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Low-noise infrared(IR) absorption measurements of localized vibrational moda&V’s) showed that
Sips acceptors, Si;sSias pairs, and a deep trap Ki{VesSias-ASca), as well as isolated gj donors, were
present in silicons-doping superlattices i8001) GaAs grown under an As flux by molecular-beam epitaxy
(MBE) at 400 °C for areal concentratiofyger layey 0.05 ML= [Si],<0.5 ML. These observations supersede
previous data, and agree with recent Raman-scattering measuremef&i] Fe10.5 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. Fg8i],=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 for5-doping superlattices that all hay8i],=0.01 ML (per layej showed only the $j, LVM as the
interlayer spacing was reduced to 5 ML when the volume carrier concentratipproached~ 2 x 10*°
cm™~3. For interlayer spacings of 2 and 1 ML, compensating complexgs, Big;Sias, and SiX were
present, andch tended to zero. Compensating complexes were also present in homogeneously doped MBE
GaAs grown at 350 °C, bub remained at a value of 210" cm™2 as[Si] was increased to 1:310%°
cm 3. N never exceeded 210'° cm™2 in any sample. The formation ¢fg,, Asg, etc. is attributed to
diffusion jumps of Si atoms originally located on Ga lattice sites. The formation of the “Si-like” structure in
S layers must result from the aggregation of such displaced atoms. We speculate that these processes are
facilitated by the initial displacements of &idonors toDX locations.[S0163-1826)01536-§

I. INTRODUCTION with a thickness of more than 20 ML above theplane on
which they are deposited. Surface segregation has been dem-

Silicon § doping of GaAs grown by molecular-beam ep- onstrated directly by secondary-ion-mass spectrometry
itaxy (MBE) is an alternative to homogeneonstype dop-  (SIMS) measurements® and by Raman measurements of
ing, and is useful for the fabrication of certain types ofthe depth dependence of the scattering from localized vibra-
devicel? The growth procedure is to interrupt the Ga flux, tional modes (LVM’'s) of the Si atoms present in the
deposit the required areal concentration of Si atd®,  overgrowth®'® A similar distribution was inferred fronin
(per layey, and then to reinstate the Ga flux to obtain ansitu reflection high-energy electron-diffractiofRHEED)
overgrowth of GaAs. This sequence may be carried oubbservation§ that reveal progressive changes in (091)
many times at regular intervals to producé-doping super- GaAs surface from a8 1 reconstruction, via an asymmetric
lattice. During the Si deposition, the As flux may be either3X 1 reconstruction to a’24 reconstruction as thélayer is
continued or shuttered:in the present work only the former overgrown. An extrapolation of published SIMS
method is employed. An ideal structure resulting from themeasurements indicates that the segregation process
deposition of a singles layer would consist of a sheet of should be effectively eliminated i is lowered to 400 °C:
ionized Si atoms all occupying Ga-lattice sit€8ig) in a  this is the growth temperature used in our previoaad
single atomic plane with the electrons occupying states ipresent studies of Sb-doping superlattices. Analysis of
subbands in the adjacewtshaped potential weft® The real  high-resolution x-ray measurements of the 004 and 002 re-
situation is more complicated, and there have been problenfiections and the associated satellite structure arising from
in understanding the evolution of the atomic structure of lay-stacks of 60 or 100 nominally equally spac&dayers with
ers, agdSi] 4 is increased to a value equal to or greater tharfSi]4=0.5 ML (Ref. 12 showed that the spreading of the Si
~3.1x 10" cm~2, corresponding to 0.5 ML of Si. This con- atoms was no greater than 2.0 MB.6 A) (the resolution
centration would correspond to the substitution of all the Gdimit), confirming that surface segregation was indeed inhib-
atoms by Si atoms in a single atomic layer. The numericaited.
distinction between 310 cm~2 and a higher value 3.4 Recent Raman ddthshowed that agSi], was increased
X 10 cm™2, to allow for the smaller lattice spacing of Si, is (for single & layers, the strength of the scattering from the
insignificant in this work. LVM due to isolated S, donors increased initially, but then

MBE growth on a(001) GaAs surface is usually carried passed through a plateau and eventually fell, so that the line
out at a temperaturgé;~ 580 °C. Because of surface segre- was undetectable for a Si coverage-e0.5 ML. In addition,
gation, Si impurity atoms are distributed throughout a layeidines from SiX (a deep electron trap, argued to be a planar

0163-1829/96/54.2)/876913)/$10.00 54 8769 © 1996 The American Physical Society



8770 R. C. NEWMAN et al. 54

As g Sias Vg, defect?), and SiSiag donor-acceptor pairs  toward 0.5. ML. There was a suggestion that local rafts of
were observed fdiSi]»=>0.1 ML (see Fig. 2 in Ref. 18the  alternate Sk," donors and Si (DX centers®) formed, lead-
strengths of these lines also increased, only to decrease g to displacements of up to 50% of theggziatoms from
zero again wheiiSi], reached 0.5 ML. At the stage when their tetrahedral sites!’ The assignment of linA in Raman
these Si LVM's became undetectable, a broad scattering fegPectra(see Fig. 2 in Ref. 18to planar clusters of covalently
ture (line A) appeared at a frequency in the range 470-49®onded Si would additionally imply a transfer of 50% of the
cm~1. This line has been attributed to the vibrational Sl atoms from Ga sites to As-sites to for@icaSiagdn
modes) of covalently bonded Si atoms, present in the formstructures, unless Si atoms were displaced into interstitial
of small clusters that constitute&phase, distinct from iso- sites and then diffused to form clusters. A possibility that a

. ) . . . compound structure $As, was generatéd was also con-
lated Sty Sias donor-acceptor pair defeCt.S found_m heavily sidered, because of the presence of excess As during the
homogeneously doped GaAs. Previous simultaneou

. . ) ) . aeposition of the Si.
observatiorof line A and LVM'’s due to Si occupying Ga Scanning tunneling microscogggTM) (Ref. 20 has been
or As lattice sites in the GaAs matrix in the spectra of

X : used to study the deposition of Si atoms on to a GaAs
samples with[Si],=0.7 ML grown atTy=580 °C do not (4% 4)-reconstructed001) surface held at 400 °C. An im-
constitute a discrepancy with these later results. The d'fferportant observation was that of Si-atom clustering to produce
ence is explained by surface segregation of the Si atoms angreamers along thigl10] direction due to surface diffusion
the diffusion of Si atoms out of thé phase'® because of the gnce [Si], exceeded~0.1 ML (when anisotropy was first
higher growth temperature. observeqt clustering was, however, detected for Si cover-
Earlier IR-absorption measuremehtsade ons-doping  ages as low akSi] 4=0.02 ML 2! Such clusters, buried by an
superlattices showed that the strength of thg,$IVM ex-  overgrowth of GaAs, help to lead to an explanation of line
hibited the same dependence [8i], as that found by Ra- A observed in Raman spectra from samples contairfing
man scattering, but lines due to,Si Sig+Sias pairs, SiX  layers with larger values dofSi],. The STM results were
complexes, and liné\ were not detected for any value of explained by models for which all the Si atoms occupied
[Si]5. The presence of a steeply sloping background due tGa-surface sites for coveraggSi], up to 0.5 ML. The va-
free-carrier absorption made it difficult to detect weak LVM lidity of the models is still unclear, but the proposed inter-
lines. It was pointed out that the LVM from &jis narrower  pretation is not excluded by the IR and Raman data, since it
than the lines from s, SigsSias pairs, and SX, and the  has been inferred previously that diffusion jumps of Si atoms
detection limit for Sjs, was estimated to be a factor of 3 occur leading to local site switching during the subsequent
times greater than that for §i: the detection limit for Si-  overgrowth of the surface with GaA§??
X would be even higher. Lind may have a small dipole IR and Raman measurements have also been made on
moment so that it is effectively IR inactive, but the discrep- §-doping superlatticéd with [Si],=6x10" cm 2 (0.01
ancy with respect to the observations of the LVM’s from ML), when the Si atoms continue to occupy predominantly
Sias and SigsSias is significant. Consequently, additional Ga lattice sites after the GaAs overgrowth, and there is cor-
IR measurements have been madedenoping superlattices responding n-type conductivity, provided the layers are
using a Bruker IFS 120HR interferometer rather than the IFSwidely separate@60 A or ~200 ML).2 The effect of reduc-
113v model used previously, enabling spectra to be obtaineithg the interplanar spacing from 200 to 1 ML was then in-
with a better signal-to-noise ratio. In addition, improved pro-vestigated (see also Ref. 24 These measurements are
cedures have been used for the subtraction of the free-carrieomplemented by similar studies made on homogeneously
background and intrinsic two-phonon absorption from GaAsdoped samples grown at 350 °C. Briefly, none of these
allowing LVM lines to be more easily revealed. Briefly, we samples showed detectable Raman scattering from the com-
shall demonstrate that LVM lines due t0,Si SigsSias plexes giving rise to lind\, and so there was no evidence of
pairs, and SKX are present in the IR spectra ofdoping long-range diffusion of Si atoms. There was, however, evi-
superlattices with 0.05 [Si]o<0.5 ML, leading to a general dence that not all Si atoms occupied substitutional sites in
consistency with the Raman measurements. the GaAs matrix. The latter result is significant in under-
The carrier concentrations of §-doping superlattices standing the processes that limit the maximum volume con-
(grown at 400 °Gincreased initially agSi] o was increased, centration of carriers tmyay ~2x 10 cm~3, and in this
but followed the trend in the strength of theggiLVM by context they link to the measurements made on the samples
reaching a maximum valueyax before falling to a value containing highly doped layers.
close to zero whefSi] , reached 0.5 MI2 Knowledge about Since covalently bonded planar Si clusters appear to be
spreading due to segregation and diffusion processes the predominant species present 6 layers when
clearly important to the interpretation of electrical measure{Si],=0.5 ML, and the full range of Si centers is present for
ments, where conduction of doped GaAs adjacent tosthe somewhat smaller areal concentrations, it is necessary to re-
phase has to be distinguished from that of shehase itself. ~consider the modeling of our previous x-ray measurements.
Possible reasons for the loss of conductivity have been disvarious structures were shown to be consistent with the mea-
cussed in relation to the loss of isolatedzSidonorst®!”  surements, although in the most recent stddiesnphasis
Comparisons with the IR absorption and Raman LVM scatwas given to structures incorporating primarilyggiatoms
tering of & layers incorporating isoelectronic Al (Ref. 18  because in our earlier work only &j donors had been de-
led to the conclusion that at some stage in the growth of Siected in IR LVM spectra. To carry out simulations, it is
S layers, there were changes in the lattice sites and/or theecessary to specify the bond lengths fog SAs, Sias-Ga,
charge states of depositedsgatoms agSi] 5 was increased and Sig;+Sipas. Previously, we obtained bond lengths from
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TABLE |. Details of § superlattices with various values fi],. Each sample contained 100 layers,
except sample SA3M56 which contained 60 layers.

S-plane
spacing Si concentration Hall
R [Si]A (SIMS) (102 cm~2) (102 cm™2)

Sample (SIMS) (10 cm™2) (ML) Sitor Siga Sias SigsSias  Si-X (ny)
SA2M12 485 6.0 0.01 5.5 55 1.7
SA10M54 460 6.1 0.01 1 10 3.9
SA2M09 420 14 0.02 9 9 6.5
SA10M55 490 16 0.02 1% 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

3Electron irradiated to a dose of 8~ cm~2.

the covalent radii of the elements given by Paufifdiut  neously doped samples. Following analyses of simulations of
these values are inconsistent with those obtained by recertray data in Sec. V, an overall discussion, includiDg
ab initio local-density-functional calculatio’§’ Simula-  behavior and likely diffusion processes occurring during
tions of the x-ray data for both 004 and 002 reflections havegrowth, is given in Sec. VI. Our conclusions are set out in
therefore been reinvestigated for various models using eithe3ec. VII. Accounts of some of this work have been included
the Pauling data or the calculated bond lengths. in conference proceeding®?®

The organization of the paper is follows. In Sec. Il, details
of the samples and the experimental procedures are dis-
cussed. In Sec. lll, IR results f@-doping superlattices with
various values ofSi] , are described. IR and Raman data for The MBE layers labele& A (Tables | and Il were grown
dilute & layers with various interplanar spacings are pre-in a VG V80 system at Imperial College on semi-insulating
sented in Sec. IV, together with data for highly homoge-(SI) liquid-encapsulated CzochralskiO1) substrates and the

II. EXPERIMENTAL DETAILS

TABLE Il. Si & superlattices withSi],=0.01 ML with various interplanar spacings.

Carrier [Si] from Raman/IR Sior Missing Si
Spacing Indended Mobility  concentration  absorpti@f® cm™3) (10 cm~3) (108 cm™?)
(S-plane  No. of [S] hall (10* cm~3) Sigs (Raman (Raman
Sample ML) Splanes (10*¥cm™3) (cm?Vs) ng Ny SiX  Sias Sias Siga /IR) /IR)
SATM26 1 500 212 b 16 8 9 32 65 147°¢
55 17 44 65 18f 314
SATM27 2 400 106 250 b 6.3 8 3 6 29 46 60
24 10 20 39 93 13

SA7TM28 5 400 3¢ 489 20 135 20 20 19

20 20 19
SATM29 10 200 2F 767 15.4 14 15 15 6

16 16 5
SA7TM35 20 200 12 894 10 9.3 11 11 1

8 8 4
SA7TM33 50 200 4.2 1431 3.7 3.9 3.3 3.3. 0.9

4.0 4.0 0.2
SATM34 200 200 1.2 2707 0.86

15 1.5 -0.3
3SIMS data used to calibrate all of the samples.
bSee text.
‘Raman data.
IR data.

®Estimated values taking account of SIMS data.
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TABLE lll. Raman measurements of homogeneously doped GaAs:Si grown at 350 °C. Total Si concen-
trations calculated from[Siltor= [Sigal+[Sias]+[SigsSias]l+[Si-X], and net donor concentration
[Np—Na] set equal tdSig]-[Siasl-[Si-X]: both measured by LVM Raman spectroscopy.is determined
by Raman spectroscopy of coupled plasmon-phonon made$. (RT is room temperature.

Ny
SIMS [Siltor Np—Ng Nk (RT)

Sample (108 cm~3) (108 cm™3) (108 cm™3) (108 cm~3) (108 cm™3)
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

reflection high-energy electron-diffractidRHEED) oscilla-  tected when samples held at 4.2 K were illuminated by an IR
tion technique was used prior to growth to calibrate the Gdight-emitting diode: the increase im was, however, only a
flux. A buffer layer 1000 A in thickness was grown at few percent. There is therefore evidence that s@¥ecen-
580 °C, after which the substrate temperature was lowered tiers were present, and were responsible in part for the elec-
400 °C and (4% 4) surface was observed by RHEED. Si trical compensation. As the separation of the layers de-
was deposited to the required value[8i],, while the Ga creased, there was a monotonic decrease in the Hall mobility
flux was interrupted but the As flux was maintained. The Sifrom 2700 cnf/V s (200-ML samplg to 250 cn?/V s for the
cell, held at 1250°C, produced a flux equivalent to2-ML sample, leading to difficulties in making SdH mea-
6x 10" cm 257! determined from SIMS measurements of surements.
Si concentrations in homogeneously doped MBE layers. This IR transmission spectra were obtained with a Bruker IFS
sequence was repeated many times to fabricate the dopid@OHR interferometer with an instrumental resolution of
superlattice structures. The first set of samilesble ) had  0.25 cm !, while the sample was held at a temperature close
& layers all separated from each other by a nominal 500 A ofo 10 K, and a liquid-helium bolometer with a Ga-doped
undoped GaAs, and eadhayer incorporated the same value silicon element was used as the detector. The back of each
of [Si]5. Samples labeled1V were grown at the Philips sample was polished to give an overall wedge shape to avoid
Research LaboratorigRedhill, U.K) in a modified Varian- the occurrence of interference fringes in the recorded trans-
360 system, and were used in our previous stutlifee  mission spectrumTs). An interferogram was first obtained
second set of samplé$able 1) comprised doping superlat- without a sample in the beam to give the system spectral
tices with various interplanar separations, and all layers hacesponse Tp), and we then evaluated the quantity
[Si]p=6X10" cm~2 (0.01 ML).?® The samples listed in Ay=—In[Ts/To]. A similar procedure carried out with a
Table Il were grown at 350 °C, and were homogeneouslywedged reference sample of undoped GaAs allowed
doped with silicon in concentrations up to?2@m 3. Ag=—In[TR/To] to be computed. The difference
Electrical measuremen{800 K) were made on unproc- (As— BAR)=Ap was then calculated, where the parameter
essed van der Pauw samples and on standard Hall b@ (=~1) was adjusted to allow for small differences in the
samples. The layers with a high carrier concentration re-

quired a well-defined contact geometry due to the small volt- — :
s

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 made4eK using an

8-T magne?® for the samples listed in Table Il. The samples
with & spacings of 200—-50 ML showed miniband transport
and two-dimensiona(2D) effects, and it was apparent that
the Hall data underestimated the true valueg tfy a factor

of up to 2. As the interplanar spacing was reduced further,
states occupied by electrons became characteristic of three-
dimensional homogeneous dopifisee also Ref. 24 The
average volume concentration of carriers was therefore
evaluated and compared with the intended doping level, as-

1019

10% |

Carrier Concentration (cm™)

suming that all the Si impurities were present ag,$ionors, 107 ' —A

and that there was no compensation from intrinsic defects 10'8 10" 10%°

(Fig. 1). A value ofnp=1.3x 10" cm~2 was obtained for Si Concentration (cm™®)

the sample with 5-ML spacings, but there was a huge reduc-

tion from the expected carrier concentrations fell to a FIG. 1. The measured carrier concentrations (Hall, 300 K)

value close to zepdfor the sample with the layer spacing of andng (coupled phonon-plasmarfor Si 8-layer superlattice struc-
only 1 ML. No explanation of this decrease was giventures with[Si],=6X10'2cm™2 (0.01 ML) with various interplanar
previously?® although persistent photoconductivity was de-spacinggTable Il). Also shown are the intended Si concentrations.
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thicknesses of the twévedge-shapedsamples, so that ab- —————r T
sorption features due to intrinsic two-phonon processes were i
removed fromAp after the very large expansion required to
reveal weak LVM lines. The absorption coefficients of the
LVM's were obtained froma=Ap/d, whered was the
thickness of the epitaxial layé?. 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 interferometér.

For the samples listed in Tables Il and Ill, Raman mea-
surements were performed in the backscattering geometry
from the (001) growth surface with the polarizations of the 0
incident and scattered light parallel to two orthogo(@01) 360
crystallographic directionfz(x,y)z]. The spectra were ex-
cited with the 3.00-eV line of a K¥-ion laser to produce
resonantly enhanced scattering by the 3iVM (Ref. 3)

with _the samples coole_d to 77 §2' For crystalline GaAs, theé-layer superlattices labeled MiTable | after subtraction of two-
probing depth 1/(2,) is 10 nm;” where a; denotes the  on0n intrinsic absorption from GaAs and free-carrier absorption:
absorption coefficient of the 3.00-eV radiation. The scatterfgie the emergence of lines from,Sj SissSias pairs, and SX

ing light was dispersed by a triple monochromator, and dewhen[Si],=0.06 ML. Spectra obtained previously from the same
tected with a liquid-nitrogen-cooled silicon charge-coupledsamples(Ref. 3 showed only the sharp line from &j. For
detector array. This detector has a much better signal-tqsij],=0.5 ML, no LVM lines were detectetsee also Fig. B

noise performance than the sensitized diode array used in

some earlier measuremefits The spectral resolution was
~2.5 cm L. The free-carrier concentrationsz (Raman
(Table Il) were deduced from the measured frequencies o
the coupled plasmon-phonon mode by treating the elec-
trons as a three-dimensional gas, to agree with the publish
transport datd>

N
(=]
(@]

100

Absorption Coefficient ( cm'1)

400

380
Wave number (cm™)

FIG. 2. IR-absorption spectra showing Si LVM's in the

(see Fig. 2 in Ref. 13 It is therefore confirmed that the
ssociated dipole moment must be small. We emphasize that
he Raman featurdine A) is not due to isolated 3i-Sia

ir defects that give rise to sharp IR-absorption lines at 464
~1(I'; symmetry and at 393 cm?! (I'3 symmetry,

Cs,).>° 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 d$§i] 5 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-

Ill. A REAPPRAISAL OF IR SPECTRA FROM HIGHLY
0-DOPED SUPERLATTICES

Previously examined sampldtabeled MV in Table |
were remeasured, and additional IR LVM spedsae Sec.
II) are shown in Fig. 2. For values dfSi], less than
~0.03 ML, only the LVM from Sz, was detected, and there
were indications of a Fano interactfori* with the free-
carrier absorption(subtracted in the spectra showrAs [Sila (ML)
[Si]4 was increased, there were initial increases in the inte- 0.01 0.1
grated absorptioflA) coefficient of the Si, LVM, but its
strength then saturated and subsequently fell to zero for
[Si]p,~0.5 ML, in agreement with the earlier observations
(Fig. 3). However, lines from Sis, SigsSias 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 Si,. These lines were much
broader than that from g}, (see Sec. | and also Ref).Ihe
observations are in accord with corresponding spectra ob-
tained from samples label&RIA (Table I), and also with our

i ]
10' -/ [} \. E
hd

recent Raman-scattering data obtained from samples contain-
ing single 6 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-

[Sigala&[nls (10'2cm2)

0.1

10 100
[Silsy (10"2cm2)

ous modes. An important difference, however, is the absence FIG. 3. Variation of the areal concentrations of;Sandn (per

in the IR spectra of the broadband near 470 ¢ngline A)

layen as a function of Si], for all samples listed in Table I.
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3000 ture) to introduce traps that remove free carriers, this LVM
assumed a symmetrical shape, and a small line due to
29Sj s, (4.7% abundantwas just detected at 379 cm: no
other Si LVM’s were detected. Thé®Sig, LVM in the
samples with 2- and 1-ML spacindwith intended volume
doping levels of 18 and 2x<107° cm ™3, respectively was
symmetrical(without a prior irradiatioh due to the low con-
centrations of free carriers. Of primary significance, how-
ever, was the emergence of additional LVM’s from,Si
(399 cm™ 1), (SigsSiag) pairs (393 cm 1) and SiX (367
cm™1) 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
(4%x10Y° cm~3) is double that expected for the onset of
0 DX behavior when the position of the Fermi level is close to
360 380 400 ~(EC+ 20_0 me\_J (Ref. 38 at zero pressure. There was
1 again an indication that some of the silicon was not detect-
Wave number (cm™) able by IR absorptioriTable I)).
A possible absorption feature at376 cm ! in the spec-
FIG. 4. IR absorption showing Si LVM's after removal of the trum of the 1-ML sample was not reproduced in further mea-
free-carrier background and expansion of the vertical scale. For agurements on a range of samples. This comment is made
interlayer spacing of 200—5 MITable 1I), only Sig, donors are only because of the work of Wolkt al.>® who measured
detected with weak Fano asymmetries arising from interactiond VM spectra of Si-doped GaAst® K under a high hydro-
with the free-carrier continuum. For the 2- and 1-ML structures,static pressure, and found a line that they attributed to the Si
lines from Sjys, SicaSias pairs, and SX defects are present. For (DX) center: their extrapolation of the frequency to zero
the 1-ML structure, there could be another absorption feature at 37fressure yielded a value of 37d.5 cm !, the same as that
cm™*, as discussed in the text. shown in Fig. 4. It is most likely that our observation is
spurious.
man measurements. For the donor an IR-integrated absorp-
tion coefficient IA equal to 1 cm? corresponds to
[Siga=5% 10" cm™2 (a similar value is found for Si ac- B. Raman measurements
ceptors, but calibrations for the other lines are much less

certain): the Raman calibration relating the scattering inten The samples witty spacings from 5 to 50 ML showed a
) g . e ‘well-resolved  high-frequency-coupled lasmon-phonon
sity to [Sig,] is given in Ref. 37, and it is assumed that theW v '9 guency-coup b P

same calibration can be applied to the lines fromSi modew, (Fig. 9. Use of a procedure described in Ref. 40,
S 1 I -
SicSia pairs, and the Sk defect. The validity of these together with the measured frequencieswaf, allowed val

. L . ues of the carrier densityng) to be obtainedTable II). The
assumptions appears to be justified, because the ensuing p[)%adening ofw, modes as the layer separation decreased
dictions have been found to be in good agreement with oth *

. i . as due to reductions in the carrier mobility. For the 2- and
ava|labl'e estimates of concentrqtlc(qﬁ, SII\éIS, H_a3II effec) 1-ML samples, thev, mode could not be de{ected probably
e iy o et o <2 60 g  roacering s caused by rtnr e
deposited Si did not give rise either to IR absorpt{@able lons in the mobility, but observed scattering by the low-

X frequency-coupled plasmon-phonon magde (Fig. 6) indi-
1) or _to Raman scatterin(Ref. 1‘?‘ fqr t_he”range 0.05 ML cated that some conduction electrons were present. In
< [Si],=<0.5 ML. Some of these “missing” atoms may also

be present as clusters of covalently bonded Si atoms that a (inciple, the measured strength of the , mode refative to
P 1y D Alfat of the unscreened LO-phonon line originating from the
smaller than the clusters that give rise to a detectable lin

. . &urface depletion region can be used to obtain a semiquanti-
et e b Showr oS o 1, gl eSUmate of. s here appeared o bo moe eec
P . 1 g C trons present when samples were illuminated by the 3.00-eV
the strength of lineA, extrapolated linearly to lower values

: . laser light than when they were in the dark, implying photo-
of [Si]», does not fall to zero untfiSi] , approaches zerb. excitation from traps.

Raman scattering from Si LVM’s after subtraction of in-

IV. IR AND RAMAN RESULTS FOR DILUTE & LAYERS trinsic two-phonon features is shown in Fig. 7. For layers
with separations down to and including 5 ML, only the line
from Sig, donors was detected. For the 2-ML sample, addi-

After the subtraction of the two-phonon and free-carriertional lines from Sjg, SigsSias pairs, and SX were clearly
absorption, weak LVM’s were detected in IR spectra for thevisible. These additional lines were stronger in relation to the
samples listed in Table I[Fig. 4). For S-layer spacings Sig,line in the 1-ML sample, but there was no clear indica-
>2 ML, only the Sig,local mode(384 cm™t) was observed tion of a feature at 376 cm® (cf. Fig. 4. Of particular
as a slightly asymmetric Fano profilé3*After irradiation of  significance, however, was the absence of a detactable vibra-
the 100-ML sample with 2-MeV electroriat room tempera- tional bandA at »=480 cm !, due to covalently bonded Si

t (cm™)

len

2000

1000

Absorption coeffic

A. Infrared measurements
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FIG. 5. Raman spectra showing scattering fromdhecoupled FIG. 6. Raman spectra showing scattering fromdhecoupled

phonon-plasmon mode that shifts to higher energies as the intephonon-plasmon mode from-layer superlatticegTable 1) as a
layer spacing ofs-layer superlatticeg¢Table 1) is decreased from function of the interlayer spacing. Note that the mode is still de-
50 to 5 ML. The mode is not detected in samples with 1- and 2-MLtected for the 1- and 2-ML spacings, even though ¢hemode is
spacings. not observed.

clusters, and another indication that not all the Si atoms wergringes arising from the phase shift between adjacent GaAs
detected by their LVM scattering. “spacer” layers separated by the thihlayers. The satellite
The results described in Secs. IV A and IV B are compaintensities depend on the amplitude of the composition
rable in every way to those obtained for the homogeneouslyhodulation, arising fron{a) changes in the bond lengths in
Si-doped samples listed in Table Ill. For intended dopingthe s layer and(b) differences between the scattering factors
concentrations with[Si]<4x 10" cm~>, only the Ska  of the atoms in thes layers and the Ga and As atoms that
LVM was detected, but at the higher doping levels the fullthey replace. Simultaneous modulation of these two quanti-
range of Si-related centers was observed. Raman spectfigs introduces an asymmetry into the satellite intensities
were much superior to IR spectra, which showed strong freeapout the zero-order pedFigs. 8 and 9 (see also Figs. 1
carrier absorption. Raman measurements were also made ghd 2 of Ref. 12 “Allowed” reflections such as 004 are
the coupled plasmon-phonon mode to determine the car- sensitive primarily to strain modulation, whereas “forbid-
rier concentrations given in Table Ill, together with the esti-den” reflections such as Oqzccurring 0n|y because of the
mates of the total amounts of Si that gave rise to the LVM's difference between the Ga and As Scattering fa@;]a]rs sen-
It was implied that only some 50% of the total Si was presentitive to structure factor modulation. The satellite intensities
in complexes involving substitutional Si atoms in Gagé  are proportional to the square of the Fourier coefficients of
Table I), but again lineA was not detected in Raman spec- the composition modulation. The highest-order satellites are
tra. the most sensitive to the interface shape, and most of this
Thus 2D Si clusters were detected only when the Si atomscattering comes from regions close to the interfaces. A rect-
were deposited in close proximity to each other id lyer  angular modulation with abrupt interfaces will give the
with a large value of Si],=0.5 ML. Nevertheless, we show maximum number of satellites. Variations in the period
in Sec. VI that these observations do not preclude the poss¢ause a broadening of the satellite peaks that increases with
bility that long-range bulk diffusion may have occurred dur- satellite order, although the integrated intensities do not
ing overgrowth of thes layers. change. A detailed analysis of a Sistructure can be made
only if there is a large numbe{50-100 of & layers in a
stack with a regular period, and [iSi], is greater than
~0.3 ML, so that the satellites are visible above the back-
An x-ray-diffraction profile from a periodic doping super- ground noise using an instrument with a dynamic range of
lattice includes satellite peaks around the Bragg peak for th&0°. We have found that the inclusion of this number of
average structure, and the separation of this zero-order satddyyers with[Si],=1.0 ML leads to the introduction of dis-
lite from the GaAs substrate peak depends on the averadecations or surface undulatiofstrain and thickness fluctua-
strain in the layer structuf®. The satellites are interference tions) to relieve the strain in samples grown under the con-

V. X-RAY CHARACTERIZATION OF 6 LAYERS
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FIG. 7. Raman spectra showing scattering from Si LVM'’s in di han 2 ME.4 A . .
S-doping superlatticegTable I) as a function of the interlayer spreading over no more than 2 Mb.4 A), requires a strain

spacing. Only the mode from §iis detected for spacings in the Of 3-7% and a spacing of 5515 A - For a pseudomorphic
range 505 ML. The samples with spacings of 1 and 2 ML show, irStructure with a tetragonal distortion, the strain in the growth
addition, LVM's from Sixs SigsSias pairs, and the Sk defect, in ~ direction has to be multiplied by the factor {Iv)/
agreement with the IR datdig. 4). There is no detectable feature (1—v)~2, wherev is Poisson’s ratiolequal to 0.31 for
at 376 cni ! in the sample with the 1-MLS spacing. GaAs and 0.28 for $i*® To carry out the simulations, it is
also necessary to know the Debye-Waller fact@gual to
ditions specified in Sec. lisee Fig. 1@ This mode of strain 0.67 for GaAs and 0.50 for 51° that lead to reductions in
relief has been demonstrated previously for the growth ofhe x-ray intensities and peak widths. The required strain can
SiGe alloys or{001) Si*24%and for In,Ga, _,As on GaAs* be simulated by assuming that all Si atoms occupy Ga-lattice
There is therefore only a narrow range [&i], for which  sites in one plan€50% substitution that As atoms occupy
meaningful measurements can be obtained. Within thi@ll the group-V lattice sites in the next layer, and that Veg-
range, the average spacing of theloping superlattice, the ard’s law is valid, and using the Pauling covalent rdd@iable
strain, and the average spreading of thiyers can be de- IV). To achieve a satisfactory simulation of the 002 reflec-
termined. tion (Fig. 9 it is necessary, however, to reduce the scattering
To fit the measured 004 diffraction profilFig. 8), a from the As layer. This was modeled previously by allowing
structure incorporating 6@ layers, each withSij,=0.5 AS vacanciesYs) to be present\(o 1,8AS79 (Fig. 9), but
ML, corresponding to a notional thickness of 1.4 A but with this was not deemed to a be a satisfactory solution as the

400
[[Si] 0.5 ML

| expt.

ik

sim.2

Intensity (decades)

31 32 33 - il e P
o sk . P
Angle (degrees)
FIG. 10. Dark-field TEM micrograph showing a cross section of
FIG. 8. 004 x-ray-diffraction profiles: expt., experimental data; a sequence of layers each witfiSiJ,=1 ML and spaced by 500 A

sim.1, original simulation for 60 periods of 5135 A for in a GaAs superlattice comprising 30 layers. After the growth of 14
(SigsGayg) (Vo 12ASpg79 (see Ref. 12 sim.2, new simulation layers, the growth surface becomes nonplanar to relieve the increas-
(Sig2:Gag sASg 122V 0.129 (Sig.25AS0 75 - ing strain: subsequerd layers then show a zigzag structure.



54 LATTICE LOCATIONS OF SILICON ATOMS IN6&-. .. 8777

TABLE IV. Bond lengths. layers, i.e., without vacancies or As atoms, although details
of the bonding to adjacent Ga or As atoms were not taken
Bond length(A) into account.
Complexes Ref. 25 Ref. 26 In summary, there are severe constraints on models that
SiAs 235 245 can fit the observations. Although our earlier modeling based

on the presence of §j was thought to be satisfactory, the

2!'(83.‘3 22 'gj’ 22'32 more recent Raman data and the present IR data clearly re-
GI:;1 ;\S 2‘44 : 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
layers were grown under As-rich conditions. An alternativearisen relating to the choice of covalent bond lengttS.it
possibility of locating Si atoms on As lattice sites gave mar-iS clear that x-ray measurements taken in isolation do not
ginally inferior fits to the 004 diffraction profile, but required provide sufficient information to allow the structure of the
[Si]a to be increased above the value measured by SIMS? layers to be determined.
For example, a good fit was obtained by replacing the Ga
!ayer by SpsGay 5, and the next As layer by §bsASg 75. If VI. DISCUSSION
instead, recently calculated bond lengfthare used(Table
IV), the compositions of the two layers would have to be Our earlier IR measurementsevealed only the LVM
changed to Sj,5Gag7s and SpsAsgs, respectively, to from Sig, donors ind-doping superlattices grown at 400 °C
model the 004 reflection, but this model is unsatisfactorywith interlayer spacings of 500 A, but improved measure-
because the asymmetry of the 002 satellites is then in theents(Secs. Il and Il) have shown that Qi, SigsSias
opposite sense to that measured. To fit the 002 diffractiopairs, and SX defects are also present as soor{ $i$, is
profile, the average scattering factor for the atoms occupyingicreased te~2x 10 cm™~2 (0.03 ML), consistent with Ra-
As lattice sites has to be approximately 25% greater than thahan result33 At this value of[Si], the average volume
of the atoms occupying Ga lattice sites. carrier concentratiom would be equal to~2x 10" cm™3,
Since LVM’s from Si atoms in solution in GaAs or line if all the Si atoms occupied Ga sites in a single plane, and the
A (see Fig. 2 in Ref. 18for [Si],~0.5 ML were hardly carriers were confined in a well with a width ef100 A.
detectable in the present Raman and IR measurements, tfidis width is close to that calculated from a Poisson-
actual arrangement of the Si atoms is unknown. To proceedschralinger self-consistent analysislthough the depth of
we therefore first made use of the observations of the defecthe well is strongly dependent on any spreading of the do-
present ind layers with somewhat smaller values[&i] 5. nors to sites immediately adjacent to theplane. For our
Assuming that SKX is aVg;Sia-Asg, defect(see Sec. V| doping superlattices, the well width clearly could not exceed
there would be a requirement for an original Ga layer to500 A, as this was the interlayer spacing. Parallel LVM re-
containVg, and Ass, defects, as well as Si and Ga atoms. sults obtained by Raman scattefiigrom single & planes
By replacing the Ga layer b{Siy£Gag sAsg 122V0 129, and  also imply that interactions between neighborifitayers in
the adjacent As layer by §bAsq 75, it was possible to ob- the doping superlattices examined here are unimportant.
tain a fit to the 004 and 002 reflectioribigs. 8 and 9 Raman(see Fig. 2 in Ref. 13and IR measurement&ig.
equally good to that shown in Fig 2 of Ref. 12, but only if 2) lead to a further clarification. All LVM scattering and
calculated bond length% were used. The covalent bond absorption from substitutional Si atoms in the GaAs matrix is
lengths associated with complexed Asand Vg, are not lost once[Si], is increased above 0.5 ML. Raman scattering
known, and the strain arising from their combined presenceéhen shows the emergence of lideattributed to small co-
was arbitrarily set equal to zero. In fact, the isolated;As valently bonded 2D Si-like clusters. Associated IR absorp-
defect has a large radius according to thédrif while the  tion has not been detected, although it is predicted to occur
Vg, center is likely to be elastically “soft,” so that some according teab initio local-density-functional theorsf. Bur-
compensation of the strain should occur. The model proied 2D clusters are also just detected in our high-resolution
posed could only be simulated by atomic substitutions spreadirect lattice transmission electron micrographs for
over four atomic layers because of the limitations of the soft{Si] ,~0.5 ML, and their presence can also be inferred from
ware. The model allowefiSig] +[Sixd =0.5 ML (SIMS), lattice tilts revealed by x-ray diffractiotr. The IR and Ra-
and[Vga =[Asgal, consistent with the requirement for the man measurements imply that all the Si atoms become incor-
proposed structure of S{; while [Si] 55 allowed equal con- porated into a5 phase.N-type conductivity in the adjacent
centrations of “isolated” Sjis and SiX defects to be layers of GaAs is therefore not expected, unless electrons are
present. Covalent bonding of §iand Siys is possible be- derived from theé phase itself. Electrical measurements
caus€ Sigy =[Sias]- A physical interpretation is that 2D Si show that the conductivity of the doping superlattice falls to
clusters are formed with GaAs present in the intervening value close to zero fdiSi],<0.5 ML. The conclusion is
regions. The insertion of equal concentrations of Si in boththat any conduction electrons present in thphase do not
the Ga and As layers does not contribute to the intensities diffuse into the GaAs. There is still a lack of conductivity
the 002 satellites: These arise because of the assumption threten wheri Si] , is increased up to several layers, suggesting
Vg, defects are present. that thed layers themselves are nonconducting. Capacitance-
Finally, we point out that in other studf€s®of Si layers, voltage measurements made in much earlier Worn
thicker than 1 ML, x-ray profiles have been satisfactorily samples grown at 520 °C showed that the conductivity was
modeled by assuming that only Si atoms were present in thiewered in planar regions immediately adjacent to and in-
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cluding individual & layers when[Si], is as low as 0.015 ings imply measurement errors, possibly due to different
ML, even though the conductivity was high in the GaAs sampling depths of the illumination. There was a second dis-
matrix away from the5 planes. Reexamination of SIMS pro- crepancy(a factor of 2 between the smaller measurement
files published in this same wotkindicates that theé phase  (LVM) value of [Sig] =2% 10'® cm~2 compared with the
starts to be apparent as spikes in the Si concentratio@ for actual doping level of %X 10*° cm ™3 for the 5-ML sample. A
layers, with[Si] 5 as low as 0.02 ML. The implication is that similar deficit was observed in very heavily homogeneously
covalently bonded Si-Si was present at an early stage of th8i-doped(up to 13° cm™3) GaAs grown at 350 °GTable
Si deposition, consistent with extrapolation from higher cov-IIl).
erages of the present Raman data for Apdrom STM (Ref. It is important to recall that Raman featufe was not
20) observations of aggregation of Si atoms by surface dif-detected in any of these samples, but its detection limit for a
fusion, and from the low areal concentration of Si at the starSi & layer corresponded tdSij,=0.5 ML (3.4x10%
of the plateau region shown in Fig. 3. cm™?) for a Si sheet located 5 nm beneath the surizee
The measured frequency of theline (Raman implies  Fig. 2 in Ref. 13. If that amount of Si were distributed
the presence of Si-Si bonds, so tldalayers must be essen- homogeneously within the probing degttD nm, the corre-
tially “Si like” rather than having a composition such as sponding 3D detection limit would be aboux30?° cm™3.
SizAs, (see Refs. 16 and 1,7in which Si atoms are bonded This concentration is a factor of 4-5 timgeeaterthan that
only to As atoms. This conclusion is not unexpected, sincef the missing Si(of the order of 5-%10'° cm~3) in the
experiment¥’ and theoreticaf studies demonstrate that im- most heavily doped GaAs/Si sampl€able IlI). It follows
pinging Si atoms displace As atoms present as a surfactatitat if all these missing Si atoms were incorporated into co-
during the growth of silicon layers by solid-source valently bonded Si-Si clusters, they would not be detectable
molecular-beam epitaxy. Nevertheless, electrical measurdsy Raman spectroscopy. The alternative use of cross-
ments made on these Si layers indicated that there is sonsectional scanning tunneling microscopy has led to the de-
incorporation of As aton? in the silicon, and so the present tection of precipitates in homogeneously doyed1) MBE
&8 layers might also have been expected to snetype con-  GaAs grown at 375°C witliSi] at 6x 10*° cm™~3. The par-
ductivity. The apparent discrepancy could be explained iticles were oval shaped, with their long axes approximately
electrons are trapped in midgap states at the interface of tr&0 A in length and orientated along the growth direction:
& structure, similar to the mechanism proposed for the loss atheir chemical composition was, however, not determftfed.
electrons in low-temperature MBETMBE) GaAs follow-  The possibility that these particles were small Si clusters and
ing the precipitation of metallic arsenic that occurs in post-that similar clusters were formed in our samples cannot be
growth anneal$>*® The surrounding GaAs is then semi- discounted.
insulating. It has also been reported that bulk Si doped with The available evidence from previous STM studiegaf
As in a concentration of-10?' cm~2 has a much lower homogeneously doped mateffaland (b) surface deposits
conductivity than expected due to As precipitatiémnd an  that are precursors t6-doping structured indicates that Si
explanation based on the presence of silicon vacancies haspurity atoms deposited during MB®©01) GaAs growth,
been proposefl to explain this result. It is unclear whether under the conditions used in the present work, all occupy Ga
these results have relevance to thin Si layers in GaAs, buturface sites. Since such atoms are not fully bonded impuri-
further discussion is deferred until chemical analyses havées in GaAs, it is not sensible to ascribe donor activity to
been made of the composition of the present &yers. them until they are covered by a layer of GaAs: even then,
The manner in which Si is incorporated intblayers is  the surface layer is expected to be fully depleted due to the
clearly radically different from that of Al, which continues to presence of surface states. Compensation does not occur for
occupy only group-lIl lattice sites d#\l], is increased up to material grown at a low temperatuf850-400 °Q if the
and beyond~0.5 ML. In this system, AlAs is formed, and resulting value oh\sx at room temperature is smaller than
the Alg, IR LVM seen in dilutes layers shifts in frequency ~2x10' cm™3. For layers with this doping level grown at
and continues to increase in strength to become the TO likeigher temperatures, compensation is observed, due to the
mode of another component, while the AlIRaman LVM  presence of Sjs acceptors, Si;-Sias pairs, and SX defects
shifts to become the LO-like mod&>9-51 that must have been produced by silicon diffusion processes
Raman measurements made on dildtidayer superlat- in the GaAs matrix beneath the surface. Measurements on
tices(Table 1l) agree with the IR LVM data. For layers with homogeneously Si-doped GaAs grown at 408°@nd sub-
a separation greater than or equal to 5 ML, only the,Si sequently heated to 500 or 600 °C in the MBE equipment
LVM was detected. At this separation, the volume concenunder an As-flux, support this proposal, since LVM measure-
tration of[Si] would have reached 4x 10'° cm™3, accord- ments showed progressive site switching o Silonors to
ing to the intended and measured SIMS doping level. IRhe other sites as the temperature was increased. Similar ob-
measurements indicat¢8ig] =1.8x 10'° cm 3, while Ra-  servations demonstrate that Si diffusion jumps also occur
man measurements yieldd®ig] =2.0<10° cm™2 and  when these impurities are present dnlayers® For high
ng=2x10" cm~3. ng (Raman was larger thamy, (Hall)  values of[Si]5, SIMS measurements reveal a uniform Si
=1.2x10" cm~2, that may be an underestim#teof the  concentration of X 10'° cm™2 in the regions between adja-
true value ofh. The higher Raman values could be due to thecent 8 layers with much larger spikes close to*16m 2 at
photoexcitation of electrons from traps resulting from thethe positions of thed phase. The rapid diffusion of the Si
incident laser illuminatiofi? The different values ofSig,]  atoms out of the’ layers® could be explained by the pres-
determined by the IR measurements on the one hand and tleace of negatively charged vacancies, thought toVhg
Raman technique on the other for smaller interplanar spadefect§* that were detected by positron annihilation mea-
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sample is increased, either during growth or a subsequent

. anneal, the Fermi distribution would extend to higher ener-
Sig, Donor gies in the conduction band, so that m@& centers would
form and then be destroyed due toggdiffusion jumps. It
follows that there would be corresponding increases in the
compensation of samplé%’° 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 grownTgj=350 °C(Table IlI).

VII. CONCLUSIONS

It has been shown both by LVM Raman scattering and IR
OAs®Ga®@ Si absorption that Sjs, SigsSias pairs, and the electron trap
Si-X are all present iné layers grown at 400 °C, with
FIG. 11. The location of the Si impurity atom in the GaAs [Si] greater than~0.05 ML. These measurements super-
lattice: (a) as a donor atom occupying a substitutional tetrahedra Gaede previous IR measurements that revealed only the Si
site; (b) in the DX configuration involving a displacement along a LVM's. These LVM'’s are no longer detected by either tech-
(111) direction toward an adjacent vacan@ef. 2J), as detected in  nique oncdSi], is increased beyone 0.5 ML. The Raman
samples at low temperatures with the application of a hydrostatigneasurements then show a high-frequency feature that is at-
pressure; andc) a proposed interchange of the 3X) with @  fibuted to scattering from the vibrations of covalently
nearest-neighbor As atom occurring during growth to produce #onded Si-Si pairs. This feature is not observed in IR spec-
SiasASca palr. tra, and neither are other expected lines due to Si-Ga and
Si-As vibrational modes. We have reviewed the interpreta-

surements made on odrdoping superlattices. tion of previous x-ray measurements made on superlattice
The discussion implies that there are diffusion jumps of st previous x-ray u up :

atoms from Ga sites to adjacent interstitial st®sy that structures, and have shown that modeling does not lead to

there is an exchange of sites with neighboring As atoms. ThH1e prediction of a unique §tructure. A layer containing Si-Si
former process would generateva, defect, and the latter a Clusters and other defects is, however, a plausible alternative
a ]

: : . structure to the one incorporating onlyggiatoms. It is un-
Sias-AS g4 Nearest-neighbor paiv.g, defects would certainly : 2
diffuse, and trapping by the Si-ASe, pair would generate clear whether the formation of Si-Si 2D clusters can occur by

) D . long-range diffusion, although such defects were not de-
the SiX defect VeaSiasAsca). The structure for the Sk oo 45 samples containing dilui@ layers with a small

center was, however, first proposed following its formation.nter lanar spacing or in homoaeneously doped samples. The
observed by IR LVM spectroscopy as second-neighbof' P P 9 9 y dop pes.

Sigs Ve, pairs were destroyed during anneals of LTMBE observed Si-Si 2D cluster®aman lineA) must therefore

GaAs at 350 °C4 the transformation was attributed to two have resulted from the close proximity of Si impurities in

successive diffusion jumps, first of the bridging As atom am{;ighly dop.edﬁllay(.ers that res.ulted from §urface diffusion or
then the S, (see also Ref. )71t is not certain that the Si- y local diffusion jumps of Si atoms during the overgrowth

; of more GaAs. The Si-like clusters appear to be relatively
X defect incorporates an Ag defect, but contrast character- . .
. - stable, but may incorporate As atoms and vacancies. The
istic of these antisite defects has been observed-iype

layers of ALGa,_ As examined by cross-section STHI presence of the latter defects and/or interface states could
X 1—x - .

The various diffusion jumps described, involving the forma-explaln the lack of conductivity for layers witf&i],=0.5
tion of Vg, and Gay defects, could lead to a reorganization
of the as-deposited Si atoms originally occupying Ga sites on,;

the surface to the observed Si-likelayers, possibly as the sion jumps of the Si atoms leading to the formation of Si-

result of the aggregation of Si interstitials. X and Sig;Sips defects and to electrical autocompensation.

Finally, we propose a mechanism that would be expecte%uch rocesses should occur more readily, to yield lower
to lead to the onset of autocompensation in GaAs, so thal P y, 10y

Nyax NEver exceeds thBX limit of ~2x 10 cm™ 3, irre- values ofnyax at room temperature as the growth tempera-

spective of the growth method or the growth temperature'Fure IS 'lncreased. Itis SF'”. “T‘C'ea“ however, why overcom-
ensation occurs whdrsi] is increased to too great a value

Oncen gxceeds this yalue, t.here vyguld .be d|sp|gcements or T4=400 °C. The present work has demonstrated that the
some Sg, toward adjacent interstitial sité8 leading to a . ... .
limiting volume concentratiomyx for the é-layer struc-

severe weakening of the associated Shs bonds(Fig. 11), . . / )
thereby enhancing the probability that a diffusion jump takeg 'S discussed here is no higher than that for homoge

9 -3

place® It has been shown by theory thBtX-like behavior heously doped GaAs, anq never exceedsx 10°° cm™* in
. 2. . . : any of the samples examined.

also occurs for second-neighborgiSic, pairs with a dis-
placement of one $j, away from its neighbof’ similar to
that found for Si donors paired with other accept@s, Cu,
etc),®® so that a single Si diffusion jump would lead to the ~ We thank E. R. WebefUniversity of California at Ber-
formation of a Sg;Vg, pair. As the temperature of the keley), S. T. Pantelide§Vanderbilt University, TennesgeP.

We speculated thaDX displacements of overgrown
cadonors takes place, thereby enhancing the rate of diffu-
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