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Origin of the large band-gap bowing in highly mismatched semiconductor alloys
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Photomodulated reflection, optical absorption, and photoluminescence spectroscopies have been used to
measure the composition dependence of interband optical transitions in Ziggand Zng _, Te, alloys. The
results reveal entirely different origins of the large band-gap bowing for small and large Te content. On the
Te-rich side, the reduction of the band gap is well explained by the band anticrossing interaction between the
Se or S localized states and the ZnTe conduction-band states. On the Se- or S-rich side, an interaction between
the localized Te states and the degenefatalence bands of ZnSe or ZnS is responsible for the band-gap
reduction and the rapid increase of the spin-orbit splitting with increasing Te concentration. Results of the
soft-x-ray emission experiment provide direct proof of the valence-band anticrossing interaction. The band-gap
bowing in the entire composition range is accounted for by a linear interpolation between the conduction-band
anticrossing and valence-band anticrossing models.
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[. INTRODUCTION previously observed N resonant states and the conduction-
band states of the host semiconductor modifies the electronic
Despite decades of extensive studies, there is no congiructure of the material and is responsible for these obser-
monly accepted explanation of the origin of the widely ob-Vvations. The model has not only explained the observed ex-
served, nonlinear dependence of the fundamental band g&gfimental results but also predicted other effects in
on the composition of semiconductor alloys. Typically, it has!" ¥ l,XNxsﬁaIons that has been now experimentally
been assumed that the deviation from a linear dependen

é)nfirmed. _ _
predicted by the virtual crystal approximatioiCA) can be Recently, the BAC model has also been applied to Te-rich
accounted for by including effects of disorder on the

ZnSq _Te _and Zng_,Te, alloys ()_(2 0.8), in which strong
conduction- and valence-band edge. In this approach, threducnons in the band gap and in the pressure coefficients

L . ; Smilar to those in V,_,N, have also been observéd.
composition dependence of the band gap is described by fqqe gpservations havexbexen fully accounted for by the an-

second-order polynomial with the quadratic term propor-icrossing interaction between the S or Se localized levels
tional to the so-called bowing parameter. In a more recenjnq the znTe conduction-band edge. In its current form, the
treatment of this issue, it was argued that the bowing paramgac model is applicable to the cases of dilute alloys, where
eter can be decomposed into three parts originating from small fraction of highly electronegative atoms replace more
charge exchange, volume deformation, and structural relametallic anions. In this article, we report our studies of the
ation, respectivel§.But in this theory it was also assumed glectronic structure of Zn$e,Te, and ZnS_,Te, alloys in
that a single bowing parameter can describe the band-gape entire composition range. The combination of optical and
behavior in the whole composition range. soft-x-ray emission experiments shows the complex nature
Recent progress in the epitaxial growth techniques has ledf the band-gap bowing in these materials. The results dem-
to successful synthesis of alloys of distinctly different semi-onstrate that on the Se-ridfor S-rich side, the band-gap
conductor materials. The most prominent class of suclpowing is mostly determined by an anticrossing interaction
highly mismatched alloy$HMAs) is IV ;_,N, materials, between the Te localized level and the extended states of the
in which standard group—Iil-V compounds are alloyed withZnSe(or Zn§ valence bands near the Brillouin-zone center.
group-lll nitrides. The N-induced band-gap reduction and the
greatly reduced pressure dependence of the band gap in these
alloys significantly deviate from the VCA-based predictions.  Bylk ZnSq_,Te, crystals were grown by either a modi-
It has been demonstrated that the composition dependence f@éd Bridgman methdton the Te-rich side, or by the physi-
the band gap of these alloys cannot be described using @l vapor transport methddn the Se-rich side. Thin films of
single bowing parameter. A band-anticrossin®AC)  zZnS,_,Te, were grown by the molecular beam epitaxy tech-
modef* has been developed to explain these unusual effectsique in a VG V80H system on a semi-insulatif@0l)
In the BAC model, the anticrossing interaction between theGaAs substratt’ The thickness ranged from 0.6 to 3uin.

II. EXPERIMENT
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FIG. 1. Typical ER spectrum obtained at room temperature forpredicted by the VCA. The spin-orbit splitting, in contrast,
ZnSq Te, alloys with a range ok. shows a concave dependence on the alloy composifign.
) . ) . increases rapidly for smaX until x~0.5. The different be-
The energies of the critical point transitions were meagayior of A, on the Se-rich side and the Te-rich side suggests

sured using the photomodulated reflectafie® technique iterent origins of the band-gap bowing in Se- and Te-rich
at room temperature. Quasimonochromatic light from a haIOZnSa_,XTeX alloys.

gen tungsten lamp dispersed by a 0.5-m monochromator was |, re_rich alloys &—1), the BAC model predicts a new

focused on the sample as a probe beam. A chopped HeGdh gy ction-band edge formed by the anticrossing interaction

laser beam provided the modulation. The transition energie§anyveen the Se localized states andiff@nduction band of
and the linewidth broadenings were determined by fitting the;, 767 The localized Se level lies at 2.85 eV above the

PR spectra to the Aspnes third-derivative functional fotm. | Jience-band edge of ZnTe. It has been shathat the per-
PhotoluminescencéPL) signals were generated in the back- ,hation of the Se localized states on the ZnTe conduction

scattering geometry by excitation with the 476.5-nm line ofp o gyccessfully explains the composition and hydrostatic

?nnor?ggc]:zrr]olr?lz;;rand were dispersed by a 1-m double-gratingeqqyre dependencies of the fundamental band gap on the
. Te-rich side EJ° ™).

¢ _Thdebsoft->_<-ray ffltuorescergce d?ta of glns{tex were ob- For Se-rich alloys X—0), the rapid increase i, at
ainéad by using Soit-x-ray absorption and Soft-x-ray émission, ., . implies a perturbation on the valence bands intro-
spectroscopies at beamline 8.0 of the Advanced Ligh uced by the incorporation of ZnTe in ZnSe. It has been

Source. The combination of these two techniques enables | ; : . : X
T . X . nized ver hat the isoelectronic Te impuri
to derive information about the partial density of states of theécog ed very early that the isoelectronic Te impurity

duction band and val band f | ?ubstituting Se in ZnSe forms a localized level above the
con uct!qnnlzan and vaience band for a large range Qjgience-pand edge. At dilute concentrations, the Te level
composition. gives rise to a strong broad luminescence line below the
band gap?® In close analogy to the anticrossing effect be-
[ll. RESULTS AND DISCUSSION tween the Se localized level and the ZnTe conduction band
on the Te-rich sidé,we consider the hybridization between
the localized Te level and the valence bands of the host ma-

Figure 1 shows typical PR spectra obtained from theerial. The original fourl's and twoT'; valence bands are
ZnSq _,Te, alloys with several compositions. The feature atdescribed by the conventionalx@ Kohn-Luttingerk-p
lower energy Eg) corresponds to the critical transition from matrix'® with band-edge energies set at corresponding VCA
the top of the degenerate heavy-hdie) and light-hole(lh)  values. An 8<8 Hamiltonian matrix H,) is formed by aug-
valence bands to the conduction-band edge. The feature afenting the 6<6 matrix with two localized Te states with
higher energy E,+Ao) is attributed to the transition from energyE+, and opposite spins. The valence-band restructur-
the top of the spin-orbit(s.0) valence-band to the ingis computed by diagonalizing this<8 matrix. Choosing
conduction-band edge. as a basis the six time-reversal symmetry-invariant wave

The composition dependencies of the fundamental banflinctiong® for the valence bands, the matrix elements for the
gap (Eg) and the spin-orbit splitting4,) are shown in Fig.  columns corresponding to the Te states are listed in Table I.
2. The data shown in Fig. 2 are in quantitative agreement |n Table I,V is the hybridization energy between the Te

with  previous  observations by  electroreflectancejocalized states and the three wave functions oftheep-
spectroscopy and photoconductivity measuremefitsThe  resentation of tha, crystal group,

energy gap shows a convex dependence on the Te concentra-
tion that deviates significantly from the linear dependence as  V=(Te|U|X)=(TelU|Y)=(TelU|Z)=Cznse1e/X. (1)

A. Valence-band anticrossing
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TABLE |I. The matrix elements oH, involving the Te localized level.

3.9 3.9 -3  B-d 3.9 -9 Tet) [Tel)
(1+i) iva (1-i) 1 (1+1)
TeT) ——V ——v —V 0 —vVv - \Y; E 0
| v V3 /6 V3 V3 Te
(—=1+i) V2 (1+10) (1+i) i
Te |) 0 v Vv v L 0 E
| /6 i Va V3 Y T

In Eq. (1), we assume a square-root dependence on the inthe Te localized level at 0.10 eV above the top of the original
purity concentration similar to that obtained in the case ofZnSe valence band. This energy location is close to the value
the conduction-band hybridizatidr.C,,s. 1S @ parameter reported in Ref. 15 for the Te level in low-Te-concentration
that describes the coupling strength and is to be determinedinSeTe alloys.
by fitting with experimental data. The four doubly degener- We note the unusual composition dependence of the line-
ate eigenvalues dfl, have been computed. In the Brillouin- width of the E, feature shown in Fig. 1. An abrupt broaden-
zone center, they can be named according to the nature @fg of the linewidth is observed on the Se-rich side. The
their wave functions a&re.jixe; Enn-iikes Eindiike» @NdEgo.ie  linewidth as a function of composition is shown in the inset
in order of descending eigenenergy. Since the energy level aff Fig. 2. This composition dependence of the PR linewidth
the Te localized states is located above the top of the origina quite similar to the behavior of the previously reported PL
valence band, a new edge of valence band is formed at efinewidth in ZnSe_,Te, alloys'* The asymmetry in the PR
ergy Er.ke- The fundamental band gap in Se-rich line-broadening behavior is associated with a change in the
ZnSg _,Te,, denoted agge‘”d(x), is attributed to the tran- nature of the band-edge states. It has been found by a
sition between the VCA conduction-band edge and thigsreen’s function calculatidn that the energy broadening of
newly formed valence-band edge. The spin-orbit splitting isan eigenstate in the localized-extended hybridization system
given by the energy separation betwden i andEq , _jie- is proportional to the admixture of the localized states in its
We note that the orthogonality between opposite spin stategave function. The curve in the inset is a fit to the linewidth
leads to two zero-valued off-diagonal matrix elements indata based on the percentage of localized states in the wave
; 33 3 _3 function of Eqe_jie. The large linewidth for smaklt values is
Table 1, i.e.,(Tel|2,3) and(Tefls, ~3). As a resul, the associated with the localized nature of the Te-like states at
r{t;‘e top of the valence band. Foerclose to 1, the delocalized

heavy-hole band does not mix with the Te states atlthe
point, and the energy of the heavy-hole band edge remal(pature of both the conduction- and the valence-band edges
results in a narrow linewidth for the PR spectra.

unchanged. The light-hole and spin-orbit valence-ban
edges, on the other hand, are pushed downwards by the i
ticrossing repulsion from the higher-lying Te level. The en- o )
ergy degeneracy between the heavy-hole and the light-hole B. Soft-x-ray emission experiments
bands in the Brillouin-zone center is thus removed. This an- |t is important to note that according to this model, the
ticrossing interaction not only shifts the band edge in themain contribution to the band-gap bowing originates from
Brillouin-zone center but also affects the dispersion relationshe downward shift of the conduction-band edge, on the Te-
of the valence bands. Calculations show that the restructuregth side, and an upward shift of the valence band, on the
valence bands become largely nonparabolic, similar to thge-rich side. To independently confirm this assertion, one
case in the conduction-band anticrossirig. needs to determine the conduction- and valence-band offsets
In order to fit the experimental data in the entire compo-as a function of composition. In this context, we have used
sition range (6sx<1), we adopt a linear interpolation soft-x-ray emission(SXE) spectroscopy to measure the
scheme, similar to the spirit of the original VCA interpola- valence-band shift in ZnS, Te, . A large shift of the valence
tion, between these two effects, i.e., the conduction-ban@and is expected in this alloy system, as it has been known
BAC on the Te-rich side and the valence-band mixing on théor a long time that the localized Te level is separated by as
Se-rich side. For the composition dependence of the fundanuch as 1.2 eV from the valence-band edge of #hS.

mental band gap, it is written as Figure 3a) shows typical SXE spectra for a few
. _ ZnS, _,Te, samples excited at the $devel. In this experi-
Eg(x):(1—x)Ege'”°r(x)+xE;e'”°h(x). (2 ment, the excitation x-ray energy first scanned across the S

2p core levels, and the partial fluorescence yield was re-

The linear interpolation weights the importance of these twacorded as the x-ray absorption spectrum. The threshold en-
effects by the concentration of the majority component fromergy of the excitation determines the energy of the
each side. conduction-band minimum with respect to the core level.

The band gap and the spin-orbit splitting obtained fromThey are shown as the right-hand side of the curves in Fig.
Fig. 1 are shown in Fig. 2 in comparison with the calcula-3(a). The doublet structure due to the $s2 and S 2,
tions. The best agreement with experiments can be obtainesplitting (~1.6 eV) is clearly resolved® especially on the
by setting the coupling parameter @s,s..1&0.30 eV and  ZnTe-rich side. The excitation energy was then tuned to the
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FIG. 3. (a) Typical S 2 soft-x-ray emission and absorption interpolation between thE,— E1g_jixe @and E.— Eph.ie fitting to the
spectrum of Zng_,Te, alloys. (b) Conduction-band minimum and composition dependence of the measured band gaps.
valence-band maximum determined by soft-x-ray emission as a

function ofx. band minimum and the S level located a0.36 eV above

the minimum was assumed. A valence-band anticrossing on

edge of the conduction band so that only the |&,2core  the S-rich side was calculated and an interpolation as ex-
level was ionized. The x-ray emission due to electronic tranpressed in Eq(2) was carried out over the whole composi-
sitions from the upper valence-band region to this core levelion range. The best fit is obtained by setting the Te level at
was monitored with an energy-dispersive detector. The emist.2 eV above the valence-band maximum of ZnS and a cou-
sion spectrum is shown in Fig(& as the left-hand side of pling constant ofC,,5.1=0.5 eV. It can be seen that the PL
the SXE curves. In this way the relative shifts of the peak energy is predicted well by the transition from the
conduction-band minimun{schematically shown by the conduction-band minimum to the highest, Te-like valence-
dashed arrow in Fig.(@] and valence-band maximuisolid ~ band edge. The dashed line in Fig. 4 is an empirical weighted
arrow in Fig. 3a)] as a function of composition are directly interpolation between calculatecE,—Erejie and E.
measured. The results are summarized in Hig).3tis evi-  —Epie. The measured band gap of Zn$Te, deviates
dent that, in agreement with the BAC model, the top of thefrom E.— E;.ike @S @ result of the hybridization. But unlike
valence band exhibits a strongly nonlinear composition dein ZnSg _,Te,, it does not immediately folloVE.— E ke
pendence on the S-rich side. This upward shift is caused byecause of the much larger energy separation between the Te
the transition in the nature of the highest valence-band edglevel and the valence-band maximum of ZnS. Consequently,
from that of extended states of pure ZnS to localized Te-likethe fraction of extended states at the top of the restructured
states hybridized with the extended valence-band states @hlence bandi.e., E1.je) iS too small to contribute to the
the ZnS matrix. absorption or PR transitions. Such transitions are only ob-

Figure 4 summarizes the transition energies measured kservable when the anticrossing interaction becomes strong
different techniques over the entire composition range of thenough at higher Te concentrations.
ZnS,_,Te, alloy. The data points from PR and absorption  The new understanding of the origin of the large band-gap
experiments that measure the large density of extended stateswing in these alloys also allows one to calculate the com-
show a strong band-gap bowing. On the other hand, the Pposition dependence of their conduction- and valence-band
peak is shifted to lower energies as it is associated with opeffsets. For example, similar to the expression of the band
tical transitions to deep states. The energy gap measured lgyap as a function of in Eq. (2), the conduction-band mini-
SXE in Fig. 3 is also plotted in Fig. 4. Within experimental mum (E;) of ZnSq _,Te, alloys can be written as
error, these gap energies agree with the band gaps measured
by absorption PR experiments. This agreement confirms that
the band edges measured by SXE in Fig. 3 are indeed the Ec(X)=(1—x)EZ ™ x) +xELEN x), ®)
ones involved in the interband transitions observed in ab-
sorption and PR experiments. _ _

Based on these observations, we have applied the bandhere EZ*"“x) and EZF"(x) are the conduction-band
anticrossing model to ZnS,Te,, too. The results are shown edge on the Se-rich sid@iven by the VCA and on the
as curves in Fig. 4. On the Te-rich side, as shown in Ref. 7Te-rich side(given by the conduction BAL respectively.
an anticrossing interaction between the ZnTe conductionThe determination of the band offsets in the BAC model
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provides useful information for the design of heterostructure IV. CONCLUSIONS
devices based on these alloys.

The calculations and their comparison with experimentaL1iq
results support the notion of different origins of the band'gapoand-edge energies in ZnSeTe, and ZnS ,Te,. We
bowing in Se-rich(or S-rich and Te-rich ZnSg.,Te (0 ghow that the band-gap dependencies cannot be described in
Zn$, Te) alloys. The results are also important for under-iermgs of constant bowing parameters. The composition de-
standing the doping behavior of these alloys. As has beefendences of the fundamental gaps and spin-orbit splitting
shown recently, the N-induced modification on the are determined by anticrossing interactions between local-
conduction-band structure of GaAs greatly improves the acized Se, S, and Te states and the extended band states. The
tivation efficiency of shallow donors in Gaps,N, alloys.  model is general and applicable to all other highly mis-

In the view of the findings in these II-VI alloys, we also matched alloys including GaAs,Sh, and GaR_,Sh, .
expect that the downward shift of the conduction-band edge
in Te-rich alloys and the upward shift in Se-riébr S-rich
alloys should also lead to improvements in the activation
efficiency of donors in the former and acceptors in the latter. This work is supported by the Director, Office of Science,
These predictions are in agreement with experiments thadffice of Basic Energy Sciences, Division of Materials Sci-
have shown that alloying of ZnSe with small amounts ofences and Engineering, of the U.S. Department of Energy
ZnTe greatly improves the activation efficiency of nitrogenunder Contract No. DE-AC03-76SF00098. The work at Pur-
acceptorg® The enhancement of the hole effective mass as aue received support from the National Science Foundation
result of the valence-band restructuring may also have adsrant No. DMR-0102699 and ECS-01298535ER as well
vantageous effects in hole-mediated ferromagneti@s Purdue University Reinvestment Program. J. Wu acknowl-

In summary, we have used a variety of experimental tech-
ues to determine the composition dependence of different
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