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Photoluminescence from Zn$_,Te, alloys under hydrostatic pressure
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ZnS,_,Te, (0.02<x=<0.3) alloys are studied by photoluminescence under hydrostatic pressure at room
temperature. Only a wide emission band is observed for each sample. Its peak energy is much lower than the
corresponding band gap of alloys. These bands are ascribed to the radiative annihilation of excitons bound at
Te,(n=2) isoelectronic centers. The pressure coefficients of the emission bands are smaller than those of alloy
band gaps from 48% to 7%. The difference of the pressure coefficient of the emission band and the band gap
increases when the binding energy of, Tenters decreases. It seems contrary to our expectation and needs
further analysis. The integrated intensities of emission bands decrease with increasing pressure due to the
decreasing of the absorption coefficient associated with thedrgers under pressure. According to this model
the Stokes shifts between the emission and absorption bands of ticerfers are calculated, which decrease
with the increasing Te composition in alloys.
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[. INTRODUCTION alloys* However, these isoelectronic centers are mainly re-
lated to conduction bands. There are few reports about the
In recent years, semiconductor alloys with a large bowingpressure behavior of Te isoelectronic centers in ZnS or Zn-
factor have been attracting much attention because of thefTe alloys.
distinct properties from normal semiconductor alloys. It was In this paper, we investigate the PL under hydrostatic
shown in recent research about GaNAs and InGaNAs tharessure of ZnS ,Te, (0.02<x=<0.3) alloys. We found that
the interaction between N isoelectronic traps and the condudhe PL spectra come from deep energy levels in the band gap
tion band edge of GaAs and InGaNAs has a great effect oHntil x=0.3. They have smaller pressure coefficients than the
their band structures? A similar effect has also been ob- corresponding band gap and have large Stokes shifts. Ac-
served in the Te-rich ZnSTe alloy4.0n the other hand, As cording to the early work on ZnS:TiRefs. 7-10 and the
and Te atoms can form isoelectronic centers in N-rich Gapressure behavior of these centers, we attribute the observed
NAs and S-rich ZnSTe alloys, respectivély® A hole is  emission to the radiative recombination of excitons bound to
bound at these centers by a short-range potential resultinfe.(n=2) isoelectronic centers. In order to have an overall
from the large difference of electronegativities between ginderstanding about the dependence of the properties of
and Te or N and As atoms. An electron is then bound Couthese centers on Te composition, some results published
lombically to form a bound exciton. Thus the properties oféarlief are also included in this paper.
these isoelectronic centers are mainly related to the valence
_bands of hpst materia}ls. An investigation of the Te and _As Il. SAMPLES AND EXPERIMENTS
isoelectronic centers in ZnSTe or GaNAs alloys may give
more information about the band structure of alloys with a The ZnS_,Te, alloy samples used in this study were
large bowing factor and the interaction between isoelectronigrown on (001) GaAs substrates by using the VG V80H
center and host band. MBE system. The thicknesses of the epilayers are listed in
Due to the difficulty in sample growth, there are few Table |. The Te composition was determined by using
works on As isoelectronic centers in N-rich GaNAs alloys.energy-dispersive x-ray spectrometry. They are 0.02, 0.08,
And the early works about Te centers in S-rich ZnSTe alloy€.15, 0.21, 0.25, and 0.30 for samples A, B, C, D, E, and F,
are limited in the range of Te composition less than’0f.  respectively. Details of sample growth have been described
Recent advances of molecular-beam epitBE) technol- elsewheré. For PL measurements under high pressure, the
ogy made the growth of ZnSTe alloys with whole composi-samples were back thinned to about 20n thick by me-
tion possible'® It then gives the possibility of investigation chanical polishing and then cut into pieces of about 100
of the Te isoelectronic centers in the ZnSTe alloys with larger< 100 um? in size. The hydrostatic pressure was generated
Te composition. by a diamond anvil cell. The 4:1 methanol-ethanol mixture
PhotoluminescencéPL) under hydrostatic pressure is a was used as pressure-transmitting medium. The pressure was
powerful tool in the investigation of isoelectronic centers andmonitored by the spectral shift of th® line of ruby. The PL
the band structure of alloys with a large bowing factor. Greaspectra under hydrostatic pressure were measured at room
success was achieved in the study of GaAs:N and ZnTe:&mperature by using 406.7, 488.0, and 325.0 nm lines of
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TABLE I. Sample parameters, binding enefgy, relative bind-  also drawn in Fig. 1 by the dashed line to confirm the inter-
ing energyey,, pressure coefficient of PL specteg and Stokes  ference effect. The PL peaks of ZnSTe, alloys with x
shift Es for ZnS, -, Te, . =0.01-0.03 have been well assigned as the radiative recom-
bination of excitons bound to Jesoelectronic centers::°

X Thickness &, &b « Es Goedeet al® have reported that the PL peak energy of
d(um) (V) (meVIGPa (V) zps,  Te, film with x=0.02 is about 2.65 eV at 300 K

A 0.02 1.8 0.87 0.24 53) 0.924) under ambient pressure. The measured PL peak energy of our
B 0.08 2.8 0.88 0.27 a2) 0.41(5) sample A k=0.02) is 2.68 eV. Thus we attribute the emis-
C 015 2.3 0.68 0.23 50) 0.46(5) sion of sample A to the Tecenters too. In fact, PL emission
D 021 1.6 058 0.21 48) 0.104) from Te, centers has been observed in many telluride 11-VI
E 025 0.8 0.49 0.18 39) 0.146) ternary alloys with larger Te composition values. Reznitsky
F 030 0.36 0.38 0.15 29) 0.185) et alreported the PL spectra of ZnSgTe, alloys with Te

composition up to 0.22. In the work of Goee¢ al. about
CdS,_,Te, alloys the Te composition is up to 0'2.In all
Kr*, Art, and He-Cd lasers as the source of excitation. Thehese work, the PL peaks have been assigned as Te isoelec-
emitted light is dispersed by a JY-HRD2 double-gratingtronic centers or Teclusters. Since our samples are uninten-
monochromator and detected by a GaAs photomultiplier.  tjonally doped, we also attribute the PL peaks of our samples
to the emissions from TFecenters in the ZnSTe alloy; even

lll. RESULTS AND DISCUSSIONS the highest Te composition value is 0.3 in our case.

A. PL spectra at normal pressure The Te composition dependencgs of the PL peak energy
. . Ep, (solid squaresand corresponding band gap of alloys,
In Fig. 1 the normalized room-temperature PL spectra UNE, (solid line), are drawn together in the inset of Fig. 1. The

der ambient pressure of the six samples are shown in thﬁand . : e

- gap of the ZnS , Te, alloy is obtained by transmission
seéquence of Te composition Samples D, E, and F were measurements of the same series of sarmfilecan be ex-
excited by the 488.0 nm line of an Adaser, B and C by the pressed as

406.7 nm line of a Kf laser, and A by the 325.0 nm line of
a He-Cd laser, respectively. Most of the samples have mul-

tipeak structures and show regular periodic oscillations ap- B

parently. These multipeak structures have been proved to be Eg(X) =XEznret (1=X)Ezns~bX(1=X), @)
optical interferencé! The reflection spectrum of sample B is

whereb is the bowing factor and equal to 3.37 &84 ,1.and

0.30 F a6l E,,sdenote the band gaps of ZnTe and ZnS, and are equal to
. N 2.40 eV and 3.64 eV, respectively. We define the binding
3327 energy of the centers corresponding to the PL specti&,as
E BaslE, =E4—Ep_. Because the band gap varies with the Te com-
0.25 I_“cu’ u position valuex, a relative binding energy,=E,/E, is in-
24 'EPL. . " " troduced here. All values d,, ande,, are listed in Table I.
D 20 . With an increase ok, the values ofE, and ¢, decrease
0.21 %2 Comigosition (1 except for sample BX=0.08). For Zn$_,Te, alloys with

x=0.03-0.1, the PL spectra at about 2.51 eV were ascribed
to Te; cluster€~0If we also attribute the PL peak at 2.41
eV for sample B to Tg clusters, it is easy to explain the
larger values oE,, or ¢, for sample B since larger Jelus-
ters will lead to a deeper localized short-range potential and
then result in a larger binding energy. When the Te compo-
sition increases further, the binding energy decreases mono-
tonically. Since the potential difference between the same
A Te, clusters and the host atort@verage of Te and S atoms in
the virtual crystal approximatigrwill decrease with increas-
ing Te compositiot*!® the binding energy will decrease
with x(x=0.08), if all the PL spectra in these samples come
from Te; clusters. There is also another possibility that the
FIG. 1. Normalized PL spectrésolid lineg of six Zng_,Te, ~ €mission of samples with highemay come from larger Te
alloys under ambient pressure at 300 K. Dashed line is the reflectioflusters. In this case the effect of the larger clusters on the
spectrum of sample B. The variations of PL peak eneigplid localized potential must be smaller than the effect of aIon
squaresand corresponding band gésolid line) are shown in the  composition on the potential difference between clusters and
inset as a function of Te composition. the host atoms.
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Figure 2 is the six sample PL spectra under different pres-
sures. Sample A was excited by the 325.0 nm line, B and C
by the 406.7 nm line, and D, E, and F by the 488.0 nm line,
respectively. The PL peaks of all the samples exhibit a blue- FIG. 4. The Te compositiorn dependence of the pressure coef-
shift with nearly no change in the half-width of the peak ficient of the PL peaka) and the variation of pressure coefficient of
bands when the pressure increases. Figure 3 shows the Me binding energy as a function of the relative binding enébyy
peak energy of all the samples as a function of pressure. Thehe x dependence of the pressure coefficient of the band gap ob-
solid lines for each sample represent the results of a leastained from linear interpolatioridashed ling and Eq.(3) (upper
squares fit of experiment data by equation solid line) is also shown ir(a).

Ep (P)=Ep (0)+aP, ) where Ep (0) andEp (P) are the PL peak energy under
normal and applied pressuRe respectively, andr the pres-
sure coefficient of the PL peaks. The valueskdbr different
samples are listed in Table | too. The pressure coefficient of
ZnTe and ZnS is 104 meV/GPa and 63.5 mev/&Raspec-
tively. The pressure dependences of the band gap of these
two binary compounds are also drawn in Fig. 3 as the upper
dashed lines. The lines were vertically shifted for clear com-
parison. The Te composition dependences of pressure coef-
ficients of six samples are shown in Figay The pressure
coefficients decrease withexcept for sample BX=0.08).

For comparison, we need to know the pressure coefficients
of the band gap of alloys. However, there are no experimen-
tal results about these coefficients. Normally, the pressure
coefficients of the band gap of ternary alloys can be obtained
by the linear interpolation of those of binary compounds. The
result of the interpolation of ZnS,Te, alloys is drawn as a
dashed line in Fig. @. In our case, however, the depen-
dence of the bowing factds on pressure must be included.
Then the pressure coefficient of the ZngTe, band gap can

TN N NP N NP R B be expressed as

0 1 2 3 4 5 6 7
rressure (GFe dE *xdEZ”TeJr(l—x)dEzns—x(l—x) db )
FIG. 3. The pressure dependences of PL peak energies for six dpP dpP dP dP’

ZnS, _,Te, alloys. The solid line is the least-squares fit to the data. _ o )
The pressure dependences of the band gaps of ZnTe and ze&ccording to the Hill-Richardson modéfthe bowing factor
(dashed linesare drawn symbolically too. b can be written as
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const shows that the pressure behaviors of, T@electronic cen-
b= i (4)  ters are tightly related to the depth of these levels apart from
a the top of the valence band.

) _ _ Beyond our expectation, it is found in Fig(b} that the
wherea is lattice constant of ternary alloys. By using Mur- resqre coefficient of the binding enerdg, /dP increases
nahan’s equatiof whene,, becomes smaller. If the PL spectra come from larger
Te, clusters when the Te composition valkes higher, the
range of the localized potential of larger clusters should be
more extended. This will result in similar pressure behavior
of Te, centers to that of the band gap. Even if all the PL
whereV«a? is the volume an® andB’ are the bulk modu- spectra come from the same, Telusters, the smaller differ-
lus and its pressure derivative, we can express the pressueice between the localized potential of, Bdusters and host

P o Bp)-BiEP 5
m—()—+ , 5

derivative ofb as potential of Zn$_,Te, should also lead to a smaller differ-
ence of the pressure coefficient of the, Bdusters and band
db 4b gap. . .
—_— (6) According to the calculation of Hennig and co-workers
dP  3(B+B'P) using the Koster-Slater model in the one-band one-site

approximation*!® the binding energyE,, for the bonding

In our calculation, we used the averageBfor x=0-0.3  state of Te clusters can be expressed as
and letP=0 to evaluatalb/dP. In Fig. 4(a), the upper solid
line is drawn according to Eq3). At this time, the pressure 1
coefficients of the band gap become smaller than that ob- Eb,bond=§
tained from linear interpolation. Even in this way, the pres-
sure coefficients of PL peaks are still much lower than thos¢n which J is the matrix element of the Feisoelectronic
of the corresponding band gaps except for sample B. Fopotential in Wannier representation ahds the bandwidth of
sample B £=0.08), the pressure coefficient of the PL peakthe valence band in a semielliptic Hubbard density
is lower than that of the band gap evaluated by linear intergpproximatiorf* It should be noticed that the binding energy
polation, while it is very near to that of the band gap calcu-in Eq. (7) is defined as the difference between the zero-
lated by Eq(3). For thin-film samples, on the other hand, the phonon line of bound excitons and the emission band of free
difference of the compressibility between epilayer and subexcitons. Here, we neglect its difference with our definition
strate may add biaxial strains to the heterostructure. Thef the binding energy. For other Jem=1,3, and 4) iso-
strains will induce a decrease of the pressure coefficient Qg|ectr0nic centers the b|nd|ng enerEM is also related tQ
the epilayer” According to Rockwell's model} we evalu-  andT.15We can see that the pressure coefficient of the bind-
ated the pressure-induced strains in the ZnSTe/GaAs strughg energyE, is related to bothdJ/dP and dT/dP. The
ture for the pseudomorphic situation. The decrease of pregmaller binding energy reflects a smaller localized potential.
sure coefficients due to that effect is less than 2%jt may then result in a smalledJ/dP. On the other hand,
Considering that the thickness of the epilayer of our sampleg 1/ p for different Zng _, Te, alloys with different Te com-
is about 1 um, the effect of strains on the pressure coeffi-positionsx should be distinct, because the pressure coeffi-
cients will be insignificant. cients of ZnS and ZnTe are very different. The Te composi-

It is well known that the smaller pressure coefficient of tjon dependence afE, /dP is then determined by these two
the PL peak than that of the corresponding band gap is gffects. The change idT/dP with Te composition may be
typical characteristic of deep levels. All the arguments abovene main reason for the abnormal increase Bf,/dP when

support that the emission peaks in our experiment reasonably qecreases. However, more theoretical analysis is expected
originate from the radiative recombination of excitons g testify to our assumption.

trapped at Tg(n=2) isoelectronic centers. Because the trap-
ping potentials of Tgn=2) isoelectronic centers are rather
localized, the wave functions of hole trapped on them should
be a mixture of the wave functions of the whole valence We also investigated the integrated intensity of PL spectra
bands and which leads to the great difference of the pressuees a function of pressure. Figure 5 shows the pressure depen-
behaviors between the PL spectra of isoelectronic centerdences of the integrated intensities of samples<A 0.02)
and corresponding band gap in Zn$Te, alloys. and C =0.15). With the increase of pressure, the inte-
Sample B &=0.08) has a large binding energy and largergrated intensities decrease nonlinearly. Similar results are ob-
pressure coefficient. In Fig(d) we draw the variation of the tained from other samples. In Ref. 6, we have measured the
difference of the pressure coefficient between the band gapressure dependence of the integrated PL intensities of
and the PL peak energgE,/dP=dEy;/dP—dEp /dP, as  sample D k=0.21) excited by 406.7 nm and 488.0 nm lines,
a function of relative binding energy,,=(E;—Ep)/Eq. respectively. And we have proved that the decrease of the
The Te compositiorx is labeled near the data point. We can integrated intensity of PL spectra is due to the descent of the
see that the pressure coefficient of the binding energwbsorption efficiency from deep centers to the conduction
dE,/dP increases monotonically with a decreasejn This  band. This descent results from the approach of the distance

J+T !
2 2J

J 3T+
2 2

> 1+

: )

C. Pressure dependence of PL intensities
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L Stokes shiftEg, half-width of the absorption ban@, and

constantC as fitting parameters, we fitted the measured in-
tegrated intensities of each sample by E&s, (9), and(10).
The fitting results of sample AxE0.02) and C x=0.15)
are shown in Fig. 5 with solid lines. The values B§ for
each sample are listed in Table I. Since the PL peak was near
to the laser energy406.7 nm for sample A in Ref. 6, we
remeasured the data of sample A by using a 325.0 nm laser
line. Because the laser energy of 325.0 nm is higher than the
band gap of sample A in the pressure range of 0—3.5 GPa,
the absorption from valence band to conduction band should
be considered. However, it will induce more fitting param-
eters and make the fitting procedure more complicated.
Therefore we did not include the band-to-band absorption in
our fitting. We obtained the Stokes shif of sample A as
. . 920 meV, which is near to the Stokes shift of,Tisoelec-
ogomp?é%itior?'zx) 00 tronic centers, 930 meV, reported by Fukushima and
L b1 Shionoya’ The fitting result is also in good agreement with
1 Fgress?Jre (éPa)s 6 our PL excitation(PLE) experiment that gives a Stokes shift
of about 1.0 eV from sample A. In the inset figure of Fig. 5,
FIG. 5. The pressure dependences of the integrated intensities ¥fe draw the variation of the Stokes shift; (solid squares
sample A(solid squargsand C (solid diamonds Solid lines are as a function of Te compositior. The solid line is just a
fitting result by Eq.(8). The variation of the Stokes shifg (solid guide for the eye. For comparison, the valuekf (open
squaresas a function ok is shown in the inset together with the circle) measured by PLE spectra for sample A and the acti-
PLE result(open circle and the activation energi¢spen triangles vation energie@pen triang'ebmeasured by the temperature
_ dependence PL spectra for sample ©=0.21) and F X
between the deep centers and conduction band to the Iasgr0.30) (Ref. 11 are depicted too. Although the activation
energy. According to the research of Te isoelectronic centergnergy is different with the Stokes shift, they have the same
in ZnS, there exists a large Stokes sEiffbetween its emis- agnitude. Thus these data from experiment further testify
sion band and the absorption band because of the lattiGeat the Stokes shifts fitted from our model above are reli-
relaxation’*° If we describe the density of states of the,Te gpje. We can see that the Stokes Skiff decreases with
isoelectronic centers by a Gaussian function with half—widthmcr(_:.asmg Te composition. As discussed above, the PL spec-
G and assume th&is andG are independent of pressure, We yym of sample A x=0.02) comes from Teisoelectronic
can express the integrated intensity of the PL peak und&fenters and that of sample B<0.08) or other samples with
pressure ds largerx from Te, or larger Te clusters. Goedet al*® have
shown that the larger Jeclusters have smaller lattice relax-

x=0.15(406.7nm)

-
o
™
T
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T

Intensity (arb.units)

Stokes Shift (eV)

—_
OAA
=}
N
T
L]
.

o
o

o

10°

] _ 312
IZCJ (Eitho—Eco) - ation in CdSTe alloys. The decrease of the difference be-
(E,—Eyo)¥] 1+ Eitho—Eco tween potentials of the localized clusters and host atoms will
romvo Ei—Evo lead to a descent of lattice relaxation. Then, the decrease of

Es with an increase ok is a reasonable result.

(Ei—Eip)?
exp( — W) dEI , (8)

whereE,, andEq are the energy of the top of the valence
band and the bottom of the conduction band, respectively; The PL emission bands of ZpSTe, (0.02<x=<0.3) al-
Eio is the central position of the absorption bardy is the  loys with six different Te compositions values have been
photoenergy; andC is a constant. According to the model measured under hydrostatic pressure at room temperature.
above, the central position of the absorption b&glunder ~ These emission bands originate from the excitons trapped at
hydrostatic pressure is expressed by Te,(n=2) isoelectronic centers)=2 for the sample with
x=0.02, andh=3 for samples with higher composition val-
Eco— Eio=EpL(P)+Es=Ep (0)+aP+Es. (9 ues. The pressure coefficients of the emission bands are
smaller than those of the corresponding band gaps of alloys.
It is a characteristic of the deep levels. The variation of the
pressure coefficient as a function of Te composition is dis-
_E / cussed. It seems tightly related to the binding energy qf Te
Eco=Eq=Eg(0)+a’P, (10 centers. The pressure coefficient of the binding energy pf Te
whereE4(0) is the band gap under normal pressure ahd centers increases with a decrease of the relative binding en-
is the pressure coefficient of the band gap. With taking theergy. This phenomenon needs further theoretical analysis.

IV. SUMMARY AND CONCLUSION

If we take the top of the valence band as zero, tEgg
=0 and
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