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The results of studies of Ga vacancy (Vga) — shallow donor (Te or S atom substituting As atom in the lattice
site closest to the vacancy) complexes by methods of photoluminescence under resonant polarized excitation and
piezospectroscopy are considered. An analysis of the experimental data in the classical dipole approximation shows
that the symmetry of the complexes is lower than the trigonal one and their optical properties are explained in
the model of a monoclinic defect with a symmetry plane of the {011} type, in which the initial trigonal axis
and the axis of the optical dipole lie. The reason for the lowering of the symmetry of the initially trigonal center
is the distortions arising from the Jahn-Teller effect. A microscopic model is proposed that relates the behavior
peculiarities of the optical properties of the Vg, Teas complex under uniaxial deformations and temperature changes
with the structure of the electronic levels and the change in the charge state of the complex. The differences in this
behavior observed for the Vg,Sas complex are analyzed and possible reasons for their appearance are discussed.
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1. Introduction

Isolated intrinsic point defects and complexes with their
participation create centers with deep levels in semicon-
ductors and can significantly affect the properties of the
material. Studies of these centers are carrying out for a long
time (see, for example, [1-5]).

Complexes of this type, containing a vacancy and a
shallow donor and leading to the formation of deep acceptor
levels in the forbidden band, were first identified and studied
in ZnS [6-9] and Si [10-13].

The assumption that a broad photoluminescence band
with a maximum at a photon energy of about 12eV
in n-GaAs is associated with Ga vacancy (Vg,) — donor
complexes and is caused by electron transitions from a
shallow donor-like state to the ground state of the complex,
was done in 1968 [14,15]. This assumption was based
mainly on the absence of the indicated luminescence band
in crystals grown from solutions in Ga (i.e., practically
free of Vga) [16,17], and by shift, observed in paper [14],
of the maximum position of the luminescence band
by ~ 0.02¢V, when doping with donors of the VI group
(Teas, Seas, Sas) was replaced by doping with donors of
IV group (Snga, Gega, Siga). A similar shift associated with
different positions of the donor relative to the vacancy was
previously discovered in paper [18] for the emission band
of Zn vacancy — shallow donor complexes in ZnS, the
spatial structure and composition of which were confirmed
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by optical experiments [8] and paramagnetic resonance
studies [9]. Other properties of the indicated emission
bands of the complexes in ZnS and GaAs turned out to be
similar. The change in the photoluminescence band width
with temperature was well described by a one-dimensio-
nal configuration-coordinate diagram, suggesting a strong
interaction with phonons, whose energy for the VgaSnga
complexes turned out to be 22 meV. For some complexes
in GaAs (VcaGega, VGaSnga, VGaSica), as well as for com-
plexes in ZnS [8], the resonant excitation of this radiation
was observed, the long-wavelength boundary of which was
noticeably below the threshold of the intrinsic absorption
band of GaAs [15,19]. This was an additional substantiation
of the proposed model of the complex in GaAs [14,15].

In further studies [20-25], related to the properties of
the luminescence band with a maximum of about 1.2eV
in n-GaAs:Te, upon excitation by light from the intrinsic
absorption band (i.e., due to the generation of free electrons
and holes) this radiation, as in [14,15], was associated
with Vg, — shallow donor (Teas) complexes.  Small
variations in the shape and position of the maximum of this
band in different samples were found in [21,22], which were
explained by changes in the vibrational properties and en-
ergy levels of these complexes under the influence of other
defects located near them. The energy of local phonons,
obtained, as in the papers [14,15], from the analysis of the
temperature dependence of the photoluminescence band
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width, turned out to be different for various samples and
was in the range of 17—21 meV. In paper [23] it was found
that, although holes are captured by the complex almost
instantaneously, the characteristic photoluminescence decay
time is relatively large and decreases with the electron con-
centration increasing. Its value for electron concentrations
10'7—10'8 cm~3 is in the range 2—0.5 us. At the same time,
it was concluded that in the case of a high concentration
of electrons in the illuminated sample, the radiation is
practically determined by the transitions of electrons from
c-band to the ground state of the complex, while in the
case of low concentration of free electrons the radiation
can significantly determined by the transitions of electrons
previously captured on a shallow donor state [23].

The interaction of intrinsic defects and donor impurities
during the growth of crystals n-GaAs:Te and n-GaAs:Sn
was considered in papers [26,27]. The analysis of the expe-
rimental results carried out in these papers showed that the
formation of a sufficiently large number of Vg, — shallow
donor complexes can explain the partial compensation of
donors observed in these crystals, as well as the dependence
of the shallow donors concentration on Te concentration in
the melt, and superexpansion of the lattice in GaAs: Te.

Thus, studies carried out by the beginning of the 80s of
the last century confirmed both the existence of stable
complexes Vg, — shallow donor in n-GaAs, and their role
in luminescence with a maximum of about 1.2 eV. However,
no direct determination of the spatial structure of the center
associated with this band was implemented. Also, it was
not studied the possible difference in the properties of these
centers, when one shallow donor is replaced by another
from elements of the same group. Such studies were carried
out later, and in the case of doping GaAs with elements
of group VI are considered in this review. At the same
time, the analysis of experimental data in the classical
dipole approximation was performed again, and errors,
inaccuracies, and misprints were corrected. This resulted
in change in the estimates of some parameters of the
complexes, but did not change the qualitative conclusions.

Also note that the effects caused by cation-vacancy—
donor complexes were also observed in some other semi-
conductors A™'BY [1] and in ZnO:Al [28]. One of the
luminescence bands in GaN : Be [29] was bound with similar
complex anion vacancy — acceptor Beg,VN. However, the
spatial structure of the complexes in these materials was not
studied experimentally.

2. Complexes vacancy VgaTeas

2.1. Photoluminescence excitation spectrum
and study of optical anisotropy of complex
by polarization spectroscopy method

One of the methods for determining the spatial symmetry
of local centers in crystals is the polarization spectroscopy
of photoluminescence, ie., the study of the polarization
of light emitted by the center under resonant polarized
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Figure 1. Schemes of optical experiments in studies of the
anisotropy of impurity centers [34]. ¢ — orthogonal scheme, b —
scheme ,,on reflection”. &, erH and &~ — electric vectors of the

light wave of the exciting and emitted light.

excitation [30-32]. This method, in contrast to the pho-
toluminescence excitation due to the generation of electron-
hole pairs by light from the intrinsic absorption band of the
semiconductor, requires the existence of direct excitation
of the center due to the absorption by it of the photon,
the energy of which is noticeably lower than the intrinsic
absorption threshold of the crystal. In this case, various
relative orientations of the exciting and measured emitted
light beams are possible.

In the case of studying the photoluminescence polariza-
tion under polarized resonant excitation, it is convenient
to use the orthogonal scheme of the experiment [30,31],
when the direction of the observed photoluminescence is
perpendicular to the direction of the exciting light (Fig. 1,a),
which is oriented along one of the crystallographic axes of
the sample under study. The degree of linear polarization p
of luminescence at different angles n between the axis
perpendicular to the directions of observation and excitation
of luminescence and the direction of the electric vector
of a linearly polarized exciting light wave is determined
according to the expression

L) —1.(n)
pn) = —————, 1
) L) +11(n) m
where || and |, are the photoluminescence intensities

(the number of emitted photons) measured respectively
at the direction of the electric vector of the emitted light
shown in Fig. 1,a. When measuring the full excitation
spectrum of impurity luminescence, which includes regions
of strong light absorption, it is convenient to use the scheme
»on reflection (Fig. 1,5). The same scheme was used in
studies of the radiation polarization under uniaxial pressure
and the generation of electron-hole pairs by light from the
intrinsic absorption region of the semiconductor. In this
case, the photoluminescence intensities were determined
with electric light parallel and perpendicular to the pres-
sure axis.

For the emission band with a maximum at about 1.2eV
in n-GaAs:Te, the resonant excitation was first observed
in paper [33]. In more detail, the excitation spectra, ie.,
the dependences of the photoluminescence intensity | near
its maximum (fiwy ~ 1.2eV) on the photon energy of the
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Figure 2. Photoluminescence of Vg,Teas complexes in
nGaAs:Te [34]. a — photoluminescence excitation spectrum
at fiwr = 1.2eV; b — photoluminescence spectrum and Ap at

hwex = 1.43eV. T,K: 1,3—7 — 77,2 — 4.2. 1,2 — experimental
scheme ,,0on reflection”. 3—7 — orthogonal scheme of the exper-
iment, directions of propagation of the exciting (indicated first)
and observed emitted light: 5 — [011]—[100], 6 — [100]—[010],
7 — [110]—[110].

exciting light hwex reduced to an equal number of exciting
photons (l9/Nex) were measured in paper [34]. These
spectra, along with the spectrum of the photoluminescence
band itself, are shown in Fig. 2. The samples for the
study were cut from single crystals of n-GaAs obtained by
the Czochralski method and doped with Te during growth.
As can be seen from Fig. 2 (curves I and 2), the long-
wavelength edge of the excitation spectrum of the studied
photoluminescence at low temperature lies significantly
below the threshold of intrinsic and exciton absorption and
is at the photon energy hwex < 1.4€V.

1 Semiconductors, 2022, Vol. 56, No. 11

Experimental dependences of Ap=p(n=0) — p(n=90°)
on the energy of emitted and exciting photons (fiwr
and hwey, respectively) for various combinations of propa-
gation directions of the exciting and emitted light in the or-
thogonal scheme of measurements, obtained on n-GaAs:Te
samples with electrons concentration Ny = 5 - 10'7 cm—3 are
shown in Fig. 2,b and 3. These data, together with
the results shown in Fig. 2a, indicate that significant
contribution to the excitation of the studied luminescence at
hwex < 1.5eV give resonant optical transitions. At the same
time, since the value of Ap, within the measurement error,
dependence on hwey stops for hwex < 1.43 ¢V (Fig. 3), we
can assume that the luminescence excitation in the case
of hwex < 1.43 eV corresponds to only one type of optical
transition, namely, the electron transition from the highest
filled energy level of the center. As the wavelength of the
exciting light decreases (in the case of hwex = 1.46 ¢V for
T =77K and hwe 2 1.48eV for T =4.2K) there is a
rapid decrease in the absolute value Ap, followed by a sign
change of Ap (at least for the experimental configurations
shown in Fig. 3,a—c). This behavior of Ap may indicate
the photoluminescence excitation due to optical transitions
of electrons from a deeper level of the center. The
emission band did not change in this case. Resonant optical
transitions to this state also manifest themselves as a feature
of the excitation spectrum near hwe =~ 1.5eV (Fig. 2,a).
In some samples, this feature of the excitation spectra,
and sometimes the sign change of Ap, was not observed.
Apparently, this is due to differences in the ratio of resonant
and interband (nonresonant) excitation near the fundamen-
tal absorption edge in different samples, which is due to the
differences in the edge tailing of the main absorption band
and by the concentrations of the studied complexes.

Also note that the constancy of Ap over the emission
spectrum (Fig. 2,b) may mean that the dominant contri-
bution to the luminescence band width comes from the
interaction with phonons that do not change the symmetry
of the emitting center.

Fig. 4 shows the dependences of the degree of lu-
minescence polarization on the position of the exciting
light polarization plane p(n) (polarization diagrams) upon
excitation of electrons from the highest-energy filled state of
the complex.

For a qualitative analysis of polarization spectroscopy
data, the paper [34] used the usual approach [30-32],
considering an anisotropic center as a superposition of
a classical dipole linear oscillator and a rotator having a
common axis. The relative contribution to the emission
and absorption of the linear oscillator and a rotator can
be different. The axes of oscillators that absorb and emit
light can coincide (one-dipole approximation) or differ (two-
dipole approximation), and all equivalent directions of these
axes in a crystal are equally probable.

Calculations of polarization diagrams in such a model
were carried out for various combinations of the directions
of the axes of the emitting and absorbing dipoles along
the principal axes of the crystal [34]. Comparison of the
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Figure 3. Difference in the degrees of photoluminescence polarization Ap = p(n = 0)—p(n = 90°) vs. photon energy of exciting
light [34]. hwr =~ 1.2eV. T,K: I — 42, 2 — 77. Orientation of directions of exciting (indicated first) and observed emitted light:
a — [100]—[010], b — [100]—[011], ¢ — [110]—[001], & — [110]—[110].

results of these calculations with the experimental data
presented in Fig. 4 showed that the axis of the emitting
dipole cannot be parallel to the axes C4, C3, or C,, and
the axis of the absorbing dipole cannot be parallel to
axes C4 or Cs;. In particular, for example, the existence
of a nonzero projection of the axis of the emitting dipole
onto the axis Cj3 indicates the p(n) increasing as n changes
from 0 to 90° in Fig. 4,d, while the non-zero value p(0)
in the diagrams in Fig. 4,a and d indicates that the dipole
axis also has a component that does not coincide with the
same axis Cjz. Since, in the case of the existence of a
preferred axis of an anisotropic center, the axis of the optical
dipole [30-32] must coincide with this axis, this means that
the complex under study does not have trigonal symmetry
either during emission or absorption of light (the preferred
axis of symmetry Cs), as one would expect for the complex
that includes Vg, and Teas located strictly at neighboring
lattice sites, and their undistorted environment of atoms
crystal.

Note that the measurements carried out in the paper [33]
at a temperature of 77K and only for experimental
configurations similar to those shown in Fig. 3 and 4,a—c,
did not find the existence of polarization of the studied

photoluminescence in the case corresponding to Fig. 3,a
and 4, a. Based on this, an erroneous conclusion was made
about the trigonal symmetry of this center [33]. However,
resonant excitation of photoluminescence in [33] was carried
out at photon energy of 1.48¢eV, which is close to the
interband absorption edge and corresponds exactly to the
region of the spectrum in which the induced polarization
is close to 0 (Fig. 3). The significant influence of this
circumstance on the decrease in the degree of induced
polarization is also confirmed by the fact that the maximum
values of p(n) obtained in [33] for other experimental
configurations were significantly lower than those obtained
at hwex = 1.43 eV (Fig. 4).

As shown in [34], the polarization diagrams correspon-
ding to the excitation of a low-energy radiating state (Fig. 4)
can be explained in terms of the two-dipole approximation
for a center that in both absorbing and emitting states has
the same plane of symmetry of type {110} containing an
axis connecting Vg, and Teas (the center of monoclinic
symmetry Cs). The number of different orientations of such
center in the crystal is /2. Quantitative calculations [34],
confirming the above structure of the center, were carried
out in the simplest model, which assumes that the initial

Semiconductors, 2022, Vol. 56, No. 11
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Figure 4. Polarization photoluminescence diagrams of Vg, Teas complexes in n-GaAs:Te. (o~ 5-107cm™3) [34]. T =77K.

hwex = 1.43 eV, har =~ 1.2eV. The orientation of the directions of the exciting and observed emitted light in Fig. a, b, ¢ and d is the

same as in Fig. 3. Dots — experiment, curves — calculation.

wave functions have s-type symmetry in the ground state,
and in the emitting state — p-type. Distortions of the
point symmetry of the center in both states were taken
into account as a superposition of distortions along the axis
Viga—Teas (axis (111)) and one of the other principal axes
of the crystal ((110) or (001)). The influence of these
distortions was simulated by introducing energy splittings of
the excited state at the moment of excitation (67}, and 6§},
or &53,) and at the time of emission (8],, and &}, or &, ),
which is similar to splitting under uniaxial deformation along
the corresponding axes. The influence of the spin-orbit
interaction on the excited state was also taken into account.

The reasons for the lowering of the initially trigonal
symmetry of the complex, as it was supposed in paper [34],
may be the association with the pair Vg,—Teas of one more
defect or additional distortions due to the Jahn-Teller effect
in the trigonal complex.

2.2. Effect of uniaxial pressure on the
photoluminescence band with maximum
near 1.2eV in GaAs:Te and the spatial
structure of the complex Vg,—Teas

The difference between the point symmetry of Vg,Teas
complex and the trigonal symmetry should also lead to
characteristic features in the behavior of its photolumines-

1" Semiconductors, 2022, Vol. 56, No. 11

cence under uniaxial deformation. Similar studies were
carried out at uniaxial pressures P up to 10kbar in
papers [35-37]. The experiments were carried out in
the scheme ,on reflection (Fig. 1,b) with luminescence
excitation due to the generation of electron-hole pairs by
light from the intrinsic absorption band of GaAs (radiation
of He —Ne laser, wavelength 0.6328 um). It was measured
the spectra of the photoluminescence polarized parallel or
perpendicular to the pressure axis (l}(fwr) and I (hwy),
respectively), the polarization ratio of radiation relative to
the pressure axis at different photon energies

r =|||(h11)r)/|1_(ha)r) (2)

and integral polarization ratio of the radiation band, defined
as

~ 1L (hay )dhe; |

The samples for the study were made from the same single
crystals as those used in the study of the complexes by
the method of polarization spectroscopy [34]. Under the
experimental conditions, the photoluminescence intensity
was proportional to the intensity of the exciting light, and
the degree of emission polarization did not depend on it.
At P =0 and low temperatures, r* and r were equal
to 1, which indicated the equally probable distribution of

*

(3)
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Figure 5. Experimental dependences of the polarization ratio of photoluminescence in the band with a maximum at photon energy
~ 1.2eV on the uniaxial pressure [36]. Pressure direction: @ — [001], » — [111]. Photoluminescence excitation by light from intrinsic

absorption band. T,K: I — 2,2 — 77.

10 ] ]

P, kbar

10 ] ] ] ] ]
10

P, kbar

Figure 6. Experimental dependences of the polarization ratio of photoluminescence in the band with a maximum at photon energy
~ 1.2¢eV on the uniaxial pressure [36]. Pressure direction [110]. Direction of photoluminescence observation: @ — [110] and 5 — [001].
T,K: 1 — 2,2 — 77. Photoluminescence excitation by light from the intrinsic absorption band of GaAs.

complexes over all possible orientations of the axes of pair
Vga—Teas and directions of additional distortions of the
emitting state.

It was shown that the integral polarization ratio of the
emission band increased in the case of uniaxial compression,
and this increasing at temperature of 77 K was smaller than
at 2 K. This indicates that, in addition to the simple removal
of the orientational degeneracy of different centers (see, for
example, [38]), other processes also take place.

The dependences of r* on the value of the applied
uniaxial pressure for its different directions are presented
in Fig. 5 and 6 [36]. A characteristic feature of these
dependences at P || [111] or P || [110] and temperature 2K
is a rapid stepwise increasing of the polarization ratio
with P increasing in the region of low pressures, followed
by more slow increasing in the pressure range 2—10kbar.
At the same time, at T = 77K, the polarization ratio
of the radiation grows smoothly over the entire studied
pressure range. Such a behavior of the photoluminescence

polarization of the local center of monoclinic symmetry
under uniaxial pressure can be explained by the existence of
several possible and equivalent at P = O configurations for
each individual center, caused by distortion associated with
the Jahn-Teller effect (ie., with the interaction of bound
carriers with nontotally symmetric vibrations of the complex
atoms). Uniaxial pressure causes differences in the energy
levels of these configurations of the individual center due to
the different orientation of the Jahn-Teller distortions with
respect to the pressure axis. This leads to a difference
in the equilibrium concentrations of various configurations
of the complex, ie., to partial or complete alignment
of distortions in equilibrium due to their spontaneous
reorientation. The latter causes the appearance of emission
polarization of the entire set of complexes, as in the case
of polarized resonant excitation, when the probability of
excitation of complexes of various configurations is different.
Another possible mechanism for distortions alignment is
the pressure influence on the probability of the various

Semiconductors, 2022, Vol. 56, No. 11
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Figure 7. Integral polarization ratio for the photoluminescence
band 1.18 eV in various Nn-GaAs:Te samples vs. uniaxial pressure
along axis [111]. T =2K [37]. Electron concentration in
samples ng, 107 em™3: 1,3 — 10, 2 — 5.
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Figure 8. Polarization ratio of photoluminescence at photon

energy howr = 1.2V in different n-GaAs:Te samples vs. uniaxial
pressure along axis [110] in case of polarized resonant excitation
with photon energy hwex = 1.43eV. T =4.2K [37]. Experiment
configuration [001]—[110].

configurations appearance in the process of recombination
through the complex of electron-hole pairs, similar to that
observed under certain conditions for Jahn-Teller acceptors
Cu and Au in GaAs [39].

Further studies [37] revealed that the dependences
r* = f(P) of the studied band for different n-GaAs:Te
crystals, have quantitative differences, although they retain

Semiconductors, 2022, Vol. 56, No. 11

the above features (Fig. 7). Differences in the value r*
at P#0 were also observed in the case of resonant
polarized excitation (Fig. 8).

At the same time, at P = 0, the emission polarization
under resonant polarized excitation for different samples
remained practically the same within the experimental
accuracy. This can be seen from Fig. 8, and for samples
with different electron concentrations (ny) it is shown
in Fig. 9, which represents the values of the degree of linear
polarization of photoluminescence p; and p, relative to the
axis, perpendicular to the directions of propagation of the
exciting and observed emission for n = 0 and experimental
configurations [110]—[001] and [100]—[010], respectively.

Since in each experimental configuration with polarized
resonant excitation, both P =0 p; and p, are determined
only by the parameters of the light emitting and absorbing
dipoles (their direction in the local coordinate system
associated with individual defect and the relative fraction of
rotator and linear oscillator in the emission and absorption
of light [30,32]), based on the above results it was supposed
in the paper [37] that the photoluminescence band with
a maximum of about 1.2eV in n-GaAs:Te is caused by
two types of centers, which are described by optical dipoles
with similar parameters. Also, at low temperatures, the
emission and absorption spectra of these centers are similar.
However, distortions of centers of the first type are capable
of changing orientation at low temperatures and aligning
under the influence of relatively low pressures, while such

30
° u m
-A—._Jo—'.—'—rl
25 F
20 |
X
ot
Q
= 15F
&
10 -
— 2 3 ¥ ¥ v 2
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0 1 1 1 1 1 1 1 1
0 4 8 12 16

1o, 1017 cm™3

Figure 9. The degree of polarization of the 1.18 eV photolu-
minescence band in N-GaAs:Te samples with different electron
concentrations upon resonant excitation by linearly polarized light
with photon energy hwex = 1.43eV [37]. I — p; (experiment
configuration [110]—[001]), 2 — p» (experiment configuration
[100]—[010]).
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Figure 10. One of the possible configurations of Vi, Teas complex
with symmetry plane (110) and the direction of the optical dipole
axis. X and Z — axes of the coordinate system introduced in
Section 2.7.

reorientation and alignment do not occur in centers of the
second type. The ratio of the concentrations of centers
of these two types in different samples is different, which
causes differences in the values of radiation polarization at
uniaxial pressures.

The existence of reorientable Jahn-Teller distortions and
the resulting monoclinic symmetry of the Vg, Teas complex
can be explained in the simplest model of the spatial
structure of the complex, similar to the model of the
vacancy — donor complex in Si, in which the reori-
entation and alignment of distortions caused due to the
Jahn-Teller effect were observed using EPR [12,13]. In
this model the distortion of the initial trigonal symmetry
of the complex containing Vg,, surrounded by three As
atoms and Teas atom at neighboring lattice sites, occurs
in such a way, which preserves one of the symmetry
planes of {110} type containing Teas, VG, and one of the
three nearest atoms As (Fig. 10). For each complex there
are three such planes and, consequently, three possible
orientations of the Jahn-Teller distortion. In the case of
complex distortion reorientation, its symmetry plane rotates
around the axis Vga—Teas. Thus, with equally probable
distribution of Teas over all possible places, the entire
set of reorienting complexes Vg,Tess in crystal at P =0
will consist of 12 equally probable groups of complexes
differing by various orientations of the symmetry plane
of {011} type.

Centers of the second type can be the same Vg, Teas com-
plexes, near which there is another shallow donor (Teas)
or other defect. As it was already mentioned in Sec-
tion 1, the existence of associations of Vg,Teas complex
with an additional defect was assumed to qualitatively
explain small variations in the parameters describing the
photoluminescence band of these complexes in various
n-GaAs:Te samples [21,22]. The electric or deformation
field arising from the presence of additional defects can

stabilize one of the possible configurations of the complex
(ie., reduce its energy) and prevent the orientation change
of its Jahn-Teller distortion at low temperatures and low
uniaxial pressures. In this case, with pressure increasing a
part of the complexes of the second type can pass into a
configuration determined by the direction of pressure, but
not by the direction of the field of the additional defect,
i.e., the appearance of emission polarization of the entire set
of complexes of the second type and increase in the total
integral polarization of the photoluminescence band. Thus,
the value r* and the nature of its change with increasing
pressure will be determined by the relative concentration of
defects of the second type and the distribution of fields
of additional defects in magnitude and direction. Both
of these may depend on the conditions during crystal
growth, and the difference in the r* = f (P) dependences
for different samples may be due to this circumstance.
(With equally probable distribution of additional defects
of each type over possible places, all configurations of
centers of the second type are equally probable, and at
P = 0 the emission from the set of centers of the second
type is also not polarized). Other reasons for r* change
at high pressures may be changes with pressure of the
probability of alignment of second-type complexes during
recombination [39]. In both cases, the extrapolation of
the dependence r* = f(P) at relatively high pressures
to P =0 gives an estimate of r* values, which is de-
termined by the relative number of defects capable of
reorienting in the external loads absence under experimental
conditions.

2.3. Estimation of parameters of the emitting
and absorbing dipoles of complex

The level splitting under the influence of internal uniaxial
stresses used for calculating the degree of induced polari-
zation (see Section 2.1), gives many options for the values
of such splittings [34] and is not physically substantiated,
although it allows one to establish the symmetry of the
complex. A more illustrative picture is given by the
description of the processes of emission and absorption of
light by complex impurity centers by introducing classical
optical dipoles [30-32].

In the general case, in this approximation each center
is represented as a set of incoherent linear oscillator and
rotator whose axes coincide, and frequencies differ by a very
small amount. We will assume that the relative contribution
of the rotator to the total emission (absorption) of the
center is u, and that of the linear oscillator, respectively,
is 1—u. In this case, as usual, the rotator can be
represented by two mutually perpendicular coherent linear
oscillators, the oscillation phase of which is shifted by 90°.
Their contribution in the calculation of the intensity of
emission (absorption) is averaged over time.

The estimate of the parameters of light absorbing and
emitting dipoles of the complex in the model considered
above was carried out in [37]. These dipoles in the
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light emitting and absorbing states of the defect may
differ due to, for example, lattice relaxation after the state
change. Therefore, the two-dipole approximation was used
to calculate the optical properties of such system. In [37]
it was assumed that the dipoles of reorienting and non-
reorienting complexes, in accordance with Section 2.2, are
the same, and the dipole axis lies in the symmetry plane
of the center. A similar preferred axis was observed in
vacancy-donor complexes in Si and was identified mainly
with a dangling bond of one of Si atoms [12]. The position
of the axis can be characterized by the angle ¢ measured
from the direction [110], which also lies in the plane of
symmetry (Fig. 10). When light is absorbed, the optical
dipole is described by the angle ¢; and the contribution i,
and when emitted — @, and u, respectively [30,32], and
the plane of symmetry of the center is preserved during the
optical transition. At P = 0, reorienting and non-reorienting
defects are optically indistinguishable and represent a single
system.

The degree of the photoluminescence polarization of
such system upon resonant excitation by light with electric
vector perpendicular to the plane containing the directions
of excitation and observation of photoluminescence, i.e.,
at n =0, in the experimental configurations [110]—[001]
and [100]—[010] respectively are equal

3 3
P1 = {Zalaz(alaz+4b1b2)<1—§y1) (l—zyz)] /R,

(4)
P2 = [(36\% -2)(3a3 - 2)(1 - %m) (1 - %Mz)] / R,
(5)

where a1, = cos @12, by2 = singy 2,

oo 1o (- 304
i (20 (- 20)4]

In the case when the direction of the electric vector of
the exciting light coincides with the direction of observation,
ie. n =90°, the emission is not polarized, which agrees
with the experimental data (Fig. 4,4, c).

As it was already noted in Section 2.2, uniaxial pressure
applied to the crystal causes alignment of Jahn-Teller
distortions of reorienting complexes. In this case, as a
result of alignment configurations begin to predominate in
which the axis of the optical dipoles makes the smallest
possible angle with the pressure axis. The integral value
of the photoluminescence polarization of the system under
study during the alignment of distortions and excitation
due to the generation of electron-hole pairs by light from
the intrinsic absorption band of GaAs will depend on
the parameters of the emitting dipole and the number of
defects, the distortions of which are capable of changing
their orientation relative to the pressure axis. It is obvious
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that at pressures close to 0, such defects are complexes
that are not affected by additional defects located nearby,
ie, they are isolated. It can be assumed that the
number of such defects for each group of complexes
with different initial positions of the optical dipole axis
relative to the pressure axis is the same due to the
equally probable location of additional defects.  The
relative fraction of isolated complexes A determines the
emission polarization at uniaxial pressures near 0. Since
in the model under consideration (Fig. 10) in the region
of high pressures the change in polarization is caused
only by increase in the number of complexes capable of
changing the orientation of distortions, this fraction can
be related to the value of the integral polarization ratio
obtained by extrapolating the experimental dependence
ri = f(P) at high pressures to P =0. In the case of
pressure along the axis [110], when photoluminescence
is excited due to the generation of electron-hole pairs
by light from the intrinsic absorption band of GaAs, and
the photoluminescence observation along the axis [110] or
along the axis [001], respectively, these relations have the

form
3 8(rs, — 1)
Al1-2m) = : 7
(1-3m) = ey 7

3 8(rs, — 1)
All-Z = 30 . (8
( 2 “2> L+ r3y(5a3 + 6v2asb, + 2b3) ®)
where
L = 7a2 + 6v2ab; — 2b3, (9)

I3, and r3, — extrapolated values of the polarization ratio
at P =0.

Since the measurements of r; and r3 use the same
sample in the form of a rectangular parallelepiped, the faces
of which correspond to the planes (110), (110) u (001),
A for these measurements has the same value. Then,
equating the right parts of equalities (7) and (8) to each
other, we can obtain an equation for determining ¢,. Sub-
stituting r3, = 1.37, r}, = 1.95 into this equation (Fig. 6)
gives one of the solutions ¢, ~ 29° (exact value 28°40’).
From equalities (7) and (8) one can also obtain the relation
between u, and the possible value A for the sample under
study. At @, =~ 29°

2(A-0.32)
~ 3
e T2 (10)
Taking into account that, according to the definition u,
and A are positive and do not exceed 1, the rela-
tion (10) allows us to narrow the range of possible
values of these parameters and establish that 0 < u, < 0.46
and 0.32 <A< 1L
The second solution ¢, ~ 145° gives A(l—% p2) more
than 50, while by definition it must not exceed 1.
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On the other hand, solving the system of equations (4)
and (5) with respect to ¢; and y; and introducing the
notation Cy » = tg@; 2, we can obtain

2, G- [ 1)
2c2i\/4c2+p1 el

Ci = (20%—1) . (11)

P2

P1

Substituting p; = 0.28, p, = 0.08 (Fig. 8) and ¢, ~ 29°
into (11) gives two values @1 ~ —9° and ¢; ~ —137°.
Using these values of angle shows that only ¢ ~ —9°
satisfies the conditions 0 < u; < 1,0 < uy < 1.

The results of the performed analysis show that the
axes of the dipoles describing the absorption and emission
of light differ noticeably and in both cases are strongly
deviated from the direction of the trigonal axis connecting
V. and Teas in the original position. Such behavior is
associated with the Jahn-Teller effect existence of the static
in the isolated complex.

On the other hand, it was found that the axis of the
optical dipole in the emitting state deviates relatively weakly
from the trigonal axis, which does not coincide with the
original axis Vg,—Teas for which ¢, ~ 35°. This causes
relatively weak splitting of the energies of different confi-
gurations of the complex in the emitting state at pressure
along the axis [100], which is observed experimentally
(see Section 2.4).

The error in angles determination in the paper [30] is
not specified. However, it follows from the estimates that
if the relative error of r3;—1 and r3,—1 is £10%, the
error ¢, does not exceed +8°. Analysis of expressions (4)
and (5) shows that the main error in the value ¢; near the
experimental values p; and p; is determined by the error ¢,
and is £11°.

The proximity of the emitting dipole axis to one of the
directions (111), which does not coincide with the initial
axis of the complex, is also confirmed by other experiments
(Sections 2.4 and 2.6).

2.4. Analysis of the emission band at pressure
along the axis [111]

As it is known (see, for example, [31,38]), uniaxial
pressure splits the emission (absorption) band of anisotropic
centers into several components corresponding to the
emission (absorption) of groups of centers with different
orientation relative to the pressure axis. The degree of
polarization of each of these components is determined
by the share of the rotator u in the emitting (absorbing)
dipole of the center and the angle between the axis of
this dipole in the given group of centers and the pressure
axis. However, in the case of a broad photoluminescence
band the direct observation of individual components is
impossible, and special methods must be used to dis-
tinguish them, based on various assumptions about the
properties of the split components. One of such methods,
based on measurements of photoluminescence spectra at

different orientations of the electric vector radiation &
with respect to the pressure axis, was proposed and
implemented in [40).

The decomposition of broad band of emission into
components is relatively easy to carry out if this band
contains only 2 components. Such situation for monoclinic
centers is realized at pressure along the axis [100] [38].
However, as experiments showed at P ~ 8 kbar [40], in this
case the shape of the photoluminescence band is almost the
same as the shape of the band at P = 0, and the splitting
of the components with & || P and & L P is small. This
prevents a reliable decomposition of the measured emission
band into components and is associated with the proximity
of the axis of the emitting dipole to the direction of one
of the axes (111) (Section 2.3), ie. to the direction of the
dipole in trigonal centers for which there is no splitting
of the components for P || [100]. Therefore, in paper [40]
experiments were used under uniaxial pressure along the
direction [111].

According to the considered model of the complex, such
a pressure splits its emission band into three components
corresponding to three groups of monoclinic centers with
different orientations relative to the pressure axis. Different
configurations in each group are equivalent with respect to
the pressure axis, and the axes of their emitting dipoles lie in
the plane of symmetry of the defect and are close to one of
the directions (111), which do not coincide with the original
axis Vga—Teas. The first group is formed by complexes in
which the pressure is directed along this axis. The axes of
the emitting dipoles make a large angle with it. The second
group includes complexes in which the pressure axis does
not coincide with the original axis, but, as in the complexes
of the first group, lies in the symmetry plane of the defect.
The axes of the emitting dipoles of such complexes are
close to the pressure direction (see Section 2.3 and Fig. 10).
Complexes, in which the pressure axis does not lie in their
plane of symmetry, form the third group. The axes of
their emitting dipoles also make a large angle with the
pressure axis.

Complexes of the second group at pressure have the
lowest energy, and their number can increase with pressure
increasing due to the rotation of the plane of symmetry
of the third group complexes (ie., alignment* of these
centers). In complexes that have a stable configuration at
P = 0 due to the influence of closely spaced defects, this
occurs when the effect of pressure begins to exceed this
influence.

The remaining unaligned part of the third group com-
plexes should give the third emission component, since the
angles between the axes of the dipoles and the direction
of pressure, strictly speaking, differ from those in the first
group.

The intensities of radiation Yi,Y,Y; emitted in the
direction [110] of each of these groups of complexes, in the
case of photoluminescence caused by constant generation of
electron-hole pairs, can be calculated in the dipole approach.
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Expressions for them in relative units look like this:

Yl =ws [(\anZ — 1) (1 = 2) + (a2 + V2by)° ’ﬂ
Yi(l) = %wl{(az + \/§b2)2(1 — 1)

+ (V222 — by)* + 3] %} (13)

() = 3waA" [(ﬁafrbz)z(l—uz) + (ap—V2b,)? %}
(14)
““‘%W”ﬁm—ﬁmﬂuwg

+ [(\/§a2+b2)2+3} %}, (15)
(1) = 3us(1 - &) B30~ ) + (& +2) 2] (16)

Ya(L) = %wa(l - A) [(a% +2)(1 — ) + (3 +b) ‘ﬂ

(i7)
Here A* is the fraction of the second group complexes in
the total number of defects of the second and third groups
under the applied pressure, and w;, w,, w3 are the relative
fractions of the complexes of first, second and third groups
captured the hole, i.e., being in the emitting state, under
stationary conditions.

Since the axes of the dipoles in the third group, just as
in the first group, are close to the axes (111), which do not
coincide with the pressure direction, it can be assumed that
the difference between the position of their emission bands
at P || [111] is insignificant, and the total emission spectrum
contains practically two components:

1 =Y, (18)

=Y +Y;. (19)

This circumstance was used to separate the components
of the emission spectrum in the paper [40].

The experimental photoluminescence spectra associated
with the Vg Tess complexes at pressure 10kbar along the
direction [111] and temperature 2K are presented in Fig. 11.
It can be seen that the pressure caused a difference in the
shifts of the spectra for different directions of the electric
vector of the light wave, which indicates the splitting of
the spectrum into several components belonging to different
groups of centers. These components are not directly visible,
and their separation from the total photoluminescence
spectrum in each of the polarizations was based on the
following simple assumptions.

1. The number of split components of the spectrum is
equal to two.

2. The energy position of these components does not
change when the plane of polarization of the registered
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Figure 11. Photoluminescence spectra of Vg Teas complexes
at temperature 2K and pressure of 10kbar along the direc-
tion [111] [40]. a — & ||P, b — & L P. I — experiment,
curves 2 and 3 — components 1 and 2 whose shape coincides
with the shape of the photoluminescence spectrum at P =0,
points 2 and 3 — values of the photoluminescence intensities,
which together give the experimental spectrum and best coincide
with the curves 2 and 3.

emission changes, and the shape of their spectra is the same
and coincides with the shape of the spectrum at P =0,
when there is no splitting of the components.

The results of such separation of the components are
also shown in Fig. 11. The good coincidence achieved in
this case between the total experimental emission spectrum
in each of the polarizations and the total spectrum of
components, the shape of which coincides with the shape
of the spectrum when pressure is absent, shows that the
splitting at pressure of the emission components associated
with the first and third groups of complexes is small,
which can indicate about the proximity of the axis of the
emitting dipole of these configurations to the axes (111).
The low-energy component / (Fig. 11) corresponds to
complexes of the second group, in which the dipole
axis is close to the pressure axis. The splitting of
the components at P = 10kbar is ~ 38 meV. The relative
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values of their maxima for the electric radiation vector
parallel and perpendicular to the pressure axis |imax(||),
2 max(|])s 11max(L), 2max(L), are ~ 0.85, ~ 0.19, ~ 0.15,
and ~ 0.385, respectively.

When analyzing the results, it was assumed that the rates
of capture of holes and electrons for defects of all groups
at the applied pressure, as well as at P = 0, are the same,
and therefore at low temperature w; = w, = ws. Then,
if we assume that the axis of the emitting dipole exactly
corresponds to one of the directions of the type (111),
which does not coincide with the original axis Vg,—Teas,
it follows from expressions (12)—(19) that

L) 1-wm

)~ T 20)

L) 5143w

(L) 2 8 —3uy’ 1)
W) 1-m 27A°

LD~ 14 3u2 4—3A (22)

Since the shape of each of the spectrum components is
the same, the ratios of the integral intensities in (20)—(22)
can be replaced by the ratio of the values of each component
at the emission maximum. Using their values, from (20)
or (21) one can determine up, and from (22) — A*
This gives uy = 0.26 and A* ~ 0.73 (if all complexes are
isolated, in the absence of distortions alignment, i.e.at P = 0
this value in the considered model is equal to 1/3).

For ¢, = 29° expressions (12)—(19) and the above
results of spectrum decomposition in Fig. 11 give up ~ 0.25
and A* =~ 0.75.

2.5. Features of alignment of Jahn-Teller
distortions of complex

The results of the experiments described in the previous
Sections mean that at low temperatures and P =0 the
selective excitation of certain configurations of complexes,
carried out using polarized resonant excitation, is accompa-
nied by the preservation of the uneven distribution of the
emitting state over all possible configurations for time ex-
ceeding the lifetime of this state 7. This gives the observed
photoluminescence polarization upon resonant polarized
excitation. The absence of changes in the polarization
diagrams of the complex with temperature increasing from 2
to 77K [34] indicates that the characteristic reorientation
time of the Jahn-Teller distortions of the emitting state even
at 77K in reorienting complexes significantly exceeds its
lifetime, which, according to the results of paper [23], is
relatively large (in n-GaAs:Te samples with an electron
density of 107108 cm™3, 75 ~ 107 °5).

Such a situation, as shown in [41], persists at least
up to temperatures ~ 130K (Fig. 12) and is associated
with a high barrier between equivalent configurations of
individual complex in the emitting state, which prevents
transitions from one configuration to another. At the same

] IR SN S TR [N T S TN S NN TR SN N TR SN S S
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Figure 12. Degree of polarization of the photoluminescence
band with maximum at photon energy of 1.18eV in n-GaAs:Te
Vs. temperature  [41]. Polarized resonant excitation at
hwex = 1.38—1.40eV and n=0. Experimental configuration;
1 — [110]—[001], 2 — [100]—[001].

time, as follows from the study of the photoluminescence
polarization at uniaxial pressures and interband excitation
(Fig. 5—7), alignment of distortions of the emitting state
occurs already at a temperature of 2K. The totality of
these facts means that under the influence of pressure,
directly due to transitions between different configurations
of the complex, only distortions in the absorbing state
align, and this alignment is preserved when the complex
is excited into the emitting state [41]. The stepwise nature
of the polarization change with pressure increasing near
P =0 at temperature of 2K and the strong polarization
decreasing with temperature increasing to 77K, observed
during interband excitation (Fig. 6), indicate that the
reorientation mechanism contains the thermal activation
stage. In experiments on the influence of uniaxial pressure
upon excitation of photoluminescence due to the generation
of electron-hole pairs [35,36], the estimates show that the
average time between the events of hole capture by a single
center at 77K did not exceed the lifetime of the emitting
state by more than 2 orders of magnitude. This means that
the barrier height in the absorbing state should be noticeably
smaller than in the emitting state.

A similar stepwise increase in the polarization at 2K and
its disappearance at 77K is also observed upon resonant
excitation. This shows that the capture of holes from
the valence band upon luminescence excitation by gener-
ating electron-hole pairs does not affect the reorientation
(i.e., recombination-stimulated reorientation found for Aug,
centers in GaAs [42], in the case of Vg,Teas complexes
does not play a significant role). Fig. 13 shows such a
stepwise change in the induced polarization for pressure
along the axis [111], which, by aligning the distortions of the
complexes in the absorbing state, increases the number of
defects that are most effectively transferred to the emitting
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Figure 13. Polarization ratio of photoluminescence in the
emission band Vg,Teas under resonant polarized excitation as
a function of pressure along the axis [111] [41]. T,K: solid
lines — 2, dashed lines — 77. 1-3 —n =0, 4—6 — n = 90°.
hwe,eV: 1,4 — 140; 2,5 — 143; 3,6 — 146. hor = 1.2¢eV.
Configuration of excitation and observations of photoluminescence
[110]—[112].

state during resonant excitation. The dependence of the
polarization on the energy of exciting photons in this case
is caused by the splitting of the energy levels of centers of
different configurations under the influence of pressure.

The rapid decrease in the degree of induced polariza-
tion p under resonant polarized excitation and zero pressure
in the case of high temperatures (Fig. 12) can be associated
with a direct reorientation of distortions in the radiating
state. In this case, the non-uniform distribution of the
emitting state over all possible configurations of the complex
decreases, and the absolute value of the induced polarization
in the case of resonant polarized radiation should decrease.
Another reason for the decreasing may be the thermal
emission of holes from the emitting state of the complex
into the valence band. Under stationary conditions, these
holes are subsequently recaptured by complexes with any
orientation of distortions and any direction of the original
axis, transferring the complexes to the emitting state, which,
with temperature increasing, leads to a more uniform
distribution of this state over all possible configurations
of the complex.

The analysis of the measurement results of this incidence
in the one-dipole approximation [43] gave the conclusion
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that the thermal emission of holes plays the main role.
It was found that the activation energy of this emission
is ~ 170meV. At the same time, estimates based on
the possible values of the phonon energy of non-totally
symmetric vibrations give the energy barrier for the re-
orientation of distortions in the emitting state not lower
than 200 meV, and this process can make a significant
contribution to the dependence p(T) at temperatures near
200K and above [41,43).

2.6. Thermal redistribution of charge between
complexes of different orientations
and change in the polarization of
their radiation during uniaxial deformation

If, as described in the previous Section, thermal emission
of holes from complexes in the emitting state leads to the
polarization decreasing of their emission under resonant
polarized excitation at P =0, then in the case of high
uniaxial pressures, such emission can lead to increase in
the integral polarization of emission.

Indeed, the external uniaxial deformation of the crystal
violates the equivalence of anisotropic centers of the same
type, which have different orientations with respect to the
direction of deformation, and introduces various changes
in the energy levels introduced by these centers into the
forbidden band of the semiconductor. For centers with
wide luminescence band, as the Vg,Teps complexes we
are considering, such levels splitting does not change
the photoluminescence spectrum much, but it can lead
to significant difference in energy activation of thermal
emission of carriers from groups of centers of different
orientations. As a result, under the conditions of photo-
luminescence observation under uniaxial deformation and
temperature increasing, the rate of thermal emission of
carriers captured by deep centers in the emitting state
can reach the rate of radiative capture by these centers
of carriers of the opposite sign and become higher than
it for centers with a certain orientation relative to the
deformation axis. Since, as already noted, the thermal
ejection of carriers from these centers is accompanied by
their recapture to centers of any orientation with equal
probability, under stationary conditions, relatively more cen-
ters with orientation corresponding to the highest activation
energy of the thermal emission of captured carriers will be
in the emitting state. Such charge transfer from centers
of one orientation to centers of another orientation leads
to partial or complete elimination of the former from the
radiative recombination process and change in the integral
polarization of radiation in certain temperature range due
to the appearance of a prevailing orientation of emitting
recombination centers.

Since the energy level of the aligned at P || [111]
complexes VgaTeas, which give the polarization ratio in-
creasing, in the emitting state is located closer to the
bottom of the conduction band than for non-aligned ones
(see Section 2.4), the described effect should lead to the
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Figure 14. Temperature dependences of the integral polarization
ratio of the 1.2eV photoluminescence band in n-GaAs:Te at
pressure of 10kbar along the axis [111] (/) and the accepted
during calculation share of non-restructuring complexes of the
second group (2). Dots — experiment [44], curve — calculation
at the values of the parameters specified in the text.

integral polarization increasing of emission with temperature
increasing. This was observed in the paper [44] when pho-
toluminescence was excited by the generation of electron-
hole pairs, and emission was observed in the direction
perpendicular to the pressure axis (Fig. 14).

Let us consider under these conditions the integral polar-
ization of the emission band caused by the recombination
of electron-hole pairs through the levels of the complexes
under study, taking into account the thermal emission of
holes in the emitting state. We will assume that the cross-
sections for the capture of electrons and holes by the
complex do not depend on the orientation of the original
axis of the complex and its distortion with respect to the
pressure axis.

At P || [111] the set of previously equivalent complexes
is divided into 3 groups. In the first group, the origi-
nal axis Vg,—Teas coincides with the pressure axis, and
there is no alignment of distortions under pressure. In
the second and third groups, the complex configurations
correspond to different directions of the dipole relative to
the pressure axis and will have different energies. Since
for the centers of these groups transitions from one group
to another are possible simply due to the rotation of
the plane of symmetry around the original axis of the
complex (changes in the Jahn-Teller distortions orientation),
alignment of centers can occur in the set of centers of
the second and third groups. Adiabatic potentials W in
the system of generalized coordinates Q associated with
non-totally symmetric phonons, causing the Jahn-Teller
effect, for set of complexes of the second and third
groups and electron, which can be located both on the

complex and in allowed bands, at P || [111] are shown
in Fig. 15.

The position of the energy levels of all groups of
complexes in the emitting state relative to the edges of the
allowed bands is shown in Fig. 16. The highest binding
energy of holes in this state, which corresponds to the
energy level E, (Fig. 16) ([37,40], Section 2.4), occurs in
complexes of the group 2, in which the axis of the optical
dipole is close to the pressure axis.

According to the conclusions of paper [41] (Section 2.5),
a change in the direction of the individual center distortion
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Figure 15. Scheme of adiabatic potentials (W) of the system
electron + complex of the second (a) and third (b) groups in the
space of generalized coordinates (Q) associated with non-totally
symmetric oscillations at P || [111]. I — electron at the bottom of
the conduction band (emitting state), 2 — electron at the complex
(absorbing state), 3 — electron at the top of the valence band.
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Figure 16. Schematic representation of the mutual arrangement of
allowed band boundaries and energy levels of Vg, Teas complexes
in the emitting state in the absence of external pressure (/) and
under uniaxial pressure along the axis [111] (2) [44]. a —
complexes of the second and third groups, b — complexes of
the first group. Ec, E, and Er, respectively, the energies of the
bottom of the conduction band, the top of the valence band, and
the level of complexes at P = 0. E;, E; and E3 — energy levels of
complexes of the first, second and third groups at pressure.
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is possible only in the absorbing state, and the direction
of the optical dipole axis in the emitting state is rigidly
related to the direction of this dipole in the absorbing state.
Let Ny, N, and N3 be the total concentrations of defects
of the first, second and third groups, the energy levels
of which upon transition to the emitting state are E;, E,
and Ej, respectively (Fig. 16), and p;, p, and p; are the
concentrations of the same defects already in the emitting
state (i.e., in the state corresponding to localization of hole
on the defect). Then, considering the capture and emission
of holes and the capture of electrons, it is easy to show that
in the stationary state under conditions of weak excitation
of the luminescence of these defects (p; < Ni, p2 < Na,
p; < N3)

p1 _ CpTON1 = , (23)
1+ (1 — mCpoN, exp(—ﬁ)
D = CpTON2 = ’ (24)
1+ (1 — m)CproN, exp(—ﬁ)
CpomoN
Py = PO (25)

1+ (1 —m)CproN, exp(—kE—.f.) .

Here C,, — coefficient of holes capture by centers, N, —
effective density of states of the valence band at uniaxial
pressure, 79 — characteristic recombination time of holes
at the center with electrons of conductivity band, m — the
ratio of the rate of hole capture by complexes to the total
rate of hole escape from the valence band due to capture by
other deep centers and interband recombination [21,24,44].
N; does not change with pressure, and for equally possible
distribution of original axes Vga—Teas is 1/4 of the total
number complexes N. The remaining (3/4)N complexes
are complexes of the second and third groups, i.e.

(3/4)N = Nz + Ns. (26)

If some of the complexes of these groups are capable
of rearranging under pressure, the ratio between their
equilibrium concentrations N and N will depend on the

temperature
Nj AE’
— =2 —— 2
N exp( = ) (27)

where AE’ is the difference between the energies of the
complexes of the third and second groups in the absorbing
state at uniaxial pressure along the direction [111].

The AE’ value can noticeably differ from the analogous
energy difference of these groups in the emitting state,
however, at temperatures below ~ 40K and P = 10kbar
it significantly exceeds KT. This is confirmed by the perma-
nent integral polarization ratio in the specified temperature
range (Fig. 14).

When calculating the total concentrations N and Nj,
it should be taken into account that some part of these
complexes Nj and N can be frozen and not rearrange at a
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given pressure and temperature, ie., the ratio between NY
and Nf is arbitrary.

The coefficients of proportionality relating the concen-
trations of centers Nj, N, and N3 to p;, p» and ps in
expressions (23)—(25) are the relative emission probabilities
w1, wy and ws in the stationary state introduced earlier
in expressions (12)—(17). The fraction of centers of the
first group, as mentioned above, is constant and is taken
into account in relative units in expressions (12) and (13).
In the same relative units, using the parameter A*, the
fractions of the centers of the second and third groups are
also taken into account: A* = (N5 + NJ)/(N2 + N3). The
total concentration of the centers of these groups, according
to (26), should be preserved. The integral polarization
ratio of the entire system of complexes at P || [I11] was
determined by the formula

(T = Yi(l) +Ya () +Ya(l)
1t Yi(L) + Yo (L) +Y3(L)°

(28)

To reduce the number of parameters describing the system,
it was assumed [44] that

E; = E;s.

This assumption, as in Sections 2.4, was based on the
proximity of the axes of the emitting dipoles of complexes
with energies E; and E; to directions of the type (111)
type, which do not coincide with the pressure axis [111],
and, consequently, on the approximate equality of the angles
between these axes and the direction of pressure for such
centers.

During approximation of the experimental data (Fig. 14),
in accordance with stated in Sections 2.3 it was assumed
that u, = 0.25, ¢, = 28°40’. The dependence of CyN, 7
on temperature is not exactly known, because with temper-
ature increasing N, increases, and in the case of cascade and
multiphonon capture mechanisms, the capture coefficient
can drop sharply [45]. For simplicity, in the temperature
range 125—215K, where the thermal emission of holes
from complexes becomes significant (Fig. 14), the value
CpN, 7 was assumed to be constant or decreasing. Pressure
along the axis [111] equal to 10 kbar strongly splits the top
of the valence band, significantly reducing the density of
states at its top [46]. In the spherical approximation, the
effective mass of the density of states M in this case is given
by the relation

4mem 4
M3/2: /’
mm "

where my, and my are the masses of heavy and light holes.

In accordance with this expression, N, at high pressures
will be ~ 0.19 of the values at P = 0.

The experimentally observed constancy of r*(T) at
low temperatures also means that the exponential terms
in (23)—(25) are small, ie. w;=w;=w;3.  Then
from r*(2K) using relations (12)—(17) one can deter-
mine A*. This makes it possible to obtain that in the
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complex studied in [44] at T = 2K the fraction of centers of
the second group is A" ~ 0.6, and the fraction of the third
group is ~ 0.4. The difference of A* from 1 means that at
low temperature all centers of the third group are frozen,
while the fraction of frozen centers in the second group
can be any. The further dependence of r* on temperature
can be described under various assumptions regarding the
behavior of the centers of the second and third groups with
temperature increasing. In this case, relations (26) and (27)
must be satisfied.

Fig. 14 shows the results of the approximation under
the assumption that some centers of the second group,
whose fraction is A”* = N /(N, + N3) = 0.3, remain un-
reconstructed up to 175K, while the frozen number of
centers of the third group remains unchanged over the
entire temperature range studied. Such a difference in
the behavior of frozen centers of different groups can be
associated with differences in the position of the axes of
their optical dipoles (i.e., the adiabatic potential minima
where the center is located) relative to the pressure axis,
as a result of which changes in the adiabatic potential near
the center under the influence of pressures are different. The
calculated curve was obtained for the following parameter
values: AE' = 25meV, E; = Ez = 152meV, E; = 190 meV,
(1-m)CpwN, = 5-10%, which remain unchanged in the
temperature range 125—215K. The change in the fracture
of frozen centers of the second group is shown in Fig. 14.

Another possible assumption is that all the centers of
the second group are not frozen already at 2K, while the
centers of the third group, frozen at low temperatures, with
temperature increasing in the range 125—215K gradually
begin to be capable of reorientation under applied pressure
or still remain frozen. In these cases, with a constant value
(1-m)CpN, in the range (5—3) - 10* and AE’ = 27 meV
approximation of the experimental dependence r*(T) was
achieved up to temperature of ~ 200K. However, at
T = 215K the calculated value of r*(T) noticeably ex-
ceeded the experimental value. This discrepancy was
eliminated by assuming that the value of (I-m)C,mN,
decreases with temperature increasing from 125K, and in
the temperature range 200—220K is by 2—3 times lower
than at 125K.

In all cases, the integral polarization ratio decreasing in
the temperature range up to 125K is caused by increase
in the concentration of centers of the third group with
temperature increasing in accordance with relation (27), and
its strong increasing at T > 125 K — with thermal emission
of holes, leading to strong decrease in w; and ws relative
to ws.

Also note that due to the high activation energies of
the thermal emission of holes, the terms in the denomi-
nators of expressions (23)—(25), containing an exponent,
at temperatures < 125K are negligible at any reasonable
values of (1-m)CprN,. Because of this, the change in
the pre-exponential multiplier in this temperature range is
unimportant.

2.7. Model of complex VgTeas

As follows from the analysis of the experiments described
in the previous Sections, the initially trigonal isolated
complex, due to the Jahn-Teller effect, lowers its symmetry
to monoclinic and has three equivalent configurations
characterized by the existence of a plane of symmetry
of {110} type, which contains the original trigonal axis. In
this case, the directions of the axes of the optical dipoles
of the complex in the absorbing and emitting states differ
strongly from each other and from the original trigonal axis
of the complex. Spontaneous transitions of the complex
from one equivalent configuration to another at helium
temperatures are possible only in the absorbing state, while
in the emitting state, during the lifetime of this state
(about us), such transitions are not observed, at least up
to temperatures ~ 200K (Section 2.5). The relation of
these properties with each other, the charge state of the
complex, and the parameters characterizing the influence of
the donor and the Jahn-Teller effect can be understood from
the review of the following model [47].

This model, as well as the model proposed for the
qualitative interpretation of the properties of vacancy —
donor complexes in Si [12,13], considers the originally
trigonal complex distorted due to the interaction of electrons
with not-totally symmetric vibrations; however, it assumes
a another arrangement of one-electron energy levels at the
center of C3, symmetry. As in [12,13], the deepest level
belongs to state of a; symmetry formed by the broken
bond between the donor and the vacancy. The states with
symmetry a; and e, formed by broken bonds of three As
atoms surrounding the vacancy, have the sequence order
opposite to that adopted in [13], ie. level a; is located
closer to the conduction band than the level e (Fig. 17,a).
The strong interaction with the donor causes a significant
distortion of the original wave functions of the vacancy
(see, for example, [13]). In this case, the symmetry of the
wave function of the upper a; state does not change, but
the dipole matrix element of the optical transition of electron
from the c-band to this state will differ significantly from the
matrix element of the vacancy state. Interaction of electrons
in two upper one-electron states (a; and €) with non-totally
symmetric phonons of E-type [48] (Jahn-Teller pseudo-
effect and Jahn-Teller effect) lead to further symmetry
decreasing of the complex to monoclinic, to splitting of the
electronic e-state, and a further change in the wave functions
of electrons. In this case, as in [12,13], it can be assumed
that the state a; with the deepest energy does not change
under the influence of the electron-phonon interaction.

Considering the interaction of the original trigonal com-
plex with E-vibrations in a cubic lattice, it is convenient to
introduce a new rectangular coordinate system in which
the axis Z coincides with the volume diagonal of the
cube containing the donor, and axis X lies in the plane
of symmetry of the monoclinic center (Fig. 10). The
generalized coordinates of the E-vibrations associated with
this system will be denoted by Qy i Qy. Then the Hamil-
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Figure 17. Scheme of electronic levels and adiabatic potentials
of Vg.Teas complex. a — scheme of electronic levels of the

initial trigonal complex, b — one-electron energy levels vs. value
of the generalized coordinate of vibrational motion ¢ at g =0,
¢ — cross-section of adiabatic potentials at S = 0 for a system
complex + 7 electrons in the absorbing and emitting states.

tonian describing the donor influence and the interaction of
one electron with E-vibrations in the basis of the original
vacancy wave functions X, Y, Z has the form

—A+ FZQX —FZQy Fl Qx
H= -RQy -A-FRQx FQy|. (29)
F1Q« FiQy 2A

where 3A is the distance between the levels of the
upper a;- and e-states without electron-phonon interaction,
F; and F, are constants describing the Jahn-Teller pseudo-
effect and effect, respectively. (Further in the text, for
brevity, both effects will be referred to as JTE). Also
note that in formula (29) and the subsequent expressions
following from it, it is impossible to assume A = 0, since in
this case the symmetry of the complex is tetragonal, and the
configuration of intrinsic vibrations of the atoms included in
it is different. In the approximation of infinitely heavy nuclei,
the wave functions W; and energies of one-electron states 4
(i =1,2,3) are determined from the equation

HY; = 4. (30)

With Qy, Qy =0, 12,43 = —A, 11 = 2A.

At Qy, Qy # 0 the expressions for 1; become cumber-
some, and further, for a qualitative consideration, we will
use more simple expressions obtained under the condition
that F; > F;:

A 9
=S+ ZA2+F12q2
L F2R0’ cos 38

. (1)
2(\/3a +Fie2 + 34) /307 + FR?
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A /9
/12 == E —_ ZAz + F12q2

N F2R0 cos 38 32
2(\/3 a2+ FRe2 - $4) /347 + FR?
A3 =—-A— qu Cos 3[3, (33)

where the designations Qx = gcosf, Qy = (sinf are in-
troduced, and the angle B is measured in the plane XY
from the axis X.

In the absorbing state the vacancy complex binds
7 electrons,! two of which are at the deepest level, their
energy makes a constant contribution to the energy of
both absorbing and emitting states, and will not be taken
into account in future. The remaining states, in which
5 electrons are located, change under the influence of JTE,
and this must be taken into account when calculating the
adiabatic potential of the center. Since 1; + 4, + 13 = 0, the
total energy of these 5 electrons, neglecting the interaction
between them compared to the influence of the donor
and JTE [49], can be equal to —1y, —A; or —A3. The
minimum value of the total energy will be equal to —A4,,
ie, under equilibrium conditions at low temperatures,
there is one electron in the weakest bound state 1;. To
determine the equilibrium configuration of the complex in
the absorbing state, it is necessary to determine the position
of the minimum of the adiabatic potential W), which is
equal to the sum of the total electron energy of 5 localized
electrons and the energy of elastic vibrations (Fig. 17, ¢):

Wi =~ + 5 % (34)

where %qz is the elastic energy of E-vibrations of atoms,
K is the elasticity coefficient. According to (34), in the
space of generalized coordinates Qy, Qy at F, = 0 W, is in-
dependent of B and is an annular trough with radius ;. At
0 < |R| < Fy, 3 minima of the adiabatic potential appear
on this trough, which correspond to 8 =0, 120 and 240°
at /> 0.

In the emitting state 6 electrons are bound to the
complex, and therefore only 4 electrons are localized in
the considered upper states, and the fifth electron is in the
conduction band. The minimum total electron energy of
5 electrons will be equal to —24; + E;, where E; is the
electron energy in the c-band. In this case, the electronic
state with energy A; under equilibrium conditions at low
temperatures is completely empty. In the emitting state, the
adiabatic potential of the system complex+ 5 electrons is
(Fig. 17,¢)

W = —21; + §q2 tE. (35)

Since the electron in the conduction band does not in-
teract with E-vibrations, E. does not depend on g, and

! This means that the complex in N-GaAs is singly ionized acceptor. The
same conclusion was made in [1] on the basis of thermodynamic analysis
of the degree of compensation of donors in GaAs grown under various
conditions.
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the form W, in the space of generalized coordinates of
E-vibrations differs from (34) only by the coefficient 2
before 1;. As can be seen from (31), this is equivalent
to replacing F;, F and A in (31) by 2F;, 2R, and 2A,
respectively. Under the accepted condition F; > F,, the
value (on at the minimum of the adiabatic potentials of both
states is determined by F; only:

aon = /1~ a3), (36)

where N =1 or 2 respectively for an absorbing or emitting
state,

3 A
~2n F2/K'
As follows from (36) and (37), qo2 noticeably exceeds o,
i.e., the value of the Jahn-Teller distortion of the complex in
the emitting state increases strongly (Fig. 17, ¢).

Under resonant excitation near the long-wavelength edge,
electron transitions to the c-band occur precisely from the
state ;. The electron from the c-band passes into the same
state during emission. However, the wave functions of this
state at the minima of the adiabatic potential differ due to
the difference in the complex distortion in the emitting and
absorbing states. For § =0

W, = \% (—\/1 —an|x>+\/1+an|z>). (38)

For a,, = 1 the minimum of the adiabatic potential shifts to
the point gon = 0, and for an > 1 expressions (36) and (38)
are inapplicable (JTE is suppressed by the influence of the
donor).

The wave functions of the state A; in the other two
configurations of the complex have the same form in similar
coordinate system associated with the plane of symmetry of
each configuration.

Transitions of electrons upon light absorption with photon
energy near the long wavelength edge of the resonant
absorption of light by the complex and subsequent emission
occur between the state near the bottom of the conduction
band, ie. the sS-type state and the state 1; with different
center distortions. Then, by virtue of relation (38), the
dipole matrix element of the transition has components
along the axes X and Z. This means that the axes of the
absorbing and emitting dipoles intersect with the initial axis
of the trigonal center (axis Z) at angle 6, (Fig. 10), which
is measured from the axis Z towards the axis —X and is
determined by the relation

/[1—and
0n = arctg g Z: d—z, (39)

where dy is the projection onto the axis X of the dipole
moment during optical transitions between the c-band and
the initial € — state, and d, — projection onto the axis Z
of the dipole moment between the c-band and the initial
a;-state. It can be seen from expression (39) that in the

(37)

an

emitting state due to a decreasing of a, (expression (37))
On should increase compared to absorbing state, which
follows from the analysis of the experimental data.

The empirical model used in the analysis of the expe-
rimental data (see Section 2.3) assumed the existence, in
addition to the linear oscillator, of a rotator incoherent with
it. The considered model does not rely on such a representa-
tion. The introduction of the rotator can mean the existence
in the absorption and emission of each configuration of the
complex the set of differently directed component, linearly
polarized in plane perpendicular to the axis of the main
linear oscillator, i.e. in the plane XY. To approximate the
polarization of the total light flux emitted by oscillators
with this component in various experimental geometries, the
effective rotator is introduced in the empirical model. The
reasons for the occurrence of such a set may be different.

As noted earlier, a significant number of the studied cen-
ters are not reoriented due to the influence on such complex
of other closely spaced local centers. Their influence can
not only stabilize the individual type of configuration, but,
if this additional defect does not lie in the same plane of
symmetry of {110} type, removes the axis of the linear
oscillator out of this plane. (The symmetry of the system
complex + additional defect decreases). The difference in
the direction of these oscillator components occurs due
to different positions of additional defects. Due to their
incoherence, the polarization features associated with them
are preserved in the total light flux measured in the direction
chosen in the experiment. At the same time, due to
the equally possible location of additional defects in all
possible directions, the average direction of the axes of linear
oscillators in set of such complexes corresponds to the axis
specified by the minimum of the adiabatic potential of the
isolated complex.

Another reason for such components occurrence is the
atoms displacement in oscillatory motion, which plays
a significant role for both non-reorenting and reorenting
complexes. In other words, optical transitions go not only
from the minimum of the adiabatic potential (AP), i.e., occur
not only at qon, and 8 =0, 120, 240°. At the moments
of such transitions, the symmetry of the complex becomes
lower than monoclinic. This leads to the occurrence
of |Y) components in the electronic wave functions of
the absorbing and emitting states. In different complexes
and at different moments of time, when fast electron
transitions occur, such displacements are different, which
leads to the appearance of a set of differently directed linear
oscillators during the time interval when measurements are
made. Due to the symmetry of the probability distribution
of atoms displacement with respect to the points Qg
and B =0, 120, 240°, the average direction of all linear
oscillators in this case also corresponds to optical transitions
in points of minimum of the adiabatic potential.

The value 6y is related to the experimentally determined
value @, by the relation 6, = ¢n + arctg % and for the

complex under consideration (see Section 2.3) is approxi-
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mately equal to 27 and 64° in the absorbing and emitting
states, respectively. Thus, to match the very simplified
studied model with the data for the Vg,Teas complex, it
is necessary that in the absorbing state

V1 —aidy//1+a;d, = 0.5,

and in the emitting state

V1 —aydy//1+ ayd; ~ 2.

In the limit of strong JTE for the emitting state a, — 0
and the minimum value of the ratio dy/d, ~ 2. Since in
the considered model this relation is also preserved during
absorption, this means that in the absorbing state a; ~ 0.9.
If in the emitting state a, differs from 0, dy/d, > 2 and
in the absorbing state a; increases, but remains < 1,
i.e. distortion of the complex due to EJT is preserved.

The JTE decreasing in the absorbing state following
from the considered model can explain the low-temperature
reorientation of the equivalent configurations of the complex
in the absorbing state, and the absence of such reorientation
in the emitting state up to temperatures ~ 200 K. Indeed,
at not too high temperatures in thermal equilibrium, the
complex distortion in the emitting and absorbing states
corresponds to one of the equivalent minima of the
adiabatic potential, which, according to expressions (31),
(36) and (37), are separated by energy barrier AW,

FR o (1 @]
K 1+an/2

AW, = (40)
As can be seen from expression (40), the barrier height
in the emitting state, according to expressions (31), (36)
and (37), significantly exceeds that in the absorbing state.
Also note that the barrier between equivalent configurations
can additionally increase with change in the number of
electrons per level due to the existence of quadratic terms
of the Jahn-Teller interaction [49].

A characteristic feature of the emission polarization
behavior of the complexes under study in the case of
pressure along the axis [001] is a slight difference in the
integral polarization ratio at temperatures of 2 and 77K,
ie, a weak effect of the degree of distortions alignment
on the emission polarization (Fig. 5). As with other
pressure directions, distortions alignment occurs due to
reorientation in the absorbing state. In this state, there are
2 groups of configurations with different angles between the
pressure axis and the directions of the optical dipole axes,
and therefore a noticeable alignment at 2K should take
place even at low pressures, as it is observed for pressure
directions along the axis [111] or [110]. However, in any of
the existing groups of configurations, the axis of the emitting
dipole is close to the direction of the axis of the [111]
type, and due to the equally probable Te distribution in
the complex over all possible positions in any of the groups
all directions of the emitting dipoles are equally probable.
If the axis of the emitting dipole exactly coincides with one
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of the axes [111], the emission polarization in the case of
pressure along the axis [001] would be absent even with
complete alignment of the distortions. Since there is no
such coincidence, and there is a small difference in the
deviation of the emitting dipole axis from the [111] type
axis for different configurations, a small increase in the
photoluminescence polarization at helium temperatures (i.e.,
with increase in the degree of alignment) occurs.

Thus, the considered model qualitatively at the micro-
scopic level describes well the main optical properties of
the Vg, Teas complexes and their relation to each other.

Previously, in the paper [50], not a trigonal center, but
a vacancy surrounded by 4 As atoms, was assumed as the
original model of the complex. The interaction of electrons
in such a tetrahedral complex with F-vibrations gives
4 equivalent minima of the adiabatic potential corresponding
to the trigonal distortion of the defect. The effect of
the donor was assumed to be weaker and changed the
equivalence of these minima in such a way that the
minimum energy is in those 3 configurations of the complex
which original distortion axis did not coincide with the
vacancy — donor axis. However, a detailed consideration,
similar to the given above, showed that in this case it is
not possible to obtain the change in the directions of the
absorbing and emitting dipoles indicated in Section 2.3.

3. Complexes VgaSas

As already noted in the Introduction, the GaAs photolu-
minescence band, which is characteristic for the emission
of gallium vacancy — donor complexes, was also observed
in a material doped with other elements of the VI group,
namely, Se and S [14,15]. However, fewer works related to
the study of these defect properties. For Vg,Sess complexes,
only emission spectra at temperature of 74K and excitation
by light from the intrinsic absorption region of GaAs were
published [14,15]. The Vg,Sas complex was studied in more
detail by piezospectroscopic methods [50-52]. Next, we
consider the results of these studies.

3.1. Piezospectroscopic studies of the 1.2eV
emission band in n-GaAs:S

Early studies of the emission band of Vg,Sas complexes
in n-GaAs:S at temperatures 2 and 77K [50,51] found
that the behavior of the polarization of the emitted light at
uniaxial pressures along [111] and [001] directions differs
markedly from the behavior of the photoluminescence
of the Vg,Teas complexes. It turned out that, although
the symmetry of the complexes is lower than trigonal,
there is no any alignment of additional distortions of the
complexes under conditions of uniaxial deformation at low
temperatures. A more detailed study was carried out
in [52] and confirmed these conclusions. Fig. 18,a,b
shows the emission spectra of the Vg,Sas complexes in the
absence of deformation and for uniaxial pressure along [001]
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Figure 18. Spectral distribution of photoluminescence in-
tensity (/,2) and its polarization ratio r (3,4) of VgaSas for
P=0 (/3) and P =8kbar (2,4) [52]. a — P [001], b —
P [111].

and [111] directions, as well as the spectral distribution of
the pressure-induced linear polarization r of the emitted
light [52]. The photoluminescence excitation was caused
by the generation of electron-hole pairs by light from the
intrinsic absorption band of GaAs. (The measurement
geometry corresponds to Fig. 1,b, temperature 2K). It
is seen, that the uniaxial pressure in both directions
somewhat broadens and noticeably shifts the emission
band, and also leads to a very different polarization of
light in different parts of its spectrum. In this case, as
the measurements showed, the integral polarization ratio
for the entire band r* is equal to 1. Such a change
in the emission characteristics is typical for the splitting
of the emission band into components corresponding to
different orientations of the complex configurations relative
to the axis of external deformation, and indicates that all
configurations are excited with equal probability, and their
symmetry is not higher than monoclinic with the plane of
symmetry of the {011} type [31]. Since the dispersion of the
polarization ratio at pressures along the axes [111] and [001]
does not differ much, it can be assumed that the axis of the

emitting dipole is approximately equally deviated from the
directions (001) and (111), lying in the same plane with it.

The dependences of the pressure-induced integrated
polarization of the emission band on temperature are
shown in Fig. 19. Within the measurement accuracy,
the integral polarization ratio rj,, and rj;, remains equal
to 1 up to temperature of ~ 50K, and then, in the entire
measured temperature range (up to 150K) it increases
for both directions of external deformation. (At higher
temperatures the intensity of the emission band becomes
too low and measurements of the integrated polarization
were not carried out). This growth is not caused by the
alignment of additional distortions of the complexes, but is
a consequence of the thermal ejection of holes from centers
of that orientation, the energy level of which in the emitting
state at uniaxial pressure becomes closest to the top of the
valence band (the activation energy of thermal emission
of holes from complexes in this configuration becomes
the lowest). This phenomenon was also observed for the
ViaTeas complexes and considered in Section 2.6. However,
for VigaTeas such growth occurs only for P || [111] (Fig. 19).
The existence of a strong increase in the integral polarization
with temperature increasing for Vg,Sas both for P || [111]
and for P | [001] is explained by the significant splitting
of the emission components in both cases, which confirms
the data in Fig. 18. As follows from this figure, it is the
low-energy component of the emission, which arises due to
electron transitions to energy levels closest to the conduction
band, that has a polarization ratio greater than 1.

3.2. Structure of the center and parameters
of the emitting dipole

The highest possible monoclinic symmetry of the initially
trigonal complex Vg,Sas is similar to the symmetry of the
complex Vg,Teas, i.e. for each of the possible positions of
the initial trigonal axis Vg, —Sas, 3 equivalent configurations
with {011} plane of symmetry containing this axis must
exist. If we assume that just this symmetry is realized,
and there is no alignment of distortions, then at uniaxial
pressures along the [111] or [001] directions the emission
band in the set of such defects should split into 3
and 2 components, respectively [38].

Separation of these components in the emission band
of the Vg,Sas complex upon equally probable excitation
of all configurations due to the generation of electron-hole
pairs in the simpler case P || [001] was implemented in the
paper [52]. In the classical dipole approximation, assuming,
as in the case of the Vg,Teas complex, that the axis of
the emitting dipole is in the plane of symmetry of the
defect (Fig. 10), and the emission observation direction is
perpendicular to the pressure axis [001], one can obtain
the following relations between the intensities of the split
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Figure 19. Integral polarization ratio of photoluminescence r* of
VGaSas and Vg, Teas complexes at uniaxial pressure vs. tempera-
ture [52]. a — P || [001], b — P || [111]. 1,3 — VGaSas, 2,4 —
VgaTeas, I—3 — P = 8kbar, 4 — P = 10kbar.

components of the radiation band in different polarizations:

L) =11(L) [u2+2b§ (1—%#2)}/[Mz—i—a%(l—%yz()jl,)

La(]]) = 211 (L), (42)
La(L) = 1(]]) + 1(L). (43)

Here 11(]|), 11(L), 12(]]), 12(L) are respectively the total
intensities of the first and second photoluminescence com-
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ponents in the cases when the electric vector of the light
wave is parallel or perpendicular to the pressure axis; i,
a, and b, — parameters of the emitting dipole of the V,Sas
complex, similar to the parameters introduced in Section 2.3
for the complex Vg, Teas.

Since at low temperatures the integral polarization of
the band under study does not arise up to pressures of
8kbar (Fig. 19,a), it can be assumed that the effect of
such a pressure is reduced only to a different change in
the energy levels of defects with different orientation, and
does not change their electronic wave functions. In this
case, the spectral shape of each of the split components
repeats the shape of the spectrum in the absence of
deformation, and the total intensities of these components
in expressions (41)—(43) can be replaced by the intensities
at the maximum of each component.

As was identified in [52], the decomposition of the
photoluminescence band at P || [001] into two components,
taking into account the above conditions and relations (42)
and (43), is possible, and its results are presented on Fig. 20.
At that the position of the maxima in the spectra of the com-
ponents corresponds to hw; ~ 1.188¢eV, hw, =~ 1220eV
(splitting of the components (32 + 4) meV), and the relative
value of the emission intensity at the maxima of the com-
ponents is |1max(]]) = 0.82—0.81, I1ma(L) = 0.09—0.10,
l2max(||) = 0.18—0.20, I 3max (L) = 0.92—0.91.

The decomposition into two components of the spectra at
P || [L11] turned out to be impossible, which was expected
for the emission of monoclinic centers with {011} plane of
symmetry, which in principle split into 3 components in this
case.

Separation of the components of the luminescence spec-
tra at P || [001] and determination of their polarization
makes it possible to estimate the possible parameters of
the emitting dipole of the complex. Indeed, it follows from
relation (41) that

ad=cosgr =2y +2)] / |(1-Fm) 0 +2)],
(44)
where Y= |1max(||)/| lmax(J—)-

Since y = 8—9, and the values of the dipole parameters
are limited by definition: 0 < up; <1 and 0 < cos? @, < 1,
relation (44), as numerical calculations show, is satisfied
only at 0 < up < 0.2. At that, if u = 0.2, g, = £90°, ie.,
the axis of the optical dipole in any configuration of the
complex, parallel to the axis (001), which lies in the plane
of symmetry of the configuration (Fig. 10). u, decreasing
leads to |@2| monotonous decreasing to ~ 63° at uy = 0.

To narrow the ranges of possible values of these parame-
ters of the emitting dipole, one can use experimental data on
the increase in polarization due to thermal emission of holes
P || [111] (Fig. 19,b). First of all, note that at ¢, = £90°,
according to the expressions (12)—(17) applicable to this
case, the emission of each of the three groups of centers
is not polarized. In this case, the observed polarization
increasing with temperature increasing cannot occur either
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Figure 20. Photoluminescence spectra of Vg,Sas complexes and
their components at different polarizations of the detected emission
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due to alignment of distortions or due to a change in
the relative probabilities of the existence of emitting state
in each group of complexes due to thermal emission of
holes. Hence |@z] < 90° and u» < 0.2. Numerical analysis
of expressions (12)—(17) when relation (44) is satisfied
shows that in the case of ¢, > 0 only the second group of
complexes has a polarization ratio r greater than 1, and the
first and third groups have r < 1. If ¢ <O, then r > 1
only for the first group, while for the second and third
groups I < 1.

As can be seen from Fig. 19, b, increase in the integral
polarization ratio for the entire emission band with tem-

perature increasing at pressure of 8 kbar occurs at least up
to ~ 2.1 and, possibly, even more. From this, taking into
account the above, it follows that the group that makes
the prevailing contribution to the integral polarization of the
entire emission band at P || [111] should have r > 2.1. Cal-
culations using expressions (12)—(15) and (44) show that
this condition is achieved in both cases, if 0 < uy < 0.15,
and hence 63 < @, < 75° or —63 > @, > —75°.

Thus, the piezospectroscopic behavior of the photolumi-
nescence band Vg,Sas agrees with the model of monoclinic
defect with {011} plane of symmetry. The axis of the
emitting optical dipole of this complex lies in the plane of its
symmetry and is strongly deviated from directions of (111)
and (001) types, which lie in the same plane.

4. Conclusion

The presented results of studies of complexes formed
in N-GaAs by gallium vacancy and atom of element of
VI group of Periodic System Te or S, replacing As atom
in the lattice site adjacent to the vacancy, show that their
symmetry is below trigonal, and their optical properties
are explained in the model of monoclinic defect, which
has {011} plane of symmetry, containing the original
trigonal axis. The reason for such symmetry decreasing
is the interaction of electrons localized at the center with
incompletely symmetric vibrations (the Jahn-Teller effect).

In case of Vga.Teas the directions of the axes of the
optical dipole in the absorbing and emitting states are
very different. In this case, the axis of the emitting
dipole is close to the axis of (111) type, which does
not coincide with the original axis Vga—Tas. At low
temperatures, a relatively fast spontaneous reorientation of
the isolated complex is possible, i.e., its transition to another
equivalent configuration due to rotation of the plane of
symmetry around the original axis. This leads to alignment
of complexes under uniaxial deformation. The existence
of additional defects near some of the complexes can
lead to the stabilization of a certain configuration of the
complex. A feature of such complexes alignment is the
possibility of overcoming the stabilizing effect of additional
defect at sufficiently high uniaxial deformations. The
latter at low temperatures causes a gradual increase in the
photoluminescence polarization of complexes with increase
in uniaxial deformation, which follows a stepwise increase at
small deformations associated with the alignment of isolated
centers. The number and location of these additional defects
in different samples may vary, which causes a difference in
the dependence of the emission polarization on the uniaxial
pressure. In this case, as it was shown by studies of the
photoluminescence of samples with different concentrations
of Te under resonant polarized excitation, the parameters
of optical dipoles, which characterize the entire set of
complexes in the sample, practically do not change. The
reorientation of the complex occurs only in the absorbing
state and, upon transition to the emitting state, the position
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of the plane of symmetry is preserved. The direction of the
axes of optical dipoles in the absorbing and emitting states
differs greatly due to the change in the number of electrons
captured by the center. These properties of Vg Teas are
explained in the model of original trigonal complex, in
which the one-electron state involved in optical transitions
has a; symmetry. Symmetry decreasing in this state is only
possible due to the Jahn-Teller pseudo-effect when mixed
with the e-state due to the interaction with the only non-
totally symmetric vibration of the E-type, which exists in
trigonal complex containing 4 atoms.

For Vg,Sas complexes the photoluminescence studies
were carried out only when it was excited by light from
the intrinsic absorption band of GaAs. Unlike the Vg Teas
complex the distortions Vg,Sas do not reorient and do
not align at uniaxial pressures up to 10 kbar even at high
temperatures, and the deviation of the axis of the emitting
optical dipole from directions of the (111) and (001) types
in the plane of symmetry of the complex is approximately
the same. May be, as it was suggested in the paper [52],
this is associated with the displacement of the atom Sxs
in the tetrahedral environment of atoms Ga not along
the [111] axis, as happens in the case of Teps, but along
the [001] axis, and with the formation of Ga—Ga dimer
whose axis is perpendicular to the plane of symmetry of the
defect predicted by DX-center calculation [53,54]. If such
changes are realized in the Vg,Sas complex, the position
of the plane of symmetry of the complex is additionally
stabilized, and reorientation becomes more difficult. How-
ever, the presence of Vg, in the environment of S atom
changes the situation greatly, since in the initial state the
environment becomes trigonal and a broken bond appears.
To substantiate this possibility, detailed calculations of the
complexes themselves are required, which are currently not
available. Another possibility is to change the values of
the constants of the Jahn-Teller electron-phonon interaction,
which results in the mixing of all one-electron vacancy
states. Then, as the initial defect, it is necessary to
consider Vg,, the symmetry of the environment of which
is decreased due to interaction with non-totally symmetric
vibrations of the tetrahedral complex. In this case, if in the
complex Vg,Sas the interaction with E-vibrations dominates,
the direction of the optical dipole axis in the emitting state
may be closer to the direction of (001) type than in the
case of the complex Vg,Teas. This possibility also requires
detailing of the model and calculations.
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