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Changes of defect and active-dopant concentrations induced by annealing
of highly Si-doped GaAs

C. Domke, Ph. Ebert, and K. Urban
Institut für Festkörperforschung, Forschungszentrum Ju¨lich GmbH, 52425 Ju¨lich, Germany

~Received 4 August 1997!

We identified point defects and dopant atoms and measured their concentrations in as-grown and post-
growth annealed highly Si-doped GaAs by scanning tunneling microscopy. The annealing under As atmo-
sphere reduces the concentration of Si atoms incorporated into Si pairs and clusters by cluster dissolution,
while the concentrations of Si donors, Si donor–Ga vacancy complexes, and Si donor–As vacancy complexes
increase. For the dissolution of the Si clusters during heat treatment, a Ga-vacancy-mediated mechanism is
suggested.@S0163-1829~98!03408-0#
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Compound semiconductor crystals grown under con
tions where the doping elements are directly incorpora
from the melt, in certain cases, do not exhibit the desi
high carrier concentrations in the as-grown state, due
strong compensation.1 However, a post-growth heat trea
ment at elevated temperatures can reduce the degree of
pensation and thus lead to a considerable increase of
carrier concentration.2 Perhaps one of the most promine
examples of this behavior is highly Si-doped GaAs.3–5 GaAs
doped with several 1019 cm23 Si atoms reaches in the a
grown state only carrier concentrations of (1 –
31018 cm23,6–8 while after heat treatment above abo
900 °C the material exhibits carrier concentrations of ty
cally (5 – 10)31018 cm23.3–6 Although this effect has bee
known for a long time, the microscopic mechanisms are s
not understood. It is well accepted that point defects pla
key role, but it is up to now not clear what types of defe
are involved and which atomic scale processes take plac
high temperatures. Indeed, it is difficult to identify and qua
tify the defects by means of conventional techniques.8,9

In this paper we identify both the defects and the dop
atoms and measure their concentrations in highly Si-do
GaAs before, i.e., in theas-grownstate, and after heat trea
ment using atomically resolved scanning tunneling mic
scope images of~110! cleavage surfaces. We find that durin
annealing Si clusters are dissolved. At the same time,
concentrations of Si donors, i.e., Si on Ga sites (SiGa) of
complexes consisting of Si on a gallium site and of a
vacancy (SiGa-VGa) and of complexes consisting of Si on
gallium site and as As vacancy (SiGa-VAs) increase. The con
centration of SiAs acceptors, i.e., of Si on an As sublattic
site, does not change. The results are explained by diss
tion of the Si clusters mediated by Ga vacancies (VGa).

For the experiments we used samples cut from a vert
Bridgeman grown GaAs crystal doped with (2.5–
31019 cm23 Si ~measured by secondary ion mass spectr
copy, SIMS!. One set of samples was annealed at 1130
for 2 h under As atmosphere~in order to avoid an As de
pleted surface! and quenched to room temperature. The c
rier concentrations before and after annealing, measure
the Hall effect, were (1.2– 2)31018 cm23 and (4.5– 7)
31018 cm23, respectively~the variations reflect doping in
570163-1829/98/57~8!/4482~4!/$15.00
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homogeneities!. Both as-grown and annealed GaAs samp
were cleaved along a~110! plane in ultrahigh vacuum (5
31029 Pa) and investigated by scanning tunneling micr
copy ~STM!. We measured simultaneously high-resoluti
constant current images of the occupied and empty state
every type of defect and dopant atom observable in the S
images. This allowed us to identify the defects and dop
atoms unambiguously. From the STM images we determi
the concentrations for each defect and for a number of s
surface layers separately. This procedure follows the one
scribed previously for the determination of the concent
tions of bulk dopant atoms and defects from ST
images.10–12 It has been shown that the technique yields
curate concentration values of bulk defects, although
STM is basically only a surface sensitive probe.13

After cleavage we observed on theas-grownGaAs~110!
surfaces four types of bulk defects and dopant atoms. Th
are SiGa donors, SiAs acceptors, SiGa-VGa complexes, and S
pairs as well as Si clusters. All these have been imaged
described in Ref. 10, to which we refer for further details.
addition to the four bulk defects we also observed Ga surf
vacancies, which were formed after cleavage by Langm
desorption10,14 and are therefore not of interest here.

On cleavage surfaces of theheat-treatedsamples we ob-
served the same four types of defect and dopant atoms
one additional type of atomic defect~Fig. 1!. This additional
defect exhibits one missing occupied dangling bond, but

FIG. 1. Occupied~a! and empty~b! density of state images o
the defect formed during tempering. The images have been acqu
at 22.5 and12.2 V ~0.3 nA!, respectively. The defect is a SiGa

donor-As vacancy complex~see text!.
4482 © 1998 The American Physical Society
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57 4483CHANGES OF DEFECT AND ACTIVE-DOPANT . . .
missing empty dangling bond. No wide elevation or depr
sion is detectable around it. This indicates that the defec
not surrounded by a zone of local band bending. From
we conclude that the defect is electrically neutral. Its conc
tration does not change with time. Therefore, we conclu
that the defect is a bulk defect exposed by cleavage and
formed after cleavage on the surface. The structure of
defect~one missing occupied dangling bond! is very similar
to that of P and As vacancies studied on GaP, InP, and G
~110! surfaces.15,16 This suggests that the defect consists
an As vacancy. The defect cannot consist of a Ga vaca
since no missing Ga dangling bond is observed in the em
state images. Furthermore, it was observed in Ref. 10 t
after cleavage ofn-type GaAs, the concentration of all type
of VGa related defects increases with observation time du
the mentioned Ga surface vacancy formation. This is
observed for the defect shown in Fig. 1. However, the de
cannot consist of an isolated As vacancy. For an isola
uncharged VAs a fully symmetric structure is expected.16 The
defect exhibits, however, a pronounced asymmetry in
occupied states along the atomic chains@compare the de-
pressed occupied dangling bond above the missing dang
bond in Fig. 1~a! with the raised dangling bond below th
missing dangling bond#. Furthermore, only one empty dan
gling bond is raised. For an isolated monovacancy t
equally raised~or affected! neighboring dangling bonds hav
been observed15 and predicted.17,18This suggests that the de
fect is not an isolated As vacancy but rather a complex c
sisting of an As vacancy and some other partner. In orde
identify the second constituent we have to take its electr
charge into account. An isolated As vacancy is expecte
be single negatively charged onn-doped GaAs~110!
surfaces.18 The complex is, however, uncharged. Thus t
other contribution to the complex must be a positive
charged donor. In Si-doped GaAs only SiGa is a donor. With
the assumption of a SiGa-VAs complex the raised empty dan
gling bond can be understood to indicate the location of
Si atom. The asymmetry of the complex is the signature
its dipole character in agreement with previous observati
of SiGa-VGa,

10 ZnIn-VP,
19 and ZnGa-VAs ~Ref. 20! complexes.

Therefore we conclude that we observed in the anne
GaAs samples a SiGa-VAs complex. The discussion below
will provide further support for this interpretation.

During heat treatment, the defect concentrations cha
significantly. Figure 2 shows the defect concentrations m
sured from the STM images of the as-grown and annea
samples. We find that, during annealing, the concentratio
Si incorporated in Si clusters, Sin , drops by nearly one orde
of magnitude. In absolute terms this means that the Si c
ters are nearly entirely dissolved. This observation is
agreement with transmission electron microscopy resul21

The concentration of SiGa donors increases by about
31018 cm23, while the concentration of SiAs acceptors re-
mains essentially constant. Furthermore, the concentratio
SiGa-VAs complexes increases as they were not observe
measurable concentrations on as-grown samples. Finally
also find a slight increase of the concentration of SiGa-VGa
complexes. However, since we cannot exclude an effec
the Langmuir-desorption induced surface Ga vacancies,10,13

we shall exclude this observation from our further disc
sion. The total concentration of Si remains constant. T
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STM measurements, (4.761)31019 cm23 and (4.861)
31019 cm23 for the as-grown and annealed GaAs, resp
tively, agree with the Si concentration measured by SIMS

At this stage we correlate the increase of the carrier c
centration during annealing with the observed concentra
changes of the defects and dopants. During annealing
carrier concentration increased between 2.531018 and 6
31018 cm23 depending on the local Si concentration. T
observed increase of the concentration of SiGa donors by 5
31018 cm23 agrees well with the increase of the carrier co
centration. This suggests that the increase in the carrier
centration is due to the dissolution of Si clusters into isola
SiGa donors. Also the data in Fig. 2 provide us with a basis
deduce the microscopic processes leading to the incre
carrier concentration. Three key facts need to be conside
First, Si clusters are dissolved only into SiGa donors, but not
into SiAs acceptors. Second, SiGa-VAs complexes are pro-
duced but no SiAs-VGa complexes. Finally, the Si concentra
tion remains constant.

For the following discussion we have to recall that
elevated temperatures the defects do not only become
bile, but also their equilibrium concentrations change.
highly n-doped GaAs only Ga vacancies are stable, occu
high concentrations, and are mobile at eleva
temperatures.22 This is due to the Fermi-level effect whic
favors Ga vacancy formation.23,24 Theoretical calculations
also show that under As rich conditions the Ga vacancy
the lowest formation energy inn-doped GaAs.25,26 Thus the
basis for all defect reactions at high temperature is the e
tence of mobile Ga vacancies. If a Ga vacancy reaches
pair or cluster, one Si atom can jump into the vacant Ga s
This jump can be either performed by a Si atom on a Ga
or on an As lattice site. It is described by

~SiGa-SiAs!1VGa→~SiAs2VGa!1SiGa ~1!

FIG. 2. Concentration of Si incorporated in different defects
the as-grown and in the annealed GaAs crystal. The lines conn
ing the points should guide the eye. SiGa, SiAs, (SiGa2VGa), Sin ,
and (SiGa2VAs) refer to Si donors~j!, Si acceptors~s!, Si
donor–Ga vacancy complexes~.!, Si pairs and clusters~m!, and Si
donor–As vacancy complexes~l!, respectively.
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and

~SiGa-SiAs!1VGa→~SiGa-VAs!1SiGa, ~2!

respectively. Both Si extraction processes from aggreg
lead to one additional SiGa donor but not to an isolated SiAs
acceptor. Both processes form also a Si-vacancy comp
This complex allows us to discriminate which one of the tw
jump processes is more likely to occur. The first equat
involving a jump of a SiGa predicts the formation of a
(SiAs-VGa) complex, while the second equation leads
(SiGa-VAs) complexes. Since we could only obser
(SiGa-VAs) complexes but no (SiAs-VGa) complexes, only the
second type of jump process is supported by our data. Su
jump appears also favorable on the basis of the fact that
atom on an As lattice site is a direct neighbor of a Ga
cancy site, whereas a jump of a Si on a Ga site is a sec
neighbor jump. Also the charge effects are in favor of t
process. The Ga vacancy is expected to have a triple neg
charge.24,27 Thus the complex consisting of a negative
charged SiAs acceptor and a Ga vacancy has four elect
charges. Such a high charge is unlikely to be stable. On
other hand, a positively charged Si donor compensate
single negatively charged As vacancy.27–32 This compensa-
tion is expected to increase the stability of the complex. T
increased stability is in agreement with the observation of
formation of uncharged complexes due to the attractive C
lomb interaction.19

It should be noted that As vacancies are not expecte
be stable under equilibrium conditions inn-type GaAs since
the formation energy is much higher than that of G
vacancies.27 Their observation in a complex thus points o
the importance of the charge compensation. The ne
formed SiGa donors as well as the complexes should be a
to migrate away from the cluster. It has been suggested
the diffusion in n-type GaAs is a Ga vacancy dominate
diffusion process.22–24

The main result of the dissolution of the Si clusters by
vacancies is the formation of SiGa donors and SiGa-VAs com-
plexes in equal concentrations. SiAs acceptors are no
formed. This agrees very well with the data in Fig. 2 and
will show below that the model is supported by the observ
defects and their concentrations. First, the concentratio
isolated SiAs acceptors remains unchanged. This exclude
simple dissolution of Si clusters by a migration of Si dono
and Si acceptors without Ga vacancies and without the p
et
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sibility of a sublattice change of Si. This would only lead
isolated Si donors and Si acceptors in comparable conce
tions and therefore not to an increase of the carrier conc
tration. Second, the presence of SiGa-VAs complexes in con-
centrations of about (5 – 6)31018 cm23 agrees with the
observed increase of the concentration of Si donors of ab
531018 cm23, which can be taken as strong support of o
model. The increase of the concentration of SiGa-VGa com-
plexes can be understood in terms of the Fermi-level ef
favoring the formation of Ga vacancies.

The occurrence of SiGa-VAs complexes in high concentra
tions allows us to conclude that these must be unchar
inside the GaAs crystal. If they were charged they wou
counteract the effect of the increased Si donor concentra
on the carrier concentration. This is not observed. The co
plexes are also uncharged on the surface. Thus the iso
As vacancy is single negatively charged on the surface
well as in the bulk ofn-doped GaAs. This agrees with ca
culations of surface As vacancies18 and measurements of su
face P vacancies onn-doped InP~110!,16 as well as with the
results of positron annihilation experiments probing bulk
vacancies.29,30

The observation of a SiGa-VAs complex may help to settle
the issue concerning the microscopic origin of the so-ca
Si-Y and Si-X lines in local-vibrational-mode spectra.4,33 In
Ref. 10 it could be shown by STM that one of the two com
plexes~the one called Si-Y in Ref. 33! is a SiGa-VGa com-
plex. Here now we suggest that the defect called Si-X in Ref.
33 is a SiGa-VAs complex, because this is the only Si contai
ing defect observed and not yet attributed to any of the f
tures in local vibrational mode spectra. Both complexes
preferentially observed in annealed Si-doped GaAs,4 in
agreement with the trends visible in Fig. 2.

In conclusion, we determined the types of atomic defe
and their concentrations in as-grown and tempered hig
Si-doped GaAs using atomically resolved scanning tunne
microscopy images. We observed a dissolution of Si clus
and a corresponding increase of the concentration of Si
nors, of SiGa-VGa complexes, and of SiGa-VAs complexes.
The concentration of Si acceptors remains constant. The
fect concentrations are explained using a VGa-dominated dis-
solution of Si clusters. This mechanism allows Si to chan
from As to Ga sublattice sites.

The authors thank K. H. Graf for technical support.
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