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Band gaps of GaPN and GaAsN alloys

L. Bellaiche,® S.-H. Wei, and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401

(Received 11 March 1997; accepted for publication 24 April 2997

The importance of atomic relaxations, chemical disorder, and epitaxial constraints on the band gap
of random, anion-mixed nitride alloys GaPN and GaAsN have been investigated, via
pseudopotentials calculation. It has been demonstrated that simple approximations such as the
virtual crystal approximation, or the use of high-symmetry ordered structure to mimic a random
alloy, or the neglect of atomic displacements, are inadequate. It is found that a fully relaxed, large
supercell calculation reproduces well the experimental band gaps of GaPN and GaAsN films.
© 1997 American Institute of Physids$0003-695(97)01226-§

Alloys of mixed-anion nitrides GaP—GaN and GaAs—and then we “tune out” selectively some physical effects
GaN are different from most isovalent alloys, such as GaP-atomic relaxation, chemical differences, symmgttigus in-
InP, GaAs—GaSh and GaAs—AlAs, in that the former sysferring their effects on the calculated properties.
tems exhibit in the dilute limitdeep band gap impurity Our most general, “bottom line” calculation will be de-
levels Figure 1 shows the pseudopotential calculdtedn-  scribed first. We model a random alloy by randomly occu-
ergy levels of relaxed isolated substitutional anion impuritiespying the anion sites of a large 512-atom “supercelton-
in GaN, GaP and GaAs. We see that when the atoms sutaining 4x4x4 conventional cubic unit celidy the alloyed
rounding the impurity are allowed to relax, the P and Asatoms(e.g., P and N in GaP,N,). We then permit all at-
impurity atoms exhibit deep levels in the band gap of GaNoms in the random configuration to relax to their mini-
while N has no deep gap levels in GaP or Ga&sVei and Mum energy positions by minimizing the atomic strain en-
Zunger® and Bellaiche, Wei and Zundethave shown that €rgy. The lattice constant is assumed here to vary linearly
the existence of deep gap levels in the dilute alitiynpu- as function of the compositiox, as actually found for
rity” ) limit alters the behavior of alloy states with composi- GaAs—xNy in relaxed local density approximatioit.DA)
tion, causing wave function localization on particular atomstotal energy calculation$:° The strain energy is modeled via
in the cell'~* anomalously large and composition-dependenthe valence force field approach, fittetd first-principles to-
optical bowing coefficients? and a reduction of interband @l energy calculations. Having obtained an equilibrium, re-
(dipole) transition probability? These anomalous effects are !2xed random configuration of a large, periodic unit cell, we
fundamentally caused by the large chemical and size differ€OMpute its band structure by the plane-wave pseudopoten-
ences between N and the other column V anions it replacedial method described in Ref. 1. We use local, screened
These large differences also invalidate some of the Simp|gseudopotentlals fit to band structures, defo'rmatlon poten-
approximations used previously to describe the band ga Is and 'calculated band offsets. The resulting a]loy pand
versus composition dependence in GaPN and GaAsN. Ftructure is then averaged over a few, random configurations.

example i) the virtual crystal approximatiofiVCA) of Van
Vechtenet al,* applied by Baillargeoret al.,® by Nakajima
et al.® and by Sakagt al.” to GaPN and GaAsN excludes at
the outset the possibility of wave function localization on
particular atoms by insisting that all anions in an alloy are
identical (to a “virtual” anion), and by neglecting atomic
relaxation. Similarly,(ii) approaches that model the random
alloy via supercell structures neglecting the atomic relax-
ations (Ref. 8 for GaPN and Ref. 9 for GaAsNan also
misrepresent localization: Figure 1 shows indeed that in the
absence of relaxation, N has spuriously deep gap levels in
GaP and GaAg¢dashed horizontal lingshat disappear, upon
relaxation, into the host bands. Finallyiji) using high-
symmetry small-cell ordered structures to mimic the random
alloys'® could misrepresent atomic relaxation and electronic
level repulsion.

We study here, using a large superdéll2 atomg em-

pirical pseudopotential approa¢EPM), the different physi- ) o )
FIG. 1. Pseudopotential calculated deep gap levels at the dilute impurity

cal factors controlllng the band gap versus composition beI'imit in bulk GaP, GaAs, and GaN. The deep gap levels predicted in the

havior in GaPN and GaAsN alloys. We do this by startingpresenceabsenceof atomic relaxations around the impurity atom are in-
with a general approach that includes most physical effectslicated by thick soliddashedilines. The levels are fully occupied. The zero
of energy is taken at the top of the valence band of pure GaAs. The natural
band offsets are calculated by local density approximatsee Ref. L

Band edge states (eV)
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bowing in the “volume deformed” band gap, and an
indirect-to-direct crossover in GaP,N, abovex.=60% ni-
trogen.

Secondwe take GaP and GaN, already “prepared” in
the previous step at the alloy volum&x), and mix them
randomly in our 512-atom supercell, but preserve the ideal
zincblende atomic positions, without relaxations. Thus, the
Ga—N and Ga—P bond lengths are assumed in this step to be
equal. This calculation already includes tblgemical effect
arising from the existence of a distribution of N and P atoms,
but neglectssize differencesThe results of this calculation
are denoted in Fig. 2 as “unrelaxed.” Since, by Fig. 1, ni-
trogen has a deep level in the band gap of GaP if relaxation
is ignored, we see in Figs. 1 and 2 that the unrelaxed band
gap changesliscontinuouslyfrom pure GaP X=0)to x=0
1 +e. For the unrelaxed calculation, the indirect-to-direct
Relaxed crossover compositior,. is around 90% nitrogen.

Third, we permit the atoms in the supercell to relax. This
model thus includes both chemical and relaxation effects.
The resulting band gap is now denoted in Fig. 2 as “re-
laxed.” We see that atomic relaxation changes dramatically
the optical bowing. Furthermore, the deep levels of nitrogen
FIG. 2. CalculatedT=0 K bulk band gaps of@ GaR_.Ny, and(b)  jn Gap and GaA4Fig. 1) disappear upon relaxation, and
GaAs N, alloys as a function of the nitrogen compositienVD-I" and . .. .

VD-X denote the direct and indirect volume deformated energy ¢Bgs deeD levels of P and As Impurities appear in the gap of GaN
(D]. VCA, unrelaxedandrelaxedrefer to the VCA, the supercell calcu- (Fig. 1). Thus, the relaxed band gap shows now a discontinu-
lations for unrelaxed random alloys, and the supercell calculations for regys jump fromx=1 (pure GaN to x=1—¢, but a continu-
laxed random alloys, respective_ly. Tr_le symbols, lahd CuPt refer to vari- ous behavior fromx=0 (pure GaP to x=0+e. There is
ous long ordered struct_ures deflned in Ref. 13. We also show the band gaﬁ .
for the 16 atoms “special quasirandom structuf&QS-8(Ref. 11)]. ow a crossover between two conduction states of GaP
1-xNy at above 3% of nitrogen: below this composition the
The whole calculation is then repeated for different aIoncor.'dUCtlon ban_d mlnlmur_f(_ZBM) has a highXs, Cha_racter,

o o ..~ while above this composition the CBM has a majority,
compositions. This gives us the band gap versus composition

S . : L component.
curves shown as solid lines connecting solid dots in Fig. 2. . .
9 9 Our calculation thus shows that bothemical effects

This type of calculation allows for the following physical (the difference between “VD" and “unrelaxed"and size

effects: (1) wave function localizatioh? (2) atomic relax- ff he diff b N laxed” and “rel .
ation, (3) multiband coupling, ang4) the existence of a dis- effects(the difference between “unrelaxed” and “relaxef
affect profoundly the band gaps of GaPN and GaAsN alloys.

tribution of many local chemical environmenr(e.g., Ga co- h dditional lusi ding th )
ordinated by N, NsP, NP,, NP; and B}) found previously ree a |t|0na conclusions emerge regarding the compari-
son with previous calculation methods:

to be cruciat* for a correct description of the random alloys. : ; )
This calculation neglects, however, short-range order in the (1) USing the same pseudopotential, we have calculated
form of atomic clustering. This effect will be discussed in athe band gaps of relaxegmall unit cell ordered structures
separate publicatiot? Ga,PsN (L1, structurg¢, GaPN (CuPt structurg and

To shed some light on the relative importance of physi-G&PNs (L1; structure. The results are shown as solid

cal factors affecting the composition dependence of the bangAuares in Fig. 2. We see that such long-range-ordered struc-
gap, we now take a few steps backwards, and resolve oifres have a significant band gap_r_eductlon_relatlve to the
“bottom line result” into its simpler ingredients. random alloy of the same compositi¢@.6 eV in GaAsN

First, we imagine a crude model of the alloy in which @nd 0.75 eV in GgN in the CuPt structurgsin fact, one
only hydrostatic effects are taken into account: We model th€an obtain anegativeband gap in GaAsN if one assumes
“volume-deformated” (VD) band gap(of GaR_,N,, for ~ CuPt ordering.

Band gap (eV)

S
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[ L1 -
2 CuPt L.l 2

00 02 04 06 08 _10
GaAs Composition x GaN

example as (ii) Using our pseudopotentials we have also calculated
the band gap predicted by the virtual crystal approximation
Ey2(x)=(1-x)ESHTV(X) ]+ XEg V(X)], (1)  (VCA). This approximation includes hydrostatic effects, par-

tial chemical effects, but neglects structural relaxation. The
where V(x) is the volume of the alloy at compositiox results, shown as dashed lines in Fig. 2, are seen to be a very
taken from the Vegard's law. In this model, both chemicalpoor approximation to the large supercell, fully relaxed cal-
and relaxation effects are neglected, and the alloy is assumeilation, as also emphasized in Ref. 10: for example the
to have the zincblende structure. Since GaP is compresselirect/indirect crossover predicted by the VCA in GaPN oc-
and GaN is dilated, their individual band gaps increase andurs for a nitrogen composition close to 40%, which differs
decrease, respectively. The hydrostatic approximation of Ecstrongly from the 3% result obtained in the relaxed, large
(1) gives the band gap denoted VD in Fig. 2. Notice smallsupercell calculation. Thus, we conclude that the VCA
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2.5 : do so by using a composition-weighted band gap tempera-
— Epitaxial (on GaP) ture shift of the constituents: 0.10 eV for GaP and GaAs, and
A Bietal (Ref. 15) 0.18 eV for GaN(measuref-**from low temperature to 300
b, Lo Luetal (Rel 16) | K). We have also shifted the experimental results of Refs.
. 16, 18, and 19 to correct for the temperature dependence of
g ] the band gap from 5 ¥ or 77 K*¥°to room temperature.
Figure 3 shows our calculated, fully relaxed and
temperature-corrected band gaps of GaR, and
GaAs _,N, in both epitaxial and in bulk geometries, com-
pared with the measured resuits’®We see that the epitax-
ial conditions can change considerably the band gap of these

2.0

1.0t ]

Band gap (eV)
o
(8]

GaP ——GaN alloys with respect to the bulk conditions. We also notice
2.5 N ' quite good agreement between our epitaxial calculations and
— Epitaxial (on GaAs and GaP) experimental results, especially for larger N compositions.
20l 2 3&:;;'5(::';‘(2% . In summary, we have pointed out that simple approxi-
A Kondow et al (Ret. 19) mations such as the VCA, the use of high-symmetry small
GaAs GaP ordered structures to mimic random alloys, or the neglect of
1.5 [ substr. substr. 1 relaxation are inappropriate for describing the band gaps ver-

sus composition dependence in GaPN and GaAsN random
alloys. This is due to the fact that these kinds of calculations
misrepresent the band-edge wave function localization oc-
curring in these alloy$-3 In addition, we found that our fully
0.5 : : : relax lar rcell calculations of epitaxial PN an
000 008 XD oiE 550 elaxed, large supercell calcu ations of epitaxial Ga a d
GaAs Compositionx —GaN GaAsN alloys differ considerably from the corresponding
bulk results, and reproduce quite well the measured band
FIG. 3. Calculatedr=300 K fully relaxed band gap off) GaPN, andb) gaps.
GaAsN alloys as a function of the nitrogen composition. The dashed line  The authors wish to thank W. G. Bi for providing us the
refers to bulk conditions, while the solid line correspond to epitaxial condi- ; ;
tions (GaP substrate for GaPN alloys, and GaAs and GaP substrates foeh)(penmental results of Ref. 17. This work was supported by
GaAsN alloy. The calculations are compared to different experimentalthe U.S. Department of Energy, OER-BES-DMS Grant No.
results(see Refs. 15—19 DE-AC36-83-CH10093.

1.0}

and the unrelaxed supercell calculatibhare inappropriate
for GaPN and GaAsN.
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