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Defect identification in electron-irradiated GaAs
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The introduction rates of the main electron traps created by electron irradiations have been
measured as a function of the composition of the Ga;_,Al,As solid solution system in the

0 < x < 0.5 range; they are not x dependent. Discussing the recent results given in the litera-
ture, it appears that the defects created could be V¢ and 7 5.

When spectroscopic techniques are not applicable it
is difficult to identify a defect and even, in a com-
pound semiconductor, to determine the sublattice to
which it belongs. In the case of irradiation-induced
defects, two indirect ways can be used to make this
identification possible. The first one consists in
studying the anisotropy of the defect introduction
rate Rg; by properly choosing the orientation of the
crystal in relation to the irradiating beam (electrons)
as compared to the crystallographic directions, the
displacement of atoms of a given sublattice can be
made more probable than for the other sublattice.
This technique has been used in InSb (Ref. 1) and
GaAs.2** Recently the interpretation of results given
in Ref. 4 has been confirmed for ZnSe.’ The second
one consists in using an alloy, i.e., a compound in
which a third atomic component has been partly sub-
stituted to the atoms of one sublattice: for instance,
a fraction x of Al atoms is substituted to Ga atoms in
GaAs to form the Ga,_,Al,As alloy. Since the mag-
nitude of the forbidden gap varies with the atomic
composition x, it is in principle possible to deduce,
from the variation with x of the position of the defect
level, the nature of the defect, because the electronic
structure of a given defect is made with a particular
combination of wave functions built from wave func-
tions of the valence and conduction bands.>¢ Unfor-
tunately, the theory is not yet able to provide unam-
bigously the nature of the wave functions associated
with a defect; moreover, the defect energy level
varies with the nature of its atomic surrounding,

i.e., with x. As a result, this technique cannot be
used, as illustrated by the wrong answer it provided
in GaAs.?

We propose in the present work another way of us-
ing the alloy by studying the defect introduction rate
R, of the induced defects as a function of x. If, in
Ga_,Al,As, the defect results from arsenic atom dis-
placement, its introduction rate should be relatively
independent of x. If, on the other hand, the defect
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results from metal atom displacements, a dependence
upon x is expected.

It is well known that electron irradiation induces
five electron traps, labeled E; to Es (Ref. 7) and two
hole traps (Ho,H1). The electron traps have been
extensively studied: their introduction rate as a func-
tion of the electron energy,? their annealing
behavior,’ ! and their electronic position in the gap
as a function of x are known.>¢ They have been
shown to be associated with displacement in the As
sublattice,* with a threshold energy consistent with a
single-atom displacement. Discussing all these
results and using the arguments that (1) the total de-
fect introduction rate is practically equal to the calcu-
lated one, (2) the annealing follows first-order kinet-
ics, (3) the annealed fraction is nearly 100%, and (4)
no long-range diffusion is detected during annealing,
Pons and Bourgoin!? deduced that the traps E; to E;
are associated with close pairs of primary defects of
the As sublattice. They can be vacancy-interstitial
pairs as in ZnSe (Ref. 13), but other types of pairs
such as antisite Asg,-V as are possible.

The present study has been performed (1) to con-
firm the result* that E;—F3 belong to the As sublat-
tice, and (2) to bring additional information in order
to allow defects identification. The samples used are
Sn-doped Ga;_,Al,As (0 < x < 0.47), grown by
liquid-phase epitaxial technique on (100) GaAs sub-
strates (107 cm™3, Si-doped, Bridgmann grown).
The n-GaAs is grown on a n*-GaAs substrate by
vapor-phase epitaxy. Ohmic contacts are made on
the substrate and a Schottky barrier is made by Au
evaporation (thickness, 300 A). For the irradiated
samples, the Au deposition is performed after the ir-
radiation in order to prevent a possible diffusion dur-
ing this irradiation. The concentration and energy
position of the traps is determined using the deep-
level transient spectroscopy technique in the range 4
to 400 K. Electron irradiation is performed at room
temperature with a Van de Graaff accelerator. The
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TABLE 1. Initial carrier concentration and native traps present in the samples before electron
irradiation (E =Ec—Ey), trap position with respect to the conduction band).

Parameters x 0 0.14 0.25 0.47
(cm™)
Initial carrier
concentration 7.4 x 1013 7% 1016 2 x 1016 2.5%x10!6
Native traps 0.12, 1.4x10  0.17, 8 x10'
E(eV), concentration 0 0.37, 8.3x101% 0.5, 8.5x10* .25, 4.2x10'%
0.44, 8 x 104

beam is scanned over the various samples of variable
x in order to insure that they received the same dose.
Two doses, 101 and 5 X 10! e cm™2, of 1-MeV elec-
trons have been used. The accuracy in the measure-
ment of the defect concentration, i.e., on the intro-
duction rates, varies with x. Indeed, when x in-
creases, the concentration of the native traps (see
Table I) increases sharply and the concentration of
the electron-induced traps becomes more and more
difficult to determine. As shown in Table II, the po-
sition of the trap levels we obtained as a function of
x is in reasonable agreement with the results of Lang,
Logan and Kimerling® and Kravchencko and Prints.%
The introduction rates obtained are given in Table
III. For x =0, the results are in reasonable agree-
ment with the literature for 1-MeV electron irradia-
tion.> %15 The mean R, value measured is 2 cm™!
for Ey, E,, and 0.7 cm™! for E;. The apparent devia-
tion of R, we observe with x around this mean value
is always smaller than the variation of x itself and we
can therefore conclude that there is practically no
variation of R, with x for E,, E,, and E;.

If we look at the primary intrinsic defects that can
be created in gallium arsenide, we find (i) ¥ as and
Vga (arsenic and gallium vacancy), (ii) /s and g,
(arsenic and gallium interstitial); and (iii) Asg, and

Ga,, (antisite defects). In gallium aluminum ar-
senide, we find in addition to those defects cited
above, (IV) VAI, IA|, Aspy, AlAs, and AlGa, GaAl. Alga
is not a defect but a substitution; we cannot separate
between the following species: Asa = ASga, Gayg
=Ga, or Vg,= V. We are then left for the GaAlAs
material with two additional defects, 75, and Alys.
The defects dependent on x (Al) are the following:
14 and Alys, proportional to x, and /g, and Gapg,
proportional to 1 —x. Vga+ Va, is certainly depen-
dent on x: the displacement cross section for an
atom of mass M and atomic number Z is, in the
Rutherford approximation and for electron energy,
well above the threshold for atom displacement (our
case), proportional to Z%/M.'® So Vg, + V4 would be
proportional to 1-0.6x. (|1Z¥M|Ga/|Z* M |Al
=2.5.) In our case we have shown that E, E,, and
E, traps are not x dependent and that they are
present in pure GaAs as well as in GaAlAs. We can
then conclude that they are related to the following
simple intrinsic defects: Vs, Ias, and Asg,, confirm-
ing the results of Pons and Bourgoin that the defects
are associated with displacment in the As sublattice.
After neutron and electron irradiation, more recent-
ly'7!® the defect associated with Asg, has been identi-
fied by ESR and can also be

TABLE II. Energy-level position (Ec — E7 in eV) from the conduction band for the E, E,, and E; traps vs x, the aluminum
content. The results of Kravchenko and Prints (Ref. 6, column A). of Lang, Logan, and Kimerling (Ref. 3, column B) are

compared with the present results (column C).

Results x=0 0.14 0.25 0.47

Traps A B C A B C A B C A B C
E, cee 008 0B ... oa4 012 --- 017 017 - - 030
E, .. 018 008 - 023 020 - 026 034 - - 043
E; 031 033 033 044 048 049 058 062 068 075 .- 085
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TABLE IIL. Introduction rates R; (cm™!) in Ga;_,Al, As as a function of x, measured for two

doses of irradiation (a: 5x10¥ ecm™2 and b: 10! e cm™2).
Traps x=0 0.14 0.25 0.47
a 2.26 2.10 1.5
E,
b 1.8 2.14 2.10 [
a s 2.25 1.82 2
E,
b 1.8 2.10 1.88 coe e
a 0.70 0.70 0.68 0.73
E,
b 0.70 0.73 0.73

eliminated because its annealing occurs only between
450 and 500 °C far from the 200 °C annealing step of
(E\—Es,H;). Then we are left in presence of two
candidates (¥ o and I s) for many traps.

If the assumption related to the primary intrinsic
defect nature of the traps created during electron irra-
diation is verified, we are then led to say that one de-
fect can give rise to several energy levels in the band
gap, which is not impossible. This can be the case
for E,, and E, traps, in agreement with the recent
Pons proposal.'> Aother hypothesis will be different

microscopic configurations of Frenkel pairs as ob-
served in electron-irradiated ZnSe.!?
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