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The electronic properties of localized resonance states in III-V compound semiconductors are ana-
lyzed. In general, resonance states recombine rapidly with the band states. However, a new class of res-

onance states is found to be long-lived if their coupling to the lattice is sufficiently large. The recom-
bination of these states with band states is thermally activated which leads to extremely long lifetimes at
low temperatures. Such states can explain recent experiments suggesting long-lived resonance states as-
sociated with persistent photoconductivity and "a%centers" in n-doped Al& — Ga„As for x (0.2.

PACS numbers: 71.55.Eq, 61.70.Tm, 72.20.JV

Recent experiments on InSb ' and GaAs ' have been
interpreted in terms of long-lived resonance states in the
conduction band. In GaAs, for example, these states are
associated with Ga-site donors. At low temperatures,
electrons captured by these states remain localized for up
to a day. Such lifetimes are surprisingly long and are
more consistent with bound states than resonance states.

Several types of experiments have been interpreted in

terms of long-lived resonance states. In one, hydrostatic
pressure was used to convert a resonance state of un-

known origin into a bound state which could capture an
electron. ' After release of the pressure, the captured
electron remained in the resonance state for a long time
r (r = 270 d at T =77 K). In another experiment, high-

ly doped GaAs under hydrostatic pressure was studied at
low temperatures. The Hall data suggested that a
donor resonance state captured the electrons and that
this state pinned the Fermi level when the doping con-
centration exceeds 2x10' cm . Similar results were
found for both Si and Sn doping. These and other ex-
periments2 are consistent with the concept of a long-lived

resonance state.
Such a long-lived resonance state must have novel

properties. To have an extremely long lifetime, a reso-
nance state's coupling to the band states must be orders
of magnitude less than that of the usual resonance states.
A "normal" resonance state is a broad (width I = 10
meV) superposition of band states and it is therefore
short lived (lifetime r =h jI = 10 '3 sec). The lifetime
is increased if the band density of states (DOS) is small
and if the resonance-state symmetry differs from that of
the band states. For example, the longest-lived previous-

ly observed resonance states in compound semiconduc-
tors, with lifetimes of order nanoseconds, are atomiclike
with a symmetry different from that of the band states
(Cr d states, for example, in an s-like GaAs conduction
band).

In this Letter we show how lattice distortion can pro-
duce a long-lived resonance state. Our model yields
resonance-state lifetimes which are temperature depen-
dent and can be very long. We show that this model can

explain experiments on such states associated with DX
centers in GaAs. To be specific, we suggest that substi-
tutional donors, such as Ga-site Si, undergo small lattice
relaxation to produce such resonance states in GaAs.

We consider a generic defect (a substitutional impuri-

ty, for example) in a direct-gap III-V semiconductor
such as GaAs or InSb. We further assume that the
electron-attractive central-cell potential of the defect
produces a resonance state lying within the conduction-
band I -point DOS. This state will be principally derived
from the L- and X-point DOS. 5 Because of the large
effective mass of the parent states, the resonance state
will be highly localized. ' Therefore such a state will be
strongly coupled to the lattice. 67 The resultant lattice
distortion, if it is sufficiently large, will lower the elec-
tronic energy of this state into the band gap, and the res-
onance state will become a real bound state. In other
words, at energies for which the host DOS is zero, the
lifetime of the state will be infinite. However, the total
energy, which includes the lattice distortion energy, lies
within the conduction-band states. Thus this state ex-
perimentally appears to be a resonance state although it
is a stable bound state.

This concept can be generalized. Consider a doping
concentration such that the Fermi energy EF lies above
the band edge (assume kT«EF). If the distorted elec-
tronic state were below EF, its lifetime would be
effectively infinite because it could not recombine with
electron-occupied band states. Similarly, if the distorted
electronic state were lowered into the valence band (in a
narrow-gap semiconductor such as InSb, for example),
its lifetime would also be infinite. In general, the demar-
cation energy is the lowest-energy unoccupied state.
This energy is the Fermi energy for the case (heavy dop-
ing at low temperatures) considered in this paper.

The lattice distortion is the dynamic deviation from
the static distortion caused by creation of the defect. In
general, it is a superposition of phonons; for our discus-
sion, it may be envisioned as a breathing-mode relaxa-
tion around the impurity (an interaction mode). This
lattice distortion Q modifies the electronic energy E(Q)
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E(Q) =Eo —fQ (2)

in which f= —BE(0)/BQ is a force and Ep=Re(E(0))
is the undistorted electronic energy. The total energies
of the lowest-energy unoccupied band state and the reso-
nance state are both shown as functions of Q in Fig. I.
The total energy of the band state with electronic energy
e(k) is simply a parabola, Zp(e, Q) =

& xpQ . For this
and the other delocalized band states, the coupling to the
lattice distortion is negligible and can be ignored. For

EF
Q=O Qo

E i E(Q )

i E(0)=En-fQ

FIG. 1. A configuration-coordinate diagram showing the to-
tal energy X(Q) of the resonance state as a function of lattice
distortion Q. The total energy is a minimum at Q =Qo. It is a
sum of the electronic energy and the lattice distortion energy
which have competing dependences on lattice distortion. The
lattice distortion energy —, xQ2 is a quadratically increasing
function of Q and it is indicated by the parabola passing
through the undistorted resonance state at Eo. The electronic
energy E(Q) is a linearly decreasing function of energy and it
lies within the band gap. Because the electronic state lies
within the band gap, the resonance state becomes a real bound
state with a corresponding lifetime.

of the resonance state. The total energy

Z(Q) =E(Q)+ —,
'

xQ

of the resonance state also includes a lattice distortion
energy —,

'
xQ in which x is a spring constant. In gen-

eral, this spring constant is different from xp, the spring
constant when the level is empty. Our focus will be on
the class of defects whose undistorted resonance states of
energy E(0)+iT are converted to bound states (I =0)
with energy E(Qp) by a dynamical lattice distortion Qp.

This argument can be developed in terms of the illus-
trative configuration-coordinate diagram. The electronic
energy of the resonance is described by the well-known
linear coupling approximation,

the resonance state lying at Ep, any given distortion Q
linearly lowers the electronic energy and quadratically
increases the lattice energy. The total energy Z(Q) of
the localized state is the sum of these energies and it is
shown as a shifted parabola. The competition between
the two contributions leads to an equilibrium distortion
Qp=f/x which minimizes the total energy. The lattice
relaxation energy EL = —,

'
xQ( defines both the electronic

energy

E(Qp) =Ep 2EL—

and the total energy

Z(Qp) =Ep EL. —

(3)

(4)

In Fig. 1, the minimized total energy Z(Qp) lies within
the band states, but EL is large enough that the electron-
ic state at E(Qp) lies below the Fermi energy EF. For
this to occur, the lattice relaxation energy EL must
exceed the total energy relative to the Fermi energy,
Z(Qp) EF. If—EL is suSciently large, then the ap-
parent resonance state at energy Z(Qp) is effectively an
infinite-lifetime bound state because the electronic state
lies below the Fermi energy.

Other effects on the lifetime of this resonance state
can now be considered. The nonradiative and radiative
transition rates can be analyzed by our considering tran-
sitions to the representative band state at E =EF. Non-
radiative transitions involving multiple phonon emission
are induced by nonadiabatic terms in the electron-lattice
Hamiltonian, and the temperature dependence of this
rate can be understood in terms of the energy barrier Eb
at the crossing point Q, shown in Fig. 1. The rate is

I/r„, =(1/rp)exp( Eb/kT) in —which I/rp is the high-
temperature prefactor and Eb = (Ep —EF 2EL) /4EL —is
a "kinetic barrier" energy schematically indicated in Fig.
1 (Eb = 100-500 meV). This nonradiative rate becomes
very small when kT«Eb. The radiative transition rate
can also be analyzed with use of Fig. 1. Such transitions
do not involve a change in configuration coordinate Q,
and therefore a transition from the defect state to the
band state must lie on the vertical line passing through
Q=Qp. By inspection, the only possible transition in-

volves absorption of photons. To summarize the analysis
of the two transition mechanisms, this unusual resonance
state will be long lived in the dark at low temperature.

In many cases, this analysis yields a result which can
be obtained from the classic configuration-coordinate di-
agram shown in Fig. 1. From Eq. (3), we find that the
resonance state can be long lived if Ep EF & 2EL. —
From the definition of Eb, we observe that this is
equivalent to Eb &0. The latter criterion can be tested
by our simply inspecting a configuration-coordinate dia-
gram while ignoring the concept of resonance states.

The simple configuration-coordinate analysis can often
lead to erroneous conclusions. Thus the resonance-state
concept is necessary in general. In many cases, the elec-
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tronic state will rapidly "dephase" into band states
which will reduce both the electron-lattice coupling and
the relaxation energy to zero. The configuration-
coordinate diagram will show a nonzero Eb but it will

play no role in controlling the kinetics. Consider, for ex-
ample, the case in which the localized-state spring con-
stant K is reduced such that s. & Kp. Examining Fig. 1,
one can envision reducing x, the curvature of the para-
bolic energy surface, while maintaining the barrier Eb at
a fixed value. The electronic resonance will lie within
the band states when v becomes sufficiently small. For
this and smaller spring constants, the lifetime of the res-
onance state will be determined by the electronic dephas-
ing rate rather than the kinetic rate. Other cases also re-
quire an analysis in terms of resonance states.

The conditions needed to form long-lived resonance
states can now be described before the application of this
analysis to particular semiconductors. The resonance
state must be localized which requires that it be derived
from a high-DOS band. 5 However, it must reside in a
low-DOS band if it is to be narrow. This is the case for
GaAs which has a small conduction-band-edge DOS
D(E) eemr3i2E 'i corresponding to the small I -point
effective mass mr=0. 067rrlp. However, both the L and
X points have much larger DOS because of the large
masses (mL=0 5mp a. nd rrix 0.85mp). Thus an L-
and X-point-derived state appears "sharp" if it resides
within the low DOS associated with the I point.

Such a resonance state can become a bound state in a
semiconductor alloy such as Al~-„Ga„As because the
character of the conduction-band edge changes from I-
like to X-like at an alloy composition x =0.44. As alloy
composition or pressure varies, an s-like state localized
by a central-cell potential should be "attached" to the
center of the s-like spectral DOS of the four lowest con-
duction bands. To a good approximation the L point
defines the center of the s-like conduction-band DOS in

A1GaAs. Thus one expects that an s-like deep level will

have the same composition dependence as the L point.
We now consider the experimental observation of

long-lived resonance states associated with the DX center
in Al~ —„Ga,As. The original microscope model for the
DX center is a donor-vacancy pair, ' but recent work has
suggested that the donor alone may cause the phe-
nomenon. " ' Recent work showing sample-dependent
deep-level transient spectra suggests that both the
donor-vacancy and the substitutional-donor models are
incomplete. ' In the spirit of specificity and simplicity,
however, we focus on substitutional Si donors in

All —„Ga„As. We emphasize that this analysis also ap-
plies to impurities in other semiconductors.

We assume a cation-site Si donor and compute the un-
relaxed energy Ep(x) using a tight-binding Green's-
function method. This energy is shown as a function
of alloy composition in Fig. 2. Data points for the re-
laxed total energy Z(gp, x) are also shown in Fig. 2.
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FIG. 2. The DX-center data [total energy Z(go, x)] and
theory [electronic energy Ep(x)] as a function of alloy compo-
sition x for Si-doped Al„GaI — As. For all compositions, the
relaxed electronic state E(go,x) lies below the Fermi energy
(not shown). Thus this state is a long-lived resonance state for
x & 0.2 and a bound state for x & 0.2.

The data were obtained by analysis of the Fermi-level
dependence on doping concentration ' for x &0.2 and
of Hall data's' for x & 0.2. The resonance-state ener-
gies in GaAs are slightly dependent on doping concentra-
tion, a feature which has been interpreted as due to
screening. Only the lowest doping concentration datum
point for GaAs is shown in Fig. 2 (Es;=174 meV for
ns; =4.6 x [0' cm 3).3 The band-structure variation is
derived from recently reported data for I and L gap vari-
ation through the alloy system p and with the GaAs and
A1As X points shifted slightly upward while maintaining
the conventional bowing parameter. '

The quantitative agreement is surprising when we con-
sider the crudeness of the calculation which includes only
the central-cell potential of the impurity. Although
the theoretical curve lies approximately 200 meV below
the data points, the qualitative agreement is very good in

that both the theory and the data have nearly the same
composition dependence. Inclusion of static lattice re-
laxation would shift the theoretical levels upward by ap-
proximately 200 meV (see Ref. 13); this empirical con-
tribution is omitted to avoid the impression of curve
fitting. Similar agreement between theory and data has
been obtained in the application of this theory to anion-
site N in GaAsP. '

In comparing the theory and the data, we now focus
on the magnitude of the lattice relaxation energy EL.
The total energy Z(gp, x) seen in Fig. 2 is consistent
with an s-like central-cell potential localized state whose

energy Ep is lowered by a small, composition-inde-
pendent lattice relaxation energy EL. The minimum lat-
tice relaxation energy is determined by Z(gp, x) relative
to the Fermi energy (not shown in Fig. 2). Thus, EL
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must exceed Z(gp, 0) EF =50 meV to explain GaAs
data and similarly Z(gp, 0.15) E—F =50 meV to ex-
plain the Alp tsGap s5As data. ' These energies are
smaller than the deep-donor binding energy to the L
point. Thus the magnitude of EL is consistent with a
small lattice relaxation tnodel. ' ' Turning to the
large lattice relaxation model, ' one can readily extend
this model to include the resonance states discussed in

this paper. In this model, EL =750 meV, and thus this
model is also consistent with our analysis of the data.

An experiment to test the DX center models can be
suggested. A hydrostatic pressure P = 25 kbar can be
used to drive the GaAs DX center into the band gap. "
For Al„Gat-„As, variation of pressure is roughly
equivalent to variation of the alloy composition, and this
pressure corresponds to x =0.3. By cooling of the sam-

ple under pressure, the DX centers can be filled. The
large lattice relaxation model predicts that the DX
centers will remain occupied after the pressure is
released at low temperatures. However, if EL is small as
predicted by the small lattice relaxation model, this
state will be very sensitive to the position of the Fermi
level. Thus for a lightly doped sample, the resonance
state will rapidly dephase into band states.

In summary, a new class of long-lived resonance states
has been predicted in this paper. These states explain re-
cent data which have been interpreted in terms of long-
lived resonance states associated with the DX-center
model. These states are consistent with both small and
large lattice relaxation models for the DX center.
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