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Effect of nitrogen interactions on photoluminescence linewidth broadening
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A random potential model of inhomogeneous photoluminescence (PL) linewidth broadening at low tempera-
ture in the dilute nitride semiconductor alloy GaAsN is presented, with model parameters determined from
n-type carrier mobility and effective mass only. The low-temperature line shapes obtained by numerical
solution of this model are consistent with those seen in existing near-field scanning optical microscopy
(NSOM) and conventional PL spectra. The size of low-lying localized states obtained in the model is consistent
with observed diamagnetic shifts of sharp spectral features of the NSOM spectra. The overall width of the PL
spectrum is found to be substantially increased by N-N interactions in carrier scattering processes, correspond-
ing to strong reductions in carrier mobility due to such interactions, but is consistent with a random distribution
of substitutional nitrogen in the alloy. Comparison with the sharp emission line features of NSOM spectra
allows us to estimate the exciton capture regions in these materials at low temperature to be of the order of 50

nm in size.
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I. INTRODUCTION

The unusual electronic properties exhibited by the ternary
and quaternary dilute nitride alloys, Ga(In)AsN, have been
the subject of a major research effort in recent years. Incor-
poration of a small concentration of nitrogen into GaAs al-
loys (principally by substitution on the group-V sites) dra-
matically decreases the band-gap energy (1% of nitrogen
reducing the gap by approximately 150 meV). Adding 3% of
N brings the band gap close to 1 eV, which makes these
materials very attractive candidates for long-wavelength la-
ser applications in telecommunications' and for high-
efficiency multijunction solar cells.>*

However, this addition of a small amount of nitrogen into
GaAs is accompanied by a marked deterioration of the opti-
cal and transport properties of the material: inhomogeneous
linewidth broadening of the photoluminescence (PL)
spectra,”® substantial decrease in n-type carrier mobility®~!3
and lifetime,!! and increase in carrier effective mass.'* These
observations are considered to be evidence of strong disorder
in the materials, which has been attributed in part to spatial
fluctuations of nitrogen composition®!>-17 and to resonant
interaction of nitrogen-induced quasilocalized states with the
conduction band.'82° The structural characterization of these
fluctuations is the subject of further theoretical and experi-
mental researches.!®!7:21-25

In this paper, we point out a fundamental general connec-
tion between carrier mobility and PL linewidth in random
alloys, where the disorder and carrier mobility are dominated
by short-range potential fluctuations and elastic scattering.
We use the experimentally determined n-type carrier mobil-
ity and effective mass in the dilute nitrides to estimate the
strength of the random spatial fluctuations of the effective
potential for electrons near the conduction-band edge and we
explore the consequences for PL linewidth by numerically
calculating the states of the associated random potential
model. In relation to the effects of random nitrogen incorpo-
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ration in GaAs, it has been shown?® that N-N interactions in
the alloy give rise to much lower carrier mobility (and cor-
respondingly larger effective potential fluctuations) than
would be expected if N-N interactions were neglected; this
applies for a completely random distribution of N on the
group-V sites. These large effective potential variations give
rise to strong localization of excitons and a large inhomoge-
neous PL linewidth, without any appeal to preferential nitro-
gen clustering or partial phase segregation in the material %3

Variations in the N concentration in different spatial re-
gions of GaAsN alloy lead to fluctuations in the local band-
gap energy. Based on the assumption that each alloy site
scatters electrons independently (i.e., neglecting multiple
scattering or multiple-site interactions), Shlimak et al.
(considering SiGe alloys) and Fahy and O’Reilly?’ (consid-
ering the dilute nitrides) showed that the carrier mobility u is
proportional to (dE/dx)™2, where E(x) is the energy of the
alloy band edge at composition x. (As we shall see later in
this paper, the assumption of independent scattering by each
N site is equivalent to the assumption that the shift in the
local band edge is proportional to the local N concentration.)
Although the results demonstrate qualitatively the intimate
connection between poor carrier mobility and rapid variation
in the band gap with alloy composition, the mobility calcu-
lated for n-type carriers in GaAsN (Ref. 27) under these
assumptions is still substantially higher than the measured
values.

Fluctuations of the local band edge also give rise to strong
inhomogeneous broadening of PL spectra.?8-3? Mintairov et
al.”>" analyzed PL spectra of dilute nitrides from near-field
scanning optical microscopy (NSOM) measurements in
terms of a model, in which the change in the local band edge
is determined by the local nitrogen concentration within the
exciton volume. In this model, the local band-edge shift is
assumed to be AE=(dE/dx)Ax, where Ax is the local nitro-
gen concentration. Using this analysis and associating sharp
lines observed in the PL spectrum with distinct quantum
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dots, Mintairov et al”!> found that the N concentration
variations implied were inconsistent with a random distribu-
tion. For a region of the size of the exciton (~10 nm across)
at 3% of N, the band-edge fluctuations estimated from this
model®® are about 8 meV. It was concluded that the linewidth
and structure of the PL spectra indicate phase separation in
the distribution of the nitrogen in the material, i.e., sponta-
neous formation of nonrandom nitrogen clusters.

Neither the analysis of mobility in Ref. 27 nor the model
of band-edge fluctuations used to estimate the PL linewidth
in Refs. 7, 15, and 28-30 taking into account interactions
between N sites. However, Lindsay and O’Reilly'®!® showed
that these interactions have a very important influence on the
states near the conduction-band edge in the dilute nitrides.
Such interactions occur, even when nitrogen is randomly dis-
tributed in the alloy. Fahy et al.?’ showed that the N-N inter-
actions give rise to a large increase in the carrier scattering
and a corresponding reduction in mobility in dilute nitrides.
Their results show good agreement with the observed experi-
mental values for band-gap bowing,'®!° carrier mobility,?
and carrier effective mass.'*

II. GENERAL RELATION BETWEEN POTENTIAL
FLUCTUATIONS AND ALLOY SCATTERING

In this paper we re-examine the carrier mobility and PL
broadening in terms of a model which assumes random spa-
tial variations in the band edge but does nor assume that
these fluctuations arise solely from variations in the nitrogen
concentration. (When interactions between nitrogen atoms
are taken into account, not only the local nitrogen concentra-
tion but also the specific arrangement of the atoms in a lo-
cality has a large effect on the band edge.'®!”) We assume
only that band gaps in different regions dR and dR’, each
substantially larger than the cubic lattice constant but smaller
than de Broglie wavelength of the carriers, are statistically
independent. We use the experimentally observed n-type car-
rier mobility and effective mass to estimate the strength of
fluctuations of the potential in different regions of the solid.

To derive the relation between the carrier mobility and the
local energy fluctuations, we begin with the elastic-scattering
cross section between two carrier states,’® ¢, and ¢ of
momentum k and k', respectively. The scattering matrix ele-
ment in the presence of a localized perturbing potential AV is
(U |AV| i), where s is the exact eigenstate in the presence
of the perturbation.’® [We assume ;(r) ~ ¢,(r) at points r
very far from the perturbation.] For low-energy scattering,
both k and k' are approximately zero and for a sufficiently
localized perturbation (i.e., where the range of AV is less
than 27/|k—Kk’|) the scattering matrix element is approxi-
mately independent of k and k’.2” The total scattering cross
section for this localized perturbation is then given by:?’

s
m

2
277;9) (ol AV] o) Q7 (1)

o(R) = 477(
where m” is the carrier effective mass and () is the volume in
which the states ¢, and ¢, are normalized.

If AV(R) is the change in potential in a small region of
volume dR centered at R, compared to the average potential
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across the entire system, the scattering matrix element due to
that potential fluctuation can then be rewritten as

(0| AV(R)| o) = SE p(R)dR, 2)

where 6E zdR/() is the change in the energy of the state due
to the perturbation AV(R) and 8E z is the equivalent shift of
the average band gap in the region dR.

Dividing all space into small nonoverlapping volume ele-
ments and considering each element dR as a scattering cen-
ter, statistically independent of other elements, the density of
these scatterers is n=1/dR and the inverse of the carrier
mean-free path is given by

1

7 =mo(R))=(a(R))/dR, 3)
where the angular brackets indicate an ensemble average
over the random alloy. The carrier mobility u is related to the
mean-free path as u=el/um*, where it is the mean carrier
velocity. Setting =+\3kzT/m*, where T is the absolute tem-
perature, we obtain the following relation between the mo-
bility x and the band-gap fluctuations OF jz:

_ \N3m'kgT ( m*

-1
T ah?

o

)2dR<6EZR>. )

Note that when the region dR is itself composed of many
statistically independent subregions, each contributing inde-
pendently to the average band gap 6E z in the region dR, we
have that dR<6E5R> is well defined and independent of the
size of the volume element dR. Recall also that, in using Eq.
(1) for the scattering cross section of the region dR, we as-
sume that dR is smaller than the de Broglie wavelength of
the carriers. Thus, Eq. (4) is valid when the typical de Bro-
glie wavelength of the carriers is larger than the correlation
length of the spatial variations in the band gap.

In the ultradilute case, when each nitrogen atom can be
considered as an independent scattering center, each nitrogen
contributes dE./dn to the left-hand side of Eq. (2),%” where
E. is the conduction-band energy and » is the average num-
ber of nitrogen atoms per unit volume. In the region dR,
where we have N z(R) nitrogen atoms, the total contribution
is (dE./dn)N (R) and for <5E5R) we can write

dE,
dn

*([N4z(R) — ndRT*)

SE%p) =
( dR> dR2

©)

For a dilute random alloy N_(R) is a Poisson random vari-
able with variance ({N, z(R)-ndR]*)=ndR. Noting that n is
related to the nitrogen atomic concentration x on the group-V
sites as n=4x/ ag, we replace the term dR(&Ef,R) in Eq. (4)
with

dE. |?

dn

dE,
dx

23
%x, (6)

dR(SE ) = ‘

thus recovering the result for the mobility given in Eq. (7) of
Ref. 27.

In a nondilute random binary alloy of average concentra-
tion x, Nyg(R) has a binomial distribution with variance
([N x(R)—ndR*)=x(1-x)dN,, where dN, is the number of
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sites in the region dR. Assuming that each site scatters inde-
pendently, we then have that

2
V(1 -x), (7

C

dR(SE ) =

where V| is the volume per site in the alloy, and obtain the
following form?® for the mobility:

2

-1 kT (’"—)2 Ll Vvat-n.  ®
mo= e m wh? dx o -

To go beyond the approximation of independent scattering
by the N sites, which is clearly invalid in the dilute nitride
alloys, we use the measured mobility and Eq. (4) to phenom-
enologically define the strength of the fluctuations <6E§R> in
the band gap in regions of volume dR. This does not impose
any assumption on the microscopic origin of the disorder that
causes the band-gap variations—only as mentioned above
that the correlation length of the variations is less than the de
Broglie wavelength of the carriers. Note that the only param-
eters determining the strength of the disorder from Eq. (4)
are the carrier mobility and effective mass in the material.
Because our analysis of carrier scattering and mobility as-
sumes that the current is carried by delocalized states, rather
than by hopping between localized states, it is preferable to
use room-temperature mobility (rather than low-temperature
mobility) to estimate the fluctuations in the random potential.
The measured mobility of electrons in GaAsN alloys with
3% of N is ~150 cm?/V s at room temperature, giving a
calculated local energy variation <§E§R> from Eq. (4) of
~25 meV when dR=one exciton volume (sphere with ra-
dius 5 nm) and the effective mass is 0.13m, (m, is mass of
the electron).!®

We note that for regions smaller than the exciton volume,
the band-gap variation will be even larger. This variation is
much greater than the electron-hole binding energy
(~4.2 meV for GaAs). Therefore the random potential will
dominate over the electron-hole attraction in these strongly
disordered alloys and the electron-hole Coulomb interaction
can be neglected. The size of potential variations also indi-
cates that first-order perturbation’®-3? is no longer sufficient
to obtain the PL linewidth since the wave function is strongly
distorted by the potential AV and higher orders of perturba-
tion (or direct numerical calculation) have to be used to find
the exciton energies. Strong disorder arising from the large
band-gap variations also causes localization of the low-
energy exciton states and they become trapped in the local
minima of the potential. This implies that, particularly at low
temperature, PL. will come predominantly from excitons
trapped in the regions of lowest band gap.3*

II1. CALCULATION OF STATES FOR THE RANDOM
POTENTIAL MODEL

To calculate the electron energy states in the disordered
alloy, we use the effective-mass approximation, so that the
conduction-band electrons are assumed to be particles of
mass m* in a random potential V,,,4 and the Schrodinger
equation has the form3>-3’
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h2
{— 5 V2t and(r)}x(r) =(E-E)x(r). )
m

The energy of the electrons is measured from the bottom of
the conduction band E. and x(r) is the electron envelope
wave function in the effective-mass approximation. We as-
sume that the random potential has a Gaussian distribution as
follows:

<Vrand(r)> = O’ (10)

[—(r -r' )Z/Lzorr:|

3/2r3
m Lcorr

<Vrand(r) Vrand(r’» =C s (1 1)
where r is the coordinate of the electron, L, is the spatial
correlation length of the random potential, which we will
discuss further below, and C defines the strength of the ran-

dom potential variations. This definition of V,,,q4 is consistent
with Eq. (4) when

— =,
1 \N3m'kgT ( m* )2
ALY L. P

C e (12)

= —
To solve this model numerically, it is convenient to represent
both x and V.4 in terms of their Fourier series, assuming
periodic boundary conditions on a cube of side L. Thus, the
potential is of the form

expliq - r]

Vrand(r) = E V(Q)T > (13)
q

where q is summed over wave vectors compatible with
periodic boundary conditions on the cube. The real and

imaginary parts, RV(q) and JV(q), of the Fourier
components V(q) are random Gaussian independent vari-

ables, with (V(q))=0, and (RV(q)»)=(IV(q)]*)
=(C/2)exp[—(qLeoy/2)*] for q#0. Since the potential
V,una(r) is real, it follows that V(-q)= V*(q) for all q, and
that {|RV(q=0)|*)=C and {|TV(q=0)[>)=0. Having chosen
by Monte Carlo sampling a particular set of random values
for the Fourier components of the potential, we then solve
for the energy eigenstates by numerical diagonalization of
the resulting Hamiltonian Hy y in the momentum represen-
tation, where

72k? V(k -k')

Hk,k’:ﬁék,k"*T- (14)

We note that the random potential model is ill conditioned

in the limit as L., — 0,3 giving a spectrum of energies un-
bound below. However, in the context of the dilute nitride
alloys, it is clear that L ., can be no less than the interaction
distance between nitrogen defects. Calculations of Lindsay et
al.'®1° demonstrated substantial interaction between N atoms
up to approximately 1 nm, so that regions of dimension less
than 1 nm cannot be considered to be statistically indepen-
dent scattering centers. Furthermore, the effective-mass
model in GaAs assumes that alloy states are predominantly
made up of Bloch states near the conduction-band minimum.
We estimate that the model is limited at best to wave vectors
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of length no greater than 1/10 of the Brillouin-zone radius,
where the effective-mass band energy is well below the
L-point conduction-band edge. This provides a natural cutoff
in the wave vectors k in the Hamiltonian specified in Eq.
(14) and Fourier components of the potential with wave vec-
tor larger than approximately 1/5 of the Brillouin-zone radius
may be excluded from the effective random potential within
the effective-mass model. Transforming back from Fourier
space to real space, this defines an effective correlation
length of approximately 2-3 nm for the random band-gap
model specified in Egs. (9)—(11). We take L,,=5a,, but
changing in this value only causes a minor shift* in the PL
spectra simulated (below).

We note that this model does not include the binding of
excitons to specific defect structures (e.g., related to particu-
lar clustered arrangements of nitrogen), with associated well-
defined energies. In the real material such binding may in
fact occur but is not included within this random potential
effective-mass model. Nevertheless, as we will see below,
the model predicts highly structured NSOM PL spectra due
to the random variations in the spectrum of states occurring
in different finite regions of the material.

IV. SIMULATION OF PHOTOLUMINESCENCE SPECTRA

We now consider the consequences of the random
potential-energy spectra for low-temperature PL. Once an
electron-hole pair is created, it will rapidly relax its energy
by phonon emission (phonon absorption being strongly sup-
pressed at low temperature) and the electron will be trapped
in a local minimum of energy, close to the point where it was
created, before it eventually recombines with the hole, emit-
ting light which is collected in the PL spectrum.’* The trap-
ping is preceded by the hopping transport of the exciton,
where the electron can hop through the energy states over a
limited “capture” region of the solid. (The nitrogen-induced
disorder in the valence band is relatively weak and we as-
sume that, due to the electron-hole attraction, the hole fol-
lows the electron position.) Thus, in this standard picture of
low-temperature PL emission, the PL spectrum from a given
NSOM tip region gives the energy distribution of the lowest-
energy electron eigenstates in the collection of capture re-
gions covered by the NSOM tip—each capture region con-
tributing one emission line to the overall spectrum.

Without a detailed knowledge of all relaxation processes,
it is difficult to calculate the size of the capture region typi-
cally explored by the exciton before trapping and recombi-
nation. However, we can make sensible lower and upper es-
timates for the dilute nitrides, which turn out to constrain the
size of the capture region within a relatively small range of
possible values. First, the capture region must be substan-
tially larger than the size of the typical low-lying localized
wave function in the random potential; from direct numerical
calculation of the eigenstates in regions of size L
=20-60 nm, we find that the typical size of low-lying
eigenstates of H defined in Eq. (14) is of the order of 10 nm
when the effective mass m*=0.13m, and the random poten-
tial fluctuations correspond to a room-temperature mobility,
w=150 cm?/V s in Egs. (9)-(12), which is characteristic of
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FIG. 1. Simulated low-temperature PL spectra for the random
potential model in a volume of 0.025 um?>. The effective mass
m*=0.13m, and potential fluctuations correspond to a room-
temperature mobility =150 cm?/V s in Eqgs. (9)—(12), each typi-
cal of GaN,As;_, with x~3%. The solid line corresponds to the
calculation using 200 capture regions, each of volume (50 nm)?3,
and the dashed line to the calculation using 116 capture regions,
each of volume (60 nm)?; see text for details.

the dilute nitrides at nitrogen concentration of the order of a
few percent. (We note that this size also agrees well with
values measured experimentally using  near-field
magneto-photoluminescence.’ Incidentally, there is no dis-
tinction in our numerical calculations between “strongly”
and “weakly” localized states—all states, from the most lo-
calized to completely delocalized states, are obtained from
the numerical calculation. However, the typical size of local-
ized states decreases with decreasing energy, as expected.)
Second, since the low-temperature NSOM PL spectra, ob-
tained by Mintairov et al.”#!5 from NSOM tip regions of the
order of a few hundred nanometers across, show many emis-
sion energies, it is clear that the tip region contains at least of
the order of 100 separate capture regions. Thus, the typical
capture region at low temperature must be of the order of
several tens of nanometer across.

The simulated low-temperature PL spectra, shown in Fig.
1, are calculated as follows: we assume that the NSOM tip
records photoluminescence events occurring in a volume
Viip=0.025 um?. This volume is assumed to consist of N,
=Viip/ L? capture regions, each is a cube of volume L. For
each capture region, a random potential is constructed using
Eq. (13) and the lowest state energy of the resulting Hamil-
tonian Hy .+, defined in Eq. (14), is taken as the PL emission
energy from that capture region. (This emission line is broad-
ened to a Gaussian of width 0.5 meV, corresponding to the
experimental energy resolution.”) The PL spectrum for the
entire region Vy;, is then taken as the superposition of the N,
emission lines from these capture regions. Simulations with
capture regions of sizes L=50 nm and L=60 nm are shown
in Fig. 1. We observe very good agreement with the experi-
mental NSOM PL spectra:’ highly structured PL spectra,
with a markedly asymmetric overall line shape of width ap-
proximately 15 meV, a relatively sharp cutoff at the high-
energy side, and an extended low-energy tail.
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—- 200 random energies from distr. P(E)
— distribution P(E) (Eq. 15)
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FIG. 2. Spectrum of 200 randomly chosen energies from the
distribution P(E) in Eq. (15), with N=125 and o=17 meV, cor-
responding to a localized exciton volume of (10 nm)? and a capture
region with L=50 nm. Each sampled energy is broadened to a
Gaussian line shape of width 0.5 meV.

V. DISCUSSION AND CONCLUSIONS

The overall shape of the simulated spectra may be under-
stood qualitatively as follows: within each capture region,
the exciton has sufficient time before recombination to seek
out the lowest-energy state available. This amounts to finding
that place within the capture region which has the lowest
average potential. (Since all low-lying states have similar
size, the kinetic energy due to confinement is approximately
equal for all such states, giving only an overall shift of the
state energy which can be ignored for the present discus-
sion.) Consider the capture volume as divided into N, sub-
volumes ();, each of size equal to that of a typical low-lying

localized exciton, in which the average potential is V,. The
low-temperature exciton emission energy from the capture

region is then Vj,, which is the lowest V; occurring within the
capture region. (This neglects the overall shift of the exciton
energy due to the kinetic energy of electron confinement.)

The distribution of V; is a Gaussian with average zero and

variance o2=C/ Q);. Thus, the distribution function of 1_/0 is
that of the lowest of a set of N, independent Gaussian vari-
ables,

e—(E2/202)
P(E) = ———N[1 - erf(E/g) Vs, (15)
\2mor

where erf(z)=[% e €/2dé/\2m. The PL spectrum from an
entire sample, with an extremely large number of capture
regions, is then proportional to this distribution function
P(E). For N=1, P(E) is simply the original Gaussian dis-
tribution of V,. However, as N, increases, the distribution
function moves to lower energies and (for N, > 10) acquires
an increasingly asymmetric line shape similar to the experi-
mental PL spectra and to the simulated spectra shown in Fig.
1. For example, with N, =200, the maximum of P(E) occurs
at E«~-2.60 and falls off sharply for E>E, .. In the
low-energy tail, E<E,,,,P(E)= %exp[—%]. Figure 2
shows the histogram generated with 200 samples from P(E)

PHYSICAL REVIEW B 78, 245206 (2008)

with N, =125 and o=17 meV, corresponding to a localized
exciton volume of (10 nm)® and a capture region with L
=50 nm. The histogram with 200 samples is shown to indi-
cate the kind of PL spectral fluctuations expected in an
NSOM tip volume of 0.025 wm?, as in Fig. 1. This indicates
that the ratio of the low-temperature capture region volume
to the localized exciton volume is of the order of 100, in
agreement with our earlier estimate of the size of the capture
region.

The individual sharp peaks in the simulated PL spectra
(Fig. 1) are simply due to random variations in the limited
sample of N, emission energies. (For example, when N, is
increased to 1000, a noticeably smoother spectrum is ob-
tained.) As the overall appearance of the simulated spectrum
(in relation to the magnitude of the individual sharp peaks)
for N, in the range of 100-200 (particularly closer to 100) is
very similar to that observed experimentally, this would sug-
gest that the peaks observed in the NSOM PL spectra may be
just such random fluctuations and that the NSOM tip region
includes approximately 100 low-temperature capture re-
gions.

The experimental low-temperature NSOM PL spectra ob-
tained in Refs. 7 and 15 were analyzed as consisting of sharp
narrow peaks with half width of 0.5-2 meV superimposed on
several broad bands with half width equal 20—60 meV. The
narrow peaks were attributed to emission of strongly local-
ized excitons from regions with high concentration of N at-
oms creating a strong confining potential in the material. The
broad bands were attributed to regions of weak localization
of excitons in the ternary layers and the half width of the
emission spectra was interpreted as the energy scale associ-
ated with statistical composition fluctuations in the sampled
volume.”13

Our calculations show that low-temperature spectra very
similar to those observed in the NSOM experiments arise
from a purely random model of the band-gap fluctuations,
consistent with the typical observed effective mass of carri-
ers 0.13m, and mobility 150 cm?(V s)~! in the dilute nitrides
and assuming regions of size 50-60 nm, in which the ini-
tially excited electron-hole pairs recombine. No assumptions
of preferential clustering or partial nitrogen phase segrega-
tion are required to reproduce the overall PL line shape or the
sharp emission lines observed in NSOM PL spectra. The
increase in PL linewidth, compared to a model in which ni-
trogen concentration variations alone cause local band-edge
fluctuations, can be attributed to N-N interactions, which
greatly increase carrier scattering, decreasing mobility and
increasing band-edge fluctuations.?”

Within the random potential model presented here, the
structure of sharp emission lines in the NSOM PL spectrum
is a consequence only of the finite size of the region from
which the NSOM tip collects its spectrum. The PL spectrum
from a given tip region is a finite histogram sampled from
the smooth spectrum that would be observed in conventional
PL from a large sample. Decreasing the size of the NSOM
tip results in a reduced sample size and increased graininess
of the histogram, with correspondingly more pronounced
emission lines in the spectrum. In the extreme limit, if the
NSOM tip region were to include only a single capture re-
gion, the histogram from that region would become a single
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sharp emission line. (Of course, by moving the tip to a dif-
ferent region, a different line would be observed.) In a ho-
mogeneous random model of the PL emission lines, increas-
ing the size of the NSOM tip increases the size of the
statistical sample contributing to the observed PL spectrum
and individual sharp emission lines are less pronounced. In
the infinite size, conventional macro-PL limit, the spectrum
becomes smooth [e.g., as shown corresponding to distribu-
tion P(E) in Fig. 2], which is similar to the spectrum ob-
served in macro-PL experiments.>*

On the other hand, if specific well-defined defect struc-
tures in the material (such as specific nitrogen cluster ar-
rangements, occurring either purely randomly or preferen-
tially) bind localized excitons and give rise to sharp PL
emission lines, such emission lines should be clearly observ-
able in the PL spectrum from a large sample. If long-range
nonrandom variations occur in the band gap, these will be
most clearly observable as systematic shifts in the overall
spectrum (rather than specific sharp lines) in the NSOM PL
spectra taken in different regions.

The real dilute nitride materials may have a combination
of all these effects: true random variations, defect-bound ex-
citons, and long-range composition variation. Each shows a
different characteristic dependence on the NSOM tip size
and a careful statistical treatment of the observed spectra is
required to distinguish among them. However, by systemati-
cally varying the NSOM tip size, one can distinguish clearly
between the different contributions to linewidth broadening.
As discussed here within the model of a purely random po-
tential, the peak structure of the existing NSOM PL spectra
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gives important information on the size of the low-
temperature recombination regions.

In conclusion, we have presented a simple random poten-
tial model of low-temperature PL spectra in the dilute ni-
trides, with parameters determined from n-type carrier mo-
bility and effective mass only and consistent with a random
distribution of substitutional nitrogen in the alloy. The low-
temperature line shapes obtained from this model are consis-
tent with those seen in existing NSOM and conventional PL
spectra. The size of low-lying localized states obtained in the
model is consistent with observed diamagnetic shifts of
sharp features of the NSOM spectra. The overall width of the
spectrum is seen to be substantially increased by N-N inter-
actions in carrier scattering processes, corresponding to
strong reductions in carrier mobility due to such interactions.
Comparison with the sharp emission line features of NSOM
spectra allows us to estimate the exciton capture regions in
these materials at low temperature to be of the order of 50
nm in size. The dynamics of the electrons prior to recombi-
nation and effects of nonradiative recombination centers are
strongly influenced by sample temperature. Simulation of
these dynamics and of the temperature dependence of the PL
spectra is the subject of ongoing investigation.
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