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Evolution of electronic states in GaAs1ÀxNx probed by resonant Raman spectroscopy
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~Received 9 April 2003; published 11 December 2003!

Two distinct maximaEW andEW8 are observed in the resonant Raman-scattering profile for the LO phonon
asymmetric linewidth broadening in GaAs12xNx and are attributed to states arising from a splitting of the
quadruply degenerate conduction band near theL point. The data provide further insight into the physics
underlying the giant band-gap bowing observed in GaAs12xNx , as well as reveal asymmetric linewidth
broadening to be a powerful signature for studying strongly localized impurity states in semiconductors.
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There have been several attempts made during the
few years to provide an explanation for the giant band g
bowing observed in dilute GaAs12xNx alloys.1 The recent
discovery2 of a resonant levelE1 in the conduction band o
the alloy and an anticrossing behavior between this level
the conduction-band minimum~CBM! E2 exhibited in pres-
sure dependent photoreflectivity studies3 led to speculation
about the origin2,3 of the resonant level and the role it play
in the giant band-gap bowing. Shanet al. used the anticross
ing behavior as compelling evidence for level repulsion
tweenE1 and the CBM~a two-level interaction model! as
the reason for the giant band-gap lowering. But pseudo
tential calculations indicated that the band-gap lowering w
a result of electronic coupling between the CBM atG, and
the conduction-band extrema at theL and X points of the
Brillouin zone induced by the isolated nitrogen impuri
level and the ensuing repulsion between all these levels4–7

The isolated nitrogen impurity level resonant 170 meV abo
the CBM of GaAs had been predicted using tight-bindi
calculations over two decades ago.8 Over a decade ago, in
studies of the low-temperature photoluminescence
GaAs:N (,631017 cm23N) this level denoted asNX was
directly observed as it emerged into the band gap at h
pressures.9,10 The two-level repulsion model had assum
that it was from the interaction of this level with the CBM
G that the resonant impurity levelE1 had evolved. However
pseudopotential calculations indicated thatE1 originated
from a nitrogen-induced splitting of the conduction band
theL point.7 The different opinions on the origin ofE1 have
led to a great deal of controversy regarding the mechani
underlying the giant band-gap bowing. In this Brief Rep
we present results for the perturbation of the conducti
band states near theL point that are induced by nitroge
impurities, which help clarify the above issue.

GaAs12xNx epilayers, 0.421.5 mm thick, were grown by
organometallic vapor phase epitaxy or low-pressure me
organic chemical vapor deposition using arsine, triethylg
lium, and dimethylhydrazine~DMHy! precursors on~100!
GaAs substrates. The details on growth conditions of th
samples have been published elsewhere.12,13 Resonant
Raman-scattering measurements were performed at 80 K
quasibackscattering geometry on the~001! growth surface of
the samples. A Ti:sapphire laser or a dye laser with DCM
Rhodamine 6G was used as an excitation light source
pending on the spectral range. The scattered photons
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dispersed by SPEX 0.6-m triple spectrometer and detecte
with a liquid-nitrogen-cooled charge-coupled detector. T
spectrometer was calibrated at each excitation energy u
the frequency of the longitudinal-optical-phonon pe
(295 cm21) of a GaAs epilayer.

A typical resonant Raman profile of the LO(G) phonon
intensity in GaAs12xNx is shown in Fig. 1, where a stron
resonance enhancement occurs at the excitation energEI
that is approximately near theE1 transition energy measure
by electroreflectance. A very weak LO phonon intens
maximum is also observed near theE01D0 transition energy
of GaAs12xNx . The LO phonon Raman signatures in terna
semiconductor alloys exhibit linewidth broadening due
alloy-induced disorder but the phonon linewidth shows
excitation energy dependence in resonant Raman scatte
Recently, Cheonget al.14 reported that the LO Raman signa
ture in GaAs12xNx showed a very unusual linewidth broad
ening for resonant excitation energies below theE1 transi-
tion. As illustrated in the inset of Fig. 1, the widt
broadening is highly asymmetric towards the lowe
frequency side of the LO Raman line. Since the LO phon
frequency is highest at the zone center and continuously
creases as the phonon wave vectorq moves away from theG
point, the observed asymmetric broadening strongly sugg
that it is due to activation of LO phonons with wave vecto
that span a significant portion of the Brillouin zone. Th
selective activation of non-G phonons only for certain exci
tation energies indicates that the asymmetric linewi
broadening is not due to nitrogen-induced disorder bu
closely related to the nature of the intermediate electro
state participating in the resonant Raman process. Sinc
electronic state that is delocalized in the Brillouin zone m
be strongly localized in real space, the observed asymme
LO Raman linewidth broadening indicates that the interm
diate electronic state involved in this resonant Raman p
cess is strongly spatially localized. Similar arguments can
applied to account for the concomitant resonance enha
ment of the TO/LO Raman intensity ratio: the non-G com-
ponents of the localized electronic state involved in the R
man process relax the momentum conservation r
resulting in a further strengthening of the forbidden TO ph
non intensity aside from the excitation-energy-independ
alloy disorder effect.

Resonance enhancement of the LO(G) phonon linewidth
and the concomitant enhancement of TO/LO intensity ra
©2003 The American Physical Society01-1
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for 0.78% GaAs12xNx are displayed in Fig. 1, where tw
distinct maxima~labeled asEW and EW8 , respectively! for
both the LO full width at half maximum and TO/LO inten
sity ratio are observed. Similar double maximaEW andEW8
are distinctly observed in GaAs12xNx samples with severa
different nitrogen compositions exceeding;0.35% and their
peak positions are plotted as a function of nitrogen conc
tration in Fig. 2.EW and EW8 are not clearly resolved forx
,0.3% presumably due to their proximity. It should b
pointed out here that Cheonget al.14 used data obtained, as
first approximation, in an unpolarized configuration in th
paper. However, since the alloy disorder induced linewi
broadening effect is stronger in a forbidden geometry tha
an allowed one, we have used only allowed scattering ge
etry in the present work in order to minimize the alloy d
order induced linewidth broadening effect. This could e
plain thatEW observed in the unpolarized configuration
Ref. 14 andEW measured in the allowed scattering geome
in the present work exhibit a larger difference for high co
centration samples (.1%) where the alloy disorder effect i
increasingly important. It is also worth mentioning that t
recently grown samples studied in the current work ha
improved sample quality, as compared to those studied
Ref. 14 that were grown in the past. The excitation ene
positions for the LO Raman intensity maximum (EI) are

FIG. 1. ~Color online! The lower panel shows resonant Ram
profile for the full width at half maximum~empty square! of the
LO(G) phonon, left axis, and TO(G)/LO(G) intensity ratio ~full
circle!, right axis, forx50.78%. Raman scattering was perform
at T580 K in the z̄(Y,Y)z quasi-backscattering geometry. Sol
lines are guide for the eye. The upper panel shows the LOG)
phonon intensity resonance profile. In the inset, two Raman spe
excited with photon energies of 1.789 eV and 1.907 eV for
dotted and solid curve, respectively, are displayed, where the
man intensity is normalized with respect to the GaAs-LO Ram
intensity.
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shown in Fig. 2. There exists a strong correlation betwe
EI and E1 transition observed in modulate
electroreflectance2,15. In contrast, none of theEW and EW8
exhibit any correlation withE1 implying that they have a
completely different origin from that forE1 . It is important
to note that the linewidth of the LO(G) phonon in pure GaAs
remains almost constant despite changing the excitation
ergy from 1.55 eV to 2.0 eV, a range which encompasses
E01D0 transition of pure GaAs and theE1 transition of
GaAs12xNx for x,3% at T5300 K.14 Thus, the observed
resonance maximaEW andEW8 for the LO phonon linewidth
are solely due to nitrogen-induced changes to the electr
states.

We will first discuss the origin of theE1 state. Numerous
theoretical4,7,5,11and experimental14,16 studies have indicated
that theE1 state originates from the nitrogen-induced co
pling of the conduction-band minima at theG, L, and X
points that breaks theL valley degeneracy, resulting in
triplet stateL3c and a singlet stateL1c

4,5,7,11 that has been
attributed to the origin ofE1 .7 As evidenced by the activa
tion and strong resonance enhancement of the sharpL andX
zone-boundary phonons near theE1 transition,14,16E1 com-
prises wave functions with definiteG, L, andX components
induced by the interconduction band mixing. In contra
strongly localized states such asEW andEW8 comprise wave
functions withk components from the entire Brillouin zon
~unlike L3c , they have relatively very little ofG, L, andX
components11!, leading to a significant asymmetric linewidt
broadening of the LO phonon Raman signature for resona
at these localized states. If the two-level interaction ofNX
with the CBM atG and their resulting hybridization into th
E1 and E2 levels whose consequent level repulsion is t
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FIG. 2. ~Color online! Energy positions determined from RR
measurements atT580 K as a function of nitrogen composition i
GaAs12xNx . EI is the excitation energy for which the LO phono
intensity is maximum and the excitation energies for which the
phonon linewidth is maximum are labeled asEW andEW8 , respec-
tively.
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principal mechanism for the giant band-gap bowing, th
one would have expected to observe the asymmetric l
width broadening phenomenon of the LO phonon un
resonance at theE1 andE2 levels. But this has turned ou
precisely not to be true for the resonance Raman studie
E1 as well as atE2 .17 Instead conventional Raman intensi
resonances are observed atE1 andE2 , whereas asymmetric
linewidth broadening resonances are observed atEW and
EW8 , indicating these states are much more delocalizedk
space. At zero nitrogen doping, bothEW andEW8 extrapolate
to a value located below theE1 transition in GaAs by 1.2 eV
which is precisely the energy difference between
valence-band maxima at theG andL points. TheE1 transi-
tion in GaAs refers to the transition between the conducti
and valence-band extrema that occur at thek point located
along the@111# direction of the Brillouin zone which is clos
to the L point. This suggests that both those transitio
emerge as a result of the perturbation of theL point
conduction-band edge by nitrogen impurities. In elect
modulated reflectance studies of dilute GaAs12xNx alloys, a
transition denoted asE1 that rises slowly with increased n
trogen, a transitionE1 that rapidly rises with increasing ni
trogen, and a transitionE* that falls rapidly with increased
nitrogen have been observed.18 The first transition has also
been observed in ellipsometry studies and the last two h
been recently corroborated in more precise electromodul
reflectance studies as a function of nitrog
concentration.15,18,19At zero nitrogen doping, the data in Fig
2 indicate that all the transitions originate from near t
conduction-band edge at theL point of GaAs. Evidently, the
quadruply degenerateE1 transition in GaAs splits into three
levels,E1 , EW , andEW8 as a result of perturbation by nitro
gen impurities.
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Since this model explaining the data in Fig. 2 implies
splitting of the GaAs12xNx conduction band near theL point
that differs from that assumed in the theoretical models d
cussed earlier,7,11 we will further elaborate on this. The the
oretical models assume that with the origin chosen to
located at the site of a nitrogen impurity, the point-gro
symmetry remains unchanged fromTd . One then looks for
the compatibility of the quadruply degenerate conductio
band states near theL point of GaAs with the irreducible
representations of theTd point group whose point operation
are centered on the nitrogen impurity site and obtains 4a1
→a11t2. Note, however, that in the presence of an ad
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In conclusion, we have observed two distinct maximaEW
andEW8 in the resonant Raman scattering profile for the L
phonon asymmetric linewidth broadening in dilu
GaAs12xNx . The data lead to a new interpretation for th
splitting of the quadruply degenerate conduction band n
the L point. The study also reveals asymmetric linewid
broadening resonances to be a powerful signature for stu
ing strongly localized impurity states in semiconductors.
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