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Density functional and quasiparticle band-structure calculations for GgAl;_,N
and Ga/ln;_,N alloys
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We investigate the electronic structure of two wide-band-gap semiconductor alloysl;GaN and
Galn;_,N, employing three differenab initio band-structure approaches. Local density calculations within
density functional theory using conventional as well as self-interaction-corrected pseudopotentials and quasi-
particle band-structure calculations are carried out. The stochastical alloy problem is treated within the virtual
crystal approximation, as well as within a cluster expansion approximation. One main issue is the evaluation of
the bowing of the composition dependence of the fundamental band gap. It turns out that the band-gap bowing
for GaAl; _,N alloys is described reasonably well within the virtual crystal approximation. FdnGgN, on
the contrary, that approximation does not correctly describe the composition dependence of the band gap
because it neglects significant local structural relaxations. These are taken into account in the cluster expansion
approximation. Our results indicate that in both alloys the band gap exhibits a composition-dependent bowing
function rather than a constant bowing parameter.
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[. INTRODUCTION random alloy is simulated by a periodic crystal of “virtual
atoms” that represent a weighted average of the alloy com-

The electronic structure of alloys has gained renewed inponents. Due to the enforced periodicity, the VCA can be
terest during recent years because of the growing technologimplemented in any standard electronic structure method
cal importance of wide-band-gap semiconductors. Alloyingwith the numerical demand being no larger than that for a
of such semiconductors is of significant importance for theperiodic lattice. Due to its moderate computational effort, the
development of optoelectronic devices and detectors. Th¥CA is a very useful approach for a first attempt to investi-
possibility to tune the wavelength of emitted light through agate a number of fundamental questions concerning the elec-
wide spectral region makes it feasible to design novel comtronic structure of wide-band-gap semiconductor alloys. In
pound semiconductors. Suitable candidates for wide-bandgarticular, we use the VCA to scrutinize the influence of
gap alloys can be found among the IlI-V and II-VI materials. quasiparticle corrections on the alloy band structure. In some
Especially the 1l nitrides AIN, GaN, and InN are of impor- cases, simple alloy theories like the VCA do not apply and
tance in the field of optoelectronics and a huge amount ofmore involved methods like a cluster expansion approxima-
experimental and theoretical work has focused on their eledion need to be employed. The CEA belongs to the class of
tronic and structural propertiés. Ternary alloys like so-called lattice theories. They consist of expanding a physi-
GaAl;_4N and Galn; _,N can be fabricated whose funda- cal quantity into a set of contributions from elementary clus-
mental electronic transitions can be tailored from the ultraters. Since the clusters are periodically repeatestandard
violet (AIN) across the visible violet/bluéGaN) to the vis-  solid-state techniques can be applied to the resulting super-
ible yellow (InN) regions of the spectrum. cells to obtain the relevant quantities of the clusters which

The theoretical description of semiconductor alloys facesare then statistically averaged. A detailed discussion of the
two main problems(i) The lack of translational symmetry formalism can be found in Ref. 12, and some of its practical
hinders the use of conventional solid-state techniques deaspects are compiled in the following sections. The cluster
signed for periodic systemsii) In addition, the electronic expansion approximation has been applied also, e.g., by
and optical spectrum of semiconductors is strongly affected®echstedt and co-workers'in their detailed studies of the
by many-body correlation effects among the electrons. Astructural, electronic, and thermodynamic properties of
number of approaches have been developed to address nsitiained group-Ill nitride alloys.
periodic alloys. We focus on two such techniques: i.e., the In the present work we report on VCA and CEA calcula-
virtual crystal approximatior(VCA) (Refs. 2 and Band the tions for GaAl,_N and Galn,_,N alloys in the zinc-
cluster expansion approximatiofCEA) (Ref. 4—. The blende structure. We are especially interested in the funda-
many-body correlation effects can be treated to different levimental electronic transition energies and their nonlinear
els of complexity and accuracy. We employ not only thedependence on the concentratiari.e., in their bowing be-
local density approximatior(LDA) of density functional havior. The dependence of a physical quartltyf a ternary
theory (DFT) but also self-interaction-corrected DFf,as  alloy A,B;_,C on x can often be described accurately by a
well as many-body perturbation theory in tV approxi-  parabola
mation (GWA).%10

The VCA is a computationally very efficient approach to
the electronic structure of alloys. In this approximation, the QX)=xQact (1—X)Qgct+bx(1—X), (D)
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with a bowing parameter lwhich describes the overall de- Ref.29. If the chemically active indium d semicore elec-
viation from the linear interpolation betweé&h,c andQg. trons are included among the valence electrons by using an
Whenever a constant bowing paramekervithout further  In(4d,5s,5p) pseudopotential, we obtain a semimetallic in-
specification is mentioned in this work, it refers to such averted band structure with a negative LDA band gap of
quadratic fit. The situation becomes more complicate@ if ELPA=—1.0 eV. All-electron LDA linear muffin-tin orbital
depends in a nonquadratic manner ®nin this case a (LMTO) calculations also report an inverted band structure
concentration-dependertowing functionb(x) can be de- with Eg4 between—0.1 eV(Ref. 1) and— 0.4 eV(Ref. 23. It

fined as has been shown that this inversion, which is an artifact of the
LDA, can be overcome by including self-interaction
X)) = xQpc— (1-x)Qpc corrections’® In DFT-SIRC the band gap results &'~®
b()= X(1—X) ' @ _ 1.3 eV in much closer agreement with experiment.

If defined in this wayp(x) constituteqat eachx) a relation-
ship betweerf)(x) and the end-point valued ,c andQgc.

Note thatb(x) as defined in Eq(2) does not coincide with Many of our calculations employ density functional
the second derivative-1/2 9°Q/dx> (which would be an-  theory together with the local density approximation to solve
other possibility of defining a concentration-dependent bowthe electronic structure problem. In some cases we also in-
ing). Also, note that the average paramelteas defined in  clude self-interaction and relaxation correctibts compen-
Eq. (1) does not necessarily equal the concentration averaggate the artificial self-interaction of electronic states within
of b(x). In many cases, the concentration-dependg)  the LDA. Such SIRC-DFT calculations have been shbten
approximately shows a linear dependencexon yield band gaps of heteropolar wide-band-gap semiconduc-
Before focusing on the alloys, we give a short summarytors (GaN, ZnO, etg.in very good agreement with measured
of the electronic structure of their bulk constituents AIN, data. In addition, we also carry out quasiparticle calculations
GaN, and InN: These nitrides occur both in the hexagonalin order to scrutinize whether the LDA gap problem has an
wurtzite and the cubic zinc-blende structure, the latter Ofimportant influence on band-gap bowing. The QP corrections
which is in the focus of our work. of the LDA band structure are evaluated within B&V ap-
The existence of cubic AIN has been reported by SChwabproximation of the electron self-energy oper{ftb?_ The
and Madel® and by Gerthsen and co-workéfsAb initio  GWA yields highly accurate band structures for a large vari-
calculations predict cubic AIN to be an indirect semiconduc-ety of systems and thus constitutes the state of the art for
tor (minimum transitionl";5— X3) with a LDA band gap of calculating electronic spectra. It should, therefore, serve as a
E;DA=3.2 eV and a quasiparticléQP) band gap ofESP reliable basis for the determination of band-gap bowing, as
=4.9 eV’ To our knowledge there is no experimental veri- well.
fication of these results, up to now. The wave functions are expanded in a basis of atom-
Cubic GaN, on the other hand, is a direct semiconductorcentered Gaussian orbitals §fp, d, ands* symmetry with
Optical absorption measuremefits° yield a band gap of several decay constants per atthiThese basis sets are
Eg’aNz 3.2 eV which compares reasonably well with found to be sufficiently flexible to guarantee basis-set con-
the quasiparticle band gaps (E§P=3.1 eV and EQP vergence at all concentranomsAII e_Ie_zr_nents(AI,Ga,In,N)
are described by norm-conserviag initio pseudopotentials
(PP’s of the Hamann typ&>?®except for the SIRC calcula-
tions that require specific pseudopotentfals.
If not stated otherwise, we employ pseudopotentials that
treat the conventional valence orbitals as valence stages
Al 3s%p!, Ga 45°p?, In 5s?pt, and N &%p®). For Ga and
ﬁ'?’, we label these potentials “8 pseudopotentials” referring
to the three valence electrons. Ttatates of the Ga and In
emicore shellgi.e., Ga 3l and In 4, respectively have a
ignificant influence on the structural and electronic proper-
] i > ties of Ggln;_yN. This can be taken into account in a
eracy and correctly pr_edlgt the energetic position of the 3 straightforward way by including the states among the va-
states at-16.7 eV which is now below Itgg Nband. In|ence states in the pseudopotential construction, leading to
addition, the band gap increases K} "°=3.5eV and potentials that we label “18 pseudopotentials,” referring to
matches the experimental value much more closely than thge 13 valence electrons (Gal¥4s2p? and In 41%s?p?,
LDA result. N _ _ respectively described by them.
The low thermal stability of cubic InN makes this com-
pound semiconductor the least-studied group-Ill nitride. It
has been observed that InN is a direct semiconductor with a A. Virtual crystal approximation

band gap ofEy™=1.9 eV?" When using a conventional  The majority of VCA calculations have been carried out
In(5s,5p) pseudopotential we find a very small LDA band within empiricaf’ and semiempiricd? electronic structure
gap of E;DA=0.2 eV (in agreement with the results of techniques. Recently various procedures to implement the

Il. METHODS

=3.6 eV, as obtained by Rubiet all” and by some of the
present author¥ respectively. DFT-LDA calculations, on
the other hand, yield a band gap Bf°*=2.0 eV showing
the typical underestimation of the fundamental gap in LDA.
If the Ga 3 states are explicitly included within the pseudo-
potentials as valence states, the LDA band gap even reduc
to Eg”"=1.1eV. The Ga @ states are found at
—13.6 eV, being in resonance with the Ns 3tate. DFT
calculations using self-interaction and relaxation-correcte
pseudopotential DFT-SIRQ are able to lift thissd degen-
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VCA within ab initio techniques, employing norm- assumptioft of a being linear inx. To do this we calculate
conserving pseudopotentials, have also been sugg&stedthe total energies as a function of the concentratiamdthe
The method we present here relies on the mixing of i@afiic lattice constant as independent variables,

initio pseudopotentials that are transferred to the solid to
model the VCA alloy. In the first step we construct norm- N 4-neln]

conserving pseudopotentials for Al, Ga, In, and N according Etot(x,) ==n§=:0 X A=) B (@), )
to Hamann's recipe®. For each concentratior and each

angular momentunt the pseudopotentials for the cationic and then minimize these energies with resped:to

sublattice(e.g., for GgAl,_,N) are linearly averaged on a ]
radial grid: mMinE(X,a)=a(x). (6)

4

PS — y\/Ga Al Another issue related to the structure concerns the internal
Viion( T X) =XVion(r) + (1) Vijon(r). @ relaxations of each configuration. Since the cations differ in
All effective potentials are tested for the free 8k _, and  size, there will be internal relaxations within the Ga_,N,
Galn;_y “virtual atoms” to see how the atomic energy lev- clusters due to bond length contractions and expansions
els evolve as a function of concentration and to obtain thevhich break the tetrahedral symmetry.

radial atomic wave functionRFS(r,x). The latter are finally From the optimized internal structure of each cluster one
used to transform the semilocal effective pseudopotential tgan calculate the concentration dependence of bond lengths,
its separable form’ e.g., ofdgan(X) by using
4
B. Cluster expansion approximation 4
P i doan(¥)= >, ( )x“(l—x)“"dle";.N- )
For alloys that show significant structural relaxations in- n=0\n

duced by lattice mismaich simphaean-fieldtheories, like . The CEA thus allows us to investigate the influence of both
the VCA, often suffer from lack of accuracy. One example is

Gadn, N due to the 10% lattice mismatch between Ganqume relaxationglattice constantand binding relaxations

. . bond lengths and anglesn the band-gap bowing.
and InN. In such materials more involved methods must bé AT
invoked. Such a method is the CEA which belongs to the Note that the tetrahedron approximation is only useful for

class of lattice theories and mainly consists in expanding ghyswal quantities that are dominated by short-range prop-

physical quantity into a set of contributions of elementary rti(_as like t.he interatomic chemical bonds and quantities as-

clusters. Periodic repetition of these clusters, as suggested oplated with them. Properties of long-range nature may re-
: - 1 > M ire much larger clusters to be accurately described by the

Conolly and Williams'! leads to representative periodic sys- CEA

tems to which Bloch’s theorem can be applied. Within the '

Conolly-Williams approach the alloy concentratians di-

rectly linked to its respective lattice constamx). For a Ill. RESULTS FOR GaxAl; _«N

detailed discussion we refer the reader to the literatube. Before we present the results from our LDA and GWA

our present approach we restrict ourselves to the so-calleghicyiations in Secs. 11l B and Il C, we first briefly summa-
tetrahedron approximation and use simple cubic unit cell$jze 5 number of results from the literature.

containing eight atoms—i.e., four nitrogen atoms at the an-
ion sites and either Ga or In atoms at the four cation sites.
There are five different cation site configurations of such
clusters: InN,, In;GaN,, In,GaN,, INnGaN,, and GaNy. The cubic 1lI-V alloy GaAl,_,N has attracted much in-
Within the cubic eight-atom unit cell there is only one in- terest due to its prospects in fabricating optical devices emit-
equivalent configuration for each of these five clusters. In ding from the blue to the near ultraviolet. The system was
totally random alloy, the configuration @a,_n)N, occurs  first synthesized by an epitaxial growth process on
with a binomial probability of f)x"(1—x)*~". Within this  sapphir€’” The lattice constant of GAl;_,N has experi-
tetrahedron approximation, the statistical average of, e.g., th@entally been showt to follow Vegard's law. Later on,
band gapE, is thus finally given by some investigations focused on determining the band-gap
bowing parameter. Since GaN is a direct semiconductor

A. Data from the literature

44 while AIN is indirect, a direct-indirect transition occurs at a
Eq(x)= 20 (n x"(1-x)* "El a(x)), (4 concentrationx,. Recent calculations yield, in the range
"~ from 0.41 to 0.48see Table)l
with ELY(a) being the gap of the Ging,_nN, structure There have been several theoretical and experimental in-

with lattice constani. If not stated otherwisea(x) is the  vestigations of GgAl; N (see Table)l Empirical VCA cal-

linear interpolation between the lattice constants of the twaulations by Fanet al?’ and semiempirical VCA invest-

constituents according to Vegard's Bwand the electronic igations by Pugtet al,?® as well as LMTO cluster expan-

structure of each configuratidie., for eachn) is obtained sions by Albaneskt al3* and Agrawalet al,*® have been

by using ideal crystal geometries. reported. In all these calculations a nearly linear concentra-
The CEA can also be used talculatethe composition- tion dependence of the band gap~0.0 eV) has been

dependent lattice constant, thus going beyond Vegard'found. A plane-wav& and a linear combination of atomic
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TABLE |. Theoretical and experimental results from optical 6.5 : ‘ ‘ ' '
spectroscopy for the average band-gap bowing zinc-blende 6.0 GWA DIRECT .

GaAl,_,N alloys from the literature. The column “Transition” 5.5 i
shows the concentrations for which an indirect-to-direct transi- 5.0 GWA INDIRECT
tion of the band gap takes place. —
> 4.5 i .
Method b [eV] Transition . 40 DA D'RECTi 7
a 2 3.5 i i
VCA —-0.05 0.48 Z 3ol 'a. LDA INDIRECT |
VCAP ~0.00 0.43 a 7 S
LMTO CEA® ~0.00 0.43 251 L ]
d ~ 2.0F P 1
LMTO CEA ~0.00 0.41 X=0.37 | | x=0.46
PW-PF —0.53 - 1.5F AIN = caN ]
LCAO_PIj —0.56 — 1.0 | | i | | |
; _ _ 0.0 02 04 06 08 1.0
Exper?menq 0.80 CONCENTRATION
Experiment —1.00 -
Experiment —-1.00 - FIG. 1. Concentration-dependent band gap ofABa N, cal-
Experimentt -0.98 - culated within the VCA employing the DFT-LDAlower curve$
Experimentt ~0.00 - and the GWA (upper curvegs respectively. Both the directl'(s
Experimentt ~0.00 _ —T'{) transition(solid circles and the indirect {1z— X3) transi-

8Reference 27.
PReference 28.
‘Reference 34.
dReference 35.
®Reference 36.
'Reference 37.

9Reference 38.
PReference 39.
iReference 40.
IReference 41.
KReference 42.
'Reference 43.

tion (open circley are displayed. The intersection points between
direct and indirect band gaps mark the LD#P*=0.46) and GW
(x?P=O.37) transition concentrations. It should be noted that in this
and the following figures the symbols show results as calculated for
the particularx values in steps of 0.2. The connecting lines result
from a quadratic fit of the points according to Eg).

pointg depend orx in a slightly nonlinear way with a small

] 37 ) ] ) bowing parameter ob,=+0.25 eV for thes level and
orbitals (LCAO)”" pseudopotential calculation have yielded bp=—0.01 eV for thep level. In the next step we transfer

considerably stronger bowing 6f0.53 eV and—0.56 eV,  the effective potentials to the solid. The lattice mismatch
respectively. between AIN and GaN amounts to some 3%, only. Therefore,

~Inan experiment, Yosh|d3gt al™"have determined a bow- e assume in agreement with Ref. 33 that the lattice constant
ing of —0.8 eV. Koideet al™” observed a band-gap bowing s GaAl; N follows Vegard's law:

of b=—1.0 eV by measuring the optical absorption spec-
trum of GgAl;_yN films prepared by metalorganic chemical
vapor depositiofMOCVD) for x between 0.6 and 1.0. Itoh
et al*® extended the growth method by using AIN buffer ,
layers to obtain higher-quality crystalline films. They also e calculate the band structure for each concentration
found b=—1.0 eV for the bowing parameter. Finally, pho- frpm 0.0 to 1.(C) in ste-ps.of 0.2. F|gu(r:e 1 shows the resqltmg
toluminescence spectra recorded by Kretral! for 0.76  direct (";s—1I'7) and indirect (35— X1) band gaps by solid
<x=<1.0 resolved a bowing parametertof —0.98 eV. On and open circles. The lines for allvalues interpolating be-
the other hand, Khaet al.*? as well as Wickendeet al,*>  tween the calculated values are determined by a quadratic fit

measuredb~0.0 eV although these authors used basicallyaccording to Eq(2). Both band gaps are characterized by a
the same growth techniques. The origin of these experiweakly nonlinear confgptratlon dependence with a small
mentally determined deviations in the bowing parameteflownward bowing ofog;”=—0.15 eV for the direct band
(b=—1.0 eV>b~0.0 eV) is still unclear. Further below gap andbjy*=—0.10 eV for the indirectj5—X$ transi-
we try to rationalize these discrepancies between the variod#n. This seems to be in reasonable agreement with the pre-
experiments by discussing the role of restricted concentratioMious experimental and theoretical results bf0. In
intervals used in some of the works cited above. addition—and in agreement with other calculatiofsee
Table )—we predict thendirect-to-directtransition to occur
atx;°*=0.46 (see Table ). At the transition concentration
the band gap of the GAl,_,N alloy amounts to

We start our investigations by mixing the unscreenedEg""(x;"")=2.9 eV.
ionic 3+ pseudopotentials of Al and Ga for various concen- A more detailed analysis of the data shown in Fig. 1 re-
trations on a radial grid. The resulting potentials— veals that the dependence of the band gaps on concentration
representing mixed GAl,_, “virtual atoms”—are tested is not strictly quadratic, indeed. For a better comparison with
with respect to their atomic levels. The LDA energies of theother theoretical and experimental work, we fit dufx) re-
valences level (with Al 3s and Ga 4 at the end poinls sults by a linear function ok. For the direct band gap we
and the valence level (with Al 3p and Ga 4 at the end then find a concentration-dependent bowing functigm)

a(x)={4.5+4.311-x)} A (8)

B. VCA calculations within the DFT-LDA
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TABLE II. VCA bowing parameters and their concentration de- 5.0 ' ’
pendences for the direct band gap of zinc-blendgAGa,N as
calculated in this work. The column “Transition” shows the con- 4.8 .
centrations; for which an indirect-to-direct transition of the band =
gap takes place. g 46l |
4
Method b(x) [eV]  b(0.9)[eV] b[eV] Transition 3 mi |
o 4
DFT-VCA —0.71x+0.10 —0.54 —0.15 0.46 x
QP-VCA —0.2%+0.04 —-0.19 +0.05 0.37 § 4.2 - .
5
4.0+ .
~(—0.71x+0.1) eV (see Table Il. This may provide an ex-
planation for the difference between the experimentally ob- 3.8 AN ! | .o
served bowing parameters. The average bowing parameter of 0.0 02 04 06 08 10
bgh*=—0.15 eV, obtained from a quadratic fit By (X) CONCENTRATION

and considered valid for the entire concentration range, iS F|G. 2. Calculated dielectric constant of @d, N as a func-

indeed very weak. This4%orrespo_nds to the ex4pserimental dai@n of concentration. The observed nonlinear behavior is the reason
discussed by Khaet al.™ and Wickenderet al:™ The eX-  for the change in the VCA band-gap bowing when going from
periments by Koideet al,*® Itoh et al,*® and Khanet al,*  DFT-LDA to GWA calculations(cf. Fig. 1.

on the other hand, that have been carried out at much higher

concentrations betweex=0.7 andx=1.0, exhibit a quite QP QP _ I
significant bowing ofb~—1 eV. For such high concentra- find @ QP band gap d&g"(x;") =4.9 eV which is the larg-

tions, our bowing functio(x), indeed, yields a significant €St direct band gap that can be realized inAa xN. The
bowing of, e.g.p(0.9)= —0.54 eV. change of the band bowing due to the QP correcti@ng.,

We summarize our DFT-VCA results in three statementsPair .= —0.15 €V—bgr'=+0.05 eV) results from a slightly
(i) The virtual crystal approximation within the LDA is a nonhne_ar dependence of t_he dlelectrlc screening on the con-
useful approximation to calculate the electronic structure ofentration. As an illustration, Fig. 2 shows the calculated
GaAl; N alloys. (i) The VCA formulation in terms ol Macroscopic RPA dielectric constant for @& N as a
initio pseudopotentials is a practicable extension of empiricafunction of x. It can be expressed as..(x)=xeS"
VCA implementations(iii) The band gaps of the alloys are +(1—x)e2N+bx(1—x) with a bowing parameter ob
characterized by a concentration-dependent bowing functiorr —0.36. For concentrations around=0.5 the dielectric
b(x). The direct LDA band gap, e.g., reaches a substantigcreening causes a nonlinear behavior of the QP correction to
bowing of b(x)=—0.61 eV atx=1.0. The average bowing the gap. Weaker screening leads to stronger QP corrections;

of the band gap, on the other hand, which is obtained from &e., the QP corrections of the gap are stronger than linear in

quadratic fit at allk values, is rather weak. x with an additional upward bowing of 0.2 eV for the direct
band gap. This also affects the concentration dependence of
C. VCA calculations within the GWA b(x). For the direct band gap we finb®P(x)=(—0.25

. +0.04) eV, resulting ih?P(x)=—0.19 eV at high Ga con-
The DFT-LDA underestimates the band gaps of AIN,centrations x=0.9). Although this value is remarkably

GaN, and InN which is a well-known shortcoming of the |g\er in magnitude than the respective DFT-LDA reft
LDA for semmonduptors. Thus, it is important to investigate Tapje 1), we find again the same qualitative behavior; ie.,
the band-gap bowing also on the basis of a more reliablggacomes less negative for decreasing

band-structure method. Therefore, at the next level of our

calculations, we include quasiparticle corrections to the LDA

ba-nd gaps within VCA. They are obtained fr@\N CalCU_— IV. RESULTS FOR Gayln;_«N

lations based on the preceding LDA calculations. The dielec-

tric screening is evaluated within the random-phase approxi- Before addressing the results of our calculations a brief
mation (RPA). Details of the procedure can be found survey on the experimental and theoretical literature seems
elsewheré? The resulting band gaps for Gal,_,N are  useful.

shown in Fig. 1, as well, and the respective bowing param-

eters are summarized in Table Il. The bowing parameters for _

direct and indirect transitions between the QP bands are now A. Data from the literature

slightly positive and the absolute value of the bowing has The metastable cubic phase can be synthesized by
slightly decreased, as compared to that of the LDA gaps. Thplasma-assisted molecular beam epitat@A-MBE) on
bowing parameters are given byJi=bR5=+0.05eV. GaAs! The band-gap bowing of zinc-blende @a _N al-
Since the QP corrections to the indiredt-4X) transitions  loys has been analyzed recerifly’ The authors reported
are larger than those to the diredf-GI') transitions, the concentration dependent bowing ©fl.4 eV (see Table II).
direct—indirect transition now occurs at a smaller concentraThe concentrations were derived from Rutherford back-
tion x2°=0.37 than in the LDA(see Table ). At x°F we  scattering experiments.
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TABLE Ill. Experimental bowing parameters for the band gap  TABLE IV. Theoretical bowing parameters and their concentra-
of Galn;_4N in the restricted Ga-rich concentration regime, de-tion dependences for the band gap of zinc-blendgriza,N ex-

rived from optical spectroscopy. tracted from band-gap results published in the literature.
Author Structure bgauich [€V] Author Method  b(x) [eV] bgasich[€V] b [eV]

Goldhahnet al? zinchlende -1.4 Pughet al? VCA —1.7x—0.55 —2.08 -1.41

Nakamurd wurtzite -1.0 Lambrechf VCA +0.3%-0.88 —059 —0.60

Wetzelet al® wurtzite -3.2 Lambrecht CEA +1.0%-1.92 -098 —0.89

Takeuchiet al8 wurtzite —-2.8 Teleset al® CEA -0.1k—-0.64 -0.73 —0.68

McCluskeyet al® wurtzite —-29 Ferhatet al® CEA —1.65

Wetzelet al® wurtzite (ideal) -3.8

McCluskeyet al® wurtzite (ideal —4.2 ®Reference 28. ‘Reference 13.

Osamureaet a|f p0|ym0rph —1.0 bReference 51. dRefel’ence 14.

aReference 19 and 20. dreference 46. ploying the CEA(see Sec. Yhave yielded slightly stronger

bReference 44. eReference 47. averagebowing parameterb, po= —0.89 eV (Ref. 51) and

‘Reference 45. fReference 48. b, pa=—0.68 eV(Ref. 13 with a concentration dependence

Of bLDA(X):(105(_192) eV and bLDA(X):(_O.:I.O(
Hexagonal Gadn, N can be grown on sapphire sub- —0.64) eV, respectively. For the concentration regime be-

: | DA _
strates by MOCVD Buffer layers of GaN or AIN are well t"[gﬁ” 0.8 and 1.0 this leads fog, o= —0.98 eV and

suited to improve the crystalline quality of the epitaxial PGaricn=—0.73 eV, respectively. In a recent publication
films.*44® Because Gan, N is characterized by a large based on CEA calculations for 64-atom clusters, Ferhat and

miscibility gap from approximately=0.2 tox=0.8, experi- Bechstedt hav_e determined a larger bowing ef1.61 eV
mental investigations were only carried out for a few con-for X=0.75 which we have roughly extrapolated to a value
centrations within the restricted regime fror=0.8 tox ©f —1.65eV atx=0.9, as given in Table IV. Note that
—1.0. Band-gap bowing of hexagonal ®a_,N has been PLoa(X)<0 for all concentrations.

experimentally investigated by Nakamufawetzel et al,*

Takeuchiet al,*® McCluskeyet al,*” and Osamurat al*® B. VCA calculations

For the results, see Table Ill. All these authors have found a The |attice constants of Gals.50 A) and InN (4.98 A)
concentration-dependent bowing functidr(x) and have giffer by more than 10%. It can thus be expected that signifi-
pointed out that the lattice constant depends nonlinearly opant internal relaxations will occur in Ga, N, which
concentration. Since the experimental determination of th@;nnot be handled by the VCA. The bowing parameters re-
concentration often relies on measuring the lattice constargumng from our VCA calculations are summarized in Table
and inverting Vegard's law, some earlier investigatfns | fact, both within the LDA(first line) and in the GW QP
should be viewed with caution. _ theory (second ling we obtain bowing results in disagree-

. In order to discuss the concentratlon dependence of thg,ent with experimentcf. Table 11l). The bowing does not
direct band gap of Gén; N we will use two differenttypes haye a negative sign at all concentrations; nor does the re-
of bowing parameters. Theveragebowing parameteb cor-  gricted bowing parameter agree with the measured bowing
responds to a quadratic fit &gy,, [analogous to Eqd)]. In ¢ high concentration.
addition, we consider eestrictedbowing parametebea.ich Another possible source of the discrepancy could be the
that describes the bowing in the Ga-rich range from0.8  peglect of the Ga @ and In 40 semicore states which have
to 1.0. We defindg,.rich as the average of the concentration- peen eliminated in constructing the+3pseudopotentials.

dependentb(x) betweenx=0.8 andx=1.0; i.e., bgarich  Such states significantly affect the electronic properties of
=Pp(0.9). This restricted bowing parameter thus corresponds

to the experimental data obtained in the limited concentra- TABLE V. VCA and CEA results for the band-gap bowing and

tion range ofx=0.8-1.0. its concentration dependence for zincblendgl@a N. Different
Various calculations have addressed the band-gap bowingethodsLDA vs SIRC) and different pseudopotentiglBP’S have

in Galn;_4N (see the compilation in Table )VA different  been used.

bowing behavior of hexagonal and cubic,Ba_,N is sup-

ported by semiempirical VCA calculations by Pughal® PP Method b(x) [eV] Pearicn[€V] b [eV]

These authors calculatda,.i.;= —2.08 eV for cubic and

65— 1. +0. -0.
bgasici= —3.49 eV for hexagonal G, _,N. The latter re- 3t VCALDA  +165-1.18 0.31 0.36
. o 3+ VCA/IGW +1.9«—1.28 +0.43 —0.36
sult has been confirmed by an empirical VCA calculdtion 3+ VCALDA  —297%—099 366 249
(bgarici=—3.3 €V). Ab inito VCA calculations® by : : : :
Lambrecht! found a much lowerveragebowing for the 3+ CEA/LDA  —0.08-0.35 —0.41 —050
cubic modification b pp=—0.60 eV) and a concentration 13+ CEA/LDA  +0.14x—0.87 —0.74 ~082
dependence db pa(x) =(0.3%—0.88) eV, which yields a 134 CEA/SIRC  +0.4%—1.09 -0.71 -0.82

restricted bowing ofb52%.=—0.59 eV. Calculations em-
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4.5 ! ! ! ! rect sign (downward bowing at all concentrations. Still,
4.0 . o .
s there are strong deviations from the experimental data.
3'0: SIRC | Motivated by the importance of the cationicstates for
sl | the electronic structure of the pure materials GaN and InN,
> 2ol | we now include thed states by using 18 PP’s. This has a
— 1'5 i | significant effect on the magnitude of the LDA band gaps,
a 1. LDA i
S 10k i which are now lower by more than 1 g§ee the lower curve
S oslh | of Fig. 3). Apart from this, the bowing of the band gap is also
3 5ol i affected, resulting in the data given in the fifth line of Table
—0.5L i V. The negative bowing is enhanced by 0.3 eV at all concen-
—1.0b i trations, yielding bowing parameters in good agreement with
-15k caN the CEA calculations by Lambrecht(b=—0.89 eV) and
-20L_0 — c Teleset al’®* (b=—0.68 eV). In particular at high concen-

0.0 O%ON%E‘NTSA?IO;)'S 1.0 trations, our result obg, = —0.74 eV is in much better
agreement with the experimental data than our VCA results.
FIG. 3. Concentration-dependent band gap ofiGa,N calcu-  Nevertheless, there are still significant deviations from the
lated within the CEA employing LDA and SIRC usingt3seudo- measured data.
potentials. Note that the SIRC corrections modify the absolute gap The significant underestimation of the LDA band gaps in
values but leave the bowing basically unchanged. the present 18 PP calculations can be overcome by includ-
ing QP corrections or, more easily, by incorporating SIRC
GaN and InNt®5253For a reliable description of the elec- corrections(see Sec. )l The resulting SIRC band gaps are
tronic structure they should be included in the calculation agndeed larger by more than 2 g¥ee the upper curve in Fig.
valence states by using the Corresponding- x&eudopoten- 3) and agree well with the measured data for GaN and InN.
tials. The bowing parameters resulting from these calculalhe bowing behavior, on the other hand, is only very weakly
tions are shown in the third line of Table V. Apparently theseaffected by the SIRC correctiorisee Table V, yielding ba-
results deviate even more strongly from the experimenta$ically the same bowing parameters. We remind the reader
data. The likely reason for this behavior is the completelythat, on the basis of the discussion in Sec. lI@&V QP
different localization of the Ga®and In 4 states. Ga & corrections can be expected to have only a minor influence
states are near]y twice as Strong|y localized as dinstates on the bOWing. This leads to the conclusion that the band-gap
which makes it difficult to mix them in a meaningful way in bowing is only weakly affected by electronic correlation ef-
terms of a virtual potential. The strong bowing can thus befects and can be calculated accurately already within the
identified as an artifact of the VCA when realized in terms ofLDA. If deviations from experiment remain, they can be ex-
ionic pseudopotentials for very different atomic states. pected to be caused by more intricate features of the geomet-
The results discussed here show that the VCA is not &iC Structure of the alloy which can not be accounted for by
useful approximation for alloys of components with strongly SImply using a linear dependence of the lattice constant ac-
differing lattice constants or when states with very differentcording to Vegard's law. These influences will be discussed
localization behavior are to be mixed. Instead, approache the next section.
like the cluster expansion approximation should be em-

ployed. .y .
D. Composition-dependent lattice constants and structural

relaxations

C. Cluster expansion results The big advantage of the CEA is the possibility to study

The CEA maintains the individual character of the differ- local structural relaxations and to carefully evaluate the lat-
ent atoms. It thus allows to incorporate the catiothisemi-  tice constant. Both issues have significant influence on the
core states of Ga and In in a well-defined way and to inveselectronic properties of G, _,N. Throughout this section
tigate the role of internal structural relaxations, in particularwe employ the LDA and use cationic £3PP’s for Ga and In
of the different lengths of Ga-N and In-N bonds. since 13+ PP’s yield excellent structural properties for pure

We first investigate the influence of the semicdrstates GaN and InN which are much more reliable than the results
keeping the geometry in the ideal zinc-blende structure withof 3+ PP’s.

Vegard's law for the lattice constant. Again, we focus on the We discuss the influence of structural relaxations in four
direct band gap and, in particular, on its bowing. The resultsteps. The resulting band-gap parameters are compiled in
are compiled in Table V and Fig. 3. Table VI. Figure 4, in addition, shows the band gap of

When the conventional 8 pseudopotentials are em- Galn;_,N in the Ga-rich regime—i.e., for Ga concentra-
ployed in CEA calculations, the resulting band gdpst tions between 0.8 and 1.0. The figure reveals that the band
shown in Fig. 3 are similar in magnitude to those of the gaps resulting from the four different approximations are ba-
VCA. Their bowing(fourth line in Table \}, however, differs  sically linear functions ofx in this restricted concentration
significantly from the corresponding VCA results, in particu- regime. The band-gap variation wikhas resulting from Ve-
lar in the high-concentration regime. The restricted bowinggard'’s law (no bowing is included for comparison as the
e.g., changes from-0.31 eV to—0.41 eV, giving the cor- dashed line. To allow for a direct comparison with experi-
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TABLE VI. CEA band-gap bowing parameters and their concentration dependence ,for, G&l as
calculated for different sets of lattice constants. “Vegard experiment” stands for linear interpolated experi-
mental lattice constantsee fifth line of Table V. In “Vegard theory” the theoretical lattice constants for GaN
and InN have been connected linearly, while “Theory” shows bowing parameters calculated for the ideal
zinc-blende configuration and for structurally relaxed clusters in the unit cell. All our CEA calculations have
been carried out with 18 semicore pseudopotentials.

Lattice constant Structure  b(x) [eV] boarcn[€V] b [eV]  Ej,o%[eV]
[1] Vegard experiment ideal +0.14x—0.87 -0.74 -0.82 2.84
2] Vegard theory ideal +0.06x—0.99 —0.94 —0.96 2.81
[3] Theory ideal —1.3%—1.08 —2.23 —-1.74 2.65
(4] Theory relaxed —0.96¢—0.80 —1.66 —-1.28 2.73
Experiment -1.4 2.75

8References 19 and 20.

ment, we rescale the calculatég,(x) curves linearly to For the second set of data, we check the lattice constant of
match the experimental band gaps a'\,‘J(O)=1.9 eV and the pure materials GaN and InN. From our+13P’s we
Eg‘:pN(l)zs.Z eV. We compare our results with the dataobtain a theoretical lattice constant of 4.45 A for GaN which
measured by Goldhahet al., in particular with the gap en- is slightly lower than the experimental value of 4.50 A and
ergy of 2.75 eV ax=0.821%% 4.98 A for InN in coincidence with the experimental value of
The first set of data is the same as discussed in the pr&.98 A. These may seem to be minor deviations. One has to
ceding sections: i.e., the results for the ideal zinc-blendé&eep in mind, however, that the band structure is quite sen-
structure with the lattice constant depending linearly on consitive to the lattice constant. When we assume that the lattice
centration(cf. fifth line of Table V). As discussed above, this constant of the alloy interpolates linearly between thse
leads to a bowing which is too weak, in particular for large oretical lattice constants of GaN and InN rather than between
X(bga-ici= —0.74 eV). After rescaling we obtain a value of the experimental ones, the band-gap bowing changes to
Egap(0.82)=2.84 eV, which is larger than the measured boasic=—0.94 eV and the band gap drops Ey,,(0.82)
value of EgsP (0.82)=2.75 eV!?° =2.81 eV. This change originates from the fact that the the-
oretical lattice constant resulting from total energy optimiza-

tion agrees with experiment for InN while it deviates slightly
3201 i from the experimental value for GaN.
310 4 In the third step, we go beyond Vegard’s assumption and
p— optimize the lattice constant at each concentraxioht each
3, 3.00- 1 lattice constang, we statistically average the total energy of
% 290l i the clusters, yielding a total enerdy;,;(a,x) for a given
§ concentrationx. The optimization with respect ta now
= 2801 7 gives a theoretical lattice constaagx) for a given concen-
2.70L | tration. These lattice constants are displayed in Fig) 5
(open circles In fact, they exhibit a significant deviation
2607 by GaN | from the linear interpolatiofii.e., from Vegard’s law, shown
. | ! ! | by the dashed line At intermediate concentrationsx (
0.80 0.85 0.90 0.95 1.00 ~0.5) the optimized lattice constant is about 0.05 A larger

CONCENTRATION than the linearly interpolated one. We believe that this behav-

FIG. 4. Band gap of Gan, _,N in the Ga-rich regime. The lines ior is not related to the different elastic constants of GaN and
[1]-[4] have been obtained from CEA calculations using DFT-LDA InN. In fact, we obtain bulk moduli of 2.4 Mbar for GaN and
and 13+ PP’s. For curve$l] and[2] the lattice constant is assumed 1.8 Mbar for InN. These data would suggest that, since the
to interpolate linearly(Vegard's law between the experimental or Ga-N bonds are stiffer than the In-N bonds, the lattice con-
theoretical lattice constants of INN and GaN, respectively. CUNe%tant of the alloy should be even smaller than resulting from
[3] and[4] have been obtained for total-energy-optimized IattiCethe linear interpolation. The expansion of the alloy is rather

constants neglectin@] or including[4] internal relaxation, respec- . -
tively. In all cases the band-gap data have been rescaled to matrﬁIated to the nonparabolicityor anharmonicity of the

the experimental band gap for pure IfE™(0)=1.9 eV] and %ond-length dependence of the bond energies—i.e., to the
GaN[Egg"g‘(l):S.z eV] (Refs. 19 and 2pTr?epdots denote experi- fact that at large amplitud.es bgnds are easier egpanded than
mental results by Goldhatet al. (Refs. 19 and 20connected by a compressed. To make this point more quantitative we con-

dashed line to guide the eye. The upper dashed line denotes ti@der the individual Ga-N and In-N bonds. When GaN is
linear Vegard-like interpolation between the experimental band gapexpanded to the lattice constant of IrNe., stretching all
of InN and GaN(i.e., with zero bowiny Ga-N bonds by 0.22 A the energy associated with a Ga-N
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< 500+ ] are now again quite close to the linear interpolation of the
£ lattice constants, confirming that Vegard's law is a rather
£ 480- 4 good approximation for the lattice constants even in
g ] Galn; _4N.

W 4601 i Figure 8b) shows the average Ga-N and In-N bond

E 1 lengths as a function of concentration. Apparently, they are
- 440 | ‘ ‘ ‘ ‘ L fairly close to their equilibrium values with only slight modi-

‘ ‘ ‘ ‘ ‘ ‘ fications due to the alloy environment. The In-N bonds be-
= 2181 In—N (b) | come slightly shortened at increasing Ga concentrations but
z 2.10r . this shortening is one order of magnitude smaller than the
2 2.05- i shortening of the lattice constant. The Ga-N bonds become
2 2001 Ga—-N | slightly longer with incr_easing In concentratipn which is
§ ’ .\‘\‘\'\. again one order of magnitude smaller than the increase of the

195 N 1 lattice constant when going from GaN to InN.
00 02 04 06 08 1.0 The relaxation of the bonds and the corresponding reduc-
CONCENTRATION tion of the lattice constant enhances the band-gap energy

FIG. 5. (a) Concentration-dependent lattice constant of accompanied by a Weaken_lng of th‘? bowing Ix¢x)
Galn, /N calculated within the CEA employing DFT-LDA and = (—0.96<—0.80) eV. In particular at high Ga concentra-
13+ pseudopotentials. The dashed line denotes the linear interpdlons, the band gaps change significantly. ¥+ 0.82, we
lation between the theoretical lattice constants of InN and GaN1OW obtain a gap energy d&y,,(0.82)=2.73 eV in good
(Vegard's law. The open circles have been obtained from zinc-agreement with the experimental value of 2.75'&% This
blende-structured clusters, while the solid circles include the interfinal result yields the best agreement of the calculated bow-
nal relaxation effects as shown i) (see text (b) Calculated ing parametebg,. = —1.66 eV with the experimental re-
Ga-N and In-N bond lengths obtained from internal structural opti-sult of — 1.4 eV from Refs. 19 and 20. Furthermore, it yields
mization. the theoretically best-founded concentration-dependent band

gap in the Ga-rich regim@vhich is labeled as approximation

bond does not increase by 0.44 &% suggested by the GaN [4]11n Fig. 4).

bulk modulug but by 0.35 eV, only. On the other hand, when

InN is compressed to the lattice constant of GaN the In-N

bond energy increases by 0.54 eV, which is much higher than V. CONCLUSION

the value of 0.39 eV corresponding to the InN bulk modulus. |y conclusion, we have investigated the electronic struc-
Since we are still considering the ideal zinc-blende crystatre of two wide-band-gap Ili-nitride alloys GAl,_,N and
for the alloy, all bond lengthéGa-N and In-N scale propor-  GaIn,_,N, within ab initio density functional and quasipar-
tional to the lattice constants which means ttetinterme- ticle theory. We have focused in particular on the nonlinear
diate concentrationsboth bond lengths will deviate signifi- concentration dependence of the band gap expressed in terms
cantly from their equilibrium values. The fact that, at suchof its bowing paramete or bowing functionb(x), respec-
large amplitude, it is easier to expand the Ga-N bonds ratheively. Both the virtual crystal and cluster expansion approxi-
than to compress the In-N bonds finally results in effectivemation have been employed to simulate the alloy statisti-
lattice constants larger than the linear average. The enlargexzlly. Based on density functional theory we have evaluated
lattice constants lead to smaller gaps at intermediate corzW quasiparticle corrections, as well as self-interaction and
centration(note thatdEg,,/da=—3.1 eV/A for GaN and relaxation corrections, to overcome the systematical under-
—2.0 eV/A for InN), resulting in an enhanced bowing of estimation of the band gap in semiconductors within the
b(x)=(—1.3%—1.08) eV. Atx=0.82, the rescaled gap en- LDA.
ergy amounts to 2.65 eV, which is now considerably lower For GgAl,;_N, in which the lattice mismatch between
than the experimental value of 2.75 €8ke Fig. 4. AIN and GaN amounts only to some 3%, our VCA calcula-
As the fourth step of our investigation, we allow for full tions yield a reasonable description of the alloy. The band
internal relaxation of the clusters in order to overcome thegap depends nearly linearly on the alloy concentratibioth
significant strain which is induced in both the In-N and thewithin the LDA and within the GWA. This is in agreement
Ga-N bonds when the calculations are restricted to the idealith most experimental data.
zinc-blende structure, as discussed above. In fact, we observe In the case of Gdn,_,N, the situation is more compli-
a significant relaxation of both types of bonds towards theiicated due to the large lattice mismatch between GaN and InN
intrinsic equilibrium bond lengtli1.95 A for Ga-N and 2.16 amounting to some 10% and due to the influence of the Ga
A for In-N) accompanied by a large gain in total energy.3d and In 4d semicore states. A reliable description is
Again, we evaluate the total energy as a function of the latachieved within the CEA including thetelectrons among the
tice constant and the concentratiow, yielding a valence states. A careful investigation of the internal lattice
concentration-dependent lattice constant. These lattice costructure shows that significant bond-length relaxation takes
stants[shown by the solid circles in Fig.(8&] are much place which strongly influences the electronic band gap. The
lower than the ones obtained without relaxation. In fact, theyfully relaxed structure yields electronic-structure results that
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