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On the basis of the magnetoluminescence spectroscopy of a new isoelectronic defect complex in
indium-doped CdTe the local structure and the associated strain direction are identified. This strain-
inducing complex has a tetrahedral structure consisting of two substitutional indium atoms, one cadmi-
um vacancy, and another cadmium atom. The Zeeman-effect experiments on the low-temperature pho-
toluminescence are discussed in terms of a modified effective Hamiltonian. It is shown that the symme-
try of the exciton binding trap is lower than trigonal. The bound exciton line at 1.584 19 eV (C line) is
found to be associated with this complex and dominates the photoluminescence (PL) spectra in indium-
doped CdTe. As many as 28 magnetic subcomponents in the PL spectra of the C line are resolved when
the anisotropy of the Zeeman splitting is investigated. A modified perturbation Hamiltonian has led to
an excellent agreement with the observed data. The C line is interpreted as a superposition of bound ex-
citon recombinations from several inequivalent sets of tensionally strained defects with an angle of in-
clination 7=2° with respect to the trigonal [1,1,1] axis. The conduction-band g factor g,=—1.73 and
the valence-band parameters K =0.75, L =0.0 and the additional strain constant ratio W /D =—1.1 are
to our knowledge the first values of this kind published for an isoelectronic trap with low symmetry. In
zero magnetic field, the bound exciton recombinations from the inequivalent defects coincide, resulting
in a luminescence line with only 0.12 meV half-width. We interpret the temperature quenching of the
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total emission intensity as a consequence of strain, induced by the defect complexes.

I. INTRODUCTION

II-VI semiconductors have been intensely investigated
in the past decade. Although II-VI materials have been
known for a long time, our knowledge of their physical
properties is not nearly as complete as for III-V semicon-
ductors. One of the reasons is the frequent difficulty in
producing wide-gap materials like ZnSe, with n-type as
well as p-type conductivity. In addition, it is not easy to
achieve carrier concentrations above 10® cm™3. It is
well known that self-compensation can occur, and that an
increase of dopants can in fact cause a decrease of the
free-carrier = concentration. Usually such  self-
compensation effects are attributed to defect complexes
consisting of chemical dopants in conjunction with va-
cancies.

A II-VI material of special interest is CdTe. It has a
band gap not too different from that of GaAs. Due to the
ionicity of its chemical bond it has an electrooptical
coefficient (which relates the change in refractive index
by an electric field) about four times as large as in GaAs.
Thus CdTe is a promising material for electro-optical
modulators. On the other hand, it is known that the
mechanical hardness of CdTe is considerably less than
that of GaAs. An unusual property of CdTe is that its
luminescence may degrade with time.! This has been ex-
plained qualitatively by relaxation effects connected to
defects in CdTe. Whereas some defects can be attributed
to chemical impurities on lattice sites, a large number of
them have been connected with defect complexes. For
their investigation, photoluminescence (PL) spectroscopy
has been widely used. However, in most cases a reliable
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identification of the physical origin of the defects has
been impossible. The so called C line at an energy of
1.584 19 eV has been attributed to a defect complex. In
crystals of good quality the line has a width of 1 meV or
less. It has been proposed that this is connected with an
exciton bound to an isoelectronic defect consisting of two
In atoms on Cd sites and a Cd vacancy. This has been
demonstrated by luminescence investigations of Cd films
grown by molecular-beam epitaxy (MBE).2 With this
technique the Cd vacancy concentration and the In dop-
ing can be varied in a controlled manner. However, de-
tails of the complex have not been known up to now.

By measuring the Zeeman splitting of luminescence
lines, originating from isoelectronic defects, it is possible
to obtain detailed information about the symmetry of de-
fects. This has been demonstrated for isoelectronic de-
fects in GaP.> However, the observed lines are usually
broadened due to sample inhomogeneity or internal
strain gradients to such an extent that the potential of the
method could not fully be exploited. Recently we under-
took a study of relaxation effects in CdTe by studying the
magnetoluminescence of the C line. The quality of MBE
layers grown on CdTe substrates in our laboratory has
reached such a level that detailed studies have become
possible. In a bulk crystal of high perfection we observed
a C line with unusual sharpness. A half-width of only
0.12 meV allowed the observation of as many as 28 Zee-
man components in a high magnetic field. In order to ex-
ploit fully the magnetoluminescence technique, we inves-
tigated the anisotropy of the Zeeman splitting in small
angular steps. The analysis of the experimental data
showed, however, that the type of spin Hamiltonian
which has been employed so far to interpret magneto-
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optical data was insufficient to explain our findings. Con-
sequently we modified the usual Hamiltonian so that we
can ?ffer a detailed model for the complex causing the C
line.

In Sec. II the samples investigated are described as well
as the experimental method. After the analysis of the ex-
perimental data, a detailed model for the complex is pro-
posed, which is in quantitative agreement with the anisot-
ropy of the observed Zeeman splitting. The model in-
volves three nearest neighbors in a (1,1,1) plane; that is,
two In atoms at Cd sites and an adjacent Cd vacancy.
The nearest Cd atom in the [1,1,1] direction is tilted by
2°. Furthermore we will analyze the behavior of the
temperature-dependent luminescence intensity and the
coupling to the acoustical phonon sideband with respect
to our defect complex model.

II. EXPERIMENT

A. Sample preparation

We investigated In-doped bulk CdTe grown by the
Bridgman method by II-VI-Incorporation, Saxonburg
(USA), and In-doped CdTe films grown by molecular-
beam epitaxy (MBE) in our institute. The 1-um-thick
layers have been produced on undoped (001) CdTe sub-
strates. In order to investigate the Zeeman effect and
resolve the magneto-optical transitions, sharp lines are
essential. In different samples the intensity as well as the
half-width of the C line vary. We found C-line half-
widths to range from 0.12 to 1.0 meV. After etching a
bulk sample with a bromine-methanol solution and thus
removing an upper layer of about 1-um thickness, we
found a C line with a 0.12-meV width. However, after
letting the sample sit for a few weeks the Zeeman split-
tings were impossible to detect. We observed a drastic
change in the photoluminescence with time, resulting in a
broadening of the C line. This aging effect starts at the
surfaces and proceeds into the CdTe sample.

B. Experimental procedure

Photoluminescence (PL) was excited with the 514-nm
line of an argon-ion laser. The spectra were measured
with a single-grating 1-m spectrometer and a cooled pho-
tomultiplier. For the Zeeman-effect measurements a su-
perconducting split coil magnet with a maximum field of
7.5 T was employed, and the spectra were recorded in the
Voigt configuration. The samples were rotated in small
steps of 5° from B, the magnetic field, along the [1,1,0] to
[0,0,1] axes, B lying oriented always in a (1,1,0) plane.
The sample temperatures could be varied between
T=1.7 and 300 K.

III. EXPERIMENTAL RESULTS

The doping of CdTe samples with indium usually re-
sults in material with high resistivity contrary to the ex-
pected n-type conductivity. In the PL spectrum the C
line appears, and the intensity of the other usual bound
exciton transitions is weak. The strong correlation of the
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C line with Cd vacancies has been shown by varying the
Cd flux in MBE-grown indium-doped samples. Thus the
Cline in PL spectra clearly indicates self-compensation.?

The luminescence spectrum for a bulk sample heavily
doped with indium is shown in Fig. 1. The prominent C
line with an energy of 1.584 19 eV is very sharp and ac-
companied by a phonon-induced shoulder at the low-
energy side. The line at 1.589 28 eV can be attributed to
an exciton bound to an indium donor. The third, weak
line can be identified as an exciton bound to a copper ac-
ceptor. Spectra of this kind were observed both for MBE
layers of about 1-um thickness (grown as CdTe sub-
strates) as well as for bulk samples.’ 8

For bulk materials we observed that the C line exhibits
an increase of the half-width and a decrease in intensity
by a factor of 5 in a period of half a year. However, etch-
ing these samples with a bromine-methanol solution and
thus removing the surface layers restores the sharpness
and intensity of the line. Obviously the bulk defect com-
plexes are not affected by this aging effect. Two PL spec-
tra of a MBE-grown CdTe sample are depicted in Fig. 2.
Spectrum (a) was measured immediately after the growth
of the sample. The intensity of the acoustical-phonon
sideband with a maximum in the TA(X) phonon is more
than 50% of the C-line intensity. For the same sample
the C line was not detectable in the PL spectrum (b) after
one month storage at room temperature.

The assignment of the C-line luminescence to the
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FIG. 1. Photoluminescence (PL) spectrum of a highly indium
doped CdTe sample detected for T7=1.7 K without magnetic
field. The C line with the typical low-energy phonon sideband
dominates the photoluminescence spectrum. Because of the
orientational degeneracy at zero magnetic field, the high num-
ber of magnetic subcomponents are coincident in the sharp
luminescence C line with a 0.12-meV half-width. The lines for
higher energies are related to recombinations from excitons
bound to the copper, nitrogen, and silver acceptors and to some
donors.
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FIG. 2. PL spectra of a MBE-grown CdTe film. Spectrum (a)
was detected immediately, and (b) one month after the growth
of the sample. The C line disappears with time in the PL spec-
tra of MBE-grown CdTe films.

isoelectronic complex Ingy-Vyq-Ingy is confirmed by the
observed strong anticorrelation of the C-line intensity
with the Cd flux in MBE-grown? CdTe layers. With in-
creasing Cd flux the oscillator strength of the C line de-
creases, and the mobility and concentration of the
charged carriers are enhanced strikingly. No additional
line in the PL spectra is related to the C line. The ab-
sence of two particle transitions, for instance the donor-
acceptor pair recombination,’ supports the concept of an
isoelectronic state. Therefore, we exclude an acceptorlike
or donorlike impurity center to be associated with the C-
line luminescence. )

Because of the site spectroscopy 7, the electronic
states of bound excitons are orientationally degenerate.
One orientation of the defect complex has preference for
further considerations reducing the lattice symmetry.
One can identify this orientation by analyzing the anisot-
ropy of the Zeeman splitting. For a spherically sym-
metric defect the Zeeman pattern of a bound exciton
should be isotropic with small perturbations due to the
cubic symmetry of the lattice.

In Fig. 3 we show PL spectra of the C line for B=0T
(c) and the Zeeman pattern for the C line in Voigt
geometry for a polarization parallel (a) and perpendicular
(b) to a (1,1,0) plane. The magnetic field has been rotated
by 15° in the (1,1,0) plane from the [1,1,0] axis. The ob-
served manifold of this Zeeman pattern with 28 magnetic
subcomponents could not be explained with the common
theory of bound excitons. Usually one expects six al-
lowed transitions for bound excitons in high magnetic
fields. For a detailed investigation the positions of the
observed peaks as a function of angle of rotation have
been plotted in Fig. 4.
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FIG. 3. Low-temperature photoluminescence spectra of an
indium-doped bulk CdTe sample. With magnetic field B in
Voigt geometry for polarization parallel (a) to a [110] plane and
(b) perpendicular to a [110] plane. The orientation of B is 15 ro-
tated in the [110] plane from the (110) axis. Photoluminescence
spectrum (c) shows that all magnetic subcomponents of the C
line are degenerate in the C line for B=0T.

The following conclusions can be drawn from these
spectra. An electron-hole interaction mediates a specific
mixing of electron and holes states. As a consequence
even a small electron-hole interaction destroys the mirror
symmetry of the Zeeman splitting.!® It can be seen in Fig.
3 that there is a mirror symmetry of the Zeeman pattern
with respect to the center of gravity of the line. There-
fore, the electron-hole exchange interaction (Hpgyx) must
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FIG. 4. Angular dependence of the Zeeman splitting of the C
line subcomponents at B=7.3 T and T=1.7 K. The crystal
was rotated in a [110] plane. B||(0,0,1) is denoted by 0. The
lines are calculated by simultaneous diagonalization of H [Eq.
(1)]. The dots show the experimental data.
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be negligibly small and not responsible for the unusually
high number of magnetic subcomponents resolvable in
the PL spectra [see Figs. 3(a) and 3(b)]. In addition, the
diagmagnetic shift of the center of gravity (1.143 X 1072
meV/T?) allows the conclusion that the electron is weak-
ly bound, and the local potential of this defect is predom-
inantly attractive for holes.!!

From the peak positions one can conclude that the
orientation of the defect complex is close to the trigonal
[1,1,1] axis, because B|[[1,1,1] led to the maximum Zee-
man splitting. However, the trigonal site symmetry is
broken. On the one hand one can recognize a large num-
ber of lines, and on the other hand a clear anticrossing of
these lines for a range of energies identified as K'1 and K2
in Fig. 4 is obvious. This can be understood only if we
assume a symmetry lower than trigonal for the defect
complex. In addition, for a pure trigonal complex sym-
metry only four magnetic subcomponents are allowed for
B” [0’ 01 1 ]'

IV. PERTURBATION HAMILTONIAN

A. Cubic symmetry

As the explanation of the observed Zeeman pattern re-
quires a model involving a Hamiltonian different from
that used for bound excitons, up to now a closer inspec-
tion of symmetry reducing terms in the frame of an
effective Hamiltonian will be given. Our considerations
are restricted not only to isoelectronic traps, but also val-
id for any transition for which the initial and final states
can be described with an effective Hamiltonian.

In spite of the fact that neutral defect complexes pos-
sess the same valence electron configuration as the atoms
for which they substitute, some isoelectronic systems give
rise to highly localized impurity states.'> In 1965 Aten,
Haanstra, and de Vries,!* and independently Thomas,
Hopfield, and Frosch'* reported the optical properties of
isoelectronic traps. Since then quite a large number of
isoelectronic traps in semiconductors have been the sub-
ject of theoretical and experimental investigations. For a
general review were refer to the paper of Czaja.!> Most
of these interaction traps are point defects. Defect com-
plexes are isoelectronic only if the sum of the valence
electrons in the defect complex is the same as the sum of
valence electrons of the replaced host atoms.

The first principal considerations of an exciton bound
to a neutral trap are related to the initial and final states.
The angular momentum J=O0 is attributed to this
isoelectronic, final state (see Fig. 5). For the initial exci-
ton states the angular momenta are J=1 and 2 coupled
by the angular momenta of the electron s=1 and the
hole J=3. In the case of a small crystal field, dipole
transitions from the initial J=2 state to the final J =0
state are forbidden. But for a sufficiently strong, uniaxial
field the distortion of the lattice removes the degeneracy
of the J=3 hole state and the level splits into twofold-
degenerate branches. The two m;=x=1 states of J=1
and 2 become mixed due to the transformation behavior
of their wave functions, and then m;==1 for J=2 be-
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FIG. 5. Transition scheme of the electron I'q and hole I'y
states in a strained cubic crystal. The perturbation due to the
strain is much larger compared to the JJ splitting of the bound
exciton. The degeneracy of the heavy and light holes is lifted
because of the tension, but the degenerated Kramers doublets
either the [},+1) I'celectron states or the [3,+2) and

1,21) I'g-hole states are splitted through a magnetic field
only. The angular momenta of the hole J =% and the electron
J =5 couple to the exciton angular momenta J=1 and 2. For
tensile strain the J =2 state possesses the lowest energy. This is
the initial state for the exciton. The isoelectronic trap is labeled
with the quantum number J=0. The second initial exciton
state J=1 is probably due to the thermal depopulation not
detectable.

comes an allowed transition. In an uniaxial crystal field
the total angular momentum J is no longer a good quan-
tum number. But the z component of the angular
momentum m; remains a constant of the motion. This z
component is defined along the symmetry axis of the de-
fect complex. We could not find emission from the upper
state even for temperature T =30 K, where the C line is
thermalized. Therefore the exciton state J=1 is sup-
posed to be lifted by a relative strong crystal field into the
conduction band.

The interpretation of the magnetooptical Zeeman data
is performed by using a general perturbation Hamiltonian
of cubic symmetry H,'®!7 modified by an additional term
Hg, which we will explain and derive in Sec. II B. This
Hamiltonian is based solely on symmetry considerations.
The interpretation of the Zeeman data is therefore based
on the symmetry of the exciton and the exciton binding
defect. Its validity is not restricted to shallow impurities,
for which the effective-mass approximation is valid. All
known magnetic properties of an exciton up to the
second order of magnetic field are well described by the
following Hamiltonian:

H=HEX+HLB+HQB+HS Py (1)

with the electron-hole exchange interaction
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Hpy=—aJXS—b(J}XS,+J}XS,+J}XS,), )
the linear contribution of the magnetic field
H;p=pp(g,S-B+KJ-B+L(J}B, +J;B,+J}B,)], (3
and the quadratic contribution of the magnetic field
Hyp=cB*+c,(J-B)*+c;(B,B,{J,,J,}
+B,B,{J,,J,} +B,B,{J,,J,}), (4)

where multis are used for direct products and the dots for
dot products of vectors. pp is the Bohr magneton. The
indices X, y, and z refer to the cubic axes of the lattice. J
is the total angular momentum of the bound hole state.

B. Distortion

Magneto-optical data for bound excitons offer impor-
tant information on the electronic structure; in particu-
lar, the symmetry of the complex can be deduced. More-
over, if the perturbation mechanism has a symmetry Cg
which is lower than trigonal C,;,, the site symmetry can
be investigated in the following way. The perturbation
induced by the defect complex associated with the C line
can be classified according to the irreducible representa-
tions of the crystal point group 7T;. By using only linear
combinations of the matrices associated with the irreduc-
ible representations I'|, I';, and I'5 of T, we found the
best fit for the angular-dependent Zeeman splitting.
Therefore one can write Hg in the form

A B C 0
B* —4 0 C

Hs=|cx o —4 —B (5)
0 C* —B* 4

Hg describes an uniaxial distortion on a fourfold I'y state.
To obtain 28 eigenvalues by the simultaneous diagonali-
zation of H, seven inequivalent sets of the constants A4, B,
and C are required. We found by a close inspection of
Hg that the seven sets 4, B, and C are correlated by all
possible permutations of just three constants /, m, and n.
For clarity we normalized I2+m?+n2=1. Therefore we
introduce two fitting constants D and W. Inserting the
matrices of the suitable irreducible representations I';,
I';,and I's of T, Hg is

Hg=—D[J}—1J(J+1)]
—Wlim{J, ,J,} +In{J, ]} +nm{J,,J,}], (6)

with J.=(lJ, +mJ, +nJ,).

This modified Hamiltonian H has led to an excellent
agreement with the observed data. The fitting parame-
ters are listed in Table II. The C line is interpreted as a
superposition of bound exciton recombinations from
several inequivalent sets of distortions described by Hg.
With this form of Hg for B=0 T, all 28 eigenvalues are
degenerate as observed in the experiment.

We will show that a perturbation Hamiltonian derived
for an external uniaxial strain in arbitrary direction
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[I,m,n] is identical to Hg. Thus for the defect complex
associated with the C line we established a model of a
strain-inducing defect in a homogeneous lattice. With
this model it is possible to explain the change of the C
line by aging as a destruction of the homogeneity, which
starts from the sample surfaces. For very thin MBE-
grown CdTe films, after some weeks the homogeneity
around the defect complexes is removed and the C line in
the PL spectrum is no longer detectable.

For neutral (isoelectronic) traps the change in potential
energy caused by the misfit associated with isoelectronic
traps'? is responsible for the capture of a charged parti-
cle. This assumption is supported by the fact that
isoelectronic traps inside the band gap have been found
only when the impurity center is either very large [for in-
stance GaP:Bi (Ref. 18)] or very small [GaP:N (Ref. 14)].
As a consequence, the magneto-optical data for excitons
bound to isoelectronic traps indicate in most cases a
reduction of the site symmetry T; of the host crystal in
the neighborhood of the defect to trigonal C;;, symmetry.

Assuming a point defect in a homogeneous lattice one
cannot distinguish whether the lattice in the recombina-
tion area is strained by an external force or by the intrin-
sic defect; the derivation of a symmetry reducing Hamil-
tonian describing a strain is straightforward. Further-
more this concept is compatible with the assumption that
the wave function of the hole is sufficiently located
around the lattice deformation. This model of the bound
exciton is equivalent with the Hopfield-Thomas-Lynch
model" of an isoelectronic trap. Rapidly disappearing
forces, which decay much faster than Coulomb forces,
are mainly responsible for the local trapping of charged
particles, especially holes. By the localization the wave
function has become modulated. The range of such a po-
tential is very small, and of the order 1 A2 A second
particle with opposite size can be bound by Coulomb in-
teraction, and consequently the exciton recombination
occurs at the center of the disturbance.

For the theory of magneto-optical phenomena the
transformation behavior of a defect complex is
significant. Around a defect a modification is produced
by the lattice relaxation due to the size difference between
the complex and the host atoms.!? Two types of relaxa-
tion mechanisms have been discussed in conjunction with
isoelectronic traps. The first one arises geometrically
from the substitution of a lattice atom with a neutral
dopant, the second originates from the stationary charge
distribution of the trapped electronic particles. For a
hole-attracting trap the wave function is mainly p like.
But the s- and p-like terms of the isoelectronic potential
can cause some changes in the K or L factors of the Ham-
iltonian describing the exciton in Eq. (3). Both aspects
apply here, but the small deviation from the typical value
K=0.6 (Ref. 21) indicates that the deformation part
dominates. In any way, the misfit due to the introduction
of dopants will strain the crystal lattice structure. Within
a linear approximation, the change in the potential ener-
gy due to the strain is

V=V, xExx T V)&, +V,,€,
+2(V €

yx“-yz + sz sz + ny exy ) ’ (7)
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where: €;;=3[(3u; /3x;)+(3u; /dx;)] is the strain tensor
and u(r) is the displacement due to the stress at the point
r. Obviously V is a symmetry tensor. By using the
method of combination of the irreducible representations
of T, with the decompositions of the strain tensor, we ob-
tain the following term, which reduces the cubic symme-
try.?? A review and a detailed discussion of this method
can be found in the paper by Rodriguez, Fisher, and Bar-
ra.?> After some algebraic manipulation we obtain Eq. (7)
in the following form. It deviates somewhat from the
usual form; for convenience the factor 2 in the third term
of Eq. (3) was put in the denominator:

V=al(e,, +e, te,,)
+ble (JE—3D+e, (J2—3I)+e, (J2—31)]

d
+ m(eﬂ (I, ) Fen (0 ) e (Jid, 1), (8)

where I is the unit 4 X4 matrix, and the anticommutator
{A,B}=AB+BA. J,, J,, and J, are the matrix opera-
tors corresponding to total angular momentum of the

hole J=2. We choose the form given by Luttinger!®
with diagonal J,:
o v3i 0 o0
S i -v3i 0o 2 0
* 2 0 -2 0 V3|’
0 0 —V3 o
0 V3 0 o0
1v3i o 2 o
h=3 2 0 V3|’ ©)
0 V3 0
30 0 O
101 0 0
=510 -1 o
00 0 -3

To describe the internal state of stress induced by the de-
fect complex we considered a purely normal traction
through the point of maximum stress.”* Because of the
sharpness of the C line we neglect any stress gradient,
which contributes to a broadening of the C line. Combin-
ing the strain tensor with the stress components we find
an ansatz referred to arbitrary axes x, y, and z:

T
(Uxx’o-yy!azzyayxya-zxyazy)

=g(ll,mm,nn,ml,nl,nm)T, (10)

L. WORSCHECH, W. OSSAU, AND G. LANDWEHR 52

where [I,m,n] is the direction of the stress and o its
magnitude. If the sgn(o)> 0 the stress is a tension; oth-
erwise it is a pressure. Proper representations for these
directions are spherical coordinates: [=sind cosp,
m =sind sing, and n=cosd. For small displacements
Hooks’ law is a valid approach. The dependence between
thisstrain tensor and the stress for a cubic lattice is given
by

Exx Su S S, 0 0 O Ox
€y S Sy S, 0 0 O o,
€z | Sp S Sy 0 0 0 o,
2, 0 0 0 S, 0 O 0
2, 0 0 0 0 S, O o,
2, 0 0 0 0 0 Sy oy

(11)

where S;;’s are the system and defect specific elastic
coefficients. For an external strain in CdTe typical values
derived from piezomodulation measurements®® are given
in Table I.

In the frame of an effective Hamiltonian a shift in ener-
gy is insignificant. Therefore, we will neglect all shifted
parts in V [Eq. (8)]. After some mathematical pro-
cedures, inserting Eqgs. (11) and (10) into Eq. (8) and tran-
sposing this equation for clarity, we obtain

al
Hs=V=0 g
in the same form as derived in Eq. (6), when we exploited
the correlations of the seven sets 4, B, and C in Eq. (5).
The constants D and W are dependent on deformation
potentials b and d. For a uniaxial strain, one can find the
following relations:

Dzba(SIZ_SII) >

W:bU(S“_Slz)_ O'S44 .

_da_
43
Some interesting properties of Hg should be mentioned.
If the total CdTe crystal is uniaxially strained, the ratio
W /D important for the theoretical fitting should be in
the range of —0.57 (calculated with the parameters in
Table I). For trigonal planar strain the constant D
should be 0. Each deviation from this indicates an exci-
ton binding system different from the host lattice CdTe,
in our case a defect complex. Using Hy it is now possible

TABLE 1. Typical values for bulk CdTe deformation potentials and elastic coefficients evaluated by

piezomodulation (Ref. 19).

Hydrostatic: a  Tetragonal: b Trigonal: d S S S
(eV) (eV) eV) (10° MPa~!) (1075 MPa"!) (1075 MPa™!)
—3.27 1.15+0.02 3.36+0.10 3.581 —1.394 5.1
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to simulate all simple strain directions of complexes,
which have captured an exciton. For most isoelectronic
traps the trigonal [1,1,1] axis will be the direction of the
strain, and Hg could be written as in previous publica-
tions. For this special case where |=m=n= 1/V/3, the
symmetry is reduced to C;), and we obtain the common

form of Hg:'%?’
(D+WwW)
Hy=—"p (Ji—1JJ+1)]. (12)

The II-VI semiconductor CdTe shows a rather large
piezoelectric effect. But here the anisotropy of the Zee-
man pattern observed by rotation of the magnetic field is
not caused by an internal electric field. The influence of
an electric field E=|E|(Iz,mg,nz)T on the [y-hole state
with angular momentum J=3 has been taken into ac-
count by using Hg for D=0 (Ref. 28) and the substitu-

J

—ID[3(2+m?)+9n2—5] —V3(D+W)mn+iln)

—V3(D+W)mn—iln)

HS= —_
—%(D+W)<m—i1)2 0

—1D[7U2+m*)+n?-5)

The theoretical fit depicted with straight lines in Fig. 4
has been computed by simultaneous diagonalization of all
terms in Eq. (1).

V. DISCUSSION

The interpretation of the best-fitting constants of H
(Table II) with our model of the defect will be given in
this section. Obviously the ratio W/D=—1.1 is far
away from the ratio W/D=—0.56 expected for an
external force. Thus we can exclude a long-range tensile
deformation in the CdTe samples. The ratio
W /D= —1.1is to our knowledge, the first experimental-
ly supported indication for an intrinsic, strain-inducing
defect. Furthermore, we find that the cubic symmetry of
the CdTe crystal in the neighborhood of the defect is re-

TABLE II. These parameters of the Hamiltonian [Eq. (1)]
luminescence.

—%(D+W)(m+il)2 0

— DT> +m?)+n?—5]

0 —%(1)4» W)m—i*  —V3D+W)iln—mn) —1D[3(1*+m?)+9n%—5]
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tions Ip =Im, mg=1In, and ny =nm. Applying this Ham-
iltonian the effect of an electric field on the anisotropy of
the Zeeman splitting of the C line turned out to be negli-
gible.

Strain can never cause a splitting in Kramers’ doublets,
for instance, in a I'y conduction band. It is shown
schematically in Fig. 5 that such a degeneracy can be lift-
ed by magnetic fields only. Under the assumption that
for the unperturbed Hamiltonian the spin-orbit interac-
tion is the dominating effect, while the strain-induced
symmetry lowering of the crystal field is the main part in
the perturbed Hamiltonian, in our formalism we used a
basis set of two twofold-degenerate hole states |3,43)
and lzii% ). The lowest-energy state is |3,12) if the lo-
cal strain field is tensional.

Therefore, a 4X4 matrix representation for the I'g
valence band with the angular momentum J =3 the per-
turbation Hamiltonian Hg has the form

0 —%(D+W)(m+m2

(13)
—V3(D+W)—iln—mn)

duced to a symmetry lower than trigonal because of
strong tensional forces caused by an isoelectronic trap
and not by an internal electric field. Otherwise the con-
stant D should be zero. In addition to that, all terms of
the Hamiltonian estimating cubically symmetric interac-
tions caused by the electron-hole-exchange interaction
[Eq. (2)] and the wave function of the hole [which is relat-
ed to the constant L in Eq. (3)] have been found to be
negligibly small.

For some directions of the magnetic field we found up
to 28 peaks in the photoluminescence spectra for polar-
izations parallel and perpendicular to a [1,1,0] axis,
which are degenerate in the C line with a half-width of
0.12 meV without magnetic field.

Our model of the complex has to meet the following re-
quirements: (1) Indium atoms and cadmium vacancies

describe the Zeeman splitting of the indium-related 1.584 19-eV

g a (meV) b (meV) K L c; (meV/T?) ¢,,c; (meV/T?) W /D
—1.7340.03 0.0£0.02 0.0£0.02 0.75+0.03 0.0+0.03 1.143X 1072 0.0 —1.10+0.05
¢ @ I=cosgsin? m =sind sind n=cosd

52.7 45.0 0.56+0.01 0.56+0.01 0.61+0.01
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are constituents of the trap. (2) In addition to that, the
complex must be isoelectronic. (3) The main direction of
strain is the trigonal [1,1,1] axis, with a small inclination
toward a Cartesian axis. Our model of the defect is an
isoelectronic Ingy4-V 4-Ingy complex, which is strained in
such a way that the complex is tilted by an angle of 7=2°
from the [1,1,1] orientation. To determine the micro-
scopic nature of the complex we have to distinguish be-
tween a linear trap with a trigonal orientation and a com-
plex consisting of close neighbors. The first one is incon-
sistent, because the large number of atoms inside the
complex to be postulated is unrealistic. According to our
results the complex consists of three nearest neighbors in
a plane with a normal vector in [1,1,1] direction. The
two indium atoms and the cadmium vacancy form a tri-
angle, as sketched in Fig. 6. This small complex causes a
displacement of the next neighbors, resulting in a tensile
strain. Due to the fact that indium atoms are quite small
compared to cadmium atoms, for which they substitute,
the normal vector of the defect plane is tilted toward the
cadmium vacancy. As a result, the strain in the plane
Ingy-V c4-Ingg with a normal vector [1,1,1] leads to a sim-
ple tension in the [1,1,1] direction with a small inclination
7 toward the Cartesian axis. This complex causes a ten-
sionally strained lattice in the neighborhood of the defect.

The angle of inclination 7=2° with an estimated error
of +0.5° was determined from the anticrossing in the
areas K1 and K2 shown in Fig. 4. The theoretical fit is
very sensitive to changes in 7. For instance, there is no
anticrossing for 7=0°" anymore.

A consequence of our microscopic model of an
Ingy-Vq-Ingy complex is that an A-center-like Doy-Vy
complex (D is a donor on a cadmium site like aluminum
or indium) leads to a tetragonal symmetry consistent with
recent optically detected magnetic resonance measure-
ments by Stadler et al.? In an alternative model for the

effective strain

\%
Cd

FIG. 6. The atomic model of the isoelectronic trap consists
of Incy-Vea-Ingg complex in a plane with the normal vector in
(1,1,1) direction. As the indium atoms are not equivalent to the
cadmium vacancies, the simple tension describing the normal
vector is tilted toward a Cartesian axis with an angle 7=2. This
model predicts a tetragonal symmetry reduction for an A-
center-like complex in the (1,1,0) direction.
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C-line complex Zimmermann et al.® suggest that the
nearest neighborhood of the complex consists of an inter-
stitial indium and a cadmium vacancy plus a single ion-
ized acceptor. With this proposal for the C-line complex
it is not possible to explain the improvement of the car-
rier mobility after doping the samples with an excess of
cadmium.? These authors made also magneto-optical
measurements on an indium-related luminescence line,
but they were not able to resolve the magnetic subcom-
ponents. By fitting the shape of a line with a half-width
more than five times larger than ours, they suggest a tri-
gonal complex center with different g factors for the hole.
They also applied the unmodified Hamiltonian,'®?’ and
were therefore not able to find any off-trigonal complex
symmetry. As mentioned above, the C-line luminescence
degrades with time, resulting in a broadening of the line
caused by complexes in different relaxed states, which
probably averaged over all off-trigonal axes leading to a
pure trigonal complex symmetry.

The high number of magnetic subcomponents observed
in this work can be explained in the following way. In a
cubic lattice there exist eight [1,1,1] axes. In the range of
each of these trigonal axes there are three possibilities to
tilt the complex axis towards the Cartesian axes.
Without magnetic field the electronic structure of a
bound exciton trapped by a defect oriented along these

T T T T T 1

O Integral Intensity of C Line without Phonon Wing
+ Integral Intensity of C Line with Phonon Wing

Intensi

L 1 1 A1 1 1 1

00 01 0z 03 04 05 06 07
1/Temperature [1/K]

FIG. 7. The integral intensities of the C-line photolumines-
cence with the continuous phonon sideband (crosses) and
without (circles) is plotted as a function of the reciprocal tem-
perature. The temperature was varied in the range between
T=1.7 and 35 K. For the lowest temperature 7=1.7 K the two
intensities are normalized to each other.
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directions is degenerate, but for directions of the magnet-
ic field oriented in a (1,1,0) plane for several of these 8 X3
axes, the degeneracy is lifted. Considering the possible
eigenvalues of H [Eq. (1)] describing the magnetic sub-
components of the C line, one can find that different axes
of distortion contribute to four different eigenvalues only,
whenever the projection of these axes on the (1,1,0) plane
are distinguishable. All three possible inclinations of
eight trigonal axes toward the three Cartesian axes result
in just seven different projections on a (1,1,0) plane.
Therefore the seven sets of constants A4, B, and C are
connected with these seven different projections. This is
an additional hint that the small inclinations for the tri-
gonal [1,1,1] axes are not randomly oriented; on the con-
trary, all defect complexes are incorporated with same
site symmetry C,. This directional degeneracy is also the
reason why the Zeeman spectra of the C line with a mag-
netic field along the [1,1,0] axis for polarizations parallel
and perpendicular to a (1,1,0) plane are not distinguish-
able.

The interpretation of the C line as a superposition of
bound exciton recombinations associated with 8X3
configurations of the defect complexes is also consistent
with the observation that, even for high magnetic field
(see Fig. 3), the lines are still symmetric about the center.
With a lattice temperature of 1.7 K (=0.2 meV) when
the Zeeman splitting of the C line is approximately 2
meV the line intensities are not related by Boltzmann fac-
tors. Each magnetic subcomponent in the spectra thus
comes from a separate class of defects. If the excitons are
strongly confined to these defects then they become
thermally uncoupled.

VI. TEMPERATURE DEPENDENCE
OF THE CLINE

The C line always is accompanied by a low-energy pho-
non sideband (Figs. 1 and 2) with a maximum at the 4.3-
meV TA(X) phonon.3® The coupling of the C line to its
acoustical-phonon replica is stronger compared to those
of acceptor bound excitons. For some MBE samples the
intensity of the phonon wing maxima is in the range of
the no-phonon C line. In the case of donor bound exci-
tons in CdTe these replicas are negligibly small. We sug-
gest that the non-Coulomb-like, rapidly disappearing
forces of an isoelectronic defect complex support the
acoustical, non-dipole-like vibrations of the lattice. In
the Ingy-V q-Ingy plane the equivalent direction of vibra-
tion for this complex, which is tilted towards the Carte-
sian axes, will be a [1,0,0] direction. In this direction the
next neighbor is a cadmium atom (see Fig. 6). Thus the
TA(X) phonon couples rather tightly and leads to a max-
imum distance for the phonon sideband.

The strain-related behavior of this complex and, partic-
ularly, the coupling to the acoustical phonons, is
confirmed by the temperature dependence of the C-line
intensity. In Fig. 7 we have plotted the integral intensity
of the C line with (crosses) and without (circles) the pho-
non sideband normalized for the lowest temperature
T=1.7 K. This behavior of the bound exciton emission
intensity with temperatures from 1.7 up to 35 K gives ad-
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ditional information about the phonon coupling. We ob-
serve a lowering in the normalized no-phonon C-line in-
tensities for the temperature range between 4.2 and 15 K.
Obviously, if the vibration energy due to the increase in
temperature is in the range of the acoustical-phonon en-
ergies, the coupling of the electronic transition to low-
energy acoustic phonons is the dominating quenching
effect of the C-line luminescence.

The tensional forces connected with the isoelectronic
traps enhance the emission of phonons. As a conse-
quence, a strong phonon sideband is detectable. We ob-
served this phenomenon for many strain-inducing de-
fects. For many MBE-grown CdTe samples the intensity
of the TA(X) phonon is almost equal to the intensity of
the no-phonon line if the lattice is strained by the defect.
The phonon side wing obviously is a hint for a strained
lattice in the vicinity of the trap. Details for different
lines will be published elsewhere.

The thermal quenching of the C-line intensities has
been fitted according to a theory of Bimberg, Sondergeld,
and Grove.?! The best results for total integrated emis-
sion intensity (solid line in Fig. 7) was fitted with one ac-
tivation energy of E=7.6 meV for higher temperatures.
As the binding energy of a free exciton in CdTe is about
10 meV, the observed activation energy of 7.6 meV agrees
very well with the dissociation of free excitons. There-
fore, we suggest that the activation energy E =7.6 meV
can be attributed to the second excited state of the bound
exciton.

To describe thermal quenching of the C line, a second
activation energy of 1.2 meV has been determined (dotted
line in Fig. 7). This energy is interpreted as a phonon en-
ergy describing the electron-phonon coupling.

VII. CONCLUSIONS

Photoluminescence measurements in external magnetic
fields have been employed to identify the symmetry, mi-
croscopic structure, and chemical origin of a defect com-
plex that binds an exciton resulting in a luminescence line
at 1.584 19 eV, commonly referred to as the C line. From
the investigation of the C-line intensity as a function of
the MBE growth conditions, we identify indium atoms
and cadmium vacancies as constituents of the complex.
As no acceptor-related recombinations correlated with
the C line can be observed, we identify the complex as
isoelectronic. This identification is further confirmed by
the drastic increase of the carrier concentration by MBE
growth under additional cadmium flux.

By investigation of the anisotropy of the Zeeman split-
ting we have deduced the electronic character and micro-
scopic structure of this indium-related defect associated
with the C-line luminescence. The experimental data are
in excellent agreement with the numerical data obtained
in the frame of a perturbation Hamiltonian using the pa-
rameters listed in Table II.

The modified effective Hamiltonian presented in this
paper applicable for arbitrary directions of the strain
reduces to the well-known operators of bound excitons
with cubic T, trigonal C;p, or tetragonal C,, sym-
metries. By using this Hamiltonian we have analyzed in
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detail the electronic structure of the isoelectronic com-
plex associated with the C line.

The defect complex is formed of a strained planar tri-
angle Ingy-V4-Ingy, where the strain axis is tilted by a
small angle of 2° with respect to the [1,1,1] axes in the
direction of the Cartesian axes. Due to the fact that the
defect complex Ingy-V4-Ingy does not fit into the host-
lattice structure, the intrinsic defect is not oriented along
the trigonal [1,1,1] axis but slightly inclined.

Close to the sample surface no balance exists between
the strain forces caused by the defect and the lattice. As
a consequence the defect axis will eventually relax, result-
ing in a broadening of the half-width of the C line. This
relaxation starts at the surface and migrates into the sam-
ple with time. This explains why the C-line luminescence
broadens by a factor of 5 within six months. If the sur-
face of the sample is etched, the C line becomes narrow
again with a half-width of 0.12 meV.

From the magneto-optical measurements we have de-
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duced that the electron of the exciton is bound weakly to
an acceptorlike isoelectronic defect. In the frame of an
isoelectronic defect model with pronounced strain in the
neighborhood, non-Coulomb forces should lead to a
strong coupling of the electronic states to the branch of
acoustical phonons resulting in an intense phonon side-
band. Our temperature-dependent measurements of the
integral C-line luminescence show this strong phonon
coupling, again confirming the model of a strain-
inducing, isoelectronic defect complex.
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FIG. 6. The atomic model of the isoelectronic trap consists
of Incg-Feg-Ingg complex in a plane with the normal vector in
(1,1,1) direction. As the indium atoms are not equivalent to the
cadmium vacancies, the simple tension describing the normal
vector is tilted toward a Cartesian axis with an angle 7=2. This
model predicts a tetragonal symmetry reduction for an A-
center-like complex in the (1,1,0) direction.



