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Electronic band structure of ordered vacancy defect chalcopyrite compounds
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First-principles local-density-functional calculations are presented for the electronic band structures of the
ordered vacancy defect chalcopyrites with formula I}-Ml, for II=2Zn, Cd, Hg, IlI=Al, Ga, In, and VI
=S, Se, Te. Their relationship with the band structure of their parent chalcopyrite compounds J-With/|
I=Cu, Ag, and their grand parent 1I-VI compounds is clarified. An empirical correction for the band gaps
beyond local-density approximation is introduced and shown to give good agreement for cases where data are
available. The chemical trends are discussed.
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[. INTRODUCTION to use angular tuning phase matching. Hence, some of the
chalcopyrite semiconductors such as ZngeRdGeAs,

The chalcopyrite crystal structure is common to com-and AgGaSg have found their primary applications in the
pounds of chemical formula II-IV-Y and I-1ll-VIl,. These development of optical parametric oscillators and frequency
can be thought of as being derived from a parent compoungoublers in all solid-state tunable laser systéfiishe even
I1I-V and 11-VI, respectively, by replacing the group-Ill ele- lower symmetry of the defect chalcopyrit€s suggests that
ment by alternating a group-Il and group-IV element or thethe_y will be bigxial and may also have intergsting nonlir)egr
group 1l by a group-l and group-lll element. Well-known qpt|cal properties. Rather hlgh_nonllnear optical susceptibili-
examples are ZnGeRand AgGaSg respectively. All these [i€S were measured by Levinetal. for CdGaS, and
compounds exhibit tetrahedral bonding and are derived fror)f'gG@lS;Mand eég)lalned on the basis of a bond-charge
the zinc-blende crystal structure. The local valence is mainM0del: ™" The x3,,=2dss was measured to be 27 pm/V for
tained as long as each group-V anion is surrounded by tw&dG&Ss, 1-e, 20-30% larger than AgGas® A similar
group-Il and two group-IV cations. The chalcopyrite struc-V&/ué was measured for Hg&H and the birefringence was

ture corresponds to a particular ordering of the two types Oround to be Iarger_for this materi&t While it is true that the
cation. ower symmetry will allow other nonzero components of the

2 . .

Another class of tetrahedrally bonded materials, known aé(i(ik)ZZd”k tensor, the magnitude of the® is k”OV_V” to
the defect chalcopyrites, exist and forms the subject of thiyary strongly with band gap and the latter are still poorly
paper. These can be considered “ordered vacancy” comknown. In the point group 2m=D,q, the symmetry al-
pounds. For example in a I-lll-yl compound, we may lowed components aré,;,=dy,,=d,s=dyy, and dzs=d,xy
double the formula unit and then remove one of the group-Which are further more equal in the static limit by Kleinman
elements, thus creating a vacancy and replacing the otheymmetry. In the pointgroup4S,, the allowed components
group | back by a group-Il element to maintain the valency.are all of the above and in additiord;s=d,,,= —ds,
For example CuGaSecan be turned into Zi] Ga&Sey, =d,y, anddz;=d,,,= —d3,=d,yy.
whereld represents the vacancy. Several of these compounds From an electronic structure theory point of view, the
are known and a summary of their properties known so faguestion arises how the band structures of these materials are
can be found in Ref. 1. Different crystal structures withrelated to those of their parent I-lll-Ylcompounds and the
slightly different ordering of the cations and vacancies as‘grand parent” [I-VI compounds. In this paper, we primarily
well as order-disorder transitions exist in these materials. Arinvestigate the band structure trends in this family of com-
excellent discussion of these issues can be found in Georggounds and their relation to the parent compounds as a pre-
biani et al? and Bernard and Zung@in this paper we focus liminary for future studies of the nonlinear optical properties.
on the compounds which have the so-called thiogallate struc-

ture with space group4. Crystal structure data can also be

found in Refs. 4—10. The knowledge about the band struc- Il COMPUTATIONAL METHOD

ture and optical properties of these compounds is still rather First-principles density-functional calculations are used in

scarce. Optical absorption and band gaps were investigatdéte local-density  approximation (LDA).!°  The

in Refs. 11-14. Reflectivity spectra were measured foHedin-Lundquist® parametrization is used for the exchange

ZnGaSe, and CdGaS, by Turowskiet all® Some previous and correlation potential. The band structure method used is

theory work can be found in Refs. 16, 17. the linear muffin-tin orbitalLMTO) method in the atomic
The reduction from cubi@4 symmetry of the zinc blende sphere approximatiotASA).?! Brillouin zone integration is

to tetragonal symmetrip,4 makes the chalcopyrite crystals carried out with a regularly spaced mesh of 6X 6 points

birefringent and thus useful for nonlinear optical frequencyin the reciprocal unit cell and reduced by symmetry to 35

conversion applications because the birefringence allows onereduciblek points.
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While in principle, we could optimize the lattice constants Experience has shown that shifting of these empty sphere
and internal structural parameters, we have here chosen &md cations states by a few 0.1 Ry shifts the conduction
use experimental lattice constants as given in Refs. 1 and dands up by the order of an eV without significantly modi-
and further explained in the following section. We have alsdfying the valence bands. Thus we can semiempirically deter-
investigated the effect of the atomic relaxations by comparmine the necessary shifts to obtain a target band gXmad
ing the band structures with idealized positions and experif’ in II-VlI compounds. In the process, the gaps at otker
mental positions. Details are provided in the following sec-points also improve because they have a wave-function basis
tion. set composition intermediate between those states.

As is well known, the local-density approximation under- It is clear from a first-order perturbation theory point of
estimates the band gap. However, in the present case, we caiew that these shifts essentially must correspond to the ex-
estimate corrections to the band gap based on the similaritiggectation values ok, .—v,. and should therefore be repre-
of the band structure with the parent and grandparent consentative of the particular LMTO basis state and be to some
pounds and using known results on the experimental banextent transferable from one compound to another. In order
gaps of those. to make this approach useful for new compounds with as yet

As is also well known, the reason for the band gap underunknown band gaps, we need to show that the required shifts
estimate in the LDA is that the Kohn-Sham one-particlefor II-VI compounds follow certain chemical trends and that
equation strictly speaking does not provide quasiparticle exsimilar shifts can then be applied to the I-1ll-/thalcopy-
citation energies. The equation for quasiparticle energies irites and to the 1l-1l}-VI, defect chalcopyrites. We will in
the so-calleds W method>2~%° differs from the Kohn-Sham fact show that a universal shift essentially independent of
equation by the fact that the local exchange-correlation poeation provides already a basic improvement of all the gaps.
tentialv, is replaced by a nonlocal self-energy operdQg  Further details are provided in Sec. IV.
which is essentially the product of the one-electron Green'’s
function G and the screened Coulomb interactldh One of ll. CRYSTAL STRUCTURE
the major consequences of this is essentially a shift of the
conduction-band states relative to the valence-band states. The chalcopyrite crystal structure has a body-centered te-
This effect can be simulated by shifting the diagonal eleiragonal Bravais lattice for which the primitive unit-cell lat-

ments of the LMTO Hamiltonian. tice vectors can be chosen as/Zal/2,—c/2), (al2,
In the LMTO method the Hamiltonian has essentially a—a/2,c/2), (—al2,a/2,c/2). The unit-cell contains two for-
two-center tight-binding forni* mula units. The atomic positions are

I: (0,0,0,(a/2,0c/4)
HrirrL (K)=CridrLrrLr + VARISRLR L (K) VAR, @

lH: (a/2,a/2,0),(0,a/2,cl4)

in which Sz g /(k) is the structure constant matriRL )
label the atomic siteR and angular momenta=Im of the VI (ua,al4cl8),(-ua,—al4c/8),(al4,~ua —cl8),
basis set an€Cg, and A, are potential parameters that de- (—a/4ua,—c/8).

termine, respectively, the “center of tHel band” and the N _

“width of the bands.” To be precise, this Hamiltonian in the N addition, in the ASA LMTO method, we place empty
so-called nearly orthogonal representation is correct to se@Pheres at the positions

ond order in E—E,) with E,, the linearization energy of the
LMTO method. In reality, we include further three-center Bt (0a/2,0),(a/2,0,0

correction terms and third-order corrections but these are ir-

relevant for the present purpose of explaining our gap cor- E2: (a/4,—al4c/8),(—al4al4cl8),(al4al4,~cl8),

rection method. The point is that by simply shifting the di- (—al4,—ald,—cl8)

agonal element€g, we can modify the position of the center

of the RI band. It turns out that the conduction-band mini- Es:  (0,0c/4),(al2:a/2,cl4).

mum atl" in tetrahedrally bonded semiconductors has prima-

rily cation s character, while the valence-band maximum hasThe ratio n=c/2a is 1 for the idealized structure and the
primarily anionp character. In the ASA, we introduce empty parameteiu=1/4 for the idealized structure. In most cases,
spheres at the tetrahedral interstices to fill space with sphereg<1 andu>1/4 which implies that IlI-VI bond length is
which are not too much overlapping. The wave functionsshorter than the I-VI bond length.

then also contain expansions in muffin-tin orbitals centered In the defect chalcopyrite structure, the second of the
at these empty sites. Thebasis states on the empty spheregroup-I elements is missing and replaced by an empty sphere
with nearest-neighbor cations also have a large contributioof type E,. Furthermore, the position of the anion VI now
to the first few conduction-band states, and in particulacan deviate from the ideal 1/4 position in all three directions.
strongly influence the position of the state Jat Since in  So, there are now three internal structural parameters
chalcopyrite the states &tbecome folded aF', the firsttwo  (x,y,z). Some caution must be used in using the crystallo-
conduction bands aX determine the position of the second graphic data given in Ref. 1. The atomic positions in Ref. 1
and third conduction band dt for a direct-gap situation. are
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vacancy (0,0,0
I (0,1/2,1/4
. (0,0,1/2,(1/2,0,1/4,

VIE (X%,Y,2),(=X%,—Y,2),(—Y.X,—2),(Y,—X,— 2),

in units ofa for x andy coordinates and in units affor the

z coordinate. Most values given in the table i, andz are
such that the atoms would seem to move away from the
vacancy and toward the group-Il atom. This seems unlikely.
It turns out that the original paper by Halenal? gives the
samey, Y, z values but places the group-Il atom at the origin.
The atomic positions given in Ref. 4 are

II:  (0,0,0

. (0,0,1/2,(0,1/2,1/4

VI (XY,2),(=X%—Y,2),(X,—Y,—2),(=X,y,— 2).
(x.y,2).( y.2).( y ( Y ) FIG. 1. (Color onling Defect chalcopyrite crystal structure.

These present another problem. Apparently the symmetry

is wrong here. For defect chalcopyrite compoundszp 34 pands lie at about-9.5 eV, i.e., below the Sept
[I-111 »-VI1,4, the S, rotation reflection operation requires valence band. The Cud3bands lie higher in energy and
strongly hybridize with the Se pl bands, in fact creating a
second gap within the valence bafiEigs. 3 and % The
Reference 1 corrected the symmetry problem but erroneconduction-band minimum is mostly Gas 4ather than Cu
ously put the vacancy in the origin instead of the group-l14s like. When Cu is replaced again by Zn, the band gap
cation and it also interchanged the positions of vacancy anteopens and in fact the final band gap is larger than that of

VIE (XY,2),(—=X,—VY,2),(Y,—X,—2),(—Y,X,— Z).

group I, which lead to a wrong crystal structure. ZnSe itself. S
We adopt the crystal structure of the defect chalcopyrite The band structures for other compounds are similar in
as follows: overall appearance. The band gaps are summarized in Table
1.

I:  (0,0,0 So far, we have only shown the LDA band structures. To

correct the band gaps, we first considered what shifts need to
. (0,0,1/2,(0,1/2,1/9

VIE (XY,2),(—%X,—VY,2),(Y,—X,—2),(—Y,X,— Z). k

We note that in this crystal structure there are two in-
equivalent 111-VI bond lengths and chemically inequivalent
group-lll atoms. Thus, the conservation of tetrahedral bond
lengths model of Bernard and Zungesannot be used to .
estimate the internal coordinates. The defect chalcopyrite
structure is illustrated in Fig. 1. ;

IV. RESULTS /

~

We start by discussing the relation between the band <
structures of the defect chalcopyrite compound and its paren ™,
and grand parent compounds.

As an example, we show the band structures of ZnSe 4",
CuGaSe, and ZnGaSg, all displayed in the same chalcopy-
rite structure Brillouin zone. The Brillouin zone is shown in
Fig. 2. This case is chosen because the chemical substitutior
all happen within the same row of the periodic table. We find
that the gap decreases strongly from ZnSe to CugcaSd FIG. 2. First Brillouin zongBZ) of chalcopyrite structurésolid
then increases again going to ZnSe,. This can be ex- lines and its relation to that of the zinc-blend@B) structure
plained mainly in terms of the behavior of tHerbitals. The  (dashed lines The pointsX, L, andW lie on the ZB BZ.

LI
-
\
.
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! TABLE I. Band gaps in 1l-VI compounds with and without cor-
; % rections. All values in eV.

N
N

></\ Compound LDA Corrected GW
r X r X r X

3 cds 104 533 284 654 283 6.82
£ — % <~ CdSe 047 494 235 617 201 6.15
CdTe 047 442 176 521 176 5.14
_— S ZnS 1.89 551 3.56 6.71 3.98 7.20
1 ZnSe 101 510 286 632 284 6.49
ZnTe 085 452 211 508 257 563

-15 8Reference 26.

T T H c T N P T

FIG. 3. B truct fZ in chal ite Brilloui . . . . .
G. 3. Band structure of ZnSe in chalcopyrite Brillouin zone I-11I-VI , compounds is shown in Table Il and is satisfactory

considering we only used two parameters. Note that in sev-
X ; e S _ eral cases LDA gives the wrong trends for Se and Te com-
states in the II-VI's. For simplicity, we decided to try t0 ,ounds, and after the shift, all of them have the same trends

introduce as few parameters as possible. We adélé‘St the shifly experimental data suggested. The results are represented
so as to reproduce tH@W results of Zakharoet al“° rather graphically in Fig. 5.

than experimental results because we wish to adjust not only grq, Fig. 6 and Table Ill we can see that for all cases
the minimum gap but both gaps BtandX. We find that we  yhere experimental value are available for the defect chal-
can obtain fairly good agreement applying the same shift ofopyrites, the agreement between theory and experiment be-
0.21 Ry for the Zn, Cd, and Hgstates and the same shifts comes rather good after this correction is applied. We thus
apply to S and Se compounds, but a slightly lower shift of.5 consider the other cases as predictions.

0.14 Ry must be applied to the Te compounds. A shift of the  Next, we consider the effects of the deviations of the in-
cation surrounded empty sphesdevel is needed to adjust teral parameters from their ideal positions. The LDA gaps
theX point band gap. We find that we can use the same valugy ideal and experimental atomic positions are listed in
as for the catiors shift, i.e., 0.21 Ry and 0.14 Ry, respec- Taple |1l. We compare the LDA results for the ideal and
tively, for (S, S¢ and Te compounds. The corrections of the gy perimental parameters. First, for nine of them, they are the

band gaps af' andX obtained using these shifts are given in ggme and thus have the same LDA gaps. However, closer
Table I. Of course, one could fine tune the shifts for each

compound. However, the main point we see here is that the
shifts are almost universal. Thus, we can apply the same
shifts to the cations in I-11I-V4 and 1I-Ill,-VI, compounds.

be applied to the group-I$ like states and empty sphese

TABLE Il. Energy gaps of chalcopyrites.

Inspection of the eigenvectors of the conduction-banaC ompound LDA Corrected Experimént
minimum in I-llI-VI, and 1I-11l,-VI, compounds shows that cuAl,S, 1.50 3.00 3.49-3.62
the contribution of $, Ils and llIs orbitals is in fact compa- cuAl,Se, 0.80 2.49 2.65—3.02
rable in magnitude with a slightly larger group-Ill compo- cual,Te, 1.20 292 2.06
nent. We shift both thesland llIs levels in I-1lI-VI, chal- CuGaS, 0.85 2.42 2.43-2.65
copyrites and B and llls levels in II-lll,-VI, defect CuGaSe, 0.14 1.77 1.68—2.01
chalcopyrites. The comparison with experimental data for thQ:uGazTe4 0.35 1.41 1-1.24

Culn,S, 0.19 1.77 1.53-1.62

" == —== Culn,Se, 0.01 1.35 1.04-1.27

%§‘E T S S Cuine 0.41 1.42 1.06-1.67
s — m—— I CuThLS, 0.02 1.58
_/ R ‘\
& S ] CuTl,Sey 0.02 1.19

N N " | AgALS, 1.05 2.66
—_— AgAl Se, 048 216
g IS E— AgAl,Te, 0.68 1.80 2.27
& — %/\

51 == LT AgGaS, 0.82 2.40 2.64-3.01

— AgGa,Se, 0.19 1.42 1.80-2.28

o I AgGaTe, 0.04 1.08 1.32

AgIn,S, 0.34 1.99 1.87-2.06

Agin,Se, 0.10 1.60 1.24-1.6

b . . . NI T Agin,Te, 0.14 1.25 0.95-1.12
FIG. 4. Band structure of CuGage dReference 1.
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Al Ga In Tl

J FIG. 5. (Color online Band gaps of
chalcopyrites.

Band Gap (eV)

Ag

S Se Te S Se Te S Se Te S Se

inspection of the experimental wdrkeveals that in most of relaxed positions are further away from the ideal positions
these cases, the space group of the system is actually uncetan indicated by the experimental structure determination.

tain. It could be eithet4 or 142m. Thus the structural pa- In Cdin,Te,, the relaxation lowers the LDA gap from 1.03
rametersx,y,z were not really obtained by refining the eV to 0.96 eV. Again, our calculated gap 1.80%V.25 eV
agreement between measured and calculated structure fdexperimental gap Thus, a stronger relaxation might im-
tors. In the other cases, using the experimental parametepsove the agreement. However that could not explain the
can either raise or lower the band gaps. Experimental data drend in CdGaTe,, where further relaxation will only make
the gaps are only available for a few cases and we shathe calculated gap worse. But the only two experimental
examine those in more detail. Looking into the Table I, wegaps we get from MacKinnoet al® are 1.4 eV for disor-

can see that there are three compounds (Zdn dered zinc blende and 1.5 eV for an uncertain structure
CdGaTe,, CdIn, Te,) which have slightly larger differences (body-centered-tetragonal structure lef), so we will put
between the calculated and experimental gaps than otherthis one aside until further experimental data are available.
We believe the discrepancy may be caused by the inaccuracy The discrepancies of I-111-\4l chalcopyrites could also be

in the measured atomic positions. For ZBe,, the LDA  partly due to inaccurate atomic positions. Another possible
(idea) gives 1.33 eV gap, which is larger than the LDA gap reason could of course be that we need more parameters to
1.05 eV using experimental positions. Our corrected resulfine tune the gap shifts. However, if we need too many pa-
has a larger gap 2.33 el¢ompared to the-2 eV experi- rameters then the model loses its purpose. For our current
mental valug Since the relaxation from ideal positions purposes of understanding the gap trends and obtaining a
makes the LDA gap smaller, which usually translates into aeasonable agreement with experiments throughout the fam-
smaller energy gap after being shifted, we would anticipatély of compounds, the model with only two parameters
fully relaxed parameters could give a better fit if the actualseems sufficient. We believe fully optimized atomic positions

Al Ga In
4 pmm LDA B
M == Shifted ] o
3t : ]
- @ Expt o B
s 1Zn
o :
oy 4 B ] T
%I i B ]
- 3} : 8 - )
g L : {ei FIG. 6: (Color onlineg Band gaps of defect
= 2T ] chalcopyrites.
5.0 - | I ]
moL : 1 4
0 % 2 -]
4+ 4
il I ]
o 5
S Se
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TABLE Ill. Energy gaps of some defect chalcopyrites.

Compound LDAideal) LDA Corrected Experimerit Other calculations
ZnAl,Se, 2.17 2.23 3.65

ZnAl,Te, 1.61 1.61 2.46

ZnGas, 2.29 2.29 3.65 38
ZnGgSe, 1.40 1.40 2.73 2.58-2.71

ZnGaTe, 1.02 1.02 1.84

Znln,Se, 1.33 1.05 2.33 2.0-2.05

Znin,Te, 1.03 1.03 1.90 1.87-1.90

CdAl,S, 2.59 2.61 4.04

CdAl,Se, 1.92 2.13 3.54

CdAl,Te, 1.64 1.64 2.53

CdGaS, 1.79 1.99 3.30 3.25-3.44

CdGagSe 1.27 1.42 2.76 2.57

CdGagTe, 0.94 1.08 1.90 1.5

Cdin,Te, 1.03 0.96 1.80 1.25

HgALS, 2.27 2.18 3.43 2.54
HgAl,Se, 1.51 1.57 2.83

HoAl,Te, 1.22 1.22 2.04

HgGaS, 1.44 1.57 2.86 2.79-2.84

HgGaSe, 0.69 0.69 1.92 1.95 1.66
HgGaTe, 0.63 0.63 1.43

Hgln,Se, 0.80 0.63 1.87

Hgln,Te, 0.68 0.59 1.37

%Reference 1.

bReference 16.
‘Reference 15.
dReference 17.

would improve the overall fitting in both chalcopyrites and nations in terms of defects or disorder must be invoked to
defect chalcopyrites and it will be included in our further explain these absorption tails.
work on this subject. Finally, we examine the chemical trends of the band gaps.
We note that we find all the band gaps of the IIH\l,  Clearly, since the gap shifts are not very material dependent,
compounds to be direct. In most of these compounds, ththese trends are already clear from the LDA gaps. We clearly
nature of the band gap has been under discussion. For isee a decrease in gap from Al to Ga to In and from S to Se to
stance, in CdGg5,, an indirect gap of 3.05 eV was reported Te. There is also a less pronounced trend of decrease of the
by Radautsaret al.?’ while a direct gap of 3.44 eV was gaps from Zn to Cd to Hg. These are the expected trends. For
reported by Kshirsagar and Sirfi@oth based on absorption heavier elements the catianstates become deeper because
measurements. Our result 3.30 eV and the band structutbes states are nonzero at the origin and thus feel the nuclear
both support the direct gap. Further experimental resultpotential and hence decrease wihThe conduction-band
based on other measurement techniques can be found minimum has typically a slightly larger group $lithan lis
MacKinnonet al! In CdGaSe,, the size and nature of the contribution, thus explaining why the trend with the Il ele-
electronic energy gap are not clear. They range from an inment is more pronounced. The decrease in gap from S to Se
direct gap of 1.97 eV to a direct gap of 2.57 eV or higher.to Te on the other hand is related to the strength of the
Our calculations give a direct gap of 2.76 eV. For ZiTley, bonding. We may see that along this series the gap opens
there were some reports of indirect gap about 1.4%¥We  across the entirBZ rather than just near the minimum gap at
have an energy gap of about 1.9 eV, which agrees well witd". To illustrate this point we show the band structures of
the experimental direct gajd.9 e\). For ZnGaSe,, reflec- CdGaS,, CdGaSe;, and CdGale, in Figs. 7, 8, and 9. On
tivity spectra were reported by Turowskt al'® Our mini-  the other hand, the band structures of the series Z3d)\|
mum gap is in fair agreement with their assignment offhe ZnGgSe;, Znin,Se; shown in Figs. 10, 11, 12 illustrates
feature as a direct-gap transition. However, their spectrunhow the change of the Il element affects the band structure
also indicates a lower-energy featubeat 1.98 eV which is  while keeping the anion and Il element fixed. In the former
presumably due to defects. Mostly, the suggestions of indiseries we see an overall change of the band gap throughout
rect gaps are based on the observation of weak absorptidhe Brillouin zone while in the latter, the gap is mostly af-
band tails. Our results strongly suggest that alternative expldected nearl’. Finally, the band structures in the series
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ZnGaSe, CdGaSe, HgGaSe,. Figures 11, 8, and 13 il- ° ~— — —

lustrate that the trend with group-II element is similar to that ; — — ,/—:f>§
§ /

of the group-1ll element but less pronounced. g
T —

V. CONCLUSION

s

VMO
AN

) . . o — L T

In this paper, we have investigated the band structure an s /%’ — %>§§
band gaps of a family of compounds known as the defects = [=—_| 1

chalcopyrites or thiogallates. Using a simple empirical band- = — \/—é

gap correction with a minimal number of parameténsfact P — —

only two) we obtained satisfactory agreement with experi-

ment for all grandparent II-VI, parent I-11I-\{| and for those

defect chalcopyrites for which experimental data are avail-

able. We have clarified that all band gaps are direct and in r T H

this family and 'have e_xplalned thg trends in the ba}nd_gaps. FIG. 13. Band structure of HgGSe,
From the point of view of nonlinear optical applications,

we note that the larger band gaps than in the I-11}-Zhal- ) o ) )

copyrites will usually tend to lead to smallgf?). However, the way to other optoelec’_tronl_c apphcatl_ons, in particular for

such a rule only applies within a given family of materials. the wide band-gap materials in the family.

We note that compared to I-lll-ylcompounds, the corre-

sponding 1I-VI compounds have larggf?). Thus, one may ACKNOWLEDGMENTS

perhaps also expect that II4{VI, compounds will also
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