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Evidence for selective delocalization of N-pair states in dilute GaAs N,
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We report high-pressure photoluminesce(iek) experimentgto P=62 kbar at 9 K on GaAs_,N,/GaAs
guantum wellSQWs) having N compositionsx=0.0025,0.004) in the dilute regime where the GaAH,
alloy conduction bandCB) evolves rapidly via delocalization of N-paiclustey states. Under increasing
applied pressure, we observe low-energy broadening of the emission spectra, an increase in the Stokes shift of
PL peaks relative to the QW absorption edge, and several new N-pair PL features that derive from CB-resonant
states at 1 atm. Two of the latter featutassigned to NN replica appear strongly in the=0.0025 sample at
energies below the QW absorption edge f8e29 kbar, but are completelpbsentin the x=0.004
sample—an effect that has not been seen previously in GgNg alloys to our best knowledge. The trends
for broadening and increase in Stokes shift under pressure are accounted for using a model of the recombina-
tion kinetics that considers competing fluctuation and N-pair states. The absence of jifedilNes in the
x=0.004 sample provides evidence that N-pair states incorporate into the CB contiruanenergy and/or
state-selectivedelocalization process. The observed selectivity in the narrow composition range €025
<0.004, while bound states and other resonant states closer to the CB edge remain unaffected, offers an
important test for band-structure calculations in GaAd, dilute alloys. Selective delocalization fsonant
N-pair states is difficult to explain within an impurity-band model, but it is qualitatively consistent with recent
theoretical studies of CB formation in GaAsN, dilute alloys that use a full-hybridization approach to treat
the incorporation of N-paifcluste) states.
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. INTRODUCTION light-emitting devices, multijunction solar cell§ and het-
erojunction bipolar transistotgrovides additional impetus
The presence of relatively small amounts of nitrogas  to resolve these issues.

an isoelectronic anion substitugnin GaAs _,N, alloys It is well known that nitrogen, at impurity concentrations
strongly affects the formation of the alloy’s conduction-band(€-g., <10°° cm™?) in GaAs N, and otherlll -V, _,N,
(CB) structure as the N composition exceeds0.001. The  Systems, introduces localized states associated with N centers
most apparent of the changes—a decrease in the fundament@iisolation, N pairs, and more complex N clust&ts’
band gapE, driven by excessive negative bowihgn ac- Depending on the alloy system, N composition, and external
companying increase in the electron mas,? and a de-  FERCR B BN ST O e retanat.
crease indEy/dP (the band-gap pressure shift-are decid- ' y

dl tsid f the virtual crvstal roximation ndWith (i.e., degenerate wijh the CB continuum. In
edly outside o € virtual -crystal- approximation, - a GaAs _,N, at 1 atm, the isolated N center generates a reso-
contrary to other established trends in conventional direc

- ) . ﬁant level* and considerable experimental and theoretical
band-gap IlI-V materials, where one usually finilsT; /me - \york has shown that this lowest unoccupied level gfN
~AEy/E4 and dEy/dP~const. according to Paul’s rufe. (which hasa; symmetry is subject to strong couplingn-
Other I11-V;_,Ny dilute alloys exhibit similar nonstandard creasing as.x) with the extended CB-states of the
effects, and the detailed understanding of these phenomenagggy 3.15-21
being actively pursued. This coupling has been described theoretically based on

The general origin of the unconventional behavior is un-the two-band anticrossing modé?~22and on supercell cal-
derstood to be the high mismatch, in electronegativity and irculations that consider multiband hybridizatfon?® Both
size, between N and the host anion, leading to a variety ofypes of these band-mixing approaches are able to describe
N-related localized states at energies n@gmth below and the main observations concerning the CBE in GaAbl,
above the CB edgdCBE).® However, the detailed evolution alloys up to several atomic percent N content—in particular,
of these states during formation of the alloy CB structure ishe composition and pressure dependencieBoand my .
not well established. In particular, the mechanism by whichin the treatment of Ref. 25, the effects of N-pair and
the N-related states delocalize with increasipgnd incor-  N-cluster states on the formation of the alloy CB structure in
porate into the extended states of the alloy’s CB continuumlarge relaxed supercells was calculated explicitly. It was pre-
remains quite controversial. The potential impact of dilutedicted that the multiband mixing of the N-pair/-cluster states
[1-VN;_, ternary and quarternary alloys on near-infraredshould become sufficient to cause transitions of their wave
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functions to a quasilocalized bandlike character as the statestrained. Their nitrogen compositions were deduced from the
are overtaken by the descending CB continuum. Besides tHattice constant of the GaAs,N, layers observed in triple
preceding band-mixing approaches, it has been proposed thettystal rocking curves about the Gaf@04) Bragg peak. It
impurity-band formation, via overlap between N-pair/- was assumed that Vegard’s law holds, and a linear interpola-
cluster states, controls the evolution of the CBE properties ifiion of Poisson’s ratio between GaAs and cubic Gdef.
dilute GaAs_,N, and GaR_,N, alloys?”?® In particular, 34) was used to correct for the biaxial strain in the
the observed scaling of the band-gap reductiomgxx®, ~ GaAS_,Ny layers. SIMS measurements were then per-
with exponents in the range 0.55¢<0.65, was attributed to formed to confirm the x-ray-determined compositions. Ex-
this mechanisr? All of these interpretations allow for fluc- €nsive earlier work has shown that GaAN, material
tuations in the CBE energyas expected in highly mis- grqwn_by ChBE under S|m|lar conditions w_elds hlgh-quallty
matched alloyk either by including a lifetime for the reso- epl_taXIaI Ia_1yers, with essentially ful sgt_)stltutlonal INcorpo-
nant N state in the two-band anticrossing mddedy direct rat|orr]1 of nitrogen up to |7% Nc(j:.orélpos;;uéﬁ. < each
calculation of random geometries in supercells with multiple 1€ ton MQW samples studied in the present V"’g‘\)r eac
N atoms? or by the disorder inherent in impurity-band Nave 86-A-thick GaAs ,N, quantum wells and 230-A-thick
state<’ GaAs bamers; there are 15 well/barrier repetitions. The mo-
The present photoluminescen@®L) experiments use ap- lar N fractions are measured to ke 0.0025(sa}mple num-
plied hydrostatic pressure to explore changes in the spectruRf" 619 and x=0.004 (sample number 616 with an esti-
of the localized N related states in GaAsN,/GaAs mul- Mated uncertainty inc of *10%. Specimens are prepared
tiple quantum well§MQWSs) within the range of N compo- OF measurement by carefull;g/ thinning the substrates and
sitions where these states are expected to undergo transitiof§aving into~80x 80X 10-um-chips. _
to a delocalized bandlike character. Prior work indicates that PL éxperiments are performed under applied presstwes
such transitions most likely occur in the range 064 P =62 kbar) and at low temperatur€b< 9 K) using a ruby
<0.0062527%031 Oyr measurements exploit the ability of calibrated diamond-anvil ce(DAC) and a He cryostat with
pressure to “filter” the energy levels of localized and ex- a bottom optical window? Concurrent tuning of the pressure

tended states by virtue of their different pressure behaviord.~0-5-kbar minimum step sizeand temperature is possible
Localized electron states generally exhibit blueshifts withP?Y means of a hydraulic press and resistive heating of the
pressure that are 3-5 times slower than the blueshifts di€-€Xchange gas Su”%‘é”d'”g the DAC. The accuracy of the
extended CBE states in direct-gap I1-V materiaEhis fil-  "Uby barometer ist 3%,™ and the temperature is controlled
tering property is well known, and in fact was instrumental© =1 K by Si-diode thermometers contacting the DAC. We
in first identifying the hierarchy of resonant N-pair states in'0ad superfluid He into the DAC sample chamliterhole
N-doped GaAs and GaP,As,. %4 Here we investigate |n|t|a_IIy_ 450 ,u,rnd)x 90 um deep in an Incpnnel gasheb
the effects of pressure on the PL spectra due to recombin&f-‘ax'm'ze.the isotropy of the pressure environment. Even so,
tion of excitons bound to N-pair/-cluster states and/or to CBON changing the pressur@p or down forT=40 K), the
tail states. We focus on the mechanisms for spectral broaduPy R lines broaden sufficiently to justify annealing the He
ening and increase in Stokes shift under pressure, and on tfeedium (150 K is adequate below 100 kbar) aftdranges
pressure-induced appearar{ce not of N-pair/-cluster fea- Of ~20 kbar. Frequent and thorough annealing of the pres-
tures that are associated with CB-resonant states at 1 atm. A§re medium is carried out to ensure that none of the ob-
is seen below, our results provide experimental evidence th&€rved PL features derive from spurious strain gradients.
selectedresonant N-pair states in GaAsN, are able to _The PL spectra are measured in the reflection geometry
incorporate,via band-mixing processesnto the extended USing & 1-m double monochromator and photon counting de-
states of the CB continuum prior to impurity-band formation. tection. PL excitation is provided by 5-mW 5145-A radia-
This selective delocalizatiofin a narrow range of N com- tion from a continuous wave Ar laser, focused into a
positions has not been established in earlier measurementg9-+M spot at the sample. The same system is used to mea-
It offers important criteria for testing theoretical predictions Sure the ruby R lines, except that the signal is recorded with
on the formation of the CB structure in dilute GaAgN, ~ @n alternative multichannel detector. This permits real-time
alloys. monitoring while changing the pressure or annealing the me-
dium. The quoted pressure for each sample spectrum is the
average of two ruby runs recorded just before and just after
Il. EXPERIMENT taking that spectrum. Besides the PL studies, we also carried

: - . t transmission measurements on the 0.0025 MQW
The GaAs_,N,/GaAs MQW samples investigated in ou ) : : .
this work were grown by chemical beam epitat@hBE) sample by imaging DAC-loaded specimeimck lit by a

using, as sources, 1,1-dimethylhydrazine, triethylgallium,tungSten sourgeonto the monochromator slits. Above ambi-

cracked arsine, and a growth temperature of 480 C. The ent pressure, the transmission tends to be partial!y attgnuated
growth procedures and ultrahigh vacuum ChBE reactor havBy debris that gathers on_the upper diamond anvil during the
been described elsewhefe®® The samples were deposited process of capturing He in the gasket hole.

on buffered(001) semi-insulating GaAs substrates with no
postgrowth annealing, and were characterized by standard
x-ray diffractometry, and secondary ion mass spectroscopy Figures 1 and 2 show the effects of applied pressure on
(SIMS) methods. The quantum wallQWs) were fully  the PL spectra of the MQW samples witk=0.0025 andx

Ill. RESULTS
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FIG. 1. PL tra at several pr res for the MQW sampl
. G Spec i al several pressures for the QW sample FIG. 2. PL spectra at several pressures for the MQW sample
with N-compositionx=0.0025 in the QWs. Numbers 1-6 label . . . .
- . ) : with N-compositionx=0.004 in the QWs. Numbers 1-3 designate
distinct PL features, as assigned in the text. The inset shows th g, e
. . the same PL features as in Fig. 1; note that features 4—6 are missing
measured absorption spectrum of the QW and substrate in this " .
. . In this sample. Vertical arrows mark the calculated energy of the
sample at 1 atm. Vertical solid arrows mark the calculated energy o W band aap in this sample at each pressure
the sample’s QW band gap at each pressure. Note th& thap in 9ap P P '

bulk GaAs is at 1.52 eV. and the Stokes shift of the different PL features relative to

the absorption edgdindicated by the solid arrowsare

=0.004, respectively; the Fig. 1 inset displays the measuredlearly visible for both samples. We find that both the low-
absorption spectrum for the=0.0025 sample at 1 atm. In all energy broadening and the Stokes shift increase under ap-
cases, the solid arrows mark the calculated position of thelied pressure, in accord with prior resuits'®
effective band gap in the Gaps,N, QWSs, as obtainetsee Recombination of excitons bound to specific types of
discussion beloy using the band anticrossing modéf’  N-related centers, especially N pairs, leads to a number of
The PL spectra in Figs. 1 and 2 are quite consistent with aistinct features in the PL spectra at 1 atm and higher pres-
number of previous results obtained at 1 af# “°or at  sures in Figs. 1 and 2. For the N compositions investigated
pressures significantly lower than reported H8r&in mea-  here, a hierarchy of N-paiand N-cluster centers gives rise
surements on GaAs,N, epilayers and QWs having similar to different spatially localized statesee, e.g., Ref. 25
dilute N compositions. Some of these states are bound below the CB edge at all

The observed PL spectra are a mixture of two types opressures, while others are resonant with the CB continuum
components—emission by localized excitons trapped at difat 1 atm but are expected to becort@mergetically deep
ferent energies in a quasicontinuumfloictuationstates, and — states, able to bind excitons, as pressure shifts the CBE suc-
emission by excitons bound &pecific N-related centede-  cessively above the levels of particular cent@%:*°The PL
rived from N pairs and N clusters. transitions associated with N-pd#cluste) states are a com-

The fluctuation states result from random spatial variaplicated mixture of zero-phonon and phonon-replica lines.
tions in the average N composition {x(1—x), and/or in  However, the energies of these transitions are known to be
the internal strain environmeft*2 This gives rise to broad relatively insensitive to the N compositidh® and, in fact,
structureless low-energy wings associated with the CBE'dor any given pressure at which like-numbered PL features
band-tail emissiorand with each of the PL features due to (refer to Figs. 1 and)2are present in both samples, we find
specific N-related centers. The fluctuation states also contritihat these features are coenergetic. Hence, based on a com-
ute to the Stokes shift of the PL via the approximate correparison to prior results for N-doped GaAs containing two
lation between energy and lifetime among these states, asders-of-magnitude less nitrogerx~2.5x107%),1° we
discussed in Sec. IV. In Figs. 1 and 2, the low-energy winggonclude that the N centers that are most likely to make
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FIG. 3. Measured effects of pressure on the energies of the PL FIG. 4 Measured effects of pressure on the en(_ergies of the PL
features in thex=0.0025 sample. The data symbols in the key are catures in thex=0.004 sample. The data symbols in the key use
labeled using the same numbering as in Fig. 1. Also shown is '[héhe same numbering as in Fig. 2. Also shown is the calculated

calculated pressure dependence of the sample’s lowest-energy QU/ESSUre dependence of the lowest-energy QW transition in this
transition (solid curve, and the observed shift of the bulk-GaAs SamPle(solid curve, and the observed shift of the absorption edge

absorption edgéstars and dotted jitin the substrate in bulk GaAs(substrate ok=0.0025 sample; stars and dotted. fit

sure on the absorption edge of the GaAs substrate irx the
=0.0025 sample, as found in our DAC transmission studies.

; . . It was possible to observe the substrate edge at all pressures,
NN;). The one phonon replica NNLO is the best choice for but thep much weaker QW absorption edgge could %e ea

peak 3, whereas the energies of the higher_—order phon_on "®Bired only at 1 atninset to Fig. 1 because of the debris that
licas NN;-2LO and NN-3LO are appropriate for assign- spscyred the upper diamond anvil, as mentioned in Sec. II.
ment to peak 1 and feature 2, respectively. However, as re- The solid curves in Figs. 3 and 4 are calculated results for
marke_d, it is likely that the observed spectra are a mixture ofe pressure dependence of the effective band-gap energy in
emission both from N-related centesiad from CB fluctua-  the GaAs_,N, QWs of each sample. This calculation is
tion states. The relative strength of these components is ditarried out using the band-anticrossing model of Waluk-
ficult to assess, but both can be substantial. The competingwicz and co-workers*?23"4Swith the QW confinement
recombination paths that contribute to the PL spectra arenergy of the lowest electron level found from a finite
considered furthefsee Fig. 6 below. square-well treatment. Based on the results of previous ex-
The assignment of peaks 4—6 to specific N-gaituste) periments and calculations, the pressure coefficigetative
centers is more problematic. First of all, we note that theséo the valence bandof the GaAs CBE and the isolated N
features are presenhly for the lower N-composition sample level are taken to be},/dP=10.8x 10"% eV/kbar (Ref.
(x=0.0025, Fig. 1, an important observation that is dis- 46) and Ey/dP=1.9x10 % eV/kbar;* respectively, and
cussed at length in the next section. In the case ofxthe for the coupling coefficient beg\yedﬁm andEy at low tem-
=0.0025 sample, the best choices for peaks 4 and 5, bas@grature, we use \=2.5 eV>' The best agreement with
on the results in Ref. 10 for N-doped GaAs, are low-orderour 1-atm absorption edge data is obtained Eq(P=0)
phonon replicas of Nipairs. Alternatively, recent theoreti- =1.7 €V, also in reasonable accord with the value 1.65 eV
cal results, which take account of the orientation of N pairs€MpPloyed in Ref. 37. The hole confinement energy, and the
suggest that Nhoriented along thé2,0,0] axis, or perhaps SPIitting of the heavy- and light-hole valence bands due to
NN, oriented alond2,1, 1, figure importantly in peaks 4 and mismatch strain, have been neglected, omissions th_at intro-
524254 Both experiment and theory allow other assign—duceAeSS than.5—meV errprfqrthe N compositions of interest
ments, but these seem less likely to us. We make no attem Fre. The solid arrows in Figs. 1 and 2 also are obtained

; - : : sing this calculation. The band-anticrossing model is em-
Looﬁl]?:lgn peak 6 in Fig. 1, for which there are just two dataployed here chiefly to assess the magnitude of the Stokes

The energies of the numbered features in the PL spectra &pift in our samples as a function of pressure. Although still

the x=0.0025 andk=0.004 samples depend on pressure ascontroversial, this model is known to replicate rather well the
plotted ih Figures 3 and 4, respectively. The data points giv ressure and composition dependencies of the CBE in dilute

the positions of the component peaks obtained in optimize aAs Ny alloys.
multioscillator fits to the observed PL spectra. The error bars

represent the typical variations among several fits to the

same spectra using slightly different starting parameters. The We focus on three important aspects of the preceding
stars(and least-squares dotted ljrghow the effect of pres- pressure-PL resultgi) The PL spectra are a combination of

strong contributions to peaks 1, 2, andid,both samples
arise from N pairs at nearest-neighbor anion siténoted

IV. DISCUSSION
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FIG. 6. Density-of-states model of competing recombination
1‘ 4 " 1'5 ’ 1'6 ) 1'7 i 1'8 processes which contribute to the observed PL spectra. Absorption

and PL emission are shown by up and down solid arrows; wavy
Energy (eV) arrows indicate nonradiative processes. CBE and VBE label the
edges of the conduction and valence bands in bulk GalAshed
FIG. 5. PL spectra of the=0.0025 anck=0.004 samples com- line accounts for exciton Coulomb enejgfotted lines represent
pared at similar pressures. Vertical arrows mark the calculated erelectron quantum levels,, ande,, designate the energies of a deep
ergies of the effective QW band gaps in each sample. N-pair/-cluster statgbold line and a band-tail fluctuation state
(short tick mark, respectively.

emission from a quasicontinuous density of fluctuation states _
and from sharper features related to specific N—pair/-cluste?bovesa’ but this is neglected _because the observed PL
centers(principally pairg. Under applied pressure, the fluc- spectra fall off more sharply at h'g.h energy than at IOW en-
tuation component broadens toward lower energy, and th ray. Althqu.gh the model in Fig. 6 is clearly oyer.5|m'pl|f|ed,
number of N-pair features increasds,) The Stokes shift : ha? s_ufflc_lent content to acpount for our main f|nd|ng§.
between the observed PL peaks and the absorption edge of W|th|n_th|s model, the relative strengths of the PL emitted
the GaAs_,N, QWs tends to increase with pressufi.) via .thg dlfferen.t.channels.under steady—statle anq low-level
Several of the N-related features that appear below the alsa_xcnatmn conditions are given by the intensity ratios
sorption edge for pressures greater than 29 kbar inxthe s
=0.0025 sample are absent under similar circumstances in |—=(QE);na,8asrg,
thex=0.004 sample. Point$)—(iii ) are clearly illustrated in s
Fig. 5, where we compare spectra for the two samples at | (QE) Ny Byt
similar intermediate pressures and similar high pressures. b b—bbsTSJr(QE)rn Bbar. (1)

It is useful to discuss the interpretation of these findings la lalls bibbata:
by way of the generic model depicted in Fig. 6. We consider, .
three radiative recombination channels: The PL of confine
excitons associated with the lowest electron quantum Ieve%
the PL of excitons bound by a deep N-p@ailuste) center at
energye,, and the PL of excitons bound within band-tail
states at energy,. After photoexcitation, electrons and
holes in the QWs rapidly thermalize to the lowest confine
levels and easily form excitongspecially at low tempera-
ture). These shallow excitons can emit Pthannels), or
become trapped in the states associated with the N complex
(e,) or the band tail £,)). A N-complex-bound exciton at, Based on these expressions, the mixture of band-tail and
can emit PL(channela), or decay directly into a band-tail N-pair (-clustej emission observed in the sub-band-gap PL
exciton atey. In turn, theg, exciton may either emit PL spectrum at a given pressure can depend on several factors.
(channeb), decay nonradiatively, or relax to lower band-tail The most important of these factors is the state dengities
states. Due to the low temperature of our experiments, thiandn,. Clearly, in the limit in whichn, goes to zeral, also
model treats only energy relaxation processes. In principlewill vanish, and multiplying together the two expressions in
one should include the PL from band-tail excitons at energie&q. (1)] we see that,, will then arise only from the capture

ere (QE);(b) is the radiative quantum efficiency of
hannela (or b), n,y) is the density of deep nitrogen-
omplex states at, (or band-tail states aty,), Bass)(ba) IS
the capture coefficient for trapping a shallow exciton into
statea (or into stateb, or for exciton capture directly from
dstatea to stateb), and 7, is the radiative lifetime of an
exciton in statea (or a shallow exciton

A. PL line-shape changes under pressure
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of shallow excitons. For the N compositions in our samplesStokes shifts of the PL bands in amorphous Si:H and in
and 1-atm pressure, all of the N-pair levels at energies abov8s-chalcognide glasses are also observed to increase under
NN,-2LO are expected to be CB resondht®and the den- applied pressur&:*
sity n, of sub-band-gap pair levels is relatively low. It in-
creases, however, under applied pressure, as N-pair states
enter the band gap. This provides a simple explanation for
the smooth PL line shape dominated by a single peak at low The N compositions in the two GapsNN./GaAs
pressure, and the increasing number of sharper N-pair feg2mples studied herg=0.0025 and=0.004, are not very
tures appearing at elevated pressures. dlffereljt, and the geometry and growth of each sample is
Density-of-states arguments can also account for the lowPtherwise the same. Yet, for pressures above 29 kbar, the PL
energy broadening of the band-tail PL under pressure. Aspectra of the samples exhibit a s_tr|k|ng qualitative differ-
mentioned, the band-tail emission arises from excitons locals"¢¢ that has not been reported prior to the present work to

: : : - : _our best knowledge(See Figs. 1, 2, and bThe two promi-
ized in potential wells due to composition and/or strain fluc nent PL features that appear below the QW band edge in the

tuatlc_)ns in th_e CBE. The d_eepest fluctuations bind the mos)E:O_0025 samplénumbers 4 and 5 in Fig. 1: probably NN
localized excitons, and their energy levels are expected to be, . X _
the least sensitive to pressure—with pressure coefficienrep-hca do not appear in the=0.004 sample, even though
S . . ) heir energies are expected to fall below the QW band edge
similar |nlm4agn|tude to that of excitons localized at N—_relatedat high pressures in both samples. There could be two prob-
cgnters“: 1t follows that the rate of pressure shifto 516 explanations for this behavior: First, the N-péir
higher energy should be slower for the deeper band-tail N_cjystey states that give rise to features 4 and 5 still cross
states, resulting in low-energy broadening of the correspondye|ow the QW band edge in the=0.004 sample, but the
ing PL line shape with increasing pressure, as observegorresponding PL transitions are forbidden or much weaker
Hence, these changes are driven by the ability of applie¢han in thex=0.0025 sample. Second, the N-related states
pressure tdilter localized and extended states that overlap ingssgociated with features 4 and 5 no longer cross below the
energyby virtue of their different pressure shifts. QW band edge in the=0.004 sample, but remain CB reso-
nant because their pressure behaviors are strongly modified
_ _ compared to the lower N-composition case. Let us examine
B. Increase in the Stokes shift these alternatives in greater detail.
The Stokes shift of the observed PL features relative to In GaAs-based systems, tH&-X crossover provides a
the QW absorption edge is due to the relaxation of excitongatural mechanism by which forbiddéor weak transitions
by successive capture into lower-energy stalésor the PL  can be driven into the band gajn pure GaAs this crossing
structure associated with specific N-pair centers, thedccurs at 39 kbat?) If the N-pair states responsible for fea-
pressure-induced increase in the Stokes shift can be egtdres 4 and 5 are able to hybridize with the host band struc-
plained in a straightforward manner by the filtering effect ofture such that they acquire apprecialldéike character, this
pressure, which tends to move the localized N-pair states tevave-function character would control both their oscillator
deeper energies below the extended states at the CBE. In thitrength and their pressure dependence. The states would
case the increase in Stokes shift directly reflects the differthen enter the gap at a pressure nearlt crossover, but
ence in pressure coefficients between N-pair states and thkeir transition probabilitiefwhich underlie the quantum ef-
CBE. ficiencies in Eq.(1)] would be much reduced. For this to
For the PL component arising from fluctuation statesexplain the behavior of features 4 and 5, the coupling with
there is an added contribution to the Stokes shift that also catfie X minimum in thel’-X crossover regime must be such
depend on pressure. The filtering effect is again the mechdhat the small change in N composition, frots 0.0025 to
nism, but here it operates through the influence of lifetimex=0.004 causes a large increase in Xakke character. Re-
and density-of-states changes on the PL intensity. This cament ambient pressure calculations for N pairs with various
be understood qualitatively using the model in Fig. 6. Band-orientations in large GaAs and GaP supercells find that the
tail states that are deeply bound and localized, such aststateX-like character of pair states is small in the GaAs case, but
in Fig. 6, tend to retain excitons longer than tail states neacan be large for Gake.g.,~50% X character for NN along
the CBE that are more extended. According to Elg, this  [200], or for NN along[211]).2° Hence, one may also expect
favors|[via the efficiency QE);] PL emission at lower en- the X character of pair states in GaAsN, to become sig-
ergy; on the other hand, the density of band-tail statgs nificant for pressures near thd-X crossover where the
falls off sharply with decreasing energy, favoring PL atband structure becomes indirect, and thus more like
higher energy. The resulting Stokes shift depends on the batsaR, 4N, at 1 atm. However, in GaAs,N, with X
ance between these factors, and applied pressure, by broad0.004, thel’-X crossover is unlikely to take place within
ening the band tails, modifies this balance to enhance the Phe pressure range studied here, due to the effects of N in
strength at deeper energies below the CBE. Again one exeducing both the band gap and its pressure shift. The super-
pects an increase in the Stokes shift. cell calculations, in fact, indicate that this crossing should
The physics of this mechanism has been discussed aiccur in our samples at 80 kbarl’?>2°Thus, we discount
length by Mott and others in relation to the PL of band-tailan explanation along these lines for the observed high-
states in amorphous semiconduct8tsVe point out that the pressure behavior of features 4 and 5 in the PL spectra.

C. Missing PL peaks
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The second explanation is more promising. Clearly, thewvhich underpin statement$) and (ii) above>® namely, the
effect of applied pressure on a localized resonant state igpid onsetin composition and selectivity of the changes in
subject to strong modification via mixing with nearliy pressure-PL behavior for the specific N-pair states associated
energy extended states of the host band structure. It igvith features 4 and 5.
known that the resonant state of the isolategd, Benter in Impurity-band formation also has been proposed as a
GaAs _«N, becomes sufficiently mixed with the conduction means by which N-pair and N-cluster states may be incorpo-
band for increasing« (=0.001) that applied pressure no rated into the conduction-band continuum of GaAN,
longer can drive this state, as a distinct level, below the aballoys’®*and Gakp_ N, alloys? In fact, for GaR_,N,, PL
sorption edge. This finding is supported both by experimenexperiments at 1 atm reveal that the N-pair lines observed on
and theory. It accounts very well for the weak sublinear presthe low-energy side of the absorption edge undergo strong
sure shift and the reduced oscillator strength at high pressugenching for N compositions increasing through the range
of the observedE_ absorption edgeg?>30°152and it is ob- x=0.0024-0.007. Although this behavior is similar to the
tained in both the band-anticrossifig>*® and the full-  present PL results for features 4 and 5 at high pressure, it
hybridization treatment5.23-26The inability of pressure to differs in an important respect. For the GaRN, system,
filter the N, State from the CB continuum strongly indicates the N-pair features that decrease in intensity lie just below
that band mixing has progressed to the point where the N the absorption edge, and these PL features are quenched on
state is substantially delocalized. being overtaken by the absorption edge as it shifts to lower

In view of the findings for the isolated A center, it is ~ €nergy with increasing. Such behavior is consistent with
reasonable to expect that the pressure behavior of resonahe formation of an impurity band at energies adjoining the
N-pair/-cluster states should be similarly affected by endower edge of the CB continuum. In contrast, for the
hanced band mixing and delocalization with increasing NGaAs _ N, system, no significant intensity change in the PL
composition. The pressure response of these states alfgatures below the absorption edge is obseri#égs. 1 and
should become more bandlike until, eventually, it would not2.) Rather, we find that features associated witsonant
be possible to drive their levels below the CBE at elevated\N-pair states situated far above the edge at 1 atm, are
pressure. This provides a straightforward explanation for thguenched in the PL spectra. Hence, the pressure-PL results
missing PL peaks in th&=0.004 sample. Essentially, the indicate that these N-pair states are incorporated into the CB
absence of features 4 and 5 is understood as evidence that @ntinuum prior to the onset of impurity-band formation.
corresponding stateprobably related to NNor NN, pairs It is conceivable that impurity-band formation could be-
have mixed into the CB continuum, and, attendant to thiggin for smallerx values among N-pair states at higher ener-
incorporation, have become substantially delocalized. If sogies. The distance between N atoms in such pairs tends to be
the present experimental results requijethat the localized larger, thereby enhancing the overlap of pair-state wave
to delocalized transition for the states contributing to featuregunctions at more dilute N compositions. In this way, a modi-
4 and 5 must onset quickly in the range=0.0025-0.004, fied impurity-band picture might account for the selectivity
and (i) that this process is energy selective and/or state sdn energy, and/or state, that we observe. However, for the
lective. The basis for the latter statement is clear, since, in th®aAs 4N, system, we find it difficult to understand how
same N-composition range, we observe little effect on deepeguch a mechanism could proceed for the CB-resonant N-pair
bound or resonant states, e.g., the state associated with fegfates without very strong band-structure mixing effects.
ture 3(assigned to N\LO), which still enters the band gap Therefore, it seems to us that the hybridization viewint
at ~15 kbar in thex=0.004 sample. See Figs. 1 and 2. can provide a more reasonable explanation for the behavior

To examine this band-mixing explanation further, it is Of resonant N-pair/-cluster states observed under applied
clear that realistic calculations of the effects of applied prespPressure in this study.
sure on explicit N-paifor N-clustej states in GaAs ,N,,

similar to the treatment of these states at 1 &tATwould be V. SUMMARY
highly desirable. Given the wide variety of the resonant '
N-pair/-cluster states in GaAs,N,, and their complicated High-pressure PL experiments are carried out on

pressure dependencies, it seems to us that models in whiéaAs N, /GaAs MQWs having dilute N compositions (
hybridization with the full band structure is considered will =0.0025, 0.004) in the range in which the electronic prop-
be needed to understand the pressure-PL results. We note tleaties of GaAs_,N, alloys change rapidly via a process in
the supercell calculations of Refs. 24 and 25 preg@itieast which N-pair(-cluste) states delocalize and incorporate into
at 1 atm that all the N-pair/-cluster states should have bethe CB continuum. The PL spectra are found to consist of
come substantially delocalized, and incorporated into themission from excitons localized within a pressure-
CB, once the N composition attains the critical valkie  dependent mixture of fluctuation states and N-pailuste)
~(0.006. This prediction is, in fact, consistent with the ob-states, in accord with earlier work. With increasing pressure,
served absence of features 4 and 5 inke0.004 sample the fluctuation component of the PL spectra broadens toward
(Figs. 2 and » However, since the calculations pertain to lower energy, the Stokes shift below the QW absorption edge
ambient pressure, their validity cannot be judged directly inincreases, and several distinct N-pair features appear. The
comparison with the present results. In particular, subsequetdtter features most likely derive from low-phonon replica of
calculations on band mixing and delocalization inNN; (i=1-3) anion-site neighbors, whose states are CB
GaAs _,N, should be able to explain the key observationsresonant at 1 atm but become bound below the CBE at high
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pressures. Two prominent features, which can be assigned tmt from states at or just below the CBE, as observed in
NNj; replica, appear in thg=0.0025 sample but are absent GaP,_,N, alloys. Hence, we find that the second mechanism
in thex=0.004 sample, even though their transition energiess the most appropriate. Given the many types of N com-
should fall well below the QW absorption edge at high pres-plexes, it seems to us that theories such as those proposed in
sure in both samples. Refs. 24 and 25, in which the mixing proceeds via hybrid-

A generic model of the PL recombination kinetics is usedization of N-pair states with the full CB structure, have the
to assess the competition of shallow excitons, N-pair/-clustepest chance to explain the pressure results. In this regard, the
bound excitons, and CB-tail excitons. The low-energy broadselectivity and narrow onset range (0.0626<0.004) of
ening and increase in Stokes shift follow from the ability of the observed changes—occurring for specific resonant N-pair
applied pressure to filter a mixed density of localized andstates and not for others—offer useful test criteria.
extended states.

Three mechanisms are considered for the absence of fea-
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