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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
separationsS0163-182€08)03236-9

I. INTRODUCTION rity in ZnTe was observed in PL as well as in absorption by
Dietz et al1° A no-phonon line appears both in absorption
In the context of donors, acceptors, and electrically inacand in emission. At low temperatures, the no-phonon line in
tive impurities in semiconductors, there exists a fascinatind’L is accompanied by phonon replicas on the lower-energy
subset designated @oelectronict An impurity replacing a  side, representing the creation of a quantum of LO, TO, LA,
host atom with the same valence orbitals is labeled isoelecand TA phonons as well as multiples of the LO phonon
tronic. Often localized states in the forbidden band occur du@accompanied by the creation of TO, LA, and TA phonons; in
to excitons bound to such centers. Nitrogen replacing phosabsorption, in contrast, they are “mirrored” on the high-
phorus in GaP is an example of such a tfafhe bonding  energy side of the no-phonon line. M&robserved a shift
scheme of substitutional donors or acceptors in the tetrahgg, the no-phonon lines in the PL spectrum associated with
drally coordinated semiconductors is based on ts™  excitons bound to isoelectronic oxygen centers whéhi©
hybridized covalent bond_. For e>_(ample, consider GaP dOpeﬂapIaced with @8, An isotope shift of the no-phonon line
with Zn and S. Zn replacing Ga is an acceptor and S replaGeagyjts from the zero-point vibrations of the ground and ex-

g19 Pd's Ia ?onor. Besides accept(ir-bpund r;]oles ?nld gonoﬁ'lted states of an electronic transition being shifted to differ-
ound €lectrons, one can encounter in such crystals donogy; ayients by the electron-phonon interaction. From the ab-
bound and acceptor-bound excitchshe excitons being

bound to the neutral donors and acceptors by a van d sence of an orientation dependence of the Zeeman splitting,

Waals interaction. On the other hand, N and Bi, replacing Tf} conclluded that thef pgmt def_ect rast sp_he_ncal ?tymmg”g-
in GaP, have thesamenumber of valence electrons as P € analogous case or nitrogen isoelectronic impurity in t-a

does, but they can trap a charge carrier by a non—Coqumbi&‘f‘ equally instructive in this context. Comprehensive experi-

short-range impurity potential resulting from the substantia/Mental and theoretical studies of the sgi(;trpscopy of nitro-
electronegativity difference between N andd? Bi and B. ~ 9€n traps in GaP have been reportéd:; signatures of
The impurity, originally neutral, then acquires a charge rela€Xcitons bound to isolated nitrogen atoms, substituted for
tive to the lattice. Bound excitons occur when the CoulombPhosphorus atoms, as well as NN lines corresponding to ex-
field of this charge binds a second charge carrier of the opcitons bound to pairs of nitrogen atoms have been
posite sign, localized in a large hydrogenlike orbital. A cen-observed:** The low solubility limit of oxygen in a ZnTe
ter like N (Bi) is called an isoelectronic acceptaiono),  crystal grown from a melt- 1017 oxygen atoms/cfy*® com-
according to the type of the charge carrielectron or holg  bined with the presence of the strong phonon side bands of
bound to it in a hydrogenic orbftThe exciton binding en- the no-phonon lines of isolated oxygen, has presumably con-
ergy of isoelectronic impurities ranges from tens to hundredsributed to the difficulty in observing the “OO lines.”
of meV, depending on the impurity and the host. Isoelec- In the course of a general program on 1l-VI semiconduc-
tronic impurities have been fascinating subjects of study irtors and their quantum well structurés particular their
view of the underlying physics manifested in their photolu-optical characterization with respect to group IlA, 3d transi-
minescencéPL),? absorptiorT, PL excitation® and localized tion metal ions, and group VI impuritigsve have recently
vibrational mode€.Isoelectronic traps, with their high radia- reinvestigated oxygen doped ZnTe. We report in this paper
tive recombination efficiency, play an important role in the our successful observation of OO pair spectra in ZnTe. We
optoelectronic device applications, e.g., light-emitting diodescompare and contrast the similarities and differences be-
and semiconductor laser diodes. tween the isolated oxygen and OO centers with respect to
A remarkable spectrum due to oxygen isoelectronic imputheir PL and absorption spectra.
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Il. EXPERIMENT IIl. RESULTS AND DISCUSSION

. . . A. Isolated oxygen center
Single crystals of ZnTe were grown using the Bridgman

technique. Oxygen doping was achieved with the addition of N Fig. 1 the absorption spectrum and its “mirror image”
a small amount of ZnO powder to the ZnTe source material” e emission spectrum of oxygen center in ZnTe is dis-
inside a quartz ampoule. For absorption measurement bofffayed; the two spectra are mirrored about the no-phonon

sides of the sample were polished to a surface roughness B@e_ (A.‘ line) at .1'98.6 ev obser\{ed in both absorp_tion and
gmission. TheA line is accompanied by phonon replicas rep-

~0.5um. Cleaved as well as polished specimens were use
(o P P resenting the creation of a quantum of LO, TO, LA, and TA
for PL measurement. . .
. phonon as well as multiples of the LO phonon, each in turn
The PL spectra were recorded with a SPEModel . . .
14018 0.85 doubl , h #r Th accompanied by TO, LA, and TA signatures in both recom-
) m double grating -monochromator. the bination (PL) and absorption spectra. In Fig. 2 the tempera-

sa:nples Vgere excited using the 5145 A line from a Coheren[ture dependence of the PL spectrum is shown. As the tem-
Ar" laser® or the 5682 A line from a Spectra-Physics'Kr perature is reduced below5 K, a new emission lineR

laser?® For a _selective excitation of the_ PL from OO centers,"ne) is observed at an energy 1.5 meV lower than that of the
the 6328 A line from a Spectra-Physics He-Ne laser or an jine, At 1.5 K, theB line completely dominates the line
appropriate line from a Coherent tunable dye laser withand all the observed phonon replicas are then those associ-
Rhodamine 6G was used. The sample temperature was Cogted with theB line and shifted accordingly. The energies of
trolled from 1.5 K to 300 K in a Janis 10 DTRef. 2)  the A andB transitions of the oxygen center and their pho-
cryostat and an RCAtype C31034A photomultiplier was  non replicas in absorption and emission are listed in Table I.
used as a detector. Absorption measurements were carried For a zinc-blende crystal such as ZnTe, the excited state
out using a 650 W tungsten halogen lamp as a white lighbf an isoelectronic trap is the=1 andJ=2 doublet result-
source, the sample being cooled in a Janis Supeffrag-  ing from the exchange coupling of ja=2 hole with aj,
ostat. The transmitted spectra were recorded with a SPEX 1 electron, the doublet spliting being 1.5 meV for
(Model 1403 0.85 m double grating monochromator and anZnTe:O. Transitions from thd=1 upper level to thed=0
RCA (type C31034A photomultiplier was used as a detec- ground state are electric dipole allowed; the strong lide (
tor. line) seen in PL spectra above5 K is attributed to such a
transition, viz., the 1.986 eV no-phonon line in Fig. 1. Tran-
sitions from theJ=2 lower level of the doublet to thd
=0 ground state are electric dipole forbidden. However, as
the temperature is reduced below 5 K, the upper level is

Energy from the A-line (meV) thermally depopulated and a new emission li&line) is
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FIG. 1. Absorption spectrum and its “mirror image” in the 1.95 Il.ll% 1_;7 '1_;8 o9
emission spectrum of excitons bound to the isolated oxygen isoelec- Energy(eV)

tronic impurity in ZnTe. The dipole allowed no-phonon linA (
. - FIG. 2. Temperature dependence of the PL spectrum of ZnTe:O
line) at 1.986 eV is common to both spectra. The sharp LO phonon cited with the 5682 A line from a Kr laser. The spectra at

replicas are separated by 26 meV. The scale on the top of the figuF . . . .
emphasizes the energy separations of the phonon replicas with rt |_ffe_rt¢_ent Lesmlgera;urle; zre Vert'cl?”?/_ sahgteczi fordclz?)rlty and F[_he Im-
spect to theA line, plus in absorption and minus in emission. enstties and L. are multipiied by = an » TESPECUivEly.
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TABLE |. Measured energy positions of isolated oxygen no- 8
phonon lines and their phonon replicas in ZnTe and no-phonon (a)
lines of oxygen pairs. T=10K
Center Line Peak positioeV) Phonon energymeV) [
isolated op) 1.9857 =
_— -
oxygen OQ@)— TA 1.9779 2 4 s
O(A)—-LA 1.9701 TA=7.9:0.5 .; E
O(A)—TO 1.9634 =4 § ,
O(A)—-LO 1.9597 Tt M
O(A)+TA 1.9932 LA=15.6+0.5 2 I M
O(A)+LA 2.0008 — N\l’ J ’
O(A)+TO 2.0088 ok ﬂ
O(A)+LO 2.0121 TO=22.7+0.4 W ;
O(B) 1.9842 Ny (b) 4
O(B)-TA 1.9758 L/’ |
O(B)-LA 1.9681 LO=26.2+0.2 Computed l
1 2 1
O(B)-TO 1.9616 1.80 1.90 2.00 1.80 1.90 2.00
O(B)-LO 1.9581 Energy(eV) Energy(eV)

FIG. 3. PL spectrum of the isolated oxygen center in ZnTe and
°X_yge“ 0Q(A) 1.9419 its resolution into Lorentzian peaks with all phonon modes taken
pairs OQ(A) 1.9456 into account based on the Franck-Condon princi@eExperimen-

0G5(A) 1.9697 TA=7.9+0.5 tally observed PL spectrum and fitted curve using its resolution into
O04(A) 1.9738 LA=15.2£0.4 Lorentzian peaks(b) LO phonon component of the phonon side
00,(B) 1.9404 TG=-22.3+0.3 bands of the isolated oxygen center in ZnTe. The first peak from the
00,(B) 1.9441 LC=26.1+0.1 right is the no-phonon lingc) TA phonon contribution to the pho-
004(B) 1.9682 non sidebands with the first peak from the right being the TA pho-
00,(B) 1.9724 non replica of the no-phonoA line (A-TA), the second being

sidual strains around the oxygen certéfhe broad band

A-(TA+LO), the third A{TA+2L0O), etc.(d) Contributions of the
A-LA, A-(LA+LO), A-(LA+2LO0), etc., phonon replicage) Con-
assisted mixing of thé=2 andJ=1 states and partly due to fributions of the A-TO, A(TO+LO), A-(TO+2L0), etc., phonon
a relaxation of the selection rules presumably caused by rdeplicas.

labeledB’ was interpreted by Dietet all® as an acoustic phonons beingn~S. The above argument applies also to
phonon wing associated with the transition originating at thehe emission spectrum, originating from the zeroth vibra-
tional level of the electronic excited state to théh vibra-

nied by the emission of acoustic phonons. Recently, Burktional level of the electronic ground state, resulting in the
et al?? argued that pairs composed of isoelectronic impuritytransition probability Wo,=S"e~S/n!. According to this

and a neutral acceptor with different distances are respormodel, the absorption and emission spectra should be mirror

J=2 state via a virtual transition to thle=1 state accompa-

sible for the broad banB’.

of the spectrum are explained on the basis of fnanck-
Condon principle?® the lattice coordinateR do not change

images of each other about the common no-phonon line. In

The probabilities of the individual vibronic transitions and Fig. 3 the experimentally observed PL spectrum of the iso-
therefore the line intensities as well as the general structurkated oxygen center in ZnTe and its resolution into Lorentz-
ian peaks, taking into account the contributions of all the
relevant phonon types, are displayed. The fitted spectrum
significantly during the optical transition, allowing the elec- consists of four classes of phonon components, viz., TA, LA,

tronic transition to occur mostly vertically in a configuration TO, and LO, as shown in Figs.(3—3(e). The integrated
coordinate diagram. The probability for an optical transitionintensities of the LO phonon overtones show good agree-
at a center is then proportional to the square of the dipolenent with that predicted bW, with S, o~ 3.4. All the pho-
matrix elemen{ ¢eXe,m|r|¢ng'n>, where is an electronic  non components superimpose in the sum to faithfully repro-
wave function,y is a vibrational wave function in each elec- duce all the detailed features of the experimental {Big.
tronic statey is the electronic coordinate, and the subscripts3(a)].
e and g stand for electronic excited and ground states, re-
spectively. The electric dipole moment is assumed to be in-
dependent of the nuclear coordind®eand hence the matrix
element can be factored in{@e|r| #g)( Xeml Xg.n)- Thus the In Fig. 4 PL spectra of a ZnTe crystal doped with oxygen,
optical line shape is determined by the vibrational overlapexcited with the 6328 A line from a He-Ne laser, are shown.
integral. At low temperatures, the transition probability from Since excitation energy thus selected is lower than that of the
the zeroth vibrational level of the electronic ground state tdsolated oxygen no-phonon lines, excitons bound to isolated
the mth vibrational level of the electronic excited state is oxygen centers are not excited. Therefore, the strong phonon
given by W0=S"e 5/m!, the most probable number of side bands of the isolated oxygen no-phonon lines are not

B. OO centers
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FIG. 4. PL spectrum of excitons bound to OO pairs in ZnTe as 07/\/ “'\
a function of temperature. The spectrum is selectively excited with
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generated. New lines QQA), OO,(B), OG,(A), and 1.84 188 ¢ nergyev) 2 1.96
0O0O,(B) with their phonon side bands are clearly observed.
The two lines OQ(A) and OQ(A) can be interpreted as  FIG. 5. Experimentally observed PL spectrum of Qid OQ
dipole allowed transitions of excitons boundgairs of oxy-  at 1.9 K analyzed with the same procedure as that employed for the
gen atoms with different OO separatior®n the basis of isolated oxygen centeffig. 3). (a) Experimental data compared
their temperature dependence, @®B) and OQ(B) can be with the sum of all the phonon components) Each phonon com-
attributed to the dipole forbidden transitions. In contrast toPonent of 0Q. (c) Each phonon component of QO
the temperature dependence of PL spectra of the isolated
oxygen in Fig. 2, the Og{B) and OQ(B) lines can be energies as those of the corresponding absorption features.
clearly seen already at 10 K and the intensity of {0B) is  From their temperature dependence, 08 and OQ(A)
comparable to that of OQA) even at 5 K. This may be can be attributed to dipole allowed transitions, while
attributed to lowered local symmetry in these centers resultoO;(B) and OQ(B) are the dipole forbidden counterparts.
ing in relaxation of the selection rule that the transition fromin these centers, the selection rule for the transition from the
the J=2 states are forbidden. In Fig. 5 the experimental PLJ=2 excited state to thd=0 ground state is relaxed to
data at 1.9 K and its resolution into the Lorentzian pe@ss some extent presumably due to the lowered local symmetry
was carried out for the isolated oxygen center in Figa® and the intensities of OQB) and OQ(B) are larger than
displayed. The energies of TA, LA, TO, and LO phononsthose of OQ(A) and OQ(A), respectively, even at 10 K.
involved are the same as those for isolated oxygen centeThe lowered local symmetry at QOnay have caused the
OO, (A) and OQ(A) are observed in the absorption spec-feature OQ(B)* to split off from the OQ(B) line. The
trum along with their phonon replicas as shown in Fig. 6.energies of the no-phonon lines of Q000,, 00;, and
There are additional features, labeled £&) and OQ(A), 0O, as well as the phonon energies associated with their
around the LO phonon replicas of @@) and OQ(A). phonon replicas in absorption and emission are listed in
They are presumably OO lines corresponding to larger sep&-able |I.
rations between the oxygen impurities than in those respon- The following arguments may be cited in support of the
sible for OQ and OQ since OO lines would converge to the above interpretation of the OO line§) They are observed
A line of the isolated oxygen center as the OO distance inenly in ZnTe crystals that exhibit the isolated oxygen lines.
creases. (i) TheJ=1 andJ=2 splittings of all the OO lines are the

In order to observe the PL spectrum corresponding to thgeame as that for the isolated oxygen cent#ir) Excitonic
00; and OQ features in the absorption spectrum, we selecmolecules bound to an isolated oxygen center can be ruled
tively excited the sample with a laser light of enerdi ), out as their underlying cause since they are observed through
larger than the energy of QQA) but smaller than those for the selective excitation even in the absence of excitons
the isolated oxygen no-phonon lines. In Fig. 7 PL spectrdbound to the isolated oxygen centers. If they were excitonic
excited withZiw, =1.982 eV from a tunable dye laser are molecules bound to isolated oxygen centers, one would have
displayed. OQ(A) and OQ(A) are observed at the same expected selection rules and temperature dependence differ-
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FIG. 6. Absorption spectrum showing the no-phonon 0O linesXYgen centers in ZnT&In addition, the lattice deformation

in ZnTe and their phonon replicas. Note the no-phonon,@Q around the impurity in its electronic excited state compared

and OQ(A) features near the LO phonon replicas of 0&) and to that in the electronic ground state, both considered in the
00,(A). configuration coordinate model, provides the microscopic

picture for the vibronic structure. The model for excitons

ent from those characterizing our data; besides, the lumine@0und to isoelectronic acceptors and donors proposed by
cence features associated with excitonic molecule and singfdOPfield et al.” has proved very successful in qualitatively
exciton (both bound to isolated oxygershould have ap- €XPlaining many properties of isoelectronic impurities. A re-
peared togethéf (iv) Their observation as mirror images in CENt quantitative study of the binding energies of isoelec-
both emission and absorption with respect to their no-phonoH©NIC impurities in 1I-VI semiconductors by Sohn and
lines clearly demonstrates that they are not phonon replica'é'f"‘makaw‘z" based on this model shows good agreement
of the isolated oxygen featurév) It is highly unlikely that ywth the experimental data in the ]lterature. In this co'ntext it
they are due to an isoelectronic impurity other than oxygerS of interest to explore the excited states of t_he |s_olated
because their binding energies are larger than that of th@xYgen center as well as those of the OO pairs with PL
isolated oxygen-bound exciton. Since oxygen has the |arge§[x0|tat|on and far infrared exciton absorption spectrosé8py.
electronegativity difference with respect to Te among the In contrast to the case O,f excitons bound to neutral accep-
group VI elementsO, S, and Se excitons would be more tors, where the exchange interaction between thrge p.artlcles
tightly bound to the oxygen center than to the other isoelectt0 holes and an electroeads to the characteristic triplet
tronic centers(vi) The energy range in which the four 00 Of no-phonon lines corresponding t=3,3,; states and
lines occur with respect to that of the isolated oxygen center, W0 hole” transitions;™ excitons bound to isoelectronic ac-
on the one hand, and their convergence to the isolated oxy:ePtors(donors are characterized by=1 andJ=2 states
gen line, on the other hand, are additional significant argudue to exchange interaction between two parti¢teshole
ments in support of the new lines being due to OO centerdNd an electron Clear evidence for thg=1 andJ=2 states
with differing pair distances(vii) There is thermalization of the excitons bou_nd to the isoelectronic OO centers has
within the J=1 andJ=2 lines for each OQ, as there is for been obtained in t_hls yvork. I__Qwered local symmetry of the
the isolated oxyger andB lines, but not between the dif- OO centers rgsultmg in ad_dmonal no-phono.n Imes such as
ferent OQ lines. This makes it most unlikely that the same ©Cs(B)* provides motivation for the investigation of the
center is involved in all the lines, such as would be the cas§YMMetry properties of the oxygen centers with Zeeman

if excited states of a center were involved effect? piezospectroscop¥, and polarized luminescence
measurements.

IV. CONCLUDING REMARKS

. . ACKNOWLEDGMENTS
The strong interaction between the electron of the bound

exciton and the zone centelY LO phonon(Frohlich inter- The authors acknowledge support from National Science
action, on the one hand, and the unique aspects of the shorfFoundation Grant No. DMR 92-2139Materials Research
range potential of the isoelectronic impurity, on the otherGroup and Grant No. 94-00418Vaterials Research Science
hand, are responsible for the rich vibronic spectra of theand Engineering Center



PRB 58 OXYGEN ISOELECTRONIC IMPURITES IN ZnTe: ... 7739

lW. Czaja, inFestkaprobleme X) edited by Marburg O. Made- 15J. D. Cuthbert and D. G. Thomas, Phys. RS54, 763 (1967).

lung (Pergamon, Oxford, 197 1pp. 65—85. 163, J. Hopfield, P. J. Dean, and D. G. Thomas, Phys. B88,.748

2D. G. Thomas and J. J. Hopfield, Phys. R&§0, 680 (1966. (1967.

3p. J. Dean and D. C. Herbert, iBxcitons edited by K. Cho 1"Roger A. Faulkner, Phys. Re%75 991 (1968.

, (Springer, Berlin, 1979 pp. 55-182. SPEX Industries Inc., 3880 Park Ave., Metuchen, NJ 08840.

J. J. Hopfield, D. G. Thomas, and R. T. Lynch, Phys. Rev. Lett19conherent Inc., 5100 Patrick Henry Dr., P.O. Box 54980, Santa

17, 312(1966. _ _ Clara, CA 95054.

V. Slusarenko, Y. Burki, W. Czaja, and H. Berger, Phys. Statusogpectra-physics Lasers, 1330 Terra Bella Avenue, P.O. Box
Solidi B 161, 897 (1990. 7013, Mountain View, CA 94039.

6 .
c. C_aneau, M. Schneider, and J. F. Rommeluere, J. Phys. C:heml'\]anis Research Inc., P.O. Box 696, 2 Jewel Dr., Wilmington, MA
Solids42, 729(1981). 01887-0696

7 . . . .
Méatx;:ssgrl]?jcga‘R/-c\;d‘r]i. L':/éiyupr'h Ns 222];6&?:(10{9%35;« A K2y Burki, W. Czaja, V. Capozzi, and P. Schwendimann, J. Phys.:
' ) guez, Fhys. X Condens. Matteb, 9235(1993.

8L. A. Kolodziejski, R. L. Gunshor, Q. Fu, D. Lee, A. V. Nur- ,, .
mikko, J. M. Gonsalves, and N. Otsuka, Appl. Phys. LB, B. H(_ander§on and G. F._ Imbysdﬁptlcal Spectroscopy of Inor-
ganic Solids(Oxford University Press, Oxford, 1989

1080(1988. ”
9 Q. Fu, D. Lee, A. V. Nurmikko, L. A. Kolodziejski, and R. L. - L- Merz, R. A. Faulkner, and P. J. Dean, Phys. R&8 1228
Gunshor, Phys. Rev. B, 3173(1989. o 1969
10R. E. Dietz, D. G. Thomas, and J. J. Hopfield, Phys. Rev. Bett. - S- H. Sohn and Y. Hamakawa, Phys. Rev4@ 9452(1992.
391 (1962. 25M. L. W. Thewalt, D. Labrie, and T. Timusk, Solid State Com-
113, L. Merz, Phys. Revl76, 961 (1968. mun. 53, 1049(1985.
12D G. Thomas, M. Gershenzon, and J. J. Hopfield, Phys. Rev’’H. Venghaus and P. J. Dean, Phys. Re2131596(1980.
131, 2397(1963. 284, Mathieu, L. Bayo, J. Camassel, and P. Merle, Phys. Re32,B
13y, Yafet and D. G. Thomas, Phys. Reb31, 2405(1963. 4834(1980.

14p. G. Thomas, J. J. Hopfield, and C. J. Frosch, Phys. Rev. Let?°C. C. Klick and W. D. Compton, J. Phys. Chem. Solitjs170
15, 857 (1965. (1958.



