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From the electron-emission and -capture variations with the alloy composition, we deduce that
the DX center in Ga& Al As alloys is linked to the L conduction band. This is verified by the
study of the DX center in GaAs-Ga, Al„As superlattices, where it is observed that the DX center
does exist only in GaAs-AlAs superlattices such that the L miniband which replaces the L band of
the A1As barrier is at the same energy as the bottom of this L band, although the X conduction
band has been replaced by a I" miniband. This property can only find an explanation in the
efFective-mass approximation and cannot be justified in large —lattice-relaxation models. Within this
model the DX level is the efFective-mass state of the doping impurity associated with the L band
which undergoes a shallow-deep instability due to intervalley mixing. This description implies a
small, if any, electron-phonon interaction. From our electron-paramagnetic-resonance studies we
conclude that the large threshold for optical ionization involves a transition to a higher state than
the bottom of the conduction band and must probably be attributed to an internal transition. The
barrier for electron capture is explained as originating from a change of the local force constants of
the defect with its charge state. The variation of the capture barrier height with alloy composition
is quantitatively accounted for by electron emission from the bottom of the conduction band into
the L band, followed by a multiphonon-emission process over a constant barrier.

I. INTRODUCTION

There have been several attempts to explain the prop-
erties of the DX center in Ga, A1, „As alloys (for a re-
view, see Ref. 1) and, sometimes, a specific defect
configuration has been proposed to account for these
characteristics. The DX-center-associated energy level is
resonant in GaAs (Ref. 2) and becomes localized when
the alloy composition (A1As mole fraction) x is larger
than -0.2 (or, equivalently, under sufficient hydrostatic
pressure). This level, ET, appears to follow the I. band
and, thus, its location relative to the bottom of the con-
duction band varies with x. There is a barrier Ec for
electron trapping, also varying with x, which is such
that the ionization energy, E; =E&+Ez, as measured by
deep-level transient spectroscopy (DLTS), the technique
used to detect quantitatively the defect, is constant. As
the apparent optical ionization energy Eo is large com-
pared to ET, a larger electron-phonon interaction (i.e., a
large lattice relaxation or distortion) is usually assumed.

Because the concentration of the DX center is propor-
tional and close to the donor impurity concentration, ' the
DX center was first thought to be a complex between the
donor D and an unknown defect X.' Unfortunately, it is
dificult to accept that the concentration of X can be as
high as —10' cm, the DX concentration in a
10' —cm doped material, and not detected in a materi-
al doped with —10' cm impurities which contains
only —10' cm DX centers. For other reasons, such as
the fact that H passivates D and DX at the same time and
with similar kinetics, and the existance of the DX centers
in doped GaAs submitted to hyrostatic pressure, it has

been suggested that DX is D itself. This suggestion can-
not be verified directly using electrical techniques because
all the free carriers are trapped on Ez- when the DX
centers are filled and the material is semi-insulating.
However, the fact that the free-carrier and the DX con-
centrations are equal can be demonstrated by an exam-
ination of the trapping kinetics which take a very pecu-
liar shape when the equality is fulfilled.

II. LARGE OR SMALL LATTICE RELAXATION' ?

Models of DX centers involving large lattice distortion
or relaxation have been proposed " in order to account
for the deepening of the energy level associated with the
doping impurity (whose energy level is in principle shal-
low), as well as to explain the existence of Ec and of the
strong electron-phonon interaction revealed by the large
difference between Eo and ET. For instance, Morgan'
assumes a large Jahn-Teller distortion. Large lattice dis-
tortion is, of course, also implied in models involving a
negative-U character ' . However, when a defect induces
a strong displacement of the neighboring atoms, its asso-
ciated wave function has to be built with all atomic orbit-
als in interaction, the orbitals of the impurity and of the
displaced neighboring atoms. In no way can all these
states originate from one single particular conduction
band (antibonding states). In this case, it can only be ac-
cidental that a defect, here the DX center, is apparently
linked to a particular (L) conduction band. Corisequent-
ly, the question of knowing if the DX center is really
linked to the I. band is crucial to distinguishing between
small —and large —lattice-relaxation models. It has often
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been stated using various observations that the DX level
is linked to the L band because the variation of Ez- versus
x was found to be nearly identical to those of L, but this
is not a sufficient argument, as we shall see below. A
correct argument comes, as shown in Sec. III, from a sys-
tematic study of the capture barrier Ec versus x and hy-
drostatic pressure. We shall see that the variation of the
capture barrier Ec versus x implies that electrons have
first to occupy the L band before they can recombine on
DX centers, thus demonstrating unambiguously that the
DX level must indeed be linked to his band. A
verification has been performed in Sec. V by using
GaAs-Ga i Al As and GaAs-A1As superlattices in
which it is possible to change the nature and energetical
position of the various bands: only when the L band of
the barriers is replaced by an L miniband at the same en-
ergy location is the DX center present, even when the na-
ture of the lowest conduction band has been changed.

Chadi and Chang argue that the DX level is not linked
to the L band but, as is every deep level, to the Brillouin-
zone —average energy of the conduction band. Because
this average energy varies with x approximately like the
L band, it is difficult to distinguish between the two cases
only from the variation of the thermal ionization energy
(they thus ignore the decisive argument provided by the
variation of E& versus x. However, first, the DX level is
not a usual deep state since, depending on the x value, it
is also a resonant state (for x (0.2) or a shallow state (for
x -0.2 —0.3). Second, the assumption that any deep state
follows the Brillouin-zone —average energy of the conduc-
tion band, i.e., is such that b,Ez =aux, with a=(0.55
eV)x ', is not justified. It can only apply to defects
whose wave functions are described exclusively in terms
of antibonding states; i.e., donor states which are not dis-
torted. Indeed a defect involving a lattice distortion has
a wave function which is also built with valence-band
states. This is easily verified experimentally: donor or
acceptor states do not follow the conduction or the
valence bands, respectively. For instance, in
Gai Al„As, the defect labeled E3, an intrinsic defect
created by electron irradiation and attributed to an As
vacancy perturbed by a nearby As interstitial, ' has an
energy level deeper than the DX level which remains
linked' to the valence band as x varies, i.e., a(E3)=0.
For defects such as native ones (labeled A and B, present
in liquid-phase-epitaxy materials) and Cu- and Fe-related
ones, a=0.4. ' For the E1,E2 levels' also introduced
by electron irradiation' a(E1,E2)=1. Thus a can take
values having a rather wide range and there is no unique
value associated with deep levels. In GaAs under pres-
sure, the E2, E3, and E4 levels shift markedly away from
the conduction minimum with pressure and there is no
apparent relationship, for any of them, between their po-
sition in the gap and their dependence on pressure. '

Strongly difFerent pressure coefficients are always found
in GaAs for various native traps. ' Actually, as shown
by Ren et al. ,

' the pressure derivative of a level associat-
ed with a substitution impurity varies with the level
depth in a way which depends on the site and on the sym-
metry. In conclusion, the argument used by Chadi and
Chang that the deep level associated with their defect

model should follow the conduction-band average energy
is not substantiated and should not be used as proof of
the validity of their model.

III. THE MODEL

The first consequence of the fact that the DX-center-
associated level is linked to a particular band is that it
must be described in terms of the eft'ective-mass theory.
Indeed, for a deep level, i.e. for a defect associated with a
short-range potential, even when it can be described in
terms of the wave function of one particular band, the as-
sociated level will not be linked to this band. This impor-
tant point can be simply demonstrated. For this we con-
sider a defect whose wave function g can be described in
terms of a linear combination of the wave functions gk of
a particular band:

0= X&kPk .

The Hamiltonian of the crystal containing the defect
can be written as the sum of the Hamiltonian Ho of the
perfect crystal and of the potential V induced by the de-
fect:

H=HO+ V .

Using the description, the defect state being
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This can only occur when the potential V does not de-
pend on x, i.e., when it is produced by a point charge, in-
dependently of its position in the lattice. This potential is
a (screened) Coulomb potential which then obliges us to
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treat the electronic state of the defect in the effective-
mass approximation. However, the energy variations of
the level and of the band versus x are not exactly equal
since the effective mass is x dependent. Consequently,
the fact that the energy level follows exactly the variation
of the band is not a good criterion to decide if it is 1inked
to it.

The only way to describe a defect-associated wave
function in order to get an associated energy level ET
linked to a particular band (L) is to use the efFective-mass
approximation. Nevertheless, for the DX center, because
E„ is not shallow like a pure effective-mass state should
be, one must introduce in the effective-mass description a
kind of central-ce11 correction. In the case of the L con-
duction band of GaAs the physical origin of this correc-
tion is obvious; it is the mixing between the four
equivalent valleys. This model was suggested several
times' ' and substantiated to some extent by photo-
luminescence studies. The numerical treatment,
demonstrating that the L effective-mass state can indeed
undergo a shallow-deep instability, has only been recently
performed. This treatment is not, however, capable of
providing the exact value of ET because the ionization
energy depends critically on the extension in space R

0
( —1 A) for which the Bloch functions at the minima of
the four valleys remain coherent. But, when one takes
for R the value (1.7 atomic units) corresponding to the
experimental ionization energy (E7.=0.16 eV for Si), we
obtain as expected a strongly localized wave function (see
Fig. 1).

Thus, the picture in which the DX state is nothing but
the L-band efective-mass state of the doping impurity,
deepened by a particular band-structure effect, namely in-
tervalley mixing, is the only one able to account correctly
for the fact that the DX level is linked to the L band.
From this model it follows directly that the concentra-
tions of the DX centers and of the doping impurities are
equal, explaining the particular type of trapping kinetics
observed. ' However, this model implies a small lattice

relaxation which is a priori in contradiction with the
large difference between the threshold for the optical
cross section Eo and the thermal ionization energy ET
and with the existence of the barrier Ec associated with
the electron-capture cross section. These contradictions,
however, can be raised as we shall now discuss.

First, we shall demonstrate experimentally in Sec. VI
that the optical transition does not correspond to a tran-
sition between ET and the I or L band and we argue that
it is related to an internal, such as an A

&
~T2, transition.

For such an A, -T2 transition the energy expected is on
the order of 1 eV, as experimentally observed. The opti-
cal spectrum associated with this transition is similar to a
photoionization spectrum because the excited states are
distributed into a broad band due to electron-phonon
coupling and the interaction with the conduction-band
states. Photoionization into the I, L, and X bands
perhaps appears as shoulders on the edge of the spec-
trum. But practically no study has been performed
below 0.5 eV. As noted by Henning and Ansems, at pho-
ton energies lower than typically 0.5 eV, free-carrier ab-
sorption becomes large and tends to overrule the photo-
ionization, thus allowing us to understand that these
transitions are dificult to observe. As we shall see in Sec.
VI, electron paramagnetic resonance (EPR) clearly shows
that the photoionization involves a band higher than the
I and L bands.

The existence of a barrier Ec for the capture of an elec-
tron on the DX level can be understood in the following
way. The local force constant k, describing the defect vi-
brational energy

E =
—,'kQ

versus a particular configuration coordinate Q, is charge-
state dependent. A variation from k to k' when an elec-
tron (in the L band) gets trapped on the defect (see Fig. 2)

5

3 ~

FIG. l. Extension in space, R (in atomic units), of the density
of probability

~
f~' of the normalized wave function tt calculated

for a value of the parameter R = 1.742 a.u. corresponding to the
binding energy of 160 meV (Si); f is a 2S function, with ~g~ =0
for R -0.5 a.u. ~f~ decreases exponentially for large R values
(verified in the range 2—16 a.u.).

FIG. 2. Configuration coordinate diagram of the DX center.
Curve E» corresponds to the filled state, EL and ECB to the
ionized state with the electron in the L band and in the bottom
of the conduction band (I or X, depending on x), respectively.
The arrows indicate the process for electron capture.
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I ' k'
E =E —1b T

This picture implies a constant barrier for the capture
through multiphonon emission from the I. band, which is

experimentally verified as we shall now see. The DX ion-
ization energy E; =ET+Ec remains constant as x
varies, while ET is linked to the I. band. The apparent
capture barrier Ec, as measured by DLTS, is therefore
the sum of Eb and of the energy difference ALc between
the L minimum and the bottom of the conduction band
E, =E~+Eb +hL&. As shown in Fig. 3, the variation of
E~=Eb+61& with alloy composition is quantitatively
reproduced taking Eb=200 meV. Thus, the apparent
variation of Ec versus x must be ascribed to the fact that
the electrons have to occupy the L band before they can
recombine. From this value of Eb and with ET=0.16 eV
(the case of Si), one deduces k'/k = 1.8. Finally, this vari-
ation of Ec versus x, because it can only be understood if
an electron has to occupy the L, band before it recom-
bines on the DX level, thus provides the first clear experi-
mental evidence that the DX center is linked to this band.

That the origin of the DX center is a purely band-
structure effect also agrees with the fact that it is present
independently of the nature of the donor impurity and of
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FIG. 3. Variation of the capture barrier Ec with x. The solid
and empty circles indicate the experimental data of Refs. 3 and
4, respectively. The solid line corresponds to the sum of the
capture barrier Eb (200 meV for Si) and of the energy difference
between the L band and the bottom of the conduction band.

changes the total energy to

E'=-'k'g' —EP .
2

A barrier Eb, corresponding to the energy difference be-
tween the minimum of the total defect energy E (when
the electron is in the L conduction band) and the energy
at which the total energies E(g) and E'(Q) cross, results,
if k is larger than k, i.e., if the occupation of the DX
center by one electron leads to a stronger binding:

its location (on Ga or As sites). A deep defect involving
large )attice relaxation is expected to present characteris-
tics strongly dependent on the impurity size and type of
orbitals, i.e., on the nature of the impurity.
Large —lattice-relaxation models, in order to have some
chance to be valid, must first demonstrate that they can
provide very similar energy levels for the various donor
impurities located either on Ga or As sites.

The existence of the shallow-deep instability is a func-
tion of R, of the electron effective mass, and of the num-
ber of valleys. The occurrence of DX centers can there-
fore be predicted to take place also for the X band (which
contains three valleys), for other impurities, and for
other III-V compounds. Indications of the existence of
DX centers have been found in the case of Ga„As, P
alloys ' and probably in In Ga& P, En Ga„

In Ga Al, „P(Ref. 31) as well.

IV. THE ALLOYING EFFECT

Several observations made on the DX center are inter-
preted in terms of a so-called alloyin. g effect, i.e., of the
inAuence of the nature of the neighboring atoms, which is
not unique for a given alloy composition. When the de-
fect potential is a long-range Coulomb potential, this
effect should be negligib1e because the effective-mass
model is insensitive to the local fluctuations of the neigh-
bors and depends only on the long-range part of the po-
tential. However, in case of a shallow-deep instability it
is the short-range part of the potential which can become
important and alloying effects could indeed occur. This
question will therefore now be discussed.

It is often argued that alloying effects are revealed in
the capture kinetics, the emission kinetics, and in the
shape of the peak provided by deep-level transient spec-
troscopy. The capture kinetics, systematically studied by
Mooney et al. , exhibit a broad distribution of capture
time constants that these authors ascribe to a distribution
of capture barrier heights. They fitted the observed ki-
netics with a Gaussian distribution of capture barriers
whose width depends on alloy composition. However, as
demonstrated in Refs. 7 and 8, this distribution of time
constants is a natural consequence of the fact that the DX
concentration is equal to the doping impurity concentra-
tion. The capture kinetics can be fitted using a single
capture time constant, i.e., using a single barrier height
when the material is nondegenerate. There is therefore
no evidence of an alloying effect. Mooney et ah used ki-
netics involving three fitting parameters, thus introducing
the alloying effect, arguing that they could not fit the ki-
netics for the case of highly degenerate materials. How-
ever, that a simple bimolecular kinetics does not apply in
this case is the result of the variation of AL~ with the
filling level in the degenerate band.

The emission kinetics are also nonexponential and this
has again been attributed to alloy broadening. Howev-
er, several other reasons can equally explain this nonex-
ponential behavior. One is the fact that the capture cross
section being exponentially activated, the fi1ling factor of
the DX center (during the application of the DLTS pulse)
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FIG. 4. Variation of the DLTS peak shape of the DX center
for x =0.3, made of three components (dashed lines), vs filling
time (1, 0.5 ms; 2, 2 ms; 3, 5 ms; 4, 10 ms).

varies strongly with temperature. Since this variation
occurs in the same temperature range where emission
takes place, this results in a strong distortion of the
DLTS peak. Even in the case where the kinetics is mon-.
itored after the application of one single pulse, i.e. at con-
stant temperature, the nonexponentiality is induced
when the pulse width is long enough to fill a large frac-
tion of the DX centers because then the free-carrier con-
centration is not large compared to DX concentration
and the space-charge region varies as the emission
proceeds.

A third observation often put forward in favor of the
alloying effect is that the DX spectrum exhibits a fine
structure. Up to three components are revealed (see
Fig. 4) in the shape of the DLTS peak and not only in the
case of small x values. The existence of a small number
of well-defined components is, however, in contradiction
with the existence of a Gaussian distribution of capture
barriers. Schematically, the DLTS peak can be decom-
posed into three components whose relative amplitudes
vary with x. These components have different ionization
energies and capture cross sections, as revealed by the
variation of the relative amplitudes versus the filling
pulse (Fig. 4). Unfortunately, the decomposition of the
spectrum in three components should be invariant for a

given value of x, which is not the case. As we shall de-
velop elsewhere, the shape of the spectrum can be depen-
dent on the thickness of the layer in molecular-beam epi=
taxy (MBE) materials and this spectrum contains only
one component in liquid-phase-epitaxy (LPE) layers
grown on thick Ga& „Al As layers. For these reasons
we attribute the change in spectrum shape to a strain
effect. A strain is expected to lift the degeneracy of the
four L valleys and to give rise to several components in
the DX spectrum. Finally, we have shown that the cap-
ture process occurs by the sequential jumps of an electron
from the bottom of the lowest conduction band (I or X,
depending on x) into the I. band and then over the barrier
Eb into DX. When two or three of the bands are not too
far separated in energy, they can be occupied by the emit-
ted electrons, giving rise to three distinct emission rates.
The relative amplitudes of the peaks are not a simple
function of the probabilities of ionization in the different
bands because the capture cross section varies rapidly
with the temperature in the temperature range where the
DLTS spectrum is recorded. This is illustrated in Fig. 4
where it can be seen that the relative amplitudes of the
three components vary with the filling time. A detailed
justification will be described elsewhere.

V. EXPERIMENTAL VKRII'ICATION

How can we get additional experixnental evidence that
the DX level is linked to the L band and thus that this
effective-mass model is the right one? This can be done
by introducing doping impurities in GaI „Al As layers,
in such a way that the local environment of the impurity
is identical to the one it has in bulk material, and to pile
them in a periodic GaAs-Ga, Al As heterostructure
which will change the band structure of Ga& Al As,
thus modifying the energy of the L, band responsible for
the occurrence of' the DX level. The type of heterostruc-
ture having a modified band structure is a superlattice in
which the electron tunnels through the barriers, giving
rise to a series of minibands in the direction perpendicu-
lar to the layers. Because the electronic density is homo-
geneous in this direction the superlattice can be placed in
the space-charge region of a Schottky barrier, with the
electric field perpendicular to the layers, and DLTS can
be applied as on a bulk material. This allows us to
detect defects and in particular the DX center, if
present. The DLTS peaks then relect the transition of an
electron from the localized level to the bottom of the first
miniband. ' Measurements have been performed on a
series of uniformly Si-doped ( —10' cm ) GaAs-
Ga, Al„As periodic structures (for x =0.3) having the
followiny well-barrier widths: (20 A)/(20 A), (30 A)/(30
A), (40 A)/(40 A), (40 A)/(20 A), and (50 A)/(50 A). No
DLTS spectrum is detected in the range 4—300 K except
in the (40 A)/(20 A) and (50 A)/(50 A) structures. The
spectrum, which has an amplitude large enough to allow
its analysis only in the (50 A)/(50 A) structure, exhibits a
rich structure including a peak having the same shape-
and an identical signature (emission rate versus tempera-
ture) as the DX center in bulk Ga, Al„As (see Fig. 5).
The full analysis of this structure is presented elsewhere
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FIG. 5. DLTS spectrum observed in a (50 A)/(50 A) struc-
ture indicating the peak associated with the DX center (emission
rate 213 s ', reverse bias 2V, pulse amplitude 1 V, pulse width
0.5 ms). The variation of the emission rate vs the inverse of the
temperature provides an ionization energy of 0.42 eV.

and we concentrate here on the DX associated peak. The
reason the DX center has the same ionization energy as in
the bulk material is due to the fact that the electric field F
in the space-charge region has induced the localization of
the electronic density in the wells, the quantity eFd
(where d is the superlattice period) being larger than the
width of the miniband. This effect is only clearly ob-
served, at least with the conditions used, namely reverse
bias voltages up to 3 V over typically 1 pm, in the (50
A)/(50 A) structure because the width of the miniband is
smaller (8 meV) than in the other structures (200—25
meV). This result demonstrates therefore that (i) DX
centers exist in Ga& Al„As barriers when the original
band structure is preserved (when the electric field in-
duces the localization) and they can be detected and (ii)
DX centers are not detected at the energy position they
should occupy when the structures behave as superlat-
tices. However, the nonexistence of the DX centers in
these superlattices can also be inferred by the fact that
the DX associated level (-0.16 eV below the bottom of
the Gai Al„As conduction band for Si) could be locat-
ed above the minimum of the first miniband (the band
offset being 0.28 eV, the calculated minima of the bot-
toms of the minibands are located in the range 150—200
rneV below the bottom of the Ga& „Al As conduction
band).

To put clearly in evidence the expected band-structure
effect, one has to consider a superlattice in which the DX
level will clearly not be resonant. This can be done using
periodic planar doping in Ga& Al As since then, the
doping impurities being located in the doped planes, the
DX level is always below the bottom of the well and thus
can never be resonant. When the doping concentration n

per plane is low enough, the depth of the wells is sma11
(typically —50 meV for n =10' cm ) and induces only
a small perturbation on the original band structure, and
the DX centers should be present. However, as soon as n

becomes large enough, the well depth increases (it is of
the order of 600 meV for n =3X10' cm ), modifying
the band structure in the direction perpendicular to the
planes, and the DX center should disappear. This is actu-
ally what is observed experimentally: as shown by Eti-
enne and Thierry-Mieg the DX center is present for low

doping but its concentration drops down abruptly to zero
for n of the order of 2X 10' cm (in which case the first
subband is expected to be at about 200 meV above the
bottom of the well).

This can also be done using GaAs-A1As short-period
superlattices because then the X band of the A1As bar-
riers can be replaced by a I miniband whose energetical
position relative to the bottom of the X band can be
varied while the I miniband remains at the same position
as the bottom of the L band. In Si-doped (3 X 10' cm )
(35 A)/(17 A) well-barrier width GaAs-AIAs superlattices
we have detected the DX center whose DLTS spectra
are identical to the ones found in Ga& Al„As and AlAs
layers. Because in these two superlattices the I miniband
positions are different but the I. minibands remain within
10 meV at the position of the bottom of the L conduction
band in AlAs, this demonstrates that the DX level is in-
dependent of the nature and position of the lowest con-
duction band (implying that electron emission occurs
directly in the L band and not, as usually assumed, into
the bottom of the conduction band) and, again, that it is
linked to the I, miniband.

In conclusion, the results obtained with these superlat-
tices verify the conclusion drawn from the variation of
Ec versus x, namely that the DX level is linked to the L
band. Thus in order to be fully satisfied by the efFective-
mass model, it remains to understand the apparent be-
havior of the photoionization process, i.e. the fact that Eo
is larger than Er (or Ez-). This is done in the next sec-
tion.

VI. DETECTION BY ELECTRON
PARAMAGNETIC RESONANCE

Single donors, efFective-mass-like or deep, are expected
to be paramagnetic in their neutral charge state and
should then be observable by EPR. The EPR spectrum
gives information on the wave-function extension as well
as on the presence of a local lattice relaxation lowering
the point symmetry of the lattice site. The EPR spectra
of both the effective-mass donors, linked to the I band in
GaAs and to the X band in Ga, ,AI As (for x )0.45),
have been observed. ' The deep donor DX is in princi-
ple also expected to have a paramagnetic ground state.
However, no EPR spectrum associated with DX has been
observed up to now. We have studied sufficiently thick
samples of Sn-doped Ga, „Al As (x =0.3) grown by the
metalorganic vapor-phase epitaxy technique. The sample
characteristics (thickness, 30 pm; doping concentration,
10' cm ) are such that the number of spins, assumed to
be equal to that of the DX center, should allow their
detection in an X-band spectrometer. The results can be
summarized as follows: When the sample has been
cooled down in thermal equilibrium no EPR spectrum is
observed. Under photoexcitation with an energy larger
than 0.8 eV, a metastable paramagnetic spectrum is ob-
served with a g factor of 1.95 characteristic of an X-
related donor state. This excited state is separated from
the ground state by a thermal barrier of —10 meV es-
timated from its kinetics of decrease versus temperature.
As to the photoexcitation spectrum of this defect, it is
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similar to the photoionization spectrum of the DX center
associated with the Sn impurity as determined by photo-
capacitance spectroscopy. These results, which are de-
tailed elsewhere, thus demonstrate (i) the existence of a
metastable X-related state associated with the DX center
and (ii) that the photoionization involves a transition
higher than the transition into the L conduction band.

Then why is the photoionization towards the bottom of
the conduction band not observed' First, since the defect
wave function is a purely L state, the optical transition
should occur towards the L band and not towards the I
or X bottom of the conduction band (a conclusion in
agreement with the fact that, as shown in the preceding
section, thermal ionization occurs directly in the L band).
If the optical excitation which is necessary to induce the
DX—L-band transition is also able to excite free electrons
over the barrier Eb, resulting in its capture by the DX
center, then the net result will be the nonobservation of
the photoionization process.

Finally, the nonobservation by EPR of the DX ground
state could be due to excessive linewidth effects.

VII. CONCLUSION

In conclusion, the results obtained with the superlat-
tices show unambiguously that the DX center is
suppressed by a modification of the band structure, as ex-
pected in the effective-mass model. They also demon-
strate, together with the variation of the capture barrier
height versus x, that the DX level is linked to the L band,
a fact which implies that the DX center is the L effective-
mass state of the doping impurity, deepened by interval-
ley mixing. It is accompanied by small, if any, lattice dis-
tortion or relaxation effects, since otherwise the DX level
would not be hnked to the L band. We have shown that
this model can reconcile all existing data, reasonably well
including the existence of a large photoionization pro-
cess.

Finally, we mention brieAy a direct confirmation of this
conclusion described in detail elsewhere which is not
directly dependent on the nature of the wave function
since it deals with the defect potential. We have found in

Te-doped LPE material (for x =0.25) that the thermal
ionization energy E; is enhanced by the electric field
present in the space-charge region. This enhancement
fits the Poole-Frenkel e6'ect for a single donor. This
means that the defect is a single donor, as are the shallow
effective-mass states associated with the I and X bands,
and that the binding potential is a Coulomb one. This is
the expected result for an effective-mass state and, once
again, in contradiction with any deep defect model. The
fact that two different levels associated with the same im-
purity give rise to two independent singly charged donor
levels can only be understood if they arise from two
efFective-mass states of two different bands.

This conclusion is important from a technological
point of view since it tells how this center can be
suppressed. It also allows us to understand how the
limitation of the free-carrier concentration which occurs
with heavy doping in GaAs can be overcome. Free car-
riers are produced as long as the Fermi level does not
reach the (resonant in GaAs) DX level. When this hap-
pens all additional free carriers fill the DX centers and the
Fermi level remains frozen on its level. This limitation
no longer exists in a superlattice or in the case of planar
doping, thus explaining that higher effective doping con-
centrations can then be achieved.
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