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Isoelectronic impurities in II-VI semiconductors: ZnTe doped with Ca, Sr, and Ba
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~Received 7 December 1998!

Photoluminescence~PL! and absorption spectra of ZnTe doped with Ca, Sr, and Ba, substituting the cation
Zn, exhibit features characteristic of excitons bound in a short-range potential generated by isoelectronic
impurities. A no-phonon line~NPL! in both PL and absorption, phonon side bands as mirror images about the
NPL, and a doublet splitting resulting from the exchange interaction between an electron and a hole charac-
terize the spectra. Localized vibrational modes for ZnTe:Ca and ZnTe:Sr and a gap mode for ZnTe:Ba are
observed in the phonon side bands and, more directly, in the Raman spectra. Ba centers show weaker phonon
side bands than those of Ca and Sr. These spectra are compared with the case of the isoelectronic oxygen
center in ZnTe, where the anion Te, rather than the cation, is replaced by oxygen.@S0163-1829~99!00220-9#
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I. INTRODUCTION

As is well known, excitons in the tetrahedrally coord
nated compound semiconductors can be trapped effecti
by isoelectronic impurities.1 The short-range potential due t
the difference between the electronegativity of the impu
and that of the host atom it replaces; the additional contri
tion to this potential arising from the difference in their ion
radii; the strong exchange interaction between the spin
the electron and the hole—these are the unique aspects o
electronic system characterizing the excitons bound to
electronic impurities. We recently reported the occurrence
excitons bound to isoelectronic impurities in ZnTe consist
of OO pairs characterized by differing pair separations a
compared their photoluminescence~PL! and absorption
spectra with those of the isolated oxygen centers in the s
host.2,3 Oxygen in ZnTe and nitrogen and bismuth in GaP
excellent illustrative examples of comprehensively stud
isoelectronic traps in semiconductors.4,5 In both ZnTe:O and
GaP:~N or Bi!, it is the anion which is replaced with th
impurity. It is noteworthy that while many examples6 of iso-
electronic traps associated with an anion are known, non
which excitons bound to those in cation sites has b
reported.1 The corresponding case of isoelectronic impurit
in the cation sites of the host offer a physically interest
situation in the context of the physics of such impuritie
Motivated by such considerations, we have specially gro
single crystals of ZnTe doped with Mg, Ca, Sr, Cd, or
and investigated their PL and absorption spectra, prese
and discussed in this paper.

II. EXPERIMENTAL

Single crystals of ZnTe doped with Ca, Sr, or Ba we
grown from melt using the Bridgman technique. In ea
case, doping was achieved with the addition of a sm
amount of the impurity element to the ZnTe source mate
inside a quartz ampoule. For absorption measurement
sides of platelets cut from the ingots were polished to a s
face roughness of;0.5 mm. For PL measurement, cleave
as well as polished specimens were used.

A SPEX ~Model 14018! 0.85 m double grating mono
PRB 590163-1829/99/59~20!/12911~6!/$15.00
ly

y
-

of
the
o-
f

g
d

e
e
d

in
n

s

.
n

ed

ll
l
th
r-

chromator and an RCA~type C31034A! photomultiplier
were used for PL measurement.7 The samples were excite
with the 4420 Å line from a Omnichrome He-Cd laser8 or the
6471 Å, 5309 Å, or 5208 Å lines from a Spectra-Phys
Kr1 laser.9 The sample temperature was controlled from 1
K to 300 K in a Janis 10 DT~Ref. 10! cryostat. Absorption
measurements were carried out using a 650 W tungsten h
gen lamp as well as an Xe arc lamp as a white light sou
the sample being cooled in a Janis SuperTran10 cryostat. A
SPEX ~Model 1403! 0.85 m double grating monochromato
and an RCA~type C31034A! photomultiplier were used to
record the transmission spectra.

III. RESULTS AND DISCUSSION

The PL spectrum of the isolated oxygen center in ZnTe
10 K is displayed in Fig. 1. The line labeled O~A!:NPL is the
no-phonon line~NPL! originating from the upper level, hav
ing a total spin ofJ51 from the doublet associated with th
exchange interaction between the electron and the h
bound to an isolated oxygen center. As the temperatur
lowered below;5 K, the electric dipole forbidden transi
tion from the excitonic ground state (J52 state!, i.e., theB
line appears at the energy 1.5 meV below theA line. The
oxygen center shows a strong electron-phonon coup
which diverts most of the luminescence intensity into
phonon side band; its prominent TA, LA, TO, and LO ph
non replicas as well as their multiples can be distinctly o
served and accounted for on the basis of theFranck-Condon
principle.11 The corresponding PL spectra for ZnTe:Ca, S
or Ba, where the isoelectronic impurity replaces Zn, are a
displayed in Fig. 1 along with the position of the free exc
ton. For Ca and Sr, the overall shape of the phonon side b
shows a strong similarity to that of the oxygen center,
though their phonon replicas do not manifest as distinc
resolved as in the case of oxygen. The PL spectrum of the
center shows phonon sidebands reminiscent of the co
sponding features for nitrogen traps in GaP in that the N
line is stronger than phonon side bands, in contrast to th
of oxygen, Ca, and Sr. In the following subsections, we d
cuss in more detail the characteristics of each center.
12 911 ©1999 The American Physical Society
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A. ZnTe:Ca

The temperature dependence of the PL spectrum of the
center in ZnTe is shown in Fig. 2 along with a portion of
phonon side band showing only the one-phonon replic
The no-phononA line is observed at 2.1997 eV and theB
line at 2.1986 eV, yielding theA andB doublet splitting of
1.1 meV for the Ca center. The electric dipole forbiddenB
line completely dominates the dipole allowedA line at 1.5 K
due to the thermal depopulation of theJ51 upper level of
the doublet. As is the case for ZnTe:O, the phonon assi
mixing of theJ52 andJ51 states, as well as the residu
strain around the isoelectronic center, presumably allows
B line to appear in spite of it being electric dipole forbidden1

All the phonon components are identified and labeled in F
2. As the temperature is lowered from;10 K, where only
the A line is visible, to 1.5 K, where only theB line is
observed, the same set of phonon replicas appears,
shifted to lower energies by 1.1 meV, theA-B doublet split-
ting. The energies of the phonon components are liste
Table I. We draw attention to a strong and sharp phon
replica labeled ‘‘LVM’’ ~localized vibrational mode!, char-
acterized by an energy larger than that of the LO phonon
can be interpreted as the phonon replica associated with
LVM around the isoelectronic Ca impurity since Ca is light
than the host cation Zn it replaces; it is also interesting t
its intensity is larger than that of the LO phonon replica.
Fig. 3, the Raman spectrum of the Ca doped ZnTe is
played. TO, LO, and LVM features along with their ove
tones are observed with energy shifts consistent with the
ergies of the corresponding signatures in the side band
Ca no-phonon lines.12 In Fig. 4, absorption as well as P
spectra with their one phonon side band is displayed. ThA
line is observed at the same energy in both PL and abs

FIG. 1. Photoluminescence~PL! spectra of excitons bound to O
Ca, Sr, or Ba in ZnTe. Each spectrum was measured from
sample doped with the indicated isoelectronic impurity. All t
measurements are made at 10 K. The 4420 Å line from a He
laser was used for O, Ca, and Sr doped samples while the Ba d
sample was excited with the 5309 Å line from a Kr1 laser in order
to remove some of the phonon replicas of excitons bound to
sidual acceptors. Different intensity scales are used for the diffe
PL spectra. The energy position of the free exciton of ZnTe at 2.
eV is indicated for comparison.
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tion spectra and the phonon side bands are mirror image
each other around the common no-phononA line.

B. ZnTe:Sr

The temperature dependence of the PL spectrum of th
center in ZnTe is displayed in Fig. 5 in the spectral ran
including its one-phonon replicas. From its temperature
pendence, theA line can be interpreted as electric dipo
allowed while theB line, as in the case of the Ca center, is
be viewed as electric dipole forbidden. The no-phononA and
B lines are observed at 2.2749 and 2.2738 eV, respectiv
with A-B exchange splitting of 1.1 meV for the isoelectron
Sr impurity. At 1.5 K only theB line and its phonon replicas
shifted to lower energies by 1.1 meV from the correspond
features ofA line, are observed. While the overall shape
the phonon side bands of Ca and Sr shows a strong res
blance, as can be seen in Fig. 1, a comparison of the ene
of the phonon features shows an observable difference
their LVM’s, occurring at 29.9 and 27.3 meV, respective
This LVM of Sr along with the TO and LO phonons in ZnT
is observed in the Raman spectrum shown in Fig. 6, with
same energy shifts as the energies of the corresponding
tures in the side bands of Sr no-phonon lines in lumin
cence. The no-phononA line is observed in absorption at th
same energy as that in luminescence but the phonon
bands in absorption are not resolved as distinctly as t
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FIG. 2. The temperature dependence of the PL spectrum of a
center in ZnTe along with a portion of its phonon side band sho
ing only the one-phonon replicas. The spectra at 5 K and 1.5 K are
shifted for clarity. The inset shows the temperature dependenc
the no-phononA and B lines from 25 K to 1.5 K. The sample is
excited with the 4420 Å line from a He-Cd laser. cps5counts per
second.
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TABLE I. Measured energy positions of no-phonon lines of excitons bound to Ca, Sr, and Ba and
phonon replicas in ZnTe.DEJJ ,the electron-hole exchange splitting, is also listed for each center.

Center Line Energy~eV! DEJJ ~meV! Phonon energy~meV!

Ca Ca(A) 2.19976 0.0001 1.16 0.1 TA 5 8.5 6 0.5
Ca(B) 2.19866 0.0001 LA 5 16.5 6 0.4

TO 5 22.7 6 0.2
LO 5 25.9 6 0.2

LVM 5 29.9 6 0.1

Sr Sr(A) 2.27496 0.0001 1.16 0.1 TA 5 8.8 6 0.3
Sr(B) 2.27386 0.0001 LA 5 17.3 6 0.4

TO 5 22.7 6 0.2
LO 5 26.1 6 0.1

LVM 5 27.3 6 0.1

Ba Ba(A) 2.33126 0.0001 1.26 0.1 TA 5 6.6 6 0.4
Ba(B) 2.33006 0.0001 Gap mode5 19.9 6 0.1

TO 5 22.8 6 0.2
LO 5 26.1 6 0.1
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counterparts in luminescence as displayed in Fig. 7. T
seems to be due to the fact that the energies of the Sr
phonon line and its phonon side bands in absorption are
close to the onset of the intrinsic absorption edge of ZnT

C. ZnTe:Ba

The temperature dependence of the PL spectrum of a
doped ZnTe sample is displayed in Fig. 8 along with a p
tion of its phonon side band showing the one-phonon re
cas. TheA and B lines for the Ba center are observed
2.3312 and 2.3300 eV, respectively, and in turn, yield a d
blet splitting of 1.2 meV for excitons bound to Ba. At 1.5
only theB line is observed with the phonon replicas asso
ated with it, shifted accordingly. The phonon side band
curring at 19.9 meV below the no-phonon lines can be in
preted as the gap mode resulting from Ba being heavier

FIG. 3. The Raman spectrum of the Ca doped ZnTe excited w
the 5309 Å line from a Kr1 laser. A neutral density filter reducin
the intensity by a factor of 6 enabled the laser line to be record
is
o-
ry
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both Zn and Te. The phonon coupling of the Ba center
quite different from those for Ca and Sr in the followin
points of view:~i! In contrast to the case of Ca and Sr, t
no-phonon lines are stronger than the phonon side band
the Ba center.~ii ! The LO phonon shows the strongest co
pling in luminescence from the Ba center while the LVM
are distinctly stronger than the LO-phonon assisted featur

th

d.

FIG. 4. The absorption and emission spectra of ZnTe:Ca. T
are ‘‘mirror images’’ of each other about the common no-phononA
line. Both measurements are made at 10 K. The scale on the to
the figure emphasizes the energy separations of the phonon rep
with respect to theA line; plus in absorption and minus in emissio
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the PL spectra of Ca and Sr. The explanation for this diff
ence in phonon coupling could be associated with m
larger ionic radius of Ba than those of Ca and Sr with resp
to that of Zn, thus producing a lattice distortion around t
Ba impurity. In fact, in contrast to Ca and Sr cases, theB line
is already stronger than theA line even at 5 K, presumably
due to the relaxation of the forbidden nature ofB line result-
ing from the lattice distortion around the Ba center.

The following arguments may be cited in support of o
identification of the features discussed above as due to e
tons bound to Ca, Sr, and Ba centers, respectively, in Zn
~i! As can be observed in Figs. 2, 5, and 8, they all show
temperature dependence of the electric dipole allowed
forbidden transitions,A and B lines, exhibiting a behavior
characteristic of excitons bound to isoelectronic impurities
zinc-blende semiconductors.~ii ! These features do not hav
any correlation with the oxygen luminescence since it can
observed with or without oxygen trap in ZnTe. Besides, th
show an electron-hole exchange splitting different from t
for excitons bound to oxygen centers in ZnTe, 1.5 meV
both the isolated oxygen and OO pairs, but 1.2 meV for
and 1.1 meV for Ca and Sr.~iii ! The features shown in Figs
2 and 5 are the strongest luminescence bands in the PL s
tra whenever ZnTe is intentionally doped with Ca and
respectively. In addition, the Ca ‘‘PL’’ in Fig. 2 shows n
correlation with the Sr ‘‘PL’’ in the other. The PL spectrum
in Fig. 8 is observed only with Ba doped ZnTe samples.
some of the ZnTe samples without intentional Ca doping,
same feature as that in Fig. 2 sometimes appears but on
a very small luminescence band, which is presumably du

FIG. 5. The temperature dependence of the PL spectrum
ZnTe:Sr. The spectra at 5 K and 1.5 K are shifted for clarity. The
detailed temperature dependence of the no-phononA and B lines
from 23 K to 1.5 K are shown in the inset. The sample is exci
with the 4420 Å line from a He-Cd laser.
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the inadvertent introduction of a very small amount of r
sidual Ca atoms from the host material.

We note here that Mg is a common residual impurity
Ca, Sr, and Ba. Hence one must rule it out as the isoe
tronic impurity responsible for the signatures we ident
with Ca, Sr, and Ba. In this context the LVM signatures
29.9 meV for Ca and at 27.2 meV for Sr and the gap mo
feature at 19.9 meV for Ba are significant in that they diff
from the LVM frequency of ZnTe:24Mg at 33.7 meV.13 This
difference is yet another evidence supporting our attribut
of the isoelectronic features of Figs. 2, 5, and 8 to Ca, Sr,
Ba, respectively.

Finally, in our experience the Sr feature is always o
served in the PL spectra of Ba doped ZnTe samples al
with excitons bound to Ba traps since Sr is extremely hard
remove from the source material of Ba and all the comm
cially available Ba inevitably comes with residual Sr in
This is another strong evidence that the feature discusse
this subsection is due to excitons bound to Ba traps.

IV. CONCLUDING REMARKS

In the present study we have demonstrated the first s
cessful observation of excitons bound to isoelectronic im
rities replacing cation sites of the host semiconductor Zn
It is interesting to note that we have not observed any e
dence of excitons bound to Mg and Cd centers in ZnTe: th
solubility evidently enables the formation of solid solutio
MgxZn12xTe (0<x<0.55) and CdxZn12xTe (0<x<1),
respectively. On the one hand, to form an isoelectronic tr
the electronic states of the impurity atom must differ sign
cantly from those of the atom it replaces in order to produ

of

d

FIG. 6. The Raman spectrum of ZnTe:Sr excited with the 53
Å line from a Kr1 laser. A neutral density filter is used around th
laser line to reduce the intensity by a factor of 6.
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a local potential capable of binding a hole or an electr
implying a low solubility limit for such impurities; on the
other hand, isoelectronic substituents with very high solu
ity easily form an alloy with the host, where the electron
properties can be represented by the virtual crystal mod14

It is instructive to consider the situation in terms of the re
tive electronegativities of the host atom and the isoelectro
impurity. The electronegativities of Mg and Cd, 1.31 a
1.69, respectively, are closer to that of Zn, 1.65, in contr
to those of Ca, Sr, and Ba which are 1.00, 0.95, and 0
respectively.15 It appears that the occurrence of excito
bound to isoelectronic Ca, Sr, and Ba impurities when th
replace Zn can be attributed to the significant difference
their electronegativities with respect to that of Zn.

The relative intensity of theB line to that of theA line of
the Ba center is larger than that for Ca and Sr centers
given temperature. As can be seen in Fig. 8, even at 5 K the
B line is stronger than theA line for the Ba center, in contras
to their behavior in Ca and Sr centers~Figs. 2 and 5!. It
appears that one must seek the explanation for this differe
in the nature of the potential in which the exciton is form
as influenced by the differences in the ionic radii of the is
electronic impurities and the host atoms. The ionic radii
Ca and Sr, 1.06 Å and 1.27 Å , respectively, are close
that of Zn, 0.83 Å , than that of Ba, 1.43 Å .15 A lattice

FIG. 7. Absorption and luminescence ‘‘mirror image’’ about t
common no-phononA line in ZnTe:Sr. The scale on the top of th
figure emphasizes the energy separations of the phonon rep
with respect to theA line; plus in absorption and minus in emissio
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distortion and an associated residual strain may thus a
around the Ba center, in turn influencing the short-range
tential binding the exciton. If such a distortion produces
lowering of the local symmetry of the isoelectronic cent
studies under external magnetic field and uniaxial str
would be instructive in the context of lowering symmetry
the isoelectronic impurityTd .
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FIG. 8. The temperature dependence of the PL spectrum
ZnTe:Ba. The sample is selectively excited with 45 mW of the 53
Å line from a Kr1 laser to prevent the occurrence of the phon
side bands from excitons bound tosome residual impuritiesin the
spectral range of the Raman lines. The high excitation po
caused a local heating resulting in the appearance of theA line at
1.5 K. The spectra at 5 K and 1.5 K are shifted for clarity. The
detailed temperature dependence of the no-phononA and B lines,
excited with 6 mW of the 4420 Å line from a He-Cd laser, from 2
K to 1.5 K are shown in the inset.
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