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A brief review on the present knowledge of the electronic properties of the Ga(In)NAs ternary and
guaternary alloysis given mainly from an experimental perspective. The discussion is focused on
Ga(In)NAswithlow N composition (< 10 %), where alarge amount of experimental work has been
done. Important fundamental electronic properties of the material system are analyzed with the
emphasison the nature of the giant band gap bowing in the alloy and nitrogen-induced modifications
of the electronic structure of the conduction band. The current knowledge of the key material
parameters, relevant for the device applications, such as electron effective mass, recombination
processes and band alignment in Ga(ln)NAS/GaAs heterostructures, is also reviewed.

1 Introduction

Nitrogen containing I11-V-V' dloys, such as GaN(In)As
and GaN(In)P have in recent years emerged as a subject
of considerable theoretical and experimental research
interest, due to their very unique physical properties and
a wide range of possible device applications. Unlike all
conventional ternary 111-V semiconductor aloys, such
as AlGaAs, GalnAs, GalnP, etc., where the band gap
energy of the alloy can be reasonably approximated as a
weighted linear average of the band gaps of the parental
binary compounds, N-containing anion-mixed [11-V
alloys exhibit a huge bowing in the band gap energy [1]
[2] [3] [4] [5] [6] [7] [8] [9] [10] [11]. For example, the
addition of only 2 % of nitrogen to GaAs causes a dra-
matic decrease in band gap energy by about 0.4 eV.
These remarkable fundamental properties of the
GaN(In)As ternary and quaternary alloys, in combina-
tion with the possibility to vary the lattice constant of
the alloy material in a wide range by optimizing the N
content, provide an opportunity to tailor the materia
properties for desired applications in optoelectronic
devices based on I11-V materials. First of al, the incor-
poration of nitrogen has made possible to synthesize I11-
V compounds that are lattice matched to Si. For exam-
ple, with 20% N incorporation into GaAs or 2% N in
GaP, GaNoleSO.S or GaN0.02P0.g8 can be lattice
matched to Si. Thus adrastic improvement in the quality
of 111-V epitaxial films grown on Si substrates can be
achieved, providing the possibility of integrating direct
band gap 111-V compounds with Si. This would fulfill a
long-sought desire for fabrication of optoelectronic and

photonic devices based on the most-developed and
most-mature Si technology, which not only offers
advantages of large-area substrates, large-scale and low-
cost fabrication, but also opens the door for integration
of microel ectronic and optoel ectronic devices on a chip.

On the other hand, GalnNAs aloys with alow nitro-
gen content can also be made lattice matched to GaAs or
InP with a band gap anywhere between ~ 1.42 eV and
0.6 V. Hence GalnNAs has recently been demonstrated
[12] [13] [14] [15] [16] [17] [18] as a new key material
system for long wavelength lasers emitting at the opti-
cal-fiber communication wavelength window (1.3 - 1.55
pum) with a high temperature performance, as well asfor
multi-junction solar cells [19] [20] [21] (photovoltaics)
with high efficiency. For laser applications this new
material system has several important advantages as
compared with the commonly used InGaAs/InGaAsP
and InGaAsP/InP systems. First of all, a better high-
temperature performance of the laser structures is
achieved due to a larger conduction band offset and,
thus, improved electron confinement. Secondly, the
increase of the electron effective mass with the addition
of nitrogen provides a close match between the effective
mass values for electrons and holes, beneficial for laser
applications. Moreover, the possibility to grow coher-
ently GalnNAs on GaAs enables fabrication of vertical-
cavity surface-emitting lasers (VCSELS) based on the
high refractive index contrast AlGaAsGaAs Bragg
reflectors. In case of the photovoltaics, the addition of
GalnNAs cells to a commercia tandem InGaP-GaAs
structure can improve the internal quantum efficiency to

MRS Internet J. Nitride Semicond. Res. 6, 2 (2001). 1
© 2001 The Materials Research Society



arecord value of ~ 70 % [21], due to the collection by
GalnNAs cells of the longer wavelength ( > 850 nm)
infrared light, which passes unabsorbed through both
the InGaP and GaAs cells.

In this paper we attempt to give a brief review on the
present knowledge of the electronic properties of the
Ga(In)NAs materials, mainly from an experimental per-
spective. The discussion will be focused on GaN,As;_
and GalnN,As,_, alloys with low N composition (x< 10
%), to which a large amount of experimental work has
been devoted over the past years. Incorporation of
higher N content, unfortunately, causes severe degrada-
tion of the alloy quality resulting in the formation of
highly inhomogeneous material with inclusions of GaN,
GaNAs and GaAs phases [22]. The same applies to the
GaN-rich side of GaNAs, where severe phase separation
occurs with As composition as low as 0.005 [23]. This
is because of an extremely large miscibility gap between
GaN and GaAs caused by the large differencesin lattice
constant and in lattice structure (GaN: wurtzite, GaAs.
zincblende).

The paper is organized as follows. We shall first dis-
cuss the nature of the giant band gap bowing in the
alloy, which isby far the most interesting property of the
material. Since the bowing mainly occursin the conduc-
tion band (CB), the emphasis will be on nitrogen-
induced modification of the CB states revealed by vari-
ous experiments. The current knowledge on the other
key material parameters relevant for the device applica
tions, such as electron effective mass and band align-
ment in the Ga(InN)NAS/GaAs heterostructures, will also
be reviewed. Since the main motivation for the alloy
fabrication is to improve the performance of optoelec-
tronic devices, the second part of the paper will deal
with recombination processes in Ga(In)NAs. The bulk
of the discussion will be related to radiative recombina-
tion processes in the material, which are relatively well
understood. The brief outlook of the much less known
non-radiative recombination processes will be given in
the final part of the paper.

2 Fundamental band structure properties
2.1 Giant bowing of the bandgap energy.

The success in fabrication of the high quality 1l1-V
alloys based on the (Al, Ga, In)(As,P) material system,
as well as the breakthrough in the growth of 111-Nitrides
in the early 90th has encouraged the growth of 111-V-N
alloys with the motivation to close the gap between the
nitrides and the arsenides, and thus to fabricate light
emitters covering the entire visible spectral range based
on the direct band-gap IlI-V materials. From early
absorption measurements [2] [3] [4] [5], the GaN,AS
alloy has indeed been proven to have a direct band-gap.

However, instead of the expected blue shift from the
GaAs bandgap, the GaNAs alloy has shown a consider-
able red shiftin absorption [2] [3] [4] [5] [6] [24] [25]
and photoluminescence (PL) near the band edge [2]
[26] [27] [28], suggesting a decrease in the bandgap
energy with increasing N composition- see Figure 1.

The deviation of the bandgap energy from the com-
position weighted linear average of the band-gaps of the
parental binary compounds forming the alloy is usually
described by a correction term

AEy(x)=bx(x-1),

where the bowing coefficient b is typically afraction
of an eV and is composition independent. However, in
contrast to the conventiona I11-V aloys, the optica
bowing coefficient in I11-V-N is huge, i.e. of the order of
18 - 20 eV for x < 5%, and strongly depends on N con-
tent (Figure 1). Moreover, the rather different composi-
tional dependence of the GaNAs band gap measured for
layers grown on GaAs or GaP substrates, respectively
(Figure 1), implies that the bowing coefficient should
also depend on the internal strain in the GaNAs epilayer.
The strain is created due to the lattice mismatch with the
substrate material [25]. Strain relaxation in the rather
thick (= 2 um) GaNAs layers, commonly used for the
absorption measurements, can also explain the very
abrupt change in the slope of the compositional depen-
dence of the bandgap energy observed in experiments at
around X = 3—4 %.

The first theoretical explanation of the observed
strong reduction in the bandgap energy has been pro-
vided [7] within the Van Vechten model (shown by the
blue dashed line in Figure 1). The large el ectronegativity
of N atoms has been shown to cause bowing in the con-
duction band (CB) energy of the alloy with a bowing
coefficient of 20 eV. This dielectric model provides very
good agreement with the experimental results for the
lowest nitrogen compositions, i.e. X < 2% (Figure 1).
However, it predicts a negative bandgap for GaNAs in
most of the composition range, i.e. 9.5-86.7%, based on
a constant value of the bowing coefficient.

This prediction has been disproved by later experi-
ments [5] [6], where a clear reduction of the bowing
coefficient with increasing N content leads to discrep-
ancy between the theoretical predictions and the experi-
mentally determined values of the bandgap energy for
the alloys with x > 2% — Figure 1. The reduction of the
bowing coefficient has been explained by the first-prin-
ciple local-density approximation (LDA) calculations of
the band structure [8] [9] [10] [11]. Based on analysis
of the highly localized nature of the perturbations intro-
duced by N atoms due to a large chemical and size dif-
ference between N and the other column V anions it
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replaces, two regions in the bandgap variation of the I11-
V-N alloys has been predicted. An impurity-like region
with a large and compositional dependent bowing coef-
ficient is expected for the low N compositions up to
10%, whereas a band-like region with a much smaller
and nearly constant bowing coefficient is predicted for
the intermediate compositions x = 10 — 40 % [8]. The
results of the first principle calculations for bulk GaNAs
are shown in Figure 1 by the red curve, and are in rea-
sonable agreement with the experimental data for large
(> 5%) nitrogen compositions. By considering the effect
of the residual strain on the alloy properties [10], better
agreement between the LDA theory and the experiments
can be achieved (the results of the LDA calculations for
strained GaNAS/GaAs and GaNAS/GaP structures are
shown in Figure 1 by black and green lines, respec-
tively).

2.2 Conduction band states : Nitrogen-activated E-
and E+ levels

Further insight on the nature of band states in I1-(111")-
V-N aloys has been gained after the discovery of the
additional feature (denoted as E,) in the electro- [29]
and photoreflectance  [30] [31] [32] spectra of
Ga(InN)N,As, ., aloys with x > 1%, and the observation
of the unusual pressure dependence of the alloy band
gap [30] [31] [32] [33] [34] [33].

A typical electroreflectance (ER) spectrum measured
from a thick GaNAs epilayer is shown in Figure 2.
Three fundamental transitions are clearly seen: (i) the
band gap transition (denoted as either E; [29] or E.
[30] [31] [32]); (ii) the transitions from the spin-orbit
split-off valence band (Ey + Ag), which are intrinsic to
all zinc blende I11-V semiconductors; (iii) an additional
third feature (E,), which appears in the spectra of the
GaN,As,, samples with x > 0.8% and in GalnNAs
samples with x > 1.2%. The evolution of the ER spectra
as a function of N composition is demonstrated in Fig-
ure 3.

The reflectance measurements [29] [30] [31] [32]
provided very valuable information on the electronic
structure of the Ga(ln)NAs. First of al, the indepen-
dence of the spin-orbit splitting Agon N concentration in
the material (Figure 3) gives a direct experimental evi-
dencefor anegligible effect of N on the electronic struc-
ture of the valence band (VB) states in the aloy.
Moreover, it also proves that the E, level represents an

upper lying subband of the conduction band.

Thefollowing properties of the E_ and E,, levelshave

been revealed, and are important to clarify the nature of
the CB band states.

2.2.1 Dependence on nitrogen composition.

With increasing nitrogen content in the alloy the spectral
position of the E. transitions shifts towards lower ener-
gies - Figure 3, representing the giant band gap bowing
effect discussed above. On the contrary, the E, transi-
tion shifts [29] [30] [31] [32] towards higher energies
with increasing x, and its intensity increases relative to
the E. intensity (Figure 3). From the observed linear
dependence of the E,-E_ splitting vs nitrogen composi-
tion (Figure 4), the energy position of the E, level in
GaAs has been extrapolated to E,+1.68 eV [29]. Based
on the energy position, the E.level could be attributed
either to the nitrogen level Ey resonant with the CB,
known to have energy level at 1.65-1.70 €V above the
VB [36] [37], or ahigher lying L-minimum of the CB at
E,+1.71eV.

2.2.2 Pressure dependence.

In sharp contrast to the parent Ga(ln)As material, where
the fundamental bandgap energy increases linearly
under applied hydrostatic pressure, the bandgap energy
in the N-containing alloys (corresponding to the E._tran-
sitions) exhibits a much weaker sublinear pressure
dependence with a tendency to saturate at high pres-
sures. The unusua pressure behavior of the bandgap
energy has been detected both via photoreflectance [30]
[31] [32] and photoluminescence [33] [34] [35] mea
surements (some representative experimental data for
GaNAs and GalnNAs are shown in Figure 5aand Figure
5b, respectively). On the other hand, pressure depen-
dence of the E, transition undergoes a change opposite
to E,, i.e. the E, energy position weakly depends on the
applied pressure at low pressures and demonstrates
much stronger linear increase at high pressures — Figure
5a and Figure 5b. This implies a pressure-induced
change in the character of the E, subband, consistent
with the observed strong increase in the intensity of the
E, transitions at high pressure [30] [31].

All aforementioned experimental observations pro-
vided direct evidence that the nitrogen-induced interac-
tion between the E. and E, levels causes the reduction of
the alloy bandgap. However, the physical origin of this
interaction remains a subject of ongoing debate. Two
main models, which imply rather different character of
the conduction band states, are currently discussed:

1. The empirica band-anticrossing (BA) model [30]
[31] [32] assumes that the CB splitting into the E.

and E, subbands is a result of interaction between

the delocalised I minimum of the CB and the nitro-
gen-related level Ey, En= E,+1.65 €V - Figure 6.

The strength of the T — Ey interaction is described
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by the interband matrix element V. (As additional
fitting parameters, the interactions between Ey and
the higher lying X- and L-minima can also be added
[38]). According to this model, the E. subband has
mainly delocalized CB —like character, whereas the
E, subband is due to the localized Ey-like states. An
increase in theV,y value with increasing N content
leads to a stronger repulsion between the E. and E,.
states and thus the band gap bowing accompanied
with blue shift of the E, state, as observed in the
experiments — Figure 4. The unusual pressure depen-
dence of the E_ and E, statesis attributed to the pres-
sure-induced band anticrossing, changing the
character of the states from extended (localized) to
localized (extended) ones - Figure 5a and Figure 5b.
Dueto the I'- Ey interaction, an increase of the elec-
tron effective mass mg* and a strong non-parabolic-
ity of the CB have aso been predicted — see Figure
6.

Theoretical support for the band-anticrossing model
has been provided by the spss* tight-binding calcu-
lations [39] [40] [41]. The interband matrix element
VN has been found to increase asVyy = PVx with
nitrogen composition x, where 8 is a constant depen-
dent on the semiconductor matrix. Using k-p theory,
both conduction band dispersion and the composi-
tional dependence of the effective mass value have
been calculated [39].

. On the other hand, according to the uncorrected [33]
[34] and corrected [42] pseudopotential LDA calcu-
lations the formation of the E. and E, levelsis pre-
dominantly a result of a N-induced strong
perturbation of the host crystal states leading to sym-
metry breaking. Due to the reduction of the crystal
symmetry, the degenerate L and X minima split into
g, and t, states. Mixing between the a;(I") and g (L)
conduction band states is responsible for the E. sub-

band formation at ambient pressure. (The interaction
between the CB states and the resonant Ey level with
a; symmetry is suggested to have only a minor con-
tribution to the E_ formation [42]). TheI'-L interac-
tion increases with increasing N composition
leading to an increasing contribution of the L charac-
ter withiincreasing X, i.e. up to 20 % for N=0.8%. On
the other hand the mixing with the X- states prevails
under applied pressure, leading to the experimen-
tally observed reduction of pressure coefficient for
the E_ states at high pressures- Figure 5a and Figure
5h. The increasing admixing of the E. states with the
L (X) states (with heavier electron effective masses)

will also cause an increase of mg* value with x (or
pressure). In contrast to the band anticrossing model,
the E. states in the Ga(ln)NAs alloys are suggested
[42] to be localized in real space, which causes a
decrease of electron mobility. The E, states are
deduced [42] to originate from a weighted average
of the a;(N) and ay (L) levelsbased on their T" charac-

ter. With increasing N content, the E, level has been

found to increase linearly with energy with a slope
nearly equal to the decreasein E.

Both models provide good qualitative agreement
with experimental data and can account for the composi-
tional and pressure dependencies of the E, and E_ levels.
As an example, Figure 5a and Figure 5b compare the
experimentally determined pressure dependence of the
E, and E. transitions in GaNAs and GalnNAsS, respec-
tively, with the results of theoretical calculations using
the band anticrossing model [30] [31] [32] and the LDA
approach [33] [34] [42]. Both models can also qualita-
tively describe the experimentally observed increase of
the electron effective mass in the aloys with increasing
N composition/pressure (to be discussed bel ow).

In order to ascertain the nature of the band gap bow-
ing in the aloys, several experiments probing the nature
of the E, and E. levels have been reported recently. Bal-
listic electron emission microscopy (BEEM) studies
suggest that the E,, level has predominantly L-like char-
acter [43]. A similar conclusion has been reached from
resonant Raman scattering studies, based on the
observed activation of the L-point phonons in resonance
with the E, states [44]. Both observations have been
considered as favoring the LDA approach.

On the other hand, the suppression of the tempera-
ture dependence of the bandgap energy in GaNAs [45]
and GalnNAs [46] alloys as compared with GaAs
seems to be more consistent with the band-anticrossing
model. This is because the admixture of the L-states
with stronger temperature dependence into E. should
enhance the temperature dependence of the bandgap
energy, opposite to experimental findings— Figure 7.

Attempts have also been undertaken to study directly
the N-induced modifications of the L-states by monitor-
ing the E, transitions near the L-point of the Brillouin

zone [28] [47] [48]. Only a minor N-induced increase
of the E; energy has been detected — Figure 8, proving a

weak effect of N on the higher lying L minimum. The
failure to observe the LDA-predicted splitting of the L-
states into & (L) and ty(L) components, as well as a

small red shift of the E, transitions with increasing x (i.
e. opposite to the trend expected for the lower g (L)
component [42]) have led to the conclusion [47] that
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theT" - L (X) interactions do not contribute significantly
to the band formation in the aloy. Further investigations
are needed to clarify the issue.

2.3 Conduction band dispersion. Electron effective

mass

As has been discussed above, the electron effective mass
mg* in 11-(111")-V-N has been predicted [32] [33] [34]
[39] [42] to increase with increasing N composition X in
the low composition range. This behavior is rather
unusual and in fact is opposite to the conventional semi-
conductors, where the value of the effective mass
decreases with decrease of bandgap energy. Moreover,
the conduction band in the alloys is predicted to be very
non-parabolic [32] [39], leading to a strong energy
dependence of the effective mass.

2.3.1 Effective mass at ambient pressure.

The knowledge of the carrier effective masses at ambi-
ent pressure provides valuable information on the funda-
mental nature of the band states in the aloy and is also
vitally important for a full exploration and optimization
of the I11-(111")-V-N alloys in device applications. The
first experimental values for the electron effective mass
in GaNAs and GalnNAs alloys have been obtained only
very recently [49] [50].

auto The GaNAs alloy.

For GaNAS/GaAs quantum well (QW) structures the
compositional dependence of the electron effective mass
me has directly been determined by using optically
detected cyclotron resonance (ODCR) measurements
[49]. Since the position of the ODCR maximum is
directly related to the carrier effective mass value and
the width of the resonance reflects the carrier scattering
time in the material, both parameters can be smulta-
neously determined by analyzing the lineshape of the
ODCR pesk. By tuning the laser photon energy between
the band gaps of GaAs and the GaNAs QWSs, the ODCR
signal related to the GaAs electrons could be avoided to
provide access to the electrons confined in the GaNAs
QWs. Based on the clear compositional dependence of
the ODCR maximum position measured under such res-
onant excitation of the GaNAs - Figure 9, the electron
effective mass has been found to increase up to 0.19 mq
with N= 2%. A strong broadening of the ODCR spectra
with x provides evidence for at least 50% decrease in
scattering time in the GaNg goASy gg aloy as compared
with GaAs. Thus both effects, i.e. increase of the elec-
tron effective mass value and the decrease in the scatter-
ing time have been concluded to contribute to a decrease
of the electron mobility in GaNAs.

The observed trend of an increasing mass value with
increasing N composition over the studied composition
rangeisin agreement with earlier theoretical predictions
[32] [33] [39] [42]. The determined values, however, are

somewhat higher than that expected from the band anti-
crossing model. For example, the experimentally deter-
mined electron effective is 0.19 m, for x = 0.02, whereas
that from theory is below 0.11 mg— Figure 10. Unfortu-
nately, we can not compare our results with the LDA
calculation, due to the lack, to the best of our knowl-
edge, of the numerical theoretical data for GaNAs. We
need to point out, however, that the measured composi-
tional dependence of mg strongly contradicts the conclu-
sions of Ref. [51], in which the opposite trend, i.e. a
decrease of the mg value with increasing x (for x > 1%),

was deduced, based on indirect analysis of the quantum
confinement effects (shown by open triangles in Figure
10). The inaccuracy of the latter analysis is not surpris-
ing, since the values of the other adjustable parameters,
i.e. the hole effective mass in the GaNAs QWSs, the con-
duction and valence band offset values, as well as their
compositional dependence are currently unknown.
Moreover, even the band alignment in this material sys-
tem (i.e. type | or type Il) is still under debate (to be dis-
cussed below). This will unavoidably lead to the large
uncertainty in conclusions. In fact, the electron effective
mass of 0.11 mg for x= 1.6% has most recently been
concluded from the analysis of very similar experimen-
tal data [52].

auto The GalnNAs alloy

The first experimental evidence on the unusual behavior
of the electron effective mass in GalnNAs has been
obtained from indirect optica measurements [33] [34],
due to the low carrier mobility of GalnNAs [34]. By
using several methods such an analysis of exciton dia-
magnetic shift and quantum confinement energies in
two-dimensional QW systems, the reduced exciton
mass W for 2% nitrogen was determined as u = (0.13 —
0.2)m,, This value is 2 to 3 times heavier than that in
GaAs. Assuming a negligible effect of nitrogen on the
VB structure, a strong N-induced reduction of electron
effective mass has been concluded. The effect has been
attributed to the strong I'-L and T'-X mixing and quanti-
tatively analyzed by using the LDA calculations, provid-
ing good agreement with the experimental data.

Direct measurements of the CB dispersion in Galn-
NAs have been performed very recently using infrared
reflection [50]. The electron effective mass, determined
at the Fermi energy, has been obtained from the onset
energy of plasma reflection — Figure 11. An increase of
the electron effective mass with the addition of nitrogen
and, even more severe, with electron concentration, has
been found in heavily Se-doped GalnNAs alloys, i.e. up
to 0.4 Mg for |n0.08GaO.92 ASO.967N0.033 with electron

concentration of 6 x 10 1° cm™- see Figurel2. The

observed strong dependence of the effective mass on
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carrier concentration provides the first direct evidence
for an enhanced non-parabolicity of the conduction
band in the aloy, and have been interpreted by the
authors in terms of the band anticrossing model. The
obtained values of the effective mass are comparable
with earlier results [33, 34].

2.3.2 Effect of hydrostatic pressure.

The dependence of electron effective mass on applied
hydrostatic pressure has mainly been studied with an
ambition to determine the origin of the level repulsionin
thealloy. A clear qualitative trend of the strong pressure-
induced enhancement in the electron effective mass
induced by the presence of nitrogen in the aloy has
been demonstrated. For GaNAs epilayers effect has
been observed via a pressure-induced decrease in elec-
tron mobility, and interpreted within the BA model
[53]. For InGaAsN QW structures a pressure-induced
enhancement of the electron effective mass is evident
from the decrease of the exciton diamagnetic shift under
applied pressure [34], and a pressure-induced broaden-
ing of the PL linewidth [35]. The effect has been
explained within the LDA approach. However, since
both theoretical approaches predict similar qualitative
pressure behavior of the electron effective mass, these
experiments failed to single out the definite nature of the
CB states.

2.4 Band alignment in Ga(In)NAs/GaAs hetero-
structures

The great potential for applications of the Ga(In)NAs
alloy system for a range of optoelectronic and photonic
devices can not be realized without detailed knowledge
of the fundamental physical parameters related to the
corresponding heterostructures, such as band alignment
in the quantum structures and band offsets values. More-
over, the information about band alignment is also valu-
able in examining the validity of the approximations
made in theoretical models, and thus the understanding
of the fundamental band structure of the nitrogen con-
taining 111-V-N aloys.

2.4.1 GaNAs/GaAs structures

One of the remaining unsolved issues regarding the
electronic properties of the GaNASGaAs quantum
structures involves the band edge alignment. Although it
is commonly accepted that the addition of nitrogen to
GaAs mainly affects the CB states |eading to alarge CB
offset and only a small VB discontinuity [43] [54], an
in-depth understanding has so far been lacking, even
about whether the fundamental type of the band align-
ment istype | or type Il. Early theoretical studies using
the dielectric model [7] have predicted the negligible
effect of the bandgap bowing on the VB states, resulting
in the type Il alignment for the GaNAs/GaAs system in
the entire range of N compositions- see Figure 13, the

red curve. On the contrary, first principle [9] [10] and

spgs* tight-binding [39] calculations have concluded an
increase of the VB edge with nitrogen and, thus, type |
lineup in the strain-free GaAs/GaNASs system with low
N content - Figure 13.

The first direct experimental results, obtained using
X-ray photoemission spectroscopy for GaN,As,_,/GaAs
heterostructures with x < 3.3 %, favored the type I band
lineup [54]. However, the large error bar of the experi-
mental data of approximately 150 meV, which substan-
tially exceeds the obtained values of the VB offset of —
19meV /%N, questions the reliability of this conclusion.
On the other hand, recent results from capacitance volt-
age measurements performed on the GaNAs/GaAs het-
erostructures with x = 3% are more consistent with type
| band line up with asmall VB offset of AE, = + 11 meV

[55]. Further attempts have been undertaken to evaluate
the band alignment in the GaNAs/GaAs QW structures
based on the effect of the quantum confinement on the
energy of optical transitions, studied under ambient and
applied hydrostatic pressures. The rather contradictory
conclusions have been reached, i.e. type | band align-
ment with AE,, ranging from 17 % of bandgap disconti-
nuity (x=1.6 %) [51] up to 30 % (x=1.8%) [56], or
type Il alignment with AE,= - (30 - 40) meV for x = 1.5
% [52] [57]. This most likely reflects different choices
of unknown carrier effective masses, the origin of the
topmost VB states (heavy-hole or light-hole) in the QW,
and the choice of a quantum number n of the higher
intersubband transitions.

Additional information on the band alignment in the
GaN,As; . /GaAs QW structures with x < 3.3% has
been obtained most recently by using three complimen-
tary experimental techniques, namely time-resolved PL
spectroscopy, PL polarization measurements and ODCR
studies. A type | band line-up, consistent with [56], has
been concluded based on the following experimental
findings [58].

(i) Firstly, the radiative lifetime of GaNAs near-
band-edge emission in the GaNASGaAs MQW struc-
tures (i.e. the PL decay time at low emission energies)
remains in the order of several nanoseconds and nearly
identical to the radiative lifetime for the spatially direct
PL transitions in single GaNAs epilayers- Figure 14.
(The mechanism for the PL emission and the origin of
the spectral dependence of the PL decay time will be
discussed in the 3.1). Thisfact provides the first piece of
evidence for the type | band alignment in the studied
structures, since much longer decay times (in the range
of microseconds) are expected for the spatially indirect
radiative recombination (Figure 15) in the type Il quan-
tum systems.
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(ii) Secondly, the GaNAs PL emission in both epil-
ayers and 70-A wide QW structures is preferentially
polarized along the growth direction. Such polarization
istypica for the free exciton transitions involving light
holes (1h), and reflects the strain-induced splitting of the
VB states in the GaNAs [59], created due to the differ-
encein lattice constants between GaAs and GaNAs [60]
[61]. The observed PL polarization is more consistent
with the type | band line-up in the GaNASGaAs QWSs.
Thisis because the most probable recombination transi-
tions for the type Il structures are electron-heavy hole
(e-hh) recombination reflecting a non-zero confinement-
induced splitting of the VB states in the GaAs. Neglect-
ing the penetration of the hole wave-function into the
GaNAs layer, this should lead to a predominant PL
polarization perpendicular to the growth direction, simi-
lar to the excitonic emission in AlGaAsGaAs QW
structures [62].

(iii) Finaly, since the CR peak arising from the free
electrons and free holes in GaAs disappears under reso-
nant excitation of the GaNAs QWs — Figure 9, photo-
excited holes are spatially confined within the GaNAs
layers under resonant excitation of the GaNAs MQWs.
Thisisonly possible in the type | structures (Figure 15),
where the resonant light absorption in the GaNAs QWs
does not create free holesin the GaAs layers.

2.4.2 GalnNAs/GaAs structures.

The technological importance of the novel GalnNAs
alloy has first been pointed out in the pioneering work
by Kondow et a [12] in which an improvement of the
temperature characteristic of long-wavelength-range
laser diodes, due to enhanced electron confinement in
GalnNAs/GaAs QWs as compared with conventional
GalnPAs-based laser structures, was predicted. An
increased CB offset is a direct consequence of the large
band gap bowing, discussed in previous sections. Even
assuming a negligible bowing of the VB as predicted by
the dielectric model [7] (shown by the dotted line/arrow
in Figure 16), the valence band of the GalnNAs alloy
lattice matched to GaAs should be at the same energy as
the GaAs VB. This means a type | band alignment for
the GalnNAgAIGaAs structures which makes them
suitable for laser applications. Hole confinement should
be realized already in the GalnNAs/GaAs structures if
the VB edge energy increases with the addition of nitro-
gen, as predicted [9] [39] for the GaNAs alloy (solid
line/arrow in Figure 16).

Experimentally, the band alignment in the GalnNA¢/
GaAs system has been studied mainly by anayzing the
effect of quantum confinement on the energies of optical
transitions [63] [64] [65] detected from strained Galn-
NAgYGaAs QWs. The first measurements employed
photoluminescence [63] and optical absorption [64]

spectroscopies, and unambiguously proved a strong
increase of the conduction band offset with increasing N
composition. The rate of the reduction was deduced as
of about 100 meV per 1% of nitrogen. However, the lin-
ear interpolation used for the electron effective massin
the GalnNAs reduces the accuracy of this estimate.

More precise information regarding the electronic
structure of GalnNASGaAs QWSs has been obtained
recently [65] from polarized PL excitation (PLE) spec-
troscopy. The use of the polarization measurements has
alowed analysis of the quantum confinement effects on
the valence statesin the GalnNAs QWs via direct identi-
fication of the various features in the measured PLE
spectraas related to hh- and |h- transitions. Type | align-
ment in the GalnNAs/GaAs QWs with In = 38 % and
N=1.5% has been demonstrated. The estimated valence
band offset for the lowest heavy-hole subband is AE,, =
65 meV, whereas flat band alignment has been con-
cluded for the light-hole subband. The authors also
pointed out that a N induced increase of the electron
effective mass by 0.03 m, as compared with a GalnAs
alloy with identical In composition, is required to
improve the fitting of experimental data. The obtained
value for the electron effective mass is in agreement
with other reported results [34] [50].

3 Recombination Processes
3.1 Radiative Recombination

Among the main motivations for the rapidly expanding
fundamental and applied research in mixed anion nitride
aloys is a wide range of possible optoelectronic appli-
cations for efficient light emitting devices operating
within the near infra-red region. Therefore the improv-
ing of the optical quality of the alloy and the identifica-
tion of the dominant mechanisms of light emissions
have been intensively discussed.

3.1.1 GaNAs

The low-temperature PL spectra of the GaNAs alloysin
the near band-gap spectral region are usually dominated
by a rather asymmetric PL band (Figure 17) with the
position of the PL maximum shifting towards lower
energies with increasing N composition in the structures
[2] [26] [27] [28]. The PL shift has been shown [2] to
correlate with the red shift of the absorption edge in the
material and thus has been attributed to an expected
decrease in the bandgap energy of the GaNAs alloy due
to the bowing effect. This conclusion has been further
confirmed by PL excitation (PLE) measurements [27]
[28], showing that the low energy cut-off of the PLE
spectra of the GaNAs-related emission shifts towards
lower energy as compared with the GaAs bandgap to a
degree corresponding to the nitrogen composition in the
alloy —Figure 17.
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The GaNAs-related emission shows the following
characteristic properties, which allow identification of
the mechanism responsible for the corresponding radia-
tive recombination [27] [66]. The PL emission has a
characteristic asymmetric lineshape with a sharp high
energy cut-off and an exponentia low - energy tail. A
strong red shift of the PL maximum position occurs with
increasing temperature- Figure 18. From the PLE mea-
surements, the observed shift is not related to the tem-
perature-induced change of the GaNAs bandgap. An
increase in optical excitation power leads to a blue shift
of the PL maximum. The PL decay is single exponential
with a decay time varying from = 350 ps at the high
energy side of the spectrumto = 4 - 8 nsat low emission
energies— Figure 19.

The aforementioned properties of the GaNAs emis-
sion at low temperatures are usualy explained in terms
of strong exciton localization by potentia fluctuations at
the band edges (localized exciton (LE) recombination).
The spectral shape of the LE emission is typicaly very
asymmetric. The low energy side of the spectrum can be
approximated by an exponential function, which reflects
the energy distribution of the density of states within the
band tails [67]. A sharp high energy cut-off corresponds
to the mobility edge separating the localized and delo-
calized states. The slope of the PL low energy tail in a
semi-logarithmic scale can be used for arough estimate
of the localization potential [67], which is about 40-60
meV for the structures grown at a low temperature of

420°C, varying among different samples.

The temperature behavior of the PL emission also
provides evidence for exciton localization [27]. With
increasing temperature trapped carriers can be thermally
activated into the delocalized states. For a materia with
severe competing non-radiative (NR) recombination,
this activation into delocalized states will cause quench-
ing of the PL emission. Thus temperature increase may
cause thermal quenching of the localized PL to adegree
corresponding to its localization energy. Since the
remaining emission originates from the localized exci-
tonslocated deeper in the band tails, ared shift of the PL
maximum with increasing temperature is observed.
Activation of the excitons into the delocalized states
also activates the radiative recombination related to the
free carriers. The latter becomes a dominant PL mecha-
nism at elevated temperatures, leading to an apparent
inverted N-shape behavior of the PL maximum position
with increasing temperature (Figure 18). On the other
hand, a gradual filling of the energy states within the
band tails with increasing optical excitation power can
cause a blue shift of the maximum of the LE PL emis-
sion, consistent with the experimental finding [27].

PL transient data further support the proposed
model. Since the spectral shape of the LE emission
reflects the energy distribution of the LE excitonsin the
band tails, the decay of the LE emission is usually spec-
tral dependent [68], i.e. the PL decay time increases
with decreasing PL energy and saturates on the low-
energy side of the PL band. This is because the PL
decay occurs mainly due to radiative recombination for
the strongly localized excitons, reflected by the rather
slow exponential PL decay at low emission energies —
Figure 19. On the other hand, exciton transfer between
the localized states and the increasing contribution of a
fast non-radiative component in the measured decay
causes a decrease of the PL decay time for the weakly
localized excitons, as is evident from the appearance of
the fast component of the PL decay at high emission
energies.

The estimated value of the localization potential
(around 40 - 60 meV for the structures grown at a low

temperature of 420 °C) is much higher than that in many
other aloy systems, such as GaAsP, GaAlAs and SiGe,
where the localization potential is caused mainly by ran-
dom compositional disorder and is rather shallow, i. e. 7
- 10 meV. To evaluate whether this large localization
entirely represents the intrinsic properties of the conduc-
tion band states in the alloy or is partly related to the
non-equilibrium growth conditions reguired for alloy
fabrications, effects of growth conditions on the material
properties have been studied [69] [70]. An increase in
growth temperature [69] and, more efficiently, post-
growth rapid thermal annealing [70] have been found to
suppress the potential fluctuations. However, the local-
ization potentials even in the RTA-treated samples
remain substantially stronger than in conventiona alloy
systems [70]. One probable reason for the high poten-
tia fluctuations in the GaNAs alloy can be clustering of
nitrogen atoms, clearly revealed by the PL spectroscopy
at the early stages of alloy formation [28] [71] [72] [73]
[74].

3.1.2 GalnNAs

A similar strong exciton localization at low tempera-
tures has al so been demonstrated for the GalnNAS/GaAs
strained QW structures [46] [75] [76] and thick epitax-
ia layers lattice matched to GaAs [77], by using tem-
perature-dependent and time-resolved PL
measurements. As in the case of the GaNAs alloy, the
near bandgap PL emission in the GalnNAs has a very
asymmetric PL lineshape (Figure 20) and demonstrates
thermal, excitation power, and temporal dependencies
inherent for the LE emission. These include: the non-
monotonic dependence of the PL maximum position
with increasing temperature, the blue shift of the PL
maximum position with increasing excitation power
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[46] [75] [76] [77], as well as the Slow exponential PL
decay with a decay time that decreases at the high
energy side of the PL emission [77].

Similarly to GaNAs, the large localization potential
in GalnNAs is at least partly attributed to the composi-
tion and strain non-uniformity of the alloy and can
largely be affected by the growth conditions and/or post-
growth annealing. In particular, the N- enhanced undula-
tion of the GalnNAs QWSs due to lateral variations in
strain is clearly seen from bright field cross-sectional
transmission electron microscopy (TEM) images [75]
[76] — see Figure 21 and Figure 22. Moreover, abimodal
character of In and N composition fluctuations, where
smaller N atoms tend to be preferentially localized in In-
rich quantum dot-like regions to reduce local strain, has
been reported [75] — Figure 22. This dot-like behavior
of GalnNAs can have a profound effect on the PL prop-
erties, causing splitting of the broad LE-related PL band
observed in the as-grown samples into two components.
The low energy component is tentatively attributed to
excitonic emission from the In- and N-rich regions in
the well acting as quantum dots, whereas the higher
energy peak is due to the excitons of the two-dimen-
sional QWs [75].

3.2 Non-Radiative Recombination

From numerous optical experiments it is concluded that
the radiative efficiency of the Ga(In)NAs aloy rapidly
degrades with incorporation of nitrogen [1] [2] [26]
[27] [63] [78] [79]. A drastic decrease in the PL inten-
sity from Ga(In)NAs is typically observed with increas-
ing N composition, e.g. about 60 times in Figure 23
when N increases from 1 up to 4. 5 %. Similarly, addi-
tion of N causes a strong reduction of the quantum effi-
ciency of GalnNAs-based solar cells [21]. Even though
adlightly lower optical efficiency of nitrogen containing
Ga(ln)As-based alloys has been predicted theoretically
as being due to a decreasing contribution of the I'-char-
acter in the CB states, the predicted reduction (down to
60 % of the GaAs efficiency for N= 5% [11]) is defi-
nitely too small to account for the experimental findings.
The observed degradation of the alloy optical quality is
commonly attributed to the poor structural quality of the
N-containing alloys, since in order to have higher N
uptake the GaN(In)As/GaAs structures are usually
grown at relatively low temperatures (400 — 580 °C) [2]
[5] [79] [80] [81]. However, according to recent studies
the alloy quality can be substantially improved by using
post-growth treatments, such as oven annealing or rapid
thermal annealing (RTA). A strong increase in the PL
intensity accompanied by a narrowing of the PL line-
width [26] [70] [82] [83] [84] [85] [86] - see e.g. Figure
24, and a several times increase of the carrier diffusion
length in annealed structures [21] have been reported.

Even though the exact mechanism for such an improve-
ment has not been determined in the majority of the
studies, the effect has naturally been attributed to the
elimination of some grown-in competing non-radiative
(NR) channels. However, only limited information is
available so far regarding the nature of these competing
NR defects/impurities.

3.2.1 GaNAs

Some insights on the nature of grown-in NR defects in
the GaNAS/GaAs structures have recently been obtained
from optically detected magnetic resonance (ODMR)
measurements [70] [87]. The NR defects can be moni-
tored via ODMR since a magnetic resonance (MR)
induced change in the efficiency of an NR channel can
lead to a corresponding change in the number of free
carriers available for radiative recombination and, thus,
the PL intensity. In Figure 25 we show the ODMR spec-
tra from a GaNgg33AS)gs7/GaAs MQW structure

grown at 420 °C. At least two negative ODMR signals,
corresponding to a decrease in the intensity of the
GaNAs PL under the MR conditions, have been detected
in the as-grown samples. The characteristic hyperfine
structure consisting of a group of four ODMR lines has
identified the involvement of either the Asg, antisite or

the Gg; interstitial in one of the defects. From a close
comparison with the previously published results of
similar defects, a complex involving the Asg, antisite
seems to be amore likely candidate.

Based on the negative sign of the ODMR signals and
their detection via all GaNAs-related emissions of dif-
ferent origin (i.e. the near band gap PL and the deep
defect-related PL band), the defects giving rise to the
ODMR signals have been proven to represent compet-
ing recombination channels (most likely non-radiative).
The corresponding deep defects should be primarily
introduced during the LT growth, since the ODMR sig-
nals are strongest in the LT-grown structures. Most
importantly, their concentration can be drasticaly
reduced by HT growth or post-growth RTA- see Figure
26. The observed correlation between an increase in the
PL intensity and the annealing out of the NR defects
monitored via ODMR suggests that they may be among
the dominant NR channels in the structures.

3.2.2 GalnNAs

Several grown-in deep defects have been revealed in
GalnNAs by deep-level transient spectroscopy (DLTS)
[88]. Among them, three defects are thermally unstable
and can be annealed out by RTA. Based on the energy
position, a thermally unstable midgap trap at E,+ 0.46-
0.50 eV has been tentatively assigned as one of the dom-
inant deep defects, responsible for the degraded optical
quality in the as-grown samples. A remaining thermally
stable midgap trap of unknown origin has been sug-
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gested to be responsible for the rather high rate of non-
radiative recombination even in the post-annealed struc-
tures.

The importance of oxygen as the cause of an effi-
cient recombination center in p-n GalnNAs solar cells
has been also underlined [89]. By comparing the DLTS
spectra measured from undoped and oxygen doped
structures,an efficient oxygen-related midgap recombi-
nation center at E.-0.59 eV has been identified. Based
on the short Shockley-Hall-Read lifetime of about 0.6
us, the center has a high recombination efficiency.

4 Summary

In summary, nitrogen-containing I11-V ternary and qua-
ternary alloys represent a novel material system which
has many exciting physical properties and a great poten-
tial for applicationsin optoel ectronics and photonics. By
far the most studied and the best understood are the
Ga(In)NAs alloys with low nitrogen composition, where
impressive progress in the material growth and device
fabrication has been achieved within a very short period
of time. To secure the full exploration of the aloy poten-
tial for device applications, comprehensive studies of
the basic band structure and the recombination pro-
cesses in the materials have been undertaken. The
majority of the discovered fundamental physical proper-
ties can be refereed to as unusual and fascinating. These
include the giant bowing in the band gap energy, the
appearance of the E. and E,. subbands in the CB, a sub-

linear pressure dependence of the band gap energy, a
strong increase of the electron effective mass with
decreasing band gap energy (increasing nitrogen con-
tent), etc. These nitrogen-induced modifications of the
CB structure have been shown to be attributed to the
highly localized nature of the perturbations induced by
the N atoms. However, the exact physical mechanism
behind, i.e. the strong I'-L and I'-X mixing due to N-
induced reduction of the crystal symmetry or the repul-
sion between the I' states and the N-related level,
remains a subject of ongoing debates. Reliable experi-
mental data on the band structure parameters, which
became available recently, will certainly help to clear
out this issue. To complete the understanding of these
phenomena is of general importance and will provide
additional degree of freedom for band structure engi-
neering.

On the other hand, the radiative recombination pro-
cesses in the Ga(In)NAs are much better understood.
Common consensus has been reached regarding the
dominant PL mechanism at low temperatures, as being
attributed to the recombination of localized excitons.
The observed strong localization potential has been
commonly attributed to the non-uniformity of local
strain and N distribution, partly due to the non-equilib-

rium growth conditions used for material fabrication.
Strongly competing non-radiative channels, reducing
the radiative efficiency of the alloy, has aso been
revealed. However, only limited information is available
so far regarding their nature and formation mechanism.
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Figure 1. Compositional dependence of the band gap energy of
GaN,As,.. The points represent experimental data, corrected
to room temperature. The lines show results of theoretical
caculations. The legend indicates references and the
measurements or theoretical approaches used. The bowing
coefficient deduced by the dielectric model calculations (the
blue dotted line) is 20 eV.
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Figure 2. Electroreflectance spectra at RT for a 2 um thick
GaAsN film on a GaAs substrate. The band gap transition (Eg)

at 1.19 eV aswell asthe transition from the spin-orbit split-off
VB (EgtAp) at 1.52 eV are easily seen. An additional weak

feature (E,) at 1.83 eV is more clearly seen in the second

spectrum at 10x and offset for clarity. The fitted line shape for
the Eq+Aq and E, transitions are shown with dashed lines and

offset for clarity. (After Ref. [29])
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Figure 3. Electroreflectance spectraat RT for thick GaAsN (a)-
(h) and GalnNAs [(i) and (j)] films grown on a GaAs substrate.
For GaNAs samples, the nitrogen composition ranges from x=0
(a) to x=2.8 % (h). For GalnAsN sampl es, the compositionsare
Gag g51N0,05AS0.987N0.013 (1) and Gag g2l Ng 0sA Sp.978N0.022 ()
(After Ref. [29])
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Figure 4. Compositional dependence of the E. and E, transition

energies. The points represent the experimental data. The lines
are aguide to the eye. The legend indicates the references.
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Figure 5a. Effects of hydrostatic pressure on the energies of the
E. and E, transitions in GaNAs. The blue triangles represent
the RT photoreflectance (PR) data [31] for a GaNAs epitaxial
layer with %N=1.5%. The blue lines are results from the BA
caculations for the same structure [31]. The dashed and
dashed-dotted lines represent the pressure dependencies of the
I CB edge (Er) of GaAsand N-related level (Ey), respectively.
The red lines show results of the LDA calculations [42] for
GaNAs with %N=0.8%.
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Figure 5b. Effects of hydrostatic pressure on the energies of the
E. and E, transitionsin GalnNAs. The blue triangles represent
the RT photoreflectance data [30] obtained for a GalnNAs
epitaxia layer with %lIn = 5% and %N=1.2%. The blue lines
show results from the BA calculations for the same structure
[30], assuming alinear pressure dependence of theT" CB edge
(~100 meV/GPa) and the N-related level (~15 meV/GPa),
shown by dashed-dotted lines. The red dots show the PL data
from Ref. 33 for athick lattice-matched GalnNNAs epilayer with
%In = 7% and %N= 2%, for comparison. The red line
representsthe results of the LDA calculations [33] for the same
structure, which are offset by 1.14 eV to achieve the agreement
with the experiment at ambient pressure.
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Figure 6. Schematic of dispersion relations for the E_ and E,.
subbands based on the band anticrossing model

conduction band (Er) are also shown.

[32]. The
unperturbed energies of the N-related level (Ey) and the GaAs
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Figure 7. Temperature dependent shift of the band gap energy
detected via (@) absorption in the GaNAS/GaAs epilayers,
according to Ref. [45], and (b) via photoluminescence in
GalnNAg/GaAs single QW structures, according to Ref. [46].
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Figure 8. Change in the energy position of the E; transition as
afunction of N composition.
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Figure 9. (a) The ODCR spectrum arising from the GaAslayers
(x=0) in the GaAsN/GaAs QWSs structures when the excitation
energy was tuned above the GaAs bandgap. (b)-(c) The ODCR
spectra of the GaAsN QWSs, when the excitation photon energy
was tuned at 1.475 eV, i.e. below the GaAs bandgap but above
the bandgap of the GaAsN QWs. The dashed lines represent
experimental data. The solid lines are the fit curves [49] [58]
by using effective mass values specified in the Figure.
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Figure 10. Compositional dependence of the electron effective
massinthe GaNAsalloy. Thered dots represent experimentally
determined values in GaNASGaAs QWs via the ODCR
measurements [49]. The open triangles represent the values
indirectly deduced by analyzing the quantum confinement
energies in the GaNAsGaAs QWs, from Ref. [51]. The solid
blue lines show predictions based on the BA model [53]. The
dashed green lines represent the results of the k-p calculations
[39].
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Figure 11. Experimenta reflectivity spectra (solid lines) for
two InGaNAs:Se samples with distinctly different electron
concentrations. The dashed lines show fit [50] with indicated
effective mass values (Courtesy C. Skierbiszewski).
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Figure 13. Compositional dependence of the VB edge for
strain-free  GaNAs predicted by various
calculations. The legend indicates the references.
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over quantum
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Figure 14. Spectral dependence of the PL decay time (the dots)
detected at 2K from the single GalN 10A Sy g9gg €pilayer (a) and
the GaNg 911A S ggo/ GaAs MQW structure (b). The PL spectra
from the same structures are al so shown by solid lines, for easy

Type II
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Indirect

Slow

GaAs:
HH-like or
degenerate

GaAs

Figure 15. Schematic band diagrams of the quantum structures
with the type | and type Il band aignment and their expected

properties

[58]. The arows show the dominant PL

recombination transitions for each structure, i.e. direct in space
for the type | transitions (the solid arrow) and indirect in space
for the type Il transitions (the dashed arrow).
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Figure 16. Schematic diagram of band lineup for GalnAs and
GaNAs. The use of strain for the horizontal axis alows to
demonstrate the effect of nitrogen on the band gap edges [12]
(increasing the In content leads to a compressive strain,
whereas increasing the N content causes a tensile strain). The
arrows show the effect of nitrogen on the CB and VB edges of
GalnAs. Dotted line and arrow are related to the theoretical
predictions based on the dielectric model. Solid green arrow
assumesthe N-induced increasein theVV B edge of GalnNAs, as
predicted by the LDA [10] or tight-binding [39] calculations
for the GaNAs alloy (shown by solid red ling).

PL INTENSITY (arh.nnits}

W A V- R
PHOTON ENERGY (V)

Figure17. PL (solid lines) and PLE (dotted lines) spectraof the
GaNAs/GaAs MQWswith x=1.2% (red lines) and x=2% (blue
lines), respectively.
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Figure 18. (a) Temperature-dependent PL and PLE spectraof a
GaN,As;.,/GaAs MQW structure with x=1.2%. The PLE
spectra are normalized to demonstrate the minor shift of the
GaNAs bandgap between 20K and 80 K. (b) Temperature
dependence of the PL maximum position measured from the
same structure.
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Figure 19. Typical spectral dependence of the PL decay time
(the dots) detected at 2K from GaNAs, demonstrated with the
example of a GaNg g gA S 97/GaAs MQW sample. The insert
shows the representative PL decay curves measured at two
specified PL energies.
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Figure 20. Typical PL spectrum detected at 2K from a
GalnNASGaAs QW.

Figure 21. Dark field image of the as-grown GalnNAs/GaAs
SQW that reveals non-uniform strain distribution in the
structure (Courtesy L. Grenouillet).

Figure 22. Bright field X TEM micrographs of a RTA-annealed
sample consisting of two-period Gag 71ng 3N goASy gg/GaAs
QWs (the bottom two layers) and two period Gag7IngsAs/
GaAs QWs (the upper two layers). Note the higher lateral
undulation for the N-containing QWSs in spite of the lower
average strain (Courtesy H. P. Xin).
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Figure 23. The PL spectra of three GaNASGaAs QW

structures with different nitrogen composition, to demonstrate

the drastic decrease of the PL intensity with increasing N

composition in the aloy.
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Figure 24. RTA-induced improvement of the optical quality of
the GaNg ;1A S g8/ GaAS MQW structure grown at 580 °C.
The blue and red lines are related to the as-grown and RTA-
treated samples, respectively. The solid lines represent PL
spectra, the dotted lines represent PLE spectra. The minor
change in the spectral position of the PLE spectrademonstrates
ahigh thermal stability of the structure.
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Figure 25. (8) GaNAs ODMR spectrum taken at 5K and 9.218
GHz. (b) The simulated ODMR curve for the single line of
0=2.03. (c) The quadruplet ODMR spectrum after subtracting
the curve b from curve a. The simulated ODMR spectrum for
the Asg, antisite (d) and for the Gg interstitial (€). The ODMR

signals are negative, but are shown here positive for easy

viewing.
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Figure 26. ODMR spectra detected from the LT-grown
GaNg g2gAS o72/GaAs MQW structure before (the red line)
and after (the blue line) RTA, respectively. Two negative
ODMR signals as given in Figure 25 are clearly detected in the
as-grown structure, but almost disappear after RTA.
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