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A fascinating electron-irradiation-induced defect (the M center) in n-type InP has been reported
recently. Two entirely different capacitance transient spectra can be obtained for this center in the
same sample (a p-n junction diode) depending upon its bias condition during the cool down to the

initial measurement temperature (~30 K).

We present a conceptually simple configuration-

coordinate model that explains the unusual properties of this center. In our model the metastable
center can exist in either of two configurations, one which displays a very large lattice relaxation,
and another ordinary (no anomalously large lattice relaxation) configuration. Photoionization rates
have been measured for the defect levels of the two different defect configurations as a function of
photon energy. These data are used to confirm the qualitative properties of our model and to deter-
mine its parameters. Classification of the M-center behavior within the general context of self-

trapped configurations is proposed.

I. INTRODUCTION

In electron-irradiated, n-type InP a defect' ™3 has re-
cently been discovered by capacitance spectroscopy (the
M center after Levinson et al.?) with fascinating meta-
stable characteristics. Two entirely different defect spec-
tra (each with a ladder of electronic levels) are observed
for this center depending upon the electronic, thermal,
and optical history of the system. In the original work on
this center the multiple electron states that were observed
led to the suggestion of an electrostatically driven,
pairing-depairing reaction that gave rise to two different
charge-state-dependent configurations of the defect.!

In this work a configuration-coordinate (CC) descrip-
tion* is constructed to explain the spectroscopic data relat-
ing to the M center and its configurational transforma-
tion. We find that the M center displays both self-
trapping and negative-U characteristics, and that these
phenomena are interrelated in so far as the same large lat-
tice relaxation is responsible for each. Our CC model ex-
plains the essential physics of the M center’s configura-
tional transformation and is independent of the specific
nature of the interaction and local distortion. An advan-
tage of the CC approach is that it reduces a complicated
system of electronic levels to a schematic diagram and,
thus, simplifies the understanding of the systematics of
the experimental data. Further, a CC diagram is con-
strained by the intimate connection between the thermally
and optically induced transitions of the center, thereby al-
lowing the internal consistency of the proposed scheme to
be checked.

Describing the M center with CC diagrams places it in
the general context of large lattice relaxation phenomena
that have been observed for crystalline defects in recent
years.>® The work by Lang and Logan’ on DX centers in-
troduced self-trapping as a phenomenon that can be im-
portant for defects in semiconductor materials. The
negative-effective- U concept has been applied to defects
in crystalline solids to explain the behavior of the Si va-
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cancy and B interstitial in Si.®~!?> In recent theoretical
work general classifications of such defects have been
developed.'>'* Recombination-enhanced defect reactions
are a class of lattice relaxation phenomena that are also
closely related to the effects to be described in this pa-
per.>=17 Qur description of the M center’s novel proper-
ties provides new insights into large lattice relaxation phe-
nomena.

This paper is organized as follows. In Sec. II the
relevant capacitance spectroscopic data on the M center
and its configurational metastability are reviewed. In Sec.
III we present new optical data that provide insight into
the nature of the M-center transitions. Section IV con-
tains a description of a CC model constructed from the
spectroscopic data on charge-state transitions and config-
urational relaxations. Section V contains a discussion of
the extrinsic self-trapping phenomena displayed by the M
center and other defects [ DX (Refs. 7 and 18) centers, EL2
(Ref. 19), CdF,:In (Refs. 6 and 20)] in a more general con-
text. Section VI contains our concluding remarks.

II. REVIEW OF CAPACITANCE SPECTROSCOPY
FOR THE M CENTER

We summarize the results obtained in previous capaci-
tance spectroscopic studies [primarily deep-level transient
spectroscopy (DLTS) and thermally stimulated capaci-
tance (TSCAP)] that were undertaken to elucidate the
properties of the M center.!~* The M center is a defect
that is observed in 1-MeV electron-irradiated, undoped,
nominally n-type liquid-encapsulated Czochralski-grown
InP.

The DLTS spectra observed in p*t-n junctions or
Schottky barrier diodes that characterize the two different
configurations of the M center are shown in Fig. 1. The
spectrum labeled configuration A is obtained if the speci-
men is cooled to the initial measurement temperature in
darkness without an applied bias. Peak A1 has an
electron-emission activation energy of 0.15 eV and an
electron-capture cross section of 9 1078 cm?. The spec-

832 ©1984 The American Physical Society
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FIG. 1. DLTS spectra of the two M-center configurations.

trum labeled configuration B is obtained if the specimen
is cooled with reverse bias applied. Peaks B1, B1’, and
B2 have emission activation energies of 0.09, 0.14, and
0.37 eV, respectively.?! The electron-capture cross sec-
tions were greater than 2X107!% cm? for the three ob-
served levels of configuration B.

Here we adopt a different notation than has been used
in the earlier work on the M center in order to emphasize
the multielectron physics of the center rather than the dis-
placement damage defect-state spectrum.! =3 We call the
two different configurations of the defect 4 and B as is
consistent with previous work. The emission features as-
sociated with configuration A are labeled 41, 42, and
A3. The emission features associated with configuration
B are labeled B1, B1’, and B2. Thus those features asso-
ciated with each configuration are clearly labeled as such.

The three capacitance versus temperature (TSCAP)
curves in Fig. 2 show the changes in charge contained in
the diode depletion layer for the two configurations. The
curves correspond to the following cases.

(a) Configuration A4 is obtained at the outset of the
measurement by cooling at zero bias to 33 K. Reverse
bias is then applied for the TSCAP rewarming procedure.
The emission corresponding to DLTS peak A1 is seen. In
addition, at higher temperature, the further emission of
two electrons, A2 and A3, occurs together with the
transformation from configuration 4 to B. (That is, if
the specimen is cooled with reverse bias applied immedi-
ately following the emission of these two electrons, a
DLTS spectrum shows that the M center is in configura-
tion B.)

(b) Configuration B is obtained at the outset of the
measurement by cooling to 33 K under applied reverse
bias. The diode is shorted to zero bias to allow trap fill-
ing, and then warmed under reverse bias for the TSCAP
measurement. Electron emissions corresponding to peaks
B1, B1’, and B2 are seen.
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FIG. 2. TSCAP spectra of (a) configuration A4, (b) configura-
tion B, and (c) a reference.

(c) Curve C is a reference curve obtained by cooling
with applied reverse bias and rewarming to obtain the
temperature-dependent capacitance of the sample in con-
figuration B without carrier emission.

The thermally activated transformation Kkinetics be-
tween configurations 4 and B have also been studied in
detail."* The transformation 4 —B occurs (at 170 K in
Fig. 2) with the simultaneous electron emissions 42 and
A3. The transformation rate has been measured to be
k(A—B)=10" exp[(—0.42 eV/kT]. The A—B trans-
formation actually has a complicated two-stage nature
that is not presently understood. For the purposes of this
publication the predominant 4-—B transformation pro-
cess (stage 2 in Fig. 2) is emphasized. The transformation
B—A occurs in the absence of bias with the rate
k(B—A)=10" exp[(—0.24 eV/kT]. This process has
been interpreted as involving thermally activated electron
capture which is consistent with the observed prefactor.

In Fig. 2 the emissions E8a and E9 are due to other
defects?! that complicate the TSCAP. They have no bear-
ing on the discussion of the M center here but account for
the residual charge stored in the junction above the 4 —B
transformation temperature in the TSCAP data.

III. PHOTOIONIZATION EXPERIMENTS
FOR THE M CENTER

Our principal goal in this paper is to develop a CC
model that will incorporate the various M-center charge-
state transitions and configurational relaxations in a con-
sistent fashion. New photoionization results are intro-
duced to provide complementary information to the previ-
ous work on thermally activated transitions and to give
insight into the nature of the transitions.

The following results from the previous study? have
bearing on the forthcoming discussion. The transforma-
tion from configuration 4 — B occurs with optical excita-
tion above a threshold photon energy of 0.8 eV at 101.6
K. There was no optically excited transformation from
configuration B— A observed. The interpretation of these
results was that electron emissions A2 and 43 could be
excited optically and that emission A3 controlled the
A—B transformation process. We shall now present
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photoionization data specific to each charge state of the
M center.

The defect charge states in our samples (p*n mesa
diodes) were monitored by measurement of the depletion-
region capacitance with a Boonton model 72 B capacitance
meter. The sample was mounted on the cold finger of a
variable temperature Dewar with an optical window.
Both the TSCAP and photoionization experiments were
performed with the same instrumentation. Variable-
wavelength sample illumination was achieved with either
a conventional tungsten lamp and grating monochromator
or, when higher intensities were required, a Burleigh In-
struments FCL-10 tunable color center laser. It was
necessary to carefully eliminate sources of stray light be-
cause the M-center configuration is very sensitive to
above-band-gap illumination (the transformation 4 —B
occurs with the capture of photogenerated holes).2 The
mesa diodes were illuminated from the side.

To determine which photoionization processes occur
for a given photon energy the following procedure was
used. The sample was first cooled under the appropriate
bias condition to obtain the desired M-center configura-
tion, 4 or B. Then the diode was shorted to fill the traps
at low temperature and a reverse bias was applied. The
sample was illuminated with monochromatic light of
given energy at low temperature. The charge state of the
M center following illumination was then determined by
measuring the capacitance versus temperature (TSCAP)
spectrum. Sets of such spectra for configurations 4 and
B are shown in Fig. 3. Once such measurements have
been made as a function of photon energy to map out the
photoionization thresholds of the various electronic emis-
sion processes, it is straightforward to set the defect in
any desired charge state and to make further measure-
ments on specific emission processes separately.
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FIG. 3. TSCAP spectra taken following illumination at the
indicated photon energy. The optical fluence (intensity times
time of illumination) is constant for the different spectra.

Consistent with previous work,? the photoionization of
configuration-B defect levels does not lead to configura-
tional transformation. We find for configuration 4 that
photostimulation of electron emission 41 and A2 [in-
cident photon energies that lead to curves 3 or 4 in Fig.
3(a)] does not change the defect configuration. That is,
following photostimulation of these emissions, if the de-
fect levels are refilled by removing the reverse bias
momentarily at low temperature, a TSCAP spectrum
shows that the defect remains in configuration 4. How-
ever, after electron emission A4 3 occurs, refilling the trap
levels at low temperature and measuring the TSCAP spec-
trum shows that the system is in configuration B. These
conclusions are in agreement with the more complicated
experiments reported in Ref. 2.

The photoionization rate versus energy was measured
for each electronic emission process as follows. The M
center was prepared in the desired configuration, 4 or B,
with all traps filled. The desired charge state of the M
center was then obtained by illuminating until saturation
at a photon energy below the threshold for the electronic
emission process of interest. All optically shallower states
were thus emptied. The photoionization rate for the emis-
sion process of interest was then measured (as capacitance
versus time) at increasing photon energies, one energy at a
time. The initial configuration and charge state were reset
before each measurement using the electrical and optical
preparation steps just described. The photoionization rate
was defined as the inverse of the time constant (1/e) of
the exponential capacitance versus time trace. Using
these procedures, one can examine a particular emission
process independent of others until the emission rate of a
higher threshold energy process becomes appreciable.

The results of measurements of photoionization rate
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FIG. 4. Normalized photoionization rate specific to each M-
center charge state versus photon energy. Open circles are for
configuration-4 transitions and open squares are for
configuration- B transitions.
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versus energy for the electron emissions of the M center
are displayed in Fig. 4. These results are normalized to
the incident illumination intensity. We do not report ab-
solute values of the photoionization cross section because
it is difficult to estimate an absolute value of the incident
optical intensity for side-illuminated mesa diodes.

A commonly utilized procedure for determining optical
transition energies involves fitting the photoionization
spectrum over a wide range of photon energies (preferably
at several temperatures) to a theoretical expression.”>?
The Franck-Condon shift (defined in this context to be
the difference between optical and thermally activated
transition energies) is one of the parameters that is deter-
mined in the fitting procedure. Here, with data taken
over limited energy ranges and at a single temperature, we
take the transition energy to be the energy at the inflection
point in the photoionization spectrum when plotted on a
linear scale of photoionization rate versus energy.?* From
the data of Fig. 4 we determine the optical transition ener-
gies E%A42)=0.68+0.1 eV and E%B2)=0.611+0.1 eV.
We set the following limits for the optical transition ener-
gies E%A41)<0.4, E%B1,B1')<0.4, and E%43)>1.1
eVv.

IV. CONFIGURATION-COORDINATE
DESCRIPTION

The data that have been presented show that the M
center is indeed a complicated defect that is rich in phe-
nomena. It is a multielectron trapping center; it is bi-
stable, i.e., gives rise to spectra that correspond to two dis-
tinct configurations; it displays negative-U behavior (as
will be discussed later) in configuration A4, i.e., electron
emissions A2 and A4 3 occur at the same temperature. On
the basis of the spectroscopic data we have developed a
CC description of the M center.

Our approach here will be to present those parts of the
CC diagram that relate to the bistable and negative-U
characteristics of the M center separately. On the basis of
such diagrams the data presented in Secs. II and IIT will
be discussed. Additional data on M-center transitions will
be discussed at the end of this section.

A. M-center bistability

A simplified one-dimensional CC diagram that explains
the bistable character of the M center is shown in Fig. 5.
The curve labeled C¢ corresponds to the total energy of
the system in its ground state. The curve labeled C” cor-
responds to the system energy for an unoccupied defect
with a free-electron-hole pair present. (This curve is
parallel to C¢ and is increased in energy by the band gap.)
The curves marked 4”~! and B"~! correspond to the en-
ergy of the two possible different configurations of the M
center when occupied by an electron with a free hole
present. The superscripts correspond to the charge of the
center.”> We emphasize that curves 4"~ ! and B"~!
represent two different configurations for the same charge
state of the M center. Charge state C" can be accessed
from both configurations and is thus common to both (C
is for common).

Our discussion of the CC model will be classical
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FIG. 5. CC diagram for the bistable characteristics of the M
center.

throughout this work. Thus the thermal activation energy
for a transition from a charge state corresponds to the en-
ergy difference between the crossing point of initial- and
final-state potential surfaces and the minimum of the po-
tential surface of the initial charge state. The energies of
thermally activated transitions are shown with double-
headed arrows, labeled as E (P) where P is the label of the
DLTS or TSCAP spectral emission feature.

An optical transition is vertical on a CC diagram with
the transition energy given by the energy difference be-
tween initial- and final-state potential surfaces at constant
Q. Optical transitions are shown as single-headed arrows
with transition energies labeled as E°(P) where P again
refers to the related TSCAP spectral feature.

The diagram shown in Fig. 5 is of the type proposed by
Toyozawa for shallow-deep instability.!>'* The M center
has two configurations: one “ordinary” (B) and the other
“self-trapped” (A), with the terms in quotations to be de-
fined. When the M center is unoccupied with free car-
riers present, the equilibrium configuration of the system
corresponds to Q =Q, on curve C". At this coordinate,
the energy of B" ! is less than that of C". Thus B" ~!is
ordinary. In contrast to this ordinary state, the energy of
A"~!is much greater than that of C" at Q =Q,. The en-
ergy of A" ! becomes less than that of C" at the equili-
brium configuration of the system when 4”~! is occu-
pied, i.e., at Q=Q,. A"~ !is said to be self-trapped be-
cause occupation of A" ~! brings this state into the band
gap. E, represents a configurational barrier for capture
into the self-trapped configuration 4" ~!.

In this model of M-center bistability we focus on
charge state 4"~! and emission 43 and omit other
configuration- 4 charge states at this point for simplicity.
From measurements of thermally activated emissions
alone it is not clear that the anomalously large configura-
tional relaxation occurs following A4 3, because 42 and
A3 occur together. However, because these emissions
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have different photoionization thresholds it is possible to
determine unambiguously that following emission A4 2 the
M center remains in configuration A4, while following
emission A 3, it is found to be in configuration B as dis-
cussed in Sec. IIL.

The configuration and state of occupancy of the M
center are determined in terms of the energetics shown in
Fig. 5. At room temperature with reverse bias applied, all
levels of the M center are unoccupied and the system is at
Q =Q.. If the diode is cooled with the bias on there are
no electrons available for capture into states in the deplet-
ed region of the diode. At low temperature when the bias
is removed to allow trap filling, only configuration B can
be accessed because the barrier, E, in Fig. 5, cannot be
surmounted. B" ! is then filled.

If the diode is cooled with the bias off, free electrons
are captured during the cooling procedure where E, can
be surmounted. Since the electron emission B2 is faster
than 42 and A4 3 (the TSCAP step is at lower temperature
for B2 in Fig. 2), the occupation of configuration A4 is
preferred at the outset of the cool down so that the defect
becomes self-trapped into configuration A and the system
is fixed at Q4. The configuration which is obtained upon
cooling and the relative stability of configurations 4 and
B will be treated in more detail in Sec. IV B after we have
discussed the negative- U ordering and binding energies of
the energy levels in configuration A.

Each configuration described above provides a ladder of
additional trapping levels that are ordinary. In configura-
tion B these levels give rise to emissions B1 and B1'. In
conﬁoguration A these levels give rise to emissions 41 and
A22° These ordinary trapping levels for configurations
A and B could either be displayed on the same diagram or
in additional CC diagrams with potential surfaces that
would not involve self-trapping phenomena. (See Fig. 6
and further discussion Sec. IV B.)
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FIG. 6. CC diagram that displays the negative effective U of
configuration- 4 levels.

The configurational transformation rates reviewed in
Sec. II fit simply into the CC model. The rate B—A4,
k=107 exp(—0.24 eV/kT ), corresponds to the thermally
activated capture of an electron from the conduction band
into A" ! (activation energy E, in Fig. 5) as discussed
above. The rate k(A4—B)=10"" exp(—0.42 eV/kT)
corresponds to the thermally activated emissions 42 and
A3. It should be noted that 43 could have a smaller
emission activation energy than E(A42)=0.42 eV because
emission A 3 cannot occur until 42 has occurred. An es-
timate of the activation energy for 4 3 alone can be made
from the observation that in curves 3 and 4 of Fig. 3(a),
the A 3 emission step does not move to lower temperature
when A2 has already occurred. Thus if it is assumed (as
we shall) that 42 and A4 3 have comparable emission rate
prefactors then the activation energy E (A3)~0.42 eV.

The measured optical and thermally activated transition
energies allow B" ! to be placed relative to C” in the CC
diagram shown in Fig. 5. 4"~ !is placed on the basis of
its thermally activated emission energy and the barrier for
capture E,. The model, as constructed, shows that there
should be an anomalously large Franck-Condon shift for
emission 43 [The model predicts E%A43)=1.48 eV.]
This is in accord with the optical data where
E%A43)>1.1 while E(A43)=0.42 eV. This large
Franck-Condon shift is characteristic of the self-trapped
nature of state A" ~! and is in marked contrast to state
B"~! which is characterized by an ordinary, small
Franck-Condon shift.

While the configurational transformation 4 —B can be
stimulated optically, there has been no optical process ob-
served that leads to B— A transformation. This behavior
is consistent with our CC model because the energy posi-
tion of A"~ ! at Q=Q, is well into the conduction band
and, therefore, A" ~! cannot be filled by an optical transi-
tion from the valence band (that is, with photons of ener-
gy less than the band gap).

B. Negative- U ordering of M-center levels

In Sec. IV A the binding of an electron by a bistable
charge state of the M center was considered. We discuss
the multielectron trapping nature of configuration 4 in
this section and the negative- U ordering of the energy lev-
els. We also describe how the negative- U character of 4
leads to its increased stability with respect to configura-
tion B.

The concept of negative electron-electron correlation
energy or negative U was first introduced by Anderson.?’
If an ordinary center traps two electrons, it is expected
that the second electron will be less tightly bound than the
first by a positive energy U, due to the Coulomb repulsion
between the trapped electrons. However, when the bind-
ing of the second electron leads to lattice relaxation, the
effective electron-electron correlation energy is reduced
and may even become negative for a sufficiently large,
energy-lowering relaxation. When such a negative-U or-
dering of energy levels occurs the system is not stable in
the singly occupied charge state for any position of the
Fermi energy of the system. The silicon vacancy and the
boron interstitial in silicon are examples of negative-U,
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crystalline defect systems that have received recent atten-
tion.8 12

The TSCAP spectrum shown in Fig. 2(a) indicates that
the M-center energy levels of configuration 4 may form a
negative-U system. While the electron emission A1
occurs at the lowest temperature (ordinary ordering) the
emissions A2 and 43 occur simultaneously (indicative of
negative- U ordering).% 1

A CC diagram is shown in Fig. 6 for the trapping levels
that give rise to emissions 42 and 4 3. We have omitted
configuration- B curves for simplicity. The labeling of the
configuration A states (with the free carriers necessary for
charge balance) is as follows. Curve C”" in this diagram
corresponds to the fully ionized M center with two free
electrons and one free hole present. A" ! corresponds to
the singly occupied defect with a free-electron-hole pair
present, A" 2 corresponds to the doubly occupied charge
state with a free hole present, and A% ~' corresponds to a
singly occupied defect with no free carriers present.

In Fig. 6, the charge state 4" ! is self-trapped as was
discussed in Sec. IV A. Charge state A" 2 however, is
found to be ordinary from measurements of the thermally
activated and optical transition energies E(A42)=0.42 eV
and E%A42)=0.68 V. It is on the basis of this data that
A"~ is placed on the CC diagram.

The most striking feature of the CC diagram shown in
Fig. 6 is the difference between the Franck-Condon shifts
for emissions from charge states 4"~ ! and 4”72 As
was discussed in Sec. IV A, the thermally activated emis-
sion energies for these charge states are roughly equal, i.e,
E(A3)=E(A2)=0.42 eV. However, the photoionization
transition energies differ by more than 0.5 eV. It is this
difference in photoionization energies that has allowed us
to examine the metastable charge state 4" ~! independent
of state 4" 2,

We remark that the activation energies determine the
kinetics of electron emission. Negative-U behavior is,
however, an equilibrium property of the system. There-
fore, the equilibrium binding energies, E%A43) and
E%42), for the charge states A”~' and A" 2, respec-
tively, are the relevant quantities in this context, rather
than the emission activation energies. The binding ener-
gies shown in Fig. 6 correspond to the energy difference
between equilibrium configurations of the occupied and
unoccupied charge states of the defect. The binding ener-
gies E%(A43)=—0.18 eV and E%42)=—0.40 eV can be
estimated from the CC model. The inverted ordering of
these energies (an additional electron more tightly bound
that its predecessor) is the defining characteristic of a
negative- U system.

At this point it is appropriate to discuss the relative sta-
bilities of configurations 4 and B. The equilibrium bind-
ing energy of state B”" ! is estimated to be —0.36 eV
from our CC model. The binding energy of 4”1 is only
—0.18 eV and is insufficient to make configuration A4
stable. If we consider only the trapping of this first elec-
tron, then it would appear that configuration B should be
obtained if the sample were cooled sufficiently slowly
with free electrons available. The system could be trapped
kinetically in configuration A if cooled too quickly for
equilibrium to be established because the emission activa-

tion energy of 4" ~!is larger than that of B” !,

It is the inherently two-electron nature of the negative-
U system that configuration 4 provides and not just a ki-
netic effect in the one-electron trapping system that leads
to the occupation of configuration 4 upon cooling with
the reverse bias off in our experiments. Because the levels
of configuration 4 form a negative- U system, the binding
energy of A" ~2, —0.40 eV, is greater than that of 4" !
and is sufficient to stabilize configuration A with respect
to B. Thus, configuration A is stable and B is metastable.

C. Additional M-center features

In addition to the charge states described above that
control the M-center configuration, there are the ordinary
electron-emission features B1, B1’, and A1 that make
each configuration of the M center observable in ordinary
DLTS measurements. These emissions could, in princi-
ple, be included in the CC diagrams discussed above with
additional levels that do not involve self-trapping.

Configuration B is more complicated than we have
described to this point. From the DLTS spectrum in Fig.
1 we can see that configuration B consists of two different
defects, not simply the multiple trapping levels of a single
defect as in configuration 4. The evidence for this is that
the DLTS peak heights obey the relationship
B14+B1'=A41. Bgcause the DLTS peak B2 is asym-
metric, it is also likely to be two unresolved peaks. A pos-
sible explanation of this behavior is that there is only one
configuration for 4”~! but that there exist two structur-
ally inequivalent configurations' for B"~!—call these
B"~!and B™~!. If this example were correct then one
should represent the B* ~!— 4"~ !and B ~1— 4" ! sys-
tems by different CC diagrams. The splitting of
configuration-B states introduces only minor perturba-
tions to the transformation kinetics' and does not affect
the essential physics of the electronic control of M-center
configurations that we have described. However, this
splitting may be providing a clue to the microscopic
structural nature of the configurational metastability and
should not be disregarded.

In previous work on the M center, the configurational
transformation 4 — B was observed to occur upon hole in-
jection.!~3 In the CC model we have presented, this pro-
cess corresponds to the capture of three holes by configu-
ration A (which produces the same charge-state as the
emission of three electrons). The capture of the third hole
by the configuration- 4 system (the process labeled o, in
Fig. 5) leads to rapid relaxation from Q4 to Qc.

In addition to the optical transitions that promote elec-
trons from filled defect levels to the conduction band, it is
also possible to promote an electron from the valence
band to an empty defect level. An example of such a
transition is labeled EJ(42) in Fig. 6. We have observed
no such transitions below a photon energy of 0.9 eV (the
A3 photoionization threshold). Above 0.9 eV filling
[EQ(A2)] as well as emptying [E% A 3)] transitions were
observed in parallel. The photoionization rate was ob-
served to deviate strongly from exponential kinetics for
level A”~! with illumination at photon energies above
1.05 eV. This result limits our ability to measure the pho-
toionization rate for 4” ! at higher energies.
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FIG. 7. Different classes of defect-level potential surfaces are
shown for single-electron traps.

V. LARGE LATTICE RELAXATION
AND THE M CENTER

The more familiar phenomena involving lattice relaxa-
tion for ordinary defects in semiconductors include cap-
ture by the multiphonon emission mechanism and the
Franck-Condon shift observed between optical and
thermally activated transition energies. In addition,
several dramatic effects that involve very large lattice re-
laxation have been observed recently.>® The M center is
rich in such phenomena, displaying both extrinsic self-
trapping and negative-U characteristics. In this section
we discuss how the M center fits into the current theoreti-
cal and experimental picture of large lattice relaxation
phenomena.

Toyozawa'>!* has recently extended the concepts of
self-trapping (i.e., of the polaron problem) to the case of
extrinsic self-trapping of a carrier at a defect. The basic
idea in Toyozawa’s work is that the electron-phonon cou-
pling strength increases as the orbital radius of the bound
electron decreases. Thus the capture of a carrier tends to
strengthen the potential that binds it, leading ultimately to
self-trapping. Here we shall discuss our work in the con-
text of his classification of defect potential surfaces. Fig-
ure 7 shows the features of the different classes of CC dia-
grams. The diagrams are labeled F (free) for what we
have called ordinary defects and S for defects with self-
trapping characteristics.”?® For defects of the S class there
is an activation barrier for capture and there is no radia-
tive capture process. Bistability can arise for some de-
fects, in which case a charge state can have both F and S
configurations with a barrier between the two. These
cases are denoted F(S) when the ordinary state is stable
and the self-trapped state is metastable, and S(F) for
when the self-trapped state is stable and the ordinary state
is metastable.

Examples have been reported in the literature which fall
into the general classes of defects discussed by Toyo-
zawa.!>!* DX centers”!%?° are an example of defects of
type S. Self-trapping in these centers gives rise to per-
sistent photoconductivity at low temperatures. Cl in
CdTe is another defect of the S type that displays per-
sistent photoconductivity.’° The model proposed to ex-

plain the photocapacitance quenching effect observed for
EL2 is of the F(S) type.!® In the EL2 model there is an
ordinary stable state and a self-trapped metastable state
that can be obtained by optical excitation without a
change of charge state at low temperatures. CdF:In pro-
vides an example of a center of S(F) character.*?° For
this center the self-trapped state is stable. Optical ioniza-
tion of the center at lowered temperature populates the or-
dinary metastable state. As we have indicated each of
these defect types has a different experimental manifesta-
tion of its self-trapping characteristics.

The M center, because of its multielectron trapping na-
ture, is most intriguing and adds new features to those
described above. If we consider just the 4" ! and B" !
levels (Fig. 5) of the M center (i.e., consider a one-electron
trapping system) our model is of the type F(S) where the
ordinary state would be most stable. However, the M
center has a number of ordinary defect states associated
with each configuration of its bistable charge state. Be-
cause of the large lattice relaxation associated with 4" !,
the ordering of energy levels in configuration A4 is invert-
ed. The negative-effective- U ordering increases the stabil-
ity of the self-trapped configuration. Thus, even though
the multielectron trapping M center cannot be described
properly by the classes of one-electron trap-potential sur-
faces shown in Fig. 7, we find that the self-trapped con-
figuration A is stable and B is metastable so that the sys-
tem effectively has S(F) character. Toyozawa!® has
described generally this kind of behavior in multielectron
systems. The M center is the first reported example of
such a defect in a crystalline solid where self-trapping and
negative effective U are intimately related.

VI. CONCLUDING REMARKS

The M-center model, as we have presented it, is based
upon one-dimensional CC diagrams. This approximation
should not be regarded as an inherent limitation. We real-
ize, for instance, that B”* ~! and 4" ! may involve lattice
relaxations of a different nature and that a one-
dimensional description is an oversimplification. Thus
the representation of the defect system on a diagram with
a single coordinate should only be regarded as being
schematic. No part of our description precludes B” !
from being represented along a different coordinate axis
for instance.

In our CC models all the energy surfaces have been
drawn with equal curvature, i.e., the spring constants are
assumed not to depend on the charge state or configura-
tion of the system. This approximation is used because
there is insufficient data at present to determine the rela-
tive curvatures of the different energy curves. If E%(A43)
could be determined (we have set a lower bound) or if the
activation energies for capture were known for the various
charge states, the curvatures of the energy surfaces could
be adjusted to accommodate this data. Such modifica-
tions to the model would not change the qualitative nature
of any of the energy surfaces or the picture of charge-state
control of the defect configuration that we have described.

A more complete description of the M center will re-
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quire structural information about the different configu-
rations and the nature of the lattice relaxation. The only
microscopic structural information available at present is
the suggestion that the M center is a complex rather than
a fundamental lattice defect because of its low introduc-
tion rate with room-temperature electron irradiation.?!
This idea is in keeping with the qualitative notion that
metastable defects in covalent solids might often involve
the structural rearrangement of a “defect molecule” as in
molecular photochemistry. Large configurational relaxa-
tions are not restricted to complexes, however (the Si va-
cancy,? 1912 for example).

The CC model presented here is not simply a different
conceptual way of expressing the electrostatic model! of
the M center. Its explanation of the metastable behavior

involves unique reaction pathways (in particular for the
configurational change B— A), and is independent of the
specific driving force. Our photoionization data provide
cross checks of the main features of the CC model.

We close by remarking that defects that display meta-
stable and large-lattice-relaxation-related phenomena are
more than a curiosity in covalent, semiconductor hosts. A
growing number of examples of complicated, metastable
centers in Si (Refs. 3 and 31), GaAs (Ref. 19), InP,! ~% and
in other III-V compounds® and alloys”!®?° exist. The M
center has provided new insights into the nature of mul-
tielectron systems with self-trapping characteristics. As
experimental methods for examining such centers and our
theoretical understanding become refined, further intrigu-
ing examples of metastable defects should be discovered.
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