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Analysis of the efkcts of hydrostatic pressure on the electronic emission and capture properties of the
(0/+) and (+/++) deep levels of the EL2 defect in GaAs leads to the following conclusions: (1) Both
levels move higher in the band gap with pressure; (2) relatively large inward (outward) lattice relaxa-
tions accompany electron emission (capture) from (by) these levels; and (3) the magnitudes of the relax-
ations agree quantitatively with theoretical results which identify EL2 as the As antisite defect. These
results which emphasize the antibonding character of the orbitals which describe EL2 are consistent
with this identification.

PACS numbers: 71.55.Eq

The midgap donor known as EL 2 is the dominant deep
electronic level in melt-grown and vapor-phase, epitaxial-
ly grown GaAs. It controls the electronic properties of
semi-insulating GaAs by pinning the Fermi level, and its
microscopic structure and metastability have been the
subject of very extensive research [1-6]. There are two
in-gap deep levels associated with the stable atomic
configuration of EL2 [6]. The first corresponds to the
first donor ionization state (0/+), is observed in n-type
GaAs, and has an electron emission activation energy of
0.815 eV and a thermally activated electron capture cross
sec&ion with energy barrier E& =66 meV. Thus, this level

is located at E, —0.75 eV (.where E, is the cond.uction-
band edge) as is also deduced from Hall measurements
[6]. The second level corresponds to the second donor
ionization state (+/+ + ) and is observed in p-type
GaAs. It has a hole emission activation energy of 0.54
eV and, presumably, no capture barrier [7], so that it is

located at E,, +0.54 eV (where E,, is the valence-band
edge).

Although the preponderance of the evidence defini-

tively points to the involvement of the As antisite defect
(AsG, ) in its stable configuration, uncertainties still

remain as to EL2's exact microstructure. Current1y, the
two leading models [1-6] associate EL2 with either (i)
the isolated AsG.„or (ii) a loosely bound As-antisite-As-
interstitial (i.e., AsG„. -As; ) pair. The formation of either
defect can be expected to lead to relaxation of the neigh-
boring atoms, and additional relaxation should result
from the emission or capture of electrons from the center.
Both the signs and magnitudes of these relaxations are
important to understanding the physics and microstruc-
ture of EL2. Recent theoretical calculations [2,4] have
evaluated one or both of these relaxations for the Asg„.

defect, but there are no experimental measurements.
Here we report the effects of hydrostatic pressure on

the electron emission and capture properties of the (0/+ )
state, and use these results along with complementary

earlier data to quantitatively evaluate the breathing-mode
relaxations associated with the emission and capture pro-
cesses for both the (0/+) and (+/++) states. The
principal findings of the work are as follows: (i) There
are relatively large inward (outward) lattice relaxations
accompanying electron emission (capture) from (by)
these two charge states of EL2, and the magnitudes of
these relaxations agree quantitatively with the above-
cited theoretical results which associate EL2 with the
Aso„. , (ii) the sum of the combined relaxations accom-
panying emission from the two states (i.e., the emission of
two electrons) is equal in magnitude (but is opposite in

sign) to the theoretically deduced relaxation accompany-
ing the formation of the Aso.„', and (iii) both levels move

higher in the band gap with pressure.
In view of the importance of EL 2 and of some dif-

ferences in earlier pressure results [8-10] on the (0/+)
state (possibly due to differences in samples used), we

reinvestigated this state. We performed isothermal tran-
sient capacitance and deep-level transient spectroscopy
(DLTS) measurements on gold Schottky barriers, obtain-
ing the electron thermal emission rate (e„), emission en-

ergy (E„), preexponential factor (proportional to the
electron capture cross section cr„), and their pressure (P)
dependences. Two types of samples were used and gave
similar results: (i) bulk, Si-doped, liquid encapsulated
Czochralski (LEC) grown GaAs samples and (ii) sam-

ples where the EL2 defect was confined to interrupted
growth interfaces of thin metal-organic chemical vapor
deposition (MOCVD) grown GaAs layers [1 I]. The ex-
perimental details were similar to those described earlier
[12].

The data are analyzed and interpreted in terms of the
detailed balance result e„=es„(v„)N,exp[ —AG'„/kT] fol-

lowing procedures discussed earlier [12]. (t „) is the aver-

age electron thermal velocity, and N, . is the effective den-

sity of states in the conduction band. The product (t „)N,
is proportional to rn„*T-', where m„* is the electron ef-
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FIG. l. (a) Temperature dependence of the logarithmic
pressure derivative of the emission rate and (b) pressure depen-
dence of the thermal emission energy, for the (0/+) transition
of EL 2. Symbols represent different samples.

fective mass. The pressure dependence of m„* is negligi-
bly small [12]. AG„ is the change in Gibbs free energy
which represents the total energy difference between the
two different charge states (i.e., before and after emis-
sion) of the defect. It can be expressed in terms of the
enthalpy (AH„) and total entropy (AS„) changes accom-
panying electron emission, since h,G„=AH„—ThS„. The
above equation can be rewritten in the form e„/T
=Ha„'exp( —E„/kT), where A is a constant (=2.28
x IO cm s ' K for GaAs), rr„' is the capture cross
section multiplied by the entropy factor exp(AS„/k), and
E„(=AH„) —is the usual thermal emission activation ener-

gy. If a„ is thermally activated with a barrier energy Ep,
then E„=E;+Ep, where E; is the ionization energy of
the deep level.

The pressure dependence of the entropy factor is ex-
pected to be relatively small [12],and the pressure depen-
dence of o„' should then reflect that of o„. From the pres-
sure dependences of e„and o„we can determine [11,12]
AG(P). It can then be easily shown that [12] (tIAG/
dP) T A V, where A V is the thermodynamic activation
volume for emission. In the absence of a barrier to elec-
tron capture, or after correcting for such a barrier, hV
can be interpreted as the volume change, or breathing-
mode relaxation, of the defect which accompanies elec-
tron emission [12]. Analogous equations apply for hole
emission.

Figure I (a) shows the temperature (T) dependence of
the isothermal logarithmic pressure derivative of e„.

Note that whereas this derivative decreases with T as
shown, its product with T, which is tx(BAG„/BP)T, is

essentially independent of T. These results were obtained
from capacitance transients and from DLTS spectra as
described earlier [121.

Figure l(b) shows the directly measured shift with

pressure of the (0/+) level relative to the conduction-
band edge E, deter. mined from isobaric ln(e„/T ) vs I/T
plots [12]. The slope, dE, /dP =4. 1 ~ 0.5 meV/kbar, is in

good agreement with the earlier initial slopes [8,9] of 3.8
and 4.4 meV/kbar. We already noted that this level has a
capture barrier EI,. The pressure dependence of Eb was
determined from photoconductivity measurements [10]
and is dEb/dP = —4.9+ 0.5 meV/kbar. This value, com-
bined with our result for E„(P),yields dE;/dP =9.0~ 1.0
meV/kbar for the shift of the ionization energy of the lev-

el relative to E,
In interpreting the results, it is important to note that

electron emission is measured from the deep level to E„
so that E,. is the reference energy state relative to which
hE and the change in h, G are measured. However, this
reference state is not fixed; it is pressure dependent, and
this dependence (represented by the hydrostatic deforma-
tion potential a, of E, , i.e., a, = tIE„/tI In V, where V is the
volume) contributes to the measured pressure dependence
of e„, and thereby to (BAG/BP)T. It is necessary to
correct for this contribution in order to determine the ab-
solute (i.e., relative to a fixed reference) shifts, (dE;/
dP)„.q, and (t)AG;/r)P)T„h„associated with emission. It
is these shifts which contain the physics.

For GaAs, a,. = —8.9~1.0 eV which, when combined
with a volume compressibility of 1.27&10 kbar, yields
dE, ./dP =11.3+ 1.0 meV/kbar [13]. The absolute pres-
sure derivative of the (0/+) level is then (dE;/dP)„. q,
=dE;/dP dE, /dP = —2.—3 ~ 2.0 meV/kbar. We take
this value to also represent (BAG;/BP)„b, , i.e., we neg. lect
the pressure dependence of the entropy which should be
relatively small [11,12]. The relatively large uncertainty
in (dE;/dP), q, represents the sum o. f the uncertainties in

the measured pressure derivatives of E„,Eb and in the de-
formation potential. The actual uncertainty is undoubt-
edly much smaller. The various pressure derivatives and
hV are summarized in Table I.

Recently Bliss et al. [7] measured the shift of the hole
emission rate of the (++/+) level (relative to E,, ) as a
function of stress applied in the [100] and [110] direc-
tions in p-GaAs. There is no measurable stress depen-
dence of the hole capture barrier (if such a barrier is at
all present) for this level [7]. Analysis of the results,
based on the use of —0.7 ~ 1.0 eV (which is very close to
the value deduced in Ref. [13])for the hydrostatic defor-
mation potential of E,. [14], yielded [7] 3.9 ~ 1.5
meV/kbar for the absolute pressure dependence of this
level which we take to represent the absolute value of
(BAG;/8P)T. These results and the associated AV are
summarized in Table I.
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TABLE I. Summary of the thermal emission activation energies (E„), capture barrier energies (Eb), and their pressure deriva-
tives, of the absolute pressure dependence of the change in Gibbs free energy upon emission (AG;), and of the breathing-mode
volume (hV) and bond length (dr) relaxations for the two transitions of EL 2

Level

(o/+)
(++/+)

Process

e emission
h emission

En
(ev)

E, —0.75
E,. +0.54

dE, /dp
(meV/kbar)

4. 1 ~0.5
3.0 ~ 1.0

Eb
(ev)

0.066
0

dEb/dP
(me V/kbar)

—4.9+ 0.5
0

(a~a;/eP). b,

(me V/kbar)

—2.3 ~ 2.0
+3.9 ~ 1.5

h, V

(A'/e, h)

—3.7 ~ 3.0
+6.2 ~ 2.4

h,r
(A./e, h )

—0.05
+0.08

We now examine the results in Table I. First, note
that whereas the measured derivative dE„/dP for the
(0/+ ) transition is positive, the absolute pressure deriva-
tive is negative. This is simply a consequence of the large
positive pressure derivative of E, The negative value of
(dE;/dP)„. b, implies that the (0/+) level moves up in the

gap relative to a higher-lying reference state since the
electron emission is to the conduction band. The associ-
ated negative hV for this level implies inward breathing-
mode lattice relaxation (i.e., contraction) on electron
emission An .outward relaxation (i.e., expansion) of the
same magnitude can be expected on electron capture.

For the (+/++) level, the experiment of Bliss et al.
[7] on p-type GaAs examined hole emission, and, to
emphasize this point, we designate the transition as
(++/+) in Table l. The absolute pressure shift of this
level is positive, implying that the level moves up in the

gap relative to the lower-lying reference state which is the
valence-band edge. The calculated AV in Table 1 is posi-
tive implying outward lattice relaxation on hole emission
which corresponds to electron capture. An inward relax-
ation of the same magnitude can be expected on electron
emission, i.e., for the (+/++) transition. Thus, the re-

laxation is inward for electron emission from both levels.
The results in Table I highlight the antibonding char-

acter of the wave functions which describe both levels.

Compression of the lattice can be expected to shift anti-

bonding energy levels higher in the gap, as observed. Ad-

ditionally, electron capture into an antibonding state
should cause outward relaxation of the near-neighbor
atoms to the defect. Subsequent electron emission should

lead to the opposite eA'ect, i.e., inward relaxation, or a
negative h, V, as we find.

We now consider the implications of the above results.
We shall concentrate on the association of EL2 with Asg,.
because theoretical results exist on this defect for com-
parison. Optical experiments under uniaxial stress and
magnetic field [1,51 have established that EL 2 has

tetrahedral Td symmetry, thereby prompting the associa-
tion of this defect with the isolated As~„. . Theoretical cal-
culations [3] supported this identification by ruling out

As; as a component of EL2 to the extent that the optical
results are linked to EL 2.

The AsG„. produces two states [4,15]: a deep in-gap
bound state of A [ symmetry and a state of T2 symmetry
which is resonant in the conduction band. On replacing
Ga by As to form Asp„. , the two donor electrons of the As

antisite occupy the antibonding orbitals in the A] state.
The result is increased localization of the wave functions
near the As atom and a weakening of the bonds of the an-
tisite to its four As neighbors. Consequently, a radial
outward relaxation of the four As nearest neighbors can
be expected. For the (0/+) transition, one of the two A~

electrons is emitted from the center thereby reducing the
antibonding character and strengthening the bonding of
the antisite to its As neighbors leading to inward relaxa-
tion. The (+/++) transition removes the second anti-

bonding A] electron and should lead to additional inward
relaxation.

With Td symmetry, only breathing-mode lattice relax-
ation accompanies the formation of the Ast-„. antisite.
This fact along with the association of EL2 with As~,. al-

lows us to put the magnitudes and signs of the AV's in

Table I into perspective. We compare the h, V's to the
volume Vo (=61.6 A ) of a sphere centered at the an-

tisite and of radius equal to the Ga-As bond length in

GaAs, ro (=2.45 A). The ratio AV/Vo is —6.0% for the

(0/+) transition and —10.0% for the (+/++) transition.
If to a first approximation we assume that all of the re-

laxation is taken up by the first shell of atoms around the

defect, then a relevant measure of the deduced relaxa-
tions is the change in bond length Ar/ro, = —,

' (hV/Vo),
which is —2.0% and —3.3% for the (0/+) and (+/++)
transitions, respectively. The corresponding hr's are
—0.05 A and —0.08 A.

The approximation that all of the experimentally de-
duced AV is taken up by the first shell of atoms around
the defect cannot, of course, be strictly correct, but it can
be argued that it is approximately true [9]. For example,
EXAFS results [16] on the relaxation of the GaAs lattice
around substitutional S atoms show that the relaxation is

largely taken up by the first-neighbor shell with "relative-

ly unperturbed second- and third-neighbor shells. "
With the emission of the two donor electrons from

their antibonding states, the As antisite (i.e., Aso.„++)
should very nearly resemble neutral Ga (i.e., Ga ), and

the As-As bond length around the defect should reduce to
the Ga-As bond length in GaAs. Thus, we expect the
magnitude of the sum of the above two relaxations to be a

good measure of the relaxation associated with the for-
mation of the As antisite, namely, Ar =+0.13 A (=0.05
+0.08), which is the opposite of the sign of hr on emis-
sion of the two electrons.

Chadi and Chang's ab initio pseudopotential total-
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energy calculations [2] revealed the antibonding charac-
ter of As~„. and showed that the four As neighbors relax
outward by Ar=0. 19 A on antisite formation. Similar
more recent calculations by Caldas er al [4.] yielded
Ar =0.12 A. The excellent agreement of this latter value
with our experimentally deduced hr =0.13 A is perhaps
somewhat fortuitous, but both theoretical results are re-
markably close to our experimental value. Chadi and
Chang [2] also calculated the atomic structure of Aso.,+,
i.e., of the As antisite after the emission of the first Al
electron, and found a smaller As-As bond length by 0.06
A than for Aso.„o. This relaxation is also in excellent
agreement with our value of 0.05 A.

The above quantitative agreement between theory and
experiment makes a compelling argument for the associa-
tion of EL2 with the As antisite; however, in the absence
of theoretical calculations for competing models and in
view of the relatively large error bars on the values of the
deformation potentials, it is imprudent to rule out other
models. Nevertheless, it can be concluded that the
present results are consistent with this association. We
believe that these results will provide a stringent test for
the ultimate resolution of the atomic structure of EL2.
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