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Breakdown of the band-gap-common-cation rule: The origin of the small band gap of InN
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It is well accepted that the band gap of a semiconductor compound increases as the atomic number de-
creases. However, recent measurements of the small band gap of InN (Eg;0.9 eV) suggest that this rule may
not hold for the common-cation In compounds. Using a band-structure method that includes band-gap correc-
tion, we systematically study the chemical trends of the band-gap variation in III-V semiconductors. The
calculated InN band gap is 0.8560.1 eV, much smaller than previous experimental value of;1.9 eV. The
InN band-gap anomaly is explained in terms of atomic-orbital energies and the band-gap deformation poten-
tials.
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Conventional wisdom holds that for common-anion~or
cation! semiconductors, the direct band gap atG increases as
the cation~or anion! atomic number decreases@the band-gap-
common-anion~or cation! rule#. This observation is strongly
supported by experimental data.1 For example, the direc
band gaps of the common-anion compounds InAs, Ga
and AlAs increase from 0.42 to 1.52 to 3.13 eV. Similar
the direct band gaps of the common-cation zinc-blende~ZB!
compounds GaSb, GaAs, GaP, and GaN increase from
to 1.52 to 2.86 to 3.30 eV. This trend also would hold f
common-cation In compounds ifEg(InN)51.9 eV, as pre-
viously reported.2 However, recent measurements3–6 of InN
band gap found thatEg(InN);0.9 eV. This value is not only
about 1 eV smaller than the previously reported value, bu
also smaller than the band gap1 of InP with Eg(InP)
51.46 eV, contrary to what one would expect from t
band-gap-common-cation rule.

Among the group-III nitrides~AlN, GaN, InN!, InN is not
very well investigated, mostly because high-quality bulk In
samples are difficult to grow.7 Early experimental studies2,8,9

suggested that the band gap of wurtzite~WZ! InN was
around 2 eV. Due to the poor sample quality, however,
band-edge photoluminescence spectra were reported.
band gaps were estimated from the absorption spectra, w
can lead to overestimating the band gap if the sample qu
is poor or if the sample is highly doped.10 Despite that, the
value of 1.89 eV for the InN band gap obtained by Tans
and Foley2 is widely cited in the literature.11,12 It is often
used as an end-point value to interpret experimentally m
sured composition dependence of the band gap of
alloys,13,14 or is used to fit empirical pseudopotentials f
modeling InN alloy optical properties.15,16 However, recent
progress of growth techniques using molecular-beam epi
has led to improved InN samples, which show intense p
toluminescence as well as a clear absorption edge.3–6 These
new measurements have challenged the previous widely
cepted band gap value2 and suggest that the actual fund
mental band gap of InN is much smaller, between 0.7
1.1 eV.

Theoretical study of the band gap of InN is also qu
confusing. It is well-known that the local-densit
approximation17 ~LDA !, which is widely used in modern
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band-structure calculation, severely underestimates the b
gap.18,19 For example, the LDA-calculated band gap20 of
GaAs (;0.2 eV) is much smaller than the experimen
value1 of 1.52 eV. For InN in the WZ structure, the LDA
calculated band gap is about20.3 eV.21–24 This value is
clearly much smaller than the true band gap of InN. Vario
methods have been used to correct the LDA band-gap e
Using the self-interaction and relaxation correction, Vog
et al.24 find that the corrected band gaps are 1.3 eV for
ZB InN and 1.6 eV for the WZ InN. Using the screene
exchange approach, van Schilfgaarde and co-workers22 find
that the band gaps are 0.7 and 0.8 eV for ZB and WZ In
respectively. However, a recent quasiparticle calculation
Kotani and van Schilfgaarde23 using the GW approximation
found that the band gap of ZB InN is only 0.01 eV. Mod
GW calculation of Johnson and Ashcroft gives a band gap
1.79 eV for InN.25 We have performed also the GW calcul
tion using theABINIT code.26 We find that the band gap fo
WZ InN is 0.5 eV. Although there are strong indications fro
recent calculations that the true band gap of InN should
much smaller than the previously reported experimen
value of 1.9 eV, the uncertainty of these calculations is s
quite large.

In this paper, using an LDA-based semiempiric
method,20,27we calculate the band gap of InN andsystemati-
cally study the chemical trends of the band-gap variation
all III-V semiconductors. We find that the band gap of W
InN is 0.8560.1 eV, in very good agreement with rece
experimental measurements,3–6 but much smaller than the
previously accepted value2 of 1.89 eV. We show that the
reason that InN has a smaller band gap than InP is due to
combined effects of the much lower N 2s orbital energy and
the much smaller band-gap deformation potential for
ionic InN. Furthermore, we show that the breakdown of t
band-gap-common-cation rule is not unusual in ionic se
conductors with small band-gap deformation potentials.

The LDA band structure calculations in this study are p
formed using the fully relativistic~including spin-orbit cou-
pling!, general potential, linearized augmented plane-w
method.28,20 Highly convergedk-points sampling for the
Brillouin-zone integration and cutoff energy for the bas
function are used. The Ga 3d and In 4d states are treated a
©2003 The American Physical Society09-1
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valence electrons. The band structures are calculate
experimental1 lattice constants. To correct the LDA band g
error, we use a self-consistent approach with atom-depen
LDA corrections~LDA1C!. Specifically, we add to the LDA
calculationsd-function-like external potentials20,29 inside the
muffin-tin ~MT! spheres centered at each atomic sitea,

Vext
a ~r !5V̄a1V0

aS r 0
a

r De2(r /r 0
a)2

, ~1!

and perform the calculation self-consistently. The functio
form of the correction potential is based on the observa
that the LDA band-gap error is orbital dependent. To corr
the band-gap error one needs to have a potential that is m
repulsive for thes orbital than to thep orbital. Sincep orbital
has zero charge density at the nuclear site whiles orbital has
finite density at the nuclear site, ad-like function centered a
the nuclear site can increase the band gap. The param
V̄a, V0

a , and r 0
a in Eq. ~1! are first fitted to the available

experimental energy levels1 and to the quasiparticle energie
calculated by Zhu and Louie18 at high-symmetryk-points for
AlP, GaP, and InP.20 In order to improve the fit, empty
spheres centered at tetrahedral sites29 are also used. The MT
radii for the empty sphere are 2.05 a.u. The fitting parame
are given in Table I. We chose to haveV̄a50 at all the atom
sites so the potential in Eq.~1! becomesd-function-like. This
indicates that the calculated band gaps are not sensitiv
the muffin-tin radii centered at the atomic sites. The sa
parameters given in Table I are then used to predict the b
gaps of arsenides, antimonides, and nitrides. For the nitri
however, we have to use smaller muffin-tin radii to avo
having overlapping MT spheres.28 In this case, we useRMT
51.68 a.u. for the empty spheres. This value is chosen
obtain the correct band gap of GaN. The same parame
given in Table I are used to predict the band gaps of AlN a
InN. To find the band gap for the wurtzite structure, we a
the LDA-calculated band-gap differences between the
and ZB compounds to the calculated LDA1C band gap for
the ZB compound. It is well known that although the LD
underestimates the band gap, the LDA-calculated WZ-
band-gap differences are quite reliable.21 The overall band-
gap uncertainty associated with this fitting procedure is e
mated to be 0.1 eV.

The predicted direct band gaps at theG point for the III-V
semiconductors are shown in Table II. These values are c

TABLE I. Fitted parametersV̄, V0, and r 0 for group III and

group V atoms. ES denotes empty sphere.V̄ is nonzero only for ES.
For nitrides, RMT(ES)51.68 a.u. For all other compound
RMT(ES)52.05 a.u.

Atom V̄ ~Ry! V0 ~Ry! r 0 ~a.u.!

N, P, As, Sb 0.00 80 0.025
Al 0.00 360 0.025
Ga 0.00 280 0.025
In 0.00 200 0.025
ES 0.36 100 0.025
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pared with available experimental data1 and quasiparticle
calculations.18,19 We find that for nearlyall the III-V semi-
conductors, the differences between the predicted and
experimental band gaps are less than 0.1 eV. For InN, h
ever, our predicted value of 0.85 eV is much smaller than
previous experimental value2 of 1.9 eV, but it is in very good
agreement with recent experimental measurements.3–6

Our calculations above show convincingly that the ba
gap of InN is around 0.85 eV. However, this value is abo
0.6 eV smaller than that of InP, thus contradicting the co
ventional wisdom that the band gaps of common-cation~an-
ion! compounds increase as the anion~cation! atomic num-
ber decreases. Table II shows that the common-anion
indeed holds for all the common-anion system. For comm
cation system, this rule holds for Al compounds and Ga co
pounds, but fails for In compounds. It is interesting to not
that although LDA underestimates the band gaps, sim
chemical trends already exist in the LDA-calculated ba
gaps. To understand the general trends of the band gap v
tion in the common-cation system, we study the chemi
and size contributions to the band gap. For the chem
contribution, we calculate the band gaps of Al, Ga, and
compounds at the fixed lattice constants of AlP, GaP, and
respectively. The results are shown in Table III. LDA corre
tions are included. We find that at thefixed phosphide vol-
ume, the band gaps of the common-cation system decr
from MSb to MP to MAs to MN (M5Al, Ga, and In!,
following the same trend of the anion atomic valences or-
bital energies shown in Table IV. This trend can be und
stood as follows. The conduction-band minimum~CBM! at
the G point is an anions plus cations state. The anion con
tribution increases as the compound becomes more ion30

Since the variation of the anionp orbital energy, which de-
termines the position of the valence-band maximum~VBM !,
is much less than thes orbitals~Table IV!, the band gaps of
the common-cation compounds at fixed volume gener
follow the same trend of the valences orbital energies of the
anion. Therefore, since Sb 5s has the highest orbital energy
the band gap ofMSb is also the largest at fixed volume. N 2s
orbital energy is the lowest, 5.3 eV lower than the Sbs
orbital energy, so its band gap is also the lowest. Thes
orbital energy of As is lower than the 3s orbital energy of P
due to the incomplete screening of the 3d orbitals in As, so
the band gap ofMAs at fixed volume is also lower than tha
of MP.

Since the order of the band gaps calculated at the fi
volume is generally opposite to what is observed at the e
librium lattice constants, except between InN and InP,
chemical contribution alone cannot explain the experim
tally observed trend in the band gaps at equilibrium latt
constants. Next, we investigate the size or volume defor
tion contribution to the band gap. The calculated volum
deformation potentials27 with the LDA correction for III-V
zinc-blende semiconductors are listed in Table II. We see
all the compounds have negative volume deformation po
tials, i.e., when the volume decreases, the band gap
creases. Therefore, it is clear that the common-cation
and the common-anion rule for the band gap are mainly
to the large deformation potential of the III-V compound
9-2
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TABLE II. Calculated band gaps and deformation potentials atG for ZB III-V compounds and WZ
nitrides at the experimental~expt.! lattice constants~Ref. 1! using the LDA and LDA plus correction
~LDA1C! methods. TheEg

LDA1C values with* are fitted values, whereas all the others are predicted val
Our calculated results are compared with available experimental data~Ref. 1! and quasiparticle~QP! values
~Refs. 18 and 19!.

aexpt ~Å! Eg
LDA ~eV! Eg

LDA1C ~eV! Eg
QP ~eV! Eg

expt ~eV! 2ag
LDA1C ~eV!

AlSb 6.133 1.24 2.28 2.23 2.32 8.9
GaSb 6.096 20.38 0.81 0.62 0.81 8.0
InSb 6.479 20.70 0.15 0.08 0.24 6.4
AlAs 5.660 1.75 3.05 2.88 3.13 8.9
GaAs 5.653 0.09 1.43 1.22 1.52 8.2
InAs 6.058 20.64 0.36 0.31 0.42 5.7
AlP 5.467 3.06 4.42* 4.38 9.5
GaP 5.451 1.50 2.86* 2.85 2.86 8.8
InP 5.869 0.37 1.40* 1.44 1.46 5.9
AlN 4.360 4.28 6.00 6.0 10.2
GaN 4.500 1.72 3.34* 3.1 3.3 7.4
InN 4.980 20.48 0.70 3.7

a53.112
AlN ~WZ! c54.982 4.23 5.95 5.8 6.1 10.4

u50.3819
a53.189

GaN~WZ! c55.185 1.87 3.49 3.5 3.5 7.8
u50.3768
a53.544

InN~WZ! c55.718 20.34 0.85 4.2
u50.3790
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For example, at GaP lattice constant, the band gap of GaS
0.81 eV larger than that of GaP. However, GaSb is abo
34% larger in volume than GaP. So, with an average de
mation potential of28.4 eV (ag528.0 eV near its equilib-
rium volume!, the band gap of GaSb at its equilibrium lattic
constant is about 2.05 eVsmaller than the band gap of Ga
at its equilibrium lattice constant. The same situation app
to AlN and GaN: Even though AlN and GaN have mu
smaller band gaps than AlP and GaP at the lattice const
of AlP and GaP, respectively, their band gaps are larger t
the phosphides at their own equilibrium lattice consta
~Table III!. This is because the volume of AlN is 68%
smaller than that of AlP and GaN is 58% smaller than G
and AlN and GaN have large band-gap deformation pot
tials @ag(AlN) 5210.2 eV and ag(GaN)527.4 eV].
However, for InN, although its volume is about 49% smal
than InP, its band-gap deformation potential is sm

TABLE III. Calculated~LDA1C! direct band gaps~in eV! at G
of zinc-blende Al, Ga, and In compounds at their equilibrium~eq!
lattice constants and at their respective phosphides lattice cons

a5aAlP aeq a5aGaP aeq a5aInP aeq

AlN 0.45 6.00 GaN 20.61 3.34 InN 21.27 0.70
AlP 4.42 4.42 GaP 2.86 2.86 InP 1.40 1.4
AlAs 4.04 3.05 GaAs 2.36 1.43 InAs 0.92 0.3
AlSb 5.69 2.28 GaSb 3.67 0.81 InSb 2.15 0.
16520
is
t
r-

s

ts
n

s

,
n-

r
l,

ag(InN)523.7 eV. Because of this smalluagu, the contri-
bution due to the size or deformation potential is not su
cient to reverse the band-gap order due to the contributio
the chemical effect. This explains why InN has smaller ba
gap than InP.

From the analysis above, we see that the breakdown
the common-cation rule for the band gap in In compound
due to the smalluagu. We find that27 the smalluagu for InN is
due to the combined effects of~i! a large difference betwee
the cation In 5s and anion N 2s orbital energies,~ii ! a large
repulsion between the N 2p and the high-lying In 4d orbit-
als, and~iii ! a large In-N bond length~relative to AlN and
GaN!. Since a similar situation also exists in II-V
semiconductors,27 one would expect that the breakdown
the common-cation rule should also apply to the II-VI sy

ts.

TABLE IV. Atomic s and p orbital energy levels~in eV! for
group III and group V elements.

Atom es ep

Al 27.91 22.86
Ga 29.25 22.81
In 28.56 22.78
N 218.49 27.32
P 214.09 25.68
As 214.70 25.34
Sb 213.16 25.08
9-3
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tems. Indeed, experimental data show that the ZnO band
of 3.4 eV is smaller than the ZnS band gap of 3.8 eV. O
calculations show similar trends between CdO and CdS
between HgO and HgS in the ZB phase. In the past,
band-gap anomaly between ZnO and ZnS was explaine
terms of the strongerp-d repulsion30 in ZnO than in ZnS,
because the Zn 3d to O 2p orbital energy difference is
smaller. The largerp-d repulsion pushes up the VBM of ZnO
more than that of ZnS, therefore, reducing the band gap
ZnO. However, the calculated VBM offsetDEV51.0 eV be-
tween ZnO and ZnS31 indicates that thep-d repulsion
mechanism, which affects only the VBM, is not sufficient
explain this band-gap anomaly. As explained above, to
derstand the breakdown of the band-gap-common-cation
for the II-VI compounds, we also have to take into accou
the contribution at CBM, i.e., the fact that O 2s orbital is
d
.

a
.
.

n,

.

.

A.

r,
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much lower in energy than the S 3s orbital, and that oxides
have very small band-gap deformation potentials.27

In summary, using an LDA band-structure method w
band-gap correction we have systematically studied
chemical trends of band-gap variation in III-V semicondu
tors. We find that InN has a band gap of 0.8560.1 eV,32 in
good agreement with recent experimental measurements
show that the previously accepted band-gap-common-ca
rule does not hold for ionic InN and the II-VI oxides.
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