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Measurements of the effects of pressure on the thermal-electron emission rate and capture cross
section for the E2 and E1 deep levels in GaAs, GaP, and their alloys have yielded the pressure
dependences of the energies of these levels, allowed evaluation of the breathing-mode lattice relaxa-
tions accompanying carrier emission or capture by these levels, and revealed trends that lead to new
insights. The results are consistent with a model which associates E2 with the (—/0) and E1 with

the (2— /—) charge states of the As (or P) vacancy.

Lattice defects are known to introduce energy levels
into the band gaps of semiconductors, and these levels
can have a strong influence on electronic properties and
device performance. For this reason, the study of defects
and their energy levels continues to be a very active area
of semiconductor science. The increasing technological
importance of the III-V semiconductors is refocusing at-
tention on the need to understand their defect properties.
Undoubtedly, the simplest defects in these materials are
those which can be controllably introduced by relatively
low energy (=~ few MeV) electron, and gamma (y) irradi-
ation. Irradiation in this energy range produces single-
atom displacements which can be expected to produce
simple defects such as vacancies, interstitials, and close
(Frenkel) pairs. Such irradiation is known' ™ * to produce
a variety of deep electron levels known as E1, E2, E3,

., in the band gaps of GaAs, GaP, and their alloys.
These levels have been studied extensively,! ~* but the de-
fects responsible for them remain largely unidentified.

Of the various E levels, the identification of E1 and E2
comes closest to being resolved. A large body of work
has led to the following observations about these two lev-
els.!™* (1) Their introduction rates and annealing kinet-
ics are identical. (2) Their introduction rate is indepen-
dent of temperature and has a threshold of 10 eV which
is characteristic of the displacement of a single atom. (3)
They do not depend on the kind and concentration of
doping impurities. (4) Their concentration does not de-
pend on x in Al,Ga,_,As (0=x =0.47). (5) They origi-
nate from the As sublattice. These observations strongly
suggest that E1 and E2 are associated with the same de-
fect. Theoretical considerations by Loualiche et al.’
have suggested further that these two levels are associat-
ed with two charge states of the same intrinsic defect in-
volving the As vacancy, V,,. The point is made’ that
this defect could be the isolated V,,, but a complex of
V as plus the arsenic interstitial, As;, could not be ruled
out. More recently, it has been proposed!® that E1 and
E2 are two charge states of V¢, namely, E1 is associated
with the V,,- /V, - state and E2 with the V, —/V, o
state. As we shall see, the present results are consistent
with this picture.

Earlier work has shown pressure to be a very useful
variable in the study of deep levels providing insights into
the physics, nature of deep-level potentials, and
breathing-mode lattice relaxations accompanying emis-
sion and capture processes.” !° The expectation that
pressure studies can provide new insights into the nature
of E1 and E2 motivated the present work. Specifically,
we have investigated the effects of combined hydrostatic
pressure and temperature on electron emission and cap-
ture from the E2 deep level in GaAsggPy 10,
Aly (Gaj gAs, GaAs, and GaP and the E'1 deep levels in
GaAsg g3Py 1o and Aly Gaj gAs. This paper presents the
results and their interpretation.

The levels were studied by transient-capacitance and
deep-level transient-spectroscopy (DLTS) measurements
on pt-n junction diodes.” The diodes were fabricated
from liquid-phase-epitaxy- and metal-organic chemical-
vapor-deposition-grown samples with the following
(p*-n) doping levels: GaAsy Py, (1X10'® atoms
Zncm ™ 3/1X10'7 Secm 3); Al ;Gag 4As (1X10'7 atoms
Gecm 3/5X105% cm™3); GaP(2x10'® atoms
Zncm 3/1X 10" cm™?). Some data on the pressure
dependence of E2 of GaAs are available in the litera-
ture.!! The samples were chosen to explore effects due
both to chemical substitution at both the Ga and As sites
in GaAs and to differences in band structure. Specifically
in this latter regard, for both E1 and E2 the emission is
to the conduction-band minimum, and this minimum is
at the I' point of the Brillouin zone for the GaAs-rich
samples and at the X point for GaP. The defects were in-
troduced by y irradiation (**Co source) at room tempera-
ture to a total dose of (1-2) X 108 rad.

The experimental details were described earlier.” The
measurements, performed in a pressure cell using helium
as the pressure fluid, yielded the electron thermal emis-
sion rates (e,), emission energies, and their pressure
dependences. It is known that there is no energy barrier
to electron capture by E2, and the same is believed to be
true of E1.17% We find that, to within experimental un-
certainty, the electron-capture cross section (o ,) is in-
dependent of both temperature and pressure.

The primary data generated in the present work are e,
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and o, and their pressure (p) and temperature (T) depen-
dences. The data are analyzed and interpreted in terms
of the detailed-balance result

e,=a,{v, )N exp(—AG /kT)
=0,{v, YN, exp(AS /k )exp(—AH /kT) , (1)

following procedures discussed earlier.” Here (v, ) is the
average electron thermal velocity, N, is the effective den-
sity of states in the conduction band, and AG
(=AH —T AS) is the change in Gibbs free energy which
accompanies electron emission from the deep level. As
will be shown later, for E1 and E2, o, is independent of
pressure, and thus to a good approximation, Eq. (1)
yields’

d1lne,

ap

dAG

ap

=—(kT)"!
T

(2)

T

It is seen that measurements of e, versus p at constant T
yield AG(p), whereas measurements of e, versus T at
constant p plotted as In(e, T~ 2) versus T ! at different

pressures yield’ AH(p). Finally, it can be easily shown
that”

JdAG

ap =AV, (3)

T

where, in the absence of a barrier to electron capture (as
is the case for the present levels), the thermodynamic
volume change, or activation volume, AV, can be inter-
preted as the volume change, or breathing-mode relaxa-
tion, of the defect which accompanies electron emission.
In using Eq. (3), the experimentally determined
(0 AG /9p )+ needs to be corrected for the hydrostatic de-
formation potential of the conduction-band edge, E,, as
discussed below.

The DLTS spectrum of these materials typically exhib-
its two sharp, widely separated peaks corresponding to
electron emission from E1 and E2. Pressure causes rela-
tively large shifts of both peaks. For the GaAs-rich sam-
ples, the shifts are to higher T’s (Fig. 1), whereas for
GaP the shifts are to lower T ’s. The difference is due to
the fact that the band gap is indirect for GaP and direct
for the other samples, and the deformation potentials of
the I and X conduction-band edges have opposite signs.
As we shall see later, when this qualitative difference is
accounted for, the intrinsic pressure dependences are
found to be qualitatively similar for all the samples.

Figure 2 shows typical Arrhenius plots of the emission
rate, expressed as e, /T, at different pressures for E2 of
GaAsg gsPo 15- At constant temperature there is a large
decrease in e, with pressure which is due to the large in-
crease in the E2 emission activation energy (=AH) with
pressure which is shown in the inset. For comparison,
the inset also shows the pressure dependence of the emis-
sion activation energy for E1 for the same sample.
Determination of ¢, from the initial capacitance ampli-
tude after reverse bias and from the variation of the am-
plitude of the DLTS peak as a function of the length of
the trap-filling pulse’ showed that, to within experimental
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FIG. 1. DLTS spectra for GaAs, g3Py 1, at 1 bar and 8 kbar.
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FIG. 2. Arrhenius plots showing the temperature depen-
dence of the emission rate of electrons from the E2 level in
GaAs, gsPy. 1, at different pressures. The inset shows the pres-
sure dependences of the emission activation energies for levels
E1land E2.
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TABLE I. Isothermal measured (m) and intrinsic (i) pressure derivatives of the change in Gibbs free
energy accompanying electron emission from the E2 and E1 levels for different samples. Also listed

are the corresponding volume relaxations.

T (dAG /3p) 1., (dAG /3p)y; AV AV /V,
Material Level (K) (meV/kbar) (meV /kbar) (A3/e) (%)

Al ;Gag 4As E2 100 8.6:£0.4 —22+1.7 —3.5+2.7 —5.7
Aly Gag gAs E1l 100 6.6+0.5 —4.2+1.9 —6.7£3.0 —10.8
GaAs E2 8.82+0.2 —2.0x1.5 —3.2+24 —5.2
GaAsg g3Po 12 E2 115 8.0+0.2 —2.8%1.5 —4.5+2.4 —7.3
GaAsg55Po 1r El 85 7.1+0.4 —3.7+17 —5.9+2.7 —9.6
GaP E2 140 —3.840.2 —3.2+1.5 —5.1£24 —9.3

#This result is taken from Ref. 11.

uncertainty, o, is independent of both temperature and
pressure.

As already noted, AG represents the total-energy
difference between the two different charge states (i.e., be-
fore and after emission) of the defect in their relaxed con-
ditions. The isothermal pressure dependence of AG can
be directly determined form the measured e,(7,p) data
according to Eq. (2). Some of the results are given in
Table 1. The “measured” derivative (3AG /dp)r,,
(denoted by the subscript m) is only weakly dependent on
T.

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
the change in AG is measured. However, this reference
energy state is not fixed; it is pressure dependent, and this
dependence (which is represented by the hydrostatic de-
formation potential of E,) contributes to e,(p), and there-
by to (0 AG /3p ). It is necessary to correct for this con-
tribution in order to determine the intrinsic effect,
(0 AG /dp)r,;, associated with the emission process. The
intrinsic effect (denoted by the subscript i) represents the
absolute shift of the level relative to a fixed reference and
contains much of the physics which is relevant in com-
paring the different levels and in determining the
breathing-mode relaxation accompanying electron emis-
sion or capture. In Table I we give both the measured
and intrinsic values of (8 AG /dp ). We now discuss the
correction procedure.

The hydrostatic deformation potential of E,
(a,=0E /dInV) of GaAs (at the " point), which we take
to also accurately represent the other two GaAs-rich
samples in Table I, is large and reasonably well estab-
lished. The most realistic theoretical and semiempirical
determinations of a. have yielded the following values (in
eV per unit volume strain): —7.2,12 —9.3,13 —7.7 14
—8.8,"% and —9 to —10.'® We take a,=—8.5+1 eV to
be a representative value. This value of a, and the known
compressibility of GaAs [(—dInV/dp)=1.27X1073/

kbar] yield a pressure shift of E, of +10.8+1.3

meV/kbar.

In the case of GaP, a, is not known accurately enough.
Two sets of values of a. and of the valence-band hydro-
static deformation potential, a,, are a,=3.26 eV and
a,=1.70 eV,"? and a, =0.8 eV and ¢, = — 1.5 eV."> Both
sets overestimate the small known shift of the band gap'’

of GaP (—1.1 meV/kbar) by factors of ~1.5 and ~2, re-
spectively. In view of the disparity in the a’s, we have,
for the purposes of the present analysis, assumed that the
shift of the gap is taken up equally by E, and E,. This
assumption and its implications for the present analysis
can be easily reevaluated when more definitive values of
the a’s become available.

We now examine the results in Table I. Note that
whereas (3 AG /3p)y, ,, is positive for the GaAs-rich sam-
ples and negative for GaP, this qualitative difference is
entirely due to differences in the deformation potentials
of E.. The intrinsic effect, (0 AG /dp)y;, is negative for
all the samples. This conclusion is independent of any
uncertainties in deformation potentials. The negative
sign implies that both E2 and E 1 move higher in the gap
(or energy) relative to a fixed reference. The relatively
large uncertainties in (3 AG /dp)y; and in the resulting
AV ’s calculated via Eq. (3) result largely from the uncer-
tainties in the E_, deformation potentials.

The AV ’s in Table I are also negative. A negative sign
for AV implies that the lattice relaxes inward (i.e., con-
tracts) upon electron emission from both E2 and E1. An
outward relaxation of the same magnitude can be expect-
ed to occur on electron capture. The magnitudes of the
AV ’s can best be appredicted by comparing them to the
volume, V,, of a sphere centered around a point defect
with a radius equal to the Ga—As bond length in GaAs
(2.45 A) and the Ga—P bond length in GaP (2.36 A).
The ratio AV /V,, given in Table I, ranges from —5% for
E2 of GaAs to over —9% for E2 of GaP and E1 of
GaAsg ggPy 1, and Aly GajyAs. Thus, the relaxations
are relatively large.

In addition to the negative signs of the (3 AG /dp)r;’s
and AV’s, the results in Table I reveal a number of
trends in the magnitudes of these quantities which con-
tain other insights into the nature of the defects involved.
These trends are as follows. (1) A 10 at. % substitution of
Al for Ga in GaAs has little effect on the response of E2.
(2) A 12 at. % substitution of P for As in GaAs, on the
other hand, significantly increases the magnitude of the
response of E2. (3) The response of E2 is larger for GaP
than for GaAs. (4) The response of E1 is considerably
larger than that of E2.

As already noted, there is a body of experimental and
theoretical evidence which makes it reasonable to believe
that E1 and E2 are two charge states of V,, (or Vp). It
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is well established theoretically'® that V,, gives rise to
two electronic energy levels—a lower level of a; symme-
try which exists as a resonant state in the valence band
and an in-gap, antibonding level of ¢, symmetry located
in the upper half of the gap. The neutral As vacancy

V .0 is populated by three electrons, two in the a; level

and one in the ¢, level. The additional electrons associat-
ed with V e and V As2— 8O into the t, level, and, by anal-
ogy with the well-understood vacancy in silicon, Jahn-
Teller (JT) distortions can be expected to accompany the
capture of these electrons. It has been proposed!>° that

E2 and E1 are associated with the Vo /Vao and
V2= "Vas- levels, respectively. A schematic energy-

level diagram for V5, is shown in Fig. 3.

The present results are consistent with the association
of E2 and E1 with the indicated two charge states of
V ss- First, we note that trends (1) and (2) above point to
the involvement of the As sublattice in the defect. Be-
cause both the (— /0) and (2— /—) levels are antibond-
ing in character, compression of the lattice should shift
their levels higher in energy. This is what we observe.

Starting with ¥, o, electron capture into its antibonding

state to form ¥V, — can be expected to cause outward re-
laxation of the near-neighbor atoms to the vacancy. Sub-
sequent emission of this electron should lead to the oppo-
site effect, i.e., inward relaxation, or a negative AV, as ob-
served. Additionally, the capture of the second electron
into an already negatively charged antibonding state to
form V As2— should also cause outward relaxation, and the

effect can be expected to be larger in magnitude than that
associated with capture of the first electron. The larger
inward relaxation we observe for emission from E1 com-
pared with E2 is in accord with this expectation. The ob-
served larger intrinsic energy shift of E1 with pressure
[trend (4)] is also as expected from this model. It is thus
seen that the present results are consistent with the pro-
posed model. The results are also consistent with
theoretical results!® of the pressure dependence of deep
levels in GaAs, which concluded that E2 moves higher in
the gap and is associated with the As vacancy.

The AV ’s in Table I are the only quantitative values
for the breathing-mode relaxation accompanying electron
emission from any deep level in GaAs. Recent positron-
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FIG. 3. Schematic energy-level diagram for the As vacancy
in GaAs. The E2 and E1 levels studied in this work are be-
lieved to be associated with the singly and doubly charged ¢,
levels of this vacancy. Both levels move higher in energy with
pressure.

annihilation (PA) results have been qualitatively inter-
preted to suggest an outward lattice relaxation accom-
panying the V, .- —V, transition.!® This is contrary
to our findings. We believe that our method is more
direct and accurate, whereas the interpretation of PA re-
sults in semiconductors is complicated and uncertain.!
Furthermore, our method yields the breathing-mode re-
laxation, whereas PA presumably probes the total relaxa-
tion which includes effects due to the expected JT distor-
tion.

Finally, we draw attention to trends (2) and (3) above,
which show that the breathing-mode lattice relaxation
accompanying electron emission from E?2 is larger for the
phosphorus-containing samples than for GaAs. We sug-
gest that this result is most likely due to the increased
ionic character of the bonding with increasing P content,
it being a fact that GaP is more ionic than GaAs.
Coulombic effects associated with electron capture or
emission can be expected to be stronger for the more ion-
ic host lattices. The trends indicated by the present re-
sults need to be studied for other compositions and for
E1 in order to more fully test and quantify this proposed
explanation.
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