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Evolution of electronic states in GaAs_,N, probed by resonant Raman spectroscopy
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Two distinct maximaE,y andE,, are observed in the resonant Raman-scattering profile for the LO phonon
asymmetric linewidth broadening in GaAsN, and are attributed to states arising from a splitting of the
quadruply degenerate conduction band nearlth@oint. The data provide further insight into the physics
underlying the giant band-gap bowing observed in GagN,, 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 padispersed by SPEX 0.8 triple spectrometer and detected
few years to provide an explanation for the giant band gapvith a liquid-nitrogen-cooled charge-coupled detector. The
bowing observed in dilute GaAs,N, alloys! The recent spectrometer was calibrated at each excitation energy using
discovery of a resonant leveE ., in the conduction band of the frequency of the longitudinal-optical-phonon peak
the alloy and an anticrossing behavior between this level an295 cm ) of a GaAs epilayer.
the conduction-band minimugCBM) E _ exhibited in pres- A typical resonant Raman profile of the LD phonon
sure dependent photoreflectivity studidsd to speculation intensity in GaAs_,N, is shown in Fig. 1, where a strong
about the origifr® of the resonant level and the role it plays resonance enhancement occurs at the excitation erigrgy
in the giant band-gap bowing. Shahal. used the anticross- that is approximately near the, transition energy measured
ing behavior as compelling evidence for level repulsion be-by electroreflectance. A very weak LO phonon intensity
tweenE, and the CBM(a two-level interaction modelas  maximum is also observed near g+ A transition energy
the reason for the giant band-gap lowering. But pseudoposf GaAs _,N,. The LO phonon Raman signatures in ternary
tential calculations indicated that the band-gap lowering wasemiconductor alloys exhibit linewidth broadening due to
a result of electronic coupling between the CBMIgtand alloy-induced disorder but the phonon linewidth shows no
the conduction-band extrema at theand X points of the excitation energy dependence in resonant Raman scattering.
Brillouin zone induced by the isolated nitrogen impurity Recently, Cheongt al!* reported that the LO Raman signa-
level and the ensuing repulsion between all these 1éVéls. ture in GaAs_,N, showed a very unusual linewidth broad-
The isolated nitrogen impurity level resonant 170 meV aboveening for resonant excitation energies below Ehe transi-
the CBM of GaAs had been predicted using tight-bindingtion. As illustrated in the inset of Fig. 1, the width
calculations over two decades dy@ver a decade ago, in broadening is highly asymmetric towards the lower-
studies of the low-temperature photoluminescence ofrequency side of the LO Raman line. Since the LO phonon
GaAs:N (<6x 10 cm 3N) this level denoted adly was  frequency is highest at the zone center and continuously de-
directly observed as it emerged into the band gap at higlereases as the phonon wave vecionoves away from th&
pressure$!® The two-level repulsion model had assumedpoint, the observed asymmetric broadening strongly suggests
that it was from the interaction of this level with the CBM at that it is due to activation of LO phonons with wave vectors
I" that the resonant impurity levél, had evolved. However, that span a significant portion of the Brillouin zone. The
pseudopotential calculations indicated tHat originated selective activation of nol- phonons only for certain exci-
from a nitrogen-induced splitting of the conduction band attation energies indicates that the asymmetric linewidth
theL point” The different opinions on the origin &, have  broadening is not due to nitrogen-induced disorder but is
led to a great deal of controversy regarding the mechanismdosely related to the nature of the intermediate electronic
underlying the giant band-gap bowing. In this Brief Reportstate participating in the resonant Raman process. Since an
we present results for the perturbation of the conductionelectronic state that is delocalized in the Brillouin zone must
band states near the point that are induced by nitrogen be strongly localized in real space, the observed asymmetric
impurities, which help clarify the above issue. LO Raman linewidth broadening indicates that the interme-

GaAs N, epilayers, 0.4 1.5 um thick, were grown by diate electronic state involved in this resonant Raman pro-
organometallic vapor phase epitaxy or low-pressure metaless is strongly spatially localized. Similar arguments can be
organic chemical vapor deposition using arsine, triethylgalapplied to account for the concomitant resonance enhance-
lium, and dimethylhydrazindDMHy) precursors orn(100 ment of the TO/LO Raman intensity ratio: the nBneom-
GaAs substrates. The details on growth conditions of thesponents of the localized electronic state involved in the Ra-
samples have been published elsewléré. Resonant man process relax the momentum conservation rule,
Raman-scattering measurements were performed at 80 K inrasulting in a further strengthening of the forbidden TO pho-
quasibackscattering geometry on 0€1) growth surface of non intensity aside from the excitation-energy-independent
the samples. A Ti:sapphire laser or a dye laser with DCM onlloy disorder effect.

Rhodamine 6G was used as an excitation light source de- Resonance enhancement of the LQ(honon linewidth
pending on the spectral range. The scattered photons weead the concomitant enhancement of TO/LO intensity ratio
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FIG. 2. (Color onling Energy positions determined from RRS
measurements 8t=80 K as a function of nitrogen composition in

FIG. 1. (Color onling The lower panel shows resonant Raman G8AS-xNx. E; is the excitation energy for which the LO phonon
profile for the full width at half maximuniempty squargof the  INtensity is maximum and the excitation energies for which the LO
LO(T') phonon, left axis, and TAY)/LO(T') intensity ratio (full phonon linewidth is maximum are labeled &g andEyy, respec-
circle), right axis, forx=0.78%. Raman scattering was performed tively-
at T=80 K in the z(Y,Y)z quasi-backscattering geometry. Solid
lines are guide for the eye. The upper panel shows thel)O( shown in Fig. 2. There exists a strong correlation between
phonon intensity resonance profile. In the inset, two Raman specte; and E,  transition observed in modulated
excited with photon energies of 1.789 eV and 1.907 eV for theelectroreflectanég®. In contrast, none of th&,, and Ew
dotted and solid curve, respectively, are displayed, where the Rasxhibit any correlation withE, implying that they have a
man intensity is normalized with respect to the GaAs-LO Ramarbompletely different origin from that foE ., . It is important
intensity. to note that the linewidth of the L@Y) phonon in pure GaAs

remains almost constant despite changing the excitation en-

for 0.78% GaAs N, are displayed in Fig. 1, where two ergy from 1.55 eV to 2.0 eV, a range which encompasses the
distinct maxima(labeled asE,, and E;y, respectively for Eo+ A, transition of pure GaAs and thE, transition of
both the LO full width at half maximum and TO/LO inten- GaAs N, for x<3% atT=300 K.** Thus, the observed
sity ratio are observed. Similar double maxifeg andE;,  resonance maxima,, andEy, for the LO phonon linewidth
are distinctly observed in Gafps,N, samples with several are solely due to nitrogen-induced changes to the electronic
different nitrogen compositions exceedirg.35% and their ~ states.
peak positions are plotted as a function of nitrogen concen- We will first discuss the origin of th& . state. Numerous
tration in Fig. 2.E,y and Ej, are not clearly resolved for  theoretical”>**and experimentaf-'®studies have indicated
<0.3% presumably due to their proximity. It should be that theE. state originates from the nitrogen-induced cou-
pointed out here that Cheomd al** used data obtained, as a pling of the conduction-band minima at tie L, and X
first approximation, in an unpolarized configuration in theirpoints that breaks thé valley degeneracy, resulting in a
paper. However, since the alloy disorder induced linewidtHriplet stateLz. and a singlet staté;.*>"*'that has been
broadening effect is stronger in a forbidden geometry than irdttributed to the origin of . .” As evidenced by the activa-
an allowed one, we have used only allowed scattering geontion and strong resonance enhancement of the sharmi X
etry in the present work in order to minimize the alloy dis- zone-boundary phonons near e transition;**°E ., com-
order induced linewidth broadening effect. This could ex-prises wave functions with definite, L, andX components
plain thatE,, observed in the unpolarized configuration in induced by the interconduction band mixing. In contrast,
Ref. 14 andE,, measured in the allowed scattering geometrystrongly localized states such Bg, and Ey, comprise wave
in the present work exhibit a larger difference for high con-functions withk components from the entire Brillouin zone
centration samplesX1%) where the alloy disorder effect is (unlike L., they have relatively very little of’, L, and X
increasingly important. It is also worth mentioning that the components), leading to a significant asymmetric linewidth
recently grown samples studied in the current work havebroadening of the LO phonon Raman signature for resonance
improved sample quality, as compared to those studied iat these localized states. If the two-level interactionNgf
Ref. 14 that were grown in the past. The excitation energyith the CBM atl" and their resulting hybridization into the
positions for the LO Raman intensity maximurk,f are E, andE_ levels whose consequent level repulsion is the
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principal mechanism for the giant band-gap bowing, then Since this model explaining the data in Fig. 2 implies a
one would have expected to observe the asymmetric linesplitting of the GaAs_,N, conduction band near thepoint
width broadening phenomenon of the LO phonon undethat differs from that assumed in the theoretical models dis-
resonance at the, andE_ levels. But this has turned out cussed earliet! we will further elaborate on this. The the-
precisely not to be true for the resonance Raman studies @fetical models assume that with the origin chosen to be
E. as well as aE_ .'" Instead conventional Raman intensity located at the site of a nitrogen impurity, the point-group
resonances are observedzat andE_ , whereas asymmetric SYMmetry remains unchanged frofg. One then looks for
linewidth broadening resonances are observedgtand (he compatibility of the quadruply degenerate conduction-
E,y, indicating these states are much more delocalized in band states near the point of GaAs with the irreducible

space. At zero nitrogen doping, bdfy, andEy, extrapolate representations of tHgy point group whose point operations

o are centered on the nitrogen impurity site and obtaiag 4
to a value located below tHe, transition in GaAs by 1.2 eV —.a,;+t,. Note, however, that in the presence of an addi-

which is precisely the energy difference between th&jona| nitrogen impurity lying in the vicinity of the first im-

valence-band maxima at tHeandL points. TheE, transi-  pyrity, the point symmetry is no longdy but is reduced and
tion in GaAs refers to the transition between the Conducnondepends on the Choice Of the Site for the Second |mpur|ty

and valence-band extrema that occur atkhpoint located  Corresponding to each sita for the second impurity is an
along the[111] direction of the Brillouin zone which is close NN,, pair state and several of these pairs which generate
to the L point. This suggests that both those transitionshound states have been observed in dilute Gags, to-
emerge as a result of the perturbation of thepoint gether with triplet states and larger clusters. Although less
conduction-band edge by nitrogen impurities. In electro-abundant than the isolated nitrogen impurity, these states are
modulated reflectance studies of dilute GaAdN, alloys, a  far more spatially localized. The additional splitting of the
transition denoted aB, that rises slowly with increased ni- triplet statet, should therefore not come as a surprise.
trogen, a transitiorE ;. that rapidly rises with increasing ni-  In conclusion, we have observed two distinct maxia
trogen, and a transitioR, that falls rapidly with increased andEy in the resonant Raman scattering profile for the LO
nitrogen have been observétiThe first transition has also phonon asymmetric linewidth broadening in dilute
been observed in ellipsometry studies and the last two haveaAs -xNx. The data lead to a new interpretation for the
been recently corroborated in more precise electromodulategPlitting of the quadruply degenerate conduction band near
reflectance  studies as a function of nitrogenthe L point. The study also reveals asymmetric linewidth
concentratiot>1819At zero nitrogen doping, the data in Fig. _broademng resonances to k_)e a powe_rful signature for study-
2 indicate that all the transitions originate from near the!Nd Strongly localized impurity states in semiconductors.

conduction-band edge at thepoint of GaAs. Evidently, the We thank S. Francoeur for useful discussions. This work
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