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Optical properties of d-doped ZnSe:Te grown by molecular beam epitaxy: The role of tellurium
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We have studied the optical properties of thed-doped ZnSe:Te system using photoluminescence~PL! and
x-ray and Raman scattering. Two different types of sample were investigated,~1! with a singled layer and~2!
with three adjacentd layers separated by undoped layers. All of these samples are of reasonable crystalline
quality and have the symmetry of the host ZnSe lattice as determined by x-ray and Raman scattering. The PL
from each sample is very similar to the PL from bulk Zn-Se-Te solutions at low Te concentrations. The PL
from the single-d-doped material shows emission relatively close to the band edge which we attribute partly to
Te2 clusters~nearest-neighbor pairs! and partly to non-nearest pairs. This PL changes with storage time, from
which we conclude that the nearest-neighbor pairs are more stable than non-nearest-neighbor pairs. The triple-
d-doped material also shows a deeper PL feature, with a peak at about 2.48 eV, which we attribute to Ten>3

clusters as well as to corresponding non-nearest-neighbors pairs.

DOI: 10.1103/PhysRevB.63.155205 PACS number~s!: 78.66.Hf, 78.55.Et, 78.30.Fs, 71.55.Gs
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I. INTRODUCTION

II-VI wide band gap semiconductors are of great inter
as blue and green light emitters.1,2 For these, as well as fo
many other devices, good bipolar conductivity is requir
For the semiconductors of specific interest in this pa
~ZnSe and related alloys! it has been difficult to obtain good
p-type material. For this reason, the ZnSe12xTex system has
long been of interest, since it is relatively easy to obt
n-type ZnSe andp-type ZnTe. Therefore many studies o
both bulk3–9 and epitaxial10–13 @molecular beam epitaxy
~MBE! and metal-organic chamical vapor depositio#
ZnSe12xTex have been performed to understand this syst
Another area where the role of the ZnTe/ZnSe system
important is in the use of ZnSe/ZnTe:N superlattices as c
tact layers for ZnSe based devices.14 For example, Jung
et al.15 have reported hole concentrations up to 731018

cm23 by usingd-doped superlattices of ZnSe/ZnTe:N. Fu
thermore, it has recently been proposed16 that the Zn-Se-Te
system be used for light emitting devices in the green sp
tral region.

The undoped ZnSe12xTex system has been studied fair
extensively, and there is considerable work on its photolu
nescence~PL! properties. It is generally agreed that th
dominant PL from ZnSe12xTex is due to excitons bound to
various Te-related defects. However, the microscopic or
of these excitons is still uncertain. Some of the publish
identifications of the PL are summarized in Table I. A ba
at around 2.65 eV usually dominates in ZnSe12xTex with
small Te concentrations~up to x,1.5%), while a band with
a maximum at about 2.45–2.48 eV dominates in samp
with larger Te concentrations. These bands are generally
tributed to excitons bound to isoelectronic TeSe atoms and/or
clusters in ZnSe. Specifically, Refs. 3, 4, 8, 11 and 12 att
uted the higher-energy band to excitons localized at2
complexes and the lower-energy line to those at Ten.2 com-
0163-1829/2001/63~15!/155205~8!/$20.00 63 1552
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plexes. It is important to note that Akimovaet al.3 used
cathodoluminescence to obtain the most direct evidence
the 2.65 eV band is due to Te2 complexes and that the 2.45
2.48 eV band is predominantly due to Ten clusters withn
53. In Refs. 5–7, on the other hand, these two lines w
attributed to self-trapped excitons at a single Te atom an
Te2 complexes, respectively. Furthermore, in some samp
with very low Te concentrations (,1%), lines in the 2.75–
2.784 eV region,7,8,12 and sharp lines attributed to LO
phonons17 or impurity-related3 PL have also been reported

The present paper also investigates this Zn-Se-Te sys
but usingd-doped ZnSe:Te grown by MBE on~001! GaAs
substrates. We shall show that this ‘‘unusual’’ Te configu
tion gives an unambiguous identification of the Te related
from ZnSeTe. We would like to note that some results ond
superlattices were reported by Fuet al.18

We have investigated two types of sample: sample
consisting of one Te-containing layer per 10 undoped lay
of ZnSe (d-ZnSe:Te) and sample B, consisting of three a
jacent Te-containing layers per 10 undoped layers of Zn
(d3-ZnSe:Te). We used primarily low-temperature photo
minescence to analyze these samples, complemented
x-ray diffraction~XRD! and room temperature polarized R
man spectroscopy.

II. GROWTH

The samples were grown on~001! GaAs substrates by
MBE in a Riber 2300 system which includes III-V and II-V
growth chambers connected by ultrahigh vacuum~UHV!.
Oxide desorption of the GaAs substrates was performe
the III-V chamber by heating the substrates to 590 °C w
an As flux impinging on the surface. Then, a 200 nm Ga
buffer layer was grown at 580 °C with a streaky (234)
reflection high-energy electron diffraction~RHEED! surface
pattern. The substrate with the GaAs buffer layer was tra
©2001 The American Physical Society05-1



c.

IGOR L. KUSKOVSKY et al. PHYSICAL REVIEW B 63 155205
TABLE I. Comparison of assignments in Te-related PL in ZnSe12xTex.

Reference Blue band Green band Te con
Position~eV! Assignment Position~eV! Assignment ~%!

3 2.61–2.63 Te2 clusters 2.48–2.50 Te3 clusters ,2
4 2.65 Te2 clusters 2.50 Te3 clusters 1–2
5 2.65 Te1 2.50 T2 clusters 1
17 2.67 small Te clusters 2.50 small Te clusters 1
6 2.67 Te1 2.48 Ten>2 clusters 10–40
7 2.65 Te1 1
12 2.65 Ten>2 ~distant! 2.45 Te2 clusters 1–4
This work 2.64–2.66a Te2 defectsb 2.48–2.50c Ten>3 clusters ,1.8d

aDominant ind-doped ZnSe:Te.
bThis band is a combination of the PL due to nearest- and non-nearest-neighbor Te pairs~for more details see
Sec. IV!.

cDominant ind3-doped ZnSe:Te.
dAveraged over the sample.
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ferred to the II-VI chamber under UHV. Prior to the grow
of the II-VI epilayers, we performed a Zn irradiation of th
GaAs surface. This step is intended to suppress the forma
of Ga2Se3 at the III-V/II-VI interface, which is believed to
be related to the formation of stacking faults.19 Then a 400
nm thick undoped ZnSe buffer layer was grown at 250
under Se rich conditions with a growth rate of;0.8 mm/h.
The RHEED pattern is a streaky (231) after the buffer layer
growth. Thed-doped region was grown on the ZnSe buff
layer.

Two samples~A and B! were grown. Sample A consist
of 140 periods of single Te-containing layers separated by
monolayers~ML ! of ZnSe spacers and sample B consists
120 periods of three consecutive Te-containing layers se
rated by 10 ML of ZnSe spacers. Sample A is about 400
thick and sample B is about 5000 Å thick. Figure 1 sho
the shutter control sequence used for thed doping. The Zn
and Se shutters were first opened for 13 s to grow 10 ML
a ZnSe spacer, after which the Se shutter was closed fo
to produce a Zn-terminated surface. Then all shutters w
closed for 5 s to desorb excess Zn from the surface. Aft
this the Te shutter was opened for 5 s todeposit Te onto the
Zn-terminated surface, and then all shutters were closed f
s followed by opening the Zn shutter for 5 s to produce
another Zn-terminated surface. The Se shutter was
opened to start the next growth sequence. This sequence
repeated for 140 periods~sample A! in order to obtain layers
thick enough for measurement. For sample B, the shu
control sequence is similar to that of sample A except t
the Te doping steps were repeated three consecutive time
shown in Fig. 1 by the dashed arrow, and the total seque
was repeated for 120 periods. The RHEED pattern is
31) during the ZnSe spacer growth. It changes toc(232)
after the ZnSe surface is exposed to Zn and remainsc(2
32) after the surface is exposed to Te. Since a very smal
flux is used duringd doping, only a fraction of a Te layer i
deposited.

III. EXPERIMENTAL PROCEDURE AND RESULTS

The quality of the samples and the average Te con
were assessed by single-crystal x-ray diffraction, using
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Ka and the~004! reflection. Polarized Raman scattering w
measured at room temperature using the 488 nm line o
Ar1 laser in thez(x,x) z̄, z(x,y) z̄, z(x8,x8) z̄, andz(x8,y8) z̄
polarization configurations, wherex, y, and z refer to the
principal cubic axes withz being parallel to the growth di-
rection;x8 andy8 are obtained by rotating thex andy axes,
respectively, by 45° in thexy plane. Incident laser light was
focused to a spot size of;2 mm in diameter. The backscat
tered light was dispersed by a 0.6 m single-dispersi
double-subtractive monochromator, and collected by
cooled charge-coupled device array, leading to a resolu
of the Raman spectra better than 1 cm21.

For PL measurements, the samples were kept either in
gas (T55 K) or at the cold stage of a closed cycle refri
erating system (T511 K). The temperature in both case
was monitored by a silicon diode mounted in the vicinity
the sample. The 325 nm line of a He-Cd laser was used
the excitation source. The PL was dispersed through a 3/
monochromator and was detected with a low-noise pho
multiplier tube, whose output was connected to eithe
SR400 photon counter or a lock-in amplifier.

From the~004! reflection XRD curves we estimate tha
the average Te concentration is 1.4% for sample A and 1
for sample B, assuming that Vegard’s law is valid and th
the epilayers are fully relaxed.~Note that since the epilayer
may not be fully relaxed the estimated values represent
upper limits for the Te concentration.!

The polarized Raman spectra were obtained from the

FIG. 1. Shutter sequence for growth ofd-doped layers.
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FIG. 2. ~a! Low-temperature~10 K! photo-
toluminescence from thed-ZnSe:Te sample;~b!
the same spectrum recorded at different exci
tion intensities~spectra arbitrarily shifted in ver-
tical direction for convenience!.
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doped samples and for comparison, from a pure Zn
sample. The scattering from all samples exhibits two pe
at about 252 cm21 and 291 cm21 for the z(x8,x8) z̄ con-
figuration and no peaks for thez(x8,y8) z̄ configuration. The
peaks are due to ZnSe and GaAs LO phonons, respecti
No TO phonons were observed. Further, in each case
phonons were observed forz(x,y) z̄, but not forz(x,x) z̄, and
no TO phonons were observed either.

We plot in Fig. 2~a! the PL spectrum from thed-ZnSe:Te
sample. There is a broad band with a maximum at aro
2.64 eV, which is overlaid by sharp peaks on the high-ene
wing. These sharp peaks can be grouped into three se
with the lines in each series separated by the ZnSe LO p
non ~0.031 eV! energy:~a! 2.768 eV, 2.736 eV, 2.705 eV
~b! 2.758 eV, 2.727 eV, 2.696 eV, 2.665 eV, 2.634 eV; a
~c! 2.751 eV, 2.720 eV, 2.689 eV. The low-energy side do
not have any sharp structure. Figure 2~b! shows the PL spec
tra for this sample taken at different excitation intensiti
~For convenience, these curves and all subsequent one
normalized to the corresponding maxima and arbitra
shifted on the intensity scale.! There is no substantial pea
shift with excitation intensity, either for the band as a who
or for the sharp peaks. At high excitation intensities one
also observe a small peak at about 2.798 eV.

It is noteworthy that this spectrum initially changed du
ing storage. Figure 3 shows spectra taken shortly a
growth and three months later, under similar conditions
can be noted that the maximum of the main band move
lower energies, and the sharp lines become more
nounced. Moreover, the sharp lines also become sharp
lower temperatures and excitation intensities~Figs. 2–4!. In
Fig. 4 we plot spectra from the sample A taken at differe
temperatures, with Fig. 4~a! showing the PL obtained at th
maximum excitation density and Fig. 4~b! at an intensity
about two orders of magnitude lower. A further notewort
feature of the spectra in Fig. 4 is that they indicate the pr
ence of a peak at about 2.61 eV, which can best be see
the 50 K curves~also see Sec. IV!.

The PL spectra from sample B are shown in Fig. 5. T
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sample exhibits two broad Gaussian-shaped bands with
maxima at about 2.664 eV~blue band! and at 2.493 eV
~green band!. Both peaks show little or no shift with excita
tion intensity. In contrast to sample A, we did not see a
significant changes with time in the PL from this sample. W
have also performed temperature studies on sample B u
low and high excitation intensities. As expected, the gre
band dominates at lower excitation intensities and hig
temperatures. We used the temperature dependence of th
at low excitation intensities to obtain the activation energy
thermal quenching for the green PL.~Contributions to the PL
from the blue band are almost completely suppressed at
excitation intensity.! Figure 6 shows the peak intensity v
inverse temperature~circles! for this band and the fitting
~solid curve!, using the following expression~e.g., Ref. 20!:

I max~T!5
I max

0

11CT2 exp@2EA /kBT#
. ~1!

FIG. 3. Low-temperature~5 K! phototoluminescence from th
d-ZnSe:Te sample recorded on different dates.
5-3
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HereI max
0 andC are constants,T is the temperature,kB is the

Boltzmann constant, andEA is the activation energy.21 Such
a fitting resulted inEA5178 meV. A rather detailed discus
sion of the temperature dependence of PL from ZnSeTe
loys and a specific model of the exciton capture process
be found, for example, in Ref. 11. We note here that
value of the activation energy is quite close to that~160
meV! obtained by Dheseet al.11

Furthermore, we plot in Fig. 7 the full width at half max
mum ~FWHM! for the green band as a function of tempe
ture. It is interesting to note that, contrary to expectatio
FWHM decreases initially when the temperature is rais
The possible cause of such behavior is discussed in the
section.

FIG. 4. Temperature evolution of PL from thed-ZnSe:Te
sample~a! at highest excitation intensity and~b! at an excitation
intensity about two orders of magnitude lower.
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IV. DISCUSSION

The observations of polarized Raman scattering are in
cellent agreement with theoretically predicted selection ru
for the Raman spectra from~001!-oriented zinc blende
crystals.22 Yanget al.,13 however, did see the TO phonons
their MBE-grown ZnSe12xTex alloys with x>4%, which
could be attributed to the presence of compositional disor
that relaxes the selection rules. Given the layered structur
our system, one might have expected quite large fluctuatio
however, the Raman scattering results show that this is
the case. Of course, nonresonant Raman data do not p
the absence of fluctuations, but they do show that such fl
tuations are not strong, i.e., that the samples are of rea
ably good quality. Furthermore, these results support
conclusions about low Te content, obtained from XRD, sin
we also did not see any changes in the LO shift from
values observed in pure ZnSe. It has been shown previou9

that the LO shift decreases linearly with Te content, b
changes in the Raman shift that are associated with less
2% Te are expected to be smaller than instrumental limits
addition, the FWHM’s of all Raman peaks from our samp
are smaller than or comparable to those previously repo
for ZnSe12xTex with low Te concentrations.9,13

To explain the PL data, we first note a strong similarity
many respects to the PL of bulk ZnSe12xTex solid solutions
with relatively low Te content. We note in particular th
following features. A band at around 2.65 eV usually dom
nates in ZnSe12xTex with x,1.5%, while a band with a
maximum at about 2.45–2.48 eV dominates in samples w
larger Te content. These bands have generally been at
uted to excitons bound to isoelectronic TeSe ~atoms and/or
clusters! in ZnSe; however, the microscopic nature of t
binding sites is still controversial. References 3, 4, 8, 11, a
12 attributed the higher-energy band to excitons localized
Te2 complexes, and the lower-energy line to those at Ten.2
complexes, quite likelyn53.3 In Refs. 5–7 these two lines
were attributed instead to self-trapped excitons at a single
atom and at Te2 complexes, respectively. In samples wi
si-
-

FIG. 5. ~a! Low-temperature~10 K! photo-
toluminescence from thed3-ZnSe:Te sample; the
dashed lines are a Gaussian fit.~b! The same
spectrum recorded at different excitation inten
ties ~spectra arbitrarily shifted in the vertical di
rection for convenience!.
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OPTICAL PROPERTIES OFd-DOPED ZnSe:Te GROWN . . . PHYSICAL REVIEW B 63 155205
very low (,1%) Te concentrations lines at 2.75–2.784
were reported7,8,12and attributed either to free excitons7 or to
an exciton localized either at a Te atom12 or in compositional
fluctuations.8 Sharp ‘‘LO’’ lines3,17 were attributed to
resonant8,17 excitons or to an ‘‘impurity-Te’’ complex.3

In most of the previous literature, there is little distinctio
between Te clusters~nearest neighbors! and other configura-
tions. Such a distinction, to some degree, was pointed ou
Yang et al.12 These authors attributed the peak with t
maximum at 2.65 eV to excitons bound to two or more is
lated Te atoms~i.e., pairs or triplets on non-nearest-neighb
sites in our terminology!; however, this seems unlikely in
view of current results, since this peak is observed in b
our samples. They12 attributed their 2.78 eV transition to
excitons localized at Te1. ~A similar peak at 2.75 eV reporte
by Permogorov and Reznitsky8 was attributed by them to
free excitons localized by compositional disorder.! However,
it is unclear how such Te1-bound excitons, which are ex
pected to have a lower binding energy than those localize
Te2 pairs, become dominant at higher temperatures.12 As we
will discuss further below, the assignment of this 2.78
peak to a free-to-donor~FD! transition would be more ap
propriate, since a FD peak usually dominates in ZnSe
higher temperatures23,24 ~see also the discussion in Ref. 3!.

Since our samples ared doped, it is very unlikely that
single Te atoms are present in sufficient concentration
give a strong PL band; consequently, excitons localized
clusters@two or more nearest-neighbor~NN! Te atoms# or Te
pairs, triplets, etc.~configurations other than NN! seem more
likely. Further, PL from the ZnSe layers, if any, is qui
weak, so thed-doped regions are primarily responsible f
the PL. Presumably, this PL is due to the recombination
excitons at the above mentioned centers; the possibility
capture at quantum-well-like defects in thed region cannot
be totally excluded at this point, but seems quite unlikely
view of the similarities to the data from bulk samples.

It is very clear from the variation with storage time@a

FIG. 6. Peak intensity of the green band of thed3-ZnSe:Te
sample as a function of inverse temperature.
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maximum at 2.67 eV initially and a maximum at 2.62 e
after 3 months,~Fig. 3!# that two or more different center
must be playing roles in the PL from this broad band.
examining the lowest-intensity curve in Fig. 2~b! and the
data at 50 K~Fig. 4!, we estimate that the band with max
mum at about 2.64–2.65 eV consists of a band with a ma
mum at around 2.61 eV and contributions from the high
phonon replicas of the 2.758–2.768 eV transitions~see fur-
ther discussion below!. Note that some contribution from th
band with the maximum at;2.50 eV is also possible, a
seen at high temperatures~Fig. 4!. It would be logical to
assume that larger Te clusters would be responsible
deeper PL,25 so we ascribe the 2.50 eV band to excito
localized at Ten>3 clusters~following Ref. 3! and the 2.61
eV band to excitons localized at Te2 clusters. Interestingly,
the observation of the 2.50 eV band shows that even
single d-doped layers there are enough large (Ten>3) clus-
ters to give substantial PL.

In view of the above, it is emphasized that the commo
reported peak at 2.64–2.65 eV~see Table I! is not due to a
single center, but is, instead, a composite of several pe
due to several centers.

The several fairly similar sharp line series at 2.751, 2.7
and 2.768 eV with LO phonon replicas would be expected
be due to similar types of center. We suggest that these s
lines are due to excitons bound to non-nearest-neigh
pairs; it seems reasonable that there would be a numbe
such pairs at different separations.@The phonon replicas are
strong due to a relatively large Huang-Rhys factor26,27 ~S!
~also see Ref. 28!#. This is consistent with the assignment
the 2.61 eV peak to clusters, since one expects deeper le
for binding to nearest neighbors; our assignments are
consistent with observations and interpretations of the ex
sively studied case of N in GaP.29,30 It is important to note,
however, that recent calculations31 on GaP:N showed tha
there is no unique relationship between neighbor separat
and the energies of associated transitions; moreover, it
been suggested that at least one PL line in the GaP:N sy

FIG. 7. Full width at half maximum~FWHM! of the green band
of the d3-ZnSe:Te sample as a function of temperature.
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belongs to triplets. Therefore, we believe that ascribing e
peak to a specific pair is not reasonable at this time.

Since the series of sharp lines is due to non-nearest ne
bors and there are no higher-energy peaks associated
the Te-doped layers~see below!, we excluded single Te at
oms as candidates for the binding of excitons. This is alre
expected since there should be only a minimal numbe
single Te atoms in thed layers. Furthermore, systems th
form alloys, i.e. give a change in band gap, such as Te
ZnSe, would not form ‘‘ideal’’ isoelectronic levels. More
over, isoelectronic substitutents should have a large dif
ence in either electronegativity29,30 or size32 with the host
atoms,26,30,33which is not the case here. Also, some theor
ical first principles calculations suggest that a single Te a
should not bind an exciton.34

The changes observed with storage time in the PL
sample A ~Fig. 3! are consistent with the diffusion of T
atoms. One can note that the maximum of the original PL
at about 2.67 eV and based on our assignments it is ma
due to non-nearest-neighbor pairs~and the corresponding
phonon replicas!; the maximum of the later PL is at abou
2.62 eV, and more of it is due to Te2 clusters. Since the tota
amount of Te is constant if one neglects the formation
single Te atoms~where only minimal such species are e
pected withd doping!, this means that more Te2 clusters
form with time. It can be further noted that the sharp li
structure also increases with storage time. We suggest
following explanation: the non-nearest-neighbor pairs
relatively shallow and thus have large Bohr radii; such la
radii in turn lead to strong interaction between nearby c
ters, and resultant smearing of the sharp phonon struc
That is, we suggest that it is only when there are relativ
few non-nearest pairs that one can observe the sharp ph
replicas. Details of these effects remain to be investigate

Finally, we would like to comment on the peak at 2.7
eV. We note that this dominates at high temperatures
high excitation intensities~Fig. 4!. We believe it is due to a
free hole to shallow donor transition. Note~1! if this line
were due to a donor bound exciton, it would not dominate
high temperatures, while it is well known that FD transitio
dominate in ZnSe at high temperatures;23,24~2! this transition
seems broader than expected for a ‘‘standard’’ bound e
tonic recombination.

We believe that a shoulder on the high-energy side of
2.798 eV line is due to free excitons which possibly origina
from either the undoped ZnSe layers or the buffer layer~un-
doped ZnSe!.

Now we discuss the PL from sample B~Fig. 5!. This
sample has a relatively low Te content (x,1.8%), but ex-
hibits PL that is characteristic of bulk ZnSe12xTex with x
>4%. Since there are three adjacent Te layers in
sample, the probability of forming large complexes (Ten>3)
should be high, while the presence of single Te atoms sho
be relatively quite low. The blue band observed from t
sample peaks at an energy of 2.664 eV, close to that of
15520
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dominant broad PL in sample A, and so we assign it
excitons localized at Te2 centers. The lower-energy band,
2.493 eV, is attributed to excitons localized at Te cent
with n>3 ~mostly Te3 aggregates3!. Both peaks can be fitted
well by a Gaussian line shape, which results from lar
Huang-Rhys factors.26,28,35A relative decrease of the blue P
with decreasing excitation intensity is due to the movem
of the hole quasi-Fermi level deeper into the band gap w
decreasing excitation, and, once it ‘‘crosses’’ the hole ene
level of the Te2 clusters, the PL related to these clusters
effectively quenched. From the temperature quenching~Fig.
6! we have determined that the thermal activation energy
excitons localized at large clusters is close to 178 meV.
ing a band gap of 2.82 eV for ZnSe~which is approximately
that of ourd-doped ZnSe:Te!, the thermal activation energ
gives the approximate energy of the no-phonon line for
green band of about 2.640 eV. This confirms that this ba
contributes to the apparent width of the PL due
Te2-localized excitons, as previously suggested. From
dependence of the FWHM of the green band on the temp
ture ~Fig. 7!, we can draw the important conclusion that th
band is also due to several transitions, as has been sugg
above for the blue band. Thus, it is expected that the FWH
will increase with increasing temperature due to an incre
in the phonon density.36 However, if we assume that thi
band has contributions from several centers, we can ex
that the thermal ionization of the ‘‘shallower’’ transition
will lead to narrower spectra. Thus we conclude that
green band has a multicenter origin as well.

V. SUMMARY

We have investigated the optical properties of single- a
triple-d-doped ZnSe:Te samples grown by MBE. These ha
the advantage of close clustering of Te atoms, which
allowed us to identify the origin of the Te-related PL in
manner that is consistent for both samples. We have c
cluded the following:~1! single Te atoms do not bind a
exciton;~2! the bands with broad peaks near 2.50 eV are d
to excitons trapped at large Ten (n>3) clusters~NN! and
related complexes;~3! the band with a maximum close t
2.61 eV is due to Te2 clusters ~NN!, while non-nearest-
neighbor Te pairs and more distant complexes are resp
sible for the PL at 2.751 eV, 2.758 eV, and 2.768 eV, a
phonon replicas of these. These pairs strongly contribut
the 2.64–2.65 eV band due to strong hole-phonon inte
tions and the resultant phonon replicas. Previously, this c
monly reported peak at 2.64–2.65 eV was attributed to
single center.

ACKNOWLEDGMENTS

We acknowledge support from DOE under Grant No
DE-FG02-98ER45694 and DE-FG02-98ER45695, and fr
JSEP~for Raman scattering experiments! under Grant No.
DAAG-55-97-1-0166.
5-6



ls
rt

to
on
re
, N

n
on

,

J.

s

st

ie

.

.R

H
s

T.

a,
st

on

-

p
t-

the
e
city

ces

.F.

:N
th
hing
ut
the

ring
ver,
h-

the
is
or,
ve
o a

a
n
w-

is a
in-

axi-
the

ms
ose
in

this
sults
ab-
d at

ally

d

OPTICAL PROPERTIES OFd-DOPED ZnSe:Te GROWN . . . PHYSICAL REVIEW B 63 155205
1G.F. Neumark, R.M. Park, and J.M. DePuydt, Phys. Today47
~6!, 26 ~1994!.

2We would like to note that use of another class of materia
namely, III-V nitrides, led to the fabrication of sho
wavelength—UV and violet ~390–420 nm!—laser diodes
~LD’s! and a wide variety~450–530 nm! of bright light emitting
diodes ~LED’s!. However, this approach so far has failed
produce a long-lived LD in the blue and green spectral regi
(l>450 nm) because of very high current densities requi
for lasing @see, e.g., S. Nakamura, M. Senoh, S. Nagahama
Iwasa, T. Matsushita, and T. Mukai, Appl. Phys. Lett.79, 22
~2000!# and even LED’s show a ‘‘spectral gap’’ in the gree
region @see, e.g., R. Haitz, F. Kish, J. Tsao, and J. Nels
Compd. Semicond.6, 37 ~2000!#.

3I.V. Akimova, A.M. Akhekyan, V.I. Kozlovskiı˘, Yu.V. Koroste-
lin, and P.V. Shapkin, Fiz. Tverd. Tela~Leningrad! 27, 1734
~1985! @Sov. Phys. Solid State27, 1041~1985!#.

4A.Yu. Naumov, S.A. Permogorov, A.N. Reznitskiı˘, V. Ya. Zhu-
laı̆, V̆.A., Novozhilov, and G. T. Petrovskiı˘ Fiz. Tverd. Tela
~Leningrad! 29, 377 ~1987! @Sov. Phys. Solid State29, 215
~1987!#.

5D. Lee, A. Mysyrowicz, A.V. Nurmikko, and B.J. Fitzpatrick
Phys. Rev. Lett.58, 1475~1987!.

6T. Yao, M. Kato, J.J. Davies, and H. Tanino, J. Cryst. Growth86,
552 ~1988!.

7C.D. Lee, H.K. Kim, H.L. Park, H. Chung, and S.K. Chang,
Lumin. 48&49, 116 ~1991!.

8S. Permogorov and A. Reznitsky, J. Lumin.52, 201 ~1992!.
9A. Kamata, H. Yoshida, S. Chichibu, and H. Nakanishi, J. Cry

Growth 170, 518 ~1997!.
10M.J.S.P. Brasil, R.E. Nahory, F.S. Turco-Sadroff, H.L. Gilchri

and R.J. Martin, Appl. Phys. Lett.58, 2509~1991!.
11K. Dhese, J. Goodwin, W.E. Hagston, J.E. Nicholls, J.J. Dav

B. Cockayne, and P.J. Wright, Semicond. Sci. Technol.7, 1210
~1992!.

12C.S. Yang, D.Y. Hong, C.Y. Lin, W.C. Chou, C.S. Ro, W.Y
Uen, W.H. Lan, and S.L. Tu, J. Appl. Phys.83, 2555~1998!.

13C.S. Yang, W.C. Chou, D.M. Chen, C.S. Ro, J.L. Shen, and T
Yang, Phys. Rev. B59, 8128~1999!.

14Y. Fan, J. Han, L. He, J. Saraie, R.L. Gunshor, M. Hagerott,
Jeon, A.V. Nurmikko, G.C. Hua, and N. Otsuka, Appl. Phy
Lett. 61, 3160~1992!.

15H.D. Jung, C.D. Song, S.Q. Wang, K. Arai, Y.H. Wu, Z. Zhu,
Yao, and H. Katayama-Yoshida, Appl. Phys. Lett.70, 1143
~1997!.

16H.C. Lee, T. Abe, Z.M. Aung, M. Adachi, T. Shirai, H. Yamad
S. Kuroda, K. Maruyama, H. Kasada, and K. Ando, J. Cry
Growth 214Õ215, 1096~2000!.

17S. Permogorov, A. Reznitsky, A. Naumov, H. Stolz, and W. v
der Osten, J. Lumin.40&41, 483 ~1988!.

18Q. Fu, D. Lee, A.V. Nurmikko, L.A. Kolodziejski, and R.L. Gun
shor, Phys. Rev. B39, 3173~1989!.

19D. Li and M. D. Pashley, J. Vac. Sci. Technol. B12, 2547~1994!.
20G.F. Neumark and K. Kosai,Deep Levels in Wide Band-Ga

III-V Semiconductors, Vol. 19 of Semiconductors and Semime
als, edited by R. K. Willardson and A. C. Beer~Academic Press,
New York, 1983!, pp. 1–74.
15520
,

s
d
.

,

t.

,

s,

.

.
.

.

21It is important to realize that a mere slope of the plotI max(T
21)

would result in an erroneous activation energy because of
preexponential factor ofT2. This factor is due to the temperatur
dependence of the density of states and to the thermal velo
of the carriers~for more details see, e.g., Ref. 20 and referen
therein!.

22F. Pollak, inAnalytical Raman Spectroscopy, edited by J.G. Gras-
selli and B.J. Bulkin~John Wiley & Sons, New York, 1991!.

23K.A. Bowers, Z. Yu, K.J. Gosset, J.W. Cook, Jr., and J
Schetzina, J. Electron. Mater.23, 251 ~1994!.

24We also observed FD in lightly to intermediately doped ZnSe
~unpublished!. Moreover, the intensity of this line increases wi
temperature as observed here and in Ref. 23. From quenc
data~not shown!, the activation energy of this transition is abo
24 meV. This corresponds exactly to the difference between
peak energy~2.798 eV! and the band gap of ZnSe~2.822 eV! at
low temperatures.

25It has been shown, at least for GaP:N, that nitrogen cluste
results in lower energy levels. These configurations, howe
are highly strained and they are likely to occur only in hig
impurity-concentration samples@P. Kent ~private communica-
tion!#. Note thatd-doped samples ‘‘mimic’’ such a situation.

26P.J. Dean and D.C. Herbert, inExcitons, edited by K. Cho
~Springer-Verlag, Berlin, 1979!.

27W. Czaja and A. Baldareschi, Helv. Phys. Acta50, 606
~1977!.

28We would like to note that such a phonon structure, where
no-phonon line~NPL! is weaker than the phonon replicas,
typical for centers with a strong Huang-Rhys coupling fact
i.e., S.1 ~Ref. 26!. In the present case of Te in ZnSe, we ha
a hole-phonon interaction, which is usually very strong due t
large hole mass. We further note that, for this type of PL from
single center,Scan be obtained approximately from the positio
of the PL peak in relation to the NPL. In the present case, ho
ever, the observed broad peak with a maximum at 2.64 eV
combination of different transitions, so several centers are
volved. Nevertheless, using the fact that the approximate m
mum of the series is close to the fourth phonon replica of
2.758 eV transition@Fig. 2~a!#, we can estimateS;3 –4.

29D.G. Thomas, J.J. Hopfield, and C.J. Frosch, Phys. Rev. Lett.15,
857 ~1965!.

30J.J. Hopfield, D.G. Thomas, and R.T. Lynch, Phys. Rev. Lett.17,
312 ~1966!.

31P. Kent and A. Zunger~unpublished!; P. Kent~private communi-
cation!.

32J.W. Allen, J. Phys. C4, 1936~1971!.
33We believe it is of importance to distinguish between syste

where isoelectronic substitutes form discrete levels and th
where they form an ‘‘alloy’’ system with a continuous change
band gap. It seems that there has been no consensus on
question for the ZnSe:Te system. However, based on our re
we suggest an ‘‘alloy’’ system. We note that it has been est
lished that the ZnS:Te system does have excitons localize
single Te atoms. However, one has to remember that~1! the
electronegativity difference between Te and S is substanti
larger than that between Te and Se and~2! the ZnS-ZnTe system
is not completely miscible@see, e.g., H. Hartman, R. Mach, an
5-7



s

IGOR L. KUSKOVSKY et al. PHYSICAL REVIEW B 63 155205
B. Selle,Wide Gap II-VI Compounds as Electronic Material,
Vol. 9 of Current Topics in Materials Science, edited by E.
Kaldis ~North-Holland Publishing Co., Amsterdam, 1982!,
p. 18#.
15520
34S.H. Sohn and Y. Hamakawa, Phys. Rev. B46, 9452~1992!.
35B.K. Ridley, Quantum Processes in Semiconductors~Clarendon

Press, Oxford, 1982!.
36P.W. Yu, Solid State Commun.43, 953 ~1982!.
5-8


