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Chemically ordered Al,Ga;_,N alloys: Spontaneous formation of natural quantum wells
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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 orderedG¥%, N alloys (0<x<1). Our results reveal
that group-lli-nitride surfaces exhibit chemically highly sensitive adsorption sites at step edges and that these
sites can be used to kinetically engineer chemically orderg@al,N alloys. The ordered alloys have unique
properties:(i) the band gap is redshifted up to 110 meV with respect to the disordered alloy of the same
composition andii) the band gap reduction is caused by localization of the band edge wave functions in the
GaN layer. Ordered AGa 4N thus can be seen as a natural quantum well structure where electrons and holes
are localized and confined in monolayer GaN quantum wells.
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I. INTRODUCTION growth of nitride-based quantum wells with well-defined op-

Optical properties of nitride-based ternary compound§ical prc_)perties thereforg requires a new way to control a_lllqy
(Al,Ga,,N, InGa_N, GaAs, ,N) are distinguished from quc_tuatlons on an atomic level. The natL_JraI way to QO th_ls is
their classical arsenide- or phosphide-based counterpartg introduce order in form of monatomic superlattices into
(e.g., AlGa,_As, InGa_,As) by a number of anomalous the alloy.
optical properties such as a strong band-gap bowing and a Experimental and theoretical studie$ of ordering in
large Stokes shift between absorption and emission. Thedd-V semiconductor alloys having the zinc-blende structure
anomalous properties have been related to strong localizatidmave been able to link the thermodynamics and growth ki-
of the carrier wave function at the scale of the elementarynetics with the optical properties of the alloy. And though the
cell, which is a result of the strong dissimilarities of the existence of ordering in wurtzite nitride alloys has been
constituents of the alloy, e.g., in band offs¢is8 eV be- clearly established and studied by a number of authts
tween AIN and GalN and in lattice constant6~11% be- the corresponding link has not been elucidated until now. For
tween InN and GalN Exciton localization thus seems to be wurtzite, the ordered alloy consists in most cases of a “mon-
an intrinsic property of the alldy® and optical properties of atomic” superlattice formed of single Alkor InN) and GaN
these alloys depend on fluctuatiom® the scale of the alternating alond0001] (Fig. 1). This ordering leads to re-
nearest-neighbor distributionThus, even statistical fluctua- duction of the lattice symmetry frol®6;mc to P3mc but
tions on the atomic scal@s unavoidable for homogeneous does not change the size of the unit cell. While ordering has
but random/disordered alloysffect alloy properties. This been clearly observed no experimental information regarding
effect has important implications for device design: It makesthe formation of the ordered structur@®., whether they are
the formation of atomically sharp interfaces or of quantumof kinetic or thermodynamic naturer regarding their opti-
wells with precise thickness principally impossible. The cal propertiegcompared to random alloysre available.
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FIG. 1. Model of a monatomic superlattice consisting of alter- *1120 tOOOO : ©1120 0000
nating AIN and GaN layers. Group-1ll atoms B2 (T1) sites form . :
two (one bonds with the N atoms in the layer below. Growth of o . .

ordered alloys may occur by preferential incorporation(@b) at o o
B2 (T1) sites at the exposed facet, and by the lateral movement of FIG. 2. (a) and(b) Distribution of order domains in AGa; 4N
this facet across the surface. (x=0.56 before and after annealing at high temperature and high
pressure. Cross-sectional transmission electron dark-field images
In this paper we combine transmission electron micros< < taken with order-sensitive 0001 reflection under dark-field con-
- . - Lo .~ ditions[the corresponding electron diffraction patterns are shown in
copy and high-resolution x-ray experiments with first prin- . P
il lculati to studv structural and optical " éc) and (d), respectivelj. (@) Order domains in the as-grown
lep esdca (éuzlgns NO SllIJ y S(I;UC ural anT optica propﬁr e amples appear bright. Dark areas are disordered regions. Clear
Oh or edre J< ai_xb'l'a 0);5 (d<xj ). To compare tfe 0001 spots can be seen in the electron diffraction pattern taken
t ermcl). ynamic .sta It'ty toh'ofl; tere Str,:thuredeze r??\lr ormanng 1D0. (b) No order is present after annealing, as indicated by
annealing gxperlmgn S at hig emperq uré and hig _pre§ﬁe absence of the respective order spots in the electron diffraction.
sure. We find thati) ordered AJGa_,N is thermodynami-
cally unstable in the bulk. During growth it is induced at , .
surface steps and caused by the different coordination gi0Scopy has been performed in a Philipps CM 300 UT

group-1Il atoms at the step edged) The cathodolumines- microscope operated at 300 keV. Transmission electron dif-
cence of ordered AGa_,N alloys can be redshifted by up to fraction patterns have been recorded by a charge coupled

110 meV with respect to the disordered alloy of the samél€vice camera. The degree of order has been quantified by

composition i) The band gap reduction is caused by local-€valuation of the integral intensity ratio between the order
ization of the band edge wave functions in the GaN |ayer_sensitive 0001 superlattice reflection and the 0004 funda-

Ordered A|Ga,_N may therefore be viewed as a natural mental reflectio* Since electron diffraction is dynamical
-X

quantum well structure where electrons and holes are locafVen for moderate sample thickness we have to account in
ized in a monolayer GaN quantum well, 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 ordéor details see Ref. 17

To perform the studies we have grown 700—785-nm-thick
AlL,Ga,_,N layers onto sapphir@d00]) substrates by plasma-
enhanced molecular beam epitalyiBE) in a Riber P32 IIl. RESULTS: STRUCTURE
machine equipped with gallium and aluminum effusion cells. A. Experiment
Nitrogen radicals are produced by the OAR CARS25 radio _ o _
frequency plasma source with a nitrogen flow rate of Figure Zc) shows a typical transmission electron diffrac-
1.4 sccm(standard cubic centimeters per minuted a radio  ton pattern of an AlGa, N sample(x=0.56 taken along
frequency power of 440 W. The Aba_N layers were the[1100] zone axis. In addition to the wurtzite fundamental
grown at a temperature of 800-850 °C. Prior to thereflections, 0001 superlattice reflections can be seen, weaker
AlLGa N layers, AIN buffer layers with a thickness of in intensity than the fundamental reflections. These reflec-
100—200 nm were deposited at 1050 °C. The aluminuntions are indicative of a monoatomic AIN-GaN superlat-
concentration of the resulting layers has been determined hijce along the[0001] direction (Fig. 1). Dark-field images
high-resolution x-ray diffraction using the Extended Bondusing the 0001 superlattice reflectiphig. 2(a)] reveal the
Method?® Subsequently the grown specimens have been cyiresence of ordered and disordered domains: the highly or-
into two pieces of which one of each pair has been subjectedered regions are discernible by bright intensity. These do-
to annealing treatment6l350 °C, 9.5 kbar nitrogen pres- mains have a lateral extension ranging from 100 to 250 nm
sure. From these specimens plane-view and cross-sectionaind a thicknesgin the growth directioh between 3 and
electron transparent samples have been prepared by standd@inm. The size of these ordered regions increases from the
technigques including mechanical grinding and polishing fol-interface between the &ba_,N layer and AIN buffer layer
lowed by 4-keV Af ion milling. Transmission electron dif- to the surface. It is interesting to note that together with the
fraction, dark-field images and high resolution electron mi-increase in size the ordering improves—the ordering param-

Il. EXPERIMENTAL DETAILS
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eter goes fromS=0.25 (close to the interfageto S=0.35 periodic boundary conditionswe considered a number of
(close to the surfage ordered structures that have been constructed in such a way

Plane-view images show the presence of domain boundhat they mimic different local environments. Specifically,
aries between ordered and disordered regions by a faint linkne chalcopyrite structure, the CuPt structure, and luzonithe
contrast. The domains exhibiting ordering have trigonalstructures have been considered and in the following are re-
shape and appear related to the surface topology: atomferred to as the disordered structure. For all structures the
force microscopy(AFM) measurements show that for the lattice parameters and internal coordinates have been fully
growth conditions applied in this study the surface is formedrelaxed.

of hexagonal hillocks bound b{hh01} surface facets. The

inclination angle of the facets binding the hillocks<i$ with 2. Thermodynamic stability

respect td0001]. _ o Based on these structures the formation energy has been
Samples having a wide range of Al compositions havegg|culated as

been examinedx=0.240, 0.524, 0.564, 0.637, 0.78%\e

find, consistent with other studi@shat chemical ordering of ~ E; = Ei(Al,Ga N alloy) — XE(AIN) - (1 -X)Ei(GaN),

varying degree is present for all of these compositions. Since (1)

we are interested in the monolayer superlattice formation

with an Al concentration 0k=0.5, the order paramet&has ~ With Eior (AIN) andE;; (GaN) the total energies of bulk AIN

been quantified only for samples close to this composition. A&nd GaN. Our results show that the formation energies of the

maximum value close t8=0.35 has been found. Since elec- disordered structures are identical within the margin of error

tron diffraction is integrating over areas of 100 nm in diam- (0.1 meV/cation for these calculations. However, the 1:1

eter and 100 nm in thickness the order parameter is an avef0001] superlattice has a formation energy that is higher by

age over ordered and disordered domains. Thus the ord@0 meV per cation. The somewhat higher formation energy

parameter will be higher thaB=0.35 in the order domains in this case, where the layers are either all Al or all Ga,

themselves but cannot be measured because of the limitégsults from the uneven strain distribution. Since the covalent

resolution of our diffraction methotL00 nm). radius of Al is slightly smaller than that of Ga, there is a
Further insight into the formation of the alloys follows tensile strain in the Al layers and a compressive strain in the

from our study of the thermodynamic stability. After anneal- Ga layers. In disordered alloys, however, each layer contains

ing the sample for 5 h at 1350 °C and high nitrogen pressur@n equal number of Al and Ga atoms and so the net strain

(95 kbab the 0001 reflections have disappeared and no inbecomes Sma” In addition, there |S a redUCt-ion in free en-

dications for long-range order can be found in either thefrdy in the disordered structure arising from increased con-

high-resolution x-ray diffractograms or the electron diffrac- figurational entropy. This effect is significant at the growth

field image and an electron diffractogram taken al()hﬂ)o) favors the disordered strgcture. Thus, Fhe theorgtical results
after annealing The results of the x-ray diffraction Extended are in full accordance with our _anneallng experiments: the
) ordered structure ithermodynamically unstahle
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: We have therefore studied whether a kinetic mechanism
In all cases the order disappears upon annealing. We therescently proposed for j&a_,N alloys can be used to ex-
fore conclude that the thermodynamic stable configuration oplain the ordering. According to this mod@lthe occupation
Al,Ga N alloys is disordered: The formation of the ordered statistics of metal atoms on the group Il sublattice is gov-
structures must be induced by kinetic growth processes. erned by the local energy balance at the growth surface, con-

sisting of{1101} facets: Metal atoms &2 sites in Fig. 1 are

3. Kinetically driven ordering

bound to two N atoms in the layer below, while the atoms in
B. Theory .
T1 positions are bound to only one N atom. In our case the
1. Fundamentals Al—N bond is stronger than the GaN bond. Thus the

In order to explore possible mechanisms leading to orderSyStém can minimize its energy during growth by incorpo-
ing density-functional calculations in the plane-waverating Al atoms preferably oB2 sites where two N bonds
pseudopotential approach as implemented in sheingx ~— ¢an be saturated. We have performed density-functional
codé?® have been employed. Specifically, Troullier-Martin theory (DFT) calculations for the(1101) surface and find
pseudopotential® a plane-wave cutoff of 70 Ry, and the that the energy reduction obtained upon exchanging an Al
Perdew-Berke-Ernzernot generalized gradient approximatioatom bound to &1 site with a Ga atom bound toB? site is
to describe exchange and correlation have been used. An67 eV. This energy is large comparedkid at the growth
equivalent of 4< 4 X 1 Monkhorst-Paclk-point sampling for  temperature and therefore this mechanism provides a signifi-
the unit cell has been applied. The ordered structures haweant driving force for ordering.
been described in a1 supercell where GaN and AIN lay- It should be mentioned that the mechanism giving rise to
ers alternate alon0001]. To represent disordered alloys order in the present case is quite different from that discussed
within a supercell formalism{which intrinsically contains for 1lI-V zinc-blende alloys grown on thé001) surface: In
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FIG. 4. (Color online Contour plots of the valence band states
in ordered and disordered /8a,_,N (x=0.5. (a) For the 1X1
ordered structure a strong localization of the valance band state at N
atoms bound to three Ga atoiti®., in the GaN layercan be seen.

(b) For the disordered sample the wave function is no longer con-
fined to the GaN layer and thus more delocalized.

FIG. 3. (Color online PhotoluminescencéL) and cathodolu-
minescence(CL) data of ordered and disordered 8k N
samples.(a) Transmission electron microscopy cathodolumines-
cence spectra taken at 80of ordered(as-grown and disordered
(annealefl samples under identical excitation conditions. The CL
peak of the ordered sample is redshifted but has an increased full
width at half maximum(b) CL peak position of ordered and disor- all of the disordered structures is 3.03+0.01 eV, while that
dered samples throughout the whole range of Al concentration. Théor the ordered structure is 2.95 eV. Thus, the calculated red-
redshift of ordered samples with respect to the disordered ones shift arising from ordering is~80 meV. This is lower than
maximum for an Al fraction arounsl=0.5. the experimental value of 140 meV, and agrees very well

with the value of 90 meV obtained by Dudiy and Zuriger
that case the order is thought to arise from the strain fieldsising a similar approactDFT local density approximation
caused by surface dimers occurring in specific surface recorfo explain the physical nature of the reduction in band gap
structions(see, for example, Ref)5In contrast, formation of  with 1 1 ordering, we compare the valence band and con-
order in wurtzite semiconductors requires diffusion of ada-duction band wave function for the chalcopyritésorderegl
toms to the step edges or vicinal facets, where they incorpaand for the Ix 1 superlatticelordered structure. As can be
rate at preferred sites. This can be expected for high growtbeen from Fig. @) the p-like valence band of the disordered
temperatures and low growth rates and fits well experimentadtructure is delocalized. In contrast to that, the valence band
observations by Eblingt al?! 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 1X 1 superlattice. The same localizétklocalized char-
A. Experiment acter has been found also for tlsdike conduction band

The optical properties of ordered &a, N are discussed wave functions of the orderedlisordered structures. This

next. A comparison of the calculated band gap of the OrolereSssentially resembles localization of electrons and holes in a

and the disordered structures shows that the band gap of ﬂ;{ngonatomlc GaN quantum well embedded in monatomic AIN

1X 1 superlattice structure is reduced by 100 meV with re_bar_rier_s. The origin of band—g_ap reduction _is th_us carrier lo-
spect to that of the various disordered structures, which aﬁallzatlon anq not level rep_uIS|on due to BnIIogm zone fold-
have the same band gap within the error of our calculation9 (the dom|nat|_ng effect in ba.”d'gap reducUon of ordered
Experimentally the effect of ordering on the optical proper_zmc-blende_semlconduct_éifs Brillouin zone folding d_oes
ties has been studied by cathodoluminescéts and pho- not occur in wurtzite since the presentx1 ordering

tolumenescencéPL). Figure 3a) shows cathodolumines- changes only the occupation of the unit cell, while the peri-

cence spectra of as-growiine., orderegi and annealedi.e odicity along thec axis is unchanged. In order to estimate the

disordered Al,Ga,_N sampléé Withx=0.56. The CL péék difference between the two mechanisms we performed addi-
X X o

position of the ordered sample shows a pronounced redshiﬁ’pnaI calculations for ordered _and _d|sordered cubic

of 140 meV with respect to the disordered sample. Furthel’-A‘IXGafl.‘X’.\I alloys. The r_esults a.re I'Steq n Table | and are

more the ordered sample shows an increased full width afery similar to the wurtzite case: Qrdenng is thermodynami-

half maximum(FWHM) and an increased CL and PL peak ca[ly unstable and the b_and gap increases by 60 meV when

intensity compared to the disordered sample under identicd°'"Y from ordered to disordered structures.

excitation conditions. Figure(B) summarizes the cathodolu-

minescence peak positions pf or_dered and disordered V. CONCLUSIONS

samples throughout the whole investigated range of concen-

trations. As can be expected the redshift is most pronounced From a combined experimental and theoretical approach

for the alloys arounc=0.5. we have shown that ordering in wurtzite, &la; _,N alloys is

introduced due to growth kinetics at surface steps and is
B. Theory caused by the energy difference of the bonds between
Our calculations of the electronic structures performed forAl—N and Ga—N. Ordering in nitrides, thus, requires a
the various atomic structures indicates that the band gap farowth regime that allows adatoms to diffuse to the step

IV. RESULTS: OPTICAL PROPERTIES
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TABLE I. Calculated lattice constant/« ratio, and band gap change of symmetry froh9 (for GaN) to I'7 of the valence
for zinc blende(ZB) and wurtzite GaN, AN, and AlGasN or-  band maximum for Al concentrations>4% 23 The change
dered and disordered alloys. of the valence band symmetry, when going from GaN to
AIN, is caused by the stronger ionicity of AIN. It causes a
Phase a (bohn c/la Egsp(eV) transfer of almost the entire optical oscillator strengttk at
=0 for the fundamental band gap totransitions, i.e., with

GaN Wz 6.04 1.63 2.06 the electrical field parallel to the axis. Thus light emission

AN wz 590 1.60 4.13 alongc is strongly reduced in structures with high Al con-
AlosGay sN ordered wz 5.97 162 2.95  centrations, which is negative for surface-emitting devices.
AlgsGap sN disordered wz 5.97 1.62 3.03 Ordering leads to a change in the sequence of the valence
GaN ZB 8.53 — 1.86 bands back to that found in Gal:This is an interesting
AIN ZB 8.31 — 4.06 option, e.g., for vertical cavity surface-emitting lasers in the
AloGay N ordered z8 841 — 280  deepuvregion.

Al sGa 5N disordered ZB 8.42 — 2.86
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