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We perform a spectroscopic study on GaAdN, samples with N concentrations near an important value of
x=0.1%, an intermediate concentration between the impurity limit and the alloy region. We find that near
x~0.1%), samples exhibiting seemingly different spectra as reported in the literature and observed in our
measurements actually have the same underlying electronic structure. Namely, the shallow N-induced bound
states have already formed an impurity band and thus led to an observable band-gap reduction, but deeper
N-related bound states persist as discrete levels below the newly formed band edge. The role of these discrete
states in the formation of the new band edge on further increasing the N doping levels is discussed. We point
out that although the nitrogen bound states form an impurity band in heavily N-doped GaAs, the states
constituting such a newly formed band continue to retain certain localization characteristics of the impurity in
the dilute limit. We observe that the impurity band gives rise to strong resonant Raman scattering, which makes
it possible to obtain the resonant Raman profile near the direct band edge of this direct-gap semiconductor.

DOI: 10.1103/PhysRevB.63.085205 PACS nuniber71.55.Eq, 78.55.Cr

[. INTRODUCTION which is supported by a recent model calculation for
GaAs:N'® However, other controversial assignments exist in
Heavily nitrogen-(N) doped GaAs, often referred to as a the literature for these bound stat8s!® Although the N
dilute GaAs _,N, alloy, has been intensively studied for the doping levels were not accurately known in the above-
past decade. The incorporation of small amounts of N leadmentioned studie¥,1#1°-18they were presumably below
to giant band-structure changes in the host semiconductd0*®cm™2. For [N]>10*¥cm 3, Makimoto et al?>?! ob-
GaAs. However, the mechanisms underlying the N-inducederved a set of new N-related transitiofisbeled as NN,
band-gap reductidnand the appearance of the resonantJ=A—F) and attributed them to different N pairs; Shima
band remain contentious. Also, the origins of various et al® reported another series of N-related transitions
N-related transitions observed below the GaAs band gap at;—Yg and also ascribed them to N pair transitions. In the
relatively low N doping levels are either unclear or contro-alloy region of x>0.1%, a typical emission spectrum of
versial, which in turn obscures the understanding of theGaAs _,N, shows a broad peak with its energy redshifted
mechanisms underlying the band-structure changes. from the GaAs band edge proportional to the N doping
From the point of view of isoelectronic doping, the be- level?? This work will focus on the intermediate region of
havior of N impurities in the dilute N limit of GaAs:N is x~0.1% where not only a significant band-gap reduction is
relatively less well understood as compared to the case fasbserved but also nitrogen-related impuritylike transitions
GaP:N3~8 A better understanding of the behavior of N im- are seen.
purities in the dilute doping limit and the evolution of For the region ofx~0.1%, photoluminescence spectra
N-related transitions on increasing the N doping level intoreported in the literature for similar N doping levels differ
the intermediate region between the impurity limit and thedrastically from the results of one research group to
alloy region has been shown to be critical for understandinginother?*?>?*even changing greatly from one sample to the
the N-induced band-structure effects in the GaP:N syStemother with the same averagevalue but grown under differ-
In the impurity limit, an isolated N impurity introduces a ent conditions* Table | summarizes the nitrogen-related
resonant state () 150-180meV above the GaAs transitions reported in the above-mentioned references as
conduction-band edge, which was first observed by Wolfordvell as observed in our measurement. Despite the discrep-
et all°and later confirmed by Lerowat al'* and Liuet al}>  ancy in the literature, a few N-related transitions appear at
and qualitatively agrees with the theoretical prediction thainearly the same energies in the spectra reported in Refs. 21
the isolated N center generates a resonant state in &dAs. and 23, and their energy positions remain stationary with
A series of N-related below-band-gap transition§;£Xs  varying N doping level. These states are labeled ag NN
and a few phonon sidebandwere observed by Schwabe NNy, and NN: in Ref. 21 and are attributed to N pairs in
etal,’ Liu et al,'® and have recently been reproduced byRef. 21 and N clusters in Ref. 23. Our recent study of heavily
Makimoto and KobayasHi and Shimaet al'”*8Liu et al’>  N-doped GaP has revealed the detailed evolution of the tran-
assignedX, andX, to recombinations from excitons bound sitions related to N pairs and clustérsVe found that with
to N pair centerqlabeled as NN and NN, respectively, increasing N doping in GaP, the N-related transitions first
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TABLE |. Peak energies for nitrogen-related transitions in GaAs:N reported in literature and measured in thigywaoits of e\).
Boldface numbers indicate transitions common to Refs. 20, 23, and this study.

Ref. 15 X3 X, Xs X4 X5
1.5082 1.4960 1.4935 1.4515 1.4432
Ref. 18 Y, Y, Y; Y, Ys Ye Y, Yg
1.491 1.489 1.486 1.485 1.478 1.466 1.458 1.449
Ref. 24 Go Cs Cs C,
1.4773 1.457 1.4438 1.4365
Ref. 20 NN NN4 NNc NNg NNp NNg
1.4886 1.4760 1.4623 1.4583 1.4493 1.4284
Ref. 23 N cluster N cluster N cluster
1.461 1.457 1.447
XT2658 Y NC
1.4392 1.473 1.4286 1.441 1.412 1.408 1.400
MB365 Y NC
1.4392 1.461 1.4571 1.4484 1.4286 1.441

broaden due to intercenter coupling and subsequently redure of heavily N doped GaAs in the intermediate doping
shift due to the carrier relaxation toward the lower-lying region so as to clarify the origin of a few N-related transi-
states of the impurity band, and that the relative intensitytions below the GaAs band gap and the role of these states in
amongst different centers changes greatly. This process oghe formation of the N-related impurity band in this system.
curs sequentially with increasing binding energy and N dopiwe will show that(1) GaAs:N samples with very different

ing levels. Because of the band-structure difference, the d'sphotoluminescence spectra actually share common features

the corliguctlop-ba}nd edge is very different for GaAs:N andsaas:N contains discrete N cluster levels that are embedded
GaP:N.” The implication of this difference on the similarity ;, 5 continuous spectrum of the N-related bound sta®s;

or dissimilarity in the electronic structure of GaAs:N and PR

these N-related bound states give rise to strong resonant Ra-
GaP:N near the band edge has not yet been well understo - ;
in previous studies. ?Han scattering; an@) the electronic structure near the band

As regards the formation mechanism of the new ban dge of the GaAs N alloy shares a great similarity with

edge, there exist quite a few different models. In GaP:N,hat of the Gap_,Ny alloy. Our results lead to the conclu-

Yaguchi et al25 suggested that the band-gap reduction reSion that even though heavy N doping generates a continuous

sulted from the formation of an impurity band arising from SP€Ctrum of bound states below the GaAs band gap, which
isolated N centers. In GaAs:N, @ing et al >3 described the  effectively gives rise to a new band edge, these impurity
new band as a result of N-cluster states merging with th&tates are still localized in nature.
perturbed GaAs band gap. Zhaegal 2 demonstrated a key
effect _of impurity band formation from N—.induced_boun_d Il. SAMPLES AND EXPERIMENTS
states in GaAs:N, which is that an electron in the N impurity
band initially had a very heavy mass that subsequently de- GaAs_,N, samples grown by two different techniques,
creased on further increasing the N doping level. The studpatmospheric-pressure metal-organic chemical vapor deposi-
of Zhanget al® for GaP:N showed that the new impurity tion (MOCVD) and gas-source molecular beam epitaxy
band consisted of not only a continuous spectrum of peréMBE), were investigated by low-temperature photolumines-
turbed pair states but also of discrete cluster states. Evetence (PL) with above-band-gap and selective excitation.
though all these states form a continuous spectrum in th¥/e will particularly focus on a comparative study of two
density of states, they are localized in nature. A distinctlysamples with approximately the same N doping levekof
different model was proposed by Shatal?’?8 In their ~0.1% (~2.2x10cm™®) grown, respectively, by
model, the band-gap reduction was the result of a two-leveMOCVD (MB365 and MBE (XT2658. MB365 was
repulsion between the GaAs band edge and the resonant lgrown on a Zn-dope{01) GaAs substrate miscut 2° toward
state. (111)B at 650°C and a growth rate of m/h without a
There have been a number of theoretical calculations fobuffer, using dimethylhydrazine as the nitrogen source. The
the band structure of the GaAsN, alloy?°=% Ordered epilayer thickness is um. The N concentration was mea-
structures in one form or the other were used in these calcisured by secondary-ion mass spectrosc¢épiMS) to be
lations. With almost no exception, the paring or clustering2.2x 10*cm™3 (or 0.1% and by double-crystal x-ray dif-
effects of N were excluded. Thus, for the energy spectrunfraction to be 0.16%. An undoped GaAs sample, MB364,
near the band edge, these calculations are not expected w@s used as a reference. The growth conditions for MB364
give an adequate description of realityhich is that nitrogen were the same as those for MB365. XT2658 was grown on
is randomly distributed in GaAs semi-insulating(001) GaAs at 420 °C and a growth rate of
The aim of this study is to investigate the electronic struc-0.8 um/h with a 2000-A GaAs buffer, using a rf nitrogen
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radical beam source with a mixture of Bnd Ar in a ratio of ~ GaAs band gapFig. 1(a)] and near the GaAs band gHFig.
1:9. The epilayer thickness is nominally 4000 A. The N con-1(b)]. Energy positions of the N-related transitions that have
centration was determined by high-resolution x-ray rockingbeen reported in the literature are also shown in the figures.
curve (XRC) measurement and theoretical dynamical simu-For the two MOCVD and MBE samples with approximately
lation to be 0.1%. Photoluminescen@@L) was measured the same N doping level of=0.1%, their spectra look quite
with samples in a closed cycle cryostat-al0 K. The de- different from each other and from those in Refs. 23 and 24
tection system included a SPEX1403 double-grating spedor samples with the same given doping level, but the peaks
trometer and a cooled RCA C31034 GaAs photomultiplierpositions appear to be either in agreement with each other or
tube. A 532-nm laser was used for above-band-gap excitawith those reported in Refs. 20 and 21. Especially, the peak
tion, and a Ti: sapphire laser was used for selective excitaat 1.4286 eV appears in the spectra of both samples and at
tion. The typical power used was 1-5 mW focused by aexactly the same position of NN°®% Thus, these transi-
conventional lens. The spectral resolution wa8.2 meV. tions are genuinely N related. Perhaps due to the higher con-
centration, a few higher energy peakiss., NNy, NN¢,
NNg, and NNy) in our samples shift to slightly lower ener-
gies relative to those in Ref. 20, an effect similar to the
Figure 1 shows PL spectra of three samp{&364, concentration effect observed for GaP:&s shown in Fig.
MB365, and XT2658with excitation energies far above the 2(c)].° The discrepancy between the two samples and be-

Ill. EXPERIMENTAL RESULTS
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FIG. 2. PL spectra with different selective excitations far the MOCVD sample andb) the MBE sample. Excitation energies are
indicated by arrows: 1.4628, 1.4488, and 1.4384 eV. ' Kpresents the exciton bound to perturbed nitrogen pairs.(I'L&nhd TAT)
indicate two Raman lines, TA indicates the TA-phonon sideband of the thdsition. The inset ofa) compares MB365X=0.1%) with
MB364 (x=0%) for the Raman features.(c) shows PL spectra for a GaBN, sample under above-band-gap excitat{gr83 e\j and
selective excitations. Note that the peak position of,NiNslightly redshifted due to the high concentration.

tween ours and others indicates that the uncertainty in thelectroreflectancg,a vestige of the undoped GaAs band-
doping-level measurement is quite significant and that thedge state persists within the new band, which is consistent
spectral shape is very sensitive to the doping level in thisvith the fact that the PLE spectra of N-doped samples show
range of the doping levels. Note that in the spectrum of the peak near the GaAs band edgé® Three additional tran-
MBE sample (XT2658 with near-band-gap excitation sitions at 1.412, 1.408, and 1.400 eV shown in Fidp) lare
shown in Fig. 1b), we observe two extra peaks, labeled asalso likely to be N related. In Fig. 1 an additional pd#

FB (for free-to-bound transitionsand BX (for bound exci- beledY) appears at 1.4392 eV for the MBE sample, and it
tong that do not appear in the spectrum of Figa)lwith far ~ appears as a shoulder for the MOCVD sample, but not in the
above band-gap excitation. It is reasonable to assume thapectra of Refs. 21 and 23. The origin of this peak is unclear,
these two new peaks originate from the GaAs buffer layer othough it could be related to other impuritigs.g., an
substrate. An interesting observation is that a dip appears acceptor-related transitiéh.

the energy of the GaAs band gap. The explanation for this is We next measured PL under selective excitation to ex-
that the emission from the buffer or substrate at the GaAplore the underlying electronic structure that gives the broad-
band-gap energy gets absorbed by the N-doped epilayeened PL spectra of Fig. 1. Selective excitation has been used
Thus, even though the band gap for this N-doped sample has GaAs _,P, :N to resolve phonon sideban@S’s in a PL
been reduced by ~45 meV as determined by spectrum of the isolated N center that was inhomogeneously
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910 900 890 880 870 860 850 840 ergy tend to transfer to nearby trapping centers with lower
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2 15000 [1.4628 eV P both NN; and NC to N clusters, since it would be rather
% | 1.4599 eV YA ‘ 114538 ¢V difficult for any N pair transition to survive at this doping
£ 14549 &V A [ Wragds ev level, based on a comparison with the results for GaP:N. A
5 10000 [ ' 1 51.447fgeV - similar N cluster-related transition has been observed in
14508 eV Taastev GaP:N at 116 meV below the NN’ In fact, the spectra
1.4488 ev : 4371 eV shown in Figs. 2a), 2(b), and 3 share a close similarity with
5000 |1 4444 oV e, f429teV the spectra obtained for GaRN, samples. As an example,
143846y x4 o Fig. 2(c) shows PL spectra of a GaP,N, sample Wlthx .
I L =0.43% under above-band-gap and selective excitations.
o | 1.4300ev 8 ] The similarity lies in three major aspects: FigcPshows(1)
a sharp peak labeled as lithat appears at 4.8 meV below
U SR TN NN ST SN TS A SN SN TN SN TN TN TN NUUE SHNS ST S SN 1 H 1 H 1
o 1m 1a 1 T e the excitation energy when the excitation energy falls any-

where within the continuous spectrum below the ;NNan-
Energy (eV) sition, which is attributed to excitons bound to perturbed

FIG. 3. Selective excitation PL spectra of the MBE sample WithNNl centers;(2) a peak labeled as NC remains at the same

a series of excitation energies. Excitation energies are shown on theene_rgy posrglon_Wlth yarylng excnauo_fas well as N (_:om-
left, peak energies for the NNiransition are shown on the right. position, which is attributed to the exciton bound to nitrogen

Spectra are vertically shifted for clarity. cIusters;(S) a series of phonon sidebands associated with
NN;, which resembles the PS spectrum of unperturbed. NN
broadened due to the alloy efféétand in GaP:N to resolve The redshift of NN with respect to the excitation energy has
overlapped N pair PS spectra of different Néénters:® been found to increase monotonically with increasing N con-
Firstly, as shown in Figs.(3) and 2b), we find that under centration, which supports the fact that the actual N concen-
selective excitation the spectra for the MBE and MOCVDtration is higher for sample XT2658 than for the sample
samples share a great similarity, despite the fact that undé&viB365. These observations lead to the conclusion that al-
above-band-gap excitation their spectra appear quite diffetthough the N-induced states form a continuous spectrum en-
ent. For instance, the transition WMhich is rather weak for ergetically, they retain a certain degree of spatial localiza-
sample MB365 in Fig. (&), is now resolved equally well for tion, which is precisely the characteristic of an impurity
both samples under resonant excitation; the unresolved tratand*°
sition NNp for sample XT2658 in Fig. (B) is now resolved Thirdly, we observe a strong enhancement in the Raman
with the 1.4628-eV excitation; and a new peak at 1.441 e\scattering from LQI") and TQI") phonons due to the reso-
(~2 meV above the transitiolt, labeled as NE which is  nant Raman effect, when compared to that for the undoped
unresolved in Fig. () for the two samples, is now resolved sample MB364[see the inset of Fig.(2)]. The Raman in-
with the 1.4628-eV excitation. Such a similarity indicatestensity for the MOCVD sample is somewhat weaker than
that the underlying electronic structures are similar for thes¢hat for the MBE sample, which is largely due to the doping-
two samples, and the difference in appearance under tHevel difference. For instance, with the excitation energy at
above-band-gap excitation is largely due to the difference 01.4488 eV, comparing the enhancement of the(IDpho-
the actual N doping levels. The variation in doping levelsnon for MB365 with MB364 yields about a factor of 23, and
causes a strong difference for the transition associated witfor XT2658 with MB364 a factor of about 37. Even though
the impurity band but not for the discrete levels. Raman scattering in this geometfiye., the back scattering
Secondly, as shown in Fig. 3 as well as in Figa)and  geometry from the TQI') phonon is nominally forbidden
2(b), we find that a sharp transition, labeled as'Nappears for a zinc-blend semiconductor, the scattering intensity for
for all transition energies with its peak energy very close tothis phonon becomes comparable to that for thél)Qpho-
but shifting with the excitation energy, accompanied by a TAnon in these N-doped samples. In fact, such a N-induced
phonon sideband at 8.6-meV below the sharp line€ NNe  resonant enhancement has been observed in G&Rahg
attribute this peak to N pair states under the perturbation oGaAsP;_,:N,*? and recently in GaAs:N near the, Mevel *
other relatively remote but randomly distributed N centers ofFigure 4 shows the resonant Raman profiles for sample
loosely packed N clusters, based on the similarity of thes&XT2658. (Note that in Fig. 4 the system response has been
results with those for GaP:N shown in FigicR® The red- accounted fo). For the LQT") phonon, a peak occurs near
shift between the excitation energy and NBan be ex- the expected band gapoom-temperature electroreflectance
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M0 ——————T T T T T T T level, and simultaneously on the perturbation of N atoms to
- GaAs, N (XT2658, x = 0.1%) T the bulk states. Configuration averadéd®e so-called quasi-
12000 - random approximationwere performed in some of these
calculations’?** however, this does not properly mimic the
] effect of the random distribution in which the energy levels
i of N pairs or N clusters may be very different from that of
. the isolated N center. Similarly, Yaguckt al?® proposed
1 that in GaP:N the band-gap reduction was due to impurity
. band formation from the isolated N center. However, in
1 GaP:N, since the isolated N center generates a bound state,
7 the perturbed bulk states are not directly relevant to the
; band-gap reduction. A seemingly different model was the
. so-called “two-level repulsion” modé(?® in which the
1 band-gap reduction was described as the result of the inter-
action between the Nevel and the GaAs band-edge state. In
fact, the sophisticated pseudopotential supercell calculation
of Ref. 36 shares a great deal of commonality with the
FIG. 4. Resonant Raman profiles of IO and TQT) phonons ~ Simple “two-level” model. They both suggest that the band-
for the MBE sample. Lines through the data points are guides to th€dge state becomes localized in real space, and that the elec-
eyes. tron effective mass in N-doped GaAs becomes heavier than
that in undoped GaA€® While Ref. 36 explained these
gives an ~45-meV band_gap reduction for this Samp|e_ effects as reSUlting from N-induced miXing of differekt
There m|ght be a second resonance at h|gher energy. Ho\ﬁ.tates and the repulSion between thstate and the folded
ever, due to the interference from strong luminescence, it istates, this explanation does not distinguish itself from the
not possible to determine the Raman intensity reliably ortwo-level” model qualitatively, since the Nstate is in it-
even see the Raman features for energies higher than tis€lf @ mixed state of differerkt point states because of its
range covered in Fig. 4. For the TD phonon, a weaker localized nature. In these repulsion models, the predicted de-
resonance is found at an energy slightly lower than that fopendence of the electron effective mass on the doping level
the Lqr) phonon_ Sharp resonances in resonant Raman pr(bS exactly the Opposite of the experimental results of Ref. 26.
files associated with isolated N centérsand paired N In our opinion, a major shortcoming of these models is that
centeré! in dilute N-doped GaP have been observed previthey are oblivious to the observed bound states of N pairs or
ously. Since the enhancement of the Raman scattering froffusters that are the genesis of the band-gap reduction.
the TQT) phonon is a signature of N-related localized states The impurity band-formation effect occurs at different N
in these N-doped Semiconducté}gﬁ‘?’ the resonant Raman doplng levels for the different bound states. Although there
profile for the TAT) phonon shown in Fig. 4 provides fur- is not a well-defined N concentration at which GaAfN,
ther corroboration of the localized nature of states near thalloy formation or band-gap reduction begins, the apparent
band edge of the N impurity band, although they are partiallyoand-gap reduction should be observed roughly when the
delocalized due to the impurity band formation. The aboveshallowest bound stateX¢ or NN;) forms a band. We can
observations indicate that it is feasible to obtain resonan@ive a simple estimate for such a critical doping leved)(
Raman profiles near the direct band edge of direct-gap maising the formula 2,=n""3 wheren is the concentration
terials like GaAsN. This has hitherto not been possible ow-of the centers considered anglis the “radius” of the im-
ing to the fact that the Raman intensities are overwhelmed bpurity wave function. As an estimate, one can usg
the band-edge PL background in GaAs undoped with N. = (2mE,/%#?) Y2 whereE, is the binding energy anch is
the effective mass. FoX;, using E,=7 meV!® we have
ro=63A, which yields a critical doping levek,=0.2%.
Experimentally, the band-gap reduction has been observed to
There exist a few different models for the mechanism ofbegin atx=0.1% or lower*>However, if one takes into
the band-gap reduction in GaAs:N and GaP:N. Some modelgccount the excitonic effect, the intercenter coupling may
appear to be quite different from each other, but actuallystart at a lower concentration. As a weakly bound exciton for
share a great deal of similarity. In the band-structure calcuthe X, state, the exciton radius is likely to be close to that of
lations for GaAs_ N, alloys using different techniqué$;®®  the free exciton in GaAg~100 A). For ro=100A, x,
N atoms were frequently assumed to be regularly distributesivould be 0.1%, which is closer to the experimental results.
in the GaAs matrix, i.e., the band structure of GaAs:N wasWe should point out that in the vicinity acf=0.1% even
mimicked by a superlattice with one N atom in each superthough modulated reflectan¢e.g., electroreflectance or pho-
cell. Since an isolated N center generates a resonant statereflectance and PLE spectroscopy have yielded a band-
above the conduction-band ed§&!* one might expect that gap reduction of a few tens of me\?:?® the N-induced
this type of calculation actually deals with the effect of thedeeper bound statés.g., NN;—NNg) persist as discrete lev-
interaction of isolated N centers or the formation of the im-els below the new band gap. In addition, there is a continu-
purity band from the resonant state on varying the N dopingus spectrum of bound states that constitute the tail of the
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IV. DISCUSSIONS
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new band edge. On further increasing the N doping levelstudy and does not affect our conclusions about the elec-
these below gap states form their own impurity band andronic properties near the conduction-band edge for the
thus define a newer band edge, as shown by the PLE resukamples we have studied.

of Refs. 21 and 23.

In light of the above discussions, a consistent picture has
been obtained for the electronic structure of heavily N-doped
GaAs samples witli~0.1% investigated in Refs. 21 and 23 ~ We have performed a spectroscopic study of GaAN,
and this study. One can assume that such samples exhilsiamples with N concentrations nea+ 0.1%. This is an in-
properties that are characteristic of the GaAs:N systemtermediate concentration at which the shallow N-induced
which is a situation similar to that for GaP:N, where despitebound states form an impurity band and thus yield an observ-
the fact that the spectral shape changes greatly on varying tteble band-gap reduction, but at which the deeper N-related
N-doping level, the energy levels of all the N-induced boundbound states persist as discrete levels below the newly
states remain well-defined and stationary up to a certain dogermed band edge. We have shown that near the band edge,
ing level. However, the disagreements that exist amongst thinere exists a continuous spectrum, plus a set of discrete
results of Refs. 18, 24, and this study seems to suggest thkvels, of N-induced localized states, which shares a great
the distribution of N in GaAs might vary significantly with similarity with GaR _,N, samples. The role of these states in
varying growth conditions. A question, which relates to thethe formation of the new band edge on further increasing N
distribution of N atoms in GaP and GaAs, has remained uneoping levels has been discussed. We have observed that
answered for a long time. If the N atoms are randomly disthese localized states give rise to strong resonant Raman
tributed, as usually assumed, why then are far less NN pairscattering, providing a unique situation where a resonant Ra-
observed compared to what should be expected by simplean profile can be measured near a direct gap of a direct-gap
geometric consideration§® The absence of certain pairs material. Finally, even though the band structures of GaAs
could be indicative of a nonrandom distribution due to for-and GaP are very different, a unified picture has now been
mation energy considerations. Or it could be due to a bandebtained for the electronic structure near the conduction-
structure effect related to a destructive interaction betweeband edge for heavy nitrogen doping in these two systems.
the two N atoms for certain paifs.As regards the origin of
the observed transitions in GaAs:N, this study seems to in-
dicate that those transitions labeled as NMWNg are asso-
ciated with N clustergwith more than two N atomsand that The work at NREL was supported by the U.S. Depart-
the X; series originates from N pairs. Certainly, a set ofment of Energy under Contract No. DE-AC36-83CH10093
samples with a continuous variation of N doping level isand by the NREL DDRD under program No. 0659.0004, and
highly desirable for further clarifying this issue, as has beerthe work at UCSD was patrtially supported by the Midwest
done for GaP:N.However, the detailed nature of exact con- Research Institute under subcontractor No. AAD-9-18668-7
figurations for these transitions is not direct relevant to thisrom NREL.

V. SUMMARY AND CONCLUSIONS
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