PHYSICAL REVIEW B 67, 165209 (2003

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 dE{rN(Q 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 IlI-V semiconductors. The
calculated InN band gap is 0.8%.1 eV, much smaller than previous experimental value-df9 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-ani@r  band-structure calculation, severely underestimates the band
cation semiconductors, the direct band gaf'ancreases as gap®'® For example, the LDA-calculated band §amf
the cation(or anior) atomic number decreasghe band-gap- GaAs (~0.2 eV) is much smaller than the experimental
common-anior(or cation rule]. This observation is strongly value' of 1.52 eV. For InN in the WZ structure, the LDA-
supported by experimental ddtaFor example, the direct calculated band gap is about0.3 eV212* This value is
band gaps of the common-anion compounds InAs, GaAs;learly much smaller than the true band gap of InN. Various
and AlAs increase from 0.42 to 1.52 to 3.13 eV. Similarly, methods have been used to correct the LDA band-gap error.
the direct band gaps of the common-cation zinc-blef@®) Using the self-interaction and relaxation correction, Vogel
compounds GaSbh, GaAs, GaP, and GaN increase from 0.8% al? find that the corrected band gaps are 1.3 eV for the
to 1.52 to 2.86 to 3.30 eV. This trend also would hold forZB InN and 1.6 eV for the WZ InN. Using the screened-
common-cation In compounds Ey(InN)=1.9 eV, as pre- exchange approach, van Schilfgaarde and co-workérsl
viously reported. However, recent measuremeam%of INN  that the band gaps are 0.7 and 0.8 eV for ZB and WZ InN,
band gap found thdy(InN)~0.9 eV. This value is notonly respectively. However, a recent quasiparticle calculation by
about 1 eV smaller than the previously reported value, but iotani and van Schllfgaara%usmg the GW approximation
also smaller than the band dapf InP with E o(InP)  found that the band gap of ZB InN is only 0.01 eV. Model
=1.46 eV, contrary to what one would expect from the GW calculation of Johnson and Ashcroft gives a band gap of
band-gap-common-cation rule. 1.79 eV for INN?> We have performed also the GW calcula-

Among the group-Ill nitrideAIN, GaN, InN), InN is not  tion using theaBINIT code?® We find that the band gap for
very well investigated, mostly because high-quality bulk InNWZ InN is 0.5 eV. Although there are strong indications from
samples are difficult to groWEarly experimental studié§®  recent calculations that the true band gap of InN should be
suggested that the band gap of wurtzi&Z) InN was much smaller than the previously reported experimental
around 2 eV. Due to the poor sample quality, however, novalue of 1.9 eV, the uncertainty of these calculations is still
band-edge photoluminescence spectra were reported. Tlylite large.
band gaps were estimated from the absorption spectra, which In this paper, using an LDA-based semiempirical
can lead to overestimating the band gap if the sample qualitgnethod?®?’we calculate the band gap of InN asystemati-
is poor or if the sample is highly dopéd Despite that, the cally study the chemical trends of the band-gap variation in
value of 1.89 eV for the InN band gap obtained by Tansleyall Il1l-V semiconductors. We find that the band gap of WZ
and Foley is widely cited in the literaturé>*? It is often  InN is 0.85+0.1 eV, in very good agreement with recent
used as an end-point value to interpret experimentally meaexperimental measuremerit€, but much smaller than the
sured composition dependence of the band gap of InNreviously accepted valteof 1.89 eV. We show that the
alloys** or is used to fit empirical pseudopotentials for reason that InN has a smaller band gap than InP is due to the
modeling InN alloy optical propertieS:'® However, recent combined effects of the much lower Ns ®rbital energy and
progress of growth techniques using molecular-beam epitaxthe much smaller band-gap deformation potential for the
has led to improved InN samples, which show intense phoionic InN. Furthermore, we show that the breakdown of the
toluminescence as well as a clear absorption éd§@hese  band-gap-common-cation rule is not unusual in ionic semi-
new measurements have challenged the previous widely acenductors with small band-gap deformation potentials.
cepted band gap valti@and suggest that the actual funda- The LDA band structure calculations in this study are per-
mental band gap of InN is much smaller, between 0.7 andormed using the fully relativisti¢including spin-orbit cou-
1.1eV. pling), general potential, linearized augmented plane-wave

Theoretical study of the band gap of InN is also quitemethod?®2?° Highly convergedk-points sampling for the
confusing. It is well-known that the local-density Brillouin-zone integration and cutoff energy for the basis
approximatio’ (LDA), which is widely used in modern function are used. The Gad3nd In 4 states are treated as
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TABLE I. Fitted parameterd/, Vo, andr, for group Il and  pared with available experimental datand quasiparticle

group V atoms. ES denotes empty sphatés nonzero only for ES. ~ calculations®® We find that for nearlyall the I1I-V semi-
For nitrides, Ryt(ES)=1.68 a.u. For all other compounds, conductors, the differences between the predicted and the

RuT(ES)=2.05 a.u. experimental band gaps are less than 0.1 eV. For InN, how-
— ever, our predicted value of 0.85 eV is much smaller than the
Atom V (Ry) Vo (Ry) ro (@.u) previous experimental valtef 1.9 eV, but it is in very good

agreement with recent experimental measurenéfits.

N, P, As, Sb 0.00 80 0.025 Our calculations above show convincingly that the band
Al 0.00 360 0.025 gap of InN is around 0.85 eV. However, this value is about
Ga 0.00 280 0.025 0.6 eV smaller than that of InP, thus contradicting the con-
In 0.00 200 0.025 ventional wisdom that the band gaps of common-catam
ES 0.36 100 0.025 ion) compounds increase as the anigation atomic num-

ber decreases. Table Il shows that the common-anion rule
indeed holds for all the common-anion system. For common-
ehtion system, this rule holds for Al compounds and Ga com-
ounds, but fails for In compounds. It is interesting to notice
at although LDA underestimates the band gaps, similar
chemical trends already exist in the LDA-calculated band
gaps. To understand the general trends of the band gap varia-

valence electrons. The band structures are calculated
experimentdi lattice constants. To correct the LDA band gap
error, we use a self-consistent approach with atom-depende
LDA corrections(LDA +C). Specifically, we add to the LDA
calculationss-function-like external potential$?®inside the

muffin-tin (MT) spheres centered at each atomic sife tion in the common-cation system, we study the chemical
ra and size contributions to the band gap. For the chemical

vgxt(r)=V“+vg _0) ef(r/rg)Z, (1) contribution, we ca_lculate _the band gaps of Al, Ga, and In

r compounds at the fixed lattice constants of AIP, GaP, and InP,

espectively. The results are shown in Table Ill. LDA correc-

and perform the calculation self-consistently. The functiona{ions are included. We find that at tfiiced phosphide vol-

form of the correction potential is based on the observatiorejme the band gaps of the common-cation system decrease
that the LDA band-gap error is orbital dependent. To correchom’ MSb to MP to MAs to MN (M=Al, Ga, and In

the band-gap error one needs to have a potential that is MOfSiiowing the same trend of the anion atomic valerscer-
repulsive for thes orbital than to theo orbital. Sincep orbital bital energies shown in Table IV. This trend can be under-
has zero charge density at the nuclear site whdebital has stood as follows. The conduction-band minimU@BM) at
finite density at the nuclear site,dlike function centered at

h | ; . he band Th theI" point is an aniors plus cations state. The anion con-
the nuclear site can increase the band gap. The parametyg, ;iion increases as the compound becomes more Bnic.

Ve Vg, andrg in Eq. (1) are first fitted to the available Since the variation of the aniom orbital energy, which de-
experimental energy levéland to the quasiparticle energies termines the position of the valence-band maximBM ),
calculated by Zhu and Louigat high-symmetry-points for  is much less than theorbitals (Table IV), the band gaps of
AP, GaP, and In® In order to improve the fit, empty the common-cation compounds at fixed volume generally
spheres centered at tetrahedral Sitese also used. The MT follow the same trend of the valens@rbital energies of the
radii for the empty sphere are 2.05 a.u. The fitting parametergnion. Therefore, since Sksfhas the highest orbital energy,
are given in Table I. We chose to hav&€=0 at all the atom the band gap ok Sb is also the largest at fixed volume. N 2
sites so the potential in E¢Ll) becomess-function-like. This  orbital energy is the lowest, 5.3 eV lower than the Sb 5
indicates that the calculated band gaps are not sensitive tarbital energy, so its band gap is also the lowest. Tke 4
the muffin-tin radii centered at the atomic sites. The samerbital energy of As is lower than thes3rbital energy of P
parameters given in Table | are then used to predict the bardue to the incomplete screening of thd 8rbitals in As, so
gaps of arsenides, antimonides, and nitrides. For the nitridethe band gap oM As at fixed volume is also lower than that
however, we have to use smaller muffin-tin radii to avoidof MP.
having overlapping MT spherég.in this case, we usByt Since the order of the band gaps calculated at the fixed
=1.68 a.u. for the empty spheres. This value is chosen teolume is generally opposite to what is observed at the equi-
obtain the correct band gap of GaN. The same parametefibrium lattice constants, except between InN and InP, the
given in Table | are used to predict the band gaps of AIN ancchemical contribution alone cannot explain the experimen-
InN. To find the band gap for the wurtzite structure, we addtally observed trend in the band gaps at equilibrium lattice
the LDA-calculated band-gap differences between the Wzonstants. Next, we investigate the size or volume deforma-
and ZB compounds to the calculated LBA& band gap for tion contribution to the band gap. The calculated volume
the ZB compound. It is well known that although the LDA deformation potentiaf$ with the LDA correction for IlI-V
underestimates the band gap, the LDA-calculated WZ-ZEzinc-blende semiconductors are listed in Table 1. We see that
band-gap differences are quite reliabtélhe overall band- all the compounds have negative volume deformation poten-
gap uncertainty associated with this fitting procedure is estitials, i.e., when the volume decreases, the band gap in-
mated to be 0.1 eV. creases. Therefore, it is clear that the common-cation rule
The predicted direct band gaps at thgoint for the 11I-V ~ and the common-anion rule for the band gap are mainly due
semiconductors are shown in Table Il. These values are conte the large deformation potential of the Ill-V compounds.
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TABLE Il. Calculated band gaps and deformation potentiald”dor ZB IlI-V compounds and WZ
nitrides at the experimentgexpt) lattice constantgRef. 1) using the LDA and LDA plus correction
(LDA +C) methods. Th&;"*" € values withx are fitted values, whereas all the others are predicted values.
Our calculated results are compared with available experimentalBafal) and quasiparticléQP) values
(Refs. 18 and 10

Aot (A) B (ev)  EPPAC(ev)  EST(eV)  EFPi(eV)  —ag®htC(ev)
AlSh 6.133 1.24 2.28 2.23 2.32 8.9
GaShb 6.096 —-0.38 0.81 0.62 0.81 8.0
InSb 6.479 -0.70 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 —0.64 0.36 0.31 0.42 5.7
AlP 5.467 3.06 4.49 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
AIN 4.360 4.28 6.00 6.0 10.2
GaN 4.500 1.72 3.3 3.1 3.3 7.4
InN 4.980 -0.48 0.70 3.7
a=3.112
AIN(WZ) c=4.982 4.23 5.95 5.8 6.1 10.4
u=0.3819
a=3.189
GaNWZz) c=5.185 1.87 3.49 35 35 7.8
u=0.3768
a=3.544
INN(WZ) c=5.718 —-0.34 0.85 4.2
u=0.3790

For example, at GaP lattice constant, the band gap of GaSb #(InN)=—3.7 eV. Because of this smal|, the contri-
0.81 eVlarger than that of GaP. However, GaSb is aboutpution due to the size or deformation potentlal is not suffi-
34% larger in volume than GaP. So, with an average deforcient to reverse the band-gap order due to the contribution of
mation potential of-8.4 eV (@4=—8.0 eV near its equilib-  the chemical effect. This explains why InN has smaller band
rium volume, the band gap of GaSb at its equilibrium lattice gap than InP.

constant is about 2.05 esmmallerthan the band gap of GaP ~ From the analysis above, we see that the breakdown of
at its equilibrium lattice constant. The same situation applieshe common-cation rule for the band gap in In compounds is
to AIN and GaN: Even though AIN and GaN have much due to the smallay|. We find that’ the small|ay| for InN is
smaller band gaps than AIP and GaP at the lattice constangge to the combmed effects G a large d|fference between

of AIP and GaP, respectively, their band gaps are larger thathe cation In 5 and anion N 2 orbital energies(ii) a large

the phosphides at their own equilibrium lattice constantsepulsion between the N2and the high-lying In 4 orbit-
(Table Il). This is because the volume of AIN is 68% als, and(iii) a large In-N bond lengtfirelative to AIN and
smaller than that of AIP and GaN is 58% smaller than GaPGaN) Since a similar situation also exists in [l-VI
and AIN and GaN have large band-gap deformation potensemiconductoré’ one would expect that the breakdown of

tials [ag(AIN)=—-10.2eV and ay(GaN)=-7.4eV]. the common-cation rule should also apply to the II-VI sys-
However, for InN, although its volume is about 49% smaller

than InP, its band-gap deformation potential is small, TABLE IV. Atomic s andp orbital energy leveldin eV) for
group Il and group V elements.

TABLE IIl. Calculated(LDA +C) direct band gapén eV) atI’

of zinc-blende Al, Ga, and In compounds at their equilibri(en) Atom €s €p
lattice constants and at their respective phosphides lattice constants. Al — 701 286
a=app eq a=acgap Qeq a=qpp  Aeq Ga 9 ~28l
In —8.56 —2.78
AIN 0.45 6.00 GaN —-0.61 3.34 InN —-1.27 0.70 N —18.49 -7.32
AP 442 442 GaP 2.86 2.86 InP 140 1.40 P —14.09 —5.68
AlAs 404 3.05 GaAs 2.36 1.43 InAs 0.92 0.36 As —14.70 —-5.34
AlSb 5.69 2.28 GaSb 3.67 0.81 InSb 2.15 0.15 Sb —13.16 —5.08
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tems. Indeed, experimental data show that the ZnO band gapuch lower in energy than the $3rbital, and that oxides

of 3.4 eV is smaller than the ZnS band gap of 3.8 eV. Outhave very small band-gap deformation potentfals.
calculations show similar trends between CdO and CdS and |n summary, using an LDA band-structure method with
between HgO and HgS in the ZB phase. In the past, thipand-gap correction we have systematically studied the
band-gap anomaly between ZnO and ZnS was explained ighemical trends of band-gap variation in I1l-V semiconduc-
terms of the strongep-d repulsioi® in ZnO than in ZnS,  tors. We find that InN has a band gap of 0:85.1 eV in
because the Zn B to O 2p orbital energy difference is go0d agreement with recent experimental measurements. We

smaller. The largep-d repulsion pushes up the VBM of ZnO  gho that the previously accepted band-gap-common-cation
more than that of ZnS, therefore, reducing the band gap gfyje does not hold for ionic InN and the 1I-VI oxides.

ZnO. However, the calculated VBM offsatE,,= 1.0 eV be-
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