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EPR evidence for As interstitial-related defects in semi-insulating GaAs
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We report the analysis of the residual paramagnetic structure appearing in semi-insulating GaAs
after microwave saturation of the Aso, -related spectrum and most intense after preliminary plastic
deformation of the material. It is separable into two similar and correlated central hyperfine par-
tially resolved spectra of trigonal symmetry, both attributed to As interstitial-related defects. Some
possibilities of suitable complexes, especially in the recent context of the EL2 identification with an

AsG, -As, pair, are discussed.

INTRODUCTION EXPERIMENTAL DETAILS AND DATA ANALYSIS

Besides the peculiar properties of the paramagnetic de-
fects constrainable to the model of a singly ionized anion
antisite As&, +, i.e., As&,

+ in electrical notation,
microwave-saturation experiments during regular
electron-paramagnetic-resonance (EPR) investigations of
semi-insulating GaAs also reveal some new features, such
as the structure labeled ST, ' which progressively emerges
from under the third component of the AsG,

+ quadruplet
at X-band frequencies. Though first suspected in
electron-irradiated samples, the ST spectrum seems
strongest and best resolved in plastically deformed ma-
terials.

In fact for both particle irradiation ' and plastic defor-
mation, the quantitative analysis of the AsG,

+ spectra
already indicates the presence of correlated singlet lines
at lower microwave-power levels; however, only associa-
tion of deformation and high power level systematically
revealed well-defined ST spectra, encouraging us to
proceed to the determination of the electron and nuclear
spins —the first step of an EPR identification of the cor-
responding defect.

This latter point is directly related to the nature of the
acceptors which compensate the Aso, donors. Indeed, as
the fraction of paramagnetic As&, + augments with defor-
mation, the questions may be raised whether it is caused
by an increase of antisites or by an increase of acceptors
during this deliberate perturbation of the crystal. Also,
the new acceptors are not necessarily the same as those
present prior to deformation.

This paper reports the detailed EPR analysis of the ST
structure in plastically deformed semi-insulating GaAs; it
is separable into two spectra of trigonal symmetry, whose
intensities remain correlated during both generation un-
der increasing strain and thermal decay.

The materials used in this study have been prepared at
the Shanghai Institute for Metallurgy. Further details on
growth method and plastic deformation are given in Ref.
5.

Although the so-called ST structure may look similar
in deformed and in electron-irradiated samples, the easier
saturation of the AsG, quadruplet facilitates its recogni-
tion in the former materials; therefore this work was re-
stricted to strained materials.

The occurrence of ST is independent of the initial
growth method (i.e., liquid-encapsulated Czochralski or
horizontal Bridgman techniques) and of doping (Cr, In).
As an illustration, Fig. 1 compared the EPR spectra of an
undoped and an In-doped semi-insulting GaAs sample,
both deformed to similar strain degrees and recorded
with a microwave power I'=100 mW at 4.2 K in the X
band.

The ST structure is slightly anisotropic as shown on
the rotation pattern of Fig. 2, taken around a [110]axis;
for the sake of legibility, the As&, and cavity baseline
contributions have been subtracted in the plotted spectra.
The most significant change occurs at the high-field side
of the fourth component. At first sight, for Hoii[001], it
consists of an overlap of four identical lines.

Based on the latter observation, we have tried to de-
scribe the ST structure by an unpaired electron with elec-
tronic spin S=

—,
' subjected to a central hyperfine interac-

tion resulting from a nuclear spin I=—,'nucleus, which
effectively yields four identical components for one
center. Neglecting the much weaker quadrupolar and
nuclear Zeeman terms, the corresponding spin Hamil-
tonian is given by

&=PHo g S+h S.A I,
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FIG. 1. High-microwave-power-level EPR recordings of
plastically semi-insulating GaAs, revealing the same ST struc-
ture in undoped and In-doped materials, in comparison with a
low-power recording mainly showing the AsG, quadruplet (9
GHz, 4.2 K).

where g and A are, respectively, the g factor and
hyperfine-coupling second-rank tensors. When analyzing
the experimental spectra, we have, of course, to take into
account the different equivalent orientations of the
centers with respect to the host lattice.

According to relation (1), we have analyzed the sim-
plest experimental spectrum, i.e., that for Ho~~[001], in

terms of a superposition of four independent Gaussian
lines using the same multiparameter fitting method as
developed in Ref. 3. Although their positions mere set
free, the fit did not result in four identical lines as predict-
ed by relation (1). Instead, we obtained four dissimilar
broad and overlapping lines, where the positive lobe of
one mas nearly superimposed with the negative one of the
following line. The experimental structure merely results
from this partial cancellation between positive and nega-
tive derivatives of the constrained Gaussians.

Irrespective of any further inclusion of a quadrupole
effect, this result seems in contradiction with our initial
hypothesis of an (S=

—,'; I=—', ) hyperfine spectrum, which

calls for four identical lines. However, the fit suggests
that the two outer lines could possibly be related as their
amplitude and width are closest. Associating them in the
simplest way as an (S=—,'; I=—,') doublet requires us to
continue to deal with two dissimilar lines for describing
the remaining two inner lines. Obviously, this approach
involving a doublet and two independent singlets would
then require ascription to three different defects in the
most complicated case. It is discarded, as a simpler solu-
tion with only two defects is achievable.

Returning to our initial hypothesis of an (S=
—,'; I=

—,
'

)

constraint, we try to link the outer lines in a different
manner by assuming that the lowest- and highest-
magnetic-field lines correspond to, respectively, the posi-
tive and negative lobes of the outer components of the ex-
pected quadrup1et. This is achievable with a superposi-
tion of four equidistant and identica1 lines whose overlap
then results in almost exact cancellation of the contribu-
tions in between the former lobes. A new fit under these
conditions also unexpectedly returns a near equality for
the two inner singlets. As will be shown later, the varia-
tion of the contour of these overlapping lines during rota-
tion suggests that they too could result from an
(S=

—,'; I=—,'}hyperfine spectrum.
Having thus secured a starting point, we can analyze

the angular variation of the spectra. Consider now axial-
ly symmetrical g and A tensors; for an arbitrary direc-
tion of the external magnetic field Ho with respect to
crystal orientation, the possible degeneracies of the levels
are lifted according to the different effective g, and A;
values determined by the following set of equations:

g, = (g
~~

cos y; +g i sin q&; )
'

A; =( A ~icos p, + A j sin qr, )'

Ho IkG j

FIG. 2. Angular variation of the ST structure for a rotation
around a binary axis of the crystal {Hol[110]).

where y; is the angle between Ho and the axes i of the g
and A ellipsoids defined by the constants (gl, gt} and

(A)(, At).
In a cubic lattice a superposition of several quadruplets

is then expected, weighted by the number of defects lying
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along each direction i. The aforementioned simpler
shape of the EPR spectrum for Ho~~[001) suggests sym-

metry axes along trigonal crystal axes, as the transitions
for these four equivalent axes then become degenerate.
For any direction the experimental spectrum is a super-
position of four spectra, where the y; (i =1,2, 3,4) desig-
nate the angles between Ho and each of the four ternary
crystal axes.

The spectra for Ho~~[111) and Ho~~[110] are then ana-
lyzed correspondingly, constraining the different qua-
druplets defined by the parameters (g;, A;) of the set of
Eqs. (2) and keeping the linewidth of each component as
a common free parameter. Observation of a difference
spectrum in close analogy with the initial one suggests
the superimposition of two similar (S=—,';I=—', ) spectra,
which will be denoted ST1 and ST2. Figures 3—5 clearly
indicate that each ST spectrum (solid circles) can be
separated into two contributions of a similar contour; the
second (ST2) is slightly shrunken with respect to the first
one (ST1). The final error traces (lowest curves) show this
approach to be at least consistent with the experimental
data. In the same spirit, Fig. 6 shows the stability of the
fitting parameters during analysis of the whole rotation
pattern by the former simultaneous fit on both ST1 and
ST2. Hence our choice of a solution involving only two
centers seems justified. Table I lists the corresponding
numerical values of the spin Hamiltonian parameters. As
a result, this procedure was employed for analyzing the
evolution of the ST structure during its generation and
decay as follows.

GENERATION OF THE ST STRUCTURE

Concordant results have been reported for the genera-
tion of AsG,

+ centers during plastic deformation of un-

n
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FIG. 4. Decomposition of the ST structure (circles) into a su-

perposition of two trigonal spectra, ST1 and ST2 (solid lines),
for the orientation Ho~~[111]. The difference spectra (triangles),
obtained by subtraction of the fitted ST1 contribution from the
original data, show the similarity between the ST1 and ST2 con-
tours. The lower curves represent the final error traces.

doped semi-insulating GaAs. ' Indium doping induces
only a more rapid increase easily explained in terms of a
lattice hardening with the net consequence that more
dislocations are created for the same strain value. As al-
ready mentioned, the Aso, + increase comes with an in-
crease of a corresponding singlet for recordings at low
microwave power. In fact, a similar behavior is observed
for the generation of ST1 and ST2 recorded at a high
power. Figure 7 shows the separate variations of the two
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FIG. 3. Decomposition of the ST structure (circles) into a su-

perposition of two trigonal spectra, ST1 and ST2 (solid lines),
for the orientation Ho~~[001]. The difference spectra (triangles),
obtained by subtraction of the fitted ST1 contribution from the
original data, show the similarity between the ST1 and ST2 con-
tours. The lower curves represent the final error traces.

FIG. 5. Decomposition of the ST structure (circles) into a su-

perposition of two trigonal spectra, ST1 and ST2 {solid lines),
for the orientation Ho~~[110]. The difference spectra (triangles),
obtained by subtraction of the fitted ST1 contribution from the
original data, show the similarity between the ST1 and ST2 con-
tours. The lower curves represent the final error traces.
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FIG. 6. Angular dependence of the spin Hamiltonian param-
eters for a decomposition of the ST structure into two trigonal
specta, ST1 and ST2.
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FIG. 7. Strain dependence of the ST1 and ST2 contents in

plastically deformed GaAs:In and corresponding variations of
the effective spin Hamiltonian parameters for Ho~~[001].

as a function of strain for plastically deformed GaAs:In.
They remain correlated over the whole strain range. The
upper curves represent the corresponding variations of
the effective spin Hamiltonian parameters as derived for a
configuration Ho~~[001]. The scatter of the experimental
data is compatible with the initial ST1 and ST2 decompo-
sitions.

THERMAL DECAY OF THE ST STRUCTURE

In an attempt to physically separate ST1 and ST2, we
have analyzed their separate contributions during anneal
of plastically deformed GaAs. A GaAs:In sample de-
formed to a strain degree of e =8.8% was successively
annealed in 10-min isochronal steps under a purified Ar
How in a procedure similar to that used for neutron-
irradiated material. As plastic deformation is initially
done at 400'C, the annealing steps start from this value.

Figure 8 shows some physical temperature steps. The
displayed spectra correspond to recordings where cavity
baseline and residual AsG, + contributions have been sub-
tracted. Besides the expected decrease of the ST struc-
ture, there is a dramatic increase of the X line, ' which
could not be removed even by a deep etch. Figure 9
shows the thermal decay of both ST1 and ST2 with the
corresponding variations of the spin Harniltonian param-
eters determined as before; again there is a remarkable
stability over the whole range of investigation.

Contrary to our initial aim, ST1 and ST2 are not separ-
able during thermal decay as are, for example, the Aso, +

quadruplet and corresponding singlet in neutron-
irradiated GaAs, nor do they behave differently under
microwave saturation. Instead, the ratio between the in-
tensities is practically constant both during generation
and thermal decay as shown by Fig. 10, where the ST1
intensity has been plotted versus that of ST2. A linear re-

TABLE I. Spin-Hamiltonian-parameter values of ST1 and ST2.

Defect Ai(

Hyper6ne constant
(10 cm ')

A~

g factor
Line width

(G)
(FWHM)'

ST1
ST2

230+15
100+10

200+5
80+5

1.96+0.02
1.91+0.03

2.07+0.01
2.09+0.02

308+20
180+20

'Full width at half maximum.
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FIG. 8. Thermal decay of the ST structure induced in plasti-

cally deformed GaAs:In (9 GHz, 4.2 K).

DISCUSSION

Our analysis of the ST structure rests on g and A ellip-
soids aligned along the [111]directions. This leads to a
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FIG. 9. Variations of the ST1 and ST2 contents as a function
of annealing temperature and corresponding variations of the
spin Hamiltonian parameters.

gression yields a ratio R =7.3 within the assumption of
S=

—,
' states for both defects.

FIG. 10. Correlations between ST1 and ST2 contents during
their generation by plastic deformation and their decay during
the thermal anneal.

degeneracy of all branches for Ho~~[001], which is con-
sistent with the observation of an apparent best-resolved
spectrum with a minimum of components for this partic-
ular orientation. However, the mathematical fit does not
allow us to relate all four components to a single defect
with I=—,'. Instead, it shows that the ST structure con-

sists of a superposition of two spectra involving un-

resolved quadruplets but of similar line shapes. Hence-
forth we are led to ascribe it to the superposition of two
defects, ST1 and ST2, of trigona1 symmetry centered on
I=

—,
' nuclei.

Observation of the ST structure has been confirmed by
another group, although there is not yet full agreement
on the interpretation of the experimental data. There is,
however, consent that ST is not likely a single defect.
The alternative solution of a tetragonal center implies an
additional singlet. In this case the degeneracy of all
branches would occur for Ho~~[111]. We have rejected
this solution for the reasons exposed above.

Actually both symmetries are easily derived from the
basic tetrahedral patterns, i.e., A -B4 or B-A4 tetrahedra,
as found in the sphalerite structure of a binary compound
A B like GaAs. Substitution of either four nearest
neighbors by a different atom (or a vacancy) yields a local
trigonal symmetry, whereas the substitution of two of
them by two others of a same species leads to long-range
tetragonal ordering as found in chalcopyrite compounds
such as A '8 C2 ternaries and related structures. "

Assignment of an overall defect configuration for ST1
and ST2 requires us to identify the chemical nature of the
I=—,

' nuclei and guess probable associated partners, re-

sponsible for the breaking of the tetrahedral symmetry of
the GaAs lattice into a trigonal one.

Pointing out the amazing correlation between the ST1
and ST2 contents both during generation and thermal de-

cay as shown in Fig. 10, we first look for a pair of iso-
topes. Indeed, the isotropic fraction of the central
hyperfine constant may be written as
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A =k
~ 1((0) ~

(3)

where k is a constant depending on the ionicity of the
crystal; p and I are, respectively, the nuclear magnetic
moment and spin of the defect nucleus; $~0~ denotes the
electronic density at the core of the defect. For a pair of
isotopes, we then expect the ratio of the A values of ST1
and ST2 to be proportional to the ratio of the p values,
whereas their relative intensities would mirror the isoto-
pic abundances.

However, a systematic screening of all elements and
their isotopes with I=

—,
' does not yield a solution satisfy-

ing the double constraint set by our experimental data.
Therefore, we are led to search for an independent ascrip-
tion for each defect.

The list of extrinsic species with I=
—,
' having a natural

isotopic abundance of at least 50% contains such ele-
ments as Li, Na, Cu, Ir, Be, Cl, Br, Au, B, K, and Tb. B
and Cu are of particular interest as they could result from
unintentional contaminations. If B could be linked to the
Bz03 encapsulation or BN crucible for Czochralski-
pulled crystal, its presence in Bridgman-grown materials
without the former raises a problem. Cu —which has
two isotopes, Cu and Cu, with natural abundances of,
respectively, 69% and 31%—would require each spec-
trum to be splittable accordingly. As with most transi-
tion metals analyzed by secondary-ion mass spec-
trometry, the Cu content could be considerably under-
valued. On the other hand, EPR, is only sensitive to de-
fects in proper ionization state where they are paramag-
netic; in other words, this technique determines only a
lower limit for the total content of an extrinsic species.
Observation of ST contents much higher than ours as re-
ported by other authors discourages an assignment to
extrinsic defects. Besides the association of ST1 and ST2
with physical perturbations may also hint at an intrinsic
origin for these spectra.

Henceforth we have to consider the elements of the
matrix; Ga has two isotopes —Ga and 'Ga —with
respective 60% and 40% abundances; 'As is 100%
abundant. All the former isotopes have I=—,

' nuclear
spins. We shall discard Ga on the grounds that it would
lead to a superposition of two overlapping spectra for ei-
ther ST1 or ST2, as in the case of Cu. In fact, this argu-
ment is even stronger for Ga than for Cu as the ratio of
the magnetic moments p( 'Ga)/p( Ga) =1.27 is larger.

Regarding As, the only remaining possible choice, we
must define its location at either a substitutional or inter-
stitial site. Assuming that the substitutional anion an-
tisite AsG, has been correctly ascribed, ' ' there are two
locations for an As; interstitial in a sphalerite structure
depending on the nature of the four nearest neighbors.
We shall denote them As;-As4, and As;-Ga4. While these
two sites could account for the existence of two similar
defects, they fall short without further information for a
respective attribution to either ST spectrum.

In order to cope with the requirement of a symmetry
along a (111)direction, we suggest the following totally
intrinsic binary complexes: As;-Ga3 V&„As;-Ga Vz, ,'3'
As, -As3V~„and As, -AsVA, . Here we implicitly admit'3

that the presence of a vacancy permits an anisotropy in
the electronic configuration in contrast to the As&, +

vacancy-related complexes. In absence of corresponding
theoretical calculations, we may argue that the ST
configurations no longer correspond to predominant S
states on the grounds of their strong coupling with the
host lattice as revealed by their microwave-saturation be-
havior. Of course, such strictly symmetry-based corn-
plexes could also be proposed with an extrinsic partner
instead of a vacancy, but it would raise the problem of its
concentration, as mentioned before.

In fact, the symmetry requirement can also be met by
some ternary complexes which are derivable from the
former As, vacancy-related complexes, provided that
they share a common ( 111 ) direction:

V„,As, -As, -Ga, V~„V~,As3-As, -Ga V~,
3

V~, As-As, Ga3 Vo„and VA, As-As;-Ga V~,'3 3 '3

Some of the former binary or ternary complexes can
probably be discarded on grounds of their overly large
stoichiometry deviation or their incompatibility with the
usual As excess in melt-grown GaAs. This approach
leaves us essentially with the binary complex As;-Ga3VQ,
and the ternary complex VA, As3-As;-
Ga3V&„both corresponding to a single-As-atom excess.
However, this success in reducing the number of possibil-
ities may only be apparent as the ternary complex has
two possible configurations depending on whether the As
interstitial is centered on either the defect As or on the
Ga tetrahedron. The slightly di6'erent slopes between the
ST1 and ST2 correlations during generation and thermal
decay depicted in Fig. 10 could perhaps hint at a prefer-
ential move of the As interstitial towards the ST1
configuration as the temperature is raised.

Besides the ternary complex VA, As3-As;-Ga3V&„ in
short V„,As, V~, is also attractive as it could represent a
precursor state of the simultaneously revealed
AsG, V„,VG, complex, which we believe is the nearest
configuration of the paramagnetic anion antisites generat-
ed during plastic deformation. Figure 11 shows the
correlations between the As&, + and ST1 contents during
increasing strain and during thermal decay. We have re-
cently demonstrated ST1 to be an acceptor that is neutral
in its paramagnetic state, i.e., ST1 .'

Roughly estimating that the electrical compensation is
determined by the predominant intrinsic species As&,
and further taking into account the data of Fig. 11, we

get

[AsG, +]=[ST1 ]=2[ST1 ] .

Therefore we infer that the Fermi level is slight1y
above the ST1 acceptor level in the strained materials,
whereas the deep As&, donors are fully ionized. This re-
sult is in agreement with the preliminary observations
that heavily deformed or irradiated materials do not
show the peculiar increase of the As&,

+ signal at short il-

lumination times appropriate for materials in which the
deep donors are not fully ionized. '

As a compensated acceptor and a precursor of the
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AsG, V~, VG, complex, it is reasonable that the parallel
relation between the concentrations of ST1 and AsG,

+ in

Fig. 11 and the electrical compensation may be interpret-
ed by means of a conversion reaction between VA, As; V&,
and Aso, V~, Vo„via the (Vo, )2 divacancy as follows:

s; Vo,~( o, )q» so, V~,

Other experiments have also led investigators to
suspect the existence of As, defects. It has been speculat-
ed recently that the direct infrared-absorption spectra of
electron-irradiated GaAs should involve a complex cou-
pling an As; with a nearby unidentified defect. ' Howev-

er, strongest evidence for As;-related complex stems from
the analysis of the localized vibrational modes (LVM)'s
due to substitutional CA, and B&, defects in particle-
irradiated GaAs. ' Whereas the CA,-As; pair is likely to
be of trigonal symmetry, the BG,-As; pair has lower than
axial symmetry. Either ST1 or ST2 has the correct sym-
metry to be identified with a CA,-As; pair, but, as stated
before, such an identification requires equal concentra-
tions of both the intrinsic and the extrinsic species. Fair-
ly large amount of As, , though limited by the initial
stoichiometry deviation, may be created during combined
climb-glide motion of dislocations in the sphalerite-
structured GaAs, ' but the ubiquitous C content is usual-

ly reported as less than 10' cm . To our knowledge,
LVM measurements on plastically deformed materials
have not yet been reported, leaving open the important
question of the preexisting content of As; in the as-grown
material and its variation with plastic deformation.

The recent reinterpretation of the optically detected
electron-nuclear double resonance (ODENDOR) experi-
ments' on the AsG,

+ center in as-grown p-type GaAs el-

icits convincing evidence for an As&, -As; pair of trigonal
symmetry, with the As, being situated at the second-
nearest interstitial site centered on an As tetrahedron.

Hence its microscopic structure may be described as an
(AsG, -As~)-(As;-As4) complex aligned along a [111]axis.

In fact, the latter complex fully meets the constraints
of a trigonal symmetry and a totally intrinsic nature
which we are requiring for the ST1 or ST2 ascription.
We are thus confronted with the obvious challenge of
whether ODENDOR experiments detect the AsG, and
whether EPR measurements detect the As;, with both
probes belonging to the same complex. This issue is par-
ticularly important in view of the close analogy between
the properties of paramagnetic grown-in and
deformation-induced anion antisites both from qualita-
tive and quantitative standpoints. According to
Meyer, ' the complex is detected as an AsG, +-As; pair
with a resulting zero electron spin by ODENDOR, lead-
ing to an AsG, +-As, + configuration for the singly ionized
pair. On the other hand, we know ST1 to be an acceptor
that is paramagnetic in its neutral state; we therefore
infer that AsG, -As; is the pair seen in EPR, with the
electrical state of the AsG, donor, in principle, undeter-
mined. However, as an increasing amount of acceptors is
revealed during deformation, we may safely assume that
a large fraction (if not all) of the Aso, are ionized. In
other words, we expect a majority of AsG, -As, com-
plexes, although some As&, -As, pairs could also be
present at lower strain values.

The observation of different electrical states of the

As~, -As; pair, i.e., AsG, +-As, +
by ODENDOR and

As~, +-As; by regular EPR, does not necessarily imply
some contradiction as yet. In the as-grown material stud-
ied by ODENDOR, the fraction of ionized acceptors may
predominate, awhile in the deformed samples investigated
by regular EPR the neutral acceptors may be the major
species. Thus the preferential observation of either pair
would only mirror the relative amounts of ionized and
neutral As; acceptors in different samples. As an alterna-
tive explanation, the strong interaction between two
paramagnetic centers in an Aso, +-As; pair may also po-
tentially account for the lack of a corresponding signal in
ENDOR experiments.

It has been recently suggested that an optically induced
displacement of As, along a [111]axis is at the origin of
the change of configuration of the As&, -As, pair during
its transfer from the normal to the metastable state of the
grown-in AsG, -related defects, eventually leading to its
identification with the deep donor EL2 revealed by deep-
level transient spectroscopy and displaying a similar

peculiarity. According to this model, the stable
configuration would correspond to the As, in a second-

neighbor position, i.e., (Aso, -As4)-(As, -As4), whereas in

the metastable one the As; would be in first-neighbor po-
sition (AsG, -As4)-(As, -Ga3Aso, ).

Although this model has stimulated a lively debate, it
has not reached general consensus in acceptability. In
this context, and provided that our own ST attribution is
correct, the existence of an alternative paramagnetic
probe, directly linked to the critical As, species, should

pave the way for its further experimental assessment.
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