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The phonon sideband spectrum of bound excitons in N-doped GaP is calculated using a model

wherein intrinsic lattice phonons assist momentum conservation through indirect electron-hole
recombination at the impurity site. Detailed comparisons are made of the spectrum obtained on
the basis of this model and the experimental spectrum. These comparisons are used to demon-

strate that near-resonant processes strongly afreet the phonon-assisted indirect recombination and
thus that such processes are important in the determination of the shape of the phonon sideband

spectrum. Using this phonon sideband theory, two models for the N-impurity wave function are
tested by comparing the sideband spectra calculated using these models with the experimental
spectrum. Finally, by including a configuration-coordinate-type coupling for the optic phonons, it
is demonstrated that some of the low-energy structure observed in the luminescence spectrum can
be interpreted as replicas of the spectrum described by the indirect transition model.

I. INTRODUCTION

The luminescence spectrum of nitrogen-bound exci-
tons in GaP includes well-resolved phonon sidebands
due to recombination assisted by phonons with energies
which correspond to the lattice vibrations at various
points in the Brillouin zone, and the intensity of these
sidebands is very strong at low temperatures. ' Various
models have been proposed to explain these sidebands,
including a direct-transition model ' and a con6guration
coordinate (CC) model of the electron-phonon coupling.
In previous papers, it was shown that many features of
this phonon sideband spectrum can be qualitatively ex-
plained by an indirect transition model. In the
present paper the physics of the processes which pro-
duce this spectrum is further explored within the context
of the latter model, and the near-resonant processes
which contribute to the phonon-assisted recombination
in this system are studied. In particular, it is shown in
this paper that near-resonant, indirect processes can play
a signi6cant role in determining the shape and the posi-
tions of the peaks in the phonon sideband structure of
N-bound excitons in GaP, and that such processes may
also provide clues to the reasons for the high quantum
e%ciency of radiative recombination io this system. In
addition, it is shown that some properties of the defect-
host system, such as the defect-state wave function, the
phonon densities of states and dispersion relations, and
electron-phonon scattering matrix elements, can be stud-
ied from the calculation of the phonon sidebands.

Both direct aod indirect transitions can occur in in-
direct band-gap semiconductors through bound states, in
some cases. For example, in the luminescence spectra of
GaP:S, GaP:Se, GaP:Te, the no-phonon lines are con-
sidered to originate with the direct decay of the bound
exciton, and the bound exciton phonon sidebands are at-
tributed to an indirect decay process in which
momentum-conserving phonons are involved.

The difference between GaP:N and either GaP:Se,
GaP:Te, or GaP:S is that GaP:N results in a "deep"
(deep in the sense that the electron wave function is

highly localized even though electron binding energy is
only —10 meV) trap state for the bound electron while
GaP:Se, GaP:Te, and GaP:S result in shallow trap states.
The CC coupling model is widely accepted for studying
transitions related to deep-trap states, because a deep-
trap state normally causes a bigger Franck-Condon shift
than a shallow trap state does. However, if the Franck-
Condon shifts are small for some deep-trap states, it can
be appropriate to use the indirect traosition model to
study the transitions related to phonon sidebands.

The Huang-Rhys factor of GaP:N is less than 0.5.
This suggests using the indirect transition model to
study the phonon sideband spectrum of GaP:N. Furth-
ermore, as is shown below, in comparison with the CC
model, the indirect transition model is needed to study
certain phonon sidebands of GaP:N in detail.

Speci6c evidence for the need for the iodirect transi-
tion model for the GaP:N phonoo sidebands includes the
following.
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(1) The state density spectrum of the transverse acous-
tic (TA) phonons of GaP shows a peak at —11 meV. If
ihe impurity wave function of Gap:N was a constant
over all the Brillouin zone, the peak of the A-TA pho-
non sideband would then be located at —11 meV below
the no-phonon A line based on the indirect transition
model. However, the deep-trap state wave function of
GaP:N shows that the wave function is mainly located
at the X point of the Brillouin zone and the TA phonon
energy at the X point is —13 meV. If the density of
states of the TA phonons were a constant, the peak of
the A-TA phonon sideband would be located at —13
meV below the no-phonon line based on the indirect
transition model also. Because of the combination of the
TA phonon state density and the distribution of the im-

purity wave functions, the peak of the A-TA sideband is
located at -12 meV below the no-phonon A line.
Furthermore, the phonons with energy —12 meV corre-
spond to E-vector-dependent states with lower symmetry
than those belonging to the X and I. points of the Bril-
louin zone. There is a large energy splitting e8ect at the
lower symmetry points of the two branches of the trans-
verse acoustic phonons. This is why there are two peaks
in the A -TA-phonon sideband. %e are not able to ex-
plain these features using a CC model because the K vec-
tor dependent effects of both the impurity wave function
and phonon energy are not included in such a model.

(2) In the GaP:N luminescence spectrum there are two
LO (longitudinal optical) phonon sidebands. One comes
from the transition in which electron couples with the
LO phonon at the I' point of the Brillouin zone, the oth-
er one comes from the transition in which electron cou-
ples with the phonon at the X point. The CC model is
appropriate for calculating the A-LO(I") band, because
of the strong coupling between the electron and the pho-
non at the I point, which is an example of the Frohlich
interaction. However, when couplings between the elec-
tron and phonons at points other than the I point are
considered, the CC model does not favor specific points
in the Brillouin zone. In other words, except at the zone
center, there is not a big di6'erence between the phonons
at the X point and at the I. point or at some other points
based on the CC model, since K-vector-dependent fac-
tors in both the impurity wave function and phonon en-

ergy are not considered in the CC model. However, ex-
perimental data shows that only the coupling between
the electron and the phonon at the X point is strong.

(3) The A-LO(X) sideband can be easily understood
using the indirect transition model. Since the bound en-
ergy of the trapped electron in GaP:N is much smaller
( —10 meV below the conduction band minimum) than
energy levels of normal deep trap states (normal deep-
trap-state energy levels are larger than 100 meV), its
wave function is more localized than normal deep trap
wave functions at the X point of the Brillouin zone, even
though its wave function is distributed over the entire
Brillouin zone. This can be thought of as a "near-
resonant effect" in the deep trap wave function of
GaP:N. This near-resonant e8'ect results in a strong
coupling between the phonon and the bound electron at
the X point within the indirect transition model. This

makes the A-LO(X) band possible.
(4) The A-LO(I ) band can be partially explained by

using the indirect transition model. Since the
electron —LO —phonon scattering matrix elements are
proportional to 1/K, this implies a strong interaction
between the electron and the LO phonon at the I point
of the Brillouin zone and makes the A-LO(I ) band pos-
sible. More details on all of these points are discussed
later in the paper.

This paper is a continuation of previous work in
which both the low-temperature luminescence spectrum
of the N-bound exciton in GaP (Refs. 4—6) and the asso-
ciated N-impurity wave function were studied. In par-
ticular, by calculating the phonon sideband spectrum us-

ing a phonon-assisted, indirect-transition model, it was
shown in Ref. 5 that the shape of the phonon sidebands
is a sensitive function of the degree of localization of the
wave function, and that this model can therefore be used
in conjunction with experimental data as a test of the ac-
curacy of impurity wave-function models. In addition to
studying the contributions of the above-mentioned near-
resonant processes to the phonon sidebands of the
GaP:N luminescence, in this paper the indirect-
transition model is used to test two impurity wave-
function models for nitrogen in GaP by comparing the
sideband spectra calculated using these models with the
experimental spectrum. The wave-function models
which are considered are the Koster-Slater one-band,
one-site model and the one resulting from the use of
our recent semiempirical, multiband formalism. The
present calculations also improve upon our previous
work on phonon sidebands in luminescence by in-
cluding contributions to these spectra from (1) all three
acoustic phonon branches, (2) the optic phonon
branches, and (3) the hole transition term in the expres-
sion for the sideband spectrum. This is to be contrasted
with the calculations presented in Refs. 4-6 which
neglected both the optic phonon contribution and the
hole-transition term and which included only the longi-
tudinal acoustic and the highest-energy transverse acous-
tic phonon branches.

%e emphasize that direct transitions related to the
configuration coordinate model may also contribute to
the phonon sidebands in GaP:N. These have been

briefly discussed in our previous papers ' and are again
briefly discussed below in relation to the longitudinal
acoustic and optic phonon sidebands in this system.
Furthermore, a simple form of this model is utilized in
this paper to demonstrate that some of the low-energy
structures observed in the luminescence spectrum can be
interpreted as replicas of the spectrum described by our
indirect-transition model.

The CC model has been extensively studied, has been
applied to numerous systems, and has been widely ac-
cepted. On the other hand, while some phonon side-
bands in impurity-related luminescence have been recog-
nized as due to indirect transitions through deep-trap
states, ' and while it is known that some experimental
data on such sidebands cannot be fully explained using a
CC model, " the contributions of indirect transitions to
impurity-related phonon sideband spectra have not re-
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ceived much attention until recently. In this paper
we demonstrate conclusively that an indirect-transition
model, employed along with an accurate deep level wave
function, can be used to explain numerous features of
the observed GaP:N phonon sideband spectrum.

Finally, we note that other mechanisms, not included
in the present model, can also broaden impurity-related
phonon sideband features. For example, the efI'ects of al-
loying' and the eft'ects of the Coulomb interaction in
donor-acceptor recombination' will broaden both the
no-phonon line and the related phonon sidebands. In
the present paper we limit ourselves to a discussion of
spectra due to bound excitons in GaP:N and consider
mainly the contributions of our indirect-transition model
to the phonon sidebands of this system.

II. FORMALISM

A. The phonon sideband line shape

The bound exciton at the nitrogen site in GaP (with N
substituting for P) is comprised of a trapped electron
with a wave function which is highly localized in real
space and a weakly bound hole. ' The coupling of the
spin 5=—,

' electron and the 5= —,
' hole results in two

bound exciton states associated with the GaP:N trap.
These states are called the A state and the 8 state and
have total angular momentum J =1 and 2, respectively.
The separation between the A state and the 8 state is
about 1 meV. " In photoluminescence, the direct tran-
sition from the J =1 A state to the J =0 state produces
the A line, while the transition from the J=2 8 state to
the J =0 state produces the 8 line. The higher-energy
A line is dipole allowed, while the lower-energy 8 line is
forbidden. Because of the thermal distribution factor,
the 8 line can be observed only at relatively low temper-
atures. '

In the case of the indirect, phonon-assisted transitions
which are of interest in the present paper, because of the
symmetries of the A and 8 states, these states will in
principle couple to phonon modes of difFerent sym-
metries. One could, in principle, use group theory to
determine which phonon modes associated with points,
lines, or planes of high symmetry in the Brillouin zone
will participate in the indirect, phonon-assisted transi-
tions associated with the A and 8 states. However, in
the case of the N-bound exciton in GaP, the N isoelect-
ronic trap has a wave function which has appreciable
amplitude at all E points in the Brillouin zone, even
though it is sharply peaked at the X point. ' As is
shown in detail below [see Eq. (4)], this factor results in
allowed phonon-assisted, indirect transitions for phonons
associated with essentially all wave vectors in the Bril-
louin zone. The forbidden transitions which one would
find from a group-theoretical analysis of the A and 8
states coupling to phonon modes of particular sym-
metries at isolated points in the Brillouin zone will be far
less important than the allowed transition which result
from a nonzero wave function at most values of E. In
other words, for a deep-trap state such as GaP:N, the
selection rules which are dictated by symmetry are re-

laxed in this sense. An example of this is given in Sec.
III.

In what follows, our main interest is in obtaining some
physical insight into the origin of the phonon sidebands
associated with the A line, and the analogous sidebands
associated with the 8 line are not considered. (The no-
phonon lines associated with the A and 8 states are not
considered either. ) The primary reason for our studying
only the A-line associated phonon sidebands here is that
they have been much more extensively studied experi-
mentally than the sidebands belonging to the 8 line.
Furthermore, the 8 line and its associated sidebands
only become important at temperatures much lower"
than the temperature (-5 K) at which we choose to
compare our theory with experiment. For the tempera-
tures of interest in the present paper, only the A line
and its associated sidebands are visible in the experimen-
tal spectrum. Thus, only the phonon sidebands associat-
ed with the A line are considered below. It is worth
pointing out, however, that for reasons discussed in the
previous paragraph, our theory makes very little explicit
distinction between the A-line and the 8-line associated
sidebands. In particular, the only place in our formalism
where this distinction will occur is in Eq. (4) below,
where the no-phonon energy is input into our calculated
spectrum. Since we are interested only in the A-line as-
sociated phonon sidebands, the experimental A-line no-
phonon energy is used in Eq. (4) in the numerical calcu-
lations.

A direct transition can occur when the bound electron
recombines with the hole at the N site. This transition
can be described by first-order time-dependent perturba-
tion theory. In this case, the luminescence intensity cor-
responding to photon energy h v is

where
~

ql, ) is the initial-state (electron} wave function,
E, is the bound-electron energy,

~
%I, ) is the final-state

(hole) wave function, Ez is the bound-hole energy, and

H, ph is the electron-photon Hamiltonian for the direct
optical transition. The spectrum given by Eq. (l) is
often referred to as the no-phonon line and is clearly a
zero-width delta function in this approximation. This
expression is included here for completeness; the pri-
mary focus of this paper is the spectrum of phonon side-
bands which accompanies this no-phonon line,

The hole wave function,
~
4„), can usually be re-

placed by the Bloch state at the top of the valence band
(at K=O),

~ P, o), because it is very localized at the I"

point of the Brillouin zone. On the other hand, the ini-
tial state is the deep level state. It can thus be represent-
ed as an expansion in terms of Bloch states

~ P„K) as

where the coeScients A„(K}can be shown to have the
form '

E, E„(K)—
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Here n is a band index, K is a wavcvector in the first
Brillouin zone, E„(K) is the Bloch-state energy band be-

longing to
I P„i~&, and V is the deep-trap potential

which produces the bound-electron energy level E, . In
what follows it is assumed that the bound-state energy
has the characteristics of a deep level, so that Eq. (2) can
be evaluated by using our semiempirical, multiband for-
malism for deep level wave functions. In the results
presented below, the phonon sideband spectrum ob-
tained using this formalism for the wave function is
compared both with the experimental spectrum and with
the results obtained for the phonon sidebands using the
Koster-Slater formalism to evaluate Eq. (2). It is well

known that, although the bound-state energy of N in

GaP is energetically shallow ( —10 meV below the GaP
conduction band), it possesses many characteristics of a
deep level. In particular, for this impurity, the wave
function is highly localized in real space so that an accu-
rate representation as an expansion in 81och states, as in

Eq. (3), requires many terms in the sum.

In order to satisfy momentum conservation (5K=0),
only those coefficients A„(K) in Eq. (2) with K values
which are equal to or nearly zero will contribute to the
line shape for the direct transition, Eq. (1). When a
transition involves coefficients A„(K) which are distri-
buted in other regions of K space with K&0, first-order
perturbation theory fails. That is, a direct transition
cannot take place unless K is zero. Instead, for K&0,
indirect transitions with the assistance of phonons are
needed to satisfy momentum conservation. Such transi-
tions give rise to phonon sidebands which accompany
the no-phonon line. In this case, second-order time-
dependent perturbation theory is needed to describe the
spectrum, with phonons of the appropriate wave vector
to satisfy momentum conservation entering the recom-
bination process.

In previous work it was shown that the lumines-
cence spectrum due to the indirect transition (the pho-
non sideband spectrum) has the form

I2(Iiv)= g 5(hv E„i,+Iiv—(K)) g A„(K)g=2 &((.,o I &, I 0;,o&&4;,o IH.«)
I W., K&

K,a 7l I

&0",o I
& (K)

I 0', it&&4;, rc IH 14'.,K&

Ei, —E;(K)+h v, (K)

where it has been assumed that the transition is between
a trapped electron state and a free or weakly bound hole
state, so that the hole wave function can be approximat-
ed as a delta function in K space, and we have expand-
ed the deep-level wave function in Bloch states as in Eq.
(2). Here E„p, the no-phonon energy, is the difFerence

between the bound-electron energy and the bound-hole
energy E, E„, hv (K)—is the ath branch phonon ener-

gy with wave vector K,
I P;o& and I(();it& are inter-

mediate scattering states (at K=O and at finite K) asso-
ciated with the electron transition and the hole transi-
tion, respectively, H is the electron-phonon Hamiltoni-
an for phonon branch a, H is again the electron-photon
Hamiltonian (the photon wave vector is assumed negligi-
ble), and E, (K) is the Bloch-state energy band associated
with

I P; K &. The main contributions to the recombina-
tion of the bound exciton in Gap:N come from the
Bloch state in the lowest conduction band. As is clear
from Eq. (4), the present model includes transitions as-
sisted by phonons which come froI11 csscntially all wave
vectors in the Brillouin zone and not just from certain
critical points such as the X and the I points.

There are two steps in the indirect transition. One of
these corresponds to changing the electron state by the
emission of a photon, and the other one corresponds to
changing the electron state by the emission or absorp-
tion of a phonon. Since here only the low-temperature
transitions arc considered, the phonon-absorption CCect
is not included in Eq. (4). The intermediate states are
virtual states, and energy is only conserved in the com-
plete process. However, momentum is, of course, con-

served in the process, since otherwise the transition ma-
trix elements vanish. In the calculations presented
below, the temperature dependence of the spectrum has
been included in the standard way, ' by multiplying the
electron-phonon matrix elements occurring in Eq. (4) by
a factor of 1+n (T) (for phonon emission), where n (T)
is the phonon distribution factor at temperature T.

The two terms in the large parentheses in Eq. (4)
represent two diferent physical processes. In the first
process, corresponding to the first term, an electron is
first scattered from K to K=O {the I point) within the
conduction band (which is mainly the lowest conduction
band because of the energy denominator and the impuri-
ty wave-function structure ), with phonon emission, then
it makes a vertical transition at the E' point from the
conduction band to the valence band. In the second
process, corresponding to the second term in Eq. (4), an
electron makes a vertical transition at K from the con-
duction band to the valence band, and then a transition
within the valence band from K to the I point with
phonon emission. These two processes are illustrated
schematically in Fig. 1. One can also interpret the latter
process as a hole transition from K=O in the valence
band, via K&0 in the valence band, to K in the conduc-
tion band. Thus, in what follows, the first process is re-
ferred to as the electron transition and the second pro-
cess as the hole transition.

In Eq. (4) only the host lattice phonons are con-
sidered. It is well known that impurity-related phonon
modes often appear between the acoustic and the optic
phonon bands or above the optic phonon bands. ' These
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FIG. 1. Electron and hole transitions through an impurity
level. Transitions within the lowest two conduction bands and
the highest valence band are represented schematically by
dashed lines. Indirect transitions through intermediate scatter-
ing states in the higher conduction and the lower valence
bands are very weak and not sho~n.

are often referred to as "gap" and "local'" phonon
modes, respectively, and they are usually distinguishable
experimentally from those due to the perfect lattice
modes. ' The energy of the local phonons introduced by
N in GaP, which is higher than the energy of the optic
phonons, is about 60 meV. ' Furthermore, the intensity
of the associated sidebands, for the small nitrogen con-
centration considered here, will be much smaller than
the intensities of the sidebands associated with bulk pho-
non modes. In the context of the present theory it is
thus practical to ignore the sidebands due to such local
modes. Quasilocalized impurity modes also exist in
luminescence spectra and are resonant with the lattice
phonon bands, typically appearing where the intrinsic
phonon state density is low. ' ' To our knowledge, no
quasilocalized modes have been identi6ed in the GaP:N
spectra which are considered here, so that such eff'ects

are neglected in our calculations.

B. Near-resonant process

From Eq. (4) it can be seen that both near-resonant
processes, where the denominator of one or the other of
the terms in that equation is close to zero (in practice
this will occur only for the second term), and the behav-
ior of the wave-function coefficients A„(K) as functions
of K are important for determining the shapes and posi-
tions of the phonon sidebands. For example, the con-
duction band of GaP has its minimum at the X point of
the Brillouin zone. Furthermore, experimental data
show that the bound-electron energy for GaP:N is about
10 meV belo~ the conduction band at that point. Be-
cause, by Eq. (3), the A„(K) are proportional to
1l[E,—E„(K)], the ratio between the quantity

I A„(K)
~

at the X point and that at the I point is
about 100 or more. By comparison, the denominator of
the electron-transition term does not change signi6cantly

as K changes from the I point to the X point of the
Brillouin zone. Thus, for this term, the line shape for
phonon-assisted indirect recombination of the bound ex-
citon will be strongly aff'ected by the shape of the A„(K)
and only weakly a6'ected by the energy denominator.
On the other hand, the denominator of the hole-
transition term in Eq. (4) can become very small near the
center of the Brillouin zone (the I point), while the
coefficients A„(K) have relatively large denominators at
that point. Thus, the contribution of this term to the
shape of the phonon sideband spectrum is dominated
largely by the near-resonant process which cause the en-

ergy denominator to become small, and is only weakly
affected by the shape of the A„(K). Therefore, for K
near the X point, the sidebands due to such emission
processes are strongly a6'ected by the shape of the
A„(K), while for K near the I point, near-resonant pro-
cesses dominate their behavior. Of course, the general
overall shape of the sidebands must be obtained by su-
perposition of the eft'ects just described with the shape of
the phonon state density. Furthermore, since Eq. (4) in-
volves the square of the sum of the hole and electron
transition terms, there will also be an interference eft'ect

between these two terms.

C. Models for band structure, phonon state density,
and matrix elements

Equation (4) clearly links many properties of the de-
fect and the perfect crystal with the phonon sideband
spectrum. Among these are the impurity wave-function
coefficients A„(K), as discussed above, the impurity
electron and hole bound-state energies E, and Ez, the
host-crystal phonon-dispersion relations and state densi-
ty, the host-crystal energy band structure, and the pho-
non scattering matrix elements. As has just been men-
tioned, the calculated phonon sideband line shapes are
sensitive to the choices of the A„(K) and to the rela-
tions between E, and EI, and the host band structure. It
is also clear from the form of Eq. (4) that the general
shape of the phonon sidebands, especially in regard to
the positions of the major peaks, is strongly dependent
on the host phonon state density. For a reasonable
choice for this quantity and for a reasonable choice of
host band structure, these spectra are very sensitive
functions of the coefficients A„(K). For example, the
wave function for GaP:N from the Koster-Slater one-
band, one-site model ' is highly localized at the X
point in the Brillouin zone. On the other hand, the
wave functions obtained from both our semiempirical
formalism and Jaros's more sophisticated calculation
are more spread out in the Brillouin zone than the
Koster-Slater wave function. Thus, these types of wave
functions will give significantly di6'erent phonon side-
bands when used as input into Eq. (4) than those com-
puted using the Koster-Slater model. Such wave-
function models can therefore clearly be tested by using
the wave functions which result from them in Eq. (4)
and comparing the resulting spectra with the experimen-
tal phonon sideband spectrum to see which wave func-
tion produces a spectrum in closest agreement with the
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experimental data.
In the calculations of the phonon sideband spectrum

for GaP:N presented below, the phonon-dispersion rela-
tions and state density that result from the use of the
second-neighbor force-constant model developed by Ban-
erjee and Varshni ' are used. In this model the force-
constant parameters were chosen so that the dispersion
relations accurately reproduce neutron scattering data
for GaP. ' In contrast to our previous work which
used this model, the optic as well as the acoustic pho-
non branches have been included in the calculation.
Furthermore, the long-ranged Coulomb forces, left out
of the previous calculations, have been included in the
present paper. The primary effect of these interactions is
to cause a splitting of the LO and TO phonon branches
at the I point.

As is briefly discussed in Refs. 5 and 6, thc electron-
phonon scattering matrix elements ($„0 I

H (K)
I P„K}

which enter the sideband spectrum, Eq. (4), are very
complicated. In principle, they can be modeled through
the use of a deformation potential approach. ' ' In-
stead, for simplicity, in the present paper these matrix
elements are described by using analytic forms which
should produce the qualitatively correct behavior for
these quantities. For both the LA and TA phonon
modes it is assumed that these matrix elements have a
form that has been shown to be valid for the electron-
LA phonon scattering matrix element in metals. This
1S

(H.(K) ) =C.[sin(
I
K

I r, &

—
I
K

I r. cos(
I
K

I r. )3~1K I

'

a=1,2, 3 (5)

where
I
K

I
is the magnitude of the phonon wave vec-

tor, C is the coupling strength for each acoustic pho-
non branch a, the index a runs over the three acoustic
phonon branches with a=1 and 2 corresponding, re-
spectively, to the lowest and highest TA branches and
a=3 corresponding to the LA branch, and r, is the ra-
dius of a sphere close in size to the VA'gner-Seitz cell.
As is discussed below, in what follows r, is slightly ad-
justed to obtain better agreement between the experi-
mental and theoretical phonon sidebands. The expres-
sion, Eq. (5), for the LA and TA scattering matrix ele-
ments has the property that it is Hat at the zone edge
and drops smoothly to zero at the zone center. For the
longitudinal-optic phonon branches, a form similar to
that derived in Ref. 16 for the polaron problem (which
involves LO-phonon, electron couphng) is assumed,

IK I &&0
(H'K}}= c.', IKI(sc,

for a =6, where C and C' have similar meanings here
as for the acoustic branches, and Ko is an adjustable pa-
rameter that plays a role similar to that of r, in Eq. (5).
For the transverse optic branches, the electron-phonon
matrix element is diicult to model. For simplicity, we
assume that it is a constant, that is,

(H.(K))=C., ~=4,5.

%hile this matrix element should depend on K, its pre-
cise form is complicated. Furthermore, the assumption,
Eq. (7}, is consistent with some of the assumptions made
in Ref. 6. In the calculations presented below, all of the
parameters C in Eqs. (5)—(7) are adjusted to fit the mea-
sured relative heights of the acoustic and optic phonon
sideband s.

The photon scattering matrix elements are also needed
to determine the phono n sideband spectrum. They
are proportional to integrals of the form

J„&,u„'(r, K}Vu,(r, K}dr, s where u„'(r, K) and u, (r, K}
are the periodic parts of the Bloch functions associated,
respectively, with the valence and conduction bands. In
Eq. (4}, the photon scattering matrix element associated
with the electron-transition term is independent of the
wave vector K. The one associated with thc hole-
transition term mainly represents the direct transition of
the electron from the conduction band at wave vector K
to the valence band at the same K. It is thus approxi-
mately independent of K. The Bloch state at the I
point of the lowest conduction band is totally s-like, and
it gradually mixes with the states of p-like symmetry as
K approaches the zone edge. On the other hand, the
Bloch state at the top of the valence band at the I point
is totally p-like, and it gradually mixes with the s-like
symmetry components as the wave vector approaches
the zone edge. These facts cause the integral to vary
with K, with the largest value occurring at the zone
center. However, this variation with K is not very
great, so that it is assumed that this matrix element is in-
dependent of K. This assumption is further justified by
the fact that the shapes of the absorption spectra of the
perfect GaP crystal are dominated by the electron densi-
ty of states of the material instead of the photon scatter-
ing matrix elements.

The dependence of the phonon and the photon
scattering matrix elements on the electronic band num-
ber n is not considered in the present theory because
transitions involving the higher conduction bands and
the lower valence bands are very weak, ' and the major
contributions to the impurity wave function come from
the lowest conduction band for GaP:N.

The host band structure, E„(K},that enters the pho-
non sideband spectrum, Eq. (4), is modeled using the
nearest-neighbor, semiempirical sp s ' tight-binding
model of Vogl et a/. As is discussed in Ref. 9, this
band-structure model is also used as input into our sem-
iempirical impurity wave-function formalism, which is
one of the wave-function models we use to calculate the
A„(K) in the computation of the sidebands. This par-
ticular band-structure model has been utilized by a num-
ber of investigators successfully to characterize the
defect-related electronic properties of numerous semicon-
ductors. ' Thus, it is well tested in application to oth-
er problems and should be a reasonably accurate repre-
sentation of thc band structures needed for the calcula-
tion of the spectrum using Eq. (4). The sum over the
Brillouin zone which is necessary to evaluate Eq. (4) is
done numerically using a technique for evaluating gen-
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eralized densities of states developed originally by I.eh-
mann and Taut and later modified by Hjalmarson.
The bound-state energies of the electron and hole are
taken to be 10 and 30 meV, ' ' ' ' respectively.

III. RESUI.TS AND DISCUSSIQN

The results of our calculations of the phonon sideband
spectrum for bound excitons in GaP:N, obtained using
Eq. (4), are illustrated in Figs. 2(a) and 2(b) for two
diferent impurity wave-function models. In both of
these calculated spectra, the temperature was taken to be
T=5 K. The no-phonon line is not shown in these
figures; it would occur at the extreme right-hand edge of
the spectrum. In our approximation it is a delta func-
tion given by Eq. (1). Figure 2(a) shows the results ob-
tained using the Koster-Sister, one-band, one-site mod-
el, ' as in Ref. 5, to evaluate the A„(K) which enter
the sideband spectrum. By contrast, in Fig. 2(b), the
phonon sidebands which result from using our recent

—0.5-

semiempirical, multiband wave function was shown in
Ref. 9 to accurately mimic the wave function obtained
from Jaros's more sophisticated calculation; the spec-
trum in Fig. 2(b) can also be approximately viewed as
the phonon sidebands produced by using the latter wave
function.

For comparison, in Fig. 2(c), a previously published
low-temperature (about 5 K) luminescence spectrum
obtained by energetic excitation of a typical sample of
GaP containing nitrogen impurities is shown. In this ex-
perimental spectrum, the A-exciton line and its various
phonon sidebands are labeled using standard notation,
where peaks which are thought to be associated with
particular types of phonons near particular points in the
Brillouin zone are indicated with the prefix A followed
by the phonon type and the Brillouin zone point in
parenthesis. The well-known B-exriton line and its pho-
non replica 8-LO(I') (Ref. 15) do not appear in the ex-
perimental spectrum, because of the relatively high tem-
perature of the experiment in Refs. 1 and 34. These
features of the spectrum are not relevant to the phonon
sidebands considered here. Also, the so-called V band
appears as a small shoulder just to the left of the no-
phonon A line. At lower temperatures this band be-
comes more prominent in the spectrum. Finally, the
peak labeled C is probably due to some other impurity.
In the past it has been identified as belonging to the
sulfur donor.

(b)
—0.5-
~gf

0 0.5
K„(~)

1.0

)A-LO{I }
a-Lo{x)
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K
A-TA(X)
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FIG. 2. (a) Calculated phonon sidebands for the nitrogen-
bound exciton recombination, using the Koster-Slater one-
band, one-site impurity wave-function model (Ref. 21). (b) Cal-
culated phonon sidebands for the nitrogen-bound exciton
recombination, using the wave function from our semiempiri-
cal, multiband formalism (Ref. 9). (c) Typical photolumines-
cence spectrum of excitons bound to isolated nitrogen in Gap
at T=5 K. The excitation was produced by the 4954-A line of
a xenon-ion laser. The energy range is scanned from 2.26 to
2.32 eV (Ref. 34). Insets in (a) and (b) show electron charge
densities along K„ for the appropriate wave-function models.
The normalization for these charge densities has been chosen
so that the contribution from the X point of the Brillouin zone
is set equal to 1.

A. General behavior of the spectrum; correlation
with wave-function coe%cients A„(K)

Although the bound-state energy level of GaP:N is en-
ergetically very shallow (about 10 meV below the con-
duction band), its wave function is highly localized in
real space so that deep-level theory gives an adequate
description of this isoelectronic trap. The following dis-
cussion is valid for both of the wave-function models
which have been used to calculate the A„(K).

Because the bound-state energy E, is just below the
bottom of the conduction band, which occurs very close
to the X point in GaP, the wave-function coefficients
A„(K) in Eq. (3), with n corresponding to the lowest
conduction band, will be large at that point in the Bril-
louin zone. This can be thought of as a "near-resonant
e8'ect" in the wave function. Furthermore, the bottom
of the conduction band is nearly Hat over a large region
of K space near the X point, so that many states in the
conduction band have similar small denominators and
therefore give rise to large wave-function coefficients
A„(K) for the lowest conduction band. On the other
hand, near the I point the A„(K) for the lowest con-
duction band are relatively small due to the fact that the
energy denominator in Eq. (3) is large. However, at least
in the wave-function formalism of Ref. 9, the A„(K) are
still larger at this point than one would expect for the
corresponding wave-function coefficients of a shallow
donor.

We remark in passing that these features of the wave
function may provide clues to the reason for the high
quantum efficiency of GaP:N. The deeply bound elec-
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tron wave function is s-like and the weakly bound hole
wave function is p-like, so that the direct transition is
allowed by the dipole-selection rule. The intensity of the
no-phonon line is closely related to the magnitude of the
deep-level wave function at the I point by Eq. (1); the
larger the wave function at K=O, the stronger the no-
phonon line. This fact has also been pointed out by oth-
ers.

The shape and relative strengths and widths of several
of the peaks in the phonon sideband spectra of Figs.
2(a) —2(c) can be qualitatively understood using these
considerations. On the basis of these arguments, one
would expect that the peaks coming mainly from pho-
nons near the X point will be enhanced. It is clear in
both the experimental and the theoretical spectra [espe-
cially that which results from using the multiband ap-
proximation to A„(K) in Fig. 2(b)] that this expectation
is realized. In particular, the A-TA(X) and A-LA(X)
bands are strong and broad. Similarly, this is the reason
that the A-LO(X) band is slightly broader than the A-
LO(I ) and A-TO(I") bands. On the other hand, the
reason that the bands associated with the optic phonons
are much narrower than those associated with acoustic
phonons is traceable to the small dispersion of the optic
phonons in comparison with the acoustic branches,
which gives rise to narrower peaks in the density of
states. "'4

%'e have mentioned in Sec. II that symmetry-imposed
selection rules are relaxed for phonon-assisted, indirect
transitions related to the GaP:N deep trap. This can be
seen clearly if we compare the optical sidebands in the
spectra of pure GaP, GaP:S, and GaP:N. Pure GaP has
translationally invariant perfect lattice. Thus an elec-
tron in the conduction band at the X& & point is perfect-
ly described by a Bloch state at X, c. Thus, by
symmetry-imposed selection rules, optic phonons at the
X point will not scatter the electron at X, & to the con-
duction band I, C. Instead, it will scatter the electron
from X, c to the conduction band at I » &. This
scattering is difficult to detect in opical spectra because
of its large energy denominator. ' In the GaP:S shal-
low trap state, the trapped electron wave function is
highly localized in the X point but also has small com-
ponents near that point. While its primary amplitude is
well represented by a Bloch state at X, &, there are also
small components for the values of E near, but not at,
the X point. Because of these small but nonzero com-
ponents of the wave function near the X point, phonons
with corresponding wave vectors can assist the electron-
ic transition from X, c to the I, c point and this transi-
tion becomes allo~ed. In fact, this is why there is a
small LO(X) phonon sideband in the luminescence spec-
trum of GaP:S. Since the wave-function amplitude at
the points near the X point is small, however, the inten-
sity of the LO(X) band is weaker than that of the LO(I )

band. Finally, the wave function of the GaP:N deep
trap is more delocalized ' in the Brillouin zone than
that of GaP:S. In particular, the components of the ni-
trogen wave function which have values which are close
to but noi equal to the X point are much larger than the
corresponding components for Gap:S. Thus, the LO(X)

phonon sideband in GaP:N is very strong. This im-
plies that symmetry-induced forbidden phonon scatter-
ing between two isolated points in the Brillouin zone is
not necessarily important for understanding phonon-
assisted transitions through a deep-trap state.

8. A near-resonant process

In the experimental spectrum of Fig. 2(c) there is a
very broad, nonzero signal background between the no-
phonon line and the A-TA(X) sideband. This kind of
signal is a common feature for excitons bound to neutral
impurities. In addition, there is a band near 2.314 eV,
which occurs only as a small shoulder in Fig. 2(c), but
which has been observed and studied in more detail by
others. ~ ~ The latter band has been denoted as the
V band in the literature. ' We now briefly discuss
these features within the context of the present indirect-
transition model.

The broad background feature cannot occur in our
calculation if only the electron-transition term in Eq. (4)
is included. However, it can be simulated by including
both the hole transition and the electron-transition
terms. For i referred to the highest valence band and for
K near the I point, the contribution to the denominator
of the second term in Eq. (4) (the hole-transition term) is
very small for the acoustic phonon branches. This
causes an enhancement of this term under these condi-
tions. That is, there is a near-resonance in this case.
Furthermore, if this near-resonant phenomenon is strong
enough, it can compensate for the low acoustic phonon
state density in this region of K space. In other words,
when the hole-transition term is near resonance, one ex-
pects a moderate signal background in the phonon side-
band spectrum even though the phonon density of states
is smaH there. This is confirmed by our calculations, as
illustrated in Fig. 2(b), where we find a nonzero signal
background between the A-TA(X) band and the no-
phonon line, which has its origin in this e8'ect. If the
hole-transition term is neglected, as in the calculation il-
lustrated in Fig. 2(a), the structure disappears complete-
ly. A similar efFect might explain the nonzero signal
background in the spectra of excitons bound to neutral
donors such as sulfur, selenium, and tellurium in GaP.
In our calculations of the hole-transition term, we have
neglected the optic phonons because of their relatively
large energy denominators. The relative strengths of the
acoustic phonon matrix elements used for evaluating the
hole-transition term have been taken to be the same as
the ones used for the electron transition term.

As can be seen in Fig. 2(b), our calculations of the
sideband spectrum including the hole-transition term
also produce a band centered near 2.314 eV in the spec-
trum, which correlates well with the position of the V
band. However, the agreement with experiment in this
case may be fortuitous, since the sp s* band-structure
model produces a valence-band efkctive mass at the I
point which is in disagreement with experiment, and as
is discussed above, the enhancement of the hole-
transition term depends crucially on the small-K behav-
ior of the valence band. Furthermore, the resonant be-
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havior of this term also clearly depends strongly on the
behavior of the acoustic phonon dispersion relations at
small K. Thus, the fact that the present indirect-
transition model predicts a peak at almost precisely the
experimental value of the V band might be more an ar-
tifact of our choice of electronic band and phonon
force-constant parameters than an explanation for the
physical origin of the V band itself. However, we believe
that for any reasonable choice of parameters, the hole-
transition term will produce a peak in the spectrum at
some energy between the A line and the A-TA(X) side-
band. In view of recent and past experimental stud-
ies. ' however, present model clearly cannot explain
all of the properties of this interesting spectral feature,
such as its temperature-dependent features, and its prop-
erties observed in below the band-gap resonant excita-
tion experiments and time-resolved measurements.

The V band, as well as the undulation structure which
has been observed to be superimposed upon it, has been
well studied experimentally. * In particular, it has
been observed that the separation between this band and
the 8 line is about equal to the separation between the A
line and the 8 line and that, furthermore, the V band be-
comes stronger under conditions where the 8-exciton
line is enhanced. Some authors have thus interpreted
this band as an acoustic phonon sideband of the 8 line.
ln addition, Street and Wiesner have shown that the
undulation structure consists of a series of no-phonon
lines of excitons bound to nitrogen-acceptor pairs. Re-
cent experiments have con6rmed that the V band and
the undulation structure arise from two distinct tyIies of
effects. Furthermore, the experimental results
seem to suggest that the V band might be due to more
than one perturbation source. We suggest on the basis
of the present calculations that the indirect transition
mechanism might be one of the possible sources of this
band, since we expect that both the broad background
and the peak coming from the hole-transition term will
occur for any reasonable choice of parameters used with
our formalism. While, as is mentioned above, the exact
position of the peak is sensitive to the choice of parame-
ters, the existence of the peak should be independent of
the choice.

C. Variation of phonon sidebands ~ith impurity
~ave-function model; comparison ~ith experiment

A comparison of the two theoretical phonon sideband
spectra, Figs. 2(a) and 2(b), with the experimental spec-
trum, Fig. 2(c), shows clearly that the spectrum obtained
using our semiempirical multiband formalism [Fig. 2(b)]
for the bound-electron wave function in GaP:N repro-
duces the data much more accurately than that which is
obtained using the Koster-Slater one-band, one-site ap-
proximation for this wave function. One of the main
reasons for the differences in the spectra produced by
the two wave-function models is that the Koster-Sister
wave function is highly localized at the X point of the
Brillouin zone, whereas the wave function resulting from
our formalism is more spread out in K space than the
Koster-Slater wave function. In particular, the wave

function coming from the formalism of Ref. 9 has a
squared amplitude at the I point which is about 10%%uo of
its value at the X point. By contrast, the Koster-Slater
wave-function model produces a ratio between the
squared amplitudes at the I and X points of about
0.03%.

This fact can qualitatively explain several features in
the phonon sideband spectra. Conversely, an analysis of
the spectra can be used to infer that the impurity wave
function cannot be as highly localized at the X point as
the Koster-Slater eave-function model predicts. For ex-
ample, from Fig. 2(a), it can be seen that the Koster-
Slater wave function introduces an extra peak in the LA
phonon sideband which is not present in the experimen-
tal spectrum, Fig. 2(c). This can be understood by the
following analysis. The phonon-dispersion relations and
the resulting state density ' ' show that the energies
of the LA phonons at the X point of the Brillouin zone
are about 31 meV and that the peak of LA phonon state
density occurs at about 26 meV. If the impurity wave
function was as highly localized at the X point as the
Koster-Slater model predicts, it would mainly couple
with the phonons at the zone edge and thus compensate
the low state density of the LA phonons at that point.
There would then be a peak appearing at about 2.286 eV
in the spectrum, as is indicated by the arrow in Fig. 2(c),
which is labeled A-LA(X) (at about 31 meV below the
no-phonon line). This is indeed confirmed by the extra
LA peak in Fig. 2(a). Furthermore, the luminescence
spectra of shallow donor impurities in GaP, such as
sulfur, show a peak at about this position below the no-
phonon line, indicating a highly localized wave function
at the X point. However, both the nitrogen experimen-
tal data, Fig. 2(c), and the theoretical spectrum obtained
using the semiempirical formalism for the nitrogen wave
function, Fig. 2(b), show that the LA phonon sideband is
located at about 2.291 eV, i.e., about 26 meV below the
no-phonon line. This means that the LA phonons in-
volved in the indirect transition are mainly associated
with energies less than 31 meV and that the impurity
wave function is not as highly localized at the X point of
the Brillouin zone as the Koster-Slater model predicts.
We emphasize again that our indirect-transition model
includes transitions assisted by phonons at essentially all
points of the Brillouin zone. This aspect of our model,
coupled with our use of a reasonably accurate deep-level
wave function, enables us to reproduce the LA phonon
peak at about the correct position [to the right of the
LA(X) position in Fig. 2(c)].

The transverse acoustic phonon sidebands can be un-
derstood mostly on the basis of the phonon-dispersion
relations and state density. ' Although an effect simi-
lar to that which occurs with the LA phonons also
occurs in this case, the resulting shift in the TA phonon
peak is much smaller than the corresponding LA peak
shift. The dispersion relation for the TA phonons has
two branches. The phonons associated with the lower
branch are related to the peaks which occur in Fig. 2(b)
as a shoulder of the A-TA band at about 2.305 eV. The
phonons associated with the higher branch are related to
the main A-TA band in Figs. 2. If the lower transverse
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acoustic phonon branch is neglected, as in the calcula-
tion in Ref. 5 and Fig. 2(a), the shoulder of the A-TA
band disappears completely. In order to best fit the ex-
perimental data, we have taken the ratio of the relative
strengths of the electron-acoustic phonon matrix ele-
ments as C, /Cz ——0.3 and C, /C3 ——0.8.

The relative distances from the no-phonon line to the
A-TA and A-LA bands are worth discussing. In partic-
ular, the distance to the center of the A-LA peak is
about twice that to the center of A-TA band. This
might lead one to believe that the A-LA band is a pho-
non replica of the A-TA band, caused by a CC interac-
tion instead of by the indirect-transition mechanism used
here. However, it should be noted that the position of
the peak in the LA band in the experimental spectrum
[Fig. 2(c)] is consistent with that of the LA peak in the
phonon state density. This leads in the present
model to a peak at that position in the theoretical side-
band spectrum [Figs. 2(a) and 2(b)]. Also, a comparison
of the general shapes of the experimental and theoretical
A-LA peaks lends support to our conjecture that the 3-
LA band is primarily due to the indirect-transition
mechanism. However, our model produces a peak
which is slightly sharper than the experimental peak
[Fig. 2(b)]. It is thus possible that the A-LA band is
produced by some combination of indirect and Cc tran-
sitions, because the latter type of transition could pro-
duce a broader peak than that which occurs in the ex-
perimental spectrum. We note that phonon replicas
found in the optical spectra of other defect-host systems
have been shown to be well reproduced by a model
which includes CC coupling due to acoustic phonons.

In all calculations of the acoustic phonon matrix ele-
ments, Eq. (5) has been evaluated in the following
manner. A spherical shell of radius r, surrounding the
primitive cell wss considered snd r, was treated as an
adjustable parameter. It was found that the line shape
of the LA phonon sideband is not sensitive to a small
change in r„but that the line shape of the TA sideband
is somewhat sensitive to this parameter. Further, it was
found that the value of r, which best fits the acoustic
phonon sideband data is about 10% larger than the ra-
dius of the Wigner-Seitz cell.

It has been suggested that the 2-LO(I ) band is due
to s CC interaction. This is supported by the quantita-
tive results of using the indirect-transition theory to fit
the experimental LO phonon sideband spectrum. In the
spectra shown in Figs. 2(a) and 2(b), we have chosen
C, /C6=0. 06, C, /C6 =0.08, and Eo equal to
0.15(2m/a), where a is the lattice constant. Although
the fit is reasonably good, the coeScients C6 and C6 are
required to be about an order of magnitude larger than
those for the other phonon branches. The analysis in
Sec. III 0 also indicates that the indirect-transition con-
tribution to the LO phonon sideband is an order of mag-
nitude weaker than the contribution from the CC in-
teraction.

Experiments have indicated that the A-TO band is
due to the phonons of the TO branches near the I
point. However, in our calculation this band comes
from the phonons near the X point. We speculate that

this difference is traceable to a polariton effect. ' It is
well known that the coupling between TO phonons and
photons is often strong enought to produce polaritons.
This interaction causes changes in the TO phonon-
dispersion relation, making the phonon energy lower at
the I point than at the X point. The TO dispersion rela-
tion of Bsnerjee and Varshni, ' used in the present
model, has just the reverse behavior. This fact makes
use of a better approximation for the TO electron-
phonon matrix elements, Eq. (7), somewhat pointless
within the present approach. That is, in our calculation,
we have not included the effect of polaritons, so that the
positions of the A-TO bands are not predicted accurate-
ly. Finally, in our calculations, we have used
C& /C4 ——0. 5 and Ct /C5 ——0.8 for the TO phonon matrix
elements.

(a) A-LO(X)

A-LO{r)

A-TA {X)

A- LO- TA(X)

A-LO-LA(X)

A-LA(X)

A-TO(1-)
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FIG. 3. {a) Typical photoluminescence spectrum of excitons
bound to isolated nitrogen in GaP at T=5 K. The excitation
was produced by the 4954-A line of a xenon-ion laser. The en-
ergy range is scanned from 2.22 to 2.32 eV {Ref.48). {b) Simu-
lation of the experimental data of {a) by Eq. {8). Here S=0.3
and only the terms m =0 and m = 1 have been kept.

D. Phonon replicas of the indirect-transition spectrum

If the experimental spectrum of Fig. 2(c) is continued
in energy below the optic bands (below about 2.27 eV),
considerable structure, occurring at energies between
about 2.22 and 2.27 eV is observed. This extended ex-
perimental spectrum is shown in Fig. 3(a). In that
figure, it can be seen that the bands in this lower-energy
region are similar in appearance to, but weaker in inten-
sity that, those described by the indirect-transition spec-
trum just discussed. Furthermore, each feature of this
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part of the spectrum is shifted down in energy from a
corresponding, similarly shaped, feature in the higher-
energy spectrum by almost exactly one longitudinal op-
tic phonon energy (about 50 meV). One possibility for
the origin of these bands is that they might be due to a
third-order indirect transition involving two optic pho-
nons and one acoustic phonon. However, if this were
the case, one would expect the bands at 2.24 and 2.255
eV to contain some sharply peaked features because of
the overlap integral between the optic and acoustic pho-
non state densities which would result from such a
third-order transition. As can be clearly seen in Fig.
3(a), however, these two peaks are very smooth in shape,
with no sharp features present. From Fig. 3(a), it can
also be seen that the sharp peaks at 2.22 eV are almost
exactly two longitudinal optic phonon energies below the
no-phonon line.

These facts lend support to the hypothesis that these
weak sidebands are replicas of the indirect-transition
spectrum which are caused by CC mode coupling with
the longitudinal optic phonons. If this is the case, then
the A-LO peaks in Figs. 2 must contain contributions
from both indirect transition and CC coupling. In order
to determine the relative contributions of these two pro-
cesses to these peaks and to try to reproduce the weak
low-energy sidebands, we have modified the theory de-
scribed above to account for such a coupling and have
calculated the resulting spectrum including this
modification. If CC mode coupling is allowed only with
the longitudinal optic phonons, it is not difFicult to show
that the resulting spectrum has the form

I(hv)= g Iz(hv —mhvo)e 5 /rn!,
m=0

(8)

where Iz(hv) is the indirect-transition spectrum, given
by Eq. (4), hvo is the LO phonon energy, hvo=50
meV, ' S is the Huang-Rhys dimensionless coupling
parameter, and m is the quantum number of the CC vi-
brational states.

The A-TA peak at 2.305 eV contains no contributions
from CC interactions with the LO phonons. It is furth-
ermore reasonable to assume that the smaller peak at
2.255 eV, labeled A -LO-TA, is a replica of the A -TA
peak, induced by a CC interaction with the LO phonons.
In order to make this assumption quantitative, we have
used Eq. {8), keeping only the m =0 and 1 terms, limit-
ing Iz to contain only the transverse acoustic sideband
of the indirect-transition spectrum, and treating S as a
variable parameter. We have then adjusted S, so that
the relative heights of the A —TA-LO and A-TA peaks
which are shown in Fig. 3(a) are reproduced by Eq. (8)
under these conditions. This procedure gives the ap-
proximate Huang-Rhys factor of S=0.3, corresponding
to the relative strength of the LO phonon coupling to
the TA part of the indirect-transition spectrum. By way
of comparison, the value of S=0.35 found by others us-
ing a CC model for the LO phonons in GaP:N is slightly
larger than our value.

Using Eq. (8) it can be shown that the proportion of
the A-LO peak intensities contributed by indirect transi-

tions, relative to the total A-LO peak intensity, is given
by

where I, is the total (experimental) intensity of the A-
LO peak, I; is the intensity of this peak predicted by the
indirect transition model [i.e., it is the LO portion of the
phonon sideband spectrum I2(hv) predicted by Eq. (4)],
and I is the intensity of the peak labeled A-2LO in Fig.
3(a). Using the value of S=0.3 from the above discus-
sion and obtaining I'/I, =0.16 from Fig. 3(a), we find
that the relative strength of the indirect-transition con-
tributions to the 3-LO peak, I'/I„ is on the order 10%.
This simple calculation and the discussion in Sec. IIIC
lends support to the idea that despite the ability of the
indirect transition model to fit the measured longitudinal
optic phonon sidebands, they are caused primarily by
CC interactions.

In order to further test the reasonable hypothesis that
the weak, low-energy sidebands in Fig. 3(a) are, at least
partially, CC phonon replicas of the indirect-transition
spectrum, we have calculated the spectrum resulting
from Eq. (8) when the entire indirect-transition spectrum
I2(hv), Eq. (4), is inserted into it and when only the first
two terms (m =0 and 1) are kept. In this calculation,
we have used the above determined value for the
Huang-Rhys factor of S=0.3. The use of this value of S
for the entire spectrum is justified by noting that, within
the harmonic approximation (no coupling between pho-
non modes), the strength of the CC interaction with the
LO phonons is the same for both the direct and the in-
direct transitions. Thus, the value of S found by fitting
only the A-TA and 3 —LO-TA peak intensities, as was
done above, should be applicable to the entire spectrum
between, and including, the no-phonon 3 line and the
A-LO phonon sideband.

In Fig. 3(b) we show the spectrum that results from
this calculation. As can be seen in comparison of Figs.
3(a) and 3(b), the theoretical fit to the experimental spec-
trum is quite reasonable, indicating that the low-energy
sidebands can be at least partially explained as replicas
of the indirect-transition spectrum.

IV. SUMMARY AND CONCLUSIONS

In summary, the indirect transition model should be
used for GaP:N because (a) the indirect-transition spec-
tra may not be neglected in some cases even when the
dipole-allowed direct transition appears, (b) the near-
resonant efFect of the deep-trap wave function plays an
important role in recombination, (c) the Huang-Rhys
factor is small for GaP:N, and (d) it is especially neces-
sary to use the second-order transition theory to under-
stand in detail the features of the sideband spectrum of
GaP:N.

Many features of the sideband structures can be un-
derstood within the context of this model by detailed
consideration of a combination of the following three
factors: (1) the behavior of the impurity wave function
in K space {a near-resonant effect in the wave function),
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(2) a near-resonant process which enters the energy
denominator in the expression for the sideband spec-
trum, and (3) the shapes of the phonon-dispersion rela-
tions and state density. Using this model, we have tested
two impurity wave-function models, the Koster-Slater
one-band, one-site model and the one resulting from our
recent semiempirical multiband model. The latter wave
function, which is relatively delocalized in K space,
yields a sideband spectrum which is in better agreement
with the experimental spectrum than that coming from
the Koster-Slater model, which is highly localized at the
X point. Thus, we conclude that the wave function of N
in GaP is delocalized in K space, as is characteristic of
deep-level wave functions in general. We have also stud-
ied the efFect on the sideband spectrum of modifying the
LA phonon scattering matrix element and comparing
with the experimental data. This shows that a slightly
modified matrix element needs to be used to accurately
calculate the LA and TA sidebands. Perhaps further
work should investigate the possibility of utilizing more
accurate forms for the phonon scattering matrix ele-
ments and of attempting to study these quantities in de-
tail. In addition, our studies suggest that a near-
resonant process might be one of the possible sources for
the V band. Given recent experimental developments re-
garding this interesting spectral feature, however, it is
clear that the mechanism considered here cannot ac-

count for all of the features of the V band. Further-
more, the fact that the present calculations have yielded
a peak at exactly the experimental V-band energy is
probably a fortuitous result of our choice of parameters
to characterize the electron bands and the phonon
dispersion relations. In addition, we have also explained
why the position of the A-LA band in the GaP:N spec-
trum is different from the one due to a normal shallow
trap. In this work we have also included for the first
time both the optic and lower-energy transverse acoustic
phonons as mell as the hole-transition term in our calcu-
lations of the phonon sidebands within the indirect tran-
sition model. Finally, we have shown that the sidebands
which occur in the data below 2.27 eV in energy can be,
at least partially, explained using combined CC and
indirect-transition models, as phonon replicas of the
indirect-transition spectrum.
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