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Insights into Metastable Defects in Semi-Insulating GaAs
from Electronic Raman Studies of Nonequilibrium Holes
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%e have analyzed the metastable defects in undoped semi-insulating GaAs from a new perspective,
that of the electronic Raman scattering of holes generated on the compensated, residual shallow accep-
tors by cw neodymium-doped yttrium aluminum garnet laser radiation. The scattering results, when

correlated with the several photoquenching phenomena, provide information on (i) the charge state of
FL2 defects before they undergo the transition from a normal to a metastable state, and (ii) the rela-

tionship between AsG, compensating centers and metastable EL2 defects.

PACS numbers: 72.80.Ey, 61.70.8v, 71.SS.Fr, 78.30.6t

Mid-gap defects in undoped semi-insulating (si) GaAs
have been of intense interest in this technologically im-

portant material. They are held to be responsible for the
compensation of residual shallow acceptors which permits
the production of semi-insulating material. The defects
labeled EL 2 are particularly intriguing for their ability to
undergo transitions between a normal and a metastable
state. The transition from a normal to a metastable state
at low temperature is characterized by the photoquench-
ing of a number of phenomena such as photocapaci-
tance, ' " optical absorption, and electron paramagnetic
resonance (EPR). The reverse transition, the recovery
to the normal state, ' is a thermal one occurring at
T & 120 K. The identification of the defects is a problem
of long standing. The only mid-gap defect that has been
unambiguously identified is the arsenic antisite Asg, . It
has been detected by EPR measurements and shown9 to
be primarily responsible for the compensation. However,
there is still contention about the identification of the
metastable FL2 defects and their relation to the defects
responsible for compensation. There have been various
contending claims ' ' arguing, on the one hand, that
both the compensation and the metastability can be attri-
buted to the AsG, as isolated point defects, or, on the oth-
er hand, favoring the point of view that the metastability
must be due to one or more complexes involving Aso, .
The difficulty of the problem is further indicated by the
fact that there does not yet exist any theoretical analysis
which successfully identifies the metastable defects. "'

Our purpose in this paper is to demonstrate how the re-
sults of a new experimental approach, electronic Raman
scattering (ERS)' from nonequilibrium bound and free
holes in undoped si-GaAs, can be correlated with the
various photoquenching phenomena, and how this corre-
lation provides some new insights into the relationship be-
tween the ability of defects to compensate residual shal-
low aceeptors and their capability to undergo a metasta-
ble tr8nslt1on. %e shall discuss wh8t critel 18 this
analysis imposes on theoretical attempts to determine
what kind of defects can be metastable.
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FIG. l. Electronic Raman spectra in undoped semi-insulating
GaAs, taken as a function of temperature. The sharp lines
(G,E,D,C) represent transitions of bound holes between the 1S
ground state and 2S and 2P excited states. Also visible are
single-particle scattering contributions from free holes, and a
weak background (seen isolated at 145 K) from two-phonon
scattering in T2 symmetry. The nonequilibrium hole popula-
tions are generated by the cw Nd: YA16 laser radiation used for
the Raman scattering studies. The free holes increase with
temperature at the expense of the bound holes; both vanish
upon the thermal recovery of the EL2 defects (at T ) 120 K)
from the metastable state.

It has been demonstrated by Wan and Bray' by
means of electronic Raman scattering (ERS) with

low-power, cws Nd-doped yttrium aluminum garnet
(Nd: YA1G) laser radiation, that there exists a very
surprising, saturating population of holes, bound at low

temperature on what should be the compensated, residu
al shallow acceptors present in undoped si-GaAs. Be-
cause of this effect, ERS spectra could be taken at —15
K and used to identify and quantitatively to assess the ac-
ceptors. ' ' Examples of such spectra, but now taken as
a function of temperature, are presented in Fig. l. Our
Raman scans (-30 sec/point at intervals of 2 A) were
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obtained with focused cw Nd: YA16 laser radiation
(-few tenths of a watt in a 150-pm beam) at 1.17 eV.
The weakly absorbed radiation permits the use of an in-

bulk, 90' scattering configuration. The ERS spectra
consist of four sharp lines labeled 6, E, D, and C; these
represent the transitions of bound holes from the ground
state to the excited 2S and 2P states of the acceptors.
The spectra were taken for T2 symmetry to minimize the
underlying contribution from the two-phonon spectrum.
A line spectrum is unique to a particular acceptor and
thus serves to identify it. The spectra in Fig. 1 can be at-
tributed' to carbon acceptors. The dominant E line
represents the allowed IS-2S transition and its height
provides a useful relative measure of the acceptor concen-
tration. As is evident from Fig. 1, the bound-hole popu-
lation decreases rapidly with increasing temperature.
There appears to be a corresponding increase in free
holes due to thermal liberation from the acceptors. This
manifests itself in a growing single-particle scattering
(SPS) contribution to the Raman spectrum in the wings
of the laser line and possibly even further out in the con-
tinuum underlying the bound acceptor spectrum. ' From
the growth of the Rayleigh wing and the continuum
underlying the ERS spectra in Fig. 1, there is reasonable
qualitative evidence of the growth of the free holes at the
expense of the bound holes as the temperature is in-
creased. It is difficult, however, to make a quantitative
analysis of the free holes because their SPS contribution
in the Rayleigh wing competes with a bound-hole contri-
bution from transitions of bound holes between the inter-
nally strain-split, degenerate ground states. '7 Finally, at
T 145 K, both the bound and free holes appear to have
vanished; there remains only a residual structure from
the very weak two-phonon Raman spectrum in T2 sym-
metry.

Our main concern here is to analyze the surprising ex-
istence of the ERS spectra of the residual acceptors and
its relation to the photoquenching phenomena and the
metastability of the defects in this material. We shall
first summarize the key, relevant characteristics of the
ERS spectra, including their dependence on material,
temperature, and laser intensity, and then discuss how
these are connected to the metastable transitions of the
deep donor defects. (1) With regard to the material as-
pect, the ERS spectra were obtained only in undoped si-
GaAs. 'For cw radiation, they were not observed in the
several Cr-doped si-GaAs and n-type semiconducting
GaAs samples tested. (2) The large hole populations can
only have been generated by the Nd: YA16 laser radia-
tion itself, which happens to lie close to the peak of the
band of radiation (1.0-1.4 eV) which is capable of induc-
ing the transition of the defects to the metastable state. '

(3) The bound and free holes behave like a persistent
thermal-equilibrium population at T & 100 K, but disap-
pear at 145 K. (4) The strengths of the ERS spectra
(normalized for the laser intensity tn the sample by the
intrinsic Raman TO lines) were independent of intensity
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F16. 2 (a) Compensation of shallow acceptors (A ) by

mid-gap defects (D+). (b) Normal-state excitation of free
electrons and bound holes by Nd:YA16 laser radiation. (c)
Change of charge status of compensating shallow acceptors and
defects preceding transition of the latter from the normal D to
the metastable state (Do) . The state of compensation is
metastably reversed and all defects and acceptors are locked
into the neutral state.

for a given sample and at a given temperature, even for
reductions in laser intensity by a factor & 100x. Ap-
parently, the total steady-state hole concentration is
unaffected by the intensity of the laser radiation which
generates it. (5) The bound-hole concentrations at the
lowest temperatures were large, generally & 10' cm
and comparable to the total expected residual acceptor
concentration.

These results immediately indicate that the conditions
for the appearance and disappearance of the nonequili-
brium hole population correlate with the conditions for
the transition of defects to the metastable state and their
thermal recovery to the normal state. The further im-
plications of these results are explored with the help of
Fig. 2.

In Fig. 2(a) we review the picture of the compensation
of residual acceptors (A) by the mid-gap double donor
defects (D) in undoped si-GaAs. We consider the sim-
plest case, where the concentration of D exceeds that of
A and the concentration of shallow donors can be neglect-
ed. ' The material is semi-insulating, not by virtue of
high purity, but because the appreciable mid-gap donor
defects (generally ~ 10'6 cm ) compensate the residual
shallow acceptors (usually carbon in the 10'5-10's-cm
range). ' The resulting mixture of neutral (D ) and
singly positively charged defects (D+) establishes the
Fermi level close to the center of the gap and determines
the semi-insulating character. From EPR studies, the
D+ centers can be identified with positively charged an-
tisites AsG, +. The strength of the EPR signal has been
found'o to be correlated in different samples with the to-
tal carbon concentration (measured from far-infrared
local-mode absorption). Thus we can take the concentra-
tions of D+ and A (representing ionized carbon) as
equal, as depicted in Fig. 2(a).

In the normal state, the optical absorption of subband
gap, cw laser radiation at 1.17 eV is attributable to the
two processes shown in Fig. 2(b), the excitation of elec-
trons from the valence band to D+ (via a~), and from Do
to the conduction band (via a„). The threshold energies
for both of these transitions are believed to be close to 0.7
eV. Free holes are generated in the valence band and
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they can freeze out on the acceptors at sufficiently low

temperature. However, efficient, direct recombination of
the holes with the free electrons that are also generated
should prevent the buildup of a very large hole popula-
tion. Moreover, the dependence of the balance of genera-
tion and recombination processes on light intensity should
make such a hole population increase with light intensity.
These features of the two-step excitation process are,
however, not compatible with our ERS observations.

To build up an intensity-independent, saturating hole
population on the acceptors, the recombination of the
holes must be suppressed. This has two requirements:
(a) The normal-state, optical excitation of electrons from
all defects to the conduction band must be cut off, i.e.,

the optical excitation cross section cr„must vanish (at
least at 1.17 cV), and (b) the direct recombination of
electrons on neutral defects with bound holes, and partic-
ularly with free holes which can migrate to their vicinity,
must also be quenched. These requirements are just
compatible with the observed photoquenching of the ab-
sorption, and hence the quenching of the generation and
recombination processes. We have confirmed that the
quenching of the absorption occurs in a11 our undoped si-
GaAs samples. It has been suggested recently '3 that
the optically induced metastable transitions are low-

probability events, preceded by an internal excitation of
an electron on a neutral defect. We can expect therefore
that, as the metastable conversion proceeds, the normal
recombination processes diminish and eventually cease.
The laser intensity simply determines the speed of the
process, but not its final state. We see that the Nd: YA16
laser radiation has several tasks in addition to being the
source for the Raman scattering: (i) the generation of
the holes by the excitation of electrons from the valence
band to the D+ defects, thereby converting them to the
neutral state, and (ii) the inducing of the metastable
transition of all the neutral defects to quench the recom-
bination of electrons and holes.

The final stage, where all the defects have undergone
transitions from the normal state D0 to the metastable
state (D )', is depicted in Fig. 2(c). The defects are all
in their neutral state and nonequilibrium holes are stored
on all the now neutral acceptors. The acceptors and
metastable defects form two systems which are isolated
from each other and thus achieve a mctastable reversal of
their initial, equilibrium state of compensation. Only as
many holes (free or bound) can be stored as the number
of nonequilibrium electrons that can be excited to and
metastably trapped on the defects. This explains the sa-
turation of the ERS.

The conversion of defects from D+ charge states to
neutral D states and ultimately to metastable neutral
states is also consistent with the observed quenching of
the EPR. We can exclude the suggestion ' that the
D defects may undergo a separate direct transition to a
metastable state. This should be inconsistent with the
buildup of the ERS signal.

The correlation of the results of ERS, EPR, and ab-
sorption measurements has provided information on how
the holes are distributed on the acceptors and the com-
pensating defects and in the valence band, and thus per-
mits us to draw certain conclusions about the nature of
the metastable transition. The metastable transitions of
the defects must occur only from the neutral charge state
of the defects, and they must occur without change in
charge status. This conclusion was also reached from
photocapacitative experiments. ' The present analysis
not only confirms it in a completely different but more
direct way, but broadens it by requiring the prior normal
conversion of defects in the D+ state to the Do state.

Furthermore, we can draw interesting conclusions
about the relation of the metastable FL2 defects to the
compensating defects. Consider the consequences for the
possibility that compensating but nonmetastable defects
are present. Suppose that they were only a fraction of
the total defect population, but still comparable to the
smaller acceptor population. In that case, it is obvious
that they would substantially suppress both the storage of
holes (hence of the ERS signal) and the quenching of the
EPR. Yet the quench of the absorption would be dimin-
ished only partially, by the fraction of nonmetastable de-
fects in the total defect population. No evidence of such
disparity in the quenching effects has been cited. The
available evidence'7's suggests that the buildup of ERS
is substantially complete. Therefore, &it follows that no
substantial fraction of compensating but nonmetastable
defects is present in most of the samples tested.

This analysis has interesting consequences on points of
contention in the literature. Undoped si-GaAs is now be-
lieved to contain a family of Aso, -related defects, includ-
ing isolated point defects and various complexes. The
identification of isolated Aso, point defects as the meta-
stable EL 2 defects has been frequently questioned, "' '
although the identity of the specific complexes that un-
dergo such transitions has not yet been determined. "
Our analysis suggests that any compensating defects nor-
mally present as a substantial fraction of the number of
residual shallow acceptors must be able to undergo meta-
stable transitions. Specifically, then, the isolated an-
tisites, if they are normally present in sufficient concen-
tration in as grown material-, must be capable of under-
going the metastable transition.

Our failure to observe ERS in Cr-doped si-GaAs sam-
ples provides an interesting counterexample. If the opti-
cal transition of electrons from the Cr impurities to the
conduction band is not quenchable, then strong buildup
of holes on the shallow acceptors cannot occur because
they should recombine with the free electrons optically
excited from the Cr to the conduction band. This could
leave excess holes bound on the Cr impurities instead of
on shallow acceptors. In n-type semiconducting GaAs,
free electrons are always available to recombine with
nonequilibrium holes and thus prevent the buildup of an
ERS signal from the compensated acceptors.
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In summary, the ERS studies not only emphasize the
important role of the compensated shallow acceptors in

determining the characteristics of undoped si-GaAs, but
they also help to interpret the photoquenching of the
EPR and optical absorption of the defects. In this
respect, we also note the relevance of the ERS studies to
another mysterious observation, that of persistent p-type
photoconductivity. The latter can now be attributed to
the nonequilibrium free holes associated with the residual
acceptors. These should be present at temperatures
above which the holes freeze out on the acceptors, and
below which the metastable transition is annealed. Final-

ly, the analysis of the ERS studies establishes intimate
connections between FL 2 and compensating defects.
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