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The electronic band structures of In,Ga;_,N, In,Al;_,N, and In,Ga,Al,_,_,N alloys are calculated by ab
initio methods using a supercell geometry, and the effects of varying the composition and atomic arrangements
are examined. Particular attention is paid to the magnitude of and trends in bowing of the band gaps. Indium
composition fluctuation (clustering) is simulated by different distributions of In atoms and it is shown that it
strongly influences the band gaps. The gaps are considerably smaller when the In atoms are clustered than
when they are uniformly distributed. An explanation of this phenomenon is proposed on the basis of an
analysis of the density of states and the bond lengths, performed in detail for ternary alloys. Results for the
band gaps of In,Ga,Al,_,_ /N quaternary alloys show a similar trend. It is suggested that the large variation in
the band gaps determined on samples grown in different laboratories is caused by different degrees of In

clustering.
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I. INTRODUCTION

Semiconducting nitride alloys containing indium, such as
In,Ga,_,N, In,Al,_,N, and In,Ga,Al,_,_,N, have recently at-
tracted great interest due to their applications in optoelec-
tronics. In,Ga;_,N is used for the construction of green-blue-
violet light emitting diodes (LEDs) and blue-violet laser
diodes (LDs). Furthermore, In,Ga,_,N-based solar cells and
detectors operating in the short-wavelength range have been
constructed in several laboratories. Similar applications are
found for In,Al;_,N with the advantage that its direct gap
(E,) covers the range from 0.7 (InN) (Ref. 1) to 6.1 eV
(AIN),? which is the widest range of E, of any semiconduc-
tor alloy system. This makes the In,Al,_,N alloys candidates
for optical applications similar to In,Ga;_,N, but operating
over a wider spectrum from deep UV to far infrared. Many
efforts have been directed toward examination of the proper-
ties and applications of In,Al;_ N alloys with x=0.17, be-
cause this particular composition makes the alloy lattice
matched to GaN.

The In,Ga,Al,_,_,N quaternary alloys are suitable for all
the applications mentioned above but, unlike in ternary al-
loys, the band gap and the lattice constant can be tuned in-
dependently. Varying the composition, one can vary E, and
also match the alloy lattice constant to that of GaN, thus
reducing the concentration of defects caused by lattice mis-
match (misfit dislocations). Moreover, piezoelectric fields
can be tuned in a wide range of magnitudes, for example, in
InGaAIN/GaN heterostructures. On the other hand, one can
fix the band gap of the alloy to match that of GaN or any
other desired values and vary the alloy composition to im-
prove the structural, the optical, and the electronic properties.

In-containing nitride alloys are particularly useful in ap-
plications due to the specific role of indium. Addition of In,
even in small amounts, to nitride compounds leads to an
enhancement of light emission intensity in LEDs and LDs, as

1098-0121/2009/80(7)/075202(11)

075202-1

PACS number(s): 71.15.Mb, 71.20.Nr, 71.22.+i, 78.55.Cr

shown for In,Ga;_,N and In,Al;_ N in comparison with GaN
and AIN in Ref. 3. Also, in In,Ga,Al;_,_,N quaternary alloys
it has been demonstrated experimentally that the photolumi-
nescence intensity is strongly enhanced compared to that of
Al,Ga,_ N with comparable Al concentration.* Many at-
tempts were made to explain the phenomena of light emis-
sion enhancement when indium atoms are incorporated into
the active nitride layers of LEDs or LDs,>” with the most
popular being a model proposed by Chichibu et al.> In this
model In clustering leads to potential fluctuations limiting
nonradiative recombination of carriers by inhibiting their dif-
fusion from regions of locally reduced band gap to nonradi-
ative recombination centers, such as dislocations. However,
the microscopic description of the phenomena related to In
clustering is still far from satisfactory. All this makes the
nitride alloys with In particularly interesting also from a ba-
sic research point of view. Recent progress in the growth of
high-quality InN and In-containing alloys has enabled de-
tailed investigation of basic properties of these materials.
The compositional instability in wurtzite In,Ga;_ N was
studied recently by Ganchenkova et al.® who demonstrated a
high sensitivity of the decomposition to relatively small
variations in the cation interaction energies.

The most important parameter of the semiconductor alloy
system is the band gap and its composition dependence char-
acterized by the band-gap bowing parameter b, which gener-
ally is concentration dependent and defined through

E,(x) =xEIg“N+ (1 —x)EgaN—x(l —x)b(x). (1)

Thus b(x) measures the deviation from linear dependence of
the band gap on x (Vegard’s law). The experimental data
indicate that in the case of nitride alloys containing In the
bowing parameter is much larger than in “normal” alloys
(such as Al,Ga;_ N or Al,Ga,_As), being for InAl,_ N
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equal to about 6 eV,’ and for In,Ga,_,N, ranging from 1.43
(Ref. 10) and 1.6 (Ref. 11) to 2.8 eV.!?

Indium clustering effects and their possible influence on
the band structure of nitride alloys containing In, as well as
reported significant bowings of E, for these compounds, mo-
tivated the present work. Preliminary calculations'® for
In,Ga;_N and InAl;_N ternary alloys demonstrated that
the band gaps indeed exhibit significant bowing, particularly
large when the In atoms cluster.

We analyze the variation in band gaps with indium con-
centration in In,Ga;_,N and In,Al,_,N alloys for a wide
range of x. Special emphasis is put on the effects of In clus-
tering. We simulate this by supercell calculations for differ-
ent arrangements of the In atoms. We found that the band
gaps indeed exhibit large bowing, and the deviation from
Vegard’s law is particularly large when the In atoms cluster.
Furthermore, the effects are more pronounced in the
In,Al,_,N alloys than in In,Ga;_N, probably due to the
larger size difference between In and Al atoms than between
In and Ga. Calculations performed for selected sets of qua-
ternary alloys In,Ga,_,Al,_,_ N confirm the strong depen-
dence of the band gap on how the indium atoms are distrib-
uted.

The effects of atomic clustering on the optical properties
of III-V alloys were already studied by Mider and Zunger.'*
It was found from their self-consistent pseudopotential cal-
culations that the local clustering reduces the band gaps of
Al 5Gag sAs, Gag sIng sP, and Al 5sIny sAs alloys by about 0.1
eV relative to that of the random alloy.

Looking for a possible explanation for the anomalous be-
havior of E,, we examine the total valence-band (VB) den-
sity of states (DOS) and the partial contributions to the DOS
from the constituents of the alloys. We see a direct relation
between an increase in the VB width—caused by hybridiza-
tion between the N and the In states—and a reduction in the
band gap. Investigation of the lattice relaxation effects pro-
vides some explanation for the observed phenomena. The
effect seems to come from the interaction between In atoms
and neighboring N atoms, which is enhanced due to the
bonds between In and N atoms being shorter in the alloys
exhibiting clustering than in InN itself. A related effect was
presented in the work of Bellaiche et al.!> where a nonlinear
evolution of the In,Ga;_,N band gap with In content was
connected with a strong admixture of In states and a hole
localization for very low In concentrations.

The organization of the paper is as follows. The method-
ology is described in Sec. II, and results for binary alloys are
shown. In the next sections our results concerning ternary
alloys are presented including the structural parameters (Sec.
III), the electronic band structure and its dependence on In
concentration and In arrangement (Sec. IV), valence-band
density-of-state functions (Sec. V), and the lattice relaxation
effects (Sec. VI). Finally, in Sec. VII, results for the quater-
nary In,Ga,Al,_,_ N alloy are presented, while Sec. VIII
summarizes the present work.

II. METHODOLOGY

The electronic structures of the In,Al;_,N, the In,Ga,_,N,
and the In,Ga,Al,_,_ N alloys have been analyzed by self-
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consistent calculations in a supercell model. The indium con-
centrations, x=0.12, 0.19, 0.25, 0.38, 0.50, 0.56, 0.62, 0.75,
and 0.87, have been realized by substituting 2, 3, 4, 6, 8, 9,
10, 12, and 14 Al or Ga atoms by In in a 32-atom supercell.
For In,Ga,Al,_,_,N quaternary alloys, we discuss the results
for the values of y=0.19, 0.38, and 0.62. Different atomic
arrangements have been investigated for a given x, by either
distributing the In atoms as uniformly as possible over the
supercell or by clustering the In atoms together in a small
part of the supercell.

Approaches based on the local-density approximation
(LDA) to density-functional theory, with the Perdew-Zunger
parametrization'® of the Ceperley-Alder exchange
correlation,!” were used. The calculations were performed in
two steps, applying two different computational schemes. In
the first step the atomic coordinates in the supercell were
determined by minimization of the Hellmann-Feynmann
forces for a given distribution of indium atoms. For this task
we used pseudopotentials as implemented in the Vienna ab
initio simulation package (VASP).!3 A cutoff energy of 30 Ry
for the plane-wave basis set was sufficient to obtain con-
verged results. The k-space integrations were performed by
summing over a 3 X3 X3 mesh of Monkhorst-Pack special
points.'?

Subsequently, in the second step of calculations, the band
structure was obtained including a semiempirical correction
for the well-established deficiency of LDA in predicting
semiconductor gaps. For this we used the linear-muffin-tin-
orbital (LMTO) method? in a full-potential version.”! The
semicore cation d states of Ga(3d) and In(4d) were included
as local orbitals.”? The calculations were performed for the
wurtzite crystal structure, which is the structure of the nitride
semiconductors and their alloys at ambient pressure. The su-
percell is generated by doubling the wurtzite unit cell in
three directions. The supercell contains 32 atoms, while 32
additional “empty” muffin-tin spheres were included in the
interstitial region for the sake of accurate interpolation of the
charge density in the entire volume. We used equal radii of
the atomic muffin-tin spheres, slightly less than touching to
allow for relaxation. Further details of the LDA-LMTO cal-
culations are given elsewhere.?3?*

The LDA underestimates the band gaps in semiconduc-
tors, and it is necessary to correct for this so-called “LDA
error” since we specifically wish to discuss variations in the
gaps with composition. Further, since we consider supercells
with relatively many atoms, a simple correction scheme was
chosen. On the other hand, a correction procedure is needed
which not only corrects the fundamental gap, but also the
dispersion of the lowest conduction band (CB) and the val-
ues of the gaps at other points of the Brillouin zone. Thus, a
rigid shift of the unoccupied bands (“scissor operator”) is not
optimal since it does not change the dispersion of the CB.
Therefore, a slightly more advanced correction procedure
(LDA+C) has been applied in the present work, introducing
at the sites of the atoms, additional external potentials of the

fOrm24
V(r) - ‘,0<r0>exp|:—<—r )2:|, (2)
r o

where V() and r are adjustable parameters. V, is chosen to be
very large, and the range parameter r, be small. In this way
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the potentials become sharply peaked at the nuclear posi-
tions, and they produce “artificial Darwin shifts,” i.e., they
push s states, which have nonzero density at the nuclei
(r=0) upward in energy. In compound semiconductors dif-
ferent parameters in Eq. (2) are chosen at anion and cation
sites. For further flexibility in the adjustment of the lowest
CB, we supplement with a constant (r-independent) potential
shift V, at the empty spheres.

The correcting potentials are transferable in the sense
that they can be determined for binary compounds and sub-
sequently be applied, with unaltered parameters, to systems
where the two compounds are combined, as in alloys, super-
lattices, and heterojunctions.”® In the present work the pa-
rameters were determined for GaN, InN, and AIN by adjust-
ing to experimental gap values and subsequently applied to
the In,Ga,_,N and In,Al,_,N and the In,Ga;_,Al,_,_ /)N sys-
tems. They were kept unchanged while the composition and
the volume were varied. This ad hoc method for correcting
the LDA band-gap errors was developed in the context of
LMTO calculations and was extensively used in LMTO
(Refs. 23-28) or linear augmented plane-wave
calculations.”®>3° Recently, it has also been applied to a
pseudopotential framework.?!

The adjustment procedure requires knowledge of experi-
mental values of gaps in the binaries, InN, GaN, and AIN.
Our optimized values of the adjusting parameters are the
following: V,(In)=V,(N)=0, V,(Ga)=900 Ry, and V,(Al)
=990 Ry, at the atomic sites with the range parameter set to
ro=0.015 a.u. for all atoms. At all the empty spheres we
have applied the shift V,=0.60 Ry. It should be noted that a
unique set of parameters does not exist and that their values,
in particular for the E sites, depend sensitively on the choice
of MT sphere radii.

In Table I the calculated (LDA+C) band gaps are com-
pared to the corresponding experimental values and other
theoretical results. For InN the adjustment exploited the re-
cent experimental values for the zone center gap being in the
range of 0.6-0.7 eV,>> as well as the results of spectro-
scopic ellipsometry on molecular beam epitaxy (MBE)
grown InN films,3 following the assignments made in Ref.
37. The comparison is made to other experiments*®3° and to
the recent calculations of Ref. 40, using the GyW, approxi-
mation to many-body perturbation theory, LDA
calculations, “quasiparticle self-consistent GW”»
calculations,*? and to LDA calculations in Ref 43. It is worth
to mention that our results for InN are slightly different from
those given in our previous paper** on the band structure of
InN. The reason is that in the present work, the adjustment is
made not only for InN, but simultaneously for all the binary
nitrides considered, with the same values of the adjusting
parameters for the nitrogen and empty spheres. For GaN and
AIN the adjustment is made using the experimental values
from Refs. 38, 45, and 46 and the results are also compared
to the same calculations as for InN (Refs. 40, 42, and 43) and
to the GW calculations by Rubio et al.*’

24,25

41

III. STRUCTURAL PARAMETERS

Calculations of the lattice parameters of In,Ga,;_ N and
In,Al;_,N have been performed for several values of In con-
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TABLE I. The calculated (LDA+C) band gaps in comparison to
experimental values and other theoretical results for the binary
compounds.

v—c LDA+C Experiment Other calculations
InN

eIy 0.69 0.65,20.63,> 0.69%4 0.75,° 0.69,f 0.72,¢ 1.04, 0.65!
I's-Tg 9.14 8.8, 8.9 10.16,' 8.66'
Ms-M; 511 5.35m 538" 5.64,°5.96,2 6.56," 5.461
L,-L, 5.82 6.05™ 6.09.° 6.00," 5.87'
Ms-M;  8.16 7.87,™ 7.63™ 7.94.° 734, 7.84, 7.781
My-M; 752 7.3 6.71"

GaN

Ie-Ty 3.56 3.44, 3.50 3.47)13.5,°3.24f
KK,  9.67 9.0" 8.54,' 9.8°
MM, 744 7.0" 6.07,' 7.6°
M,-M, 748 7.051 7.68,! 8.5°

AIN

Ie-Ty 6.00 6.1° 6.4756.1115.8° 6.76"
Is-T 8.47 8.029 8.95,9.4°

I's-Te 1237 14.009 12.99,! 14.0°
H;-Hy; 932 10.394 10.10, 10.5°

JReference 38.
kReference 39.
IReference 43.
MReference 36.
"Reference 45.
“Reference 47.
PReference 2.

dReference 46.

4Reference 32.
bReference 33.
‘Reference 34.
dReference 35.
“Reference 37.
fReference 40.
2Reference 41.
hReference 42.
iReference 44.

tent x. Two types of alloys have been considered, i.e., (i)
alloys with uniformly distributed In atoms in the 32-atom
supercell and (ii) alloys with all In atoms clustered. In addi-
tion, for the Al alloy, some “intermediate” arrangements
were treated. For each value of x, the structures of In,Ga;_ N
and In,Al,_,N have been optimized by minimization of the
total energy with respect to atomic coordinates and a and ¢
parameters of the supercell.

The results are summarized in Figs. 1(a) and 1(b), where
the lattice parameters a and c are plotted for In,Ga;_ N and
In,Al;_,N as functions of x. In the case of uniformly distrib-
uted In atoms the dependence of a and ¢ on x is almost
linear, whereas in the alloys with clustered In atoms the de-
viations from linearity are somewhat larger. In particular, the
calculated c lattice constants vs x are larger for both clus-
tered alloys [Fig. 1(b)]. Note however, that the results of the
latter calculations may depend on the choice of structure of
the clusters. The results shown here are for the “most clus-
tered case” (see Sec. IV). Our results for In,Ga,_,N are in a
good agreement with Ref. 48, where also small deviations of
the theoretical lattice parameters from the Vegard’s law pre-
diction were reported (for the uniform case).
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FIG. 1. Theoretical equilibrium lattice parameters (a) a and (b) ¢
for In,Ga,_,N (circles) and In,Al,_N (squares) as functions of in-
dium concentration x. Calculations are performed for two models of
In distribution in the supercell: uniform (open symbols) and clus-
tered (filled symbols). The dashed lines are linear interpolations
between the end points.

—

In order to check the accuracy of computations, we have
performed additional calculations of the structural param-
eters for the binary compounds using a four-atom unit cell.
In this case, the total-energy calculations have been per-
formed using 11X 11X 7 Monkhorst-Pack k-space grid and
the kinetic-energy cutoff for the plane-wave basis set
Eu10;p=800 eV. The values obtained for a and c using a
four-atom unit cell are in excellent agreement with the re-
sults obtained using the 32-atom supercell.

IV. BAND-GAP BOWINGS OF TERNARIES

Figure 2 shows the calculated and the measured energy
gaps E, of In,Al;_,N as functions of x. The solid lines rep-
resent fits to the calculated gap variations and illustrate the
bowing for two cases: In atoms distributed uniformly in the
supercell and In atoms clustered. Generally, the clustering
can be realized in different ways as was already discussed in
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FIG. 2. (Color online) Energy gap of In,Al,_N as a function of
composition x. Calculations (open circles) are shown for both the
uniform (thin circles), most clustered (thick circles), and some in-
termediate In distribution models (squares). Solid lines are spline
fits to the calculated values (uniform and most clustered cases).
Measured optical energy gaps of In,Al;_,N are also marked from a:
Ref. 9, b: Ref. 49, and c: Ref. 50.

Ref. 8, and there is no unique definition of “most” or “least”
uniform configuration for a given x. As an example, let us
consider the case of four In atoms in the 32-atom supercell
(x=0.25). A possible optimum clustered configuration would
have every fourth cation hexagonal layer consisting entirely
of In atoms (case 1). A second possibility is to have four In
atoms as neighbors of the same N atom (case 2). In contrast,
the uniform distribution of In atoms would have In as one
out of four cations in each hexagonal layer (to each N atom
belong one In and three Al neighbors). The calculated band
gap is largest for the uniform distribution (highest circle in
Fig. 2) and lowest in the former “clustering” scenario (case
1), corresponding to the lowest thick circle in Fig. 2 for x
=0.25. The latter clustering scenario (case 2) corresponds to
the lower square, while the upper square corresponds to an
intermediate In distribution.

From the figure it is clear that the band-gap bowing is
very large, especially in the clustered case, and composition
dependent, i.e., the E,(x) function deviates from a pure para-
bolic behavior. The bowing parameter ranges for the uniform
case from 2.1 to 6.2 eV, being equal to 4.4 eV for x=0.5. In
the clustered case the bowing is almost twice as large, rang-
ing from 3.9 to 14 eV, with a value of 8.6 eV for x=0.5. The
most recently reported experimental value of the bowing pa-
rameter of In,Al;_ N of =6 eV (for 0.13 <x<0.24)° falls in
between our calculated values for the two In configuration
scenarios investigated.

Composition fluctuation induced variations in band gaps
(I'-I" and I'-X) in cubic In,Al,_,N were calculated by Teles
et al.®® They derived average gaps (E,) and the rms deviation
(AE,) vs x. AE, attains for I'-I' particularly large values,
reaching a maximum of 1.5 eV near x=0.4. Thus, for I'-T’
the bowing parameter for the average (E,) and the minimum
(E,~AE,) gaps are very different in magnitude, »=1.32 and
6.6 eV, respectively. The calculations of Ref. 49 were made
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FIG. 3. (Color online) Energy gap of In,Ga;_,N as a function of
composition x. Calculations are shown for both the uniform (thin
circles) and clustered (thick circles) In distribution models. Solid
lines are spline fits to the calculated values. Measured optical en-
ergy gaps of In,Ga,_,N are also marked from a: Ref. 10, b: Ref. 11,
and c: Ref. 12.

for the zinc-blende structure, but nevertheless the bowing
parameters agree reasonably well with our values for the
“uniform” (2.1 eV) and “clustered” case (6.2 e€V), respec-
tively.

The energy-gap bowing found in InGa;_,N is weaker
(see Fig. 3), and also the difference between the uniform and
the clustered cases is less pronounced. The gap bowing
ranges for the uniform case from 1.7 (large x) to 2.8 eV
(small x), being equal to 2.1 eV for x=0.5. In the clustered
case the bowing is significantly larger, ranging from 2.5
(large x) to 6.5 eV (small x), and equal to 3.9 eV for x=0.5.
The experimental In,Ga,_ N bowing parameter is still a sub-
ject of discussion. Experimental values found in the literature
vary between!? 1.43 and 1.6 eV,!" while recently a consider-
ably larger value was reported: 2.8 eV.!? The theoretical val-
ues range from 1.37 (Ref. 50) and 1.89 (Ref. 51) to 5.14
eV.>2 The composition-dependent bowing was found by
Teles et al.>? for cubic In,Ga,_,N. In analogy with their study
of cubic In,Al,_N they found small bowing parameter for
the average band gap, b=(0.74-0.10x) eV, and much larger
bowing, b=(5.14-2.59x) eV, for the minimum gap.

The band-gap values obtained in the present work differ
slightly from those of Ref. 13. The differences are mainly
due to the linear x dependence of the structural parameters
assumed in the preliminary calculations, an approximation
which was sufficient for prediction of trends. In order to
obtain a quantitative description, here, we perform full struc-
tural optimizations. Further, a larger number of x values are
considered in the present work. Consequently, the present
Figs. 2 and 3 represent more accurate results than the corre-
sponding Figs. 1 and 2 of Ref. 13. Also, the values of the gap
bowings, which are the central results of this work, differ
significantly (by up to 50%) from the preliminary calcula-
tions.

The calculated variations in the band gap with x in
In,Al,_N and In,Ga;_N are compared in Figs. 2 and 3,
respectively, with experimental absorption!®33>* and
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photoluminescence®!!123 data. We observe that the experi-
mental data are scattered, but generally they fall between our
two curves corresponding to uniform and clustered In con-
figurations.

The energy difference, AE,, between the band gap in the
uniform and clustered case is largest for x=0.25, in both
alloys, AE,=1.2 eV in Ing,5Al,7sN and AE,,=0.5 eV in
Inj,5Gay7sN. The large magnitude of AE,. found here for
nitrides can be compared with the results obtained by Mider
and Zunger'* for more traditional semiconductor alloys. In
particular, their biggest reduction in the band gap (0.13 eV)
obtained for the Iny sGag 5P is considerably smaller than our
result for InysGaysN (AE,.=0.35 eV), showing the signifi-
cant role of nitrogen. It demonstrates that the clustering ef-
fects are more pronounced in nitrides than in other III-V
alloys.

It is worthwhile to comment on material-related as well as
experimental issues causing limitations in the accuracy of the
band-gap determination in semiconductor alloys. It concerns
in particular materials with constituent cations (or anions)
differing significantly in ionic radii. In,Ga;_N and even to
higher extent In,Al,_,N represent this situation. The most
commonly used techniques for studies of E, are light absorp-
tion and light emission. The latter process is usually exam-
ined in photoluminescence experiments. Both methods carry
information about E, and its dependence on chemical com-
position in the alloys, provided that these effects originate
from interband transitions, as they manifest themselves in the
dielectric function [&,(w), for example]. To some extent a
theoretical analysis can be made using the joint density of
states. However, in the case of light absorption, a necessary
condition for the availability of the empty state in the CB
makes this effect very sensitive to the Fermi-level position,
and hence the concentration of free carriers. The Burstein-
Moss effect describes this phenomenon and leads to a blue-
shift of the assigned E, in n-type material. Another effect
influencing E, in the opposite direction is caused by band-
gap renormalization. Photoluminescence is particularly sen-
sitive to the local fluctuations of the CB and the VB bottom
and top, respectively, originating from a nonuniform distri-
bution of the alloy constituents and/or strain. Locally, an in-
creased concentration of In induces a decrease in E,, which
is likely to be seen in luminescence experiments, but less
important for absorption measurements. The well-known
Stokes shift is a direct consequence of such a situation. One
expects, and experiments confirm this, that with increasing x
in In,Ga;_,N and In,Al,_ N the magnitude of the Stokes shift
increases to a maximum around x=0.5. In In-containing ni-
tride alloys, the Stokes shift can approach few hundreds of
meV. Of course, the magnitude of the Stokes shift depends
on the scale of the fluctuating potential, which again depends
on the extent to which In clustering occurs, and on the spatial
extent of In nanoclusters forming. This dependence is how-
ever not well understood. The influence of strain leads to
roughly parallel shifts of the CB and the VB edges leading to
less pronounced effects with respect to the experimental de-
termination of E,.

With all the above reservations, one has to be careful in
extracting E,, from experiments independently of the method
used for its determination. Inspection of Figs. 2 and 3, which
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FIG. 4. Valence-band density of states for InN (dotted line), AIN
(dashed line), and Ing »5Aly 75N (solid line) for the case of a uniform
In distribution.

give a collection of experimental data on E, versus x in
In,Al,_ N and In,Ga;_,N, shows that absorptionlike data do
not necessarily exhibit larger E, value than photolumines-
cence results. This observation suggests that In clustering
inherent to the particular epitaxial growth procedure or tech-
nique is a likely cause for the significant scatter of E, values
for a given In concentration, and hence for the reported

variations in the value of the bowing parameter.

V. VALENCE-BAND DENSITY OF STATES

Looking for an explanation of the peculiar behavior of the
band gaps in In-containing nitride alloys as functions of In
composition and clustering, we investigate the DOS as a
function of indium concentration. Analyzing the band struc-
tures and the DOS up to 75% indium, we found no states in
the gap. Also, the In contribution to the lower part of the CB
is negligible. Tentatively, it is suggested that this peculiar
behavior is related to In-induced states at the top of the VB.%
To check this hypothesis we performed a detailed analysis of
the VB DOS for one particular case, namely, In Al;_ N, with
x=0.25, for both uniform and clustered In arrangements, in
which case we observe the largest band-gap difference
(AE,.~1.2 eV) between the two arrangements of In atoms.
Figure 4 shows the VB DOS as calculated for In,Al;_,N for
x=1, 0, and 0.25, respectively. Injy,sAl;7sN is shown in the
case of a uniform In distribution. In all cases the bottom of
the VB (N-2s band) is used as the energy reference level.

Figure 4 shows that in the uniform case the VB top for
Ing,5Al) 75N has a similar shape as for the binaries, but the
VB width is slightly larger. The picture is quite different in
the clustered case, which is illustrated in Fig. 5. The VB
DOS for Ing,5Al, 75N in this case has a peculiar shape at the
top and consequently a width, which is roughly 1 eV larger
than that of the corresponding uniform alloy (Fig. 4). The 1
eV expansion of the VB width in the clustered case is similar
to the difference between the band gaps of uniform and clus-
tered Ing,5Aly 75N (AE,.=1.2 eV), leading to the conclusion
that the decrease in the band gap upon clustering comes
mainly from the ensuing VB width expansion.

PHYSICAL REVIEW B 80, 075202 (2009)

DOS (arb. units)

energy (eV)

FIG. 5. Valence-band density of states for Inj,5Al);sN for the
case of a clustered In distribution (case 1, see text). The decompo-
sition into Al (dashed line), In (short dashed line), and N (dotted
line) partial DOS is shown. The region of interest is the top ~1 eV
of the valence band, marked with vertical bars.

Looking next for the microscopic explanation for the VB
width increase in the clustered case, we analyzed the partial
DOS to find which atomic states are responsible for this ef-
fect. The main contribution to the VB DOS comes from N(p)
states, as illustrated in the Fig. 5. On the other hand, in the
clustered case we deal with two types of nitrogen atoms:
those which are nearest neighbors only of Al atoms (N1) and
those which are neighbors of In atoms (N2), and we may
decompose the N contribution to the total DOS into contri-
butions from N1 and N2 atoms. Partial DOSs corresponding
to N1 and N2 atoms are presented on Fig. 6, and they are
seen to give quite different contributions to the total VB
DOS; in fact only N2 states are responsible for the particular

7

N1 i

DOS (arb. units)

R I e e
o 1 2 3 4 5 & 7

energy (eV)

FIG. 6. Partial nitrogen band density of states for Ing,5Aly 75N
for the same case as in Fig. 5; however, it is further decomposed
into In nearest neighbors N2 (solid line) and other nitrogen N1
(dotted line) contributions.
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FIG. 7. Same as Figs. 5 and 6, but enlarged around the valence-
band top.

shape of the top of the VB DOS in the clustered alloy. Figure
7 shows an enlarged picture of the region around the VB top.
It follows that N2 states interacting with In(p,d) states are
dramatically pushed out from the VB top changing the shape
of the VB edge.

A similar analysis performed for Ing,5Gagy;sN is illus-
trated in Figs. 8 and 9. Comparing the uniform and the clus-
tered Iny,sGaj ;5N alloys, we observe an expansion of the
VB width of about 0.45 eV, which again corresponds to the
difference between the uniform and the clustered band gaps
of Iny,5Gay7sN (AE,=0.5 eV). It agrees with the conclu-
sion drawn from the analysis of In,Al;_\N, i.e., that the de-
crease in the band gap comes mainly from the VB width
expansion. Consequently, another question arises: why do
the states of indium atoms interact so strongly with the N2
atoms in the case of the clustered alloy? To answer this ques-

8
77 »
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FIG. 8. Valence-band density of states for InN (dotted line),
GaN (dashed line), and Ing,5Gag 75N (solid line) for the case of a

uniform In distribution.

PHYSICAL REVIEW B 80, 075202 (2009)

N1

DOS (arb. units)

energy (eV)

FIG. 9. (Color online) Valence-band density of states for
Ing »5Gay 75N for the case of a clustered In distribution (case 1, see
text). The decomposition into Ga (dashed line), In (lowest line), N1
(short dashed line), and N2 (line) partial DOS is shown. The region
of interest is the top ~0.45 eV of the valence band, marked with
vertical bars.

tion, we performed analysis of the lattice relaxation for the
alloys in the two cases, uniform and clustered In arrange-
ments, to be discussed in the next section.

VI. LATTICE RELAXATIONS

In Fig. 10 the bond lengths (in A) of the binary com-
pounds AIN, GaN, and InN are schematically illustrated. In
Fig. 11 the bond lengths are shown for the Inj,sAlj;sN and
the Inj,5Gag 75N alloys in the uniform and the clustered in-
dium arrangements.

For the Inj,5Ga; 75N alloy we compare two clustered ar-
rangements, as has already been discussed in Sec. IV. The
largest band-gap reduction was found for the situation where
every fourth cation hexagonal layer is made of In (case 1),
while the band gap was slightly larger in the case where four
In atoms have a common N neighbor (case 2). The relaxed
bond lengths for the two cases are illustrated in Fig. 11.

In the uniform In,Al,_ N alloy, we observe almost no
changes in bond lengths going from the binaries to
Iny,5Aly7sN, whereas in the clustered alloy (case 1) the
In-N2 bonds are 5% shorter (2.05 A) than those in pure InN

®In

ON & Al & Ga

FIG. 10. Schematic arrangement of atoms for InN, AIN, and
GaN. Nitrogen is in the middle and its four nearest-neighbor cations
are shown. The bond lengths (in A) are indicated.
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In0.25A|0_75N uniform

Ing 55Aly ;5N case 1 Ing 55Al, 5N case 2

Ing,5Gag 5N uniform  Ing,;Ga,,sN case 1

FIG. 11. Schematic arrangement of atoms for Inj,5Al; 75N and
Iny»5Gay 75N in the uniform and clustered cases (see text for dis-
cussion). Symbols are defined in Fig. 10. Nitrogen is in the middle,
and only the configuration around nitrogen atoms with largest num-
ber of In atoms as nearest neighbor is shown. The calculated equi-
librium bond lengths (in A) are indicated

(2.15 A), and also the AI-N2 bond (1.86 A) is shorter than
in the host AIN. Shorter In-N2 bonds reflect that the interac-
tion between indium and nitrogen atoms is stronger than in
pure InN, which leads to an increased hybridization between
In(p,d) and N2(p) states. As a result, the N2(p) states are
pushed up, changing the VB edge shape and its width. In the
clustered case 2, we observe even more pronounced shorten-
ing of the In-N2 bonds (2.02 A), but only one N2 atom
experiences such short bonds (other In-N bonds in this case
are between 2.07 and 2.15 A). In the clustered case 1 short
In-N2 bonds exist for all four N2 atoms.

In InGa;_ N very similar effects occur, but they are
smaller: there are almost no changes in bond lengths going
from the binaries to the uniformly distributed Ing,sGag 75N
alloy, but the In-N2 bonds are shorter (2.07 A) in the clus-
tered alloy than in InN itself (2.15 A). Smaller difference in
bond lengths between GaN and InN than between InN and
AIN are in agreement with the fact that all the effects con-
nected with In clustering are more pronounced in the
In,Al,_,N alloys than in In,Ga,_,N. Studying the atomic re-
laxation pattern around an In atom in InGaN, Ganchenkova
et al.® found the values of the In-N bond lengths (2.08 and
2.10 A) lying somewhere between our values for the uni-
form and the clustered cases.

VII. QUATERNARY ALLOYS

We performed studies of quaternary In,Ga,Al,_, N al-
loys along similar lines as were discussed for the ternary
alloys in the previous sections. First, we consider
In,Ga,Al,_, ;N alloys with a fixed indium content x, and
subsequently another set of alloys with fixed Ga concentra-
tion y is examined.

In the first case, with the fixed values of x=0.06, 0.12,
0.19, 0.25, 0.38, 0.50, and 0.87, the Ga concentration y is
varied between 0 and 1—x. The band-gap bowings for uni-
form arrangements of In atoms are presented in Fig. 12. The
gap bowings for all these alloys are very small, varying be-

PHYSICAL REVIEW B 80, 075202 (2009)
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FIG. 12. Energy gaps (in eV) of In,Ga,Al,_,_,N for a series of
x values, as a function of Ga concentration y, for a uniform model
of the In distribution. The lines are smooth fits to the calculated
points.

tween b=0 and b=0.65. Such an almost linear behavior of
the band gap of In,Ga,Al,_,_ N alloys with fixed content of
indium is not surprising, because they are similar to the
Ga,Al;_,N alloy, which exhibits rather small band-gap bow-
ing (typically below 1 eV).%°

For one of the cases presented in Fig. 12, namely, x
=0.19 (three indium atoms in a 32-atom supercell), we com-
pare in Fig. 13 the band-gap bowing for a uniform arrange-
ment of In with the gap bowing for a clustered arrangement
of In atoms. The band-gap bowing going from Inj 9Alyg N
to Ingy 19Gag g N is very small in either scenario (b is between
0 and 0.4) and we do not observe larger gap bowing in the
clustered arrangement, in contrast to the case where we var-
ied the In content in In Al;_ N and In,Ga;_N. More inter-
esting is the large difference between the curves for the two
In arrangements, which however is diminished as the Ga
content is increased. Starting from the value of AE,

5.0

45 | In0.19(;ayA|0.81-yN
O uniform
4.0 ® clustered

3.5

3.0

E (eV)

25

151-'-'-I-|-|.|.|

00 01 02 03 04 05 06 07 08 09 1.0
Ing ;4Al g N y Ing ;9Gag g:N

FIG. 13. Energy gaps (in eV) of In,Ga,Al,_,_,N for x=0.19, as
a function of Ga concentration y, for uniform (open circles) and
clustered (filled circles) model of the In distribution. The lines are
smooth fits to the calculated points.
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FIG. 14. Energy gaps (in eV) of In,Ga,Al,_,_,N for a series of
y values, as a function of In concentration x, for a uniform In
distribution model. The lines are guides to the eyes.

=1.2 eV for Inj 19Aly g N, it decreases almost linearly in y to
the value AE,.=0.5 eV for Iny 9Gayg;N.

The situation is quite different when we consider the sec-
ond set of alloys with fixed Ga concentration y and varying
value of indium content x. Figure 14 shows the band-gap
bowings for uniform arrangements of In atoms for three val-
ues of Ga concentration: y=0.19, 0.38, and 0.62, with x
changing from O to 1-y. For these alloys we observe large
band-gap bowings, being the most pronounced for the small-
est Ga concentration, y=0.19 (the largest Al concentration).
The composition-dependent b ranges in this case from 3.2 to
6.3 eV with 4.3 eV for x=0.5. These values are very similar
to those obtained for In,Al;_ N (2.1-6.2, with 4.4 eV for x
=0.5). Going to larger Ga (smaller Al) concentrations, we
have found also smaller gap bowings; about 2.6 eV for y
=0.38; and about 2.0 eV for y=0.62, i.e., these values ap-
proach those obtained for In,Ga,_,N (y=1.0), 1.7-2.8 eV.

In Fig. 15 we compare the alloy with fixed Ga concentra-
tion, y=0.38, in uniform and clustered arrangements of In
atoms. For this case a significant band-gap bowing is found,
being most pronounced in the case of clustered arrangements
of In atoms (b=2.6 for uniform and b=4.3 for clustered
alloy), similar to what was found for In,Al,_ N and
In,Ga,_,N. The lattice relaxation is also different in the uni-
form and the clustered cases of the alloy presented on Fig.
15. For x=0.25, we have got the shortest In-N bond length
equal to 2.11 A for uniform and 2.06 A for clustered in-
dium arrangements. The latter value is between the lengths
of similar bonds in In,Al,_N (2.05 A) and InGa,_N
(2.07 A) (see Fig. 11).These results demonstrate that strong
bowings are also present in quaternary nitride semiconductor
alloys, very similar to those found for ternary alloys, espe-
cially in the case of clustered alloys when the dependence on
indium content is considered.

VIII. SUMMARY

The electronic structures of In.Ga;_,N and In,Al,_,N
were calculated for fully relaxed supercell structures. Both
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FIG. 15. Energy gaps (in eV) of In,Ga,Al,_,_ N for y=0.38, as
a function of In concentration x, for uniform (open circles) and
clustered (filled circles) In distribution models. The lines are guides
to the eyes.

plane-wave pseudopotential and full-potential LMTO meth-
ods were used. The band gaps for x varying over the entire
range between 0 and 1 were derived and compared to exist-
ing experimental data. Significant composition-dependent
bowings of the gaps were found. The clustering of In atoms
affects the band gap, which become particularly small when
the In atoms cluster. The large band-gap bowings calculated
in this work correspond well to existing experimental values,
which generally fall between the values calculated for the
uniform and for the most clustered cases of In arrangements.
The effects are more pronounced in In,Al_ N than in
In,Ga,_,N. The largest difference between the band gaps in
the clustered and the uniform cases is found for x=0.25,
where we have obtained AE,.=1.2 eV (for Ing,5Al,75sN)
and AE,.=0.5 eV (for Iny,5Gag7sN).

Results for quaternary alloys, In,Ga,Al;_,_,N, have been
presented. The band-gap dependence on cation composition
for constant In concentration shows an almost linear behav-
ior between the Al-rich and the Ga-rich limits, whereas a
strong band-gap bowing as a function of In content is found
for constant Ga concentration.

The unusual decrease in the band gaps with In content is
found to stem from the In-induced changes in the states at
the VB top. It relates to the increase in the VB width due to
(hybridization) admixture of In p and d states into the upper-
most valence states. From the detailed analysis of the lattice
relaxations, it emerges that the strong interaction of In atoms
and neighboring N atoms is related to the shorter bonds be-
tween them in the cases representing the In clustering.

The two models for In-atom distributions, uniform and
clustered, which we have considered here, represent in a
sense extreme limits, and actual samples might be character-
ized by an intermediate distribution. The scatter in experi-
mental values for band gaps of In-containing nitride alloys
may reflect different degrees of clustering of In atoms in
samples depending on growth conditions, growth methods,
and the substrates including their orientations. It would be
interesting to examine whether, in the latter context, nonpo-
lar and semipolar vs polar structures could cause differences.
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