0.5As0.125V0.125)~Si0.25As0.75).

FIG. 10. Dark-field TEM micrograph showing a cross section of
a sequence ofd layers each with@Si#A51 ML and spaced by 500 Å
in a GaAs superlattice comprising 30 layers. After the growth of 14
layers, the growth surface becomes nonplanar to relieve the increas-
ing strain: subsequentd layers then show a zigzag structure.
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layers were grown under As-rich conditions. An alternative
possibility of locating Si atoms on As lattice sites gave mar-
ginally inferior fits to the 004 diffraction profile, but required
@Si#A to be increased above the value measured by SIMS.
For example, a good fit was obtained by replacing the Ga
layer by Si0.5Ga0.5, and the next As layer by Si0.25As0.75. If
instead, recently calculated bond lengths26 are used~Table
IV !, the compositions of the two layers would have to be
changed to Si0.25Ga0.75 and Si0.5As0.5, respectively, to
model the 004 reflection, but this model is unsatisfactory
because the asymmetry of the 002 satellites is then in the
opposite sense to that measured. To fit the 002 diffraction
profile, the average scattering factor for the atoms occupying
As lattice sites has to be approximately 25% greater than that
of the atoms occupying Ga lattice sites.

Since LVM’s from Si atoms in solution in GaAs or line
A ~see Fig. 2 in Ref. 13! for @Si#A'0.5 ML were hardly
detectable in the present Raman and IR measurements, the
actual arrangement of the Si atoms is unknown. To proceed,
we therefore first made use of the observations of the defects
present ind layers with somewhat smaller values of@Si#A .
Assuming that Si-X is aVGa-SiAs-AsGa defect~see Sec. VI!,
there would be a requirement for an original Ga layer to
containVGa and AsGa defects, as well as Si and Ga atoms.
By replacing the Ga layer by~Si0.25Ga0.5As0.125V0.125), and
the adjacent As layer by Si0.25As0.75, it was possible to ob-
tain a fit to the 004 and 002 reflections~Figs. 8 and 9!,
equally good to that shown in Fig 2 of Ref. 12, but only if
calculated bond lengths26 were used. The covalent bond
lengths associated with complexed AsGa and VGa are not
known, and the strain arising from their combined presence
was arbitrarily set equal to zero. In fact, the isolated AsGa
defect has a large radius according to theory,47,48 while the
VGa center is likely to be elastically ‘‘soft,’’ so that some
compensation of the strain should occur. The model pro-
posed could only be simulated by atomic substitutions spread
over four atomic layers because of the limitations of the soft-
ware. The model allowed@SiGa]1@SiAs]50.5 ML ~SIMS!,
and @VGa#5@AsGa#, consistent with the requirement for the
proposed structure of Si-X, while @Si#As allowed equal con-
centrations of ‘‘isolated’’ SiAs and Si-X defects to be
present. Covalent bonding of SiGa and SiAs is possible be-
cause@SiGa]5@SiAs#. A physical interpretation is that 2D Si
clusters are formed with GaAs present in the intervening
regions. The insertion of equal concentrations of Si in both
the Ga and As layers does not contribute to the intensities of
the 002 satellites: These arise because of the assumption that
VGa defects are present.

Finally, we point out that in other studies49,50of Si layers,
thicker than 1 ML, x-ray profiles have been satisfactorily
modeled by assuming that only Si atoms were present in the

layers, i.e., without vacancies or As atoms, although details
of the bonding to adjacent Ga or As atoms were not taken
into account.

In summary, there are severe constraints on models that
can fit the observations. Although our earlier modeling based
on the presence of SiGa was thought to be satisfactory, the
more recent Raman data and the present IR data clearly re-
quire alternative models to be proposed, but the outcome is
far from ideal. We can obtain an excellent fit to the measure-
ments, but the model is not unique, and a further problem has
arisen relating to the choice of covalent bond lengths.25,26 It
is clear that x-ray measurements taken in isolation do not
provide sufficient information to allow the structure of the
d layers to be determined.

VI. DISCUSSION

Our earlier IR measurements3 revealed only the LVM
from SiGa donors ind-doping superlattices grown at 400 °C
with interlayer spacings of 500 Å, but improved measure-
ments ~Secs. II and III! have shown that SiAs , SiGa-SiAs
pairs, and Si-X defects are also present as soon as@Si#A is
increased to;231013 cm22 ~0.03 ML!, consistent with Ra-
man results.13 At this value of @Si#A the average volume
carrier concentrationn would be equal to;231019 cm23,
if all the Si atoms occupied Ga sites in a single plane, and the
carriers were confined in a well with a width of;100 Å.
This width is close to that calculated from a Poisson-
Schrödinger self-consistent analysis,5 although the depth of
the well is strongly dependent on any spreading of the do-
nors to sites immediately adjacent to thed plane. For our
doping superlattices, the well width clearly could not exceed
500 Å, as this was the interlayer spacing. Parallel LVM re-
sults obtained by Raman scattering13 from singled planes
also imply that interactions between neighboringd layers in
the doping superlattices examined here are unimportant.

Raman~see Fig. 2 in Ref. 13! and IR measurements~Fig.
2! lead to a further clarification. All LVM scattering and
absorption from substitutional Si atoms in the GaAs matrix is
lost once@Si#A is increased above 0.5 ML. Raman scattering
then shows the emergence of lineA attributed to small co-
valently bonded 2D Si-like clusters. Associated IR absorp-
tion has not been detected, although it is predicted to occur
according toab initio local-density-functional theory.26 Bur-
ied 2D clusters are also just detected in our high-resolution
direct lattice transmission electron micrographs for
@Si#A'0.5 ML, and their presence can also be inferred from
lattice tilts revealed by x-ray diffraction.15 The IR and Ra-
man measurements imply that all the Si atoms become incor-
porated into ad phase.N-type conductivity in the adjacent
layers of GaAs is therefore not expected, unless electrons are
derived from thed phase itself. Electrical measurements
show that the conductivity of the doping superlattice falls to
a value close to zero for@Si#A<0.5 ML. The conclusion is
that any conduction electrons present in thed phase do not
diffuse into the GaAs. There is still a lack of conductivity
even when@Si#A is increased up to several layers, suggesting
that thed layers themselves are nonconducting. Capacitance-
voltage measurements made in much earlier work52 on
samples grown at 520 °C showed that the conductivity was
lowered in planar regions immediately adjacent to and in-

TABLE IV. Bond lengths.

Bond length~Å!

Complexes Ref. 25 Ref. 26

Si-As 2.35 2.45
Si-Ga 2.43 2.36
Si-Si 2.34 2.38
Ga-As 2.44
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cluding individuald layers when@Si#A is as low as 0.015
ML, even though the conductivity was high in the GaAs
matrix away from thed planes. Reexamination of SIMS pro-
files published in this same work52 indicates that thed phase
starts to be apparent as spikes in the Si concentration ford
layers, with@Si#A as low as 0.02 ML. The implication is that
covalently bonded Si-Si was present at an early stage of the
Si deposition, consistent with extrapolation from higher cov-
erages of the present Raman data for lineA, from STM ~Ref.
20! observations of aggregation of Si atoms by surface dif-
fusion, and from the low areal concentration of Si at the start
of the plateau region shown in Fig. 3.

The measured frequency of theA line ~Raman! implies
the presence of Si-Si bonds, so thatd layers must be essen-
tially ‘‘Si like’’ rather than having a composition such as
Si3As4 ~see Refs. 16 and 17!, in which Si atoms are bonded
only to As atoms. This conclusion is not unexpected, since
experiments53 and theoretical54 studies demonstrate that im-
pinging Si atoms displace As atoms present as a surfactant
during the growth of silicon layers by solid-source
molecular-beam epitaxy. Nevertheless, electrical measure-
ments made on these Si layers indicated that there is some
incorporation of As atoms53 in the silicon, and so the present
d layers might also have been expected to shown-type con-
ductivity. The apparent discrepancy could be explained if
electrons are trapped in midgap states at the interface of the
d structure, similar to the mechanism proposed for the loss of
electrons in low-temperature MBE~LTMBE! GaAs follow-
ing the precipitation of metallic arsenic that occurs in post-
growth anneals.55,56 The surrounding GaAs is then semi-
insulating. It has also been reported that bulk Si doped with
As in a concentration of;1021 cm23 has a much lower
conductivity than expected due to As precipitation,57 and an
explanation based on the presence of silicon vacancies has
been proposed58 to explain this result. It is unclear whether
these results have relevance to thin Si layers in GaAs, but
further discussion is deferred until chemical analyses have
been made of the composition of the present Sid layers.

The manner in which Si is incorporated intod layers is
clearly radically different from that of Al, which continues to
occupy only group-III lattice sites as@Al #A is increased up to
and beyond;0.5 ML. In this system, AlAs is formed, and
the AlGa IR LVM seen in diluted layers shifts in frequency
and continues to increase in strength to become the TO like
mode of another component, while the AlGa Raman LVM
shifts to become the LO-like mode.18,59–61

Raman measurements made on diluted-layer superlat-
tices~Table II! agree with the IR LVM data. For layers with
a separation greater than or equal to 5 ML, only the SiGa
LVM was detected. At this separation, the volume concen-
tration of @Si# would have reached;431019 cm23, accord-
ing to the intended and measured SIMS doping level. IR
measurements indicated@SiGa]51.831019 cm23, while Ra-
man measurements yielded@SiGa]52.031019 cm23 and
nR5231019 cm23. nR ~Raman! was larger thannH ~Hall!
51.231019 cm23, that may be an underestimate22 of the
true value ofn. The higher Raman values could be due to the
photoexcitation of electrons from traps resulting from the
incident laser illumination.62 The different values of@SiGa#
determined by the IR measurements on the one hand and the
Raman technique on the other for smaller interplanar spac-

ings imply measurement errors, possibly due to different
sampling depths of the illumination. There was a second dis-
crepancy~a factor of 2! between the smaller measurement
~LVM ! value of @SiGa]5231019 cm23 compared with the
actual doping level of 431019 cm23 for the 5-ML sample. A
similar deficit was observed in very heavily homogeneously
Si-doped~up to 1020 cm23) GaAs grown at 350 °C~Table
III !.

It is important to recall that Raman featureA was not
detected in any of these samples, but its detection limit for a
Si d layer corresponded to@Si#A50.5 ML ~3.431014

cm22) for a Si sheet located 5 nm beneath the surface~see
Fig. 2 in Ref. 13!. If that amount of Si were distributed
homogeneously within the probing depth~10 nm!, the corre-
sponding 3D detection limit would be about 331020 cm23.
This concentration is a factor of 4–5 timesgreater than that
of the missing Si~of the order of 5–731019 cm23) in the
most heavily doped GaAs/Si sample~Table III!. It follows
that if all these missing Si atoms were incorporated into co-
valently bonded Si-Si clusters, they would not be detectable
by Raman spectroscopy. The alternative use of cross-
sectional scanning tunneling microscopy has led to the de-
tection of precipitates in homogeneously doped~001! MBE
GaAs grown at 375°C with@Si# at 631019 cm23. The par-
ticles were oval shaped, with their long axes approximately
80 Å in length and orientated along the growth direction:
their chemical composition was, however, not determined.63

The possibility that these particles were small Si clusters and
that similar clusters were formed in our samples cannot be
discounted.

The available evidence from previous STM studies of~a!
homogeneously doped material22 and ~b! surface deposits
that are precursors tod-doping structures21 indicates that Si
impurity atoms deposited during MBE~001! GaAs growth,
under the conditions used in the present work, all occupy Ga
surface sites. Since such atoms are not fully bonded impuri-
ties in GaAs, it is not sensible to ascribe donor activity to
them until they are covered by a layer of GaAs: even then,
the surface layer is expected to be fully depleted due to the
presence of surface states. Compensation does not occur for
material grown at a low temperature~350–400 °C! if the
resulting value ofnMAX at room temperature is smaller than
;231019 cm23. For layers with this doping level grown at
higher temperatures, compensation is observed, due to the
presence of SiAs acceptors, SiGa-SiAs pairs, and Si-X defects
that must have been produced by silicon diffusion processes
in the GaAs matrix beneath the surface. Measurements on
homogeneously Si-doped GaAs grown at 400°C,37 and sub-
sequently heated to 500 or 600 °C in the MBE equipment
under an As-flux, support this proposal, since LVM measure-
ments showed progressive site switching of SiGa donors to
the other sites as the temperature was increased. Similar ob-
servations demonstrate that Si diffusion jumps also occur
when these impurities are present ind layers.15 For high
values of @Si#A , SIMS measurements reveal a uniform Si
concentration of 231019 cm23 in the regions between adja-
centd layers with much larger spikes close to 1021 cm23 at
the positions of thed phase. The rapid diffusion of the Si
atoms out of thed layers15 could be explained by the pres-
ence of negatively charged vacancies, thought to beVGa
defects64 that were detected by positron annihilation mea-

8778 54R. C. NEWMAN et al.



surements made on ourd-doping superlattices.
The discussion implies that there are diffusion jumps of Si

atoms from Ga sites to adjacent interstitial sites,48 or that
there is an exchange of sites with neighboring As atoms. The
former process would generate aVGa defect, and the latter a
SiAs-AsGanearest-neighbor pair.VGadefects would certainly
diffuse, and trapping by the SiAs-AsGa pair would generate
the Si-X defect (VGa-SiAs-AsGa). The structure for the Si-X
center was, however, first proposed following its formation
observed by IR LVM spectroscopy as second-neighbor
SiGa-VGa pairs were destroyed during anneals of LTMBE
GaAs at 350 °C:14 the transformation was attributed to two
successive diffusion jumps, first of the bridging As atom and
then the SiGa ~see also Ref. 17!. It is not certain that the Si-
X defect incorporates an AsGa defect, but contrast character-
istic of these antisite defects has been observed inn-type
layers of AlxGa12xAs examined by cross-section STM.65

The various diffusion jumps described, involving the forma-
tion of VGa and GaAs defects, could lead to a reorganization
of the as-deposited Si atoms originally occupying Ga sites on
the surface to the observed Si-liked layers, possibly as the
result of the aggregation of Si interstitials.

Finally, we propose a mechanism that would be expected
to lead to the onset of autocompensation in GaAs, so that
nMAX never exceeds theDX limit of ;231019 cm23, irre-
spective of the growth method or the growth temperature.
Oncen exceeds this value, there would be displacements of
some SiGa toward adjacent interstitial sites,48 leading to a
severe weakening of the associated SiGa-As bonds~Fig. 11!,
thereby enhancing the probability that a diffusion jump takes
place.66 It has been shown by theory thatDX-like behavior
also occurs for second-neighbor SiGa-SiGa pairs with a dis-
placement of one SiGa away from its neighbor,67 similar to
that found for Si donors paired with other acceptors~Zn, Cu,
etc.!,68 so that a single Si diffusion jump would lead to the
formation of a SiGa-VGa pair. As the temperature of the

sample is increased, either during growth or a subsequent
anneal, the Fermi distribution would extend to higher ener-
gies in the conduction band, so that moreDX centers would
form and then be destroyed due to SiGa diffusion jumps. It
follows that there would be corresponding increases in the
compensation of samples.69,70 These arguments do not in
general explain the increasing degree of compensation as the
Si doping level is increased, since the carrier concentration
would always be expected to rise to some equilibrium value.
Nevertheless, this latter behavior was found for our homoge-
neously doped samples grown atTg5350 °C ~Table III!.

VII. CONCLUSIONS

It has been shown both by LVM Raman scattering and IR
absorption that SiAs , SiGa-SiAs pairs, and the electron trap
Si-X are all present ind layers grown at 400 °C, with
@Si#A greater than;0.05 ML. These measurements super-
sede previous IR measurements that revealed only the SiGa
LVM’s. These LVM’s are no longer detected by either tech-
nique once@Si#A is increased beyond;0.5 ML. The Raman
measurements then show a high-frequency feature that is at-
tributed to scattering from the vibrations of covalently
bonded Si-Si pairs. This feature is not observed in IR spec-
tra, and neither are other expected lines due to Si-Ga and
Si-As vibrational modes. We have reviewed the interpreta-
tion of previous x-ray measurements made on superlattice
structures, and have shown that modeling does not lead to
the prediction of a unique structure. A layer containing Si-Si
clusters and other defects is, however, a plausible alternative
structure to the one incorporating only SiGa atoms. It is un-
clear whether the formation of Si-Si 2D clusters can occur by
long-range diffusion, although such defects were not de-
tected in samples containing diluted layers with a small
interplanar spacing or in homogeneously doped samples. The
observed Si-Si 2D clusters~Raman lineA) must therefore
have resulted from the close proximity of Si impurities in
highly dopedd layers that resulted from surface diffusion or
by local diffusion jumps of Si atoms during the overgrowth
of more GaAs. The Si-like clusters appear to be relatively
stable, but may incorporate As atoms and vacancies. The
presence of the latter defects and/or interface states could
explain the lack of conductivity for layers with@Si#A>0.5
ML.

We speculated thatDX displacements of overgrown
SiGa donors takes place, thereby enhancing the rate of diffu-
sion jumps of the Si atoms leading to the formation of Si-
X and SiGa-SiAs defects and to electrical autocompensation.
Such processes should occur more readily, to yield lower
values ofnMAX at room temperature as the growth tempera-
ture is increased. It is still unclear, however, why overcom-
pensation occurs when@Si# is increased to too great a value
for Tg>400 °C. The present work has demonstrated that the
limiting volume concentrationnMAX for the d-layer struc-
tures discussed here is no higher than that for homoge-
neously doped GaAs, and never exceeds;231019 cm23 in
any of the samples examined.
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