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Structure-derived electronic and optical properties of transparent conducting oxides
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Using the first-principles method, we have studied the stability and electronic band structures of the trans-
parent conducting oxides SngD,, SnCd0O,, and CdInO,. Our calculated lowest-energy phases of these
compounds are similar to those found experimentally. However, we find an orthorhombic structure of
SnZnO,, which is close in energy to the inverse spinel structure, and a new “inverse” orthorhombic structure
for CdIn,O,4, with an energy close to that of the inverse spinel structure. The stability of these compounds can
be explained by the Coulomb energy, atomic size, and chemical character of the constituent elements. We
analyze the chemical character of the band edges and explain the general trend observed in the fundamental
band gap and energy difference between the first and second conduction bands. The latter is found to be large
for the thermodynamically stable structures, which explains the transparency ofntiygse conducting ox-
ides. Based on these analyses, we derive general rules for designing more efficient transparent conducting
oxides. We have also calculated the Moss-Burstein electron effective masses and the optical transition matrix
elements of these compounds. We find that transitions between the valence band maximum and the conduction
band minimum are forbidden by symmetry, and that the optical gaps are about 1 eV larger than the corre-
sponding fundamental band gaps. The same forbidden transitions are found between the first and second
conduction bands. Our calculated dependence of the absorption spectrum on the carrier concentration reveals
new features fon-type doped transparent conductor oxides. At very high doping concentration, we find a
possible “inverse” Moss-Burstein shift, where the apparent band gap decreases with increasing carrier

concentration.
DOI: 10.1103/PhysRevB.71.125129 PACS nunt®er71.20.Nr, 61.50-f
I. INTRODUCTION optical properties of these three ternary compopiti§:12

For example, it is known that Cd}®, is possibly more

Post-transition-metal oxides and their alloys have sometable in the normal spinel structuf®t23whereas Snzj©,
unique physical properties. Despite their large band gapgnd SnCgO, are more stable in the inverse spinel
(>3 eV), thus transparent under normal conditions, they cartructure®*® SnCdO, has also been grown in the ortho-
sustain a high concentration of electrons with a high carriefhombic bulk structuré:!* However, many physical proper-

mobility. They are, thus, used as transparent conducting oxi€S Of these compounds are still unknown. For example,

ides(TCO's) in optoelectronic devices such as flat-panel dis-their band structure _is not well established yet, and _the rea-
sons for their combined transparency and conductivity are

plays, windshield defrosters, and solar céfsThe most il under i deb : v the relationshi
commonly used postransiionmetl s are znagen 1 D0 lenes debate, More mporianty, e elatonshio
and InOs qnd their alloys. However, the recent growing de'ties of these compounds has not been well studied. Under-
mand for h|gh-performgnce and low-cost TCQRefs. 3_and . standing these issues is of great importance for future design
4) has led to an extensive search f_or new TCO materlals_ Wlﬂa)f better TCO materials.
higher transparency and conductivity> Among many bi- Using the first-principles band structure and total energy
nary and ternary oxides, Sndd,, SnCg0O,, and CdIBO;  methods, we have studied the structural, electronic, and op-
have emerged as promising TCO's. SpOgwas found to tical properties of Snzi©,, SNC40,, and CdIgO,. In par-
have a high carrier mobilify’ compared to most conven- ticular, we have investigated the relationship between the
tional TCO’s. SnZpO, has better optical transparency than crystal structure and the combined transparency ratype
SnCd0, and does not suffer from the toxicity problem as- conductivity in these ternary compounds. We find that, in
sociated with Cd in SnC@,, although its electrical conduc- agreement with experiment, Snf),, SnCdO,, and
tivity is lower® than that of SnCg,. Recently, the use of CdIn,O, are more stable in the inverse spinel, orthorhombic,
SnCd0,/SnZn0, as transparent conducting layers in CdTeand normal spinel structures, respectively. All three com-
solar cells has resulted in the highest cell efficiency achieve@ounds have their conduction band minim(@BM) at thel”
to date for this systefhCdIn,O,, on the other hand, is also point. The most stable structures of SpOgl and CdIpO,
known for its highn-type dopability? with a carrier concen- have indirect band gaps, although the energy differences be-
tration as high as £ cm . tween the direct and indirect band gaps are small, within a
These ternary compounds have a general chemical fofew tens of meV. SnZyO,, on the other hand, has a direct
mulaAB,O, and usually exist in either the cubic spinel struc- band gap. However, we find that, because these structures
ture or an orthorhombic structure, according to the growtthave inversion symmetry and the valence band maximum
conditions. Many experimental and theoretical studies havéVBM) and the CBM states df have the same parity, the
been carried out to understand the structural, electrical, andipole optical transitions are not allowed between states at
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FIG. 1. (Color onling Ball and stick representation of the norn#B,0, spinel structure, showing the position of the O atdiswall
balls), bonded to(a) the A atoms(large ball3 at the tetrahedral sites aid) bonded to theB atoms(large ball$ at the octahedral sites.

the zone center. Consequently, the optical band gaps of thesmnsition matrix element&|p,|#;) between statesand f
materials are usually about 1.0 eV larger than the fundamerfollowing the method proposed by Adolt al2° for a PAW
tal band gap. The energy separation between the first anghsis set, wherg,, is the momentum operator with polariza-
second conduction bands is also large for these compoundi®n « and ¢ is the PAW (all-electror) wave function. From
in their respective ground states, which explains the transpathe transition matrix elements, we derive the imaginary part
ency observed in these degenenatiype TCO’s. The calcu- of the dielectric function according 4b

lated electron effective masses increase with the band gap, as )2

one would expect for conventional semiconductors. Due to _[£7E 1A Al

the nonparabolicity of the conduction band, we find that the IM €g() _( mw> % fdk(lp'|p“|¢f><¢f|p/3|'//|>5(Ef(k)
effective mass generally increases as a function of increasing '

electron concentration or Fermi energy. Moreover, our calcu- ~E(K) -~ fiw), (1)

lated dependence of the absorption spectrum on the carrigfhere the tetrahedron metif8ds used to perform the inte-
concentration reveals that for heavily dopetype TCO'S, @ gration, with a finer Monkhorst-Pack mesh of up to 10

“negative” Moss-Burstein shift is possible, where the appar~ 19x 10 divisions. The absorption coefficient is then ob-
ent band gap decreases with increasing concentration. Owined by
study revealed the characters of the VBM and CBM states,

which provides a guideline for future design of suitable TCO w\/2[|em(a))| - Ree, (w)]

materials. Aw) = c (2

where Ree,; is the real part of the dielectric tensor obtained
Il. METHOD OF CALCULATIONS from the imaginary part Ing,s through the Kramers-Kronig

i 1
The band structure calculations are performed using théelatlonsz.
local density approximatioiLDA),'>16 with the Ceperley-

Alder exchange-correlation potentf&l,as parametrized by IIl. CRYSTAL STRUCTURE
Perdew and Zungéf. The Kohn-Sham Hamiltonian is —
solved in a projected augmented-waEPAW) basis set, as In the “normal” spinel structure with space gro&p3m

implemented in the/asp code’® The d electrons are explic- (Oﬁ), one-eighth of the tetrahedral voids in a face-center-
itly included in the valence electrons for Cd, Zn, Sn, and In.cubic(fcc) close-packed oxygen sublattice are occupied\by
We perform the calculations with a>22x2 Monkhorst-  atoms[see Fig. 1a)] and one-half of the octahedral voids are
Pack mesH for the normal and inverse spinel structures andoccupied byB atoms[see Fig. 1b)]. There exists also an
with a 4X 4 X 2 Monkhorst-Pack mesh for the orthorhombic “inverse” spinel structure, where the tetrahedral voids are
structure. We find that the calculated results are convergedccupied byB atoms and the octahedral voids are occupied
with respect to thé&-point sampling. We calculate the optical randomly by an equal number #f andB atoms!°
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TABLE |. Calculated structural parameters and total energy of TABLE Il. Atomic coordinates for orthorhombic SnZ@,,
SnZn0,, SNCdO,, and CdInQ, in the normal(N), inverse(l), SnCg0,, and CdIpO,.
and orthorhombi¢O) structures. The energies are referred to those
of the normal spinel. The internal structural parameters of the ortho- Atom Site X y z
rhombic structures are given in Table II.

Sn 2 0.0 0.0 0.0
ab.c(A) u Ett (eV) SnZno, Zn 4n 0.010 0326 05
o(1) 4h 0.144 0122 05
N 8.55 0.383 0.00 02 4g 0.186 0375 0.0
SnZnO, | 8.58 0.383 -0.68
O  3.225.109.29 -0.61 Sn 2 0.0 0.0 0.0
SnCg0, cd dh 0.060 0324 05
N 9.12 0.375 0.00 o(1) 4h 0.238 0038 05
SnCg0, | 9.14 0.388 -0.71 o) 4q 0366 0307 00
O  3.155.489.79 -1.00
In 2a 0.0 0.0 0.0
N 9.12 0.388 0.00 Cdin,0, (Cd,In) 4h 0.058 0331 05
Cdin,0, | 9.09 0.381 0.45 o) i 0262 0031 05
© 312557968 0-50 0(2) 4g 0371 0283 00

The normal spinel crystal structure is determined by twotyres have very similar volumes. However, due to the larger
parameters: the lattice constanand the anion displacement cation coordination, the orthorhombic structure has a slightly
u. The bond length between the atom at the center of a gmaller volume.

AO4_ tetrahedron and its four nearest-neighbor oxygen atoms \\e show in Table 1l the calculated tetrahedRy,, and
is given by octahedraR,, bond lengths between the cation and oxygen
R = E(u— 0.25a 3) atoms in SnZ§O4,_Sncq04, and Cdlr3_04. We remark that
tetra ~ \ ' ' the bond lengths increase as the cation valence decreases or
whereas the bond length between Bi@toms at the corner as the atomic number increases. Moreover, Sn and Zn have
of a octahedron and their six nearest oxygen atoms is similar bond lengths, which are smaller than those of Cd. We
/ 5 5 observe that the octahedral bond lengf, is systemati-
Rocta= V(U= 0.625°+ 2(u - 0.375. (4)  cally larger by about 0.1 A than the tetrahedRal,, bond
%«fﬂgth, due to the larger space available at the octahedral site.
n the orthorhombic structures, the bond lengths depend on
the nearest-neighbor coordination and are very similar to

: - . . ; found in the stable post-transition-metal binary com-
the inverse spinel structure is obtained using the averageld©Se : :
tetrahedral and octahedral bond lengths and the formulﬁou_n_ds S_nQ Cdo, ZnO_, and 0s. We_flnql_that the_atomlc
given above. positions in orthorhombic SnZ0, are significantly different

: : than those in orthorhombic Sngd,, because the Zn atom
In the orthorhombic structure with space gro®pam o
(Dgh) the A atom is in a slightly distortez octaghedr@a) tends to form fourfold bonds, as in ZnO. On the other hand,

site with six (4+2) A-O bonds, whereas th@ atom is in a Cd and Sn prefer to be in a sixfold-coordinated site, as in

'QWGV symmetry(4h) site and can form either four, six, or TABLE lll. Calculated tetrahedraRyy, and octahedraR,q,
eight A-O bonds. For the orthorhombic structure, three eXonq lengths between the cations and their oxygen nearest neigh-
ternal and six internal structural parameters determine thgors, for normal and inverse spinel SpEn, SnCgO, and
atomic positions. CdIn,0,, and averaged nearest-neighbor bond lengths for the ortho-
For each of the Snz®,, SnC4d0,, and CdInO, com-  rhombic structures. The coordination numién the orthorhombic
pounds investigated, the calculated equilibrium lattice constructure is also quoted. In the last column, we show the calculated
stants and the internal parameters for the normal spinel, theation-oxygen bond lengttRS:%, for the post-transition-metal ox-
inverse spinel, and the orthorhombic structures are shown iides Sn@, CdO, ZnO, and I505.
Tables | and Il. We also list in Table | the corresponding total
energies referred to the normal spinel structure for the struc- Bond Reya(A) Roca B) RS (A)iz RS (A)
tures considered. For the spinel structure, our calculated re-

The inverse spinel structure is modeled using a small speci
qguasirandom structuréSQS, which has the same lattice
vectors as the normal spin€lThe effectiveu parameter in

sults are in good agreement with the all-electron full-SnZ®Os Sn—O  1.970  2.067  2.060/6 2.06
potential linearized augmented plane-wavé&LAPW) Zn—0 1975  2.082 1.933/4 1.95
calculation!® as well as with the available experimental SnC40O, Sn—O 1.980  2.087  2.063/6 2.06
datal1%'2with a maximum difference of about 1% only for Cd—O0 2175  2.260 2.300/6 2.33
the Zn compounds. For the orthorhombic SpGg our re-  cdin,0, Cd—O 2.180 2.267 2.308/6 233
sults are also in good agreement with experimental tata. In—O  2.070 2170 2.168/6 218

We find that, in general, the normal and inverse spinel struc
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TABLE IV. Structure factor of normal and inverse SnCxy, average atomic number of Sn and Cd at the octahedral site of
SnzZn0,, and CdIBO, spinels.G is the reciprocal lattice vector in  the [Cd(Sn,CdO,] inverse spinel structure is the same as

units of 27/a. that of In at the octahedral site of the Cgy normal spinel
structure.
SnCd0O, SnZnO, CdIn,0O,
G G| N [ N | N | IV. BAND STRUCTURE
111 173 25 35 5 40 35 30 A good performingn-type TCO must simultaneously sat-
002 200 0 0 0 0 0 0 isfy two requirements(i) large optical band gap, as well as

022 283 86 84 85 51 84 g4 large energy separation between the CBM and the second
113 332 138 135 105 98 136 137 cqnducnon bandSCB), for transparenpy(u) a ony CBM

with respect to the vacuum level, for high dopability, as well
222 346 109 115 50 83 14 112 o9 3 small effective mass, for good conductivity. As a conse-
004 400 117 120 56 119 121 119 gyence of the second condition, a low VBM, which is a
133 436 19 16 13 24 15 17 common characteristic of oxides, is also required to meet the
024 447 0 0 0 0 0 0 first condition. In the following, we will show the results of
224  4.90 73 68 71 41 69 71 our study on the band structures of Sp@p, SNC40O,, and
333 5.20 118 105 83 76 106 112 CdIn,O,, focusing on the VBM, CBM, and SCB states, and
115 520 119 126 9% 90 127 123 identify general trends for these types of materials.

044 5.66 232 226 174 173 228 230
135 5.92 17 25 6 28 24 20 A. SNZn,O4

We show in Fig. 2a) the band structure of SnZ@, along
CdO and Sn@ Furthermore, we find that the atomic coor- the L-I'-X line for the normal and inverse spinel structures
dinates of orthorhombic Cdj®, are very similar to those of and along theX-I'-Z line for the orthorhombic structure. In
orthorhombic SnCgD,, except that half of the In atoms oc- Fig. 3(@) we plot the atom- and angular-momentum-resolved
cupy the(2a) positions, whereas another half of In and Cdlocal density of state$LDOS) of SnZn,O, in the normal
atoms occupy thé4h) sites, leading to a kind of “inverse” structure. Only the dominant components of the LDOS are
orthorhombic structurésee Table I). shown. The inverse and orthorhombic structures show very

From the calculated total energy shown in Table |, wesimilar features at the vicinity of the band gap edges and are
conclude that the inverse and normal spinel structures are theot shown here. We find that the top of the valence band
most stable phases of bulk Sy and CdInO,, respec- consists predominantly of the cationand Op states, which
tively, and that the orthorhombic structure is mostly favoredhybridize strongly, whereas the bottom of the conduction
for bulk SnCg0O,. The relative stability between the normal bands arises mostly from the mixture of oxygen and cation
and inverse spinel structures can be explaifbg the Cou-  states.
lomb interaction and by the tendency for Zn to form fourfold  Further analysis shows that in the spinel structure with the
covalent bonds. We find that the high valent atoms Sn and 1©,, space group, the local oxygen site ha€a symmetry,
prefer to be in a high-coordination-numb@ctahedrglsite,  whereas the tetrahedral and octahedral sites have theTlgcal
whereas Zn is preferentially located at the fourfold-andD54 symmetry, respectively. At thE point, (a) the VBM
coordinated tetrahedral site. Similar arguments can be usestate has thé&';,, representation and consists mostly ofpO
to explain the stability of the orthorhombic structure. and cationd states of the octahedral site, with sochehar-

To help in distinguishing between the normal and inverseacter from the cation at the tetrahedral difég. 4(b)]. (b)
spinel structures in x-ray diffractiofiXRD) measurements, The CBM state has thé&';. representation, with predomi-
we have also calculated the structure factors of S@Zn nantly Os and cations states of the tetrahedral site, as well
SnCdO,, and CdInO,, in the normal and inverse spinel as somes character from the cation at the octahedral site
structures, using the all-electron FLAPW mettfédhe re-  [Fig. 4(c)]. A minority of O p and Znd characters can be also
sults are shown in Table IV. We find that the structure factorobserved for this state(c) The SCB state has th€,
are quite different for the normal and inverse spinel structepresentation and consists of<and p, of cations states
tures of SnzZpO,. They can be, therefore, easily distin- of the tetrahedral site only, as well as of somestate
guished in XRD measurements, where the XRD intensity iSrom the cation at the octahedral sjteig. 4(d)]. With this
proportional to the structure factors squared. On the otheanalysis, we can now explain the change in the band gap and
hand, in the cases of Sngd, and CdInQ,, the structure the splitting between the first two conduction banés,
factor for the normal and inverse structures are similar be=Egcg—Ecgy, as a function of the crystal structures.
cause the atomic number of Cd, In, and Sn are comparable. The results forE, andE;, are listed in Table V. We find
This makes the identification of the structure using XRDthat when SnZ0O, changes from the normal to the inverse
difficult. It is also interesting to notice that the structural spinel structure—i.e., when Sn and half of the Zn change
factor of SnCdO, in the inverse spinel structure sites—both the band gap afd, increases. When Sn is at
[Cd(Sn,CdO,] is very similar to that of CdlsO, in the the octahedral site, the VBM energy decreases, which is due
normal spinel structure. This stems from the fact that theo the lower Sn d orbital energy compared to that of the Zn
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FIG. 2. Band structure of Sn40, (upper pangl SnCg0, (middle panel, and CdIgO, (lower pane), in the normal and inverse spinel
structure, along the-I'-X line, and in the orthorhombic structure, along ¥'-Z line. The zero of the energy is set at the top of the valence
band atl’. We do not correct for the LDA band gap error, which is estimated to be about 1.4 eV. Some important dtades labeled in
the normal spinel structure of SngD,.

3d orbital and, hence, the reduceed repulsion at the octa- in contrast to the spinel structure, the SCB state has a mixed
hedral sitd see(a) abovd. Moreover, because Zn has a much Zn 4s and Sn 5 character in the orthorhombic structure.
higher 4 orbital energy than the SnsDorbital, both of the Therefore, the energy separati@j, in the orthorhombic
first two conduction bands energies increase. However, thstructure is in between that of the normal and the inverse
energy of the SCB increases more than that of the CBM statspinel structurg¢see(c) abovd.
because the former contains only Zs@rbital but no Sn §
orbital [see(b) and(c) abovd. This explains why the funda- B. SNCAO
mental band gag, as well asE,, of SnZn,O, is much larger - SNCG0,
in the inverse spinel structure than in the normal spinel struc- The band structure and the LDOS of the normal spinel
ture. SnCd0O, are shown in Figs. ®) and 3, respectively. The
We find that the orthorhombic SnZn, structure has an variation of the band gap and the change&jp are similar
even larger band gap than the inverse spinel structure. Howe those in SnZyO, and can be explained in an analogous
ever, theE;, energy separation is smaller than that in theway to that described above for Srfdy. The only notice-
inverse spinel structure, but larger than that in the normaéble distinctions between Sngdl, and SnZpO, are that the
spinel structure. Due to the smaller volume of the ortho-band gap of SnC®, is smaller than that of SnZ0,, due
rhombic structure compared to that of the spinel structuremmostly to the smaller volume of Sn£@,, and that the dif-
the CBM in orthorhombic structure has a higher enéfgy. ference in the band gap between the three structures is
Furthermore, the-d coupling is reduced at the VBM, which smaller in SnCgO, than in SnZrO,. This can be explained
is due to the lower symmetry of the orthorhombic structure by the fact that the atomic size of Cd is much larger than that
This explains the larger band gap of the orthorhombic strucef Zn and Sn, whereas Sn and Zn have similar atomic sizes.
ture compared to the spinel structure. Moreover, we find thatyvhen Cd moves to the tetrahedral site in the Sy@;dn-
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20

C. Cdin,0,

The band structure of Cdj@, is plotted in Fig. 2c), and
sn,s the LDOS of CdInO, in the normal structure is shown in
2 Fig. 3. In contrast to SnZ®, and SnCdO,, the hybridiza-
R tion between the @ and the catiord states at the octahedral
®) site is much smaller in the normal spinel Cgdy, which is
due to the lower 4 orbital energy of In compared to that of
the Zn 3 and Cd 4 states. The band gap of CdDy is
Sn;s found to be slightly indirect in the normal spinel and the
PO RS- orthorhombic structures, but is direct in the inverse spinel
© structure. The top of the valence band is atlth@oint for the
normal spinel and at th¥ point for the orthorhombic struc-
ture. The difference between the direct band gap of normal
Cds spinel CdInO, at I' and its indirect band gap is only
el DD 0.05 eV, and itis 0.09 eV in the orthorhombic structure. This
2 4 6 very small difference can hardly be resolved experimentally,
and a direct band gap has been suggested for normal spinel
FIG. 3. Projected DOS ofa) SnZn,0,, (b) SnC40,, and (c) CdIn0,.%° . _
CdIn,0, in the normal spinel structure. The tops of the valence N the case of CdlO,, we observe a different trend in the
band atl" are aligned for easy comparison. TRes O p, andB d  band gap variation ané;, energy separation compared to
components are the most significant in the range plotted, along witthat of SnZpO, and SnCgO,; i.e., the band gap decreases

the Os state in the vicinity of the conduction band minimum, which from normal to inverse spinel and then increases slightly in
is not shown for clarity. the orthorhombic structure. In the inverse spinel structures of

SnZn,O, and SnCdO,, a low-valence atoniZn or Cd oc-

verse spinel structure, the tetrahedral bond length increase@/pies the tetrahedral site and a high-valence d®mis at
whereas the octahedral bond length decreases, as reflectedthg octahedral site. In contrast, in the inverse spinel structure
the differentu parameters observed for the normal and in-0f CdIn,O,, the high-valence atortin) occupies the tetrahe-
verse spinel structuresee Table)l Consequently, this low- dral site and the low-valence atof@d) is at the octahedral
ers the energy of the CBM state, which is an antibondingSite. Therefore, the trends observed in SyZn and
state centered mostly on the tetrahedral e (b) abovd,  SnCdO, due to (a), (b), and (c) above are reversed in
and increases the VBM energy, due to the Igpgitcoupling ~ CdIn,O,. The slightly increased band gap of the orthorhom-
at the octahedral sitésee (a) abovd. Thus, the strain- bicC structure relative to the inverse spinel structure is again
induced deformation effect partially cancels the chemical efdue to the smaller volume structure and the redupeti

fect in SnC@O,, which explains the smaller band gap varia- coupling in the orthorhombic structure.
tion in SnCgO,. As mentioned above, the normal spinel Cay is very

much like the inverse spinel Sngd, [Cd(Sn,CdO,)].
However, the band gap of normal Céd@y is much larger
than that of inverse SnG@,. This is because when In con-
verts to Sn+Cd, the CBM becomes more localized on the Sn
atom, which has a lowes-orbital energy than that of In.
Furthermore, the @ and Cdd coupling is much larger than
that of O p and Ind. Therefore, the CBMVBM) of the
inverse spinel SnG, is lower (highep than that of the
normal spinel CdlgO,, resulting in a smaller band gap for
the former compared to the latter.

(a)

Projected DOS (arb. units)

Energy (eV)

D. General implications for TCO’s

Based on the analysis above on the atomic characteristics
of the band edge states and on the effects of the volume
deformation on the CBM and VBM levels, we propose here
some general rules, which should be considered in designing
TCO’s with better transparency and higher carrier concentra-
tion. (i) To create materials with a low CBM and thus high
dopability and conductivity, the cations should have rela-
tively large atomic size, because a large crystal volume re-

FIG. 4. Contour plot of the charge density, in tfid.0) plan of ~ Sults in a lower CBM energy and low-lying orbital, espe-
the normal spinel Snz®,, for theT;s, state, the VBMTy,,) state, ~ Cially at the tetrahedral sites. A split character at the
the CBM (I';,) state, and the second conduction band stBe.). octahedral site can also lower the CB({l) To achieve a low
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TABLE V. Calculated fundamental band g&jg, optical band ga;h‘:gpt, energy differenc&;, between the
first and second conduction bands, and electron effective mass 0£@npZnCg0O,, and CdIRO, in the
normal (N), inverse(l), and orthorhombidO) structures E,, Eg’“, and E,, are calculated at th€ point.
Available experimental data are shown in parentheses. The estimated LDA band gap error is about 1.4 eV.
Three different values are shown for the effective masses of the nonisotropic orthorhombic structwre. The
axis of the orthorhombic structure is chosen to be parallel to the largest lattice parameter. Due to the LDA

band gap error, the calculated effective masses are also underestimated by abogit 0.05

Ey (eV) Eg"‘ (ev) Eq, (eV) m" (mp)

N 0.50 1.67 2.28 0.188

SnZn0, I 1.07 2.20(3.3) 3.08 0.230
) 1.70 1.70 2.63 0.202 0.173 0.137

N 0.17 1.13 2.36 0.141

SnCgo, I 0.30 1.32 3.80 0.175
0 0.69 1.47(2.79) 3.26 0.156 0.164 0.126

N 1.11(2.23) 1.52(3.28) 4.02 0.168

CdIn,0, I 0.09 1.27 3.02 0.151
o) 0.32 1.13 2.92 0.131,0.147,0.107

aReference 31.
bReference 25.

VBM and thus the high band gap necessary for transparencihe direction parallel to the largest lattice parameter. We
the d-orbital binding energy of the cations should be large,would also like to point out that due to the underestimation
especially at the octahedral sites, in order to yield a smdll  of the band gap by the LDA, the calculated effective mass is
coupling. (iii) To obtain a high SCB level relative to the underestimated compared to experiment. We estimate that
CBM level and improve transparency, a large energy differthe error in our calculated effective mass is about ®§)5
ence between the orbitals of the cation at the tetrahedral wheremy is the free-electron mass.
site and that at the octahedral site is required. Finélly,to Most TCO'’s contain a high concentration of electrons in
stabilize the compound, the high-valence cation should octhe conduction band. This results in the Moss-Burstein shift
cupy the octahedral site and the low-valence atom the tetrdincrease (Refs. 26 and 2)7of the band gaf} as the carrier
hedral site. These general considerations suggest that the icencentration is increased. Moreover, as the conduction band
verse spinel SnG®, would have better conductivity, is nonparabolié! the effective mass also depends on the
whereas the inverse spinel Snpgn and the normal spinel Fermi energy. We have studied these effects in $84n
CdIin,0, would have better transparency. SnCgd0,, and CdInO, by calculating the effective mass
away from the Brillouin zone center, as a function of the
carrier concentration, for normal and inverse spinel struc-
tures. In our analysis, we assume that the character of the
As mentioned above, a good TCO should have a smalBM state is not changed by electronic occupation. We cal-
electron effective mass, to yield a high conductivity. Theculate the effective masses in two different ways. As a first
calculated electron effective masses at theoint of the  definition, we derive a “transport” effective mass by assum-
CBM are shown in Table I. The electron effective mass ising that the first derivative of the conduction band energy
quite isotropic for the spinel compounds, but nonisotropic forE(k) is equal to that of a parabolic band at the saopmint.
the orthorhombic structure. In this case, thexis of the  Therefore, the transport effective masg(E) can be defined
orthorhombic structure is chosen to be parallel to the largedty
lattice constant. We find that in the case of Sgnand
SnCd0,, the effective mass is larger in the inverse spinel 1 _1dE 5)
structure than in the normal spinel, due to the higher band mfr(E) T A%k dk’
gap of the inverse spinel. The opposite trend is observed for
CdIn,O,, for which the normal spinel structure has a largerTo describe the nonparabolicity of the conduction band,
effective mass than the inverse spinel structure, which is con¥oung et al?® used the expression
sistent with the fact that the normal spinel structure has a

V. EFFECTIVE MASS

large band gap. In the orthorhombic structure, the effective h2K - »(E) 6)
mass is nonisotropic and greatly depends on the direction 2m; n=n

considered. We find that the effective mass is smallest in the .
z direction for the three systems studied. Therefore, for thevherem, is the effective mass at the minimum of the con-
orthorhombic structure, the conductivity should be larger induction band and/(E) is a function of the energy. Taking the
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2

0.4 E
-~ e SnCd,0, . [ YE)=E+ —, (10
E | |msSnzn0, s N E
A
§ o5 4 Cdin,0, . " o o whereE; is a constant. For the normal spinel structures, we
E a" '. o® Ry ° o find thatE; increases from 1.33 to 1.59 and 1.75 eV, from
2 E; fe™% 0% A 4 SnCg@0O, to SnZn0, and CdInO,, respectivelyE, is larger
2 ® 40 ©° ° a in the inverse structures of Sng), and SnZpO, compared
S o0 a A 4
%02 :AA Lutee to the normal ones. The opposite is true for Gdlp be-
s A _.-":1:15‘;‘2“3 cause largee; corresponds to smaller nonparabolicity. The
g i Hﬂaﬁqﬂ%ozii%/ﬂ results indicate that the degree of nonparabolicity increases
s aasdt with decreasing band gap. This can be understood by notic-
E L TR ing that in semiconductors, the nonparabolicity is caused by
o | 0 02 04 06 08 a coupling between the conduction band and the light-hole
o : :
o E-Ecpy (€V) valence band states, which decreases with larger band gap.
0 P T E U SR E The experimental resuftd*°on the effective masses of
Q 1 = 5. 5 TCO's are not very clear. A constant electron effective mass
Carrier density (10" cm™) has been reported for Cdld, up to a Fermi energy of

, 1 eV In the case of SnC@,, the electron effective mass
FIG. 5. DOS(open symbolsand transportsolid symbol$ ef- has been found to incread® to be constarf, or to
fective masses calculated as a function of the carrier concentratioaecreaséo as a function of the carrier concentration. Al-

for SnCqOy, SnZnO,, and CdiRO, in the inverse spinel structure. 4 the effective mass of SnZdy, has been recently re-
We plot in the inset the effective masses as a function of the Fermf)orted to increase with increasing carrier concentration, the
level Eg, calculated from the conduction band minimum energy '

31 i i
Ecgm- We do not correct for the LDA error on the effective mass, measured_ valu® .'S. S|gn.|f|cantly smaIIe_r than that of
P . SnCd0,, in contradiction with the expectation that Spn
which is estimated to be about 0rgs . .
should have a larger effective mass because of its larger band
L , i gap. We believe more accurate measurements of the effective
derivative of both sides of Eq6) with respect tok, we  asses for these compounds are needed to clarify these is-
obtain sues.
dy dydE #% The above discussion is related to the transport effective
== (7)  mass given by Eq5). We find that the DOS effective mass
dk dEdk m, : : :
is systematically smaller than the transport effective mass.
From Egs.(5) and(7) above we arrive at The slope of the change of the effective mass with respect to
the energy is calculated to be about 1.65 times larger for the

“(E) = - dy 8 transport mass compared to the DOS mass, for inverse as
my(E) =my——, (8 :
dE well as normal spinel structures.
which is the formula used by Younet al?® This approach
should be compared to the experimentally measured effec- VI. OPTICAL PROPERTIES
tive mass derived from transport propertés. A. Transition matrix elements

In the second approach, we assume equality between the _ , _
number of states up to enerdy obtained from our band ~ As mentioned above, TCO's have a relatively large fun-

structure calculations and that obtained from a parabolic erdamental band gap, which is a necessary condition for good
ergy dispersion, for which the effective mass is constanttransparency. However, the carrier concentration of heavily

This DOS effective masst,odE) is thus calculated from ~ N-type doped TCO's can reach 2@m. Due to the
Moss-Bursteif®?” effect, the threshold of the transition may

E E .
3/2 e 312 =7 e occur atk points away from the zone center. Furthermore,
mDos(E)fo VE'dE' = JO M (EVE'dE, ©) for heavily doped systems, a transition may also occur be-
tween the conduction bands. Therefore, the optical properties
whereE is measured from the conduction band minimum.of TCO’s are determined not only by the optical transitions
The effective masen(E) in Eq. (9) is obtained from the first between the valence bands and the unoccupied states of the
derivative(gradieni of the conduction band energy with re- conduction bands, but also between the occupied conduction
spect to the wave vectdt, as required by the density-of- states and the other conduction band states.
states calculation, and is given in E§). We first consider the optical transitions for undoped
We show in Fig. 5 the results fan,gs and my(E) as a  TCO's. In Fig. 6 we plot thek dependence of the transition
function of the carrier concentration and the Fermi level formatrix elements square&?, between the top of the valence
SnZn0O,4, SNC40O,, and CdInOQ, in the inverse spinel struc- band and the bottom of the conduction band states, for nor-
ture. The curves in Fig. 5 clearly show that the conductiormal spinel SnzZgO,, SnCdO,, and CdIgO,, along the
bands of these compounds are nonparabolic. The degree bfl’-X line. Similar behavior is expected for the inverse spi-
nonparabolicity can be estimated from Ef) by assuming nel systems, which have the same global symmetry as the
an energy expansion of the foffn normal spinel structures. We neglect the spin-orbit coupling
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0.08 T 20 ¥
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FIG. 6. k dependence of the transition matrix elements squared
between the top of the valence band and the bottom of the conduc __ 20
tion band states, for Sn@Q,, SnZnO,, and CdIRO, in the normal e — undoped
spinel structure, along thie-I'-X line. «: - 1n=6.3x10%em">
; -- n=1.9x10""cm>
in our analysis. As mentioned above, the VBM staté&' ias 2
theI';,, representation and is twofold degenerate in the cubic § 10~
spinel systems, with @, point-group symmetry, whereas the 8
CBM state has th&,. representation. From group theory, we § i
find that the transition from the VBM to the CBM, which 3
defines the fundamental band gaplatis forbidden, as can & (b}
be seen from Fig. 6. Furthermore, transitionsl'atire al- < 9o . l1 " é———- A
lowed only between thé';. state and valence states with a 0 Energy V)

I'15, representation, which are found to consist mostly qf O

andd states of the cation at the tetrahedral site, with spme  FIG. 7. Variation of the absorption coefficient with the elec-
character from the cation at the octahedral $gee Fig. tronic carrier concentration fdi) normal spinel Snzs0, and (b)
4(a)]. Consequently, we find that the measured optical banthverse spinel SnzZi®,. FeaturesA—E correspond to the transitions
gap is usually larger by about 1 eV than the fundamentaindicated in Fig. 8.

band gap(see Table V. The smaller difference between the

I';p, and I';5, energies in the normal spinel Cd®y  stable inverse spinel Snz@,, orthorhombic SnCD,, and
(~0.4 eV) is due to the lower energy of thy,, state, re-  normal spinel CdlgO, are based on symmetry analysis and
lated to the smalp-d coupling of this state. are, therefore, not affected by the LDA band gap error. We
The symmetry-induced forbidden transition persists forpelieve more experiments should be carried out to test our
the band edge states along theX line, which have a re- predictions.
ducedDy, symmetry. However, transitions are allowed be-  Similar to the optical transitions between the VBM and
tween states along the-L direction (Fig. 6), which has a CBM states, we find that transitions between the first and
reducedDsy symmetry. The transition atis forbidden in the  second conduction bands are forbidden atitint in both
case of CdlpO,, because the two first conduction statescubic and orthorhombic structures. For instance, in the cubic
switch order compared to the cases of SpQdand  spinel structure, the CBM and SCB states haveltheand
SnZnp0O,. I',. representations, respectively. However, optical transi-

The symmetry at thé" point is D, for the orthorhombic  tions are allowed at th& point only between thd';. and
structure. We find a forbidden transition between the VBMr _ states.

and CBM states at thE point in SnCdO, and CdInO,, but
Sréallng;gcttﬁﬁsnmn for Snz©, due to a change in the B. Absorption coefficient

Experimentally, the normal spinel Cgld, is found™® to When the system is-type doped, optical transitions can
have a forbidden band gap, as obtained from our calculatiomaccur between the CBM and states with energy higher than
However, the optical transition of inverse spinel Sg@n the CBM energy, fok points away from the Brillouin zone
(Ref. 31 and orthorhombic SnG@®, (Ref. 25 are reported center. Moreover, an increase in the apparent band gap
to be allowed, in contradiction to our calculations. This dis-(Moss-Burstein shijtis expected as a result of transitions
crepancy can be explained by the fact that the experimentdifom valence band states to unoccupied conduction states
samples are-type doped TCO's, for which optical transi- away from thel” point. These two effects are reflected in the
tions occur away from thd" point, where transitions are absorption coefficient, when the carrier concentration is var-
indeed allowed by symmetrFig. 6). ied. We choose the SnZ@, compound to illustrate the phe-

We should point out that, although our LDA-calculated nomenon. In Fig. #& we plot the absorption coefficient of
band gaps are underestimated by about 1.4 eV, our conclmormal spinel SnZyO, as a function of the carrier concen-
sions on the forbidden band gap in the thermodynamicallyration. We apply a constant upward shift of 1.4 eV to the
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10— Burstein shiff may be observed as the carrier concentration
- \\-/// increases. This may also reduce the transparency of the
e TCO’s.
T - FeaturesD and E appear to be structure dependent, be-
6 —— 1 cause they are related to tke, band gap mentioned before.
. E| ) We have already mentioned th&t, increases from normal
T af D\/ CBM| to inverse structurésee Table V. Therefore, in cases where
3 the C transitions occur at energies similar to tBdransition
g ol ; energies, the latter transitions cannot be resolved in the ab-
w C B sorption spectrum. Indeed, we find that this feature does not
ok VBM, appear in the absorption spectrum of the inverse spinel
—— — SnZn0O, [see Fig. )], which has a largeE;, than that of
_ the normal spinel structure.
2 f;\ We find a very similaD feature in the case of Sngd, at
_4\ transition energies of about 1.5 eV, which are lower than the
L r X optical band gap energy. Tlietransitions are also observed,

typically with energies slightly smaller than those of tGe
transitions. In the case of Cdia,, the D and E transitions
have energies much higher than those of @éransitions
and are, therefore, not observed in the absorption spectrum.

FIG. 8. Transition(A—E) observed in the absorption spectrum
of normal spinel SnZyO, shown in Fig. Ta). The occupied levels
in the conduction band are also indicated for tvype doped

cases.

conduction band energy, which is the approximate difference VIl. SUMMARY

in energy found between our LDA calculations and the ex-

perimental data, on the optical band gaee Table). The We have studied the structure-related electronic and opti-
absorption features are indicated by lettéfs-E), which  cal properties of SnZi©,, SnCgdO,, and CdInO, with first-
correspond to the transitions shown in Fig. 8. principles band structure and total energy methods. We find

Due to the forbidden transition &, the absorption coef- that SnZpO,, SnCd0,, and CdIBpO, are more stable in the
ficient starts to increase very slowly at the fundamental banéhverse spinel, orthorhombic, and normal spinel structures,
gap thresholdletterA) and increases sharply only at a higher respectively, with indirect band gaps for SnOd and
energy when the associated matrix elements are large and ti&lIn,O, and direct for SnZy0O,. The trends observed in the
transitions are allowedetter B). New features appear when fundamental band gap and in the energy difference between
the carrier concentration increases. First, the optical band gape first and second conduction bands are explained in terms
shifts toward higher energy as the carrier concentration inef chemical and structural effects. We show results on the
creases, related to the Moss-Burstein efféfeature C). change in the electron effective mass with the crystal struc-
Moreover, a new peak appedtstter D) below the funda- ture and the electron concentration. We find also that the
mental band gap, whose amplitude increases with the carri@ptical transitions are forbidden between the VBM and CBM
concentration. This absorption is related to allowed transistates at thd" point and between the first and second con-
tions between the occupied conduction band and the secomtliction bands. Therefore, the optical gaps are usually much
conduction band and should reduce the transparency of tHarger than the fundamental band gaps. The absorption spec-
TCO's. This indicates that a TCO with good transparencytra of these compounds are found to depend strongly on their
requires a large energy difference between the first and sestructures and on the carrier concentration. General rules are
ond conduction bands. Furthermore, we find a feature in theroposed to design TCO'’s according to their atomic charac-
absorption spectrurfletter E) related to transitions between ters.
the first conduction band and other conduction bands with
higher energy. In contrast to the transition, the energy of ACKNOWLEDGMENTS
the E transition decreases with increasing carrier concentra-
tion. As long as the energy of ti@transition is smaller than We would like to thank Dr. D. L. Young, Dr. T. J. Coultts,
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