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The photoluminescence of a GaAsN alloy with 0.1% nitrogen has been studied under pressures up to
8.5 GPa at 33, 70, and 130 K. At ambient pressure, emissions from both the GaAsN alloy conduction band
edge and discrete nitrogen-related bound states are observed. Under applied pressure, these two types of
emissions shift with rather different pressure coefficients: about 40 meV/GPa for the nitrogen-related features,
and about 80 meV/GPa for the alloy band-edge emission. Beyond 1 GPa, these discrete nitrogen-related peaks
broaden and evolve into a broad band. Three new photoluminescence bands emerge on the high-energy side of
the broad band, when the pressure is above 2.5, 4.5, and 5.25 GPa, respectively, at 33 K. In view of their
relative energy positions and pressure behavior, we have attributed these new emissions to the nitrogen-pair
states NN and NN,, and the isolated nitrogen state,.Nn addition, we have attributed the high-energy
component of the broad band formed above 1 GPa to resonant or near-resonaamdNN,, and its main
body to deeper cluster centers involving more than two nitrogen atoms. This study reveals the persistence of all
the paired and isolated nitrogen-related impurity states, previously observed only in the dilute doping limit,
into a rather high doping level. Additionally, we find that the responses of different N-related states to varying
N-doping levels differ significantly and in a nontrivial manner.
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I. INTRODUCTION band formatiof'4and the multiband hybridizatiol¥;'® have
been proposed. The BAC model indicates that the repulsion

InGaAs, often referred to as the ternary G and qua- Petween the nitrogen impurity level,Nand the GaAs con-
y Gaak, d duction band minimum at thE point leads to the formation

ternary InGa,_,As; N, alloy, have received considerable ,
physical and technical interest due to their peculiarf the upper energy levé, and the lower on&., with the

N-induced properties and optoelectronic applications. It halPWer one being the alloy band edg@he empirical pseudo-
been found that the incorporation of a small amount of ni_poten'ual supercell calculations show that nitrogen doping

trogen leads to dramatic changes in the electronic band strucr:(-asu”S in perturbed host states due to strbhg-X mixing

. . hside the conduction band and the cluster st&&s in the
tures, such as a gl_ant band-gap reduction and bofvitiye band gap. According to this intraband hybridization model,
anomalously sublinear pressure dependence of the ba

36 - r e cs energy positions are expected to remain fixed while
gap; heavy electron effective massesetc. From the tech- e perturbed host band-edge state moves down in energy

nical.pp_int of view, .the shrinkage of the band gap offe_rs thegng sweeps the CS one by one with increasing nitrogen
possibility of covering the whole spectral range from infra- concentratiod®6 While these two models focus on the
red, especially the technologically important wavelengthimpurity-host interaction, the impurity band formation model
range of 1.3-1.5m, to ultraviolet, by one material emphasizes the impurity-impurity interaction. In this model,
system?!? In practice, infrared and 1.3-1.58m long- it is suggested that heavy nitrogen doping results in the over-
wavelength lasers, high-efficiency multijunction solar lapping of different nitrogen states and thus the formation of
cells}? and heterojunction bipolar transistbtshave been an impurity band within the band gap, leading to a drastic
fabricated by using InGaAsN. change in the host conduction bahtf.It has now become

Besides the general interest in physics, these applicatiordearer that all of these three effects must be considered in
have provided a strong impetus for the effort to understanarder to achieve a comprehensive understanding of the elec-
the evolution of the electronic structure of these unconventronic structure of GaAs,N, alloy, and each effect mani-
tional alloys with varying N content in a number of impor- fests itself differently in a specific property of the
tant aspects, for instance, the impurity-impurity inter- material’”*® However, a quantitative comparison of the ex-
action®14 the impurity-host interactiof!>'"and the effect perimental data with the existing models is often found to be
of external perturbationg.g., pressupe’1>1618wjith differ-  either ambiguous or not satisfactdfyTherefore, a clear un-
ent emphases on these interactions, several physical modetierstanding toward the electronic properties of the alloy is
such as the two-band anticrossifBAC),® the N-impurity  still lacking.

In recent years, heavily nitrogeriN) doped GaAs and
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Among the issues that have obscured the understanding of It can be seen from the above brief review that the pres-
the band-structure abnormalities is that the origins of thesure experiments serve either to ascertain the origin of
various N-related transitions observed in GaAsN at differentN-related states whex<<0.01% or to study the anomalous
N-doping levels are either unclear or controverdfalt is pressure behavior of the GaAsN band edge wker0.1%.
well known that a single isoelectronic N impurity introduces In the critical intermediate concentration regime, the pressure
the resonant state,N.50—180 meV above the GaAs conduc- study is expected to help shed light on both the origin of
tion band minimum, which was observed by Wolfatal. in N-related features and the anomalies of GaAsN alloy band
the dilute doping limit through the application of hydrostatic structure. Thus, the pressure measurements in this regime are
pressuré® When the nitrogen concentration is in the rangeof vital importance. In fact, Klaet al. have measured the PL
10'6-10' cmi 3, a series of N-related below-band-gap tran-from GaAsN with x=0.043%, 0.095%, and 0.21% under
sitions have been observed, signifying the existence opressuré? The evolutions of both the below-band-gap
N-related levels within the GaAs forbidden gap at such aN-related features and the GaAsN band edge on pressure
doping leveP'?* They are controversially attributed to ei- were observed in the pressure range of 0—0.91 € Paw-
ther isolated nitrogen or to nitrogen paifs?* Liu et al’s  ever, in such a small pressure range, the resonant N-related
measurements under pressure have shown that the N-relatsthtes are difficult to observe. Recently, Weinstdial. have
levels in the band gap are due to N pairs, labeled ag &d  performed PL experiments under pressure up to 6.2 GPa on
NN,, whereas other N-pair states, N§= 3) together with GaAsN/GaAs quantum wells withx=0.25% and 0.4%.

N,, are resonant above the conduction band é#geThis  Their most important discoveries are that two Niglated
result has been supported by recent theoreticaleatures, identified as LO phonon replicas of jBppear in
calculations®27 It is worth mentioning that the host band the x=0.25% sample at pressures above 2.9 GPa, but not in
gap starts to shrink even whéN] is as low as 18 cm3.17  the x=0.4% samplé® Based on these discoveries and the

As the N concentration is increased to'3010'° cm™,  multiband hybridization model, they believed that the nitro-
the situation becomes more complex. Firstly, more N-relateden states are selectively delocalized in the order of decreas-
levels emerge in the band gap. The origins of these leveling energy; i.e., the isolated nitrogen state first, then the ni-
have been assigned more controversially to different N-paitrogen pair states, and other deeper nitrogen cluster states
and N-cluster state¥;3'the phonon replica of nitrogen-pair |ast835Both Klar et al® and Weinsteiret al8 also identi-
and -cluster staté$,or both!® Secondly, the emissions asso- fied a number of below-band-gap peaks, existing even at
ciated with the GaAsN alloy band gap are observed to exambient pressure, as different orders of phonon replicas of
hibit a more rapid reduction and approach the N-related levyN; statesl®18 but never observed their zero-phonon lines.
els with increasing N concentratiéi®17293'A very recent  Therefore, a few puzzles remain unanswer@gl:Can these
study has closely tracked the re_latlve shifts of thge allg%banck N, states survive wher=0.1%?(2) If they do, where are
gap, NN, and NN, up to a doping level of-10" cm?, they located, since we now know that Nihifts even ifx is

wﬂlecr? a'\gg:gﬁltﬁs It\lh—?(taI:t)g(rjatr;?]l;tilt?onnsnesgsth? n?t?ogéﬁrgsﬁ— elow 0.1%% (3) Are those previously identified emission
centration x>0.1% (2.2 10 cnr) 'all the pair/cluster peaks really phonon replicas? If so, what happens to their

lines broaden severely and then merge into a single bro zgro phonon lines@) lfOEf,IS not_derlved from I, where is
emission peaR10141831The band-gap reduction of GaAsN _* located wher=0.1%? In this paper we attempt to an-
and the line broadening of N-related emissions indicate that V&' these q.uestlons by perfprmmgothe pressure PL study on
the doping range 0.01%-0.1% is a very critical N-doping® GaAsN epilayer sample w|m:0.1_€4éa; typical value for
regime wherein the impurity-host interaction has already oc{h€ intermediate concentration regirfte,’ under pressures

curred to a significant degréé7 and can be monitored and UP to 8.5 GPa, at 33, 70, and 130 K. At ambient pressure
studied with much less ambiguity, compared to higher dopPoth the below-band-edge discrete N-related features and the

ing levels36:18t is worth pointing out that none of the ex- GaAsN alloy band-edge emission are observed. Under pres-
isting theoretical calculations can realistically address thé&ure, the alloy band-edge emission gets smeared out and the
impurity-host interaction in this critical doping region. Pres- discrete N-related states merge into a broad band above
sure studies have previously been performed by Klaal. 1 GPa. With increasing pressure, the emissions associated
for 0.043%<x<0.21% and Weinstei®t al. for x=0.25%  With the resonant N pairs, N)NNN,, and NN (i>4), and

and 0.4%%18 Their results are detailed in the next para-the isolated nitrogen state,Nire observed sequentially at
graph. On further increasing to near 1% or higher, the different pressures at 33 K. The,Nevel is found to be at
behavior of N-related states becomes even less certain. Mogpproximately the same position as that in the dilute limit,
measurements under hydrostatic pressure focused on tlespite the fact that a significant band-gap reduction
nonlinear pressure behavior of the GaAsN alloy band edgé~40 me\) has been observed in the sample. The high-
(E.) and theE, transitions’ For example, Tsangt al3?have  energy part of the broad band appearing above 1 GPa is
observed the sublinear pressure behavior of the photolumshown to be composed of the resonant or near-resonant pair
nescence(PL) peak related to theE_ transition in a States, NN and NN, respectively. The main body of the
GaN, o;ASp 985 GaAs quantum well as well as the band is associated with nitrogen cluster centers formed by
N,-related features in the GaAs barrier. The obtained presmore than two nitrogen atoms.

sure dependence has shown clearly the deficiency of the
BAC model®? The once well-accepted association of e
transition with N, (Ref. 3 has now also been pointed out The sample studied here was grown by gas-source
most likely to be wrong?34 molecular-beam epitaxy on a semi-insulatif@)1) GaAs

Il. SAMPLES AND EXPERIMENTS
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135 140 145 150 FIG. 2. PL spectra of Gafsed\g go1 Under different hydrostatic

ENERGY (eV) pressures at 33 K. The number beside a spectrum is the value of the
pressure at which it is measured. The spectra have been normalized

FlGj 1. PL spectra of GargedNo.oo, at different temperatures according to the respective strongest peak and shifted vertically for
at ambient pressure. The spectra have been normalized accordmgg%rity

the respective strongest peak and shifted vertically for clarity.

obtained by Lucet al. under an excitation power of 10 mwW

substrate. The GaAsN epilayer thickness was nominallyith a Ti:sapphire laséf At 10 K, five distinct features,
400 nm, with a 200 nm undoped buffésut without any cap |apeled ash (i=1-5), can be observed. Their peak energies
laye. The nitrogen concentration was determined to beyre 1402, 1.412, 1.434, 1.446, and 1.459 eV, respectively.
0.10% by the high-resolution x-ray rocking curve measuren, seems to be a double-peak feature, @gchas a high-
ment and theoretical dynamical simulation. The detailechnergy shoulder at 1.45 eV. These features have been previ-
growth process has been described elsewifet®. ously reported and assigned to different nitrogen pair/cluster

For the hydr(_)statlc pressure experiments the sample wWagates or their optical phonon replica¥:14.18.21.28-34jith
mechanically thinned to a total thickness of 20, and then  jncreasing temperature, the relative intensities of the
cut into pieces of 108 190ﬂm2 in size. A piece of the pjtrogen-related peaks change significantlyy, (As) is
sample was then loaded in a diamond-anvil €BIAC) used  \yeaker tham, (A,) at temperatures lower than 40 K, which
to generate pressures up t0.8'.5 GPa. Condensed argon Waleyersed at higher temperaturdg.andA, are much stron-
used as the pressure-transmission medium. The pressure thanA, and A,, respectively, below 40 K, but quench
determined from the shift of the ruby, fluorescence line . increasing temperature, an becomes dominant at

Y6 K. A5 also quenches with increasing temperature and dis-

the best possible hydrostatic conditions. The DAC wasy, oqarq at about 40 K. All the above variations are due to
mounted in a He closed-cycle cryogenic refrigeration system ermally induced exciton transfers among different

for the pressure PL measurements at several temperatures. |ioqen-related states. Furthermore, a broad band with a
the same system, the evolutions of the PL spectra of thGe . |ong tail underlying these discrete features becomes evi-
sample and ruby with temperature were measured at ambieQL 3t apove 40 K. and its center shifts to the lower-energy
pressure. The obtained variation of the intensity ratio of thej;ya \with increaéing temperature. At temperatures higher
R, line to theRy line qf ruby (Igo/lr1) with temperature was than 20 K, a new peak labeld, appears at around 1.48 eV.
then used to determine the actual temperature of the samplq et a1, have attributed this feature to the edge transition of
inside the DAC. _ , the GaAsN alloy® At 130 K, only E, can be seen in the
The PL spectra were measured in a Jobin-Yvon T6400Qecira due to an overwhelming thermal occupation of carri-

micro-Raman system working in the single spectrograpiyrs The assignment and pressure behavioEpfire dis-
mode and backscattering geometry. The signal was dispersefissed in the next section.

by the third stage monochromator and detected by a multi- The pL spectra under different pressures at about 33 K
channel chargg coupled dgvice cooled by quuid_nitrogenare shown in Fig. 2. At ambient pressukg-A, can be seen
Thf PL excitation was provided by the 514.5 nm line of ang|early, whileAg andE, are very weak. With increasing pres-
Ar” laser, focused into a 3m spot on the sample. The g e A A, exhibit a blueshift. When the pressure is higher
excitation power was, typically, 0.15 mW on the sample N4 0.29 GP&E, becomes undetectable, whitg and a new
the pressure experiments. feature,As, become distinctly observable. As pressure is fur-
ther increased to above 1 GRg—Ag continue the blueshift
Il EXPERIMENTAL RESULTS but gradually merge into a broad_ ban_d, labeledAasThe
center of A continues the blueshift with pressure. Above
Figure 1 shows the PL spectra of the GaAsN sample out2.5 GPa, a new band comprising a series of features, labeled
side the DAC at different temperatures under an excitatioras B, B;, andB,, appear on the higher-energy side of the
power of about 2 mW. These spectra are similar to thoséand.B; andB, can be viewed as phonon replicasBfith
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TABLE I. Coefficients describing the dependence on pressure of
the PL peaks of GaAsgd\o.qo1 Obtained from least-squares fits to
the experimental data at different temperatures by ubifm =E,
+S; X p or E(p)=Eg+S; X p+ S, X p2.

Temperature Eo S S
=~ (K) Peak (eV) (meV/IGPa (meV/GP3&)
CJ
>
2 18 33 A 1.40Q1) 40(2)

g A,  1.4091) 48(2)
u A;  1.4331) 38(2)
Ay 1.4441) 42(1)
As  1.4592) 44(2)
As  1.4713) 47(3)
. ) : : A 1.4493) 52(2) -3.32)
0 2PRESSGRE (G;a) 8 B, 152623 51(8) -3.07)
B 1.5319) 63(4) -4.1(4)
FIG. 3. Pressure dependence of the PL peak energies of C 1.56161) 65(21) -4.0(2)

GaAg godNp.oor at 33 K. The solid lines represent the results of
least-squares fits to the experimental data. The dotted lines are the AL 1.3942) 46(4)
pressure dependence of theand X gaps of GaAs, the expected A 1.4713 392
pressure dependence of the alloy band gap and the result of N ATIS) %2)

obtained from the literatur@Refs. 20 and 3R The inset detailed the B 1.4733) 829)
pressure dependence and corresponding fitsApfAg energy 130 Al 1.4985) 31(3)
positions. E, 1.471(8) 7117

phonon energies of 10 and 37 meV, respectively. Another

new band, labeled a€, appears at pressures higher than .

4.5 GPa. It lies energetically near the ruby lines, but exhibitgPout 40 meV/GPa, which are comparable to the results re-

distinctly different line shape and pressure dependence. NeRerted in the earlier work¥:?* Similar to N, A, B, andC

5.25 GPa, more new features, although rather weak, can Isift nonlinearly with pressure. Their slopes decrease con-

observed on the higher-energy side®fnd the ruby lines. tinuously with increasing pressure, showing close similarity

Among themD is the highest in energy. On further increas- with Liu et al's results for various N-pair staté$Although

ing pressureD, C, and B disappear successively at about only a few data are obtained for, it can be seen clearly that

6.1, 7.2, and 8.0 GPa, respectively. The baxchowever, they almost exactly fall on the curve of,N

remains visible up to 8.5 GPa. This sequential quenching of The evolution of the spectra with pressure at 70 and

D, C, andB is due to the fact that they sequentially approach130 K is shown in Figs. 4 and 5, respectively. At 70 &,

the X valley of the conduction band. As for the peak inten-dominates the spectra am—A, can also been observed

sity, A is always dominant3 is stronger thai€, andD is the ~ under low pressures. The underlying broad banig more

weakest. pronounced at this temperature even at ambient pressure.
The pressure dependences of the peak energies for thdove 1 GPaA,—A, have smeared out and become undis-

features in Fig. 2 are depicted in Fig. 3. The energy positions

of sharp features, such &§—A¢, are obtained at their peak

positions, and the position of th& band is taken roughly at

its center. In the inset of Fig. 3, the data for—Ag are shown

in detail. The solid curves running through the data points

are the results of the least-square fits to the experimental data

using quadratid¢for A, B, B;, andC) or linear relationgfor

A;—Ag). The corresponding first- and second-order coeffi-

cients are listed in Table I. We do not fit the data Bband

E, due to insufficient data points. The dotted lines represent

the pressure dependences of thand X band gaps of GaAs,

the expected pressure dependence of the alloy band gap ob-

tained by using the energy positionsEf measured at 33 K

and the pressure coefficient obtained at 70 K, and the depen- P P

INTENSITY (arb. units)

2‘.29l P | 1

dence of isolated nitrogen centi,) obtained from the lit- 1814 15 EN,'E‘;G‘{,"’(S\',‘;’ 17 18

erature in the dilute limifthe pressure dependence is 1.68
+0.038x P-0.0017x P? eV).2%32 As can be seen from Fig. FIG. 4. PL spectra of GadsdNo oo Under different hydrostatic
3 and Table I,A;—Ag have similar pressure coefficients, pressures at 70 K.
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FIG. 5. PL spectra of Gafsod\g go1 Under different hydrostatic
pressures at 130 K. FIG. 6. Pressure dependence of the PL peak energies of
GaAg god\p.oozat (@ 70 K and(b) 130 K. The solid lines represent
tinguishable from the\ band. With increasing pressure, the the results of least-squares fits to the experimental data. The dotted
higher energy portion oA becomes dominant, and a shoul- lines are the pressure dependence ofltlead X band gaps of GaAs
der appears, labeled &, which could be related t6s and ~ a@nd that ofA andB measured at 33 K, respectively.
Ag, in the pressure range of 1-2 GPa. On further increasing
pressureA’ and A merge into one band, also labeledAs sition in the GaAsN alloy. This feature, however, was not
The center ofA exhibits a blueshift with increasing pressure. detected on the same sample under a cw excitation of 1 mW
B can be observed when the pressure is above 3.5 GPat 10 K4 which could be due to the low excitation intensity.
whereasC and D remain unobservable in the entire mea-The band gap determined by modulation and PL excitation
sured pressure range. At ambient pressure, the GaAsN banspectroscopy*® and our pressure experiments support Luo
edge featuree, can be clearly seen. As the pressure is ap-<€t al's assignment. The pressure coefficientsgfmeasured
plied, it shifts rapidly to higher energy position, while its here is about 80 meV/GPa at either 70 or 130 K. This value
intensity decreases rapidly as well. When pressure is greatés in good agreement with that d&_ obtained by Klaret
than 0.8 GPaE, becomes undetectable. At 130 K, ollyis  al.,*° confirming thatE, is a GaAsN alloy band-edge-related
observed at ambient pressure. Its intensity changes little witemission rather than a nitrogen-related one. Since it is well
pressure at first, but it disappears abruptly at 0.97 GPa. lknown that the pressure coefficient of the GaAs band edge is
addition, the higher-energy shouldAf emerges at around 108 meV/GPa, the band edge of the GaAsN alloy with

1.1 GPa and then merges info The center of théA band  =0.1% exhibits a significantly smaller pressure coefficient
blueshifts with increasing pressure, as it does at lower temthan that of bulk GaAs, indicating a dramatic change of the
peratures. At 130 K, none @, C, andD is observed. conduction band edge due to the incorporation of nitrogen. It

Figure 6 shows the variations of the peak energies witthas been theoretically calculated that the band edge of
pressure at 70 and 130 K. The fitting results Egr A;, and  GaAsN contains somke and X character due to the nitrogen-
A’, represented by the solid lines in Figgaand &b), are  mediated coupling of the host stat€353" The significant
listed in Table I. The pressure coefficients Bf are 82+9  decrease of the pressure coefficient of the GaAsN band edge
and 71+17 meV/GPa. The dotted lines represent the presbserved here qualitatively agrees with the expected conse-
sure dependence of tHeand X band gap of GaAs and that quence of such a coupling, since the pressure coefficients of
of A andB measured at 33 K, respectively. The curves havd. and X valleys of GaAs are much smaller than
been vertically shifted to fit the data at 70 and 130 K. It can80 meV/GPa, although no numerical value can be found to
be seen that at 70 and 130 K, theband exhibits a more make a quantitative comparison.
rapid shift in the pressure range below 2.5 GPa since the
intensity of the high-energy portion of baddncreases more
rapidly in the low-pressure range. B. Assignment and pressure behavior 0B, C, and D

As described above, the experimental datddit rather

IV. DISCUSSION well with the pressure dependence of, khe isoelectronic

trap state of isolated nitrogen in GaAs?f£? Furthermore,
the linewidth (full width at half-maximum of D, measured

Luo et al. have previously observed an emission, namedo be about 3.5 meV, is much smaller than thaBoéind C
E,, at the proximity of the expected band gap of the GaAsN(10 meV or s¢ and comparable to that of,Nneasured be-
alloy from the same sample investigated here under a pulséere (~5 me\).*? It is, therefore, reasonable to ascribeto
wave excitation with a power of 40 mw at 14R It was  the emission from the isolated nitrogen center in the alloy.
found thatE, had a lifetime comparable to that of the GaAs The fact that the intensity db is the weakest among, B, C,
emission and accordingly was identified as a band-edge tramndD suggests an efficient energy relaxation from isolated N

A. Assignment and pressure behavior ok,
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given by Liuet al. We have in the above paragraph attributed
D to the N, state of GaAsN. In factD does have the same
energy value as 6 obtained by Wolford et al. at
5.67 GP&° Thus it is natural to locat® and N, at the same
energy position. Since the relative energy sequence and non-
linear pressure dependence Bf C, and D are similar to
those of NN, NN,, and N,, respectively, given by Liet al,
we attributeB to NN, with its TA phonon replica aB,
ruby (10 meV belowB) and LO phonon replica aB; (37 meV
below B), and ascribeC mainly to NN,, possibly with some
contributions from NN. The weak features betwe€nandD
could be related to other NNi =5) and the phonon replica
E NN, NN of N,, although reliable assignments are difficult due to their
PP TR Y B Pl low intensities.

15 E‘LERGY z:v) 18 It is worth noting that the energy positions BfandC are

not exactly the same as those of Nahd NN, given by Liu

FIG. 7. PL spectrum of GaAsedNo oo; measured at 33 K and et al. for the dilute sample. Extrapolated to zero pressure, the

: : " itions of N NN,, and NN; are 1.68, 1.622, and
5.67 GPa. The vertical dotted lines represent the energy positions Ghergy posi : 25,7 ’ ’
N, NN, NNa, and NN, obtained from Livet al. (Ref. 2. 1.586 eV, respectivek#2°but those oD, C, andB are 1.68,

1.561 and 1.531 eV, respectively. It seems thatrémains
centers to deeper pair or cluster centers, as is known fotationary, while NI and NN, have redshifted by-55 and
GaP:N3-4YHowever, we do need to rule out the possibility ~61 meV, respectively from their dilute limits. The shifts
that D could originate from the Nstate in the buffer layer, for these resonant N-pair states are similar to those recently
which might have been unintentionally doped with N, due toreported for the bound pair stat€swhich reflect the re-
the existence of the carriers either directly excited in or dif-sponse of the impurity states to the host band-structure
fused into the buffer. Indeed, the ,Ntransition in changes and the effect of impurity-impurity interaction with
N-contaminated GaAs barriers was observed in aarying the N-doping level. At 5.67 GPa, however, the cen-
GaAsN/GaAs quantum well samples by some of usters ofB andC are located on the higher-energy side of NN
previously?? In that case, however, because the thickness ofind NN, as can be seen in Fig. 7. This is because the pres-
the GaAg ggdNg 015 quantum well was only 15 nm, the,N sure coefficients oB and C, 63 and 65 meV/GPa, respec-
transition was excited by the direct excitation in the GaAstively, are larger than that dd (38 meV/GPa
barrier layers. In contrast, because the sample studied in this Our results reveal the persistence of all the paired and
work has a 400 nm thick GaAsN epilayer without any GaAsisolated resonant nitrogen states, previously only observed in
cap layer, the 514.5 nm excitation light with a light penetra-the dilute doping limit, into the rather high doping level of
tion depth of about 150 nm is unlikely to directly generate a0.1%. In addition, we have found that Nas been very little
meaningful number of carriers in the GaAs buffer layer. Theaffected by the host band-structure change, which further
other possibility left is the diffusion of the carriers, generatedconfirms that N cannot be responsible for tig transition,
in the epilayer, into the buffer layer. By noticing the fact thatas pointed out befor&:3* Instead, some N-pair states, such
the band gap of the GaAsN epilayer is about 30 meV loweams NN; and NN,, which are expected to be more localized
than that of the GaAs buffer layer, the diffusion is also dif-than N, are in fact more affected than,Nas can be seen
ficult, especially at low temperature. In fact, we did not ob-from their enhanced pressure coefficients and lowered en-
serve any GaAs-related emissions from the buffer at ambierdrgy positions. Our findings seem to be in disagreement with
pressure. In addition, the emission from iN the dilute limit  the notion of selective delocalization starting from, b
becomes observable at 2—3 G3}2532while D is ob-  paired states in the order of decreasing en&tg§.Such a
served only when the pressure is up to 5.25 GPa, which ifinding indicates that the impurity-host interaction occurs in
fact reflects the band-structure change in the epilayer due t@ more sophisticated manner than that has been described by
the heavy N dopindas discussed further belpw the existing theory>16:27In conjunction with the experimen-

Liu et al. have shown schematically the energy levels oftal data of Ref. 17, it appears that those N-impurity states
NN; (1=<i=<10) relative to N in GaAs:N with the nitrogen closer to the conduction band edge.g., NN.—NN,) are
concentratio{N]~5x 10 cm™ at ambient pressufé.In  more easily affected by the host band-structure change than
addition, Weinsteiret al. have observed PL features similar those relatively farther awale.g., N,). Therefore, issues re-
to A andB found here, but with somewhat different energies,maining to be studied may include, for instance, the reason
at 1 atm and 2.9 GPa, in GaAsN/GaAs quantum wells withfor the disparity in their responses to the impurity-host inter-
a nitrogen concentration of 0.25%. They attributedAkléke ~ action for different N states, what happens to a N-related
andB-like features to the phonon replicas of NBnd NN;, bound state when the band gap drops below it, and how the
respectively® Comparing with previous results, a spectrumpressure dependence of a N-related state varies with
of our sample measured at 33 K and 5.67 GPa in which alN-doping level. Qualitatively, it is not difficult to compre-
the four featuresA, B, C, and D, are observed simulta- hend that at a sufficiently high N-doping level, the impurity
neously as shown in Fig. 7. The vertical dotted lines in Fig.and host states should be strongly hybridized, and eventually
7 indicate the energy positions of,Nind NN (i=1,3,4 it becomes difficult or meaningless to distinguish the per-

33K,5.67GPa

INTENSITY(arb. units)
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turbed host states and affected impurity states. temperature-independent paramétét The observed

In analogy to the observations of Lat al. and Weinstein  changes in the relative intensities betwagro not support
et al, the threshold pressures under which different nitrogenthe phonon replica assignments, but suggest them to be the
pair states and Nrelated features emerge as bound states areero-phonon line of the emissions from different nitrogen-
different from each other. In our experimenis, C, and D cluster centers.
appear at 2.5, 4.5, and 5.25 GPa, respectively.etial. ob- By studying the spectra for the GaAs:N sample with a
served NN, NN, and N, at 0.95 GPa, 1.6 GPa, and nitrogen concentration of 8 10'" cm™* under pressure, Liu
2.55 GPa, respectively, while Weinstet al. detected the et al.found that the zero-phonon line of N about 6 meV
believed NN, phonon replica at 2.9 GPa. Obviously, our re- (1.508 eV} below the GaAs donor-bound exciton st&t®e-
sults lie in between theirs, as does the N composition of oucently, Zhanget al. have studied the evolutions of two
sample. The reason that the threshold pressure increases withrelated emissionX; (NN;) andX, (NN,) with N concen-
N concentration is that, on the one hand, the pressure coefration in the[N] range of 18°—10"° cm™. With increasing
ficient of E, is about 80 meV/GPa, much smaller than that[N], X, exhibits a significant redshift and, shifts a little.
of the GaAs band gap, and on the other hand, the pressumhey become nearly resonant with the host band edge when
coefficients of the N-pair states increases. Using the slopgN] ~10* cmi™®. Our work seems to support this result. The
obtained at 70 K and the peak energy Bf measured at increase in the bandwidth @& with increasing pressure in-
ambient pressure at 33 K, we compute the pressure depedicates that more N-related states become involved imAthe
dence ofE,, at 33 K, as shown by the dotted line in Fig. 3. It band at high pressures. If the entikeband at high pressures
can be seen clearly that the pressure for the initial appearan¢gextrapolated to 0 GPa, considering its typical width at high
of B is very close to the crossing point of the two curvespressures being-100 meV and its band center at zero pres-
describing the pressure dependencdBadndE,. C andD,  sure is 1.449 e\(see Table), its high-energy side will ex-
however, are farther away from the expected crossing pointgeed 1.499 eV, higher thaB, (1.48 me\j, the alloy band
This is possibly because the pressure dependencE,of edge. MoreoverA’ appears at the high-energy sideAdfat
might not remain linear or become sublinear in the high-70 and 130 K, and when extrapolated to 0 GPa, its band
pressure region. In addition, only at sufficiently high pres-centers at the two temperatures are 1.471 and 1.498 eV, re-
sures, theC and D states can become localized enoUgh  spectively, which are also near and above the host band edge.
with large enough binding energieso that their radiative Therefore, at the doping level of 0.19%, (NN;) and X,
recombination rates can compete with the energy relaxatiofNN,) should be resonant or near-resonant in the host con-
to the lower bound states. With this consideration in mindqyction band, and they appear in the high-energy pas of
the disappearing of the emission from an impurity centeryng/orA’ when pressed into the forbidden gap above 1 GPa.
might not necessarily lead to the conclusion that the impurity |n GaAsN samples with nitrogen concentrations lower
state has become delocaliz€d. than 0.04%, the nitrogen-pair-related or cluster-related fea-
tures are considerably more discrete and sharper without
much perceptible backgrouid When the nitrogen concen-
trations increase up to 0.1%, these features appear to be su-
perimposed onto a continuous and broad background, as ob-

When the temperature is below 40 K at ambient pressureerved here and reported elsewhere in the liter&itfé?3°
and the pressure is lower than 1.5 GPa at 33 K, the finés the temperature is raised over 40 K, or the pressure raised
featuresA, in the A band can be clearly resolved, as shown inhigher than 1 GPa, this broad background continuum be-
Figs. 1 and 2. Several groups have reported similar featuresomes more prominent, as can be seen in Figs. 1, 2, and 4.
previously. Their assignments &; differ drastically from  Moreover, the discrete nitrogen-related features are hardly
each other. Some have ascrib&dto different nitrogen-pair resolved when the pressure is higher than 1.5 GPa, and the
or -cluster state$}#42128-3%and others related them to differ- broad band evolving from the background dominates the
ent phonon replicas of certain nitrogen pair or clusterspectrum. Zhangt al. have attributed the broad background
emissions182°Based on the analysis of the changes of theén GaAsN or GaPN to perturbed nitrogen-pair states based
spectra with temperature and pressure, we are inclined ton their selective excitation PL spectra restit?’ They
believe that the main elements éf are the zero-phonon pointed out that other relatively remote nitrogen centers
lines of different nitrogen-pair or -cluster states rather tharcould perturb the nitrogen pair states under consideration.
their high-order phonon replicas. It appears ttfat A,) isa  Sufficiently nearby fluctuations of the so-callgss, N) or (P,
phonon replica ofA;, A4), since the change of relative in- N) configuration are expected to form discrete deeper cen-
tensity of A, versusA; with temperature resembles thatdf  ters, such as the nitrogen-cluster states labeled as NC. The
versusA;, and in addition, the energy separation betweerstatistical distributions of théAs, N) or (P, N) configurations
(Ag, Ay) and(Aq, Ay) approximates the energy of a GaAs LO away from a nitrogen-pair center lead to the peak broadening
phonon'®2° However, the intensity ofA;, A,) is stronger of the emission related to the nitrogen pair with increasing
than that of (A;, Ay) below 40 K, but becomes reversed nitrogen concentration and then the formation of the broad
above 40 K. At 10 K,A, is dominant; but at 70 KA, is  impurity band®® The appearances of the discrete features
much stronger tham\; and A,. It is well known that the (A;) and the broad background bat) observed here seem
Huang-Rhys factor, which is equal to the intensity ratio ofto support this viewpoint and the existence of the impurity
the first phonon replica to the zero-phonon line, is aband. On increasing the temperature and pressure, the dis-

C. Assignment and temperature and pressure behavior of;
and the A band
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crete center-related emissioAs broaden, then overlap and V. SUMMARY
finally merge into the background continuum. Thus, the im-
purity band, i.e., thé\ band, becomes more and more domi- We have studied the photoluminescence of
nant with increasing pressure and temperature. GaAs) g9d\o.001 UNder pressures up to 8.5 GPa at different
Since all the nitrogen-pair states NN=1) are resonant temperatures. At ambient pressure, the N-cluster-related dis-
or nearly resonant in the host conduction band, the discreterete features\, are observed below the band gap at 10 K.
nitrogen-related features; (i=1-6), and the main body of When the temperature is above 20 K, an emission from the
the bandA (not including the high-energy parare com- GaAsN alloy band edgéE,) appears. Up to 130 K onlig,
posed of the emissions mainly from deeper cluster states ircould be observed in the PL spectra. Under pressure,Bpth
volving more than two nitrogen atoms. Among these clustelandA; shift to higher energy. The pressure coefficientd\of
states, NNN,, («=1), the triplet center formed by the first are found to be around 40 meV/GPa, similar to that of;NN
two nitrogen atoms in a N\state and a relative remote third reported for the dilute N sample, while that Bf is about
nitrogen atom, is fairly probable in our opinion. The sub-80 meV/GPa, significantly lower than that of GaAs. On in-
script « indicates various distances between the third atontreasing pressure to above 1 GPa, the discrete features smear
and the NN pair, just similar to " in NN;. The similar  out and merge with the continuous background emission into
triplet centers N)N , have been mentioned previously in the a broad band, thé band. On further increasing pressure at
literature3®4° Due to the perturbation of the third nitrogen 33 K, a series of new band8&, C, and D, appear on the
atom, the NN pair state is energetically lowered and a newhigher-energy side of thé\ band beyond 2.5, 4.5, and
deeper triplet center forms. It is known that the emission5.25 GPa, respectively. Considering their relative energy po-
energy of NN converges to that of isolated nitrogen, i.e,, N sitions and the sublinear pressure dependence, we attribute
with increasing index i”4? Similarly, the energy of N\N, B, C, andD to the nitrogen-pair states NNind NN,, and to
converges to NNwith increasing index &.” Thus, as can be the isolated nitrogen state,Nrespectively. NN, NN, and
seen in Fig. 7, the energy position of NNiven by Liuis N, have the similar energy-pressure dependence as in the
near the higher-energy side & When the third nitrogen dilute limit. NN; and NN, have redshifted from their dilute
atom occupies a lattice point with a higher degeneracy, thémits, while N, remains stationary in energy. At 70 and
emission from the corresponding NN, triplet center ex- 130 K, an additional featuré\’ emerges on the higher-
hibits a stronger intensity and then leads to a discrete andnergy side ofA in the pressure range of~12 GPa. Based
resolved feature in the spectrum, suchfasi=1-6). Other  on recent experimental results, we attribute the high-energy
emissions from the less degenerate ;NI triplet states and portion of A and A’ emerging above 1 GPa to resonant or
other higher-order nitrogen clusters and their phonon siderearly resonank; (NN;) and X, (NN,) states that are se-
bands overlap and constitute the broad and continuous backerely perturbed and broadened by the impurity-host interac-
ground bandA and its long tail. The detailed assignments oftion. The discrete peak#\, are tentatively attributed to
the bandA as well as its compone#, require more accurate N-cluster states involving more than two nitrogen atoms,
calculations for the energy levels of the N-cluster states thasuch as the highly degenerate N triplets fNly. The main
the existing one$>1®which is a challenging task for a future body of the background bandl is related to the emissions
theoretical study. from less degenerate triplet states and other nitrogen-cluster
Like the isolated nitrogen and nitrogen-pair states instates formed by more nitrogen atoms as well as their pho-
GaP:N(Ref. 40 and GaAsP:Ng the nitrogen-cluster states, non sidebands.
exhibit a thermally activated exciton transfer effect. That is, Based on these observations, the questions raised in Sec. |
the exciton can thermally transfer from a shallow impurity can be answered as followd) The N-pair states, especially
center to deeper ones. Hence, with increasing temperaturthe resonant ones, can survive even wken0.1%.(2) The
higher-energy features amomg quench, while low-energy resonant N-pair states, especially those near the band edge,
ones become stronger, and the centerAofmoves to the have redshifted energetically from the dilute limit positions.
lower-energy side, as can be seen in Fig. 1. Meanwhile, be3) Most sharp emission peaks observed inside the band gap
cause electrons are also thermally excited to the alloy condnder low pressure are zero-phonon lines of N-cluster states
duction band, the intensity &, is enhanced as temperature (related to more than two nitrogen atogmather than phonon
increases. When the temperature is above 130 K, the latteeplicas.(4) When x=0.1%, the isolated nitrogen statg, N
effect is overwhelming and onl, remains visible in the PL  remains practically at the same energy position as that in the
spectra. dilute limit, which further confirms thakE, is not derived
Considering that the pressure coefficient of the GaAsNrom the N, state, and thus the very basic assumption of the
alloy band edge is larger than those of nitrogen-related stateBAC model is invalid. Contrasting with the suggestion of
the binding energies of th&/A related states are enhanced, “selective delocalization'®3> we have observed that the
and so are the carrier capture rates for these stawsith NN-pair states close to the host conduction band edge are
increasing pressure. This effect results in the appearance antbre sensitive to the change of the host conduction band
enhancement of; andAg on the higher-energy side &f, at  than the distant N-related states. These observations indicate
33 K and the attenuation @, at 33 and 70 K, with increas- the inadequacy of the existing theories for quantitative de-
ing pressure. The more rapid increase of the center energy striptions of the electronic structure of the GaAsN alloy in
A in the pressure range 0f~02.5 GPa at 70 and 130 K is general, and the impurity-host and impurity-impurity interac-
also due to the pressure-enhanced carrier transfer. tion in particular.
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