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The electronic properties of molecular-beam-epitaxy growth-induced defects in GaAs are investi-
gated through a detailed analysis of the 1.504—1.511-eV defect-bound excitons with use of low-
temperature photoluminescence, polarization studies, and excitation spectroscopy. It is shown that
transfer processes are selective between several high-energy excited states and the low-lying ones, al-
lowing to distinguish at least four sets of bound-exciton complexes related to distinct defect centers.
The splitting patterns of the various bound-exciton systems are quantitatively analyzed in the frame-
work of excitons bound to neutral associates, taking into account both J-J coupling and local-field
effects. An isoelectroniclike defect model is found to be most consistent with the large splittings in
the bound-exciton complexes, the short-range hole-attractive potential of the involved defects, and
the angular momentum J =0 in the final states of the related transitions.

I. INTRODUCTION

Since the discovery of the excitonic band lying in the
1.504—1.511-eV spectral region (labeled g-v band) on the
low-temperature photoluminescence (PL) spectra of
GaAs grown by molecular-beam epitaxy (MBE),' the
remaining problems are the knowledge of their electronic
structure and the identification of the involved defects.
At first, these emissions were ascribed to the recombina-
tion of excitons bound to complex defects whose forma-
tion is promoted both by low growth temperature and
also interface stoichiometry inherent in the MBE
method. Defect models that are based on a closely
spaced pairing effect may account for the large number of
observed transitions, the selection on the lattice-site sepa-
ration giving rise to the discrete growth-induced emission
lines. The competitive distant donor-acceptor pair
(DAP) and bound-exciton (BE) recombination channels®*
are typical examples of the various mechanisms that may
be responsible for well-resolved fine structures in the opti-
cal spectra of semiconductor materials. The BE recom-
binations im?ly excitons which are bound to either
isoelectronic,*®> or donor-acceptor,®’ or acceptor-
acceptor pairs.® Complex defects analogous with nitro-
gen pairs,*> Cd-0, Zn-0,%7 Li-Li-O,’ and N-B-N pairs'®
in GaP or with isoelectronic Be pairs'' and Li-Li-C
molecular traps!? in silicon, may be considered in GaAs,
for the MBE growth-induced defect. Moreover, in GaAs,
Cu-related isoelectronic!> BE complexes (BEC’s) have
been evidenced. In addition, high-pressure PL experi-
ments'* have demonstrated a possible nitrogen contam-
ination of MBE-grown GaAs, thus strengthening an
eventual role of N in complex defect associations. The
common features of all BEC are (i) a strongly localized
exciton, reflecting the importance of central-cell effects
and local configuration of the involved centers, and (ii)
well-defined and sharp thermodynamic conditions (tem-
perature, stoichiometry, etc.) leading to the defect forma-
tion. The complex nature of the growth-induced defects
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is, in addition, attested to by the polarization properties
of several BEC-associated lines.!*~!® The BEC emissions
are characteristic of GaAs samples grown by an epitaxial
method having various combined in situ analysis tech-
niques. Therefore, the study of their electronic structure
and also the link between the genesis of the related and
well-defined growth conditions is fundamental. It can
provide additional information on kinetic processes
occurring in the MBE growth in respect to interface
stoichiometry. An identification of the involved chemical
species has not been achieved until now, although a con-
siderable number of investigations have been report-
ed.!*~3* The main obstacle arises from the inadequacy of
the commonly used doping procedures, because the fine
structure of the g-v emission band seems well resolved
only in the high-purity and p-type sample PL spectra.
However, taking into account the anisotropy*® of the
static and dynamic ' (2X4) As-stable reconstructed
GaAs(001) surface, we may expect to have also an aniso-
tropic effect on the completion of oriented defects during
the epitaxial growth. As a matter of fact, reflection
high-energy electron diffraction’® (RHEED) and angle-
resolved photoemission spectroscopy’’ lead to the con-
clusion that this surface is more ordered in the [110]
direction than in the [110] one. Detailed analysis of the
intensity oscillations of RHEED patterns®®® has_evi-
denced the presence of surface steps along the [110]
direction in a two-dimensional layer-by-layer growth
mode.

This paper presents new experimental results of reso-
nant optical spectroscopy and theoretical calculations on
the electronic structure of bound-exciton complexes in
MBE-grown GaAs. In the following section we describe
experimental details. In Sec. III we establish a clear-cut
distinction between two kinds of p-type samples, owing to
a detailed comparison of their PL spectra: evidence of
predominant lines in one kind of PL spectra and suppres-
sion of these lines in others. The resonantly excited PL
measurements are then presented, with special attention
to the selectivity of the optical excitation transfers occur-
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ring from well-defined upper lines toward low-lying ones.
Resonant excitation experiments demonstrate that
discrimination between at least four sets of BEC’s has to
be made to account for the low-energy side of the
1.504-1.511-eV emission band. In the framework of an
isoelectronic-like model, involving bound-exciton com-
plexes in local strain fields of low symmetry, explicit cal-
culations are described in Sec. IV, leading to a quantita-
tive fit of the sublevel splittings in each system. Section V
is devoted to the description of the different bound-
exciton models, focusing the discussion on the isoelec-
tronic BE one. It is shown that this latter model is the
simplest one that is consistent in details with the experi-
mental evidence of higher excited states that are related
to low-lying ones and an angular momentum J =0 in all
the final states of the relevant transitions.'?

II. EXPERIMENT

PL studies are performed at 2K, using a front-surface-
layer excitation by a tunable dye laser with Styryl-9 dye,
pumped with an argon ionic laser. PL is analyzed by a
1-m-focal-length double monochromator and detected by
a photomultiplier tube with a cooled GaAs photo-
cathode. The signal is recorded from a photon-counting
system. Luminescence polarization measurements are
performed setting a linear polarizer and a quarter-wave
retarder with an interlocking gear just before the en-
trance slit of the monochromator. This experimental ar-
rangement ensures that the results will be unaffected by
any anisotropy of the spectrometer and photomultiplier
responses. In the same way, the photoluminescence exci-
tation spectra (ES) are recorded as a function of the
incident-light polarization using a quarter-wave blade at
45° of the laser-beam polarization and then followed by a
linear polarizer allowing the selection of the excitation
polarization in any direction of the (001) plane.

About 20 layers grown in a MBE system under stan-
dard conditions [i.e., nonintentional doping, growth on
(001) As-stabilized surfaces in the 550-600°C tempera-
ture range] and prepared in several laboratories [Thom-
son, Riber, and Laboratoire de Physique du Solide et En-
ergie Solaire (France), and Max-Planck-Institute (West
Germany)] were studied. A comparison of the recorded
PL spectra allows one to establish a clear and reproduci-
ble classification of the samples into two groups. Excita-
tion experiments were performed on two layers represen-
tative of the general properties of each group. They were
grown on Cr-doped GaAs substrates using As, flux under
As-rich conditions (2 <[As;]/[Ga] <5). For sample 1,
the growth temperature was set at 585 °C using a thermo-
couple, whereas for sample 2 it was continuously adjusted
to 585°C by an infrared pyrometer measurement in order
to compensate for the temperature decrease due to the
emissivity variation of the growing sample. The
difference between the real substrate temperature and
that indicated by the thermocouple has been found to be
around 40°C. Therefore, the growth temperature is as-
sumed to be 550 °C for sample 1. However, in both cases
the [As,]/[Ga] flux ratios and the growth temperatures
have yielded As-stabilized (2<4) surface reconstruction.
Typical room-temperature mobilities measured for sam-

4515

ples 1 and 2 with net acceptor concentrations, respective-
ly, of p=2%10" and 6% 10" cm~3 were 400 and 410
cm?/Vs.

III. LOW-LYING STATE SPECTROSCOPY

The PL spectra, reported in Fig. 1 in an expanded scale
of the 1.5040-1.5065-eV region, are representative of all
the previously published PL spectra of p-type GaAs
MBE-grown layers. They may be essentially classified
into two groups. The top spectrum (sample 1) is compa-
rable to those obtained by Contour et al.?® and by
Skromme et al.3* [Contour-Skromme (CS) type], whereas
the bottom spectrum (sample 2) is very close to those
recorded by Skolnick e al.!” and by Reynolds et al.?®
[Skolnick-Reynolds (SR) type]. The morphology of the
g-v emission band is thus closely dependent on the
growth conditions. In all n-type samples studied, when
the g-v band is detected, this is always a SR-type one.
However, at the present time no definite correlation can
be made between the growth parameters and the struc-
ture of this band. Table I summarizes the energy posi-
tions and the corresponding labels previously used in the
CS- and SR-type spectra for lines with which we are con-
cerned in the present study. The line relative intensities
and polarization behaviors are also reported (as a func-
tion of the detection conditions on PL or ES), and will be
discussed further in connection with the symmetry of the
related centers.

The v; and ¢* lines at 1.5043, and 1.5057, eV, respec-
tively, are only detected in the case of the CS-type sam-
ples. The other lines are identified in the PL spectra of
both samples, even when several emission lines are very
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FIG. 1. Photoluminescence spectra on low-energy side of the
MBE-growth-induced emission band of GaAs. CS and SR-type
spectra were reported, respectively, by Contour et al. and Skol-
nick et al. Some lines are identified in both samples, except v,
and ¢*, which are only detected in the CS-type sample. The t*
line was previously labeled ¢ in Refs. 16-26.
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TABLE I. List of a part of MBE-growth-induced bound excitons in GaAs reported by Contour
et al. (Ref. 26) and Skromme et al. (Ref. 33) (CS) and by Skolnick et al. (Ref. 15) and Reynolds et al.
(Ref. 28) (SR). Luminescence- (PL) and excitation- (ES) line polarization behaviors are given together
with the local symmetry deduced from Zeeman studies (Ref. 18) and from the present quantitative fit of
the splitting patterns. The low-lying states down which transfers occur are indicated in the last column.
NP denotes not polarized; W denotes weak polarization.

Luminescence Polarization Local symmetry
Sample type energy (eV) behavior from Radiative
CS SR PL ES Ref. 18  This work systems
U3 absent 1.5043, [110] W T,
v, 1 1.5045; [110] Cs
Uy 2 1'50478 [110] CSU
v 3 1.5049; [110] Cy
u, 4 1.5051, [110]
u 8 1.5056, [T10] W C;,,Cy, v,
t*  absent 1.5057, T, v,
t 9 1.5058; NP NP C; v,y
A 10 1.5059, NP NP
s 14 1.5066, [110] [110] rhombic Cs v,
r 16 1.5069, [T10] W* NP® monoclinic Csy, v,
q 17 1.5071, [T10] W monoclinic C,, v
p 19 1.50754 [T10] [Ti0]° rhombic I Cs vy
n 22 1.5080, [T10] W* NP®
k* 26a 1.5087, [110]® Cs vy
27 1.5088, [110] [T10] monoclinic C,, v
i* 29 1.5092 Cy
i 30 1. 50934 C3v Uy
35 1.5098, C,, v

2SR spectrum.
°CS spectrum.

weak or appear as shoulders in the CS-type spectrum.
For instance, the well-resolved line 9 in the SR-type sam-
ple is not defined on the emission spectrum of CS-type
layers, but is detected as the ¢ line on excitation spectra.4°
In the same way, lines above 1.50845 eV correspond to
strong absorbing levels in the CS-type sample, although
they are not distinguished on the PL spectrum. The
weakness of the high-energy emission lines may result
from a thermalization toward the low-energy growth-
induced bound excitons. These lines are observed in both
type layers at fixed energy and, therefore, for clarity, the
letter symbols of Refs. 1 and 16, will be used, followed by
the numerical one of Ref. 15 in the following sections. A
direct link between several high-energy lines and some
low-lying ones is well demonstrated on the PL spectra,
selectively excited (SPL) in the energy range of the r(16)
and s (14) emission lines (Fig. 2). When the excitation en-
ergy is close to the (16) line, the resonant enhancement
of v,(2) is clearly observed. A decrease of this resonance
as the excitation is brought to the low-energy side of
r(16) is seen, followed by another resonance on v,(1)
when the excitation energy is close to the s(14) line. Out
of resonance, i.e., for excitation energy set above r(16) or
between s (14) and 5,(10), only v (3) or v; are weakly ex-
cited. Light absorption on r(16) and s(14) is then fol-
lowed by selective excitation transfer down to v,(2) and
v,(1), the nearest lines (v; and v) not being involved. The
selective excitation transfer thus arises from thermaliza-

tion between excited and ground electronic states of the
same bound-exciton complex (BEC). Two defect centers
related to, respectively, v,(1)-s(14) and v,(2)-r(16) are
then evidenced. The observation of the other low-lying
emission lines indicates that several distinct defect
centers are expected to be involved in the 1.504-511-eV
emission band. The PL excitation of the low-energy
group of lines associated with the low-lying states of dis-
tinct defect centers will be a straightforward way to
detect the sets of the relevant upper energy states.

A. Selective transfer to v;

The excitation spectrum recorded for the v, line in Fig.
3 demonstrates the strong resonance on the ¢* line (not
defined on the SR-type PL spectrum): the t* excitation
peak intensity decreases when the luminescence energy is
taken just below or above the v; line. The u(8) and
54(10) lines are not observed as excitation peaks and
there are no other lines in the g-v region which show res-
onance, even if some of them are weakly detected. Re-
ciprocally, the v; resonance is confirmed by SPL spec-
troscopy when the excitation light is set in spectral region
around the ¢ line. The resonance on the ¢* line is sharp,
its width being comparable with that corresponding emis-
sion line (Fig. 3), whereas v, is much broader and over-
laps the close v,(1) emission band. The off-resonance
SPL spectra of Fig. 3 recorded for excitation energies set
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FIG. 2. Photoluminescence (PL) and selectively excited pho-
toluminescence (SPL) of CS-type sample. A resonant excitation
on the s(14) and r(16) emission lines leads to selective excita-
tion transfers down to the v,(1) and v,(2) low-lying states, re-
spectively. The u(8), t*, ¢(9), and 5,(10) intermediate states are
very weakly populated.

on both sides of ¢* show a slight shift of the maximum of
the broadened v; emission band, which indicates that
several electronic states could be involved. Different pro-
cesses may account for the excitation transfer from ¢* to
v; depending on how it occurs, either between distinct
sites by exciton hopping or between ground and upper ex-
cited states of a single defect (i.e., intracenter recombina-.
tion). However, exciton-transfer processes between dis-
tinct defects from site to site seem inconsistent with the
correlated appearance of v; and ¢* in the g-v emission
band, especially as no transfer from any other lines to-
ward v; was detected. On the other hand, in an intra-
center recombination scheme, where t* would be
identified as an excited state located at 1.49 meV above
the v; ground exciton level, special conditions have to be
assumed on the thermalization processes down to v; in
order to take into account the relative strength of the ¢*
line in respect to the v, intensity, at low temperature.
However, since similar behaviors are observed for the
other low-energy lines, the intracenter model more than
adequately describes the g-v emission-band properties.

B. Selective transfer to v,

The v, system is proving much more complicated than
the v; one, which consists of only two levels. The excita-
tion spectrum of v,(1) recorded with circularly polarized
excitation light [Fig. 4(a)] shows the resonances on #(9),
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FIG. 3. Excitation-transfer processes between u(8), t*, t(9),
and the low-energy lines of the growth-induced emission band
observed in CS-type samples. The excitation spectrum (ES) of
the v; line demonstrates a strong resonance on the ¢* line. The
SPL spectrum excited at 1.5057 eV, between ¢t * and u(8), shows
transfers down to v; from ¢* and to v,(2) and v(3) from u(8).
The v,(1) line is enhanced by selective excitation near #(9) at
1.5059 eV. The spectra are recorded with circularly polarized
excitation light.

s(14), p(19), and k*(26a). The n(22) line intensity
reaches its maximum for a luminescence energy set at
1.5047 eV between the v,(1) and v,(2) lines, and there-
fore is attributed to another system whose ground state is
labeled v3. The #(16) and i(30) lines are rising and will
be resonant on the v,(2) line.

As shown in Fig. 5, ES of the v, line recorded with
linearly polarized excitation light shows the enhancement
of the resonance of the s(14) and p(19) lines, when the
laser polarization is parallel to the [110] direction,
whereas k *(26a) is maximum in the [110] one. The fact
that the strongly polarized absorption lines are those
which have been unambiguously demonstrated also to be
polarized in emission as well in the CS-type spectrum as
in the SR-type one is striking. The #(9) line is found to
be unpolarized in absorption as well as in emission. The
n(22) line was reported as being [110]-polarized in the
SR-type layers.'*

The transfer features down to v,(1) which are drawn
from ES experiments, are checked on by PL spectra
selectively excited close to s(14), to £(9), to k*(26a), and
to p(19), respectively, in Figs. 2, 3, 4, and 6. Excitation
near k*(26a) simultaneously gives rise to resonances on
v(3) and v,(1). The laser-beam linewidth (0.08 meV) is
frequently more broader than two close, narrow excited
states, k*(26a) and k(27), which belong, respectively, to
the v, and v systems, and which are separated by only
0.04 meV.
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FIG. 4. Excitation spectra of (a) v,(1) and (b) v(2) recorded
for circularly polarized excitation light. The bold type denotes
the resonant excitation peaks, whereas the off-resonance ones
are distinguished by oblique arrows. The ¢(9), s(14), p(19), and
k*(26a) are resonant with the v,(1) luminescence line, and
u(8), r(16), and i(30) are resonant with v,(2). All the other
lines are off resonance. For instance, the maximum intensity of
n(22) is obtained when the detection energy is set on v3, an ex-
tra line between v,(1) and v,(2). Reciprocally, excitation on
k(27), at 0.04 meV near k *(26a), shows the resonances on v(3)
and v,(1).

C. Selective transfer to v,

The excitation spectrum of v,(2) shows [Fig. 4(b)] that
recombinations at v,(2) are supplied by absorption tran-
sitions at u(8), r(16), and i(30). The other lines are ei-
ther decreasing as n(22) and k*(26a) or increasing as
k(27), (35), and (40) accordingly as their maxima are
reached for luminescence energy selected in the lower or
upper side of v,(2). In the v, system, u(8) is the only
[110]-polarized emission line, although in the SR-type
spectrum r(16) has been found to be slightly [110]-
polarized.!> The weakness of the i(30) emission line ob-
fuscates any conclusion about its polarization behavior.
In addition, the u(8) excitation peak exhibits the same
feature (Fig. 7) as in emission.

Resonant transfer from u(8) and r(16) toward v,(2)
are confirmed from SPL spectra, respectively, on Figs. 2
and 3. The PL spectra selectively excited on the i(30)
line (inset of Fig. 7) show the resonance on v,(2). The ex-
citation of v(3) is due to the closeness of an extra line
from i(30), labeled i *(29), which belongs to the v(3) sys-
tem.
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FIG. 5. Excitation spectra of v,(1) obtained for linearly po-
larized excitation parallel to [110] (solid line) and to [110] (dot-
ted line). s(14) and p(19) are [110]-polarized perpendicularly
to the k *(26a) polarization. The resonance on p(19) is much
more marked than in the circularly polarized ES of Fig. 4. The
absorption on ¢(9) is insensitive to the polarization of the light.

D. Selective transfer to v

The greater number of associated lines, especially with
several nearby unlike levels, entails additional complica-
tions in the v system. We have already seen that the reso-
nant excitations of i (30) in Fig. 7 and ¢(17), in Fig. 6(b),
populate the v(3) state. Then, the excitation spectra of
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FIG. 6. SPL spectra selectively excited (a) on p(19) (dotted
line) and (b) on ¢g(17) (solid line).
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FIG. 7. Excitation spectra recorded for v,(2) with excitation
light linearly polarized (a) in the [110] direction and (b) in the
[110] one. The resonant u(8) excitation peak is strongly polar-
ized in the [110] direction, whereas the intensity of the remain-
ing r(16) and i(30) lines of the v, system is not dependent on
the polarization of the excitation. The SPL spectrum in the in-
set with the excitation tuned on the i(30) line shows the reso-
nance on v;(2). Note also the weak excitation of the v(3) line
caused by the closeness of i*(29) with the selectively excited
i(30) line.

v(3) shown in Fig. 8 allow one to distinguish now all of
its participating states, which are u(8), q(17), k(27),
i*(29), and line (35). A detailed and appropriate compar-
ison of these resonant excitation peaks is suitably made,
with the corresponding emission band in the SR-type
spectrum on which the upper lines are most intense oth-
erwise well defined. The u(8) line is again resonant with
exact coincidence. Line (35) and ¢(17) are both
enhanced here to their maximum intensity. The reso-
nance on k(27) begins [Fig. 4(b)] when the luminescence
energy is set on v,(2), the intensity ratio between k *(26a)
and k(27) starting to be inverted after going beyond the
resonance of v,(1) with k*(26a). In the same way,
i*(29) is rising [Fig. 7(a)], and reaches its maximum with
the luminescence energy taken on the high-energy side of
the v(3) line [Fig. 8(b)] before quickly decreasing when
the detection is set on u,(4).

E. Some concluding remarks on experimental grounds

A common feature of the v,, v, and v systems is that
several excited states do not correspond to any emission
line in the CS-type spectrum. Consequently, the related
upper lines have been designated by the starred labels of
the closest line and the corresponding numerical symbol
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FIG. 8. Excitation spectra of the v(3) line for circularly po-
larized excitation light with the detection, respectively, set (a)
close to v(3) and (b) on the high-energy side of v(3). The SR-
type PL spectrum allows an accurate determination of the
excitation-peak location. The resonances are u(8), q(17),
k(27), i*(29), and line (35).

used on the SR-type spectrum. It should be noted that
few lines in the whole 1.504—1.511-eV emission band are
involved in the four systems related to the v;, v,(1),
v(2), and v(3) low-energy lines. A set of other upper
states has been found to be connected to the low-lying
u,(4) line, but at the present time the complexity of the
results has made any definite description of the u, system
unclear. The same holds true for the lines (5), (6), and (7),
likely related to different ground electronic states. These
latter lines, as well as some of the intermediate upper
ones, underlie a broad emission band labeled A which has
been previously reported'® as a replica of the g(47) line.
Consequently, the number of distinct BE complex sys-
tems could be raised at least to nine.

The clearly discriminated groups include several in-
tense lines already studied through Zeeman spectroscopy
by Skolnick.'® All the most intense lines were split into a
doublet for magnetic field H set successively parallel to
the [110], [110], and [001] directions, the polarization be-
ing observed for E parallel to the [110] one. From the
difference in the anisotropical behavior of several lines,
they had been classified into two groups: the so-called a
set, which has a doublet-splitting feature for all H rotated
in the (110) plane from the [001] to the [110] directions,
and the B one, which exhibits a four-component splitting
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for H between [001] and [110]. In agreement with Skol-
nick, a splitting of the s(14) into a doublet has been ob-
served for E and H parallel to [110] and the deduced di-
amagnetic shift rate is 6 10~* meV/kG?, leading to an
effective-mass value m 4=0.068m, very close to that of
the free electron in GaAs (Ref. 41) (mpc=0.067m).
Therefore, the bound-exciton complex is donorlike, the
electron being weakly bound. Finally, the lines of the
same group distinguished by ES and SPL experiments are
found either in the a group or the 8 one, upon compar-
ison with the symmetry-related classification.'® For ex-
ample, the s(14) and p(19) lines belonging to the same
BE complex (v, system) are both of a type (rhombic I
symmetry). In the same way, ¢(17) and k(27) related to
the v system are a type.

IV. QUANTITATIVE INVESTIGATIONS
OF THE SPLITTING PATTERN

Five systems of bound-exciton complexes (BEC’s) are
identified through the above resonant excitation experi-
ments. The so-discriminated BEC’s are therefore related
to distinct radiative centers. Several transitions are found
to be polarized, thereby reflecting the anisotropic behav-
ior of the involved complex defects. A J=O0 angular
momentum for the final state of the BE recombination is
a common feature of the optical transition.'® Such a
property is required for several kinds of traps, such as a
double acceptor,*? distant donor-acceptor pairs,*
isoelectronic impurities,* and even more complicated as-
sociates.>** The present section focuses on the electronic
sublevel splitting of the four growth-induced BEC’s, and
an isoelectronic-like character will be assumed for the re-
lated traps. It will be shown that it leads to a good ap-
proach for a quantitative treatment of the BEC electronic
structure. The model of isoelectronic center in a lower
symmetry is the simplest one and it will be observed that
it accounts for all the experimental results. A detailed in-
vestigation of the fine structure of each series of excitonic
sublevels will be made in order to propose a geometrical
configuration for each defect center.

The isoelectronic exciton consists of one hole related to
the topmost of the valence band and of one electron relat-
ed to the conduction band. The binding mechanism of
the exciton obeys the Hopfield-Thomas-Lynch (HTL)
model.*® Explicitly, the isoelectronic defect presents a
short-range attractive potential and this traps the hole
(electron); then the electron (hole) is bound via the long-
range Coulomb interaction, created by the extra density
of charge associated with the localized trapped hole (elec-
tron). The prototypes of isoelectronic impurities are ni-
trogen in GaP (the short-range isoelectronic potential is
attractive for the electron) (Ref. 47) and bismuth in GaP
(the short-range isoelectronic potential is attractive for
the hole).*® The weak binding energy of the electron in
the excitonic complex, established from the observed
large diamagnetic shift, is a clear indication that the trap
corresponding to the s(14) recombination line displays a
short-range potential attractive for the hole and thereby
presents a bismuth-like character. To this corresponds a
small effective hole Bohr radius; furthermore, the elec-
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tron effective Bohr radius is larger because the electron is
more weakly bound and has a smaller effective mass than
the hole; as a consequence, the diamagnetic shift is close
to that of the host crystal.

Let us now investigate the splitting patterns in the case
of the four series of optical transitions. The standard
isoelectronic exciton in a spherical semiconductor will be
a starting model. The symmetry of the exciton states can
be obtained by coupling the J, =2 angular momentum of
the bound hole (related to the topmost of the p-type
valence band) and the j, =1 angular momentum of the
bound electron (associated to the s-like conduction band).
Two levels of total angular momentum J =1 (dipole-
allowed state) and J =2 (dipole-forbidden state) are ob-
tained. The energy separation between the two levels is
the spherical J-J coupling. In the more realistic case of a
cubic semiconductor with a I'y conduction band and a
fourfold I'y valence band, the exciton states are represent-
ed by I';+T,+T5.*% Here, T's represents the dipole-
allowed state, whereas I'; and T, represent the dipole-
forbidden spin-triplet states.

The energy separation between these three levels can
be obtained after the resolution of the exchange interac-
tion, which can be described by the following Hamiltoni-

an:*

Hexch =ZI(‘Ih e _%)+32(J3x"ex +Jh3y‘Iey +J!32Jez ).

A, and A, represent the isotropic and anisotropic spin-
exchange splitting. A, is a cubic correction which is van-
ishingly small in the case of free excitons®® or nitrogen
bound excitons.’! In the case of an isoelectronic potential
attractive for the hole, 4, is no longer negligible.*® The
basis functions of interest which transform like I';, Ty,
and [ are linear combinations of the spherical harmon-
ics:

Iy |x)=(|1L,1)=|1,T)/V2,
)=, +|1,1))/iv2,
|z)=—11,0);

Ty |2 +)=(]2,2)+122)/V2,
|2,0) ;

Tye [14)=—(|2,1)+ |2,1)/V2,
[1=)=i(]2,1)—]2,1))/V2,
[2—)=(]2,2)—|2,2))/V2.

It is then a straightforward exercise to obtain the
eigenenergies of interest:

E(T9)=34,+%4,,
E(Ty=—3A,—34,,
E(F4)='—%EI-%52 .

The exciton states can be described by a diagonal 8 X 8
matrix. Any lowering of cubic symmetry will split at
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least ', and I's5 because the threefold degeneracy can
only be obtained in the cubic symmetry. The correspond-
ing matrix can be obtained from the unified treatment of
Cho,? appropriately modified to the problem under con-
sideration.

In the appendix we give a detailed algebraic descrip-
tion of the symmetry properties of the exciton states in
both cases of isoelectronic excitons and double-acceptor
bound excitons. The number of expected sublevels is
shown either in the cubic symmetry or in the lowered C;,
one. The experimental observation of two up to six exci-
tonic levels in the various BEC’s supports the isoelectron-
ic model that will be used further.

A. The v;-1* system

This is a simple system which consists of a sharp unpo-
larized ¢* line at higher energy than the v; low-energy
transition. The width of the v; line (0.38 meV) is larger
than that (0.16 meV) of the ¢* line; as a consequence, the

t* line may be associated with I's and the v; band with
|
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I';-T,. This is a situation close to bismuth bound exci-
tons. The I';-I"4 quintet can only be observed because of
thermalization effects and it is expected to have a long ra-
diative lifetime. The values of the corresponding splitting
parameters are A;=1.45 meV and A,=0.04 meV. The
value of A, has been estimated from the width of the v,
line. No anisotropic character can be evidenced for the
trap responsible of the v; and ¢* recombination lines.

B. The v-u-r-i system

The system consists of four recombination lines. Thus,
its description is consistent with a trigonal C;, lowering
of symmetry. The valence-band states are split by this lo-
cal field and the magnitude of such a splitting can be
quantitatively described with a phenomenological param-
eter E, reflecting the anisotropy of the local field in the
[111] direction. The splitting of the p-like states can be
written in both the local group axis and in the crystallo-
graphic axes,*

Using the theoretical treatment of Cho,*? the excitonic matrix in the cubic basis can be written in the following form:

P[1T01 P[ni] Prig P, P, P,
—-E, 0 0 0 E, E,
0 _El 0 ) E] 0 El
0 0 2E, E, E, 0
F3 F3 F4 r4
|24 |2,0) [1+) [1—)
—34,— 24, o —iV3E, iV3E,
—%Al"?_qu jEl _ "_1?1
~-§

| 4) i 0 0 0
|B) 0 i 0 0
1 1

C 0 0 — —

1€ V3 V3

1 —1

D — i~

D) 0 0 V3 V2

—1 —1

E —_—= D

|E) 0 0 Ve Ve
|F) 0 0 0 0
|G) 0 0 0 0
| H) 0 0 0 0

T, T, T, T
[2—) | x) |y? [z)
0 —iE, —iE, 2UE,
—2iE, —iV3E, —iV3E, 0
V3E, 0 E, —E,
A, V3E, —E, 0 E,
— 81— 154, E, —E, 0
$A,+4%8,  V3E, V3E,
A+ %4, V3E,
A+ %4,
0 0 0 0 |24
0 0 0 0 [2,0)
1
— 0 0 1
75 0 |14
0 0 0 0 1—)
2
vz 0 0 0 [2—)
1 1 1
0 hany—ad ham—a h—y
V3 V3 V3 )
1 —1
0 V3 V3 0 )
1 —1 2
0 — ——a hr—a
V6 V6 V6 |2)
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A 5X5 block-diagonal matrix can be written simply as
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[y(Cs) r(Cy,) [3(Cyy) ['3(Cy,) [3(Cy,)
|C) | F) |D) |H) | 4)
(1E)) (—|G)) (—|B))
—3R,—3K,+V3E, 0 0 0
0 3R +44,+V3E, 0 0
0 0 ——;—Z,-¥32—Z2—3-E1 —‘/EEI 0
0 0 —V3E, %Zl+g32—l/23151 E V6
0 0 E,V6 —3A,— 2R,

The 8X 8 matrix reduces to two tridiagonal 3X3 ma-
trices plus two 1X1 trivial ones. Since both 3X3 ma-
trices are identical, they have been superimposed. For
completeness, the symmetry of the corresponding eigen-
states has also been given. The four dipole-allowed states
have I'| and T'; symmetry. It is clear that an analytical
expression may be obtained for I'; while numerical treat-
ment will be made in the case of I'; doublets.

Careful comparison between the luminescence data
and the theoretical modeling suggests that we take the
following values: A;=3.90+0.15 meV, A,=—1.58
+0.12 meV, and E; = —0.3210.08 meV.

The large values of the energy differences A, and A, de-
pend on both the electron-hole overlap and exchange in-
teraction between the core functions of the atomic species
which enter the formation of the trap. The large magni-
tudes of A, and A, confirm the hypothesis of a short-
range binding mechanism in the case of the bound hole.

C. Thev,,t,s,p,k* system

This is a system more complicated than those previous-
ly investigated. First, the recombination of the bound ex-

|

[2+) [2,0) i[14)
—34,— 24, —2E, V/6E,

—2E, —38,— 24, —V2E,

V/6E, —V2E, —3A,—15k,-V3E,

V2E, V/6E, —E,

and

38,4+ 45,+V3E,

citon gives a series of strongly polarized transitions. The
s(14) line, for example, is strongly polarized along the
[110] direction, the corresponding luminescence intensity
decreasing noticeably if the [110]-polarized photons are
selected. This behavior suggests an anisotropic local field
with the main anisotropy direction lying along [110].
Second, when performing an experimental investigation
of the Zeeman patterns collected at 2 K in the Voigt
configuration for a [110]-oriented magnetic field, a split-
ting of each level into two components of identical mag-
nitude has been observed. Such a splitting is characteris-
tic of a lift of orientational degeneracy between [111]- and
[T11]-oriented defects.>*>> These two properties suggest
a Cg-type lowering of cubic symmetry and this is pro-
duced by a planar defect with a strong anisotropy in the
plane of the defect. Let (Y’,Z’) be the plane of the defect
with Y'=[112], Z'=[111], and X’'=[110] the local
symmetry axe.

The local lowering of symmetry described with one
main parameter E, can be expressed as a set of axes
reflecting the geometrical configuration of our experi-
ment, say [110], [110], and [001].

It results in the following form for the excitonic ma-
trix:

i|X)
V2E,
V6E,
_.El
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[1-) 12—) |Y) |Z)
—3R,—BR,+V3E, V/6E, —E, V2E,
V/6E, — 3K, — 134, —V2E, 2E,
—E, —V2E, 3A,+%4R,—-V3E, V/6E,
V2E, 2E, V6E, 3A,+ 44,

The two 44 matrices can be solved numerically. A
good comparison between the experiment and this model
is obtained when the following parameters are used:

A,=3.00£0.20 meV ,
E,;=0.43010.027 meV ,
A,=0.02+0.02 meV .

It should be noticed that a more accurate determina-
tion of these quantities can be made if the local field re-
sponsible for the v, system is expressed in a model using
more than one phenomenological parameter E;. Accord-
ing to the previous theoretical investigations of Kaplyan-
skii’** and Gil et al.*, a complete description of the local
lowering of symmetry should need a second E, parame-
ter to account for the X'-Y' anisotropy and a third one,
E;, to simulate the distortion of the angles around such
defects.

Realistically, the comparison of experiment with calcu-
lation suggests a value at least 10 times smaller than E
for these two parameters; taking them into account can-
not lead to a significantly clearer understanding of the v,
system.

D. The v-u-g-k-i *-(35) system

This system presents a quite equivalent sensitivity to
the anisotropy of its local field in the growth plane and
between the growth axis of the epitaxial layer and the
growth plane; this does not lead to an easy analysis of the
experimental results. From the Zeeman patterns, no
correlation with a lift of orientational degeneracy can be
seriously deduced. If there is one, it is certainly small
and reflects a small distortion of cubic symmetry along
the [111] direction. This defect exhibits a behavior which
suggests a rhombic-type symmetry, probably caused by
an axial defect or a planar one. In the latter case, the
different partners are located further from each other
than for the previous system; then the [111] character
vanishes and the corresponding defect-cell correction de-
creases, and, consequently, so does the exciton binding
energy. The exciton matrix corresponds to two 2X2 ma-
trices plus one 4 X 4 diagonal matrix.

Working in the set of irreducible representations
characteristic of C,, symmetry given in Table I of Ref.
49, a set of analytical expressions is obtained:

Si2=18,+ RA,+[ LA+ A, +E, +E,)
+-]‘7(3E1-—E2)2]”2 ,

Sye=18+ BA,E[LHA |+ 1A, +E,—E,)
+L(3E,+E,)’]'2,

The six S ¢ states correspond to dipole-allowed transi-
tions, whereas S, and S do not. It is-important to notice
that the change of the sign of E, leads to a permutation
of S, and S 4; as a consequence, it cannot be obtained.
The set of phenomenological parameters has been found
to be A;=1.9040.10 meV, A,=0.36+0.09 meV,
E,;=0.60+0.10 meV, and E, ==+0.60+0.10 meV.

V. DISCUSSION

The different recombination schemes with a J =0 final
state were analyzed, attempting to account for all the ex-
perimental observations that are known at the present
time on the 1.504—-1.511-eV emission band. Considering
an interpretation based on a donor-acceptor pair model,
several arguments against it have been presented in de-
tail.?®3* In this section the discussion is essentially re-
stricted to bound-exciton models. The experimental evi-
dence of the selective behavior in the excitation-transfer
processes suggests an appropriate description in terms of
distinct systems resolved into ground and excited states.

First, the g(47) line is not related to the low-energy
lines, namely v, v,(1), v{(3), and u,(4). These low-
energy lines have been demonstrated to be insensitive to
the resonant excitation on g(47), thereby proving its
inefficiency to make the low-lying states populated.'® The
intermediate lines exhibit similar features, the only
enhancement observed in this region, being a broad vib-
roniclike band labeled A around 1.507 eV. Moreover, a
shift of g(47) has been observed as a function of the dom-
inant acceptor impurities,’®>’ whereas all the other lines
are peaking at fixed energetic position. The present reso-
nant excitation results establish a discrimination between
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the four systems referred as its ground electronic vs, v,,
v, and v states. The proposed model-like, i.e., isoelec-
tronic, defect bound exciton accounts well for the fine
structure of each system with regard to the number of ob-
served lines.

For instance, the v;-t* system is described as being due
to J-J splitting, with ¢* arising from the J =1 triplet (I'5)
state and v, from the J =2 quintuplet (I';4T4) state.
The ¢ * triplet is expected to split into a ¢ doublet and a 7
singlet polarized perpendicular and parallel, respectively,
to the direction of the applied magnetic field.

On the other hand, the v, system is described by taking
into account an additional splitting caused by an axial
field with C,;, symmetry. The resulting four dipole-
allowed states are constituted by a I'; singlet which cor-
responds to v,(2) and by three I'; doublets related, re-
spectively, to u(8), #(16), and i(30). The observation of
a two-component splitting'® of r(16) with the magnetic
field H successively in the [110], [001], and [110] direc-
tion does not contradict this model. Furthermore, a
splitting into four lines was observed for r(16) when the
magnetic field is rotated in the (110) plane, thus
reflecting a lift of orientational degeneracy of such C;,
center. Consequently, the monoclinic symmetry observed
by Skolnick for the r(22) line of SR type may result from
a slight anisotropy of the C;, defect (CS type) in the
plane perpendicular to the (111) axis.

Coming to the v, system, it is found that a defect with
C, symmetry permits a quantitative interpretation of its
five lines. The s(14) line was observed to split into a dou-
blet for all directions of the magnetic field H in the (110)
plane'® and for H parallel to the [110] direction. Similar
behavior was observed for the p(19) line.'® However, it is
not possible to predict the expected remaining doublet
splitting because of a strong mixing of the relevant states.
Finally, the v system is fitted by a defect with C,, symme-
try. This gives singlet states, any degeneracy of different
sublevels being accidental: For instance, this occurs in
the permutation of S| , and §; , when changing the sign
of E,.

Although the CS- and the SR-type spectral features are
mostly comparable, there exists, however, experimental
evidence about several different behaviors between them.
First, the v;-t* system is only detected in the CS-type
sample. Second, selectively excited PL on all the lines of
the g-v band did not exhibit, except for the phonon repli-
ca, any resonance in the 1.46—1.48-eV region. This has
been attributed to a two-hole satellite in the SR-type sam-
ple.”” Third, several upper lines that are in energetic
coincidence in both CS- and SR-type spectra actually
have distinct origins: For instance, the k line in the CS-
type sample and the corresponding line—(27)—in the
SR-type one'’ are, respectively, [110] and [110]-
polarized. Moreover, line (27) has a two-hole replica,'’
whereas such features are not observed for the k line.
The question arises as to whether the same upper states
are involved in CS- and SR-type spectra, particularly
when considering the v;-t* system which is predominant
in the CS-type g-v emission band, whereas it is absent in
the SR-type one. A partial answer may be given in com-
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paring the symmetries found for the v,- and v-related de-
fects. They are, respectively, C; and C,, in the CS-type
sample, whereas they are rhombic I and monoclinic in
the SR-type one. This fact may indicate a different be-
havior with regard to the local distortion around the de-
fects in the two samples. Anyway, the low-lying states in
the CS-type spectrum correspond to distinct systems,
having upper excited states with typical transfer times
that are long enough to allow their detection.

The electron-hole exchange parameters have been
found to exceed a milli-electron-volt in all four cases. To
our knowledge, comparable values are theoretically ex-
pected® and measured®® in the case of GaP. However,
such large values cannot be easily obtained for GaAs in
the framework of elementary Hartree calculations, due to
the relative smallness of the exciton binding energy (in
the 4—11-meV range).”

VI. CONCLUSION

Various techniques were used for a detailed under-
standing of properties of excitons bound to growth-
induced defects. The resonant excitation .experimental
study demonstrates the selectivity of excitation transfers
from excited to ground electronic states related to the
low-lying lines in the 1.504-1.511-eV emission band.
Consequently, five sets of bound-exciton recombination
lines are discriminated and associated with distinct defect
centers. Polarization measurements show the direct con-
nection between several lines and oriented complex de-
fects having a lower symmetry. The donorlike character
of the excitonic complexes evidenced in this work and in
Ref. 18 by magneto-optical studies reflects the short-
range hole-attractive potential of the related defects. One
of these systems, namely v;-t*, whose ground state lies
lowest in the g-v band, is found to be suppressed in some
type of samples (so-called SR type), depending on the
MBE growth conditions. A numerical investigation of
the sublevel splitting pattern for each bound-exciton
complex, and assuming that the traps responsible for the
luminescence exhibit a neutral charge, shows that they
may be treated following an isoelectronic-like approach.
Several types of defects are selected: the v;-t* system is
found to be consistent with an isoelectronic-like defect in
a cubic symmetry, whereas an axial [111]-oriented defect
(C5,) well accounts for the v,-u-r-i bound-exciton com-
plex; the v,-t-s-p-k* and v-u-q-k-i*-(35) complexes are
due to excitons bound to defects, probably having planar
symmetry. A strong value of the electron-hole coupling
is found and indicates an isoelectronic short-range poten-
tial, attractive for the hole.
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APPENDIX

We now give a comparison between the symmetry of
the excitonic states in the case of an isoelectronic exciton
and in the case of a neutral double-acceptor bound exci-
ton.

(i) The isoelectronic-center bound exciton in zinc-
blende symmetry. The symmetry of the exciton states is
obtained from the product of the symmetries of both the
bound electron states and the bound hole states. In the
case of cubic center, the exciton states split into
I;+I4+T5. A radiative recombination may occur be-
tween the I'5 and I'| ground states. Working in the most
symmetrical case of the spherical symmetry, I's corre-
sponds to a J =1 total angular momentum of the exciton,
I';4 T, corresponds to a J =2 one, split by the crystal
field, and I"; corresponds to the ground state of the crys-
tal with J =0.

(ii) The double-acceptor bound exciton in zinc-blende
symmetry. The ground state consists of a system which
binds two equivalent holes. Two combinations are al-
lowed by the exclusion principle for J-J coupling between
two J =32 holes, namely J =0 and 2, which describe the
electronic states of a double acceptor in a spherical ITI-V
semiconductor. It is a straightforward exercise to obtain
the symmetry of the corresponding states in a cubic semi-
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+I3+T5. In that case, the J =2 state has I';+I's cubic
symmetry and not I';+T,. The corresponding energies
of these levels are a priori different, the energy separation
depending on both the magnitude of the hole-hole cou-
pling and the crystal-field strength.

The double-acceptor bound exciton consists of three
equivalent I'g-like holes and one I'y electron. The three
holes make a (I'g X 'y X I'g) antisymmetrical states which
transform like I'y. Then, the double-acceptor bound exci-
ton has I'gXT'¢ symmetry, like the isoelectronic bound
exciton, but has, of course, different eigenstates: The
recombinations then can occur between the I's+ T3+ T,
states of the bound exciton and the I'; +T';+ 5 levels of
the double-acceptor ground state. As illustrated in Fig.
9, six transitions are expected for such a type of bound
exciton in T; symmetry.

(iii) Lowering of cubic symmetry. In the case of any
lowering of cubic symmetry, both ', and I'5 will split be-
cause of the threefold degeneracy, which is allowed inside
the cubic syngony only as a consequence; a more compli-
cated energy pattern is expected as well as for isoelect-
ronic bound exciton as for double-acceptor bound exci-
ton. However, in the latter case, the ground state of the
system (two equivalent holes in an antisymmetric state)
will split, while there will be no splitting of the ground
state in the case of an exciton trapped by an isoelectronic

conductor from the antisymmetric direct product center. As an illustration, we have given the splitting
Iy X Ty, pattern expected in the case of trigonal symmetry for
From Koster’s tables* one gets (I'yxT3)=T, these two types of excitons. Four radiative recombina-
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FIG. 9. Schematic picture of energy levels of excitons bound, respectively, to isoelectronic (J =0) and double-acceptor (J =0 ly-
ing lowest) centers. The J =1 (I's) and J =2 (I';4-T',) states of the isoelectronic bound exciton in T, symmetry are split into three
(T"3) doublets and two singlets (I'; and I';) by the C;, axial field. A similar pattern is also observed for the double-acceptor bound ex-
citon. The two hole final states in C;, symmetry consist of two I'; and two I', levels. The dipole-allowed recombinations are indicat-
ed by arrows for 7 polarization (solid lines) and o polarization (dotted lines).
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tions are expected in the case of trigonal isoelectronic
center, while one may observe up to 18 in the case of
double-acceptor—type axial defect with rhombic symme-
try. In the case of C,, axial defects, we should, respec-
tively, predict six and 36 transitions. In the low-
symmetry case of planar defects, the isoelectronic exciton
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would give eight levels, and, in the case of recombination
of an exciton bound to a defect with two holes in its
ground state, 48 transitions are predicted. In our case
the number of radiative transitions has never been found
to exceed six, a number reasonable with a series of
isoelectronic traps.

*Permanent address: Groupe d’Etudes des Semiconducteurs,
place Eugene Bataillon, 34060 Montpellier Cédex, France.
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