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First-principles study of transparent p-type conductive SrCy,0, and related compounds
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Using first-principles band structure methods we have systematically studied the electronic and optical
properties ofp-type transparent conductive oxides SOyl and related compounda Cu,0,, where A
=Mg, Ca, and Ba, as well as their host materiahGuWe show that all these compounds have direct band gap
at the zone centef() with SrCw,0, having the largest band gap. The trend of band gap variatiéd 6,0,
as a function ofA!' is explained in terms of atomic energy levels and atomic sizes ofAtheslements.
Transparency of SrGO, is explained by the calculated dipole transition matrix elements. The calculated
effective masses for the conduction band states are found to be larger than those for the valence states for
SrCy,0,, opposite to the trend in conventional semiconductorsratygpe transparent conductive oxides. We
predict that adding a small amount of Cal6%) into SrCyO, can increase the band gap and reduce the hole
effective mass of SrGD,, therefore, increase the transparency and conductivity.

DOI: 10.1103/PhysRevB.65.075111 PACS nuntder71.20—b, 78.20-e

. INTRODUCTION CaCyO, have yet to be synthesized. We find that both
SrCy,0, and CyO are direct band gap materials with their
Transparent conductive oxid€sCO’s) is a group of ma-  pand edges at the zone cent&) ( Adding SrO into CyO
terials with unique physical propertieDespite their large reduces thed-d coupling between the Cu atoms and raises
band gaps(>3 eV), thus transparent under normal condi- the band gap by 1.31 eV, in good agreement with the experi-
tions, the TCO's can sustain a high concentration of chargeghental value of 1.22 eV. The top of the valence band in
carriers and also maintain a high mobility. They are widelySrCy,0, is found to be mostly Cd and Op. The calculated
used as transparent electrodes in flat panel displays, solg@ipole transition matrix elements show that transition be-
cells, and touch panels. Almost all of the well known TCO’s tween the VBM and other valence states is negligible within
such as ZnO, 503, SnG;, and their alloys have-type con- 4 eV below the VBM. This is crucial fop-type TCO’s as
ductivity. This can be attributed to the fact that the valencearge fundamental gap is not enough to guarantee transpar-
band maximunt{VBM ) states of these TCO'’s are mainly®©  ency. The bottom of the conduction band minim(@BM) is
states with very high ionization energies. Consequently, acmostly Cud and Op with some Sis. The calculated effective
cording to the recently developed doping limit rélé,will  masses for the conduction band states are found to be larger
be very difficult to dope thenp type. The lack ofp-type  than those for the valence states, opposite to the trend in
TCO's severely limits the potential applications of these maconventional semiconductors amgtype TCO’s. These re-
terials, for instance, as transparent diodes. Currently there agilts are explained in terms of the coupling betweendCu
considerable interests in findingtype TCO’s and under- states and @ states. FoA!' Cu,0, we found that they all
standing thep-type doping mechanism. have direct band gaps &t. The predicted band gaps are
Recently, several Cu containing oxides such as CyAlO 2 45 3.01, 3.33, and 3.01 eV, for Mgg,, CaCyO,,
and SrCyO, have been proposétb be good candidates for SrCcy,0,, and BaCuO,, respectively. In the following, we
p-type TCO's. It is based on the observations that the protodiscuss briefly our calculation methods and the sailient fea-

type Cu containing oxide, GO is a well-knownp-type  tures of our calculated results.
semiconductor with, however, somewhat small band gap of

2.1 eV. Cu has shallow, occupied! drbitals close to the O Il. CRYSTAL STRUCTURE
2p orbitals. Thus, the VBM states will be mostly Gulike.
The coupling between the Cd states and the @ states The crystal structure of GO is shown in Fig. {a). It is
leads to smaller ionization energiéshich is equivalent to cubic with a space grou@ﬁ. The O atoms occupy the po-
higher VBM) for these Cu compounds than conventional ox-sitions in a body-centered cube and Cu atoms stay in the
ides, thus, making it easier to dope thertype. By modify-  positions in a face-centered cube. The meaduattice con-
ing the crystal structure of GO, e.g., reducing the oxygen stant isa=4.2696 A, so the Cu-O bond length is 1.85 A.
mediatedd-d coupling between the Cu atoms, it is possibleInstead, SrCy0O, has a tetragonal structure with space group
to enlarge the band gdp,thus enhance the transparency of of 14, /amd [Fig. 1(b)]. The measured lattice constants are
Cu containing oxides. a=5.48 A and c=9.82 A, respectively. In this crystal

In this work, using first-principles band structure meth-structure, Sr atoms are at the center of a distorted octahedron
ods, we have calculated the electronic and optical propertie®rmed by O atoms. The nearest-neighliN) Sr-O bond
of SrCw,0,. We investigate the origin of the transparency length along thec direction is Ryn(Sr-O)=uc, whereu is
and p-type conductivity in SrCy0O, and related compounds the internal structural parameter, and the next-nearest-
such as C40 andA''Cu,0,, whereA''=Mg, Ca, and Ba. neighbor(NNN) Sr-O distance is slightly larger, given by
Among these compounds, Bagll, is knowrf to exist in the
same crystal structure as Sg@y.” However MgCyO, and Runn(Sr-0) = 1(0.25-u)?c?+0.25°. (1)
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(@) Cu,O (®) SrCu ,0, in Cu,O to one-dimensional chain in Srgd, reduces the O
mediated Cu-Cu interactions, thus narrowing ttheband
width and increasing the band gap for SgOy.

Ill. METHOD OF CALCULATION

The total energy calculation is performed using the local
density approximatiofLDA) (Ref. 9 as implemented by the
general potential linearized augmented plane wave méthod.

a \ \’ P No shape approximation was used for either the potential or
uc the charge density. We used muffin-tin radii of 2.5, 2.0, and
O e @ 1.4 Bohr forA!', Cu, and O atoms respectively. The basis set
Sr Cu O cutoff energy is 23 Ry. The Cag3 Sr 4p, and Ba P states
a are treated as valence states. Spin-orbit coupling which is
FIG. 1. Crystal structure ofs) Cu,0 and(b) SICw,0,. implemented by using the second-variation metfasl in-

cluded when calculating the effective mass. To determine the

In the ideal structure witie=2a andu=0.25, the two bond Structure parameters, we first search for the minimum total
lengths Ry and Ryyy are equal. The Cu atoms form the €Nergy with respect.tta, ¢, and u at fixed volume. The
well-known O-Cu-O dumbbell configuration. The nearest-ground state properties were then extracted from these cal-
neighbor Cu-O bond length is given by culated minimum total energies at each volume, fitting to the
Murnaghan equation of staté The Brillouin-zone integra-
Ryn(Cu-0)=(0.0375-u)?c?+0.062%°. (2)  tions were performed using 20 spediapoints- for the cu-
This dumbbell 0-CU-0 it s simiar (0 that of GD. n 2 U0 structure and 15 specikpaits or e etagons)
fact, SrCyO, can be considered as being derived from b . N
Cw,0,, where one Cu atom is removed for each unit of diS_culate the density of states, larger numbers gfoints are _
torted CyO, plus an inter-penetrating body centered tetrag—used' .W§4 used the C_eperley-AIder exchange correlation
onal Sr sublattice. pot_ent|al as _parametrlzed by I_Derdew and _Zuri’gr’eT.he

However, unlike the three-dimensional dumbbell struc’[ureOptlcal properties O.f these materials are studied by calculat-
in Cu, 0O, the O-Cu-O dumbbells in SrGQ, are connected Ing the dipole matrix element

to form.one_—dimensional_zigzag chains along [he0] and _ Mvsm,j(k)=|<¢vsm,k|P| ,/,j'k>|2 (4)
[010] directions, respectively. The angle between them is . . . 17
given by atk=0 using the optic packadin the wiEn97 code’
a
- IV. RESULTS AND DISCUSSIONS
tan( 6/2) (15-4u)c’ (3)
For SrCy0,, the measured internal structural parameter is A. Structural parameters
close to the ideal value ai=0.25, so the angl#=96.3°. Table | presents the calculated structural parameters for

This value is smaller than the tetrahedral angl#efl09.5° Cu,O andA''Cu,0, (A"=Mg, Ca, Sr, and Ba The calcu-
in Cu,O. However, the Cu-O bond length of 1.84 A in lated results are compared with available experimental
SrCuw0, remains nearly the same as inQu We will show data®’ The agreements are very good. The slight underesti-
later that this change from three-dimensional O-Cu-O chaimmate of the calculated lattice constanby less than 2% is

TABLE |. Calculated structural parameters and semirelativistic band gaps for cupi@ &hd tetragonal
A''Cu,0, (A''=Mg, Ca, Sr, and Ba The calculated spin-orbit splittind, for Cu,0 is —0.127 eV. To
correct the LDA band gap errors we added a constant of 1.5 eV to the LDA calculated band gaps. The
predicted band gaps are given EJ§DA*C. The calculated results are compared with available experimental

(exp) data.

ad)  c(A) 0 U A B V) B eV
Cw,O 4.216 4.216 109.5 1.826 0.52 2.02
exp. 4.270 4.270 109.5 1.849 2.10
MgCu,0, 5.078 8.951 87.2 0.226 1.841 0.95 2.45
CaCy0O, 5.290 9.336 93.2 0.241 1.821 1.51 3.01
SrCu,0, 5.406 9.729 95.6 0.249 1.825 1.83 3.33
exp. 5.480 9.820 96.3 0.250 1.840 3.30
BaCuy0, 5.650 9.935 102.1 0.260 1.817 1.51 3.01
exp. 5.722 10.064
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typical for the LDA calculations. As expected, the lattice value. Based on this observation, we assume that the LDA
constants increase as the size of #leatoms increase from band gap errors of-1.5 eV is independent of tha'' atoms

Mg, Ca, Sr, to Ba. It is important to see thatAH Cu,0, the  due to the similarity of the characters of the band edge states.
nearest neighbor Cu-O bond lengths are nearly independeptuniform upward shift of the conduction band by 1.5 eV is
of A" and are very close to that in @D. It suggests that the included in Fig. 2.

bonding characters between Cu and O are very similar in this Figure 3 plots the total electron density of statB©9)
group of compounds. The conservation of the Cu-O bongyng the site- and angular-momentum projected I¢aithin
length inA'' Cu,0, is made possible by the displacement of the muffin-tin spherasDOS for SrCyO,. We see that the
the O atoms away from their ideal positionuat 0.25. Only — yajence states consist of two major parts: The upper part
SrCw0O, has au=0.249 close to the ideal value. The _dls— from the VBM to Eygy—3 €V consists predominantly the
placement of the O atoms also leads to a change in thg 34 ctates. The lower part frorEygy —3 eV 1o Eyay
O-Cu-O dumbbell bond anglé. This leads to an increase of —6 eV consists predominantly the Qp2tates. This is due

: 0
9 when the gtonmc numbers (ﬁ mcrea.ses'.'However, the to the fact that Cu 8 level is shallower than O2 Thus, the
bond anglegin A" Cu,O, remains to be significantly smaller Cu containing oxides such as & have much higher VBM
than the tetrahedral bond anghe=-109.5° in CyO. This is g oxides such : fu have mu '9
because to accommodate tAé-O bond length which is than othe'r conventional oxides such as _ZnO, where the Zn
absent in CpO, the system would like to have/a ratio 3d state IS deeper than th?. (p Ztate. Higher VBM alsc_J
close to two, so the anglé close to 90°. I_ea_ds to hlg_hep-type dopability as suggested by the_ doping
limit rule. Figure 3 also shows that there are significant hy-
bridization between the Cud3and O 2 states in the valence
bands. The contribution of Sr orbitals to the valence band is,
The calculated band structure of SgQy at the experi- however, much weaker.
mental lattice constants along some high symmetry direc- To understand the large band gap of SfGurelative to
tions is shown in Fig. @). For comparison, we also show in Cu,0, we plot in Fig. 4 the DOS and local DOS for £
Fig. 2(@) the calculated band structure of £Lu It shows that We see that the DOS of GO is similar to that of SrC40O,.
SrCu0, has a direct band gap & The LDA calculated However, in SrCyO, the O mediated Cu-Cu interaction is
band gap of 1.83 eV is about 1.47 eV smaller than experione dimensional, while in GO the interaction is three di-
mental value of 3.3 eV. GO also has a direct band gaplat mensional. Therefore, the upper valence band width in
The LDA calculated band gap of 0.52 eV is about 1.58 eVSrCu,0, is much narrower than that in @Q. This lowers
smaller than the experimental value of 2.1 eV. However, thehe VBM, thus leads to the opening up of the band gap in
calculated band gap difference of 1.31 eV between 80Gu SrCy,0,. To test this theory further, we have calculated the
and CyO is in very good agreement with experimental band gap ofCu,0,) ~? which has the same crystal structure

B. Band structures and DOS of SrCy0O, and Cu,O
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and structural parameters as for SOy, except that one Sr
atom is replaced by a vacancy with two valence electrons
(g=—2). To keep the charge neutrality of the cell, posi-
tively charged, uniform jellium background is included. In-
deed, we find that the LDA band gap of (£&) 2 is 1.79

eV that is close to the 1.83 eV for SrgDy,. Its upper valence
band width is also very close to that for St@j. These
results show clearly that the band gap opening is due to the
narrowing of the Cud band by the one-dimensional O-Cu-O
dumbbell structure. This finding is consistent with the early
assumption of Kudo and co-worket$®

C. Optical properties of SrCu,O, and Cu,O

In order to be transparent,mtype TCO not only should
have a large fundamental band gap, so no visible light ab-
sorption between the valence bands and the conduction
bands can take place, but also it should have no visible light
absorption between the VBM and the bands below. A look of
the band structure of SrG0, in Fig. 2(b) shows, however,
that there are many bands within 3 eV below the VBM. It is,
therefore, surprising to hayetype SrCyO, transparent. To
understand this paradox, we have calculated the dipole tran-
sition matrix elements between the VBM state and other
states af’. The results are shown in the right panel of Fig. 2.
We find that indeed, the dipole transition probabilities be-
tween the VBM and the other states within 4 eV below the
VBM are negligible. This is because the on-site transition
from same angular momentufsuch as @ to O p and Cud
to Cu d) is forbidden according to the classical selection
rule. This explains the transparency for tpigype material.

It is interesting to see that the direct dipole transition from
the VBM state to the CBM state is also forbidden, similar to
that found in CyO [Fig. 2(a)]. This has been explained by

Elliott’® and Chinget al®® due to a phase cancellation for

compounds with nonsymmophic space group.

D. Effective mass of SrCyO, and Cu,O

A p-type TCO with good conductivity should have high
mobility, thus, small hole effective mass. To test this, the
electron and hole effective masses for,Ouand SrCwO,
are calculated along high symmetry directions.

For the cubic CpO the effective masses &tare calcu-
lated along thel'—X (27/a)(300), I =M (2m/a)(330),
andI'—R (27/a)(533) directions. The results are show in
Table Il and are compared with available experimental
data?~2*We find that the electron effective masses are es-
sentially isotropic, while the hole effective masses are aniso-
tropic, especially for the heavy hole state. BecausgOChas
a negative spin-orbit splittingX,=—0.127 eV) atl’, the
top of the valence band is a light hole state with its effective
mass even smaller than the CBM state. This is in contrast to
most conventional semiconductors amtlype TCO’s where
the electron effective mass is much smaller than the hole
effective mass. Our calculated effective masses are slightly
smaller than the available experimental values. This is typi-
cal for LDA calculations and is related to the underestima-
tion of the band gap. Our calculated results, however, are
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TABLE 1I. Calculated electron and valence bands effectivehand structures oA!'Cu,0, whereA=Mg, Ca, Sr, and Ba.
massesin unit of free electron massy) atl’ alongl'-X, I'-M, and  Tne calculated band structures are plotted in Fig. 5, where
I'-R directions and energy leveisso (in eV) with spin-orbital cou- e conqyction bands are shifted upwards by 1.5 eV to cor-
pling for CL,O. For the valence states the ordén decreasing rect the LDA errors. All the four compounds show direct

energy is light hole(LH), heavy holgHH), and spin-orbit split-off L.
hole (SPH. Results are calculated at experimental lattice constanpand gaps a'. The calculated minimum band gaps for these

and is compared with available experimental data. four compounds are given in Table |. We see that the varia-
tion of the band gaps oA!'Cu,0, is honmonotonic. The
eso I'X TM TR Average Expt. band gaps increase from Mgg, to CaCyO, to SrCy0,,
CBM 044 092 092 092 092 0890.98° but it becomes smaller when Sr is replaced by Ba.

To analyze the variation of the band gaps in these sys-
(LH) 000 036 036 036 036 0580.69° tems, we have decomposed the change of the band gap into
VEM (g::') _8'12 g'gi 8'3% 8;3 é'gi two parts: chemical and size contributions when moving
(SPH —0. ' ' ' ' away from SrCwO,. The chemical contribution is due to the
aReference 23. replacement of Sr atom b&'' atoms with different atomic
breference 21. chemical potentials. This effect is studied by calculating the
band structure of the fouA"Cu,0, compounds at fixed
significantly different from the theoretical prediction of SrCu0, lattice constant. The calculated eigenvalues of the
Ching et al?® and Ruizet al?* For example, Ruiztal?*  band edge states Btand their angular momentum and size
found the heavy hole effective mass to be &% /whereas decomposed charge distributions are listed in Table IV. We
Ching et al?° found it to be 3.02, both are much larger than find that the VBM of these compounds all have Thesym-
our calculated value of 1.48,. Part of the reason for the metry(doubly degenerate without spjrexcept for BaCsO,
discrepancy is due to the negaleCt of the Spin-orbit interatiorﬂhat has a Symmetry df‘2 (S|ng|y degenera}e The CBM
in their calculations. Spin-orbital COUpling mixes wave func- states all have thEl Symmetry' except for Bagﬁ)z that has
tions at the top of valence band, thus, has very large effectg '} symmetry. For the valence bands, the state is pre-
on the calculated effective masses. dominately the Cu 8 and O 2 state with negligibleA"
For the tetragonal SrGO, the effective masses &tare  conripution, thus, the energy level of tHg; state is not
calculated along thd’-M (27/a)(100), I'=M" (27/C)  gensitive to the substitution of differedt! atoms. Thel',
X(002) directions. The results are show in Table Ill. Again, state  however, contains significant contributions from the

we see that for thig-type material, the effective mass of the ali p levels. Thus, when the orbital energies of the!
CBM is much larger than that of the VBM. Both the electron 5¢om increases m(,)notonically from Mg, Ca, Sr, to [Big.

effective masses and the hole effective masses are anisgy theT', energy level also increases. For BaOy, theT,
tropic. The hole effective masses along thaxis ('M’) are eyl moves above thE; level, thus, become the VBM. For

much larger than the one perpendicular to ¢hexis 'M).  the conduction bands, th&, state contains significant
These results indicate that for single crystal, which could b&. . «ibution from theA!" atomics orbitals. while thd} state
obtamed by eplta_XIaI_grovvth, electrical conductivity PETPEN-p a9 significant contribution from tha!' atomic d orbitals,
dicular to thec-axis will be much larger than that parallel to therefore, it is not surprising to see that the energy levels

the ¢ axis. of theT"; andI'; states follow the same trends as the respec-
tive atomic orbital energies of tha'' atoms. Thd; energy
E. Chemical trend of the band gap ofA" Cu,0, compounds  |eye| increases from Mg to Ba, while tig level, in general,
To search for a bettgr-type TCO'’s and to understand the decreases from Mg to Ba. For Bagy, the T'; energy
effects of the Sr atom in SrG@,, we have calculated the level is below thel’; energy level. Therefore the reduction

TABLE llI. Calculated effective massds mg) atI" along high symmetry directions and energy lewels, andeyso (all energy level
is relative to their semirelativisiti€'s states in ey with or without spin-orbital coupling foA' Cu,0, (A!'=Mg, Ca, Sr, B&a For SrCy0O,
and BaCyO, the results are calculated at experimental lattice constants. For,Oa@nd MgCyO, where experimental data are not
available, we used our calculated equilibrium lattice parameters.

MgCu,0O, CaCy0, SrCy,0, BaCuy0,

NSO €30 'M TM  enso eso I'M T'M'  enso eso I'M TM' ey €0 I'M T'M’
r, -052 -054 1968 025 -026 -028 330 032 -017 -020 240 044 0.09 0.15 1.78 0.39
I's 0.00 0.00 0.28 181 0.00 0.02 0.44 1.46 0.060.02 048 2.12 0.00 -0.15 0.83 1.10

0.00 0.02 0.27 3.17 0.00 0.03 039 291 0.00 0.03 057 1.27 0.00 0.08 0.66 3.34
I 1.05 1.05 1.79 0.60 1.87 187 453 055 1.83 183 585 1.82 1.83 183 3.44 048
r; 3.82 3.82 057 0.69 1.73 1.73 0.32 0.82 1.87 186 0.32 0.79 1.60 1.59 0.30 0.80
Iy 0.95 095 0.13 0.23 1.51 152 0.21 0.30 1.90 190 0.28 044 201 2.00 0.34 055
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of the band gap of BaGO, relative to SrCwO, is s character has a large negative deformation potential.
mainly due to the change of the VBM and CBM charactersWhereas for thd'; andI'; states, which has most of their
(Fig. 6). charge in the interstitial regiofsimilar to the X; and X;

The size effects are studied by changing the lattice paranfonduction band states in zinc blende semicondulttinge
eters of theA''Cu,0, compounds from the values for deformation potentials are positive. Thus for CaGy the
SrCw0, to their respective equilibrium volume. We find that change of volume from that for Sr@; to its own equilib-
under pressure thEs state moves up in energy due to in- fium volume pushes thE, state up and th€; andI'; states
creasedi-d andp-d couplings, that lead to an increase of the down, so thd’; state is no longer the CBM. Furthermore, we
crystal field spliting between th&'s and I', states(see find thatdE/du for the I'; andT'; states are positive, while
Tables Ill and V). Figure 7 shows that variation of the en- for I'; state it is negative. Therefore, after we relax the
ergy levels of the conduction band states with respect to thparameter to their equilibrium values thg states become
I's VBM state. We find that thé'; state with an antibonding the CBM for both MgCuO, and CaCyoO,.

TABLE IV. Calculated angular momentum and site decomposed charge distributions inside the muffin-tin
(in percentageand eigenvalueén eV) for the VBM and CBM states di. The energy zero is set at thg
state. All the results are calculated at the experimental lattice constant fos(r.Cu

MgCu,0, CaCuy0, SrCy,0, BaCuy0,
€ Qs Qp Qg € Qs Qp Qq € Qs Qp Qq ¢ Qs Qp Qq

0O -046 0 1 O0 -019 0 1 0 -017 0 2 0 013 0 3 O

r, A" 0 1 o0 0 1 o0 0 1 0 0 2 0
Cu 1 0 19 1 0 19 1 0 17 2 0 15
O 000 0O 3 0O 000 0O 3 0 000 0 4 0 000 0 4 O
rs A 0 0 O 0 0 0 0 0 0 0 0 O
Cu 1 0 17 1 0 17 1 0 17 1 0 16
O 03 2 0 0 156 2 2 0 183 2 2 0 230 2 3 0
r, A" 10 0 © 3 0 0 2 0 0 1 0 O
Cu 0 0 13 0 0 12 0 0 12 0 0 11
O 3% 0O O O 18 0 O O 187 0 0 0 149 0 0 O
r, A" 0 0 3 0 0 18 0 0 11 0 0 9
Cu 0 3 0 0 2 0 0 2 0 0 2 0
O 164 0 0O O 192 0 2 0 19 0 2 0 18 0 3 0
ry A" 8 0 O 0 0 O 0 0 O 0 0 O
Cu 0 4 0 0 4 0 0 4 0 0 4 0
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FIG. 6. () Variation of the band edge energy levelsTags a  (CaSh ) Cl, O, alloys. Using the band gap values in Table
function of theA'" atom forA"' Cu,0, compounds. The results are |ll and assume linear interpolation between the correspond-
calculated at the same experimental lattice constant of ®Cb)  ing states of SrIC4D, and CaCuO,, we find the maximum
Variation of the atomic energy levels of ionized'()* atom. Note gap is achieved ak~16%. Furthermore, our calculations
that thel", levels trace thé"" p orbital energies, th€, levels trace  show that due to larggr-d andd-d couplings in CaCyO,,
the A" s orbital energies, and thE; level trace theA"" d orbital its VBM is also slightly higher in energg~0.1 eV) than the
energies, VBM of SrCu,0,. Based on the doping limit rule, Cagid,

F. Effective mass of theA!' Cu,0, compounds should be easier to dogetype than SrC40,.

We have also calculated the electron and hole effective
masses af’ for states near the band edge of #heCu,0,
compounds. The results shown in Table Il are calculated In summary, we have systematically studied the electronic
along theI'-M and I'-M' directions. In general, all the and optical properties gf-type transparent oxides' Cu,0,,
A''Cu,0, compounds has similar effective masses as fowhereA=Mg, Ca, Sr, and Ba, as well as their host material
SrCy,0,. Both the electron and hole effective masses areCu,O, using first-principles band structure methods. The
anisotropic. The hole effective masses perpendicular to ¢ dirend of band gap variation @' Cu,0, as a function ofA'"
rection at VBM are relatively small for MgGO,, is explained in terms of atomic energy levels and atomic
CaCy0O,, and SrCyO,. Due to O mediated coupling be- sizes of theA!' elements. The calculated dipole matrix ele-
tween Cud states, the effective masses also decrease whanents show that transitions between the VBM and other va-
the unit cell volumes decrease from SOy to CaCyO, to lence states are negligible within 4 eV below the VBM. This
MgCuw,0,. This provides another benefit of forming explains the transparencies in thgsg/pe TCO's. We pre-
(CasSr,_,)Cw0, alloy since the alloy is expected to have dict that adding a small amount of Ca 16%) into SrCyO,
smaller hole effective mass, thus, higher electrical conducean increase the band gap and reduce the hole effective mass
tivity. For BaCw0,, however, the VBM hole effective mass of SrCu,0,, therefore, increase the transparency and conduc-
along c direction is smaller, and has a different anisotropytivity.
from the values for otheA!'Cu,0, compounds. This is be-
cause the VBM for BaGi0, is al', derived state while for
other compounds they are derived from fhe state.

Our calculated results show that for pusd'Cu,0,, One of us(X.N.) thanks Dr. G. L. W. Hart and Professor
SrCu,0, has the largest band gap, thus is likely to be theC. Ambrosch-Draxl in using theviEN97 package. This work
most transparent. The band gap could be increased slightly ¥fas supported by U.S. Department of Energy, Contract No.
a small amount of Ca is mixed into Srgd, to form  DE-AC36-99G0O10337.
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