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Using the first-principles method, we have studied the stability and electronic band structures of the trans-
parent conducting oxides SnZn2O4, SnCd2O4, and CdIn2O4. Our calculated lowest-energy phases of these
compounds are similar to those found experimentally. However, we find an orthorhombic structure of
SnZn2O4, which is close in energy to the inverse spinel structure, and a new “inverse” orthorhombic structure
for CdIn2O4, 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 of thesen-type 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 forn-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.
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I. INTRODUCTION

Post-transition-metal oxides and their alloys have some
unique physical properties. Despite their large band gaps
s.3 eVd, thus transparent under normal conditions, they can
sustain a high concentration of electrons with a high carrier
mobility. They are, thus, used as transparent conducting ox-
idessTCO’sd in optoelectronic devices such as flat-panel dis-
plays, windshield defrosters, and solar cells.1,2 The most
commonly used post-transition-metal oxides are ZnO, Sn2O,
and In2O3 and their alloys. However, the recent growing de-
mand for high-performance and low-cost TCO’ssRefs. 3 and
4d has led to an extensive search for new TCO materials with
higher transparency and conductivity.5–13 Among many bi-
nary and ternary oxides, SnZn2O4, SnCd2O4, and CdIn2O4
have emerged as promising TCO’s. SnCd2O4 was found to
have a high carrier mobility6,7 compared to most conven-
tional TCO’s. SnZn2O4 has better optical transparency than
SnCd2O4 and does not suffer from the toxicity problem as-
sociated with Cd in SnCd2O4, although its electrical conduc-
tivity is lower6 than that of SnCd2O4. Recently, the use of
SnCd2O4/SnZn2O4 as transparent conducting layers in CdTe
solar cells has resulted in the highest cell efficiency achieved
to date for this system.8 CdIn2O4, on the other hand, is also
known for its highn-type dopability,9 with a carrier concen-
tration as high as 1021 cm−3.

These ternary compounds have a general chemical for-
mulaAB2O4 and usually exist in either the cubic spinel struc-
ture or an orthorhombic structure, according to the growth
conditions. Many experimental and theoretical studies have
been carried out to understand the structural, electrical, and

optical properties of these three ternary compounds.6,8,10–12

For example, it is known that CdIn2O4 is possibly more
stable in the normal spinel structure,10,12,13whereas SnZn2O4
and SnCd2O4 are more stable in the inverse spinel
structure.8,10 SnCd2O4 has also been grown in the ortho-
rhombic bulk structure.1,14 However, many physical proper-
ties of these compounds are still unknown. For example,
their band structure is not well established yet, and the rea-
sons for their combined transparency and conductivity are
still under intense debate. More importantly, the relationship
between the crystal structure and the electro-optical proper-
ties of these compounds has not been well studied. Under-
standing these issues is of great importance for future design
of better TCO materials.

Using the first-principles band structure and total energy
methods, we have studied the structural, electronic, and op-
tical properties of SnZn2O4, SnCd2O4, and CdIn2O4. In par-
ticular, we have investigated the relationship between the
crystal structure and the combined transparency andn-type
conductivity in these ternary compounds. We find that, in
agreement with experiment, SnZn2O4, SnCd2O4, and
CdIn2O4 are more stable in the inverse spinel, orthorhombic,
and normal spinel structures, respectively. All three com-
pounds have their conduction band minimumsCBMd at theG
point. The most stable structures of SnCd2O4 and CdIn2O4
have indirect band gaps, although the energy differences be-
tween the direct and indirect band gaps are small, within a
few tens of meV. SnZn2O4, on the other hand, has a direct
band gap. However, we find that, because these structures
have inversion symmetry and the valence band maximum
sVBM d and the CBM states atG have the same parity, the
dipole optical transitions are not allowed between states at
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the zone center. Consequently, the optical band gaps of these
materials are usually about 1.0 eV larger than the fundamen-
tal band gap. The energy separation between the first and
second conduction bands is also large for these compounds
in their respective ground states, which explains the transpar-
ency observed in these degeneraten-type TCO’s. The calcu-
lated electron effective masses increase with the band gap, as
one would expect for conventional semiconductors. Due to
the nonparabolicity of the conduction band, we find that the
effective mass generally increases as a function of increasing
electron concentration or Fermi energy. Moreover, our calcu-
lated dependence of the absorption spectrum on the carrier
concentration reveals that for heavily dopedn-type TCO’s, a
“negative” Moss-Burstein shift is possible, where the appar-
ent band gap decreases with increasing concentration. Our
study revealed the characters of the VBM and CBM states,
which provides a guideline for future design of suitable TCO
materials.

II. METHOD OF CALCULATIONS

The band structure calculations are performed using the
local density approximationsLDA d,15,16 with the Ceperley-
Alder exchange-correlation potential,15 as parametrized by
Perdew and Zunger.16 The Kohn-Sham Hamiltonian is
solved in a projected augmented-wave17 sPAWd basis set, as
implemented in theVASP code.18 The d electrons are explic-
itly included in the valence electrons for Cd, Zn, Sn, and In.
We perform the calculations with a 23232 Monkhorst-
Pack mesh19 for the normal and inverse spinel structures and
with a 43432 Monkhorst-Pack mesh for the orthorhombic
structure. We find that the calculated results are converged
with respect to thek-point sampling. We calculate the optical

transition matrix elementskciup̂auc fl between statesi and f
following the method proposed by Adolphet al.20 for a PAW
basis set, wherep̂a is the momentum operator with polariza-
tion a andc is the PAWsall-electrond wave function. From
the transition matrix elements, we derive the imaginary part
of the dielectric function according to21

Im eabsvd = S2pe

mv
D2

o
i,f
E dkkciup̂auc flkc fup̂bucild„Efskd

− Eiskd − "v…, s1d

where the tetrahedron method22 is used to perform the inte-
gration, with a finer Monkhorst-Pack mesh of up to 10
310310 divisions. The absorption coefficient is then ob-
tained by

Aaasvd =
vÎ2fueaasvdu − Reeaasvdg

c
, s2d

where Reeab is the real part of the dielectric tensor obtained
from the imaginary part Imeab through the Kramers-Kronig
relations.21

III. CRYSTAL STRUCTURE

In the “normal” spinel structure with space groupFd3̄m
sOh

7d, one-eighth of the tetrahedral voids in a face-center-
cubicsfccd close-packed oxygen sublattice are occupied byA
atomsfsee Fig. 1sadg and one-half of the octahedral voids are
occupied byB atoms fsee Fig. 1sbdg. There exists also an
“inverse” spinel structure, where the tetrahedral voids are
occupied byB atoms and the octahedral voids are occupied
randomly by an equal number ofA andB atoms.10

FIG. 1. sColor onlined Ball and stick representation of the normalAB2O4 spinel structure, showing the position of the O atomsssmall
ballsd, bonded tosad the A atomsslarge ballsd at the tetrahedral sites andsbd bonded to theB atomsslarge ballsd at the octahedral sites.
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The normal spinel crystal structure is determined by two
parameters: the lattice constanta and the anion displacement
u. The bond length between theA atom at the center of a
AO4 tetrahedron and its four nearest-neighbor oxygen atoms
is given by10

Rtetra = Î3su − 0.25da, s3d

whereas the bond length between theB atoms at the corner
of a octahedron and their six nearest oxygen atoms is

Rocta= Îsu − 0.625d2 + 2su − 0.375d2a. s4d

The inverse spinel structure is modeled using a small special
quasirandom structuresSQSd, which has the same lattice
vectors as the normal spinel.10 The effectiveu parameter in
the inverse spinel structure is obtained using the averaged
tetrahedral and octahedral bond lengths and the formula
given above.

In the orthorhombic structure with space groupPbam
sD2h

9 d, the A atom is in a slightly distorted octahedrals2ad
site with six s4+2d A-O bonds, whereas theB atom is in a
lower symmetrys4hd site and can form either four, six, or
eight A-O bonds. For the orthorhombic structure, three ex-
ternal and six internal structural parameters determine the
atomic positions.

For each of the SnZn2O4, SnCd2O4, and CdIn2O4 com-
pounds investigated, the calculated equilibrium lattice con-
stants and the internal parameters for the normal spinel, the
inverse spinel, and the orthorhombic structures are shown in
Tables I and II. We also list in Table I the corresponding total
energies referred to the normal spinel structure for the struc-
tures considered. For the spinel structure, our calculated re-
sults are in good agreement with the all-electron full-
potential linearized augmented plane-wavesFLAPWd
calculation,10 as well as with the available experimental
data,1,10,12with a maximum difference of about 1% only for
the Zn compounds. For the orthorhombic SnCd2O4, our re-
sults are also in good agreement with experimental data.14

We find that, in general, the normal and inverse spinel struc-

tures have very similar volumes. However, due to the larger
cation coordination, the orthorhombic structure has a slightly
smaller volume.

We show in Table III the calculated tetrahedralRtetra and
octahedralRocta bond lengths between the cation and oxygen
atoms in SnZn2O4, SnCd2O4, and CdIn2O4. We remark that
the bond lengths increase as the cation valence decreases or
as the atomic number increases. Moreover, Sn and Zn have
similar bond lengths, which are smaller than those of Cd. We
observe that the octahedral bond lengthRocta is systemati-
cally larger by about 0.1 Å than the tetrahedralRtetra bond
length, due to the larger space available at the octahedral site.
In the orthorhombic structures, the bond lengths depend on
the nearest-neighbor coordination and are very similar to
those found in the stable post-transition-metal binary com-
pounds SnO2, CdO, ZnO, and In2O3. We find that the atomic
positions in orthorhombic SnZn2O4 are significantly different
than those in orthorhombic SnCd2O4, because the Zn atom
tends to form fourfold bonds, as in ZnO. On the other hand,
Cd and Sn prefer to be in a sixfold-coordinated site, as in

TABLE I. Calculated structural parameters and total energy of
SnZn2O4, SnCd2O4, and CdIn2O4 in the normalsNd, inversesId,
and orthorhombicsOd structures. The energies are referred to those
of the normal spinel. The internal structural parameters of the ortho-
rhombic structures are given in Table II.

a,b,c sÅd u Etot seVd

N 8.55 0.383 0.00

SnZn2O4 I 8.58 0.383 −0.68

O 3.22 5.10 9.29 −0.61

N 9.12 0.375 0.00

SnCd2O4 I 9.14 0.388 −0.71

O 3.15 5.48 9.79 −1.00

N 9.12 0.388 0.00

CdIn2O4 I 9.09 0.381 0.45

O 3.12 5.57 9.68 0.50

TABLE II. Atomic coordinates for orthorhombic SnZn2O4,
SnCd2O4, and CdIn2O4.

Atom Site x y z

Sn 2a 0.0 0.0 0.0

SnZn2O4 Zn 4h 0.010 0.326 0.5

Os1d 4h 0.144 0.122 0.5

Os2d 4g 0.186 0.375 0.0

Sn 2a 0.0 0.0 0.0

SnCd2O4 Cd 4h 0.060 0.324 0.5

Os1d 4h 0.238 0.038 0.5

Os2d 4g 0.366 0.307 0.0

In 2a 0.0 0.0 0.0

CdIn2O4 sCd,Ind 4h 0.058 0.331 0.5

Os1d 4h 0.262 0.031 0.5

Os2d 4g 0.371 0.283 0.0

TABLE III. Calculated tetrahedralRtetra and octahedralRocta

bond lengths between the cations and their oxygen nearest neigh-
bors, for normal and inverse spinel SnZn2O4, SnCd2O4, and
CdIn2O4, and averaged nearest-neighbor bond lengths for the ortho-
rhombic structures. The coordination numberz in the orthorhombic
structure is also quoted. In the last column, we show the calculated
cation-oxygen bond lengthsRPTM

C-O for the post-transition-metal ox-
ides SnO2, CdO, ZnO, and In2O3.

Bond Rtetra sÅd Rocta sÅd Rortho
C-O sÅd /z RPTM

CuO sÅd

SnZn2O4 SnuO 1.970 2.067 2.060/6 2.06

ZnuO 1.975 2.082 1.933/4 1.95

SnCd2O4 SnuO 1.980 2.087 2.063/6 2.06

CduO 2.175 2.260 2.300/6 2.33

CdIn2O4 CduO 2.180 2.267 2.308/6 2.33

InuO 2.070 2.170 2.168/6 2.18
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CdO and SnO2. Furthermore, we find that the atomic coor-
dinates of orthorhombic CdIn2O4 are very similar to those of
orthorhombic SnCd2O4, except that half of the In atoms oc-
cupy thes2ad positions, whereas another half of In and Cd
atoms occupy thes4hd sites, leading to a kind of “inverse”
orthorhombic structuressee Table IId.

From the calculated total energy shown in Table I, we
conclude that the inverse and normal spinel structures are the
most stable phases of bulk SnZn2O4 and CdIn2O4, respec-
tively, and that the orthorhombic structure is mostly favored
for bulk SnCd2O4. The relative stability between the normal
and inverse spinel structures can be explained10 by the Cou-
lomb interaction and by the tendency for Zn to form fourfold
covalent bonds. We find that the high valent atoms Sn and In
prefer to be in a high-coordination-numbersoctahedrald site,
whereas Zn is preferentially located at the fourfold-
coordinated tetrahedral site. Similar arguments can be used
to explain the stability of the orthorhombic structure.

To help in distinguishing between the normal and inverse
spinel structures in x-ray diffractionsXRDd measurements,
we have also calculated the structure factors of SnZn2O4,
SnCd2O4, and CdIn2O4, in the normal and inverse spinel
structures, using the all-electron FLAPW method.23 The re-
sults are shown in Table IV. We find that the structure factors
are quite different for the normal and inverse spinel struc-
tures of SnZn2O4. They can be, therefore, easily distin-
guished in XRD measurements, where the XRD intensity is
proportional to the structure factors squared. On the other
hand, in the cases of SnCd2O4 and CdIn2O4, the structure
factor for the normal and inverse structures are similar be-
cause the atomic number of Cd, In, and Sn are comparable.
This makes the identification of the structure using XRD
difficult. It is also interesting to notice that the structural
factor of SnCd2O4 in the inverse spinel structure
fCdsSn,CddO4g is very similar to that of CdIn2O4 in the
normal spinel structure. This stems from the fact that the

average atomic number of Sn and Cd at the octahedral site of
the fCdsSn,CddO4g inverse spinel structure is the same as
that of In at the octahedral site of the CdIn2O4 normal spinel
structure.

IV. BAND STRUCTURE

A good performingn-type TCO must simultaneously sat-
isfy two requirements:sid large optical band gap, as well as
large energy separation between the CBM and the second
conduction bandsSCBd, for transparency;sii d a low CBM
with respect to the vacuum level, for high dopability, as well
as a small effective mass, for good conductivity. As a conse-
quence of the second condition, a low VBM, which is a
common characteristic of oxides, is also required to meet the
first condition. In the following, we will show the results of
our study on the band structures of SnZn2O4, SnCd2O4, and
CdIn2O4, focusing on the VBM, CBM, and SCB states, and
identify general trends for these types of materials.

A. SnZn2O4

We show in Fig. 2sad the band structure of SnZn2O4 along
the L-G-X line for the normal and inverse spinel structures
and along theX-G-Z line for the orthorhombic structure. In
Fig. 3sad we plot the atom- and angular-momentum-resolved
local density of statessLDOSd of SnZn2O4 in the normal
structure. Only the dominant components of the LDOS are
shown. The inverse and orthorhombic structures show very
similar features at the vicinity of the band gap edges and are
not shown here. We find that the top of the valence band
consists predominantly of the cationd and Op states, which
hybridize strongly, whereas the bottom of the conduction
bands arises mostly from the mixture of oxygen and cations
states.

Further analysis shows that in the spinel structure with the
Oh space group, the local oxygen site has aC3v symmetry,
whereas the tetrahedral and octahedral sites have the localTd
andD3d symmetry, respectively. At theG point, sad the VBM
state has theG12v representation and consists mostly of Op
and cationd states of the octahedral site, with somed char-
acter from the cation at the tetrahedral sitefFig. 4sbdg. sbd
The CBM state has theG1c representation, with predomi-
nantly Os and cations states of the tetrahedral site, as well
as somes character from the cation at the octahedral site
fFig. 4scdg. A minority of O p and Znd characters can be also
observed for this state.scd The SCB state has theG28c

representation and consists of Os and p, of cations states
of the tetrahedral site only, as well as of somep state
from the cation at the octahedral sitefFig. 4sddg. With this
analysis, we can now explain the change in the band gap and
the splitting between the first two conduction bands,E12
=ESCB−ECBM, as a function of the crystal structures.

The results forEg andE12 are listed in Table V. We find
that when SnZn2O4 changes from the normal to the inverse
spinel structure—i.e., when Sn and half of the Zn change
sites—both the band gap andE12 increases. When Sn is at
the octahedral site, the VBM energy decreases, which is due
to the lower Sn 4d orbital energy compared to that of the Zn

TABLE IV. Structure factor of normal and inverse SnCd2O4,

SnZn2O4, and CdIn2O4 spinels.GW is the reciprocal lattice vector in
units of 2p /a.

GW uGW u

SnCd2O4 SnZn2O4 CdIn2O4

N I N I N I

1 1 1 1.73 25 35 5 40 35 30

0 0 2 2.00 0 0 0 0 0 0

0 2 2 2.83 86 84 85 51 84 84

1 1 3 3.32 138 135 105 98 136 137

2 2 2 3.46 109 115 50 83 114 112

0 0 4 4.00 117 120 56 119 121 119

1 3 3 4.36 19 16 13 24 15 17

0 2 4 4.47 0 0 0 0 0 0

2 2 4 4.90 73 68 71 41 69 71

3 3 3 5.20 118 105 83 76 106 112

1 1 5 5.20 119 126 96 90 127 123

0 4 4 5.66 232 226 174 173 228 230

1 3 5 5.92 17 25 6 28 24 20
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3d orbital and, hence, the reducedp-d repulsion at the octa-
hedral sitefseesad aboveg. Moreover, because Zn has a much
higher 4s orbital energy than the Sn 5s orbital, both of the
first two conduction bands energies increase. However, the
energy of the SCB increases more than that of the CBM state
because the former contains only Zn 4s orbital but no Sn 5s
orbital fseesbd andscd aboveg. This explains why the funda-
mental band gapEg as well asE12 of SnZn2O4 is much larger
in the inverse spinel structure than in the normal spinel struc-
ture.

We find that the orthorhombic SnZn2O4 structure has an
even larger band gap than the inverse spinel structure. How-
ever, theE12 energy separation is smaller than that in the
inverse spinel structure, but larger than that in the normal
spinel structure. Due to the smaller volume of the ortho-
rhombic structure compared to that of the spinel structure,
the CBM in orthorhombic structure has a higher energy.24

Furthermore, thep-d coupling is reduced at the VBM, which
is due to the lower symmetry of the orthorhombic structure.
This explains the larger band gap of the orthorhombic struc-
ture compared to the spinel structure. Moreover, we find that,

in contrast to the spinel structure, the SCB state has a mixed
Zn 4s and Sn 5s character in the orthorhombic structure.
Therefore, the energy separationE12 in the orthorhombic
structure is in between that of the normal and the inverse
spinel structurefseescd aboveg.

B. SnCd2O4

The band structure and the LDOS of the normal spinel
SnCd2O4 are shown in Figs. 2sbd and 3, respectively. The
variation of the band gap and the changes inE12 are similar
to those in SnZn2O4 and can be explained in an analogous
way to that described above for SnZn2O4. The only notice-
able distinctions between SnCd2O4 and SnZn2O4 are that the
band gap of SnCd2O4 is smaller than that of SnZn2O4, due
mostly to the smaller volume of SnZn2O4, and that the dif-
ference in the band gap between the three structures is
smaller in SnCd2O4 than in SnZn2O4. This can be explained
by the fact that the atomic size of Cd is much larger than that
of Zn and Sn, whereas Sn and Zn have similar atomic sizes.
When Cd moves to the tetrahedral site in the SnCd2O4 in-

FIG. 2. Band structure of SnZn2O4 supper paneld, SnCd2O4 smiddle paneld, and CdIn2O4 slower paneld, in the normal and inverse spinel
structure, along theL-G-X line, and in the orthorhombic structure, along theX-G-Z line. The zero of the energy is set at the top of the valence
band atG. We do not correct for the LDA band gap error, which is estimated to be about 1.4 eV. Some important states atG are labeled in
the normal spinel structure of SnZn2O4.
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verse spinel structure, the tetrahedral bond length increases,
whereas the octahedral bond length decreases, as reflected by
the differentu parameters observed for the normal and in-
verse spinel structuresssee Table Id. Consequently, this low-
ers the energy of the CBM state, which is an antibonding
state centered mostly on the tetrahedral sitefseesbd aboveg,
and increases the VBM energy, due to the largep-d coupling
at the octahedral sitefsee sad aboveg. Thus, the strain-
induced deformation effect partially cancels the chemical ef-
fect in SnCd2O4, which explains the smaller band gap varia-
tion in SnCd2O4.

C. CdIn2O4

The band structure of CdIn2O4 is plotted in Fig. 2scd, and
the LDOS of CdIn2O4 in the normal structure is shown in
Fig. 3. In contrast to SnZn2O4 and SnCd2O4, the hybridiza-
tion between the Op and the cationd states at the octahedral
site is much smaller in the normal spinel CdIn2O4, which is
due to the lower 4d orbital energy of In compared to that of
the Zn 3d and Cd 4d states. The band gap of CdIn2O4 is
found to be slightly indirect in the normal spinel and the
orthorhombic structures, but is direct in the inverse spinel
structure. The top of the valence band is at theL point for the
normal spinel and at theX point for the orthorhombic struc-
ture. The difference between the direct band gap of normal
spinel CdIn2O4 at G and its indirect band gap is only
0.05 eV, and it is 0.09 eV in the orthorhombic structure. This
very small difference can hardly be resolved experimentally,
and a direct band gap has been suggested for normal spinel
CdIn2O4.

25

In the case of CdIn2O4, we observe a different trend in the
band gap variation andE12 energy separation compared to
that of SnZn2O4 and SnCd2O4; i.e., the band gap decreases
from normal to inverse spinel and then increases slightly in
the orthorhombic structure. In the inverse spinel structures of
SnZn2O4 and SnCd2O4, a low-valence atomsZn or Cdd oc-
cupies the tetrahedral site and a high-valence atomsSnd is at
the octahedral site. In contrast, in the inverse spinel structure
of CdIn2O4, the high-valence atomsInd occupies the tetrahe-
dral site and the low-valence atomsCdd is at the octahedral
site. Therefore, the trends observed in SnZn2O4 and
SnCd2O4 due to sad, sbd, and scd above are reversed in
CdIn2O4. The slightly increased band gap of the orthorhom-
bic structure relative to the inverse spinel structure is again
due to the smaller volume structure and the reducedp-d
coupling in the orthorhombic structure.

As mentioned above, the normal spinel CdIn2O4 is very
much like the inverse spinel SnCd2O4 fCdsSn,CddO4dg.
However, the band gap of normal CdIn2O4 is much larger
than that of inverse SnCd2O4. This is because when In con-
verts to Sn+Cd, the CBM becomes more localized on the Sn
atom, which has a lowers-orbital energy than that of In.
Furthermore, the Op and Cdd coupling is much larger than
that of O p and In d. Therefore, the CBMsVBM d of the
inverse spinel SnCd2O4 is lower shigherd than that of the
normal spinel CdIn2O4, resulting in a smaller band gap for
the former compared to the latter.

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. sid 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-
sults in a lower CBM energy and low-lyings orbital, espe-
cially at the tetrahedral sites. A split character at the
octahedral site can also lower the CBM.sii d To achieve a low

FIG. 3. Projected DOS ofsad SnZn2O4, sbd SnCd2O4, and scd
CdIn2O4 in the normal spinel structure. The tops of the valence
band atG are aligned for easy comparison. TheA s, O p, andB d
components are the most significant in the range plotted, along with
the Os state in the vicinity of the conduction band minimum, which
is not shown for clarity.

FIG. 4. Contour plot of the charge density, in thes110d plan of
the normal spinel SnZn2O4, for theG15v state, the VBMsG12vd state,
the CBM sG1cd state, and the second conduction band statesG28cd.
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VBM and thus the high band gap necessary for transparency,
the d-orbital binding energy of the cations should be large,
especially at the octahedral sites, in order to yield a smallp-d
coupling. siii d To obtain a high SCB level relative to the
CBM level and improve transparency, a large energy differ-
ence between thes orbitals of the cation at the tetrahedral
site and that at the octahedral site is required. Finally,sivd to
stabilize the compound, the high-valence cation should oc-
cupy the octahedral site and the low-valence atom the tetra-
hedral site. These general considerations suggest that the in-
verse spinel SnCd2O4 would have better conductivity,
whereas the inverse spinel SnZn2O4 and the normal spinel
CdIn2O4 would have better transparency.

V. EFFECTIVE MASS

As mentioned above, a good TCO should have a small
electron effective mass, to yield a high conductivity. The
calculated electron effective masses at theG point of the
CBM are shown in Table I. The electron effective mass is
quite isotropic for the spinel compounds, but nonisotropic for
the orthorhombic structure. In this case, thez axis of the
orthorhombic structure is chosen to be parallel to the largest
lattice constant. We find that in the case of SnZn2O4 and
SnCd2O4, the effective mass is larger in the inverse spinel
structure than in the normal spinel, due to the higher band
gap of the inverse spinel. The opposite trend is observed for
CdIn2O4, for which the normal spinel structure has a larger
effective mass than the inverse spinel structure, which is con-
sistent with the fact that the normal spinel structure has a
large band gap. In the orthorhombic structure, the effective
mass is nonisotropic and greatly depends on the direction
considered. We find that the effective mass is smallest in the
z direction for the three systems studied. Therefore, for the
orthorhombic structure, the conductivity should be larger in

the direction parallel to the largest lattice parameter. We
would also like to point out that due to the underestimation
of the band gap by the LDA, the calculated effective mass is
underestimated compared to experiment. We estimate that
the error in our calculated effective mass is about 0.05m0,
wherem0 is the free-electron mass.

Most TCO’s contain a high concentration of electrons in
the conduction band. This results in the Moss-Burstein shift
sincreased sRefs. 26 and 27d of the band gap31 as the carrier
concentration is increased. Moreover, as the conduction band
is nonparabolic,31 the effective mass also depends on the
Fermi energy. We have studied these effects in SnZn2O4,
SnCd2O4, and CdIn2O4 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
CBM state is not changed by electronic occupation. We cal-
culate the effective masses in two different ways. As a first
definition, we derive a “transport” effective mass by assum-
ing that the first derivative of the conduction band energy
Eskd is equal to that of a parabolic band at the samek point.
Therefore, the transport effective massmT

* sEd can be defined
by

1

mT
* sEd

=
1

"2k

dE

dk
. s5d

To describe the nonparabolicity of the conduction band,
Young et al.28 used the expression

"2k2

2m0
* = gsEd, s6d

wherem0
* is the effective mass at the minimum of the con-

duction band andgsEd is a function of the energy. Taking the

TABLE V. Calculated fundamental band gapEg, optical band gapEg
opt, energy differenceE12 between the

first and second conduction bands, and electron effective mass of SnZn2O4, SnCd2O4, and CdIn2O4 in the
normal sNd, inversesId, and orthorhombicsOd structures.Eg, Eg

opt, and E12 are calculated at theG 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 structure. Thez
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 about 0.05m0.

Eg seVd Eg
opt seVd E12 seVd m* sm0d

N 0.50 1.67 2.28 0.188

SnZn2O4 I 1.07 2.20s3.35ad 3.08 0.230

O 1.70 1.70 2.63 0.202 0.173 0.137

N 0.17 1.13 2.36 0.141

SnCd2O4 I 0.30 1.32 3.80 0.175

O 0.69 1.47s2.79bd 3.26 0.156 0.164 0.126

N 1.11 s2.23bd 1.52 s3.28bd 4.02 0.168

CdIn2O4 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.
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derivative of both sides of Eq.s6d with respect tok, we
obtain

dg

dk
=

dg

dE

dE

dk
=

"2k

m0
* . s7d

From Eqs.s5d and s7d above we arrive at

mT
* sEd = m0

* dg

dE
, s8d

which is the formula used by Younget al.28 This approach
should be compared to the experimentally measured effec-
tive mass derived from transport properties.28

In the second approach, we assume equality between the
number of states up to energyE obtained from our band
structure calculations and that obtained from a parabolic en-
ergy dispersion, for which the effective mass is constant.
This DOS effective massmDOS

* sEd is thus calculated from

mDOS
*3/2sEdE

0

E
ÎE8dE8 =E

0

E

mT
*3/2sE8dÎE8dE8, s9d

whereE is measured from the conduction band minimum.
The effective massmT

* sEd in Eq. s9d is obtained from the first
derivativesgradientd of the conduction band energy with re-
spect to the wave vectork, as required by the density-of-
states calculation, and is given in Eq.s5d.

We show in Fig. 5 the results formDOS
* and mT

* sEd as a
function of the carrier concentration and the Fermi level for
SnZn2O4, SnCd2O4, and CdIn2O4 in the inverse spinel struc-
ture. The curves in Fig. 5 clearly show that the conduction
bands of these compounds are nonparabolic. The degree of
nonparabolicity can be estimated from Eq.s6d by assuming
an energy expansion of the form28

gsEd = E +
E2

E1
, s10d

whereE1 is a constant. For the normal spinel structures, we
find that E1 increases from 1.33 to 1.59 and 1.75 eV, from
SnCd2O4 to SnZn2O4 and CdIn2O4, respectively.E1 is larger
in the inverse structures of SnCd2O4 and SnZn2O4 compared
to the normal ones. The opposite is true for CdIn2O4, be-
cause largeE1 corresponds to smaller nonparabolicity. The
results indicate that the degree of nonparabolicity increases
with decreasing band gap. This can be understood by notic-
ing that in semiconductors, the nonparabolicity is caused by
a coupling between the conduction band and the light-hole
valence band states, which decreases with larger band gap.

The experimental results6,11,30 on the effective masses of
TCO’s are not very clear. A constant electron effective mass
has been reported for CdIn2O4 up to a Fermi energy of
1 eV.11 In the case of SnCd2O4, the electron effective mass
has been found to increase,29 to be constant,6 or to
decrease,30 as a function of the carrier concentration. Al-
though the effective mass of SnZn2O4 has been recently re-
ported to increase with increasing carrier concentration, the
measured value29,31 is significantly smaller than that of
SnCd2O4, in contradiction with the expectation that SnZn2O4
should have a larger effective mass because of its larger band
gap. We believe more accurate measurements of the effective
masses for these compounds are needed to clarify these is-
sues.

The above discussion is related to the transport effective
mass given by Eq.s5d. We find that the DOS effective mass
is systematically smaller than the transport effective mass.
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
transport mass compared to the DOS mass, for inverse as
well as normal spinel structures.

VI. OPTICAL PROPERTIES

A. Transition matrix elements

As mentioned above, TCO’s have a relatively large fun-
damental band gap, which is a necessary condition for good
transparency. However, the carrier concentration of heavily
n-type doped TCO’s can reach 1021 cm−3. Due to the
Moss-Burstein26,27 effect, the threshold of the transition may
occur atk points away from the zone center. Furthermore,
for heavily doped systems, a transition may also occur be-
tween the conduction bands. Therefore, the optical properties
of TCO’s are determined not only by the optical transitions
between the valence bands and the unoccupied states of the
conduction bands, but also between the occupied conduction
states and the other conduction band states.

We first consider the optical transitions for undoped
TCO’s. In Fig. 6 we plot thek dependence of the transition
matrix elements squared,P2, between the top of the valence
band and the bottom of the conduction band states, for nor-
mal spinel SnZn2O4, SnCd2O4, and CdIn2O4, along the
L-G-X line. Similar behavior is expected for the inverse spi-
nel systems, which have the same global symmetry as the
normal spinel structures. We neglect the spin-orbit coupling

FIG. 5. DOSsopen symbolsd and transportssolid symbolsd ef-
fective masses calculated as a function of the carrier concentration
for SnCd2O4, SnZn2O4, and CdIn2O4 in the inverse spinel structure.
We plot in the inset the effective masses as a function of the Fermi
level EF, calculated from the conduction band minimum energy
ECBM. We do not correct for the LDA error on the effective mass,
which is estimated to be about 0.05m0.
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in our analysis. As mentioned above, the VBM state atG has
theG12v representation and is twofold degenerate in the cubic
spinel systems, with aOh point-group symmetry, whereas the
CBM state has theG1c representation. From group theory, we
find that the transition from the VBM to the CBM, which
defines the fundamental band gap atG, is forbidden, as can
be seen from Fig. 6. Furthermore, transitions atG are al-
lowed only between theG1c state and valence states with a
G15v representation, which are found to consist mostly of Op
andd states of the cation at the tetrahedral site, with somep
character from the cation at the octahedral sitefsee Fig.
4sadg. Consequently, we find that the measured optical band
gap is usually larger by about 1 eV than the fundamental
band gapssee Table Vd. The smaller difference between the
G12v and G15v energies in the normal spinel CdIn2O4
s,0.4 eVd is due to the lower energy of theG12v state, re-
lated to the smallp-d coupling of this state.

The symmetry-induced forbidden transition persists for
the band edge states along theG-X line, which have a re-
ducedD4h symmetry. However, transitions are allowed be-
tween states along theG-L direction sFig. 6d, which has a
reducedD3d symmetry. The transition atL is forbidden in the
case of CdIn2O4, because the two first conduction states
switch order compared to the cases of SnCd2O4 and
SnZn2O4.

The symmetry at theG point is D2h for the orthorhombic
structure. We find a forbidden transition between the VBM
and CBM states at theG point in SnCd2O4 and CdIn2O4, but
an allowed transition for SnZn2O4 due to a change in the
VBM character.

Experimentally, the normal spinel CdIn2O4 is found25 to
have a forbidden band gap, as obtained from our calculation.
However, the optical transition of inverse spinel SnZn2O4
sRef. 31d and orthorhombic SnCd2O4 sRef. 25d are reported
to be allowed, in contradiction to our calculations. This dis-
crepancy can be explained by the fact that the experimental
samples aren-type doped TCO’s, for which optical transi-
tions occur away from theG point, where transitions are
indeed allowed by symmetrysFig. 6d.

We should point out that, although our LDA-calculated
band gaps are underestimated by about 1.4 eV, our conclu-
sions on the forbidden band gap in the thermodynamically

stable inverse spinel SnZn2O4, orthorhombic SnCd2O4, and
normal spinel CdIn2O4 are based on symmetry analysis and
are, therefore, not affected by the LDA band gap error. We
believe more experiments should be carried out to test our
predictions.

Similar to the optical transitions between the VBM and
CBM states, we find that transitions between the first and
second conduction bands are forbidden at theG point in both
cubic and orthorhombic structures. For instance, in the cubic
spinel structure, the CBM and SCB states have theG1c and
G28c representations, respectively. However, optical transi-
tions are allowed at theG point only between theG1c and
G15c states.

B. Absorption coefficient

When the system isn-type doped, optical transitions can
occur between the CBM and states with energy higher than
the CBM energy, fork points away from the Brillouin zone
center. Moreover, an increase in the apparent band gap
sMoss-Burstein shiftd is expected as a result of transitions
from valence band states to unoccupied conduction states
away from theG point. These two effects are reflected in the
absorption coefficient, when the carrier concentration is var-
ied. We choose the SnZn2O4 compound to illustrate the phe-
nomenon. In Fig. 7sad we plot the absorption coefficient of
normal spinel SnZn2O4 as a function of the carrier concen-
tration. We apply a constant upward shift of 1.4 eV to the

FIG. 6. k dependence of the transition matrix elements squared
between the top of the valence band and the bottom of the conduc-
tion band states, for SnCd2O4, SnZn2O4, and CdIn2O4 in the normal
spinel structure, along theL-G-X line.

FIG. 7. Variation of the absorption coefficient with the elec-
tronic carrier concentration forsad normal spinel SnZn2O4 and sbd
inverse spinel SnZn2O4. FeaturesA–E correspond to the transitions
indicated in Fig. 8.
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conduction band energy, which is the approximate difference
in energy found between our LDA calculations and the ex-
perimental data, on the optical band gapssee Table Id. The
absorption features are indicated by letterssA–Ed, which
correspond to the transitions shown in Fig. 8.

Due to the forbidden transition atG, the absorption coef-
ficient starts to increase very slowly at the fundamental band
gap thresholdsletterAd and increases sharply only at a higher
energy when the associated matrix elements are large and the
transitions are allowedsletter Bd. New features appear when
the carrier concentration increases. First, the optical band gap
shifts toward higher energy as the carrier concentration in-
creases, related to the Moss-Burstein effectsfeature Cd.
Moreover, a new peak appearssletter Dd below the funda-
mental band gap, whose amplitude increases with the carrier
concentration. This absorption is related to allowed transi-
tions between the occupied conduction band and the second
conduction band and should reduce the transparency of the
TCO’s. This indicates that a TCO with good transparency
requires a large energy difference between the first and sec-
ond conduction bands. Furthermore, we find a feature in the
absorption spectrumsletter Ed related to transitions between
the first conduction band and other conduction bands with
higher energy. In contrast to theC transition, the energy of
the E transition decreases with increasing carrier concentra-
tion. As long as the energy of theC transition is smaller than
that of theE transition, the latter will be difficult to resolve in
the absorption spectrum. However, at very high concentra-
tion, an apparent decrease in the band gapsinverse Moss-

Burstein shiftd may be observed as the carrier concentration
increases. This may also reduce the transparency of the
TCO’s.

FeaturesD and E appear to be structure dependent, be-
cause they are related to theE12 band gap mentioned before.
We have already mentioned thatE12 increases from normal
to inverse structuressee Table Vd. Therefore, in cases where
the C transitions occur at energies similar to theE transition
energies, the latter transitions cannot be resolved in the ab-
sorption spectrum. Indeed, we find that this feature does not
appear in the absorption spectrum of the inverse spinel
SnZn2O4 fsee Fig. 7sbdg, which has a largerE12 than that of
the normal spinel structure.

We find a very similarD feature in the case of SnCd2O4 at
transition energies of about 1.5 eV, which are lower than the
optical band gap energy. TheE transitions are also observed,
typically with energies slightly smaller than those of theC
transitions. In the case of CdIn2O4, the D and E transitions
have energies much higher than those of theC transitions
and are, therefore, not observed in the absorption spectrum.

VII. SUMMARY

We have studied the structure-related electronic and opti-
cal properties of SnZn2O4, SnCd2O4, and CdIn2O4 with first-
principles band structure and total energy methods. We find
that SnZn2O4, SnCd2O4, and CdIn2O4 are more stable in the
inverse spinel, orthorhombic, and normal spinel structures,
respectively, with indirect band gaps for SnCd2O4 and
CdIn2O4 and direct for SnZn2O4. The trends observed in the
fundamental band gap and in the energy difference between
the first and second conduction bands are explained in terms
of chemical and structural effects. We show results on the
change in the electron effective mass with the crystal struc-
ture and the electron concentration. We find also that the
optical transitions are forbidden between the VBM and CBM
states at theG point and between the first and second con-
duction bands. Therefore, the optical gaps are usually much
larger than the fundamental band gaps. The absorption spec-
tra of these compounds are found to depend strongly on their
structures and on the carrier concentration. General rules are
proposed to design TCO’s according to their atomic charac-
ters.
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