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chalcopyrite systems. The random chalcopynte alloys are represented by special quasirandom

structures (SQS) The calculated bowmg coefficients are in good agreement with the most recent
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offsets for the mixed-anion chalcopyrite alloys with those of the corresponding Zn chalcogenide
alloys (ZnX, X=S8, Se, Te), we find that the larger p —d coupling in chalcopyrite alloys reduces their
band offsets and optlcal bowmg Bowing parameters for ordered Zn-based II-VI alloys in the CuAu,
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alloy has a bowing of 1.14 eV. The band alignment between CulnSe; and CulnSe,-derived ordered
vacancy componnds are alsn presented. @ 1993 American. Institute of Physirs.

1. INTRODUCTION gaps of individual chalcopyrite compounds are significantly
) ’ . lower than those of the corresponding II-VI compounds [e.g.,

A, _,B, semiconductor alloys constitute a group of tech- (CuGaX,)<E,(ZnX) for X=S, Se, Te; see Fig. 1]* but
nologically important materials since their structural, trans- also why the chglcopyrite bowing parameters (Tables T and
port, and optical properties can be tuned continuously by 11y and valence-band offsets (see below) are systematically
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B. For example, the band gaps E (x) of A{_ B, allovs can  p(CaMSe,_, Te,)<b(ZnSe,_,Te,)].

often be described by this paner . caleulated the (i) allav howine
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mixed-cation CuAlSe,/CuGaSe,/CulnSe, and mixed-anion

where b 1S an optlcal bowmg coefﬁment Figure 1 ﬂlus
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alloys of common II-VI compounds. 56 It has been shown
recently’® that alloys of CulnSe, with either CuGaSe, or
with CulnS, can increase the band gap of CulnSe,, a change
that increases the efficiency of thin-film CulnSe, solar cells.?
In Table I we summarize the measured'®>* bowing param—
e.tﬁts ot_ﬂ"tﬁﬂn.basedﬁhalmnyn.te zuowallﬁTalﬂf —
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defipitely about the properties of their alloys. In fact, mea- §
surements of optical bowing parameters are lacking for many
Cu-1II-VI, alloys with III=Al, Ga, In and VI=S, Se, Te and,

in those cases where data are available, the scatter between N
different measurements on the same alloy is significant. In CulnSez CulnTe,
some cases, even the sign of the bowing parameter is under I [ | | | [ [
dispute, e.g., Culn(S,Se), and Cu(Ga,In)Se,. Other proper- 54 55 56 51 538 59 60 61 62
ties, such as the band offsets between the chalcopynte com- Lattice constants (A )
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(1) to describe band gaps as a function of composition x, while for the
lattice constant we use Eq. (5). Experimental values (solid dots) are used for
aElectronic mail: shw@®nrel.eay the end-point compounds (see Table IV. below).

B - -t s & AC 44U NA_ q i T
o T R _ i T e PN i T oo A A S T T  e V B D e o el N —



DAMY T T W wven-d —* 11 | — 1_d'. I B rimanta A meem i Cea

000 Single Todine chemical ransport ~ Shirakata ef al. (1993)  Ref. 12
0.00 ) Samanta et al. (1993) Ref. 13
Culn(S,Se), —0.12  Single Powder mix Chapman et al. (1979) Ref, 14 .
Lipgle Indi L inal i ch, - - - T {3NNY N1
X ingle elt and anneal Abid et al. (1987 Ref. 17
-0.02 Samanta et al. (1993) Ref. 13
CoAl(SeTe),
CuGa(Se,Te); 0.22 Single Melt and anneal ’ Avon et al. (1983) Ref. 18
0.34 Poly Melt and anneal Chatraphorn er al. (1985) Ref. 19
0.00 Samanta ef al. (1993) Ref. 13
Culn(Se,Te), .39 §iggle Meltjnwnﬂ al ( m—w
—
—= 0.42 Poly Melt and anneal Quintero et al. (1991) Ref. 20
0.30 amanta_et al [1993).. Ref 13 .
CuGa(S,Te), —030 ° Samanta et al. (1993) Ref. 13
- —= — e /7
2t e — Navam o T - : d

Mixed cation

TUALUAoT; U.Z5 SINEIC I0UIIE criemiical aansport DIIFAKALA ef al. (19Y5) Rer. 23
Cu(Al,Ga)Te,
Cu(Ga,In)S, 0.19  Single Todine chemical transport Bodnar et al. (1986) Ref. 24
0.31 Single Jodine chemical transport Shirakata et al. (1993) Ref. 12
015 Samanta et al. (1993) Ref. 13
0.20 Samanta et al. (1993) Ref. 13
Cu(GaJIn)Se, 0.15  Single Todine chemical transport Bodnar et al. (1982) Ref. 25
-0.07 Single Melt and anneal Avon et al. (1983) Ref. 18
0.03 Single Melt and anneal Abid et al. (1987) Ref. 17
0.16  Single Bridgman Ciszek et al. (1987) Ref. 26
0.16 Single Bridgman Durran (1987) Ref. 27
0.11 Poly Evaporation Dimmler et al. (1987) Ref. 28
0.14 Poly Evaporation Chen et al. (1987) Ref. 29
0.24 Poly Evaporation Albin et al. (1991) Ref. 30
0.15 Single Chemical vapor deposition Tinoco et al. (1991) Ref. 31
0.13 Poly RF sputtering Yamaguchi ef al. (1992)  Ref. 32
0.02 Single Todine chemical transport Larez et al. (1994) Ref. 33
0.15 Samanta et al. (1993) Ref. 13
0.17 . . Samanta ez al. (1993) Ref. 13
0.21 Samanta et al. (1993) Ref. 13
Cu(Ga,In)Te, -—0.22 Single Melt and anneal Avon et al. (1983) Ref, 18
-0.33 Samanta ez al. (1993) Ref. 13
Cu(ALIn)S,
Cu(Al,In)Sez -
Cu{AlLIn)Te,

ciples, self-consistent electronic structure theory based onthe  II. METHOD OF CALCULATION

= ettty appronanon’ L ATTOW Prulcipal Iesults A. Special quasirandom structures
for the bowing parameters (b), the mixing enthalpy at
x=1/2 (AH) and the valence-hand offset (AE \_are sum. A_random allav is distinenished fram an ardered com.

for random alloys the site occupations are known only proba-

Fig. 3. This

mixed-anion Zn chalcogenide alloys are given in
SR PR 1 BN N % it e

; %égés the significant pnflsics of the results (Sec. 1il).
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structural model for random substitutional A, B, _, alloys is




§mp >’ and ““noly” refer jo gingle crvstal g olvervstalling, respectively.

TABLE II. Measured bowing parameters » (in eV) of the lowest gaps in Zn-based chalcogenide alloys.

System b Sample type Growth method Author (year) . ‘Retference
Zn(S,Se) 0.41 Single Melt and anneal Suslina et al. (1977) 34
0.63 Single Chemical vapor deposition Ebina et al. (1974) 35
0.43 Single Todine chemical transport Mach et al. (1982) 36
055 Poly Evaporation Shazly et al. (1985) 37
Zn(Se,Te) 1.23 Single Chemical vapor deposition Ebina et al. (1972) 38
1.51 molecular beam epitaxy Brasil et al. (1991) 39
Zn(S,Te) 3.0 Poly BEvaporation Hill et al. (1973) 40
32 molecular beam epitaxy Wong et al. (1994) 41

Uor alauicudaucal UUllVClucu\.;c;} polivUIL puuiuary  vunues

?Qgﬁ_then giyes o ‘“‘pseudo-ordered crvstal” that can be
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__way to achieve practigally the samg result: we know that the
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sufficiently large “‘supercells” this approach becomes exact.
In practice, this approach has been applied within the context
of semiempirical electronic structure methods for ~2000
atom/cell, producing rather accurate results.**~*5 Despite the
success of this direct method, this procedure requires a large

atomic structure, and that the structure can be quantified by
the “structural correlation functions” Hk » for atomic clus-
ters (k,m) with k vertices and up to mth neighbor. 46 Hence,
rather than occupy sites of a huge unit cell at random, one
can occupy sites of a “small” unit cell (the “special quasir-
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[ Mixed-anion Culn(S/Se/Te), AIloE]

]

v — S

b=1.05eV

A
b =0.04eV / \

ST

percells {~20 atoms) with correlation functions that ap-

proach the exact values in very large random supercells.
The SQS method has been previously applied to

II-V*4748 and II-VI*"* zinc-blende alloys as well as to fcc

o e N &nct .-
fransiiion metal alons. i 1Lne co0rdinates o1 mese DY can

ha fonnd in thara raf s fa sora datailed decorintian and

AH =3 meV i EAH =41 meV
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obtained from the FTP site ftp:/ftp.nrel. gov/pub/sst/archlve/
sgs). Here we apply the SQS method to alloys between chal-

b=044eV copyrites.
. S PR i e o L
= B — =
AH=13meV Culn(S, 5S¢e(5),], the anions occupy an fcc sublattice, hence,

D i =

(b)
Mixed-cation Cu(Al/Ga/In)Se, Alloys

b=0.39¢ b =0.59 eV
AEV=0.228V AEy=0.26eV
AH =0 meV AH =15 meV

b =0.21 eV

———

AH=11 meV

for the anion sublattice we can use the fcc SQS. The cation

| Mixed-anion Zn(S/Se/Te), Alloys

S

b = 0.50 eV b =271eV
AEy =0.53 eV AEy=1.26eV
AH =6 meV AH =43 meV

b=1.14eV

d

FIG. 2. Calculated bowing coefficients b, valence-band offsets AE, , and
alloy mixing energies AH at x=1/2 of (a) mixed-anion chalcopyrite alloys
and (b) mixed-cation chalcopyrite alloys. AH is given in meV per atom. The

- =g

SH=17 MaV

FIG 3. Calculated bowing coefﬁments b, valence ba.nd offsets AE,, , and

L
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TABLE III. Structural correlation functions I-Ik‘,,, of the random alloys at

TABLE IV. Structural parameters and band gaps used in the present calcu-

x= 1/2 where k is the number of vertices of the cluster (k=2 is pair, k=3 is lation for five oure chalconyrite carmpounds and three Zn-hased U-YTcom.
e R — i —

bors, respectlvely) For the mlxed-catlon SQS we use the notation of fec

<l , 7o ]

nna'a.r\n,pf tha CQQ 2 '+

"0 V¥ =)

rite compounds, except for CuAlSe, where we used our estimated internal

‘._f o » - T
. %

SOS fmixed cation) 0 1] -3 Q 153 0 dystem awn)  7=cra u Lg18Y) Ao eV) AcpleV)
m— - ___________________________________
I SQS (mixed anion) 0 0 0 -1 -3 0 ~-1/3 O CulnS, 5523 1.007 - 0214 1.53 -0.02 - -0.00
ASAaue tanuUin \¥2 iV LV (v 7 (v v (v n ;_ 2 ) o
CulnTe, 6.161 1.003  0.225 1.01 0.598 —0.00 "
sublattice needs to have the chalcopyrite translational sym-  ZnS. 5409 1.000 0250  3.84 0.068 0.000
metry, so that the final SQS unit cell should be commensu-  ZnSe 5.668 1000 0250  2.82 0.396 0.000
rate with both the chalcopyrite structure of the cation sublat- ZnTe 6085 1000 0250 240 0.883 0.000
tice and with the SQS of the anion sublattice. This is
achieved here using a sixteen atom SQS unit cell. It has the
Cartesian lattice vectors: : [1 21172

~a3=(2,2 0) ' @

L

onal ratio. In this unit cell the anions form an fcc SQS4 (an
A,B, superlattice along the [110] direction).*’
n-based. mized-cati ,

In the undistorted lattice u=1/4 and #5=1, so

Rix=Rgpx=(V3/4)a. In a pure chalcopyrite crystal the
i i ified -

tered tetragonal lattice. The Cu sublattice has the chalcopy-
rite translational symmetry, while the anions occupy an fcc
sublattice. In the present calculation, we used a 16-atom SQS
cell (with four mixed atoms) which has the same lattice vec-

external structural parameters that need to be determined. It
is crucial to find the equilibrium values of these parameters
since band gaps depend on atomic relaxation.* Our first-
principles total energy and force calculations show that for

e Rm—

= oo

rs as in Eaq. (2). For uprelaxed CuGan JnacSen alloy the_thes_e rather jonic allovs the anion-ratiap hnndJengJ[}E haye
%_ e

a ) _a

Q

a
cul®(1,1 0) - cu®(2,1,1) >

l\.)

©)

B S,

nd o bendi 5253

1 f:

relaxed atomic positions in our chalcopyrite SQS and super-
lattices of (ABX,),/(A’B’'X};), (Sec. 11 D) by requiring that
(i) the nearest-neighbor anion-cation bond lengths in the al-

| e — Sitrpel=toit ~uairi _ghia—ie e i iy e

In'*/(1,1,0) z; In'(1,2,1) )

It is interesting to see that the mixed cations also form an

a(x)=(1—x)aapx,txasp'x;. : o)

These requirements uniquely determine all cell-internal and
cell-external parameters of the model alloy.

ggg ~ Sunerlattice alono the [1 E!ET diregé!gg TEE striictural

= N I ——

they are compared with the 1deal random alloy correlatlon
functions. We see that for both mixed-cation and mixed-

I ————

first three columns of Table IV. Using these values for each
chalcopyrite and Eq. (4) we determine the bond lengths in
the alloy. In all cases but CuAlSe, we use measured

L A o G el R e s

T T T T OO T eT LTI T

cation-anion bonds with lengths given by

J. Appl. Phys., Yol. 78, No. 8, {5 Seplember 1995

Sb) the Al-V bond length is slightly longer® (by 0.1%-

S.-H. Wei and A. Zunger 3843



0.6%) than the Ga—V bond length, while in the ionic mtndes Here,

. 1 - AN e N

copyrite, we find that the Al-Se bond length is about 2% and

smaller than the Ga—Se bond. The difference between the In
no-ﬂ'\ and f‘bo {ia

Using the un:1t cell structure of the SQS (Sec. I A) and AEcci= ‘éBXz_ E‘::',B Xy ©)
the relaxed atomic positions (Sec. II B) we can now apply
band-structure techniques to evaluate the alloy band gaps £, is the difference in core-level binding energy between ABX,

o . ~ 1

i xr! PR - a .
N — "~
= .

~ WEDJ WARLVANMALYY RS YDBM,L,(OMY VR vsessaae R
mented by the general potential, relativistic, all electron, lin-  an e1genvalue difference for each of the component chal-
earized augmented plane wave (LAPW) method.*® [Note that ~ copyrifes. We wish to obtain the band offset for a fully re-
the earlier calculations of Jaffe and Zungex"’4 were nonrela- laxed interface, where each component has its own equilib-

tivistic.] We used the Ceperley—Alder exchange correlation ~ rium lattice parameter. Thus, the first two terms in Eq. (6) are

using spec]al K p(nnts which are eq]_uvalent“’ {0 the ten spe- CUIC-ICYCL dlerence L‘E'C,C' DCLWECH UIC LWOU CHIAICOPYILLCS

the tetragonal distortion 1—7 1ncreases.‘ "I'his explalns the IEeSpOna [0 IelaXed CONSUIENLS; e SIHall COIE IEVeL SIit aue

. 66 ; 3
ﬁlﬁﬂih : - - £ nza i .
vaivuiainag I—ICF alv L1l ZUUVU apluvuLliivill Yyl UAP\/ILLLI\/L[LGJ. TAATS TRSSmATpg eSvT AneSsss R ThossTesmadnaJ  TmermeacT s Ssanmessem e 3 mesw

data. 102232 ' : band edgc energy of each chalcopyrite needs to be shifted
- . . as. _ . . . dena tha ‘
3 —

culate i o the aussicubin size and direction of the strain through the deformation

" orbit splittings of the chalcopyrites are much smaller than the  terms of Eq. (6)," While the shiff in the Third term 1S ex-
correspondmg values in the T-VI Zn compounds. For pected to be small.

62_64 . soman "““""“O infanhastabanns S T VAN Anshansteans "‘“""I"J““’:' Detamaniag® 4
the larger mix- an he obtained from the calculated allov fotal enereies as

negative term to the s;;ih—orbit splitting,

he snin_orhit enbittino relative to H Ve Thic etrangar O LILA— L/ 4 )— Dyl D A D Ao) Ll ADAY

Udlill ap) C Vv U ic] ULLICSPULIULTE 11=V I COHIPDUUIRLS .
(Table IV and F1g 1) , L Our calculated results are denoted as AH in Fig. 2. We find
that for both m1xed-amon and mixed-cation alloys the mix-

M—M as the lattice migmatch

1 "“:‘;2“,“‘-1{‘? we yainoouanu ”“§T‘ AH(S,Te) are 3, 13, and 41 meV/atom, respectively, while

Cr . s . < - I T SPECLIVELY. 1NC€ POSILIVE Sign O6 Ar1 Inaicaies uat nere, e
in photoemission core-level spectroscopy, where the band ground state at T=0 corresponds to phase separation into the

offset is given by pure chalcopyrite constituents. (However, at finite tempera-
A'B'X, tures, the disordered phase can be stabilized through en-

.! T ; 4 cABX, Ar 2 LA 1) _
- - T —— y
= - i h B B i
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Relaxed Zn-Based II-VI Superiattices

Relaxed Chalcopyrite Superlatticés

FIG. 5. Calculated intrinsic valence-band and conduction-band offsets for
interfaces between Zn-based II-VIs. The values pertain to fully relaxed com-
° i ponents having their free-space equilibrium structures.

-

B. Band offsets

A

4(a)], and

CuAlSe,/CuGaSe,/CulnSe, chalcopyrites [Fig. 4(b)]. For
Q SOIE- £

Sl oGl iawecn il Vatél_Casal Bl oo

pralad ~clukltant

SSSS T iniiilivetamm—"

between the three common-anion

comparison, we have also calculated the intrinsic valence-

— i

components hai}ing their free-space equilibrium structures.

and (Al, Ga) chalcopynte alloys, and is shghtly larger for

chalcopyrites. For the S/Te interface, the lineup is type I in
chalcopyrites and type I in II-VIs. However, strain may

Lo laalas:) Lo th M.'"T-]

%

(u) For commén—catwn chalcopyrltes [Flg 4(a)] the

Lo Rl “"

111 X111E alpy AH 1
large for the (S,Te) alloy, suggesting that large rmsc1b111ty
gap can exist in this system.'®

We have also calculated the mixing enthalpy for mixed-
anion Zn-based -I-VI alloys Zn(S,Se), Zn(Se,Te), and Zn-
(S,Te). For these Zn alloys the equilibrium structural param-
eters are determined using the valence force field (VFF)
model.”*** We find that the mixed-anion chalcopyrite alloys
[Fig. 2(a)] have smaller mixing enthalpies than the corre-
sponding Zn alloys (Fig. 3). This is consistent with the ob-
servation that the chemical disparity between the alloyed el-
ements is reduced in chalcopyrites relative to the II-VI alloys
(see Secs. III B and III E below) and that chalcopyrites have
smaller bond bending force constants, thus, smaller elastic

age a [NIC  [Cmperaturces. [1C

D=7 e S e = T

€ valcrice-pand OlISels 10l thesc SysStells mainly rerect
differences between anion p orbital energies. The atomic p
orbital energies increase from S to Se to Te (Table V). The
large conduction-band offset is partly due to the anion s or-
bital energy differences (Table V) and partly due to the fact
that the CBM energy moves up as the volume of the com-
pound decreases.

(iii) The valence band offsets between common-cation
chalcopyrite system are smaller than those between the cor-
responding II-VIs (Fig. 5). The reason is the larger p—d
repulsion in chalcopyrites: the p—d repulsion is inversely
proportional to the energy difference between the cation d
and anion p state.5*%% In the chalcopyrite and II-VI com-
pounds the cation d bands are below the anion p bands.?

e e——er e—
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TABLE V. Calculated (semirelativistic) atomic LDA valence orbital ener-

gma A and &, (in aV) of the elements stndied in this naner Strained on (001) GaAs Substrate

Cu g level. dince e p oroital energy aecreases rrom 1e to Zns ZnSe ZnTe ZnS

&

p orbitals and thus the valence-band offset. This effect ‘is TR |
weaker in II-VI systems than in the chalcopyrite systems 269

1 i

Skl o N

11€ DAnd O clL AUc 10 UUIC p‘— cpU O 1 arge [l L€

&

chalcogyrite systems.

LY A WA wwsaaxaxs A ipe 2 YA ziiave

ZnSe

anion rule™ (which states that since the VBM is primarily a
bonding anion p state, the valence-band offset for the
comimon- a_nlon System Should be Small) IS fouowed rather FIG. 6. Calculated valence-band and conduction-band offsets between Zn-

s based II-VTs strained on a GaAs(001) substrate: (a lmeu s for hh states and

- y o U- y
cases (e.g., AlV/GaV and AlV/InV, where the band offset
AE.~0.5 eV for V=P As. and Sh).”! The breakdown of the between CiiTnS. and CdS should he 0.79 eV. In some cases

cation d orbitals. For GaAs the cation d bands are below the hence one can estimate the band offset between a chalcopy-
anion p bands, hence p—d repulsion pushes the VBM up.  rite alloy and a II-VI compound.

On the other hand, in AlAs the empty cation d bands are (vi) Using the pseudopotential method, Nakayama’® has
¢ - ¥ < 4 = . —————
= . —— — ———— ——— W= -

VLIV UUWILL LLUD, LUT VDIV UL Jamd 1d IELcL 1l Cuciyy l_\l.'vu,hh UCTLWCOILE ULLICICLIL  LU-Uadtu 11~V L2 SCHUCULILL
than AlAs. The same p—d coupling effect exists in the Cu- strained on a GaAs(001) substrate. He found that AE,

— haged ghelonpyrite camponnrds Hewuar, ja chaleonyriter hetniken-7r&7nSa, tnfaf?nTe, ard TaSdnTe ~re 84— —
half of the cation sublattice is occupied by Cu atoms and 1.29, and 2.15 eV, respectively. These values are larger than
these atoms occur equally on both sides of the interface. One our calculated intrinsic band offset of 0.53, 0.73, and 1.26 eV
thus expects that the valence band offset in chalcopyrites wifl (Fig. 5) obtained for the relaxed interface. The larger values

R e e

Livsanas [Rvrs e FPPTFUTIIC iV AreLzve [V ZFRELVI] Lrevey e I L e

AE (A/IB)=AE_(A/C)+AE,(C/B)]. Assuming that this  scribed in Sec. I D. For a GaAs(001) substrate, our results
transitivity rule also holds for an interface between a II-VI  are shown in Fig. 6 for both hh {part a) and light-hole (lh;
compound and a chalcopyrite compound, our present resulis  part b) band lineups between the strained Zn-based II-VI
can be combined with our earlier studies’®® of the band  semiconductors. The hh and lh levels are degenerate for re-

[ ‘:fsl-—-n-ﬂuf: ,-Pf-rﬁﬁi i ﬁii ii’f ni ii" -ﬁl I. rili iziml i—l—l—ﬁ-‘—n—
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TABLE VL. Calculated and the most reliable experimental (see references in
" - . e \ . . !
e e —

also given for comparison.

) ’ i 1. Alloy Calculated Experiment Tinoco et al.®
17 : Cu(ALGa)Se, 0.39 0.28 0.06
’ Cu(Ga,In)Se, 0.21 0.15-0.24 0.18
Cu(ALIn)Se, 0.59 024
Culn(S,Se), 0.04 ~0.0 0.10
“Ref. 80.

almost linearly with the epitaxial strain along the (001)
direction.®” It is interesting to see that for the ZnS/ZnTe in-

terface, the system changes from type I for a relaxed inter-  caiculated band gap of CulnsSeg is 0.34 eV larger than for
face (Fig. 5) to type II for a strained interface [Fig. 6(a)].  CulnSe,, so the CBM of CulngSeg is 0.08 eV lower than for

, !gg:g gg l?ecausE undfr st‘rlam the CBM energv of ZnTe in- /TG Wa Bnd that mane s &'?L‘m ﬁmq d
; : f..LlLUleldl UL L0 UCblU‘aDUB wulL vaivuiaiou Lll_:c airc UVCS can be tOI’Il’laHy Wl'ltten as an alloy m the Iorm

given in If“lg. 6. The band gap of the compounds also changes (CulnsSeg); — (CuIn,Seg), . Hence, the band alignment be-

with strain, e.g., we find that for the strained ZnTe com-  tween any of these OVCs and CulnSe, can be linearly inter-

pound, the band gap is reduced by 0.09 eV. (Note, however,  pojated from the values glven in Fig. 7. For instance, for the
—that Nakavama used band, #aps for relaxed bulk.coppounds  ON/C Culs Sg £2=n2

L ov e gy — v assasv

rather than epitaxially strained values to derive the . 034 and O 06 eV lower than CuInSez, respectively.
conduction-band offsets. This can cause errors in his calcu-

lation of AE,.)

(vii) There are a few indirectly measured values of
AE,(ZnSe/ZnTe): (a) Based on fitting the dominant photolu-
minescence peaks to the ZnSe, Te; _,/ZnTe superlattice band The optical bowing parameter & of the chalcopyrite alloy
structure-obtained-by k-p-theery, Rajakarznanaycke et—aﬂLis—gi-ven by
deduced a value for the unstrained valence-band offset

C. Bowing in chalcopyrite alloys

AE, {ZnSe/ZnTe)=0.91%0.12 eV. This fitting assumed that b=—4|E,(ABX,/A'B'X})— L E(ABX,)
the observed peak energy corresponds to band edges transi- 2
G RRRN 1 W48 AP T >

smaller.” (b) Kecentty, capacitance-voitage measurement by  INote thal both computational and LA errors’” tend 1o can-
Ukita ez al.” of a Schottky-like heterojunction barrier gave  cel in Egs. (10) and (12), since we compare chemically iden-
AE, (ZnSe/ZnTe)=0.7-0.8 eV. Both experimental results™7® tical systems in two different forms: the ABX,/A'B’'X) al-
agree very well with our calculated value of 0.73 eV (F1g 5) loys vs. equ1va1ent amounts of the consntuents ABX 2 and
__ Howeyar, recent nsendopofe ‘B’ - 5 5
treating the Zn 3d states as frozen core found a much larger bt01ch10metnc mixed-anion [Flg 2(a)] and rmxed—cauon
value of the band offset AE,(ZnSe/ZnTe)=1.09 eV. This dis-  [Fig. 2(b)] chalcopyrite alloys. Comparing our calculated re-

negiect or explcit p—d coupung i tne later. Kecall that wWe next comment on tne experimenial results, 8O as 1o

p- d repuls1on raises the energy of VBM in inverse propor- demde with what data to compare our calculations. The ex-

£ A 2 IR -+ 1. B 1 X
S e e o L e

(viii) Recently, Schmid ez al.”’ found that between the  Culn(S,Se), and Cu(Ga,In)Se, are also in disagreement with
CdS and CulnSe, layers in CdS/CulnSe, solar cells there other measurements. Samanta er al.'> have recently pre- -
exists a CulnSe,-derived Cu-poor “ordered vacancy com- sented bowing parameters for eight chalcopyrite alloys
pound” (OVC). We have studled78 the band ahgnment be- (Table I). We see that some of their results, yielding zero and

bt o B

-

v AL O T T TR T T THO T I IO O LI T TOT CUIT e, BA=7oy I DO T INS IO IO CUtIOT oy o 10

narisan W find frm our calenlation that the pnstrained  small'® (as'Q 05 # V) This s not snpoasted b uxneu_

J

This is due to stronger p—d coupling in the former. The tering of the experimental data (Table I) could reflect
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nonstoichiometry>°

in the samples. Table VI collects the

To fit the experimental data for optical bowing of chal-
pyrite allovs in which A and B_are the mixed atoms. Tj-

where y, is Phillip’s electronegativity®' for atom . Their
results are also listed in Table VI for comparison. Although

2]

B ol r——
"TOys used 1n werr nwng [(Ua,ln), (>,5¢), and \de,1e)], s

formula underestimates the bowing of the other alloy sys-

(0.6 eV). This suggests that the formula of Tinoco et al. can-
not be reliably extended to systems not used in their fitting.
Furthermore, the phenomenological scaling of Eq. (13) does

- e ———————————————————————————————————
A,B)=D214 - , i I3 - - . m—
bia.B) 1Xa™ Xl ) ents. On the other hand, A V-induced inferband coupling be-

tween the conduction and the valence bands lowers the VBM
and raises the CBM, thus increasing the band gap. For most

ik S G T Vi AL o L T e

For dlI'CCt band-gap semiconductors, the top of the valence

v_qn2njep 3 lika gfa wﬂw_uﬁ_

mostly a cation s and anion s state. The AV-induced intra-
band connline within_the condiction hand _and within f

of the same orbital character is much stronger than the inter-
band couphng, 50 alloying reduces the band gap and the

AT oo 2l .o AYPX3

the A and B atoms. When two compounds have large differ- ‘
ence in their atomic potential or large difference in their size,
the optical bowing is expected to be large. The atomic po-

. . . . . .
;::: i::_;l :i :i;f;:: ::: g!g;;gﬁi DOWEEfg OI chalcopyries

[e.g., CuGa(S,Se),] versus zinc-blende [Zn(S,Se)] alloys.
This will be discussed in Sec. III E below.

D. Bowina in Zn-based I1-Vi aliovs

WAL UPLIVGL UV YRRy YW LU YL WEIVULALLAL LIV UV VY LILE VUV
cient for Zn-based II-VI alloys. Figure 3 gives our calculated
. I . T} ek rem——— - g == AN e

good. We notice that bowing parameters measured from mo-
lecular beam epitaxy (MBE) grown films***! have large val-
nes suggesting that those samples may not be perfectly ran-
dom (see below).

The results 5=2.71 eV for Zn(S,Te) can be compared

the dit'_t"'e;ences of their atomic valence eigenvalues. In Table
V we show our calculated LDA atomic valence eigenvalues
€. €, and ¢; of elements studied in this paper. The size
rmsmatch of the constituents can be inferred from the mis-

matrh af thair lattice rAnctante

mixed-anion alloys studled here [Fig. 2(a)], Culn(S,Se) has a
tha n ila tha banringefar MdIn/Sa Tealan
Culn(S,Te) are large. This is because (i) the s chemical po-
tential difference between S and Se is small (~0.2 eV), while
the Te s potential is about 2 eV higher than the one for S and
Se (Table V), (ii) the p chemical potential difference is
smaller between S and Se (~0.45 eV) than between S and Te

“m &’M_ynﬂnnm:d syl (o Q slladiid ﬁ:_l l;hj:.slie JMWCM ﬁd

-,

FF,%E

ZnS, Te,_, at x=1/2, For Zn(S,Se) and Zn(Se,Te) Bernard

and Zunger®' used in Eq. (14) only the n=2 data, finding

b=0.39 eV and b=1.96 eV, to be compared with the more

accurate current values of 5=0.50 eV and b=1.14 eV, re-
spectively.

Comparing now the bowing in mixed-anion chalcopy—

. ety e e b itle o i 5 6T ) e

alloys also causes wave-function localization. we 1nnd that in
Culn(S,Te) the top of the valence band is strongly localized
on the Te atom with higher p orbital energy, while the bot-~
tom of the conduction band is strongly localized on the S
atom with low s orbital energy. No strong wave-function
localization is observed in Culn(S,Se), which has almost no
bowing. The significant reduction in bowing in the chalcopy-

(Fig. 3) we see the same trend b(S,Se)<<b(Se,Te)<b(S,Te),
but a significant reductiorn in bowing in the chalcopyrites

rites relative to the zinc-blende alloys can be understood by
noticing that the stronger p—d coupling in the chalcopyrites
reduces their valence-band offset (hence, chemical disparity)

Eﬁ tive_tn the TT1-V1 7inc-hlende allavs is, is ana-
»4_7#_—'

Ty

In mixed-cation alloys [Fig. 2{b)] most of the level re-

H&‘i\lﬁﬁ- nSde i rh as -~ ffigin s iT o

Optical bowing in semiconductor alloys is caused by the
dlfference of volume deforrnatlon potenuals of the constltu-

their relatively large band -offset, the Cu(Al,Ga)Se, and
Cu(Al In)Sez alloys also exhibit significant perturbation in




B(CuAu) 0.46 1.44 3.30 (CulnX,, X=S,Se,Te) and three mixed-cation (CuM Se,,

b{CH) 0.10 025 0.61 - M =Al,Ga,In) chalcopyrite alloys. The random chalcopyrite
b(CuPt) 1.09. 3.15 5.93 alloys are represented by an SQS model. We find that (i) for
b(random) - 0.50 1.14 2.71 ;

all the chaleanvrite allave etndied here the mivine enthalnv ic

, rite constituents. However, at higher temperature, the disor-
=0.21 eV). We also notice that the bowing coefficient of =~ dered phase can be stabilized through entropy. The mixing
Cu(Ga,In)Se, is smaller than (Ga,In)V (with V=P, As, and  enthalpy AH is rather small for (S,Se), (Al,Ga), (Se,Te), and
Sb) alloys (5~0.5 V).® This is because in the chalcopyrite  (Ga,In) alloys, suggesting that these alloys will be miscible
system half of the catlon sites are occup1ed by Cu so the in the whole comp051t10n range and can thus be formed eas-

e 5 2394 2 AU d Tdlg [ » Y 5d d ] Y
the (,u(Al Ga)Seo and Cu(Al In)Sez alloys the chermcal dlS- tem. (ii) For mixed-cation interfaces, most of thé band off-
naritv and cize dienaritv hatwean Al and (a and hatwean Al sets occur in the conduction band. while for mixed-anion

for these two alloys. ' : ' and are in good agreement with the most reliable experimen-
tal data for stoichiometric alloys. Culn(S,Te) and Culn-

(sl .

Lur 1oregoing discussion centered on the SUS models (1V} Lne airerence Oor bowing coerncients and band oOrrsets
vving W u;yoy LVULIM LUL 1LY puLoL 1Al ULlil LUl :“éuyvuuxu& LULIV CIVIIUL D Y OLWLLLG CUW VARG 11 LULIELD UL Wi
dered alloys. Our results for Zn chalcogenides in the ordered  larger p—d coupling-in chalcopyrite systems. Bowing pa-

i e ok Nt < el R S s i —— et et et aalanies 1t e iy St 3] it Rhpm—
rite and CuPt (an AB superlattice along [111] direction)  and chalcopyrite structure) are predicted. The band align-
structures are summarized in Table VII. We see that band ment between CulnSe, and CuInSez—denved ordered va-

gng *hw Gl MUY 0 o s rdrmi- 3 GATPAN(IC

dered phases,™ the bowing oI the ordered phases has the  ACKNOWLEDGMENTS
following trend
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b cupt™ DRrandom=PcH - : (16)
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