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Nonradiative capture and recombination by multiphonon emission in GaAs and GaP
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Data are presented for 9 capture cross sections of deep levels in GaAs and 4 in Gap which
can be interpreted as capture by multiphonon emission CMPE). At high temperatures the
cross sections have the form o=o e " where o„=10 4-10 5 cm and E =0-0.56 eV.
A simple theory of MPF. capture is presented in which vibrations of a single lattice coordi-
nate modulate the depth of the potential well binding the carrier. In this model capture re-
sults from lattice vibrations causing the crossing of free- and bound-carrier levels. The
breakdown of the adiabatic approximation near the crossing is discussed. The calculated
cross sections have the form o =Af({)) where f(hv) is the normalized line shape for radia-
tive capture. The lattice relaxation properties of the center determine f(0). The tempera-
ture dependence of f(0) correctly accounts for the thermally activated behavior of the cross
sections at high temperatures. Classical and quantum treatments of the lattice motion give
the same expression for o at high temperature. A detailed calculation of A is made for the
capture of a carrier by an attractive neutral impurity in the case where both the free-
carrier and bound-carrier wave functions are describable in a one-band effective-mass
approximation. The theoretical value of A leads to o.„=6 x10 i5 cm2, the same order of
magnitude as the experimental values. However, many of the experimental cross sections
involve complexities not accounted for in this simple model such as charged impurities and
transitions between free states and bound states of different symmetry. The lattice relaxa-
tion parameters are experimentally determined for the Zn-0 and 0 centers in Gap. Lattice
relaxation is found adequate to explain the large cross sections for electron capture by the
Zn-0 center and hole capture by the two-electron state of 0. The studies of the 0 and
Zn-0 centers also provide evidence for nonlinear changes in the impurity energy level with
lattice displacement which decrease the electron capture cross sections and greatly enhance
the hole recombination cross sections. The source of this nonlinearity is discussed.

I. INTRODUCTION

Nonradiative recombination at an impurity occurs
in two steps. For example, in p-type material an
electron in the conduction band is first captured in-
to a bound state and then the bound electron re-
combines with a hole in the valence band (hole
capture). During these two transitions, an energy
equal to the energy gap (1.43 eV for GaAs and 2.26
eV for GaP, at room temperature) must be dissip-
ated. Only two capture mechanisms appear to be
plausible in explaining how nonradiative capture
with a large energy dissipation can take place,
the Auger effect" and multiphonon emission' '
(MPE). The energy lost by the captured carrier
in Auger capture excites another nearby carrier
in the crystal. The energy lost by the captured
carrier in MPH capture generates lattice phonons.

A third capture mechanism that has been widely
discussed is cascade capture. ' " The electron
loses energy in cascade capture by dropping through
a series of closely spaced levels, emitting one
phonon during each transition. Lax showed that
this mechanism can account for the extremely large
capture cross sections exhibited by donors and
acceptors at very low temperature. However cas-

cade capture cannot explain nonradiative capture
into the deep levels discussed in this paper because
point defects normally only have a single deep
level within the forbidden gap that is far from the
band edges. Neutral centers do not have excited
states" and the hydrogenic series of excited states
of a deep donor or acceptor normally lies within
less than a hydrogenic donor or acceptor binding
energy of the band edges (less than 50 meV in all
cases). At room temperature, cascade capture of
a carrier into these shallow levels will be followed
by rapid emission of the carrier back into the band.
Separation of the excited states and the ground
state by more than an optical-phonon energy (usual-
ly many) prevents cascade capture into the ground
state.

Luminescence has been an extremely powerful
tool for the study of impurities in GaAs and GaP.
In three instances, luminescence lifetime studies
have shown definitively that nonradiative recom-
bination was occurring by means of the Auger
effect. These are the study of excitons bound to
donors in GaP and Si by Nelson et al. ,

"the study
of excitons bound to acceptors in GaP by Dean
et al. ,

'~ and the study of recombination at the Zn-O
center in GaP samples with varying hole concen-
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trations by Jayson et al." The cross sections for
these recombination processes are rather small.
At a. carrier concentration of 10"/cm' and T =300 K
we estimate them to be approximately 10 "cm'
for the bound excitons and 10 "cm' for the Zn-0
center. " Larger Auger cross sections are expect-
ed for deeper impurities. ' Deep impurities are
also likely to have substantial relaxation of the lat-
tice equilibrium position near the impurity after
capture, which is necessary for large MPE cap-
ture cross sections. Several luminescence studies
of GaAs have reported nonradiative recombination
due to multiphonon emission, ""but definitive
experiments which unambiguously identify recom-
bination by MPE have not been reported.

Luminescence measurements have not been ef-
fective in studying deep nonradiative centers be-
cause such centers have broad optical emission
bands and often very low luminescence efficiencies.
More often the presence of deep nonradiative cent-
ers in the sample is inferred either from decreased
radiative efficiency of the shallow centers, "short-
ening of the minority-carrier lifetime, ' or from
space-charge recombination in a P-n junction. "
These measurements reveal very little about the
energy levels, concentrations, capture cross sec-
tions, or chemical identity of the nonradiative
centers.

Recently the technique of caPacitance sPectros-
copy has been developed which allows deep levels
within the space-charge layer of a p-n junction or
Schottky barrier to be directly studied. " This
technique has been refined into a precise tool for
the study of deep levels in semiconductors. The
various experimental methods are fully described
in papers by Sah and collaborators, " ~ the authors
and collaborators, Losee,"and Schulz. ' Cap-
acitance spectroscopy is complementary to lumi;
nescence in that it is particularly good for the
study of deep levels, whether they are radiative or
not, but levels less than 0.1 or 0.2 eV from the
band edges may go undetected. Under favorable
circumstances the concentration, the capture
cross sections for electrons and holes and the en-
ergy level can be measured. Recently one of us
(D.V.L.) showed that a, deep level spectrum may be
produced from capacitance transients during a
temperature scan and all of these properties can
be measured from this spectrum. This approach
is called deep level transient spectroscopy (DLTS).

Various types of capacitance spectroscopy have
been employed by us to extensively survey deep
levels in GaAs and GaP and in particular to mea-
sure the capture cross sections of many of these
levels as a function of temperature. Both residual
impurities and impurities and defects introduced
by chemical doping and by radiation damage were

studied. We found that the capture cross sections
of most deep levels studied in GaAs and of many
deep levels studied in GaP had the magnitude and
temperature dependence expected for MPE capture.
This is strong evidence that nonradiative capture
by MPE is commonly occurring. Most of these
data were previously reported in brief publica-
tions. "" The purpose of this paper is to report
these results more fully, to develop the theory
of MPE and to carefully compare theory and ex-
periment in a few cases.

Not all of the capture cross sections that we have
observed in GaAs and GaP can be attributed to
MPE. Some exceptions are the capture of the first
electron by 0 in GaP,"and the capture of holes by
Fe and Cr in GaAs." But our work establishes
that MPE capture is commonly occurring in these
semiconductors and that MPE capture can give
rise to large capture cross sections.

Besides causing nonradiative recombination,
MPE capture can also give rise to low-tempera-
ture defect motion. Lang and Kimerling have re-
cently shown that nonradiative recombination leads
to the low-temperature annealing of radiation dam-
age centers in GaAs, ""and in GaP." Weeks,
Tully, and Kimerling" have analyzed the GaAs
experiments in terms of unimolecular reaction-
rate theory and find them consistent with reason-
able defect parameters. These experiments can
be simply understood in terms of nonradiative re-
combination by MPE. This mechanism of recom-
bination gives rise to violent, short-lived lattice
vibrations localized at the defect which greatly
enhance the probability of defect motion.

Nonradiative transitions by MPE are caused by
crossings of free (or weakly bound) electronic
states with bound electronic states. The crossings
occur for sufficiently large lattice displacements.
The theory of nonradiative transitions by MPE was
first developed by Huang and Rhys, ' who calculated
the nonradiative decay rate for the F center in the
alkali halides. Their theory was restricted to in-
teraction with longitudinal-optical phonons of con-
stant frequency. This theory was extended to take
into account the interactions with phonons having
an arbitrary frequency distribution by Gummel and
Lax, ' Kubo and Toyazawa, ' and Richayzen. ' All of
the authors calculated transition rates between
electronic states which were assumed to adiabati-
cally follow the' lattice. The calculations were
simplified by making the Condon approximation,
in which the relevant electronic matrix element
is taken to be independent of the lattice coordinate.
Kovarskii and Sinyavskii' (KS) pointed out that near
the crossing the adiabatic wave functions are linear
combinations of the electronic states which rapidly
change with lattice coordinate. These wave func-
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tions cannot be represented by the Condon approxi-
mation. This was also recognized earlier by Kubo
and Toyazawa' who included a brief non-Condon
calculation in their paper. In their non-Condon
treatment, KS showed that the nonradiative rates
were two to three orders of magnitude larger than
rates calculated in the Condon approximation.
These papers of KS are highly mathematical. Later
Sinyavskii and Kovarskii (SK) published an addi-
tional paper in which they reported without deriva-
tion simple formulas to estimate the MPE capture
cross sections, calculated in the semiclassical
approximation. They did not make clear how the
difficulties associated with the breakdown of the
Condon approximation were treated in this calcu-
lation. The authors found good agreement between
the calculated cross sections at high temperature
and experiment for numerous attractive, neutral,
and repulsive centers studied in Ge and Si. Despite
their enormous success, their work has been
overlooked in recent reviews and papers dealing
with nonradiative capture and recombination. ""
The commonly held view is that nonradiative re-
combination by MPE is of little importance.

We have not followed SK, but instead have de-
veloped our own theory of capture by MPE. We
have been guided in our calculations by two simple
and elegant theories of the interaction of electronic
and vibrational states. The first is the theory of
the line shape of phonon-broadened radiative trans-
itions, first developed by Hwang and Rhys, ' and
extended by Lax,' and by Kubo and Toyazawa. '
Nonradiative capture involves the same initial and
final states as in radiative capture in which light
of energy hv=0 is emitted. We find that the cap-
ture cross section can be approximately related to
the line shape f(hv) with hv = 0.

The second is the theory of transitions between
two states during a level crossing developed in-
dependently by Landau" and Zener4' (LZ). Capture
results from the crossing (or near crossing) of a
free state with a bound state as the lattice vibrates.
The crossing of two states may be described as
sudden or adiabatic depending on the strength of
the coupling between the states and the rate at
which the levels cross. In a classical treatment
of the lattice, LZ derived a simple formula for
the transition probability valid for arbitrary cou-
pling strength and rate of crossing. (In this treat-
ment, the nonadiabatic operator used by KS and
others in quantum-mechanical treatments of the
lattice is introduced classically as the motion
through the crossing point. )

We conclude this section with a brief summary
of the paper. In Sec. II we discuss our experi-
mental techniques and present data on nine capture
cross sections in GaAs and four capture cross sec-

tions in GaP exhibiting the magnitude and increase
with temperature expected for MPE capture. For
two of the centers the cross section was found to
be independent of carrier concentration, ruling
out the Auger effect in these cases. In Sec. III we
develop an approximate theory of MPE in which
physical insight and simplicity are stressed. A
detailed calculation of the capture cross section
is made using a simple model in which the lattice
is described by a single configuration coordinate.
The capture cross section is predicted to be
thermally activated

A detailed calculation of cr„ is carried out for the
case of capture by an attractive neutral impurity.
The breakdown of the adiabatic approximation near
the level crossing, reemission of the captured
carrier immediately after capture, and nonlinear
changes in the bound-state energy with lattice dis-
placement are discussed in detail. In Sec. IV we
compare theory and experiment. 12 of the 13 cross
sections that we report obey Eq. (I) with o„be-
tween 10 "and 10 "cm'. We determine the lattice
relaxation parameters for the Zn-0 and 0 centers
in GaP from optical and thermal emission data.
In two cases, the observed lattice relaxation is
found to be consistent with the large observed
cross sections. The studies of the Zn-0 and 0
centers also provide evidence of nonlinear changes
in the bound-state energy level with the lattice
displacement which greatly affect the size of the
capture cross sections. In Sec. V we summarize
our paper.

II. MEASUREMENT OF CARRIER CAPTURE
CROSS SECTIONS

A. Techniques

The direct measurement of carrier capture cross
sections by capacitance spectroscopy has been dis-
cussed previpusly by the authprs. Fpr com-
pleteness we will review some of the basic con-
cepts here as well. Capacitance spectroscopy
techniques use changes in the capacitance of a p-n
junction or Schottky barrier as a measure of
changes in the charge state of deep levels in the
space-charge layer associated with the junction.
With the photocapacitance method these levels are
filled and emptied optically, "or filled optically
and emptied with voltage pulses. " In the capaci-
tance transient methods these deep levels in the
space-charge layer are repetitively filled or
emptied by voltage pulses, and the capacitance
transients due to thermal emission of the trapped
carriers are measured. One may study such
transients at a fixed temperature" ""or by using
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c„=o„(e„)n, n- type, (2a)

appropriate instrumentation obtain a spectrum of
peaks corresponding to the va, rious deep levels as
a function of temperature in the DLTS method. "
The capacitance change for a particular defect or
impurity level is directly proportional to the con-
centration of that defect or impurity times a, filling
factor. This factor, which is between 0 and 1, is
a measure of the fraction of levels filled during
the voltage pulse applied to the sample. By mea-
suring the filling factor as a function of the dura, -
tion of the pulse we obtain the carrier capture rate
for a particular level. The capture cross section
is obtained from this rate.

For a sample with only one or perhaps two deep
levels one may measure the various capture rates
by looking directly at the eapacitanee transient or
photocapacitance signal as a function of voltage
pulse duration or number of voltage pulses. This
was the case for the 0~levels in GaP. For a more
complicated spectrum one must use the DLTS
method, where the capture rate is mea, sured di-
rectly and separately for each level by fixing the
temperature at the DLTS peak for that level and

then measuring the peak height versus the voltage
pulse duration. For these complicated spectra
the temperature dependence of the cross sections
is obtained by adjusting the DLTS rate window"
so as to position the spectral peak associated with

the level under study at the desired temperature.
One then measures the peak height versus pulse
duration at the various temperatures corresponding
to the various spectral peak positions obtained by
varying the DLTS rate window. At temperatures
lower than the lowest spectral peak position ob-
tainable (i.e. , slowest practical rate window), one

ean obtain capture rates in simple systems by ob-
serving the capacitance changes directly.

During the observation phase of capacitance
spectroscopy the deep levels are in the space-
charge layer and hence subject to rather substan-
tial electric fields which can greatly influence car-
rier capture and emission. " The capture pha. se of
the pulsed bias methods, however, occurs with
the observed levels in neutral material, due to the
narrowing of the space-charge layer during the

voltage pulse. Hence the capture rates and cross
sections which we obtain are characteristics of
the level at zero electric field.

The simplest and most accurate type of capture
to measure by these techniques is the capture of
majority carriers. Hence unless otherwise spec-
ified we will always be measuring majority-carrier
capture via the width dependence of a majority-
carrier pulse as discussed in Ref. 28. For major-
ity-carrier capture we have

c~ = o~(v~)p, p-type, (2b)

where with appropriate subscripts (n, electron;
p, hole) c is the carrier capture rate, which is
the experimentally measured quantity, 0 is the
carrier capture cross section, n (p) is the free-
electron (hole) concentration, and (g) is the mean
thermal velocity of the carrier defined by

(v) =—((v'))' = (3k T/m *) (3)

where k is the Boltzmann constant, T is the ab-
solute temperature, and m* is the carrier effective
mass. At temperatures where the donors or ae-
ceptors are completely ionized we may obtain n or
p quite simply by C- V measurements on our
samples. The carrier concentrations at somewhat
lower temperatures ean be calculated from the
known donor or acceptor depth and an assumed
degree of compensation (usually 0.5). In no case,
however, do we measure cross sections where the
carrier concentration differs from its high-tem-
perature value by more than a factor of 2 or 3.
Owing to the extremely shallow donors in n-GaAs
(all ~6 meV) there is no appreciable freeze out at
any of our measurement temperatures and hence
we use n =ND —N~ as measured by a capacitance
feedback profiler4' for o.„ in GaAs. Where both
electron- and hole-capture cross sections are
reported, the mea, surernents have been made in
both p- and n-type material for hole and electron
capture, respectively.

The only exception to this pulsed bias method
for measuringo is the hole capture by state 2 (the two-
electron state) of 0 in GaP.""This is the largest
cross section we have measured and hence com-
plete filling of the level occurs even during the
shortest pulse available (10 nsec). The technique
used to measure this large cross section consisted
of illuminating a semitransparent Schottky barrier
with above band-gap light and observing the capture
of photogenerated holes as they are swept through
the space-charge layer. By measuring the capaci-
tance change and photocurrent one can obtain the
capture cross section.

The method and data are shown in Fig. 1. The
capacitance change due to hole capture increases
rapidly for photon energies greater than the ener-
gy gap and is easily distinguished from capacitance
signals due to photoionization of the bound electron.
The rate of hole recombination o»(v)P is directly
measured from the rate of change of the capaci-
tance signal. The average field in the region of
recombination, for the junction shown in Fig. 1,
is about 3.3 x 10' V/cm. The drift velocity pE,
assuming a mobility of 100 cm'/V sec is 0.33 & 10'
cm/sec. Thus the drift velocity is much less than
the thermal velocity (2 x 10' cm/sec). In this
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cause their origin is not well defined. The data
we present is either on levels of known chemical
origin or levels that can be reliably reproduced
under controlled conditions.

Three of the four cross sections shown in Fig. 2

for GaP are for the 0 center which has two states
(state 1 and sta, te 2) which deeply binds one and two

electrons, respectively, and whose optical prop-
erties are well known. "" We show the hole-cap-
ture cross section for the one-electron state and
the hole- and electron-capture cross section for
the two-electron state. The electron-capture cross
section for the one-electron state is omitted since
it shows no evidence of MPE capture. Also shown
is the electron-capture cross section for the Zn-0
center in GaP as reported in the literature. " ' In
Sec. IV the agreement between theory and experi-
ment for these four cross sections will be dis-
cussed in detail.

The nine GaAs cross sections shown are for
seven different levels. Those labeled A and B are
two unidentified levels at E„+0.40 eV and E„+0.71
eV which are the only deep levels present in un-

doped LPE GaAs; they occur in nearly all samples
at a concentration of about 10"/cm' for each. The
observation of these levels in many different
samples indicates that they are due either to native
defects or to some ubiquitous chemical impurity.
DLTS measurements on intentionally doped GaAs
show that level A and B are not, however, due to
Cu, Fe, Mn, or Cr since these all have distinctly
diff erent spectra. '

The level E3 at E,-0.31 eV due to 1-MeV elec-
tron radiation damage is one of the defects ob-
served by Lang and Kimerling"'" which exhibits
recombination enhanced diffusion, a process
closely related to MPE capture. This is clearly
some sort of native defect.

The electron-capture cross section labeled
a„(0) is for a level in melt-grown n-GaAs which
is most likely due to an oxygen-related cen-
ter. The capacitance transient due to this
level has been observed by numerous workers in
melt-grown GaAs, '2'~' "and vapor-phase epitaxial
(VPE) GaAs, ""both with and without intentional
oxygen doping. It has not, however, been observed
in LPE GaAs." It has been associated with the i
layer that occasionally occurs between the GaAs
substrate and a VPE layer. " The activation energy
for emission of an electron from this level is 0.89
eV and thus it would not at first sight appear to be
oxygen which is reported to be at E,—0.75 eV by
Hall measurements. " However, when the electron-
capture cross section exhibits a strong tempera-
ture dependence as in Fig. 2, one must correct
the observed activation energy for emission to ob-
tain the true energy depth of the level. The emis-

sion rate e is related to the level depth 4E by de-
tailed balance as

e =g(p)&pe ~ ' /g

where N is the density of states in the band to
which the carrier is emitted and g is the degener-
acy of the level. If the preexponential factor were
independent of temperature, then the slope of lne
vs (kT) ' (whichwe call n.E, , the activation ener-
gy for carrier emission) would be nearly equal to
the true level depth 4E. But if cr=cr„e ~- ", as
is the case in Fig. 2 at higher temperatures, then

AE, = AE +E„in this temperature range. Thus
the activation energy for carrier capture must be
subtracted from the activation energy for carrier
emission to obtain the true level depth. An addi-
tional small correction arises from the fact that
(p)N is proportional to T'. When the 80-meV cap-
ture activation energy and T' correction (=2kT)
are subtracted from 0.89 eV, we obtain a level
depth of E,—0.75 eV which is the level of the
oxygen donor obtained by Hall analysis of semi-
insulating oxygen-doped GaAs. " All energy levels
used in this paper have been corrected for T' and

E„ in this same manner.
Finally, three levels due to transition element

impurities (Cr, Fe, and Cu) in GaAs are shown in

Fig. 2. These centers have been produced by dop-
ing the LPE layer with the impurity during
growth. " The energy levels obtained by DLTS
with the corrections outlined above agree with the
levels of these impurities reported in the litera-
ture, "namely (E„+0.52 eV) for Fe, (E„+0.79 eV)
for Cr, and (E„+0.44 eV) for Cu." These levels
are known to be aeceptors from Hall data. There-
fore cr„corresponds to capture by a neutral center
while 0& corresponds to capture by an attractive
Coulomb center. As shown in Fig. 2, the electron-
capture cross sections for the Cr and Fe centers
and that for level B are practically identical over
the temperature range of measurement (285-435 K).
This is rather remarkable in view of the fact that
these three centers have quite different energy
levels and DLTS spectra, ranging from 0.52 to
0.79 eV above the valence band. The hole-capture
cross section for Cu is also shown in Fig. 2. This
cross section has very little temperature depen-
dence and is very similar to the hole-capture
cross sections of levels A and B in GaAs and 0
state 2 in GaP. The hole-capture cross sections
for Fe and Cr have been measured" but not in-
cluded in Fig. 2 since they do not show evidence
of MPE capture.

C. Search for Auger effect

We have taken the strongly temperature-depen-
dent cross sections shown in Fig. 2 as evidence
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for carrier capture by the MPE mechanism. Band-
to-band Auger processes can be thermally acti-
vated due to the necessity to conserve momentum
among the free carriers involved. Such exponen-
tial behavior with large activation energies is
thought not to be a property of the free-to-bound
Auger effect since the deep level can provide the
necessary momentum for the second carrier. ' "
In addition we have direct evidence that at least
three of the cross sections are not due to the Auger
effect. Two of the cases involve majority-carrier
electron capture at a deep unoccupied level. In
this case the Auger capture is proportional to the
square of the carrier concentration.

The data are for two single-particle centers in
GaAs: level B (E„+0.71 eV) and Cr (E„+0.78 eV).
In order to conclusively rule out the Auger effect
in these cases we have studied the electron-cap-
ture cross section over a wide range of electron
concentrations. Figure 3 shows the cross-section
data for level 8 in GaAs measured in seven differ-
ent samples with net donor concentrations varying
by a factor of 22 from 4.2 x 10"/cm' to 9.5 x 10"/
cm'. There is no dependence on carrier concen-

III. THEORY OF CAPTURE BY MULTIPHONON EMISSION

A. Overview

Nonradiative capture takes place because the
energy of a deep level depends on the positions of
the atoms comprising the defect and its neighbors,
that is, the lattice. As the lattice vibrates the
level moves up and down in the energy gap. The
diagram in Fig. 4 illustrates a simple model of
the electron lattice interaction in which for sim-
plicity the lattice is represented by a single co-
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ple to sample. If the Auger effect were the cause
of this large temperature dependence, E„=0.25
eV at 4o0 K, we would have observed a variation
of a factor of 23 in cross section. The 0„ for Cr,
shown in Fig. 2, behaves similarly.

The third case where the Auger effect can be
ruled out is the hole-capture cross section of the
second electron on the oxygen center in GaP. In
this case the Auger effect is definitely not possible
since the first electron is observed to remain
trapped even after the second electron has recom-
bined with a hole.
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FIG. 3. Electron-capture cross section of level B in
n-GaAs ro„(B)] vs inverse temperature for seven samples
of various electron concentration. The concentration of
electrons varies by a factor of 23 and is shown next to
the sample number in units of cm 3. Note that the cross
section is independent of carrier concentration within
experimental scatter.

FIG. 4. Diagram illustrating how nonradiative capture
of an electron takes place. The equilibrium positions of
the lattice coordinate and the energy level, before and
after capture, are indicated by the dashed lines. The
shaded regions within the energy gap indicate how the
energy of the level changes as the lattice vibrates. The
smaller arrows represent the amplitudes of the thermal
vibrations, before and after capture of an electron. The
large arrow represents the amplitude of the lattice vi-
brations about the new equilibrium position, immediately
after capture.
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ordinate. Consider the nonradiative capture of an
electron illustrated in Fig. 4. Prior to capture,
the equilibrium position of the level is in the upper
half of the gap. For sufficiently large vibrations
the level can cross into the conduction band and
capture an electron. After capture of the electron
the lattice near the defect relaxes in such a way
as to lower the equilibrium position of the level.
in the energy gap.

It is clear from the figure that immediately after
capture of the electron the lattice is displaced far
from the new equilibrium position and there will
be a violent lattice vibration at the defect. The
vibration will rapidly damp down to the amplitude
of thermal vibrations after a small number of
vibrational periods. During the damping, the
localized energy propagates away from the defect
as lattice phonons. This justifies calling this pro-
cess nonradiative capture by multiphonon emis-
sion (MPE). We assume that the large amplitude
vibrations occurring at the defect during MPE
capture are the cause of the recombination induced
defect motion observed by Lang and Kimerling. 3' "

Roughly speaking, the capture cross section is
proportional to the product of three probabilities

~= ~cP« ~ (6)

where 0., is the cross section for initial capture and

P« is the probability that the electron is not, re-
mitted. We calculate 0, treating the lattice as
quantized vibrations in Sec. III B and treating the
lattice as a classical variable in Sec. III C. The
classical calculation is only valid at high temper-
atures, but it is useful in that it provides insight
into the nature of the capture transition and the
breakdown of the adiabatic approximation near the
level crossing. Both calculations agree in the
high-temperature limit. Cross section 0, depends
on an electronic matrix element. We evaluate this
matrix element under the assumption that both the
bound state and the free-carrier state wave func-
tions can be described in the effective-mass ap-
proximation with both states associated with the
same band. We make a rough estimate of P« in
Sec. IIIE. Finally in Sec. III F we will briefly con-
sider other effects not treated in this simple mod-
el including nonlinear changes of the energy of the
bound state versus Q, charged centers, recombin-
ation after capture, and capture when the free-car-
rier state and the bound state have different sym-
metries.

P„„is the probability that sufficiently strong lat-
tice vibrations will occur so that the energy level
of bound state

l t& will twice cross (or nearly cross)
an occupied conduction-band state lc) during each
vibrational period. P„ is the probability that dur-
ing the double crossing a capture transition occurs.
P« is the probability that after capture, the elec-
tron will not be reemitted into another conduction
band level, during subsequent level crossings which
occur before level t leaves the conduction band.

At high temperatures P„„=e~& ", where E~ is
the lattice energy necessary for a level crossing
when the bound sta. te is unoccupied [see Fig. 5(b)J.
P„„determines the thermally activated behavior
of the MPE capture cross sections. The variation
of E~ for different centers produces most of the
large variation in the magnitudes of the capture
cross sections observed for different centers at
room temperature and lower temperatures.

In Secs. III B-IIIE we carry out adetai1ed calcula-
tion of the capture cross section for the capture of
an electron by a neutral impurity using an extreme-
ly simple model. We describe the lattice by a
single configuration coordinate Q and coupling of
the impurity to the lattice by allowing the well depth
to change linearly with Q. We also assume for
simplicity that the energy of the bound state
changes linearly with Q. It is convenient to write
the capture cross section as

B. Calculation of o, treating the lattice as quantized

1. Model

Let us consider capture of an electron by a neu-
tral impurity. The impurity and its nearest neigh~
bors form a potential well which can bind an elec-
tron. For simplicity, we will take the potential
well to be spherical with a radius b equal to the
nearest-neighbor distance and a depth V, . Param-
eters b and Vo will not enter into our final form-
ulas. The depth of the potential well is a sensitive
function of the positions of the impurity and the
neighboring atoms. To model this behavior we will
describe the vibrations of these atoms by a single
lattice coordinate Q.

The Hamiltonian for this system is

FE=IIg+H~g +HI.

= [p'/2m*+ V(r)]

+ BQ V(r) + (P '/2M + —,M ~'Q') .

IIE is the electronic Hamiltonian with Q =0, I1~~
describes the change in the potential-well depth by
a lattice displacement Q, and H~ is the Hamilton-
ian of a harmonic oscillator vibrating about Q=O.
Let

be the eigenfunctions of H~ for a free state at the
bottom of the conduction band, a trapped electron,
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FIG. 5. (a) Electronic energies vs lattice coordinate
Q. The adiabatic approximation is assumed to break
down at Q &

where the level is &~~ 0.06 eV below the con-
duction band. The insert shows the adiabatic and non-
adiabatic states in the crossing region. (b) The con-
figuration coordinate diagram —electronic + elastic
energies vs Q. The thermal barrier height Ez, the in-
crease in binding energy due to lattice relaxation S@~,
and the total binding energy &0 are indicated. The opti-
cal excitation thresholds at lattice equilibrium before
relaxation E& and after relaxation &„ are also indicated.
(c) Line shape for radiative capture. The vertical lines
indicated f(hv), which is a series of delta functions.
The smooth curve f(hv) reflects the integrated strength
of these 6 functions.

and a free state at the top of the valence band,
respectively. (These wave functions are independ-
ent of Q. They correspond to the adiabatic states
at Q =0. Later we will consider the changes in the
wave functions with Q.) Let us first plot the ener
gies of these states regarding Q as a parameter.
The electronic energies of the states i = c, v, t are

E;(Q) = (i
~

P'/2m" +V(r)+BQV(r) I i) .

These energies are shown in Fig. 5(a). For a, free
state

I c) or Iv), the energy is independent of Q
since the probability of the electron being in the
potential well is negligible and therefore BQ(cI V I c)
=0, etc. On the other hand, the matrix element
BQ(tI V(r) I t) may be large and this term causes

the bound state to cross into the conduction band at
Q =Q, and into the valence band at Q =Q„.

For the electron in state i=c, t, v, the potential
well for the lattice U, (Q) is

U( (Q) =E((Q}+2M(u'Q' .
These wells are plotted in Fig. 5(b). Note that the
lattice equilibrium position is at Q =0 regardless
of whether the electron is in the conduction band
or valence band. The harmonic-oscillator states of
the wells are also shown in Fig. 5(b). We will de-
note these states as

I n, ), I n, ), and I n„). The com-
plete wave functions of the electron and the lattice
are approximately given by I c)In, ), etc. These
are not exact eigenstates because the perturbation
BQV(r} couples states

I t) with
I c) and

I v). Of
course, it is just this coupling that causes capture
of a free electron into the bound state. These wave
functions represent an extreme approximation in
which the electronic states are assumed not to
change as the lattice vibrates.

2, Dependence of the electronic wave functions on Q

A better approximation away from level crossings
is the adiabatic approximation. In this approxima
tion, the electronic states are assumed to have the
same wave functions at each position Q that they
would have if Q were fixed at this position. Con-
sider the capture of an electron from the conduction
band. For a large energy separation of states
~
c) and I t), the electronic states will adiabatically

follow the lattice. But as the lattice approaches the
crossing point (Q=Q, in Fig. 5), the adiabatic
approximation requires that the electron wave func-
tion change completely from a free state to a bound

state during the small fraction of a vibrational
period. This requirement cannot possibly be sat-
isfied because the coupling between the free state
Ic) and bound state I t) is infinitesimal. Conse-
quently the adiabatic approximation breaks down
near the crossing.

It will be shown in Sec. IIIC2 that the breakdomn
occurs at approximately e, =0.06 eV away from the
level crossing and transitions begin at this point.
It will also be shown that the total probability of
a transition at each crossing is infinitesimal and
readily calculated using first-order time-depen-
dent perturbation theory.

In this section we will assume this to be the
case without further justification. Let us assume
that the adiabatic approximation begins to signif-
icantly break domn at Q= Q„where the bound state
is an energy e, below the crossing. Referring to
Fig. 5(a) let e(Q}=E,—E,(Q). To incorporate both
the adiabatic approximation and its breakdown
into the calculation of o', me mill take the electronic
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wave functions to be the adiabatic wave functions
Ic)=u, (r, g), It)=u, (r, t))), etc , .for values of Q
such that

I el+6, . &t C))=C))„6=-6, we wIII ch»ge
to the sudden Rppl"oxlIIlRt1on. In the cl osslng I eg-
ion I c I& ~, we will a,ssume It) and Ic& no longer
change mith Q Rnd have the values of adiabatic
states at C)) = f)),. That is

I c& = u, (r, q, ), I t& = I«, (r, q, ),
fol'

I 6 I& E' . Tile JustlflcRtloll of tllis Rppl'oxllllRtloll
18 given ln Sec. III C2.

(the Condon approximation) is to estimate the
electronic states by their values at Q=O, that is,
by @, andy, . Then

rad

d(h )
=

h p, ;« I &PI Iff~a« I'P«& I

xave„g I (n, I n, ) I'6(8, —8, —hv) .

3. .ReluIion between o, and the line shape for radiative

CQptNre

The transition rate for capture of an electron
is given by

I = —ave„, g I &tn, IRI cn, ) I' 6(g, —g,), (10)

where Sq =- 'plqA(d and gg ='p'Egfl(d —Eo. Only the off-
diagonal parts of X contribute to the matrix ele-
ment. The vibrational wave functions jn, ) and
jn, ) are highly oscillatory and overlap strongly
only in the regio n IQ —C)l, j& CI),. » thi»egion the
electronic sta«s I c& Rnd I t&»e i~dep~~de~t «C)).
They are the assumed eigenstates of p'/2m*+ V(C)))
with Q= Q, . %'6 can make use of this fact by writ-
ing V(r, Cl)) = V(r, Q, )+ nv(r, Q}=. V, + trav:

(tj3C, +X„+X,Ic) =(tjp'/2m*+ V, jc&

+(tjt Vjc)+(tjc&3C,

=&tjt V!c&. (11)
'I'lie fll'st Rlld tllll"cl tel'nls 111 Eq, (, 11) Rl'6 zel 0 be-
cause of the orthogonality of jc) and It) and be-
cause P'/2m*+ V, is diagonal in these states. Be-
cause ~t/ is slowly varying, we mill take it as
constant and equal to its value at the crossing
Point Q = Q&'.

(12)

With this simplification Eq. (10) becomes

ru = '~' l(tl ~v) c) I' (ave„, g l(e, lm) I*a(«. - «))

(13)
The complex term in the large parentheses can be
related to the line shape for radiative capture.
The line shape f(hv) is a well-known function of
A(d~ Fg~ Rnd kT.

The rRte of radiative cRpture Rt which light of
energy hv is emitted, is

dM)""" 2w„„)= —ave„g j&u, n, jlf„„(r)ju,n, &I'
tt g.

&& 5($, —8, —hv)p„„. (14).
In a 1adlRtlve transition the nornlal Rpproximation

We clef llle 'tile nol"nlRllzeci 11116 sllRpe f (hv) Rs

f (hv) = ave„g I (n, in, ) I
' 5(h, —b, —hv) . (16)

Noting that p„,,„j &t! If„„., jc)I'-(hv)', "we find

du)""
-(hv)'f(hv) .

f(hv) is sketched in Fig. 5(c),
Tile I10111"RcllR'tive tl'Rnsitloll I'Rte Eq. (13) Is

clearly proportional to f(0). The capture cross
section 0, is related to the nonradiative transition
rate sv by

o, = (fl/(v&) u), (16)

where 0 is the volume of the crystal and (v) is the
thermal velocity of the free carrier. Substituting
Eqs. (13) and (16) into Eq. (18}, we have

II, =Af(0),
where

X=(2'/h&u&)I(cjnVjt) I'. (20)

Othex approximate derivations relating the non-
radiative transition rate to f(0) have been given by
Kubo and Toyazawa' and by Engelman and Jortner. "
Equation (19) follows from the fact that essentially
the same initial or final vibrational states enter
into the nonradiative transition as enter into a
radiative capture transition in which light of zero
energy is emitted. For hv= 0, the radiative rate
is zero due to the (hv)' factor in Eq. (II), however
f(hv) may be nonzero. In both the radiative and
nonradiative tx'ansltions the electronic DlRtl" ix
element can be approximated as constant indepen-
dent of Q. In the radiative transition this matrix
element is evaluated using the adiabatic wave func-
tions at Q = 0. In the nonradiative transition con-
sidered here, we evaluate it using the adiabatic
wave functions at Q= Q,.

Vfe shall shorn that the coefficient A does not
depend sensitively on the properties of the impurity
or the host crystal, and that the large variations
in the MRgnitudes of cRptule cx'oss sections Rnd
the temperature dependence of these cross sec-
tions are determined almost entirely by f(0);
f(0) is determined by the lattice relaxation prop-
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erties of the center. These properties are very
difficult to calculate from first principles. Instead
of making this calculation we sha. ll compare theory
and experiment in this paper by determining f(0)
experimentally by means of optical and thermal
emission measurements.

f (h v) = g 5 (E, —P h(u —h v) W~,

W~ = exp[ -(2n+ l)S][(n+ I)/n) j'I'

x I~(2S[(n+1)n] ), (22)

where I~ is the modified Bessel function of order
p and

n= [exp(h&u/kT) —1] '. (23)

The line shape is sketched in Fig. 5(c). It consists
of a series of 5 functions. In reality mode Q will
be strongly coupled to the rest of the lattice so that
the vibrations of Q will be strongly damped. This
will cause the levels n, and n, to be lifetime broad-
ened. Also, the center will be coupled to a num-
ber of different lattice modes with different fre-
quencies. These effects cause the series of sharp
lines in f(hv) to be broadened into a smoothed line
shape which we eall f (hv). f(hv) is sketched in Fig.
5(c):

f(hv) =W~/h&u. (24)

The moments of f(h v) have been calculated by

Lax." The first two moments of the line shape
are

(hv) =hv =ED —She; (25)

((hv-hv) ) = (E') =S(8+)'(277+1) . (28)

These moment formulas are useful in determining
S and Su from luminescence data. In the limit of
large S, f (h v) approaches a Gaussian line shape
predicted by the Franck-Condon principle

f(hv)-(2v(E')) '~'exp[-(hv hv)'/2(E')] . - (27)

At high temperatures n —kT/h&u, (E') -2hekTS,
and

o, =Af (0) -A(4vk&ukTS) 'I' exp( Ea/kT)-
4', "n((t)~V(e)~'

kT h(z )hv

where

4. Temperature dependence off(0) and 0,

The line shape f(hv) was calculated by Huang and

Hhys. ' It depends on three parameters Eo, h(~, and

S defined in Fig. 5(b):

Ea = (h v)'/4h&uS = (Eo —hu)S)'/45uS

A similar derivation of Eqs. (28) and (29) has been
given by Engelman and Jortner. " Thus at high
temperatures the cross sections are expected to
increase exponentially with temperature with ac-
tivation energy Ea. Ea is identified in Fig. 5(b).

The optical line-shape formula calculated by
Hwang and Hhys is exactly the same whether the
center is coupled to a single lattic coordinate or
any number of lattice coordinates with the same
frequency. 6 Consequently a very good physical
understanding of phonon-broadened optical line
shapes is gained by considering only a single lat-
tice coordinate. By analogy, we expect that our
analysis, based on a single coordinate model, is a
reasonable approximation to the real problem.

The broadening of the line shape by the coupling
of Q to the rest of the lattice has two important
consequences. First, we do not have to worry
about whether the initial level n, and final level n,
are lined up. The broadening of these levels will
result in the same transition rate regardless of
the alignment of these levels. Second, after the
transition, the vibrations about the new equilibri-
um position will be rapidly damped. The large
vibrational energy, which is initially localized at
the center, will propagate away from the center in

the for m of lat tice phono ns.

C. Calculation of 0, with a classical lattice

In this section we will again calculate the cap-
ture cross section O„neglecting reemission nf the
electron after capture. We assume the lattice
vibrates sinusoidally about Q =-0:

(30)

The level separation of the initial carrier state c
and the bound electron state I, is

e(Q) =E, —E, =hv -E~ cos(u)t) .

We can expand the wave function 4 in terms of
eigenstates of X.= P'/2m*+ V(Q) at Q = Q„, where

Q, is sufficiently far from the crossings that the
adiabatic approximation is valid. [We will show
that the adiabatic approximation holds up to an
energy separation ey 0 06 eV of the level crossing.
Consequently Q, is drawn close to the crossing in
Fig. 5(a.).]

(32)

The Schrodinger equation

ihC =
[ p'/2m «+ V, + ~y(q)]e
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leads to the coupled equations

( 1«lo,„,(,.y (~, -~.) «).25

g «I&Vl )e p i (E E,)dt n (34b)N h

(34a)

Assume initially at time t = -t„Q= Q„and E, —E,
=e„ that only state c is occupied:

a, (-t, ) = I,
a,'(-t, ) = a, ( t, ) =-0, c'w c.

&i I
n. v

I c)
zh

(35a)

As t increases from -t, to t„ the lattice will move
sinusoidally to negative values of Q and back to Q„
causing a double crossing or a near crossing of
the energy levels. The probability of a capture
transition is

I a, (i,) I'.
In solving for a, we must keep in mind that

&tin, Vlc) is infinitesimal, since it is proportional
fo 0 t ' (where 0 is the volume of the crystal),
due to the normalization of I c). Thus a, can only
change by an infinitesimal amount from unity during
the transition time and we are justified in setting
a, =1.

To develop an intuitive understanding of how

a, (t) changes during a crossing let us neglect the
coupling of the bound state to other states c'W c
and solve Eq. (34b) for a, (t) as the lattice passes
through the Q, during a large amplitude vibration.
Let us approximate matrix element (cl &V(Q) I t )
to be constant independent of Q and equal to its
value at Q=Q, . Then the equation for a, (t) reduces
to

= (&tl n. VI c)/i ALE)s[c(x)+i S(x)]*' t', ,

where x = (E, -E,)/b, E, and C(x) and S(x) are
Fresnel integrals defined by

(39)

C(x) = cos dx = -C(-x),
p 2

mx'
S(x) = sin dx =-S(-x) .

p

(40)

Figure 6 shows a plot of la, (x)l computed from
Eq. (39), with x(E,)=-~. The increase of Ia, l
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This is exactly the problem solved by LZ, except
in our case the problem is greatly simplified be-
cause &tI AVI c) is infinitesimal. The integration
of Eq. (35a) is

&il n.vl c) . s (E, -E.)'
a, = . s dE exp i—

1

w f'
(

' )e=. (35b) 0.1

1. Calculation of cr~ assuming the levels cross at a uniform rate

( )
~ (i —t, )' w (E, -E,)'

31 3 (SE)' (36)

where AE is defined by this equation. For sinu-
soidal motion, the rate of level crossing E, is
related to E„and A, 7t by

0

IEt Is~ s ~(Es-h & ) (37)

and

d E = (v8 I E, I
)'/' = (ttff(u)'/'(E ' It'p')'i' (38)

We will assume that E, —E, changes linearly with
time near the level crossing and write the phase
factor in Eq. (35b) as 0.01 I

2
x =~Et Ecj/hE

FIG. 6. Squared amplitude of the bound state Ia, lz

divided by the single pass transition probability of the
Landau-Zener theory I'gz as a function of the level
separation && E, . la&I is the calc—ulation of Is J in the
adiabatic approximation. As the crossing is approached
Is~I —I and label /&tz- . The dashed curve shows
the decrease in Is„l /Qz above the crossing predicted
by Eq. (50). In a more exact treatment of the adiabatic
approximation az would remain equal to unity above the
crossing.
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Ev/h P +Qx/Q, =So/E, (42)

where Q~ is the maximum amplitude of the lattice
vibration of energy E@, and Q, and E~ denote these
parameters for a vibration which has a turning
point at the level crossing. Using Eq. (42), Eq.
(41) becomes

2v I( lc&V I t) I'(E )' '
~z- h~ hP(E E )i' o — a

(43)
P= 0, Eq&E~.

The thermal average of P reduces to calculating
the thermal average of (Eo —Ee) 't' for Eo& Ee
Assuming the lattice energies obey a Boltzman
distribution, which is valid for kT- S~, we have

((E E ) ala)

take place primarily in the range where E, is
within an energy —,hE of the crossing. The in-
crease in

~
a, (' due to the crossing is Ptz, where

2vr l(c l&Vlt) I' 2v l(c IAVlt) I'
h IE I h~ (E'g-h' P' )' ''

t

P Lz is exactly the single crossing transition prob-
ability predicted by the LZ theory when PLz«1.
(In our case P~z is infinitesimal. )

Let us calculate the thermal average of the
single crossing transition probability P, which
we assume to be equal to P» for E„~hv and
zero for E~& hv. A more rigorous thermal aver-
age will be carried out in Sec. IIIC3. We can
relateE'„-h' P' to the energy of lattice vibrations
by referring to Fig. 5(a):

AE = [4v (Sh(u) (h&u)'h T]' (48)

Shee is greater than hv for centers with large elec-
tron-phonon coupling. As an example of such a
center let Sh&=2hv, hv=0. 4 eV, and le=kT=0. 025
eV, then ~E= 0.11 eV. It is also useful to calcu-
late Ev —hv. Expressing Ze2-h'v2=2hv(Zv —hv) we
find from Eq. (18)

Zv —hv = 4Sh &AT/2vhv . (49)

For the same values of parameters we find E —hv
= 0.031 eV. This implies that for the typical vibra-
tions which contribute to capture, the turning point
of E, occurs close to the level crossing, so that
the LZ approach in which E, is assumed constant
in the crossing region (~ E, —E,

~

& nE) is not valid.
However, in Sec. IIIC3, we will show that Eq. (46)
holds in the strong-coupling-high-temperature
limit even when more general sinusoidal motion
occurs near the crossing.

derived in Sec. IIIB.
The terms in Eq. (46) are readily interpreted.

e & is the probability that mode Q has an energy
greater than Ea in Fig. 5(b). The average value of
(E'„-h'v') 't'for vibrations withEo&Es is (xEe/
hT)' '(hv) '. If we define Zv by the value of E„
satisfying this average

Ev2 h'v—'= (hT/vEe)h'v'= 4SK&AT/v, (47)

where we have used Eq. (29) to eliminate hv and
Ee. Substituting Eq. (47) into Eq. (38) we can de-
fine an average value of 4E, which we denote as
QE o

-EqlaT E E 1/2

g~

—e eB t~ r( /h)T& t2

2& l(cl&Vlt) I' vEe't'
h~ hv hT

dE e- ~'"'
Q

MQ

(44)

(45)

2. Breakdown of the adiabatic approximation near a level

crossing

It is interesting to compare a, (x) [Eq. (39)] with
the adiabatic solution for a, (x), which we will de-
note by a„(x). a„(x) can be found by integrating
Eq. (35a) by parts and keeping only the first term.
The additional terms depend on ( /ddt)[(t~ AV~c)/
(E, —E,)] and can be regarded as nonadiabatic cor-
rections:

Ql(c InVlt) I' 4vEe
h(v)hP hT (46)

This equation agrees exactly with Eq. (28) for cr,

During each period of vibration with Ez& F~
the level will be crossed twice. Let us neglect
the interference of the two contributions to a,
resulting from the two crossings. We will discuss
this interference in Sec. III C3. The capture cross
section is then found by multiplying 2(P) by the
vibrational frequency and dividing by the incident
electron flux (v)/Q. The angular frequency ur

cancels out and

(ti~vi & . (z, -z.)„,
)QA =

E E exP 2
t

x e""'"(1—i/vx'+ ~ ~ ), (51)

where the positive and negative terms hold for
positive and negative values of x, respectively.

=-((t~nV~c)hEx)e"" ". (50)

The asymptotic expansion of C(x)+iS(x) for ~x) ~ 1
ls

C(x) + iS(x) = +—'(1+ i)+ (I/vxi)



1002 C. H. HENRY AND D. V. LANG

Evaluating E(I. (39) with this expansion we find

a, (x) = a„(x)(1—i/t/x2+ ), x & -1,
a, (x) = a„(x)(1—i/t(x2+ ~ ~ )

+ ((t~ &V~ c)/&E}tr(1 —i), x) 1 .
Figure 6 shows

~
a, (x) ~' and

~
a„(x) ~' throughout the

crossing region.
The increase in amplitude of a, (x) modifies the

wave function in two ways. The part of a, (x) that
is proportional to e"" /' modifies

~

c ) e tz~t/" by
mixing of

~
t) and

~

c). The part of a, with a con-
stant phase factor contributes to

(52)

where P« is the probability that the captured elec-
tron is not reemitted after capture, prior to Q re-
turning to Q, . An approximate calculation of P«
will be carried out in Sec. III E. It is shown there
that P« is of order &. Hence reemission is signi-
ficant but it causes little change in the capture
cross section.

resulting in a probability of transitions from the
initial state

~

c) to state ~t). In the crossing (~x~
—1}these two parts of a, (x) have essentially the
same phase factor and cannot be separated. For
x& 7 the beating of these two contributions causes
the oscillations in Fig. 6.

Figure 6 shows that the adiabatic approximation
a~ is a good approximation for x c 2(E, E,(-0—.06
eV) but differs greatly from a, for larger values of
x. Nearer to the crossing,

~

a„~2- I, whereas

~
a, (x)

~

&Pi z, an infinitesimal (Iuantity. Conse-
(luently

I
a. l2/P»- - in Fig. 6.

Up till now we have neglected those parts of Eq.
(5) which couple the bound state

~

t) to the other
continuum states

~

c') . This coupling should have
two effects. As long as the bound state is greater
than =0.06 eV from the continuum states, the cou-
pling will merely cause adiabatic modifications of
the bound and continuum states. These can be
taken into account by assuming the states are adi-
abatic up to Q =Q„where the bound state is &,
=

& &E= 0.06 eV below the continuum. This assump-
tion affects the calculation of ~(c

~
&V~ t) ~2 carried

out in Sec. III D. However, we will see that

~(c
~

&V~ t) ~' is not very sensitive to the choice of

The other effect of coupling
~

t ) to the continuum
of levels is to cause a decrease in

~
a, ~2, due to

transitions of the captured electron into other con-
tinuum states crossed after capture. These tran-
sitions change the capture cross section from 0,
to

and

(t (t) = (E„/h(d) sin(&ut) —(/tv/ft(d)((dt) (53)

( )
(tl&Vlc) tt, ,(t) ()

Z
I

Since the contributions to this integral come pri-
marily from the level crossings where E~= E„ the
integral is essentially unchanged if we extend the
limits of integration to at, =+tt/(d. I,et us also de-
fine

(54)

z =Et//ft(d

v =—ltv/K(d .
Then

(t )
( I ei( 33((atilt) ututl d(+t)

gl]Z CO

(55)

(56)

= 2tt ((t I &V I c)/ik(d) d„(z), (57)

where J„(z) is the Bessel function of order v de-
fined by

cos(z sinx —vx') dx . (58)

The transition probability for capture occurring
during each vibrational period is then

(59)

For a typical center 5'~=0.025 eV, Izv=0. 4 eV, so
that v = 76. The vibrations contributing most to
capture transitions have E~ ) A,v. Therefore z = v

and both z and v are much greater than unity. Un-
der these conditions we can expand sinx about x= 0
in the integral for Z„(z) and extend the limit of the
integral to ~. Then

7
co

J'„(z)= — cos[(z —v)x —&zx3] dx
7r

where

= (2/z)' 'Ai((v -z)(2/z)' ')

= (Kcu/&E')Ai(-y), (60)

ttEt [1E (g~)2]1/3 [1/tv(if(d)2]1/3 (61)

y = (Ez —hv)/&E' and Ai(-y) is the Airy function.
P„becomes

P„=[4v'((cI &VIt)(2/(&E')2]Ai2(-y) . (62)

3. Calculation of 0~ for sinusoidal motion of Q

The calculation of o, [E(l. (46)] in Sec. IIIC1 was
valid only for vibrations of large amplitude, where
the turning point occurred far above the crossing.
We will now calculate 0, for general sinusoidal mo-
tion described by E(I. (31). We begin with E(I. (35),
where ((1(t) is given by
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For the above values of Se and hv, 4E = 28'm= 0.05
eV. For y» 1 &P ) g ~ (E )e n~s-co/ar

n =0
~m~htd /k T

"c=a

A12( y) ~ ly 1/2 stn2(2y3/2+ &

)

(c I AVI t) 4r
Ct (QE)2 gp/2 slI1 (3y + graf)

= 4P» sin'(-,'y'/'+ —,'g),

(63)

(64)
cfEo I ~g(Eo)8 (66)

Replacing these sums by integrals, which are valid
at high temperatures,

where PL~ is the single pass transition probability
given by the LZ theory given by Eq. (41), with
E,

l
given by Eq. (37)

P„and 2PL~ are plotted in Fig. 7. The sinusoi-
dal behavior of P„at large E„results from the in-
terference of the two contributions to a, coming
from the double crossing of level c by level I;. P~~
appears to be a good approximation to P„, aver-
aged over these oscillations for E„-Av& 4E'.
Transitions begin when the energy of the bound
state at the turning point E~ is within 4E' of the
crossing and transitions are maximum when the
turning point occurs ~E' above the crossing. For
a typical center h{d=0.025 eV, E„=hv=0.4 eV
=16@a&, according to Eq. (61), nE'=2har=0. 05 eV.
Note that for a nearly adiabatic transition, one
would expect transitions to occur when the levels
are within approximately l&c

~
bV~t)l of the cross-

ing. In our case the crossing is nearly sudden and
&E' does not depend on this matrix element.

The thermal average of P„ is given by

4rr' l&c I &V I t) I
"

~ t E~ '/'

4g'l&c Id VIf) l' Es
(5'&u)' kT

dr g2 [(x}x/2p] s (ss /4 & l x-

4I/'l& I VIt) l
(66)

where I„is the modified Bessel function of order
v and

v'kT vhv kT SS'(d kT
2Eg 2Eg SQp Sv AQp

For v»1, the asymptotic expansion of I„(nr) is"

(~)e N [(2v)1/2(v2+ ~2)l/4]

Using Eq. (59) for P,„an dEq. (42)

z =E„/h&u= (hv/I(o)(Eo/E~)'/'= v(Eo/Es)'/',

(67)

we have

12-

I I

»LZ

Il
[l

I

l

—=~~ (~l(-Y))Pc) z . 2
8

dK'=( —(%u) hv)" ~I

2
l&clzvl t &l~

(M')

x exp[- v sinh '(v/g/) —u/+ (v'+gp')'/'].

For u & v there is a further simplification. This
condition is satisfied at room temperature for
large electron-phonon coupling (Sh(u&IP) or at
higher temperature for weaker electron-phonon
coupling. U nder these circumstances

Al

SKI 6-
CP

(~)e w (2t/~) f/ae-v /2w (71)

) 4 2 E~ '/ I&el&Vlf) I

7F 4'T jgPS (d
(72)

The cross section o, is given by

2 4 6
EM-hv

gE/

FIG. 7. Double pass trRnsltion probability P~g Rs a
function of E@-hv for a sinusoidal vibration which varies
the level separation as E& —&, = E+ cos(rut —hv). 2PLz
is the double pass transition probability predicted by the
Landau-Zener theory.

4vEe '/'
l&c I AV If) I'

kT K&@)hv

This formula is in complete agreement with Eq. (46)
derived using the LZ formula and with Eq. (28) de-
rived using a quantized lattice.
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B. Evaluation of the matrix element &c ~A V
I

t& for a neutral

center

Eqs. (79) and (81), which results in

ka = ta.n[k(a, —b)]. (83)
We want to calculate the matrix element

(cl t VI t), where
I
c) and It) are the adiabatic states

of a spherical square well of depth V, with a bound
state c, =0.06 eV below the continuum. We assume
the radius of the well b is of order the nearest-
neighbor sepa. ration (2.36 A for GaP). The radius
a of the bound state [defined by Eq. (75) below] is
given by

a=a, —b. (84)

Using sin(K, b) =1 and sin[k(a, —b)] = k(a, —b), Eq.
(80) becomes

b)n-1 tk = an-1 t'. (85)

Assuming k(a, —b) & 1, tan[k(a, —b)] = k(a, —b), Eq.
(83) becomes

a = (k'/2m*a, )' ~' (74) The matrix element is

I A, sin(K,r), r ( b,
I,c =

csin(kr+ 5)/kn't', r& b,
(76)

where Kt and K, are defined by the relations K2t

=-(2m*/k')(V, —k, ) and K,'= (2m~/k')V, + k'. Here
well depth V, is large compared to k:, and (k'/
2m*)k'. A, is determined by normalization a.nd is
approximately

A, = (2va) 't'. (77)

6 is the l=0 phase shift. For low-energy electrons

where parameter a, defined by Eq. (78) is the scat-
tering length. The requirement that u, and du, /
dh be continuous at x = b leads to

For ~x*=0.4mp, whj. ch ~s appropriate for GaP,
a=12.6 A and b/a=0. 19. We will assume b/a«1,
kb «1, and ka~ 1, where k is the wave vector of
the free carrier. Under these assumptions the
wave functions can be readily calculated. The
continuum state can be expanded in partial waves
of angular momentum l. For low-energy electrons
kb«1, only the 1=0 component has an appreciable
matrix element. We will neglect l 0 0 partial
waves. Then IC) and

I
t) are of the form u;(r)/r,

i = c, f. , where

j A, sin(K, r), r& b,
24t

(A, sin(K, b)e '" "t' r& b

~b
(c

I

A V
I
t) = 4EA+k(A Vo) sin(K, r) sin(Kkr) Cr

= 2vA+, b(t1vo) = (2@a)'~'b(&v, ) (86)

We have used K,b =Ktb =2m as approximating the
integral by 2b. Here &Vp denotes the change in
the depth of the potential well required to change
Et by &,. That is,

&, =(tl t vlt) =(~v, )b/ . (87)

Finally combining Eqs. (86) and (87) we have

nl(cl t1vlt)l'=(2Ea')k:,'

= 2 (k'/2m*)'"e't' (88)

This equation is appealing because the matrix
element does not depend on either the range or
depth of the potential well and it depends only in-
sensitively on e, . Note that at ~= b,

I
c) =A sin(K b)/bn =(a/b)n ' (89)

so that in the vicinity of the potential well the am-
plitude of

I
c) is enhanced by (a/b) over the ampli-

tude of a plane wave. Approximating the continuum
states as plane waves underestimates l(c

I
t1VI t)l'

and leads to an expression for 0, that is a sensitive
function of both b and a. This error was made in
our earlier publication. " We are grateful to the
referee of this paper for pointing out this error.

Using Eq. (88), Eq. (28) for o, becomes

K, cosK,b= k cot(kb-; 5) = —k cot[k(a, —b)] (79) 4vzsk, 't'2v(h'/2m*)'t' E (kr
ark'v

2

~

8(v)
(90)

A.,= sin[k(a, —b)]/kn' ' sin(K, b). (80)

K, cot(K, b) = —1/a. (81)

Using the definitions of K& and K and Eq. (74) lead
to

A similar requirement for the bound state leads to

Using

(u) =(8kT/vm*)'"

and EE= k'vk/4SÃw (Eq. 29), we find

1/2 2 &~2
e-Ea ~~ ~

S'8 4kT nz~
(91)

K,'=K'+ 1/a'+ O'=K'.
t

Et and K, are almost equal. Because of this near
equality, we can equate the right-hand sides of

We can approximate (kT) ' near T= TE= 300 K as

(kT)-1 (kT )-le 1ekTElkT-
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-8 Ar
C 2oC

where

= (e /$@~)'"(v'/2e)(h'/2m*hT, )

and

E„,= E~ —kT~.

(93)

SUDDEN

—c c

CAPTURE ADIABATIC

Using, as in Sec. IIIC, the typical values She
= 2E„E,= 0.4 eV, E, = 0.06 eV, m*= 0.4mo, and
kT„= 0.025 eV, we estimate

o = 8 9 && 10 i4(e /Sif~)i~ cm2

c
c'

t

1K'

~%X
c'

CO

t

EM

~c
Ec'

co

(b)

= 1.9 x 10 "cm' (98)

We can also evaluate coefficient A in Eq. (20)

Using nz*=0.4 and kT=0.025 eV,

A, = 2.6 x10 '4cm'eV.

(98)

E. Approximate calculation of the probability of reemission

The correct calculation of the capture cross
section, including reemission of the bound elec-
tron after capture, requires solution of Eq. (34),
describing the coupling of the bound state with the
continuum of free states. This is a difficult math-
ematical problem and beyond the scope of this
paper. Instead we will make a crude estimate of
P«, the probability that the electron will not be
reemitted after capture, based on a physical pic-
ture illustrated in Fig. 8(b).

We will assume for simplicity that the captured
electron can only be reemitted into those levels
crossed after capture. According to I.Z, the
probability that the bound electron is not reemit-
ted when crossing level c' is e Lz, where P„~ is
the single crossing transition probability given by
Eq. (41) with c replaced by c'. P„ is the product
of these probabilities

P„=lie =exp —+2 ),
C

(98)

where the sum extends over all levels c' crossed
after capture. While PLz is infinitesimal, Z,.PLz
is finite and leads to a reemission process similar
to that occurring in a nearly adiabatic crossing.
This similarity is illustrated in Fig. 8.

We can write Z,.P„z as an integral

the turning point E~, the integral is the sum of
two terms with limits of integration E, and E~ and
E«and E» where E« is the lowest energy in the
conduction band. If capture occurs after the turn-
ing point, the integral ranges from E„to E,. For
average vibrations contributing to capture, we
have from Eq. (49) E„—E,= (4$ff~/2vh v)hT
= (4/v)hT for Sh&= 2hv a typical value with strong
electron phonon coupling. The average energy of
the incident carrier is Ec —E«= -;kT

To gain some feeling for the typical value of S
while not getting bogged down in difficult integra-
tions, let us calculate a representative value of
S, which we shall call S in which the integration
ranges from E« to the average turning point E~,

E~ E„=(—,'+ 2$h~-/z hv)hT. (100)

In calculating ~E,
~

in Eq. (99), we must take into
account that after capture the lattice is moving
along the bound-state configuration-coordinate
diagram. In analogy with Eq. (37)

~E,
~

= ~[(E')2-(E' )2]i~2 (101)

where E~ and E'; a,re the energies of the bound
state at the turning point and the energy of free
state c', both measured relative to the energy of
the bound-state energy at Q [Fig. 5(b)]. We
can reexpress IE, ~

as

iE,
~

= ~(2E')'"(E' -E' )'"
= m[2(2$hw+ hv)]' 2(E~ —E,, )' ', (102)

FIG. 8. Transitions occurring during a double passage.
In sudden passage no transitions occur. In adiabatic
passage thoro transitions occur. Capture takes place if a
single transition occurs. (aj The crossing of two levels;
(b) shows the analogous cases for a bound state crossing
through a continuum of levels.

I dN, 2v l&c'I bV If&I2
(99)

where we have approximated E,', by E,'. and used
E~ —E',, =E~ —E,, The density of states is

The integral ranges over the energy of all states
crossed after capture. If capture occurs before

j. /2dX,
(2 )2 h2 ( c' co) (103)
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Using Eqs. (99), (102), and (103), S is

fl l(c I AV I f&I
' 2m* ' '

27I)2oo[2(hp+ 2$hoI)j1I2

where

A =P,+,=1.5 x10 '4 cm2eV.

F. Discussion

(115)

~M (E, E )1~2

(E E )1/2 c' ' (104)

The integral equals —,
' II(E„E,0-) Eva. luating

Q((c[AV(t)p with Eq. (88) and E„-E„with Eq.
(100)

'/' 3 2SI ~ aTS=—
2 2(hv+2$hoI) 2 IIE, h0I

'—+ (105)

where

&(S-S (2-1) + S-S I
) (106)

ScO 2 c'

and

= (2/II)(0 —sin8 cos 6)

8 = sin '[(E, E,o)/(E„E„—)j'~' . -

(107)

(108)

For Sh'&u = 2h v, (E, -E~)/(E„—E„)= 0.54, 8 = 47;
and

I= 0.21,

P 1(e-1.79S+ e-0, 21S) 0 (109)

S is proportional to kT, causing P« to decrease
with temperature. Near room temperature we can
express the temperature dependence of P«as

P 0 35e+0.012 ev/oT
tt (110)

The capture cross section for a neutral center is

0=a P =o ec tt

From Eqs. (94) and (95), we have

For typical values 5& = 0.025 eV, e, = 0.06 eV, E,
=0.4 eV, Sh& =2E„and kT =0.025 eV we find S
=0.68. For a. carrier captured at the turning point

P„=e-'=0.50.

Pn the average, the turning point occurs an amount
E„-E,, above level c. For such an average vibra-
tional motion there are two values of S depending
on whether capture occurs before or after the
turning point. The average of the two contributions
to P«xs

ay ey
EL —

eQ

then we expect

(116)

(117)

In Secs. IIIA-ItIE we have carried out a detailed
calculation of MPE capture using a model that had
the following limitations: the impurity was neutral
before capture; the wave functions of the free and
bound states were describable in a one-band ef-
fective-mass approximation; a single vibrational
displacement Q caused both the crossing of the
free and bound states and the transition between
these states; and E, was assumed linear with Q.
Obviously this simple model does not cover all
the complex situations that arise in studying cap-
ture and recombination for a variety of different
impurities. These include capture by charged
centers, capture in which the bound state and the
free state have different symmetry, and nonlin-
earities in E, vs Q. We will not carry out cal-
culations for these cases but merely make a few
speculative remarks.

In a number of cases the bound state has a dif-
ferent symmetry than the free-carrier state. For
example, consider a substitutional impurity with
tetrahedral symmetry T„. A bound-electron state
is likely to have irreducible representation I', of
group T~. Symmetric 1, vibrations which alter
the depth of the potentia. l well will not change the
symmetry of the state. The bound state will re-
combine with holes at the top of the valence band
which have irreducible representation I', . In
first order, the bound-electron state and the free-
hole state will be coupled by I „ I;, I", vibrations
but not by I', vibrations. "

Cases such as this may be better treated by a
model in which the impurity is coupled by two lat-
tice modes. A symmetric mode Q, which alters
the well depth, causes the motion of the bound lev-
el relative to the free-carrier bands, and a second
mode of different symmetry Q, which couples the
bound state

I
f& and the free state Iv&. If the elec-

tron-lattice interaction is

a„=0.35(o ),= 6.6 X 10 "cm',

E„=E„,—0.012 eV=E —0.03'7 eV.

Similarly

v=Af(0),

(112)

(113)

(114)

where f(h|1) is the line shape for thermal broaden-
ing of optical capture transitions by mode Q, . The
cross section is again of the form o=Af(0).

An electron trapped at a neutral center will re-
combine with a hole attracted to the center by
Coulomb attraction. The hole can occupy a 18
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FIG. 9. Binding energy &, vs well depth Vo for the
spherical square well of radius b. The dashed line shows
the deviation from the adiabatic approximation for ~E, ~

& 0.06 eV. The straight curve is the linear approximation
to E, made using d E&/d Vo at &

&
= —0.4 eV.

state, enhancing the charge density near the po-
tential well. For GaP, it has been shown for the
Cd-O, Zn-0, and N-N pairs~ that the 1S hole
state has a binding energy of approximately 35-40
meV. The thermally averaged occupancy of this
state leads to an enhancement g of the hole charge
density near the potential well relative to the aver-
age hole density p, where

~=a" a'"
I ~ .(0) I'/&. (118)

We estimate @=4, E,e=0.085 eV, Ip, e(0) I'=2
x10"/cm', and IV„=2 X 10"/cm' and find iI=16 at
room temperature. g decreases rapidly with tem-
perature because of the exponential factor and be-
cause E, ~ T' '. Near room temperature g can be
fitted as

q= 0.88e+o 073~~~

Thus Coulomb attraction causes an enhancement of 0

at room temperature, but no enhancement of 0„.
Up till now we have assumed for simplicity that

E, varies linearly with Q in Fig. 5(a). This would
be the case if the wave function

I
t) did not change

with Q. However the adiabatic change of
I I) with

Q (valid throughout the band gap except within
=0.06 eV of the band edges) produces nonlinearities
in E, vs Q which increase E~ for carrier capture
and decrease E~ for carrier recombination. This
is illustrated in Fig. 9 where we have plotted the
bound-state energy E, versus well depth for the
spherical square well. The linear curve is a lin-
ear approximation made with E, =0.4 eV. dE, /dQ
is proportional to dE, /dV, and,

4~+ y~ ~ 2

0 0

That is, dE, /dV, etluals the probability that the
bound carrier is within the potential well of radius
b. This probability increases with binding energy
giving the observed nonlinearities. The increase
in m* with binding energy would also increase
this nonlinearity. Additional nonlinearities will
result from the softening of lattice modes by bound
carriers, discussed by Heine and Henry. "

These nonlinearities will be much more extreme
in the case of MPE capture by a deep donor (or
acceptor) because the probability that the electron
is within the potential well rapidly decreases with
decreasing binding energy. For example, Heine
and Henry" have made an approximate estimate
of the charge density within radius b versus bind-
ing energy for neutral and Coulomb attractive
centers. They find for electron traps in GaP that
as E, decreases from 0.4 to 0.06 eV the fraction
of charge within the central cell decreases from
0.64 to 0.33 for a neutral center and from 0.4 to
0.014 for a Coulomb attractive center.

Evidence that these nonlinearities substantially
affect the capture cross sections of the Zn-0 and
0 centers in GaP is presented in Sec. IV.

IV. COMPARISON OF THEORY AND EXPERIMENT

A. Temperature dependence of the capture cross sections

The temperature dependences of the capture
cross sections in Fig. 2 all show the exponential
behavior expected with temperature. All of the
cross sections except one extrapolate exponentially
to nearly the same value 0„=10' -10 "cm' at
high temperatures. The exception is the cross
section for electron capture by state 2 of 0 in
GaP. A possible reason for this exception will be
discussed in Sec. IVD. We hasten to point out
that not all cross sections that we have measured
exhibit an increase with temperature. Some nota-
ble exceptions are electron capture into state 1
of 0 in GaP,"and hole capture by Fe and Cr in
GaAs. '~ In all of these cases the measured cross
sections are substantially less than 10 "cm' and
decrease slowly with increasing temperature. We
assume that another nonradiative process causes
capture in these cases.

The theory of Sec. III [Eels. (95) and (110)]for
capture of a carrier by an attractive neutral cen-
ter, predicts a value of 0„=6 x 10 "cm' which
has the same order of magnitude as values of 0„
10-zc 10-z5 cm2 observed for a variety of centers
in Fig. 2. The theory of SK also predicts values
of 0„ in this range for neutral and Coulomb attrac-
tive centers. We should emphasize that both our
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theory and that of SK use the effective-mass ap-
proximation. Neither theory takes into account
that the symmetry of the level may be different
from that of the band state. However we do not
expect that additional complexities present in the
actual data (which encompasses capture and re-
combination transitions, transition elements, and
unknown centers) can alter the relations o

=o e "~~r or o= Af(0). These complexities would
most likely contribute to changes primarily in the
predicted value of O.„and A. .

B. Capture of an electron by the Zn-0 center in GaP

The Zn-0 center in GaP is a well understood
neutral center for which both the recombination
luminescence and electron-capture cross section
are accurately known. The Zn-0 center has been
studied both in absorption and emission by Cuth-
bert et al." They established the energy of the
exciton bound to the Zn-0 center at helium tem-
perature to be approximately 2.02 eV, or 0.319 eV
less than the energy gap. Henry et ait."found the
binding energy of the hole in the bound exciton to
be approximately 0.037 eV. Subtracting this en-
ergy from the 0.319 eV we determine that the bind-
ing energy of the Zn-0 center is EO=0.282 eV.
This agrees quite well with an ionization energy
of 0.285 eV measured by Jayson et a/. 4' from ther-
mal emission measurements.

If we neglect nonlinear electron-lattice interac-
tions, then the values of S and @co determined for
the line shape of the recombination luminescence
also describe the line shape for radiative capture
f (hv). The first moment of the emission line shape
occurs at about 0.19 eV below the zero-phonon en-
ergy (2.02 eV). The full width at half maximum of
the emission line shape at 4 K is ~z/2 0.14 eV."
In the Gaussian approximation, the second moment
of the line (E') = (E,&,)'/81n2 = (0.059 eV)'. 8 and

&co can be calculated from the measured first and
second moments using Eqs. (25) and (26). The
experimental and theoretical parameters for the
Zn-0 center are tabulated in Table I. The large
value of S=10.2 justifies using the Gaussian line
shape Eq. (27) to calculate f(0). The parameters
S and hco are reasonably close to the values found
in earlier fits of the Zn-0 luminescence by Mor-
gan et al. '7

The electron capture cross section for the Zn-0
center has been measured by Jayson et al. ' to be
~ = (2 ",) x 10 " cm' at 800 K and by Lang" to be
(0.9 +0.5) x 10 "cm' at 190 K. These two values
lead to an estimate of o„=(8",') x 10 " cm'.

The theoretical parameters for the Zn-0 center
are listed in Table I. &, and P«were calculated

TABLE I. Parameters of the Zn-0 center in GaP at
T= 300 K.

Experiment Theory

Eo ——0.282 eV

S@cu = 0.19 eV

S(~) = (0.059 eV)

og(300 K) = (2 ) x 1Q cm

0 = (8+ )x10 ~ cm

Same

Same

Same

S = 10.2

~ = 0.0186 eV

f(0) =2.6 (eV)-'

EJ3 ——0.011 eV

E = -0.027

e&
——0. 034 eV

I'gg = 0.45

&„(300 K) = 23x 10 '~ cm

o„„=8x1p "cm'
Sk =0.12'

Eg ——0.049 '
g„=P.P] 0'
0'„(300 K) =Vx 10 ~ cm '

These values include a correction for nonlinear elec-
tron-lattice interactions.

from using &, = —26E and Eqs. (48) and (106). The
value for 0„ is in good agreement with experiment.
However the theoretical capture cross at room
temperature is an order of magnitude too large,
and the theory predicts that the cross section will
decrease slowly with increasing temperature
(E„&0). A possible explanation for these discrep-
ancies is that nonlinearity of E,(Q) interactions
must not be neglected. As discussed in Sec. IIIE
(see Fig. 9) these nonlinear electron-lattice in-
teractions will not effect 0„, but will increase E~,
decreasing the theoretical values of the cross
section at lower temperatures.

The nonlinear electron-lattice interaction is
conceptually easy to understand. The coupling to
the lattice is determined by S@(d. We have fitted
this parameter using recombination luminescence.
During recombination luminescence, the electron
has an average binding energy relative to the con-
duction band of E,+SR~=0.47 eV (see Fig. 5). To
understand capture we need to know the coupling to
the lattice as the binding energy decreases from
E, to &,. The average binding energy is =&E,
=0.14 eV. According to the estimate of Henry and

Heine, the probability that the electron is within
the potential well decreases from 0.68 to 0.45 as
the binding energy decreases 0.4'7-0.14 eV. If we
assume Sh(d is proportional to the time spent within
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the potential well, SR' decreases from 0.19 to
0.12 eV. According to Eq. (29) this changes Es
from 0.011 to 0.049 eV and decreases the theoreti-
cal value of the cross section at room temperature
from 23x10 esto V)(10 '5cm2 avaluethathasth
same order of magnitude as the measured value.

C. Configuration coordinate diagram for state 2 of 0 in GaP

The theory of nonradiative capture presented in
Sec. tII shows that the capture cross sections de-
pend sensitively on the amount of lattice relaxation.
If a large energy is dissipated in the transition,
large cross sections are only possible if the
amount of lattice relaxation associated with the
level is substantial. In a complete nonradiative
cycle of capture and recombination the level moves
across the entire energy gap. This process is
only probable if the equilibrium position of the
level prior to capture is near the conduction band
and after capture is near the valence band. The
equilibrium positions of the level can be estab-
lished by optical emission or absorption experi-
ments.

A striking example is state 2 of 0 in GaP. This
state has a large capture cross section for boles
[(0.3 1.7) x 10 '4 cm'] and is believed" to dissi-
pate about 1.35 e7 in this transition. The cross
section tends to decrease slightly with temperature
indicating an extremely small barrier height. We
will present evidence that a large lattice relaxation
is responsible for this large cross section. Kuki-
moto et al."and Henry et al."established that 0
in GaP has two bound states, state 1 with one deep-
ly bound electron and state 2 with two deeply bound

electrons. Kukimoto et al."measured the photo-
ionization cross sections of state 1 and state 2.
Their interpretation of this data was that state 2

has substantial lattice relaxation while state 1 has
only small lattice relaxation. " Later Grimmeiss
et al. 69 presented a, different interpretation of state
2, based on photoconductivity measurements,
which implied that state 2 has little lattice relaxa-
tion. Recently Jaros" has calculated the energies
of states 1 and 2 of substitutional Op in GaP. He
finds that 0 will deeply bind both states and tllat
the deep binding of the state 2 electron is due to
a substantial rearrangement of the valence elec-
trons.

In order to try to settle the controversy of
whether state 2 of 0 has large lattice relaxation,
we have repeated the measurements of the pboto-
ionization cross sections and carried them out
over a range of temperatures varying from 120
to 400 K. The temperature variation of the cross-
sections is crucial. Besides altering the threshold

energies of the cross sections, lattice relaxetion
also causes substantial thermal broadening which
increases with temperature. The optical cross
sections are shown in Figs. 10 and 11. The data
are consistent with large lattice relaxation of
state 2.

The various transitions are defined by the dia-
grams inserted in these figures. The equilibrium
positions of the levels before and after occupation
by an electron are shown in the inserts. The ener-
gies were determined for state 2 from analysis
of the optical cross-section data. For state 1 the
energies were determined from luminescence
data, a more accurate method, but are consistent
with photocapacitance data. The methods of the
optical cross-section measurement and the analy-
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FIG. 10. Optical cross sections && ~ and o„1 of state
1 and o&2 of state 2 of 0 in GaP. Note the small degree
of broadening of o„& and o&1 compared to o&02 and v„2 in
Fig. 1.1. The insert in (a) indicates how the optical
transitions change and charge states of the 0 center. The
insert in (c) indicates the energy levels of state 1 before
and after lattice relaxation. The energy levels were de-
termined by ].uminescence and are consistent with the
photocapacitance data shown here.
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2.0

FI( . 11. Photolonizatlon cross section o 2 of state 2 of
O in GaP. Nate the substantial thermal broadening of
this cross section. The change of slope of the 190-K
curve near 1.2 eV is due to thermal ionization of the

trapped electron. Thermal effects were subtracted from
the higher-temperature data. The insert shows the en-
ergy levels for state 2 before and after lattice relaxation
as determined from analysis of ao2 and o&2. The diagram
indicates a very large drop in the level energy with
lat tice relaxation.

threshold energy or for the structure they ob-
served. A possible explanation of this discrep-
ancy is given in Appendix B.

Figures 10 and 11 show vividly that the phonon
broadening of the transitions of state 2 is much
greater than the phonon broadening of the tran-
sitions of state 1. The threshold data as well as
the inserted diagrams interpreting this data also
show that the deduced thresholds are consistent
with a small change in the energy of state 1 with
lattice relaxation (0.20 eV), but a large change in
the energy of state 2 (1.56 eV).

The thermal broadening of o„, is much greater
than that of o~, . According to the simple model
depicted in Fig 5(b.), the broadening of the two
cross sections should be the same. This asym-
metry can be explained by assuming that the lat-
tice frequency decreased after capture of the elec-
tron.

A decrease in lattice frequency after capture is
also needed to explain the thermal emission data
of state 2. The thermal emission rates e„, and e~
for state 1 and state 2 are shown in Fig. 12. The
dominant thermal emission process for both states
is to the conduction band. The rates of the two
states are very similar. Consequently, when a
sample of n-type Gap:0 is observed with a Schott-
ky barrier by the Dl TS method, "a single electron
emission peak is observed. The method of mea-
surement of the two rates and their analysis is de-

TEMPERATURE (K)
555 500 455 4 I 7 385 357 333

I

STATE 2 SCHOTTKY+I08 V

sis of the threshold energies are briefly discussed
in Appendix A. For state 2 these energies were
determined by fitting the optical cross sections
with Gaussian curves. The fitting parameters
are tabulated in Table II. The data for the photo-
ionization energy of state 2, shown in Fig. 11,
was taken over a range of up to five decades in
order to compare it with the data of Qrimmeiss
et al." We find no evidence for the 0.65-eV
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TAHI, E II. Parameters determined by fitting the opti-
cal cross section o„2 and a&2 of state 2 of 0 in GaP.
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FIG. 12. Thermal emission rates of state 1 and state
2 of 0 in GaP. The activation energies 1.08 and 1.18 eV
are larger than the binding energies Eo~ and ED2 of state
1 and state 2. To determine I-"„, the contributions to
the activation energy made by the temperature depend-
ence of Nco„;(v„) must be subtracted out, i =1,2, where
o„; is the capture cross section for the inverse of the
thermal emission process.
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scribed in Appendix B. A thermal activation ener-
gy Ep2 0 89 + 0 06 is deduced for state 2. This
energy determines energy Eo in Fig. 5(b). Exam-
ination of Fig. 5(b) shows that, in the absence of
lattice frequency changes, E, should be the mean
of the vertical separation of the levels from the
conduction band before and after occupation. That
is E,= —,'-(E, —E~+E„), which is 1.18 eV for state 2

at 400 K. The fact that the measured value Eo, is
0.29 eV smaller than this can be accounted for by
a reduction of the lattice frequency after capture.

A configuration-coordinate diagram for state 2
at T =400 K is shown in Fig. 13. This diagram is
consistent with the measured energies Ep2 E 2 Epg
and also with the measured capture cross sections,
discussed in Sec. IVD. The experimental and theo-
retical parameters are tabulated in Table II. At
400 K the calculated second moments are ((E')„,)' '
=0.42 eV and ((E')»)' '=0.12 eV. The experimen-
tal values are ((E')„,)'~' =0.30 eV and ((E')»)'~'
= 0.17 eV. Thus the conf iguration-coordinate curve
in Fig. 13 correctly predicts the large magnitude
of the average second moment. The average of
((E'))' ~' = ~(0.12+0.42) = 0.27 eV is in agreement
with the measured value of —,'(0.17+0.30)=0.24 eV.
In contrast to these large values, the value of
((E'))'~' for the Zn-0 center at the same tempera-
ture (400 K) is only 0.11 eV. While the overall

3-
Op IN GoP

(dp

0 I

LATTICE DISPLACEMENT, Q

FIG. 13. Configuration coordinate diagram for state 2
of 0 in GaP. The diagram was determined by measure-
ment of &&2, E„2, and &02. The quantities ~

&
and (d 2

are the vibrational frequencies of the lattice before and
after state 2 is occupied by an electron. The dashed
curves are used to calculate capture cross sections with
the theory of Sec. IH, which did not take into account
changes in lattice frequency. The dashed curve is a
fit of the configuration-coordinate curve of the transi-
tion, in the region where capture takes place, with a
curve having the same frequency as the initial state.

magnitude of ((E'))' ' is correct, the configuration
coordinate diagram predicts even a greater differ-
ence between the linewidths than the large differ-
ence actually observed.

D. Capture cross sections of state 2 of. 0 in GaP

The qualltatlve but not quaIltltatlve fit of the llne-
widths makes it clear that we are trying to account
for the complex phenomena of phonon-broadening and

lattice relaxation with an extremely simple model
and that we must allow for the fact that this model
is not an exact description. Fortunately we can
account for two unusual features of the capture
cross sections of state 2 which will be insensitive
to small changes in the configuration-coordinate
diagram.

The first feature is the extremely large and tem-
perature-independent cross section for the trapped
electron to recombine with a hole (a»=2x 10 '4

cm') despitethe fact that this electronhas an energy
level in the upper half of the gap (i.e., E„=0.89 eV
from thermal emission). This follows directly
from the large lattice relaxation which causes the
configuration-coordinate curve of the trapped elec-
tron to intersect the valence band close to the
equilibrium position of the bound state.

The second feature is the small cross section
(3 x 10 "cm') and small activation energy (0.11
eV) for capture of an electron into state 2. The
trend of the other cases in Fig. 2 indicates that a
cross section associated with this small an activa-
tion energy should be substantially larger. A pos-
sible explanation for the small cross section is
that the configuration-coordinate diagram of the
bound state does not intersect the conduction band
(Fig. 13). The lack of intersection greatly reduces
the capture cross section. The extent of this reduc-
tion is quite sensitive to just how close the conf igura-
tion-coordinate curves come to intersecting.
Therefore a quantitative calculation of 0„, is very
sensitive to the configuration-coordinate diagram
parameters and it is misleading to claim agree-
ment between theory and experiment, however, it
is clear how a small cross section with small acti-
vation energy could arise. The configuration-co-
ordinate diagram parameters, found by optical
and thermal emission experiments and used to
construct Fig. 13, are consistent with the lack of
an intersection.

The large cross section for hole recombination
o» and the small cross section for electron cap-
ture 0.„,both result from a nonlinearity in E, vs
Q which enhances hole recombination and de-
creases electron capture. For the case of state
2 of 0, these nonlinearities are established from
the experimental determination of the configura-
tion-coordinate diagram, discussed in Sec. IVC.
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E. Configuration-coordinate diagram and analysis of hole
capture by state 1 of 0 in GaP

In contrast to state 2, state 1 of 0 in GaP shows
little lattice relaxation. One would not expect that
such a deep center (E» = 0.896 eV at low tempera-
ture) havin~ little lattice relaxation would either
capture electrons or holes by the MPE process.
The electron capture cross section o„=2 x 10 "
cm' varies slowly with temperature up to T= 580 K
and therefore shows no evidence of MPE capture.
Hole recombination is radiative at room tempera-
ture, but when the temperature increases above
450 K the cross section rapidly increases with an
activation energy of E,=0.56 eV and the recom-
bination becomes nonradiative, indicating that
MPE capture has become dominant. At 526 K the
MPE cross section is o»= (6+2) x10" cm'.

The configuration coordinate diagram for state
1 of 0 is most accurately fit with luminescence
data. Using the known binding energy E„=0.896
eV and assuming this energy scales with the ener-
gy gap at higher temperatures and using Sk~ =0.09
eV as determined from the separation of the first
moment and zero phonon line of the capture" and
recombination" luminescence bands at low tem-
perature, we can calculate f(0) and o» =Af(0).
We will assume here that A is the same magnitude
as calculated in Sec. ID, although A. may be some-
what different (perhaps by 1 order of magnitude)
because the valence band and the deep level have
different symmetries. We find cr&,

"——(1—8) x 10 ~'

cm and E,'"„=0.76 eV. The cross section is 12
orders of magnitude too small to agree with ex-
periment.

A reduction in the vibrational frequency after cap-
ture will greatly alter the point at which the trapped
electron configuration-coordinate curve crosses
into the the valence band and greatly increase o».
Figure 14 shows the calculated configuration-coor-
dinate diagram for state 1 of 0at a temperature of
526 K, assuming &a, =0. 18&v,. For this case o~tt= (1
—12) x 10 "em' and E"";-0.46 eV are in rough
agreement with experiment. This decrease in lat-
tice frequency is evidence for a substantial non-
linearity in E,(Q) which enhances hole recombina-
tion and decreases electron capture.

Recently, Kopylov and Pikhtin" have analyzed the
phonon broadening of the cr~ optical cross section
of the 0 donor. They find a Franck-Condon shift
of Sh~ =0.09 eV in agreement with our own evalua-
tion. However they find a value of E» ——0.89+0.02
at T=300 K, indicating that the 0 donor level re-
mains fixed relative to the conduction band. In
this case the separation of the 0 level and the va-
lence band will decrease with temperature and
consequently the cross-section data can be fitted

LATT ICE 0I 8 PLACEMENT, Q

FIG. 14. Configuration-coordinate diagram for state
1 of 0 in GaP. The diagram was constructed from
luminescence spectra of the two transitions indicated by
the vertical arrows. The reduction in lattice frequency
when the level is occupied ~2=0.78( was adjusted to fit
the 0&& capture cross section. The MPE contribution to
0„~ is small and has not been measured.

with a slightly smaller lattice frequency change
(v, = 0.80m, ).

V. SUMMARY

Evidence is presented that multiphonon emission
(MPH) is commonly occurring in the capture of
carriers by deep levels in GaP and GaAs. The
magnitudes and temperature dependence of nine
capture cross sections of impurities in GaAs and
four capture cross sections of impurities in GaP
can be interpreted as being due to MPE. The high-
temperature behavior of these cross sections is
a= O„e "~"~ where o„=10"-10='4 cm'. A few
other capture cross sections that were measured
could not be interpreted in terms of MPE.

Large lattice relaxation of the bound state is
necessary for sizeable MPE capture cross sec-
tions. Optical and thermal emission data for the
Zn-0 center and for the two-electron state of 0
in GaP showed that the lattice relaxation was ade-
quate in these cases to account for the large elec-
tron-capture cross section of the Zn-0 center and
the large hole-capture cross section of the 0 cen-
ter.

The only other likely nonradiative capture mech-
anism is the Auger effect. Auger capture is ruled
out for three of the 13 cross sections studied.

Data for the Zn-0 center and the one-and two-
electron states 0 center in GaP, provide evidence
that nonlinear behavior of the bound-state energy
levels with lattice displacement strongly affects
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the magnitudes of the MPE capture cross sections.
In all cases the nonlinearities tended to increase
hole recombination cross sections and to decrease
electron-capture cross sections.

A detailed theory is presented for the capture of
an electron from the conduction band by an attrac-
tive neutral center coupled to a single vibrational
coordinate. A general formula for the capture
cross section is derived with the lattice quantized
and also treating the lattice classically. The cal-
culation with the classical lattice clarified that
capture transitions result from the crossing of
the free and bound levels as the lattice vibrates,
that the adiabatic approximation breaks down when
the levels are separated by less than =0.06 eV and
that the transitions take place while the levels are
within this energy separation.

The capture cross section was related to the lat-
tice relaxation parameters by first associating it with
the phonon broadened line shape for radiative cap-
ture. (This relation had been made previously by
other authors. )

The magnitude of the cross section is calculated
using a spherical square-well model for the irn-
purity. It is found that the capture cross section
is independent of the range and depth of the well
and insensitive to the energy-level separation at
which the adiabatic approximation is estimated
to break down. A rough calculation showed that
about one-half the time, the captured carrier is
reemitted into another conduction-band level be-
fore the lattice relaxes. The theory predicted the
same order of magnitude for o„as found experi-
mentally. However, much of the data for o„ in-
volved complexities not covered by the theory,
such as charged centers and bound and free states
of different symmetries.

The simple square-well model also predicts non-
linearities in the bound-state energy versus lattice
displacement that are in qualitative agreement with
the evidence for such nonlinearities.
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APPENDIX A: MEASUREMENT OF THE OPTICAL CROSS
SECTIONS FOR STATE j. AND STATE 2 OF 0 IN GaP BY

PHOTOCAPACITANCE EXPERIMENTS

The four optical cross sections o», o'„„o», and
a'„, are defined by the inserted diagrams in Figs.
10 and 11. The rate equations coupling state 1 and

state 2, with densities n, and n, follow from the
insert diagram in Fig. 10(a),

Bg = [vpgno+ (Tq~n2 —(0„~+o~p~)n~]E~

n, = ((x'»n, —a»n, )E,
where

no+nJ+n2N

(A1)

(A2)

(As)

n, is the density of the 0 center with no bound elec-
trons, N is the total density of the 0 center, and
E is the photon Qux.

The coupled equations normally make the deter-
mination of the optical cross sections very com-
plex. We have succeeded in simplifying the deter-
mination of these cross sections by modifying the
original methods used by Kukimoto et al."in two
ways. First we apply a repetitive bias pulse which
prepares the center in a particular charge state.
Second, using a double boxcar integrator triggered
by this pulse, we measure the light-induced capa-
citance change that occurs during a short time
At=1 msec after the pulse. The time interval is
made short enough so that the changes in capaci-
tance are linear in At. The change in capacitance
6C is proportional to the change ~n, +2', that
occurs during nt (The fa.ctor of 2 is because state
2 is doubly charged. )

For example, an injection pulse will saturate
state 1 causing n, =N, n, =n, =0. After the pulse
the capacitance will change linearly with time due
to the photoionization of state 1 and the filling of
state 2. The capacitance change following the in-
jection pulse is nC -2', + bn, -(a» —o„,)Ent,
where E is the photon flux. After a time of At=1
msec following the injection pulse a 100-nsec re-
combination pulse is applied. This pulse causes
recombination of one of the electrons in state 2,
leaving the other electron in state 1. After the
recombination pulse 4C is fx: —a„,E~t and the
change in ~C is ~cr&,E&t. Thus a'„, and a„, may
be measured directly by measuring ~C with a dou-
ble boxcar integrator. Similarly after a long re-
combination pulse n, =N and n, =n, =0. The light
excites electrons from the valence band into the
one-electron state giving a capacitance change ~C
-o»Eht. In this way the relative optical cross sec-
tions o„„a», and o» shown in Fig. 10 were mea-
sured as a function of energy and temperature.

The remaining cross section a„, was measured
in a similar way using a transparent Au-Cr Schott-
ky barrier on n-type Gap doped with O. The bar-
rier normally had a reverse bias of 8 V. The bar-
rier was repetitively pulsed to zero bias, filling
state 2 and establishing n, =n, =0 and n, =N. The
light induced capacitance change is nC -o'„+Et
This method was adequate for measuring a„,
over the first decade. However contributions to
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&(E)&o ..=exp{-HE-E)'~2%'&~). (A4)

Kukimoto et a/. 25 have discussed a simple model
of the phonon broadening of an absorption edge.
Their calculation is illustrated in Fig. 7 of Ref. 25.
The unbroadened absorption edge near threshold
has the form cr~(E E,)'~'. Phonon bro-adening
changes the abrupt square-root absorption edge
into a Gaussian tail described by Eq. (A4), where

hC due to other impurities in the sample with
much smaller concentrations, but with lower
threshold energies for photoionization than
state 2 of 0, interfered with the measurement of
0'„, over many decades. Grimmeiss et al."had
measured the threshold of 0„, over five decades.
In order to measure 0~ over a similar range we
gave up measuring 0„, by this method and instead
measured 0'„, by recording the complete exponen-
tial decay of the capacitance signal after filling
state 2. This method is discussed by Kukimoto
et al." The photoionization of state 2 leaves an
electron in state 1. The illumination of the sample
is adjusted to insure that the electron in state 1 is
also photoionized and at a rate that is rapid com-
pared to state 2. Then the decay of the capacitance
signal is a single exponential 4C -e ~~2 '. The ex-
ponential decay was recorded over a range of one
to two decades using a Nicolet signal averager
and a log amplifier. Other impurities present in
low concentrations only affect a small portion of
the initial decay. This portion of the decay was
neglected in determining the decay rate. In this
way 0'„, was measured using both the Schottky bar-
rier and also the p-n junction. In the case of the
p-n junction, state 2 was filled by illuminating par-
tially the sample at 1.8 eV. The data shown in
Fig. 11 was measured over a range of up to five
orders of magnitude. The cross section drops off
smoothly with decreasing energy in a manner con-
sistent with a phonon broadened line shape for pho-
toionization of an electron nearly 2.0 eV below the
conduction band. None of the structure and low-
energy thresholds reported by Grimmeiss et al."
are observed. This structure may be due to small
concentrations of extraneous impurities in their
sample. Their photoconductivity method is sensi-
tive to small concentrations of impurities in the
sample having low-energy photoionization thresh-
olds, just as our first method of measurement
employing repetitive pulsing is.

The threshold energies E» and E„, shown in the
diagram in Fig. 11 can be determined from the
optical cross sections. Broadening of the optical
cross sections by lattice vibrations produces op-
tical cross sections with a Gaussian tail. The
cross sections can be fitted with

L(E2)1 /2 (A5)

We use this Eq. (A5) to determine E„, and E» in
Table II.

If the broadening is due to lattice vibrations, we
expect that (E') will be proportional to T at high
temperatures and change substantially with tem-
perature. This is the ease for the cross sections
associated with state 2. The parameters for these
cross sections are tabulated in Table II.

The measured activation energies 1.18 and 1.08
eV are much larger than those previously mea-
sured by Kukimoto ef al." (0.78 eV for e„, and 0.76
eV for e„,). The previous measurements were only
made in the temperature range 1000/ T= 2.4-2.8.
The data in Fig. 11 clearly indicates a smaller
activation energy over this temperature range for
(T ] It is possible that, at low temperatures, tem-
perature-independent emission due to field ioniza-
tion of the bound carriers is significant and acts
to reduce the activation energies.

The large activation energy for state 1 E,„=1.14
+0.06 eV is puzzling. An activation energy some-
what less than the binding energy at low tempera, —

ture (accurately known to be 0.896 eV) was expect-
ed. The capture cross section for state 1 does not
increase with temperature and its magnitude is only
(1 2) x 10 " cm', so that it is probably not due to
MPE. This capture process is thought to be non-
radiative and is very likely due to an Auger mech-
anism. This effect could mask weaker MPE cap-
ture which is likely to be thermally activated.

APPENDIX B: MEASUREMENTS OF THE THERMAL

EMISSION RATES OF STATE I AND STATE 2 AND THEIR
INTERPRETATION

The thermal emission rates for +tate 1 and state
2, e~ and e„„are plotted in Fig. 12. They were
measured by populating state 2 by pulsing a Schott-
ky barrier on n-type GaP: 0 with a 1-V quiescent
bias to zero bias. The eapacitanee change first
decays with rate e„„which is the faster of the two
rates. The later part of the transient decays at
rate e„y The two rates are sufficiently different
to allow e„, and e„, to be separately determined.
Rate e„, was also measured using a p-n junction.
Forward biasing the junction fills state 1. After
the pulse, the electrons are emitted at rate e„,.
As shown in Fig. 12, the measurements on the
Schottky barrier and the p-n junction give exactly
the same rate e„, versus temperature.

The activation energies we obtain are 1.18 eV
for state 1 and 1.08 eV for state 2. The product
X(v) is proportional to T'. Correcting the ob-
served activation energies for this temperature
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dependence reduces them each by 2kT =0.08 eV.
The capture cross sections are temperature de-
pendent and characterized by activation energies
of -0.04 eV for 0„, and+0. 11 eV for o„,. Correct-
ing for these temperature dependences and esti-

mating an overall error of +0.06 eV me find the
two thermal activation energies to be

Eoi =1 14 +0 06 eV

Ep2 0.89 + 0.06 eV.
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