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Oxygen isoelectronic impurities in ZnTe: Photoluminescence and absorption spectroscopy
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Oxygen substituting for Te in ZnTe is an isoelectronic impurity that traps excitons. The recombination
radiation and absorption spectra attributed to isolated oxygen centers exhibit a no-phonon line accompanied by
emission of multiple phonons. The two resulting spectra are ‘‘mirror images’’ of each other in energy with
respect to that of the no-phonon line. Photoluminescence and absorption measurements on specimens with
significantly higher oxygen concentration disclosed additional spectral features with four no-phonon lines, all
displaced to lower energies with respect to that of isolated oxygen. Photoluminescence spectra of the present
no-phonon lines show a temperature dependence characteristic of exchange coupling between an electron and
a hole. Selective excitation with photon energies less than that of the no-phonon line of isolated oxygen
permitted a clear observation of the features free from the phonon sidebands of isolated oxygen. These
features, including phonon replicas, appear to be due to excitons bound to oxygen pairs, with different OO
separations.@S0163-1829~98!03236-6#
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I. INTRODUCTION

In the context of donors, acceptors, and electrically in
tive impurities in semiconductors, there exists a fascinat
subset designated asisoelectronic.1 An impurity replacing a
host atom with the same valence orbitals is labeled isoe
tronic. Often localized states in the forbidden band occur
to excitons bound to such centers. Nitrogen replacing ph
phorus in GaP is an example of such a trap.2 The bonding
scheme of substitutional donors or acceptors in the tetra
drally coordinated semiconductors is based on the ‘‘sp3’’
hybridized covalent bond. For example, consider GaP do
with Zn and S. Zn replacing Ga is an acceptor and S rep
ing P is a donor. Besides acceptor-bound holes and do
bound electrons, one can encounter in such crystals do
bound and acceptor-bound excitons,3 the excitons being
bound to the neutral donors and acceptors by a van
Waals interaction. On the other hand, N and Bi, replacin
in GaP, have thesamenumber of valence electrons as
does, but they can trap a charge carrier by a non-Coulom
short-range impurity potential resulting from the substan
electronegativity difference between N and P~or Bi and P!.
The impurity, originally neutral, then acquires a charge re
tive to the lattice. Bound excitons occur when the Coulo
field of this charge binds a second charge carrier of the
posite sign, localized in a large hydrogenlike orbital. A ce
ter like N ~Bi! is called an isoelectronic acceptor~donor!,
according to the type of the charge carrier~electron or hole!
bound to it in a hydrogenic orbit.4 The exciton binding en-
ergy of isoelectronic impurities ranges from tens to hundr
of meV, depending on the impurity and the host. Isoel
tronic impurities have been fascinating subjects of study
view of the underlying physics manifested in their photo
minescence~PL!,2 absorption,5 PL excitation,6 and localized
vibrational modes.7 Isoelectronic traps, with their high radia
tive recombination efficiency, play an important role in t
optoelectronic device applications, e.g., light-emitting diod
and semiconductor laser diodes.8,9

A remarkable spectrum due to oxygen isoelectronic im
PRB 580163-1829/98/58~12!/7734~6!/$15.00
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rity in ZnTe was observed in PL as well as in absorption
Dietz et al.10 A no-phonon line appears both in absorptio
and in emission. At low temperatures, the no-phonon line
PL is accompanied by phonon replicas on the lower-ene
side, representing the creation of a quantum of LO, TO, L
and TA phonons as well as multiples of the LO phon
accompanied by the creation of TO, LA, and TA phonons;
absorption, in contrast, they are ‘‘mirrored’’ on the hig
energy side of the no-phonon line. Merz11 observed a shift
for the no-phonon lines in the PL spectrum associated w
excitons bound to isoelectronic oxygen centers when O18 is
replaced with O16. An isotope shift of the no-phonon line
results from the zero-point vibrations of the ground and
cited states of an electronic transition being shifted to diff
ent extents by the electron-phonon interaction. From the
sence of an orientation dependence of the Zeeman split
he concluded that the point defect has spherical symme
The analogous case of nitrogen isoelectronic impurity in G
is equally instructive in this context. Comprehensive expe
mental and theoretical studies of the spectroscopy of ni
gen traps in GaP have been reported;2,4,12–17 signatures of
excitons bound to isolated nitrogen atoms, substituted
phosphorus atoms, as well as NN lines corresponding to
citons bound to pairs of nitrogen atoms have be
observed.2,14 The low solubility limit of oxygen in a ZnTe
crystal grown from a melt,;1017 oxygen atoms/cm3,15 com-
bined with the presence of the strong phonon side band
the no-phonon lines of isolated oxygen, has presumably c
tributed to the difficulty in observing the ‘‘OO lines.’’

In the course of a general program on II-VI semicondu
tors and their quantum well structures~in particular their
optical characterization with respect to group IIA, 3d tran
tion metal ions, and group VI impurities! we have recently
reinvestigated oxygen doped ZnTe. We report in this pa
our successful observation of OO pair spectra in ZnTe.
compare and contrast the similarities and differences
tween the isolated oxygen and OO centers with respec
their PL and absorption spectra.
7734 © 1998 The American Physical Society
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II. EXPERIMENT

Single crystals of ZnTe were grown using the Bridgm
technique. Oxygen doping was achieved with the addition
a small amount of ZnO powder to the ZnTe source mate
inside a quartz ampoule. For absorption measurement
sides of the sample were polished to a surface roughnes
;0.5mm. Cleaved as well as polished specimens were u
for PL measurement.

The PL spectra were recorded with a SPEX~Model
14018! 0.85 m double grating monochromator.18 The
samples were excited using the 5145 Å line from a Cohe
Ar1 laser19 or the 5682 Å line from a Spectra-Physics Kr1

laser.20 For a selective excitation of the PL from OO cente
the 6328 Å line from a Spectra-Physics He-Ne laser or
appropriate line from a Coherent tunable dye laser w
Rhodamine 6G was used. The sample temperature was
trolled from 1.5 K to 300 K in a Janis 10 DT~Ref. 21!
cryostat and an RCA~type C31034A! photomultiplier was
used as a detector. Absorption measurements were ca
out using a 650 W tungsten halogen lamp as a white li
source, the sample being cooled in a Janis SuperTran21 cry-
ostat. The transmitted spectra were recorded with a SP
~Model 1403! 0.85 m double grating monochromator and
RCA ~type C31034A! photomultiplier was used as a dete
tor.

FIG. 1. Absorption spectrum and its ‘‘mirror image’’ in th
emission spectrum of excitons bound to the isolated oxygen isoe
tronic impurity in ZnTe. The dipole allowed no-phonon line (A
line! at 1.986 eV is common to both spectra. The sharp LO pho
replicas are separated by 26 meV. The scale on the top of the fi
emphasizes the energy separations of the phonon replicas wit
spect to theA line, plus in absorption and minus in emission.
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III. RESULTS AND DISCUSSION

A. Isolated oxygen center

In Fig. 1 the absorption spectrum and its ‘‘mirror image
in the emission spectrum of oxygen center in ZnTe is d
played; the two spectra are mirrored about the no-pho
line (A line! at 1.986 eV observed in both absorption a
emission. TheA line is accompanied by phonon replicas re
resenting the creation of a quantum of LO, TO, LA, and T
phonon as well as multiples of the LO phonon, each in tu
accompanied by TO, LA, and TA signatures in both reco
bination ~PL! and absorption spectra. In Fig. 2 the tempe
ture dependence of the PL spectrum is shown. As the t
perature is reduced below;5 K, a new emission line (B
line! is observed at an energy 1.5 meV lower than that of
A line. At 1.5 K, theB line completely dominates theA line
and all the observed phonon replicas are then those as
ated with theB line and shifted accordingly. The energies
the A andB transitions of the oxygen center and their ph
non replicas in absorption and emission are listed in Tabl

For a zinc-blende crystal such as ZnTe, the excited s
of an isoelectronic trap is theJ51 andJ52 doublet result-
ing from the exchange coupling of aj h5 3

2 hole with a j e
5 1

2 electron, the doublet splitting being 1.5 meV fo
ZnTe:O. Transitions from theJ51 upper level to theJ50
ground state are electric dipole allowed; the strong lineA
line! seen in PL spectra above;5 K is attributed to such a
transition, viz., the 1.986 eV no-phonon line in Fig. 1. Tra
sitions from theJ52 lower level of the doublet to theJ
50 ground state are electric dipole forbidden. However,
the temperature is reduced below 5 K, the upper leve
thermally depopulated and a new emission line (B line! is
observed originating from theJ52 state. That the dipole
forbiddenB line is observed at all is partly due to phono

c-

n
re
re-

FIG. 2. Temperature dependence of the PL spectrum of ZnT
excited with the 5682 Å line from a Kr1 laser. The spectra a
different temperatures are vertically shifted for clarity and the
tensities at 5 K and 1.5 K are multiplied by 2 and 20, respectivel
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assisted mixing of theJ52 andJ51 states and partly due t
a relaxation of the selection rules presumably caused by
sidual strains around the oxygen center.1 The broad band
labeledB8 was interpreted by Dietzet al.10 as an acoustic
phonon wing associated with the transition originating at
J52 state via a virtual transition to theJ51 state accompa
nied by the emission of acoustic phonons. Recently, Bu
et al.22 argued that pairs composed of isoelectronic impu
and a neutral acceptor with different distances are resp
sible for the broad bandB8.

The probabilities of the individual vibronic transitions an
therefore the line intensities as well as the general struc
of the spectrum are explained on the basis of theFranck-
Condon principle;23 the lattice coordinatesR do not change
significantly during the optical transition, allowing the ele
tronic transition to occur mostly vertically in a configuratio
coordinate diagram. The probability for an optical transiti
at a center is then proportional to the square of the dip
matrix element̂ cexe,mur ucgxg,n&, wherec is an electronic
wave function,x is a vibrational wave function in each ele
tronic state,r is the electronic coordinate, and the subscri
e and g stand for electronic excited and ground states,
spectively. The electric dipole moment is assumed to be
dependent of the nuclear coordinateR and hence the matrix
element can be factored into^ceur ucg&^xe,muxg,n&. Thus the
optical line shape is determined by the vibrational over
integral. At low temperatures, the transition probability fro
the zeroth vibrational level of the electronic ground state
the mth vibrational level of the electronic excited state
given by Wm05Sme2S/m!, the most probable number o

TABLE I. Measured energy positions of isolated oxygen n
phonon lines and their phonon replicas in ZnTe and no-pho
lines of oxygen pairs.

Center Line Peak position~eV! Phonon energy~meV!

isolated O(A) 1.9857
oxygen O(A)2 TA 1.9779

O(A)2LA 1.9701 TA57.960.5
O(A)2TO 1.9634
O(A)2LO 1.9597
O(A)1TA 1.9932 LA515.660.5
O(A)1LA 2.0008
O(A)1TO 2.0088
O(A)1LO 2.0121 TO522.760.4

O(B) 1.9842
O(B)2TA 1.9758
O(B)2LA 1.9681 LO526.260.2
O(B)2TO 1.9616
O(B)2LO 1.9581

oxygen OO1(A) 1.9419
pairs OO2(A) 1.9456

OO3(A) 1.9697 TA57.960.5
OO4(A) 1.9738 LA515.260.4
OO1(B) 1.9404 TO522.360.3
OO2(B) 1.9441 LO526.160.1
OO3(B) 1.9682
OO4(B) 1.9724
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phonons beingm'S. The above argument applies also
the emission spectrum, originating from the zeroth vib
tional level of the electronic excited state to thenth vibra-
tional level of the electronic ground state, resulting in t
transition probability W0n5Sne2S/n!. According to this
model, the absorption and emission spectra should be m
images of each other about the common no-phonon line
Fig. 3 the experimentally observed PL spectrum of the i
lated oxygen center in ZnTe and its resolution into Loren
ian peaks, taking into account the contributions of all t
relevant phonon types, are displayed. The fitted spect
consists of four classes of phonon components, viz., TA, L
TO, and LO, as shown in Figs. 3~b!–3~e!. The integrated
intensities of the LO phonon overtones show good agr
ment with that predicted byW0n with SLO'3.4. All the pho-
non components superimpose in the sum to faithfully rep
duce all the detailed features of the experimental data@Fig.
3~a!#.

B. OO centers

In Fig. 4 PL spectra of a ZnTe crystal doped with oxyge
excited with the 6328 Å line from a He-Ne laser, are show
Since excitation energy thus selected is lower than that of
isolated oxygen no-phonon lines, excitons bound to isola
oxygen centers are not excited. Therefore, the strong pho
side bands of the isolated oxygen no-phonon lines are

-
n

FIG. 3. PL spectrum of the isolated oxygen center in ZnTe a
its resolution into Lorentzian peaks with all phonon modes tak
into account based on the Franck-Condon principle.~a! Experimen-
tally observed PL spectrum and fitted curve using its resolution
Lorentzian peaks.~b! LO phonon component of the phonon sid
bands of the isolated oxygen center in ZnTe. The first peak from
right is the no-phonon line.~c! TA phonon contribution to the pho
non sidebands with the first peak from the right being the TA p
non replica of the no-phononA line (A-TA!, the second being
A-~TA1LO!, the third A-~TA12LO!, etc. ~d! Contributions of the
A-LA, A-~LA1LO!, A-~LA12LO!, etc., phonon replicas.~e! Con-
tributions of the A-TO, A-~TO1LO!, A-~TO12LO!, etc., phonon
replicas.
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generated. New lines OO1(A), OO1(B), OO2(A), and
OO2(B) with their phonon side bands are clearly observ
The two lines OO1(A) and OO2(A) can be interpreted a
dipole allowed transitions of excitons bound topairs of oxy-
gen atoms with different OO separations. On the basis of
their temperature dependence, OO1(B) and OO2(B) can be
attributed to the dipole forbidden transitions. In contrast
the temperature dependence of PL spectra of the isol
oxygen in Fig. 2, the OO1(B) and OO2(B) lines can be
clearly seen already at 10 K and the intensity of OO2(B) is
comparable to that of OO2(A) even at 5 K. This may be
attributed to lowered local symmetry in these centers res
ing in relaxation of the selection rule that the transition fro
the J52 states are forbidden. In Fig. 5 the experimental
data at 1.9 K and its resolution into the Lorentzian peaks~as
was carried out for the isolated oxygen center in Fig. 3! are
displayed. The energies of TA, LA, TO, and LO phono
involved are the same as those for isolated oxygen cen
OO1(A) and OO2(A) are observed in the absorption spe
trum along with their phonon replicas as shown in Fig.
There are additional features, labeled OO3(A) and OO4(A),
around the LO phonon replicas of OO1(A) and OO2(A).
They are presumably OO lines corresponding to larger se
rations between the oxygen impurities than in those resp
sible for OO1 and OO2 since OO lines would converge to th
A line of the isolated oxygen center as the OO distance
creases.

In order to observe the PL spectrum corresponding to
OO3 and OO4 features in the absorption spectrum, we sel
tively excited the sample with a laser light of energy (\vL),
larger than the energy of OO4(A) but smaller than those fo
the isolated oxygen no-phonon lines. In Fig. 7 PL spec
excited with \vL51.982 eV from a tunable dye laser a
displayed. OO3(A) and OO4(A) are observed at the sam

FIG. 4. PL spectrum of excitons bound to OO pairs in ZnTe
a function of temperature. The spectrum is selectively excited w
the 6328 Å line from a He-Ne laser.
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energies as those of the corresponding absorption featu
From their temperature dependence, OO3(A) and OO4(A)
can be attributed to dipole allowed transitions, wh
OO3(B) and OO4(B) are the dipole forbidden counterpart
In these centers, the selection rule for the transition from
J52 excited state to theJ50 ground state is relaxed t
some extent presumably due to the lowered local symm
and the intensities of OO3(B) and OO4(B) are larger than
those of OO3(A) and OO4(A), respectively, even at 10 K
The lowered local symmetry at OO3 may have caused th
feature OO3(B)* to split off from the OO3(B) line. The
energies of the no-phonon lines of OO1, OO2, OO3, and
OO4 as well as the phonon energies associated with t
phonon replicas in absorption and emission are listed
Table I.

The following arguments may be cited in support of t
above interpretation of the OO lines.~i! They are observed
only in ZnTe crystals that exhibit the isolated oxygen line
~ii ! The J51 andJ52 splittings of all the OO lines are th
same as that for the isolated oxygen center.~iii ! Excitonic
molecules bound to an isolated oxygen center can be r
out as their underlying cause since they are observed thro
the selective excitation even in the absence of excit
bound to the isolated oxygen centers. If they were excito
molecules bound to isolated oxygen centers, one would h
expected selection rules and temperature dependence d

s
h

FIG. 5. Experimentally observed PL spectrum of OO1 and OO2

at 1.9 K analyzed with the same procedure as that employed fo
isolated oxygen center~Fig. 3!. ~a! Experimental data compare
with the sum of all the phonon components.~b! Each phonon com-
ponent of OO1 . ~c! Each phonon component of OO2 .
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ent from those characterizing our data; besides, the lumi
cence features associated with excitonic molecule and si
exciton ~both bound to isolated oxygen! should have ap-
peared together.24 ~iv! Their observation as mirror images
both emission and absorption with respect to their no-pho
lines clearly demonstrates that they are not phonon repl
of the isolated oxygen feature.~v! It is highly unlikely that
they are due to an isoelectronic impurity other than oxyg
because their binding energies are larger than that of
isolated oxygen-bound exciton. Since oxygen has the lar
electronegativity difference with respect to Te among
group VI elements~O, S, and Se!, excitons would be more
tightly bound to the oxygen center than to the other isoe
tronic centers.~vi! The energy range in which the four O
lines occur with respect to that of the isolated oxygen cen
on the one hand, and their convergence to the isolated
gen line, on the other hand, are additional significant ar
ments in support of the new lines being due to OO cen
with differing pair distances.~vii ! There is thermalization
within theJ51 andJ52 lines for each OOn , as there is for
the isolated oxygenA andB lines, but not between the dif
ferent OOn lines. This makes it most unlikely that the sam
center is involved in all the lines, such as would be the c
if excited states of a center were involved.

IV. CONCLUDING REMARKS

The strong interaction between the electron of the bo
exciton and the zone center (G) LO phonon~Fröhlich inter-
action!, on the one hand, and the unique aspects of the sh
range potential of the isoelectronic impurity, on the oth
hand, are responsible for the rich vibronic spectra of

FIG. 6. Absorption spectrum showing the no-phonon OO lin
in ZnTe and their phonon replicas. Note the no-phonon OO3(A)
and OO4(A) features near the LO phonon replicas of OO1(A) and
OO2(A).
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oxygen centers in ZnTe.4 In addition, the lattice deformation
around the impurity in its electronic excited state compa
to that in the electronic ground state, both considered in
configuration coordinate model, provides the microsco
picture for the vibronic structure. The model for excito
bound to isoelectronic acceptors and donors proposed
Hopfield et al.4 has proved very successful in qualitative
explaining many properties of isoelectronic impurities. A r
cent quantitative study of the binding energies of isoel
tronic impurities in II-VI semiconductors by Sohn an
Hamakawa25 based on this model shows good agreem
with the experimental data in the literature. In this contex
is of interest to explore the excited states of the isola
oxygen center as well as those of the OO pairs with
excitation and far infrared exciton absorption spectroscop26

In contrast to the case of excitons bound to neutral acc
tors, where the exchange interaction between three part
~two holes and an electron! leads to the characteristic triple
of no-phonon lines corresponding toJ5 1

2 , 3
2 , 5

2 states and
‘‘two hole’’ transitions,27 excitons bound to isoelectronic ac
ceptors~donors! are characterized byJ51 andJ52 states
due to exchange interaction between two particles~a hole
and an electron!. Clear evidence for theJ51 andJ52 states
of the excitons bound to the isoelectronic OO centers
been obtained in this work. Lowered local symmetry of t
OO centers resulting in additional no-phonon lines such
OO3(B)* provides motivation for the investigation of th
symmetry properties of the oxygen centers with Zeem
effect,2 piezospectroscopy,28 and polarized luminescenc
measurements.29
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s

FIG. 7. OO3 and OO4 no-phonon OO lines, excited in the P
spectrum of ZnTe with a tunable dye laser (\vL51.982 eV!, re-
corded at 1.5 K, 5 K, and 10 K.
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