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Soft-x-ray-emission and -absorption spectroscopies with their elemental specificities are used to determine
the local electronic structure of N atoms in @8AsN diluted semiconductor alloyédN concentrations about
3%) in view of applications of such materials in optoelectronics. Deviations of the N local electronic structure
in Galn)AsN from the crystalline state in GaN are dramatic in both valence and conduction bands. In
particular, a depletion of the valence-band maximum in the N local charge, taking place at the N impurities,
appears as one of the fundamental origins of reduced optical efficiency(bf)&sN. Incorporation of In in
large concentrations forms In-rich N local environments such gs Which become the main recombination
centers in GalnAsN. Furthermore kacharacter of some valence and conduction states, despite the random-
alloy nature of GAn)AsN, manifests itself in resonant inelastic x-ray scattering.
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[. INTRODUCTION experimental verification is complicated by significant scat-
ter in the experimental results depending on the sample
Galn)AsN semiconductor alloys are new promising op- preparation. Despite significant advances in understanding of
toelectronic materials, whose potential applications rangéhe band-gap narrowing in @a)AsN alloys, mechanisms
from efficient solar cells to laser diodes operating in theresponsible for degradation of their optical efficiency are still
long-wavelength rangen(~ 1.3 um) which fits the transpar- ot completely clear. _
ency window of optofibers used in local networks. A remark- A vast amount of the experimental data on thelG@sN
able property of the Gin)AsN alloys is an extremely strong and S|m|lar alloys has bee|_’1 obtained using optical spec-
dependence of the band-gap widjon the N content, char- :roscop|es such as phot'(IJIl:_mmefscef(‘I%b) and _eIeRctrfolfl(‘aJﬂec-
acterized by a giant bowing coefficient witdE,/dx ance(iee, e'g'i a colmpl ation ot re (;renbcesdln of. W- d
=15-20 eV(see, e.g., Ref.)1 This figure is more than one ever, they are largely restricted to the band-gap region, an

: . ive in general only bare positions of the energy levels with-
order of magnitude larger compared to the convenuonag 9 y P gy

. . . ut any direct information about spatial localization or or-
[1I-V alloys, which suggests that physical mechanisms toE y b

ite diff ) ital character of wave functions. Such an information can
narrow the band gap are quite different. A disadvantage of o 5 hieved by soft-x-ray-emissid®XE) and soft-x-ray-

the Galn)AsN alloys is however their low optical efficiency apsorptionSXA) spectroscopies with their specificity on the
compared to conventional 1ll-V alloys such as GaAs andchemical element and orbital characteee, e.g., a recent
AlAs. review in Ref. 6. Although their energy resolution, intrinsi-
Physics of GAn)AsN and related alloys has been under cally limited by the core-hole lifetime, never matches that of
intense study during the last few yedsee Refs. 1-5, and the optical spectroscopies, they give an overall picture of the
references therejnDue to a strong difference in the N and electronic structure on the energy scale of the whole valence
As scattering potentials, insertion of N atoms into the hosband(VB) and conduction bandCB). Moreover, as the or-
lattice results in a giant perturbation of the electronic struc-bital selection rules involve the core state and thus engage
ture and formation of fundamentally new electronic stateghe VB and CB states different from those engaged in optical
such as resonant impurity states. Their hybridization with theransitions, the soft-x-ray spectroscopies give a complemen-
host states in the conduction band strongly perturbs anthry view of the electronic structure. Because of the small
shifts these states to lower energies, which narrows the baratomic concentrations in diluted alloys such agI@#sN,
gap. Different local environments of N atoms such as iso-and small cross section of the SXA and SXE processes, these
lated impurities, N-N pairs, and various clusters form differ-experiments require the use of third-generation synchrotron
ent states hybridizing with each other. Because of the imradiation sources, providing soft x rays at high intensity and
mense complexity of such a system no exhaustive theoretic@irilliance, and high-resolution SXE spectrometers with mul-
treatment exists up to now. Different approaches such as thichannel detectiof.
empirical pseudopotential supercell metHdd, first- Extending our pilot work we here present experimental
principles pseudopotential methddand band anticrossing SXE and SXA data on Gin)AsN diluted alloys, which un-
modef often give conflicting predictions. Moreover, their veil the local electronic structure of N impurities through the
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whole VB and CB. This yields fundamental physics of modified SX-700 plane grating monochromator and a high-
Galn)AsN and related alloys, in particular, electronic struc-resolution Rowland-mount grazing incidence spectrontéter.
ture origins of their limited optical efficiency, effect of In on SXE/SXA measurements employed the N dore level at
the N local environments and electronic structure, &d =~400 eV.

character of some VB and CB states coupled by resonant The SXA spectra were recorded in the fluorescence yield

inelastic x-ray scatteringRIXS). (FY), because due to the thick cap layer the electron yield
did not show any N & absorption structure. The measure-
[l. EXPERIMENTAL PROCEDURE AND RESULTS ments were performed in partial FY using the SXE spectrom-

eter operated slitless. It was adjusted at a photon energy win-
dow centered at the NK-emission line and covering an
The Gdln)AsN samples were grown by molecular-beaminterval, in the first order of diffraction, from some 320 to
epitaxy (MBE) at an EP-1203 machin®ussia equipped by 470 eV. The signal was detected with the spectrometer
solid-phase Ga, In, and As sources and a radio frequengyosition-sensitive detector as the integral fluorescence within
plasma N source. Details of the growth procedure andhis energy window. Interestingly, usual measurements in the
sample characterization are given elsewHeRxiefly, the  total FY (detected with a microchannel plate detector in front
growth was performed on a Ga@91) substrate at 430 °C in  of the samplgreturned considerably different spectra. This is
As-rich conditions. The active layer in our GaAsN and Galn-possibly because the total FY is more susceptible to irrel-
AsN samples was grown, respectively, as Gafi¥y o3 With  evant contributions due to higher-order incident light and
a thickness of 200 A, and i, Gay 98ASp.oMNo 03 With a thick-  low-energy photoelectron bremsstrahlung fluorescence, sig-
ness of 240 A(growth of thicker layers was hindered by nificant with our low N concentrations in the host material.
phase segregatipnThe concentrations of In and N were As the partial FY measurements are characterized by signifi-
checked by high-resolution x-ray rocking curves. A buffercant intensity loss due to smaller acceptance angle of the
layer between the substrate and thgl@#sN active layer, spectrometer, we operated the monochromator at an energy
and a cap layer on top of it were grown each as a 50-A-thickesolution of 0.45 eV full width at half maximuttFWHM)
AlAs layer sandwiched between two 50-A-thick GaAs lay- [the N 1s lifetime broadening is about 0.1 elRef. 14].
ers. Such an insertion of wide band-gap AlAs is a usual The synchrotron-radiation excited SXE spectra were mea-
method to increase the PL intensity by confining the carriersured, in view of the low cross section of the SXE process
in the Gdln)AsN layer. Moreover, a high-temperature an- and small N concentration, with the monochromator resolu-
nealing of the grown structure can be performed after depotion lowered to ~1.5 eV and to~0.5 eV for the off-
sition of AlAs in the cap layer without desorption of GaAs. resonance and resonant spectra, respectively. The spectrom-
Such an annealing lasts about 10 min at 700-750 °C. Theter was operated with a spherical grating of 5 m radius and
resulting improvement of the Ga)AsN layer crystal quality 400 lines/mm groove density in the first order of diffraction,
typically increases the PL intensity by a factor of 10-20. providing a resolution of~1.2 eV. The signal from the
The annealing effect on the local environments of N at-position-sensitive detector was aberration corrected using
oms is less clear. The N impurities are known to interact withthird-order polynomial fitting and normalized to the total il-
each other due to long-range lattice relaxation and long tailfuminated area in each channel on the detector. Normal data
of their wave functions down to N concentrations of 0.4%, acquisition time was 2-5 h per spectrum. Despite the cap
which translates to a characteristic interaction length of 60 Alayer we could also gea N signal under 3.5-keV electron-
We expect that on this length scale the annealing can prdbeam excitation, although on top of strong bremsstrahlung
mote energetically favorable N local environments. Inbackground, but this was not suitable for resonant measure-
GaAsN such environments are, for examgE0)-oriented  ments.
N pairs! In the GalnAsN quaternary alloy the situation is  Energy calibration of the spectrometer was performed in

more compli_cate_d: whereas as-grown samples h.avg_nearabsmme photon energies employing the Lyi Loy, and
random distributions of In and N atoms with a S|gn|f|cant|_ﬁ lines seen in the second order of diffraction. Abberations
fraction of InAs clusters having small chemical bond energy, "*

the annealing should promote formation of In-N bonds prO_in the dispersion direction of the position-sensitive detector

viding better lattice match to the GaAs substrate and thud/ere corrected by setting an energy scale as a function of the

minimizing the strain energy In any case, on a length scale (L;’hanr:jel ntL;]mbeIr Esmg Eeqong;(oléder %olynt(r)]mlal f|tt|nhg.
larger than the N interaction length the annealing should im- ased on the €fastic peaxs in spectra, the monochro-

prove homogeneity of the N concentration. This is of para_mator was then calibrated in the same absolute energy scale

mount importance, in particular, for our experiment becaus%—f\'Ith an accuracy of about-0.15 eV.
due to the giant bowing coefficient of Ga)AsN any fluc-

tuations of the N concentration should result in significant C. Experimental results
fluctuations of the electronic structdté? and therefore in
smearing of spectral structures.

A. Sample growth

Our experimental N & SXA spectra(measured in the
partial FY) (Ref. 15 and off-resonant SXE specttaxcita-
tion energy of 420 eV, well above the absorption threshold
of the GaAg 9N o3 and Gg 9o oASo.90MNo 03 SaMples are

The SXE/SXA experiments were performed in MAX lab, shown in Fig. 1(upper panel. The binding-energy scale is
Sweden, at the undulator beam line 1511-3 equipped with &et relative to the VB maximurfV/BM) determined, roughly,

B. SXE/SXA measurements
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384 386 388 390 392 394 396 398 400 402 404  hv (eV) Ill. DISCUSSION
A. Overall picture of the electronic structure

The experimental SXA and off-resonance SXE spectra in
GaAsNoos Fig. 1 reflect, by the dipole selection rules requiring that the
orbital quantum numbdrbe changed by-1, thep compo-
nent of the density of state®OS) locally in the N core
region. Thep component, by analogy with crystalline GaN,
should in fact dominate the total DOS through the whole VB
and CB region. Core excitonic effects are presumably less
significant because the direct recombination pedkes not
— L N show up in our SXE spectra. Splitting of the VBM into the
42 10 -8 6 4 2 0 2 4 6 BEEgeY) light- and heavy-hole subbands due to a strain imposed by
the GaAs substraté, being about a few tenths of eV is be-
low our experimental resolution.

It is instructive to compare our Ga)AsN spectra to the
corresponding spectra of crystalline GaN. They are repro-
duced in Fig. 1(lower panel in the binding-energy scale
determined in the same way as for (BeAsN. The spectra
of GaN in the metastable zinc blende structure, which has the
same N coordination as @a)AsN, were measured by
g _ Lawniczak-Jablonskat al* and those of wurtzite GaN by
e Stagarescet al.?! Apart from the CB shift, the spectra of the

q2 10 8 6 4 2 0 2 4 6 éE-EIVBM(«IeV) two crystalline forms are similar in overa_ll shap_e. They are
well understood in terms of the local orbital-projected DOS

. and band structuré:??
FIG. 1. (Upper panel Experimental N § off-resonant SXE -
(excitation energy 420 evand SXA spectra of GaAgNo e and Comparison of the SXE/SXA data on G@AsN to those

Gy 6dNo.0AS oo os, reflecting the N locap-DOS through the  ON the two GaN crystalline structures shows the following.
VB and CB; (lower pane) the corresponding spectra of crystalline (1) In the VB, the overall shape of the SXE signal for
GaN in the zinc blendéRef. 14 and wurtzite structureRef. 2  Galn)AsN is similar to crystalline GaN. However, the spec-
shown as a reference. The SXE spectral maximum f@imasN is ~ tral maximum is strongly shifted towards the VB interior,
strongly shifted to lower energies compared to the crystalline stateyith the leading edge at the VBM being much less steep
resulting in depletion of the N local charge in the VBM which (which has important implications for optical efficiency, see
reduces optical efficiency. below). This is not a resolution effect, because the reference

spectra of crystalline GaN were taken at close resolution fig-
by linear extrapolation of the SXE spectral leading edge. Waires (around 0.8 eV for zinc blende GaN and 1.1 eV for
intentionally give the spectra without denoising to facilitate Wurtzite GaN. Our experimental data demonstrate thus that
judgement of the significance of the spectral structures conthe VB electronic structure undergoes, contrary to the com-
pared to the noise level. Recent supercell calculations b§on point of view, significant changes upon incorporation of
Persson and Zung¥rare in good agreement with our experi- N aloms into GaAs. Interestlng_ly., our SXE spectrum did not
mental results. show any structure due to hybridization with the GisBates

Recent SXA data on GaAgNo o;by Lordi et al7 which ~ at ~19 eV below the VBM, found in wurtzite Gaft:®

o o ; ; 2) In the CB, the differences are radical. The leading
appeared after initial submission of this paper, are consistent ( ' . . .
with our results(apart from some energy shift which is pre- peak of the SXA spectrum for Ga)AsN rises immediately

sumably because their energy scale was affected by th%t the CB mlnkl]mlilnw(QBM)r?n(jl ha?kmuch 'afgef ar;:phtude
monochromator calibratign Previous SXA data by Soet compared_ to the leading shoulderlike str_ucture In the spectra
of crystalline GaN. The energy separation between the VB

al.lg_suffer from worse experimental resolution and sampleand CB states for Gi)AsN is smaller, which correlates
quality. , , with smaller fundamental band gap.

Local environments of the N atoms in G&AsSN are o, the whole, the observed differences of thelG@sN
polymorphic, corresponding to isolated impurities and vari-spectra to crystalline GaN manifest that the local electronic
ous clusters.Applying random statistics, the concentration structure of the N atoms in the Ga)AsN random alloy is
ratio of the pair and higher-order N clusters to the total NUMradically different from that in the regular GaN lattice.
ber of N atoms is given by +(1—x)", wherex is the N Although further theoretical analysis is required to inter-
concentration andh=4 the number of the nearest anions in pret our experimental data in detail, we can tentatively assign
the zinc blende lattice. With our N concentrations of 3% thisthe leading SXA peak to the(L,.) derived perturbed host
ratio is only 11.5%. Therefore, our SXE/SXA spectra char-state which, according to the calculations by Kent and
acterize mainly the isolated N impurities. Zunger on GaAsN, has the strongest N localization in the

Galng.o7AsNo 03

GaN (zinc-bl)
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CBM region. This assignment is corroborated by the resothe N impurities act as the main recombination centers
nant SXE datgsee belowwhich reveals the. character of in Galn)AsN. At the same time, the local valence charge at
the leading SXA peak. the N impurities is shifted off the VBM. This appears imme-

It should be noted that the dipole selection rules in SXE/iately from comparison of our experimental SXE spectra of
SXA, inherently involving transitions from and to the core Galn)AsN with those of crystalline GaN, which are in fact
level, project out the states from the VB and CB, which canrepresentative of GaAs by virtue of qualitatively similar va-
differ from those projected out by the optical transitions be-lence DOS of these materials(direct measurements on
tween the VB and CB states themselves. For example, del@&aAs are hindered by very low fluorescence yield of As in
calized states can give only a small contribution to the SXEthe soft-x-ray region Such a charge depletion in the VBM,
SXA signal due to relatively small overlap with the core equivalent to reduction of the VBM wave-function ampli-
state, but they can strongly overlap with each other and givéude, results in a weak overlap of the CBM and VBM wave
a strong PL signal. Our SXA data give explicit examples offunctions at the N impurities, which immediately reduces
this: Thea;(I';.) derived states near the CBMee Ref. 1  efficiency of the N impurities as radiative recombination
are not seen in the SXA spectrum due to the weaker N loeenters. This VBM depletion effect, characteristic of isolated
calization compared to thig(L ;) states, but in optical spec- N impurities, is one of the fundamental origins of the re-
troscopies they manifest themselves as the int&isdéran-  duced optical efficiency of Gin)AsN. Being in play already
sitions. On the other hand, the(L,.) states are not seen in at the smallest N concentrations, it immediately explains the
the optical spectra due to unfavorable matrix elements, bunitial efficiency drop, whereas further efficiency degradation
show up as a prominent SXA peak. Moreover, the energyvith increase of N concentration is presumably through the
separation between the VB and CB states in the SXE/SX/Atructural quality effects.
spectra gives only an upper estimate for the fundamental To explain the observed VBM charge depletion, in Ref. 8
band gap, because weakly localized N states as well as Gee suggested a VBM charge transfer off the N atoms in
and As derived states are not seen. Therefore, the SXE/SX&aIn)AsN compared to GaNin Ref. 16 our this statement
spectroscopies give a view of the VB and CB complemenwas misinterpreted as a charge transfer to As, but N has
tary to that by optical spectroscopies. larger electronegativily In fact, the charge transfer is more

likely to take place not in space but in energy towards deeper
valence states, which is supported by recent computational
B. Charge depletion in the VBM: Origin of reduced optical analysis of Persson and Zund@Physically, the local elec-
efficiency tronic structure of the N impurities in the GaAs lattice ap-

The vast body of optical spectroscopy data orfl5&sN ~ P€ars somewhere in between that of the crystalline state and
evidences that the optical efficiency sharply drops upon iniSelated atoms. The observed DOS peaked near the VB cen-
corporation of the smallest N concentrations into GaAs, ander can therefore be viewed as a transitional case between the

then decreases further with increase of the N molar fractio?©S of extended band states piling up near the band edges
(see, e.g., a compilation in Ref).5his is most pronounced and the singularitylike DOS of isolated atoms at the VB cen-

for GaAsN, where the PL intensity loss towards N concen€’: , _ _ _
trations of 5% is at least 50 times as compared to GaAs. Formation of N local environments different from the iso-
Exact origins of such a dramatic efficiency degradation arédt€d impurities can be suggested as a way to increase the
not completely clear. Supercell calculations in Ref. 24 sugOPtical efficiency of GE@n)AsN. For example, in multi-
gest that about 30% of the GaAs efficiency is lost due t?omic N local environments such as clusters of Ga-
gradual smearing of VBM and CBM in thelf character separated N atoms the wave functions may become closer to

which results in reduction of the optical transition matrix c'yStalline GaN with its DOS piling up at the VBM. Based
element. However, this effect is by far weaker compared t&" the rar_1d0m statistics, the cluster concentration should in-
the experimental degradation. Another known origin is relacréase with the total N concentration. Alternatively, the N
tively poor structural quality of G#&n)AsN layers epitaxially local environments can be cha_mged by replacing some neigh-
grown on GaAs. This is due to, first, low growth tempera-POr Ga atoms by different cations.
tures which are used with large N concentrations to promote
high N uptake and, second, some lattice mismatch between
Galln)AsN and GaAs. However, the first problem can be
alleviated by postgrowth high-temperature annealing, and the Quaternary GalnAsN alloys, where some Ga atoms are
second by tuning the In concentration in GalnAsN whichreplaced by In, allow improvement of the optical efficiency
allows matching the GaAs lattice constant. Although the Plby a factor about 5. This is predominantly due to two factors:
intensity from lattice-matched GalnAsN layers does increasa better lattice match of GalnAsN layers to the GaAs sub-
by a factor about 5 compared to GaAsN, this still remains bystrate, which improves their structural quality, and electron
far low compared to GaAs. Moreover, the structural qualityconfinement  effects connected with  concentration
does not explain the efficiency drop at the smallest N confluctuations'! We here endeavored investigation whether the
centrations. incorporation of In also causes any favorable changes in the
Our SXE/SXA results unveil another origin of the optical electronic structure.
efficiency degradation in the very electronic structure. By At relatively low In concentrations, evolution of the N
virtue of the N localization of the CBM wave functibn local electronic structure is evidenced by comparison of the

C. Effect of In
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FIG. 2. Experimental off-resonant Ns1SXE spectrum of In- FIG. 3. Resonant SXE spectra with the indicated excitation en-
rich Ga gdNg 31ASp odNo.02 COMpared to GaAsNgos. The inset  ergies compared to an off-resonant spectrum. The elastic peaks are
details the spectral leading edgé&aussian smoothed with FWHM marked by vertical ticks. The resonant intensity enhancement in the
of 0.6 eV) which suggest improved optical efficiency of In-rich N VB bottom manifests &-conserving RIXS process.
local environments. . . . .

Fig. 2. Now the spectral maximum is shifted by some 0.25
Gay.0dNo 672097 No 03 and GaAsg o N, oz €Xperimental spec- eV to h|gher energies compareq to Gagddg o3, indicating .
tra in Fig. 1. Surprisingly, the comparison shows no notabléhanges in the N local electronic structure caused by In-rich

changes within the experimental statistics, either in the sped¥ environments. _ . o _
tral shapes or in energies of the spectral structures. This evj- |1 N€ observed VB shift to higher energies is accompanied

dences that the following takes place at low In concentraPy @ shift of the CB to lower energies, as seen in the recent
tions: XAS data on Ggng3AsyoANp o3 from Ref. 17. Such VB

(1) The N atoms reside mostly in In-depleted local envi-a”d CB shifts towards each other, associated with In-rich N

ronments such as Gl and possibly 1pGa;N where the local environments, have important implications for the ra-

presence of only one In atom in four nearest neighbordiative recombination: _
should not change the N local electronic structure signifi- . (1) By virtue of the local band-gap narrowing, these en-

cantly. This experimental finding seriously questions resulty/ironments become the main recombination centers in Galn-
of recent Monte Carlo simulatioffswhich predict predomi- AsN . . .

nance of In-rich N local environments such as;[BgN and (2) Both holes and electrons become confined in In-rich
In,N, at least with low In concentrations. Any effect con- regions, formed by statistical fluctuations of In concentra-

nected with insufficient high-temperature annealing of ourtion: © increhas§ thehoptik;:al effidcierr:cy of C.;aI?]A%N' fect th
samples can be ruled out, as evidenced by stabilization of PL TO Ise?f.vv. ether t ﬁ. 0 Eerv% ¢ anges&n tl e_VB a e%tt €
spectra already after 5 min of annealing. Our results are cofPtical efficiency within the above VBM depletion mecha-

roborated by Fourier-transform infrarg@TIR) absorption nism, we examined closely the VBM'regiQ'!m.set in Fig. 2.
measurements by Adt al. (see, e.g., Ref. 38vho also find The shift of the spectral maximum is definitely larger than

mostly GAN local environments which, moreover, are not that of the VBM (although its exact location requires better
affected by annealing. On the other hr;md ETIR ,results b tatisticg. This indicates certain charge accumulation at the
Kurtz et al?” suggest preferential formation of In-rich envi- YBM compared t0 GaAgsNo s, and thus increase of the

ronments with annealing. Such a contradiction reveals thagPtical efficiency of In-rich N local environments compared

evolution of the N local enviroments critically depends ont© G&N. The observed accumulation seems though rather
the growth procedure. subtle to explain the increase in GalnAsN wholly, and most

(2) The absence of any significant electronic structureOf it still resides with the structural and electron confinement

changes compared to GaAsN suggests that the optical efff/TeCts-
ciency improvement in GalnAsN is exclusively due to the
structural and electron confinement effects.

To force formation of In-rich N local environments, we  Resonant phenomena were investigated on the GaAsN
have grown a sample of Gadng 3:ASo odNo.g2 (170-A-thick  prototype alloy. Figure 3 shows resonant SXE spectra mea-
active layey where the In/N concentration ratio is much in- sured with excitation energies near the two dominant SXA
creasedthe decrease in bare N concentration is presumablgtructures in Fig. 1 compared to a nonresonant spectrum
less important because interaction of the isolated N impurimeasured well above the absorption threshold. The spectra
ties in such diluted alloys should be weakhe experimental are normalized to the integral excitation flux, which was reg-
SXE spectrum of Gasdng 3:/ASy.9dNo 02, Measured under the istered from the photocurrent at a gold mesh inserted after
same off-resonance conditions as in Fig. 1, is also shown ithe refocussing mirror.

D. k conservation in the RIXS process
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Intriguingly, not only does the intensity of the resonantSXE spectra and SXA spectra yield the lopaDOS of N
spectra increase in this RIXS process, but also the shouldémpurities through the whole VB and CB, complement-
at the VB bottom scales up and becomes a distinct narrowng information about the band-gap region achieved by opti-
peak at a binding energy of 7.4 eV. This reveals states cal spectroscopies. The experimental results demonstrate
near the VB bottom effectively overlapping with states neardramatic differences of the N local electronic structure in
the CB bottom into which the core electron is excited. Galn)AsN from that in the crystalline GaN state. A few

Despite the random-alloy nature of B@AsN, the ob-  peculiarities have immediate implications for optical proper-
served effect can be interpreted in terms of momentum corties.
servation, which appears in the RIXS process due to cou- (1) The N impurities as radiative recombination centers
pling of absorption and emission in one single evesde, are characterized by depletion of the local charge in the
e.g., Refs. 6,28,29, and references thgreh first glance, VBM due to charge transfer towards deeper valence states,
the very concept of momentum, strictly speaking, collapsesvhich reduces overlap with the CBM states. This is one of
in a random alloy due to the lack of translational invariancethe fundamental origins of the reduced optical efficiency of
However, it can be revived through a spectral decompositioaln)AsN. Formation of different N local environments can

improve the efficiency.
Ny — GaA (2) Whereas incorporation of In in small concentrations

v (r)—; Credi™1) has an insignificant effect on the N local electronic structure,
. N large In concentrations result in formation of In-rich N local
of the E;ll/?callzed wave function/™(r) over the Bloch — oniironments. Due to the VB and CB shifts towards each
wavese, {r) of the unpertijgg)ed GaAs lattice, each havinggiher such environments become the main recombination
a well-defined wave vectde.”~" Then the f|_r§t S?(A peak IS centers in GalnAsN.
due to thet,(L ) state, whose decomposition is dominated  Fyrthermore, the experimental resonant SXE spectra re-
by k from the L point in the Brillouin zone of GaAS.The veal, despite the random-alloy nature of (B3AsN, a

VB bOttOflTL by analogy with the zinc blende GaN bandy_conserving RIXS process which couples valence and con-
structure® should also be dominated by thepoint. These  gyction states having the sarhecharacter.

VB and CB states then effectively overlap in the RIXS pro-
cess, blowing up the SXE signal in the VB bottom as ob-
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