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We combine transmission electron microscopy, high-resolution x-ray diffraction, cathodoluminescence, and
photoluminescence experiments with first-principles calculations to study the formation, thermodynamic sta-
bility, structural, and optical properties of chemically ordered AlxGa1−xN alloys s0,x,1d. Our results reveal
that group-III-nitride surfaces exhibit chemically highly sensitive adsorption sites at step edges and that these
sites can be used to kinetically engineer chemically ordered AlxGa1−xN alloys. The ordered alloys have unique
properties:sid the band gap is redshifted up to 110 meV with respect to the disordered alloy of the same
composition andsii d the band gap reduction is caused by localization of the band edge wave functions in the
GaN layer. Ordered AlxGa1−xN thus can be seen as a natural quantum well structure where electrons and holes
are localized and confined in monolayer GaN quantum wells.

DOI: 10.1103/PhysRevB.71.035314 PACS numberssd: 78.67.2n, 61.14.2x, 71.20.2b

I. INTRODUCTION

Optical properties of nitride-based ternary compounds
sAl xGa1−xN, InxGa1−xN, GaxAs1−xNd are distinguished from
their classical arsenide- or phosphide-based counterparts
se.g., AlxGa1−xAs, InxGa1−xAsd by a number of anomalous
optical properties such as a strong band-gap bowing and a
large Stokes shift between absorption and emission. These
anomalous properties have been related to strong localization
of the carrier wave function at the scale of the elementary
cell, which is a result of the strong dissimilarities of the
constituents of the alloy, e.g., in band offsetss1.8 eV be-
tween AlN and GaNd and in lattice constantss,11% be-
tween InN and GaNd. Exciton localization thus seems to be
an intrinsic property of the alloy1–3 and optical properties of
these alloys depend on fluctuationson the scale of the
nearest-neighbor distribution. Thus, even statistical fluctua-
tions on the atomic scalesas unavoidable for homogeneous
but random/disordered alloysd affect alloy properties. This
effect has important implications for device design: It makes
the formation of atomically sharp interfaces or of quantum
wells with precise thickness principally impossible. The

growth of nitride-based quantum wells with well-defined op-
tical properties therefore requires a new way to control alloy
fluctuations on an atomic level. The natural way to do this is
to introduce order in form of monatomic superlattices into
the alloy.

Experimental and theoretical studies4–7 of ordering in
III-V semiconductor alloys having the zinc-blende structure
have been able to link the thermodynamics and growth ki-
netics with the optical properties of the alloy. And though the
existence of ordering in wurtzite nitride alloys has been
clearly established and studied by a number of authors8–15,
the corresponding link has not been elucidated until now. For
wurtzite, the ordered alloy consists in most cases of a “mon-
atomic” superlattice formed of single AlNsor InNd and GaN
alternating alongf0001g sFig. 1d. This ordering leads to re-
duction of the lattice symmetry fromP63mc to P3mc but
does not change the size of the unit cell. While ordering has
been clearly observed no experimental information regarding
the formation of the ordered structuressi.e., whether they are
of kinetic or thermodynamic natured or regarding their opti-
cal propertiesscompared to random alloysd are available.
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In this paper we combine transmission electron micros-
copy and high-resolution x-ray experiments with first prin-
ciples calculations to study structural and optical properties
of ordered AlxGa1−xN alloys s0,x,1d. To compare the
thermodynamic stability of ordered structures we perform
annealing experiments at high temperature and high N pres-
sure. We find thatsid ordered AlxGa1−xN is thermodynami-
cally unstable in the bulk. During growth it is induced at
surface steps and caused by the different coordination of
group-III atoms at the step edges.sii d The cathodolumines-
cence of ordered AlxGa1−xN alloys can be redshifted by up to
110 meV with respect to the disordered alloy of the same
composition.siii d The band gap reduction is caused by local-
ization of the band edge wave functions in the GaN layer.
Ordered AlxGa1−xN may therefore be viewed as a natural
quantum well structure where electrons and holes are local-
ized in a monolayer GaN quantum well.

II. EXPERIMENTAL DETAILS

To perform the studies we have grown 700–785-nm-thick
Al xGa1−xN layers onto sapphires0001d substrates by plasma-
enhanced molecular beam epitaxysMBEd in a Riber P32
machine equipped with gallium and aluminum effusion cells.
Nitrogen radicals are produced by the OAR CARS25 radio
frequency plasma source with a nitrogen flow rate of
1.4 sccmsstandard cubic centimeters per minuted and a radio
frequency power of 440 W. The AlxGa1−xN layers were
grown at a temperature of 800–850 °C. Prior to the
Al xGa1−xN layers, AlN buffer layers with a thickness of
100–200 nm were deposited at 1050 °C. The aluminum
concentration of the resulting layers has been determined by
high-resolution x-ray diffraction using the Extended Bond
Method.16 Subsequently the grown specimens have been cut
into two pieces of which one of each pair has been subjected
to annealing treatmentss1350 °C, 9.5 kbar nitrogen pres-
sured. From these specimens plane-view and cross-sectional
electron transparent samples have been prepared by standard
techniques including mechanical grinding and polishing fol-
lowed by 4-keV Ar+ ion milling. Transmission electron dif-
fraction, dark-field images and high resolution electron mi-

croscopy has been performed in a Philipps CM 300 UT
microscope operated at 300 keV. Transmission electron dif-
fraction patterns have been recorded by a charge coupled
device camera. The degree of order has been quantified by
evaluation of the integral intensity ratio between the order
sensitive 0001 superlattice reflection and the 0004 funda-
mental reflection.24 Since electron diffraction is dynamical
even for moderate sample thickness we have to account in
addition for the sample thickness. We use the integral inten-
sity ratio between the 0001 and 0003 reflection to determine
the thickness since this ratio depends exclusively on the
thickness and is insensitive to ordersfor details see Ref. 17d.

III. RESULTS: STRUCTURE

A. Experiment

Figure 2scd shows a typical transmission electron diffrac-
tion pattern of an AlxGa1−xN samplesx=0.56d taken along

the f11̄00g zone axis. In addition to the wurtzite fundamental
reflections, 0001 superlattice reflections can be seen, weaker
in intensity than the fundamental reflections. These reflec-
tions are indicative of a monoatomic AlNuGaN superlat-
tice along thef0001g direction sFig. 1d. Dark-field images
using the 0001 superlattice reflectionfFig. 2sadg reveal the
presence of ordered and disordered domains: the highly or-
dered regions are discernible by bright intensity. These do-
mains have a lateral extension ranging from 100 to 250 nm
and a thicknesssin the growth directiond between 3 and
10 nm. The size of these ordered regions increases from the
interface between the AlxGa1−xN layer and AlN buffer layer
to the surface. It is interesting to note that together with the
increase in size the ordering improves—the ordering param-

FIG. 1. Model of a monatomic superlattice consisting of alter-
nating AlN and GaN layers. Group-III atoms atB2 sT1d sites form
two soned bonds with the N atoms in the layer below. Growth of
ordered alloys may occur by preferential incorporation AlsGad at
B2 sT1d sites at the exposed facet, and by the lateral movement of
this facet across the surface.

FIG. 2. sad andsbd Distribution of order domains in AlxGa1−xN
sx=0.56d before and after annealing at high temperature and high
pressure. Cross-sectional transmission electron dark-field images
are taken with order-sensitive 0001 reflection under dark-field con-
ditionsfthe corresponding electron diffraction patterns are shown in
scd and sdd, respectivelyg. sad Order domains in the as-grown
samples appear bright. Dark areas are disordered regions. Clear
0001 spots can be seen in the electron diffraction pattern taken

along 11̄00. sbd No order is present after annealing, as indicated by
the absence of the respective order spots in the electron diffraction.
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eter goes fromS=0.25 sclose to the interfaced to S=0.35
sclose to the surfaced.

Plane-view images show the presence of domain bound-
aries between ordered and disordered regions by a faint line
contrast. The domains exhibiting ordering have trigonal
shape and appear related to the surface topology: atomic
force microscopysAFMd measurements show that for the
growth conditions applied in this study the surface is formed

of hexagonal hillocks bound byhhh̄01j surface facets. The
inclination angle of the facets binding the hillocks is,3 with
respect tof0001g.

Samples having a wide range of Al compositions have
been examinedsx=0.240, 0.524, 0.564, 0.637, 0.787d. We
find, consistent with other studies,9 that chemical ordering of
varying degree is present for all of these compositions. Since
we are interested in the monolayer superlattice formation
with an Al concentration ofx=0.5, the order parameterShas
been quantified only for samples close to this composition. A
maximum value close toS=0.35 has been found. Since elec-
tron diffraction is integrating over areas of 100 nm in diam-
eter and 100 nm in thickness the order parameter is an aver-
age over ordered and disordered domains. Thus the order
parameter will be higher thanS=0.35 in the order domains
themselves but cannot be measured because of the limited
resolution of our diffraction methods100 nmd.

Further insight into the formation of the alloys follows
from our study of the thermodynamic stability. After anneal-
ing the sample for 5 h at 1350 °C and high nitrogen pressure
s9.5 kbard the 0001 reflections have disappeared and no in-
dications for long-range order can be found in either the
high-resolution x-ray diffractograms or the electron diffrac-
tion patternsfsee Figs. 2sbd and 2scd, which show a dark-

field image and an electron diffractogram taken alongk11̄00l
after annealingg. The results of the x-ray diffraction Extended
Bond measurements shows that the Al concentration of as-
grown and annealed samples is identical, while the compres-
sive stress in the layers is slightly increased after annealing.
Annealing experiments have been performed for all samples:
In all cases the order disappears upon annealing. We there-
fore conclude that the thermodynamic stable configuration of
Al xGa1−xN alloys is disordered: The formation of the ordered
structures must be induced by kinetic growth processes.

B. Theory

1. Fundamentals

In order to explore possible mechanisms leading to order-
ing density-functional calculations in the plane-wave
pseudopotential approach as implemented in theSFHINGX

code18 have been employed. Specifically, Troullier-Martin
pseudopotentials,19 a plane-wave cutoff of 70 Ry, and the
Perdew-Berke-Ernzernot generalized gradient approximation
to describe exchange and correlation have been used. An
equivalent of 43431 Monkhorst-Packk-point sampling for
the unit cell has been applied. The ordered structures have
been described in a 131 supercell where GaN and AlN lay-
ers alternate alongf0001g. To represent disordered alloys
within a supercell formalismswhich intrinsically contains

periodic boundary conditionsd, we considered a number of
ordered structures that have been constructed in such a way
that they mimic different local environments. Specifically,
the chalcopyrite structure, the CuPt structure, and luzonithe
structures have been considered and in the following are re-
ferred to as the disordered structure. For all structures the
lattice parameters and internal coordinates have been fully
relaxed.

2. Thermodynamic stability

Based on these structures the formation energy has been
calculated as

Ef = EtotsAl xGa1−xN alloyd − xEtotsAlN d − s1 − xdEtotsGaNd,

s1d

with Etot sAlN d andEtot sGaNd the total energies of bulk AlN
and GaN. Our results show that the formation energies of the
disordered structures are identical within the margin of error
s0.1 meV/cationd for these calculations. However, the 1:1
f0001g superlattice has a formation energy that is higher by
3.0 meV per cation. The somewhat higher formation energy
in this case, where the layers are either all Al or all Ga,
results from the uneven strain distribution. Since the covalent
radius of Al is slightly smaller than that of Ga, there is a
tensile strain in the Al layers and a compressive strain in the
Ga layers. In disordered alloys, however, each layer contains
an equal number of Al and Ga atoms and so the net strain
becomes small. In addition, there is a reduction in free en-
ergy in the disordered structure arising from increased con-
figurational entropy. This effect is significant at the growth
temperaturefof the order lns2dkBT<0.67kBT for x=0.5g and
favors the disordered structure. Thus, the theoretical results
are in full accordance with our annealing experiments: the
ordered structure isthermodynamically unstable.

3. Kinetically driven ordering

We have therefore studied whether a kinetic mechanism
recently proposed for InxGa1−xN alloys can be used to ex-
plain the ordering. According to this model,20 the occupation
statistics of metal atoms on the group III sublattice is gov-
erned by the local energy balance at the growth surface, con-

sisting ofh11̄01j facets: Metal atoms atB2 sites in Fig. 1 are
bound to two N atoms in the layer below, while the atoms in
T1 positions are bound to only one N atom. In our case the
Al uN bond is stronger than the GauN bond. Thus the
system can minimize its energy during growth by incorpo-
rating Al atoms preferably onB2 sites where two N bonds
can be saturated. We have performed density-functional

theory sDFTd calculations for thes11̄01d surface and find
that the energy reduction obtained upon exchanging an Al
atom bound to aT1 site with a Ga atom bound to aB2 site is
0.67 eV. This energy is large compared tokBT at the growth
temperature and therefore this mechanism provides a signifi-
cant driving force for ordering.

It should be mentioned that the mechanism giving rise to
order in the present case is quite different from that discussed
for III-V zinc-blende alloys grown on thes001d surface: In
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that case the order is thought to arise from the strain fields
caused by surface dimers occurring in specific surface recon-
structionsssee, for example, Ref. 5d. In contrast, formation of
order in wurtzite semiconductors requires diffusion of ada-
toms to the step edges or vicinal facets, where they incorpo-
rate at preferred sites. This can be expected for high growth
temperatures and low growth rates and fits well experimental
observations by Eblinget al.21

IV. RESULTS: OPTICAL PROPERTIES

A. Experiment

The optical properties of ordered AlxGa1−xN are discussed
next. A comparison of the calculated band gap of the ordered
and the disordered structures shows that the band gap of the
131 superlattice structure is reduced by 100 meV with re-
spect to that of the various disordered structures, which all
have the same band gap within the error of our calculation.
Experimentally the effect of ordering on the optical proper-
ties has been studied by cathodoluminescencesCLd and pho-
tolumenescencesPLd. Figure 3sad shows cathodolumines-
cence spectra of as-grownsi.e., orderedd and annealedsi.e,
disorderedd Al xGa1−xN samples withx=0.56. The CL peak
position of the ordered sample shows a pronounced redshift
of 140 meV with respect to the disordered sample. Further-
more the ordered sample shows an increased full width at
half maximumsFWHMd and an increased CL and PL peak
intensity compared to the disordered sample under identical
excitation conditions. Figure 3sbd summarizes the cathodolu-
minescence peak positions of ordered and disordered
samples throughout the whole investigated range of concen-
trations. As can be expected the redshift is most pronounced
for the alloys aroundx=0.5.

B. Theory

Our calculations of the electronic structures performed for
the various atomic structures indicates that the band gap for

all of the disordered structures is 3.03±0.01 eV, while that
for the ordered structure is 2.95 eV. Thus, the calculated red-
shift arising from ordering is,80 meV. This is lower than
the experimental value of 140 meV, and agrees very well
with the value of 90 meV obtained by Dudiy and Zunger22

using a similar approachsDFT local density approximationd.
To explain the physical nature of the reduction in band gap
with 131 ordering, we compare the valence band and con-
duction band wave function for the chalcopyritesdisorderedd
and for the 131 superlatticesorderedd structure. As can be
seen from Fig. 4sad thep-like valence band of the disordered
structure is delocalized. In contrast to that, the valence band
wave function of the ordered structure is localized at the N
atom that is bound to three Ga atoms, i.e, in the GaN layer of
the 131 superlattice. The same localizedsdelocalizedd char-
acter has been found also for thes-like conduction band
wave functions of the orderedsdisorderedd structures. This
essentially resembles localization of electrons and holes in a
monatomic GaN quantum well embedded in monatomic AlN
barriers. The origin of band-gap reduction is thus carrier lo-
calization and not level repulsion due to Brillouin zone fold-
ing sthe dominating effect in band-gap reduction of ordered
zinc-blende semiconductors5d. Brillouin zone folding does
not occur in wurtzite since the present 131 ordering
changes only the occupation of the unit cell, while the peri-
odicity along thec axis is unchanged. In order to estimate the
difference between the two mechanisms we performed addi-
tional calculations for ordered and disordered cubic
Al xGa1−xN alloys. The results are listed in Table I and are
very similar to the wurtzite case: Ordering is thermodynami-
cally unstable and the band gap increases by 60 meV when
going from ordered to disordered structures.

V. CONCLUSIONS

From a combined experimental and theoretical approach
we have shown that ordering in wurtzite AlxGa1−xN alloys is
introduced due to growth kinetics at surface steps and is
caused by the energy difference of the bonds between
Al uN and GauN. Ordering in nitrides, thus, requires a
growth regime that allows adatoms to diffuse to the step

FIG. 3. sColor onlined PhotoluminescencesPLd and cathodolu-
minescencesCLd data of ordered and disordered AlxGa1−xN
samples.sad Transmission electron microscopy cathodolumines-
cence spectra taken at 90K of orderedsas-grownd and disordered
sannealedd samples under identical excitation conditions. The CL
peak of the ordered sample is redshifted but has an increased full
width at half maximum.sbd CL peak position of ordered and disor-
dered samples throughout the whole range of Al concentration. The
redshift of ordered samples with respect to the disordered ones is
maximum for an Al fraction aroundx=0.5.

FIG. 4. sColor onlined Contour plots of the valence band states
in ordered and disordered AlxGa1−xN sx=0.5d. sad For the 131
ordered structure a strong localization of the valance band state at N
atoms bound to three Ga atomssi.e., in the GaN layerd can be seen.
sbd For the disordered sample the wave function is no longer con-
fined to the GaN layer and thus more delocalized.
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edges, i.e., comparatively high growth temperatures and low
growth rates, respectively. Once formed the order is ex-
tremely stable because of the low diffusion coefficients in
nitride semiconductors. Ordering reduces the band gap due
to localization in quantum-well-like states, i.e., ordered ni-
trides behave as a natural multi-quantum well structure.
Since the degree of order can be controlled by growth tem-
perature or growth rate, lattice-matched heterostructures con-
sisting of ordered and disordered AlxGa1−xN of the same
composition become possible. This could be of interest, be-
cause one could completely reduce the piezoelectric fields in
Al xGa1−xN-based quantum well structures. Moreover, or-
dered alloys could solve the problems that are caused by the

change of symmetry fromG9 sfor GaNd to G7 of the valence
band maximum for Al concentrationsx.4%.23 The change
of the valence band symmetry, when going from GaN to
AlN, is caused by the stronger ionicity of AlN. It causes a
transfer of almost the entire optical oscillator strength atk
=0 for the fundamental band gap top transitions, i.e., with
the electrical field parallel to thec axis. Thus light emission
along c is strongly reduced in structures with high Al con-
centrations, which is negative for surface-emitting devices.
Ordering leads to a change in the sequence of the valence
bands back to that found in GaN:22 This is an interesting
option, e.g., for vertical cavity surface-emitting lasers in the
deep uv region.
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