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Using a combination of optical, electrical, and magnetotunneling measurements on resonant tunneling di-
odes incorporating a GaAs1−yNy quantum well, we demonstrate that the conduction band states of the
GaAs1−yNy layer undergo a marked change with increasing N content. The abrupt change in the electronic
properties of GaAs1−yNy differs significantly from the smoother variation with alloy composition observed in
other alloy material systems, such as InxGa1−xAs. We show that the incorporation of N in GaAs gives rise to
a qualitatively different type of alloy phenomena: N impurities and N clusters act to localize the extended
Bloch states of GaAs at characteristic resonant energies, thus breaking up the energy–wave-vector dispersion
relations and reducing theG character of the electronic states near the conduction band edge.
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I. INTRODUCTION

In recent years, research on dilute nitride GaAs1−yNy and
InxGa1−xAs1−yNy alloys has become an active area in con-
densed matter physics due to the unusual physical properties
of these new material systems.1–3 The large electronegativity
of the N atoms combined with the stretching and compres-
sion of neighboring bonds in InxGa1−xAs strongly perturbs
the band structure properties of the host crystal. An impor-
tant manifestation of this perturbation is the huge band gap
bowing with increasing N content and a strong redshift of the
band gap. These electronic properties have significant poten-
tial for several heterostructure devices such as 1.3-mm lasers,
solar cells, and heterojunction bipolar transistors.3

Despite many years of intense research in this topical
field, the electronic properties of dilute nitride alloys are still
not well understood. Methods used to describe conventional
alloys, such as the virtual crystal approximation, cannot be
used to model these unusual material systems. Instead alter-
native approaches have been implemented such as the two-
level band anticrossingsBACd model,4,5 which describes the
conduction band of InxGa1−xAs1−yNy alloys in terms of the
admixing and hybridization of the extended InxGa1−xAs con-
duction band states with the localized single N-impurity lev-
els. On the other hand, a more complex picture has emerged
from detailed band structure calculations which consider
multivalley coupling6–8 and the formation of a N-impurity
band.9 To date, none of these models succeeds in providing
an exhaustive description of the unusual electronic properties
revealed by experiments and reported in the current
literature.3 For example, although most of these models can
describe band gap energies, none of them can account for the
differing values revealed by various experimental techniques
of the effective massme of the conduction electrons and/or
nonmonotonic dependence ofme on y.9–13 A clear under-
standing of the band structure properties has also been hin-

dered by severe limitations on the accurate control of the
electronic properties of InxGa1−xAs1−yNy. In fact, the incor-
poration of N in InxGa1−xAs leads not only to isolated N
impurities but also to the formation of N-N pairs, where a
group-III atom has two N nearest neighbors, and of higher-
order N clusters. The localized electronic levels of these
complexes have energies below and above the conduction
band minimum of the host crystal and affect strongly the
electronic properties of InxGa1−xAs1−yNy.

14–21

In a recent experiment,22 we have used magnetotunneling
spectroscopysMTSd experiments to probe directly the con-
duction band structure of GaAs1−yNy at low y s,0.1%d and
to demonstrate that the admixing and hybridization of the
extended GaAs conduction band states with the localized
single N-impurity states cause a splitting of the conduction
band into highly nonparabolic hybridized subbands, thus
validating the simple idea of a two-level repulsion in the
BAC model.4,5 The spatially extended nature of the
GaAs1−yNy conduction band states was also clearly indicated
by our magnetoconductivity studies of a two-dimensional
electron gas in n-type modulation-doped
GaAs1−yNy/ sAlGadAs quantum wellsQWd heterostructures
with y=0.1%.23 These revealed Shubnikov–de Haas oscilla-
tions and quantum Hall effect plateaus. These measurements
indicate that the electrical conduction occurs through the ex-
tended conduction band states of GaAs1−yNy, albeit with
relatively low mobility fm=0.2 m2/ sV sd at 4.2 Kg due to
scattering by N atoms.23,24 An interesting outcome of these
recent works is that at lowy s,0.1%d there is a well-defined
k vector for the hybridized band states of GaAs1−yNy over an
extended range of energy. Of particular interest is the un-
usual form of the lower-energy hybridized subband in which
an inflection point occurs in the«skd curve at a relatively low
value of k s,43108 m−1d, considerably smaller than the
size of the Brillouin zone. We suggested that this property
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could be exploited to realize a new type of nonlinear device
in which electrons are accelerated by an electric field up to
and beyond the inflection point,22 thus leading to a negative
differential drift velocity effect, with a qualitatively different
origin from that occurring in Gunn diodes25 and
superlattices.26

In a broader context, the combination of N doping and
quantum confinement could dramatically increase the power
and scope of band structure engineering as a tool for the
design of a new generation of electronic devices. But to
which degree can the N doping be used to tailor the conduc-
tion band? And to what extent can the two-level BAC model
provide an accurate description of GaAs1−yNy? To answer
these questions, in this paper we examine in detail how the
electronic properties of GaAs1−yNy evolve with increasing N
content. To probe the energy and wave vector, and also the
charactersi.e., whether impurity like or band liked of the
N-induced states, we use a combination of magnetotunnel-
ing, capacitance-voltage, and optical spectroscopy measure-
ments on a series of tunneling diodes, which incorporate a
GaAs1−yNy QW layer. The measurements reveal that these
electronic properties change rapidly with increasingy. For
low N compositionsy,0.1%d, the form of the measured
«skd dispersion relations of the N-induced subbands can be
understood in terms of a simple two-level BAC model in-
volving isolated N atoms. However, we also find that theG
character of the N-induced states depends on energy andk
vector. As the N content increases up to about 0.2%, N clus-
tering tends to reduce further theG character of the elec-
tronic states and to break up the energy–wave-vector disper-
sion relations. Our data and analysis using the linear
combination of isolated nitrogen statessLCINSd model27 re-
veal an abrupt change in the electronic properties of
GaAs1−yNy with increasingy, due to N clustering. This be-
havior differs significantly from the smoother variation with
varying alloy composition observed in other alloy material
systems, such as InxGa1−xAs, for which thek vector, the«skd
dispersion relations, and the effective mass values remain
well defined over the whole range of In composition.

II. RESONANT TUNNELING DIODES CONTAINING
DILUTE NITRIDES

Our samples were grown by molecular beam epitaxy on
s100d-orientatedn-type GaAs substrates. In the first set of
structures, a 8-nm-wide GaAs1−yNy sy=0, 0.08%, 0.43%,
0.93%, 1.55%d QW layer is embedded between two 6-nm
Al0.4Ga0.6As tunnel barriers. In the second set of samplesy
=0.20% and the GaAs1−yNy layer has a width of 7 and
10 nm. In all samples, undoped GaAs spacer layers, each of
width 50 nm, separate the Al0.4Ga0.6As barriers from
n-doped GaAs layers in which the doping concentration is
increased from 231017 cm−3, close to the barrier, to 2
31018 cm−3. The thicknesses of these twon-doped GaAs
layers are 50 nm and 500 nm, respectively, in the outer lay-
ers of the “sandwich” structure. The samples were processed
into circular mesas with diameters between 25 and 400mm,
with a ring-shaped top contact to allow optical access for
current-voltageIsVd measurements under illumination and

for photoluminescencesPLd and photocurrentsPCd studies.
For the PL measurements, the diode was excited with a
He-Ne laser. The PL was dispersed by a 0.5-m monochro-
mator and detected by ansInGadAs detector. The excitation
source for the PC measurements was a He-Ne laser or a
tungsten-halogen lamp, dispersed by a 0.25-m monochro-
mator. The PC signal was recorded using standard lock-in
techniques. Capacitance-voltageCsVd measurements were
made with an HP 4275A LCR meter over the frequency
range from 10 kHz to 1 MHz.

As shown in Fig. 1, when we compare theIsVd curves of
the control samplesy=0%d and of the sample withy
=0.08%, we find that the resonant peakE0 due to electrons
tunneling through the lowest-energy quasibound subband of
the QW is replaced by three featuresE0−, E1−, andE0+ asso-
ciated with electron tunneling into the three lowest-energy
subbands of the GaAs1−yNy QW. They arise from hybridiza-
tion of the unperturbed host-matrix QW subbandsE0 andE1
with the localized N-resonant state. Aroundk=0, subbands

FIG. 1. IsVd curves at 10 K in the darksdotted linesd and under
illumination ssolid lined for GaAs1−yNy QW’s with y=0%, 0.08%,
and 0.93%. Each sample was excited with above-band-gap laser
light s633 nmd and power densities of about 10 W/cm2. Insets
showCsVd curves. The arrows indicate the threshold voltageVth for
increase of capacitance.
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E0− andE1− exhibit a dominant bandlike character, whileE0+
has a significant impurity-N-like nature.22 Clear resonant fea-
tures inIsVd were also observed in tunneling diodes withy
=0.2% and different well widthssw=7 and 10 nmd. In con-
trast, a further increase ofy strongly quenches the current
and shifts to higher biases the threshold voltage at which the
current increases rapidly. Under excitation with light, the
current flow is increased; in particular, the resonant features
in the IsVd curve of the sample withy=0.08% are strongly
enhancedssee Fig. 1d. These changes induced by increasing
y are accompanied by variations in the capacitance-voltage
curvesCsVd ssee insets of Fig. 1d. In the control samplesy
=0d, the capacitance of the diode rises at a relatively low
bias. In contrast, theCsVd curves of samples withy.0%
show an almost constant capacitances,26 pFd over an ex-
tended voltage range between zero bias and a threshold volt-
ageVth.

The marked change in theIsVd andCsVd curves at largey
suggests that N incorporation has profound effects on the
electron tunneling dynamics and the charge distribution. The
disappearance of the resonances inIsVd for samples with
large y sy=0.43%, 0.93%, and 1.55%d indicates an increas-
ing amount of disorder in the well. The disorder breaks the
condition for conservation of the in-plane wave vector,
which is required to observe a well-defined peak inIsVd for
electron tunneling into an energy-dispersed subband. Also
the strong suppression of current and the threshold voltage
Vth in the CsVd curves of samples withy.0 suggest the
existence of a significant number of N-related electron traps
in the GaAs1−yNy layer. As shown schematically in Fig. 2sad,
at zero bias, equilibrium is established by electrons diffusing

from the doped GaAs layers into the lowest-energy levels of
the GaAs1−yNy QW layer. The resulting negative charge in
the well gives rise to two depletion layers in the regions
beyond the Al0.4Ga0.6As barriers and to a relatively wide
region of dielectric, which is depleted of free carriers.28

Therefore, a significant applied voltageVth is required to
reach flatband conditions on the emitter side of the device
and hence lead to an increase of the capacitance and tunnel-
ing currentfsee Fig. 2sbdg. Note that the increase of capaci-
tance induced by the increasing applied voltage becomes less
sharp at high N concentrations. This suggests that increasing
y leads to a broader energy distribution for the electron
traps.19

Using Poisson’s equation for our resonant tunneling di-
odessRTD’sd, we model theCsVd data and extract the aver-
age energy position and density of the electron traps in the
QW that lie below the Fermi energy in then-doped GaAs
emitter layer. The capacitance is defined asC=dQ/dV,
wheredQ=−dQem−dQQW=dQdep is the incremental change
of the charge in the emitter layersdQemd and in the QW
sdQQWd for an incremental change in the applied voltage,dV.
The corresponding increase in the positive charge in the col-
lector depletion layer isdQdep.

29 Assuming that the negative
charge in the QW layersQQWd does not change betweenV
=0 andV=Vth, then the value ofQQW is determined using the
relatione0

VthCdV=C0Vth=e0
VthdQdepl=QQW/2, whereC0 is the

constant value of capacitance measured forV,Vth. Using
the experimental values ofC0 andVth, we estimate that the
volume density of electrons trapped in the
well is QQW/epwr2=2C0Vth/epwr2=2.631017 cm−3, 1.0
31018 cm−3, 1.131018 cm−3, and 1.231018 cm−3 for
samples withy=0.08%, 0.43%, 0.93%, and 1.55%, respec-
tively, where r =100mm is the radius of the mesa andw
=8 nm is the well width. Figure 2scd shows the increase of
charged electron traps with increasingy as deduced from the
CsVd curves. The density of traps is much smaller than that
of isolated N atoms, which varies from 1.831019 cm−3 for
y=0.08% to 3.431020 cm−3 for y=1.55%. We estimate that
the electron traps are located at an energy given byeV0
=eVth/2 below the GaAs conduction band minimum.

We find thateV0 is equal to about 0.1 eV and 0.4 eV for
y=0.08% andy.0.08%, respectivelyfsee Fig. 2sddg, al-
though the determination ofVth, and hence ofV0, becomes
less accurate at highy fsee vertical bar in Fig. 2sddg. These
values are larger than those reported for N-N pairs in previ-
ous works for samples with smaller N content
sy,0.1%d.15,19,20 However, note that higher N concentra-
tions may favor the formation of N clusters and N-related
defects with deeper energy levels. Fory,0.1%, our data are
similar to those measured by optical techniques in Refs. 16
and 17. These works report binding energies in the range
0.04–0.16 eV. Fory.0.1%, our data also support previous
studies showing the existence of deep N-related defects, at-
tributed in those studies to nitrogen-split interstitial
defects.30,31

Electron trapping on N-related localized states also ac-
counts for the strong photoinduced current enhancement ob-
served in all RTD’s withy.0% ssee Fig. 1 fory=0.08% and
0.93%d. Figure 3 shows the dependence on the light excita-

FIG. 2. sad, sbd Schematic diagrams of the conduction band
profile for our tunneling diodes forV=0 and V=Vth. scd, sdd y
dependence of the volume density of electrons trapped in the well,
QQW/epwr2, and of the average energy positioneV0 of the N-trap
levels as measured with respect to the GaAs CB minimum.
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tion energy,hyexc, of the intensity of the PC signal measured
under applied bias corresponding to electron and hole tun-
neling into the GaAs1−yNy QW layer. Similar plots were ob-
tained for different excitation power and/or applied biases.
The form of the spectra is weakly affected by the applied
bias, although the intensity is bias dependent because of the
effect of the bias on the number and energy of electrons and
holes tunneling into the QW. The low-temperaturesT
=4.2 Kd PC spectra of all structures show a current enhance-
ment forhyexc.1.5 eV, which arises from carriers photocre-
ated in the GaAs layers on each side of the barriers and
QW.32 The PC spectra also reveal a weaker band that shifts
to lower energy when the amount of N is increasedssee
vertical arrow in Fig. 3d. We assign this to the effect on the
tunnel current of carriers photocreated across the band gap of
the GaAs1−yNy QW layer: the direct photoexcitation of car-
riers in the QW and subsequent hole recombination with
electrons on the localized charged N-induced states in the
well leads to an increased number of electrons tunneling into
and out of the well.33 The intensity of the corresponding
photoinduced current depends on the interband optical ab-
sorption of the GaAs1−yNy QW layer and provides us with a
means of investigating how the band gap absorption of the
GaAs1−yNy QW changes with increasingy. We find that the
N-related PC band due to the exitonic absorption in the QW
shifts in energy and broadens considerably with increasing N
content. Electrons and holes injected and/or photocreated in
the GaAs1−yNy QW layer also recombine to produce a strong
PL signal. Our low-temperaturesT=4.2 Kd PL spectra show

that the N-related PL emission is redshifted relative to the
corresponding PC band and that the redshift, referred to as
the Stokes shift, increases significantly wheny is increased
from 0.1% to about 0.4%ssee inset of Fig. 3d.

III. BREAKUP OF THE CONDUCTION BAND STRUCTURE
AT HIGH y

The disappearance of the resonances inIsVd, the increase
in the number of electron traps revealed by theCsVd data,
and the significant energy broadening of the optical lines for
increasingy shown in Figs. 1–3 respectively, indicate that
the GaAs1−yNy QW layer undergoes a significant change in
character with increasing N content. This behavior, which
differs from the smoother dependence with varying alloy
composition observed in other alloy material systems, such
as sInGadAs andsAlGadAs, indicate an unusual and marked
transition of the electronic properties from band like to
strongly disordered at highy.

To probe in more detail the electronic properties
GaAs1−yNy, we use magnetotunneling spectroscopysMTSd.
Our resonant tunneling and optical spectroscopy experiments
at zero magnetic field described in the previous section allow
us to probe the bound states of the GaAs1−yNy QW layer
aroundk=0, but they do not provide thek dependence of the
energies of the QW subband states. In a MTS experiment, a
magnetic fieldB is applied perpendicular to the current di-
rection. Varying the intensity ofB allows us to tune an elec-
tron to tunnel into a givenk state of the well; the voltage
tunes the energy so that by measuring the voltage position of
the resonances inIsVd as a function ofB, we can map out the
«skd dispersion relations of GaAs1−yNy.

22

Figure 4sad shows grey-scale contour plots of the value of
the differential conductanceG=dI /dV as a function of en-
ergy and wave vector derived from a simple analysis of the
MTS measurements for two QW’s, one withy=0.08% and
w=8 nm and the other withy=0.2% andw=10 nm. The
white-stripe-like regions in the plots of Fig. 4sad correspond
to minima of G just beyond the resonant peak in theIsVd
curves. The minimum in the negative differential conduc-
tance associated with each resonance allows us to track ac-
curately how the voltage position and amplitude of the reso-
nances vary with increasingB. To reveal clearly how each
resonance evolves with increasingB, we also plot in Fig.
4sad a narrow range ofG. Plots of the peak ofG show similar
dependence on magnetic field, although less clearly due to
the resonance broadening caused by charging of the well.34

The«skd curves reveal energy regions of anticrossingfin-
dicated by horizontal arrows in Fig. 4sadg and indicate that
the localized states associated with N impurities and NuN
pairs admix and hybridize with the subband states of the QW,
thus breaking up the conduction band at characteristic reso-
nant energies. The brightness and width of these stripes pro-
vides information about the character, impurity like or band
like, of the states in the GaAs1−yNy QW. The hybridization
between theG conduction band states and the localized N
and N-N pair energy levels gives the N-related states of the
GaAs1−yNy QW a partly G character over a wide energy
range and allows electrons to tunnel into them from the

FIG. 3. PC spectra at 4.2 K. The vertical arrow indicates the
energy peak position of the N-related PC band. Left inset: energy
peak position of the N-related PC band at 4.2 K and 300 K. The
lines show they dependence of the band edge absorption energy of
GaAs1−yNy at 4.2 K and 300 K according to the LCINS model.
Right inset: energy peak position of the N-related PC and PL bands
at 4.2 K. The lines are guides to the eye.
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GaAs emitter accumulation layer, where the band states have
a pureG character. At« andk values for which theG char-
acter of the QW states is very small, electron resonant tun-
neling from the emitter is negligible, so no negative differ-
ential conductance occurs; these regions appear as black on
the grey-scale plots of Fig. 4sad.

Using this analysis, the partialG character of the hybrid-
ized states of the GaAs1−yNy QW can be “tagged” by mag-
netotunneling spectroscopy. In Fig. 4sad, for y=0.08%, the
weakening of theE0− andE1− resonances at largek is con-
sistent with the strongly localized character of the lowest
hybridized subband states of the GaAs1−yNy QW layer at
energies close to those of isolated N impurities; in contrast,
the strong enhancement of theE0+ resonance at largek and
the corresponding increase of the energy–wave-vector dis-
persion indicate that with increasingk, the E0+ subband
states become more delocalized in real space, i.e., they ac-
quire an increasingG character. Fory=0.2%, the«skd curves
reveal two energy regions of anticrossing at around 1.6 eV
and 1.8 eV. We believe that for this sample, the subband
states of the QW admix and hybridize not just with isolated
N impurities, but also with the localized energy states asso-
ciated with N-N pairs that are resonant with the conduction
band states of GaAs. This further breaks up the«skd disper-
sion relations. In Fig. 4sad and aty=0.2%, the weakening of
theE0− resonance at energies of about 1.6 eV and 1.8 eV and
corresponding wave vectorsk,43108 m−1 and 8

3108 m−1 fsee horizontal arrows in Fig. 4sadg indicates that
the lowest hybridized subband states of the GaAs1−yNy QW
layer become increasingly localized as they approach the en-
ergy of isolated N impuritiess,1.7 eVd and N-N pairs
s,1.6 eVd. This effect is not clearly resolved for the second
E1− resonance, which tends to quench and merge with the
E0− resonance for increasing voltagessenergiesd and mag-
netic fieldssk vectorsd.

For y.0.2%, the measuredGsVd curves show no reso-
nances and are almost unaffected by magnetic fields up to the
available field of 14 T. In this case, it is likely that the iso-
lated N impurities and N clusters break the translational sym-
metry required for a well-definedk vector and«skd disper-
sion relations in the QW.

IV. DISCUSSION: FROM THE ULTRADILUTE „yÈ0.1%…

TO THE DILUTE REGIME „y.0.1%…

In our previous works,22,23 we have demonstrated that for
y up to ,0.1% there is a well-definedk vector for the hy-
bridized conduction band states of GaAs1−yNy over an ex-
tended range of energy and that the simple idea of a two-
level repulsion in the BAC model provides a qualitative
description of the form of the energy dispersion curves mea-
sured by magnetotunneling spectroscopy.22 However, the
BAC model does not include the effect on the band structure
of N-N pairs and N clusters. These effects are clearly re-
vealed by experiment7,15–21 and also suggested by detailed
band structure calculations of GaAs1−yNy.

6–8 Neither the de-
tailed theoretical calculations nor the BAC model provide a
description of the measured«skd dispersion relations and/or
account for the marked and unusual transition in the optical
and transport properties of GaAs1−yNy discussed in the pre-
vious sections.

In an attempt to explain these data, we extend the BAC
model to include the interaction between the GaAs host con-
duction bandG states and the full range of N-related levels in
the alloy, with the N states described explicitly using a
LCINS model.27 The model is based on detailed tight-
binding sTBd calculations of the energy levels of isolated N
impurities, N-N pairs, and N clusters, including the strength
of their interaction with the host matrixG states. Using the
tight-binding method, we calculate explicitly a distribution
of energy levels that is generally similar to that found in
Refs. 6 and 18. We then calculate the influence of this dis-
tribution of states on the conduction band edge and on
higher-lying levels. Comparison with full TB calculations
confirms that the conduction band of GaAs1−yNy is indeed
well described in terms of interactions between the GaAs
conduction bandG states and this LCINS, distributed at ran-
dom in an ultralarge supercell.27,35The LCINS model allows
us to describe in detail how the electronic properties of
GaAs1−yNy are affected by a random distribution of N iso-
lated impurities and clusters at different values ofy.

The interaction between the different N states and the
GaAs extended conduction band edgeG state reduces the
fractionalG characterfG of the lowest conduction band level
in GaAs1−yNy. This effect is already well known from the
two-level BAC model,5 as illustrated by the solid line in Fig.

FIG. 4. sad Grey-scale plots of the differential conductanceG vs
« and k as derived from MTS measurements fory=0.08% and
0.2%. The bright stripes correspond to regions of lowG. The en-
ergy position of the lowest subbandE0− at k=0 is derived from the
measured energy position of the N-related PC band at 4.2 K and is
plotted relative to the top of the valence band.sbd Three-level BAC
model calculations of the contour plots of the fractionalG character
fG of the hybridized GaAs1−yNy QW subbands vs« and k for y
=0.08% and 0.2%. The bright sections of the plot correspond to
increasing values of the fractionalG characterfG.
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5. We also show in Fig. 5 the calculated value offG using
two other models:sid the LCINS model andsii d a three-level
BAC model,36 which accounts for the hybridization of the
GaAs G conduction band states with isolated N states and
N-N first-neighborf110g pairs.37

For y,0.2%, the values offG calculated using the differ-
ent models are indistinguishable. This indicates that at lowy,
N clustering has very little effect on the conduction band
edge. This is not unexpected as the density of N-N pairs and
of more complex N clusters arising from a random incorpo-
ration of N is small fory,0.1% s,1017 cm−3d and much
smaller than the density of isolated N atoms
s,1019 cm−3d. Each N atom has 12 nearest neighbors on the
group-V sublattice. The probability of one of these neighbors
being a N atom in a random alloy is 12y for small y, so that
we expect the number of N-N pairs will grow as 6y2. The
number of larger N clusters will start to grow more slowly
with y, e.g., initially as,y3 for clusters where three N atoms
are linked to each other via common Ga neighbors. Since the
confinement energy of the QW pushes the conduction band
minimum above the energy levels associated with
the small number of N-N first-neighborf110g pairs
s,1.5 eVd and N clusterss,1.5 eVd, N clustering plays a
minor role at lowy.36 In contrast, as shown in Fig. 5, fory
.0.2% the values offG calculated within the two-level BAC
model swhich ignores clusteringd become larger than those
estimated within the three-level BAC and LCINS models
and indicate that N clustering acts to reduce significantly the
G character of the conduction band edge at largey. The band
edge value offG for y,0.4% ssee data pointsd is associated
with the anticrossing and hybridization between the conduc-
tion band edge and the energy level at about 1.5 eV associ-
ated with N-N first-neighborf110g pairs. The value offG

then recovers both for the LCINS and three-level BAC mod-
els for a further small increase ofy, because the interaction
with isolated N levels pushes theG conduction band mini-
mum below the N-N level. At still higher values ofy
s0.4%,y,0.8%d the conduction band edge approaches the

energy levelss,1.5 eVd associated with higher-order N
clusters. Fory.0.4%, the divergence of the three-level BAC
model sincluding N-N pairsd and the LCINS modelsinclud-
ing all N clustersd reflects the increased disruption of the
conduction band edge due to the higher-order N clusters.

The LCINS model describes well the energy position of
the band edge absorption of the GaAs1−yNy QW layer mea-
sured at different temperatures by PC for all values ofy ssee
inset of Fig. 3d. The strong reduction offG and the inhomo-
geneous broadening of the conduction band states caused by
the random incorporation of N account for the disappearance
of the resonant features inIsVd when the N content is in-
creased above about 0.2%. It also explains the unusually
rapid increase in the value of the Stokes shift and energy
broadening of the optical lines observed in our samplesssee
Fig. 3d and similar GaAs1−yNy layers reported in the recent
literature fory.0.1%.3,7,38

Various models have been used in the literature4–9 to de-
scribe successfully the energy gap of GaAs1−yNy, so the
agreement between our data and the LCINS model shown in
Fig. 3 does not represent a stringent test to validate our
model. We note, however, that the LCINS model also pro-
vides a qualitatively good description of the measured«skd
curves. Figure 4sbd shows the calculated energy dispersion
relations fory=0.08% and 0.2%. In these plots, the bright-
ness of the lines increases with the fractionalG characterfG

of the N-induced subbands. Our calculations indicate that for
low values ofy, up to about 0.1%, N-N pairs and other N
clusters have very little effect on the form of the energy
dispersion relations, which are dominated by the effect of
hybridization of the band states with isolated N impurities.
The«skd dispersions calculated using the LCINS model fory
up to about 0.1% are virtually indistinguishable from those
calculated using the two-level BAC model, which considers
the strongly admixed character of the states, but neglects
N-clustering effects. This is due to the relatively low density
of N-N pairs and N clusters at these low values ofy. In
contrast, for a further increase ofy, N-N pairs produce sig-
nificant changes in the conduction band structure.

For y=0.2%, we find that most of the interaction arises
from states which lie close to the isolated N-resonant energy
level at,1.7 eV. However, an additional weak interaction is
found at about 1.5 eV and 1.6 eV due to the interaction of
band states with N-N first-neighborf110g pairs and second-
neighborf220g pairs, respectively.35 The first-neighborf110g
pair energy level is too far below the conduction band edge
to have any significant interaction with states at 1.6 eV,
whereas our calculations locate the second-neighborf220g
pair level between the lowest confined QW state and the
isolated N level. As shown in Fig. 4sbd the effect of N-N pair
states are clearly observed in the«skd dispersion curves for
y=0.2%. The«skd curves reveal two distinct energy regions
of anticrossing indicated by horizontal arrows in Fig. 4sbd. In
addition to the N impurities, the localized states associated
with the N-N f220g pairs at around 1.63 eV admix and hy-
bridize with the subband states of the QW, thus disrupting
the conduction band at characteristic values of energy andk
vector close to those derived from the MTS measurements.

The calculated energy level for thef220g pair disagrees
with the bound energy level calculated in Refs. 6 and 18.

FIG. 5. FractionalG characterfG of the CB minimum of a
GaAs1−yNy QW with well width w=8 nm and differenty according
to the two-level BAC, three-level BAC, and LCINS models. The
insets sketch the CB of GaAs and the energy levels of N impurities,
N-N pairs, and higher-order N clusters.
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However, we also note that there is little agreement between
the various models for the energies of other N-N pairs and N
clusters. The calculations in Ref. 6 include one energy state,
due to the f200g pair, in the relevant energy range
s,1.6 eVd. However, thisf200g state has opposite amplitude
on the two N atoms and should therefore have close to zero
interaction with the GaAsG states. It is therefore unlikely to
cause significant disruption of the band dispersion. With
these points in mind, we believe that our overall interpreta-
tion of the experimental data is correct, although the particu-
lar N-N pair responsible for the disruption of the band struc-
ture is not completely certain.

Although our model calculations shown in Fig. 4sbd pre-
dict the existence of a number of subbands with significantG
character, we can only resolve those with low energies in the
grey-scale plots of our MTS data. This is likely to be due to
the rapid increase of the transmission coefficient through the
barriers at the large bias voltages required for electrons tun-
nelling into higher-energy states of the QW, which in turn
leads to broadening and weakening of the resonant features
in GsVd and to a very large and positive value ofG.

For y.0.2%, the LCINS calculations show that states
associated with N-N pairs and N clusters further perturb the
band dispersion at higher N content. In particular, the strong
reduction ofG character of the electronic states induced by N
clustering shown in Fig. 5 indicates that an increasing range
of k vectors is required to describe the electronic states at
high y. This broadening effect is also observed in the mea-
sured«skd curves of the sample withy=0.2% for which the
resonances inGsVd and corresponding«skd curves show a
larger energy andk-vector broadening compared to that ob-
served in the sample withy=0.08%. The isolated N impuri-
ties and N clusters act to break the translational symmetry
required for a well-definedk vector and«skd dispersion re-
lations, leading to strong disorder and localization of the en-
ergy states. We believe that for high values ofy new ap-
proaches are necessary to fully understand and interpret the
optical and transport properties of dilute nitrides and also to
explain some contradicting results reported in the literature
concerning the electron effective mass at high values of
y.9–13 We emphasize that our data show clearly that the con-
cept of effective mass remains valid at N contents as high as
0.2%. The curvature of the measured«skd curves in Fig. 4sad
indicates that the electron effective massme at the conduc-
tion band minimum increases fromme=s0.07±0.01dm0 to
s0.08±0.01dm0 asy is increased from 0.08% to 0.2%, where
m0 is the electron mass in vacuum. This albeit small increase
is consistent with that calculated using our modelsme
=0.075m0 and 0.079m0 for y=0.08% and 0.2%, respec-
tivelyd.

V. CONCLUSION

In conclusion, we have shown that the optical and trans-
port properties of RTD’s incorporating a GaAs1−yNy QW

layer betweensAlGadAs barriers undergo a rapid change
with increasing N content due to N clustering. For low-N
compositionssy,0.1%d, the form of the energy dispersion
of the N-induced subbands can be understood in terms of a
two-level BAC model involving only isolated N atoms. We
have also shown that theG character of the states depends
strongly on energy and is strongly reduced at the energy of
the isolated N-impurity level. As the N content increases, it
becomes necessary to treat explicitly the effects of N-N pairs
and/or larger N clusters on the electronic properties. Our data
and analysis using the LCINS model reveal an abrupt change
in the electronic properties of GaAs1−yNy with increasingy.
Isolated N atoms, N-N pairs, and higher-order clusters tend
to reduce further theG character of the electronic states and
break up the energy-wave-vector dispersion relations even at
values ofy as low as 0.2%. Clustering effects account for the
disappearance of resonant features inIsVd and for the rapid
enhancement of disorder and localization, which are mani-
fest in both optical and transport properties fory.0.1%.

Our data reveal an abrupt change in the electronic prop-
erties of GaAs1−yNy, which differs significantly from the
smoother variation with alloy composition observed in other
alloy material systems, such as InxGa1−xAs, for which thek
vector, the«skd dispersion relations, and the effective mass
values remain well defined over the whole range of In com-
position. The incorporation of N in GaAs gives rise to a
qualitatively different type of alloy behavior: N impurities
and N clusters act to disrupt the extended Bloch states of the
GaAs conduction band at characteristic resonant energies,
thus leading to a duality of bandlike and electron localization
phenomena and strongly modified energy dispersion curves.
Remarkably, this alloy material system that has emerged as a
candidate for long-wavelength optoelectronic applications
due to its giant band gap bowing is now revealing a number
of unique electronic properties. A comprehensive and de-
tailed understanding of how the unusual and unique conduc-
tion band of GaAs1−yNy will influence the optical and trans-
port properties of this material system remains a challenge.
New theoretical approaches and concepts such as the LCINS
model used here are necessary to fully understand and ex-
ploit the remarkable electronic properties of dilute nitrides
and other similar highly mismatched alloys reported in the
recent literature.39
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