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It is argued that (1) the so-called "BXcenter*' is a simple substitutional donor which is displaced
from its normal, centered, lattice position, (2) its deep state is derived from a triplet of symmetry T2,
not A l as is generally assumed, and (3) the donor displacement, driven by the energy of an occupied
antibonding orbital, resembles a strong Jahn-Teller effect but differs because of the large potential
barrier between the centered ( 1'q) donor state and the distorted deep state. This model provides a
natural explanation for the bulk of the data published on DX centers, especially the large barrier for
thermal capture and the far-infrared absorption spectra reported by Theis et a/. for the 1s-2p transi-
tion in Si-doped Al„oai „As. The far-infrared absorption spectra indicate that the lowest state of
symmetry A l lies ~here it is expected, about 70 meV below the L conduction-band edge, or nearly
100 meV aboUe the deep "DX"' level.

INTRODUCTION

There is, at present, no satisfactory explanation for the
unusual properties exhibited by so-called "DX centers" in
n-type Al, Gai „As crystals. ' ' The persistent photo-
conductivity (PPC) at low temperatures, the large barriers
for thermal capture and ionization into and out of the
deep donor states, and the large threshold for photoioniza-
tion all support the suggestion by Nelson' and by Lang
and Logan that for x &0.2 the donor ground state in-
volves a large lattice relaxation. In a later paper Lang,
Logan, and Jaros proposed, in order to account for such a
large effect, that there may be another unknown defect as-
sociated with and coupled to the donor —possibly an As
vacancy. Hence, the name "DX"had been assigned to the
(presumed) composite defect.

Two objections to the complex model are immediately
apparent: (1) Essentially all of the donor atoms incor-
porated into the crystals are electrically active as DX
centers, "suggesting that any associated defect must be
~eadily available at a small energy cost. (2) All of the ob-
served effects are quahtatively similar ' for donors of dif-
ferent species the group-IV donors Si, Ge, and Sn on the
group-III sublattice and the group-VI donors S, Se, and
Te on the As sublattice —suggesting that the DX center
does not involve a site-selective defect (such as an As va-
cancy).

An even more compelling objection to this model has
appeared recently in the Japanese work showing than n
type GaAs crystals under 20—30 kbar of hydrostatic pres-
sure exhibit PPC (Ref. 8} and a DLTS peak similar to
those in Al Gai „As with x =0.2 to 0.3—confirming
that DX centers are also present in GaAs and become the
ground state when the pressure exceeds about 20 kbar.
This result provides strong evidence that (1) the DX prop-
erties are associated anth isolated donors, not with com-
plexes involving the donor and some unknown associate
and (2) the appearance of the deep state is a consequence
of the band (or bond) structure of the semiconductor,
modified by pressure or alloying, and is not due primarily

to the inhomogeneity of the crystals.
In spite of numerous ingenious experiments which have

been performed, many misconceptions and misinterpreta-
tions of these and of their theoretical basis have persisted.
In this article I attempt to rectify some of these misinter-
pretations and to derive the properties expected for an iso-
lated donor in such materials. I show, further, that the
interpretation of the published experimental results in the
light of this analysis leads directly to a simple and ade-
quate model.

THE THEORY OF DONOR STATES

The potential acting upon an electron in the field of a
positively charged donor ion can be conveniently separat-
ed into two parts the attractive long-range (screened)
Coulomb potential and the local (central-cell) potential as-
sociated primarily with the central ion and its near neigh-
bors. The long-range potential alone is sufficient to gen-
erate a great number of bound states, but of these only a
few (the deeper states} have a large enough overlap with
the central cell to be significantly perturbed by its poten-
tial. For these reasons we study first the deepest states (of
each symmetry) in the effective mass (EM) approximation
and then ask what the consequences of the central-cell po-
tential on these states should be. '

In the absence of the short-range potential there is a set
of well-defined locahzed states associated with each of the
minima (valleys) of the conduction band. These sets are
only weakly coupled by the Coulomb potential, so that the
energies depend mainly on the band masses. " ' Thus,
there is a series of "hydrogenic" EM states (ls, Zs, 2p,
etc.) associated with each of the conduction band
valleys —one at I, three at X (neglecting any small effects
of the six valley "camel's back" structure suggested in
Ref. 14), and four at I.. Only the lowest of these, the ls
states, are expected to overlap and, hence, to be perturbed
significantly by the central potential, 's although mixing
among any states having the same point symmetry will
occur if they are sufficiently close in energy. Thus, we be-
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gin by investigating the seven ls EM states.
(1) The ls state derived from I is shallow, near 10-meV

deep, " and so has a very small amplitude at the donor. It
shows little perturbation by the central cell, although
there can be a weak mixing with other states of symmetry
A i, if they lie near the same energy.

(2) The 1s state associated with a single X valley is of
moderate depth, about 40 meV (Ref. 11). The effect of
the central potential in mixing and perturbing the three
degenerate 1 s (X) states depends on whether the donor oc-
cupies a group-III or a group-V site, because the electron
wave function in the lowest valley at X is euen about an
As site but is odd about Ga (Ref. 16). Silicon donors re-
place Ga {or Al), so that the three 1s states transform like

p functions and are not mixed by the central potential.
Thus, they are triplets, of point symmetry Ti in the T~
group, and the 1s states bound to Ge and Sn behave in the
same way. The one-valley functions around an As-site
donor, however, are s like (even}. Hence, the impurity po-
tentials close to the group-VI donors S, Se, and Te do mix
the three valley functions and lower the symmetric (A i)
combination to a depth of about 100 meV leaving a doub-
let (E) state near the EM energy. ' Of these only the A,
state overlaps the central potential appreciably. The E-
state wave functions vanish at the origin and also, because
of the valley symmetry, are small along the (111)bond
directions toward the nearest-neighbor atoms.

(3) A 1s state derived from an L valley is also of
moderate depth, probably about 25 meV. " The impurity
potential does mix the valleys, however, so that a sym-
metric A ~ state is pulled down an additional 25 meV or so
by the attractive central potential, leaving behind a triplet
T2 state near its one-valley value. The difference between
this Tz state derived from L and the T2 or F. state de-
rived from X is that, although the wave functions of all
three vanish at the origin, only those derived from L are
very sensitive to the potential at the (111) nearest-
neighbor bonds. We shall find that this allows a new, and
most important, interaction.

We wish to show that most of the observed properties
of the DX centers can be understood in terms of these
seven states.

THE PROPERTIES OF DX CENTERS

The DX centers are easily observed only in

A)„oa~ „As alloys having x &0.22, or in GaAs under
pressures over about 20 kbar. For lower Al concentra-
tions, x ~0.2, the band gap remains direct, as in GaAs,
with the lowest conduction band minimum lying at the I
point in the center of the Brillouin zone. The lowest
donor states in this composition range are shallow, as in
GaAs, and are bound by only a few meV. "

VA'th increasing x, however, the direct gap increases
rapidly (by about 12 meV for each percent Al content),
and the I minimum crosses, for alloy compositions
x &0.22, a highly localized donor state which becomes
the ground state. It is this deep state which has been most
often identified with the DX center, although in this latter
composition range electrons bound to the donors can oc-
cupy either the shallow or the deep states. The fact that a

donor could bind an electron in either of these has caused
much confusion, because the shallow and deep states were
often assumed to arise from different defects. " That this
is not generally the case was clearly established by the
work of Theis et al. '

A striking consequence of there being two kinds of
states, and of the fact that electrons can make capture
transitions between the two only with great difficulty, is
the appearance of PPC. PPC appears at low temperatures
when electrons in the deep state are excited (for example,
optically) into the shallow donor states. Because of their
small binding energies these shallow states are always par-
tially ionized and exhibit conductivity, except at the
lowest temperatures and at very small donor concentra-
tions. What is odd is that at temperatures below 77 K the
electrons remain in the I states for hours, or even days,
and are not captured into the lower-energy deep states un-
less the temperature is raised enough to excite them over a
barrier of several hundred meV. This fact suggests that
transitions between the two states involve a large lattice
relaxation and, as I discuss below, put strict conditions on
the potential energy curves associated with this relaxation.

Various attempts have been made to understand the en-

ergy of the deep state through a model based on EM
theory, as I have done above, but to treat this state as a
composite of the ls bound states derived from the I', L,
and X band edges. ' These calculations, however, have
generally ignored the symmetries of the states and tacitly
assumed that all were Ai. As noted above this is not
true for group-IV donors. That the deep state is probably
also not derived from EM Ai states is demonstrated by
the far-infrared (FIR) absorption experiment performed
by Theis et al. ' and described in the following section.

THE 1s-to-2p FIR ABSORPTION

The deep Si donor state is known to lie above the shal-
low ls state derived from the I valley in GaAs but to
cross it in Al„oa~ „As and to become the ground state
when x exceeds -0.22. The shallow ls(I ) state is
known to be of symmetry Ai, so that, if the deep state
were also of Ai symmetry, this crossing would produce
an observable mixing. In their experiment Theis et al. '

follow the absorption peak associated with the ls-to-2p
transition in the shallow (I ) bound states as x increases
from 0 (GaAs) to about 0.34. (See Fig. 1.) The energies
of this peak are shown in the inset in Fig. 1. The transi-
tion energy increases from 4.S meV (in GaAs) to about 14
meV (for x =0.34) and appears to change smoothly, at
first gradually, but then more rapidly for x above 0.27.
There is no indication of an anticrossing at small x, al-
though additional data should be taken between x =0.15
and x=0.27, but the rapid increase of the energy above
0.27 indicates an anticrossing near x=0.37 which has
depressed the A, (1 } initial state, as the figure shows.
(The 2p level cannot move above the band edge. ) Such
an anticrossing can occur if there is an excited A~ state
lying about 90 meV above the deep ground state, approxi-
mately where the A& state derived from I. is expected,
and which, as x increases, mixes with the rising shallow
Is level, thus depressing its energy. The lines in Fig. I are
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FIG. 1. The band-edge energies and the fit to the FIR ab-

sorption data. The deep state, drawn 160 meV below the L
edge, is in good agreement with experiment for this range of x.
The insert shows the energy of the 1s-to-2p FIR absorption

band peak. The points are measured {Ref. 19), and the line is a
calculated fit based on published values of the band edges {Ref.
24) and two parameters —the matrix element of mixing, V=15
meV, and the depth of the L {A~) state below L, E& ——70 meV.
This places the crossing at x =0.37. The experimental uncer-

tainty, not shown, increases with x and approaches +3 meV at
x =0.34.

a fit of these data to a possible band-edge energy diagram
for the alloy. "' At the larger values of x this Ai state
lies so far below the shallow 1s level that the lowest
(mixed) A i state coiltaiils little 1$ cllai'aeter. Hellce, tile
transition becomes weak and very broad, and the peak
disappears. These effects were apparent in the FIR exper-
iment and are responsible for the absence of data for
x ~0.34.

The FIR results, when interpreted in terms of the EM-
derived states discussed above, lead to two important
conclusions. (1) The Ai state derived from the L conduc-
tion band valleys is not deeply bound but lies about where
it is expected from conventional theory. (2) Another state,
which the discussion above suggests is related in some
way to the T2 state derived from the l. valleys, has been
modified by the local potential and, for x & 0.22, becomes
the deep ground state.

We now need to determine what kind of central cell po-
tential could produce the large increase in Tz binding en-
ergy observed. We conclude from the discussion above
that it cannot come from a substitutional donor centered
on a lattice site. %e are given additional clues by the fact
that the Tz state, like every orbitally degenerate state, is
subject to the Jahn-Teller (JT) effect, and by the earlier
observation that the deep bound state seems to be associat-
ed with a large lattice distortion. This leads to the obvi-
ous suggestion that the depth of the Tz state is driven by
a JT displacement of the atoms of the central ceH.2s

0

Displacement (A I

FIG. 2. A schematic diagram showing the dependence of the
adiabatic energy levels of the DX center on donor displacement.
The dotted lines show the L and I band edges and the solid the
DX level. See the discussion in the text. The parameters have
been chosen to give reasonable agreement with experiment.

To identify the important JT active lattice mode, we
note that it must be degenerate (of symmetry E or Tz),
must couple strongly to the highly localized state and, to
minimize the elastic energy, must distort only the few
bonds nearest the defect. The one mode which satisfies
these criteria is the displacement, of symmetry T&, of the
central donor atom away from its symmetric position,
most probably along a trigonal direction, accompanied by
smaller adjustments of the neighboring atoms. The cou-
pling is, thus, derived from the energy of the bond, which
changes rapidly with interatomic separation, and the cost
in elastic energy is approximately that associated with
motion of a single atom.

The JT coupling between the displacement mode and
the EM T2 state bound to a centered donor is small be-
cause of the extended nature of the electronic wave func-
tion, and in the regime of small displacement this state
acts as a normal degenerate state modified by a small JT
effect. i9 Only when the local potential becomes strong
enough to concentrate the electron probability in the
nearest-neighbor bonds does the binding energy become
large. This is shown schematically in Fig. 2 for a T2 EM
state (binding energy 50 meV) modified by a very local
potential. The figure has used the one-band, one-site po-
tential of Koster and Slater, which generates a bound state
only if the potential exceeds a critical value. io Note that
the short range-potential arises almost entirely from the
distortion and is very small for the centered configuration.
Hence, although the relaxed state is deep, the states at
small and intermediate distortion are not, and, as is shown
in the figure, there may be a maximum in total energy be-
tween two configurations„one stable and one metastable. '

This potential barrier, which must be surmounted by ei-
ther thermal activation or tunneling for capture or ioniza-
tion to occur, accounts for the very small low tempera-
ture capture rate (and, hence, PPC) and most clearly dis-
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tinguishes DX centers from the majority of other deep
centers. For these other centers the binding energy varies
more gradually with lattice distortion, so that a potential
barrier does not occur, and the capture rates are much
larger.

For the deep state to be stable, the sum of the Coulomb
energy and the energy gained by displacement of the cen-
tral atom must be large enough to overcome, not only the
elastic energy of the lattice, but also the localization ener-

gy required to confine the electron to the neighborhood of
the central cell. Estimates of these energies are easily
made and agree with the —1-eV thresholds observed in
the photoionization experiments, if these transitions go to
the conduction band states in the region of high density
near I..

The origin of the coupling energy may be visualized
easily for a Ti state formed from the four nearest-
neighbor antibonding orbitals. The component of this
state having a symmetry axis along one of the (111}
directions has 7S% of the electron probability density in
that one orbital and only 2S% in all of the other three.
Consequently, displacing the central atom along ( 111)by
an amount which lowers the energy of that orbital by 6
(and raises the energy of each of the other three by 5/3)
lowers the total energy of the state by 25/3. This sug-
gests that in the relaxed deep state the donor will be dis-
placed from its centered position away from one neighbor
toward a position in the plane of the other three.

One cannot, of course, rely on a small displacement
model to predict energy changes of the order of one elec-
tron volt, and a restructuring of the bonds which gives the
minimum energy must be sought within the framework of
the model. In the limit of a large displacement the elec-
tron wave function will be concentrated in the one orbital
parallel to the displacement (which has the lowest energy),
thus adding one antibonding to the two bonding electrons
in this orbital and effectively canceling much of the bond-
ing force.

A simple qualitative tight binding analysis, depicted in
Fig. 3, yields useful insight about the energies of the deep
donor states. The energies of the (filled) valence bands are
not altered greatly by displacement of the donor —some
bonds lengthen while others shorten —and their energies
conform approximately to the crystal average (plus the
elastic energy}. As shown in Fig. 3, however, the energy
(and wave function) of the relaxed antibonding states is
determined mainly by the atomic orbitals on the group-III
site, while the group-V levels dominate the bonding orbi-
tals. Hence, the properties of the bound states will be dif-
ferent only if those wave functions on group-III sites are
different.

This simple observation explains the chemical trends in
the experimental energies —see Ref. 7 and Table I of Ref.
3. Although the binding energies of the deep states (for
x =0.4) are found to be nearly independent of donor
species, the thermal activation energies for ionization or
capture are not and are consistent with the arguments
presented above:

(1) The activation energies of the group-IV donors (on
group-III sites) depend on the donor species, being large
for Si but small for Sn.

CONDUCTION BAND

Deep state

GAP

VALENCE BAND

As-ake
Vance Bond

Unbonded
Bonded

(centered}
Bonded
(re(axed}

FIG. 3. A simplified tight-binding energy level diagram for
the deep T2 donor state in GaAs. Group-IV donors replace the
Ga-like orbitals, group-VI donors the As-like orbitals. The fig-
ure shows schematically a progression from unbonded to bonded

atomic orbitals and then to the relaxed configuration with the
donor displaced parallel to the bond shown. The deep state is
derived from antibonding orbitals on the Ga site. Note: the en-

ergy shift shown for the valence bond is largely compensated by
other occupied bonds not included in the figure.

(2) The group-VI donors (on group-V sites} all have
about equal (intermediate) activation energies, which are
determined by that group-III atom having the lower ener-

gy, presumably Ga which lies deeper than Al. i

(3) Differences are also expected among group-VI
donors according to the numbers of Al and Ga atoms they
have as nearest neighbors.

(4} All substitutional donors are expected to exhibit the
DX phenomena. The so-called "residual donors" which
do not, and which are observed in the 10'6 cm concen-
tration range are, therefore, presumed to be not substitu
tional, but either interstitial donors or complexes.

(S) The binding energy depends on the (three) shortened
bonds and is found to be nearly independent of donor
species, cf. Table I of Ref. 3. This is because in the deep
state both the bonding and antibonding orbitals of the
lengthened bond are occupied, and the stable position (and
energy) are determined by the remaining bonds.

The triplet nature of the deep states has additional
consequences which must be considered in interpreting
the data. In contrast to singlet states, which shift only
quadratically with small strains, these states shift linearly
with strains and with other electronic inhomogeneities in
the alloys which lift their degeneracies. Thus, that com-
ponent which is depressed in energy and, therefore, occu-
pied at low temperature, determines the observed energy
of the state and the temperature dependence of such phe-
nomena as the Hall effect and thermal ionization. This
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explains the gradual change in relative occupancy of the
shallow and deep levels with changing x as the Fermi lev-
el moves through the distribution of deep states (cf. Ref. 5

and Fig. 18 and Sec. 4.2 of Ref. 3). (It has also contribut-
ed to the confusion over identification of "normal" and
deep donors. ) The absence of these effects in compressed
GaAs modifies the apparent binding energy of the deep
state and probably accounts for the energy shifts relative
to Al„Gaj „As reported by Mizuta et a/. The displaced
donor model, thus, provides an explanation of the major
properties of DX centers.

(1) The energies of the deep donor levels are roughly ac-
counted for, including their chemical shifts.

(2) The model incorporates a large lattice relaxation, so
that the analysis of Ref. 4, when modified to eliminate the
in-band resonant state at small distortion, generally ap-
plies.

(3) The model accounts naturally for the potential bar-
rier needed to explain the small capture rates and PPC.

(4) The model invokes an orbitally degenerate state,
which provides a natural explanation of the lattice relaxa-
tion (through a JT effect) and explains the sensitivity to
inhomogeneities and the resulting broadening and shift of
the energy levels.

(5) The model explains the phonon attenuation data of
Ref. 29, including the symmetries observed for the shal-
low states.

Several extensions of the work, however, are obviously

needed:
(1) Quantitative calculations should be made to confirm

that the potential associated with the displaced donor
atom is strong enough to produce the deep T2 state, as in
Ref. 35.

(2) A careful analysis of the potential surfaces and of
the transition rates between states of the displaced and
centered configurations should be made in order to clarify
the nature of these processes.

(3) Comparisons with experiment must be made to
determine the relevant parameters of the model. In these
it is important to keep in mind the experimental problems
associated with the long lifetimes of the states, as noted
above.

(4) Because of the sensitivity of the triplet state energies
to the strains and inhomogeneities in the alloys, many of
the data should be reinterpreted.

(5) Experiments which test the symmetry of the deep
state should be undertaken. To avoid the random fields
of the alloys, these should, if possible, be performed in
GaAs under pressure.
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